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Filaggrin-deficient mice exhibit Ty17-dominated skin
inflammation and permissiveness to epicutaneous
sensitization with protein antigen

Michiko K. Oyoshi, PhD,? George F. Murphy, MD,? and Raif S. Geha, MD? Boston, Mass

Background: Filaggrin is important for skin barrier function and
is mutated in 15% to 20% of patients with atopic dermatitis.
Objective: To examine whether filaggrin deficiency predisposes
to skin inflammation and epicutaneous sensitization with
protein antigen.

Methods: Skin histology in filaggrin-deficient flaky tail (f#)/ft mice
and wild-type controls was assessed by Hematoxylin and Eosin
(H&E) staining and immunohistochemistry. Cytokine mRNA
expression was examined by quantitative RT-PCR. Serum antibody
levels and splenocyte secretion of cytokines were measured by ELISA.
Results: The ft/ft mice developed eczematous skin lesions after
age 28 weeks and a progressive increase in serum IgE and IgG,
levels. Normal-appearing skin from 8-week-old f#/ft mice had
epidermal thickening and increased dermal infiltration with
CD4* cells and expression of mRNA for IL-17, IL-6, and IL-23,
but not IL-4, IL-13, or IFN-vy. Lesional skin of 32-week-old f#/ft
mice exhibited qualitatively similar, but more pronounced,
changes, and elevated IL-4 mRNA levels. Epicutaneous
application of ovalbumin to shaved skin of 8-week-old f#/ft mice,
but not WT mice, resulted in increased epidermal thickening,
dermal infiltration by CD4" cells but not eosinophils, and
expression of 1L-17, IL-6, IL-23, IL-4, and IFN-y, but not IL-5
or IL-13, mRNA. Splenocytes from epicutaneously sensitized f#/
Jft mice, but not controls, secreted cytokines in response to
ovalbumin stimulation, and their sera, but not those of controls,
contained ovalbumin-specific IgE and IgG,; antibodies.
Conclusion: Filaggrin-deficient mice exhibit Ty17-dominated
skin inflammation and eczematous changes with age, and are
permissive to epicutaneous sensitization with protein antigen.
(J Allergy Clin Immunol EEEE;EEN:EEE-EEN,)
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Patients with atopic dermatitis (AD) exhibit impaired skin
barrier function and abnormal structure and chemistry of the
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Abbreviations used
AD: Atopic dermatitis
FACS: Fluorescence-activated cell sorting
FLG: Filaggrin gene
Jt: Flaky tail
HPF: High-power field
ma: Matted
SC: Stratum corneum
TEWL: Transepidermal water loss
WT: Wild type

stratum corneum (SC).I Furthermore, defects in skin barrier func-
tion in mice are associated with an AD-like phenotype.2 Altera-
tion of the skin barrier in AD is evidenced by reduction in the
water content of the SC and by increased transepidermal water
loss (TEWL).?> Mechanical injury inflicted by scratching and
skin inflammation are likely to aggravate skin barrier dysfunction
in AD, as suggested by the observation that the defect in TEWL
improves with decreased disease activity.3 Impaired barrier func-
tion increases transepidermal penetration of environmental aller-
gens. This is supported by the observation that children with AD
exposed to topical creams and lotions containing peanut protein
have a significantly increased risk of peanut sensitization.* AD
has been considered a Ty2-mediated disease, characterized by el-
evated IgE and Ty2 cytokine expression in acute skin lesions.
Several recent observations suggest the presence of IL-17—pro-
ducing cells infiltrating the dermis in acute AD lesions and in
the peripheral blood of patients with AD.>® Furthermore, epicu-
taneous sensitization of tape stripped mouse skin with ovalbumin
results in local and systemic Ty17 as well as Ty2 responses.’

