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Atopic Eczema and the Filaggrin Story

Sara J. Brown, MBChB, BSc, MRCP,* and Alan D. Irvine, MD, FRCPI'

The discovery that null mutations in the filaggrin gene (FLG) are associated with atopic
eczema represents the single most significant breakthrough in understanding the genetic
basis of this complex disorder. The association has been replicated in multiple independent
studies during the past 2 years with the use of various methodologies, from populations in
Europe, the United States, and Japan. Filaggrin plays a key role in epidermal barrier
function, and its association with atopic eczema emphasizes the importance of barrier
dysfunction in eczema pathogenesis. This review aims to summarize the current state of
knowledge regarding the role of FLG mutations in ichthyosis vulgaris, atopic eczema, and
other skin disorders, with an emphasis on potential clinical applications. Further research
is needed to clarify the precise role of filaggrin in skin and systemic atopic disease, to pave

the way for novel therapeutic interventions.

Semin Cutan Med Surg 27:128-137 © 2008 Elsevier Inc. All rights reserved.

Atopic eczema' is a complex disorder, ie, multiple genetic
and environmental factors contribute to its etiology.?
The recent discovery that mutations within the filaggrin gene
(FLG) are strongly associated with atopic eczema represents a
very significant breakthrough in understanding the genetic
basis of this common disorder. Many publications relating to
filaggrin have appeared in rapid succession during the past 2
years and form the basis of this review.

Genetic Factors
in Atopy and Eczema

There is substantial evidence in support of a strong genetic
component in the etiology of atopic eczema. Studies in twins
show concordance rates of approximately 0.8 in monozy-
gotic twin pairs compared with 0.2 in dizygotic twin pairs
(that is to say an identical twin has an 80% chance of devel-
oping eczema if their twin is affected whereas a fraternal twin
has an approximately 20% chance of developing eczema if
their twin is affected).>> Eczema and other atopic disorders
show clustering within families® and children whose parents
have atopic eczema have a greater risk of developing eczema
than children whose parents have asthma or hay fever.”8
These observations suggest that the genetic risk of eczema
may be mediated through tissue-specific factors, ie, polymor-
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phisms in genes encoding proteins important in the structure
and function of the skin, rather than through systemic im-
mune or “atopy” risk genes. Eczema can occur with increased
severity along Blaschko’s lines,® and this mosaicism further
supports the concept that skin-specific eczema risk genes
may be relevant. Genome-wide linkage screens!® and DNA
microarray analysis!! have also indicated a role for genes
expressed locally in the skin and there is a growing under-
standing of the importance of epithelial barrier dysfunction
in atopic eczema.!>!> However, many promising preliminary
discoveries in the field of eczema genetics have failed to be
replicated in subsequent studies.?

In May 2006, a group led by Professor Irwin McLean (Uni-
versity of Dundee, UK) with collaborators in Ireland, Scot-
land, and Demark, reported that 2 common polymorphisms
in the filaggrin gene (FLG) are strong predisposing factors for
atopic eczema.!* This finding arose from the study of ichthy-
osis vulgaris, demonstrating that the study of Mendelian dis-
orders can shed light on complex traits.?

Filaggrin: Basic Science

Filaggrin (filament-aggregating protein) plays a key role in
epidermal barrier function. The gene FLG is encoded within
the epidermal differentiation complex on chromosome 1q21,
a cluster of genes involved in the terminal differentiation of
keratinocytes.'¢ In the skin, FLG is expressed in the granular
layer of the stratum corneum during terminal epidermal dif-
ferentiation. In the gastrointestinal system, FLG is expressed
in the oral'” and upper esophageal'® mucosa. In the respira-
tory system, it is expressed in the cornified epithelium of the
nasal vestibulum but not within the transitional epithelium
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Figure 1 Diagrammatic representation of the processing and functions of filaggrin within the epidermis. Filaggrin plays
a key role in facilitating epidermal differentiation and maintaining barrier function, but the relative importance of the
different functions of filaggrin remains unclear. Filaggrin aggregates the keratin cytoskeleton by organizing interme-
diate filaments into tight bundles.?! This facilitates the collapse and flattening of keratinocytes in the outermost skin
layer to produce squamous cells. The protein-lipid cornified cell envelope is extensively cross-linked by transglutami-
nases and forms an important barrier,?? helping to prevent water loss and minimizing the entry of allergens and
micro-organisms. Filaggrin is subsequently deiminated (the positive arginine residues are converted to neutral citrul-
line) and degraded to produce a mixture of hygroscopic amino acids, as part of the so-called “natural moisturizing
factor,”3 which may also contribute to epidermal barrier function. Finally, the amino-terminal portion (5100 domain)
of profilaggrin is a calcium binding domain®* and may therefore play a role in the regulation of calcium-dependent
events during epidermal differentiation; conversely, calcium may play a role in the control of profilaggrin processing.
Genotypes resulting in relative or absolute filaggrin deficiency may therefore produce epidermal barrier dysfunction by

more than one mechanism.?> (Color version of figures is available online.)

covering the inferior turbinate bone.!® Filaggrin is not ex-
pressed in the respiratory epithelium beyond this point and
specifically it is not expressed in the bronchial mucosa.!®-2°
FLG encodes a large insoluble polyprotein, profilaggrin,
which is the major constituent of keratohyalin granules (Fig.
1).21-2> Profilaggrin is proteolytically cleaved to produce 10, 11,
or 12 copies of the filaggrin peptide, according to our current
understanding of population size polymorphisms.?® Filaggrin
aggregates keratin 1, keratin 10, and other intermediate fila-
ments within the cytoskeleton of keratinocytes, helping to bring
about their compaction into a squame shape during cornifica-
tion, a unique form of programmed cell death.?? The resultant
cornified cell envelope replaces the keratinocyte cell membrane.
It forms an important permeability barrier to water, microbes,
and allergens and provides mechanical defense by maintaining
skin integrity.?” After keratinocyte compaction, filaggrin pro-
teins are broken down to release hygroscopic amino acids, (part
of the so-called “natural moisturising factor”), which may also
contribute to epidermal barrier function by retaining water and,
hence, increasing flexibility of the cornified layer. FLG null mu-
tations are associated with reduced levels of hygroscopic amino

acids in the stratum corneum and increased transepidermal wa-
ter loss.?

