
Spontaneous Atopic Dermatitis-Like Symptoms in a/a ma
ft/ma ft/J Flaky Tail Mice Appear Early after Birth
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Abstract

Loss-of-function mutations in human profilaggrin gene have been identified as the cause of ichthyosis vulgaris (IV), and as a
major predisposition factor for atopic dermatitis (AD). Similarly, flaky tail (a/a ma ft/ma ft/J) mice were described as a model
for IV, and shown to be predisposed to eczema. The aim of this study was to correlate the flaky tail mouse phenotype with
human IV and AD, in order to dissect early molecular events leading to atopic dermatitis in mice and men, suffering from
filaggrin deficiency. Thus, 5-days old flaky tail pups were analyzed histologically, expression of cytokines was measured in
skin and signaling pathways were investigated by protein analysis. Human biopsies of IV and AD patients were analyzed
histologically and by real time PCR assays. Our data show acanthosis and hyperproliferation in flaky tail epidermis,
associated with increased IL1b and thymic stromal lymphopoietin (TSLP) expression, and Th2-polarization. Consequently,
NFkB and Stat pathways were activated, and IL6 mRNA levels were increased. Further, quantitative analysis of late epidermal
differentiation markers revealed increased Small proline-rich protein 2A (Sprr2a) synthesis. Th2-polarization and Sprr2a
increase may result from high TSLP expression, as shown after analysis of 5-days old K14-TSLP tg mouse skin biopsies. Our
findings in the flaky tail mouse correlate with data obtained from patient biopsies of AD, but not IV. We propose that
proinflammatory cytokines are responsible for acanthosis in flaky tail epidermis, and together with the Th2-derived
cytokines lead to morphological changes. Accordingly, the a/a ma ft/ma ft/J mouse model can be used as an appropriate
model to study early AD onset associated with profilaggrin deficiency.
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Introduction

The spontaneously occuring ‘‘flaky tail’’ mouse strain a/a ma ft/

ma ft/J was originally described as a model of human IV (OMIM

146700) due to its reduced expression of profilaggrin and

keratohyalin granules [1]. Accordingly, a/a ma ft/ma ft/J mice

carry the recessively transmitted flg loss-of-function mutation

5303delA [2]. At birth, they appear normal, and the flaky

phenotype becomes visible at 3 days after birth with the presence

of dry scaly skin and tail constrictions. This phenotype reaches a

peak at around day 6, then it resolves progressively; at day 21, the

skin appears normal, but the mice remain smaller than wild type

littermates, they have shorten ears and lack the tail tips [1,3].

Following the identification of IV as the major risk factor for

developing AD and asthma [4], several studies revealed an

epidermal barrier disruption and the predisposition of ‘‘flaky tail’’

mice to develop eczema [2,5,6]. a/a ma ft/ma ft/J mice have

increased TEWL and skin permeability and they are susceptible to

develop allergic immune responses when challenged with ovalbu-

min or dust mites [2,5,6,7,8]. The ‘‘flaky tail’’ mouse strain not

only carries flg mutations, but also the closely linked matted

mutation on mouse chromosome 3 (ma/ma), which is responsible

for abnormal hair coat [1].

Profilaggrin, the major component of keratohyalin granules, is

encoded by the second and third exon of the FLG gene. During

later differentiation, profilaggrin is dephosphorylated and pro-

cessed by furin into the N-terminus and the rest of the protein.

Multimeric filaggrin is processed into oligomeric, and then single

filaggrin repeats [9]. The C-terminus is indispensable for the

profilaggrin to filaggrin processing, because truncating mutations

close to the C-terminus are sufficient to inhibit formation of

filaggrin monomers [1,10]. Filaggrin peptides aggregate the

keratin cytoskeleton, cause collapse of the granular cells into

flattened anuclear squames, and contribute to the formation of

corneocytes [11]. In the stratum corneum (SC), caspase 14 and

calpain 1 further degrade filaggrin units into free hydrophilic

amino-acids or amino-acid byproducts [12,13] which form the

Natural Moisturizing Factor (NMF). NMF is crucial for the

maintenance of hydration and pH levels of the upper epidermis,

and, especially urocanic acid, for the skin protection from UV light

[13].

