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Abbreviations used

AD: Atopic dermatitis

CE: Cornified envelope

FLG: Filaggrin gene

ILC: Innate lymphoid cell

IV: Ichthyosis vulgaris

NMF: Natural moisturizing factor

SC: Stratum corneum

SP: Serine protease

TJ: Tight junction

TSLP: Thymic stromal lymphopoietin

ZO: Zonula occludens
The epidermis protects human subjects from exogenous
stressors and helps to maintain internal fluid and electrolyte
homeostasis. Filaggrin is a crucial epidermal protein that is
important for the formation of the corneocyte, as well as the
generation of its intracellular metabolites, which contribute to
stratum corneum hydration and pH. The levels of filaggrin and
its degradation products are influenced not only by the filaggrin
genotype but also by inflammation and exogenous stressors.
Pertinently, filaggrin deficiency is observed in patients with
atopic dermatitis regardless of filaggrin mutation status,
suggesting that the absence of filaggrin is a key factor in the
pathogenesis of this skin condition. In this article we review the
various causes of low filaggrin levels, centralizing the functional
and morphologic role of a deficiency in filaggrin, its metabolites,
or both in the etiopathogenesis of atopic dermatitis. (J Allergy
Clin Immunol 2014;nnn:nnn-nnn.)
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The epidermis protects human subjects from exogenous
stressors and helps to maintain internal fluid and electrolyte
homeostasis. A crucial epidermal protein is filaggrin, which is
important for the formation of the corneocyte, as well as the
generation of its intracellular metabolites, which contribute to
stratum corneum (SC) hydration and pH while also interdicting
photons of UV-B irradiation.1 Loss-of-function mutations in the
filaggrin gene (FLG) result in either a reduction (heterozygous)
or complete absence (homozygous) of epidermal filaggrin and
its degradation products.2,3 FLG mutations cause ichthyosis
vulgaris (IV)2,4 and constitute the strongest known risk factor
for atopic dermatitis (AD) in Northern European and Asian
subjects, in whom they are associated with an early onset, a
more severe course, and a higher prevalence of IgE-mediated
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sensitization, so-called extrinsic AD.5-9 Recent review articles
have discussed the role of FLG mutations in dermatologic and
allergic disease.1,4,6,10 Notably, epidermal filaggrin deficiency is
observed in patients with AD, regardless of FLGmutation status,
with the conclusion being that absence of filaggrin is key in the
pathogenesis of AD.11

Epidermal filaggrin expression is downregulated by TH2
cytokines in patients with AD,12 and filaggrin proteolysis is
accelerated after exposure to either low ambient humidity13,14 or
skin irritants.15,16 Thus levels of filaggrin and its degradation
products are influenced not only by the filaggrin genotype
but also by inflammation and exogenous stressors. These
observations support both an ‘‘outside-to-inside’’ ADpathogenetic
hypothesis, which postulates that AD develops because of a
primary skin barrier abnormality, with immunologic alterations
representing downstream phenomena, and an ‘‘outside-to-inside-
and-back-to-outside’’ AD pathogenesis, in which secondary
immunologic activationwill result in further stress on the barrier.17

Here we review the various causes of low filaggrin levels,
centralizing the functional andmorphologic role of a deficiency in
filaggrin, its metabolites, or both in the etiopathogenesis of AD.
Although these mechanisms place filaggrin at the epicenter of AD
etiopathogenesis, we acknowledge that mutations in FLG
constitute only 1 important inherited contributor to AD risk and
that many other factors contribute to AD pathogenesis.11,18-21
FILAGGRIN IN NORMAL EPIDERMIS
Although still present in keratohyalin granules of the stratum

granulosum, 400-kDa profilaggrin polymers are released,
proteolytically cleaved, and then dephosphorylated into 10 to
12 identical filaggrin monomers by enzymes, such as furin,
endoproteinase 1, calpain 1, matriptase, and elastase 2.1,22-25 The
liberated filaggrin monomers aggregate keratin filaments
into tight bundles, resulting in collapse and flattening of
corneocytes.26 Additional cytosolic proteins, such as keratins
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1 and 10, also associate with the cornified envelope (CE) during
terminal differentiation, constituting, along with filaggrin and
its degradation products, the bulk of the cytosol of the anucleate
corneocytes of the SC.27 Filaggrin monomers, along with
several other epidermal differentiation-linked proteins, are then
cross-linked into the CE by transglutaminases.

In addition to the CE, an external monolayer of covalently
bound v-OH ceramides provides a scaffold on which extracel-
lular lipids organize its lamellar bilayers. Glucosylceramides and
phospholipids, previously deposited in the extracellular domains
by means of lamellar body secretion, then transfer into arrays of
lamellar bilayers after lipid-processing hydrolases, such as
b-glucocerebrosidase, acidic sphingomyelinase, secretory
phospholipase A2, and steroid sulfatase, have generated
ceramides, free fatty acids, and cholesterol, respectively.28

Lamellar bodies also secrete antimicrobial peptides, proteases/
antiproteases, and apolipoproteins into the extracellular matrix
of the SC. This sequence results in a formidable protective shield
of protein-enriched corneocytes (the ‘‘bricks’’) surrounded by
organized arrays of hydrophobic lipids (the ‘‘mortar’’) that
simultaneously prevents the outward movement of water and
the inward movement of allergens and microbial pathogens.

In the outer layers of the stratum granulosum, the keratinocytes
are linked by tight junction (TJ) proteins that regulate the
transport of macromolecules through the extracellular space.29

Three main transmembrane proteins exist in TJs: occludin,
claudin, and junctional adhesion molecules. The zonula
occludens (ZO) 1 and ZO-2 proteins and cingulin provide direct
links to the actin cytoskeleton.30

As corneocytes move apically through the SC, filaggrin
detaches from the CE, followed by its proteolytic degradation
within the cytosol into its constituent amino acids, including
glutamine, arginine, and histidine, as well as their downstream
deiminated metabolites.1 Cleavage of the filaggrin monomers is
accomplished by caspase-14, calpain 1, and bleomycin
hydrolase.1 Histidine, which comprises approximately 10% of
the amino acids in filaggrin, is a substrate for histidase (histidine
ammonia-lyase), which generates trans-urocanic acid, a major
UVB-absorbing epidermal chromophore that also contributes to
the acid mantle of the skin.1 Another abundant amino acid,
glutamine, is further converted into pyrrolidone-5-carboxylic
acid, a major component of the natural moisturizing factors
(NMFs) of the SC and therefore a potent humectant, accounting
for much water retention in the SC.

Aswewill develop further below, filaggrin degradation products
affect multiple functions that are crucial for the maintenance of
epidermal homeostasis, including not only UV defense, SC
hydration, and acidification, which in turn inhibits colonization
by pathogenic microorganisms, but also release of IL-1a and
IL-1b.31 IL-1a and IL-1b are essential proinflammatory cytokines
that stimulate the initial acute phase of inflammation.32

Notably, IL-1a induces the expression of adhesion molecules on
endothelial cells, facilitating the infiltration of inflammatory and
immunocompetent cells into the stressed tissue.33
GENETIC CAUSES OF REDUCED FILAGGRIN
LEVELS

Loss-of-function mutations in 1 or both alleles of FLG result
in reduced or completely absent levels of epidermal
filaggrin, respectively (Table I)2,3,11-16,34-52 Approximately 10% of
Northern European subjects from the general population are
heterozygous mutation carriers, and approximately 0.1% are
homozygous.4 The prevalence of FLG mutations in Chinese,
Japanese, and Korean subjects reaches 3% to 6%.4 Although there
are considerably fewer studies from Southern European and
African populations, published studies to date suggest that FLG
mutations are uncommon or even absent.53-56 However, in certain
Northern European populations with AD, the prevalence of FLG
mutations is much higher, affecting between 25% and 50%.8 It
has been proposed that commonFLGmutationsmight have evolved
to generate vitamin D in light-pigmented northern subjects57,58 or,
alternatively, to increase penetration of microorganisms as an
in vivo ‘‘vaccinating’’ mechanism,10 factors that both could have
evolved to enhance the survival of modern human subjects.

