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Introduction
Allergy prevention by the induction of tolerance has
been studied extensively in various animal models and
includes oral tolerance, immunosuppression induced
by UV irradiation, and low zone tolerance (LZT), in
which repeated applications of low doses of contact
allergens impede the development of contact hyper-
sensitivity (CHS) (1–3). Because low zone tolerization
is achieved by the physiological uptake of very small
amounts of allergenic antigens by way of the skin,
LZT is widely regarded as a most relevant model of
naturally occurring tolerance to contact allergens.
LZT is hapten specific and can be transferred to naive
animals by CD8+ LN T cells from tolerized mice (4–6).
These LZT effector T cells exhibit characteristic fea-
tures of suppressor T cells, including the production
of immunosuppressive cytokines such as IL-4 and 

IL-10 (4–6). The mechanisms of CHS prevention by
LZT effector T cells and the signals involved in their
generation remain unknown, however.

IL-10 was first recognized for its inhibition of T cell
activation and effector functions. Now, it is regarded to
be a multifunctional cytokine that can limit and ulti-
mately terminate inflammatory responses, including
allergic reactions (7, 8). IL-10 was initially characterized
as a cytokine produced by certain Th2 cell clones. Many
other cell types, however, such as macrophages, B cells,
mast cells, and keratinocytes have been shown to secrete
considerable amounts of this cytokine (7, 8). IL-10
downregulates the expression of MHC class II and cos-
timulatory molecules and inhibits the production of
proinflammatory cytokines, including IL-12 by DCs
and other professional antigen-presenting cells (7, 8).
In addition, IL-10 is crucial for the differentiation and
immunosuppressive functions of regulatory T cell (Tr
cell) populations such as Tr1 cells and Tr1-like cells,
which can control tolerance and other immune
responses in vivo and in vitro (9, 10).

In this study, we employed IL-10–deficient mice
to characterize the role of IL-10 in LZT. We demon-
strate that LZT cannot develop in the absence of 
IL-10 because IL-10, which is produced by CD4+ LN
T cells, is required for the development of LZT
effector CD8+ T cells.

Methods
Mice. Mice deficient for IL-10 (IL-10–/– mice), corre-
sponding wild-type mice (IL-10+/+ mice) on a
C57BL/6 genetic background, genetically mast
cell–deficient (MC-deficient) KitW/KitW-v mice, and
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normal Kit+/+ mice, as well as Rag1–/– mice, were pur-
chased from The Jackson Laboratories (Bar Harbor,
Maine, USA), and C57BL/6 mice were obtained from
the Animal Care Facilities of the University Hospital
Mainz (Mainz, Germany). Mice were used between 8
and 12 weeks of age in experimental groups of six to
eight animals. All animal care and experimentation
were conducted in accordance with current federal,
state, and institutional guidelines.

Reagents and cytokines. Picrylchloride (TNCB; 2,4,6-
trinitro-1-chlorobenzene) and picrylsulfonic acid
(TNBS; 2,4,6-trinitro-benzenesulfonic acid) were
purchased from Sigma-Aldrich Chemie GmbH
(Deisenhofen, Germany). Recombinant murine 
IL-10 (rmIL-10) was a generous gift of Schering-
Plough USA (Palo Alto, California, USA).

Induction of tolerance. LZT was induced by topical
treatment of shaved mice with tolerizing doses of 0.45
or 4.5 µg TNCB dissolved in 15 µl acetone/olive oil
(AOO; 3:1 vol/vol) or AOO alone as control five times
on every second day. On day 10, mice were sensitized
by epicutaneous application of 450 µg TNCB in 15 µl
AOO to induce CHS. Challenge was performed by
painting 45 µg TNCB onto the dorsal side of the right
ear at day 15, and increase of ear thickness was meas-
ured after 24 hours and 48 hours, respectively, using
an engineer‘s micrometer (Oeditest; Kroeplin GmbH,
Schlüchtern, Germany). Results are expressed as mean
values in units of millimeters × 10–2 or percentage of
control plus or minus SEM.