Heterozygous FLG mutations cause a mild form of IV which

affects about 10% of European population, whereas homozygous

mutations lead to a more severe IV occuring in 1:730 individuals

[4]. IV is clinically characterized by palmar hyperlinearity,

keratosis pilaris and dry skin with prominent scales on the lower

abdomen, arms and legs [4]. Histologically, heterozygous and

homozygous IV show reduced or absent keratohyalin granules,

respectively, and retention orthokeratosis. FLG and therefore

keratohyalin deficiency is strongly correlated with an early and

persistent onset of AD, since 47% of IV patients suffer from it.
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AD (OMIM 603165) is the most common dermatitis in children

and predisposes to asthma and allergic rhinitis [14]. Histologically,

AD is characterized by acanthosis, spongiosis, prominent Langer-

hans cells (LCs) and eosinophilia, monocyte-macrophage infiltrates

and mast cells in the dermis [15]. Its onset involves an initial strong

Th2-cell polarization induced either by external factors and/or by

specific cytokines, such as TSLP, produced by resident cells [16].

In this study, we set out to better understand the pathophys-

iology of IV and the biological trail connecting IV with AD using

a/a ma ft/ma ft/J mice. As a basis, we questioned whether the

‘‘flaky tail’’ reproduces better the human IV or/and AD

phenotype, and what are the first molecular signs leading from

impaired barrier to eczema. Five days old (P5) pups were used in

order to witness early life consequences in epidermis function.

Histological analysis revealed acanthosis and inflammatory infil-

trates in the dermis, associated with increased IL1b and TSLP

mRNA levels. IL1b upregulation was linked to NFkB activity and

to increased IL6, VCAM and ICAM expression. Further, increase

of Small proline-rich protein 2 (SPRR2) expression suggests

potential compensation for filaggrin [17]. Real time PCR analysis

of AD-patient biopsies showed increased IL1b, IL13 and SPRR2a

mRNA expression which was not the case for IV-patients. These

findings demonstrate that the phenotype of the a/a ma ft/ma ft/J

mice reflects better human AD and open new directions of

research on the consequences of defective barrier [5,7,18].

Materials and Methods

Mice
Homozygous flaky tail (a/a ma ft/ma ft/J) mice, kindly provided

by Dr. P. Fallon (Dublin, Ireland), K14-TSLP tg mice, kindly

provided by Prof. F. Radtke (EPFL, Lausanne, Switzerland) and

wild type (WT) (C57blk6/J) (Charles River, France) mice were

bred in SPF conditions according to federal guidelines and the

federal and local authorities approved procedures (permit number:

VD2356; VD2102). All biopsies used in this study derived from 5

days old pups (P5) euthanized by decapitation.

Human
Human skin biopsies were collected from patients who came to

our clinic for medical consulting (Dermatology Service, Beaumont

Hospital, CHUV, Lausanne, Switzerland). The patients provided

written and informed consent (Geneskin protocol approved

27.10.2007 by the local Ethical Committee).

Patients DNA was extracted from skin biopsies using a DNeasy

Blood & Tissue Kit (Qiagen, Germany). Profilaggrin mutations

were detected as described previously: R501X and 2282del4 [4];

R2447X mutation [19]. Detailed information about the patient

biopsies can be found in Tables S1 in File S1.

Figure 1. Acanthosis and inflammation in 5-days-old a/a ma ft/ma ft/J skin. A. Dorsal skin of P5 C57blk6/J wild type (WT) and flaky tail (a/a
ma ft/ma ft/J) mice was collected, fixed in PFA 4% and embedded in paraffin. H&E staining was performed and sections were visualized with a 20x
lens. Thickening of the epidermis, hypogranulosis (white arrowheads), lymphocytic exocytosis (arrows) and inflammatory infiltrates (black
arrowheads) are observed. Magnification of two representative fields is presented in order to distinguish inflammatory infiltrates in the a/a ma ft/ma
ft/J mouse skin. (B and C). Dorsal skin biopsies were embedded in OCT and cryosections were prepared. Immunofluorescence was performed using
antibodies against keratin 5 (KRT5) (B) and keratin 6 (KRT6) (C). Fluorescence was visualized with a 20x lens (LSM 700 Zeiss confocal microscope (B) or
Zeiss Axiovision microscope (C)). Scale bars = 50 mm.
doi:10.1371/journal.pone.0067869.g001

