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Thymic stromal lymphopoietin (TSLP) is a cytokine expressed by
epithelial cells, including keratinocytes, and is important in allergic
inflammation. Allergic skin inflammation elicited by epicutaneous
immunization of mice with ovalbumin (OVA), a potential model of
atopic dermatitis, was severely impaired in TSLPR�/� mice, as evi-
denced by decreased infiltration of eosinophils and decreased local
expression of T helper 2 (Th2) cytokines. However, secretion of Th2
cytokines by splenocytes from epicutaneous sensitized TSLPR�/� mice
in response to OVA was normal. Skin dendritic cells from TSLPR�/�

mice were normal in their ability to migrate to draining lymph nodes,
express activation markers, and induce proliferation and Th2 cytokine
production by naı̈ve T cells. CD4� T cells from TSLPR�/� mice ex-
pressed the skin homing receptor E-selectin ligand normally, and
homed to the skin normally, but failed to transfer allergic skin
inflammation to WT recipients. TSLP enhanced Th2 cytokine secretion
in vitro by targeting TSLPR on antigen specific T cells. Intradermal
injection of anti-TSLP blocked the development of allergic skin in-
flammation after cutaneous antigen challenge of OVA immunized WT
mice. These findings suggest that TSLP is essential for antigen driven
Th2 cytokine secretion by skin infiltrating effector T cells and could be
a therapeutic target in allergic skin inflammation.

A topic dermatitis (AD) is an inflammatory skin disorder char-
acterized by allergen-driven T helper 2 (Th2) cell polarization,

skin infiltration with CD4� T cells and eosinophils, and local
expression of the Th2 cytokines IL-4 and IL-13, whereas chronic
AD lesions have a mixed Th1 and Th2 pattern (1). Recent evidence
has suggested an important role of skin epithelium, composed
mainly of keratinocytes, in the pathogenesis of AD (2). In response
to danger signals (e.g., physical injury, microbial products, or
allergens), keratinocytes secrete a variety of proinflammatory media-
tors, which regulate innate and adaptive immune reactions (3).

Thymic stromal lymphopoietin (TSLP) is a cytokine expressed by
keratinocytes and other epithelial cells (4). TSLP exerts its biolog-
ical activities by binding to a heterodimeric receptor consisting of
the IL-7 receptor �-chain (IL-7R�) and the TSLP receptor chain
(TSLPR), which is closely related to the common receptor-�-like
chain (5, 6). TSLPR is expressed on a variety of cell types, including
T cells, B cells, dendritic cells (DCs), and monocytes (5, 6).

Studies in humans have suggested that TSLP polarizes DCs to
induce the differentiation of naı̈ve T cells into Th2 cells; this is
mediated in part by induction of OX40L expression on DCs (7, 8).
It was initially reported that TSLP had no effect on mouse DCs (4),
but it was later reported that it causes a moderate increase in the
expression level of costimulatory molecules on mouse DCs and
reduced IFN-� production by CD4� T cells (9). TSLP promotes the
proliferation of human and mouse T cells to T cell receptor ligation,
and directly drives mouse Th2 cell differentiation in the absence of
DCs in vitro (10, 11). TSLP also up-regulates Th2 cytokine pro-
duction by mast cells (12).

TSLP expression by epithelial cells is up-regulated by proinflam-
matory and Th2 cytokines (13, 14). TSLP is highly expressed by
keratinocytes in AD skin lesions (4), and in bronchial epithelial cells
in asthma (4, 14). Overexpression of murine TSLP in keratinocytes
or lung epithelial cells causes spontaneous dermatitis and airway
inflammation, respectively (15, 16). Skin-specific expression of

TSLP also caused skin inflammation in T cell-deficient RAG2�/�

mice, with infiltration by mast cells and eosinophils, suggesting that
it can act in a T cell-independent way directly on these myeloid cells,
which express TSLPR (15). TSLPR�/� mice exhibit a severely
attenuated lung inflammation with less infiltration of inflammatory
cells in response to inhaled antigen (9, 16). These results suggest
that the TSLP–TSLPR pathway is intimately involved in the de-
velopment of allergic inflammation. However, the mechanisms by
which TSLP contributes to allergic diseases are not well understood.

