
Atopic dermatitis and skin disease

Toll-like receptor 2 is important for the TH1 response to
cutaneous sensitization
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Background: Atopic dermatitis and allergic contact dermatitis
are skin disorders triggered by epicutaneous sensitization with
protein antigens and contact sensitization with haptens,
respectively. Skin is colonized with bacteria, which are a source
of Toll-like receptor (TLR) 2 ligands.
Objective: We sought to examine the role of TLR2 in murine
models of atopic dermatitis and allergic contact dermatitis.
Methods: TLR22/2 mice and wild-type littermates were
epicutaneously sensitized with ovalbumin (OVA) or contact
sensitized with oxazolone (OX). Skin histology was assessed by
means of hematoxylin and eosin staining and
immunohistochemistry. Ear swelling was measured with a
micrometer. Cytokine mRNA expression was examined by
means of quantitative RT-PCR. Antibody levels and splenocyte
secretion of cytokines in response to OVA stimulation were
measured by means of ELISA. Dendritic cells were examined
for their ability to polarize T-cell receptor/OVA transgenic naive
T cells to TH1 and TH2.
Results: In response to OVA sensitization, TLR22/2 mice
experienced skin infiltration with eosinophils and CD41 cells, as
well as upregulation of TH2 cytokine mRNAs that was
comparable with that seen in wild-type littermates. In contrast,
epidermal thickening, IFN-g expression in the skin, IFN-g
production by splenocytes, and IgG2a anti-OVA antibody levels
were impaired in TLR22/2 mice. After OX ear challenge,
contact sensitized TLR22/2 mice exhibited defective ear
swelling with impaired cellular infiltration, decreased epidermal
thickening and local IFN-g expression, and impaired OX-
specific IgG2a responses. Dendritic cells from TLR22/2 mice
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induced significantly lower production of IFN-g but normal
IL-4 and IL-13 production in naive T cells.
Conclusions: These results indicate that TLR2 promotes the
IFN-g response to cutaneously introduced antigens. (J Allergy
Clin Immunol 2009;123:875-82.)

Key words: Toll-like receptor 2, atopic dermatitis, contact hyper-
sensitivity, oxazolone

Toll-like receptors (TLRs) are a group of pathogen-associated
molecular pattern receptors important for innate and adaptive
immunity.1,2 TLR2 can heterodimerize with either TLR1 or
TLR6. TLR1/2 ligands include triacyl lipopeptides of bacteria
and the synthetic lipopeptide Pam3Cys. TLR2/6 ligands include
bacterial diacyl lipopeptides and the synthetic lipopeptide
Pam2Cys, lipoteichoic acids and peptidoglycan from Staphylo-
coccus aureus and other gram-positive bacteria, macrophage-
activating lipopeptide from Mycoplasma species, and fungal
zymosan.3 TLR2 also recognizes fungal lipomannan, mutin
type transmembrane glycoprotein of trypanosomes, and viral pro-
teins, such as the hemagglutinin of measles, independently of
TLR1 and TLR6.3,4 TLR2 is also thought to bind endogenous lig-
ands, such as hyaluronan fragments, biglycan, eosinophil-derived
neurotoxin, and serum amyloid A.5-8 TLR2 is expressed on im-
mune cells, including T cells, B cells, mast cells, eosinophils,
macrophages, and dendritic cells (DCs), and nonimmune cells, in-
cluding keratinocytes, epithelial cells, fibroblasts, and smooth
muscle cells.2,9 TLR2 expression is upregulated by LPS; inflam-
matory cytokines, such as IL-1, TNF-a, and IFN-g; and bacterial
and viral infection. TLR2 signals through the adaptor MyD88.1

DCs play a critical role in the polarization of naive T cells into
TH1 and TH2 cells. Activation of TLR2 in DCs promotes IFN-g
production and TH1 responses.10,11 In addition, TLR2 can directly
stimulate T cells to produce more IFN-g,12 and TLR22/2 mice
exhibit deficient TH1-dependent humoral immune response to
the gram-positive extracellular bacterium Streptococcus pneu-
moniae.13 However, under different conditions, TLR2 agonists
have been reported to favor a TH2 immune response in vitro and
in vivo.7,14

