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Mucosal	tolerance	prevents	pathological	reactions	against	environmental	and	food	antigens,	and	its	failure	
results	in	exacerbated	inflammation	typical	of	allergies	and	asthma.	One	of	the	proposed	mechanisms	of	oral	
tolerance	is	the	induction	of	Tregs.	Using	a	mouse	model	of	hyper-IgE	and	asthma,	we	found	that	oral	toler-
ance	could	be	effectively	induced	in	the	absence	of	naturally	occurring	thymus-derived	Tregs.	Oral	antigen	
administration	prior	to	i.p.	immunization	prevented	effector/memory	Th2	cell	development,	germinal	center	
formation,	class	switching	to	IgE,	and	lung	inflammation.	Oral	exposure	to	antigen	induced	development	of	
antigen-specific	CD4+CD25+Foxp3+CD45RBlow	cells	that	were	anergic	and	displayed	suppressive	activity	in	vivo	
and	in	vitro.	Oral	tolerance	to	the	Th2	allergic	response	was	in	large	part	dependent	on	TGF-β	and	independent	
of	IL-10.	Interestingly,	Tregs	were	also	induced	by	single	i.p.	immunization	with	antigen	and	adjuvant.	How-
ever,	unlike	oral	administration	of	antigen,	which	induced	Tregs	but	not	effector	T	cells,	i.p.	immunization	led	
to	the	simultaneous	induction	of	Tregs	and	effector	Th2	cells	displaying	the	same	antigen	specificity.

Introduction
 Oral tolerance can be defined as an inhibition of specific immune 
responsiveness to subsequent parenteral injections of proteins to 
which an individual or animal has been previously exposed via the 
oral route (1–4). Several mechanisms have been proposed for the 
development of oral tolerance, ranging from the deletion of anti-
gen-specific T cells (5, 6) to immune deviation (7, 8), induction of 
anergy (9), and suppression by Tregs (10, 11).

When markers of naturally occurring Tregs, such as CD45RBlow, 
CD25, cytotoxic T lymphocyte–associated antigen 4 (CTLA-4), 
glucocorticoid-induced TNF receptor (GITR), and, more recently, 
the forkhead box transcription factor Foxp3 became available, a 
number of studies described a role for naturally occurring Tregs 
in the development of oral or inhaled tolerance (10–17). However, 
these studies did not address the issue of whether naturally occur-
ring Tregs are necessary for the induction of oral tolerance.

The possible role of Tregs as mediators of oral tolerance has 
been addressed by directly feeding antigen to TCR-transgenic mice  
(10, 11, 18) and by using TCR transgenic mice as a source of naive 
antigen–specific T cells in transfer systems (11, 14, 15). In all these 
experimental systems, the influence of thymic-derived naturally 
occurring Tregs could not be ruled out, either because the stud-
ies were carried out in TCR transgenic recombination activating 
gene (RAG+) systems or because antigen-specific T cells were trans-
ferred to wild-type mice, which have a full complement of natu-
rally occurring Tregs. The influence of these host-derived Tregs on 

the behavior of the antigen-specific TCR transgenic T cells could 
not be assessed. It has been shown that TCR transgenic RAG+ mice 
harbor antigen-specific Tregs, but virtually all of these Tregs coex-
press 1 or 2 TCR chains encoded by endogenous TCR genes. It is 
believed that endogenous TCR chains are essential for the thymic 
differentiation of antigen-specific TCR transgenic Tregs, which are 
absent in most TCR transgenic RAG–/– mice (19).

It has become increasingly apparent in the past several months 
that cells  indistinguishable  from naturally occurring thymic-
derived CD4+CD25+Foxp3+ Tregs can be generated in vivo in the 
periphery of experimental animals. The peripheral conversion 
of naive CD4+CD25– T cells from TCR-transgenic RAG–/– mice 
into functional antigen-specific CD4+CD25+Foxp3+ Tregs was 
shown by Apostolou and von Boehmer, after s.c. infusion of the 
TCR transgene-specific peptide ligand (20), and by Cobbold et 
al., after sex-mismatched skin grafting performed together with 
coreceptor blockade  (21). We have shown that about 10–15%  
of  naive  CD4+CD25–Foxp3–  T  cells  convert  into  functional 
CD4+CD25+Foxp3+ Tregs upon homeostatic proliferation (22). In 
addition to these examples of Tregs that are very similar to thymic-
derived naturally occurring Tregs, it has been known for some time 
that regulatory cells displaying a range of differences from natu-
rally occurring Tregs could be generated in vivo in peripheral tis-
sues. For instance, CD8+ DCs isolated from mice immunized with 
heat-killed Listeria monocytogenes induced Tregs that display some 
Th1 properties (23). Immunization with certain GAD65 peptides 
led  to  the development of cells  that  resemble Tr1 Tregs  (24). 
Administration of myelin basic protein peptides i.n. also resulted 
in the generation of IL-10–producing Tregs (25), which are Foxp3 
negative (26). Epicutaneous immunization was shown to induce 
CD4+CD25– Tregs (27). Importantly, oral administration led to the 
generation of TGF-β–producing Treg (Th3) cells (28). Finally, in 
vitro approaches have demonstrated that naive T cells activated 
in the presence of TGF-β generate CD4+CD25+Foxp3+ Tregs that 
resemble naturally occurring Tregs (29–31).

Nonstandard	abbreviations	used: BAL, bronchoalveolar lavage; CTLA-4, cytotoxic 
T lymphocyte–associated antigen 4; GITR, glucocorticoid-induced TNF receptor; 
GC, germinal center; Imm, mice given OVA-HA i.p. immunization; mLN, mesenteric 
lymph node; Oral, mice fed OVA in drinking water; RAG, recombination activating 
gene; Th3 cell, TGF-β–producing Treg cell; Tol, mice fed OVA in drinking water prior 
to OVA-HA i.p. immunization.
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Using an experimental asthma model, we here show that mice 
devoid of naturally occurring Tregs are highly susceptible to the 
induction of oral tolerance after being fed antigen in drinking 
water. Oral antigen administration impairs the development 
of effector/memory Th2 cells and germinal centers (GC), class 
switching to IgE, and lung inflammation. Moreover, oral expo-
sure to antigen leads to the generation of peripheral antigen-
specific CD4+CD25+CD45RBlow Tregs that express Foxp3 and 
CTLA-4. Our results demonstrate that oral tolerance induction 
does not require naturally occurring thymus-derived Tregs, as 

functional Tregs of similar characteristics are induced by oral 
antigen administration.