Intragenic copy number variations exist in FLG, with 33.9% of
normal Irish persons having 10 repeats, 51.5% having 11 repeats,
and 14.6% having 12 repeats.34 The number of FLG repeats
correlates significantly with SCUCA levels and the risk of xerosis
and AD.34,35 Epigenetic regulatory mechanisms are mitotically
heritable and can alter gene expression without changing the
DNA sequence. Accordingly, one recent study showed that
DNA methylation in one adjacent CpG site of FLG significantly
increased the risk of AD.36

Whether genetic variations in enzymes involved in profilaggrin
synthesis and polymer-to-monomer processing can also affect the
levels and functions of filaggrin and its metabolites remains
unknown but seems likely.
ENVIRONMENTAL CAUSES OF REDUCED
FILAGGRIN LEVELS

There is sparse information available about environmental
conditions and exogenous stressors that can reduce epidermal
filaggrin levels (Table I). However, monomeric filaggrin is
hydrolyzed in a humidity-sensitive fashion as environmental
humidity decreases and after a rapid shift from a humid to a dry
environment.14 The higher prevalence of AD in American
children residing in areas with low relative humidity, low mean
temperature, and more days of central heating could be explained
by the negative effects of acquired filaggrin deficiency on skin
barrier function.59 Pertinently, Danish children with AD and
FLGmutations have dermatitis localized to air-exposed skin areas,
such as the cheeks and dorsal aspects of the hands, significantly
more often when compared with wild-type children with AD,60

suggesting the effect of climatic exposure on AD susceptibility.
Although there is little information about the effects of solar

radiation on filaggrin, potent single doses of UVB irradiation
in vitro lead to downregulation of filaggrin expression.37 Even
physiologic doses of UVB irradiation of normal human skin
grafted onto nude mice reduce filaggrin immunostaining in the
stratum granulosum.61

Not only climatic influences but also exposure to irritants and
perhaps even water can also reduce epidermal filaggrin
levels.15,16 Profilaggrin expression decreased after experimental
applications of 1% sodium lauryl sulfate under occlusion for 24
hours.15 Whether mechanical damage, such as that caused by
scratching, can affect human filaggrin expression/degradation
has not been studied but seems likely based on the following
scenario. In normal epidermis a calcium gradient exists, with
low calcium levels in the basal and spinous epidermal layers
and increasing calcium levels toward the outer stratum



TABLE I. Factors that can reduce levels of epidermal profi-

laggrin, filaggrin, or both

� FLG alterations

Mutations2,3

DNA methylation36

Copy number variations34,35

� Environmental exposures

Low humidity13,14

Sunburn37

Skin irritants15,16

Tape stripping45

Psychological stress46

Pruritus / excoriations / mechanical damage

Age47

Water15

� Cytokines

IL-4, IL-13, IL-17A, IL-22, IL-25, IL-31, TNF-a11,12,39-44

� Microorganisms

Human papilloma virus48

Tinea corporis (Trichophyton rubrum)49

Propionibacterium acnes (JCM 6473)50

� Topical therapy

Dithranol51

Retinoic acid52

Corticosteroids (long term)38

This list is not intended to be all inclusive.
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granulosum, which again decrease across the SC. Acute barrier
perturbations, such as from scratching, can disrupt the calcium
gradient, resulting in reduced calcium levels in the stratum gran-
ulosum and in turn downregulating filaggrin expression. Finally,
topical corticosteroids, but neither tacrolimus nor coal tar, if
used for a prolonged time, reduce epidermal filaggrin content.38,62
INFLAMMATION-DRIVEN REDUCTIONS IN
FILAGGRIN LEVELS

TH2 skin inflammation, as observed in patients with AD, down-
regulates filaggrin, NMF, and caspase-14 levels in lesional and
nonlesional skin, apparently independent of FLG mutation sta-
tus.11,12,39-44 In contrast, the TH1-related cytokine IFN-g appears
to significantly augment filaggrin expression, potentially
balancing TH2 skewing in patients with AD.12 Although the role
of the innate immune system on filaggrin expression has not yet
been thoroughly investigated, activation of innate immune recep-
tors results in the release of various inflammatory mediators from
keratinocytes, which could then secondarily decrease filaggrin
expression.63 Interestingly, Toll-like receptor 2 agonists enhance
the expression of TJ proteins,64 which could potentially influence
filaggrin levels indirectly, because TJ and filaggrin seem to
interact, as described below. Collectively, these observations
provide evidence for the operation of multiple ‘‘inside-outside’’
pathomechanisms in AD, where TH2 skin inflammation can
compromise skin barrier function. Finally, serum IgE can function
as an autoantibody against some epidermal proteins in patients
with AD,65 but it is unknownwhether IgE targets filaggrin as well.
FILAGGRIN DEFICIENCY AFFECTS EPIDERMAL
PROTEIN EXPRESSION AND ORGANIZATION

Inherited and acquired filaggrin deficiency modifies both the
intracellular and extracellular architecture of keratinocytes, as
well as the normal physiology of the epidermis. At the
light-microscopy level, the SC is thicker than normal, and the
granular cell layer is either completely absent or strongly reduced
in patients with IV or AD.4 At the ultrastructural level, the
cytoskeleton of granular cells shows perinuclear retraction, and
the distribution of both corneodesmosomes and TJs appears
altered.66,67 Profilaggrin-deficient ‘‘flaky tail’’ mice display a
reduction of epidermal growth factor receptors, as well as reduced
E-cadherin, occludin, and loricrin expression.68 Although loricrin
expression appears not to be affected by FLGmutations in human
subjects, expression of the TJ proteins occludin and ZO-1 is
reduced in the epidermis of heterozygous and particularly
homozygous FLG mutation carriers.67
FILAGGRIN DEFICIENCY INTERFERES WITH LIPID
SECRETION

Because of the cytoskeletal abnormalities described above,
cargo loading into lamellar bodies is also impaired, and secretion
is partially compromised in patients with IVand AD, resulting in
entombment of some lamellar bodies within corneocytes.67

Although impaired secretion appears to reduce the normal
quantities and organization of the extracellular lamellar
bilayers,69 there also appear to be further abnormalities in free
fatty acid and ceramide chain length in patients with AD
independent of FLG mutation status.67,70 Thus secreted IFN-g
in patients with chronic AD downregulates the 2 fatty acid
elongases ELOVL1 and ELOVL4, which are required to generate
the very long-chain N-acyl fatty acids in ceramides and free fatty
acids.71 The increased proportion of shorter-chain fatty acids
results in lipid disorganization that likely further compromises
barrier function in patients with AD.70,71 Yet a compensatory
increase of lipid synthesis has been observed in patients with
IV,72 and filaggrin deficiency in vitro results in a 2-fold increase
in free fatty acid content caused by upregulation of secretory
phospholipase A2 IIA.73 Interestingly, it was recently shown
that mutations in (1) the fatty acid transfer protein 4 (FATP4)
gene, which codes for the fatty acid transporter FATP4 in the
suprabasal layer of the epidermis,74 and (2) the Tmem79 gene,
encoding for a component in the lamellar granule secretory
system,75 both associate with an increased risk of AD. Although
not associated with filaggrin deficiency per se, these observations
emphasize the importance of altered lipid production and
secretion in the pathogenesis of AD.
FILAGGRIN DEFICIENCY INCREASES SKIN PH,
ACTIVATING SERINE PROTEASES THAT
COMPROMISE BARRIER FUNCTION

