Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 1350-1355, February 1997
Immunology

Allergic airway sensitization induces T cell activation but not
airway hyperresponsiveness in B cell-deficient mice

(IgE/mAb)

E. HAMELMANN*, A. T. VELLAT, A. OsHIBA*, J. W. KAPPLERT, P. MARRACKT, AND E. W. GELFAND*¥

*Department of Pediatrics, Division of Basic Sciences, National Jewish Medical and Research Center, and TThe Howard Hughes Medical Institute, Denver, CO

80206

Contributed by J. W. Kappler, December 4, 1996

ABSTRACT B cells play an important role in the allergic
response by producing allergen-specific Igs as well as by
serving as antigen-presenting cells. We studied the involve-
ment of B cells in the development of responses in a murine
model of allergic airway sensitization. Normal and B cell-
deficient (p,Mt‘/‘) B10.BR mice were sensitized via the
airways to ovalbumin; Ig production, cytokine elaboration
from local lymph node cells, development of airway hyperre-
sponsiveness, and histological changes in the airways were
evaluated. Both strains of mice had increased production of T
helper 2-like cytokines and developed an accumulation of
eosinophils in the bronchial tissue after airway sensitization.
However, only wild-type mice produced allergen-specific an-
tibodies and exhibited altered airway function. B cell-deficient
mice reconstituted with anti-ovalbumin IgE during the course
of sensitization developed increases in airway responsiveness.
These results indicated that neither B cells nor IgE were
necessary for the induction of a T helper 2-type cytokine
response or eosinophil infiltration of the airways after allergic
sensitization but that IgE was required as a second signal for
the development of airway hyperresponsiveness in this model
of airway sensitization.

The allergic response of atopic patients is characterized by the
production of unusually high amounts of allergen-specific IgE
against common environmental antigens. Indeed, in atopic
diseases such as bronchial asthma, there is a close correlation
between serum IgE levels and the prevalence (1) and severity
(2) of the disease. IgE bound to high affinity IgE receptors on
mast cells and basophils triggers the activation of these cells
after cross-linking by antigen, thus initiating the allergic cas-
cade (3). Activated mast cells release tryptase and histamine,
central elements in anaphylactic and immediate-type allergic
reactions. Other mediators released by mast cells, such as
prostaglandins and leukotrienes, have proinflammatory prop-
erties that enhance and sustain allergic inflammation (4).
Furthermore, mast cells have been shown to produce the T
helper 2 (Tu2)-type cytokines: interleukin 4 (IL-4), a major
inducer of B cell isotype switching to IgE, and IL-5, the
primary factor for eosinophil activation and differentiation (5).
IgE receptors have also been demonstrated on eosinophils (6,
7), essential cells in the allergic asthmatic response (8).

In addition to IgE production, B cells have a second,
important role in the development of the allergic response. B
cells are important effectors of IgE-mediated enhancement of
T cell function via the low affinity surface receptor for IgE
(Fc.RII/CD23). In vitro, B cells can effectively focus and
present low concentrations of antigens via CD23 to T cells (9).
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In vivo, CD23-deficient mice show normal antibody responses
to 2,4-dinitrophenyl-ovalbumin (OVA) but impaired IgE-
mediated enhancement of Ig (including IgE) production (10).
Anti-CD23 antibody treatment of rats inhibits antigen-specific
IgE production (11), and treatment of allergen-sensitized mice
with anti-CD23 antibody before airway allergen challenge
reduces pulmonary eosinophil infiltration (12).

These results suggest that B cells may play a role in the
induction of an allergic response after airway sensitization in
mice. In the model used, BALB/c mice were sensitized (in the
absence of adjuvant) exclusively via the airways, mimicking a
“natural” mode of allergic sensitization to aeroallergens. Air-
way sensitization in this way induces allergen-specific IgE (13)
and T cell activation (14), which is associated with immediate
cutaneous hypersensitivity (15) and increased airway respon-
siveness (16). The development of airway hyperreactivity
(AHR) in this model is associated with, or dependent on, three
distinct events: allergen challenge of the airways, IL-5-
mediated eosinophil airway infiltration, and production of
allergen-specific IgE. We demonstrated previously that the
development of AHR in this model is inhibited by anti-IL-5
antibody treatment (17), pretreatment with nebulized inter-
feron y (IFN-y) (18), transfer of IFN-y-producing CD8" T
cells (19), or use of a low IgE responder mouse strain (SJL)
(16). All of these interventions inhibit or reduce Ty2-type
cytokine production and/or eosinophil airway infiltration. As
a corollary, nude mice required both IL-5 and antigen-specific
IgE to reconstitute AHR. Here, we show that sensitization of
B cell-deficient mice via the airways lead to significant eosin-
ophil infiltration of lung tissue and increased local production
of IL-5 but not AHR. Passive sensitization of B cell-deficient
mice with anti-OVA IgE antibody during the course of airway
sensitization completely restored the development of AHR,
indicating that IgE was required as an essential second signal
in addition to eosinophil infiltration for the development of
increased airway responsiveness in this model.