There are conflicting data regarding the effect of TLR2
engagement on the allergic response. A number of studies suggest
that TLR2 ligation inhibits the allergic response. Coadministra-
tion of the probiotic bacterium Lactobacillus plantarum aug-
mented TH1 responses through TLR2 and led to protection
against Der p 1–induced allergic responses.15 The TLR2 agonists
Pam3CSK and liproprotein reduced airway inflammation, airway
hyperresponsiveness (AHR), and serum levels of IgE after aller-
gen inhalation challenge.16 Mycoplasma pneumoniae infection
preceding allergen challenge reduces airway epithelial mucin
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Abbreviations used

ACD: Allergic contact dermatitis

AD: Atopic dermatitis

AHR: Airway hyperresponsiveness

DC: Dendritic cell

NF-kB: Nuclear factor kB

OVA: Ovalbumin

OX: Oxazolone

TLR: Toll-like receptor

WT: Wild-type

expression in mice, partly through the TLR2–IFN-g pathway.17

Finally, the TLR2/6 agonist macrophage-activating lipopeptide,
in combination with IFN-g, strongly reduced AHR, eosinophilia,
and TH2 cytokine levels in bronchoalveolar fluid.18 In contrast to
the above studies, intranasal immunization of mice with ovalbu-
min (OVA) in combination with the TLR2 ligand peptidoglycan
has been reported to augment lung inflammation and AHR com-
pared with intranasal OVA immunization alone.19

TLR2 is expressed in keratinocytes.20,21 The skin of patients
with atopic dermatitis (AD) is heavily colonized with S aureus,
a rich source of TLR2 ligands.22 This adversely affects eczema
severity.23 Furthermore, AD skin lesions might contain endoge-
nous TLR2 ligands, such as eosinophil-derived neurotoxin, the
level of which is increased in the blood of patients with
AD.24,25 TLR2 function, but not expression, has been reported
to be impaired in monocytes and keratinocytes from patients
with AD.26 There are conflicting data whether the TLR2 polymor-
phism R753Q, which impairs TLR2 function, is associated with
AD.27,28

Acute AD skin lesions are dominated by local expression of
TH2 cytokines, whereas chronic AD skin lesions and allergic
contact dermatitis (ACD) lesions are characterized by mixed
expression of both TH2 and TH1 cytokines.29,30 IFN-g has been
implicated in keratinocyte apoptosis in patients with AD28 and
in epidermal thickening in a mouse model of allergic skin inflam-
mation.31 We tested the hypothesis that TLR2 ligands could play
an important role in AD by promoting a TH1 response to antigens
introduced through the skin. We demonstrate that TLR2 promotes
epidermal thickening and the IFN-g response to cutaneously
introduced antigen in a mouse model of AD elicited by epicutane-
ous sensitization with OVA, as well as in a mouse model of ACD
elicited by contact sensitization with the hapten oxazolone (OX).

METHODS

Mice
TLR22/2 mice on a C57BL/6 background were kindly provided by Biogen

Idec, Inc (Cambridge, Mass); C57BL/6 wild-type (WT) mice were purchased

from Charles River Laboratories (Wilmington, Mass). All mice were kept in a

pathogen-free environment and fed an OVA-free diet. All procedures per-

formed on the mice were in accordance with the Animal Care and Use Com-

mittee of the Children’s Hospital Boston.

Epicutaneous sensitization with OVA
Four- to 6-week-old female mice were epicutaneously sensitized, as

described previously.32 Briefly, the dorsal skin of anesthetized mice was

shaved and tape stripped 6 times. One hundred micrograms of OVA (Grade

V; Sigma Chemical Co, St Louis, Mo) in 100 mL of normal saline or placebo

(100 mL of normal saline) was placed on a patch of sterile gauze (1 3 1 cm),
which was secured to dorsal skin with a transparent bio-occlusive dressing

(Tegaderm; WestNet, Inc, Arvada, Colo). Each mouse had a total of three

1-week exposures to the patch separated by 2-week intervals. Mice were

euthanized immediately at the end of the third cycle of sensitization (day 49).

Hapten-induced contact hypersensitivity
Mice were sensitized by means of the application of 100 mL of 2% OX

(Sigma) in ethanol to previously shaved abdominal skin. Five days later, 10 mL

of 1% OX was applied to the dorsal and ventral surfaces of the right ear.