Results
OVA feeding suppresses asthma-like responses in the absence of naturally 
occurring thymus-derived Tregs. We sought to determine whether oral 
tolerance to an allergic response could be induced in the absence 
of thymus-derived Tregs. To address this issue, we used a strain of 
mice hereafter referred to as T/B monoclonal mice, generated by 
the cross of (a) influenza HA–specific	immunoglobulin heavy- and 
light-chain knockin mice (32); (b) DO11.10 OVA-specific	T cell 
receptor transgenic mice (33); and (c) RAG-1 knockout mice (34), 
and (d) extensively backcrossed onto BALB/c background. The 
T/B monoclonal mice provide an excellent model system to study 
the requirement for thymic-derived Tregs during oral tolerance, 
since these mice carry naive populations of T and B lymphocytes, 
are devoid of Tregs, and develop exacerbated Th2/IgE responses 
and lung inflammation after i.p. immunization and respiratory 
challenge with the cognate antigen OVA-HA (32). The protocol to 
induce and test oral tolerance and the various experimental groups 
is  indicated in Figure 1A. In brief, T/B monoclonal mice were 

Figure 1
Antigen feeding suppresses an asthma-type inflammatory response in 
T/B monoclonal mice. (A) Tolerization protocol and experimental groups. 
Groups of 5 T/B monoclonal mice were administered a 1% OVA solution 
in drinking water for 5 consecutive days (days –7 to –2). Two days later, 
the mice were immunized i.p. with 100 µg of OVA-HA in alum (day 0). 
Fourteen and 21 days after immunization, the mice were challenged 
with 10 µg of OVA-HA i.n. Twenty-four hours later (day 22), the sera, BAL 
cells and fluid, lymphoid organs, and lungs were harvested for analysis. 
The results shown in Figures 1 and 2 are representative of 5 experi-
ments. None, untreated mice. (B) BAL cells were collected on day 22, 
and differential counts were performed in cytospin preparations. Results 
are expressed as mean ± SEM. *Significant differences were found  
(P < 0.05) between values of Tol and Imm groups. (C) Representative 
lung sections were stained with H&E (large pictures) or PAS/hematoxy-
lin (insets) to analyze lung parenchyma inflammation and production of 
mucus by Goblet cells. Note the intense cellular infiltrate and mucus pro-
duction in the Imm sample (left panels) and the suppression of inflam-
mation in the Tol sample (right panels).

Figure 2
Suppression of IgG1 and IgE production by oral tolerance. Imm and Tol experimental groups (n = 5) were prepared as described in Figure 1. 
Antibody titers in sera (A) and BAL cells (B) were determined by ELISA. Results are expressed as mean ± SEM. *Significant differences between 
the Tol and Imm groups (P < 0.05) were found for the values of IgG1, IgE, and IgA.
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administered OVA in drinking water for 5 days and immunized i.p. 
2 days later with OVA-HA in alum. To elicit an asthma-like inflam-
matory response, mice were administered OVA-HA i.n. on days 14 
and 21 after i.p. immunization (35, 36). Analysis of lung inflamma-
tion was performed 1 day after the second respiratory challenge.

The quantity and composition of the cellular exudate in the air-
ways were determined through the harvesting and analysis of cells 
in the bronchoalveolar lavage (BAL). Inflammation in the lung 
parenchyma and goblet cell activation was determined by H&E 
and PAS staining of lung sections. Figure 1, B and C, shows the 
analysis of airway inflammation in immunized mice that did or did 
not receive OVA in drinking water. Those that received OVA in the 
drinking water prior to OVA-HA i.p. immunization and i.n. admin-
istration were referred to as the tolerant group (Tol), and those that 
received only the latter 2 treatments were referred to as the immune 
group (Imm) (Figure 1A). Immunization and respiratory challenge 
of T/B monoclonal mice with OVA-HA elicited intense infiltration 
of eosinophils, neutrophils, and lymphocytes in the airways, cel-

lular inflammation of the lung parenchyma, and production of 
mucus by goblet cells (Figure 1, B and C; Imm group). In contrast, 
mice pretreated with OVA in the drinking water displayed much-
reduced airway inflammation (Figure 1, B and C; Tol group). In 
particular, eosinophil numbers in BAL were reduced by more than 
10-fold. Oral antigen administration also prevented goblet cell acti-
vation and inflammation of lung parenchyma (Figure 1C; compare 
the stained sections from Imm and Tol mice).

Oral administration of OVA suppresses hyper-IgE and -IgG1 responses. 
Tol group mice displayed a robust inhibition of both hyper-IgE 
and -IgG1 antibody production, as demonstrated by the reduced 

Figure 3
OVA feeding affects early activation of OVA-specific T lymphocytes after 
i.p. immunization. (A) Imm and Tol groups of mice were prepared as 
schematized in Figure 1A. Three mice from each group were sacrificed 
on days 1, 2, and 4 after i.p. immunization (for a total of 9 mice) with 
OVA-HA, and spleen cells were harvested. Cells were stained with 
anti-CD4 APC, anti-CD25 PE, and anti-CD69 FITC antibodies and ana-
lyzed by FACS. The figure shows representative histograms of cells from 
Imm (thick lines) and Tol (thin lines) mice. Solid histograms correspond 
to nonimmunized T/B monoclonal mice. Data are representative of 3 
experiments. (B) FACS dot plots of CD4 spleen cells harvested 2 days 
after i.p. immunization. The same cell suspensions as in A were stained 
with anti-CD4 FITC, anti-CD25 APC, and anti-CD45RB PE antibodies. 
Representative plots of CD4+ gated cells are shown.

Figure 4
Effect of previous OVA-feeding on Treg and effector/memory T cell 
development. The expression of CD25 and CD45RB by OVA-specific 
T cells from the Tol (OVA fed + OVA-HA immunized), Imm (OVA-HA 
immunized), and Oral (OVA-fed) groups (as defined in Figure 1A) were 
analyzed after immunization. mLN cells were stained with antibodies 
to CD25, CD45RB, and CD4 and analyzed by FACS. (A) Represen-
tative dot plots of gated CD4+ cells from the Tol and Imm groups at 
day 22. Similar staining and quadrant gating was used to determine 
the percentage of CD25–CD45RBlow (effector/memory T cells) and 
CD25+CD45RBlow (Treg phenotype) cells in the experimental groups at 
various times after immunization (see B). (B) Kinetics of appearance 
of CD25–CD45RBlow (effector/memory T cells) and CD25+CD45RBlow 
(Treg) cells. On day 0, before immunization, and days 4 and 10 after 
immunization, mLN cells from Tol (squares), Imm (diamonds), and 
Oral (triangles) groups were analyzed for the presence of CD4 cells 
with effector/memory T cell or Treg phenotypes as described above. 
Results are expressed as mean ± SD of 5–15 mice per group per time 
point. (C) Increased percentage of CD25+CD45RBlow in BAL CD4 cells 
from Tol mice. BAL was collected from mice of the Tol and Imm groups 
on day 22. BAL cells were stained with antibodies to CD4, CD25, and 
CD45RB. The plots show gated CD4+ cells from representative samples. 
The numbers in the upper right of the plots indicate quadrant percent-
ages. CD25+/CD25– indicates the ratio between CD25+CD45RBlow and 
CD25–CD45RBlow cells in each sample.
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levels of these 2 isotypes in serum (Figure 2A) and BAL (Figure 2B) 
compared with those in the Imm group. IgA, although described as 
an isotype induced by oral tolerance (2), was also lower in tolerant	
mice. Since the B cells in the T/B monoclonal mice do not recognize 
OVA and the HA peptide was not included in the oral treatment, it 
is understandable that IgA antibodies were not induced during OVA 
feeding. Production of IgG2a antibodies did not differ between the 
Tol and Imm groups. IgG2a antibody levels after i.p. immuniza-
tion were about 100-fold lower than IgG1 levels, as the response of 
the T/B monoclonal mice is dominated by Th2-dependent isotypes 
(32). Analysis of spleen and mesenteric lymph node (mLN) cells on 
days 10 and 22 after i.p. immunization demonstrated that the oral 
administration of OVA prevented Th2 differentiation (measured 
by IL-4 production; Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI24487DS1), 
formation of GCs (Supplemental Figure 1, B and C), and immu-
noglobulin class switching (Supplemental Figure 1B). Altogether, 
these results demonstrate that oral tolerance to a Th2 response can 
be efficiently induced in the absence of naturally occurring Tregs.