MATERIALS AND METHODS

Animals. Female B10.BR mice from 8 to 12 weeks of age
were obtained from The Jackson Laboratories. B cell-deficient
mice (uMt~/7) (20) were obtained from The Jackson Labo-
ratories and were backcrossed for five generations to B10.BR
wild-type mice. Spleens and lymph nodes from uMt~/~ mice
contained <3% B220* cells, and cells from pMt*/* mice were
70% B220* in spleen and =30% B220* in lymph nodes. Age-
and sex-matched normal and B cell-deficient mice were used
in all experiments. The mice were maintained on OVA-free
diets. All experimental animals in this study were used under

Abbreviations: Ty2, T helper 2; OVA, ovalbumin; AHR, airway
hyperreactivity; PBLN, peribronchial lymph nodes; FCS, fetal calf
serum; APC, antigen-presenting cell; ESsg, frequency leading to 50%
of maximal contractions; IL, interleukin; IFN, interferon; HBSS,
Hanks’ balanced salt solution; MBP, major basic protein.
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a protocol approved by the Institutional Animal Care and Use
Committee of the National Jewish Medical and Research
Center.

Airway Sensitization and Antibody Treatment. Mice (three
to four mice per group per experiment) were sensitized via the
airways by nebulization of OVA (Sigma; 1% in PBS) on 10
consecutive days for 20 min daily as described (21). Control
animals were exposed to nebulized PBS following the same
protocol. Normal and B cell-deficient controls showed similar
airway responsiveness and lung cell composition (data not
shown). B cell-deficient mice in some experimental groups
received 0.4 ug of i.v. anti-OVA IgE antibody (22) in 200 ul of
PBS on days 4, 6, and 8 of the protocol. Age-matched control
mice received similar amounts of anti-2,4,6,-trinitrophenyl IgE
(PharMingen) following the same protocol. There were no
differences between OVA-sensitized mice with or without
anti-2,4,6-trinitrophenyl IgE treatment in any parameter
tested (data not shown). Airway responsiveness was assessed
on day 12, 2 days after the last nebulization, and the mice were
killed to obtain tissues and cells for further assays.

Measurement of Anti-OVA Antibody and Total Ig Levels.
Anti-OVA Ig serum levels were measured by ELISA as
described (15). The antibody titers of the samples were related
to pooled standards that were generated in the laboratory.
Total IgE levels were determined using the same method as
described in ref. 15. Total Ig levels were calculated by com-
parison with known mouse IgE and IgG standards (Phar-
Mingen). The limit of detection was 100 pg/ml for IgE and 1
ng/ml for IgG.

Cell Preparation and Culture. Peribronchial lymph nodes
(PBLNs) were harvested, and mononuclear cells were purified
by passing the tissue through stainless steel mesh followed by
density gradient centrifugation (Organon Teknika—Cappel). T
cells were isolated by nylon wool passage to a purity of =85%
CD3* cells. Cells were washed three times in PBS and resus-
pended in RPMI 1640 medium (GIBCO) containing 10% fetal
calf serum (FCS), 100 units/ml penicillin, 100 pg/ml strepto-
mycin, 5 mM glutamine, and 50 uM 2-mercaptoethanol.
Antigen-presenting cells (APCs) were prepared from spleens
of B10.BR mice by preparing mononuclear cells, by depleting
mononuclear cells of T cells by incubation with antithymocyte
antiserum followed by rabbit complement, and by irradiating
with 3000 rad. T cells were plated in 96-well, round bottom
plates at 200,000 cells/well and cultured in the presence or
absence of OVA and mitogen at 37°C for 48 h. APCs were
added at 400,000 cells/well. Cell-free supernatants were har-
vested and stored at —20°C.