Ethanol was applied to the left ear. Ear thickness was measured after 24, 48,

and 72 hours by using a modified spring-loaded micrometer (Mitutoyo,

Aurora, Ill).

Histologic and immunohistochemical analysis of

mouse skin
Dorsal or ear skin specimens were fixed in 10% buffered formalin and

embedded in paraffin. Multiple 4-mm sections of skin were stained with

hematoxylin and eosin by Histo-Scientific Research Laboratories (Mount

Jackson, Va). CD4 staining of skin sections was performed as previously

described.32 Eosinophils and CD41 cells were counted blind in 10 to 15 high-

power fields at a magnification of 3400. The epidermal thickness of 6 different

randomly chosen sites was measured in each skin section from each mouse.

Quantitative RT-PCR for TLR-2, cytokines, and

chemokines
Specimens of skin were homogenized with a Polytron RT-3000 (Kine-

matica AG, Lucerne, Switzerland) in lysis buffer solution provided in the

RNAqueous extraction kit (Ambion, Inc, Austin, Tex). Reverse transcription

was performed with the iScript cDNA synthesis kit (Bio-Rad Laboratories,

Hercules, Calif). PCR reactions were run on an ABI Prism 7300 (Applied

Biosystems, Foster City, Calif) sequence detection system platform. Taqman

primers and probes were obtained from Applied Biosystems. The housekeep-

ing gene b2-microglobulin was used as a control. Relative gene expression

was determined by using the method described by Pfaffl.33

Cell culture, proliferation assay, and in vitro

cytokine production
Single-cell suspensions of spleen cells were cultured in complete RPMI

1640 (JRH Biosciences, Inc, Lenexa, Kan) supplemented with 10% FCS,

1 mmol/L sodium pyruvate, 2 mmol/L L-glutamine, 0.05 mmol/L 2-mercap-

toethanol, 100 U/mL penicillin, and 1 mg/mL streptomycin at 2 3 105/mL in

96-well plates or 2 3 106/mL in 24-well plates in the presence of OVA (50 mg/

mL). Proliferation was measured in triplicate wells of 96-well plates by using

tritiated thymidine incorporation after 72 hours of culture. Cytokine secretion

in supernatants from 24-well plates after 96 hours of culture was determined

by means of ELISA according to the manufacture’s instructions (BD PharMin-

gen, San Jose, Calif).

Serum antibody determination
The BD PharMingen protocol for sandwich ELISA was used to quantify

serum antibodies from epicutaneously OVA- or OX-sensitized mice. OX-

specific antibodies were measured as previously described.30

In vitro assessment of antigen-presenting cell

function of DCs
CD11c1 DCs were sorted from spleens by using Miltenyi mouse CD11c

beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and cocultured with

WT, OVA-specific, T-cell receptor transgenic OTII CD41 T cells at a 1:10 ra-

tio in the presence of graded concentrations (0, 10, 100, and 1000 ng/mL) of

OVA323-339 peptide. After 96 hours, T-cell proliferation and cytokine produc-

tion were measured as described above.
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FIG 1. TLR2 mRNA expression after skin tape stripping and painting with OX. Quantitative PCR analysis of

TLR2 mRNA expression in mouse skin after tape stripping (n 5 5; A) or application of 2% OX in ethanol to

shaved skin (n 5 4; B) is shown. Results were normalized for glyceraldehyde-3-phosphate dehydrogenase

expression and expressed as fold induction compared with time 0. Values are presented as the mean 6 SD.

*P < .05.
Statistical analysis
Quantitative PCR expression of TLR2 mRNA in mouse skin after tape

stripping was assessed by means of 1-way ANOVA, with the F test used to

determine change in fold induction relative to time 0 (baseline). Comparison

of TLR2 induction between OX- and ethanol-treated skin was evaluated by

means of 2-way ANOVA, with group and time as fixed factors in the model and

the interaction of group-by-time included. Two-way ANOVA was used to

determine changes in epidermal thickening, skin-infiltrating CD41 T cells, eo-

sinophils, and mRNA levels of cytokines. Generalized linear models with 2

factors were used to analyze changes in ear swelling over time and to compare

OX-specific levels of serum IgG1 and IgG2a. Differences in proliferation and

secretion of cytokines were analyzed by using ANOVA. Statistical analysis

was performed with the SPSS software package (SPSS, Inc, Chicago, Ill).