In the current study, we have investigated the role of the
TSLP–TSLPR pathway in a mouse model of allergic skin inflam-
mation elicited by repeated epicutaneous (EC) sensitization with
ovalbumin (OVA) to tape-stripped skin (17). In this model, tape
stripping may mimic the mechanical injury inflicted by scratching,
a hallmark of AD. Our results indicate that TSLPR plays no
detectable role in the elicitation of a Th2 response to EC sensiti-
zation. In contrast, TSLP plays an important role in the effector
phase of Th2-dominated allergic skin inflammation by enhancing
local Th2 cytokine production by skin-infiltrating antigen-specific
CD4� T cells.

Results
Allergic Skin Inflammation Is Impaired in TSLPR�/� Mice. As reported
(17), EC sensitization of BALB/c mice with OVA resulted in
epidermal thickening and dermal infiltration with CD4� cells and
eosinophils and significant up-regulation of mRNA expression of
the Th2 cytokines IL-4 and IL-13, but not of IFN-� mRNA. Dermal
infiltration with eosinophils was significantly less in OVA-sensitized
skin of TSLPR�/� mice (Fig. 1 A and B). In contrast, there was no
significant difference in CD4� T cells infiltration (Fig. 1B). There
was significantly decreased expression of IL-4 and IL-13 mRNA in
OVA-sensitized skin of TSLPR�/� mice (Fig. 1C), with no increase
in IFN-� mRNA expression (data not shown). These observations
were confirmed in two additional experiments that used four to
seven mice per group (data not shown). Cells recruited to inflamed
tissues later mobilize to draining lymph nodes (DLNs) (18). Anti-
gen-stimulated cells from skin DLNs of TSLPR�/� mice secreted
significantly less IL-4 and IL-13 than those from WT controls, but
normal amounts of IFN-� (Fig. 1D). Intracellular staining revealed
weak expression of IL-4 by CD4� cells in DLNs of WT mice and
TSLPR�/� mice. IFN-� expression was comparable between the
two groups [supporting information (SI) Fig. S1].

Splenocytes from EC-Sensitized Mice Proliferate and Secrete Cyto-
kines Normally in Response to OVA Stimulation. We tested whether
impaired allergic skin inflammation in TSLPR�/� mice was a result
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of impaired ability to mount a systemic Th2 response to EC
sensitization. Splenocytes from EC-sensitized TSLPR�/� mice pro-
liferated normally in response to OVA stimulation (Fig. 2A), and
secreted comparable amounts of IL-4, IL-13, and IFN-� as spleno-
cytes from WT controls (Fig. 2B). This observation was confirmed
in two additional experiments that used four to seven mice per
group (data not shown). However, TSLPR�/� mice exhibited a
significantly lower IgG1 and IgE, but not IgG2a, antibody response
to OVA than WT controls (Fig. 2C).

Skin DCs Migrate Normally to Lymph Nodes of TSLPR�/� Mice and
Induce Normal Expression of Cytokines in Naı̈ve T Cells. Skin DCs
capture antigen and up-regulate a number of surface antigens and
traffic to DLNs, where they prime naı̈ve T cells to become effector
cells that can home to the skin (19, 20). TSLP expression in AD is
associated with Langerhans cell migration and activation in situ, and
TSLP has been shown to promote the ability of DCs to polarize
naı̈ve T cells into Th2 cells partly by up-regulating OX40L on these
cells (7, 8, 21). To examine the migration and function of skin-
derived DCs in TSLPR�/� mice, we applied FITC to the skin and
isolated CD11c�FITC� from DLNs 24 h later. The percentage and
number of CD11c�FITC� DCs in DLNs were comparable in
TSLPR�/� mice and WT controls (Fig. 3 A and B). The mean

fluorescence intensities of FITC on these cells were also compa-
rable (913 � 181 for TSLPR�/� mice vs. 842 � 100 for WT controls,
n � 3). Furthermore, up-regulation of surface expression of MHC
class II, CD40, CD86, CD80, and OX40L on CD11c�FITC� DCs
was comparable in TSLPR�/� mice and WT controls (Fig. 3C). We
also examined the migration and expression of surface markers of
CD11c�FITC� DCs under conditions in which the cells are ex-
posed to exogenous TSLP injected intradermally 1 hour before
FITC painting. Intradermal injection of exogenous TSLP had no
effect on the migration of skin DCs or on the expression of
activation markers by skin DCs in DLNs (Fig. S2), in agreement
with the recent results by Sokol et al. (22). More importantly,
CD11c�FITC� cells from DLNs of TSLPR�/� mice and WT
controls were comparable in their capacity to induce proliferation
and cytokine secretion by naı̈ve DO11.10 CD4� T cells after
stimulation with OVA323–339 peptide (Fig. 3D). These results sug-
gest that lack of TSLPR does not alter the capacity of mouse skin
DCs that have captured antigen to migrate to DLNs and cause naı̈ve
T cells to proliferate and secrete cytokines.