Preparation of LN cells and enriched T cells for cell culture
and adoptive transfer. Auricular, cervical, and inguinal
LN, obtained 24 hours after induction of LZT or chal-
lenge, were homogenized mechanically and passed
through a sterile 70-µm nylon cell strainer. For cell cul-
ture, LN cells (LNCs) (106 cells/100 µl) were resus-
pended in RPMI-1640 supplemented with 1% heat-
inactivated syngeneic normal mouse serum (NMS).
CD4+/CD8+ T cell populations were purified using
magnetic cell-sorting beads, according to the manu-
facturer’s protocol (purity: more than 96% CD4+/CD8+,
more than 98% T cells; Miltenyi Biotec GmbH, Ber-
gisch-Gladbach, Germany), and finally resuspended in
RPMI-1640 (106 cells/100 µl) stimulated with 0.5 × 106

haptenized spleen cells (see below).
Haptenization of LNCs and spleen cells. LNCs or spleen

cells (107 cells/ml) were incubated in 10 mM TNBS in
HBSS for 10 minutes at 37°C, subsequently washed
three times in RPMI-1640, and resuspended in RPMI-
1640 supplemented with 1% syngeneic NMS.

Cytokine ELISAs. Supernatants of LNC cultures were
harvested after 24 hours, 48 hours, and 72 hours and
kept frozen at –70°C until use. Concentrations of
murine IL-4 and IL-10 in the culture supernatants were
determined using OptEIA ELISA kits from Pharmin-
gen (Hamburg, Germany). Concentrations of IFN-γ in
the culture supernatants were determined using the
IFN-γ DuoSet system from R&D Systems (Wiesbaden,
Germany). All ELISAs were performed according to the

manufacturer’s instructions. Sensitivity was 5 pg/ml
for IL-4 and IL-10, and 10 pg/ml for IFN-γ.

Enzyme-linked immunosorbent spot assay for IL-10 pro-
duction. The enzyme-linked immunosorbent spot
(ELISPOT) assay was performed according to the
manufacturer’s protocol (BD Biosciences PharMin-
gen, San Diego, California, USA). Briefly, CD4+ and
CD8+ T cells were separated by positive selection using
immunobeads as described above. T cells (106) were
stimulated with 2.5 × 105 irradiated hapten-modified
or control spleen cells for 24 hours. Subsequently, the
cocultured cells were placed in wells of the 96-well
ELISPOT plates (106 cells per well) coated with the
capture anti–IL-10 Ab (50 µl/well). After 24 hours, the
plates were washed, and the biotinylated detection Ab
(50 µl/well) was added. Thereafter, the plates were
incubated with streptavidin-alkaline phosphatase for
4 hours at RT (ELISPOT blue color module; R&D Sys-
tems Inc., Minneapolis, Minnesota, USA). Colorimet-
ric reaction was obtained using 5-bromo-4-chloro-3′
indolylphosphate p-toluidine salt and nitroblue tetra-
zolium chloride solution to visualize the spots. The
assay was run in triplicate, and the spots were count-
ed by computer-assisted image analysis (ELISPOT
Reader System; AID GmbH, Strassberg, Germany).

Proliferation assay. After 24 hours of culture, cells were
pulsed with 1 µCi [3H]thymidine (Amersham Bio-
sciences Europe GmbH, Freiburg, Germany) for 18
hours. Incorporated radioactivity was determined
using a liquid scintillation counter (1205 Betaplate;
LKB Wallac, Stockholm, Sweden). Results are
expressed as mean counts per minute of triplicate wells
plus or minus SEM.

IL-10 reconstitution in IL-10–/– mice and treatment of 
IL-10+/+ mice with IL-10. IL-10–/– mice were reconstitut-
ed (100 ng rmIL-10 in 200 µl PBS/2% FCS, intraperi-
toneally) three times per day during the induction
phase or the effector phase of tolerization. IL-10+/+

mice and IL-10–/– mice injected with vehicle alone
served as controls. In some experiments, IL-10+/+ mice
were treated following the same protocol.

Adoptive transfer of LNCs or enriched T cells. IL-10–/– and
IL-10+/+ mice were tolerized with 4.5 µg TNCB or treat-
ed with vehicle (AOO) alone. LNCs (5 × 107 cells/100
µl PBS) and enriched T cells (107 cells/100 µl PBS) were
prepared as described and injected intravenously into
untreated IL-10+/+ mice. Subsequently, sensitization
and challenge were performed as described above.