Two-tailed P values of less than .05 were considered statistically significant

for all comparisons.

RESULTS

TLR2 expression in skin is upregulated by tape

stripping and OX painting
Mechanical injury induced by scratching is a hallmark of

human AD. Tape stripping of mouse back skin was used to mimic
mechanical injury inflicted by scratching. Fig 1, A, shows that
tape stripping upregulated TLR2 mRNA expression in mouse
skin, with a peak increase of 3.2 6 1.5–fold over baseline (P <
.05) 8 hours after stripping. A similar increase (2.8-fold) was re-
vealed by means of microarray analysis of skin 8 hours after
stripping (data not shown).

We also examined whether application of the hapten OX on
shaved skin of the belly upregulates TLR2 mRNA expression. Fig
1, B, shows that application of OX in ethanol upregulated TLR2
mRNA expression in mouse skin, with a peak increase of 7.0 6

4.1–fold 8 hours after stripping. This increase was sustained at
24 hours. There was no increase in skin TLR2 mRNA expression
after application of ethanol solvent (data not shown). These re-
sults show that mechanical skin injury, which is necessary for
epicutaneous sensitization with protein antigen, and hapten
application to the skin upregulate TLR2 expression in the skin.

Impaired epidermal thickening and upregulation of

IFN-g expression in epicutaneously sensitized skin

of TLR22/2 mice
To determine the role of TLR2 in allergic skin inflammation

elicited by epicutaneous sensitization with protein antigen, we
examined the response of TLR22/2 mice to repeated epicutaneous
application of OVA on tape-stripped skin. As shown previously,34

epicutaneous sensitization of C57BL/6 WT mice with OVA led to
epidermal thickening with foci of spongiosis (Fig 2, A) and to
marked infiltration of the dermis with CD41 T cells and modest
infiltration with eosinophils (Fig 2, B). OVA-sensitized TLR22/

2 mice exhibited impaired epidermal thickening compared with
that seen in WT mice (Fig 2, A). There was a 2.6 6 0.4–fold in-
crease in epidermal thickness in OVA-sensitized skin of WT
mice compared with a 1.1 6 0.3–fold increase in TLR22/2

mice (n 5 3 per group, P < .05). Spongiosis was not detected in
TLR22/2 mice. WT and TLR22/2 mice had comparable levels
of skin infiltration with CD41 cells and eosinophils (Fig 2, B). Ex-
pression of mRNA for the chemokines CCL17/thymus and activa-
tion-regulated chemokine, a ligand for CCR4 expressed on skin-
homing T cells, and CCL11/eotaxin-1 mRNA, a ligand for
CCR3 expressed on eosinophils, was comparably upregulated in
OVA-sensitized skin from WT and TLR22/2 mice (see Fig E1
in this article’s Online Repository at www.jacionline.org).

Epicutaneous sensitization with OVA caused upregulation of
mRNA for the TH2 cytokines IL-4, IL-5, and IL-13 and the TH1
cytokine IFN-g in the skin of C57BL/6 WT mice (Fig 2, C). There
was no significant difference in the upregulation of IL-4, IL-5, and
IL-13 between OVA-sensitized skin of TLR22/2 mice and their
WT littermates. In contrast, IFN-g mRNA was not upregulated
in OVA-sensitized skin of TLR22/2 mice. These results demon-
strate that TLR2 is important for the local TH1 response but is dis-
pensable for the local TH2 response to epicutaneous sensitization
with protein antigen.

Defective systemic TH1 response to epicutaneous

sensitization with OVA in TLR2-deficient mice
Epicutaneous sensitization with OVA results in a mixed

systemic TH2 and TH1 OVA-specific response.32 Splenocytes
from OVA-sensitized TLR22/2 mice and WT mice secreted com-
parable amounts of the TH2 cytokines IL-4 and IL-13 in response
to in vitro stimulation with OVA (Fig 3, A). In contrast, spleno-
cytes from TLR22/2 mice secreted significantly lower amounts
of IFN-g in response to OVA stimulation than splenocytes from
WT control animals. TLR22/2 mice mounted normal OVA-spe-
cific IgG1 and IgE antibody responses to epicutaneous sensitiza-
tion (Fig 3, B). However, their OVA-specific IgG2a response was
severely diminished compared with that seen in WT control ani-
mals. These results suggest that TLR2 is required for the develop-
ment of a systemic TH1 response to epicutaneous sensitization.

