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Introduction
IL-10 is secreted by a wide variety of cell types, including
Th cells, monocytes, macrophages, mast cells,
eosinophils, and keratinocytes (1). IL-10 has been
reported to be a global suppressor of immune respons-
es as well as an immunoregulator of the Th cell response
(2). In vitro studies have shown that IL-10 can inhibit
the production of proinflammatory cytokines by APCs
(IL-1, TNF-α, IL-6, IL-12, GM-CSF) (3–6). IL-10 also
inhibits T cell proliferation to antigen and superantigen
(7). IL-10 production occurs late after T cell activation
in comparison with other cytokines. This is thought to
represent an autocrine regulation of T cell responses (8).
The immunoregulatory role of IL-10 appears to be com-
plex. Several studies using protozoan infection models
have shown that IL-10 plays an important role in bal-
ancing the protective and pathological immune
responses during intracellular parasitic infection. Treat-
ment of mice with anti–IL-10 leads to rapid control of
Listeria within few days of infection (9). IL-10–/– mice are
resistant to infection by several organisms that include

Listeria monocytogenes, Toxoplasma gondii, Leishmania ama-
zonensis, Leishmania major, Candida albicans, Trypanosoma
cruzi, and Chlamydia trachomatis (10–18).

Like T cells, APCs can be polarized. In vitro experiments
with monocyte-derived DCs have shown that the pres-
ence of IL-12 or IFN-γ during activation of DCs primes
them for high IL-12 production and Th1-driving capaci-
ty (DC1). In contrast, prostaglandin E2 and IL-4 prime
DCs for low IL-12 production ability and Th2-driving
capacity (DC2) (19). Different microbial compounds
polarize the maturation of human DCs differently.
Extracts from the helminth Schistosoma mansoni induce
the development of DC2 cells. In contrast, toxin from the
intracellular bacterium Bordetella pertussis induces the
development of DC1 cells (20). Liver DCs produce IL-10
in the presence of allogeneic cells, and stimulation via
CD40 results in secretion of high levels of IL-10 from
DCs derived from Peyer patches but not from spleen (21,
22). IL-10–producing DCs have been shown to promote
the development of Th2 cells in vitro (21, 23).

Allergic diseases are characterized by a Th2 response
to antigens. The role of IL-10 in regulating Th2
responses and in allergic diseases is not well under-
stood. Exogenous administration of IL-10 to Balb/C
mice sensitized intraperitoneally with OVA, then chal-
lenged by antigen inhalation, results in reduced airway
eosinophilia (24). The effect of disruption of the IL-10
gene in the same system of OVA immunization and
challenge is subject to controversy. Two reports showed
significantly reduced eosinophilic infiltration and
mucus production in lungs of IL-10–/– mice, with
decreased levels of IL-5 and higher levels of IFN-γ, but
normal levels of IL-4, in the bronchoalveolar lavage
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fluid (25, 26). Another report showed increased
eosinophilic airway inflammation in IL-10–/– mice, with
decreased IL-5 but normal IL-4, IL-13, and IFN-γ levels
in bronchoalveolar lavage fluid (27). In the same study,
the airway response to OVA challenge was comparable
in IL-10–/– and WT mice, but in two other studies it was
found to be decreased in IL-10–/– mice (26, 28).

Atopic dermatitis (AD) is an inflammatory skin dis-
ease that frequently occurs in subjects with personal or
family history of atopic disease. Mechanical injury to
the skin by scratching is an important feature of AD
and has been shown to induce local expression of IL-10
mRNA in human skin (29). We have developed a mouse
model of allergic skin inflammation elicited by epicu-
taneous (EC) sensitization with OVA (30, 31). This
model displays many of the features of human AD,
including elevated total and specific IgE, a dermatitis
characterized by infiltration of CD3+ T cells and
eosinophils in the dermis, and by increased local expres-
sion of mRNA for Th2 cytokines. We used this model to
assess the role of IL-10 in allergic skin inflammation.

Methods
Mice and sensitization. IL-10–/– mice and control WT mice
of the same C57BL/6 genetic background were obtained
from The Jackson Laboratory (Bar Harbor, Maine,
USA). IL-10–/– mice on Balb/C background were a gen-
erous gift from Donna Rennick (DNAX, Palo Alto, Cal-
ifornia, USA). OVA323–339–specific and I-Ad–restricted
DO11.10 T cell receptor–αβ (TCR-αβ) transgenic mice
on Balb/C background were obtained from The Jackson
Laboratory. Control Balb/C mice were from Taconics
(Germantown, New York, USA). All mice were kept in a
pathogen-free environment. All procedures performed
on the mice were in accordance with the Animal Care
and Use Committee of the Children’s Hospital.

