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The mechanisms underlying the development of airway hyperresponsiveness are not fully delineated. We
addressed this question by studying the effects of passive sensitization with anti-OVA IgE on the develop­
ment of altered airway responsiveness (AR) following local challenge with OVA in normal and athymic
mice. Both normal and athymic BALB/c mice developed allergen-specific immediate cutaneous hypersen­
sitivity after passive sensitization with anti-OVA IgE. In contrast, the combination of local challenge with
allergen via the airways and passive sensitization triggered the development of airway hyperresponsive­
ness only in normal but not in athymic mice. Treatment of athymic mice with IL-5 significantly increased
eosinophil accumulation in the lungs after local challenge with OVA; increased airway reactivity was only
observed in athymic mice which received anti-OVA IgE, not an unrelated IgE, plus IL-5 treatment and air­
way challenge with OVA. These findings identify the requirement for allergen-specific IgE and IL-5 for
the development of airway hyperresponsiveness following allergen challenge via the airways. Hamel­
mann, E., A. Oshiba, J. Schwarze, K. Bradley, J. Loader, G. L. Larsen, and E. W. Gelfand. 1997.
Allergen-specific IgE and IL-5 are essential for the development of airway hyperresponsiveness. Am.
J. Respir. Cell Mol. BioI. 16:674-682.

The development of airway hyperresponsiveness (AHR)
is a central feature of bronchial asthma (1). The mecha­
nisms responsible for the development of AHR are still
not completely defined and are complex. In allergic bron­
chial asthma, the induction of allergen-specific IgE pro­
duction is believed to be one of the elements contributing
to development of increased airway reactivity (2). Ele­
vated levels of IgE are found in atopic patients with bron­
chial asthma and IgE levels correlate with severity of the
disease (3). IgE, bound to its receptors on mast cells and
other cells, triggers the release of mediators such as hista­
mine and leukotrienes, which can result in epithelial cell
damage (4). In animal models, the requirement for mast
cells in the development of AHR has been demonstrated (5).

The importance of an eosinophil inflammatory process
in the lower airways has also been highlighted in the devel­
opment of AHR (6, 7). Patients with bronchial asthma
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show increased numbers of eosinophils in bronchoalveolar
lavage fluid (BALF) and endobronchial biopsies (8, 9),
and the number of eosinophils in the BALF (10) and the
peripheral blood (11) correlates with the severity of the
airway disease. Correspondingly, in animal models of
AHR, local challenge of sensitized animals with allergen
results in an eosinophil infiltration of airway tissues (12­
14). For the induction of this eosinophil response, interleu­
kin 5 (IL-5) appears to be the main promoting factor. IL-5
enhances the proliferation, migration, activation and sur­
vival of eosinophils in humans and animals (15-17). Ele­
vated levels of IL-5 are found in the serum and BALF of
patients with bronchial asthma (18), and messenger RNA
for the IL-5 gene has been detected in BAL cells and lung
biopsies (19). In some animal models, treatment with IL-5
enhances the induction of AHR (20, 21) whereas anti-IL-5
antibody treatment abolishes its development (22, 23).

To date, it has been difficult to dissociate the effects
and interrelationships between IL-5 and allergen-specific
IgE in triggering AHR. Sensitization to allergen normally
evokes a TH2-like T-cell response (24), inducing both pro­
duction of IL-4, which results in IgE production (25), and
production of IL-5, which promotes eosinophil accumula­
tion in the lungs (26). B-cell hybridomas producing anti­
ovalbumin (OVA) specific antibodies that permitted pas­
sive sensitization of the mice were developed. We showed
that passive sensitization with anti-OVA antibodies pro­
vokes the development of immediate cutaneous hypersen-
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sitivity (ICH) and, after at least two local challenges with
allergen, AHR and antigen-specific T-cell responses (27).
The aim of the present study was to isolate the require­
ments for T cells, T-cell products and allergen-specific IgE
in the development of AHR. Using athymic (nude) mice
lacking peripheral T cells and T-cell responses, we were
able to analyze for the first time, the individual contribu­
tions of T cells, T-cell cytokines, and IgE in the develop­
ment of AHR. Here, we show that passively sensitized
nude mice fail to develop AHR following local challenge
with allergen, despite their capacity for allergen-specific
ICH. Additional treatment of passively sensitized nude
mice with IL-5 prior to allergen challenge is necessary for
the accumulation of eosinophils in the peribronchial re­
gions and for the development of AHR, emphasizing the
pivotal role of IL-5 in the presence of allergen-specific IgE
for the induction of altered airway responsiveness (AR).