http://www.jacionline.org
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FIG 2. Impaired epidermal thickening and IFN-g mRNA expression but normal cellular infiltration and TH2

cytokine production in OVA-sensitized skin of TLR22/2 mice. A, Representative skin histology (original mag-

nification 3200). B, Skin-infiltrating CD41 T cells and eosinophils. C, Quantitative PCR analysis of mRNA

levels of IL-4, IL-15, and IL-13 and IFN-g. n 5 6-7. *P < .05, **P < .01, and ***P < .001. SAL, Saline; KO,

knockout.

FIG 3. Impaired TH1 systemic response to epicutaneous sensitization with OVA in TLR22/2 mice. A, Cytokine

secretion by splenocytes in response to OVA stimulation in vitro. B, Serum levels of OVA-specific immuno-

globulin isotypes. n 5 6-7. *P < .05, **P < .01, and ***P < .001. SAL, Saline; KO, knockout.
Impaired contact hypersensitivity to OX in

TLR22/2 mice
Contact hypersensitivity to the hapten OX is a model of skin

inflammation that involves local expression of both TH1 and TH2
cytokines. Fig 4, A, shows that OX-challenged ears of OX-sensi-
tized WT mice exhibited swelling compared with that seen in
vehicle-challenged ears. Ear swelling peaked at 24 hours, re-
mained significant at 48 hours, and resolved by 72 hours after
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FIG 4. Impaired contact hypersensitivity in TLR22/2 mice. A, Ear swelling in sensitized mice challenged with

OX hapten. Results represent the difference in thickness between hapten- and vehicle-challenged ears (n 5

10). B, Representative ear skin histology at 24 hours after challenge (original magnification 3200). C and D,

IL-4 (Fig 4, C) and IFN-g (Fig 4, D) mRNA expression as fold induction in hapten-challenged over vehicle-chal-

lenged ears. *P < .05, **P < .01, and ***P < .0001. KO, Knockout.
challenge. TLR22/2 mice had significantly less ear swelling 24
and 48 hours after OX challenge than that seen in WT control
mice. Decreased ear thickening in TLR22/2 mice was confirmed
by means of histologic analysis, which revealed a marked de-
crease in cellular infiltration and edema (Fig 4, B). There was sig-
nificant epidermal thickening in challenged skin of WT mice but
not that of TLR22/2 mice (3.1 6 0.5–fold increase in hapten-
challenged vs vehicle-challenged skin in OX-sensitized WT
mice compared with a 1.1 6 0.2–fold increase in TLR22/2

mice; n 5 6 per group; P < .0001). Expression of mRNA for
the cytokines IL-4 and IFN-g was markedly upregulated in OX-
challenged ears compared with that seen in vehicle-challenged
ears in WT mice (Fig 4, C and D). IL-4 mRNA expression was
normally upregulated in OX-challenged ears of TLR22/2 mice.
In contrast, upregulation of IFN-g mRNA expression was se-
verely diminished in the ears of these mice. These results indicate
that TLR2 is important for the development of contact hypersen-
sitivity and for local expression of IFN-g after hapten challenge.

Impaired IgG2a response to OX in TLR22/2 mice
Reduced IFN-g upregulation in OX-challenged skin sites from

TLR22/2 mice could be secondary to a defect in systemic TH1 re-
sponse. Because IgG2a antibody responses are driven by IFN-g,35
we examined the IgG2a antibody response to OX as an indirect
measure of the TH1 systemic response to OX sensitization. Fig 5
shows that WT mice had OX-specific IgG1 and IgG2a after OX
contact sensitization and challenge. TLR22/2 mice had similar
levels of OX-specific IgG1 as WT control mice. In contrast,
they mounted significantly less OX-specific IgG2a response.
These results suggest that TLR2 is important for the development
of a systemic TH1 response to contact sensitization with hapten.