Ichthyosis Vulgaris and
Filaggrin

Ichthyosis vulgaris (OMIM #146700) is the most common in-
herited disorder of keratinization, with an estimated prevalence
of between 1 in 80 and 1 in 250 in English school children.2°-3
Several convergent lines of reasoning led to study of the filaggrin
gene as a cause for ichthyosis vulgaris. Skin histology from pa-
tients with ichthyosis vulgaris shows a reduction in keratohyalin
granules®’*? and immunostaining shows a reduction in filag-
grin’! and profilaggrin mRNA33; genome-wide screens have
shown linkage of ichthyosis vulgaris to markers in the epidermal
differentiation complex on chromosome 1q21'63%; finally, a
murine model of ichthyosis vulgaris, the flaky-tail mouse, shows
genetic linkage to the mouse epidermal differentiation com-
plex.3

These observations date from the 1980s and although the
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Figure 2 Structure of the filaggrin gene (FLG) and its corresponding protein. Modified diagram, from Smith and
coworkers?? and Sandilands and coworkers.?®3” FLG is located on chromosome 1¢21. Exons 1 and 2 showed no
variation between individuals with and without ichthyosis vulgaris in 5 families.3? Exon 2 contains the initiation codon.
Exon 3 is unusually large and encodes most of the N-terminal domain as well as all of the filaggrin repeats and their
linker sequences. Profilaggrin is polymorphic in that there are three alleles in the human population encoding 10,11 or
12 filaggrin repeats.?® bp, base pairs; UTR, untranslated region. (Color version of figures is available online.)

profilaggrin gene was sequenced in 1992, the identification
of causative mutations in patients with ichthyosis vulgaris
was delayed until 2006. This delay occurred in part because
the inheritance pattern was unclear, with apparent autosomal-
dominant inheritance in some families with ichthyosis vul-
garis.*? In addition, FLG is such a very large and repetitive
gene (Fig. 2)%037 in which sequencing with the use of con-
ventional polymerase chain reaction is technically difficult.

In 2006, Smith and coworkers finally succeeded in se-
quencing the FLG gene by using a long-range polymerase
chain reaction technique to amplify the whole of exon 3.2
They studied 15 kindreds of European and American origin
with moderate-to-severe ichthyosis vulgaris and detected 2
recurrent null (nonfunctional) mutations, designated in
short form: R501X and 2282del4, in repeat 1 of exon 3. Both
of these mutations produce premature stop codons, resulting
in a severely truncated form of profilaggrin and complete
absence of processed filaggrin in the epidermis.* Individuals
who are heterozygous for either of these 2 mutations tend to
show a mild ichthyosis vulgaris phenotype, whereas ho-
mozygotes or compound heterozygotes (individuals with
both mutations) usually show marked ichthyosis vulgaris.
The best-fit inheritance pattern for these loss-of-function
FLG mutations in ichthyosis vulgaris is therefore a semidom-
inant pattern.

Filaggrin and Eczema

The association of ichthyosis vulgaris with atopy is well doc-
umented: 8% of eczema patients have features of ichthyosis

vulgaris?® and 37% to 50% of patients with ichthyosis vul-
garis have atopic eczema.??3? Furthermore, because filaggrin
expression is known to be reduced in atopic eczema (as
shown by immunohistochemistry®® and microarray analy-
sist!) and genome-wide screens have shown linkage with the
121 region,® it was a logical step to investigate the fre-
quency of R501X and 2282del4 in a cohort of patients with
atopic eczema.

In the 15 families studied for the ichthyosis vulgaris re-
search,? it was noted that 13 of 29 (44%) of the cases with
mild ichthyosis vulgaris had eczema, and all of these 13 were
heterozygous for a FLG null allele. Eczema was even more
prevalent in the cases of severe ichthyosis vulgaris, where 16
of 21 (76%) had eczema and all were homozygous or com-
pound heterozygous for FLG null alleles.!* Conversely, none
of the individuals in these families who were homozygous
wild-type had atopic eczema (n = 13). The authors then
modeled atopic eczema as a Mendelian trait in these ichthy-
osis vulgaris families and statistical analysis of genetic linkage
between atopic eczema and FLG null alleles gave an esti-
mated LOD score (logarithm of the odds to the base 10) of
3.08-3.27, where a LOD score of =3 is considered to indicate
significant linkage. For a complex trait with multiple genetic
contributors this was a very striking finding.

The authors then proceeded to study 3 additional cohorts
and control populations from other sources, in an attempt to
replicate the association observed in the Irish families with
ichthyosis vulgaris/eczema. Initially, 52 Irish pediatric pa-
tients from a hospital clinic with dermatologist-diagnosed
atopic eczema were compared with an anonymous uns-
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elected control population from Ireland (n = 189). This
small group of Irish patients had a combined allele frequency
of 0.330, which was significantly greater than the control
population frequency of 0.042 (P < 0.0001, odds ratio 13.4,
95% confidence interval 6.2-27.5).

Second, 604 Scottish schoolchildren and adolescents from
a cohort with asthma were compared with 1008 controls
from a cohort of young Scottish schoolchildren from diabetes
study. The control group (of unknown phenotype) showed
that 5.8% were carriers of the R501X variant and 3.8% were
carriers of the 2282del4 variant. This finding gives a remark-
ably high combined carrier frequency of 0.096, meaning that
9.6% of the Scottish population possesses one or more FLG
null mutations. Both FLG variants were significantly over-
represented in the Scottish asthma cohort. When we examine
the influence on eczema, 72% (64/88) of all the children in
the asthma cohort carrying a FLG null allele had atopic ec-
zema, compared with only 46% (215/467) of those without a
FLG mutation. Interestingly, the FLG null heterozygotes also
had a substantial and significant association with atopic ec-
zema (P = 1.3 X 1072, odds ratio 3.1, 95% confidence in-
terval 1.8-5.3).

