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Regulatory Role of B Cells in a Murine Model of Allergic
Airway Disease1

Anurag Singh,* William F. Carson, IV,* Eric R. Secor, Jr.,* Linda A. Guernsey,*
Richard A. Flavell,‡ Robert B. Clark,* Roger S. Thrall,* and Craig M. Schramm2†

Mice sensitized to OVA and subjected to acute OVA aerosol exposures develop allergic airway disease (AAD). However, chronic
continuous Ag exposure results in resolution of AAD and the development of local inhalational tolerance (LIT). Because we have
previously observed the persistence of B cells in the bronchoalveolar lavage (BAL) and hilar lymph nodes (HLN) at the resolution
stage of this model, we investigated the role of B cells in the modulation of AAD. Although B cell-deficient mice developed LIT,
adoptive transfer of HLN B cells from LIT mice to OVA-sensitized recipients resulted in attenuated AAD following subsequent
OVA aerosol exposure, as determined by reduced BAL leukocytosis and eosinophilia, decreased tissue inflammation, and absent
methacholine hyper-responsiveness. In similar adoptive transfer studies, HLN B cells from AAD mice were without effect. The
protection transferred by LIT HLN B cells was Ag specific and was associated with accumulation of Foxp3� T regulatory cells
regionally in BAL and HLN, but not systemically in the spleen. Fluorescent labeling of LIT HLN B cells before adoptive transfer
demonstrated that these cells had the capacity to migrate to local inflammatory sites. In vitro assessment demonstrated that the
LIT HLN B cells exerted this regulatory effect via TGF-� induced conversion of CD4�CD25� T effector cells into functionally
suppressive CD4�CD25�Foxp3� T regulatory cells. These findings illustrated a novel regulatory role for regional B cells in AAD
and suggested a possible contributory role of B cells, along with other cell types, in the establishment of LIT. The Journal of
Immunology, 2008, 180: 7318–7326.

T he OVA-induced mouse model of allergic airway disease
(AAD)3 is a Th2-mediated disease characteristic of hu-
man asthma (1). Mice sensitized to OVA Ag and then

exposed to OVA aerosols for 3–10 days develop Ag-specific IgE
production, airway and lung tissue eosinophilia, increased pulmo-
nary B and T lymphocytes, airway mucus hypersecretion, and hy-
per-responsiveness to inhaled methacholine. However, the contin-
ued exposure of mice to OVA aerosols for 42 days results in
resolution of the pulmonary AAD responses (2, 3). We have
termed this resolution of disease as local inhalational tolerance
(LIT), because in comparison to acutely exposed animals, the
chronically challenged mice show minimal airway and tissue eo-
sinophilia, diminished airway lymphocytosis, no airway hyper-re-
activity, and altered cytokine profiles, while still maintaining high
systemic levels of OVA-specific IgE and IgG1.

The ability to remain tolerant to inhaled Ags or to re-establish
homeostasis once inflammation has occurred has led to an in-

creased interest in immunoregulatory immune cells (4), particu-
larly CD4�CD25�Foxp3� regulatory T (Treg) cells (4, 5).
CD4�CD25�Foxp3� Treg cells consist of both thymus-derived
natural occurring Treg cells and peripheral inducible Treg cells. It
is thought that natural Tregs respond primarily to self Ags,
whereas induced Tregs react to environmental Ags (6). Murine
AAD responses to dust mite Ag are potentiated in mice subjected
to anti-CD25-mediated Treg cell depletion before or during intra-
tracheal exposure to house dust mite extract (7). Conversely, adop-
tive transfer of OVA-specific CD4�CD25� Treg cells to OVA-
sensitized mice attenuates the AAD response to allergen challenge
(5). In sensitized rats chronically exposed to OVA aerosols, on-
going T cell activation and AAD are attenuated by
CD4�CD25�Foxp3� Treg cells, which appear in the airway mu-
cosa and regional lymph nodes within 24 h of initiation of expo-
sure (8). The mechanisms of peripheral Treg induction are incom-
pletely understood, but include TGF-� (9, 10), IL-2 (11), and
negative CTLA-4 costimulation (12). We have recently observed
an accumulation of CD4�CD25�Foxp3� Treg cells in the drain-
ing lymph nodes of the lung that correlated with the appearance of
LIT, suggesting an important role for these cells in the resolution
of AAD (13).

Recent evidence indicates that in addition to Treg cells, regula-
tory types of B cells (Breg) capable of suppressing inflammation
and enhancing tolerance are also specifically induced under in-
flammatory conditions (14–16). These Breg cells have functions
independent to that of Ab production, such as secretion of the
immunoregulatory cytokines IL-10 and TGF-� (17–19). Despite
resolution of the airway eosinophilia, we have observed persistent
expansion of T and B lymphocytes in bronchoalveolar lavage
(BAL) fluid and regional hilar lymph nodes (HLN) from mice with
LIT (2, 3). Other investigators have implicated putative Breg cells
in the development of nasal tolerance to aeroallergens (20) and in
the suppression of AAD (21). Therefore, the purpose of this study
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was to investigate the role of B cells in the resolution of AAD and
induction of LIT in this OVA model. We identified a novel mech-
anism whereby B cells isolated from HLNs of LIT mice could
contribute to the regulation of airways inflammation and the gen-
eration of LIT.

