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Innate CD4�CD25� regulatory T cells are required for oral tolerance and
inhibition of CD8� T cells mediating skin inflammation
Bertrand Dubois, Ludivine Chapat, Anne Goubier, Martine Papiernik, Jean-François Nicolas, and Dominique Kaiserlian

To elucidate the role of CD4�CD25� regu-
latory T cells in oral tolerance, we used
the model of contact hypersensitivity
(CHS) to 2,4-dinitrofluorobenzene (DNFB),
which is mediated by CD8� Tc1 effector
cells independently of CD4� T-cell help.
Conversely to normal mice, invariant
chain knock-out (KO) (Ii°/°) mice, which
are deficient in CD4� T cells, cannot be
orally tolerized and develop a chronic
hapten-specific CHS response. Transfer
of naive CD4� T cells before hapten ga-
vage into Ii°/° mice restores oral tolerance

by a mechanism independent of interleu-
kin-10 (IL-10) production by CD4� T cells.
That naturally occurring CD4�CD25� T
cells are critical for oral tolerance induc-
tion is demonstrated by the finding that
(1) transfer of CD4�CD25� but not
CD4�CD25� T cells into Ii°/° recipients
completely prevents the CHS response
and skin infiltration by CD8� T cells, by
blocking development of hapten-specific
CD8� T cells; (2) in vivo depletion of
CD4�CD25� cells by antibody treatment
in normal mice impairs oral tolerance;

and (3) CD4�CD25� T cells inhibit hapten-
specific CD8� T-cell proliferation and in-
terferon � (IFN�) production, in vitro.
These data show that naturally occurring
CD4�CD25� T cells are instrumental for
orally induced tolerance and are key ac-
tors for the control of antigen-specific
CD8� T-cell effectors mediating skin in-
flammation. (Blood. 2003;102:3295-3301)

© 2003 by The American Society of Hematology

Introduction

Oral tolerance has long been recognized as a physiologic mecha-
nism of immune unresponsiveness to dietary antigens and bacterial
microflora antigens, which maintain tissue integrity by preventing
harmful delayed-type hypersensitivity (DTH) responses in the
intestine and may also limit the efficiency of oral vaccination.
Indeed, antigen encounter in the intestine triggers an active
inhibitory process preventing the onset of CD4� and CD8� T-cell
antigen-specific immune responses to subsequent systemic immu-
nization with the same antigen (reviewed in Garside and Mowat1).
Several mechanisms have been proposed to explain peripheral
tolerance induced by antigen feeding. These include anergy2,3 or
deletion of antigen-specific T cells,4,5 immune deviation to Th2-
biased immune response, and induction of regulatory Th3 (trans-
forming growth factor � [TGF�]–producing) cells.6,7

The naturally occurring regulatory subset of CD4�CD25� T
cells accounting for 5% to 10% of peripheral CD4� T cells has
been extensively reported to exert potent immunosuppressive
function in vivo and in vitro toward CD4� T-cell effectors8 and may
represent regulatory T cells responsible for orally induced periph-
eral tolerance. Indeed, CD4�CD25� T cells, which arise from the
thymus as early as day 3 of life,9 are characterized by a memory
phenotype; low proliferative capacity and interleukin-2 (IL-2)
production; secretion of high levels of the immunosuppressive
cytokines IL-10 and TGF-�; and expression of cytotoxic T-
lymphocyte antigen 4 (CTLA-4),10-13 a molecule that contributes to
orally induced tolerance.14 These cells have been described in a

variety of experimental models to protect from autoimmune
diseases, as well as colitis and allograft rejection.8 Reminiscent to
these cells, IL-10–producing ovalbumin (OVA)–specific CD4� T
clones (Tr1) generated in vitro after repeated stimulation with
antigen in the presence of IL-10 were shown to prevent colitis
when cotransferred with naive CD4�CD45RBhigh T cells in OVA-
fed immunocompromised severe combine immunodeficiency
(SCID) or Nude mice.15 Interestingly, mice genetically deficient for
either IL-2, IL-2R, T-cell receptor �� (TcR��), TGF�, IL-10, or
major histocompatibility complex (MHC) class II were shown to
develop spontaneous colitis,16-20 compatible with a shared physical
or functional defect in the regulatory CD4�CD25� subset. Al-
though recent studies in TcR transgenic models have reported that
oral antigen delivery can induce activation and/or differentiation of
regulatory CD4�CD25� T cells,21,22 evidence that they are instru-
mental for in vivo induction of oral tolerance has not been
provided. Moreover, evidence as to whether CD4�CD25� cells are
responsible for peripheral suppression of antigen-specific CD8�

cytotoxic T-lymphocyte (CTL) responses is still sparse.23

In this study we examined whether CD4�CD25� T cells
contribute to oral tolerance in normal nonlymphopenic hosts, using
a pathophysiologic model of antigen-specific skin inflammation
mediated by CD8� CTL effectors. Contact hypersensitivity (CHS)
to the hapten 2,4-dinitrofluorobenzene (DNFB) provides a unique
model to address this issue because (1) skin inflammation gener-
ated upon skin challenge with the DNFB in sensitized mice is
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mediated by specific MHC class I–restricted interferon � (IFN�)–
producing CD8� CTL effectors, independently of CD4� T-cell
help24-28; (2) feeding mice once with the hapten prior to skin
sensitization completely abrogates the CHS response by blocking
development of specific IFN�-producing CD8� CTLs29,30; and (3)
oral tolerance cannot be induced in mice deficient in CD4� T cells.
We now show that CD4�CD25� T cells are mandatory for orally
induced tolerance and block in vivo development of hapten-
specific CD8� T-cell–mediating skin inflammation.

Materials and methods

Mice

All mice were used at 6 to 10 weeks of age and were on a C57BL/6
background (H-2b). Female C57BL/6 mice were purchased from Charles
Rivers Laboratories (l’Arbresle, France). MHC class II (A�°/°)31 and
invariant chain (Ii°/°)32–deficient mice were kindly provided by D. Mathis
and C. Benoist. IL-10–deficient mice were obtained from Dr W. Mueller
(Institute for Genetics, University of Cologne, Germany).20 All mice were
bred as homozygotes in Charles Rivers Laboratories.