In the experiments described above, oral antigen administration 
preceded i.p. immunization. In order to determine whether this 
sequence of treatments was necessary for effective induction of 
tolerance, we performed experiments in which oral OVA adminis-
tration was started on the same day as i.p. OVA-HA immunization. 
No tolerance was observed with this protocol, as demonstrated by 
analysis of lung inflammation, BAL cellular content, and IgE pro-
duction (Supplemental Figure 2).

Oral OVA administration affects the activation of OVA-specific T lympho-
cytes after i.p. immunization. Immunization of T/B monoclonal mice 
with i.p. OVA-HA leads to the activation and differentiation of 
OVA-specific T cells (22, 32). The early phase of the T cell response 
lasts about 4 days and is characterized by the swift upregulation of 
CD25 and CD69 expression and IL-2 secretion, followed by prolif-
eration and, finally, contraction of the T cell population. The late 
phase takes place mostly during the second week after immuni-

zation and is characterized by the appearance of effector Th cells 
(CD45RBlowCD44hi) that secrete IL-4 (22, 32). Since we showed 
that IL-4 production was inhibited in the animals exposed to OVA 
in the drinking water, we sought to determine whether the early 
phase of the T cell response was also affected. Toward that end, 
we analyzed the kinetics of CD25 and CD69 expression in spleen 
cells of mice after i.p. immunization. We found that CD25 and 
CD69 upregulation was similar in the Imm and Tol groups at 24 
hours after i.p. immunization (Figure 3A; top panels). However, 
cells of Tol group mice expressed lower levels of CD69 and CD25 
at 48 hours (Figure 3A; middle panels). Although at 48 hours, over-
all CD25 levels were lower in the Tol group mice, a population of 
CD25hiCD45RBlow T cells (the phenotype of Tregs) was increased 
in this group (Figure 3B). By 96 hours, CD69 and CD25 were 
downregulated in both the Imm and Tol groups (Figure 3A; bot-
tom panels). These results indicate that previous administration 
of OVA in the drinking water curtails the early T cell–activation 
phase induced by subsequent i.p. immunization with OVA-HA.

CD45RB is expressed at high levels on naive T cells and is down-
regulated in antigen-experienced cells (37). The CD45RBhiCD25+ 
population  represents  recently  activated  cells,  whereas  the 

Figure 5
Differential kinetics of appearance of Foxp3+ or IL-4+ T cells through 
oral feeding and i.p. immunization. The expression of Foxp3 (A) and 
IL-4 (B) mRNA by purified OVA-specific CD25+ and CD25– T cells 
from Tol, Imm, and Oral groups was analyzed on several days after 
immunization. For all groups, days were numbered as in Figure 1A. 
CD4+CD25+ and CD4+CD25– cells were purified from pooled spleen 
cells and mLNs of 3 mice per sample by magnetic sorting. Expression 
of Foxp3 and IL-4 was determined by real-time PCR as described. 
Results are expressed as mean and STD of 3 wells per sample and 
are representative of 3 experiments.

Figure 6
CD4+CD25+ T cells induced by oral tolerance are anergic and suppres-
sive in vitro. T/B monoclonal mice were administered OVA in drinking 
water and immunized with OVA-HA as represented in Figure 1A. Ten 
days after immunization, spleen and mLN cells were collected and 
pooled for the sorting of CD4+CD25+ and CD4+CD25– populations. 
Purified CD4+CD25– and CD4+CD25+ cells from Tol T/B monoclonal 
mice (Tol) or from BALB/c mice were stimulated in vitro with anti-CD3 
antibodies and APCs (2 × 104 CD4 cells + 4 × 104 APC cells/well). For 
coculture experiments, 2 × 104 CD4+CD25– BALB/c cells (respond-
er cells) were stimulated with anti-CD3 antibodies and APCs in the 
presence of putative suppressor cells from Tol or BALB/c mice at 
responder/suppressor ratios of 1.0:1.0, 1.0:0.3, and 1.0:0.1. Prolifera-
tion was determined by 3H-thymidine (3H-TdR) incorporation. Results 
are expressed as mean ± SD of triplicate wells.
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CD45RBlow is a heterogeneous population containing differenti-
ated effector/memory T cells (contained in the CD45RBlowCD25– 
population) and Treg cells (the CD45RBlowCD25+ population) 
(38–40). To determine how oral tolerance affects the differen-
tiation of T cells into cells with effector/memory phenotype	and 
Tregs, we quantified CD45RBlowCD25– and CD45RBlowCD25+ in 
mLN, spleen, and BAL cells of the Oral (mice fed OVA in drinking 
water; see Figure 1A), Imm, and Tol groups at several time points 
after immunization. Figure 4A shows FACS plots of CD25 and 
CD45RB expression in gated CD4+KJ1-26+ cells from the mLNs 
of animals pre-exposed or not pre-exposed to OVA in the drinking 
water, 22 days after i.p. immunization. The Tol and Imm groups 
displayed comparable frequencies of CD25+CD45RBlow T cells, but 
the Imm group reproducibly had a higher percentage of effector/
memory T cells (Figure 4A). The same stainings and quadrants 
shown in Figure 4A were utilized for the kinetic studies shown 
in Figure 4B. Analysis of mLNs at day 0 (prior to i.p. immuniza-
tion) showed that OVA-fed animals (Oral group and Tol group) 
already had an increased proportion of both CD25–CD45RBlow 
and CD25+CD45RBlow T cells, reflecting prior exposure to anti-
gen. At later time points, the proportion of CD25+CD45RBlow  
T cells increased in the Tol group, which received i.p. immuni-
zation, unlike the Oral group. The increase in the proportion of 

CD25–CD45RBlow  populations  over 
time  was  most  marked  in  the  Imm 
group whereas the increase in the pro-
portion of CD25+CD45RBlow cells was 
more or less parallel in the Tol and Imm 
groups (Figure 4B). Similar results were 
obtained with spleen samples (Supple-
mental Figure 3, A and B). When we 
analyzed the BAL cells after respiratory 
challenge, we found that the Tol group 
had more CD25+CD45RBlow cells than 
CD25–CD45RBlow cells while the con-
verse was true for the mice of the Imm 
group (Figure 4C).

