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Peroxisome proliferator-activated receptor « regulates skin
inflammation and humoral response in atopic dermatitis
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Background: The peroxisome proliferator-activated receptors
(PPARS) o, /8, and vy are ligand-activated transcription factors
belonging to the nuclear receptor superfamily. In addition to
their regulatory role on lipid and glucose metabolism, they exert
anti-inflammatory properties. In skin both PPAR-a and PPAR-
B/ regulate keratinocyte proliferation/differentiation and
contribute to wound healing. The 3 PPAR isoforms are
expressed by several cell types recruited into the dermis during
inflammation.

Objective: We have investigated the role of PPAR-« in the
regulation of atopic dermatitis (AD), a common skin
inflammatory disease.

Methods: We chose a mouse model of inflammatory dermatosis
with immunologic features of AD and used epicutaneous
sensitization with ovalbumin in the absence of adjuvant, which
mimics the human pathology.

Results: On antigen sensitization, PPAR-a—deficient mice
display increased epidermal thickening, dermal recruitment of
inflammatory cells, lung inflammation, airway
hyperresponsiveness, and IgE and IgG2a production compared
with their wild-type counterparts. Increased inflammation was
correlated to an enhancement of Ty2 and, to a greater extent,
Ty1 responses and to increased skin expression of nuclear factor
kB. Interestingly, PPAR-«a expression was decreased in
eczematous skin from patients with AD compared with skin
from nonatopic donors, suggesting that defective PPAR-«
expression might contribute to the pathology. Topical
application of WY14643, a specific PPAR-« agonist,
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significantly decreased antigen-induced skin inflammation in
the AD model.

Conclusion: PPAR-a acts as a negative regulator of skin
inflammation in AD. (J Allergy Clin Immunol EEEm;EER;
EEE-EEN,)

Key words: Peroxisome proliferator-activated receptor o, atopic
dermatitis, allergy, inflammation, human, mouse

Peroxisome proliferator-activated receptors (PPARs) are lig-
and-activated transcription factors belonging to the nuclear
receptor superfamily. The PPAR family consists of 3 members,
PPAR-a, PPAR-B/d and PPAR-vy,'? which are activated by
various fatty acid metabolites produced during inflammatory re-
sponses. Furthermore, PPARs also inhibit the activity of other
transcription factors, which play a key role in proinflammatory
signaling pathways, such as nuclear factor kB (NF-kB),? through
ligand-dependent transrepression.* PPARs function as sensors
and regulators of inflammatory reactions through their ability to
be activated by locally generated eicosanoids and act in a gene-
and signal-specific manner.” Indeed, PPARs are expressed by
several cell types within the immune system, such as T lympho-
cytes,G’7 B lymphocytes,8 monocytes-macrophages,g dendritic
cells,' mast cells,' and eosinophils.12 Invivo, PPAR-a—deficient
mice display prolonged leukotriene (LT) B,—induced ear swell-
ing,13 absence of regulation of spontaneous production of proin-
flammatory cytokines on aging,'* exacerbated response of aortic
explants to proinflammatory stimuli, increased allergic asthma
and IgE production, 12 and exacerbated experimental autoimmune
encephalomyelitis.® The 3 PPAR isoforms have been identified in
rodent and human epidermis and dermis during fetal develop-
ment. Their expression decreases rapidly after birth to become
undetectable in the interfollicular epidermis in adults, although
it persists in the hair follicles.'® Several recent studies have dem-
onstrated an important role for PPAR-a in the molecular mecha-
nisms involved in skin repair'>'® and in epidermal differentiation
contributing to permeability barrier formation.'” The combina-
tion of the properties of PPAR-a in immune responses and epider-
mal differentiation led us to investigate whether PPAR-a might
exert a beneficial role in atopic dermatitis (AD), a skin inflamma-
tory disease characterized, like psoriasis, by disturbed epidermal
homeostasis. AD is a common, chronic, pruritic inflammatory
skin disease that often begins in infancy and frequently occurs
in subjects with a personal or family history of atopic disease. Ex-
amination of skin lesions in AD reveals increased epidermal
thickness (acanthosis) and an inflammatory cell infiltrate in the
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Abbreviations used
AD: Atopic dermatitis
AHR: Airway hyperresponsiveness
BAL: Bronchoalveolar lavage
NF-«kB: Nuclear factor kB
OVA: Ovalbumin
Penh: Enhanced pause
PPAR: Peroxisome proliferator-activated receptor
TEWL: Transepidermal water loss
TSLP: Thymic stromal lymphopoietin
WT: Wild-type

dermis, consisting of activated memory CD4" T cells, macro-
phages, mast cells, and eosinophils. In acute AD lesions there is
a preferential recruitment of Ty2 cells, whereas in the chronic
lesions a Tyl profile is predominant, with an accumulation of
IFN-y—producing Tyl cells. Most patients with AD have
increased levels of serum IgE, with specific IgE directed against
environmental allergens or microbial proteins (Staphylococcus
aureus)."® Moreover, a high proportion of individuals with AD
have allergic asthma, rhinitis, or both later in life.

METHODS

Patients

Skin biopsy specimens were taken after obtaining informed consent in
involved areas from 8 patients (5 male and 3 female patients; average age,
25.2 years) with severe AD, according to the criteria defined by Hanifin and
Rajka,' and from 6 male nonatopic healthy individuals (average age,
30.7 years) characterized by the absence of personal or familial history of
atopic disease and normal IgE serum levels. Patients received neither any top-
ical treatment with immunosuppressive effects for at least 15 days before the
collection of skin samples nor systemic treatment for at least 1 month before
biopsy. Only male control subjects were selected to avoid “inaesthetic” scare
in female individuals. Specimens were immediately frozen in dry ice to isolate
total RNA.