Atopic dermatitis shows strong genetic linkage to chromosome
1g21, which contains the human epidermal differentiation com-
plex of genes that encode keratinocyte structural proteins,
including ﬁlaggrin,8 which plays a critical role in skin hydration.9
Mutations in the filaggrin gene (FLG) have been identified in ich-
thyosis Vulgarism and in AD."' The majority of FLG mutations in
AD are heterozygous. Two loss-of-function mutations (R510X
and 2282del4) account for the majority of FLG mutations in Eu-
ropean patients with AD and are major risk factors for AD and
AD-associated asthma, but not for asthma alone.'''? There is a
strong association between FLG mutations and extrinsic AD."*
Filaggrin expression is also reduced in patients with AD with
no FLG mutations, possibly because of local expression of the
Ty2 cytokines, IL-4 and IL-13, which downregulate FLG expres-
sion in keratinocytes.' 3 Decreased filaggrin expression in AD skin
is associated with decreased hydration of the SC.'*
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Flaky tail (ft) is a spontaneously arising autosomal-recessive
mutation located at chromosome 3 within the mouse epidermal
differentiation complex, and is in close linkage with another mu-
tation (ma) that causes hair matting.'> Homozygous f#/ft mice
have dry, flaky skin that expresses reduced amounts of profilag-
grin mRNA and an abnormal profilaggrin protein that is not pro-
cessed to filaggrin monomers. The fi/ft mice have increased
TEWL. In this study, we demonstrate that f#/ft mice develop
Ty17-dominated skin inflammation and eczematous skin lesions
and are permissive to epicutaneous sensitization with protein
antigen.

METHODS
Mice

Flaky tail mice were purchased from Jackson Laboratory (Bar Harbor,
Maine). C57BL6 and BALB/c wild-type (WT) mice were from Charles River
Laboratories (Wilmington, Mass). All mice were bred in our animal facility,
kept in a specific pathogen-free environment, and fed an ovalbumin-free diet.
All procedures performed on the mice were in accordance with the Animal
Care and Use Committee of the Children’s Hospital Boston.

Epicutaneous sensitization and intraperitoneal
immunization

The skin of anesthetized 8-week-old female mice was shaved. Then 100 g
ovalbumin (Grade V; Sigma, St. Louis, Mo) in 100 pL normal saline, or
placebo (100 pL normal saline), was placed on a patch of sterile gauze (1 X
1 cm), which was secured to dorsal skin with a transparent bio-occlusive dress-
ing (Tegaderm; Westnet Inc, Canton, Mass). Each mouse had a total of three
1-week exposures to the patch, separated by 2-week intervals. Mice were
euthanized at the end of the third cycle of sensitization (day 49). Female
mice 4 to 6 weeks old were sensitized on days 0, 14, and 21 by intraperitoneal
injection of 50 wg ovalbumin emulsified in 2 mg Imject Alum (Pierce,
Rockford, I11) in 100 pL saline and sacrificed at day 28.

Histologic and immunohistochemical analysis of
mouse skin

Histologic and immunohistochemical analysis of mouse skin was per-
formed as previously described.'® CD4™" cells were counted blinded in 10 to
15 high-power fields (HPFs) at a magnification of X400. Epidermal thickness
of 6 different randomly chosen sites was measured in each skin section from
each mouse.

Quantitative RT-PCR for cytokines
Quantitative RT-PCR for cytokines was performed as previously described,
using the housekeeping gene B,-microglobulin as a control."”

In vitro cytokine production

Spleen single cell suspensions were cultured at 2 X 10%mL in the presence
of ovalbumin (200 wg/mL) for 96 hours as previously described.'® Cytokine
levels were measured by ELISA (BD Bioscience, San Jose, Calif).

Serum antibody determination
Total IgE, IgG; levels, and ovalbumin-specific serum antibodies were
determined by ELISA as previously described.'®

Fluorescence-activated cell sorting analysis of ear

cells
Ears were floated on 0.25% trypsin containing 2.2 mmol/L EDTA for 45
minutes at 37°C, then incubated in RPMI 1640 containing 10% FCS at 37°C

J ALLERGY CLIN IMMUNOL
mmm 2009

for 2 hours. Single ear cell suspensions were stained with mAbs to CD11c,
CDl11b, Gr-1, CD3, and CD4 (all from BD Bioscience) followed by fluores-
cence-activated cell sorting (FACS) analysis.

Statistical analysis

One-way ANOVA was used to determine changes in skin infiltrating CD4 "
T cells, splenocyte cytokine production, mRNA levels of cytokines, and levels
of serum IgG; and IgE. Statistical analysis was performed with the Graphpad
Prism version 4.0 (Graphpad Software, La Jolla, Calif). Two-tailed values of
P <.05 were considered statistically significant for all comparisons.