The skin of FLG mutation carriers shows reduced hydration
and increased transepidermal water loss caused by reduced levels
of filaggrin metabolites, including NMFs, which regulate not only
SC hydration but also the pH of the SC.76,77 The reduction in
NMF increases the normally acidic SC pH with an allele dose-
dependent effect whereby homozygous FLG mutation carriers
have the highest pH levels.67 Yet a compensatory upregulation
of the sodium-hydrogen antiporter seems to counteract this pH
increase,73 perhaps explaining why an increase in skin
surface pH is not always apparent in FLG mutation carriers.78

An acidic SC milieu facilitates synthesis of ceramides by acidic
sphingomyelinase and b-glucocerebrosidase while providing
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resistance against growth of pathogenic microorganisms (see
below).79 Moreover, a sustained increase in pH leads to
degradation of the ceramide-generating enzymes acidic
sphingomyelinase and b-glucocerabrosidase.80

Importantly, pH-sensitive serine proteases (SPs), or kallikreins,
are activated after the pH increase observed in patients with AD,
with multiple negative consequences. They not only lead to
compromised intercellular connections caused by premature
degradation of the corneodesmosomes, but SPs also activate
IL-1a and IL-1b.80,81 The most compelling case for a key role
of excess SP activity in the pathogenesis of AD comes from
the study of Netherton syndrome, an autosomal recessive
disorder caused by loss-of-function mutations in the SPINK5
gene encoding the SP inhibitor, lymphoepithelial Kazal-type
trypsin inhibitor type 1, which is strongly associated with AD.
Here the magnitude of SP activation correlates with both the
barrier defect and clinical severity and inversely with residual
lymphoepithelial Kazal-type trypsin inhibitor expression.80

Notably, the expression and activity levels of the endogenous
proteases kallikreins 5, 7, and 14 in the skin are higher in flaky
tail than in control mice,82 further emphasizing the critical role
of excessive protease activity for filaggrin deficiency in AD
pathogenesis.
PROTEASE ACTIVATION STIMULATES PRURITUS
AND TH2 INFLAMMATION IN PATIENTS WITH AD

In addition to the direct destructive effects of kallikreins, they
also bind to the protease-activated receptor type 2,80 which not
only downregulates lamellar body secretion but also initiates a
cascade of innate inflammatory responses, including activation
of thymic stromal lymphopoietin (TSLP) protein from
keratinocytes,83 themaster switch that initiates TH2 inflammatory
responses.83,84 TSLP is highly expressed in keratinocytes from
lesional skin of patients with AD, and its secretion can be
(indirectly) induced by exposure to allergens (eg, house dust
mite), microorganisms, or mechanical injury.84-88 TSLP bears a
nuclear factor kB responsive element that might also respond to
IL-1b/IL-1 receptor stimulation, although a recent study suggests
that IL-1b does not activate TSLP.89 Interestingly, TSLP causes
cutaneous nerves to release neuropeptides that induce itch, which
again leads to scratching, a further barrier deficit, and an increased
risk of secondary bacterial colonization.90

Moreover, innate lymphoid cells (ILCs), a recently identified
family of heterogeneous immune cells, play a role in the
pathogenesis of AD. Thus group 2 ILCs are enriched in lesional
skin from patients with AD and appear to be critically dependent
on TSLP stimulation but also respond to IL-25 and IL-33,
resulting in secretion of TH2 cytokines IL-5 and IL-13.91,92

Transgenic mice with a skin-specific overexpression of IL-33
have spontaneous AD-like disease with the activation of group
2 ILCs when bred under specific pathogen-free conditions.93

Notably, the downregulation of E-cadherin in the setting of
filaggrin deficiency indirectly stimulates group 2 ILCs to secrete
TH2 cytokines because of the absence of suppressive E-cadherin
ligation.92 Furthermore, various cytokines, such as IL-4, IL-17,
IL-22, IL-25, and IL-31,12,40-42,94 can upregulate the MAP17
gene,95 which further downregulates filaggrin synthesis, ceramide
production, and cell-to-cell adhesion, thereby compromising skin
barrier function still further. A recent study showed that TSLP
levels correlate with xerosis in the SC of patients with AD and
that topical applications of a moisturizer reduced SC TSLP
expression.86
FILAGGRIN DEFICIENCY PERMITS INCREASED
ALLERGEN PENETRATION AND ENHANCES
IMMUNE REACTIVITY

Recently generated filaggrin-null mice serve as models for IV
without AD.96 Here double-allele mutations in pro-FLG are
responsible for the inherited dysfunctional skin barrier.75 Notably,
when kept under nonsterile conditions, these mice show
accelerated allergen penetration through the SC, as well as an
enhanced contact hypersensitivity response.96 However, the flaky
tail mouse model also had spontaneous inflammation under
normal conditions and serves as a model for early AD with
filaggrin deficiency. This mouse model also bears a matted
mutation (Tmem79), which is responsible for the spontaneous
dermatitis.75 Like the filaggrin-null mouse, the flaky tail mouse
also shows increased penetration of allergens, as well as reduced
inflammatory threshold levels to skin irritants and allergens.97

After sensitization, a further defect in skin barrier function occurs,
as indicated by increased transepidermal water loss, suggesting an
exacerbation of the barrier deficit by allergic sensitization and
inflammation. Thus if the skin barrier is already compromised
because of filaggrin deficiency, exposure to penetrating antigens,
and/or other stressors, one should activate the inflammasome,
proteases, and/or downstream immune mechanisms. For
example, mites and cockroaches can secrete and activate SP,
thereby causing damage to the barrier along the downstream
pathways described above.88 Increased SP activity results in
increased release of the active forms of IL-1a and IL-1b
from the compromised corneocytes, which then can initiate
inflammation.31 The flaky tail mouse also displays increased
IL-1b and TSLP expression and TH2 polarization.82 These
alterations in turn activate nuclear factor kB– and signal
transducer and activator of transcription–initiated pathways,
increasing IL6 mRNA levels that likely sustain the inflammatory
response in patients with AD.98 Accelerated expression of TSLP
and IL-6 has also been shown in vitro after filaggrin knockdown,
again suggesting a link between filaggrin deficiency, TH2
promotion, and systemic inflammation.99,100

The abovemurine data, although compelling, have not yet been
fully confirmed in human patients with AD. Nonetheless, patients
with AD with FLG mutations, in contrast to healthy subjects,101

have an increased risk of sensitization to allergens, as well as
asthma, rhinitis, and food allergy.102 For example, FLG mutation
carriers have a strongly increased risk of AD if exposed to cat, but
not dog, allergen at birth.103 Although filaggrin deficiency also
associates with nickel contact dermatitis, because of the
compromised epidermal chelation of nickel, the pathogenic role
of nickel in patients with AD, if any, is unclear.104,105 Notably,
patients with AD with FLG mutations display a significant
increase in the number of circulating CD41 TH2 cells compared
with those seen in patients with AD with wild-type FLG.106
FILAGGRIN DEFICIENCY PREDISPOSES TO
MICROBIAL COLONIZATION AND INVASION

Filaggrin, likely because of its role in SC acidification, seems to
protect against colonization with certain microorganisms.
Accordingly, acidification of growth medium with exogenous



FIG 1. Suggested pathomechanistic pathway linking epidermal filaggrin

deficiency to TH2 inflammation in patients with AD.