Contact sensitivity assay

CHS to DNFB was determined by the mouse ear-swelling test.33 Briefly,
mice were sensitized epicutaneously on day 0 by application of 25 �L of
0.5% 2,4-dinitrofluorobenzene (DNFB; Sigma, St Quentin Fallavier, France)
diluted in acetone–olive oil (4:1, vol/vol) onto 2 cm2 of shaved abdominal
skin. Mice were challenged on day 5 with 4 �L of a nonirritant
concentration of 0.25% DNFB applied onto each side of the right ear. The
left ear received the vehicle alone. Ear thickness was measured using a
caliper (J15 Blet; Lyon, France) before and at various times after challenge.
The ear swelling (micrometers) was calculated as (T�T0 of the right ear) �
(T�T0 of the left ear), where T0 and T represent the values of ear thickness
before and after the challenge, respectively. Ear swelling in unsensitized but
ear-challenged mice was usually less than 20 �m. Statistical significance
was calculated by the Mann-Whitney-Wilcoxon ranking test.

Induction of oral tolerance

Mice were orally tolerized by a single intragastric administration of 300 �L
of either 0.1% DNFB in acetone–olive oil (1:10, vol/vol) or vehicle alone
(as control), 7 days before sensitization with DNFB (day �7), as previously
described.29 For adoptive transfer experiments, nonfractionated CD4� T
cells or purified CD4� T-cell subsets were transferred intravenously into
Ii°/° or A�°/° recipient mice, 16 hours before feeding (day �8). For depletion
experiments, mice were injected with either a control rat monoclonal
antibody (mAb) or a depleting anti-CD25 mAb (clone PC61) on days �10,
�7, �3, and 0.

Immunohistochemical staining of CD8� T cells

Cryostat sections of the ears were incubated for one hour with anti-CD8 rat
mAb (clone 53-6.7 from Pharmingen, San Diego, CA) or an irrelevant rat
mAb as control, followed by a biotinylated mouse adsorbed goat anti–rat
immunoglobulin G (IgG) Ab. Specific binding was revealed with a
streptavidin-peroxidase kit (Dako, Glostrup, Denmark) and AEC (3-amino-
9-ethylcarbazole) as previously described.30 Sections were counterstained
with hematoxylin.

Purification of T-cell subsets

Spleens and lymph nodes (mesenteric, inguinal, and axillary) were used to
prepare single cell suspensions. For most experiments, CD4� and CD8� T
cells were isolated by positive selection using anti-CD4– or anti-CD8–
coated microbeads and selection columns (Miltenyi Biotec, Bergish Glad-
bach, Germany). Purity was routinely more than 95%. For certain experi-
ments, CD4� and CD8� T cells were enriched by negative selection using

columns coated with a goat anti–mouse Ig, a goat anti–rat IgG, and a rat
antimouse CD4 or CD8 mAbs (Biotex, Edmonton, AB, Canada). In this
case, a purity of more than 80% was routinely obtained. CD4� cells were
purified using LD depletion columns (Miltenyi Biotec).

For isolation of CD4� T-cell subsets, CD4� T cells were first enriched
from spleen, mesenteric lymph nodes (MLNs), and peripheral lymph node
cell suspensions by negative selection using anti–MHC class II, anti-
CD11b, and anti-CD8 mAbs and magnetic beads. Enriched CD4� T cells
were then incubated with biotin-conjugated anti-CD25 mAb (7D4) and
PE–anti-CD4 followed by fluorescein isothiocyanate (FITC)–conjugated
streptavidin. CD4�CD25� and CD4�CD25� cells were then purified by
flow cytometry using a FACStar cell sorter (BD Biosciences, San Jose,
CA). Alternatively, for most in vivo transfer experiments, cell suspensions
were sequentially incubated with biotin-conjugated anti-CD25 mAb (7D4)
(15�g/108 cells) (Pharmingen), FITC-conjugated streptavidin, and anti-
FITC microbeads (Miltenyi Biotec). CD4�CD25� cells were isolated by 2
runs on LS selection columns and were routinely more than 90% pure. For
isolation of CD4�CD25� cells, stained suspensions were first depleted of
CD25� cells using depletion columns, and CD4� T cells were purified
using anti-CD4 microbeads and positive selection columns. CD4�CD25�

cells were always more than 90% CD4� and less than 1% CD25�.

Preparation of APCs

Bone marrow–derived dendritic cells (BM-DCs) and syngeneic naive
spleen cells were used as antigen-presenting cells (APCs) for in vitro
experiments. DCs were generated from bone marrow cells as previously
described,34 with some modifications. In brief, bone marrow was flushed
from tibias and femurs prior to red blood cell depletion. Cells were cultured
at 37°C in 24-well culture (2 � 105/mL/well) in complete RPMI medium
supplemented with 40 ng/mL recombinant murine granulocyte-macrophage
colony-stimulating factor (GM-CSF; Peprotech, Rocky Hill, NJ). Half of
the medium was renewed every other 2 days by fresh medium and
GM-CSF. Cells were collected after 7 days and were routinely more than
70% CD11c�. Spleen cells or BM-DCs were first incubated for 20 minutes
at 37°C with 4 mM 2,4-dinitrobenzenesulfonate (DNBS) or medium alone
(serum-free RPMI) and washed 3 times in complete medium. Hapten-
pulsed APCs were then treated with mitomycin C (25 �g/mL) for 25
minutes at 37°C in complete medium and thoroughly washed before use.