TSLPR�/� T Cells Express Skin Homing Receptors Normally. Impaired
allergic skin inflammation in the face of normal proliferation and
Th2 cytokine secretion by splenocytes of EC-sensitized TSLPR�/�

mice may have been caused by defective expression of skin homing
receptors by T cells from these mice. E-selectin ligand (E-lig)
induced on naı̈ve T cells by DCs from peripheral lymph nodes
(PLNs), but not mesenteric lymph nodes, is expressed on
CD4�CD44� memory T cells and plays an important role in T cell
homing to the skin by allowing the T cells to roll on endothelial cells
that line high endothelial venules that express E-selectin (23, 24).
The fraction of E-lig� memory T cells in PLN of mice increases with
age because of cumulative exposure to environmental antigens via
scratched skin. We compared the percentage of CD4�CD44�E-
lig� cells in PLNs of young (age, 8 weeks) and older (age, 6 months)
TSLPR�/� mice and WT controls. The age-dependent increase in
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Fig. 1. Decreased allergic skin inflammation in EC-sensitized TSLPR�/� mice.
(A) H&E staining of sections from saline- and OVA-sensitized skin at �200
magnification. Further magnification of the red bordered box shows the pres-
enceofmultipleeosinophils (arrows). (B) Skin infiltrationofeosinophilsandCD4�

T cells. (C) Quantitative PCR analysis of mRNA levels of IL-4 and IL-13 in sensitized
skin expressed as fold induction compared with saline-sensitized skin sites. (D)
IL-4, IL-13, and IFN-� secretion by cells from skin DLNs after stimulation for 4 days
withOVA.Columnsanderrorbarsrepresentthemean�SEM(n�5–7pergroup).

*, P � 0.05, **, P � 0.01, ***, P � 0.0001. N.D., not detectable.
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the percentages of CD4�CD44� and CD4�CD44�E-lig� cells was
comparable in PLNs of TSLPR�/� mice and WT controls (Fig. S3).
These results suggest that lack of TSLP does not interfere with
expression of the skin homing receptor E-lig on CD4� T cells.

To directly verify that CD4� TSLPR�/� T cells migrate normally
to the skin, naı̈ve DO11.10 CD4� cells from TSLPR�/� mice or WT
controls were administered i.v. to WT recipients, who were then
challenged with OVA plus cholera toxin (CT) or CT alone on ear
skin. Six days later, cells were isolated from DLNs and ear skin and
analyzed for expression of the transgenic T cell receptor � chain by
using mAb KJ1–26. The percentage and numbers of CD4�KJ1–26�

cells increased comparably in DLNs of WT recipients that received
DO11.10 CD4� cells from WT and TSLPR�/� background (Fig.
4A). Furthermore, the percentage of CD4�KJ1–26� cells that
expressed E-lig and the total number of CD4�KJ1–26�E-lig� cells
in DLNs of OVA-challenged ears were comparable in recipients of
transgenic T cells from WT and TSLPR�/� donors (Fig. 4B). This
finding is consistent with normal expansion of antigen-specific
TSLPR�/� CD4� T cells and normal expression of E-lig on these
cells in response to cutaneous sensitization. The numbers of
CD4�KJ1–26�E-lig� cells in DLNs of control challenged ears were
very few and not significantly different between recipients of WT
and TSLPR�/� transgenic T cells (data not shown). Fig. 4C shows
that OVA challenge resulted in a comparable increase in the
percentage and number of KJ1–26� CD4�cells in the ear of WT
recipients that received DO11.10 CD4� cells from WT and
TSLPR�/� background. This result suggests that T cells from
TSLPR�/� mice home normally to the skin after EC sensitization

