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Under normal circumstances, the respiratory tract maintains immune tolerance in the face of constant antigen 
provocation. Using a murine model of tolerance induced by repeated exposure to a low dose of aerosolized 
antigen, we show an important contribution by CD4+ T cells in the establishment and maintenance of tolerance. 
The CD4+ T cells expressed both cell surface and soluble TGF-β and inhibited the development of an allergic 
phenotype when adoptively transferred to naive recipient mice. While cells expressing cell surface TGF-β were 
detectable in mice with inflammation, albeit at a lower frequency compared with that in tolerized mice, only 
those from tolerized mice expressed FOXP3. Blockade of TGF-β in vitro and in vivo interfered with immuno-
suppression. Although cells that expressed TGF-β on the cell surface (TGF-β+), as well as the ones that did not 
(TGF-β–), secreted equivalent levels of soluble TGF-β, only the former were able to blunt the development of 
an allergic phenotype in mice. Strikingly, separation of the TGF-β+ cells from the rest of the cells allowed the  
TGF-β– cells to proliferate in response to antigen. We propose a model of antigen-induced tolerance that involves 
cell-cell contact with regulatory CD4+ T cells that coexpress membrane-bound TGF-β and FOXP3.

Introduction
Recent studies that have focused on relationships between Th2-
dominated responses in asthma and childhood exposures suggest 
that tolerogenic mechanisms probably play an important role in 
the establishment of the early immune repertoire that inhibits the 
development of inappropriate responses to antigens (1, 2). This 
early education of the immune system is not only important for 
the regulation of Th2-type responses but also of Th1-mediated 
responses, a deficiency of which could explain the increased inci-
dence of both allergic and autoimmune diseases in recent years.

To understand the mechanism of antigen unresponsiveness in 
the respiratory tract, models have been developed in mice involv-
ing repeated delivery of antigen to the respiratory tract (3–5). 
Similar to the induction of oral tolerance by a low or high dose of 
antigen (6–8), instillation of a low dose of antigen by inhalation or 
of a high dose of antigen by intranasal delivery into the respiratory 
tract has been associated with antigen unresponsiveness upon sub-
sequent challenge by the same antigen (3–5). High-dose intranasal 
antigen instillation has been shown to be dependent on IL-10 pro-
duction by DCs, and these DCs in turn were shown to induce IL-10 
production in CD4+ T cells in vitro (5, 9). In the case of tolerance 
induced by inhalation of a low dose of antigen, adoptive transfer 
of γδ T cells and CD8+ T cells from OVA-tolerized mice suppressed 
Th2-dependent IgE responses, and in vitro challenge of the γδ cells 
resulted in production of high levels of IFN-γ (3). In a subsequent 

use of this model, mice deficient in γδ or CD8+ T cells or IFN-γ 
were still capable of mounting aerosolized antigen (Ag) unrespon-
siveness (4). While these observations do not rule out a role for γδ 
cells, CD8+ T cells, or IFN-γ in the induction of tolerance when 
they are present in WT animals, they do show that cell type(s) and/
or mediators other than γδ cells, CD8+ T cells, or IFN-γ can induce 
antigen-induced tolerance in the respiratory tract.

In the last 5–10 years, there has been an intense focus on the 
role of CD4+ T regulatory cells (Treg’s) in controlling immune 
responses in virtually every field of immunology. Initially defined 
in the 1970s by Gershon and Kondo (10) and subsequently iden-
tified as CD4+CD25+ T cells by virtue of their ability to suppress 
day 3 thymectomy-induced polyautoimmune syndrome (11, 12), 
other types of Treg’s have also been identified in both in vitro 
and in vivo studies. The Treg’s are either naturally occurring, 
such as CD4+CD25+ cells (12) or are adaptive, being induced 
in response to specific tolerogenic stimuli. The adaptive Treg’s 
include CD4+CD25+ cells, Tr1 cells that owe their suppressive 
effects to IL-10 secretion (13), and Th3 cells that confer immu-
nosuppressive effects by TGF-β secretion (7). For the naturally 
occurring CD4+CD25+ cells, cell-cell contact-dependent mecha-
nisms have been proposed, while for the adaptive Treg’s cytokine-
dependent mechanisms involving cell surface TGF-β expression 
(CD4+CD25+), as well as cell contact–independent mechanisms 
through soluble IL-10 and TGF-β, have been demonstrated (14). 
Many laboratories are currently engaged in the characterization 
of the development of these cells, their relationships to each 
other, and their relevance in health and disease. Here we show 
that repeated inhalation of low-dose inhaled antigen induces 
tolerogenic mechanisms that involve CD4+ T cells that express 
both cell surface–associated and soluble TGF-β. These cells have a 
poor proliferative response to antigen, yet have potent inhibitory 
effects on Th2-type cells from mice immunized for airway inflam-
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mation. In vivo inhibition of TGF-β interfered with the induction 
of tolerance. Our studies highlight immunosuppressive functions 
of CD4+CD25+ cells that express TGF-β on the cell surface.

Results
Initial exposure to low dose of Ag by inhalation induces tolerance in mice. In 
this study, we tolerized mice by exposure to a low dose of Ag (OVA) 
based on a previously described model (3). The mice were evaluated 
for tolerance after two intraperitoneal immunizations with OVA 
and alum followed by additional exposure to aerosolized OVA. 
The results of these experiments show that repeated Ag inhala-
tion downregulates the ability to mount Th2-type responses to Ag 
as evidenced by a reduction in Ag-specific IgE responses, minimal 
cellular infiltration in the lung parenchyma and also in the airway 
lumen, and reduction in airway cytokine levels as assayed in the 
bronchoalveolar lavage (BAL) fluid (Figure 1, A–D). By contrast, 
the control mice, which were initially exposed to aerosolized PBS, 
displayed increased cellular infiltration in the lung parenchyma 
and in the airways, increased mucus plugging of the airways, and 
high levels of OVA-specific IgE in the sera derived from their blood 
in response to intraperitoneal OVA and alum plus aerosol chal-
lenge (Figure1, A–D). The level of serum IgE from mice immunized 
for airway inflammation varied between 8,000 and 10,000 arbi-
trary units in different experiments, and it was at approximately 
25–30% of this level in the sera from tolerized animals. In contrast 
to the expected Th2-specific cytokines that were detected, such as 

IL-5 and IL-13, we did not detect much of IL-10 in the BAL fluid 
from either group of mice. Interestingly, the level of TGF-β recov-
ered in the BAL fluid of tolerized mice was almost twice the level 
of that detected in the BAL fluid of control mice (Figure 1B). The 
two groups of mice have been referred to as “inflammation” and 
“tolerance” groups in this article.