Hapten-specific CD8� T-cell proliferation and IFN� production

CD8� T cells were isolated from spleen and abdominal skin draining lymph
nodes from mice 5 days after DNFB skin sensitization. CD8� cells
(1-2 � 105) were cultured in round-bottom 96-well plates in the presence of
DNBS-pulsed mitomycin C–treated splenocytes (APCs/CD8 � 2.5:1) or
BM-DCs (APCs/CD8 � 1:5). CD4�CD25� cells were purified from naive
or orally tolerized mice and added at various numbers into cultures. The
proliferative response was assessed after 3 days of culture by [3H]thymidine
incorporation (1 �Ci/well [0.037 MBq/well]) during the last 8 hours. The
cultures were harvested and the amount of [3H]thymidine uptake was
counted using a �-plate liquid scintillation counter. The results are
expressed as 	cpm 
 SD, where 	cpm � (cpm in cultures of T cells with
DNBS-pulsed APCs)�(cpm in cultures of T cells with untreated APCs).
Cell-free supernatants were harvested after 48 hours, and IFN� production
was titrated by enzyme-linked immunosorbent assay (ELISA) using rat
antimouse �-IFN clone R46-A2 as the capture mAb and biotin-conjugated
rat antimouse �-IFN clone XMG1.2 as secondary mAb (both from
Pharmingen).

Results

Experimental model

We have previously reported oral tolerance breakdown in 3 distinct
experimental models of CD4� T-cell deficiency: (1) anti-CD4
mAb–treated C57BL/6 mice (with a complete defect in CD4� T
cells), (2) MHC class II knock-out (A�°/°) mice (with complete

3296 DUBOIS et al BLOOD, 1 NOVEMBER 2003 � VOLUME 102, NUMBER 9

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/102/9/3295/1693205/h82103003295.pdf by guest on 18 M

ay 2024



defect in MHC class II–restricted CD4� T cells), and (3) invariant-
chain–deficient (Ii°/°) mice (with partial defect in MHC class
II–restricted CD4� T cells). We previously reported that conversely
to normal C57BL/6 mice, in which a single oral administration of
the hapten (DNFB) can block development of the CHS response
and of hapten-specific CD8� effector cells, mice deficient in CD4�

T cells in each of these models are refractory to tolerance
induction,29,30 suggesting a role for regulatory CD4� T cells in oral
tolerance. In this study we used Ii°/° mice, which have residual
MHC class II–expressing APCs32 and develop preferential Th1
immune response35 as well as strong and chronic CHS to DNFB,29

as a model to investigate the ability of various CD4� T-cell subsets
to restore oral tolerance.

CD4� T cells can restore oral tolerance

As previously observed,29 oral administration of DNFB prior to
skin sensitization in Ii°/° mice failed to induce tolerance and
affected neither the magnitude nor the kinetics of the skin
inflammatory response to hapten challenge (Figure 1A). Adoptive
transfer before hapten gavage of CD4� T cells (but not CD4-
depleted cells) from naive C57BL/6 mice restored oral tolerance in
Ii°/° mice and prevented skin inflammation (Figure 1A). This effect
was correlated with the number of CD4� T cells transferred,
inasmuch as 106 CD4� T cells were inefficient, while 9 � 106

CD4� T cells induced up to 80% inhibition of the CHS response
(Figure 1B). Transfer of CD4� T cells in control vehicle–fed
skin-sensitized Ii°/° mice did not affect the CHS response (data not
shown). Thus, CD4� T cells and orally administered hapten are
both required to block the onset of hapten-induced skin inflamma-
tion in invariant chain–deficient mice.

Contribution of MHC class II molecules and IL-10 in restoration
of oral tolerance by CD4� T cells

Ii°/° mice have residual MHC class II molecules, which might be
required for oral tolerance induction through activation of CD4�

regulatory cells, expressed on the cell surface of APCs.32 To
address this hypothesis, we performed adoptive transfer experi-
ments in MHC class II–deficient (A�°/°) recipient mice. As shown
in Figure 2A and in contrast to Ii°/° mice, MHC class II–deficient
mice were not tolerized when naive CD4� T cells were adoptively
transferred prior to hapten feeding. Thus, CD4� T cells required the

presence of host MHC class II–positive APCs in order to restore
oral tolerance.

Oral tolerance of the CHS response to DNFB is greatly
impaired both in IL-10°/° mice and in normal mice treated with
neutralizing anti–IL-10 antibody (data not shown). To examine
whether IL-10 produced by CD4� T cells contributed to oral
tolerance induction, we compared the ability of CD4� T cells from
either control or IL-10–deficient mice to restore susceptibility to
oral tolerance upon transfer into Ii°/° recipient mice. As depicted in
Figure 2B, CD4� T cells from either naive IL-10°/° or C57BL/6
mice transferred one day before feeding were equally efficient at
restoring oral tolerance in Ii°/° recipient mice, indicating that IL-10
production by CD4� T cells was not involved in their regulatory
function in vivo.

In vivo depletion of CD25� T cells by antibody treatment
abrogates oral tolerance

To address the role of CD4�CD25� cells in oral tolerance, normal
C57BL/6 mice were treated with a depleting anti-CD25 mAb
(PC61) or a rat IgG mAb as control and tested for oral tolerance
induction. Flow cytometry analysis using an anti-CD4 mAb and the
anti-CD25 clone 7D4 (directed against an epitope of the molecule
distinct from that recognized by PC61) confirmed depletion of
more than 95% of CD4�CD25� cells from both blood and spleen
(data not shown). In hapten-fed mice, depletion of CD25� cells
resulted in the abrogation of tolerance as indicated by the appear-
ance of a significant CHS response after skin sensitization (Figure
3). These data suggest that naturally occurring CD4�CD25� T cells
represent a critical regulatory cell subset during oral tolerance
induction in vivo.

CD4� CD25� T cells restore oral tolerance in Ii°/° mice by
preventing hapten-specific skin inflammation

To further demonstrate that CD4�CD25� T cells are required for
oral tolerance induction, we examined whether CD4�CD25� T-cell
transfer could prevent CHS only when transferred before DNFB
gavage in Ii°/° mice. As shown in Figure 4A, CD4�CD25� T cells
were unable to suppress CHS in vehicle-fed Ii°/° recipients but
achieved complete suppression of CHS in DNFB-fed mice. This
confirms that concomitant hapten feeding is mandatory for the
ability of CD4�CD25� T-cell transfer to restore tolerance. To
determine whether CD4�CD25� T cells represented the major
regulatory subset able to restore oral tolerance, we compared the

Figure 1. Adoptive transfer of CD4� T cells restored oral tolerance in invariant
chain– deficient mice . Ii°/° mice were either left untreated or transferred intrave-
nously on day �8 with (A) 10 � 106 CD4� T cells or CD4-depleted cells from naive
C57BL/6 mice or (B) graded numbers of CD4� T cells. All mice were fed either vehicle
or DNFB one day later, sensitized epicutaneously with 0.5% DNFB on day 0, and ear
challenged with 0.25% DNFB on day �5. The CHS response was determined by ear
swelling at various times (A) or 48 hours (B) after hapten challenge. Standard errors
were less than 15% (A). Mean increases in ear thickness are indicated by horizontal
bars (B). In panel A, ‚ indicates untreated mice fed with vehicle; Œ, untreated mice
fed with DNFB; f, mice transferred with CD4� T cells and fed with DNFB; and F, mice
transferred with CD4-depleted cells and fed with DNFB.