RESULTS
The ft/ft mice develop eczematous skin lesions

Neonatal ft/ft mice appear normal at birth but have increased
TEWL."® The flaky tail phenotype appears at about 3 days of age
with the skin having a dry, scaly appearance.’ > There is gradual im-
provement of the skin condition, and 3-week-old f#/ft pups appear
normal, except for shortened ears and loss of tail tips in some mice.
Because f#/ft mice are not on a homogenous C57BL6 background,
we used both C57BL6 and BALB/c mice as controls. These 2
strains lie on opposite ends of the spectrum of Ty responses,
with BALB/c mice more prone to Ty2 and Ty 17 responses, and
C57BL6 mice more prone to Ty responses.'’

Antigen entry via a disrupted skin barrier in f#/ft mice may lead
to development of eczematous skin lesions with age. Fig 1, A,
shows that f#/ft mice have dark brown to black hair, which was
matted compared with hair of C57BL6 mice. There were no vis-
ible skin lesions in f#/ft mice at 4, 8, and 16 weeks of age. Eczema-
tous skin lesions appeared after age 28 weeks, with all f#/ft mice
affected at 32 weeks of age and typically exhibiting scaly pink ec-
zematous skin lesions on the face and periauricular areas, perior-
bital swelling, and patches of scaly eczematous skin on the neck
and trunk, with thinning of the overlying hair (Fig 1, B). No skin
lesions were observed in age-matched controls maintained in the
same environment (data not shown).

The ft/ft mice exhibited elevated levels of serum IgE and IgG,
at 8 weeks of age (Fig 1, C). Serum IgE but not IgG; levels rose
significantly further by 32 weeks of age. The fi/ft mice have the
same IgG,, allotype as BALB/c mice, and serum IgG,, levels
were comparable in the 2 strains (data not shown). Because serum
IL-4 drives IgE and IgG, production in mice,? these findings sug-
gest that ft/ft mice were undergoing a systemic Ty2-driven aller-
gic response.

Tw17 dominated skin inflammation in young ft/ft
mice

The skin of newborn ft/ft pups exhibits hyperkeratosis with
mild acanthosis, a markedly attenuated granular layer, but normal
basal and spinous layers, and no evidence of inflammation.'®
Histologic examination of normal-appearing back skin from
8-week-old f#/ft mice revealed hyperkeratosis, acanthosis (epider-
mal thickening), and occasional foci of parakeratosis (retention of
keratinocyte nuclei within the SC; Fig 2, A). The dermis of ft/ft
mice exhibited significantly increased infiltration by mononu-
clear cells compared with skin from age-matched controls and
the presence of rare neutrophils, but not eosinophils (Fig 2, A).
These changes are compatible with a mild chronic eczematous
dermatitis, as typically occurs in human AD. Immunohistochem-
istry revealed increased dermal infiltration with CD4 ™ cells in fr/ft
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FIG 1. Eczematous skin lesions and serum IgE and IgG1 levels in ft/ft mice. Gross appearance of 4-week-old,
8-week-old, and 16-week-old ft/ft mice and 16-week-old C57BL6 mice (A) and 32-week-old ft/ft mice (B).
Arrows point to skin lesions. (C) Serum IgE and IgG1 levels in 8-week old and 32-week-old ft/ft mice and

8-week-old BALB/c and C57BL6 mice. ***P < .001.

skin (Fig 2, B). FACS analysis of cells isolated from ear skin con-
firmed that f#/ft skin contained significantly increased percentages
of CD4* Tcellsand Gr-1* neutrophils, but not CD1 1¢™ dendritic
cells, compared with ear skin from controls (Fig 2, C). There was
no increased expression of CD40, CD80, CD86, and OX40 by
skin dendritic cells from f#/ft mice, but MHC class II expression
was reduced (data not shown), consistent with increased antigen
uptake secondary to a disrupted skin barrier.

Quantitative PCR analysis revealed significantly increased
expression of mRNA for IL-17, and the IL-17—promoting cyto-
kines IL-6 and IL-23 (p19),?! in fi/ft skin mice compared with
C57BL6 and BALB/c skin, which had virtually no detectable
levels of IL-17 or IL-23 mRNA (Fig 2, D). There was also a signif-
icant increase in mRNA expression of the IL-17—-inducible neutro-
phil attractant chemokine CXCL2 in f#/ft skin (Fig 2, E). In contrast,
there was no increased expression of mRNA for the T2 cytokines
IL-4 and IL-13 and the Ty1 cytokine IFN-v in f#/ft skin.