EC sensitization of 4- to 6-week-old female mice was
performed as described previously (30). Briefly, the skin
of anesthetized mice was shaved and tape stripped six
times by transparent i.v. dressing (Tegaderm; Owens &
Minor Inc., Franklin, Massachusetts, USA). One hun-
dred micrograms of OVA (Grade V; Sigma-Aldrich, St.
Louis, Missouri, USA) in 100 µl of normal saline, or
placebo (100 µl of normal saline), was placed on a patch
of sterile gauze (1 × 1 cm), which was secured to the skin
with a transparent bio-occlusive dressing. Each mouse
had a total of three 1-week exposures to the patch sepa-
rated from each other by 2-week intervals. For intraperi-
toneal immunization, mice were injected at day 0 and 14
with 50 µg OVA in alum and killed on day 28.

Histological analysis. Specimens obtained from patched
areas on the skin 24 hours after the patch from the
third sensitization were fixed in 10% buffered formalin
and embedded in paraffin. Multiple 4-µm sections were
stained with H&E. Individual inflammatory cell types
were counted blinded in 15–20 high-power fields
(HPFs) at ×1,000.

Skin major basic protein by immunohistological analysis.
Skin sections were embedded in Tissue-Tek oxacal-

citriol (OCT) compound (Miles Laboratories Inc.,
Elkhart, Indiana, USA) on dry ice. Sections of 4 µm
were stained by an avidin-biotin method as described
previously (32). The rabbit anti–major basic protein
(anti-MBP) antibody was a kind gift from James Lee
(Mayo Clinic, Scottsdale, Arizona, USA) (33).

RNA preparation and PCR amplification of reverse-tran-
scribed cDNA (RT-PCR). Skin biopsies were obtained at the
end of the third sensitization and were immediately
frozen in dry ice. The samples were homogenized in Tri-
zol (GIBCO BRL, Life Technologies Grand Island, New
York, USA) using a Polytron RT-3000 (Kinematica AG,
Littau, Switzerland). RNA extraction was performed fol-
lowing the manufacturer’s instruction. cDNA was syn-
thesized from 10 µg of total RNA in a 40-µl reaction mix
using Superscript II (GIBCO BRL). The primers used to
amplify cDNA for β2m, IL-10, IL-4, IL-5, and IFN-γ, and
DNA amplification were as described previously (30). To
quantify mRNA, a fixed amount of reverse-transcribed
cellular mRNA was coamplified in the presence of serial
dilutions of a multispecific internal plasmid control,
pMUS3 (34), which contains nucleotide sequences of
multiple cytokines. Quantification of cytokine mRNA
was performed as previously described (31), and results
were expressed as a ratio of cytokine cDNA to β2m cDNA.

RNase protection assay. Multiprobe template mCK-5
(BD Pharmingen, San Jose, California, USA) contain-
ing DNA templates for the chemokines lymphotactin,
RANTES, eotaxin, macrophage inflammatory protein-1
(MIP-1), MIP-2, MIP-1β, IFN-inducible protein-10 
(IP-10), monocyte chemoattractant protein-1 (MCP-1),
and TCA-3, and for the housekeeping genes L32 (ribo-
somal RNA) and GAPDH, was used. The assay was per-
formed according to the manufacturer’s protocol. The
DNA templates were labeled with [32P]UTP (3,000
Ci/mmol, 10 µCi/µl; PerkinElmer Life Sciences,
Boston, Massachusetts, USA) and were hybridized
overnight with 20 µg of total RNA (from pooled sam-
ples of six mice in each group), followed by digestion
with RNase A and T1.

In vitro IL-4 and IFN-γ synthesis. Single-cell suspensions
of spleen cells were prepared in complete RPMI 1640
(JRH Biosciences Inc., Lenexa, Kansas, USA) supple-
mented by 10% FCS, 1 mM sodium pyruvate, 2 mM 
L-glutamine, 0.05 mM 2-ME, 100 U/ml penicillin, and
100 µg/ml streptomycin. Cells were cultured in the
above medium at 2 × 106/ml in 24-well plates in the
presence of OVA (50 µg/ml) or in plates coated with
anti-CD3ε mAb (1 µg/ml; Pharmingen). Supernatants
were collected after 96 hours of culture, centrifuged,
and frozen until use. IL-4 and IFN-γ in supernatants
were determined by ELISA following the manufactur-
er’s instructions (Pharmingen).