The  above  results   show  that 
CD25+CD45RBlow  cells,  which  have 
the surface phenotype of Tregs, devel-
op in all mice exposed to oral OVA, 
i.p. OVA-HA, or both. By the time of 
i.p. immunization, CD25+CD45RBlow 
cells were already present in mice that 
had received oral OVA, and their num-
bers  further  increased  with  immu-
nization.  The  population  of  CD25–

CD45RBlow cells also developed in all 
mouse groups exposed to OVA, but it 
became proportionally larger only in 
mice of the Imm group, in which the 
first antigen exposure was by the i.p. 
route. Thus, oral immunization, com-
pared with i.p. immunization, favors 
the  induction  of  CD25+CD45RBlow 
cells  over  the  induction  of  CD25–

CD45RBlow cells.
Oral tolerance induces Foxp3+CD25+ 

Tregs.   To  determine  whether  the 
CD25+CD45RBlow cells induced in the 

T/B monoclonal mice exposed to oral OVA and/or i.p. OVA-HA 
were bona fide Tregs, we studied the expression of Treg-asso-
ciated genes Foxp3 and CTLA-4 in purified CD4+CD25+ and 
CD4+CD25– cells. Unlike other Treg markers, Foxp3 expression 
has been reported as not being upregulated  in conventional 
mouse T cells upon their activation (41–43). Thus, Foxp3 expres-
sion is the marker that best correlates with Treg function. We also 
analyzed the expression of cytokines associated with suppressor 
(IL-10, TGF-β) or effector (IL-4, IL-5, and IFN-γ) activity.

CD4+CD25– and CD4+CD25+ cells were purified by magnetic 
sorting from pooled spleen and mLN cells at several time points 
after i.p. immunization, and mRNA expression in the samples 
was determined by quantitative real-time PCR. Two days after 
i.p. immunization, Foxp3 expression by the CD4+CD25+ T cells 
in the Tol group was approximately 100 times higher than in the 
Imm group (Figure 5A). On day 4, the levels of Foxp3 expression 
in CD4+CD25+ T cells from Tol mice were 5–6 times higher than 
in those from the Imm group. Foxp3 expression was also detected 
in CD4+CD25+ T cells from mice that received OVA orally but were 
not immunized i.p. (Figure 5A; Oral group: days 0, 4, 10, and 22).  
In the 3 experimental groups, Foxp3 levels in the CD4+CD25+ 
samples were similar on days 10 and 22. Foxp3 expression was vir-
tually undetected in CD4+CD25– T cells from any group at any 

Figure 7
CD4+CD25+ T cells induced by oral tolerance or immunization suppress IgE production in vivo. T/B 
monoclonal mice were administered OVA in drinking water and immunized with OVA-HA as repre-
sented in Figure 1A. Ten days after immunization, spleen and mLN cells were collected and pooled for 
the sorting of CD4+CD25+ and CD4+CD25– populations. (A and B) 5 × 105 CD4+CD25+ or CD4+CD25– 
from Tol T/B monoclonal mice cells were injected i.v. into BALB/c mice together with 5 × 105 OVA-spe-
cific naive CD4+ cells and 1 × 107 HA-specific naive B cells. One day after transfer, recipient mice were 
immunized i.p. with OVA-HA in alum. The figure shows total IgE and HA-specific IgG1 serum levels 
(bars) as well as the percentage of donor OVA-specific KJ1-26+ cells (triangles) 14 days after immuni-
zation. Results are expressed as mean ± SEM of 3–4 mice per group. Results in A and B correspond 
to 2 independent experiments. (C) CD4+CD25+ cells were purified from Tol and Imm groups 10 days 
after i.p. immunization and transferred to T/B monoclonal mice (5 × 105 cells/mouse). One day later, 
mice were immunized i.p. with OVA-HA in alum. The graphic shows serum IgE levels on day 15 after 
immunization. Results are expressed as mean ± SEM of 3 mice per group.
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time point. CTLA-4 expression in the CD25+ population paralleled 
Foxp3 expression (Supplemental Figure 4A). High IL-4 and IL-5 
production were only detected in the CD25– population of the 
Imm group (Figure 5B and Supplemental Figure 4F). The expres-
sion of IL-10 and IFN-γ was relatively low in all groups (Supple-
mental Figure 4, B and C). We did not detect consistent differ-
ences in the levels of expression of TGF-β or SMAD2 by purified 
populations of CD4+CD25– or CD4+CD25+ cells from any group 
(Supplemental Figure 4, D and E).

In sum, Foxp3 expression was observed in the CD4+CD25+ T 
cells from all experimental groups exposed to OVA, either orally, 
i.p., or both. The main difference found among the groups was in 
the high expression of the Th2 cytokines IL-4 and IL-5 in the Imm 
group; expression of these cytokines was undetectable in mice that 
had previously received oral OVA (Oral and Tol groups). Thus, oral 
administration of antigen induces OVA-specific naive T cell dif-
ferentiation to Tregs but not to Th2 effector cells. In contrast, i.p. 
immunization induces both Th2 and Tregs. In this case, the fact 
that Tregs develop at the same time as Th2 cells and not before 
may explain the inability of the Tregs to suppress Th2 differentia-
tion and the asthmatic response.

Tregs generated in T/B monoclonal mice suppress in vitro proliferation 
and in vivo IgE responses. We next assessed the suppressor activity of 
oral tolerance–induced antigen-specific CD4+CD25+ T cells using 
a standard in vitro assay. CD4+CD25+ and CD4+CD25– T cells were 
purified from spleen and mLN cells from Tol group mice on day 10 
after i.p. immunization. These cells were tested for their ability to 
proliferate upon anti-CD3 antibody stimulation and to suppress the 
proliferation of purified CD4+CD25– cells from wild-type BALB/c  
mice. As shown in Figure 6, CD4+CD25+ T cells from Tol-group 
mice were as anergic and suppressive as freshly isolated CD4+CD25+ 

T cells from wild-type BALB/c mice whereas CD4+CD25– T cells 
from Tol-group mice exhibited high proliferation in response to 
anti-CD3 stimulation and no suppressor activity.