Induction of inflammatory dermatosis with
immunologic features of AD and ovalbumin-

induced airway hyperresponsiveness

AD was induced by epicutaneous sensitization with ovalbumin (OVA), as
previously described.?’ Two paper-disc inserts of a Finn Chamber (Promedica,
La Chaussée Saint-Victor, France) soaked with 25 L of 0.2% OVA solution in
PBS or with vehicle were applied on abdominal skin 24 hours after shaving.
Patches were secured to the skin with a bio-occlusive dressing (Visulin; Hart-
mann, Chatenoi, France), itself protected with an elastic bandage (Optiplaste;
Smith & Nephew, Vibraye, France). Patches were left on for three 1-week pe-
riods (with patch renewal at midweek), with a 2-week interval between appli-
cations. For BALB/cJ mice, abdomens were topically treated immediately
before patch application with 25 pL of the 50 wmol/L PPAR-a agonist
WY14.643 (stock 1072 in dimethyl sulfoxide; Alexis Biochemicals, Coger,
France) in acetone/olive oil (4:1 vol/vol), whereas the corresponding untreated
mice were receiving an equivalent volume of dimethyl sulfoxide. For PPAR-
o' and 129S1/SVImJ mice, at the time of the last patch removal (day 49),
animals were challenged for 20 minutes by means of aerosol nebulization with
OVA (1% in PBS) by using an ultrasonic nebulizer (Systam, Villeneuve sur
Lot, France), and serum was collected. On the next day, airway hyperrespon-
siveness (AHR) to increasing concentrations of methacholine was measured
by means of whole-body plethysmography (Emka Technologies, Paris,
France); results were expressed as enhanced pause (Penh) values.?! Animals
were killed by means of cervical dislocation. Lungs were used for bronchoal-
veolar lavage (BAL). BAL specimens were analyzed on cytospin preparations
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after RAL 555 staining. Skin samples were collected for histologic analyses
and real-time PCR after RNA extraction.

Analysis of inflammatory dermatosis with
immunologic features of AD and OVA-induced AHR

For more information, see the Methods section in the Online Repository at
www.jacionline.org.

Statistical analysis

Statistical significance was determined with the Statview software by
using the Student test, except for plethysmographic data, for which ANOVA
for repeated measures was used, and Q-PCR analysis, for which the
Mann-Whitney test was applied. Results were expressed as means = SEMs.
A P value of less than .05 was considered significant.

RESULTS
PPAR-a-deficient mice exhibit exacerbated skin
inflammatory response in a model of AD

We first assessed the effect of PPAR-a deficiency on skin
inflammatory responses by comparing cutaneous responses
obtained in wild-type (WT) 129S1/SVImJ and PPAR-o '~
mice in a previously described model of inflammatory dermatosis
with immunologic features of AD based on antigen sensitization
by means of repeated epicutaneous OVA applications. Neither
strain exhibited an inflammatory phenotype in the absence of
OVA sensitization. Compared with OVA-sensitized WT mice,
OVA-sensitized PPAR-a '~ mice displayed an exacerbated
skin inflammatory response, which was characterized by more
pronounced hyperkeratosis, spongiosis, and dermal cellular infil-
trates (Fig 1, A), and a 1.8-fold (45%) increase in epidermal thick-
ening (Fig 1, B). Likewise, PPAR-a deficiency increased the
number of mast cells and CD4™ T cells into the dermis. By con-
trast, eosinophil infiltration in OVA-sensitized PPAR-o/~ mice
was not statistically different from the recruitment observed
in their WT counterparts (Fig 1, C). These results demonstrate
that the absence of PPAR-a exacerbates skin lesions observed
in AD.

Exacerbated inflammation in OVA-sensitized
PPAR-a—deficient mice is not due to a
barrier defect

Because, in addition to immune dysregulation, alterations in
the epidermal barrier might contribute to AD development, we
analyzed structural parameters of the epidermis. On Nile red
staining, the neutral lipid layer appeared similarly discontinuous
in both PBS- and OVA-sensitized WT and PPAR-o /™ mice (see
Fig El, A, in the Online Repository at www.jacionline.org). Like-
wise, transepidermal water loss (TEWL) was comparable in the 4
experimental groups and significantly higher than in skin from
corresponding naive WT and PPAR-o. '~ animals (see Fig E1,
B). Finally, except for free fatty acids and ceramide 2, which
were increased by 22% and 16% in PBS-treated PPAR-a '~
mice, skin lipid composition was also similar for both genotypes
after the complete sensitization process (see Fig E1, C). Taken to-
gether, these data suggest that the exacerbated responses of
PPAR-a '~ animals on OVA sensitization, compared with those
in WT animals, are due to a lack of immunoregulation rather than
to major structural differences between the 2 genotypes.
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PPAR-« deficiency increases expression of both
Th2- and Ty1-related molecules in OVA-sensitized
mouse skin