Preparation and in vitro priming of naive T cells from OVA-
specific TCR transgenic mice. T cells from spleens of OVA
transgenic mice were purified over mouse T cell en-
richment columns (R&D Systems Inc., Minneapolis, 
Minnesota, USA) and consisted of 90–95% CD3+ cells.
APCs consisted of irradiated (28 Gy) splenocytes and
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were pulsed for 1 hour at 37°C with 0.3 µM of
OVA323–339 peptide (Genosys, The Woodlands, Texas,
USA). T cells were cultured in 24-well plates (106 cells
per well) in the absence or presence of APCs (5 × 106 cells
per well) obtained from either WT Balb/C mice or 
IL-10–/– mice on the Balb/C background. Cells recovered
from 5-day cultures were washed twice, rested for anoth-
er 5 days, then restimulated with irradiated APCs pulsed
with OVA peptide. Supernatants were harvested after 24
hours and assayed for IL-4 and IFN-γ content.

DC generation and in vivo transfer experiments. DCs were
generated from spleens of IL-10–/– mice and genetical-
ly matched C57BL/6 controls. Eight to 12 spleens were
cut into small fragments. Fragments were then digest-
ed with collagenase D (1 mg/ml; Worthington Bio-
chemical Corp., Freehold, New Jersey, USA) for 25 min-
utes at room temperature and then treated with 0.1 M
EDTA (pH 7.2) for 5 minutes. Undigested fibrous
material was removed. Cells were recovered from the
digest and washed. Light-density cells were selected by
centrifugation in metrizamide medium (1.068 g/cm3

pH 7.2; Sigma Chemical Co.). DCs were then further
enriched by purification on MACS CD11c (N418)
MicroBeads (Miltenyi Biotec, Auburn, California,
USA), and purity was greater than 90% CD11c+ as
determined by FACS.

For in vivo transfer experiments, DCs were pulsed
with 50 µg/ml OVA for 18 hours and injected i.v. into
C57BL/6 mice (5 × 105 cells per mouse). After 10 days,
splenocytes from mice that received DCs (2 × 106/ml)
were cultured in complete RPMI 1640 (JRH Biosciences

Inc.) supplemented with 1 mM sodium pyruvate, 2 mM
L-glutamine, 0.05 mM 2-ME, 100 U/ml penicillin, 100
µg/ml streptomycin, and 3% normal mouse serum
(Cedarlane Laboratories Ltd., Hornby, Ontario, Cana-
da) and stimulated with OVA (50 µg/ml). Supernatants
were collected after 96 hours of culture and assayed for
IL-4 and IFN-γ. In a parallel set of experiments, the skin
of mice that received DCs was shaved, tape stripped,
and challenged with OVA (100 µg in 100 µl of normal
saline) or placebo (100 µl of normal saline), and placed
on a patch of sterile gauze. Three days later, the skin
was examined histologically and for expression of
cytokines as described above.

Statistical analysis. A nonparametric Mann-Whitney
U test was used to compare the different mouse
groups, since standard deviations varied widely
between groups. A P value smaller than 0.05 was con-
sidered statistically significant.

Results
Tape stripping induces rapid expression of IL-10 mRNA in
normal mouse skin. Tape stripping of shaved skin is
essential for EC sensitization, since antigen applica-
tion to depilated, but not tape-stripped, skin or to
skin of hairless mice, does not result in successful sen-
sitization (data not shown). We used a competitive
RT-PCR assay to examine the effect of tape stripping
on IL-10 mRNA expression in mouse skin. Low levels
of IL-10 mRNA were detectable in uninjured skin.
After shaved skin was tape stripped six times, IL-10
mRNA expression rapidly increased, with peak levels
attained within 2 hours after injury and returning to
normal 48 hours later (Figure 1).