Figure 2. Restoration of oral tolerance by CD4� T cells is MHC class II–
dependent but is not mediated by IL-10 secretion. (A) Naive CD4� T cells
(10 � 106) were transferred intravenously into Ii°/° or A�°/° recipient mice on day �8.
(B) CD4� T cells (10 � 106) purified from either naive wild-type C57BL/6 (Œ) or
IL-10–deficient (�) mice were adoptively transferred in Ii°/° mice on day �8. Groups
of mice without cell transfer (‚) were used as control. All mice were then fed DNFB on
day �7, sensitized on day 0 with DNFB, and ear challenged on day �5. Ear swelling
was determined at 48 hours (A) or at various times after challenge (B). Results are
expressed as mean values 
 SD and are representative of 3 independent experi-
ments.
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capacity of CD4�CD25� and CD4�CD25� T cells to restore oral
tolerance in Ii°/° mice. To this end, both subsets were purified from
naive C57BL/6 mice by cell sorting and transferred before gavage
into Ii°/° mice, in cell number representing the relative proportion of
each subset among total unfractionated CD4� T cells. As shown in
Figure 4B, as few as 1 � 106 CD4�CD25� cells prevented the
development of the skin inflammatory response as efficiently as
10 � 106 total CD4� T cells. In contrast, transfer of 9 � 106

CD4�CD25� cells resulted in only partial and transient down-
regulation of the CHS. These results demonstrate that only
CD4�CD25� T cells allowed maximal and stable restoration of
oral tolerance in Ii°/° mice.

We have previously reported that skin inflammation in CHS is
mediated by hapten-specific cytolytic CD8� T cells recruited at the
site of hapten challenge27,28 and that lack of CHS in orally tolerized
mice correlated with absence of CD8� T cells in the challenged
skin.30 Immunohistochemical analysis was thus carried out to
examine the relative outcome of CD4� T-cell subset transfer on
skin inflammation and infiltration with CD8� T cells upon chal-
lenge in the same Ii°/° recipients as those shown in Figure 4. As
expected, untransferred Ii°/° mice had an intense skin inflammatory
reaction manifested by dermal edema and fibrosis associated with a
massive cellular infiltration of both dermis and epidermis (Figure
5A) containing many CD8� T cells (Figure 5E). Similar skin
inflammatory infiltrate and CD8� T-cell recruitment (Figure 5D,H)
occurred in Ii°/° recipients of CD4�CD25� T cells. In contrast, Ii°/°

mice tolerized by transfer of either CD4� T cells (Figure 5B,F) or
CD4�CD25� T cells (Figure 5C,G) exhibited a normal skin
histology with no sign of inflammation and complete lack of CD8�

T cells. Thus, the efficacy of CD4�CD25� but not CD4�CD25�

cells to restore oral tolerance and prevent CHS correlated with lack
of CD8� T-cell effectors recruited in the skin.

CD4� CD25� cells tolerize hapten-specific CD8� T cells in vivo

Because CD4�CD25� T-cell–mediated restoration of oral toler-
ance in Ii°/° mice could result from impaired priming/expansion of
hapten-specific CD8� effector cells, as observed in orally tolerized
normal mice,30 we next analyzed the presence of hapten-specific
CD8� T cells in secondary lymphoid organs of hapten-fed Ii°/°

recipients on day 5 after skin sensitization. As expected, hapten
feeding in Ii°/° mice prior to skin sensitization was unable to inhibit
the development of hapten-specific CD8� effector T-cell response
in secondary lymphoid organs (Figure 6). Likewise, adoptive
transfer of the CD4�CD25� T-cell subset did not affect the

hapten-specific CD8� T-cell response. Alternatively, adoptive
transfer of either 10 � 106 unfractionated CD4� T cells or 106

CD4�CD25� T cells completely prevented hapten-specific CD8�

T-cell proliferation within secondary lymphoid organs (Figure 6).
Altogether, these data demonstrated that CD4�CD25� T cells
restored oral tolerance in Ii-deficient mice by preventing the
priming/expansion of hapten-specific CD8� CHS effector T cells.

CD4� CD25� T cells inhibit hapten-specific CD8� T-cell
responses in vitro

We next examined whether CD4�CD25� T cells could directly
inhibit hapten-specific CD8� T-cell responses and whether hapten
feeding potentiated their suppressive function. For this purpose,
hapten-primed CD8� T cells were purified from spleen and
draining lymph nodes of DNFB-sensitized mice and were restimu-
lated in vitro with hapten-pulsed bone marrow–derived DCs in the
presence of graded numbers of CD4�CD25� T cells purified from
either naive or tolerant mice. CD4�CD25� T cells from naive or
tolerant mice were hyporesponsive to in vitro stimulation and did
not proliferate in response to hapten-pulsed DCs (data not shown).
As shown in Figure 7, CD4�CD25� T cells from both naive and
tolerant mice suppressed in a dose-dependent manner CD8� T-cell
proliferation and �-IFN production, both resulting in more than
70% inhibition when used at a 1:1 ratio with effector CD8� T cells.
CD4�CD25� T cells isolated from tolerant mice were reproducibly
found to have slightly higher suppressive activity, compared with
CD4�CD25� cells isolated from naive donors, especially when
used at lower cell ratios. Thus, naturally occurring CD4�CD25�

cells can control hapten-specific CD8� T-cell responses, and oral
exposure to antigen enhanced their suppressive function.