Third, 372 Danish children from a birth cohort whose
mothers had asthma were compared with controls from
within the same cohort. Analysis once again showed that FLG
variants were over-represented in children with eczema com-
pared with others in the cohort without eczema (hazard ratio =
2.8, 95% confidence interval 1.7-4.5, P < 0.0001). In this
study 17.5% (25/142) of all individuals with atopic eczema
were carriers of FLG null alleles and the penetrance of FLG
null alleles was very high: 63% of carriers had developed
atopic eczema by the age of 3 years. Palmer and coworkers!*
therefore established the FLG null alleles R501X and
2282del4 as major predisposing factors for atopic eczema for
the first time, albeit in four rather selected and arguably un-
usual case series and cohorts.

Increasing Weight of Evidence

Since this initial report,'* multiple case/control and associa-
tion studies have been published in a short space of time,
some in collaboration with the original authors and others
replicating and extending the findings independently. These
studies are summarized in Table 1,%-% in approximate chro-
nological order.

There has so far been only one negative study published
relating to FLG mutations in atopic eczema.* This study
found the R501X and 2282del4 mutations at such a low
frequency in the Italian population (0.006 and 0.009, respec-
tively) that they were not associated with eczema. In view of
the multiple positive association studies in other European
populations, this finding may be explained by the existence
of different FLG null mutations in Italy, or possibly strong
negative selection excluding FLG null alleles from this pop-
ulation.*

A total of 21 FLG null alleles have now been identified in
ichthyosis vulgaris and atopic eczema cases. Some mutations
are recurrent in either the European, Japanese, or Chinese

populations and some are family- or population-specific.
Their sites within the FLG gene are illustrated in Fig. 3.°557
Each null mutation appears to act with a similar effect, be-
cause biochemical and immunohistochemical studies indi-
cate that the truncated profilaggrin cannot be processed into
filaggrin,3®7 so that even mutations occurring near the 3’
end of FLG result in a similarly severe phenotype and with a
statistically similar effect.”> This explains the rationale for
statistical analysis using a “combined null genotype,” that is,
grouping together individuals with one or more of any of the
known FLG null mutations.

Meta-analysis of 9 comparable studies has estimated, for
the combined null genotype of R501X and 2282del4, an
odds ratio of 4.09 (95% confidence interval 2.64-6.33) from
case/control studies and an odds ratio of 2.06 (95% confi-
dence interval 1.76-2.42) from family studies.>® The associ-
ation of FLG with atopic eczema therefore appears to be
highly significant and robust in several populations and us-
ing different methodologies. These are important consider-
ations for a candidate gene in a complex trait.?>>°

An Emerging Picture
of FLG-Related Eczema

Between 14% and 56% of eczema cases in the positive studies
carry one or more FLG null mutations (Table 1).!*%> Simi-
larly, the presence of a FLG null allele confers a 1.2 to 13
times increased risk of developing atopic eczema (Table 1).

Given that “eczema” is a complex trait and a heterogeneous
disorder, what type of eczema is most closely associated with
FLG null mutations? To date, the most highly significant
associations have been reported in severe eczema cases, par-
ticularly early-onset and persistent disease.* %> However,
studies have not directly compared the association across
mild, moderate, and severe eczema cases, and the limited
data available are insufficient to support or exclude a role for
FLG in determining eczema severity.*6:47:60

Atopic (extrinsic) eczema, in contrast to intrinsic eczema,
has shown closer association with FLG in some studies. 47
However, elevated immunoglobulin E levels are associated
with FLG null alleles only in the presence of other atopic
diseases*® and hence may represent an artifact of gathering
case series from hospital clinics,*® where a greater percentage
of cases have an elevated IgE compared with those collected
from community-based series.

Almost all of the original reports focused on eczema cases
recruited via hospitals and specialist clinics, representing
moderate-to-severe and/or treatment-resistant eczema. Rep-
resentative control populations are difficult to define for
these selected cases because few control population sets have
detailed phenotyping information on presence or absence
and subtype of eczema. We, in collaboration with others,
have now reported 3 separate population cohort studies that
examine cases of atopic eczema in English and German chil-
dren and give information on the importance of FLG at a
population level.19:30:51



Table 1 Summary of Genetic Studies Contributing Data on the Prevalence and Significance of FLG Null Mutations in Atopic Eczema

Study Population

Method of Recruitment

% Eczema Cases
with One/More FLG
Null Mutations

P Value from
x2 Analysis

Odds Ratio (95% CD

Ireland'4

Scotland'#

Denmark!'4

Germany*

Europe*!

Germany*!
Germany*?
Germany*?
England*3

Germany*

Germany*

Japan®?

Northern Europe & Asia%’

Europe & South Asia*’

Ireland3”

Germany*®

Italy4®

Sweden3?

52 pediatric patients at hospital clinic

604 children and adolescents with asthma
(204 had AE)

307 in birth cohort from mothers with asthma
(142 had AE)

476 parent-child trios from hospital clinics

490 nuclear families with AE
(903 children had AE)

871 from birth cohort (189 had AE)
272 pediatric patients at hospital clinic
338 parent-child trios

163 adult patients at hospital clinict

378 patients at specialist clinic
(210 with onset before 2 years of age)

274 adults at hospital clinic

7 patients with IV and 143 with AE at hospital
clinic

148 nuclear families with child at hospital
clinic

278 nuclear families with child at hospital
clinic

188 pediatric patients at hospital clinic
(includes 52 patients in the original discovery
cohort)

56 adults from a population cohort enriched for
atopy

178 AE cases

406 families with adult eczema cases

56
23

17.5

22.75
18.6

16.7
35

14.2 (R501X only)
42

21.3 for AE onset before
2 years of age

211
NA

26.4

26.4

47

Not calculated

0.6

Not calculated

3x10°"7
4.8 x 101

<0.0001

5.1 x 10°8
Sibling TDT: 1.9 x 10~°

3.5 x 1075

2.01 x 10°8
0.0001

1.7 X 10758

0.001 for all ages;
7.6 x 1077 for onset
< 2 years

49 x 105
0.0015*

0.002

0.008 (LOD = 1.24)

2.12 x 10-5!