Eosinophil infiltration is decreased in OVA-sensitized skin sites
of IL-10–/– mice. Dermal infiltration with eosinophils is
an important feature of our model of allergic skin
inflammation elicited by EC allergen application (30,
31). The rapid increase of IL-10 mRNA expression fol-
lowing tape stripping prompted us to examine the role
of IL-10 in allergic skin inflammation induced by EC
sensitization of tape-stripped skin. We compared the
dermal skin infiltrate in the skin of EC-sensitized 

Figure 1
IL-10 mRNA expression in skin of C57BL/6 mice following tape strip-
ping six times. (a) Results of a representative experiment. pMUS
plasmid and cDNA were coamplified by Taq polymerase generating
300-bp PCR fragments from the pMUS plasmid and 252-bp frag-
ments from IL-10 cDNA. In parallel, pMUS plasmid and cDNA sam-
ples were coamplified for β2m cDNA. The samples were run on 1.6%
agarose gel and stained with ethidium bromide. (b) Pooled results
of experiments using six mice. Cytokine transcripts were quantitated
by RT-PCR and expressed as fg per 10 pg of β2m mRNA. Columns
and error bars represent mean ± SEM.

Figure 2
Number of infiltrating eosinophils (a) and mononuclear cells (b) in
OVA- and saline-sensitized (SAL) skin sites of IL-10–/– mice and WT
controls. The columns and error bars represent mean ± SEM per
HPF of cells calculated by examining 15–20 HPFs per mouse (n = 6).
*P ≤ 0.05; **P ≤ 0.01.
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IL-10–/– mice and C57BL/6 WT controls. There was no
difference in the numbers of eosinophils in the nonin-
jured skin of IL-10–/– mice (0.105 + 0.03 per HPF, com-
pared with 0.125 + 0.04 per HPF in WT skin). Saline-
sensitized skin sites from IL-10–/– mice and WT controls
contained only a small number of eosinophils (Figure
2, a and b). OVA sensitization caused a vigorous and sig-
nificant increase in the number of eosinophils in the
skin of genetically matched C57BL/6 mice, consistent
with previous observations that our model is operative
in this strain (31). In contrast, there was only a modest
increase in the number of eosinophils in the skin of 
IL-10–/– mice. Furthermore, there were significantly
fewer eosinophils in OVA-sensitized skin of IL-10–/–

mice compared with WT controls (Figure 2, a and b).
OVA sensitization caused an increase in mononuclear
cell infiltration in both WT and IL-10–/– mice. Both
saline- and OVA-sensitized sites from IL-10–/– mice had
significantly more mononuclear cells than similarly sen-
sitized sites from WT controls (Figure 2, a and b).

The decreased numbers of eosinophils in the skin of
IL-10–/– mice could have resulted either from their fail-
ure to infiltrate the skin or from impaired survival. The
eosinophil product myelin basic protein (MBP) has
been used as a marker for eosinophils in tissues and

remains detectable following eosinophil apoptosis (35).
MBP staining was readily detectable in saline-treated
skin sites and markedly increased following OVA sensi-
tization in WT mice. In contrast, little MBP staining was
detectable in either saline-treated or OVA-sensitized
skin sites of IL-10–/– mice (Figure 3a). These results sug-
gest that IL-10 is critical for eosinophil infiltration of
the skin following EC sensitization with antigen.

IL-5 and eotaxin expression is decreased in OVA-sensitized
skin sites of IL-10–/– mice. We have previously shown that
expression of the eosinophil chemoattractant eotaxin
is upregulated in OVA-sensitized skin sites (31), and
that the eotaxin receptor CCR3 is critical for eosinophil
infiltration in the skin in our model (36). We compared
expression of mRNA for eotaxin in IL-10–/– mice and
WT controls, using an RNase protection assay that
detects mRNA for nine chemokines. Expression of
MIP-2, and, to a lesser extent, IP-10 and MIP-1β, was
increased in saline-sensitized skin from IL-10–/– mice
compared with WT controls. As we have previously
shown in Balb/C mice (31), there was an increased
expression of eotaxin and of several other chemokines
in OVA-sensitized skin of WT C57BL/6 mice that
included MIP-1α, IP-10, MCP-1, and TCA-3. In con-
trast, OVA-sensitized skin sites from IL-10–/– mice

Figure 3
(a) Immunoperoxidase staining of sensitized skin sites for MBP. MBP stains brown. Arrows indicate MBP deposits. (b) RNase protection assay
for chemokine expression in pooled total mRNA of WT and IL-10–/– mouse groups (lanes 3–6). Lane 1 represents the labeled probe, lane 2 rep-
resents the yeast tRNA negative control, and lane 7 represents total mRNA from CD3-stimulated mouse splenocytes (positive control). Results
represent two independent experiments. (c) IL-5 mRNA expression in sensitized skin sites. Pooled results of experiments using six OVA-sensitized
mice and six saline-sensitized controls. Columns and error bars represent mean ± SEM. **P ≤ 0.01.
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showed no detectable increase in the expression of
these chemokines. Expression of MIP-2, and, to a less-
er extent, MIP-1β, increased in OVA-sensitized skin
from IL-10–/– mice. The impaired expression of eotaxin
in the OVA-sensitized skin of IL-10–/– mice may con-
tribute to the impaired accumulation of eosinophils
following EC sensitization.