Materials and Methods
Mice

Studies were performed in C57BL/6J (Ly5.1) mice (The Jackson Labora-
tory), C57BL/6J (Ly5.2) mice (Charles River), wild-type BALB/c mice,
and congenic BALB/c B cell-deficient JhD�/� mice (generously provided
by Dr. T. V. Rajan, University of Connecticut Health Center, Farmington,
CT). Mice were housed conventionally in the animal facility at the Uni-
versity of Connecticut Health Center in accordance with institutional and
Office of Laboratory Animal Welfare guidelines. All experimental proce-
dures were approved by the institution’s Center for Laboratory
Animal Care.

Induction of AAD and LIT

Mice were immunized with 3 weekly i.p. injections of 0.5 ml saline con-
taining 25 �g OVA (grade V; Sigma-Aldrich) and 2 mg of aluminum
hydroxide. Then, 1 wk after the last injection, the mice were exposed to 1%
aerosolized OVA in physiologic saline for 1 h/day for either 7 (AAD) or 42
days (LIT), as previously described (2, 3). The aerosols were generated by
a BANG nebulizer (CH Technologies) into a 7.6 L nose-only inhalation
exposure chamber to which individual restraint tubes were attached. The
estimated daily inhaled OVA dose approximated 30 – 40 �g/mouse, with
particle mass median aerodynamic diameter and geometric SDs of 1.4
and 1.6 �m, respectively. The protocol for immunization of mice to
BSA (Sigma-Aldrich) was identical with OVA, with 3 weekly i.p. in-
jections of 25 �g BSA in aluminum hydroxide. BSA-immunized mice
were then exposed to 1% aerosolized BSA in physiologic saline for 7
days (AAD) using a different BANG nebulizer and aerosol chamber. A
total of 24 h after the final aerosol exposure, the mice were killed by
ketamine/xylazine overdose and subsequent exsanguination.

Reagents and cell isolation

B cells were positively selected using a mouse CD19� isolation kit, and
CD4�CD25� T effector cells (Teffs) were isolated with a CD4�CD25�

mouse Treg isolation kit (Miltenyi Biotech). Isolation yields were �95%
for CD19� cells and CD4�CD25� cells. For cell proliferation and stim-
ulation assays, anti-CD3 (145-2C11) and anti-CD28 (37.51) were pur-
chased from BD Pharmingen. Abs used for flow analysis were anti-
CD19-PerCp (1D3), anti-CD4-PE-Cy7 (L3T4), anti-CD25-PE (PC61),
anti-I-A/I-E (2G9) purchased from BD Pharmingen, anti-Foxp3 (FJK-
16s), anti-Ly5.2 (104), anti-B220 (RA3– 6B2), anti-CD86 (GL1), neu-
tralizing Ab to IL-10 (JES5–16E3) obtained from eBioscience, and anti-
TGF-� latency-associated protein (LAP) (TGF-�1), pan-specific
neutralizing Ab to TGF-� purchased from R&D Systems. CFSE dye
was purchased from Molecular Probes.

Flow cytometry

Cell samples were washed in PBS containing 0.2% BSA and 0.1% NaN3.
Aliquots containing 104–106 cells were incubated with 100 �l of appro-
priately diluted Abs for 30 min at 4°C. After staining, the cells were
washed with the above PBS solution, and relative fluorescence intensities
were determined on a 4-decade log scale by flow cytometric analysis, using
an LSRII (BD Biosciences). For the identification of Foxp3� Treg cells,
cells stained with anti-CD3e, anti-CD4, and anti-CD25 were permeabilized
using fixation/permeabilization buffer, following the manufacturer’s pro-
tocol, and stained using anti-Foxp3-allophycocyanin (FJK-16s) with cor-
responding isotype controls, IgG2a-allophycocyanin (eBioscience). Flow
cytometry analysis was done using FACSDiva (BD Biosciences) and
FLOWJO (Tree Star) software.

AAD assessment

Lung injury was assessed by BAL fluid analysis, histological evaluation
and by responsiveness to methacholine. BAL was performed in situ with
saline. Total nucleated cells were counted, and leukocyte differentials were
determined from cytocentrifuged preparations stained with May-Grün-
wald/Giemsa. For lung histology, unmanipulated lungs from animals not
subjected to BAL were removed, fixed with 10% buffered formalin, pro-
cessed in a standard manner and tissue sections stained with H&E. Sections
from all five lobes were examined in their entirety in a blinded manner.

Functional assessment of AAD was performed by assessing changes in
work of breathing in response to inhaled methacholine, as measured in
unrestrained mice using whole body plethsymography (Buxco Electron-
ics). Changes in sensitivity to methacholine were defined by shifts in the
interpolated concentration of methacholine needed to increase the Penh
value to 2 units (�5-fold increase greater than baseline) in individual an-
imals before and after OVA aerosol challenge (3).

Adoptive transfer

CD19� cells (1 � 106) isolated from HLNs from AAD or LIT mice were
injected through a tail vein into two groups of sensitized mice. Control
sensitized mice were injected in a similar manner with vehicle (physiolog-
ical saline). A total of 2 days after the injection, the three groups of mice
received OVA aerosols for 7 days. The mice were sacrificed 24 h after the
last aerosol and the lungs were assessed for the development of AAD. For
homing studies, CD19� cells isolated from HLNs of LIT mice were la-
beled with CFSE (5 �M), and 1 � 106 viable cells were transferred into
OVA-sensitized recipients.