We also tested to determine whether the transfer of OVA-spe-
cific CD4+CD25+ cells from Tol-group mice could suppress in 
vivo the IgE response to OVA-HA. CD4+CD25+ and CD4+CD25– 
T cells were purified from Tol-group mice on day 10 after i.p. 
immunization. These purified cells were transferred into BALB/c 
mice with or without naive anti-OVA T cells and/or naive anti-
HA B cells, and recipient mice were immunized 1 day after. On 
day 14 after immunization, the production of IgG1 and IgE as 
well as the expansion of OVA-specific T cells were determined. 
The 2 experiments indicated in Figure 7, A and B, showed that 
OVA-specific CD4+CD25+ cells from Tol-group mice diminished 
IgE production and overall expansion of OVA-specific T cells 
(identified by staining with the anti-clonotypic antibody KJ1-26).  
In contrast, OVA-specific CD25– cells from the Tol group did not 
suppress naive cell responses; furthermore, these cells were able 
to proliferate and provide help for IgE production at levels com-
parable to those seen in naive OVA-specific T cells (Figure 7B).  
These results confirm that OVA-specific Tregs generated in T/B 
monoclonal mice after oral exposure and immunization are sup-
pressive in vivo and in vitro. Moreover, the results show that IgE 
responses can be attained (and regulated) in a transfer system 
into BALB/c mice in a way that is qualitatively similar to T/B 
monoclonal mice, although displaying lower overall IgE values.

We  also  investigated  whether  cells  with  Treg  phenotypes 
induced after i.p.  immunization could suppress the Th2/IgE 
response. We purified CD25+ cells from T/B monoclonal mice 
that had either been immunized i.p. with OVA-HA (Imm group) 
or had received OVA orally and subsequently been immunized 
i.p. with OVA-HA (Tol group). In both groups cell purification 
was performed 10 days after i.p. immunization. A total of 5 × 105 
CD4+CD25+ T cells were transferred to naive T/B monoclonal 
mice, and the mice were immunized i.p. 1 day later with OVA-HA  
in alum. As shown in Figure 7C, cells from both the Imm- and 
the  Tol-group  mice  efficiently  suppressed  the  IgE  response. 
Thus, both oral administration of antigen and i.p. immuniza-
tion with adjuvant induce functional Tregs, but in the latter case, 
Treg development does not occur sufficiently early to affect the 
course of the concomitant Th2 response.

Figure 8
IL-10 is not required to establish oral tolerance in T/B monoclonal mice. 
T/B monoclonal IL-10–/– mice were administered OVA orally, immunized 
i.p. with OVA-HA, and challenged i.n. with OVA-HA as schematized 
in Figure 1A. The experimental groups were named as described in 
Figure 1A. The results shown are representative of 3 experiments. (A) 
BAL cells were collected 24 hours after the second i.n. challenge (day 
22) and were analyzed by differential staining. Results are expressed 
as mean ± SEM of 3 mice per group. *Significant differences were 
found between eosinophil numbers in BAL cells of Imm and Tol groups 
(P < 0.05). (B) The levels of IgE and IgG1 were analyzed in serum 
samples from day 22. Results are expressed as mean ± SEM of 3 mice 
per group. *Significant differences were found between values of Imm 
and Tol groups (P < 0.05). (C) Representative lung sections from mice 
on day 22 of immunization. The large pictures show H&E staining, and 
the insets show PAS/hematoxylin staining. Note the peribronchovas-
cular inflammatory cell infiltration (large picture) and the mucus+ PAS+ 
bronchi (inset) in the Imm sample (left panels). Tol mice showed much 
reduced inflammation and mucus (right panels).
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IL-10 is not necessary for the induction of oral tolerance in T/B mono-
clonal mice. The mechanism of suppression by naturally occurring 
Tregs in vitro is cell-contact dependent and cytokine independent 
whereas the cytokines IL-10 and TGF-β have been shown to be 
important for in vivo suppression in several experimental models 
(44–46). In addition, both IL-10 and TGF-β were found to have 
the ability to induce Treg activity in vitro. While TGF-β has been 
implicated in oral tolerance, the role of IL-10 in oral tolerance is 
controversial (4, 47, 48). We next investigated to determine wheth-
er IL-10 and TGF-β are required for induction of oral tolerance in 
the absence of thymus-derived Tregs.

IL-10–deficient T/B monoclonal mice were generated by cross-
ing T/B monoclonal mice with BALB/c IL-10–/– mice. As shown 
in Figure 8, IL-10–/– T/B monoclonal mice developed hyper–IgE 
response and airway inflammation after i.p. immunization and 
respiratory challenge. However, when compared to that in IL-10+ 
T/B monoclonal mice (Figures 1 and 2), serum IgE and eosinophil-
ia in IL-10–/– T/B monoclonal mice were modestly but reproduc-
ibly reduced. Oral OVA administration before i.p. immunization 
resulted in suppression of all asthma parameters analyzed, namely 
BAL eosinophilic infiltrate, lung inflammation, and mucus secre-
tion (Figure 8, A and C). Interestingly, neutrophilic infiltration was 
not reduced in Tol group IL-10–/– T/B monoclonal mice, probably 

because lung neutrophilic infiltration is mediated 
by Th1 cells (49–51). From the early days of IL-10 
research, it has been known that IL-12 and IFN-γ,  
2 critical cytokines in Th1 biology, are targets of 
IL-10 inhibition (52). Thus, it is not surprising 
that this particular aspect of lung inflammation is 
not significantly reduced in Tol group T/B mono-
clonal IL-10–deficient mice.

IL-10–/– T/B monoclonal mice of the Tol group 
displayed strong inhibition of B cell responses, 
such as the production of IgG1 and IgE (Figure 8B)  
and GC reaction (Supplemental Figure 5A). Like 
tolerance induction in IL-10+ T/B monoclonal 
mice, that in IL-10–/– mice was accompanied by a 
lower accumulation of CD45RBlowCD25– (effector/ 
memory T cells) cells (Supplemental Figure 5B). 
IL-10–/– T/B monoclonal mice were also suscep-
tible to nasal tolerance (Supplemental Figure 6). 
Thus, in this experimental system, IL-10 is not 
necessary either for the development of the asth-
matic response or for the establishment of effec-
tive mucosal tolerance.

TGF-β is required for oral tolerance in T/B mono-
clonal mice. We tested next to determine whether 
TGF-β was required during the initial oral toler-
ization phase. To this end, we injected T/B mono-
clonal mice with the depleting anti–TGF-β anti-
body 1D11 before, during, and immediately after 
oral OVA administration. As shown in Figure 9, 
neutralization of TGF-β impaired oral toleriza-
tion, reverting suppression of eosinophilic airway 
inflammation, production of IL-4 by cells in BAL, 
and production of seric IgG1 and IgE (Figure 9, 
A–C). We also observed a reversion of the suppres-
sion of GC formation (Supplemental Figure 7A)  
and  of  the  development  of  CD45RBlowCD25–  
T cells (Supplemental Figure 7B).