CD4� Splenocytes from TSLPR�/� Mice Fail to Transfer Allergic Skin
Inflammation. Having demonstrated that OVA-specific CD4� T
cells from TSLPR�/� mice home normally to the skin in response
to antigen challenge, we tested the hypothesis that these T cells may
be impaired in their ability to secrete Th2 cytokines locally in the
skin. Splenocytes from EC-sensitized mice were cultured with OVA
for 5 days, then CD4� cells were purified and adoptively transferred
by i.v. injection into naı̈ve recipients. Transferred T cells from
OVA-sensitized WT and TSLPR�/� donors contained a compa-
rable percentage of E-lig� cells (2.72 � 0.77% vs. 2.39 � 0.55%, n �
4). Recipients were challenged the same day with OVA application
to shaved and tape stripped dorsal skin. T cells from OVA-
sensitized, but not saline-sensitized, WT mice transferred allergic

skin inflammation to both WT and TSLPR�/� recipients. This was
evidenced by comparable accumulation of CD4� cells (Fig. 5A) and
comparably increased expression of mRNA for IL-4 and IL-13 in
OVA-challenged skin (Fig. 5B) of WT and TSLPR�/� recipients,
but with no detectable increase in eosinophils and no change in
IFN-� mRNA expression (data not shown). This result demon-
strates that the skin of TSLPR�/� mice supported local Th2
cytokine production by T cells in response to antigen challenge.
Transfer of T cells from OVA-sensitized TSLPR�/� mice resulted
in normal accumulation of CD4� cells, but severely impaired
expression of IL-4 and IL-13 mRNA in OVA-challenged skin of
both WT and TSLPR�/� recipients (Fig. 5 A and B), with no
increase in IFN-� expression (data not shown). These results
suggest that TSLPR signaling in T cells is important for their
production of Th2 cytokines in the skin.

TSLP Amplifies Th2 Cytokine Secretion by Engaging TSLPR on T Cells.
We examined whether TSLPR signaling enhances the activation of
OVA-specific T cells in vitro and whether it is important for their
activation in OVA-challenged skin sites in vivo. Addition of TSLP
significantly potentiated the ability of OVA-stimulated splenocytes
from EC-sensitized WT mice to secrete the Th2 cytokines IL-4 and
IL-13 (Fig. 6A). The effect of TSLP was specific, because addition
of TSLP did not enhance IL-4 and IL-13 secretion by splenocytes
of EC-sensitized TSLPR�/� mice. TSLP had no significant effect on
the ability of splenocytes to proliferate or secrete IFN-�.

We next investigated whether the enhancing effect of TSLP on
Th2 cytokine secretion targeted the DCs or the T cells. To this
purpose, we examined the effect of TSLP on WT DO11.10 CD4�

T cells that were stimulated with OVA323–339 peptide in the
presence of splenic DCs from WT or TSLPR�/� mice. TSLP
enhanced IL-4 and IL-13 secretion by the T cells to a comparable
extent in the presence of WT and TSLPR�/� DCs (Fig. 6B). Similar
results were obtained with DCs isolated from PLN (data not
shown). There was no significant effect of TSLP on proliferation or
IFN-� secretion by the transgenic CD4� T cells.

To investigate the role of TSLP in Th2 cytokine secretion by skin
infiltrating cells in vivo, we examined the effect of local TSLP
blockade on the development of allergic skin inflammation at sites
of EC antigen challenge in WT mice. We previously found that EC
challenge of mice immunized (i.p.) with OVA/alum and of EC-
sensitized mice yielded similar results (R.H., unpublished data).

Fig. 3. Skin DCs migrate, express activation markers, and present antigen normally in TSLPR�/� mice. Representative FACS analysis of percentage (A) and numbers
(B) of CD11c�FITC� cells in DLNs from WT and TSLPR�/� mice 24 h after FITC application to shaved skin. (C) Representative FACS analysis of expression of MHC class II,
CD40, CD86, CD80, and OX40L on CD11c�FITC� DCs of WT and TSLPR�/� mice. (D) Proliferation and secretion of IL-4, IL-13, and IFN-� by DO11.10 CD4� T cells stimulated
with OVA323–339 peptide in the presence of skin-derived DCs from WT or TSLPR�/� mice. Data are representative of three experiments.
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Because i.p. immunization involves a shorter time frame and less
labor, mice were immunized i.p. with saline or OVA, then chal-
lenged with OVA application to tape stripped skin. OVA-sensitized
mice received anti-TSLP mAb or control IgG2a mAb by intrader-
mal injection at the challenge site immediately before each OVA
application. EC challenge of OVA immunized mice treated with
control IgG2a resulted in significant accumulation of eosinophils
and CD4� T cells and in significant increase in IL-4 and IL-13
mRNA expression compared with EC challenge of saline-
immunized mice (Fig. 6C), with no change in IFN-� mRNA
expression (data not shown). Anti-TSLP treatment caused a sig-
nificant reduction of allergic inflammation in OVA-immunized and
challenged mice, as evidenced by significant decrease in infiltration
by eosinophils and in Th2 cytokine expression. TSLP blockade had
little effect on the accumulation of CD4� cells. Taken together,
these data suggest that TSLP plays an important role in antigen-
driven activation of Th2 cells in the skin.