Treg induction assay

Freshly isolated CD4�CD25� Teff cells were obtained from the spleen of
naive mice. The purity of the Teff cells was �95%. The intracellular ex-
pression of Foxp3 was assessed preculture on a representative sample of
Teff cells. Teff cells (1 � 106) were cocultured for 5 days with viable
irradiated (2600 Rad) CD19� B cells from spleens or HLNs of AAD or
LIT mice (1 � 106) and soluble anti-CD3 (1 �g/ml) and anti-CD28 (1
�g/ml). The cultures were in RPMI 1640 supplemented with 10% FCS and
50 �M 2-ME in 24-well plates. After 5 days in culture, the cells were taken
out from the wells and the intracellular expression of Foxp3 was assessed
on gated CD4� T cells. Similar assays were performed in the presence of
in vitro cytokine blockade with neutralizing Abs to either IL-10 (1 �g/ml)
or pan-specific TGF-� (20 �g/ml). All studies were performed in triplicate.

Treg functional assay

Ly5.1 CD4�CD25� T cells (1 � 106) were cultured with irradiated AAD
or LIT B cells (1 � 106) and soluble anti-CD3 (1 �g/ml) and anti-CD28 (1
�g/ml) in 24-well plates as described above to induce Treg cells. After 5
days of culture, viable T cells (2 � 105) from the B cell cocultures (B cell
induced T cells) were taken and cultured with responder CFSE-labeled (2.5
�M) Ly5.2 CD4�CD25� T cells (5 � 104) from spleens of naive Ly5.2
animals in 96-well round-bottom plates. CFSE labeling was performed by
incubating Ly5.2 CD4�CD25� T cells (1 � 107) with 2.5 �M CFSE at
37°C for 15 min. CFSE-labeled cells were washed three times with 10%
FCS. Soluble anti-CD3 (1 �g/ml) and irradiated splenocytes (1 � 105)
from Ly5.2 mice were used to stimulate the responder cells. After 60 h of
coculture, the cells were harvested from the plate, stained with CD4 and
Ly5.2 Abs, and observed for proliferation via CFSE dilution on flow
cytometry.

Immunofluorescence and confocal imaging

CD19� cells were isolated from the HLNs of AAD and LIT mice, placed
in suspension, and stained with biotinylated anti-LAP followed by strepta-
vidin Alexa Fluor 647. Another sample of LIT HLN CD19� cells were
stained with isotype control Ab for LAP (biotinylated goat IgG) followed
by streptavidin Alexa Fluor 647. Cells were washed twice in PBS contain-
ing 0.2% BSA and 0.1% NaN3. Labeled cells were fixed in 3% parafor-
maldehyde, cytospun onto glass slides, and sealed with a cover slip. Con-
focal images were collected for the presence of LAP expression on CD19�

B cells using a Zeiss LSM 510 confocal laser scanning microscope with a
63 � 1.4 numerical aperture oil immersion objective (Zeiss) by recording
in the 647-nm channel.

Statistical analysis

Statistical comparisons between group means were made with ANOVA
followed by Fisher’s protected least significant difference test between pos-
sible pair-wise combinations of means (StatView 4.5; Abacus Concepts or
JMP7; SAS Institute). Methacholine dose-response relationships were
compared with single-factor and multifactor, repeated measures ANOVA,
and sensitivities were compared pre- and post-OVA aerosol exposures by
paired t tests. In all comparisons, p � 0.05 was used to determine statistical
significance.
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Results
Adoptive transfer of LIT HLN B cells inhibited BAL
leukocytosis and eosinophilia at AAD

To examine the role of B cells in the resolution of AAD, adoptive
transfer studies were done to determine whether CD19� B cells
isolated from the HLN of LIT mice (LIT HLN B cells) could
inhibit the development of AAD in this OVA-induced model. Re-
cipient mice, which received LIT HLN B cells, developed an at-
tenuated AAD as compared with mice that received vehicle control
or AAD HLN B cells. As previously reported, BAL leukocytosis
and eosinophilia are prominent features of this OVA-induced
model and AAD in general (2, 3). Numbers of BAL white blood
cells (WBCs) (Fig. 1A) and eosinophils (Fig. 1B) were dramati-
cally increased in the BAL of mice that received either vehicle
alone (473 � 77 � 104 WBCs; 391 � 81 � 104 eosinophils) or
AAD HLN B cells (623 � 97 � 104 WBCs; 490 � 76 � 104

eosinophils). In contrast, BAL WBCs (247 � 27 � 104) and eo-
sinophils (164 � 23 � 104) were significantly reduced in mice that
received LIT HLN B cells as compared with mice that received
either vehicle alone or AAD HLN B cells ( p � 0.05 for all
comparisons).