Logistic regression:
3.0 X 1075

Not calculated

PDT: 9.5 x 10~8

13.4 (6.2 to 27.5)
3.3(2.1t05.6)

HR 2.8 (1.7 to 4.5)

Not calculated

Not calculated

3.73(1.98 to 7.02)
7.1 (3.41 to 14.78)

3.39 (1.75 to 6.58)
7.7 (5.3t0 10.9)

Not calculated

3.53 (1.92 to 6.48)

Not calculated

2.03 (1.46 to 2.81)

2.03 (1.46 to 2.81)

10.02 (6.75 to 14.89)

6.78 (2.76 to 16.64)

Not calculated

2.21 (1.50 to 3.25)

28l
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Table 1 Continued

% Eczema Cases
with One/More FLG

P Value from

Odds Ratio (95% CD

x2 Analysis

Method of Recruitment Null Mutations

Study Population

1.2 (0.7 to 1.9) for heterozygotes;

Fisher exact test:

1.2 x 104

18.4

811 children from unselected population birth

cohort (195 had AE)

England3®

26.9 (3.3 to 217.1) for

homozygotes
2.73 (1.87 to 3.99) for heterozygotes;

3.96 x 102

20.7

6971 children from unselected population birth

cohort (1445 had eczema)

England®'

4.98 (9.99 to 382.5) for

homozygotes
3.115(2.326 t0 4.173)

2.5 % 1014

5.8

1

3099 children from cross-sectional population

study (540 had eczema)

Germany'?

Figures relate to data for the combined null genotype, ie, combining data for all of the FLG null alleles in each study, since each of the null alleles have an equivalent biological effect.3¢ P-values

were calculated using the x? test of association unless stated otherwise. Definitions of atopic eczema vary; studies used a combination of Hanifin and Rajka criteria,*!424452 UK diagnostic

criteria,30:40:43.4547.50 parental report,*'>' physician diagnosis,'441:4849.51 dermatologist diagnosis,'430:37:40,42-45,47.48.50 elevated IgE*!45:47:58.49.50.51 and/or skin prick tests.47485! Studies relating

primarily to ichthyosis vulgaris rather than atopic eczema3236:37.53.54 have been excluded from this summary.
IV, ichthyosis vulgaris; AE, atopic eczema; LOD, logarithm;o odds; Cl, confidence interval; HR, hazard ratio; TDT, transmission disequilibrium test, a statistical tool to compare the rates of

transmission of wild-type and mutant alleles between parents and children with/without the disease; PDT, pedigree disequilibrium test, analogous to the TDT; NA, not applicable.

*In these Japanese cases, R501X and 2282del4 were absent; data relate to the 3321delA and S2554X mutations.

1The analysis of these cases was extended to include all 6 of the most prevalent FLG mutations in a total of 186 individuals; statistical analysis then showed that 45.7% of cases had one/more

FLG null mutations, Fisher exact test, P = 1.3 X 10728, and odds ratio 5.6 (4.1-7.8).55

The first population-based case/control study (n = 811)
showed a less strong association between FLG and the
mild-to-moderate eczema phenotype that is most preva-
lent in the community (odds ratio 1.53, 95% confidence
interval 0.99-2.37),3° compared with that previously dem-
onstrated in the moderate-to-severe case series (reported
odds ratios between 2.03 and 13.4, Table 1). Interestingly,
the association was only significant in children with 2 null
alleles (homozygotes and compound heterozygotes) sug-
gesting a “recessive” pattern of inheritance in these mild-
to-moderate cases.* This is in contrast to the semidomi-
nant pattern found in moderate-to-severe cases.!®> A
larger population-based longitudinal birth cohort study (n
= 6971) supported a strong and significant association of
FLG null alleles with eczema on a population level (odds
ratio 3.12,95% confidence interval 2.33-4.173,P = 2.5 X
1071%).5! Furthermore, subgroup analysis of this data em-
phasizes the importance of FLG null mutations as a risk
factor for a subtype of eczema that presents early in life,
tends to persist in childhood, and is associated with
wheezing in infancy as well as asthma and multiple allergic
sensitizations.’! Similarly, another large population co-
hort (n = 3099) confirmed the strong and significant as-
sociation between FLG null alleles and eczema (odds ratio
3.12, 95% confidence interval 2.33-4.17, P = 2.5 X
1071).19 This study again demonstrated a strong associa-
tion between FLG null mutations and the complex pheno-
type of eczema plus asthma (odds ratio 3.49, 95% confi-
dence interval 2.00-6.08) and, for the first time, a
significant association between FLG null mutations and
allergic rhinitis independently of eczema (odds ratio 2.64,
95% confidence interval 1.76 to 4.00, P = 2.5 X 1079).19

Possible Consequences
of Filaggrin-Related Barrier
Dysfunction

Filaggrin deficiency can, from our knowledge of its biochem-
istry, explain at least in part the barrier defect and xerosis
associated with eczema (see Fig. 1). However, the marked
inflammatory component of eczema remains to be explained.
It has been postulated that skin inflammation occurs as a
secondary phenomenon in filaggrin deficient skin, as a reac-
tion to the entry of allergens, irritants, and pathogens.6!.62
Cytokines produced as part of an inflammatory response can
then further reduce filaggrin expression.5?

It has been suggested that the barrier defect associated with
filaggrin deficiency may also facilitate the development of
maladaptive hypersensitivity reactions in the systemic im-
mune response and hence initiate and promulgate the atopic
march.®! FLG null mutations are not associated with asthma
in isolation,*3%6* but have shown strong association with
the subgroup of patients having asthma in the context of
eczema.!t193041 FL. G mutations may also predispose to a
more severe asthma phenotype®-© but, at present, the
pathogenic mechanisms linking epidermal barrier dys-
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Figure 3 Diagram showing the FLG gene and sites of reported null
mutations. Diagram modified from Sandilands and coworkers®”
with additional mutations reported by Nomura and coworkers,®
and Chen and coworkers.”” The mutations marked in red are prev-
alent in the European population, with a combined allele frequency
of 0.09 (ie, approximately 9% of the population carry one/more of
these mutations). The mutations marked in black are found in Eu-
ropean and European American populations at much lower fre-
quencies. The mutations marked in green have been identified in
ichthyosis vulgaris and eczema cases from Chinese, Japanese and
Singaporean Chinese populations. (Color version of figures is avail-
able online.)

function with a respiratory disorder remain purely specu-
lative.