Spontaneous Atopic Dermatitis in Flaky Tail Mice
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RNA Isolation and Real Time PCR
Total RNA from skin biopsies was extracted using the RNeasy

Fibrous Tissue Mini Kit (Qiagen, Germany). RNA integrity was

verified on an agarose gel under denaturating conditions. RNA

(2 mg) was reverse-transcribed into cDNA using MMLV-reverse

transcriptase (New England Biolabs, UK) as follows: 10 min at

25uC, 60 min at 42uC, 5 min at 95uC. Real-time PCR analysis

was performed on a StepOneTM PCR apparatus (Applied

Biosystems, UK) using a Power SYBR Green Master Mix

(Applied Biosystems, UK) and specific primers. Samples were

amplified as described [20]. Primers were designed using the

Roche software (Universal Probe Library, Assay Design Center),

unless described differently (Tables S2 and S3 in File S1). Analysis

of relative gene expression was performed using the 22DDCT

Figure 2. Analysis of proinflammatory and Th2-derived cytokines in a/a ma ft/ma ft/J mouse skin. Total RNAs were extracted from dorsal
skin of P5 WT and a/a ma ft/ma ft/J (ft/ft) mice, and cDNAs were generated. Real-time PCRs were performed using primers specific for (A) Tslp, (B) Il1b,
(C) Il4 and (D) Il13. Ct values were normalized with the hprt house-keeping gene. The experiment was realized in groups of 10 mice. (E) Langerin
positive cells stained in WT and a/a ma ft/ma ft/J (ft/ft) mice skin biopsies were quantified. Statistically significant differences were calculated with the
student T-test (p,0.05 * and p,0.001 ***).
doi:10.1371/journal.pone.0067869.g002

Spontaneous Atopic Dermatitis in Flaky Tail Mice
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method [21]. Hprt and Gapdh mRNA were used as internal

controls for mouse samples and RPL13a for human skin.

Immunohistochemistry
Dorsal biopsies were snap frozen in isopentane, then embedded

in OCT and cut in 5 mm cryosections. Specimens were fixed in ice

cold acetone, then blocked with 5% NGS (normal goat serum) –

TBS – GBA (glycine – BSA) for 1 hr and incubated at RT with the

primary antibody (Table S4 in File S1). 3 hrs later, slides were

rinsed and incubated with a 488-Alexa Fluor secondary antibody

(Molecular Probes, Netherlands) for 1 hr at RT. Counterstaining

was realized with DAPI and mounting with a Fluorescent

Mounting medium (Dako, Denmark). The images were captured

by a confocal microscope (LSM 700 Zeiss, Switzerland) and

analyzed using the ZEN2010 software.

Western Blotting
Dorsal biopsies were submitted to a heat shock (1 min 60uC -

30 sec 4uC) in PBS to separate dermis from epidermis. Epidermis

was pulverized in liquid nitrogen, then homogenized in extraction

buffer: 150 mM NaCl, 50 mM Tris HCl (pH 8), 5 mM EDTA

(pH 8), 1% Nonidet-P40, protein inhibitors (Complete mini,

EDTA-free; PhosphoSTOP, Roche, Switzerland). The samples

were centrifuged 5 min at 12000 rpm (4uC) and the supernatant

containing the soluble protein fraction was separated. The pellet

was incubated in the same buffer containing 9 M Urea –50 mM

Figure 3. NFkB signaling in a/a ma ft/ma ft/J mice. A. P5 WT and a/a ma ft/ma ft/J mouse skin cryosections were immunostained with an anti-
p50 antibody. Fluorescence was visualized with a 20x lens. Scale bar = 50 mm. (B). Epidermal protein extracts from P5 WT and a/a ma ft/ma ft/J (ft/
ft)mice were submitted to WB, performed with anti-p50, anti-p-p65 and anti-b-actin antibodies, and detected by chemiluminescence. Quantification
of p50 and p-p65 expression normalized to b-actin is represented in histograms. (C). Total RNAs were extracted from WT and a/a ma ft/ma ft/J (ft/ft)
mice dorsal skin, and real-time PCRs were performed using primers specific for Vcam, Icam, and Il6. Ct values were normalized to hprt. The experiment
was realized in groups of 10 mice and statistically significant differences were calculated with the student T-test (**p,0.1 and ***p,0.001).
doi:10.1371/journal.pone.0067869.g003