Adoptive transfer of LIT HLN B cells reduced lung
inflammation and methacholine responsiveness

The reduction in airway leukocytosis and eosinophilia seen in mice
given LIT HLN B cells was paralleled by reduced lung inflamma-
tion and methacholine responsiveness in these animals. Qualitative
histological evaluation of lung tissue from mice that received
adoptive transfer of LIT HLN B cells appeared to have reduced
peribronchial and perivascular cellular (lymphocytes and esosi-
nophils) infiltration as compared with mice that received vehicle
alone or AAD HLN B cells (Fig. 2A). We also compared changes

FIGURE 1. Adoptive transfer of LIT HLN B cells (1 � 106) into OVA-sensitized mice before OVA aerosol challenge attenuated BAL leukocytosis (A)
and eosinophilia (B) after 7 days of OVA aerosol exposures. Total BAL leukocytes and BAL eosinophils were elevated in vehicle (black bars) and AAD
HLN B cell transfer groups (white bars) but were decreased in the LIT HLN B cell transfer group (shaded bars). The data is expressed as mean � SEM
from eight animals per group; �, p � 0.05 compared with vehicle and AAD HLN B cell groups.

FIGURE 2. Adoptive transfer of LIT HLN B cells into OVA-sensitized mice before OVA aerosol challenge attenuated lung inflammation (A) and
methacholine sensitivity (B) after 7 days of OVA aerosol exposures. A, Qualitative histological evaluation demonstrated that adoptive transfer of LIT HLN
B cells reduced lung inflammation with subsequent OVA aerosol exposure. Representative histopathology sections demonstrated decreased peribronchial
and perivascular inflammation in LIT HLN B cell transfer mice compared with vehicle and AAD HLN B cell transfer mice. Images are at �20 magni-
fication; the bar in each plate represents 100 microns. B, Adoptive transfer of LIT HLN B cells prevented the development of increased methacholine
responsiveness following OVA aerosol exposures. Methacholine sensitivity was compared in sensitized animals before (open symbols) and after 3 days of
OVA aerosol exposures (filled symbols). Baseline, preaerosol sensitivity to methacholine did not differ in control mice (left; n � 11), mice receiving AAD
HLN B cells (middle; n � 8), and mice receiving LIT HLN B cells (right; n � 13). Both control and AAD HLN B cell-recipient animals developed
increased sensitivity to methacholine after OVA aerosols, as demonstrated by leftward shifts in the Penh dose-response relationships. In contrast, transfer
of LIT HLN B cells prevented the development of increased methacholine sensitivity.

7320 B CELL INDUCTION OF Tregs
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in sensitivity to inhaled methacholine before and after OVA aero-
sol challenge in control mice, mice receiving AAD HLN B cells,
and mice receiving LIT HLN B cells. These studies used Penh
measurements from whole-body plethysmography of unrestrained
animals to measure Penh. This approach measures changes in
breathing pattern and expiratory timing, and therefore provides
evidence of work of breathing, which in turn can be related to a
number of specific parameters of respiratory mechanics, including
tissue resistance, tissue compliance, and airway resistance (22).
Although Penh does not always reflect changes in lung mechanics
in all situations, we have shown that changes in Penh responses
track changes in invasive pulmonary mechanics in mice during the
transition from AAD to LIT (2, 3) and distinguish Th2-cytokine
driven airway and lung inflammation from Th1-cytokine-mediated
inflammation (23). Similar to what we have reported previously
(3), sensitivity to methacholine increased 2.3-fold (95% confi-
dence interval 1.7–3.2-fold; p � 0.0002 by paired t test) with de-
velopment of AAD in control mice (Fig. 2B). Transfer of AAD
HLN B cells did not affect this change, with a 2.8-fold increase
(95% C.I. 1.1–7.3-fold; p � 0.039) seen with AAD in AAD-HLN
B cell-recipient animals. In contrast, transfer of LIT HLN B cells
not only attenuated cellular and histologic changes associated with
AAD, but it also abrogated any increase in methacholine sensitiv-
ity (0.75-fold change, 95% C.I. 0.44–1.3-fold; p � 0.28).

LIT HLN B cell inhibition of AAD was Ag specific

Because the generation of LIT in our model of AAD requires the
constant presence of Ag (3), we next examined the role of Ag-
specific B cells in the resolution of AAD. Adoptive transfer studies
were done to determine whether OVA-specific LIT HLN CD19�

B cells could inhibit the development of AAD in mice sensitized
and then aerosol-exposed to a different allergen (BSA). BSA-sen-
sitized recipient mice, which received OVA-LIT HLN B cells, did
not develop an attenuated AAD as compared with mice that re-
ceived vehicle control or control B cells (OVA-AAD HLN B
cells). Numbers of BAL WBCs (Fig. 3A) and eosinophils (Fig. 3B)
were similar in the BAL of mice that received either vehicle alone
(0.97 � 0.2 � 106 WBCs; 0.61 � 0.18 � 106 eosinophils), OVA-
AAD HLN B cells (1.0 � 0.4 � 106 WBCs; 0.57 � 0.15 � 106

eosinophils), or OVA-LIT HLN B cells (1.1 � 0.2 � 106 WBCs;
0.77 � 0.25 � 106 eosinophils).