Discussion
We have identified a role for TSLP in allergic skin inflammation,
namely driving Th2 cytokine production by skin-infiltrating T cells.

Allergic skin inflammation was markedly reduced in TSLPR�/�

mice as evidenced by decreased dermal infiltration with eosinophils
and decreased expression of the Th2 cytokines IL-4 and IL-13 in
OVA-sensitized skin sites and in DLNs, which are enriched in T
cells that have migrated through the skin (Fig. 1 A–C). It is unlikely
that eosinophils and mast cells are responsible for the decreased
Th2 cytokine expression because cytokine expression in EC-
sensitized skin is normal in CCR3�/� mice that fail to mobilize
eosinophils into tissues and in mast cell-deficient mice (25, 26). It
is also unlikely that basophils play a major role in the cytokine
secretion by DLNs, because all intracellular IL-4� cells in DLNs of
WT mice were CD4� (data not shown). In marked contrast to the
decreased eosinophil infiltration and Th2 cytokine expression,
dermal infiltration with CD4� T cells was not significantly affected
in EC-sensitized skin of TSLPR�/� mice (Fig. 1B). In three

independent experiments, splenocytes from EC-sensitized
TSLPR�/� mice proliferated normally and secreted normal
amounts of Th2 cytokines and IFN-� in response to in vitro
stimulation with OVA (Fig. 2 A and B). These findings indicate that
in our in vivo model of EC sensitization, TSLP is not important for
the elicitation of a systemic Th2 immune response to EC sensiti-
zation. This, together with the normal numbers of skin-infiltrating
CD4� T cells but decreased Th2 cytokine expression at sites of EC
sensitization, suggest that TSLP may not be important for the
recruitment and accumulation of T cells at antigen-sensitized sites,
but may be essential for their local activation to express Th2
cytokines. It was previously reported that IL-4, but not IFN-�,
secretion by naı̈ve TSLPR�/� T cells in vitro was reduced by
approximately half (9). It is possible that repeated EC sensitization
may have overcome the partial defect in Th2 cytokine secretion
observed in vitro. The partially reduced IgG1 and IgE, but not
IgG2a, antibody responses of TSLPR�/� mice to EC sensitization
with OVA may be a result of the decreased Th2 cytokine expression
in their skin and DLNs.

Impaired allergic skin inflammation in EC-sensitized TSLPR�/�

mice was not a result of defective function of their skin DCs. DLNs
of FITC painted skin of TSLPR�/� and WT mice contained
comparable percentages and numbers of CD11c�FITC� DCs (Fig.
3A), and these DCs had comparable mean fluorescence intensities.
TSLP expression in the skin is up-regulated by the acetone/dibutyl
phthalate used to dissolve the FITC (S.Z., unpublished observa-
tions). Thus, our results suggest that skin DCs that capture antigen
migrate to regional lymph nodes independently of TSLP. Further-
more, CD11c�FITC� DCs in DLNs of TSLPR�/� mice up-
regulated normally all five activation antigens examined (Fig. 3B).
These included MHC class II, CD40, CD80, CD86, and OX40L,
which has been implicated in TSLP skewing of human DCs to
support Th2 cell development (7). More importantly,
CD11c�FITC� DCs from DLNs of TSLPR�/� mice supported
normally the production of Th2 cytokines by DO11.10 CD4� cells
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Fig. 5. CD4� T cells from TSLPR�/� mice fail to transfer allergic skin inflamma-
tion. Number of infiltrating CD4� cells (A) and expression of mRNA for IL-4 and
IL-13 (B) in OVA-challenged skin of WT or TSLPR�/� recipient mice that received
CD4� T cells from EC-sensitized WT or TSLPR�/� donor mice. Columns and error
bars represent the mean � SEM of two experiments (n � 3–5 recipients per
group). *, P � 0.05; **, P � 0.01.
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stimulated with OVA peptide (Fig. 3C), consistent with the ability
of TSLPR�/� mice to mount a normal systemic Th2 response to EC
sensitization with OVA. Thus, TSLP–TSLPR interactions are not
essential for the polarization of skin DCs to induce a Th2 response
in vivo in our EC sensitization model. The normal ability of
skin-derived DCs from TSLPR�/� mice to induce a Th2 response
is in apparent contradiction with the ability of exogenous TSLP to
promote the induction of aTh2 response by human DCs in vitro (7).
This may reflect species differences, because the effect of TSLP on
DC polarization in vitro is observed with human but not mouse DCs
(4). It is also possible that, in our in vivo model, cytokines and other
molecules released in response to mechanical skin injury inflicted
by tape stripping are able to skew DCs to promote Th2 cell
differentiation in the absence of a TSLPR signal.