Discussion

This study demonstrates that CD4� T cells are MHC class
II–dependent regulatory cells responsible for orally induced toler-
ance of CD8� T-cell–mediated CHS responses and that
CD4�CD25� cells represent the major subset responsible for this
effect. Remarkably, adoptive transfer of naive CD4� T cells can
restore complete oral tolerance in otherwise refractory invariant
chain–deficient mice. CD4� T-cell transfer in the absence of hapten
feeding failed to inhibit the CHS response, indicating that CD4� T
cells and oral hapten were both required to achieve oral tolerization.

We showed that within CD4� T lymphocytes, the naturally
occurring CD4�CD25� T-cell subset is responsible for restoration

Figure 4. CD4� CD25� regulatory cells restore oral tolerance in Ii°/° mice . (A) Ii°/°

mice were left untreated (Œ) or transferred intravenously with 1.106 naive CD4�CD25�

T cells one day before gavage (ie, day �8) with either DNFB (F) or vehicle alone (E).
(B) Ii°/° mice were left untreated (‚) or transferred intravenously with either naive total
CD4� T cells (10 � 106; �), CD4�CD25� T cells (9 � 106; �), or CD4�CD25� T cells
(1 � 106; E) one day before gavage with DNFB. All mice were sensitized epicutane-
ously on day 0, and the CHS response was measured as described in Figure 1
legend. The data are expressed as mean values 
 SD and are representative of at
least 3 independent experiments.

Figure 3. Anti-CD25 mAb treatment impairs oral tolerance in normal mice.
C57BL/6 mice were injected intraperitoneally with either a control rat mAb (�) or a
depleting anti-CD25 mAb (o) on days �10, �7, �3, and 0, with respect to day 0 of
DNFB sensitization as illustrated in Figure 1. Mice were fed either vehicle or DNFB,
sensitized, and ear challenged with DNFB. Ear-swelling responses were determined
at 48 hours after challenge.
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of oral tolerance. Indeed, in vivo transfer of as few as 106 purified
CD4�CD25� T cells to Ii°/° recipient mice before hapten feeding
completely prevented the CHS response induced by subsequent
skin sensitization, while 10.106 CD4� T cells were required to
achieve similar suppression. The suppressive effect of transferred
CD4�CD25� T cells on the CHS response required concomitant
antigen feeding, since CD4�CD25� cell transfer did not affect the
CHS response of vehicle-fed Ii°/° recipients. That CD4�CD25� but
not CD4�CD25� T cells were responsible for the in vivo regulatory
effect of unfractionated CD4� T cells was confirmed by the finding
that only CD4�CD25� T-cell transfer was able to prevent (1) the
development and differentiation of hapten-specific CD8� T cells in
secondary lymphoid organs and (2) CD8� T-cell infiltration in the
hapten-challenged skin of the Ii°/° recipient. In addition, in vivo
depletion of CD25� T cells by specific antibody treatment impaired
oral tolerance in normal C57BL/6 mice, although not completely as

compared with anti-CD4 mAb depletion.30 This could be explained
by either (1) incomplete depletion of CD4�CD25� cells, especially
from tissues such as the intestine, (2) concomitant depletion of
activated CD8� effectors that have up-regulated CD25, or (3) the
ability of CD4�CD25� cells to exert some level of regulation, as
reported in other models.21,36-38 Indeed, CD4�CD25� cells were
found to inhibit wasting or autoimmune disease in lymphopenic
host to the same extent as CD4�CD25� cells.36,37 In addition, TcR
transgenic CD4�CD25� T cells were reported to differentiate in
vivo into CD4�CD25� regulatory T cells upon activation with
antigen expressed in peripheral tissues38 or encountered following
oral delivery.21 Although transfer of CD4�CD25� T cells induced a
partial and transient decrease in the CHS response in some mice,
these cells were unable to prevent skin infiltration by CD8� T cells
or development of the hapten-specific CD8� T-cell response in
secondary lymphoid organs. It has recently been emphasized that
the relative homeostatic expansion capacity of T-cell subsets
transferred in immunocompromised SCID or RAG°/° (recombina-
tion activating genes) hosts plays an important role in their

Figure 5. CD4� CD25� T cells prevent CD8�-mediated skin inflammation. Ears from the same Ii°/° recipients as those in Figure 3 were harvested 96 hours after DNFB
challenge. Cryostat sections of ears were either stained with hematoxylin/phloxin/safran (A-D) or with an anti-CD8 mAb (red) and counter-stained with hematoxylin (E-G).
Original magnification, � 40. No CD8-specific staining or local inflammatory reaction was detected in sections of ears from nonsensitized animals (not shown).

Figure 6. CD4� CD25� cells prevent expansion of hapten-specific CD8� T cells.
Ii°/° mice were either left untreated or were transferred intravenously on day �8 with
either naive total CD4� T cells (10 � 106), CD4�CD25� T cells (9 � 106), or
CD4�CD25� T cells (1 � 106), fed with DNFB on day �7 and skin sensitized on day 0
with DNFB. Purified CD8� T cells (2 � 105) from spleen and lymph nodes, harvested
on day 5 after sensitization, were restimulated in vitro for 3 days with syngeneic
mitomycin C–treated spleen cells (5 � 105) either untreated or pulsed with DNBS.
T-cell proliferation was determined by [3H]thymidine uptake during the last 8 hours.
Results are expressed as 	cpm values (ie, cpm from hapten-derivatized spleen
cells � cpm from untreated spleen cells) 
 SD of triplicate wells.

Figure 7. Innate CD4� CD25� cells inhibit hapten-specific CD8� expansion in
vitro. CD8� T cells (105) were isolated from day-5 DNFB-sensitized C57BL/6 mice
and stimulated with hapten-pulsed and mitomycin C–treated BM-DCs (2 � 104) (u).
Graded numbers of CD4�CD25� T cells, purified from spleen and lymph nodes of
either naive (�) or orally tolerant C57BL/6 mice (o), were added to cultures.
Proliferation was determined after 3 days by [3H]thymidine uptake (A) and �-IFN
production was titrated by ELISA in 48 hours cell free supernatants (B). Results are
expressed as mean values 
 SD and are representative of 3 independent experiments.
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suppressive properties.39 Although Ii°/° mice are not immunocom-
promised, it is possible that the partial and transient protection
induced by CD4�CD25� cells might relate to the large number of
cells transferred and/or to the homeostatic expansion that may
occur to some extent, resulting in competition with hapten-specific
CD8� effector T cells.