B cell-deficient mice develop AAD and LIT

The demonstration that B cells from regional draining lymph
nodes of the lung (HLN) could modulate AAD led us to examine
whether B cells were critical to the establishment of LIT. B cell-
deficient JhD�/� mice and congenic, wild-type BALB/c mice
were sensitized to OVA and then exposed to OVA aerosols for 7
or 42 days. Despite the absence of B cells and OVA-specific IgE,
JhD�/� mice exposed acutely to OVA aerosols developed AAD
characterized by increased BAL leukocytes and eosinophils, to a
degree similar to that seen in the wild-type animals (Table I). Sim-
ilarly, following chronic OVA exposure for 42 days, wild-type and
JhD�/� mice developed LIT, with marked attenuation of BAL
leukocytes and eosinophils. Although B cells did not appear to be
essential for the establishment of AAD or LIT, it is likely that
mechanisms of AAD and LIT differ in B cell-deficient vs wild-type
animals, and these studies do not rule out the contribution of B
cells along with other cell types to the regulation of airways
inflammation.

Adoptive transfer of LIT HLN B cells increased CD4� Foxp3�

Treg cells locally but not systemically

To further elucidate mechanisms whereby B cells could mod-
ulate AAD/LIT in normal, intact animals, we further character-
ized BAL lymphocyte profiles by flow cytometric analysis.
BAL cells from mice with attenuated AAD following the adop-
tive transfer of LIT HLN B cells demonstrated significantly
( p � 0.03) increased percentages of CD4�Foxp3� Treg cells
(mean 21.4%) as compared with AAD mice that received ve-
hicle alone (mean 11.4%) or AAD HLN B cells (mean 14.6%;
Fig. 4A). The increased percentage of CD4�Foxp3� Treg cells
in LIT HLN B cell-recipient animals was specific to regional
lung compartments, namely the BAL and HLN (vehicle 12.3%;
AAD HLN B cells 13.7%; and LIT HLN B cells 19.3%), but
was not observed in systemic compartments such as the spleen
(vehicle 10.1%; AAD HLN B cells 9.5%; and LIT HLN B cells
9.8%). Total Treg cell numbers in BAL and HLN also differed

FIGURE 3. Protection conferred
by LIT HLN B cells was Ag-specific.
Adoptive transfer of LIT HLN B cells
(1 � 106) from OVA aerosolized an-
imals into BSA-sensitized mice be-
fore BSA aerosol challenge did not
attenuate BAL leukocytosis (A) or eo-
sinophilia (B) after 7 days of BSA
aerosol exposures. Data represent
mean � SEM responses; n � 5 in
each group).

Table I. BAL leukocyte distributions in B cell-deficient and wild-type control micea

Mice (n) BAL WBCs (�106) Eos (�106) Neutrophils (�106) Lymphs (�106) Macrophages (�106)

Wild-type AAD 6.44 � 1.98 4.45 � 0.99 0.71 � 0.62 0.58 � 0.33 0.68 � 0.29
JhD�/� AAD 5.83 � 1.92 3.22 � 1.10 1.30 � 0.50 0.58 � 0.47 0.80 � 0.38
Wild-type LIT 0.80 � 0.14 0.15 � 0.06 0.15 � 0.03 0.13 � 0.04 0.37 � 0.14
JhD�/� LIT 1.21 � 0.25 0.08 � 0.03 0.17 � 0.06 0.15 � 0.06 0.83 � 0.16

a B cell-deficient mice developed AAD and LIT. JhD�/� mice and congenic, wild-type BALB/c mice were sensitized to OVA and then exposed to
OVA aerosols for 7 or 42 days. JhD�/� mice exposed acutely to OVA aerosols developed AAD characterized by increased BAL leukocytes and
eosinophils, to a degree similar to that seen in the wild-type animals. Similarly, following chronic OVA exposure for 42 days, wild-type and JhD�/� mice
developed LIT, with marked attenuation of BAL leukocytes and eosinophils.
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between the three adoptive transfer groups at AAD (Fig. 4B).
Mice that received LIT HLN B cells had significantly increased
( p � 0.05) total Treg cells in the BAL (6.2 � 1.1 � 104) and
HLN (1.8 � 0.4 � 105) at AAD compared with mice that re-
ceived either vehicle alone (BAL 2.1 � 0.3 � 104 or HLN
0.64 � 0.2 � 105) or AAD HLN B cells (BAL 1.61 � 0.1 � 104

or HLN 0.88 � 0.4 � 105; Fig. 3B). These findings suggested
that the protective effect on AAD conferred by the adoptive
transfer of HLN B cells from LIT mice was in part due to a
corresponding increase in the number of Treg cells at local sites
of inflammation.

LIT HLN B cells were retained in draining lymph nodes of the
lung following adoptive transfer

To assess whether the regional increase in Treg cells in the lung
compartments was associated with homing of LIT HLN B cells to
pulmonary sites of inflammation, CFSE-labeled LIT HLN B cells
were adoptively transferred to OVA-sensitized recipients. These
mice were then exposed to OVA aerosols for 7 days and later
sacrificed. Flow cytometric analysis on gated CD19� B cells in

different local vs systemic sites demonstrated an increased per-
centage of CFSE� B cells (0.9%) in the HLN of recipient mice
(Fig. 5A) compared with other sites where the CFSE� B cells were
barely detectable. The total number of CFSE� B cells was also
significantly elevated in HLNs of recipient mice inhibited com-
pared with other local vs systemic sites ( p � 0.05; Fig. 5B). These
findings suggested that the HLNs of LIT mice were enriched in a
Breg cell population that had the ability to return to active sites of
inflammation and regulate immune responses in vivo.