A defect in skin homing of T cells was ruled out as the underlying
cause for impaired allergic skin inflammation in EC-sensitized
TSLPR�/� mice. This was based on several lines of evidence. First,
the age-dependent increase in the percentage of CD4�CD44�

memory cells that express E-lig� cells in PLN was comparable in
TSLPR�/� mice and WT controls. Second, DO11.10 CD4� T cells
from TSLPR�/� and WT mice adoptively transferred to WT
recipients that were then challenged with OVA on ear skin were
comparable in their ability to expand in the DLNs and express E-lig

(Fig. 4 A and B). Third, in the same experimental setting, compa-
rable numbers of DO11.10 CD4� cells from TSLPR�/� and WT
donors accumulated in the antigen-challenged ears of the recipients
(Fig. 4C). Normal homing of TSLPR�/� T cells to skin is consistent
with the finding that the accumulation of skin-infiltrating CD4�

cells in OVA-sensitized sites was not significantly reduced in
EC-sensitized skin of TSLPR�/� mice, although they failed to
express Th2 cytokines and accumulate eosinophils in these sites
(Fig. 1 B and C).

Despite normal capacity to home to skin, CD4� T cells from
splenocytes of EC-sensitized TSLPR�/� mice failed to transfer
allergic skin inflammation to WT recipients. Consistent with our
finding in EC-sensitized TSLPR�/� mice (Fig. 1B), there was
normal accumulation of CD4� cells in EC-challenged skin of WT
recipients of TSLPR�/� cells (Fig. 5A). However, there was failure
to up-regulate IL-4 and IL-13 mRNA expression at these sites (Fig.
5B). It was recently shown that intense proliferation of antigen-
specific CD4� T cells occurs locally in antigen-challenged skin sites
and accounts for most of the accumulation of CD4� T cells at these
sites (27). In view of this observation, our findings suggest that
TSLPR�/� T cells that home normally to skin are able to proliferate
in response to antigen challenge, but are unable to secrete Th2
cytokines locally. Thus, receipt of a TSLPR signal by skin-
infiltrating T cells is essential for their ability to secrete Th2
cytokines locally.

An important role of TSLPR signaling in T cells for Th2 cytokine
production was established by the observation that TSLP selectively
enhanced Th2 cytokine secretion in vitro by splenocytes from
EC-sensitized WT mice and CD4� cells from DO11.10 transgenic
WT mice, with no significant effect on IFN-� secretion or prolif-
eration (Fig. 6 A and B). The Th2 enhancing effect of TSLP was
exerted by targeting TSLPR on the T cells, because TSLP enhanced
Th2 cytokine secretion by DO11.10 CD4� cells to the same extent
regardless of whether the DCs that were used to present OVA
peptide were derived from WT or TSLPR�/� mice (Fig. 6B). TSLP
enhancement of Th2 cytokine secretion by antigen-stimulated
mouse CD4� cells via a direct effect on T cells is consistent with our
previous observations that TSLP enhances IL-4 secretion by mouse
CD4� T cells in response to T cell receptor ligation in the absence
of APCs (11). We finally demonstrated that TSLP–TSLPR inter-
actions are important for antigen-driven activation of Th2 cells in
normal skin. Intradermal injection of anti-TSLP blocked the de-
velopment of allergic skin inflammation after EC antigen chal-
lenge, as evidenced by significantly decreased infiltration by eosin-
ophils and significantly decreased expression of IL-4 and IL-13
mRNA, with little effect on the accumulation of CD4� cells (Fig.
6B). These observations suggest that TSLP–TSLPR interactions are
important for activating local Th2 cytokine expression by skin-
infiltrating T cells, in part by directly targeting T cells. We cannot
rule out indirect effects on the T cells, e.g., via up-regulation the
expression of OX40L on skin DCs that present antigen to infiltrat-
ing T cells at the site of challenge. In this regard, in vivo blockade
of OX40 ligand inhibits TSLP driven atopic inflammation in lung
and skin, including Th2 inflammatory cell infiltration and cytokine
secretion (28).