Analysis of lesional skin in older ft/ft mice
Histologic examination of skin lesions from 32-week old f/ft
mice revealed changes qualitatively similar, but more
pronounced, than those observed in 8-week-old f#/ft mice. These
included focally pronounced hyperkeratosis and acanthosis, focal
parakeratosis, and prominent dermal infiltration predominantly
by lymphocytes with absence of detectable eosinophils
(Fig 3, A). There were many plasmacytoid cells and some eosin-
ophils in draining lymph nodes (data not shown). Immunohisto-
chemistry revealed markedly increased dermal infiltration with
CD4™" cells compared with skin from 8-week-old f#/ft mice
(Fig 3, B). Quantitative PCR analysis revealed significantly
increased mRNA expression for IL-17, IL-6, IL-23, and

CXCL2 in skin lesions from 32-week-old f#/ft mice compared
with skin from 8-week-old f#/ft mice (Fig 3, C and D). There
was a significant increase in IL-4 but not IL-13 or IFN-vy
mRNA expression (Fig 3, C).

Ovalbumin application to skin of ft/ft mice results
in increased skin inflammation with expression of
Tu1, Tu2, and Ty17 cytokines

Because f#/ft mice have impaired skin barrier function, their skin
may be permissive to epicutaneous sensitization by protein anti-
gens normally excluded from skin. To test this hypothesis,
ovalbumin or saline was applied by using a patch to shaved, but
not tape-stripped, skin, and the mice were examined for the
development of skin inflammation. Skin of f#/ft mice, but not of
C57BL6 and BALB/c mice, exhibited significantly increased epi-
dermal thickening, hyperkeratosis, focal parakeratosis, and mild
spongiosis after epicutaneous sensitization with ovalbumin com-
pared with saline (Fig 4, A and B). Ovalbumin-sensitized skin of
ft/ft, but not C57BL6 or BALB/c, mice also exhibited increased
mononuclear cells in the dermis, which included lymphocytes
with dense nuclei, and macrophages with infolded nuclei and abun-
dant, focally vacuolated cytoplasm. There was lymphocyte exocy-
tosis into the epidermis, prominence and apparent increase in
numbers of mast cells, and intravascular aggregation of neutrophils
(Fig 4, A). No eosinophil infiltration was detectable. There was a
significant increase in dermal infiltration by CD4 ™ cells in ovalbu-
min-sensitized f#/ft, but not BALB/c or C57BL6, skin (Fig 4, C).
mRNA levels for IL-17, IL-6, IL-23, IL-4, IFN-y, and CXCL2,
but not IL-5 and IL-13, were significantly higher in ovalbumin-sen-
sitized, compared with saline-sensitized, f#/ft skin (Fig 4, D; see this
article’s Fig E1 in the Online Repository at www.jacionline.org). In
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FIG 2. Spontaneous Ty17-dominated skin inflammation in 8-week-old ft/ft mice. A, Representative photomi-
crographs of H&E sections. B, Numbers of CD4" cells/HPF (x400). C, FACS analysis of CD3*CD4" cells and
CD11b*Gr-1" neutrophils in ear skin. D and E, Cytokine (D) and CXCL2 (E) mRNA expression in the skin. *P <

.05; **P < .01; ***P < .001. DC, Dendritic cell ; PMN,

contrast, there was no detectable upregulation in mRNA expression
for any of these cytokines in BALB/c or C57BL6 skin after epicu-
taneous sensitization with ovalbumin.

Ovalbumin application to skin of ft/ft mice elicits a
systemic immune response to ovalbumin antigen
To examine whether application of ovalbumin to the skin elicits
a systemic immune response in f#/f¢ mice, we measured ovalbumin
specific serum antibody levels and secretion of cytokines by

polymorphonuclear neutrophils; BL, C57BL6.

splenocytes after in vitro stimulation with ovalbumin. Ovalbumin
application to shaved, nonstripped skin elicited ovalbumin-
specific IgG, IgE and IgG,, antibodies in f#/ft mice, but not in
BALB/c or C57BL6 controls (Fig 5, A; data not shown). Spleno-
cytes from f#/ft mice epicutaneously sensitized with ovalbumin
secreted IL-17, IL-4, IL-13, and IFN-v in response to in vitro
stimulation with ovalbumin (Fig 5, B). In contrast, splenocytes
from C57BL6 or BALB/c mice epicutaneously sensitized with
ovalbumin failed to secrete these cytokines in response to ovalbu-
min stimulation.