LIT B cells were functionally mature and were a source of
TGF-�

Because immature B cells can be tolerogenic and attenuate CD4�

T cell-mediated immune responses (24), we examined whether
LIT HLN B cells differed from AAD HLN B cells in relation to the
expression of MHC class II and costimulatory molecules. Com-
pared with expression on HLN B cells in sensitized mice, the ex-
pressions of MHC II and CD86 were increased on AAD HLN B
and LIT HLN B cells (Fig. 6A). Thus, HLN B cells were activated
during AAD and remained activated with chronic Ag exposure at

FIGURE 4. Adoptive transfer of LIT HLN B cells increased CD4�Foxp3� Treg cells locally but not systemically. A, Representative FACS dot-plot
demonstrating the percentage of CD4�Foxp3� Treg cells in the BAL, HLN, and spleen after OVA aerosol exposures. Compared with vehicle and AAD
HLN B cell transfer mice, the LIT HLN B cell transfer group demonstrated increased CD4�Foxp3� cells in the BAL and HLN but not in the spleen after
OVA aerosol exposures. B, The total number of Treg cells were significantly higher in the BAL (shaded bars) and HLN (black bars) of LIT HLN B cell
transfer group compared with the other groups (�, p � 0.05; n � 4 in each group).

FIGURE 5. Adoptively transferred
LIT HLN B cells migrated to sites of
inflammation. CFSE-labeled LIT
HLN B cells (1 � 106) were injected
i.v. into OVA-sensitized mice before
OVA aerosol challenge. A, After 7
days of OVA aerosol exposure,
CFSE� B cells were found only at lo-
cal sites (HLN) of recipient animals.
B, Total numbers of CFSE� B cells
were significantly increased in re-
gional draining lymph nodes (HLN)
but were absent in BAL and inguinal
lymph nodes (ILN) (�, p � 0.05 vs
other groups).
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LIT. Although both AAD and LIT B cells were mature, the
differences observed in our adoptive transfer experiments dem-
onstrated that the AAD and LIT B cells were functionally dif-

ferent, with LIT HLN B cells possessing a suppressive pheno-
type. B cells have been shown to be capable of producing
immunosuppressive cytokines, such as IL-10 (18, 19) and
TGF-� (25, 26). Because we have previously shown that the
development of LIT was not impaired in IL-10 deficient mice
(27), we focused on the potential role of TGF-� in mediating
the above in vivo and in vitro effects of LIT HLN B cells.
Confocal imaging of isolated LIT HLN B cells labeled with
biotinylated anti-LAP expressed increased amounts of staining
as compared with AAD HLN B cells (Fig. 6A). Direct immu-
nofluorescence evaluation of AAD HLN B cells and LIT HLN
B cells demonstrated positive LAP staining in the LIT popula-
tion only, with the isotype control Ab being negative (Panel 1).
Direct phase contrast illustrated the location of the cells (Panel
2), and the overlay of both showed definitively that the staining
was cell associated (Panel 3 low power and Panel 4 (inset) high
power). Similarly, flow cytometric analysis revealed that a con-
siderable population of LIT HLN B cells demonstrated en-
hanced LAP staining, as compared with AAD HLN B cells and
LIT spleen B cells (Fig. 6B). Thus, the enhanced expression of
TGF-� in B cells during LIT was regional, because it occurred
in HLN B cells but not spleen B cells.

LIT HLN B cells induced formation of CD4�CD25�Foxp3�

Treg cells via a TGF-�-dependent mechanism

The demonstration that LIT HLN B cells expressed high levels
of TGF-�, a cytokine known to induce Treg formation (9, 10,
28, 29), suggested that the in vivo increase in Treg cells fol-
lowing adoptive transfer of LIT HLN B cells was mediated by
B cell-derived TGF-�. To assess this potential mechanism of
action, we next investigated whether LIT HLN B cells could
induce formation of CD4�CD25�Foxp3� Treg cells in vitro
from CD4�CD25� Teff cells taken from spleens of naive wild-
type mice. Before coculture, only a small number (0.3%) of
these Teff cells expressed Foxp3 (Fig. 7A). A total of 5 days of
coculture with AAD HLN B cells (Fig. 7B) or LIT spleen B
cells (Fig. 7C) failed to increase expression of Foxp3 in the Teff
cells (1.9 � 0.1 and 1.6 � 0.1%, respectively; p � 0.2 vs
naive). In contrast, coculture with LIT HLN B cells induced a
high percentage (18.6 � 1.8%) of the Teff cells to become
Foxp3� ( p � 0.0005 vs naive or vs other groups; Fig. 7D). To
determine whether the induction of Treg cells by LIT HLN B
cells was dependent on the secretion of immunosuppressive cy-
tokines like IL-10 or TGF-� by LIT HLN B cells, we added
neutralizing Abs to these cytokines in the in vitro coculture
system. Culture of the Teff cells with LIT HLN B cells in the
presence of blocking Ab to IL-10 failed to block the induction
of Foxp3 expression (26.4%; Fig. 7E). However, the abrogation