We used an oxazolone-induced contact hypersensitivity
(CHS) model to examine the effect of lack of TSLPR in another
model of skin inflammation that involves local expression of both
Th2 and Th1 cytokines. TSLPR�/� mice developed significantly
less ear swelling 24 h after hapten challenge than WT mice (Fig.
S4A), but had comparable ear swelling at 48 and 72 h. At all three
time points, the total number of cells and the percentage of
CD4� and CD8� cells recovered from the ears were comparable
in WT and TSLPR�/� mice, but the percentages of neutrophils
at 24 and 48 h and of macrophages at 24 h were significantly
lower in TSLPR�/� mice than WT controls (Fig. S4B).
TSLPR�/� mice up-regulated significantly less IL-4 and IL-13
mRNA expression at all three time points after hapten challenge

A

B

OVA

OVA+TSLPIL-4

250

p
g
/m
l

C

IL-13

0
WT

0

5

10

15

20

TSLPR-/- WT TSLPR-/- WT TSLPR-/- WT TSLPR-/-

500

1000

1500
***

0

250

500

750

1000

IL-4

p
g
/m
l

WT TSLPR-/-

** **

0

3

6

9

12

IL-13

n
g
/m
l

WT TSLPR-/-

***
***

0

5

10

15

20

25

30

35

WT TSLPR-/-

n
g
/m
l

0

30

60

90

WT TSLPR-/-

OVA OVA+ctrl OVA+ -TSLP
0.0

0.5

1.0

1.5

2.0

OVASAL
EC challenge
i.p. immunization

Fo
ld
in
d
u
c
ti
o
n

Fo
ld
in
d
u
c
ti
o
n

IL-13IL-4
***** **

0

1

2

3

4

OVA OVA+ctrl OVA+ -TSLP

OVASAL

0

3

6

9

12

15

18

OVA OVA+ctrl OVA+ -TSLP

OVASAL

CD4+ cells

C
e
lls
/4
0
0
x
H
P
F

**

0

1

2

3

C
e
lls
/4
0
0
x
H
P
F

OVA OVA+ctrl OVA+ -TSLP

OVASAL
EC challenge
i.p. immunization

*
Eosinophils

*

p
g
/m
l

p
g
/m
l

0

100

150

200

*

50

DC sources

IFN-

IFN-

3 H
-T
d
c
p
m
(x
1
0
3 )

3 H
-T
d
c
p
m
(x
1
0
3 )

0

100

200

300

400

500

600

700

OVA

OVA+TSLP

D

Fig. 6. TSLP amplifies Th2 cytokine secretion by engaging TSLPR on T cells. (A)
Secretion of IL-4, IL-13, and IFN-� and proliferation by splenocytes from EC-
sensitized mice with OVA after in vitro OVA stimulation with or without TSLP. (B)
Secretion of IL-4, IL-13, and IFN-� and proliferation by DO11.10 CD4� T cells
stimulated with OVA323–339 peptide with or without TSLP in the presence of DCs
from the spleens of WT or TSLPR�/� mice. Number of infiltrating eosinophils and
CD4� cells (C) and expression of mRNA for IL-4 and IL-13 (D) in OVA-challenged
skin of i.p. immunized mice treated with neutralizing antibodies to TSLP or
isotype control. Columns and error bars represent the mean � SEM of 5 mice per
group in A, C, and D, and mean � SEM of four experiments in B. *, P � 0.05; **,
P � 0.01; ***, P � 0.0001.