IL-5 is important for skin eosinophilia in our model
(31). As we have previously shown (30), there was a sig-
nificant increase in skin IL-5 mRNA in WT mice fol-
lowing OVA sensitization. In contrast, IL-5 mRNA did
not significantly increase in OVA-sensitized skin of 
IL-10–/– mice (Figure 3c). These results suggest that 
IL-10 plays an important role in IL-5 expression at 
EC-sensitized skin sites.

IL-4 expression is decreased and IFN-γ expression is increased
in EC-sensitized skin sites of IL-10–/– mice. Since skin eotax-
in expression in our model is dependent on IL-4 (31),
and since IL-5 is produced by Th2 cells, we examined
the expression of the prototypic Th2 and Th1 cytokines
IL-4 and IFN-γ in the skin of IL-10–/– mice and WT con-
trols. Low and comparable levels of IL-4
and IFN-γ mRNA were detected in saline-
sensitized skin from both WT and IL-10–/–

mice (Figure 4). Consistent with previous
results (30), expression of IL-4 mRNA, but
not IFN-γ mRNA, markedly increased in
OVA-sensitized skin sites of WT mice. In
contrast, IL-4 mRNA did not significantly
increase in OVA-sensitized skin of IL-10–/–

mice, whereas IFN-γ mRNA was signifi-
cantly increased. These results suggest that
following EC sensitization, IL-10 normally

skews the cytokine profile of infiltrating T cells towards
Th2 and away from Th1.

IL-10–/– mice have a decreased systemic Th2 response and an
increased systemic Th1 response to EC sensitization. The
abnormal Th cytokine profile in OVA-sensitized skin
sites of IL-10–/– mice prompted us to examine the sys-
temic Th response of these mice to EC sensitization. As
we have previously described (36), splenocytes from
WT mice EC sensitized with OVA, but not with saline,
secreted IL-4 and IFN-γ following OVA stimulation in
vitro. In contrast, splenocytes from IL-10–/– mice EC
sensitized with OVA secreted no measurable amounts
of IL-4, but significantly more IFN-γ than splenocytes
of WT controls (Figure 5a). This abnormal profile of
cytokine secretion was specific to the immunizing anti-
gen, since splenocytes from IL-10–/– mice and WT con-
trols secreted equivalent amounts of IL-4 and IFN-γ fol-
lowing stimulation with anti-CD3 mAb (Figure 5b).
These results suggest that IL-10 plays an important
role in the development of the systemic Th2 response
to EC-introduced antigen.

IL-10–/– mice have a decreased IL-4 response and an
increased IFN-γ response to intraperitoneal immunization.
We next investigated whether the skewed Th1 response
of IL-10–/– mice is restricted to the EC route of immu-
nization. Figure 6 shows that splenocytes from
intraperitoneally immunized IL-10–/– mice secreted sig-
nificantly less IL-4, and significantly more IFN-γ, than
splenocytes of similarly immunized WT controls.
These results suggest that IL-10 promotes skewing the
systemic Th response towards Th2, and inhibits the
development of a systemic Th1 response, regardless of
the route of antigen immunization.

IL-10–deficient APCs skew the cytokine profile of
antigen-specific T cells to a Th1 response in vitro. 
IL-10 is expressed in both APCs and T cells (1). The
skewing of the cytokine response of T cells to antigen

Figure 4
IL-4 (a) and IFN-γ (b) expression in sensitized skin of IL-10–/– mice
and WT controls. Levels were normalized to β2m. Pooled results of
experiments using six OVA-sensitized mice and six saline-sensitized
controls. Bars represent mean ± SEM. *P ≤ 0.05; ***P ≤ 0.001.