We next examined, by means of real-time PCR, the expression
of mRNASs for Ty2- and Ty1-associated molecules in the skin of
unsensitized and OVA-sensitized WT and PPAR-a '~ mice. OVA
sensitization increased mRNA expression of both Ty2- and Ty1-
associated molecules in both genotypes (Fig 1, D). In skin from
OVA-sensitized PPAR-a~’~ mice compared with skin from
OVA-sensitized WT animals, we detected a more pronounced in-
crease in several Ty2-associated molecules (IL-4, 2.3-fold; IL-10,
2-fold; IL-31, 4.1-fold; IL-33, 4-fold; CCLS5, 3-fold; CCL11,
2.4-fold; CCL24, 2.3-fold; and CCR3, 2-fold) that contribute to
eosinophil chemotaxis and CCL22 (or macrophage-derived che-
mokine), a chemoattractant for Ty2 lymphocytes into the inflam-
matory skin (3.1-fold). IL-5 mRNA expression was increased
after OVA epicutaneous sensitization to the same extent in
PPAR-a’~ and WT animals. By contrast, after OVA sensitiza-
tion, expression of 2 other molecules associated with skin inflam-
mation, IL-18 and thymic stromal lymphopoietin (TSLP), which
activates bone marrow—derived dendritic cells to produce Ty2-at-
tracting chemokines, as well as expression of immunoregulatory
TGF-f3, remained unchanged in both WT and PPAR-«a "~ mice
(data not shown). Expression of Ty1 cytokines and chemokines
was also markedly increased in the skin of OVA-sensitized
PPAR-o. '~ mice compared with that seen in OVA-treated WT
mice: IFN-vy (2.3-fold); IL-12 (4.1-fold), a cytokine that contrib-
utes to the switch of an early T2 response to a late Ty 1 response;
CXC chemokine ligand (CXCL) 10 and its receptor CXCR3
(4.4- and 12.7-fold, respectively); and CCRS5 (5.7-fold).

Skin expression of NF-kB and inflammatory
cytokines is increased in OVA-sensitized
PPAR-a-deficient mice

In addition to immunoregulatory cytokines, we also found that
expression of the proinflammatory cytokines IL-1{ and IL-6 was
also increased (2.6- and 4.5-fold, respectively) in the skin of
OVA-sensitized PPAR-a '~ mice compared with that seen in the
skin of OVA-treated WT mice. NF-kB is both essential to the de-
velopment of inflammatory responses and a key target of PPAR-«
regulation®?; we thus analyzed skin expression of NF-kB 1 and 2.
We found that NF-kB 1 and 2 expression in unsensitized animals
was not different in WT and PPAR-a ™/~ mice. By contrast, OVA-
sensitized PPAR-a~/~ animals exhibited a significantly increased
expression of both NF-«kB 1 and 2 in lesional skin compared with
their WT counterparts, suggesting that PPAR-a could negatively
regulate the skin inflammatory responses by inhibiting the NF-«kB
proinflammatory pathway (Fig 1, E).

PPAR-«a deficiency leads to increased lung
inflammation in a model of AD

In atopic individuals the same allergen can induce both skin
and airway allergic inflammation. This model of inflammatory
dermatosis with immunologic features of AD closely mimics this
pathologic situation. Indeed, after epicutaneous sensitization, a
single antigen nebulization leads to airway inflammation and
hyperreactivity (AHR). Although PPAR-a '~ mice did not ex-
hibit an inflammatory phenotype in the skin in the absence of epi-
cutaneous sensitization with OVA, they had a significantly higher
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FIG 1. Increased skin inflammation in PPAR-a ™/~ mice in a model of AD.

A, Hematoxylin and eosin staining of skin sections from OVA-sensitized
mice or PBS-treated PPAR-o. '~ or WT mice (original magnification X 100).
B, Epidermal thickness. C, Eosinophil, mast cell, and T-lymphocyte num-
bers in dermis at the site of sensitization and treatment (n = 6-10 animals
per group). Data are expressed as means = SEMs. *Statistically different
from PBS-treated mice (P < .05). $, Statistically different from WT mice
(P < .05). D, Skin cytokine, chemokine, and receptor expression. E, Skin
NF-kB 1 and 2 expression. Primers used are listed in Table E1 in the online
Repository at www.jacionline.org. Results for OVA-sensitized animals are
expressed as a fold increase compared with the identically responding
PBS-treated animals (n = 3-6 animals per group). $, Statistically different
from OVA-sensitized WT mice (P < .05).
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FIG 2. Increased lung inflammation and humoral response in PPAR-a '~ mice in a model of AD. A, Measure-
ment of AHR to increasing methacholine concentrations by means of whole-body plethysmography. B, To-
tal number of macrophages, neutrophils, lymphocytes, and eosinophils in BAL fluid at the time of death
(n = 3-6 animals per group). C, Total IgE, IgG1, and IgG2a serum concentrations. D, OVA-induced cytokine
production by inguinal lymph nodes in vitro (n = 6-10 animals per group). *Statistically different from PBS-
treated mice (P < .05). $Statistically different from WT mice (P < .05).

AHR to methacholine, with a 2-fold higher response (for 6 mg/
mL methacholine) compared with that of their WT counterparts.
Furthermore, OVA-sensitized PPAR-a '~ mice displayed higher
Penh values in response to methacholine compared with WT
mice, with a 1.8-fold higher Penh value for 3 and 6 mg/mL meth-
acholine (Fig 2, A). After airway challenge, overall inflammatory
infiltrate in the BAL specimens of PBS-sensitized PPAR-a '~
animals was 3.3-fold higher compared with that of WT animals
(data not shown). This infiltrate was predominantly composed
of neutrophils and macrophages. OVA-sensitized PPAR-a.~/~
mice displayed a total cell recruitment increased by 54% com-
pared with that seen in OVA-sensitized WT mice (data not
shown). Neutrophils, macrophages, lymphocytes, and eosino-
phils were 2.2-, 3.6-, 7.4-, and 8.3-fold more abundant, respec-
tively (Fig 2, B).