In the next series of experiments, mice were first exposed for 10 
consecutive days to aerosolized PBS or OVA and were subsequently 
immunized twice with OVA/alum. Splenic CD4 T cells were iso-
lated 24 hours after the second immunization and stimulated in 
vitro with OVA and T cell–depleted, mitomycin C–treated APCs. An 
assay of cytokines in culture supernatants showed lower Th2-type 
cytokine production from cells isolated from tolerized mice (Fig-
ure 1E). The level of IL-10 produced by cells from mice with airway 
inflammation was more than threefold higher than that produced 
by cells from tolerized mice. TGF-β, which is produced by both Th2 
cells and regulatory cells (Th3 and CD4+CD25+ cells), was detected 
at equivalent levels in both groups (Figure 1E). We also analyzed 
the activation of multiple transcription factors that we and others 
have previously associated with T cell differentiation (15–17). The 
CD4 T cells from the tolerized group showed lower expression of 
the Th2-specific transcription factor GATA-3 and also of nuclear 
factor of activated T cells-c1 (NFATc1), both known to be crucial 
for differentiation along the Th2 lineage (15–17) (Figure 1F). The 
diminished Th2 response was not due to accentuated Th1 skewing 
since neither T-bet expression nor IFN-γ production was higher in 

Figure 1
Repeated antigen exposure induces tolerance in the respiratory tract. 
Mice were exposed to aerosolized PBS alone (airway inflammation [inf.]; 
black bars) or 1% OVA in PBS (tolerance, [tol.]; white bars) daily for 20 
minutes each day for 10 consecutive days (days 0–10). Both groups were 
then immunized intraperitoneally with 10 μg OVA and 1 mg alum on days 
21 and 27. Treated mice were challenged by exposure to aerosolized 
1% OVA in PBS for 20 minutes each day for 7 days from day 34 through 
day 42 (A–D, G) or used for spleen CD4 T cell isolation on day 34 (E and 
F). In the case of mice challenged by inhaled OVA, on day 43 BAL was 
performed, serum was collected, and lungs were removed for histological 
evaluation. Shown is a representative experiment of five, with three to six 
animals per group in each experiment. (A) OVA-specific serum IgE con-
centration was measured by ELISA. Shown is the mean plus or minus SD; 
*P < 0.05 versus mice with airway inflammation. (B) Cytokine profile in 
the BAL fluid of tolerized mice compared with mice with airway inflamma-
tion as measured by ELISA. Shown is mean plus or minus SD with three 
mice per group (*P < 0.05). (C) Mean plus or minus SD of total and differ-
ential cell (eosinophils, Eos; neutrophils, Neu; lymphocytes, Lymph; and 
macrophages, Mac) counts in the airways of tolerized mice and mice with 
airway inflammation as recovered by BAL (*P < 0.05). (D) H&E staining 
demonstrating the absence of airway inflammation in the lungs of toler-
ized mice. Magnification ×10. (E) Six animals were used per group and 
subjected to the inflammation or tolerance protocol, immunized with OVA 
and alum, and spleens isolated. Spleens from two animals were pooled 
in each group (three pools per group), and CD4+ T cells were isolated 
and stimulated with OVA and APCs in vitro for 5 days. Shown are the 
cytokine profiles in the supernatants as determined by ELISA (*P < 0.05). 
(F) Nuclear factor expression in nuclear fractions of the CD4+ T cells after 
5-day culture as determined by Western blot analysis using specific Ab’s. 
CREB-1 expression is shown as a marker for protein loading. (G) Lung-
draining lymph nodes (LNs) were harvested from mice on day 37 after 
initial exposure to OVA or PBS, immunization with OVA/alum, and 3 days 
of challenge with inhaled OVA. LNs were pooled from three mice, cells 
recovered from the LNs were cultured with OVA and APCs for 3 days, and 
cytokines were measured in the culture supernatants by ELISA.
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the cells from the tolerized group. Signal transducer and activator 
of transcription-6 (STAT-6) expression was the same in both groups. 
Although most effector cells exit the LN and traffic to the lung tissue 
after repeated inhaled Ag challenge, we were able to detect cytokine 
expression by residual LN CD4+ T cells. Overall, the cytokine secre-
tion profile of the cells from the two groups resembled that of the 
splenic CD4+ T cells (Figure1G). These data allowed us to conclude 
that repeated exposure of mice to inhaled Ag inhibits the potential 
to develop Ag-induced Th2-type events in the periphery.

Active immunosuppression by CD4+ T cells in tolerized mice. Our next 
objective was to determine whether active immunosuppression by 
CD4 T cells contributed to Ag-induced tolerance in the respiratory 
tract. The proliferative capacity of splenic CD4 T cells from both 
groups was first analyzed. CD4+ T cells from the tolerized group 
responded poorly to Ag, unlike cells from mice immunized for 
inflammation (Figure 2A). When cells from the two groups were 
mixed in a 1:2 ratio (inflammation/tolerance), the CD4 T cells 
from the inflammation group were inhibited from proliferating 
and resembled the phenotype of cells from naive mice. The inhibi-
tion observed in the mixed culture was not due to a simple reduc-

tion in cell numbers from the inflammation group, since mixing 
these cells with CD4+ T cells from naive mice did not cause the 
drastic inhibition, and the reduced proliferation was in proportion 
to the reduced numbers of cells from the inflammation group. 
The diminished ability of the cells from tolerized mice to prolif-
erate was also reflected in lower IL-2 levels in the culture super-
natant (data not shown). The cells from the two groups of mice 
were compared for the expression of Th2 versus regulatory cell 
markers. As shown in Figure 2B, the Th2-specific marker GATA-3 
(18–20) was prominently expressed in cells from the inflamma-
tion group, while the expression of FOXP3, a transcription factor 
expressed by CD4+CD25+ regulatory cells (21), was upregulated in 
cells from the tolerance group. These results showed that the net 
immune response generated in inflammation was one that pro-
moted GATA-3 expression and therefore an allergic phenotype, 
while the response in tolerance was induction of FOXP3 expres-
sion and absence of GATA-3 upregulation.

To test the suppressive function of the CD4 T cells from tolerized 
animals in vivo, the cells were isolated from the spleens of tolerized 
animals on day 21 after the initiation of the OVA exposure for 10 
days and were adoptively transferred to naive animals. The recipients 
were immunized with OVA/alum and challenged with aerosolized 
OVA. As shown in Figure 3, A–D, all features of an allergic response, 
including OVA-specific IgE in the recipients’ sera, cytokine levels in 
BAL fluid, and cellular infiltration in the lung tissue and airways, 
were diminished in the recipient mice that received CD4+ T cells 
from tolerized animals compared with those that received cells from 
control animals (exposed to PBS only). Interestingly, TGF-β was 
again detected at higher levels in the BAL fluid of mice that received 
cells from tolerized animals. IL-10 levels were low in the BAL fluid 
from both groups. These data suggested that a mechanism of active 
immunosuppression by CD4+ T cells, possibly producing TGF-β, 
was responsible for the development of tolerance to inhaled Ag.