Impaired ability of TLR22/2 DCs to polarize the

response of naive T cells to TH1
DCs capture antigen in the skin and traffic to draining lymph

node, where they prime naive T cells to become effector cells
that can home to the skin.36 A possible explanation for the de-
fective TH1 response of TLR22/2 mice to epicutaneous sensiti-
zation is that their DCs are impaired in their ability to drive a
TH1 response in CD41 T cells. To directly test this hypothesis,
we cocultured splenic CD11c1 cells from WT and TLR22/2

mice with T-cell receptor/OVA transgenic CD41 T cells from
OTII mice in the presence of the OVA323-339 peptide. DCs
from TLR22/2 mice and WT control mice were comparable
in their ability to drive proliferation and production of the TH2
cytokines IL-4 and IL-13 by naive T cells (Fig 6, A-C). In
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FIG 5. Impaired OX-specific IgG2a response in TLR22/2 mice. Serum anti-OX IgG1 and IgG2a levels in mice

sensitized and challenged with OX. Serum was taken 24 hours after the challenge. *P < .05, **P < .01, and

***P < .001. KO, Knockout.

FIG 6. Impaired capacity of TLR22/2 DCs to drive a TH1 response. Proliferation (A) and secretion of IL-4 (B),

IL-13 (C), and IFN-g (D) by CD41 OTII T cells stimulated with OVA323-339 peptide in the presence of CD11c1

splenic DCs derived from WT and TLR22/2 mice. Data are representative of 3 experiments. *P < .05 and

**P < .01. 3H-Td, Tritiated thymidine; KO, knockout.
contrast, DCs from TLR22/2 mice were impaired in their ability
to drive IFN-g production (Fig 6, D). These results indicate that
TLR2 expression by DCs is important for TH1 polarization and
suggest that DCs might contribute to the impaired TH1 response
to epicutaneous sensitization.

DISCUSSION
This work demonstrates that TLR2 is important for the TH1

response to epicutaneous sensitization with protein antigen and
contact sensitization with hapten.

TLR2 expression in the skin was upregulated by mechanical
skin injury inflicted by means of tape stripping (Fig 1, A). Inas-
much as injury caused by tape stripping mimics injury inflicted
by scratching, this observation suggests that TLR2 might be up-
regulated in the skin of patients with AD after scratching of dry
skin. TLR2 expression was also upregulated by application of
the hapten OX (Fig 1, B). Physical injury and application of hap-
tens upregulate nuclear factor kB (NF-kB) expression in the
skin,37-39 and NF-kB is known to mediate upregulation of
TLR2 expression.40 The mechanism by which mechanical injury
and hapten application upregulates TLR2 expression in skin
cells could therefore involve NF-kB. Keratinocytes, DCs, mast
cells, and fibroblasts all express TLR2.9 Immunohistologic stud-
ies are needed to determine which of these cells upregulate
TLR2 in the skin after mechanical injury and application of
hapten.

Infiltration with CD41 cells and eosinophils and upregulation
of mRNA expression for the TH2 cytokines IL-4, IL-5, and IL-
13 and the chemokines thymus and activation-regulated chemo-
kine and eotaxin/CCL11 were all normal in OVA-sensitized
skin of TLR22/2 mice (Fig 2 and see Fig E1). In contrast,
TLR22/2 mice selectively did not show epidermal thickening
and upregulation of IFN-g mRNA expression in epicutaneously
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sensitized skin sites (Fig 2, A and C). We had previously shown
that IFN-g2/2 mice do not have epidermal thickening after epicu-
taneous sensitization with OVA but have normal infiltration of the
dermis by CD41 cells and eosinophils and normal local expres-
sion of TH2 cytokines.31 This suggests that the decreased IFN-g
response in TLR22/2 mice underlies the lack of epidermal thick-
ening after epicutaneous sensitization. The failure of TLR22/2

mice to upregulate local expression of IFN-g mRNA was likely
due to their severely impaired TH1 systemic response to epicuta-
neous sensitization. This was evidenced by significantly impaired
IFN-g secretion by splenocytes from epicutaneously sensitized
TLR22/2 mice after OVA stimulation in vitro and by the failure
of TLR22/2 mice to mount an OVA-specific IgG2a antibody
response to epicutaneous sensitization (Fig 3).