Figure 4. Increased Sprr2 expression in a/a ma ft/ma ft/J mouse epidermis. A. cDNA was prepared from P5 WT and a/a ma ft/ma ft/J (ft/ft)
mice, real-time PCRs were performed using primers specific for Sprr2a and Sprr2d. Ct values were normalized with the hprt house-keeping gene. The
experiment was realized in groups of 10 mice and statistically significant differences were calculated with the student T-test (***p,0.001). B. P5 WT
and a/a ma ft/ma ft/J mouse skin cryosections were immunostained with an anti-SPRR2 antibody. Fluorescence was visualized with a 20x lens. Scale
bar = 50 mm.
doi:10.1371/journal.pone.0067869.g004
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DTT for 1 hr at 4uC; the insoluble fraction was obtained after

centrifugation (10 min, 12000 rpm, 4uC) [22]. Proteins were

assayed by Bradford method. Lysates were fractionated on SDS-

PAGE gels, electrotransferred onto PVDF ImmobilionH-P Trans-

fer membranes (Millipore, Temecula, CA) and stained with

Ponceau S to evaluate protein loading. Membranes were blocked

with TBST (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.2%

Tween-20) plus 10% non-fat dry milk (NFDM) and incubated with

primary antibodies (Table S4 in File S1) in TBST- 5% NFDM

overnight at 4uC. Horseradish peroxidase conjugated IgG anti-

mouse or anti-rabbit were used as secondary antibodies (GE

Healthcare, UK), in TBST- 2% NFDM for 1 hr at RT. Antigen

bands were revealed by chemiluminescence (ECL Plus Kit, GE

Healthcare, UK) in a LAS4000 imaging system (Berthold Mithras,

Switzerland). Normalization to b-actin and quantification was

performed using Photoshop CS3.

Histology
Skin biopsies were fixed overnight in fresh PFA 4% at 4uC, then

washed in TBS and embedded in paraffin. Specimens of 5 mm

thickness were stained with hematoxylin and eosin as described

[20]. Stained sections were analyzed under light microscope

(Nikon Ellipse E400, Switzerland) with the AxioVision software

(Switzerland).

Statistical Analysis
Experiments were analyzed with the 2-tailed Student t-test,

using the GraphPad prism 6.0 software (GraphPad Software, Inc,

San Diego, CA, USA). Results are presented as means 6 SEM,

unless otherwise described in the figure legends. P-values lower

than 0.05 were considered statistically different.

Results

Hypercellularity, Acanthosis and Keratin 6 Expression in
5-days Old Flaky Tail Mouse Skin

This study was performed on five days old pups because this is

the earliest time point when the ‘‘flaky tail’’ phenotype is present

and well manifest [1]. Histological analysis of flaky tail (a/a ma ft/

ma ft/J) dorsal skin showed thickening of the epidermis with

acanthosis, hypogranulosis, and mild hyperkeratosis. Lymphocytic

exocytosis and mild spongiosis were also observed (Fig. 1A).

Immunohistochemistry experiments showed no difference for

keratin 5 expression between a/a ma ft/ma ft/J and WT pups,

whereas increased keratin 6 staining of the a/a ma ft/ma ft/J

epidermis demonstrated an abnormal differentiation state and

indicated hyperproliferation (Fig. 1B and C). Together, these

findings indicate a reactive inflammatory epidermitis in a/a ma ft/

ma ft/J mice. Therefore, inflammatory pathways were analyzed.

Increased Levels of Proinflammatory Cytokines and
Langerin+ cell Population in Flaky Tail Mouse Skin

Exposure of the epidermis to environmental stimuli, such as

allergens or microbial agents, and alteration of the barrier

function, lead to activation of resident cells, i.e. keratinocytes,

mastocytes and dendritic cells, which initiate an inflammatory

cascade. Early inflammatory responses include secretion of IL1b,

TNFa and TSLP [23,24,25,26], which were measured in a/a ma

ft/ma ft/J skin. mRNAs were analyzed by real time PCR and

normalized to two different housekeeping genes, hprt and gadph.