Suppressive activity of tolerogenic CD4+ T cells involves TGF-β function 
through cell-cell contact-dependent mechanisms, but not IL-10. We next 
used cell proliferation experiments to determine the inhibitory 
function of CD4+ T cells from tolerized mice. We used the same 
experimental setup as shown in Figure 2. We investigated the pro-
liferative response in each group individually as well as after mix-
ing. In addition, we also separated the mixed cells using a transwell 
approach. Again, in mixed cultures we maintained the same num-
ber of total cells and the same ratio (1:2) of cells from the inflam-
mation and tolerance groups. In the transwell experiments, cells 
from the inflammation group were plated in the wells and cells 
from tolerized mice on the insert, and thymidine incorporation in 
the former group was measured, since cells in the tolerance group 
were found not to proliferate (Figure 2A). As shown in Figure 4A, 
transwell separation of cells prevented inhibition by cells from the 
tolerized animals, and the level of thymidine incorporation simply 
reflected what would be expected given a third of the numbers of 
cells from the inflammation group. We also examined cell prolifer-
ation in the presence of neutralizing anti–TGF-β or anti–IL-10 Ab’s 
or their isotype controls, each added to the mixed cultures. Neutral-
ization of TGF-β not only prevented inhibition, but also allowed 
cells to reach a greater proliferative potential (i.e., greater than that 
expected given the 1:2 ratio) (Figure 4B). This suggested some effect 
of soluble TGF-β in inhibition by tolerized cells since otherwise 
the level of proliferation should be the same as that observed by 
transwell separation. IL-10 neutralization, on the other hand, did 
not improve cell proliferation in mixed cultures (Figure 4C).

Figure 2
Suppressive function of CD4+ T cells from tolerized mice. (A) Mice 
were exposed to PBS (airway inflammation) or 1% OVA (tolerance) 
and subsequently immunized with OVA and alum on days 21 and 27 
after the initiation of OVA/PBS exposure. Splenic CD4+ T cells isolated 
from mice on day 34 were stimulated in vitro with different concen-
trations of OVA (0.01–100 μg/ml) and mitomycin C–treated, T cell–
depleted APCs at equivalent cell numbers (105 cells each per well). 
After 72 hours of incubation, small samples of culture supernatants 
were removed for cytokine determination, and the remaining cells were 
pulsed for measurement of [3H]-thymidine incorporation. *P < 0.025 
compared with proliferation of cells from mice immunized for inflamma-
tion. The proliferative response of CD4+ T cells from naive mice (open 
diamonds) is shown as a negative control. An additional control used 
was a mixture of cells from the inflammation group and from naive 
mice used in a 1:2 ratio. Each data point represents the mean plus or 
minus SEM of triplicate wells. Shown is a representative experiment 
of three. (B) As described above, CD4+ T cells isolated after day 34 
were subjected to two rounds of stimulation with OVA and APCs in 
vitro, and nuclear extracts were prepared. Expression of GATA-3 and 
FOXP3 was assessed in the nuclear extracts (7–10 μg of total pro-
tein) by Western blotting techniques. CREB-1 expression is shown as 
a marker for protein loading. (C) Shown is an average densitometric 
reading of FOXP3 and GATA-3 expression relative to that of CREB-1 
from two independent experiments.
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TGF-β–expressing CD4+ T cells in tolerized mice. We next focused 
on the characteristics of the CD4 T cells from the tolerized mice, 
particularly their ability to produce TGF-β. Mice were exposed 
to aerosolized PBS or OVA and were then immunized with OVA/
alum. CD4+ T cells were isolated from both groups, stimulated 
briefly with antigen in vitro, and analyzed for TGF-β expression by 
intracellular cytokine-staining techniques (Figure 5A). Although 
the data presented in Figures 2 and 4 show that CD4+ T cells from 
tolerized mice have poor proliferative potential compared with 
those from mice immunized for inflammation (as can be expected 
of Treg cells), the frequency of TGF-β–expressing cells was simi-
lar in both groups. These data suggested a role for TGF-β in the 
maintenance of the CD4+ T cells from tolerized mice and is in line 
with previous observations that showed the ability of TGF-β to 
generate and expand CD4+CD25+ T cells. We also detected cell 
surface–associated TGF-β expression in both groups, largely on 
CD25+ cells (Figure 5B). Thus, the CD4+ T cells isolated from the 

tolerized group expressed both CD25 and intracellular as well 
as extracellular TGF-β. Most importantly, TGF-β, but not IL-10, 
neutralization prevented the inhibitory phenotype of the CD4+ T 
cells from the tolerized animals (Figure 4).

Inhibition of tolerance induction in the presence of neutralizing anti–
TGF-β Ab. The detection of TGF-β in the BAL fluid from tolerized 
animals and in CD4+ T cells derived from them, combined with 

the ability of neutralizing anti–TGF-β to abolish the inhibitory 
potential of CD4+ T cells from tolerized animals, prompted us 
to investigate the consequence of TGF-β neutralization on toler-
ance induction in vivo. Neutralizing anti–TGF-β Ab or its isotype 
control was introduced intraperitoneally into mice at three dif-
ferent time points. Controls included mice immunized and chal-
lenged for airway inflammation and mice subjected to the toler-
ance model. Figure 6, A and B, show that anti–TGF-β1, but not the 
isotype control, caused increases in serum IgE and BAL cytokine 
levels, albeit not increased to the same levels as seen in the inflam-
mation group. BAL fluid cell differentials and histology of lung 
tissue presented evidence of eosinophilic airway inflammation 
in anti–TGF-β–treated mice (Figure 6C), and histological evalu-
ation revealed inflammation around bronchovascular bundles 
(Figure 6D). The mice that received the isotype control showed 
a phenotype similar to that observed in tolerized mice. It was not 
surprising to us that the degree of eosinophil infiltration in the 

Figure 3
Inhibition of development of the allergic phenotype in mice that received 
CD4+ T cells from tolerized mice. On day 21 after the initial 10-day expo-
sure to OVA/PBS, CD4+ T cells were purified from spleens of mice from 
both groups and 5 × 105 cells were adoptively transferred into naive 
BALB/c mice that were then immunized with 10 μg of OVA and 1 mg 
of alum intraperitoneally (day 0). Recipients were boosted with OVA/
alum 7 days after transfer (day 7) and were challenged by exposure 
to an aerosol of 1% OVA for 7 days. Twenty-four hours after the last 
exposure, mice were evaluated for (A) blood IgE levels, (B) cytokine 
levels, and (C) cell differentials in the BAL fluid. *P < 0.05 in all panels 
compared with data from inflammation group. (D) Cytospin preparations 
of cells in the BAL fluid are shown in the upper panels and lung tissue 
histology is shown in the lower panels. Results are representative of 
three independent experiments with three to five mice per group.

Figure 4
Cell contact and TGF-β–dependent inhibition of proliferation by CD4+ T cells from tolerized mice. (A) Mice were first exposed to PBS (inflam-
mation group) or 1% OVA (tolerance group) daily for 10 days and then were immunized with OVA/alum on days 21 and 27. Splenic CD4+ T 
cells isolated on day 34 were stimulated in vitro with different concentrations of OVA (10–200 μg/ml) and APCs at equivalent cell numbers (105 
cells per well). Cells were mixed as described in the legend to Figure 2 or separated by transwell. In the transwell experiments, cells from the 
inflammation group were plated in the wells, and cells from tolerized mice on the insert and thymidine incorporation in the former group was 
measured. *P < 0.05 versus proliferation of cells in the inflammation group. (B) Chicken IgY anti–TGF-β1 (100 ng/ml) or isotype control (chicken 
IgY) was added to mixed cultures. **P < 0.05 of mixed cultures incubated with anti–TGF-β1 compared with mixed cultures incubated without 
Ab. (C) Anti–IL-10 (1 mg/ml) or isotype control was added to mixed cultures. All assays were incubated for 72 hours, after which the cells were 
pulsed for measurement of [3H]-thymidine incorporation. Each data point represents the mean plus or minus SEM of triplicate wells. Shown is a 
representative experiment of three experiments.
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Ab-treated mice was not equivalent to that seen in the control mice 
with airway inflammation. This was because if, indeed, cell surface 
TGF-β1 is an important contributor to tolerance induction, the 
Ab may not be able to completely access and thereby neutralize all 
membrane-bound cytokines, particularly on cells in contact with 
target cells. The partial reversal of tolerance by anti–TGF-β1 Ab, 
however, allowed us to conclude that TGF-β was involved in toler-
ance development in our model.