To determine the role of TGF-β in the in vivo differentiation of 
Tregs during OVA feeding, we administered anti–TGF-β antibody 
1 day before and 2 days after the beginning of oral treatment. 
On day 5 of oral treatment (Figure 1A; day –2), we analyzed the 
expression of CD25 and CD45RB in mLN cells. We observed an 
increase in CD45RBlowCD25+ cells (as well as in recently activated 
CD45RBhiCD25+ cells) in mice that received OVA orally compared 
with untreated T/B monoclonal mice (Figure 10A). The same 
analysis enabled us to confirm that, as expected, unimmunized 
T/B monoclonal mice have no CD45RBlowCD25+ cells, the region 
in the FACS plot in which Tregs are found (Figure 10A). Anti–
TGF-β treatment resulted in only a moderate reduction of the 
CD45RBlowCD25+ population (Figure 10A). In order to determine 
Foxp3 expression levels, we FACS-sorted the 4 populations defined 
by  anti-CD45RB  and  anti-CD25  antibodies  from  mLNs  and 
prepared cDNA for real-time PCR analysis. As anticipated, only 
CD45RBlowCD25+ cells expressed Foxp3. Importantly, anti–TGF-β 
treatment resulted in a 2- to 3-fold reduction of Foxp3 expression 
in mLN cells (Figure 10B). The reduction in Foxp3 expression was 
even more marked in spleen cells (Supplemental Figure 8).

Our results are consistent with the notion that oral antigen 
administration induces antigen-specific Tregs in a process that 
requires TGF-β for full Foxp3 induction. Our results from the 

Figure 9
TGF-β is necessary for establishing oral tolerance in the absence of thymus-derived 
Tregs. Anti–TGF-β antibody (1D11) was administered to T/B monoclonal mice before, 
during, and immediately after oral OVA treatment (days –8, –5, –2, and 1 according to the 
schematic of Figure 1A). The mice were then immunized i.p. with OVA-HA and challenged 
i.n. as described in Figure 1A. None, Imm, and Tol groups were treated as described in 
Figure 1A. Analyses were performed on day 22 after i.p. immunization. The results shown 
are representative of 3 independent experiments. (A) BAL cellular infiltrate. Note that the 
anti–TGF-β (αTGF-β) treatment reversed the suppression of eosiniphilic inflammation. (B) 
Increased IL-4 expression in BAL cells from anti–TGF-β–treated group. The expression 
of IL-4 in total BAL cells was determined by real-time PCR. Results are expressed as 
mean ± SD of 3 wells per sample. (C) The levels of total IgE and HA-specific IgG1 in sera 
were determined by ELISA. Results are expressed as mean ± SEM of 5 mice per group. 
*Significant differences (P < 0.05) between values of anti–TGF-β–treated and Tol groups; 
#P = 0.07 between anti–TGF-β–treated and Tol groups.
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adoptive transfer experiments strongly support the notion that 
antigen-specific Tregs induced by oral tolerance prevent asthma-
type responses by inhibiting Th2 differentiation and class switch-
ing to IgE in the lymphoid organs.

Discussion
In this manuscript, we make 2 main observations. The first is that 
oral tolerance can be induced in the absence of thymic-derived 
Tregs. Establishment of oral tolerance correlates with the de novo 
induction of antigen-specific CD4+CD25+Foxp3+ Tregs, which is 
impaired when TGF-β is blocked. Second, we show that a single 
immunization with antigen plus adjuvant leads to the generation 
of functional antigen-specific Tregs, which, in this case, occurs in 
parallel with the generation of effector Th2 cells.

Several mechanisms have been proposed to account for oral tol-
erance, such as clonal deletion of antigen-specific T cells, immune 
deviation, T cell anergy, and the induction of Tregs (4, 47, 53). In fact, 
the transfer of tolerance by Tregs obtained from animals that have 
been fed antigen has been known for more than 25 years (54, 55).  
It has been shown, using OVA-specific DO11.10 TCR transgenic 
mice, that in tolerant mice there is an increase in the CD4+CD25+ 
population. These CD25+ cells prevented a delayed type hyper-
sensitivity response upon transfer into BALB/c mice (56). Several 
groups have used adoptive transfer of DO11.10 OVA-TCR trans-
genic T cells into wild-type animals to demonstrate the induc-
tion of CD4+ cells that are able to transfer tolerance (11, 14, 57).  
Recently, Ostroukhova et al. (17) described Foxp3 expression in 
antigen-stimulated cultures of membrane TGF-β+CD4+ T cells 
from mice tolerized to OVA by respiratory antigen exposure. 

Stock et al. showed that splenic CD8+ DC from mice tolerized 
to OVA through the airways induced antigen-specific Tregs that 
expressed Foxp3, Tbet, IFN-γ, and IL-10 (23). In these and other 
studies, a direct or inductive role for thymus-derived Tregs in anti-
gen-specific tolerance could not be ruled out.

To clarify in a definitive manner the need for thymus-derived 
Treg cells  in oral tolerance, we studied mucosal tolerance in 
mice that lack naturally occurring thymus-derived Tregs (Fig-
ure 10A) and showed that oral administration of OVA previous 
to i.p. immunization with OVA-HA dramatically suppressed an 
asthmatic inflammatory response in these mice.

We also observed that tolerance was associated with the induc-
tion of antigen-specific CD4+CD25+ cells that expressed mark-
ers of naturally occurring Tregs, such as Foxp3 and CTLA-4 (13, 
41–43). CD4+CD25+ cells induced by oral antigen administration 
behaved as naturally occurring Tregs, as they were anergic and 
suppressive upon stimulation with anti-CD3 antibodies in vitro. 
Importantly, transfer of these cells led to suppression of the IgE 
response. Thus, oral delivery of antigen induced antigen-specific 
naive CD4 cells to become Tregs by a process that is independent 
of the presence of thymic-derived Tregs. Although we did not 
formally exclude the possibility that orally administered OVA 
makes its way to the thymus and promotes the development 
of immature cells into Tregs, we believe that this possibility is 
unlikely given the relatively rapid appearance of CD25+Foxp3+ 
cells (Figure 10, A and B) and recent reports demonstrating anti-
gen-induced generation of Tregs in thymectomized animals (20) 
and the conversion of naive mature peripheral CD25–Foxp3–  
T cells into Tregs in a transfer system (22).

The generation of antigen-specific Tregs by oral administra-
tion of antigen explains the discrepancies between our conclu-
sions and those of Dubois and coworkers (16). These authors 
concluded that naturally occurring Tregs are required for oral 
tolerance. They antibody-depleted CD25+ cells in B6 mice and 
showed that oral tolerance was abrogated. However, since the 
last antibody treatment was performed 7 days after the oral feed-
ing, it is likely that the authors depleted not only the naturally 
occurring Tregs but also those Tregs that had been peripherally 
generated by the oral feeding.