TABLE II. Key observations that place filaggrin at the center of

AD etiopathogenesis

� Up to 50% of Irish children with moderate-to-severe AD carry at least 1

mutation in FLG.8

� Even a slight reduction in the copy numbers of filaggrin from 12 to 10

increases the risk of AD.34

� FLG mutations increase the risk of severe AD by all criteria, such as

early onset, persistence, infections, hospital visits, and use of

medication.10

� Filaggrin is downregulated in both lesional and nonlesional skin of

patients with AD.11

� Filaggrin is downregulated in lesional skin of dark-skinned African

subjects, despite the lack of FLG mutations.55

� Coal tar, a useful therapy for AD, can restore filaggrin expression in

FLG-haploinsufficient keratinocytes to wild-type levels.112

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

THYSSEN AND KEZIC 5
UCA or pyrrolidone-5-carboxylic acid reduced growth rates and
final cell densities of Staphylococcus aureus.107 Moreover,
S aureus a-toxin preferentially targets and destroys filaggrin-
deficient keratinocytes, whereas normal filaggrin expression
increases sphingomyelinase secretion, thereby reducing the
number of a-toxin binding sites and risk of colonization.108

Clinically, this translates into a 7-fold increase in the risk of
bacterial infections in patients with FLG mutations and AD in
comparison with that seen in patients with AD and wild-type
FLG.109

Patients with AD and FLG mutations also display enhanced
risk of eczema herpeticum.110 The role of filaggrin in patients
with eczema herpeticum is supported by the observation that
IL-25 expression can enhance herpes simplex virus 1 and vaccinia
virus replication by downregulating filaggrin expression and also
act synergistically with IL-4 and IL-13 to enhance herpes simplex
virus 1 replication in vitro.110,111
PLACING FILAGGRIN DEFICIENCY IN THE CENTER
OF AD PATHOGENESIS

We surmise that AD only develops in those filaggrin-deficient
subjects who are exposed to environmental triggers, such as low
humidity, high-pH surfactants, pets, pollen, microorganisms, and
psychological stress and who can mount an immunologic
response to these triggers at the same time. Although it is clear
that inherited filaggrin deficiency is not a prerequisite for the
development of AD, we believe that acquired reductions of
filaggrin and its degradation products in such FLG wild-type
patients continue to place filaggrin at the very center of AD
etiopathogenesis (Fig 1). This view is supported by the
observation that homozygous FLG mutation carriers who have
no filaggrin expression have early-onset AD with a severe and
persistent course. Even heterozygous carriers with a less striking
barrier abnormality display a significant risk for AD as the
strongest genetic risk factor hitherto identified. Filaggrin
deficiency results in a barrier deficit that results in a steeper
water gradient, even in newborns. Moreover, accelerated water
loss, activation of SP and decreased ceramide secretion after
alkalinization, and colonization by microbial pathogens further
compromise the barrier. Downstream inflammatory-driven
downregulation of filaggrin will lead to a further increase in pH,
allowing enhanced growth and colonization by pathogenic micro-
organisms, activation of SP, disruption of the corneodesmosomes,
and reduced lamellar body secretion. Yet another vicious cycle is
created with a gradual worsening of skin barrier function and a
concomitant increase in immune reactivity. Key observations
supporting the central role of filaggrin in AD pathogenesis are
summarized in Table II.8,10,11,34,55,112
Conclusion and unresolved issues
At present, it is unclear why only a subset (approximately 20%

to 30%) of FLG mutation carriers have AD and why fewer than
50% of patients with IV have concurrent AD.113 Therefore future
work should continue to identify the molecular basis for the onset
of AD, as well as environmental triggers. More comprehensive
insights into factors that can downregulate filaggrin are clearly
warranted because these might be helpful in preventing barrier
impairment and ultimately AD. For example, focused preventive
measures can be established, at least in theory, to reduce filaggrin
deficiency in at-risk children and patients with AD, potentially
involving specific instructions on bathing, clothing, and domestic
heating systems. Also, pathophysiologic studies linking filaggrin
deficiency with immune dysregulation should be prioritized.
Finally, the need for therapies that can increase filaggrin
expression in the skin is obvious, and this area should be
prioritized. Thus far, functional filaggrin monomers have been
successfully linked to cell-penetrating peptides that have reached
the stratum granulosum in vitro and also restored a normal
phenotype in flaky tail mice after topical application.114

Researchers have also identified a candidate drug, JTC801, that
promoted FLG mRNA and protein expression in vitro and after
oral administration in NC/Ngamicewith AD-like skin disease.115

Therefore The future holds promise that filaggrin restoration can
be an important part of AD therapy. In the meantime, traditional
therapies should be used to limit inflammation and thereby reduce
acquired filaggrin deficiency.

We thank Peter Elias (San Francisco, Calif) for his major contribution in

reviewing this article and for sharing his in-depth insight into the skin barrier

and filaggrin.



J ALLERGY CLIN IMMUNOL

nnn 2014

6 THYSSEN AND KEZIC
REFERENCES

1. Harding CR, Aho S, Bosko CA. Filaggrin—revisited. Int J Cosmet Sci 2013;35:

412-23.

2. Smith FJ, Irvine AD, Terron-Kwiatkowski A, Sandilands A, Campbell LE,

Zhao Y, et al. Loss-of-function mutations in the gene encoding filaggrin cause

ichthyosis vulgaris. Nat Genet 2006;38:337-42.

3. Kezic S, O’Regan GM, Yau N, Sandilands A, Chen H, Campbell LE, et al. Levels

of filaggrin degradation products are influenced by both filaggrin genotype and

atopic dermatitis severity. Allergy 2011;66:934-40.

4. Thyssen JP, Godoy-Gijon E, Elias PM. Ichthyosis vulgaris: the filaggrin mutation

disease. Br J Dermatol 2013;168:1155-66.

5. Brown SJ, Asai Y, Cordell HJ, Campbell LE, Zhao Y, Liao H, et al. Loss-of-

function variants in the filaggrin gene are a significant risk factor for peanut

allergy. J Allergy Clin Immunol 2011;127:661-7.

6. McAleer MA, Irvine AD. The multifunctional role of filaggrin in allergic skin

disease. J Allergy Clin Immunol 2013;131:280-91.

7. Nomura T, Akiyama M, Sandilands A, Nemoto-Hasebe I, Sakai K, Nagasaki A,

et al. Specific filaggrin mutations cause ichthyosis vulgaris and are significantly

associated with atopic dermatitis in Japan. J Invest Dermatol 2008;128:1436-41.

8. Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, et al.

Common loss-of-function variants of the epidermal barrier protein filaggrin are

a major predisposing factor for atopic dermatitis. Nat Genet 2006;38:441-6.

9. Weidinger S, Illig T, Baurecht H, Irvine AD, Rodriguez E, Diaz-Lacava A, et al.

Loss-of-function variations within the filaggrin gene predispose for atopic

dermatitis with allergic sensitizations. J Allergy Clin Immunol 2006;118:214-9.

10. Brown SJ, McLean WH. One remarkable molecule: filaggrin. J Invest Dermatol

2012;132(Pt 2):751-62.

11. Pellerin L, Henry J, Hsu CY, Balica S, Jean-Decoster C, Mechin MC, et al.

Defects of filaggrin-like proteins in both lesional and nonlesional atopic skin.

J Allergy Clin Immunol 2013;131:1094-102.

12. Howell MD, Kim BE, Gao P, Grant AV, Boguniewicz M, DeBenedetto A, et al.

Cytokine modulation of atopic dermatitis filaggrin skin expression. J Allergy Clin

Immunol 2009;124(suppl 2):R7-12.

13. Scott IR, Harding CR. Filaggrin breakdown to water binding compounds during

development of the rat stratum corneum is controlled by the water activity of the

environment. Dev Biol 1986;115:84-92.

14. Katagiri C, Sato J, Nomura J, Denda M. Changes in environmental humidity

affect the water-holding property of the stratum corneum and its free amino

acid content, and the expression of filaggrin in the epidermis of hairless mice.

J Dermatol Sci 2003;31:29-35.

15. Torma H, Lindberg M, Berne B. Skin barrier disruption by sodium lauryl sulfate-

exposure alters the expressions of involucrin, transglutaminase 1, profilaggrin,

and kallikreins during the repair phase in human skin in vivo. J Invest Dermatol

2008;128:1212-9.