FIGURE 6. LIT HLN B cells were mature and expressed TGF-�. A,
Representative histograms of surface MHC II and CD86 expression on B
cells isolated from HLNs from sensitized (orange), AAD (red), and LIT
mice (blue), compared with isotype (green). LIT HLN B cells were mature, as
they had comparable levels of MHC II expression and CD86 expression to
AAD HLN B cells. B, CD19� B cells isolated from AAD and LIT HLNs were
stained with biotinylated anti-LAP followed by streptavidin Alexa Fluor 647
for confocal imaging and streptavidin allophycocyanin for flow cytometric
analysis. Representative example of specific LAP staining, differential inter-
ference contrast (DIC) images, and overlay of staining and DIC images at
multi- and single-cell levels. Top, AAD HLN B cells showed minimal staining
for LAP. Middle, LIT HLN B cells demonstrate substantial LAP staining,
which was localized to the surface (overlay). Lower, LIT HLN B cell isotype
staining, DIC image, and overlay. C, Representative dot-plots of LAP expres-
sion on CD19� cells demonstrated increased expression of anti-LAP (TGF-
�1) on LIT HLN-B, whereas AAD HLN B cells and LIT spleen B cells had
little anti-LAP expression, compared with isotype.

FIGURE 7. LIT HLN B cells induced formation of CD4�CD25�Foxp3� Treg cells from CD4�CD25� T effector cells. A, Precoculture, wild-type
CD4�CD25� T cells did not express Foxp3. After in vitro coculture with B cells for 5 days in the presence of anti-CD3 and anti-CD28 Ab,
CD4�CD25�Foxp3� T cells were evaluated for conversion to Foxp3� T cells via flow cytometry (B and C). Coculture of wild-type Teff cells with
AAD HLN B cells or LIT spleen B cells resulted in minimal intracellular Foxp3 expression on gated CD4� cells. D, Coculture of wild-type Teff
cells with LIT HLN B cells resulted in a greater than 10-fold increase in Foxp3 expression, as compared with the other B cell populations. E, Addition
of IL-10 blocking Ab to the coculture did not abrogate the induction of Foxp3 expression. F, In vitro neutralization of TGF-� via a pan-specific
TGF-� Ab inhibited Foxp3 induction by LIT HLN B cells. Results were representative of three independent experiments, each done in triplicate.

7323The Journal of Immunology

 by guest on A
ugust 9, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


of TGF-� via a pan-specific neutralizing Ab in culture led to
failure of LIT HLN B cells to induce Foxp3 expression (1.1%;
Fig. 7F). These results demonstrated that TGF-� was integral to
the generation of Treg cells by LIT HLN B cells.

LIT HLN B cell-induced Treg cells were functional and
suppressed the proliferation of Teff cells

To demonstrate that Treg cells generated by LIT HLN B cells were
functionally suppressive in vitro, the converted T cells were cul-
tured with CFSE-labeled responder CD4�CD25� Teff cells. Re-
sponder T cells alone did not proliferate in the absence of stimu-
lation (0.7 � 0.2% CFSE dilution; Fig. 8A) but proliferated well in
response to anti-CD3 stimulation (23.9 � 1.4%; Fig. 8B). Re-
sponder T cells also proliferated well in coculture with T cells
previously cultured with AAD HLN B cells (35.0 � 5.1%; p �
0.10 vs anti-CD3; Fig. 8C), suggesting that these B cell exposed T
cells were primarily Teff cells. In contrast, responder T cells cocul-
tured with T cells previously cultured with LIT HLN B cells pro-
liferated poorly (10.4 � 1.6%; p � 0.0016 vs anti-CD3; Fig. 8D),
demonstrating suppressive abilities in this B cell exposed T cell
population. The ability to induce suppressive Treg cells was re-
gional, because T cells derived from LIT spleen B cell cocultures
did not inhibit proliferation of responder T cells (34%, data not
shown).

Discussion
OVA-sensitized mice exposed to aerosolized OVA demonstrate
a biphasic response, such that acute (3–14 day) OVA aerosol
exposure elicits AAD while chronic (42 day) exposure results in
resolution of AAD and apparent LIT. Although the airway eo-
sinophilia and pulmonary inflammation resolve during LIT, re-
gional expansion of T and B lymphocytes persists (2, 3). The
recent description of Bregs in chronic models of inflammation
(14 –16) raised the consideration that subsets of such Breg cells

could develop after the initiation of AAD and play a role in the
resolution of disease.

The present study demonstrated a regulatory role for regional
B cells in murine AAD. In contrast to transfer of AAD HLN B
cells, the adoptive transfer of LIT HLN B cells inhibited the
development of AAD in recipient mice. This phenomenon was
Ag-specific, associated with regional increases in CD4�Foxp3�

Treg cells in the recipient animals, and correlated with migra-
tion of transferred B cells to regional lymph nodes of recipient
mice. Interestingly, B cell-deficient JhD�/� mice were still ca-
pable of developing LIT. This observation is similar to what has
been reported in B cell-deficient �MT mice (30) and could
suggest that the inhibition of AAD by transfer of LIT HLN B
cells was due instead to a different, LIT-specific unidentified
cell type contaminating the transfer. This conclusion is un-
likely, in that the transferred cells from both AAD and LIT
HLNs were �95% B220�CD19� cells and �0.3% CD3� cells.
B cell-knockout mice do exhibit defective nasal tolerance (20),
but LIT differs from nasal tolerance in that LIT develops after
a robust Th2-driven AAD response, whereas nasal tolerance
prevents the generation of AAD when Ag is given intranasally
to naive animals. It is likely that multiple regulatory mecha-
nisms contribute to airway homeostasis. Different regulatory
mechanisms may prevent development of AAD or promote its
resolution to LIT. Similarly, different regulatory mechanisms
may be activated in B cell-deficient vs wild-type animals (31,
32). The occurrence of LIT in B cell-deficient JhD�/� mice
does not rule out a potential contributory role of suppressive B
cells, along with other cell types, in the regulation of AAD and
in the development or maintenance of LIT in intact animals.