In other experiments, CD4+ and CD8+ T cells were
obtained from naive IL-10–/– and IL-10+/+ mice using
positive selection on immunobeads as described.
CD4+ T cells (2 × 107), and CD8+ T cells (1 × 107) were
adoptively transferred into T cell–deficient Rag1–/–

mice. After 2 days, the protocol of tolerization and
sensitization was run on these mice as described.

Measurements of tissue IL-10. At various time points
after application of sensitizing or tolerizing doses of
TNCB or AOO alone, mice were killed and the ears were
excised and submerged immediately into liquid N2.
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The frozen tissue was pulverized, dissolved in 1 ml
PBS containing 0.1% Tween 20, and homogenized for
30–60 seconds. Subsequently, the samples were
refrozen in liquid N2, thawed at 37°C, sonicated for
15 seconds, and centrifuged for 5 minutes at 10,000 g.
Supernatants were harvested, and IL-10 was quan-
tified as described above. Results were normalized
to total protein as determined by a protein assay
(Pierce, Bonn, Germany).

Statistics. The statistical significance of differences
between experimental groups was evaluated using the
Wilcoxon-Mann-Whitney two-sample test. P values
less than 0.05 were considered significant.

Results and Discussion
IL-10 is required for the induction of LZT to contact allergens.
The cytokine network plays a pivotal role in the
orchestration of immune responses to contact aller-
gens. Both proinflammatory and immunosuppressive
cytokines are critical for the function of immuno-
competent cells that promote the development of
either contact hypersensitivity or tolerance (11). In
this study, we tested whether IL-10 contributes to the

development of LZT, a most suitable model of hap-
ten-specific tolerance induced by the application of
low doses of allergenic chemicals (4–6). IL-10–/– mice
and IL-10+/+ mice were treated repeatedly with low
doses of the contact allergen TNCB before they were
sensitized with a single high-dose application of
TNCB to induce CHS. LZT to contact allergens was
assessed by measuring increases in skin thickness,
which reflect allergic inflammatory responses after
topical application of TNCB (challenge) to the ears of
sensitized mice. As expected, IL-10+/+ mice pretreated
with low doses of TNCB developed normal LZT and
exhibited markedly reduced ear swelling after chal-
lenge with TNCB as compared with vehicle-pretreat-
ed mice. In contrast, IL-10–/– mice failed to develop
LZT; that is, allergic inflammatory responses were vir-
tually identical in IL-10–/– mice pretreated with low
doses of TNCB or vehicle (Figure 1a), indicating that
LZT cannot develop without IL-10.

CHS responses in IL-10–/– mice were markedly
increased as compared with IL-10+/+ mice (Figure 1).
This is in line with reports showing that IL-10 is pro-
duced and released by activated keratinocytes during
the induction and elicitation phase of CHS and that
IL-10 controls CHS responses by inhibition of proin-
flammatory cytokines (12, 13).

Regulatory CD8+ effector T cells of LZT reportedly
produce and secrete large amounts of the immuno-
suppressive T cytotoxic 2 (Tc2) cells cytokines IL-4 and
IL-10. Speculating that LZT development in IL-10–/–

mice is impaired because LZT effector T cells in these
mice cannot produce IL-10, we compared LZT
responses in IL-10–/– mice that were reconstituted with
rmIL-10 during the effector phase of LZT or treated
with vehicle. Unexpectedly, IL-10 did not normalize
LZT in IL-10–/– mice when given during its effector
phase. This suggests that IL-10 is a dispensable effec-
tor cytokine of LZT and that IL-10 is not important
for preventing the development of allergen-specific
cytotoxic CHS effector T cells in the context of LZT.

In contrast, injection of IL-10 during the induction
phase of LZT (i.e., during repeated applications of
low-dose TNCB) completely restored LZT develop-
ment in IL-10–/– mice (Figure 1). These findings prove
that IL-10 is critical for the induction of LZT. They
also show that LZT in IL-10–/– mice is impaired due to
the absence of IL-10 during tolerization and not
developmental defects in these mice.