Recently, Apostolou and von Boehmer showed that continuous 
subcutaneous antigen delivery induced Foxp3+ Tregs that were 
indistinguishable from naturally occurring Tregs (20). Our results 
extend those of Apostolou and von Boehmer by demonstrating 
that antigen-specific Tregs can be induced by mucosal delivery of 

Figure 10
Neutralization of TGF-β in vivo inhibits early Foxp3 expression. T/B 
monoclonal mice were injected with anti–TGF-β 1 day before and 3 
days after the beginning of administration of 1% OVA in the drink-
ing water. After 5 days of oral-OVA, CD4+ mLN cells were analyzed 
for expression of CD45RB and CD25 by FACS and for expression 
of Foxp3 by real-time PCR. (A) mLN cells from mice that received 
oral-OVA alone, from mice that received anti–TGF-β antibod-
ies and oral-OVA, and from untreated T/B monoclonal mice were 
stained with antibodies for CD4, CD45RB, and CD25. The fig-
ure shows representative plots of CD4+ gated cells. (B) CD4+ cells 
from pooled mLN (4 mice per group) were sorted in a MoFlo flow 
cytometer into CD45RBlowCD4+CD25+, CD45RBlowCD4+CD25–, 
CD45RBhiCD4+CD25+, and CD45RBhiCD4+CD25– fractions. Foxp3 
expression in the samples was determined by real-time PCR. Results 
are expressed as mean ± SD of triplicate wells.
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antigen. Importantly, we found that a single parenteral immuniza-
tion in the presence of antigen also induced Treg development. In 
this case, however, Tregs were induced concomitantly to Th2 cells.

If antigen-specific Tregs can be generated upon single immuni-
zation even in the presence of adjuvant, one may wonder why these 
Treg do not control the primary immune response. In fact, as we 
previously reported, T/B monoclonal mice develop hyper-Th2 and 
hyper-IgE responses after a single immunization, indicating lack of 
regulation. The explanation is provided by our kinetic data (Figures 
4, 5, and 10), which show that high Foxp3 expression is attained 
only 10 days after a single i.p. immunization of T/B monoclonal 
mice. At this time, there is already a robust Th2 response. In order 
to inhibit Th2 differentiation and hyper-IgE production, regulation 
has to be in place before day 4 after immunization (Supplemental 
Figure 9), which is not the case during the normal course of the 
response in T/B monoclonal mice. However, while the Tregs gener-
ated by parenteral exposure to antigen in T/B monoclonal mice are 
not able to control the primary immune response, they may help 
downregulate further responses or reduce the damage caused by 
chronic antigenic stimulation. Accordingly, we observed that in 
T/B monoclonal mice repeatedly immunized i.p. with OVA-HA,  
there was an increase in Foxp3 levels and a decrease in IL-4 produc-
tion by CD25– T cells (Supplemental Figure 10).

The role of IL-10 in mucosal tolerance is controversial (13, 17, 
18, 58, 59). In the model of hyper-IgE and asthma described here, 
oral tolerance did not require IL-10, since IL-10–/– T/B mono-
clonal mice were as susceptible to oral tolerance as their IL-10+ 
littermates. However, neutrophilic inflammation was not amelio-
rated by oral tolerance in IL-10–/– mice.

The key role of TGF-β in oral tolerance was established long 
ago (60, 61). In contrast, experiments with TGF-β1–/– mice showed 
that oral tolerance could be achieved in the absence of TGF-β1, 
although the degree of inhibition of the response by antigen feed-
ing was much lower in TGF-β1–/– mice than in TGF-β1+ control 
mice (62). This experimental system was further complicated 
by  anti–lymphocyte  function-associated  antigen-1–antibody 
(anti–LFA-1–antibody) treatment of the mice. In our experimen-
tal model, blockade of TGF-β caused an almost complete reversal 
of the suppression of GC formation and memory T cell develop-
ment while other parameters, such as eosinophilia and IgE pro-
duction, were only partially, albeit significantly, reversed. At this 
time we do not know whether the residual suppression of IgE and 
eosinophilia was due to incomplete neutralization of TGF-β or 
to the fact that a small fraction of the suppression operates via 
TGF-β–independent mechanisms. For instance, the suppression 
of neutrophil numbers in BAL was not reversed by anti–TGF-β 
antibodies, which is consistent with the fact the suppression of 
neutrophil migration may be dependent on IL-10.

It is not completely clear whether, in vivo, TGF-β is an inductive 
stimulus for Treg generation, an effector molecule that mediates 
Treg suppressive function, or both. It has been proposed that oral 
administration of antigens induces Th3 cells. The TGF-β produced 
by Th3 cells would be a major effector molecule in the suppres-
sion of responses (28). However, the role of TGF-β in the induction 
of Th3 cells in the mucosa has not been determined. Our results 
show that blockade of TGF-β in vivo abolishes oral tolerance and 
considerably impairs the induction of CD25+Foxp3+ Tregs. Given 
the lack of markers that uniquely identify Th3 cells, the relation-
ship between the Foxp3+ cells that we describe here and Th3 cells 
has not been determined. However, oral tolerance in our model 

was not accompanied by enhanced concentration of active TGF-β 
in the airways (data not shown), suggesting that, in this model, 
TGF-β acts as an inductor of Tregs but not as an effector molecule 
in the suppression of asthma-like symptoms.

It has been shown that in vitro treatment of cells with TGF-β 
induces regulatory cells that are more (21, 29, 31, 63) or less (64) 
similar to naturally occurring Tregs. Thus, our results confirm 
previous observations on the importance of TGF-β in oral tol-
erance and extend those observations to include the differen-
tiation of antigen-specific Foxp3+CD4+ Tregs in vivo upon oral 
administration of antigen.

The importance of TGF-β in the generation of CD25+Foxp3+ 
Tregs  in  the  periphery  contrasts  with  the  fact  that  naturally 
occurring Tregs can be generated in the absence of TGF-β1 (65). 
Thus, although peripherally generated and thymic-derived natu-
rally occurring Tregs have essentially the same phenotype and 
functional characteristics, they differ in the TGF-β requirement 
for their generation. TGF-β appears to have a role in the homeo-
stasis of both naturally occurring and peripherally generated 
CD4+CD25+Foxp3+ Tregs (66–68). It is likely that a similar situa-
tion occurs for IL-2. IL-2 is not needed for the thymic generation 
of naturally occurring Tregs (22, 69, 70) but is required for the 
peripheral maintenance and function of naturally occurring Tregs 
and probably for the peripheral induction of Tregs (22, 69). It is 
evident now that Foxp3+CD25+ Tregs can be of thymic or periph-
eral origin and that additional factors are needed for the periph-
eral generation of Tregs that are not necessary for the generation 
of naturally occurring thymic-derived Tregs.

The fact that conventional immunization protocols lead to the 
generation of Tregs is of significance. Since, before i.p. immu-
nization, naive OVA-specific T cells that will become Tregs can-
not be distinguished from those that will become Th2 cells, it 
remains to be determined whether generation of Tregs versus 
that of effector T cells is a stochastic process or some microenvi-
ronmental conditions promote the development of one cell type 
over the other. The fact that mucosal administration of antigen 
promotes the development of Tregs with very little Th2 differen-
tiation favors the second possibility.