The in vivo demonstration of a suppressive B cell phenotype
found only in regional lymph nodes was supported by in vitro
findings that LIT HLN B cells induced formation of function-
ally suppressive CD4�CD25�Foxp3� Treg cells from
CD4�CD25– Teff cells. The possibility of a contaminating Treg
population expanding in the cultures was ruled out by the purity
of the starting CD4�CD25� Teff cell population (�95% pure in
all experiments) and the minimal expression of Foxp3 in the
Teff cell population. This effect was specific to LIT HLN B
cells, because it was not demonstrated by AAD HLN B cells,
LIT spleen B cells, or LIT HLN non-B cell APCs. This regional
effect, coupled with the specific homing of transferred HLN B
cells back to pulmonary compartments, may account for the
localized nature of LIT, such that lung inflammatory responses
are inhibited while systemic IgE responses are maintained (2,
3). In contrast to AAD HLN B cells, LIT HLN B cells expressed
high levels of TGF-�. Neutralization of TGF-� in vitro abro-
gated Treg generation by LIT HLN B cells, demonstrating the
mechanistic role of TGF-� in this process. Collectively, these
studies support a novel mechanism of regional immune regu-
lation, mediated by B cell induction of Treg cells.

Tolerance to inhaled Ags has been shown to be mediated by
IL-10 (33–35), as well as TGF-� (36 –38). The present study
focused on TGF-�-dependent mechanisms because of our pre-
vious demonstration that IL-10-deficient mice develop LIT
(27). Nevertheless, we do not exclude the potential contribution
of IL-10 in the development of tolerance to aeroallergens. IL-10
could originate from a Tr1 subset of Treg cells (39), dendritic
cells (40), or potentially a different subset of Breg cells (18).
Again, it is likely that a multitude of regulatory cell populations
and compensatory regulatory mechanisms exist to counteract
injurious inflammatory responses driven by constant Ag expo-
sure (31, 32). The present study suggests that one of these reg-
ulatory mechanisms is the generation of a Breg population in

FIGURE 8. Induced Foxp3� Treg cells were functional and sup-
pressed the proliferation of T effector cells. CD4�CD25� T cells from
the spleen of Ly5.2 naive mice were labeled with CFSE (2.5 �M). A and
B, CFSE-labeled responder Teff cells did not proliferate in unstimulated
conditions but did in the presence of soluble anti-CD3 as demonstrated
by the dilution of CFSE in the stimulated group. C, Ly5.1 CD4�CD25�

T cells, cocultured with AAD HLN B cells as described, fail to suppress
the proliferation of responder Teff cells. D, Ly5.1 CD4�CD25� T cells
cocultured with LIT HLN B cells inhibited proliferation of Teff re-
sponder cells. Results were representative of two independent experi-
ments, each done in duplicate.
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regional lymph nodes. These local Breg cells are characterized
by increased expression of TGF-�, and act to attenuate or ab-
rogate the inflammatory response by TGF-�-dependent induc-
tion of functionally suppressive Treg populations from Teff
cells. Interestingly, the local protective effect of Treg cells in-
duced in the airway mucosa and regional lymph nodes is de-
pendent on continuous Ag stimulation, because interruption of
exposure leads to waning of Treg activity and recurrence of
AAD in rats upon re-exposure to Ag (8). We have observed a
similar process in mice, such that continuous OVA exposure
induces LIT, but discontinuous exposure results in the failure to
develop LIT and re-emergence of AAD (3).

B cells have also been shown to regulate the Ag presenting
function and maturation of dendritic cells (16), and the possi-
bility of B cells from LIT HLN influencing Ag presentation
during the course of our model remains to be investigated. The
concept of B cells in regional LIT HLNs contributing to the
regulation of AAD is consistent with the recent description that
such local regulatory networks exist in draining lymph nodes
and regulate inflammatory responses at adjacent mucosal sites
(41). Similarly, the development of tolerance to intranasal ad-
ministration of Ag is dependent on B cells in regional lymphoid
tissue (42). The localized nature of LIT, with preservation of
systemic OVA-specific IgE responses, is consistent with this
regional lymph node regulatory network and the role of local
Breg cells in mediating the LIT response.

In conclusion, the present study identified a novel mechanism
of regional immune regulation, whereby chronic Ag exposure
results in the generation of a suppressive B cell subset in local
lymph nodes. The suppressive activity of these Breg cells is
Ag-specific and TFG-�-dependent. We have previously shown
that LIT is dependent upon continuous Ag exposure and that
disruption of Ag exposure results in the loss of LIT (2, 3).
Whether this loss of LIT is associated with the disappearance of
TGF�� B cells and/or CD4�CD25�Foxp3� Treg cells remains
to be determined. Further characterization of the lineage, func-
tion, and generation of these putative Breg cells may yield im-
portant insights into airway homeostatic responses and the es-
tablishment of tolerance to inhaled Ags.
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