It has been reported that FLG null mutations are not asso-
ciated with hand eczema or contact allergy,5” but this study
had insufficient statistical power to exclude an association.5®
Alarger study designed to investigate the association between
FLG null mutations and allergic contact dermatitis showed a
significant association with allergic contact sensitization to
nickel, but only when this phenotype was combined with
self-reported intolerance to fashion jewelry.* This associa-
tion may result from the impaired barrier function acting as a
facilitator for allergen penetration and allergic sensitization.
However, the statistical analysis did not control for comor-
bidity with atopic eczema and the same study did not show
an association between FLG mutations and sensitivity to
other contact allergens. This raises questions as to the true
significance of the observed association and firm conclusions
cannot be drawn without further investigation.

FLG Mutations in
Other Skin Disorders

The association of FLG mutations with a variety of different
skin disorders has been investigated because of theoretical
pathogenic mechanisms. Psoriasis is another inflammatory
skin disease with disordered keratinization. It has shown
co-localization with eczema-susceptibility regions in the epi-
dermal differentiation complex on chromosome 1q21 as well
as other areas on whole genome screens.*-%° However, case—
control association studies have shown no association be-
tween R501X or 2282del4 and psoriasis’®"! and gain-of-

function frameshift mutations have not been identified in
patients with several different types of psoriasis.”® Hence, in
the 1q21 locus, the shared genetic susceptibility to psoriasis
and eczema appears to be the result of the close clustering of
genes with similar functions, rather than to polymorphisms
within the FLG gene itself.”® Other inflammatory barrier dis-
eases, including Crohn’s disease and sarcoidosis, share com-
mon susceptibility loci’”> but do not show association with
FLG null mutations.*?

Alopecia areata is a tissue-specific autoimmune disease
and genetic factors make a significant contribution to its eti-
ology.” It is known to be associated with atopy and comor-
bidity with atopic eczema may predict a more severe form of
alopecia areata.” A study of alopecia areata cases and unaf-
fected controls showed no association between FLG null mu-
tations (R501X and 2282del4) and alopecia. However these
FLG mutations were significantly associated with the pres-
ence of atopic eczema among the alopecia cases. Further-
more, patients having one/more FLG null alleles as well as
eczema plus alopecia areata, showed a significantly more se-
vere form of alopecia than the wild-type individuals (P =
0.003, odds ratio 5.47, 95% confidence interval 1.59-18.76),
in keeping with clinical observations.”

Keratinocytes show abnormal terminal differentiation
within epidermoid cysts, so an immunohistochemical study
was performed to investigate filaggrin staining as a marker of
terminal differentiation to investigate the pathogenesis of
these lesions. Filaggrin expression shows no abnormality in
the pilosebaceous unit, but staining intensity is markedly
increased in the epidermoid cyst wall.”> FLG may also be
overexpressed in the abnormal keratinisation associated with
acne vulgaris’® and naevus comedonicus,”” but it remains to
be shown whether altered filaggrin expression occurs as a
primary, pathogenic event or as a secondary phenomenon.

Finally, FLG null mutations can modify the effects of other
genodermatoses. This was elegantly demonstrated by a study
of 2 brothers: both children had X-linked ichthyosis (result-
ing from inactivating mutations in the steroid sulfatase gene),
but one child showed a more severe ichthyotic phenotype
and was found to carry the R501X mutation.”®

What Is the Clinical
Significance of These Findings?

FLG mutations appear to have both highly statistically and
clinically significant effects. The estimated penetrance varies
from 42% to 79%,*1*7 ie, between 42% and 79% of individ-
uals with one or more FLG null mutations are likely to de-
velop atopic eczema. The population attributable risk frac-
tion has been estimated at 11% and 13.5% in German
populations'®* and 15.1% in an English population.>! These
data indicate that, assuming that there is a causal association,
11% to 15% of eczema may be attributable to FLG null mu-
tations on a population scale.

In the absence of a readily available screening test for FLG
polymorphisms, can we predict from clinical examination
that eczema patients may be carriers and furthermore is this
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clinically relevant? Eczema in the context of ichthyosis vul-
garis is very likely to be caused by FLG haplo-insufficiency
(100% of cases in the original studies!*3?). The presence of
palmar hyperlinearity has shown very strong association with
FLG null mutations,?%#6-8 with a positive predictive value of
71% for marked palmar hyperlinearity.?® However, the
mechanism by which filaggrin deficiency produces this clin-
ical sign remains to be elucidated, occurring as it does to
varying degrees with ichthyosis vulgaris, atopy, palmoplan-
tar hyperkeratosis and also in the absence of skin disease.”
Similarly, keratosis pilaris shows a highly significant associ-
ation with FLG null mutations (P = 2.2 X 107!?) and this
association is not dependent on comorbidity with ichthyosis
vulgaris.®® As described previously in this review, eczema
that begins early in life (younger than the age of 2 years) and
persists into adulthood has shown some of the most statisti-
cally significant associations with FLG mutations,** in con-
trast to adult-onset eczema.*

These observations may prove to be helpful both theoret-
ically and practically in the clinic. Our current classification
of eczema remains suboptimal® and is likely to continue
evolving as our understanding of pathogenesis improves. A
classification dividing FLG haplo-insufficient cases from
other cases of eczema may well prove to be a useful distinc-
tion to predict prognostic factors such as natural history,
associated disorders and response to treatment. Further-
more, the identification of patients with FLG mutations may
facilitate the targeting of novel therapies to repair or replace
the defective epidermal barrier. Timely intervention early in
life may even halt the ‘atopic march’ and thus reduce the
incidence of asthma and allergic rhinitis, though this exciting
possibility is currently purely theoretical.