Purification of cell surface TGF-β–expressing cells. Our next goal was to 
specifically determine the suppressive function of cells that expressed 
TGF-β1 on the cell surface. CD4 T cells isolated from both groups 
were subjected to two rounds of stimulations with OVA and APCs 
in vitro and analyzed for CD25 expression and membrane-bound  
TGF-β. The level of background staining increased somewhat for 
CD25 in the FL4 channel compared with T cells in short-term cul-
tures (see Figure 5B), but after subtraction of this background, the 
cells were still greater than 90% positive for CD25 (Figure 7) and were 
essentially 100% positive for CD4 (data not shown). Interestingly, 
the CD4 T cells in the tolerance group all shifted to a high level of 
CD25 expression, while those in the inflammation group included 
cells with an intermediate level of CD25 expression (cells just to the 
right of the cursor in the FL4 channel, mean fluorescence intensity 
approximately 100; Figure 7). While the cells in the tolerance group 
did not proliferate appreciably, they remained viable. Furthermore, 

the frequency of membrane-bound TGF-β–expressing 
cells in the tolerance group was consistently three- to 
fourfold higher than that detected in the inflammation 
group (Figure 7). Thus, the cells derived from the toler-
ized animals remained viable and displayed sustained 
cell-surface TGF-β expression.

Having confirmed that the CD4 T cells derived from 
the tolerized animals maintained expression of cell sur-
face TGF-β1, we decided to exploit this feature of the 
cells to enrich this population. We were also curious 
whether, in a similar fashion, IL-10 enrichment would 
allow us to detect a population, albeit small, of cells that 
displayed a typical Th2 cytokine-secretion profile in the 
tolerance group. The distinction between the two cell 
types that we planned to enrich was that, in the case of 
the TGF-β–expressing cells, we planned to use an anti–
TGF-β1 Ab without cell permeabilization, which would 
cause Ab binding to cells that externally expressed the 

cytokine. For the enrichment of IL-10–producing cells, on the other 
hand, a bifunctional Ab was used that would capture all cells that 
had the ability to secrete IL-10; in this case, the technique called 
MACS IL-10 Secretion Assay was used to enrich cells that pro-
duced soluble IL-10 (see Methods). Cells were isolated from both 
the inflammation and tolerance groups of mice. Figure 8A shows 
cell surface TGF-β expression on freshly isolated CD4+ T cells from 
both groups. The frequency of cell surface TGF-β–expressing cells 
was threefold more in tolerized mice, and furthermore we saw a 
greater proportion of CD25hi cells in this group compared with 
that in the inflammation group (Figure 7). The cells were subjected 
to two rounds of stimulation with OVA and APCs in vitro, and the 
two cytokine-expressing (cell surface TGF-β–expressing and IL-10–
secreting) populations were isolated. Equal numbers of cells from 
the two populations in each group (inflammation and tolerance) 
were restimulated for 72 hours, and the culture supernatants were 
analyzed for cytokine production. The cytokine secretion profile 
shown in Figure 8B shows that the cell surface TGF-β–expressing 
cells in both groups produced only TGF-β and low or undetectable 
levels of IL-10 or other cytokines. It should be noted, however, that 
the frequency of the cells expressing cell surface TGF-β was higher 
in the tolerance group (Figures 7 and 8A). The IL-10–secreting cells 
with a typical Th2-type profile of cytokine secretion could be eas-
ily enriched in the inflammation group (Figure 8B, lower panel). 

Figure 5
CD4+ T cells in tolerized mice express both soluble and 
membrane-bound TGF-β. On day 34, splenic CD4+ T cells 
from the two groups of mice (tolerance and airway inflam-
mation), as well as cells from naive animals, were isolated 
and stimulated with OVA/APCs in vitro for 48 hours. The 
T cells were then examined for both (A) intracellular and 
(B) cell-surface expression of TGF-β by flow cytometry. 
Appropriate isotype controls are shown, and the percent-
ages presented for the stained cells have had the indi-
cated background isotype control levels subtracted. (A) T 
cells were stained for cell-surface CD4 expression, then 
were fixed, permeabilized, and stained for intracellular 
expression of TGF-β. The isotype for CD4 is shown for 
the naive animals. For the airway inflammation and toler-
ance conditions, the control is stained for CD4 and for the 
isotype for TGF-β. (B) T cells were double-stained for cell-
surface expression of CD25 and TGF-β.
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The IL-10–secreting cells producing low levels of IL-10, which were 
enriched from the tolerance group, again displayed a predomi-
nantly TGF-β–secretion profile. Thus, irrespective of whether cell 
surface TGF-β expression or IL-10 secretion was used to enrich cells 
from the tolerized animals, the cells that were recovered were essen-
tially the same population displaying a high TGF-β and low IL-10 
profile. Cells devoid of cell surface TGF-β (TGF-β– cells) from the 
tolerized group showed the same profile of cytokine secretion as the 
IL-10–secreting cells captured using the IL-10 secretion assay, with 
TGF-β being the dominant secreted cytokine (data not shown). 
These experiments clearly showed that cells secreting Th2-type 
cytokines were clearly the dominant population in the inflamma-
tion group, while a TGF-β–expressing population that expressed 
low levels of IL-10 was essentially the exclusive population in the 
tolerance group whose frequency increased upon antigen stimula-
tion. Taken together, these results showed that appropriate Th2-
skewing conditions can overcome normal homeostatic 
mechanisms, and, conversely, appropriate tolerizing pro-
tocols can induce immunoregulatory mechanisms.

Selective expression of FOXP3 in TGF-β+ cells from tolerized 
mice. Since cells expressing membrane-bound TGF-β+ 
could be isolated from both groups of mice (tolerance 
and inflammation) and both produced soluble TGF-β, 
we investigated the status of FOXP3 expression in TGF-β+ 
cells isolated from both groups. Cells were isolated from 
the two groups, fractionated into TGF-β+ and TGF-β– cells 
as described above, and equal numbers of cells were stimu-
lated for 5 days in vitro with OVA and APCs. As shown in 
Figure 9, FOXP3 expression was detectable only in TGF-β+ 
cells from the tolerized mice. We have also confirmed this 
finding by RT-PCR techniques (data not shown).