The data were similar (data not shown), therefore we present here

only the normalization to hprt. Il1b and Tslp mRNA levels were

significantly increased in a/a ma ft/ma ft/J mouse dorsal skin,

whereas Tnfa mRNA levels remained unchanged when compared

to WT mice (Fig. 2A and B and not shown). Further, main Th2-

derived cytokines were measured in order to investigate early

polarization, generally consequently to TSLP upregulation [26].

Indeed, Il4 and Il13 mRNAs were significantly increased in the a/

a ma ft/ma ft/J mice, although the variability between individuals

was noteworthy (Fig. 2C and D). The mRNA levels of Th1 or

Th17-derived cytokines, such as Ifnc and Il17a respectively, were

unchanged at 5-days old a/a ma ft/ma ft/J mice compared to WT

pups (data not shown).

Th2-polarization, and consequently of AD, is associated with

LCs in the site of lesion. Our immunohistochemistry findings show

that a/a ma ft/ma ft/J skin hosts significantly higher population of

langerin positive cells, compared to WT mice (Fig. 2E and data

not shown).These data suggest that barrier disruption in the a/a ma

ft/ma ft/J mouse leads to a Th2-polarization and to increased

number LCs, reminiscent of AD.

Activation of NFkB Signaling in the Flaky Tail Mice
IL1b activates MAPK and NFkB pathways. TSLP is upstream

of Stat5, although it can also signal via NFkB, MAPK and Stat3

pathways, according to the cell type and the biological system

settings [27,28]. We investigated NFkB activation, because this is a

pathway typically activated during AD onset [29]. NFkB p50

subunit had a pronounced nuclear localization in a/a ma ft/ma ft/J

basal keratinocytes compared to WT mice, and it was present

suprabasally in contrast to WT samples (Fig. 3A). Western Blotting

(WB) experiments confirmed increase of p50 and, to a greater

extent, phospho-p65 expression in a/a ma ft/ma ft/J epidermis

(Fig. 3B). Further, known NFkB target gene expression was

increased in the a/a ma ft/ma ft/J mice, such as Vcam, Icam and Il6

mRNAs (Fig. 3C). VCAM and ICAM are upregulated after

epidermal inflammation and during AD to favor immune cell

Figure 5. Stat3 phosphorylation in a/a ma ft/ma ft/J mouse
epidermis. Protein skin extracts from P5 WT and a/a ma ft/ma ft/J (ft/
ft) mice were submitted to WB, performed with rabbit anti-phospho-
Stat3 and anti-actin antibodies, and detected by chemiluminescence.
Quantification of p-Stat3 expression normalized to b-actin is represent-
ed in histograms. Statistical differences were calculated with the
student T-test (***p,0.001).
doi:10.1371/journal.pone.0067869.g005

Spontaneous Atopic Dermatitis in Flaky Tail Mice
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migration into the affected area [16]. These results indicate that

AD-like symptoms in a/a ma ft/ma ft/J mice may result from early

NFkB activation.

Increased SPRR2 Expression in the a/a ma ft/ma ft/J Mice
Il6 upregulation and barrier disruption in a/a ma ft/ma ft/J mice

is reminiscent of injury-induced stress conditions which lead to

changes in tissue homeostasis. Sprrs are stress-induced epidermal

differentiation components and are upregulated under different

pathological conditions [17,30,31,32]. Sprr mRNA expression

analysis revealed a strong upregulation of Sprr2a and Sprr2d genes

in the a/a ma ft/ma ft/J mice (Fig. 4A). Immunohistochemistry of

Sprr2 proteins was suggestive of increased expression in a/a ma ft/

ma ft/J suprabasal keratinocytes (Fig. 4B). In contrast, the

expression of epidermal differentiation proteins involucrin,

loricrin, repetin and cornulin remained unchanged (data not

shown). Sprr2-specific upregulation in a/a ma ft/ma ft/J suggests

an epidermal stress response to injury.