16. Angelova-Fischer I, Dapic I, Hoek AK, Jakasa I, Fischer TW, Zillikens D, et al.

Skin barrier integrity and natural moisturising factor levels after cumulative

dermal exposure to alkaline agents in atopic dermatitis. Acta Derm Venereol

2014 [Epub ahead of print]. doi:10.2340/00015555-1815.

17. Elias PM, Hatano Y, Williams ML. Basis for the barrier abnormality in

atopic dermatitis: outside-inside-outside pathogenic mechanisms. J Allergy Clin

Immunol 2008;121:1337-43.

18. De BA, Rafaels NM, McGirt LY, Ivanov AI, Georas SN, Cheadle C, et al. Tight

junction defects in patients with atopic dermatitis. J Allergy Clin Immunol 2011;

127:773-86.

19. Esparza-Gordillo J, Weidinger S, Folster-Holst R, Bauerfeind A, Ruschendorf F,

Patone G, et al. A common variant on chromosome 11q13 is associated with

atopic dermatitis. Nat Genet 2009;41:596-601.

20. Margolis DJ, Gupta J, Apter AJ, Ganguly T, Hoffstad O, Papadopoulos M, et al.

Filaggrin-2 variation is associated with more persistent atopic dermatitis in

African American subjects. J Allergy Clin Immunol 2014;133:784-9.

21. Kezic S, Novak N, Jakasa I, Jungersted JM, Simon M, Brandner JM, et al. Skin

barrier in atopic dermatitis. Front Biosci (Landmark Ed) 2014;19:542-56.

22. Kamata Y, Taniguchi A, Yamamoto M, Nomura J, Ishihara K, Takahara H, et al.

Neutral cysteine protease bleomycin hydrolase is essential for the breakdown of

deiminated filaggrin into amino acids. J Biol Chem 2009;284:12829-36.

23. Pearton DJ, Nirunsuksiri W, Rehemtulla A, Lewis SP, Presland RB, Dale BA.

Proprotein convertase expression and localization in epidermis: evidence for

multiple roles and substrates. Exp Dermatol 2001;10:193-203.

24. Resing KA, Johnson RS, Walsh KA. Characterization of protease processing sites

during conversion of rat profilaggrin to filaggrin. Biochemistry 1993;32:

10036-45.

25. Resing KA, Thulin C, Whiting K, al-Alawi N, Mostad S. Characterization of

profilaggrin endoproteinase 1. A regulated cytoplasmic endoproteinase of

epidermis. J Biol Chem 1995;270:28193-8.
26. Dale BA, Presland RB, Lewis SP, Underwood RA, Fleckman P. Transient

expression of epidermal filaggrin in cultured cells causes collapse of intermediate

filament networks with alteration of cell shape and nuclear integrity. J Invest

Dermatol 1997;108:179-87.

27. Candi E, Schmidt R, Melino G. The cornified envelope: a model of cell death in

the skin. Nat Rev Mol Cell Biol 2005;6:328-40.

28. Elias PM. Lipid abnormalities and lipid-based repair strategies in atopic

dermatitis. Biochim Biophys Acta 2014;1841:323-30.

29. Kubo A, Nagao K, Amagai M. Epidermal barrier dysfunction and cutaneous

sensitization in atopic diseases. J Clin Invest 2012;122:440-7.

30. Niessen CM. Tight junctions/adherens junctions: basic structure and function.

J Invest Dermatol 2007;127:2525-32.

31. Nylander-Lundqvist E, Back O, Egelrud T. IL-1 beta activation in human

epidermis. J Immunol 1996;157:1699-704.

32. Contassot E, Beer HD, French LE. Interleukin-1, inflammasomes, autoinflamma-

tion and the skin. Swiss Med Wkly 2012;142:w13590.

33. Dinarello CA. Immunological and inflammatory functions of the interleukin-1

family. Annu Rev Immunol 2009;27:519-50.

34. Brown SJ, Kroboth K, Sandilands A, Campbell LE, Pohler E, Kezic S, et al.

Intragenic copy number variation within filaggrin contributes to the risk of

atopic dermatitis with a dose-dependent effect. J Invest Dermatol 2012;132:

98-104.

35. Ginger RS, Blachford S, Rowland J, Rowson M, Harding CR. Filaggrin repeat

number polymorphism is associated with a dry skin phenotype. Arch Dermatol

Res 2005;297:235-41.

36. Ziyab AH, Karmaus W, Holloway JW, Zhang H, Ewart S, Arshad SH. DNA

methylation of the filaggrin gene adds to the risk of eczema associated with

loss-of-function variants. J Eur Acad Dermatol Venereol 2013;27:e420-3.

37. Bernerd F, Asselineau D. Successive alteration and recovery of epidermal

differentiation and morphogenesis after specific UVB-damages in skin

reconstructed in vitro. Dev Biol 1997;183:123-38.

38. Sheu HM, Tai CL, Kuo KW, Yu HS, Chai CY. Modulation of epidermal terminal

differentiation in patients after long-term topical corticosteroids. J Dermatol

1991;18:454-64.

39. Cornelissen C, Marquardt Y, Czaja K, Wenzel J, Frank J, Luscher-Firzlaff J, et al.

IL-31 regulates differentiation and filaggrin expression in human organotypic skin

models. J Allergy Clin Immunol 2012;129:426-33.

40. Deleuran M, Hvid M, Kemp K, Christensen GB, Deleuran B, Vestergaard C.

IL-25 induces both inflammation and skin barrier dysfunction in atopic

dermatitis. Chem Immunol Allergy 2012;96:45-9.

41. Gutowska-Owsiak D, Schaupp AL, Salimi M, Taylor S, Ogg GS. Interleukin-22

downregulates filaggrin expression and affects expression of profilaggrin

processing enzymes. Br J Dermatol 2011;165:492-8.

42. Gutowska-Owsiak D, Schaupp AL, Salimi M, Selvakumar TA, McPherson T,

Taylor S, et al. IL-17 downregulates filaggrin and affects keratinocyte expression

of genes associated with cellular adhesion. Exp Dermatol 2012;21:104-10.

43. Hvid M, Johansen C, Deleuran B, Kemp K, Deleuran M, Vestergaard C. Regula-

tion of caspase 14 expression in keratinocytes by inflammatory cytokines—a

possible link between reduced skin barrier function and inflammation? Exp Der-

matol 2011;20:633-6.

44. Kim BE, Howell MD, Guttman-Yassky E, Gilleaudeau PM, Cardinale IR,

Boguniewicz M, et al. TNF-alpha downregulates filaggrin and loricrin

through c-Jun N-terminal kinase: role for TNF-alpha antagonists to improve

skin barrier. J Invest Dermatol 2011;131:1272-9.

45. Gerritsen MJ, van Pelt JP, van de Kerkhof PC. Response of the clinically

uninvolved skin of psoriatic patients to tape stripping during acitretin treatment.

Acta Derm Venereol 1996;76:6-9.

46. Choi EH, Brown BE, Crumrine D, Chang S, Man MQ, Elias PM, et al.

Mechanisms by which psychologic stress alters cutaneous permeability

barrier homeostasis and stratum corneum integrity. J Invest Dermatol 2005;124:

587-95.

47. Rinnerthaler M, Duschl J, Steinbacher P, Salzmann M, Bischof J, Schuller M,

et al. Age-related changes in the composition of the cornified envelope in human

skin. Exp Dermatol 2013;22:329-35.

48. Merrick DT, Blanton RA, Gown AM, McDougall JK. Altered expression of

proliferation and differentiation markers in human papillomavirus 16 and 18

immortalized epithelial cells grown in organotypic culture. Am J Pathol 1992;

140:167-77.

49. Jensen JM, Pfeiffer S, Akaki T, Schroder JM, Kleine M, Neumann C, et al.

Barrier function, epidermal differentiation, and human beta-defensin 2 expression

in tinea corporis. J Invest Dermatol 2007;127:1720-7.