Measurement of Cytokines. Cytokine levels in the superna-
tants were measured by ELISA. In brief, ELISA plates were
coated with purified anticytokine antibodies (all reagents from
PharMingen) and blocked with 10% FCS/PBS. Samples and
dilution rows of purified cytokines as standards were incubated
at 4°C overnight. Biotinylated anticytokine antibodies fol-
lowed by avidin—peroxidase and 3-ethylbenzthiazoline-6-
sulfonic acid substrate were used for detection. The limit of
detection for IL-4 and IL-5 was 4 pg/ml.

Proliferation Assay. PBLN T cells were cultured in 96-well,
round bottom plates at 200,000 cells/well in the presence or
absence of OVA and mitogen for 5 days. APCs were added at
a 2:1 ratio. Incorporation was measured 6 h after addition of
1 uCi (1 Ci = 37 GBq) of [*H]thymidine (ICN).

Monitoring AHR. Airway responsiveness was determined in
vitro as described (16). In brief, tracheal smooth muscle
segments ~(0.5 cm in length were placed in Krebs—Henseleit
baths suspended by triangular supports transducing the force
of contractions. Electrical field stimulation was delivered with
increasing frequencies until peak contractile responses were
reached. ESsy, the frequency leading to 50% of maximal
contractions, was calculated from linear plots and was com-
pared for the different treatment groups.
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Isolation of Lung Cells. Lung cells were isolated as described
(22). In brief, lungs were perfused with warmed (37°C) calci-
um- and magnesium-free Hanks’ balanced salt solution
(HBSS) containing 10% FCS, 0.6 mM EDTA, 100 units/ml
penicillin, and 100 pg/ml streptomycin via the right ventricle
at a rate of 4 ml/min for 4 min. Lungs were removed and cut
into 300-um pieces. Four milliliters of HBSS containing 175
units/ml collagenase (type IA; Sigma), 10% FCS, 100 units/ml
penicillin, and 100 pg/ml streptomycin was added to the
minced lungs and incubated for 60 min in an orbital shaker at
37°C. The digested lungs were sheared with a sterile 20-gauge
needle and filtered through 45- and 15-um filters. The filters
were washed with HBSS/2% FCS (45 um, 1 X 10 ml; 15 wm,
2 X 10 ml). Cells were resuspended in HBSS and counted using
a hemocytometer, and cytospin slides were prepared. Slides
were stained with leukostat (Fisher), and cell differentiation
percentages were determined by counting at least 300 cells
using light microscopy.

Immunohistochemistry. After perfusion via the right ven-
tricle, lungs were inflated through the tracheas and fixed with
2 ml of 10% formalin. Major basic protein (MBP) in lung
sections was localized as described (17). Blocks of the left lung
tissue were cut around the main bronchus and embedded in
paraffin blocks, and 5-um tissue sections were affixed to
microscope slides, deparaffinized, and incubated in normal
rabbit serum for 2 h at 37°C. The slides were then stained with
either rabbit anti-mouse MBP [kindly provided by G. Gleich
(Mayo Clinic, Rochester, MN) and J. Lee (Mayo Clinic,
Scottsdale, AZ)] or with normal rabbit control serum and
incubated overnight at 4°C. After washing and incubating in
1% chromotrope 2R (Harleco, Philadelphia) for 30 min, the
slides were placed in fluorescein-labeled goat anti-rabbit IgG
for 30 min at 37°C. The slides were examined in a blinded
fashion using a Zeiss microscope equipped with a fluorescein
filter system. Numbers of eosinophils in the submucosal tissue
around central airways were evaluated using the IPLAB2 soft-
ware (Signal Analytics, Vienna, VA) for Macintosh counting
four different sections per animal.

Statistical Analysis. ANOVA was used to determine the
levels of difference between all groups. Pairs of groups were
compared by Student’s ¢ test. Comparisons for all pairs were
performed by the Tukey—Kramer honestly significant differ-
ence test for airway responsiveness and histology data. P values
for significance were set to 0.05. Values for all measurements
are expressed as mean = SD, except for values for ESs,, which
are presented as mean = SEM.