Stat Pathway is Activated in the Flaky Tail Mice Skin
Both Nrf2 and Stat3 pathways are known to transcriptionally

regulate Sprr2 expression [17,33,34]. As indicated above, Il6,

which signals through Stat3 pathway, was elevated in a/a ma ft/ma

ft/J epidermis. Thus, we tested whether Sprr2 upregulation was

dependent on Stat3 phosphorylation. Stat3 was significantly

phosphorylated in a/a ma ft/ma ft/J mouse epidermal protein

extracts (Fig. 5), suggesting that Sprr2 increase in the a/a ma ft/ma

ft/J mouse is a consequence of Stat3 activation. Analysis of the

Nrf2 pathway by measuring known target genes Nqo1 (NAD(P)H

dehydrogenase quinone 1) and Gsta3 (glutathione S-transferase

A3) [35] did not reveal changes (data not shown), indicating that

Nrf2-dependent Reactive Oxygen Species (ROS) signaling is not

activated in 5-days old a/a ma ft/ma ft/J mice.

Increased SPRR2 Expression in the K14-TSLP tg Mice
Sprr2 transcription can be also regulated by IL4/IL13/Stat6, as

described in an experimental asthma mouse model [36]. TSLP

being a main inducer of Th2-polarization, we questioned whether

Figure 6. Real time PCR analysis of gene expression in K14-TSLP tg mouse skin. cDNA was prepared from P5 WT and K14-TSLP tg mice, and
real-time PCRs were performed using primers specific for (A) Il13, (B) Il6, (C) Sprr2a and (D) Sprr2d. The experiment was realized in groups of 5 WT and
5 K14-TSLP P5 mice and statistically significant differences were calculated with the student T-test (*p,0.05 and **p,0.01).
doi:10.1371/journal.pone.0067869.g006

Spontaneous Atopic Dermatitis in Flaky Tail Mice
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Sprr2 are downstream of TSLP and/or Th2-cytokines. Therefore,

skin biopsies were obtained from P5 transgenic mice specifically

overexpressing TSLP in the epidermis (K14-TSLP tg), which

develop a spontaneous AD [37,38]. As expected, Il4 and Il13

Figure 7. Comparison of healthy, IV and AD skin. A. Skin biopsies from healthy, IV and AD-patients were collected, fixed in PFA 4% and
embedded in paraffin. H&E staining was performed and sections were visualized with a 20x lens. Scale bar = 50 mm. B–E. cDNA were prepared from
healthy, IV and AD-patient skin biopsies and real-time PCRs were performed using primers specific for (B) IL1b, (C) TSLP (D) IL13 and (E) SPRR2a. The
experiment was realized in groups of 4 patients and statistically significant differences were calculated with the student T-test (*p,0.05 and
***p,0.001).
doi:10.1371/journal.pone.0067869.g007

Spontaneous Atopic Dermatitis in Flaky Tail Mice
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mRNAs were increased, as well as Il6, Sprr2a and Sprr2d mRNAs

(Fig. 6A to D and data not shown). Filaggrin mRNA levels were

not modified, showing that IL4, IL13 and Sprr2 regulation is

independent on filaggrin expression, and downstream of TSLP

(data not shown).

Corneodesmosomal Desquamation in the Flaky Tail Mice
Occurs Normally

Human IV is characterized by a retention hyperkeratosis

without hyperproliferation of keratinocytes [33]. Consequently, we

tested whether the presence of scales on flaky tail skin is a

consequence of abnormal desquamation; major corneodesmoso-

mal components and their proteolytic enzymes were analyzed.

mRNA and protein evaluation showed no significant differences of

corneodesmosin, desmoglein and desmocollin synthesis between

a/a ma ft/ma ft/J and WT mice. Further, Spink5 expression was

not altered and the proteolytic enzymes, kallikrein 5 and kallikrein

7 were equally expressed and active in both mouse types (Fig. S1

and data not shown). Our results are in line with recent data

reporting that KLK5 activity and KLK7 expression are increased

only in adult, and not in newborn a/a ma ft/ma ft/J mice, when the

pH is elevated, probably due to low histidine levels (Table S6 in

File S1). Combination of these data suggest that abnormal

expression of SC proteases is a secondary consequence of

inflammation and altered pH levels, rather than a characteristic

directly resulting from the mouse phenotype [39].

IL1b and SPRR2a mRNA Levels are Increased in AD, but
not in IV Patients

To correlate our findings with the human pathology, skin

biopsies form AD and IV patients were analyzed. Human AD

epidermis shows acanthosis, exocytosis, spongiosis and hyperpro-

liferation. In contrast, IV epidermis is not inflamed, the granular

layer is attenuated or absent and SC is orthohyperkeratotic (Fig. 7A

and Table S1 in File S1). In this line, RT-PCR analysis showed

increased IL1b mRNA levels only in AD patients, and elevated

TSLP mRNA levels in both AD and IV patients, although marked

discrepancies between individuals were observed (Fig. 7B and C).