50. Akaza N, Akamatsu H, Kishi M, Mizutani H, Ishii I, Nakata S, et al. Effects of

Propionibacterium acnes on various mRNA expression levels in normal human

epidermal keratinocytes in vitro. J Dermatol 2009;36:213-23.

http://refhub.elsevier.com/S0091-6749(14)00863-X/sref1
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref1
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref2
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref2
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref2
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref3
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref3
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref3
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref4
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref4
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref5
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref5
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref5
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref6
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref6
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref7
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref7
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref7
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref8
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref8
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref8
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref9
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref9
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref9
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref10
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref10
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref11
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref11
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref11
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref12
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref12
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref12
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref13
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref13
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref13
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref14
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref14
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref14
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref14
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref15
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref15
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref15
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref15
http://dx.doi.org/10.2340/00015555-1815
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref17
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref17
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref17
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref18
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref18
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref18
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref19
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref19
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref19
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref20
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref20
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref20
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref21
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref21
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref22
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref22
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref22
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref23
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref23
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref23
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref24
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref24
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref24
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref25
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref25
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref25
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref26
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref26
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref26
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref26
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref27
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref27
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref28
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref28
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref29
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref29
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref30
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref30
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref31
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref31
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref32
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref32
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref33
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref33
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref34
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref34
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref34
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref34
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref35
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref35
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref35
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref36
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref36
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref36
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref37
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref37
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref37
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref38
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref38
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref38
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref39
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref39
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref39
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref40
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref40
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref40
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref41
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref41
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref41
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref42
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref42
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref42
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref43
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref43
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref43
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref43
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref44
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref44
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref44
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref44
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref45
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref45
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref45
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref46
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref46
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref46
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref46
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref47
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref47
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref47
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref48
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref48
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref48
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref48
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref49
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref49
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref49
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref50
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref50
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref50


J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

THYSSEN AND KEZIC 7
51. Swinkels OQ, Prins M, Birker LW, Gerritsen MJ, van der Valk PG, van de

Kerkhof PC. The response of normal human skin to single and repeated

applications of dithranol cream: an immunohistochemical assessment. Skin

Pharmacol Appl Skin Physiol 2002;15:262-9.

52. Eichner R, Gendimenico GJ, Kahn M, Mallon JP, Capetola RJ, Mezick JA.

Effects of long-term retinoic acid treatment on epidermal differentiation

in vivo: specific modifications in the programme of terminal differentiation.

Br J Dermatol 1996;135:687-95.

53. Cascella R, Foti Cuzzola V, Lepre T, Galli E, Moschese V, Chini L, et al.

Full sequencing of the FLG gene in Italian patients with atopic eczema:

evidence of new mutations, but lack of an association. J Invest Dermatol 2011;

131:982-4.

54. Droitcourt C, Touboul D, Ged C, Ezzedine K, Cario-Andre M, de VH, et al. A

prospective study of filaggrin null mutations in keratoconus patients with or

without atopic disorders. Dermatology 2011;222:336-41.

55. Thawer-Esmail F, Jakasa I, Todd G, Wen Y, Brown SJ, Kroboth K, et al.

South African amaXhosa patients with atopic dermatitis have decreased levels

of filaggrin breakdown products but no loss-of-function mutations in filaggrin.

J Allergy Clin Immunol 2014;133:280-2.

56. Winge MC, Bilcha KD, Lieden A, Shibeshi D, Sandilands A, Wahlgren CF, et al.

Novel filaggrin mutation but no other loss-of-function variants found in Ethiopian

patients with atopic dermatitis. Br J Dermatol 2011;165:1074-80.

57. Elias PM, Williams ML. Re-appraisal of current theories for the development and

loss of epidermal pigmentation in hominins and modern humans. J Hum Evol

2013;64:687-92.

58. Thyssen JP, Thuesen B, Huth C, Standl M, Carson CG, Heinrich J, et al.

Skin barrier abnormality caused by filaggrin (FLG) mutations is associated

with increased serum 25-hydroxyvitamin D concentrations. J Allergy Clin

Immunol 2012;130:1204-7.

59. Silverberg JI, Hanifin J, Simpson EL. Climatic factors are associated with

childhood eczema prevalence in the United States. J Invest Dermatol 2013;133:

1752-9.

60. Carson CG, Rasmussen MA, Thyssen JP, Menne T, Bisgaard H. Clinical

presentation of atopic dermatitis by filaggrin gene mutation status during the first

7 years of life in a prospective cohort study. PLoS One 2012;7:e48678.

61. Del Bino S, Vioux C, Rossio-Pasquier P, Jomard A, Demarchez M, Asselineau D,

et al. Ultraviolet B induces hyperproliferation and modification of epidermal

differentiation in normal human skin grafted on to nude mice. Br J Dermatol

2004;150:658-67.

62. Danby SG, Chittock J, Brown K, Albenali LH, Cork MJ. The effect of tacrolimus

compared to betamethasone valerate on the skin barrier in volunteers with

quiescent atopic dermatitis. Br J Dermatol 2014;170:914-21.

63. Kuo IH, Yoshida T, De Benedetto A, Beck LA. The cutaneous innate immune

response in patients with atopic dermatitis. J Allergy Clin Immunol 2013;131:

266-78.

64. Yuki T, Yoshida H, Akazawa Y, Komiya A, Sugiyama Y, Inoue S. Activation of

TLR2 enhances tight junction barrier in epidermal keratinocytes. J Immunol

2011;187:3230-7.

65. Altrichter S, Kriehuber E, Moser J, Valenta R, Kopp T, Stingl G. Serum IgE

autoantibodies target keratinocytes in patients with atopic dermatitis. J Invest

Dermatol 2008;128:2232-9.

66. Presland RB, Kuechle MK, Lewis SP, Fleckman P, Dale BA. Regulated

expression of human filaggrin in keratinocytes results in cytoskeletal disruption,

loss of cell-cell adhesion, and cell cycle arrest. Exp Cell Res 2001;270:199-213.

67. Gruber R, Elias PM, Crumrine D, Lin TK, Brandner JM, Hachem JP, et al. Filag-

grin genotype in ichthyosis vulgaris predicts abnormalities in epidermal structure

and function. Am J Pathol 2011;178:2252-63.

68. Nakai K, Yoneda K, Hosokawa Y, Moriue T, Presland RB, Fallon PG, et al.

Reduced expression of epidermal growth factor receptor, E-cadherin, and

occludin in the skin of flaky tail mice is due to filaggrin and loricrin deficiencies.

Am J Pathol 2012;181:969-77.

69. Jungersted JM, Scheer H, Mempel M, Baurecht H, Cifuentes L, Hogh JK, et al.

Stratum corneum lipids, skin barrier function and filaggrin mutations in patients

with atopic eczema. Allergy 2010;65:911-8.

70. Janssens M, van Smeden J, Gooris GS, Bras W, Portale G, Caspers PJ, et al.

Increase in short-chain ceramides correlates with an altered lipid organization

and decreased barrier function in atopic eczema patients. J Lipid Res 2012;53:

2755-66.

71. Park YH, Jang WH, Seo JA, Park M, Lee TR, Park YH, et al. Decrease of

ceramides with very long-chain fatty acids and downregulation of elongases in

a murine atopic dermatitis model. J Invest Dermatol 2012;132:476-9.