Impaired IFN-g response and epidermal thickening of
TLR22/2 mice to cutaneous sensitization was also observed af-
ter contact sensitization with the hapten OX. This was evidenced
by decreased swelling of hapten-challenged ears, impaired epi-
dermal thickening, decreased cellular infiltration and edema in
these ears, and selective impairment of local expression of
IFN-g mRNA but intact local expression of IL-4 mRNA
(Fig 4). Because IFN-g is known to be important for the response
to OX challenge,30 it is likely that decreased local expression of
IFN-g contributed to the decreased inflammation of OX-chal-
lenged ears in TLR22/2 mice. TLR22/2 mice were severely im-
paired in their capacity to mount an IgG2a response to OX but
retained an intact IgG1 response (Fig 5). Because IFN-g drives
IgG2a production and IL-4 drives IgG1 production,35 this result
strongly suggests that the systemic TH1 response to hapten sen-
sitization was selectively impaired in TLR22/2 mice.

Splenic DCs from TLR22/2 mice were selectively impaired in
their ability to drive a TH1 response in CD41 T cells. This was
evidenced by a significant impairment in the ability of these DCs
to drive IFN-g production by naive OTII T cells in response to
OVA peptide (Fig 6). In contrast, the ability of these DCs to sup-
port T-cell proliferation and production of TH2 cytokines was in-
tact. It is possible that splenic DCs in WT mice have been
primed by exogenous, endogenous, or both types of TLR ligands
in vivo to drive a TH1 response. This is supported by the obser-
vation that the TLR2 ligands bacterial lipopeptides act as
adjuvants for TH1 responses in an antigen-presenting cell–
dependent manner.10 Pathogen-associated molecular patterns
from the bacterial flora of mouse skin, endogenous TLR2 lig-
ands, or both can promote the TH1-polarizing capacity of skin
DCs that capture antigens or haptens in the skin and traffic to
DLN, where they prime naive T cells. Failure of skin DCs to re-
spond to these ligands in TLR22/2 mice would impair their
capacity to support a TH1 response to cutaneous sensitization.
TLR2 agonists can also directly stimulate T cells, natural killer
cells, and DCs to produce IFN-g.12,41,42 Loss of this effect in
TLR22/2 mice might contribute to their impaired TH1 response
to cutaneous sensitization.

IFN-g is expressed in chronic AD lesions and is thought to play
an important role in keratinocyte apoptosis and in perpetuating
skin inflammation.28,43 Our results suggest that disrupting TLR2–
TLR2 ligand interaction might impair the TH1 response to anti-
gens introduced through the skin and inhibit epidermal thickening
and thus could be beneficial in treating AD. Decreased signaling
through TLR2 by ligands from skin-colonizing bacteria might
contribute the reported efficacy of antibiotics in ameliorating
AD skin lesions.44
We thank Drs Robert Sidbury and Birgitta Schmidt (Department of

Dermatology, Harvard Medical School, Boston, Mass) for help in the analysis

of skin histology.

Clinical implications: TLR2 triggering by ligands from skin
bacterial flora might contribute to the TH1 response to cutane-
ous sensitization in patients with AD and ACD.
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FIG E1. CCL17/thymus and activation-regulated (TARC) chemokine (A) and CCL11/eotaxin-1 (B) mRNA

expression in OVA-sensitized skin of TLR22/2 mice (n 5 5-6). *P < .05, **P < .01, and ***P < .001. SAL, saline;

KO, knockout.


	Toll-like receptor 2 is important for the TH1 response to cutaneous sensitization
	Methods
	Mice
	Epicutaneous sensitization with OVA
	Hapten-induced contact hypersensitivity
	Histologic and immunohistochemical analysis of mouse skin
	Quantitative RT-PCR for TLR-2, cytokines, and chemokines
	Cell culture, proliferation assay, and in vitro cytokine production
	Serum antibody determination
	In vitro assessment of antigen-presenting cell function of DCs
	Statistical analysis

	Results
	TLR2 expression in skin is upregulated by tape stripping and OX painting
	Impaired epidermal thickening and upregulation of IFN-gamma expression in epicutaneously sensitized skin of TLR2-/- mice
	Defective systemic TH1 response to epicutaneous sensitization with OVA in TLR2-deficient mice
	Impaired contact hypersensitivity to OX in 	TLR2-/- mice
	Impaired IgG2a response to OX in TLR2-/- mice
	Impaired ability of TLR2-/- DCs to polarize the response of naive T cells to TH1

	Discussion
	References