Specific immunosuppressive functions of cells from tolerized mice 
that express membrane-bound TGF-β. The same protocol of 
mice tolerization was used (10 consecutive days of expo-
sure to OVA by inhalation). Ten days after the last exposure, 
TGF-β+ and TGF-β– cells were enriched from splenic CD4 
T cells. A fraction of the purified cells was examined in a 

cell-proliferation assay, and the soluble TGF-β produced by the two 
populations was also measured. Strikingly, removal of the TGF-β+ 
population derepressed the proliferative potential of the rest of the 
TGF-β– cells in response to antigen (Figure 10A). Both populations 
secreted equivalent levels of soluble TGF-β (Figure 10B).

To determine the specific effect of membrane-bound TGF-β on 
the development of allergic airway inflammation, the remainder 
of the cells (105 cells of either type) were adoptively transferred 
to naive mice. To minimize any changes in their properties, these 
cells were not restimulated in vitro before adoptive transfer. The 
mice were then immunized with OVA/alum twice and were chal-
lenged with aerosolized OVA to induce allergic pulmonary inflam-
mation. A control group of mice was immunized twice with OVA 
and alum and challenged with OVA by inhalation (not shown). 
Essentially, the allergic phenotype of the control mice were very 
similar to those that received the TGF-β– cells (for comparison, 
please refer to Figures 1 and 3); therefore, for simplicity, data 
derived from only the TGF-β+ and TGF-β– recipients are shown. 
As shown in Figure 11A, the mice that received TGF-β+ cells dis-
played significantly lower levels of serum IgE compared with 

Figure 6
Administration of anti–TGF-β1 interferes with tolerance development 
in vivo. Chicken IgY anti–TGF-β (50 μg/mouse) or matching isotype 
control was administered intraperitoneally into naive BALB/c mice at 
three time points: 1 hour prior to primary exposure to OVA, on day 5 
of exposure, and 1 hour prior to first OVA/ alum immunization on day 
21. On day 43, BAL was performed, serum was collected, and lungs 
were removed for histological evaluation. Shown is a representative 
experiment of two experiments, with three animals per group in each 
experiment. (A) IgE levels in blood and (B) cytokine (IL-13) levels in 
BAL fluid of animals in each group. Shown are mean plus or minus 
SD with three mice per group (*P < 0.05 versus levels in inflammation 
group; **P < 0.05 versus animals treated with isotype control). (C) Dif-
ferential cell counts in BAL fluid. *P < 0.05 compared with inflammation 
group; **P < 0.05 compared with tolerized group. (D) Lung tissue his-
tology. The grade of inflammation was +5 in all animals immunized for 
airway inflammation, less than +1 in tolerized animals and in animals 
that received the isotype control, and between +2 and +4 in mice that 
received anti–TGF-β1 Ab.

Figure 7
Stable cell surface TGF-β expression is enhanced on CD4+ T cells from tolerized 
mice relative to those with airway inflammation. Splenic CD4+ T cells were isolat-
ed from mice on day 34 after initial exposure and immunization with OVA/alum, 
subjected to two rounds of in vitro stimulation with OVA/APCs, and then exam-
ined for cell surface expression of TGF-β and CD25 by flow cytometry. Before 
restimulation in vitro, dead cells were removed by density gradient centrifugation 
using lymphocyte separation medium. Quadrant locations on dot plots were 
determined using appropriate isotype control Ab’s as shown in the left-hand 
panel. The indicated level of background for the isotype control staining was 
subtracted from positively staining samples to arrive at the percentages shown 
in the upper-right quadrants of the right-hand panels.
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those that received TGF-β– cells (compare with data presented in 
Figures 1 and 3). Similarly, the level of IL-13 in the BAL fluid of 
TGF-β+ recipients was lower than that detected in the BAL fluid 
of TGF-β– recipients (Figure 11B). While the TGF-β+ recipients 
displayed a low degree of inflammation in the tissue and airways, 
the mice that received TGF-β– cells showed massive pulmonary 
inflammation: narrowing of airway lumen due to the presence 
of mucus-plugged goblet cells and dramatic peribronchiolar and 
perivascular cellular infiltration (Figure 11, C and D).

In separate experiments, after cell transfer and immunization with 
OVA and alum twice (day of transfer and day 7), instead of aerosol 
challenge splenic CD4 T cells were isolated from the mice on day 
14, stimulated with Ag and APCs in vitro, and nuclear extracts were 
prepared after 5 days of stimulation. Cells from the TGF-β+ recipi-
ents showed low or barely detectable levels of nuclear GATA-3 (Fig-
ure 11E). CD4 T cells from the TGF-β recipients were GATA-3+, and 
both groups showed evidence of STAT-6 translocation (Figure 11E). 
These experiments further confirmed the specific inhibitory proper-
ties of the CD4+ T cells expressing membrane-bound TGF-β, thereby 
demonstrating an important component of antigen-induced airway 
tolerance to be active immunosuppression by these cells.

Discussion
The development of an aberrant immune response to allergens is 
not the norm but is rather an atypical response in certain people 
called “atopics.” While it is now known that Th2 cells have an 
important role in the orchestration of the allergic response, the 

mechanisms that prevent the development of a Th2 response in 
the face of constant allergen provocation is just beginning to be 
investigated. For example, instillation of a high dose of antigen 
intranasally has been shown to induce a tolerizing response that 
involves IL-10 (5, 9). We have used a different model of antigen 
delivery, one that mimics natural antigen inhalation, a model 
first established by Holt and colleagues (3). In this model, we have 
found that an important contributor to the development of airway 
tolerance is a CD4+ T cell that expresses membrane-bound TGF-β 
and also produces soluble TGF-β.

CD4+CD25+ cells with immunosuppressive functions are now well 
described in the literature (14, 22). The mechanisms that underlie 
their regulatory properties are not well understood, however. For 
example, while one study suggested membrane-bound TGF-β to 
be an important component of the regulatory mechanisms of 
CD4+CD25+ cells (23), another study refuted this concept (24). 
Both studies, however, investigated the immunosuppressive func-
tions of TGF-β– expressing CD4+CD25+ cells in vitro. To the best of 
our knowledge, no study has yet identified or studied the function-
al significance of these cells in an in vivo model. Our studies show 
potent immunosuppressive functions of CD4+ T cells expressing 
cell surface TGF-β, which are in agreement with the observations of 
Strober and colleagues (23). Recently, B cells expressing cell surface 
TGF-β1, induced by exposure to LPS, were shown to induce anergy 
in CD8+ T cells (25). It is important to note that in previous studies 
(23, 24), the Ab that was used to study the role of membrane-bound 
TGF-β in immunosuppression recognized all three isoforms:  

Figure 8
Expression of membrane-bound TGF-β on freshly isolated cells from both 
groups of mice and their similar cytokine secretion profile. (A) Cell surface 
TGF-β and CD25 expression on freshly isolated CD4+ T cells from inflam-
mation and tolerance groups. The boxed area denotes cells expressing 
high levels of CD25. (B and C) CD4+ T cells from the two groups’ cells 
were cultured with OVA/APCs for two rounds of stimulation (maintaining 
equal numbers of cells during restimulation). Cells expressing cell surface  
TGF-β were isolated using PE-labeled anti–TGF-β Ab, anti-PE 
microbeads, and separation on magnetic columns. Equal numbers of 
positively selected cells were restimulated with OVA/APCs for 72 hours, 
and the indicated cytokines in the culture supernatants were measured by 
ELISA. Cells expressing IL-10 were isolated using the MACS IL-10 secre-
tion assay, stimulated, and assessed for cytokine production as described 
above. All data are representative of two independent experiments.