Figure 5
Cytokine production by spleen cells from IL-10–/– mice
and WT controls. Splenocytes were stimulated in vitro
for 4 days with OVA (a) or anti-CD3 mAb (CD3) (b).
IL-4 and IFN-γ levels in the supernatants were assayed
by ELISA. Results are pooled from experiments using
six mice in each group. Columns and error bars rep-
resent mean ± SEM. *P ≤ 0.05; **P ≤ 0.01.
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towards Th1 in IL-10–/– mice could be due to IL-10 defi-
ciency in the APC, the T cell, or both. To determine the
role of the APC in skewing the response of IL-10–/– mice
towards Th1, we examined the cytokine response of
purified T cells from TCR OVA transgenic mice to their
cognate peptide presented by APCs from either IL-10–/–

or WT mice on the same Balb/C background. Figure 7
shows that APCs from IL-10–/– mice elicited signifi-
cantly less IL-4 secretion than APCs from WT mice. In
contrast, they elicited significantly more IFN-γ secre-
tion than WT APCs did. These results suggest that the
regulatory effect of IL-10 on Th development is exert-
ed, at least in part, at the level of the APC.

Both DC-derived and T cell–derived IL-10 cells promote the
Th2 response and inhibit the Th1 response to antigen in vivo.
We next investigated the contribution of IL-10 derived
from DCs and T cells on the Th cell response to OVA.
DCs purified from WT and IL-10–/– mice were pulsed
with OVA for 18 hours, then injected i.v. into WT and
IL-10–/– mice. Ten days later, we examined the ability of
splenocytes from these mice to secrete IL-4 and IFN-γ
in response to OVA stimulation. Figure 8a shows the
results of IL-4 secretion. As expected, T cells from 
IL-10–/– mice immunized with IL-10–/– DCs secreted sig-
nificantly less IL-4 than T cells from WT mice immu-
nized with WT DCs. T cells from WT mice immunized
with IL-10–/– DCs also secreted significantly less IL-4
than T cells from WT mice immunized with WT DCs
(Figure 8a, left panel). Immunization of IL-10–/– mice
with WT DCs partially corrected their impaired IL-4
secretion (Figure 8a, right panel). These results suggest
that DCs are important for IL-10 promotion of the
Th2 response in vivo.

Comparison of the response of WT and IL-10–/– mice
to DC immunization revealed that T cells from IL-10–/–

mice immunized with WT DCs produced significantly
less IL-4 than T cells from WT controls immunized
with WT DCs (Figure 8a, upper row). This result,
together with the incomplete correction of the IL-4
response of IL-10–/– mice by WT DCs, suggests that T
cells also play a role in IL-10 promotion of the Th2
response to antigen. Comparison of IL-4 secretion by T
cells from WT and IL-10–/– mice immunized with 

IL-10–/– DCs revealed that both responses were equiva-
lently low (Figure 8a, lower row), suggesting that DCs
exert a dominant effect on Th2 skewing by IL-10.

Figure 8b shows the results of IFN-γ secretion. Immu-
nization of WT mice with either WT or IL-10–/– DCs
resulted in no detectable IFN-γ production (Figure 8b,
left panel). In contrast, splenocytes from IL-10–/– mice
produced IFN-γ, with more being produced in animals
immunized with IL-10–/– DCs, than in animals immu-
nized with WT DCs (Figure 8b, right column). These
results suggest that both DC-derived and T cells play a
role in IL-10 downregulation of the Th1 response.

Role of DC-derived IL-10 in allergic skin inflammation. To
determine the role of DC-derived IL-10 in allergic skin
inflammation, we performed an antigen challenge to the
skin of WT recipient mice that were immunized with
OVA-pulsed DCs derived from IL-10–/– mice or WT con-
trols. Three days later, the skin was examined histologi-
cally, and expression of cytokines was measured by 
RT-PCR. Figure 9a shows that OVA challenge of skin
from mice immunized with OVA-pulsed WT DCs result-
ed in significant eosinophil and mononuclear cell infil-
tration compared with saline challenge of skin from the
same mice. There was no significant eosinophil infiltra-
tion in OVA-challenged skin of mice immunized with
OVA-pulsed IL-10–deficient DCs, although mononuclear
cell infiltration was intact. Figure 9b shows that IL-4, but
not IFN-γ, expression significantly increased in OVA-chal-
lenged skin from mice immunized with OVA-pulsed WT
DCs. In contrast, IL-4 expression did not significantly
increase, whereas IFN-γ expression significantly increased
in OVA-challenged skin from mice immunized with
OVA-pulsed IL-10–/– DCs. These results suggest that 
IL-10 derived from DCs plays an important role in Th2-
mediated allergic skin sensitization.

Discussion
The results of this study suggest that IL-10 promotes
the development of a Th2 response to antigen and is
essential for skin infiltration with eosinophils in a
mouse model of allergic dermatitis.