Unanswered Questions

The statistical estimates of the effects of FLG mutations are
very striking, particularly in the context of a single gene in a
complex trait. However, clearly not all eczema is caused by
the FLG variants that have been studied to date. Even if
further mutations are identified, the FLG gene cannot explain
all eczema cases. Reanalysis of family data to estimate the
linkage of eczema with a previously reported micro-satellite
marker in the epidermal differentiation complex, as well as 2
FLG null mutations (R501X and 2282del4), showed a total
LOD score of 3.57; the FLG-only LOD score was 1.54.% This
leaves evidence of significant residual linkage to the region
that includes the epidermal differentiation complex, al-
though it remains to be seen whether this residual linkage
signal persists after adjustment for all FLG mutations. Other
genes, possibly within the epidermal differentiation complex
or elsewhere in the genome, must also influence the pheno-
type of eczema. This may occur via mediation of filaggrin
function and/or by independent mechanisms on skin barrier
function as well as local and systemic immunity.
Other unanswered questions include the following:

e What are the most clinically important functions of
filaggrin?

e Why does atopic eczema in childhood localize to the
flexural skin?

e Which other genes and environmental factors modulate
the effects of FLG?

e Can this increased understanding of the pathogenesis of
eczema be utilized to develop novel therapeutic inter-
ventions for eczema and other atopic diseases?

Studies aimed at addressing some of these interesting and
important questions are currently underway.

Conclusion

FLG is the single most significant genetic factor in atopic
eczema that has been identified to date, demontrating the
close link between atopic eczema and ichthyosis vulgaris as
well as emphasizing the important role of epidermal barrier
dysfunction in eczema pathogenesis.

References

1. Johansson SG, Bieber T, Dahl R, et al: Revised nomenclature for allergy
for global use: Report of the Nomenclature Review Committee of the
World Allergy Organization. October 2003. J Allergy Clin Immunol
113:832-836, 2004

2. Morar N, Willis-Owen SA, Moffatt MF, et al: The genetics of atopic
dermatitis. J Allergy Clin Immunol 118:24-34, 2006 quiz 35-26

3. Schultz Larsen F: Atopic dermatitis: A genetic-epidemiologic study in a
population-based twin sample. ] Am Acad Dermatol 28:719-723, 1993

4. Larsen FS, Holm NV, Henningsen K: Atopic dermatitis. A genetic-
epidemiologic study in a population-based twin sample. ] Am Acad
Dermatol 15:487-494, 1986

5. Thomsen SF, Ulrik CS, Kyvik KO, et al: Importance of genetic factors in
the etiology of atopic dermatitis: A twin study. Allergy Asthma Proc
25:535-539, 2007

6. Kaiser HB: Risk factors in allergy/asthma. Allergy Asthma Proc 25:7-10,
2004

7. Wadonda-Kabondo N, Sterne JA, Golding J, et al: Association of paren-
tal eczema, hayfever, and asthma with atopic dermatitis in infancy:
Birth cohort study. Arch Dis Child 89:917-921, 2004

8. Moore MM, Rifas-Shiman SL, Rich-Edwards JW, et al: Perinatal predic-
tors of atopic dermatitis occurring in the first six months of life. Pedi-
atrics 113:468-474, 2004

9. Hladik F, Jurecka W, Hayek B, et al: Atopic dermatitis with increased
severity along a line of Blaschko. ] Am Acad Dermatol 53:5221-5224,
2005 (5 suppl 1)

10. Cookson W: The immunogenetics of asthma and eczema: A new focus
on the epithelium. Nat Rev Immunol 4:978-988, 2004

11. Sugiura H, Ebise H, Tazawa T, et al: Large-scale DNA microarray anal-
ysis of atopic skin lesions shows overexpression of an epidermal differ-
entiation gene cluster in the alternative pathway and lack of protective
gene expression in the cornified envelope. Br ] Dermatol 152:146-149,
2005

12. Jakasa I, Verberk MM, Esposito M, et al: Altered penetration of poly-
ethylene glycols into uninvolved skin of atopic dermatitis patients.
J Invest Dermatol 127:129-134, 2007

13. Jakasal, de Jongh CM, Verberk MM, et al: Percutaneous penetration of
sodium lauryl sulphate is increased in uninvolved skin of patients with
atopic dermatitis compared with control subjects. Br J Dermatol 155:
104-109, 2006

14. Palmer CN, Irvine AD, Terron-Kwiatkowski A, et al: Common loss-of-
function variants of the epidermal barrier protein filaggrin are a major
predisposing factor for atopic dermatitis. Nat Genet 38:441-446, 2006

15. Antonarakis SE, Beckmann JS: Mendelian disorders deserve more at-
tention. Nat Rev Genet 7:277-282, 2006

16. Mischke D, Korge BP, Marenholz I, et al: Genes encoding structural
proteins of epidermal cornification and S100 calcium-binding proteins



136

S.J. Brown and A.D. Irvine

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

form a gene complex (“epidermal differentiation complex”) on human
chromosome 1q21. J Invest Dermatol 106:989-992, 1996

Presland RB, Dale BA: Epithelial structural proteins of the skin and oral
cavity: Function in health and disease. Crit Rev Oral Biol Med 11:383-
408, 2000

De Benedetto A, Qualia CM, Baroody FM, et al: Filaggrin expression in
oral, nasal, and esophageal mucosa. ] Invest Dermatol 128:1594-1597,
2008

Weidinger S, O’Sullivan M, Illig T, et al: Filaggrin mutations, atopic
eczema, hay fever, and asthma in children. J Allergy Clin Immunol
121:1203-1204, 2008

Ying S, Meng Q, Corrigan CJ, et al: Lack of filaggrin expression in the
human bronchial mucosa. ] Allergy Clin Immunol 118:1386-1388,
20006

Manabe M, Sanchez M, Sun TT, et al: Interaction of filaggrin with
keratin filaments during advanced stages of normal human epidermal
differentiation and in ichthyosis vulgaris. Differentiation 48:43-50,
1991

Candi E, Schmidt R, Melino G: The cornified envelope: a model of cell
death in the skin. Nat Rev Mol Cell Biol 6:328-340, 2005

Rawlings AV, Harding CR: Moisturization and skin barrier function.
Dermatol Ther 17:43-48, 2004 (suppl 1)