RESULTS

Total and OVA-Specific IgE and IgG Serum Levels After
Sensitization. Normal B10.BR and B cell-deficient uMt=/~
B10.BR mice were sensitized via the airways after 10 days of
nebulization with OVA. Serum levels of OVA-specific and
total Igs were measured 1 day after completion of the nebu-
lization protocol. Sensitization with OVA via the airways
resulted in significantly increased serum levels of anti-OVA
IgE and IgG1 in normal (uMt*/*) B10.BR mice (Table 1).
Sensitization did not significantly alter total IgE and IgG
serum levels. In contrast, serum levels of total and OVA-
specific Ig were below the limit of detection before and after
airway sensitization in wMt~/~ mice. This confirms the inabil-
ity of the B cell-deficient mice to generate any antibody
responses (20). B cell-deficient mice passively sensitized with
anti-OVA IgE during sensitization demonstrated serum levels
of antibody that were roughly one-third of the levels in actively
sensitized normal animals (Table 1).

Proliferative Responses to OVA. To assess antigen-specific
proliferative responses of T cells after sensitization with OVA,
PBLN cells were cultured for 3 days in the absence or presence
of OVA or mitogen. Sensitization of normal B10.BR mice to
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Table 1. OVA-specific antibody and total Ig levels in the serum

OVA-specific Ig, units/ml

Total IgE levels,

Strain Sensitization IgE IgG1 ng/ml
B10.BR PBS X 10 <10 <10 19+4
uMt=/~ PBS X 10 <10 <10 <10
B10.BR OVA X 10 1777 = 354* 1393 + 242* 246
uMt=/~ OVA X 10 <10 <10 <10
uMt~/~ plus a-OVA IgE OVA X 10 581 = 73% <10 12+2

Serum titers for OVA-specific antibodies and total IgE were determined by ELISA in mice: normal
control mice (B10.BR/PBS, n = 8); B cell-deficient control mice (uMt~/~/PBS, n = 8); normal
OVA-sensitized mice (B10.BR/OVA, n = 12); B cell-deficient, OVA-sensitized mice (uMt=/~/OVA,
n = 12); and B cell-deficient, OVA-sensitized mice receiving anti-OVA antibody treatment (.Mt =/~ plus
a-OVA-IgE/OVA, n = 8). Presented are the means * SD.

*Significant (P < 0.05) differences compared with the nonsensitized group.

OVA via the airways resulted in dose-dependent, OVA-
specific responses in T cells prepared from PBLN as well as
spleen (Fig. 1). Airway sensitization of uMt~/~ mice resulted
in OVA-specific T cell responses that were similar to those
seen in the wild-type animals. This indicated that antigen-
specific T cell responsiveness was induced to OVA to a similar
extent in B cell-deficient and B cell-sufficient animals.
Cytokine Production by Local Lymph Node Cells. To eval-
uate the importance of B cells in the induction of Ty2-type T
cell responses after allergic sensitization, we measured the
production of IL-4 and IL-5 by cultured PBLN T cells during
48 h with OVA. Sensitization via the airways significantly

—oe— B10.BR SC
—a —uMt/- SC
—e— B10.BR PBLN
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FiG. 1. Proliferative responses of splenic and peribronchial lymph
node T cells. Mice were sensitized to OVA via the airways using the
10-day sensitization protocol. Two days after completion of sensitiza-
tion, PBLN T cells (2 X 10° per well) were cultured in triplicate in the
absence or presence of OVA together with APCs (4 X 103 per well)
for 72 h. Thymidine uptake was measured after pulsing the cells with
1 pCi of [*H]thymidine for 6 h. Expressed are the mean cpm of one
of three representative experiments. SE for all values was less than 5%.

enhanced in vitro IL-4 and IL-5 production by PBLN T cells
compared with nonsensitized animals. In nonsensitized con-
trol mice, production of IL-4 and IL-5 in PBLN T cells cultured
with medium or OVA was less than 10 pg/ml (not shown).
After airway sensitization, production of IL-4 and IL-5 spe-
cifically in response to OVA by PBLN T cells was increased
(Fig. 2). In vitro production of IL-4 and IL-5 after airway
sensitization was similar in uMt~/~ mice and normal wild-type
mice.