Our finding that naive regulatory CD4�CD25� cells could
block in vivo development and/or differentiation of antigen-
specific CD8� T-cell effectors during orally induced tolerance
confirms and extends to a pathophysiologic situation, previous data
showing that CD8� T cells can be targets of regulatory CD4�CD25�

T cells in vitro, via direct T-T interaction.40 This raises the question
of the mechanism(s) by which regulatory CD4�CD25� T cells
prevent CD8� T-cell expansion during oral tolerance and control
CD8� T-cell–mediated inflammatory responses in Ii°/° mice. It is
possible that hapten penetration through the gut mucosa activates,
or favors the differentiation of, a pool of regulatory CD4�CD25� T
cells that recirculate via blood or lymph and are readily present in
skin draining lymph nodes at the time of skin sensitization, thus
preventing priming/expansion of hapten-specific CD8� effector
cells during the afferent phase of the CHS response. Alternatively,
hapten feeding may prime hapten-specific CD8� T cells, which are
inactivated or deleted by regulatory CD4�CD25� T cells, thus
resulting in lack of functional hapten-specific CD8� T cells
available at the time of skin sensitization. This latter hypothesis is
supported by studies reporting that orally induced systemic toler-
ance to protein antigens is preceded by rapid activation of specific
CD8� CTLs in Peyer patches and mesenteric lymph nodes41,42 and
by our finding that CD4�CD25� T cells can block IFN� production
and proliferation of hapten-primed CD8� T cells upon in vitro
restimulation with the hapten.

It may be proposed that MHC class II–dependent interaction
between CD4�CD25� T cells and the APCs that have captured the
hapten from the gut is required to trigger their suppressive function.
Indeed, the inability of CD4�CD25� T cells to restore oral
tolerance in A�°/° recipients indicates that CD4�CD25� cells need
MHC class II molecule expression by host APCs to exert their
regulatory function and is reminiscent of a recent study showing
that peripheral MHC class II molecules allow maintenance of
regulatory CD4�CD25� T cells in lymphopenic hosts.43 In addi-
tion, CD4�CD25� T cells harvested from orally tolerized normal
mice exhibited a more potent regulatory effect on hapten-specific
CD8� T-cell responses in vitro, suggesting that hapten feeding
could affect the size, regulatory activity, or migratory capacity of
CD4�CD25� T cells. In this respect, recent studies reported that
oral antigen administration in recipients receiving TcR transgenic T
cells could increase the size of the regulatory CD4�CD25� T-cell
pool at the periphery.21,22

Whether regulatory T cells, and CD4�CD25� T cells in
particular, exert peripheral suppression via a bystander or an
antigen-specific mechanism is still debated. Numerous studies have
described oral tolerance as an antigen-specific mechanism, because
systemic immune response to a nominal antigen (either a protein or
a hapten) could be prevented only by prior oral administration of
the same antigen. Likewise, our previous studies of oral tolerance
in the model of CHS showed that even when mice were double

sensitized with 2 non–cross-reacting haptens (ie, DNFB and OXA)
to generate effector cells specific for both, tolerance was induced
exclusively by feeding with the same hapten as the one used for
challenge.30 It is possible that hapten feeding activates and/or
expands antigen-specific CD4�CD25� T cells recognizing com-
plexes of MHC class II/hapten-modified peptides. Alternatively,
the apparent antigen specificity of T-cell regulation may relate to
the fact that the APCs may simultaneously present the oral hapten
to CD8� T cells and activate regulatory CD4�CD25� T cells via
self-peptide/MHC class II complexes. Such bridging could allow
tolerization of hapten-specific CD8� T cells by naturally occurring
CD4�CD25� T cells.

Whether IL-10 plays a role in oral tolerance and whether it is
responsible for the regulatory function of CD4�CD25� T cells are
of major importance. This latter issue has yielded divergent results
that may be related to differences in the experimental systems used.
Thus, IL-10 production appears crucial for the ability of
CD4�CD25� cells to prevent colitis in immunocompromised
mice44 but not for their inhibitory effect on gastritis.45 Furthermore,
IL-10 production by CD4�CD25� cells was shown to be manda-
tory for controlling the inflammatory response induced by bacterial
superantigen in CD25-deficient mice.46 In our model, IL-10
production by CD4�CD25� T cells did not account for induction of
CD8� T-cell tolerance. Indeed, (1) CD4� T cells from IL-10–
deficient mice were as efficient as wild-type CD4� T cells to restore
oral tolerance to CHS in Ii°/° mice, (2) hapten feeding in normal
mice did not potentiate IL-10 production by CD4�CD25� T cells,
and (3) neutralizing anti–IL-10 or anti–IL-10 receptor mAbs did
not affect their ability to inhibit the hapten-specific CD8� T-cell
response in vitro (data not shown). Nevertheless, we found that
IL-10 is critical for efficient induction of oral tolerance, inasmuch
as oral tolerance of the CHS response to DNFB is greatly impaired
both in IL-10°/° mice as well as in normal mice treated with
neutralizing anti–IL-10 antibody (B.D., D.K., unpublished observa-
tions, 2003). Thus, IL-10, which is constitutively produced by
intestinal epithelial cells47 and Peyer patch dendritic cells,48 may be
a critical factor in the gut microenvironment at the time of antigen
penetration for efficient tolerization of CD8� T cells. IL-10 might
be also instrumental for regulatory T-cell differentiation, as demon-
strated for Tr1 cells,15,49 and by limiting local activation of
hapten-specific CD8� T cells, may render them more susceptible to
CD4�CD25� T-cell regulation.

This study documents the potent in vivo regulatory effect of
CD4�CD25� T cells on orally induced tolerance of CD8� T cells
mediating antigen-specific tissue inflammation. Successful therapy
by oral antigen and CD4�CD25� cells in Ii°/° mice, who have
Th1-biased T-cell responses, supports the potential clinical and
therapeutic interest of CD4�CD25� cells for the control of CD8�

Tc1-mediated diseases.
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We thank Grégoire Joubert for expert technical assistance with
immunohistochemistry and M. Chevalier for hematoxylin/phloxin/
safran stainings.