Markova NG, Marekov LN, Chipev CC, et al: Profilaggrin is a major
epidermal calcium-binding protein. Mol Cell Biol 13:613-625, 1993
McLean WH, Hull PR: Breach delivery: Increased solute uptake points
to a defective skin barrier in atopic dermatitis. J Invest Dermatol 127:
8-10, 2007

Gan SQ, McBride OW, Idler WW, et al: Organization, structure, and
polymorphisms of the human profilaggrin gene. Biochemistry 29:
9432-9440, 1990

Presland RB, Coulombe PA, Eckert RL, et al: Barrier function in trans-
genic mice overexpressing K16, involucrin, and filaggrin in the supra-
basal epidermis. J Invest Dermatol 123:603-606, 2004

Kezic S, Kemperman PM, Koster ES, 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, Feb 28 [Epub ahead
of print]

Wells RS, Kerr CB: Clinical features of autosomal dominant and sex-
linked ichthyosis in an English population. BMJ 1:947-950, 1966
Brown SJ, Relton CL, Liao H, et al: Filaggrin null mutations and child-
hood atopic eczema: A population-based case-control study. J Allergy
Clin Immunol 121:940-946, 2008

Sybert VP, Dale BA, Holbrook KA: Ichthyosis vulgaris: Identification of
a defect in synthesis of filaggrin correlated with an absence of kerato-
hyaline granules. J Invest Dermatol 84:191-194, 1985

Smith FJ, Irvine AD, Terron-Kwiatkowski A, et al: Loss-of-function
mutations in the gene encoding filaggrin cause ichthyosis vulgaris. Nat
Genet 38:337-342, 2006

Nirunsuksiri W, Zhang SH, Fleckman P: Reduced stability and bi-
allelic, coequal expression of profilaggrin mRNA in keratinocytes cul-
tured from subjects with ichthyosis vulgaris. ] Invest Dermatol 110:
854-861, 1998

Compton JG, DiGiovanna JJ, Johnston KA, et al: Mapping of the asso-
ciated phenotype of an absent granular layer in ichthyosis vulgaris to
the epidermal differentiation complex on chromosome 1. Exp Derma-
tol 11:518-526, 2002

Presland RB, Haydock PV, Fleckman P, et al: Characterization of the
human epidermal profilaggrin gene. Genomic organization and identi-
fication of an S-100-like calcium binding domain at the amino termi-
nus. J Biol Chem 267:23772-23781, 1992

Sandilands A, O’Regan GM, Liao H, et al: Prevalent and rare mutations
in the gene encoding filaggrin cause ichthyosis vulgaris and predispose
individuals to atopic dermatitis. ] Invest Dermatol 126:1770-1775,
2006

Sandilands A, Terron-Kwiatkowski A, Hull PR, et al: Comprehensive
analysis of the gene encoding filaggrin uncovers prevalent and rare
mutations in ichthyosis vulgaris and atopic eczema. Nat Genet 39:650-
654, 2007

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Seguchi T, Cui CY, Kusuda S, et al: Decreased expression of filaggrin in
atopic skin. Arch Dermatol Res 288:442-446, 1996

Cookson WO, Ubhi B, Lawrence R, et al: Genetic linkage of childhood
atopic dermatitis to psoriasis susceptibility loci. Nat Genet 27:372-373,
2001

Weidinger S, Illig T, Baurecht H, et al: Loss-of-function variations
within the filaggrin gene predispose for atopic dermatitis with allergic
sensitizations. J Allergy Clin Immunol 118:214-219, 2006

Marenholz I, Nickel R, Ruschendorf F, et al: Filaggrin loss-of-function
mutations predispose to phenotypes involved in the atopic march. J
Allergy Clin Immunol 118:866-871, 2006

Ruether A, Stoll M, Schwarz T, et al: Filaggrin loss-of-function variant
contributes to atopic dermatitis risk in the population of Northern
Germany. Br J Dermatol 155:1093-1094, 2006

Barker JN, Palmer CN, Zhao Y, et al: Null mutations in the filaggrin
gene (FLG) determine major susceptibility to early-onset atopic derma-
titis that persists into adulthood. J Invest Dermatol 127:564-567, 2007
Stemmler S, Parwez Q, Petrasch-Parwez E, et al: Two common loss-of-
function mutations within the filaggrin gene predispose for early onset
of atopic dermatitis. J Invest Dermatol 127:722-724, 2007

Weidinger S, Rodriguez E, Stahl C, et al: Filaggrin mutations strongly
predispose to early-onset and extrinsic atopic dermatitis. J Invest Der-
matol 127:724-726, 2007

Irvine AD: Fleshing out filaggrin phenotypes. J Invest Dermatol 127:
504-507, 2007

Morar N, Cookson WO, Harper JI, et al: Filaggrin mutations in children
with severe atopic dermatitis. J Invest Dermatol 127:1667-1672, 2007
Novak N, Baurecht H, Schafer T, et al: Loss-of-function mutations in
the filaggrin gene and allergic contact sensitization to nickel. J Invest
Dermatol 128:1430-1435, 2008

Giardina E, Paolillo N, Sinibaldi C, et al: R501X and 2282del4 filaggrin
mutations do not confer susceptibility to psoriasis and atopic dermatitis
in Italian patients. Dermatology 216:83-84, 2008

Ekelund E, Lieden A, Link J, et al: Loss-of-function variants of the
filaggrin gene are associated with atopic eczema and associated pheno-
types in Swedish families. Acta Derm Venereol 88:15-19, 2008
Henderson J, Northstone K, Lee SP, et al: The burden of disease asso-
ciated with filaggrin mutations: A population-based, longitudinal birth
cohort study. J Allergy Clin Immunol 121:872-877, 2008

Nomura T, Sandilands A, Akiyama M, et al: Unique mutations in the
filaggrin gene in Japanese patients with ichthyosis vulgaris and atopic
dermatitis. J Allergy Clin Immunol 119:434-440, 2007