PPAR-«a deficiency increases both Ty2 and Ty1
humoral and cellular responses in a mouse
model of AD

Serum levels of IgE and IgG1, both associated to a Ty2 re-
sponse, were increased in OVA-sensitized PPAR-o. '~ mice com-
pared with those in OVA-sensitized WT animals, with a 1.5- and
2.3-fold increase for total IgE and OVA-specific IgE levels,
respectively, and a 1.9- and 2.1-fold increase for total and OVA-
specific IgG1 levels, respectively. IgG2a antibodies, associated
to a Tyl response, were also increased in OVA-sensitized
PPAR-a /™ mice compared with levels seen in their WT counter-
parts, with a 4.4- and a 7.2-fold higher response for total and OVA-
specific IgG2a, respectively (Fig 2, C, and see Fig E2, A, in the
Online Repository at www.jacionline.org). Even if both Ty2
and Tyl humoral responses were exacerbated, increase of the
Ty response was more pronounced in PPAR-a '~ mice on anti-
gen sensitization. Indeed, the increase of total and OVA-specific

IgG2a levels in PPAR-a '~ animals was about 3-fold higher
than the increase of total and OVA-specific Ty2 antibodies. Fur-
thermore, only PPAR-a /™ animals displayed an increased hu-
moral Tyl response after allergen sensitization (Figs 2, C, and
E2, A). Finally, the level of T2 antibodies was significantly higher
in control PPAR-a /™ mice than in control WT animals (Figs 2, C,
and E2, A). Likewise, a similarly exacerbated cellular response
(Ty2 and, to an even greater extent, Tyl cytokine production)
was observed on in vitro OVA restimulation of inguinal lymph
node cells (Fig 2, D) from PPAR-a /" animals compared with
corresponding cells from WT mice. Splenocyte restimulation
only led to an exacerbated Ty 1 (but not Ty2) response (Fig E2, B).

PPAR-a expression is significantly decreased
in the lesional skin of patients with AD

We aimed at correlating the data observed in PPAR-a—deficient
mice with the status of individuals with AD. PPAR-a and PPAR-
[3/6 mRNA expression was studied in the lesional skin of patients
with atopic eczema and compared with that seen in the skin of
nonatopic healthy age-matched individuals. Interestingly, we
observed a markedly decreased expression of PPAR-a in ecze-
matous skin of patients with AD (approximately 50% lower than
in control individuals, Fig 3), whereas PPAR-3/8 mRNA expres-
sion was not significantly different in skin samples from atopic
and nonatopic individuals (Fig 3).

PPAR-« agonist WY 14643 reduces skin
inflammatory response in a model of AD

We investigated whether PPAR-a could represent a thera-
peutic target in AD by using a treatment with a PPAR-a agonist:
WY14643. For this purpose, WY14643 was topically applied
during the sensitization phases. BALB/c background was
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FIG 3. Decreased expression of PPAR-a in lesional skin from patients with
AD. RNA was extracted from skin biopsy specimens of nontreated patients
with AD (n = 8) and nonatopic healthy individuals (n = 6). Real-time PCR
analysis of PPAR-a and PPAR-B/3 expression was conducted by using the
primers shown in Table E1. $, Statistically different from control individuals
(P < .05).

chosen because OVA sensitization induces a more pronounced
pathology than on the 129 SV background. In vehicle-treated
OVA-sensitized mice histopathologic analysis revealed typical
lesions of eczema characterized by hyperkeratosis with desqua-
mation and spongiosis, which were absent in unsensitized mice
(Fig4, A). Compared with unsensitized mice, epidermal thickness
at the inflammatory site was increased 1.5-fold in vehicle-treated
sensitized mice. Topical treatment with WY 14643 did not affect
the skin’s histologic aspect in unsensitized mice. In WY 14643-
treated OVA-sensitized mice histologic lesions of eczema were
significantly less pronounced (49% inhibition) than in vehicle-
treated OVA-sensitized mice (Fig 4, B). Histologic analysis also
revealed that this effect was accompanied by reduced dermal
CD4" T cells and mast cell and eosinophil infiltration in
WY 14643-treated mice (95%, 68%, and 32% reduction, respec-
tively; Fig 4, C). In this experimental model WY 14643 treatment
did not affect the neutral lipid layer (Fig E1, A) and TEWL (Fig
El, B), but in OVA-sensitized animals it did modify skin lipid
composition, with decreases in free fatty acids and ceramide 2,
3, and 6 content (by 27%, 34%, 34%, and 41%, respectively;
Fig E1, C). Furthermore, topical WY 14643 treatment also re-
duced lung inflammation, in particular eosinophil and neutrophil
recruitment, induced on OVA sensitization (Fig E3). These data
show that topical treatment with WY 14643 exerts a significant
inhibitory effect on skin and airway inflammatory symptoms
induced by OVA sensitization.

WY 14643 reduces skin expression of
proinflammatory, Ty1, and T2 cytokines and
chemokines and lung cellular inflammation

WY 14643 treatment also suppressed local Ty2 and Ty1 cyto-
kine expression, as well as that from inflammation-associated cy-
tokines (Fig 4, D) and transcription factors (Fig 4, E). Inhibition
was most effective for IL-18 (93%), IL-31 (87%), and IL-4
(80%) and weaker for IFN-y (57%), CCL11 (47%), and NF-«kB
1 and 2 (38% and 36%, respectively). No inhibition was observed
for IL-5 expression.

Topical WY14643 treatment does not affect
humoral and cellular responses

By contrast, WY 14643 affected neither the humoral response
(OVA-specific IgE or IgG1 production) induced on epicutaneous
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FIG 4. Improvement of skin lesions in a model of AD after topical treatment
with the PPAR-a agonist WY14643. A, Hematoxylin and eosin staining of
skin sections from OVA-sensitized or PBS-treated mice treated with
dimethyl sulfoxide (DMSO) or WY14643 (original magnification x200). B,
Epidermal thickness. C, CD4 T-cell, eosinophil, and mast cell numbers in
dermis at the site of sensitization and treatment. D. Skin cytokine, chemo-
kine, and receptor expression. Primers used are listed in Table E1. E, Skin
NF-kB 1 and 2 expression (n = 6-10 animals per group). *Statistically differ-
ent from PBS-treated mice (P < .05). $, Statistically different from DMSO-
treated mice (P < .05).

sensitization (Fig E2, E) nor the cellular response from inguinal
lymph node cells or splenocytes in vitro (except for a slight de-
crease in IL-5 production after OVA restimulation of splenocytes;
Fig E2, C and D). Thus the systemic effects of topical WY 14643
appear to be limited.