Previous studies and the results described above
demonstrate that regulatory LZT effector T cells dif-
fer from “classical” regulatory T cells, that is,
CD4+/CD25+ cells or Tr1 cells, in several important
aspects (4, 5). Unlike CD4+/CD25+ cells, Tr1 cells, and
Tr1-like cells (all of which are CD4+), LZT effector
cells are CD8+ T cells (9, 10, 14, 15). In contrast to
CD4+/CD25+ cells, LZT effector T cells are antigen
specific, and, unlike Tr1 cells, they do not suppress
ongoing antigen-specific immune responses, but
rather prevent their development (14–16). Here, we

Figure 1
IL-10 is required for the induction of LZT, whereas CHS prevention
in tolerized mice is IL-10 independent. Expression of LZT quantified
by assessing allergic inflammatory responses (ear swelling) after
TNCB challenge in IL-10+/+ mice and IL-10–/– mice that were treated
repeatedly with low doses of contact allergen (TNCB) to induce LZT
and then sensitized to TNCB. Some IL-10–/– mice were reconstitut-
ed with IL-10 during tolerization (the induction phase of LZT) or
during sensitization (the effector phase of LZT). Data represent rel-
ative (a) and absolute (b) changes in ear thickness (means ± SEM)
pooled from six or more mice per treatment group from one of
three independent experiments with similar results. #P < 0.001.



The development of LZT effector T cells is IL-10 dependent.
Impaired LZT in IL-10–/– mice can be repaired by adop-
tively transferring IL-10 before, but not after, sensiti-
zation. This clear-cut difference shows that LZT is
composed of two separate and successive phases: the
LZT induction phase, in which IL-10 is needed, fol-
lowed by the LZT effector phase, which is IL-10 inde-
pendent. Hypothesizing that IL-10 is needed during
LZT induction to promote the development of LZT
effector T cells, we asked whether two crucial LZT
effector mechanisms, namely, skewing a CHS-pro-
moting Tc1 cytokine pattern toward Tc2 and prevent-
ing clonal expansion of allergic T cells after sensitiza-
tion and challenge, are impaired in the absence of
IL-10 (12, 22). We pretreated IL-10–/– mice, IL-10+/+

mice, and IL-10–/– mice reconstituted with IL-10 dur-
ing the induction phase of LZT with low doses of
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have identified yet another unique feature of LZT
effector T cells. While Tr1 cells and CD4+/CD25+ cells
exert their regulatory effects by IL-10, LZT effector T
cells prevent immune responses independent of IL-10
(14–19). Thus, LZT effector T cells represent a novel
population of regulatory T cells. These regulatory T
cells are also clearly different from other CD8+ “sup-
pressor” T cells, including a recently described 
IL-10–producing CD8+ T cell population (20, 21).
This T cell subset reportedly develops from naive T
cells after priming with allogeneic CD40 ligand-acti-
vated plasmacytoid DCs or immature DCs (20, 21).
Unlike the regulatory T cells responsible for LZT,
these immunosuppressive CD8+ T cells require IL-10
to down-modulate immune responses, for example,
by inhibiting the allospecific proliferation of naive T
cells to monocytes or DCs (20, 21).

Figure 2
The development of LZT effector T
cells is IL-10 dependent. Mice were
treated with solvent or tolerizing
doses of TNCB (0.45 or 4.5 µg) and
subsequently sensitized and chal-
lenged. After 24 hours, LNCs from
(a) IL-10+/+, IL-10–/–, or IL-10–/– mice
reconstituted with IL-10–/– or (b)
whole LNCs or LNCs depleted of
CD8+ or CD4+ T cells from IL-10+/+

mice were obtained to measure the
release of IL-4 (Tc2/Th2 cytokine)
and IFN-γ (Tc1/Th1 cytokine) by
ELISA (48 hours after hapten-spe-
cific restimulation). (c) LNCs were
isolated 24 hours after challenge
from IL-10+/+, IL-10–/–, or IL-10–/–

mice reconstituted with IL-10 and
treated as described above. Thirty-
six hours after hapten-specific res-
timulation, the proliferation of
LNCs was measured by incorpora-
tion of [3H]thymidine. In each case,
one of three independent experi-
ments with similar results is shown.
(d) In some experiments LNCs or T
cells isolated from LNCs (> 95%
purity) 24 hours after tolerization
or treatment with solvent were
transferred to untreated mice (one
single intravenous injection of 
5 × 107 LNCs or 1 × 107 T cells per
mouse), and expression of LZT in
these animals was assessed after
sensitization and challenge by
measuring ear-swelling responses.
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TNCB or vehicle and then sensitized with TNCB.
When LNCs obtained from these mice were assayed for
TNCB-induced release of cytokines, we found that
tolerized IL-10+/+ mice exhibited markedly reduced
IFN-γ release and greatly increased IL-4 secretion as
compared with vehicle-pretreated mice (Figure 2a). In
contrast, LNCs from low-dose TNCB-treated IL-10–/–