Further, as expected, IL13 mRNA was increased only in AD

patients. Finally, AD, but not IV, is associated with upregulated

SPRR2a transcription (Fig. 7D and E). These data show that the a/

a ma ft/ma ft/J mouse phenotype reproduces several biological

aspects of human AD.

Discussion

Here we present the first thorough analysis of inflammatory

pathways in newborn a/a ma ft/ma ft/J mice and demonstrate that

they adopt very early an atopic phenotype, well correlating with

human atopic dermatitis (Table S5 in File S1).

Increased levels of both IL1b and TSLP are expressed early

after birth without any mechanical injury or allergen challenge.

Our results on Il1b mRNA levels corroborate, confirm and extend

very recent data reporting increased IL1 levels in AD patients

carrying FLG mutations [40]. The a/a ma ft/ma ft/J mice lack

filaggrin, and bear a 215kDa unprocessed peptide likely devoid of

a dominant negative effect as heterozygous animals appear

normal. Except from the FLG loss-of-function mutation, a/a ma

ft/ma ft/J mice carry the matted coat mutation (ma/ma), which is

responsible for abnormal coat and not yet characterized [1,41].

Although the exact role of the ma/ma in the AD-like phenotype is

not elucidated, a few studies having used a flaky tail mouse devoid

of the matted mutation (flgft/flgft/J), are informative: 8 week old

flgft/flgft/J mice have normal TEWL, but present mild orthoker-

atotic hyperkeratosis and acanthosis, lymphocytic infiltrates in the

skin and high Il1b and IlRA mRNA levels (Fallon et al. 2009;

Kezic et al. 2012). Interestingly, in a/a ma ft/ma ft/J embryos

(E17.5) the barrier function is already defective and there is

peridermal retention [8]. These observations suggest that filaggrin

deficiency alone is able to induce mild inflammation [2] and

predispose to allergic response [2,42]. On the other hand, the

matted coat mutation is likely to amplify the dysfunction of the

barrier, and to accelerate/enhance the inflammatory reaction,

eventually after changes in upper epidermis biophysical properties

[5,8,18,39](Table S6 in File S1). Beyond filaggrin deficiency,

mechanical or genetic barrier disruption over time can lead to

increased expression of proinflammatory cytokines and recruit-

ment of LCs on the site of lesion [22,23,24,25,43], according to

environmental and experimental conditions [5,18].

Our data reveal that the a/a ma ft/ma ft/J mouse model, instead

of replicating IV features only, presents also acanthosis and

inflammation [33]. Indeed, at birth, humans with semi-dominant

IV have normal skin that becomes dry and rough after 3–6 months

[44,45]. On the other hand, 45% of AD patients develop

symptoms within the first 6 months of life [15,46]. Resemblance

between the flaky tail mouse and human AD is further confirmed

by Th2-derived cytokine expression in a/a ma ft/ma ft/J skin,

which provides evidence of an early spontaneous engagement into

a hypersensitivity reaction.

IL1b signals through NFkB and MAPK pathways, and

promotes inflammation through TSLP and IL6, and cell migration

through regulation of cell adhesion molecules, and various

chemokines [47,48]. Accordingly, in a/a ma ft/ma ft/J epidermis,

the NFkB pathway is activated as demonstrated by accumulation

of p50 and phospho-p65 in epidermis, and by increased expression

of VCAM, ICAM and IL6. The NFkB pathway in AD mediates

proinflammatory cytokine signals, and TLRs are activated

subsequent to microbial colonization [29,49].

TSLP is an epithelial-derived cytokine involved in immune

responses, through naı̈ve T-cells homeostasis regulation, cell

differentiation and migration [50,51,52]. It is tightly associated

with inflammation and hypersensitivity responses because it

triggers B-cells differentiation and Th2-polarization [53,54,55].

Accordingly, Il4 and Il13 mRNAs are increased in a/a ma ft/ma ft/

J skin revealing another typical early sign of atopy. TSLP signals

through its TSLPR heterodimeric receptor - absent from

keratinocytes - and STAT5 [56].