DISCUSSION

In this article we demonstrate for the first time the anti-
inflammatory role of PPAR-« in a murine model of inflammatory
dermatosis with immunologic features of AD. In this model
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development of the pathology was dependent on the immune
response induced on epicutaneous OVA sensitization but inde-
pendent of barrier alterations induced by repeated patch changes/
removal. Absence of PPAR-a led to exacerbated skin inflam-
mation, with increased epidermal thickness; dermal recruitment
of CD4™ T cells, mast cells, and eosinophils; and inflammatory
cytokine production, as well as increased AHR in response to
methacholine provocation and cellular infiltration in lung tissue
on antigen airway challenge. These exacerbated functional and
cellular responses were associated with both skin, cellular, and
humoral Ty1 and Ty2 responses in OVA-sensitized PPAR-a '~
animals, as found in human AD, where chronic lesions are char-
acterized by a switch from a Ty2 toward a Tyl cytokine pro-
file."® Comparative study of Tyl and Ty2 immunoglobulin
isotypes suggested that naive PPAR-a '~ mice were biased to-
ward a Ty2 polarization but developed a particularly strong
Ty response on allergen sensitization. PPAR-a might modulate
Tyx1/TyH2 balance through its ability to negatively regulate T-bet
transcription factor, which is essential for Ty;1 polarization® and
its Ty2 counterpart, GATA-3."? However, we did not find a sig-
nificant difference in skin eosinophil recruitment and IL-5
mRNA expression between OVA-sensitized PPAR-o. '~ animals
and their WT counterparts. By contrast, exacerbation of lung in-
flammation observed in OVA-sensitized PPAR-o /™ mice is as-
sociated to an effect of PPAR-a on bronchial recruitment of
eosinophils, as previously described in a classical asthma
model.'*** These differences between skin and lung compart-
ments might be due to the fact that eosinophils can be recruited
at an early stage of skin pathology, and differences might disap-
pear in the chronic stage at the time of death, whereas BAL eo-
sinophilia was observed only 24 hours after a single airway
challenge. Likewise, in our model OVA sensitization did not in-
duce skin expression of TSLP (data not shown), which is in con-
trast to another model of genetically induced AD triggered by a
rapid and strong enhancement of expression of TSLP in retinoid
X receptor—ablated keratinocytes.” In vitro studies have shown
that human TSLP activates dendritic cells, which induce Ty2
differentiation, as well as CD4" T-cell proliferation.26 Again,
in an AD model TSLP might have exerted its role at an earlier
phase of the disease. Next, we investigated the mechanisms by
which PPAR-a can exert its anti-inflammatory properties in
this model of inflammatory dermatosis with immunologic fea-
tures of AD. We found that the exacerbated skin inflammatory
response observed in PPAR-a—deficient animals was not depen-
dent on a lack of Foxp3 expression by CD4"CD25 " regulatory
T cells (data not shown) or on the production of immunoregula-
tory cytokines, such as TGF-3 (data not shown), but might be
linked to an inhibition of the proinflammatory NF-kB pathway
by PPAR-a. Indeed, we detected increased mRNA expression
for NF-«kB 1 and 2 transcription factors in the skin of OVA-sen-
sitized PPAR-a—deficient animals compared with that seen in
their WT counterparts. It has been demonstrated that PPAR-«a
agonists can exert their anti-inflammatory effects by antagoniz-
ing the NF-kB pathway, leading to an attenuated transcription
of genes encoding inflammatory cytokines.27 PPAR-a ligands
act at several levels along the signaling cascade upstream of
NF-kB, such as on IkB, or through transrepression 3.2 We
next investigated whether a lack of PPAR-a expression could
contribute to the skin inflammatory status in patients with AD
and found a 50% decrease in PPAR-a expression in eczematous
skin of patients with AD compared with that seen in control
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individuals, whereas mRNA expression of the (3/0 isoform was
not significantly different from that seen in nonatopic patients.
To our knowledge, only one recent publication provided indirect
information concerning the expression level of PPAR-a in hu-
man AD skin. Indeed, Plager et al*® used microarrays to identify
cutaneous gene transcription changes associated with early
AD inflammation and found a differential expression for genes
associated with PPAR-a-regulated transcription. Nevertheless,
PPAR-a expression has never been studied in AD skin lesions,
regardless of the disease stage. Finally, we confirmed the potent
beneficial effect of PPAR-a by demonstrating that topical appli-
cation with the PPAR-o agonist WY 14643 during sensitization
phases significantly decreased the skin inflammatory response,
with reduced eczematous lesions and dermal eosinophil and
mast cell recruitment. Effects of PPAR-a activators on immune
response in mice have been described by Cunard et al,® who
showed that oral administration of WY 14643 alters the humoral
(total IgG and IgG1) and cytokine responses to a defined antigen
and also causes profound decrease in splenocyte numbers in both
immunized and nonimmunized animals. Nevertheless, the bene-
ficial role of PPAR-« in skin disease might not be only due to its
anti-inflammatory properties but also to its role in skin barrier
function. In our model involving multiple patch applications
and removal, PPAR-a affected neither histologic distribution
of neutral lipids nor TEWL. However, it induced minor altera-
tions in skin lipid composition. Nevertheless, recent studies
have demonstrated the important role of PPAR-a in skin
repair'>>! and in epidermal differentiation contributing to barrier
formation.'” Michalik and colleagues15 31 observed that skin in-
jury stimulates PPAR-a re-expression in keratinocytes during
wound healing. Furthermore, PPAR-o ™'~ mice have a transient
delay in initial wound healing. Komiives et al'” showed that clo-
fibrate, a PPAR-a ligand added to fetal rat skin explants, stimu-
lates epidermal differentiation by activating stratum corneum
development and leads to an acceleration of barrier formation.
As in our work, Komiives et al noticed that the skin and in par-
ticular the epidermis of PPAR-a /™ animals appeared normal.
They only mentioned a thinner stratum granulosum, with granu-
lar cells having fewer keratohyalin granules and focal parakera-
tosis in the stratum corneum. Conversely, Yang et al*> reported
that the skin phenotype of transgenic mice constitutively overex-
pressing PPAR-a in the epidermis was characterized by epider-
mal thinning and sparse fur, contributing to lethality within 2
days after birth. PPAR-a might transcriptionally regulate epider-
mal development by interacting with various other transcription
factors, such as lymphoid enhancer-binding factor-1 and T-cell
factor-3, which have been investigated for their role in the epi-
dermal stem cell niche® and with several proteins implicated
in the coordination of the keratinocyte cell cycle, such as p21
(Waf1/Cipl), which is increased in cultured keratinocytes from
1-day-old mice overexpressing PPAR-a.**