IL-10 can be expressed by both keratinocytes and cells
of hemopoietic origin that are present in the skin,

Figure 6
Cytokine production by spleen cells from IL-10–/– mice and WT con-
trols immunized intraperitoneally with OVA. Assays were performed
as described in the legend to Figure 5. Results are pooled from exper-
iments using six mice in each group. Columns and error bars repre-
sent mean ± SEM. *P ≤ 0.05.

Figure 7
Cytokine production by splenic T cells from TCR OVA transgenic
mice primed and then restimulated in vitro with APCs pulsed with
OVA323–339 peptide that was derived from IL-10–/– mice or WT con-
trols. Columns and error bars represent mean ± SEM of three exper-
iments. *P ≤ 0.05; **P ≤ 0.01.
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including DCs, macrophages, mast cells, and lympho-
cytes (2, 37). Our investigation was prompted by the
observation that IL-10 mRNA is rapidly expressed in
mouse skin following mechanical injury by tape strip-
ping (Figure 1). This result is consistent with previous
findings in human skin subjected to tape stripping
(29). Dermal infiltration with eosinophils is an impor-
tant feature of AD and a hallmark of allergic skin
inflammation induced by EC sensitization with OVA
(30). Skin from IL-10–/– mice failed to exhibit
eosinophil infiltration following EC sensitization with
OVA (Figure 2a). This is not due to poor survival of
eosinophils, since there was virtually no detectable
staining for the eosinophil product MBP in OVA-sen-
sitized skin of IL-10–/– mice (Figure 3a). Mononuclear
cell recruitment to both saline and OVA sensitized in
the skin of IL-10–/– mice was slightly increased (Figure
2b). This is consistent with previous observations that
deletion of IL-10 results in increased infiltration of
mononuclear cells into tissues (38, 39) and with our
observation of increased expression of MIP-1β and
MIP-2 in the skin of IL-10–/– mice (Figure 3b). Expres-
sion of these two chemokines has been shown to be
downregulated by IL-10 (40–44).

We have previously shown that expression of IL-5, 
IL-4, and eotaxin mRNA is increased in OVA-sensitized
skin sites, that eotaxin expression is dependent on IL-4,
and that eosinophil infiltration is dependent on IL-4,
IL-5, and the eotaxin ligand CCR3 (31). IL-10–/– mice
failed to increase the expression of eotaxin, IL-4, and 
IL-5 mRNA in their skin following EC sensitization with
OVA (Figure 3, b and c; and Figure 4). More important-
ly, IL-10–/– mice had a diminished Th2 and an increased
Th1 systemic response to EC and intraperitoneal sensi-
tization. Splenocytes from these mice were impaired in
their ability to secrete IL-4 in response to OVA (Figures

5 and 6). In contrast, their ability to secrete IFN-γ was sig-
nificantly enhanced. These results are consistent with
the previously observed decreased IL-5 production by
splenocytes of IL-10–/– mice immunized intraperitoneal-
ly with antigen (25). Taken together, our results suggest
that IL-10 promotes the development of Th2 cytokines,
and inhibits the development of Th1 cytokines in
response to antigen. Previous observations have shown
that administration of exogenous IL-10 inhibits both
Th1 and Th2 responses to antigen (45–47). The appar-
ent contradictory effects of administration of exogenous
IL-10 (dampening of both Th1 and Th2 responses) ver-
sus ablation of the IL-10 gene (decreased Th2 response
and increased Th1 response) suggest that IL-10 plays dif-
ferent roles in the induction of Th responses, versus the
regulation of established Th responses.

Our data suggest that both APCs and T cells play a
role in IL-10 promotion of the Th2 response to antigen.
In the presence of the cognate peptide, WT APCs
induced significantly more IL-4 secretion and signifi-
cantly less IFN-γ secretion by OVA TCR transgenic T
cells, than IL-10–/– APCs (Figure 7). This is consistent
with the observation that Th2 differentiation is
induced by DCs from Peyer patches that produce IL-10,
but not by APCs from spleen that fail to produce IL-10
(21). Overnight incubation of IL-10–/– APCs with IL-10
or addition of IL-10 to cultures containing IL-10–defi-
cient APCs and TCR OVA transgenic T cells failed to
correct the skewing towards Th1 cytokine production
induced by IL-10–/– APCs (data not shown). This sug-
gests that IL-10 deficiency affects APCs irreversibly in
vivo, or that the conditions of exposure to IL-10 in vitro
(i.e., timing, dose, presence of other cytokines) did not
replicate those in vivo.