Figure 9
Selective FOXP3 expression in cells expressing membrane-bound 
TGF-β from tolerized mice. TGF-β+ and TGF-β– cells were isolated 
from both groups of mice, and 4 × 106 cells of each type from each 
group were maintained in culture for 5 days with Ag and APCs. FOXP3 
expression was investigated in the nuclear extracts of the cells (20 mg 
total protein) and was readily detectable only in the TGF-β+ cells from 
tolerized mice. CREB-1 expression was used as a loading control.
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TGF-β1, TGF-β2, and TGF-β3. Because of the controversy about 
the role of cell surface TGF-β in immunosuppression, we compared 
this Ab with the chicken IgY anti–TGF-β that recognizes only TGF-β1 
and that has been successfully used to block TGF-β effects in vivo 
in mycobacteria-induced suppressive mechanisms in the airways 
(26). In our studies, the chicken IgY anti–TGF-β1 was far superior 
in blocking the TGF-β effects. Most importantly, we have been able 
to use the cell surface TGF-β–expression feature of the cells to tease 
them out of the CD4 population and demonstrate their ability to 
severely limit Th2 responses in vivo. In transwell studies, we have 
found a role for cell-cell contact-dependent mechanisms in the 
inhibitory properties of the CD4+ T cells.

We have recently reported an important mechanism by which 
TGF-β blocks both Th1 and Th2 differentiation (27). We have shown 
that TGF-β prevents Ca2+ influx in CD4+ T cells, which is impor-

tant for both Th1 and Th2 differentiation. The phosphorylation of 
the Tec kinase, Itk, which regulates Ca2+ mobilization and NFATc 
translocation (28–32), was impaired in the presence of TGF-β. 
The important point to note in this study, however, is that soluble  
TGF-β was unable to inhibit cytokine production by fully differ-
entiated T cells (27). Our present study shows that cell contact-
dependent mechanisms are important for the immunosuppressive 
ability of the CD4+ T cells from tolerized mice. This suggests that 
the expression of TGF-β on the cell surface may impart special 
immunosuppressive functions to the regulatory cells since the cells 
were able to inhibit proliferation of antigen-experienced CD4+ T 
cells from the inflammation group of mice. Several cytokines and 
growth factors, including TGF-α, stem cell factor, TNF-α, and lym-
photoxin (LT), are known to be expressed in both membrane-bound 
and soluble forms (33–38). Interestingly, for all of these cytokines 
and growth factors, the membrane-bound form has been shown to 
have potent biological effects. For example, in the case of TNF-α, 
the membrane-bound form was shown to kill target cells by cell-
cell contact (39). In the case of SCF and LT, membrane-bound and 
soluble forms were shown to possess distinct biological properties 
(40, 41). It is possible that sustained signaling by Treg-expressed 
membrane-bound TGF-β via the TGF-β receptor is important for 
inhibition of the activity of the target cells. The recent description 
of endocytic pathways that regulate TGF-β signaling and receptor 
turnover (42–44) may also have important ramifications in TGF-β– 
mediated immunosuppression. These studies show that endo-
cytosis of TGF-β receptors may not only cause downregulation 
of ligand-induced receptor activation, but that endocytosis may 
also be required for propagation of receptor-induced intracellular 
signaling (42). It should be noted that TGF-β is known to induce 
both Smad-dependent and Smad-independent (p38 MAP kinase) 
signaling pathways, which mediate distinct biological effects of 
TGF-β (45). It is therefore possible that when the ligand is mem-
brane bound, it provides more sustained signaling to the target 
cells, which may also be distinct from that provided by the soluble 
protein. This may be required for inhibiting the activities of anti-
gen-experienced cells, especially Th2 cells, which are not as depen-

Figure 10
Cell surface TGF-β is key to the immunosuppressive properties of CD4+ 
T cells from tolerized mice. Mice were exposed to 1% OVA (tolerance) 
for 10 days, and spleens were harvested on day 21. CD4+ T cells were 
prepared by negative selection, and cells expressing TGF-β on the 
cell surface (TGF-β+) were separated from those devoid of cell surface 
TGF-β (TGF-β–). The purity of the two populations was assessed by 
FACS analysis (approximately 75% enrichment of TGF-β+ cells; not 
shown). (A) Proliferative potential of TGF-β– cells in the absence of 
TGF-β+ cells. Equal numbers of the two populations were tested for 
cell proliferation, and culture supernatants were assayed for soluble 
TGF-β. (B) Production of soluble TGF-β by the two populations. For 
each group, an average of the concentrations detected with the differ-
ent doses of OVA is shown.

Figure 11
Adoptive transfer of TGF-β–expressing cells from tolerized mice into 
naive mice significantly attenuates the development of airway inflam-
mation in the recipient mice. Cells (105) from each group were adop-
tively transferred into naive BALB/c mice, which were immunized 
intraperitoneally at the same time with OVA/alum (day 0). The recipi-
ents were boosted with OVA/alum 7 days after transfer (day 7) and 
were challenged by exposure to aerosol of 1% OVA for 7 days, from 
day 14 to 21. Control mice were immunized with OVA/alum and chal-
lenged with aerosolized OVA (not shown). Twenty-four hours after 
the last OVA challenge, mice were processed for (A) IgE levels in 
blood, (B) cytokine (IL-13) levels in BAL fluid, and (C and D) pulmo-
nary inflammation. Lung infiltrates were graded as +5 in all TGF-β− cell 
transfers or in control OVA/OVA immunized mice (not shown) and were 
between +1 and +2 in mice that received TGF-β+ cells. There were 
three mice per group, and the results are representative of two inde-
pendent experiments. *P < 0.05 versus animals that received TGF-β−  
cells. (E) In separate experiments, after adoptive transfer of TGF-β+ or 
TGF-β− cells and immunization with OVA/alum, splenic CD4+ T cells 
were isolated by positive selection from two recipients in each group 
on day 14. Cells were stimulated with OVA/APCs for 5 days in vitro. 
Nuclear extracts were prepared and subjected to Western blot analysis 
for GATA-3 and STAT-6.
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dent on calcium signaling. Our ongoing studies are devoted to the 
identification of inhibitory pathways induced by TGF-β in target 
cells. Whether membrane-bound TGF-β activates distinct pathways 
in target cells remains to be determined.

We have demonstrated expression of FOXP3 in CD4 T cells from 
the tolerance group of mice but not in those from the inflamma-
tion group. Conversely, GATA-3, a marker of Th2 cells, was highly 
expressed in the latter but not in the former. In one of the recent 
studies that showed FOXP3 expression in CD4+CD25+ T cells (46, 
47), FOXP3 overexpression did not cause soluble TGF-β secretion 
(47). In our studies, FOXP3 expression was detectable only in cells 
from tolerized mice expressing cell surface TGF-β. It appears that 
a Th2 response induced in the presence of a strong Th2-skewing 
agent such as alum prevents the potential of TGF-β+ cells by limit-
ing FOXP3 expression. In tolerance induced by Ag alone, the Th2 
response cannot be induced. Instead, the activated TGF-β+ cells 
expressing FOXP3 ensure blockade of Th2-induction. It will be 
interesting to determine the functional significance of selective 
FOXP3 expression in the TGF-β+ cells in tolerance.