He et al. PNAS � August 19, 2008 � vol. 105 � no. 33 � 11879

IM
M

U
N

O
LO

G
Y

http://www.pnas.org/cgi/data/0801532105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0801532105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0801532105/DCSupplemental/Supplemental_PDF#nameddest=SF4


compared with WT controls (Fig. S4C). There was less up-
regulation of IFN-� mRNA expression in TSLPR�/� mice, but
the decrease was significant only at 72 h. These results confirm
that lack of TSLPR impairs the expression of Th2 cytokines in
a CHS model. Because CHS involves not only T cells, but also
natural killer cells (29) and neutrophils, which can produce
IFN-� (30), as well as macrophages, which regulate IFN-�
production by T cells via IL-12 (31), decreased IFN-� mRNA
expression could be secondary to the decreased accumulation of
macrophages and neutrophils. This is supported by our finding,
in a CHS model using 2,4-dinitrofluorobenzene that elicits a Th1
restricted response, that ear swelling and IFN-� expression in
skin DLNs are actually higher in TSLPR�/� mice (S.Z., unpub-
lished observations).

Our results establish a role for TSLP in the effector phase of
allergic skin inflammation by demonstrating that TSLP, acting on
T cells, is essential for local antigen-driven Th2 cytokine secretion
by skin-infiltrating T cells. Our finding that local blockade of TSLP
inhibits the development of allergic skin inflammation after skin
challenge of immunized mice has important clinical implications,
because it suggests that this therapeutic approach may be useful in
patients with AD who are already sensitized to allergens.

Methods
Mice and Sensitization. BALB/c mice (Charles River) and TSLPR�/� mice on BALB/c
background were bred in our facility. DO11.10 /TSLPR�/� mice were generated by
crossing TSLPR�/� mice with DO11.10 mice (Jackson Laboratory). EC sensitization
of 8- to 10-week-old female mice was performed as described previously (17).
For i.p. immunization, 50 �g of OVA or saline with alum were administered i.p.
on days 0 and 7. Mice were challenged with OVA application to tape stripped skin
ondays14and17,and20 �gofanti-TSLPorcontrol IgG2amAbwas intradermally
injected 30 min before EC challenge.

Adoptive Transfer and T Cell Homing. Splenocytes from EC sensitized WT or
TSLPR�/� mice were cultured with OVA for 5 days, then CD4� T cells were purified
and injected i.v. into naı̈ve recipients (3 � 106 CD4� T cells per mouse), which were

challenged the same day and 3 days later with 100 �g of OVA application to
shaved and tape stripped dorsal skin, and then killed on day 7.

To examine homing, 4 � 106 naı̈ve transgenic CD62L�CD4� cells prepared
from spleens of DO11.10 donors were adoptively transferred to WT recipients.
One day later, OVA was applied to ear skin was as described (18), and 6 days later,
cells were isolated from DLNs and ears as described (18).

Cell Preparation and Culture. Single-cell suspensions from spleen and DLNs were
cultured at 3 � 106/ml with the stimulation OVA (100 �g/ml) for 4 days. Skin- and
spleen-derived CD11c� DCs from WT or TSLPR�/� mice were prepared as de-
scribed (32) and were cocultured in triplicate at a 1:10 ratio with WT DO11.10
CD4� T cells stimulated with OVA323–339 peptide (4 �M) with or without TSLP (50
ng/ml) for 4 days. Wells were pulsed with 1 �Ci [3H] thymidine for proliferation
measurement and cells were harvested for staining for E-lig. Supernatants were
collected for cytokine measurements.

Quantitative PCR Analysis of Cytokines. Total RNA was extracted from homog-
enized dorsal or ear skin tissue, and quantitative real-time PCR was performed,
and fold induction of target gene expression was determined as described (32).

Ig Ab Determinations. SerumlevelsofOVA-specific IgE, IgG1,and IgG2aAbswere
measured by ELISAs as described (17).

FITC-Induced in Vivo Migration and Maturation of Skin-Derived DCs. FITC
treatment was performed as described (33). Total cells in DLNs were enumerated
andanalyzedforFITCfluorescenceandexpressionof surfacemarkersusingmAbs
to CD11c, MHC class II, CD40, CD80, CD86, OX40L, KJ1–26, CD4, and CD44
(eBioscience). E-lig staining was performed as described (33).

Skin Histopathology and Immunohistochemistry. Eosinophils in H&E-stained
sections and CD4� T cells in immunoperoxidase-stained sections were counted
blinded in 10 high-power fields at a magnification of �400 (17).

Statistics. Statistical significance was determined by using Student’s t test for un-
paired data. A P value of �0.05 was considered to indicate statistical significance.
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