References

1. Garside P, Mowat AM. Oral tolerance. Semin Im-
munol. 2001;13:177-185.

2. Whitacre CC, Gienapp IE, Orosz CG, Bitar DM.
Oral tolerance in experimental autoimmune en-
cephalomyelitis: III. evidence for clonal anergy.
J Immunol. 1991;147:2155-2163.

3. Melamed D, Friedman A. Direct evidence for an-
ergy in T lymphocytes tolerized by oral adminis-
tration of ovalbumin. Eur J Immunol. 1993;23:
935-942.

4. Chen Y, Inobe J, Marks R, Gonnella P, Kuchroo
VK, Weiner HL. Peripheral deletion of antigen-

reactive T cells in oral tolerance. Nature. 1995;
376:177-180.

5. Gutgemann I, Fahrer AM, Altman JD, Davis MM,
Chien YH. Induction of rapid T cell activation and
tolerance by systemic presentation of an orally
administered antigen. Immunity. 1998;8:667-673.

3300 DUBOIS et al BLOOD, 1 NOVEMBER 2003 � VOLUME 102, NUMBER 9

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/102/9/3295/1693205/h82103003295.pdf by guest on 18 M

ay 2024



6. Chen Y, Kuchroo VK, Inobe J, Hafler DA, Weiner
HL. Regulatory T cell clones induced by oral toler-
ance: suppression of autoimmune encephalomy-
elitis. Science. 1994;265:1237-1240.

7. Chen Y, Inobe J, Kuchroo VK, Baron JL, Janeway
CA Jr, Weiner HL. Oral tolerance in myelin basic
protein T-cell receptor transgenic mice: suppres-
sion of autoimmune encephalomyelitis and dose-
dependent induction of regulatory cells. Proc Natl
Acad Sci U S A. 1996;93:388-391.

8. Shevach EM. CD4� CD25� suppressor T cells:
more questions than answers. Nat Rev Immunol.
2002;2:389-400.

9. Asano M, Toda M, Sakaguchi N, Sakaguchi S.
Autoimmune disease as a consequence of devel-
opmental abnormality of a T cell subpopulation. J
Exp Med. 1996;184:387-396.

10. Takahashi T, Tagami T, Yamazaki S, et al. Immuno-
logic self-tolerance maintained by CD25(�)CD4(�)
regulatory T cells constitutively expressing cytotoxic
T lymphocyte-associated antigen 4. J Exp Med.
2000;192:303-310.

11. Read S, Malmstrom V, Powrie F. Cytotoxic T lym-
phocyte-associated antigen 4 plays an essential
role in the function of CD25(�)CD4(�) regulatory
cells that control intestinal inflammation. J Exp
Med. 2000;192:295-302.

12. Nakamura K, Kitani A, Strober W. Cell contact-de-
pendent immunosuppression by CD4(�)CD25(�)
regulatory T cells is mediated by cell surface-bound
transforming growth factor beta. J Exp Med. 2001;
194:629-644.

13. Levings MK, Sangregorio R, Roncarolo MG. Hu-
man CD25�CD25� T regulatory cells suppress
naive and memory T cell proliferation and can be
expanded in vitro without loss of function. J Exp
Med. 2001;193:1295-1302.

14. Fowler S, Powrie F. CTLA-4 expression on anti-
gen-specific cells but not IL-10 secretion is re-
quired for oral tolerance. Eur J Immunol. 2002;32:
2997-3006.

15. Groux H, O’Garra A, Bigler M, et al. A CD4� T-
cell subset inhibits antigen-specific T-cell re-
sponses and prevents colitis. Nature. 1997;389:
737-742.

16. Sadlack B, Merz H, Schorle H, Schimpl A, Feller
AC, Horak I. Ulcerative colitis-like disease in mice
with a disrupted interleukin-2 gene. Cell. 1993;75:
253-261.

17. Willerford DM, Chen J, Ferry JA, Davidson L, Ma
A, Alt FW. Interleukin-2 receptor alpha chain
regulates the size and content of the peripheral
lymphoid compartment. Immunity. 1995;3:521-
530.

18. Mombaerts P, Mizoguchi E, Grusby MJ, Glimcher
LH, Bhan AK, Tonegawa S. Spontaneous devel-
opment of inflammatory bowel disease in T cell
receptor mutant mice. Cell. 1993;75:274-282.

19. Shull MM, Ormsby I, Kier AB, et al. Targeted dis-
ruption of the mouse transforming growth factor-
beta 1 gene results in multifocal inflammatory dis-
ease. Nature. 1992;359:693-699.

20. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller
W. Interleukin-10-deficient mice develop chronic
enterocolitis. Cell. 1993;75:263-274.

21. Thorstenson KM, Khoruts A. Generation of aner-

gic and potentially immunoregulatory CD25�CD4
T cells in vivo after induction of peripheral toler-
ance with intravenous or oral antigen. J Immunol.
2001;167:188-195.

22. Zhang X, Izikson L, Liu L, Weiner HL. Activation
of CD25(�)CD4(�) regulatory T cells by oral anti-
gen administration. J Immunol. 2001;167:4245-
4253.

23. van Maurik A, Herber M, Wood KJ, Jones ND.
Cutting edge: CD4�CD25� alloantigen-specific
immunoregulatory cells that can prevent CD8� T
cell-mediated graft rejection: implications for anti-
CD154 immunotherapy. J Immunol. 2002;169:
5401-5404.

24. Bour H, Peyron E, Gaucherand M, et al. Major
histocompatibility complex class I-restricted
CD8� T cells and class II-restricted CD4� T
cells, respectively, mediate and regulate contact
sensitivity to dinitrofluorobenzene. Eur J Immu-
nol. 1995;25:3006-3010.