72. Cooper MF, McGibbon D, Schuster S. Epidermal lipogenesis in ichthyosis. In:

Marks R, Dykes PJ, editors. The ichthyoses. Lancaster: MTP Press Limited;

1978. pp. 19-22.
73. Vavrova K, Henkes D, Struver K, Sochorova M, Skolova B, Witting MY, et al.

Filaggrin deficiency leads to impaired lipid profile and altered acidification

pathways in a 3D skin construct. J Invest Dermatol 2014;134:746-53.

74. Khnykin D, Ronnevig J, Johnsson M, Sitek JC, Blaas HG, Hausser I, et al.

Ichthyosis prematurity syndrome: clinical evaluation of 17 families with a rare

disorder of lipid metabolism. J Am Acad Dermatol 2012;66:606-16.

75. Sasaki T, Shiohama A, Kubo A, Kawasaki H, Ishida-Yamamoto A, Yamada T,

et al. A homozygous nonsense mutation in the gene for Tmem79, a component

for the lamellar granule secretory system, produces spontaneous eczema in an

experimental model of atopic dermatitis. J Allergy Clin Immunol 2013;132:

1111-20.

76. Flohr C, England K, Radulovic S, McLean WH, Campbel LE, Barker J, et al.

Filaggrin loss-of-function mutations are associated with early-onset eczema,

eczema severity and transepidermal water loss at 3 months of age. Br J Dermatol

2010;163:1333-6.

77. Kezic S, Kemperman PM, Koster ES, de Jongh CM, Thio HB, Campbell LE,

et al. Loss-of-function mutations in the filaggrin gene lead to reduced level of

natural moisturizing factor in the stratum corneum. J Invest Dermatol 2008;

128:2117-9.

78. Perusquia-Ortiz AM, Oji V, Sauerland MC, Tarinski T, Zaraeva I, Seller N, et al.

Complete filaggrin deficiency in ichthyosis vulgaris is associated with only

moderate changes in epidermal permeability barrier function profile. J Eur

Acad Dermatol Venereol 2013;27:1552-8.

79. Imokawa G. A possible mechanism underlying the ceramide deficiency in atopic

dermatitis: expression of a deacylase enzyme that cleaves the N-acyl linkage of

sphingomyelin and glucosylceramide. J Dermatol Sci 2009;55:1-9.

80. Hachem JP, Wagberg F, Schmuth M, Crumrine D, Lissens W, Jayakumar A, et al.

Serine protease activity and residual LEKTI expression determine phenotype in

Netherton syndrome. J Invest Dermatol 2006;126:1609-21.

81. Nylander-Lundqvist E, Egelrud T. Formation of active IL-1 beta from pro-IL-1

beta catalyzed by stratum corneum chymotryptic enzyme in vitro. Acta Derm

Venereol 1997;77:203-6.

82. Moniaga CS, Jeong SK, Egawa G, Nakajima S, Hara-Chikuma M, Jeon JE, et al.

Protease activity enhances production of thymic stromal lymphopoietin and

basophil accumulation in flaky tail mice. Am J Pathol 2013;182:841-51.

83. Briot A, Deraison C, Lacroix M, Bonnart C, Robin A, Besson C, et al.

Kallikrein 5 induces atopic dermatitis-like lesions through PAR2-mediated

thymic stromal lymphopoietin expression in Netherton syndrome. J Exp Med

2009;206:1135-47.

84. Takai T. TSLP expression: cellular sources, triggers, and regulatory mechanisms.

Allergol Int 2012;61:3-17.

85. Landheer J, Giovannone B, Mattson JD, Tjabringa S, Bruijnzeel-Koomen CA,

McClanahan T, et al. Epicutaneous application of house dust mite induces thymic

stromal lymphopoietin in nonlesional skin of patients with atopic dermatitis.

J Allergy Clin Immunol 2013;132:1252-4.

86. SanoY,MasudaK,Tamagawa-MineokaR,MatsunakaH,MurakamiY,YamashitaR,

et al. Thymic stromal lymphopoietin expression is increased in the horny layer of

patients with atopic dermatitis. Clin Exp Immunol 2013;171:330-7.

87. Yoo J, Omori M, Gyarmati D, Zhou B, Aye T, Brewer A, et al. Spontaneous

atopic dermatitis in mice expressing an inducible thymic stromal lymphopoietin

transgene specifically in the skin. J Exp Med 2005;202:541-9.

88. Jeong SK, Kim HJ, Youm JK, Ahn SK, Choi EH, Sohn MH, et al. Mite and

cockroach allergens activate protease-activated receptor 2 and delay epidermal

permeability barrier recovery. J Invest Dermatol 2008;128:1930-9.

89. Schuepbach-Mallepell S, Philippe V, Bruggen MC, Watanabe H, Roques S,

Baldeschi C, et al. Antagonistic effect of the inflammasome on thymic stromal

lymphopoietin expression in the skin. J Allergy Clin Immunol 2013;132:

1348-57.

90. Wilson SR, The L, Batia LM, Beattie K, Katibah GE, McClain SP, et al. The

epithelial cell-derived atopic dermatitis cytokine TSLP activates neurons to

induce itch. Cell 2013;155:285-95.

91. Kim BS, Siracusa MC, Saenz SA, Noti M, Monticelli LA, Sonnenberg GF, et al.

TSLP elicits IL-33-independent innate lymphoid cell responses to promote skin

inflammation. Sci Transl Med 2013;5:170ra16.

92. Salimi M, Barlow JL, Saunders SP, Xue L, Gutowska-Owsiak D, Wang X, et al.

A role for IL-25 and IL-33-driven type-2 innate lymphoid cells in atopic

dermatitis. J Exp Med 2013;210:2939-50.

93. Imai Y, Yasuda K, Sakaguchi Y, Haneda T, Mizutani H, Yoshimoto T, et al.

Skin-specific expression of IL-33 activates group 2 innate lymphoid cells and

elicits atopic dermatitis-like inflammation in mice. Proc Natl Acad Sci U S A

2013;110:13921-6.

94. Hatano Y, Adachi Y, Elias PM, Crumrine D, Sakai T, Kurahashi R, et al. The Th2

cytokine, interleukin-4, abrogates the cohesion of normal stratum corneum in mice:

implications for pathogenesis of atopic dermatitis. Exp Dermatol 2013;22:30-5.

http://refhub.elsevier.com/S0091-6749(14)00863-X/sref51
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref51
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref51
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref51
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref52
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref52
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref52
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref52
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref53
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref53
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref53
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref53
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref54
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref54
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref54
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref55
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref55
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref55
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref55
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref56
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref56
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref56
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref57
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref57
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref57
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref58
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref58
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref58
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref58
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref59
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref59
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref59
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref60
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref60
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref60
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref61
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref61
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref61
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref61
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref62
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref62
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref62
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref63
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref63
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref63
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref64
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref64
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref64
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref65
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref65
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref65
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref66
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref66
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref66
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref67
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref67
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref67
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref68
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref68
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref68
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref68
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref69
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref69
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref69
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref70
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref70
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref70
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref70
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref71
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref71
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref71
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref72
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref72
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref72
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref73
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref73
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref73
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref74
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref74
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref74
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref75
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref75
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref75
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref75
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref75
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref76
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref76
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref76
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref76
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref77
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref77
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref77
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref77
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref78
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref78
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref78
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref78
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref79
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref79
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref79
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref80
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref80
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref80
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref81
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref81
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref81
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref82
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref82
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref82
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref83
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref83
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref83
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref83
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref84
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref84
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref85
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref85
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref85
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref85
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref86
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref86
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref86
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref87
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref87
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref87
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref88
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref88
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref88
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref89
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref89
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref89
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref89
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref90
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref90
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref90
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref91
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref91
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref91
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref92
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref92
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref92
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref93
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref93
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref93
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref93
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref94
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref94
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref94


J ALLERGY CLIN IMMUNOL

nnn 2014

8 THYSSEN AND KEZIC
95. Noh M, Yeo H, Ko J, Kim HK, Lee CH. MAP17 is associated with the T-helper

cell cytokine-induced down-regulation of filaggrin transcription in human

keratinocytes. Exp Dermatol 2010;19:355-62.