In summary, our studies have unraveled an important role for 
membrane-bound TGF-β in airway tolerance induced by a low dose 
of inhaled antigen. It appears, therefore, that a low dose of antigen 
induces a different mechanism of tolerance in the respiratory tract. 
This probably stems from differential effects of low and high doses 
of antigen on APCs. It will be interesting to determine the effects of 
different doses of antigen on lung DCs. The antigen specificity of 
the response in our model has yet to be determined. Antigen speci-
ficity is a complex issue, and in studies of oral tolerance, bystander 
suppression has been invoked to explain broad immunosuppression 
(48). On the other hand, in transplantation tolerance, some degree of 
antigen specificity has been shown (49, 50). Regardless, our studies 
raise the exciting possibility that a cocktail of antigens may be used in 
tolerizing protocols in early life in predisposed individuals to control 
unwarranted immune responses in later life. At the same time, it will 
be important to determine the role of TGF-β–induced pathways in 
the early education of the immune system through host-pathogen 
interactions that regulate both Th1 and Th2 responses in later life.

Methods
Mice. BALB/cByJ mice between 6 and 8 weeks of age were pur-
chased from The Jackson Laboratory (Bar Harbor, Maine, USA). 
The mice were housed and used in a pathogen-free facility at the 
University of Pittsburgh School of Medicine in accordance with 
all applicable guidelines.

Ab and reagents. Polyclonal chicken IgY anti–TGF-β1 Ab, chick-
en IgY isotype control, mAb with specificity for TGF-β1, -β2, 
and -β3, mouse IgG1, monoclonal anti-mouse IL-10, rat IgG1, 
and recombinant TGF-β were from R&D Systems Inc. (Minne-
apolis, Minnesota, USA). Anti-CD3 and anti-CD28, peridinin 
chlorophyll-a protein-labeled (PerCP-labeled) anti-mouse CD4 
(RM4-5), allophycocyanin-labeled anti-mouse CD25 (PC611), 
and allophycocyanin-labeled anti-mouse IL-10 (JES5-16E3) were 
from BD PharMingen (San Diego, California, USA). Recombinant 
IL-10 was from PeproTech Inc. (Rocky Hill, New Jersey, USA).  
R-phycoerythrin–labeled (R-PE–labeled) anti-human TGF-β (TB21) 
was from IQ Products (Groningen, The Netherlands), anti-FOXP3 
Ab was from Novus Biologicals Inc. (Littleton, Colorado, USA), and 
murine anti–GATA-3, anti-NFATc1, anti–STAT-6, and anti–cAMP-
responsive element binding-1 (anti–CREB-1) Ab were from Santa 
Cruz Biotechnology Inc. (Santa Cruz, California, USA).

Immunization of mice. The protocol for tolerance induction and 
assessment consisted of a 42-day protocol involving a series of anti-
gen exposures and challenges. Mice were first exposed to aerosolized 
PBS alone or 1% OVA (Sigma-Aldrich, St. Louis, Missouri, USA) in 
PBS (Life Technologies Inc., Gaithersburg, Maryland, USA) for 20 
minutes each day for 10 days (days 0–10). Inhalation of aerosol-
ized OVA was carried out as previously described (51, 52). Mice that 
received PBS are referred to as the inflammation group, while those 
that received OVA have been named the tolerance group. The con-
centration (1%) and duration (20 min/d) of OVA administration to 
the lung used provided a low dose of OVA that initiated tolerance. 
Consideration of prior published data allowed estimation of this 
dose based on two methods of calculation. One assumed that nor-
mal mouse breathing frequency (163 breaths/min) and tidal volume 
(0.15 ml) (53) resulted in 500 ml of air inhaled over 20 minutes for 
each mouse, which, when multiplied by the nebulization rate (4 ml/
min), airflow rate (6,000 ml/min), OVA concentration (10 mg/ml), 
and assumed efficiency of lung deposition of 1%, yielded a value of 33 
μg OVA per day. This efficiency value was based on a 10% efficiency 
demonstrated in the rat and guinea pig (54, 55), scaled down to 1% 
accounting for the body size difference between a typical 30-g mouse 
and 300-g rat. The other method simply relied on a previous study in 
mice (56) in which 1% OVA was estimated to result in inhalation of 80 
μg OVA per day when administered for 60 minutes; the particle size 
in this study was in the range of 1.5 μm. Since the average particle size 
with our nebulizer is 5 μm and deposition efficiency in the airways 
decreases with increase in particle size, we calculated that less than 27 
μg OVA per day would have been obtained over a 20-minute period, 
based on the fact that exposure time is the major determinant of sol-
ute dose accumulation in rodents (54, 55). Therefore, we estimate 
that our protocol resulted in a dose of less than 30 μg OVA per day 
per mouse. Both PBS (inflammation) and OVA (tolerance) groups 
were challenged with 10 μg of OVA and 1 mg of alum (Resorptar; 
Intergen Co., New York, New York, USA) intraperitoneally on days 
21 and 27, followed by exposure to aerosol of 1% OVA in PBS for 20 
minutes each day for 7 days from day 34 to 42. 

BAL and lung histology. BAL was performed on day 43 (24 hours after 
the last aerosol challenge) as described previously (51, 52). Cytokine 
levels were measured in BAL fluids using ELISA kits (R&D Systems 
Inc.). Cell differentials in the BAL fluid were assessed as described 
previously (51, 52). Where needed, a semiquantitative method was 
used to score lung infiltrates. A greater than three-cell deep infiltrate 
around bronchovascular bundles was a +5 grade infiltrate; +1 or 
lower signified a low degree of inflammation (57).

OVA-specific IgE assay. ELISA assays to measure OVA-specific IgE 
were performed using Immunolon-2 microplates (Dynal Biotech 
Inc., Lake Success, New York, USA) coated with rat anti-mouse IgE (4 
μg/ml; Southern Biotechnology Associates, Birmingham, Alabama, 
USA). The microplates were washed five times with wash buffer (0.01 
M PBS with 0.05% Tween-20) (Bio-Rad Laboratories Inc., Hercules, 
California, USA) between each of the following assay incubations: 
(a) 200 μl of blocking buffer (0.01 M PBS with 0.05% Tween-20 and 
1% BSA; Sigma-Aldrich) per well for 2 hours at room temperature; 
(b) serial dilutions of pooled sera obtained from centrifuged periph-
eral blood in blocking buffer overnight at 4°C; (c) biotinylated OVA 
(biotinylated using a Biotin-X-NHS kit from Calbiochem-Novabio-
chem Corp., San Diego, California, USA) diluted to 0.25 mg/ml in 
blocking buffer for 30 minutes at room temperature; (d) avidin-
peroxidase (Sigma-Aldrich) in wash buffer (1:20,000 dilution) for 30 
minutes at room temperature; and (e) peroxidase substrate for 30 
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minutes at room temperature. The colorimetric reaction was termi-
nated with stop solution (1% SDS in 0.01 M PBS), and the plate was 
read at a wavelength of 405 nm using an ELISA plate reader. Serum 
IgE concentrations were calculated by comparison to a standard 
generated from pooled sera collected from hyperimmunized mice. 
Pooled normal mouse serum was used as negative control.