Airway Reactivity. To monitor the development of AHR
after airway sensitization to OVA, we measured the reactivity
of tracheal smooth muscle segments to electrical field stimu-
lation by measuring the electrical frequencies that caused 50%
maximal contraction, the ESsq value in hertz. PBS-sensitized
control animals had mean = SEM ESs levels of 4.0 = 0.4 Hz.
Sensitization of normal B10.BR mice via the airways on 10
consecutive days significantly increased airway reactivity, re-
sulting in ESs levels of 2.3 £ 0.4 Hz (P < 0.02 compared with
PBS controls). In contrast, uMt~/~ mice did not demonstrate
any altered airway reactivity after the 10-day sensitization
protocol, exhibiting ESso levels of 4.3 *= 0.2 Hz similar to
nonsensitized controls. However, passive sensitization of
OVA-sensitized uMt~/~ mice with anti-OVA IgE antibody on
days 4, 6, and 8 of the 10-day protocol completely restored the
development of AHR; B cell-deficient mice receiving OVA-
specific IgE during the course of OVA exposure via the
airways exhibited ESs¢ values of 2.4 = 0.7 Hz (P < 0.03
compared with uMt~/~ OVA-sensitized animals without IgE
antibody). This ESsy value was similar to that of OVA-
sensitized normal B10.BR mice (Fig. 3). These data confirm
the importance of antigen-specific IgE in the development of
increased airway responsiveness after allergic airway sensiti-

 Medium
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F1G. 2. IL-4 and IL-5 production by peribronchial lymph node T
cells after OVA sensitization. Mice were sensitized to OVA via the
airways for 10 days. Two days after completion of sensitization, PBLN
T cells were cultured (2 X 10° cells per well) in the absence or presence
of OVA (50 ug/ml) together with APCs (4 X 10° per well) for 24 h.
Cytokine levels in supernatants were determined by ELISA. Expressed
are the mean *= SD (pg/ml) from three independent experiments.
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Fic. 3.  Anti-OVA IgE, but not B cells, are required for the
development of airway hyperresponsiveness. Normal B10.BR (rn = 12)
and B cell-deficient uMt~/~ mice (n = 12) were sensitized to OVA via
the airways for 10 days. A different group of uMt~/~ mice received
anti-OVA IgE antibody treatment on days 4, 6, and 8 of the 10-day
protocol (n = 8). Control animals were exposed to nebulized PBS (n =
8). Two days after the last challenge, in vitro airway reactivity was
measured by electrical field stimulation of tracheal smooth muscle
segments. Compared are the frequencies leading to 50% maximal
contraction, the ESsp = SEM in hertz, from three independent
experiments as a percentage of the control ESso value (100%) in (PBS)
nonsensitized animals (4 = 0.4 Hz). *, P < 0.02 vs. PBS; &, P < 0.03
vs. OVA-sensitized pMt~/~ mice without anti-OVA IgE treatment.
uMt~/~ mice receiving anti-2,4,6-trinitrophenyl IgE during 10-day
OVA nebulization had similar ESsy levels as OV A-sensitized, non-
treated uMt~/~ mice.

zation to OVA. The data also show that the only essential role
of B cells in this process is production of IgE.

Lung Cell Composition After Airway Sensitization. To
evaluate the importance of B cells in the development of
allergic inflammation after airway sensitization, total leuko-
cyte and differential counts in isolated lung cells of individual
mice were compared for the following groups: (PBS) nonsen-
sitized mice, OV A-sensitized normal B10.BR mice, and OVA-
sensitized uMt~/~ mice with or without anti-OVA IgE treat-
ment on days 4, 6, and 8 of the 10-day sensitization protocol.
The absolute numbers of leukocytes, lymphocytes, and neu-
trophils were slightly, but not significantly, increased in OVA-
sensitized animals compared with nonsensitized mice (Fig. 4).
Numbers of eosinophils were significantly increased in OVA-
sensitized B10.BR mice by ~3-fold. Airway sensitization of
uMt~/~ mice resulted in similar numbers of eosinophils
compared with nonsensitized mice. Treatment of uMt=/~
mice with anti-OVA IgE further increased the numbers of
eosinophils in the lungs slightly but not significantly compared
with noninjected B cell-deficient mice (Fig. 4). These data
indicate that eosinophil infiltration of lung tissue does not
depend on the presence of B cells during sensitization and that
passive sensitization of B cell-deficient mice with anti-OVA
IgE may enhance eosinophil accumulation.