96. Kawasaki H, Nagao K, Kubo A, Hata T, Shimizu A, Mizuno H, et al.

Altered stratum corneum barrier and enhanced percutaneous immune responses

in filaggrin-null mice. J Allergy Clin Immunol 2012;129:1538-46.

97. Fallon PG, Sasaki T, Sandilands A, Campbell LE, Saunders SP, Mangan NE, et al.

A homozygous frameshift mutation in the mouse Flg gene facilitates enhanced

percutaneous allergen priming. Nat Genet 2009;41:602-8.

98. Kypriotou M, Boechat C, Huber M, Hohl D. Spontaneous atopic dermatitis-like

symptoms in a/a ma ft/ma ft/J flaky tail mice appear early after birth. PLoS One

2013;8:e67869.

99. Lee KH, Cho KA, Kim JY, Kim JY, Baek JH, Woo SY, et al. Filaggrin knockdown

and Toll-like receptor 3 (TLR3) stimulation enhanced the production of thymic

stromal lymphopoietin (TSLP) from epidermal layers. Exp Dermatol 2011;20:

149-51.

100. Ziegler SF, Artis D. Sensing the outside world: TSLP regulates barrier immunity.

Nat Immunol 2010;11:289-93.

101. Hougaard MG, Johansen JD, Linneberg A, Bandier J, Stender S, Carlsen BC,

et al. Skin prick test reactivity to aeroallergens by filaggrin mutation status.

J Eur Acad Dermatol Venereol 2012 [Epub ahead of print]. doi:10.1111/j.1468-

3083.2012.04679.x.

102. van den Oord RA, Sheikh A. Filaggrin gene defects and risk of developing

allergic sensitisation and allergic disorders: systematic review and meta-analysis.

BMJ 2009;339:b2433.

103. Bisgaard H, Simpson A, Palmer CN, Bonnelykke K, McLean I, Mukhopadhyay S,

et al. Gene-environment interaction in the onset of eczema in infancy: filaggrin

loss-of-function mutations enhanced by neonatal cat exposure. PLoS Med

2008;5:e131.

104. Novak N, Baurecht H, Schafer T, Rodriguez E, Wagenpfeil S, Klopp N, et al.

Loss-of-function mutations in the filaggrin gene and allergic contact sensitization

to nickel. J Invest Dermatol 2008;128:1430-5.

105. Ross-Hansen K, Ostergaard O, Tanassi JT, Thyssen JP, Johansen JD,Menne T, et al.

Filaggrin is a predominant member of the denaturation-resistant nickel-binding

proteome of human epidermis. J Invest Dermatol 2014;134:1164-6.
106. McPherson T, Sherman VJ, Aslam A, Crack L, Chan H, Lloyd-Lavery A, et al.

Filaggrin null mutations associate with increased frequencies of allergen-

specific CD41 T-helper 2 cells in patients with atopic eczema. Br J Dermatol

2010;163:544-9.

107. Miajlovic H, Fallon PG, Irvine AD, Foster TJ. Effect of filaggrin breakdown

products on growth of and protein expression by Staphylococcus aureus.

J Allergy Clin Immunol 2010;126:1184-90.

108. Brauweiler AM, Bin L, Kim BE, Oyoshi MK, Geha RS, Goleva E, et al.

Filaggrin-dependent secretion of sphingomyelinase protects against staphylo-

coccal alpha-toxin-induced keratinocyte death. J Allergy Clin Immunol 2013;

131:421-7.

109. Cai SC, Chen H, Koh WP, Common JE, van Bever HP, McLean WH, et al.

Filaggrin mutations are associated with recurrent skin infection in

Singaporean Chinese patients with atopic dermatitis. Br J Dermatol 2012;166:

200-3.

110. Gao PS, Rafaels NM, Hand T, Murray T, Boguniewicz M, Hata T, et al.

Filaggrin mutations that confer risk of atopic dermatitis confer greater risk for

eczema herpeticum. J Allergy Clin Immunol 2009;124:507-13.

111. Kim BE, Bin L, Ye YM, Ramamoorthy P, Leung DY. IL-25 enhances

HSV-1 replication by inhibiting filaggrin expression, and acts synergistically

with Th2 cytokines to enhance HSV-1 replication. J Invest Dermatol 2013;133:

2678-85.

112. van den Bogaard EH, Bergboer JG, Vonk-Bergers M, van Vlijmen-Willems IM,

Hato SV, van der Valk PG, et al. Coal tar induces AHR-dependent skin barrier

repair in atopic dermatitis. J Clin Invest 2013;123:917-27.

113. Oji V, Seller N, Sandilands A, Gruber R, Gerss J, Huffmeier U, et al. Ichthyosis

vulgaris: novel FLG mutations in the German population and high presence of

CD1a1 cells in the epidermis of the atopic subgroup. Br J Dermatol 2009;160:

771-81.

114. Stout TE, McFarland T, Mitchell JC, Appukuttan B, Stout JT. Recombinant

filaggrin is internalized and processed to correct filaggrin deficiency. J Invest

Dermatol 2014;134:423-9.

115. Otsuka A, Doi H, Egawa G, Maekawa A, Fujita T, Nakamizo S, et al.

Possible new therapeutic strategy to regulate atopic dermatitis through

upregulating filaggrin expression. J Allergy Clin Immunol 2014;133:139-46.

http://refhub.elsevier.com/S0091-6749(14)00863-X/sref95
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref95
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref95
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref96
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref96
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref96
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref97
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref97
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref97
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref98
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref98
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref98
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref99
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref99
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref99
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref99
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref100
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref100
http://dx.doi.org/10.1111/j.1468-3083.2012.04679.x
http://dx.doi.org/10.1111/j.1468-3083.2012.04679.x
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref102
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref102
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref102
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref103
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref103
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref103
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref103
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref104
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref104
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref104
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref105
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref105
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref105
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref106
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref106
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref106
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref106
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref106
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref107
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref107
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref107
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref108
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref108
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref108
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref108
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref109
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref109
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref109
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref109
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref110
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref110
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref110
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref111
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref111
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref111
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref111
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref112
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref112
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref112
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref113
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref113
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref113
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref113
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref113
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref114
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref114
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref114
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref115
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref115
http://refhub.elsevier.com/S0091-6749(14)00863-X/sref115

	Causes of epidermal filaggrin reduction and their role in the pathogenesis of atopic dermatitis
	Filaggrin in normal epidermis
	Genetic causes of reduced filaggrin levels
	Environmental causes of reduced filaggrin levels
	Inflammation-driven reductions in filaggrin levels
	Filaggrin deficiency affects epidermal protein expression and organization
	Filaggrin deficiency interferes with lipid secretion
	Filaggrin deficiency increases skin pH, activating serine proteases that compromise barrier function
	Protease activation stimulates pruritus and TH2 inflammation in patients with AD
	Filaggrin deficiency permits increased allergen penetration and enhances immune reactivity
	Filaggrin deficiency predisposes to microbial colonization and invasion
	Placing filaggrin deficiency in the center of AD pathogenesis
	Conclusion and unresolved issues

	References