CD4+ T cell isolation from spleen and lung-draining LNs and in vitro stim-
ulation. CD4+ T cells were purified by positive selection using mag-
netic bead–purification technology employing anti–CD4-coupled 
magnetic beads according to the manufacturer’s recommendations 
(Miltenyi Biotec, Auburn, California, USA). Typically, cells were great-
er than 97% pure, as determined by FACS analysis. APCs similarly 
prepared by magnetic depletion of CD4 and CD8 cells were treated 
with mitomycin C (Sigma-Aldrich) prior to their use in assays. CD4+ 
T cells, together with APCs (1:2 ratio), were cultured with OVA (100 
μg/ml) in Bruff’s medium supplemented with 5% FCS. Culture super-
natants were collected and nuclear extracts were prepared as previ-
ously described (18). LNs were harvested from mice on day 37 after 
sequential primary antigen exposure, OVA/alum immunization, and 
3 days of Ag challenge. Total cells recovered from LNs by physical dis-
ruption of the nodes were cultured with OVA (100 μg/ml) in Bruff’s 
medium supplemented with 5% FCS for 3 days. Culture supernatants 
were then collected for measurement of cytokine levels.

Cytokine assays. Cytokine concentration was measured by ELISA 
using commercially available kits (R&D Systems Inc.). The 
cytokines monitored and the respective detection limits of the 
ELISA kits were as follows: IL-2 (3 pg/ml), IL-4 (2 pg/ml), IL-5 (7 
pg/ml), IL-10 (4 pg/ml), IFN-γ (2 pg/ml), and TGF-β1 (7 pg/ml). 
For TGF-β1 estimations, the TGF-β1 levels in serum-supplement-
ed Bruff ’s medium were assessed (200–500 pg/ml) and deducted 
from the TGF-β1 level readings of culture supernatants.

Cell proliferation assays. Cell proliferation assays were carried out 
by measurement of [3H]-thymidine (NEN Life Science Products 
Inc., Boston, Massachusetts, USA) incorporation. Briefly, cells 
were cultured in 96-well flat-bottom culture plates at 105 cells/well 
in a total volume of 200 μl/well Bruff ’s medium plus 5% FCS. In 
cell-mixing experiments, the total number of cells in the culture 
was kept constant (105 total cells/well). The assays were incubated 
at 37°C for 3 days, after which [3H]-thymidine (1 μCi/well; NEN 
Life Science Products Inc.) was added for an additional 16 hours 
of incubation. Incorporation of [3H]-thymidine was measured by 
harvesting the cells onto glass fiber filters (Wallac Oy, Turku, Fin-
land), followed by liquid scintillation counting. Results are report-
ed as the mean plus or minus SEM of triplicate wells with the back-
ground (the mean of triplicate unstimulated wells) subtracted. For 
experiments involving cell separation in transwells, Nunc tissue 
culture inserts, with 0.2-μm Anopore membranes (Nalge Nunc 
International, Naperville, Illinois, USA) were used. CD4+ T cells 
from mice from the inflammation group were placed in the bot-
tom chamber, while CD4+ T cells from tolerized mice were placed 
on the insert. Cells were stimulated with T cell–depleted APCs and 
different concentrations of OVA (10–200 μg/ml). After 72 hours, 
samples of culture supernatant were collected for determination 
of cytokine production by ELISA, the inserts were removed, and 
the cells were pulsed with 1 μCi/well of [3H]-thymidine. Incorpora-
tion of [3H]-thymidine was determined as described above.

In some experiments, neutralizing Ab or relevant, matching 
isotype controls were added to the mixture of CD4+ T cells from the 
inflammation and tolerance groups as follows: anti–TGF-β1 at 50 
ng/ml and 100 ng/ml (R&D Systems Inc.); isotype control: normal 

chicken IgY (R&D Systems Inc.) at 100 ng/ml (shown); monoclonal 
anti-mouse IL-10 Ab (R&D Systems Inc.) at 0.1 μg/ml and 1 μg/ml 
(shown); and rat IgG1 isotype control (R&D Systems Inc.) at 1 μg/
ml. After 72 hours, samples of culture supernatant were collected for 
determination of cytokine production, and the cells were pulsed for 
measurement of [3H]-thymidine incorporation. 

In vivo treatment with Ab. Anti–TGF-β1 (chicken IgY; R&D 
Systems Inc.) or matching isotype control was administrated 
intraperitoneally into naive BALB/c mice at a dose of 50 μg per 
mouse 1 hour prior to primary exposure to antigen on day 5 of 
exposure and on day 21, 1 hour before the first OVA/ alum immu-
nization. On day 43, mice were anesthetized, lungs were lavaged 
with PBS, blood was collected for serum preparation, and lungs 
were removed for histological evaluation.

Flow cytometry. For cell surface staining, 0.2 × 106 CD4+ T cells 
were incubated with PerCP-labeled anti-mouse CD4 (RM4-5), APC-
labeled anti-mouse CD25 (PC611), or R-PE–labeled anti-human 
TGF-β (TB21) (IQ Products), or the appropriate isotype control. For 
intracellular cytokine staining, Fc receptors were first blocked with 
excess mouse Fc Block (2.4G2; BD Pharmingen); 106 CD4+ T cells 
were then stained with PerCP-labeled anti-mouse CD4 (RM4-5). 
The cells were then fixed and permeabilized using reagents from the 
Cytofix-Cytoperm Plus kit and the Golgi plug protocol, both from 
BD Pharmingen. For the staining of intracellular TGF-β1, PE-con-
jugated anti–TGF-β1 (IQ Products) was used. Samples were fixed in 
2% paraformaldehyde following staining and were analyzed using a  
FACScalibur flow cytometer and CellQuest software (BD 
PharMingen). The frequency of positive cells was calculated by sub-
tracting the value obtained with the respective isotype controls.

Enrichment of cells expressing membrane-bound TGF-β1 or secreting  
IL-10. CD4 T cells were isolated from the inflammation and tol-
erance groups of mice and were either used immediately for cell 
fractionation or subjected to two to three rounds of stimulation 
in vitro using antigen and APCs. After in vitro incubation, CD4+ T 
cells were purified again by two rounds of negative selection using a 
CD4+ T cell isolation kit (MACS Miltenyi Biotec). The purified cells 
were stained with R-PE–conjugated anti-human TGF-β (TB21) (IQ 
Products), followed by addition of anti-PE Microbeads (Miltenyi 
Biotec), and were positively selected by multiple passes on a mag-
netic separation column (Miltenyi Biotec). Cell surface TGF-β1 
expression was determined by flow cytometry. IL-10–secreting cells 
similarly were enriched using mouse IL-10 secretion assay accord-
ing to the manufacturer’s recommendations (Miltenyi Biotec).

Statistical analyses. Student’s unpaired two-tailed t test was used 
for all statistical analyses. Differences between groups were consid-
ered significant if P values were less than 0.05.
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