Localization of Eosinophils by Immunohistochemistry. To
localize eosinophils in the lung tissue of normal and B cell-
deficient mice, immunohistochemistry with specific anti-MBP
antibody was performed on formalin-fixed lung sections. The
numbers of MBP-positive cells were measured in the peri-
bronchial tissue using computer-assisted analysis and were
compared for the different groups. In normal B10.BR as well
as in wMt~/~ mice with or without anti-OVA IgE antibody,
sensitization of the airways significantly increased the number
of peribronchial eosinophils (Fig. 5). These data indicated that
airway sensitization induced peribronchial eosinophil infiltra-
tion regardless of the presence or absence of B cells.
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Fic. 4. Airway sensitization to OVA increases eosinophil infil-
tration of lung cells in normal and in B cell-deficient mice. Normal
B10.BR (n = 12) and B cell-deficient uMt~/~ mice (n = 12) were
sensitized to OVA via the airways for 10 days. A different group of
uMt~/~ mice received anti-OVA IgE antibody treatment on days 4, 6,
and 8 of the 10-day protocol (n = 8). Control animals were exposed
to nebulized PBS (n = 8). Relative numbers of different types of
leukocytes isolated by lung digestion were determined by light mi-
croscopy. Expressed are the means = SD of the percentage of the
different cell types. *, P < 0.01 vs. PBS.

DISCUSSION

We investigated the influence of B cells on T cell function,
airway inflammation, and development of AHR in a mouse
model of allergic airway sensitization. We used B cell-deficient
mice (uMt~/7) (20) and their wild-type littermates (B10.BR)
and sensitized the animals to OVA via the airways in the
absence of adjuvant. In normal B10.BR mice, sensitization to
OVA resulted in increased levels of antigen-specific Igs,
antigen-specific T cell responses, increased Ty2-type cytokine
production by T cells from PBLN, eosinophil infiltration of the
peribronchial regions of the lungs, and development of AHR.
Predictably, B cell-deficient mice failed to produce any anti-
gen-specific Igs but showed normal T cell responses to antigen
and Ty2-type cytokine production after sensitization. In-
creased IL-5 production by T cells from the PBLN in B
cell-deficient mice was accompanied by eosinophil infiltration
in the lungs comparable to normal mice. Despite these changes
after airway sensitization, B cell-deficient mice failed to de-
velop any increases in AR, confirming the important role of
allergen-specific antibodies or of B cells in the development of
AHR. Transfer of OVA-specific IgE into B cell-deficient mice
during the course of airway sensitization resulted in measur-
able serum levels of allergen-specific IgE and fully restored the
capacity of these mice to develop AHR. These findings indi-
cate that the development of AHR in this model of airway
sensitization depends on the presence of allergen-specific IgE.

We have suggested previously the correlation between al-
lergen-specific IgE production and the development of AHR
in this model of airway sensitization. In these studies, we
showed that mice from a low IgE responder strain (SJL), in
contrast to BALB/c mice, were unable to produce increased
levels of allergen-specific IgE or develop AHR after airway
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Fi1G. 5. Localization of eosinophils in peribronchial tissue after
airway sensitization with OVA. Control animals were exposed to
nebulized PBS (n = 8). Normal B10.BR (n = 12) and B cell-deficient
uMt~/~ mice (n = 12) were sensitized to OVA via the airways for 10
days. A different group of uMt~/~ mice received anti-OVA IgE
antibody treatment on days 4, 6, and 8 of the 10-day protocol (n = 8).
Sections of peribronchial tissue were stained with rabbit anti-mouse
MBP antibodies. Four sections around similarly sized central airways
were chosen randomly, and eosinophils in the connecting tissue were
counted in a blinded fashion. Expressed are the mean * SD numbers
of eosinophils per square millimeter of lung tissue. *, P < 0.01 vs. PBS.

sensitization (16). Treatment of BALB/c mice with soluble
IL-4 receptor (sIL-4R) during sensitization decreased IgE
production and inhibited the development of AHR (23).
Treatment of BALB/c mice with IFN-vy (18) or transfer of
IFN-vy-producing CD8* T cells (19) into BALB/c mice during
sensitization to OVA also reduced IgE production and pre-
vented alterations in airway reactivity. IFN-vy is the major
antagonist of IL-4 in the regulation of IgE production (24) and
inhibits eosinophil infiltration of the airways in allergen-
sensitized mice (25, 26). Treatment of mice with anti-IL-4
antibody not only reduces IgE production but also prevents
airway eosinophilia and development of AHR in allergen-
sensitized mice (27). However, these manipulations did not
allow us to distinguish effects on airway function secondary to
reduced IgE production or as a result of decreases in eosino-
phil airway inflammation. This study demonstrates that aller-
gen-sensitized, B cell-deficient mice develop normal eosino-
phil infiltration of the airways but no AHR unless they receive
antigen-specific IgE. This result does not exclude the possi-
bility that other isotypes of allergen-specific Igs might restore
AHR in B cell-deficient mice. In fact, we have shown in normal
BALB/c mice that passive sensitization with allergen-specific
IgE and IgGl, but not IgG2a or IgG3, followed by airway
challenge with OVA induces eosinophil infiltration and AHR
(22).