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

BALB/c

A ft/ft

OYOSHI, MURPHY, AND GEHA 5

C57BL6

D cxXcLz
50 - 0.003 - 0.02 - 0.0010 A 0.100 -
o 6 [m]
. o
E sl . = . 0.075 1
S 304 ez 00021 o 0 52
E E3 - 0.01 a 0.0005 4 =] S8 0.050 A
+ =e o -0 S o
& &= 0.001 —E‘— w0y ez 0025 —o-
€] n a? . o ooo
T oo Lt =
0.000 +————— 0.00 0.0000 +—m--— 0.000 Lot O
8wk 32wk 8wk 32wk 8wk 32wk 8wk 32wk 8wk 32wk
IL-4 IL-13 IFN-y
0.00006 - 0.0002 - 0.00004 -
| ]
09 p.00003 4 =
o5 0.00004 o
ey
i 0.00014 o 000024 o
&5 0.00002 = o =
. a . o 0.00001 4 g o
T " "un £
0.00000 L mam— 0% 0000 0.00000
8wk 32wk 8wk 32wk 8wk 32wk

FIG 3. Analysis of skin lesions in 32-week-old ft/ft mice. A, Representative photomicrographs of H&E sec-
tions. B, Numbers of CD4" cells/HPF (x400). C and D, Cytokine (C) and CXCL2 chemokine (D) mRNA expres-

sion. ¥*P < .05; **P < .01; ***P < .001.

Intraperitoneal immunization elicits a comparable
immune response in ft/ft mice, C57BL6, and BALB/c
mice

The systemic immune response of f#/ft mice to epicutaneous
sensitization with ovalbumin could be a result of a generalized
heightened immune response. We compared the response of ft/
ft, C57BL6, and BALB/c mice with intraperitoneal immunization
with ovalbumin, an immunization route that bypasses the skin.
The IgE antibody response of ft/ft mice to intraperitoneal immu-
nization was comparable to that of C57BL6 mice, and signifi-
cantly lower than that of BALB/c mice (Fig 6, A). Their 1gG,,
antibody response was comparable to that of BALB/c controls
(data not shown). There were no significant differences in the
IgG; antibody response of the 3 strains to intraperitoneal immu-
nization (Fig 6, A). Splenocytes from intraperitoneally immu-
nized fi/ft mice produced levels of IL-17, IL-4, and IL-13 that
fell between those secreted by splenocytes from C57BL6 and
BALB/c mice, but like C57BL6 splenocytes, secreted signifi-
cantly more IFN-v than splenocytes from BALB/c mice (Fig 6,
B). As expected, splenocytes from BALB/c mice produced signif-
icantly more IL-13, IL-4, and IL-17 and significantly less IFN-y
than splenocytes from C57BL6 mice.

DISCUSSION

We demonstrate that filaggrin deficiency is associated with
Ty17-dominated skin inflammation, development of eczematous
skin lesions with age, and permissiveness to epicutaneous sensi-
tization with protein antigen.

Except for matted hair, there were no discernible skin lesions in
ft/ft mice until about 28 weeks of age. By 32 weeks of age, fi/ft
mice developed scaly eczematous skin lesions (Fig 1, A). Skin le-
sions have not been previously described in f#/ft mice,'® possibly
because previous reports may not have investigated older mice.
Alternatively, as in Nc/Nga mice,”” development of skin lesions
in ft/ft mice may be influenced by environmental factors, parti-
cularly microbial skin colonization, which may differ between
animal facilities.