In conclusion, the present study provides in vivo evidence for
the role of PPAR-a in controlling skin and systemic inflammatory
responses in patients with AD. These results are pointing in the
direction of PPAR-a being an interesting therapeutic target in
skin diseases like AD characterized by inflammatory infiltrates
and barrier dysfunction. In our study epicutaneously OVA-sensi-
tized PPAR-a '~ mice represent a new murine model that faith-
fully mimics human AD by reproducing a natural pathway of skin
and lung sensitization against an allergen and by exhibiting both
Tyl and T2 immune response.
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Clinical implications: PPAR-a agonists could have potential

therapeutic use in AD.
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METHODS

Animals

BALB/cJ and 129S1/SVImJ mice were purchased from Charles River
Laboratories (L’Arbresle, France). PPAR-a—deficient mice were obtained
from Dr F. J. Gonzalez (National Institutes of Health, Bethesda, Md)."' Eight-
to 12-week-old female mice were used for all experiments. Animals were bred
within the specific pathogen-free facility from the Institut Pasteur de Lille. Ex-
periments were performed after approval by the Ethics Committee for Animal
Experimentation from the Nord-Pas-de-Calais Region.

TEWL

TEWL was measured with a Tewameter TM300 (Courage and Khazaka,
Koln, Germany) on the abdominal skin of naive animals and at the treated
abdominal sites at the time of and 24 hours after the last patch removal,
according to the manufacturer’s instructions.

Skin lipid analysis

Ceramides, cholesterol, and fatty acids from skin were analyzed by means
of high-performance thin layer chromatography. Skin samples were crushed
twice in 1.5 mL of methanol/5 mmol/L ethyleneglycol-bis-((3-aminoethy-
lether)-N,N,N’,N’-tetraacetic acid (2:1 vol/vol) by using a Fast Prep (MP Bi-
ochemicals, Illkirch, France). Aliquots were removed and evaporated, and the
dry pellets were dissolved in 0.5 mL of NaOH (0.1 mol/L) overnight. Proteins
were measured with the Bio-Rad Protein Assay (Bio-Rad, Marnes-la-Co-
quette, France). Lipid extraction was performed with a dounce after addition
of 1 mL of chloroform and further completed in chloroform/methanol/water
(2.5:2.5:2.1, vol/vol/vol), according to the method of Bligh and Dyer.®* The
lipid (chloroform) phase was evaporated to dryness, dissolved in 20 pL of
chloroform/methanol (1:1, vol/vol), and applied on a TLC Silica Gel 60 plate
(Merck, Fontenay-sous-Bois, France). Chromatograms were developed twice
in chloroform/methanol/acetic acid (190:9:1, vol/vol/vol) to 17 cm and then in
hexane/diethyl-ether/formic acid (55:45:1, vol/vol/vol) to the top of the plate.
After drying, the chromatogram was spayed with 10% (wt/vol) cupric sulphate
hydrate in 8% (wt/vol) phosphoric acid and charred by heating at 110°C for 24
hours. A digitized image was captured, and quantification (ImageJ 1.38x) of
lipid fractions was based on known quantities of the following standards ana-
lyzed on the same plate: cholesterol and nonadecanoic acid (Sigma, Saint-
Quentin Fallavier, France), ceramide 2 (nonhydroxy ceramide), ceramide 3
(phytosphinganine), and ceramide 5 (hydroxy ceramide; Matreya-LLC,
Marne la Vallée, France).

Histology and immunohistochemistry

Tissue biopsy specimens were fixed in 4% buffered formalin and embedded
in paraffin for general histology, fixed in a formaldehyde-free zinc fixative
(ImmunoHistoFix, Intertiles, Brussels, Belgium), and embedded in Immuno-
HistoWax (Intertiles) for immunohistochemistry, as previously described.
Serial paraffin-embedded sections of 5-pm thickness were stained with hema-
toxylin and eosin and acidic toluidine blue for measurement of epidermal
thickness and eosinophil and mast cells counts. Epidermal thickness was de-
termined at 250-fold magnification with an ocular micrometer; an average of
10 measures was calculated for each sample. Eosinophils and mast cells were
enumerated by using an eyepiece equipped with a calibrated grid by examin-
ing 20 random fields at 1000-fold magnification; results were expressed as
cells per square millimeter. For immunohistochemical analysis, 5-um sections
were dewaxed in acetone for 5 minutes and immunostained with anti-CD4
mAb (BD Biosciences PharMingen, Le Pont de Claix, France), as previously
described.®?