Figure 8
In vitro IL-4 (a) and IFN-γ (b) production in response to OVA stimu-
lation by splenocytes from IL-10–/– mice and WT controls immunized
i.v. with OVA-pulsed DCs purified from IL-10–/– or WT mice. Pooled
results of experiments using four mice in each group. Blocks and error
bars represent mean ± SEM of three experiments. Spleen cells from
animals immunized with unpulsed DCs secreted no detectable IL-4
or IFN-γ in response to OVA stimulation (data not shown).

Figure 9
Number of infiltrating eosinophils and mononuclear cells (a), and
cytokine expression in OVA- and saline-sensitized skin sites of WT
mice immunized i.v. with OVA-pulsed DCs derived from IL-10–/– or WT
mice (b). The columns and error bars represent mean ± SE (n = 6 
per group). *P ≤ 0.05; **P ≤ 0.01.
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The role of APCs in IL-10 skewing the Th response
towards Th2 was further confirmed by the results of
in vivo immunization experiments using antigen-
pulsed DCs. Antigen-pulsed WT DCs elicited a sig-
nificantly higher IL-4 response to OVA in T cells from
both WT and IL-10–/– mice compared with antigen-
pulsed IL-10–/– DCs. Conversely, antigen-pulsed WT
DCs elicited a significantly lower IFN-γ response in
IL-10–/– mice than antigen-pulsed IL-10–/– DCs (Fig-
ure 8). Furthermore, we were able to demonstrate that
DC-derived IL-10 plays an important role in allergic
skin inflammation. Eosinophil infiltration and
expression of the Th2 cytokine IL-4 were significant-
ly decreased, whereas expression of the Th1 cytokine
INF-γ was significantly increased in OVA-challenged
skin of WT mice immunized with OVA-pulsed IL-10–
deficient DCs, compared with WT mice immunized with
OVA-pulsed WT DCs. The fact that we observed these
differences suggests that cross-presentation of antigens
by recipient APCs is not likely to have played a major role
in our experiments. Taken together, these results suggest
that APCs play an important role in IL-10 promotion of
the in vivo response to antigen towards Th2.

A role for T cells in IL-10 promotion of the Th2
response to antigen was suggested by the observation
that T cells from WT mice secreted significantly
higher amounts of IL-4 than T cells from IL-10–/–

mice in response to immunization with antigen-
pulsed WT DCs. Conversely, T cells from IL-10–/–

mice, but not from WT mice, secreted IFN-γ in
response to immunization with antigen-pulsed WT
DCs. The fact that IL-4 secretion by T cells from WT
and IL-10–/– mice immunized with IL-10–/– DCs made
equivalently poor IL-4 responses suggests that DCs
may play a more dominant role than T cells in IL-10
promotion of a Th2 response.

A likely target of IL-10 in the regulation of the Th
response is the APC itself. IL-10 has been shown to
downregulate IL-12 production by DCs (48, 49). IL-12
is critical for the development of Th1 cells and their
production of IFN-γ, which in turn downregulates Th2
cytokine production. Decreased IL-4 production may
amplify the effect of IL-10 deficiency on the Th
response, since IL-4 treatment causes DCs to prime
naive CD4+ T cells to secrete IL-4 (50). Taken together
with our findings, these observations suggest that DCs
may be both a source and a target for IL-10 in the skew-
ing of the Th response towards Th2.

The hygiene hypothesis is based on the observation
that the incidence of allergic diseases rises with
improvement in hygiene. Because there is also a con-
comitant rise in the incidence of autoimmune diseases,
it has been suggested that production of IL-10 by reg-
ulatory T cells following infections suppresses both
Th1- and Th2-mediated immune responses (51). Our
results clearly show that IL-10 promotes Th2 respons-
es and suppresses Th1 responses in two models of aller-
gic sensitization that respectively used the EC route
and the intraperitoneal route of immunization. These

findings support a major importance of immune devi-
ation from Th1 to Th2 responses rather than that of
reduced immune suppression by regulatory cells and
cytokines in explaining the increased prevalence of
allergy consequent to reduced microbial burden in
childhood. Finally, EC sensitization of mice is directly
relevant to human sensitization because it mimics
allergen sensitization via abraded skin in patients with
AD. Furthermore, IL-10 is overexpressed in the skin of
AD patients (52). Interventions directed at downregu-
lating IL-10 production in atopic individuals at the
time of allergen exposure may provide a novel thera-
peutic modality for the prevention of allergic diseases.
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