TSLP induces IL6 production from human airway smooth

muscle cells through MAPK/Stat3 in vitro [28]. Our data,

combining a/a ma ft/ma ft/J and K14-TSLP skin analysis, suggest

that increased Il6 mRNA levels in a/a ma ft/ma ft/J may be a

consequence of IL1b and TSLP signaling. IL6 in skin is secreted

by keratinocytes, fibroblasts and T-cells, especially the Th17-

subset that induces inflammation and defense against pathogens

[57]. Increased IL6 production from T-cells has been found in AD

patients [58], which may be associated with its property to

promote Th2-cell differentiation [59]. It is noteworthy that IL6,

according to the cytokine milieu, can favor Th17 development

[60]. Along these lines, Th17-subset and their effector cytokines

are increased in adult a/a ma ft/ma ft/J mice [18]. Presence of

Th17-regulators in newborn a/a ma ft/ma ft/J skin suggests 1. a

modulation of the cytokine pool with age, and 2. that qualitative

and quantitative modifications in the cytokine milieu over time

and environmental conditions might be responsible for the

changing phenotypical characteristics of a/a ma ft/ma ft/J under

various experimental conditions. We propose that early IL6

increase also promotes morphological changes in a/a ma ft/ma ft/J

epidermis, and induces SPRR2A expression.
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SPRR proteins, are encoded by genes located on EDC, and

individual members are upregulated in different tissues under

stress conditions or injury [17,30,61,62,63,64]. In epidermis,

Sprr2A and Rptn gene transcription is upregulated in Klf4-null

mice, characterized by impaired barrier function, without

preventing lethality [32]. Further, Sprr2D, Sprr2H and Rptn

transcripts are increased in loricrin-deficient mice, characterized

by a transient erythroderma [65]. Non-coordinate regulation of

Sprr1/2 genes in various tissues after injury suggests that Sprr1/2

subfamily genes play specific roles linked with tissue-remodeling

and cell survival. Besides their biomechanical function, SPRRs

detoxify ROS in various epithelia via their Cys residues [66,67].

Sprr2 are positively regulated through IL6/Stat3 and IL6/

MAPK signaling in cardiomyocytes, after ischemic injury, and in

biliary epithelial cells after bile duct ligation [17,31]. In a/a ma ft/

ma ft/J, Sprr2 are a potential IL6/Stat3 target and they may

compensate for filaggrin loss, or function as initiators of an attempt

to repair. We propose that Sprr2 gene regulation in a/a ma ft/ma

ft/J mice is downstream of pathways activated by TSLP/IL6/

IL4/IL13 ligands.

In sum, our study reveals that filaggrin deficiency in the

appropriate genetic background leads to spontaneous dermatitis

associated with increased IL1b, Th2-related cytokines and

activated NFkB signalling. This report is complementary to

previous studies, because it presents novel findings and provides

correlations with biological features of human AD, therefore

validating the flaky tail mouse as an interesting early AD model.

Indirectly, our results suggest that very early therapeutic interven-

tion in atopic dermatitis associated with filaggrin deficiency may

be essential for disease prevention. Along these lines, we are

currently analysing a large cohort of human newborns during the

first 2 years of life in order to correlate genetic predisposition and

cytokine profiles (S. Christen and D. Hohl, unpublished observa-

tions).

Supporting Information

Figure S1 Corneodesmosomal components expression
in unchanged between WT and a/a ma ft/ma ft/J mice.
(A). P5 WT and a/a ma ft/ma ft/J mouse skin cryosections were

immunostained with antibodies anti-corneodesmosin (Csdn), anti-

desmoglein (Dsg) and anti-desmocollin (Dsc). Fluorescence was

visualized with a 20x lens. (B). Epidermal insoluble and soluble

protein extracts from P5 WT and a/a ma ft/ma ft/J mice were

submitted to WB, performed with anti-corneodesmosin (Csdn),

anti-desmocollin (Dsc), anti-desmoglein (Dsg), and anti-b-actin

antibodies, and detected by chemiluminescence. Ponceau S

staining shows equal loading for the insoluble protein fraction.

(EPS)

File S1 Supporting Tables and References.

(DOCX)
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