Nile red staining

Frozen sections (10 wm) were stained for neutral lipids with Nile red.
Briefly, staining solution was freshly prepared from stock solution of Nile red
(500 pg/mL; Sigma, Saint-Quentin Fallavier, France) in acetone 1:100
dilution in 75% glycerol, followed by brisk vortexing. After degasing by
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means of vacuum to remove bubbles, a drop of solution was added onto the
sections and immediately covered with a coverslip. Sections were examined
after 5 minutes by means of fluorescence microscopy (450— to 500-nm band
pass excitation filter). Neutral lipids stained yellow—gold.

Measurement of immunoglobulin concentrations

Total IgE concentrations were measured in mouse serum by means of
ELISA with 2 monoclonal anti-IgE antibodies (BD PharMingen), as previ-
ously described.®* Total IgG1 and IgG2a levels were measured in serum with
the immunoassay kit SBA Clonotyping System-HRP (Southern Biotech, Bir-
mingham, Ala). Serum anti-OVA IgE levels were measured by means of
ELISA with anti-IgE (BD PharMingen) as the capture antibody and biotiny-
lated OVA and horseradish peroxidase—conjugated streptavidin (Amersham
Biosciences, Orsay, France) for detection. Serum anti-OVA IgG1 and IgG2a
levels were measured by means of ELISA with OVA-coated plates and horse-
radish peroxidase—conjugated anti-mouse IgGl and IgG2a (Southern Bio-
tech). Two-fold serial dilutions were prepared for each serum (starting
dilution 1:25 for IgE, 1:5000 for IgG1, and 1:250 for IgG2a titrations). Anti-
body titers were calculated as the dilution corresponding to twice the mean ab-
sorbance value obtained for nonsensitized mouse sera.

Quantitative RT-PCR

RNA extraction from skin biopsy specimens was performed as previously
described by Chirgwin et al.®> Reverse transcription was performed with 1 g
of RNA by using Superscript reverse transcriptase (Invitrogen, Cergy Pon-
toise, France), according to the manufacturer’s instructions. cDNAs were am-
plified by means of PCR in triplicate assays for 40 cycles in SYBR Green PCR
Master Mix (Molecular Probes, Europe BV, Leiden, The Netherlands) on an
ABI PRISM 7000 sequence detection system (Applied Biosystems, Courta-
boeuf, France). Oligonucleotide primers specific for mouse cytokines, chemo-
kines, and their receptors and nuclear transcription factors are listed in Table
El. Primers were used for amplification in triplicate assays. PCR amplification
of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase was
performed to control for sample loading and to allow normalization between
samples. Because mRNA levels in the tissues from PBS-sensitized PPAR-o/
~ animals were identical to those measured in PBS-sensitized WT mice, re-
sults for OVA-sensitized animals were expressed as the mean fold induction
compared with the mean expression level in PBS-treated mice.

In vitro cytokine production

Spleen and inguinal lymph node cells were isolated at day 50 and
restimulated in 96-well plates in triplicate with 10 wg/mL OVA or PBS.
Culture supernatants were harvested 4 days later. Tyl (IFN-v) and T2 (IL-4,
IL-5, and IL-10) cytokine production was quantified with a Cytometric Bead
Array kit and FCAP Array software (BD PharMingen), according to the man-
ufacturer’s instruction.
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FIG E1. Analysis of skin barrier function in WT and PPAR-o '~ mice and PPAR-a agonist-treated WT ani-
mals in a model of AD. A, Nile red staining of skin neutral lipids (200-fold magnification). B and C, TEWL.
D and E, Skin lipid content (n = 4 animals per group). $, Statistically different from dimethyl sulfoxide
(DMSO)-treated mice (P < .05).
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FIG E2. Humoral and cellular response in WT and PPAR-o '~ mice and
PPAR-a agonist-treated WT animals in a model of AD. A, OVA-specific
IgE, IgG1, and IgG2a concentrations in WT and PPAR-a ~/~ mice. B-D, Cyto-
kine production by splenocytes (Fig E2, Band C) and inguinal lymph nodes
(Fig E2, D) from PPAR-o~’~ and WT mice (Fig E2, B) and WY14643- or di-
methyl sulfoxide (DMSO)-treated WT mice (Fig E2, C and D) after in vitro
OVA restimulation (n = 5-6 animals per group). E, OVA-specific IgE and
IgG1 concentrations in WY14643- or DMSO-treated mice. OVA-specific
IgG2a levels remained undetectable. *Statistically different from PBS-trea-
ted mice (P < .05). $, Statistically different from control WT mice (P < .05).
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FIG E3. Decreased lung inflammation in a model of AD after topical
treatment with the PPAR-a agonist WY 14643. The total number of macro-
phages, neutrophils, lymphocytes, and eosinophils in BAL fluid at the time
of death is shown (n = 3-6 animals per group). DMSO, Dimethyl sulfoxide.
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TABLE E1. Primers used for real-time PCR