Gruber R, Janecke AR, Fauth C, et al: Filaggrin mutations p.R501X and
c. 2282del4 in ichthyosis vulgaris. Eur ] Hum Genet 15:179-184, 2007
Hamada T, Sandilands A, Fukuda S, et al: De novo occurrence of the
filaggrin mutation p.r501x with prevalent mutation c. 3321delA in a
Japanese Family with ichthyosis vulgaris complicated by atopic derma-
titis. J Invest Dermatol 128:1323-1325, 2008

Brown SJ, Sandilands A, Zhao Y, et al: Prevalent and low-frequency null
mutations in the filaggrin gene are associated with early-onset and
persistent atopic eczema. ] Invest Dermatol 128:1591-1594, 2008
Nomura T, Akiyama M, Sandilands A, et al: Specific filaggrin mutations
cause ichthyosis vulgaris and are significantly associated with atopic
dermatitis in Japan. J Invest Dermatol 128:1436-1441, 2008

Chen H, Ho JC, Sandilands A, et al: Unique and recurrent mutations in
the filaggrin gene in Singaporean Chinese patients with ichthyosis vul-
garis. J Invest Dermatol, 2008, Jan 31 [Epub ahead of print]

Baurecht H, Irvine AD, Novak N, et al: Toward a major risk factor for
atopic eczema: Meta-analysis of filaggrin polymorphism data. J Allergy
Clin Immunol 120:1406-1412, 2007

Cookson WO, Moffatt MF: The genetics of atopic dermatitis. Curr Opin
Allergy Clin Immunol 2:383-387, 2002

Hubiche T, Ged C, Benard A, et al: Analysis of SPINK 5. KLK 7 and FLG
genotypes in a French atopic dermatitis cohort. Acta Derm Venereol
87:499-505, 2007

Hudson TJ: Skin barrier function and allergic risk. Nat Genet 38:399-
400, 2006

Irvine AD, McLean WH: Breaking the (un)sound barrier: Filaggrin is a



Atopic eczema and the filaggrin story

137

63.

64.

65.

66.

67.

68.

69.

70.

71.

major gene for atopic dermatitis. J Invest Dermatol 126:1200-1202,
2006

Howell MD, Kim BE, Gao P, et al: Cytokine modulation of atopic
dermatitis filaggrin skin expression. J Allergy Clin Immunol 120:150-
155, 2007

Rogers AJ, Celedon JC, Lasky-Su JA, Weiss ST, Raby BA: Filaggrin
mutations confer susceptibility to atopic dermatitis but not to asthma.
J Allergy Clin Immunol 120:1332-1337, 2007

Palmer CN, Ismail T, Lee SP, et al: Filaggrin null mutations are associ-
ated with increased asthma severity in children and young adults. ]
Allergy Clin Immunol 120:64-68, 2007

Basu K, Palmer CN, Lipworth BJ, et al: Filaggrin null mutations are
associated with increased asthma exacerbations in children and young
adults. Allergy, 2008, Feb 23 [Epub ahead of print]

Lerbaek A, Bisgaard H, Agner T, et al: Filaggrin null alleles are not
associated with hand eczema or contact allergy. Br J Dermatol 157:
1199-1204, 2007

Brown SJ, Cordell HJ: Are filaggrin mutations associated with hand
eczema or contact allergy? We do not know. Br ] Dermatol 158:1383-
1384, 2008 (letter)

Bowcock AM, Cookson WO: The genetics of psoriasis, psoriatic arthri-
tis and atopic dermatitis. Hum Mol Genet 13:R43-R55, 2004

Zhao Y, Terron-Kwiatkowski A, Liao H, et al: Filaggrin null alleles are
not associated with psoriasis. J Invest Dermatol 127:1878-1882, 2007
Weichenthal M, Ruether A, Schreiber S, et al: Filaggrin R501X and
2282del4 mutations are not associated with chronic plaque-type pso-
riasis in a German cohort. J Invest Dermatol 127:1535-1537, 2007

72.

73.

74.

75.

76.

77.

78.

79.

80.

Schreiber S, Rosenstiel P, Albrecht M, et al: Genetics of Crohn’s disease, an
archetypal inflammatory barrier disease. Nat Rev Genet 6:376-388, 2005
Blaumeiser B, van der Goot I, Fimmers R, et al: Familial aggregation of
alopecia areata. ] Am Acad Dermatol 54:627-632, 2006

Goh C, Finkel M, Christos PJ, Sinha AA: Profile of 513 patients with
alopecia areata: associations of disease subtypes with atopy, autoim-
mune disease and positive family history. ] Eur Acad Dermatol Vene-
reol 20:1055-1060, 2006

Kurokawa I, Umeda K, Nishimura K, et al: Filaggrin expression and the
pathogenesis of epidermal cysts. Br J Dermatol 157:415-416, 2007
Kurokawa I, Mayer-da-Silva A, Gollnick H, et al: Monoclonal antibody
labeling for cytokeratins and filaggrin in the human pilosebaceous unit
of normal, seborrheic and acne skin. J Invest Dermatol 91:566-571,
1988

Kurokawa I, Nakai Y, Nishimura K, et al: Cytokeratin and filaggrin
expression in nevus comedonicus. J Cutan Pathol 34:338-341, 2007
Liao H, Waters AJ, Goudie DR, et al: Filaggrin mutations are genetic
modifying factors exacerbating X-linked ichthyosis. J Invest Dermatol
127:2795-2798, 2007

Mevorah B, Marazzi A, Frenk E: The prevalence of accentuated palmo-
plantar markings and keratosis pilaris in atopic dermatitis, autosomal
dominant ichthyosis and control dermatological patients. Br ] Dermatol
112:679-685, 1985

Williams HC, Johansson SG: Two types of eczema—or are there? ]
Allergy Clin Immunol 116:1064-1066, 2005



	Atopic Eczema and the Filaggrin Story
	Genetic Factors in Atopy and Eczema
	Filaggrin: Basic Science
	Ichthyosis Vulgaris and Filaggrin
	Filaggrin and Eczema
	Increasing Weight of Evidence
	An Emerging Picture of FLG-Related Eczema
	Possible Consequences of Filaggrin-Related Barrier Dysfunction
	FLG Mutations in Other Skin Disorders
	What Is the Clinical Significance of These Findings?
	Unanswered Questions
	Conclusion
	References