Methods
Mice. The T/B monoclonal mice (17/9 DO11.10 RAG1–/–) bearing mono-
clonal populations of T and B lymphocytes specific for chicken ovalbumin 
323–339 and HA of influenza virus, respectively, were generated as previ-
ously described (32). BALB/c mice were purchased from Taconic or the Jack-
son Laboratory. BALB/c IL-10–/– mice were obtained from Donna Rennick 
(DNAX, Palo Alto, California, USA). TCRα–/–β–/–, DO11.10 TCRα–/–β–/–,  
and 17/9 DO11.10 RAG1–/– IL-10–/– mice (T/B monoclonal IL10–/– mice) 
were all backcrossed into a BALB/c genetic background for more than 10 
generations. All IL-10–/– mice were kept on sulfamethoxazole (400 mg/l) 
and trimethoprim (80 mg/l) in their drinking water, except for the days in 
which they received OVA orally. All mice were bred and housed under spe-
cific pathogen-free conditions at the Skirball Institute animal facility. All 
procedures involving animals were approved by the New York University 
School of Medicine Institutional Animal Care and Use Committee.

Oral antigen administration, immunization, and airway challenge. Oral tol-
erance to OVA was induced by offering to the animals, ad libitum, a 1% 
OVA (grade II; Sigma-Aldrich) solution dissolved in drinking water for 5 
consecutive days. The HA peptide (YPYDVPDYASLRS) was synthesized by 
ResGen. Crosslinked OVA-HA was prepared as previously described (32). 
Immunization with OVA-HA was performed i.p. with 100 µg of OVA-HA 
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adsorbed to 1 mg of alum, 2 days after the end of the oral treatment. To 
induce airway inflammation, anesthetized mice were administered 10 µg of 
OVA-HA i.n. in 50 µl of PBS (25 µl in each nostril) on days 14 and 21 after 
i.p. immunization. For TGF-β neutralization, mice were injected i.p. with 
2 mg of the anti–TGF-β monoclonal antibody 1D11 on 1 day before and 2, 
5, and 8 days after the beginning of oral treatment.

BAL collection and lung histology. Mice were deeply anesthetized by i.p. injec-
tion of anesthetic solution containing ketamine and xylazine. The tracheae 
were cannulated, and lungs were lavaged twice, once with 0.5 ml and once 
with 1.0 ml PBS. After total cell counting, cytospin preparations of the BAL 
cells were stained with DiffQuik (Baxter Dade AG), and differential cell 
counts were performed on 200 cells on the basis of morphology and stain-
ing characteristics. Student’s t test was used for statistical analysis.

Lungs  were  removed  after  BAL  collection,  perfused  via  the  right 
ventricle with 10-ml saline to remove residual blood, fixed with phos-
phate-buffered formalin, and embedded in paraffin. Tissue sections 
were stained with H&E to determine cellular inflammation or with PAS/
hematoxylin for evaluation of mucus-producing cells.

Serum and BAL antibodies. Total and HA-specific antibodies in serum or 
BAL samples were quantified by ELISA as described (32). Purified and bio-
tinylated antibodies to Ig isotypes and standard purified immunoglobulin 
isotypes were purchased from BD Biosciences — Pharmingen and CALTAG 
Laboratories. Serum titer was defined as the lowest dilution that rendered 
an OD value higher than 0.1 after background subtraction.

FACS analysis. Single cell suspensions in staining buffer (PBS contain-
ing 2% fetal calf serum and 0.1% NaN3) were incubated for 45 minutes at 
4°C with the antibody cocktails. Samples were analyzed in a FACSCali-
bur instrument (BD). FITC-labeled and biotin-labeled HA peptides were 
purchased from ResGen. Peanut agglutinin–FITC and peanut aggluti-
nin–biotin were purchased from Vector Laboratories. The remaining 
antibodies were purchased from BD Biosciences — Pharmingen and 
CALTAG Laboratories.

Cytokine production ex vivo. Cytokine production was analyzed ex vivo by 
intracellular staining. Briefly, cells were stimulated with 1-µM OVA 323–
339 peptide for 4 hours. During the last 2 hours, cells were incubated with 
monensin (Sigma-Aldrich) to inhibit secretion. Cells were then surface 
stained with FITC-labeled KJ1–26 and PerCP-labeled anti-CD4 antibod-
ies, fixed, permeabilized, stained with PE-labeled anti–IL-4 antibodies, and 
analyzed in a FACSCalibur.

Cell purification and transfer. CD4+CD25+ and CD4+CD25– lymphocytes 
were purified from spleen and mLN cells by magnetic sorting using Miltenyi 
Biotec reagents and VarioMACS	apparatus as described (22). Cell purity was 
checked by FACS	analysis. The CD25+ purified fraction contained no more 
than 3% CD4+CD25– contamination. Purified CD25– cells contained 0.5–2% 
of CD25low cells and no CD25high cells. 3–5 × 105 purified cells were injected 

i.v. into recipient mice. In some experiments, CD4+CD25+ and CD4+CD25– 
cells were sorted in a MoFlo apparatus at the NYU Sorting Facility.

RNA analysis. For quantitative mRNA expression analysis, CD4+CD25– and 
CD25+ cells were purified using either magnetic sorting or MoFlo sorting as 
described (22). RNA was extracted from samples using TRIzol (Invitrogen 
Corp.), and cDNA was synthesized by standard procedures. The expression 
of Foxp3, CTLA-4, IL-4, IFN-γ, and β-actin was determined by quantitative 
real-time PCR. Primers for Foxp3, CTLA-4, and β-actin were as described (22). 
Other primer sequences are as follows: IL-4: ACAGGAGAAGGGACGCCATG 
and GCAGCTTATCGATGAATCCA; IFN-γ: GCTTTGCAGCTCTTCCTCAT 
and TCTTCCACATCTATGCCACTTG; TGF-β: CTGCTGACCCCCACT-
GATA and GCTGAATCGAAAGCCCTGTA; SMAD2: CCGGCTGAACT-
GTCTCCTAC  and  ATAGTATGCGATTGAACACCAGAATG;  IL-10: 
TCCCCTGTGAAAATAAGAGCA and TGGCCTTGTAGACACCTTGG; and 
IL-5: AGCAATGAGACGATGAGGC and ACACTTCTCTTTTTGGCGGT.

In vitro suppression assay. CD4+CD25– and CD25+ cells from T/B monoclo-
nal mice as well as fresh BALB/c CD4+CD25– and CD25+ cells were purified 
using magnetic sorting. Proliferation assays were set up in 96-well round 
bottom plates and contained, per well, the following: 2 × 104 responder 
cells (CD4+CD25– BALB/c cells); 4 × 104 APCs (mitomycin C–treated spleen 
cells from TCRαβ-deficient BALB/c mice); and anti-CD3 antibody at a 
concentration of 0.5 mg/ml. Putative suppressor cells were cocultured at 
responder/suppressor ratios of 1.0:1.0, 1.0:0.3, and 1.0:0.1. Proliferation 
was determined by adding 3H-thymidine on the third day of culture and 
determining incorporation 6 hours later.
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