Gene Primer Size Sequence
Mouse CCL5/RANTES Forward 21 5" CCT GCT GCT TTG CCT ACC TCT 3’
Reverse 20 5" ACT TGG CGG TTC CTT CGA GT 3’
Mouse CCL11/eotaxin 1 Forward 20 5" GCT TTC AGG GTG CAT CTG TT 3’
Reverse 20 5" CAC GGT CAC TTC CTT CAC CT 3’
Mouse CCL17/TARC Forward 20 5" GCT CGA GCC ACC AAT GTA GG 3’
Reverse 19 5" ACA CGA TGG CAT CCC TGG A 3’
Mouse CCL22/MDC Forward 20 5" TGG TGC CAA TGT GGA AGA CA 3’
Reverse 21 5" GGC AGG ATT TTG AGG TCC AGA 3’
Mouse CCL24/eotaxin 2 Forward 21 5" GAC CAT CCC CTC ATC TTG CTG 3’
Reverse 21 5" GGT GAT GAA GAT GAC CCC TGC 3’
Mouse CCL27/cTACK Forward 20 5" CAT GGA ACT GCA GGA GGC TG 3’
Reverse 20 5" TTG GCG TTC TAA CCA CCG AG 3’
Mouse CCR3 Forward 20 5" TGA CCC CAG CTC TTT GAT TC 3’
Reverse 24 5" CTG GAC TCA TAA AGG ACT TAG CAA 3’
Mouse CCR4 Forward 20 5" CGC CAT CCA GGC TAC AGA AA 3’
Reverse 19 5" ACC CCG GCA TGT TCT GAA G 3’
Mouse CCR5 Forward 22 5" GCA AAA AGC TGA AGA GCG TGA C 3’
Reverse 20 5" TGC AGC ATA GTG AGC CCA GA 3’
Mouse CXCL10/IP-10 Forward 19 5" ACC CAA GTG CTG CCG TCAT 3’
Reverse 20 5" CAT TCT CAC TGG CCC GTC AT 3’
Mouse CXCR3 Forward 20 5" TGA GCA GCA CGG ACA CCT TC 3’
Reverse 20 5" AAC CCA CTG GAC AGC AGC AT 3’
Mouse Foxp3 Forward 21 5" CCC AGG AAA GAC AGC AAC CTT 3’
Reverse 18 5" TTC TCA CAA GGC CAC TTG 3’
Mouse GAPDH Forward 20 5" TGC CCA GAA CAT CAT CCC TG 3’
Reverse 20 5" TCA GAT CCA CGA CGG ACA CA 3’
Mouse IFN-y Forward 20 5" ACC CTG TCG TAT GCT GGG AA 3’
Reverse 21 5" GTT GGT GCA GGA ATC AGT CCA 3’
Mouse IL-18 Forward 20 5" AGG TGC TCA TGT CCT CAT CC 3’
Reverse 20 5" CAG GCA GGC AGT ATC ACT CA 3’
Mouse IL-6 Forward 20 5" CCA CGG CCT TCC CTA CTT CA 3’
Reverse 22 5" CCA CGATTT CCC AGA GAA CAT G 3’
Mouse IL-4 Forward 20 5" GCATGG AGT TTT CCC ATG TT 3’
Reverse 20 5" AGA TGG ATG TGC CAA ACG TC 3’
Mouse IL-5 Forward 22 5" CTC ACC GAG CTC TGT TGA CAA G 3’
Reverse 22 5" GAA CTC TTG CAG GTA ATC CAG G 3’
Mouse IL-10 Forward 21 5" TTC ATG GCC TTG TAG ACA CCT 3’
Reverse 20 5" TGA ATT CCC TGG GTG AGA AG 3’
Mouse IL-12p35/IL-12a Forward 20 5" GAA GCA GGA TGC AGA GCT TC 3’
Reverse 20 5" CTA GAC AAG GGC ATG CTG GT 3’
Mouse IL-13 Forward 20 5" GGA ATC CAG GGC TAC ACA GA 3’
Reverse 20 5" AGG AGC TGA GCA ACATCA CA 3’
Mouse IL-17 Forward 22 5" AAG TCT TTA ACT CCC TTG GCG C 3’
Reverse 19 5" AGG GTC TTC ATT GCG GTG G 3’
Mouse IL-18 Forward 21 5" GGA ATC AGA CAA CTT TGG CCG 3’
Reverse 22 5" CCT CGA ACA CAG GCT GTC TTT T 3’
Mouse IL-31 Forward 21 5" GAC GAA TCA ATA CAG CTG CCG 3’
Reverse 20 5" GGT TAA TGC TTC CCG GTC CA 3’
Mouse IL-33 Forward 19 5" ATC AGG CGA CGG TGT GGA T 3’
Reverse 21 5" GAC GTC ACC CCT TTG AAG CTC 3’
Mouse NF-kB 1 Forward 21 5" ATG TGT GTG AAG GCC CAT CAC 3’
Reverse 19 5" CAG GCC CCA CAT AGT TGC A 3’
Mouse NF-«kB 2 Forward 20 5" GTT GAT GAC GCC GAG GTA CT 3’
Reverse 20 5" ACA GGA CGA GAA CGG AGA CA 3’
Mouse TGF-3 Forward 21 5" TAC TCT GGA GAC GGT TTG CCA 3’
Reverse 20 5" CAT GAA GAA AGT CTC GCC CG 3’
Mouse TSLP Forward 19 5" TAT CCC TGG CTG CCC TTC A 3’
Reverse 21 5" TGT GCC ATT TCC TGA GTA CCG 3’
Mouse PPAR-a Forward 20 5" ATG CCA GTA CTG CCG TTT TC 3’
Reverse 20 5" CCG AAT CTT TCA GGT CGT GT 3’
Mouse PPAR-B/3 Forward 21 5" CTC TTC ATC GCG GCC ATC ATT 3’

(Continued)
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Gene Primer Size Sequence
Reverse 21 5" TCT GCC ATC TTC TGC AGC AGC 3’
Human PPAR-a Forward 20 5" GGT GGA CAC GGA AAG CCC AC 3’
Reverse 20 5" GGA CCA CAG GAT AAG TCA CC 3’
Human PPAR-B/3 Forward 20 5" GGG ACC ACA GCA TGC ACT TC 3’
Reverse 20 5" TGC AGT TGG TCC AGC AGT GA 3’

TARC, Thymus and activation-regulated chemokine; MDC, macrophage-derived chemokine; ¢TACK, cutaneous T cell-attracting chemokine; /P-10, IFN-y—inducible protein-10;

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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