mice failed to develop such Tc2-skewed cytokine
release patterns (4, 5). Reconstitution of IL-10–/– mice
with IL-10 during tolerization repaired this defect and
resulted in Tc2 cytokine patterns characteristic for
impaired CHS responses in tolerized animals (Figure
2a). Figure 2b shows that this IL-10–dependent Tc2
skewing observed in tolerized mice indeed requires
CD8+ LZT effector cell development. Virtually no
upregulation of IL-4 levels or reduction of IFN-γ pro-
duction is seen in antigen-challenged T cells from
tolerized mice depleted for CD8+ T cells (Figure 2b),
that is, the T cell subset we have recently reported to be
required for transferring LZT to naive mice (4).

Along the same line, LNCs from IL-10–/– mice sub-
jected to repeated low-dose TNCB treatment failed to
inhibit TNCB-induced LNC proliferation upon res-
timulation. In contrast, LNCs obtained from identi-
cally treated IL-10+/+ mice or IL-10–reconstituted 
IL-10–/– mice showed significantly reduced TNCB-spe-
cific proliferative responses (Figure 2c). Taken togeth-
er, these findings show that Tc2 skewing of LNC
cytokine production and downregulation of LNC
proliferation in low zone tolerized and sensitized mice
are IL-10 dependent and require the presence of LZT

effector T cells. Therefore, we attempted to prove that
IL-10 is required during LZT induction to facilitate
regulatory LZT effector CD8+ T cell development. As
shown in Figure 2d, animals that had received LNCs
or purified T cells from tolerized IL-10+/+ mice devel-
oped robust LZT responses confirming that LZT
effector cells had developed during tolerization in the
presence of IL-10. In contrast, LNCs or T cells
obtained from IL-10–/– mice treated with low-dose
TNCB did not transfer LZT to naive recipient IL-10+/+

mice. Thus, the generation of LZT effector cells dur-
ing the induction phase of LZT is IL-10 dependent.
These data provide further direct evidence that LZT
effector CD8+ T cells represent a distinct subgroup of
regulatory T cells, because IL-10 is essential for their
development, whereas other regulatory T cell popula-
tions (e.g., CD4+/CD25+ T cells) are not induced by 
IL-10 (9, 14, 23, 24).

Low zone tolerization markedly upregulates IL-10 pro-
duction in LN CD4+ T cells. We next tried to clarify what
cells provide the IL-10 that is required for the genera-
tion of CD8+ LZT effector T cells and the induction of
LZT. MCs are known to produce considerable
amounts of IL-10 (25), and IL-10 released from MCs
is thought to be crucial for hapten-specific tolerance
induced by low-dose UVB irradiation of the skin (26,
27). To test whether MC-derived IL-10 may also be
involved in the induction of LZT we elicited CHS
responses in genetically MC-deficient KitW/KitW-v mice
and normal Kit+/+ mice that had been pretreated
repeatedly with low doses of TNCB or vehicle.

Figure 3
Low zone tolerization upregulates IL-10 pro-
duction in LN CD4+ T cells. (a) LZT quanti-
fied by assessing contact hypersensitivity reac-
tion (ear swelling) after TNCB challenge in
KitW/KitW-v mice, which are genetically defi-
cient for IL-10–producing MCs, and Kit+/+

mice that were treated repeatedly with low
doses of contact allergen (TNCB) to induce
LZT and then were sensitized to TNCB. (b) At
various time points after application of sensi-
tizing or tolerizing doses of TNCB or AOO
alone, ears were excised, and supernatants of
the tissue extracts were prepared as described
in Methods. Amounts of IL-10 were measured
by ELISA, and the results were normalized to
amounts of total protein. Results are pre-
sented as picograms per milligram of protein
of the tissue extract. #P < 0.001. (c and d) 
IL-10 release from T cells (CD4+ or CD8+) and
non–T cells isolated from LNCs obtained
from control (–) or tolerized (+) mice after
induction of LZT was measured by ELISA (c)
or by ELISPOT (d) after hapten-specific res-
timulation in vitro.