Normal-appearing skin from 8-week-old ft/ft mice revealed
skin inflammation characterized by hyperkeratosis; acanthosis;
dermal infiltration with CD4™ cells and rare neutrophils, with no-
table absence of eosinophils; and increased expression of mRNA
for IL-17, the IL-17-promoting cytokines IL-6 and IL-23, and the
IL-17-inducible chemokine CXCL2 (Fig 2). More severe, but
qualitatively similar, skin inflammation was observed in skin
lesions that had developed spontaneously in 32-week-old fi/ft



6 OYOSHI, MURPHY, AND GEHA J ALLERGY CLIN IMMUNOL

mmm 2009
BALB/c C57BL6
B *kk c
49 — 40 = Kk
H*ekk
g = 30 4
-
: Z
E F 204
= I
S a
i © 10 -
o N Tl |l
fUft BALB/cCSTBLG SAL OVA  SAL OVA  SAL OVA
ft/ft BALB/c C57BL6
D
%k * *%k
0.005 -+ IL-17 0.0005 -+ IFN-y 0.00005 -+ IL-4
u]
£ 0.004 4 0.0004 - 0.00004 -
5 o o
5 0.003 4 0.0003 - o 0.00003 - -
g o
% 0.002 4 g 0.0002 o 0.00002 a . o
< 0.001 - 0.0001 - 0.00001 4 mg A g
-4 O .! o — L] v ® o0
0.000 LB -, 0.0000 LYM____au #0a 32 onp 0.00000 4
SAL OVA SAL OVA SAL OV, SAL OVA SAL OVA SAL OVA SAL OVA SAL OVA SAL OVA
ft/ft BALB/c  C57BL6 ft/ft BALB/c C57BL6 f/ft BALB/c C57BL6
0.000100 - IL-13 0.00005 - IL-5
=
] ! o
g 0000075 1 4 D 0.00004 o
2 = 0 0.00003 4 .
5 0.000050 - ° Bn
¢ — . & o © 0.00002 - —
2 = a a —o— 3 o
E 0.000025 4 = o Ae- — 0.00001 { " — Og
™ A e —_— Dn a—
0.000000 41— T — 0.00000 -— T Y * La——
SAL OVA SAL OVA SAL OVA SAL OVA SAL OVA SAL OVA
ft/fit BALB/c  C57BL6 ft/fit BALB/c  CS7BL6

FIG 4. Histology and cytokine expression of epicutaneously sensitized skin. A, Representative photomicro-
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mice (Fig 2). Keratinocytes, dendritic cells, and macrophages are
sources of IL-6 and IL.-23 and release these cytokines in response
to Toll-like receptor ligands and IL-1 2325 Toll-like receptor 2 lig-
ands from Staphylococcus aureus and other bacteria that colonize
skin are particularly potent at driving IL-23 expression.”® We
have found that mechanical skin injury by tape stripping causes
rapid upregulation of IL-6 and IL-23 in the skin (Oyoshi MK
and Geha RS, unpublished data, January 2007). There was no sig-
nificant elevation of IL-6 and IL-23 mRNA expression in the skin
of 2-week-old ft/ft mice (data not shown), suggesting that lack of
filaggrin by itself does not drive increased expression of these cy-
tokines. The trigger for this increase could be microbial antigens,
absorbed via a disrupted skin barrier, and/or a mechanically
damaged skin. Elevated IL-17 expression may explain the neutro-
phil infiltration in f#/ft skin, because IL-17 induces expression of
neutrophil chemotactic chemokines in epithelial cells, including
CXCL2,”” which was upregulated in f#/ft skin. In addition to
T cells, neutrophils are a source of IL-17" and may contribute
to increased IL-17 expression in f#/ft skin. IL-6 drives keratinocyte
proliferationzs; thus, increased IL-6 expression in the skin may
underlie epidermal thickening in f#/ft mice.

The skin of 8-week-old ft/ft mice exhibited no detectable
evidence of Ty2-driven inflammation. There was no significant
infiltration with eosinophils or upregulation of Ty2 cytokine
mRNA expression (Fig 2). There was also no evidence of
Tyl-driven inflammation, because there was no increase in
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FIG 6. Systemic immune responses to intraperitoneal immunization with
ovalbumin (OVA). A, Serum levels of OVA-specific IgE and IgG,. B, Cytokine
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**P < .01. i.p, Intraperitoneal immunization; SAL, saline; Stim, stimulation.