25. Xu H, DiIulio NA, Fairchild RL. T cell populations
primed by hapten sensitization in contact sensitiv-
ity are distinguished by polarized patterns of cyto-
kine production: interferon gamma-producing
(Tc1) effector CD8� T cells and interleukin (Il)
4/Il-10-producing (Th2) negative regulatory
CD4� T cells. J Exp Med. 1996;183:1001-1012.

26. Xu H, Banerjee A, Dilulio NA, Fairchild RL. Devel-
opment of effector CD8� T cells in contact hyper-
sensitivity occurs independently of CD4� T cells.
J Immunol. 1997;158:4721-4728.

27. Kehren J, Desvignes C, Krasteva M, et al. Cyto-
toxicity is mandatory for CD8(�) T cell-mediated
contact hypersensitivity. J Exp Med. 1999;189:
779-786.

28. Akiba H, Kehren J, Ducluzeau MT, et al. Skin in-
flammation during contact hypersensitivity is me-
diated by early recruitment of CD8� Tc1 cells in-
ducing keraticyte apoptosis. J Immunol. 2002;
168:3079-3087

29. Desvignes C, Bour H, Nicolas JF, Kaiserlian D.
Lack of oral tolerance but oral priming for contact
sensitivity to dinitrofluorobenzene in major histo-
compatibility complex class II- deficient mice and
in CD4� T cell-depleted mice. Eur J Immunol.
1996;26:1756-1761.

30. Desvignes C, Etchart N, Kehren J, Akiba I, Nico-
las JF, Kaiserlian D. Oral administration of hapten
inhibits in vivo induction of specific cytotoxic
CD8� T cells mediating tissue inflammation: a
role for regulatory CD4� T cells. J Immunol.
2000;164:2515-2522.

31. Cosgrove D, Gray D, Dierich A, et al. Mice lacking
MHC class II molecules. Cell. 1991;66:1051-
1066.

32. Viville S, Neefjes J, Lotteau V, et al. Mice lacking
the MHC class II-associated invariant chain. Cell.
1993;72:635-648.

33. Garrigue JL, Nicolas JF, Fraginals R, Benezra C,
Bour H, Schmitt D. Optimization of the mouse ear
swelling test for in vivo and in vitro studies of
weak contact sensitizers. Contact Dermatitis.
1994;30:231-237.

34. Inaba K, Inaba M, Romani N, et al. Generation of
large numbers of dendritic cells from mouse bone
marrow cultures supplemented with granulocyte/

macrophage colony-stimulating factor. J Exp
Med. 1992;176:1693-1702.

35. Topilski I, Harmelin A, Flavell RA, Levo Y, Sha-
char I. Preferential Th1 immune response in in-
variant chain-deficient mice. J Immunol. 2002;
168:1610-1617.

36. Stephens LA, Mason D. CD25 is a marker for
CD4� thymocytes that prevent autoimmune dia-
betes in rats, but peripheral T cells with this func-
tion are found in both CD25� and CD25- sub-
populations. J Immunol. 2000;165:3105-3110.

37. Annacker O, Burlen-Defranoux O, Pimenta-
Araujo R, Cumano A, Bandeira A. Regulatory
CD4 T cells control the size of the peripheral acti-
vated/memory CD4 T cell compartment. J Immu-
nol. 2000;164:3573-3580.

38. Apostolou I, Sarukhan A, Klein L, von Boehmer
H. Origin of regulatory T cells with known specific-
ity for antigen. Nat Immunol. 2002;3:756-763.

39. Barthlott T, Kassiotis G, Stockinger B. T cell regu-
lation as a side effect of homeostasis and compe-
tition. J Exp Med. 2003;197:451-460.

40. Piccirillo CA, Shevach EM. Cutting edge: control
of CD8� T cell activation by CD4�CD25� immu-
noregulatory cells. J Immunol. 2001;167:1137-
1140.

41. Sun J, Dirden-Kramer B, Ito K, Ernst PB, Van
Houten N. Antigen-specific T cell activation and
proliferation during oral tolerance induction. J Im-
munol. 1999;162:5868-5875.

42. Blanas E, Davey GM, Carbone FR, Heath WR. A
bone marrow-derived APC in the gut-associated
lymphoid tissue captures oral antigens and pre-
sents them to both CD4� and CD8� T cells.
J Immunol. 2000;164:2890-2896.

43. Bhandoola A, Tai X, Eckhaus M, et al. Peripheral
expression of self-MHC-II influences the reactivity
and self-tolerance of mature CD4(�) T cells: evi-
dence from a lymphopenic T cell model. Immu-
nity. 2002;17:425-436.

44. Asseman C, Mauze S, Leach MW, Coffman RL,
Powrie F. An essential role for interleukin 10 in
the function of regulatory T cells that inhibit intes-
tinal inflammation. J Exp Med. 1999;190:995-
1004.

45. Suri-Payer E, Cantor H. Differential cytokine re-
quirements for regulation of autoimmune gastritis
and colitis by CD4(�)CD25(�) T cells. J Autoim-
mun. 2001;16:115-123.

46. Pontoux C, Banz A, Papiernik M. Natural CD4
CD25(�) regulatory T cells control the burst of
superantigen-induced cytokine production: the
role of IL-10. Int Immunol. 2002;14:233-239.

47. Galliaerde V, Desvignes C, Peyron E, Kaiserlian
D. Oral tolerance to haptens: intestinal epithelial
cells from 2,4-dinitrochlorobenzene-fed mice in-
hibit hapten-specific T cell activation in vitro. Eur
J Immunol. 1995;25:1385-1390.

48. Iwasaki A, Kelsall BL. Freshly isolated Peyer’s
patch, but not spleen, dendritic cells produce in-
terleukin 10 and induce the differentiation of T
helper type 2 cells. J Exp Med. 1999;190:229-
239.

49. Akbari O, DeKruyff RH, Umetsu DT. Pulmonary
dendritic cells producing IL-10 mediate tolerance
induced by respiratory exposure to antigen. Nat
Immunol. 2001;2:725-731.

CD4�CD25� REGULATORY T CELLS AND ORAL TOLERANCE 3301BLOOD, 1 NOVEMBER 2003 � VOLUME 102, NUMBER 9

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/102/9/3295/1693205/h82103003295.pdf by guest on 18 M

ay 2024