KitW/KitW-v mice, however, showed normal develop-
ment of LZT, indicating that IL-10 released from MCs
is not necessary to induce normal LZT (Figure 3a).
Because IL-10 can also be produced by non-MC cuta-
neous cell populations, including keratinocytes,
fibroblasts, and endothelial cells (7, 8), we measured
IL-10 production in murine skin that had been treat-
ed with tolerizing doses of TNCB. As assessed by
ELISA, low zone tolerization did not result in
increased cutaneous IL-10 levels as compared with
vehicle-treated control skin (Figure 3b). In contrast,
sensitization with TNCB induced markedly upregu-
lated IL-10 levels in the skin as soon as 1 hour and up
to 24 hours after application (Figure 3b). This indi-
cates that IL-10 production in the skin can be induced
by contact allergens but is not increased during nor-
mal LZT development (Figure 3b) (12).

Consequently, we asked whether relevant amounts
of IL-10 are produced in draining LNs after toleriza-
tion. We found that LNCs obtained from tolerized
mice secrete considerable amounts of IL-10 as early as
24 hours after a single low-dose application of TNCB
(Figure 3c). When we characterized IL-10–producing
LNCs from tolerized mice in greater detail, we found
that only T cells, specifically CD4+ T cells, produced
increased amounts of IL-10 after low zone toleriza-
tion as shown by two different methods, ELISA (Fig-
ure 3c) and ELISPOT assay (Figure 3d). These data
rule out CD8+ T cells, including LZT effector T cells,
as a source of IL-10 during LZT induction. This clear-
ly shows that low zone tolerization results in the
development of CD8+/IL-10 negative pre-effector T

cells, which differentiate into CD8+/IL-10–producing
LZT effector T cells upon re-exposure to the specific
antigen in vivo or in vitro.

CD4+ LN T cells provide the IL-10 required for LZT
induction. LN CD4+ T cells were found to be the only
skin cells or LNCs that produce relevant amounts of
IL-10 after tolerization, but does CD4+ T cell–derived
IL-10 contribute to LZT induction? To address this
question we performed adoptive transfer experi-
ments using T cell–deficient Rag1–/– mice as recipi-
ents of CD4+ and CD8+ T cells obtained from naive
IL-10–/– and/or IL-10+/+ mice (Figure 4a). Subse-
quently, host animals were tolerized by repeated
applications of low doses of TNCB, and LZT respons-
es were assessed measuring ear swelling after sensiti-
zation and challenge. As demonstrated in Figure 4a,
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Figure 4
IL-10–producing regulatory CD4+ T cells are required for the induc-
tion of LZT. CD4+ and CD8+ T cells were separated from LNCs
obtained from naive IL-10+/+ and IL-10–/– mice as described above and
adoptively transferred into T cell–deficient Rag1–/– mice (2 × 107 CD4+

and 1 × 107 CD8+ T cells). Subsequently, the mice were treated
repeatedly with low doses of contact allergen (TNCB) to induce LZT
and were then sensitized and challenged. IL-10–/– and IL-10+/+ served
as control mice for CHS and LZT induction. (a) Ear thickness (per-
centage ± SEM) and (b) proliferation (cpm in % of sensitized control
mice) of LNCs after hapten-specific restimulation in vitro pooled
from six or more mice per treatment group from one of two inde-
pendent experiments with similar results was shown.

Figure 5
Exogenous IL-10 improves the development of tolerance to contact
allergen. Ear-swelling responses after sensitization and challenge
with TNCB in normal mice that had been treated with IL-10
(intraperitoneal injection of 100 ng per mouse three times a day)
or vehicle during low zone tolerization. Data represent absolute (a)
and relative (b) changes in ear thickness (means ± SEM pooled
from six or more mice per treatment group from one of three 
independent experiments with similar results). **P < 0.01; *P < 0.05
for IL-10–treated versus vehicle-treated animals.
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animals receiving CD4+ and CD8+ T cells from IL-10+/+

mice developed robust tolerance to TNCB. LZT
could not be induced, however, after reconstitution
with CD4+ and CD8+ T cells from IL-10–/– mice, con-
firming our results in IL-10–/– and IL-10+/+ animals
(Figure 4a). Notably, mice injected with CD4+ T cells
obtained from IL-10–/– mice and CD8+ T cells derived
from IL-10+/+ mice also failed to develop LZT. To the
contrary, reconstitution of Rag1–/– with IL-10+/+ CD4+

T cells and IL-10–/– CD8+ T cells resulted in normal
LZT responses (Figure 4a). These findings formally
prove that the IL-10 produced by CD4+ T cells is
required for the induction of LZT. In contrast, CD8+

effector T cell–derived IL-10 is not required for nor-
mal LZT responses.