It is well recognized that the T-B cell interaction is required
for the activation of B cell Ig production (24). However, the
role of B cells in T cell activation and priming remains less
clear. Several reports suggest that B cells play an important
role in T cell responses. Long term treatment of neonatal mice
with anti-u antibody inhibits the development of functional B
cells and prevents T cell proliferative responses in vivo and in
vitro (28, 29). In contrast, in experiments using adoptive
transfer of lymphocytes into severe combined immunodefi-
cient mice, the presence or absence of B cells was without
effect on priming of naive T cells (30, 31). The recent avail-
ability of B cell-deficient uMt~/~ mice (20) enabled us to
address these issues in a more direct fashion. Epstein et al. (32)
showed that T cell activation was identical in normal and in B
cell-deficient mice. We reported recently, likewise using
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wMt~/~ mice, that B cells are not essential for the induction
of peripheral T cell tolerance to protein antigen or for T cell
death after in vivo superantigen stimulation (33). These data
were confirmed in a study from Phillips et al. (34) that showed
successful T cell tolerance induction in wMt~/~ mice. Finally,
two recently published studies show induction and mainte-
nance of long lasting T cell memory in uMt~/~ mice, suggest-
ing that B cells, serving as APC, are not essential (35, 36).

In the present study, we demonstrate that T cells from B
cell-deficient mice are sensitized to antigen and produce
similar levels of cytokines in vitro after allergic airway sensi-
tization to OVA. Eosinophil infiltration of the lungs, which was
similar in B cell-deficient and in normal mice, was only
associated with increased airway reactivity in combination
with active induction (in normal mice) or passive provision (in
uMt~/~ mice) of antigen-specific IgE. This suggests that two
distinct signals, IgE and eosinophils, are required for the
development of AHR in this model. This suggestion is sup-
ported by our previous studies of passive sensitization;
BALB/c mice passively sensitized with anti-OVA IgE devel-
oped increased airway reactivity only if repeatedly challenged
with allergen via the airways, leading to significant eosinophil
airway infiltration (22). In contrast, athymic BALB/c nu/nu
mice failed to develop AHR or eosinophil inflammation after
passive sensitization and repeated (up to 10) airway challenges.
However, additional treatment of passively sensitized nude
mice with IL-5 before airway challenge leads to significant
airway inflammation and increased airway reactivity (37),
supporting the concept of two essential, but distinct, signals for
the development of AHR.

The exact mechanism underlying eosinophil recruitment
and activation is unclear. The role of IL-5 for eosinophil
maturation, differentiation, and activation has been well es-
tablished (38). More controversial is the role of IgE in
eosinophil infiltration and activation. Some reports show that
eosinophils express different types of IgE receptors that are
involved in the cytotoxic activity of these cells (6, 7). In
contrast, others have demonstrated that degranulation of
eosinophils is independent of IgE but relates to IgG antibody
(39). In a mouse model of allergic sensitization, it was sug-
gested that IgE via CD23 on APC enhances Ty2-type T cell
responses and thus induces eosinophil infiltration (12). These
data were not confirmed in our present study. The cytokine
profile of sensitized T cells and the extent of the eosinophilic
inflammation of the lungs were equal in normal and B
cell-deficient mice, indicating no primary role for IgE in
eosinophil infiltration of the airways in this model. Moreover,
the numbers of eosinophils in the peribronchial regions of the
lungs were similar in both mouse strains, and activation of
eosinophils delineated by electron microscopy (data not
shown) was not different. However, we cannot exclude some
enhancing role of IgE on eosinophil recruitment and/or
function, as suggested by Eum et al. (40).

In conclusion, we show that B cell-deficient mice have
normal T cell responsiveness to allergen, Ty2-type cytokine
production, and eosinophil infiltration of the airways after
allergic airway sensitization. In contrast to normal wild-type
mice, uMt~/~ mice fail to develop AHR unless provided with
allergen-specific IgE. These studies demonstrate that B cell-
deficient mice have other sources of cells serving as APC for
the activation of T cells and directly indicate the role of
antigen-specific IgE in the development of AHR in this model
of allergen-induced sensitization.
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