IFN-y mRNA expression. Lack of evidence of Ty2 inflammation
in the skin of f#/ft mice contrasts with elevation of their serum
IgE and IgG; levels, an indicator of a systemic Ty2 response.
High levels of IL-17 in the skin of f#/ft mice may have inhibited
local expression of T2 cytokines and subsequent recruitment of
eosinophils.>® Skin lesions in 32-week-old ft/ft mice exhibited
qualitatively similar, but more pronounced, changes in histology
and cytokine expression compared with skin from 8-week-old f#/
ft mice (Fig 3) The exception was IL-4 mRNA levels, which
were elevated in lesional skin of 32-week-old but not 8-week-
old mice, consistent with an ongoing Ty2 response to cutane-
ously absorbed antigens.

The skin of ft/ft mice was permissive to epicutaneous sensitiza-
tion of nonstripped skin with ovalbumin, a protein antigen nor-
mally excluded from penetrating the skin. Application of
ovalbumin to shaved but nontape-stripped skin elicited allergic
skin inflammation and ovalbumin-specific systemic humoral
and cellular immune responses in f#/ft mice, but not C57BL6 or
BALB/c mice (Figs 4 and 5). In previous studies, 2 additional
strains, 129Sv and hr/hr hairless mice, failed to respond to ovalbu-
min application to shaved skin (Geha RS, unpublished data, June,
1999). Skin inflammation in epicutaneously sensitized f#/ft mice
was characterized by a significant increase in epidermal thickness,
dermal infiltration with CD4™" cells, and expression of IL-4, IL-17
and IFN-v, but not IL-13 or IL-5 mRNA. IL-13 plays an important
in driving eotaxin expression in the skin.*® IL-5 is important not
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only for eosinophil mobilization, but also for eosinophil survival in
tissues.>' Elevated IL-17 levels in ft/ft skin before, and more so
after, epicutaneous sensitization may have inhibited of IL-13 and
IL-5 expression, resulting in lack of eosinophil infiltration. Genetic
background could have contributed to lack of IL-5 and IL-13
mRNA expression in epicutaneously sensitized skin of f#/ft mice.

Epicutaneous sensitization of tape-stripped skin of WT
mice (BALB/c, C57BL6, 129Sv, and BWF1) results in allergic
skin inflammation and in ovalbumin-specific immune re-
sponses.'®**7? Because tape stripping disrupts skin barrier and
allows antigen entry,34 disrupted skin barrier function in ft/ft
mice likely underlies their permissiveness to epicutaneous sensi-
tization of nonstripped skin by protein antigen. This permissive-
ness did not reflect a generalized enhanced immune response,
because the humoral and immune responses of f#/ft mice to intra-
peritoneal immunization with ovalbumin were comparable or
lower than those of C57BL6 and BALB/c mice (Fig 6). This is
consistent with the observation that FLG is expressed exclusively
in mouse skin, tongue, esophagus, and forestomach.>> With their
eczematous skin lesions that developed with age and expressed
IL-4 mRNA, elevated serum IgE and IgG; levels, and permissive-
ness to epicutaneous sensitization of nonstripped skin with pro-
tein antigen, ft/ft mice share features with patients with extrinsic
AD. However, although IL-17 expression is prominent in the
skin of f#/ft mice and in psoriatic skin lesions, it is less prominent
in AD skin lesions.

There are 2 limitations to the interpretation of our results.
Although mutation in FLG likely underlies the skin abnormalities
in ft/ft mice, these mice are double homozygous of ft and ma.
Therefore, we cannot rule out a role for the ma mutation in the
skin inflammation and susceptibility to epicutaneous sensitization
of nonstripped skin of ft/ft mice. The other limitation is that the f#/
ft mice we studied are not on a homogeneous background. Never-
theless, the skin inflammation and susceptibility to epicutaneous
sensitization of nonstripped skin we observed in these mice was
not observed in 4 other strains we have studied to date. Thus, it
is unlikely that genes other than FLG, or a closely linked gene,
are implicated in the susceptibility of ft/ft mice to develop skin
inflammation to protein antigens normally excluded by the skin
barrier and to develop eczema.

While this article was being reviewed, the mutation in FLG in
ft/ft mice was identified to be a 1-bp deletion (5303delA), and f#/ft
mice bred on C57BL6 background and lacking the ma mutation
were demonstrated to be permissive to sensitization by cutaneous
application of antigen, in agreement with our findings.*®

We thank Dr Hans Oettgen for reading the article.

Clinical implications: Filaggrin deficiency predisposes to skin
inflammation, development of eczematous lesions, and sensiti-

zation on contact with protein antigens normally excluded by
the skin barrier.
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