In confirmation of these results we found that
LNCs obtained from Rag1–/– mice reconstituted with
IL-10+/+ CD4+ T cells and IL-10–/– CD8+ T cells exhib-
ited significantly reduced TNCB-specific proliferative
response after restimulation, as was to be expected
after normal development of LZT. In contrast, LNCs
from Rag1–/– mice adoptively transferred with IL-10–/–

CD4+ T cells and IL-10+/+ CD8+ T cells (which did not
develop LZT) showed uninhibited antigen-specific
proliferation. These observations clearly show that
IL-10 is a critical signal in the interaction and sequen-
tial activation of the two distinct regulatory T cell
populations required for normal LZT induction:
CD4+ regulatory T cells promote the generation of
CD8+ LZT effector T cells by IL-10.

CD4+ regulatory T cells are known to be pivotal play-
ers in several settings of suppression of immune cell
functions, including peripheral tolerance. Yet, precise
effector mechanisms remain to be defined for most
types of CD4+ regulatory T cells. Some CD4+ regula-
tory T cells (i.e., Tr1) can suppress immune responses
by cell-cell interactions and/or the production of IL-10
and TGF-β (9, 10). Other subsets of CD4+ regulatory T
cells (i.e. CD4+/CD25+ T cells) can also exert immuno-
suppressive effects by cell-cell contact, whereas IL-10
and other cytokines may be less important (14–16).

The LZT-promoting CD4+ T cell population identi-
fied here is the first CD4+ regulatory T cell subset that
can induce the generation of regulatory CD8+ T cells.
Our findings also indicate that this interaction is anti-
gen specific and mediated by IL-10. Whether these
cells represent a previously characterized or a distinct
subset of CD4+ regulatory T cells will need to be clar-
ified in further experiments.

IL-10 enhances the development of LZT to contact aller-
gens. Finally, we asked whether LZT development can
be enhanced by treating normal mice with IL-10 dur-
ing the induction phase of LZT. Repeated systemic
application of IL-10 to C57BL/6 mice during toler-
ization significantly improved LZT in these mice (Fig-
ure 5). Whereas normal LZT in control mice reduced
allergic inflammatory responses about 60–70%, LZT
in IL-10–treated mice almost completely inhibited (up
to 96% reduction) allergic inflammation (Figure 5).

Thus, exogenous IL-10, when applied together with
low doses of contact allergen, can be used to substan-
tially improve the prevention of CHS in mice.

In summary, our data provide formal evidence that
IL-10 is essential for the induction of LZT to contact
allergens and suggest that LZT requires a sequential
activation and complex interaction of at least two dis-
tinct regulatory T cell populations: (a) skin exposure
to low-dose contact allergen results in the release of
IL-10 by CD4+ T cells in draining LNs, which promote
(b) the IL-10–dependent development of CD8+ pre-
effector cells of LZT that exhibit negligible produc-
tion of IL-10. (c) Re-exposure to sensitizing doses of
the contact allergen leads to the differentiation of
these pre-effector cells into IL-10–producing LZT
effector CD8+ T cells, which (d) impede the generation
of CHS effector T cells independent of IL-10. Thus,
IL-10–dependent LZT induction requires both CD4+

T cells, which provide IL-10, and CD8+ T cells, which
depend on this IL-10 to become pre-effector cells and,
ultimately, effector cells of LZT. Because these IL-10–
dependent LZT effector cells impede allergic inflam-
mation independent of IL-10, they can be readily dis-
tinguished by phenotype and function from all other
known regulatory T cell populations, including
immunosuppressive CD8+ T cells and classical CD4+

regulatory T cells such as Tr1 cells and CD4+/CD25+

T cells. Our findings suggest that IL-10–driven LZT
effector T cell generation may be used to prevent the
development of contact allergies and encourage the
examination of the role of this novel subclass of regu-
latory T cells in further harmful immune responses,
for example other allergic or autoimmune disorders.
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