Materials and Methods
Animals

Female BALB/c and BALB/c nu/nu mice from 8 to 12 wk
of age were obtained from Jackson Laboratories (Bar
Harbor, ME). The mice were maintained on OVA-free di­
ets. All experimental animals used in this study were un­
der a protocol approved by the Institutional Animal Care
and Use Committee of the National Jewish Center for Im­
munology and Respiratory Medicine.

Generation of Anti-OVA Antibody-secreting
Hybridoma Cell Lines

Hybridoma cell lines were prepared as previously de­
scribed (27). Briefly, spleen cells from BALB/c mice im­
munized with OVA were fused with myeloma cells (my­
eloma cell line SP2/0; ATCC, Rockville, MD) and hybridoma
cells secreting anti-OVA specific antibodies were recloned
several times by limiting dilution. OVA-specific subclones
from culture plates with cell growth in less than 30% of all
wells were recultured for 7-10 days, supernatants were har­
vested and pooled. Hybridoma cell lines producing mono­
clonal anti-TNP IgE antibodies (ATCC) were used as a
source of control antibodies.

Measurement of Anti-OVA Antibody and
Total Ig Levels

Anti-OVA IgE and IgG antibody levels in culture super­
natants of hybridomas and serum were measured by
ELISA as previously described (28). The antibody titers of
the samples were related to pooled standards that were
generated in the laboratory. Total IgE and IgG levels were
determined using the same method. Total Ig levels were
calculated by comparison with known mouse IgE or IgG
standards (PharMingen, San Diego, CA). The limit of de­
tection was 100 pg/ml for IgE and 1 ng/ml for IgG.

IL-5 Purification and ELISA

IL-5 was purified from the supernatant of the TH2-cellline
D2 (kindly provided by Dr. R. Coffman, Palo Alto, CA)
by affinity chromatography using an anti-IL-5 antibody
(TRFK-5, provided by Dr. R. Coffman) on CNBr-acti­
vated Sepharose 4B.

IL-5 levels in the supernatant and in the serum were
measured by ELISA as described (29). Briefly, ELISA plates
(Immulon, Chantilly, VA) were coated with anti-IL-5 anti­
body (TRFK-5 in PBS/3% BSA) and blocked with PBS/
1% BSA overnight. Biotinylated anti-IL-5 (TRFK-4, Phar­
Mingen) was used as the detecting antibody and the reac­
tion was amplified with horseradish-peroxidase (Sigma, St.
Louis, MO). IL-5levels were calculated by comparison with
known IL-5 standards (PharMingen). The limit of detec­
tion in the assay system was 4 pg/ml.

Cell Preparation

Spleens and peripheral lymph nodes were harvested,
mononuclear cells (MNC) were purified by passing the tis­
sue through stainless steel mesh, followed by density gra­
dient centrifugation (Organon Teknika, Durham, NC).
The cells were washed three times with PBS and resus­
pended in RPMI 1640medium (GIBCO, Grand Island, NY).

Proliferation Assay

MNC were cultured in 96-well round bottom plates at a
concentration of 200,000 cells/well in the presence or ab­
sence of different concentrations of OVA and mitogen (con­
canavalin A 5 u.g/ml) for 3 days. Thymidine incorporation
was measured 6 h after addition of 1 /-LCi of [3H]thymidine
(ICN, Irvine, CA).

Flow Cytometry

After preincubation with mouse serum, cells were incu­
bated with fluorescein-conjugated anti-CD4, anti-CD8,
anti-B220 antibodies (PharMingen) or isotype controls in
staining buffer (PBS, 2% FCS, 0.1% sodium azide) for 30
min on ice. Following washing, cells were examined using
an EPICS analyzer (Coulter Electronics, Hialeah, FL).

Experimental Design

Mice (3-4 mice/group/experiment) were passively sensi­
tized by intravenous injection of anti-OVA IgE antibod­
ies. Groups of normal or nude mice received intravenous
(i.v.) injections on 3 consecutive days with hybridoma
supernates containing 0.4 /-Lg anti-OVA IgE in a volume of
200 ul. Age-matched control mice received similar vol­
umes and protein amounts of culture supernates of the hy­
bridoma-secreting anti-TNP IgE following the same pro­
tocol. Groups of nude mice were injected i.v. with IL-5 (20
ng per injection) in addition to anti-OVA or anti-TNP IgE
on the same days. The passively sensitized mice were ex­
posed to OVA (1% w/v diluted in PBS) by nebulization
for 20 min daily, 3 and 4 days after the last injection of an­
tibody. As a positive control group, normal mice were sen­
sitized via the airways using the 10-day nebulization proto­
col with OVA as previously described (28).

Immediate Cutaneous Hypersensitivity

Development of ICH to OVA was assessed by intrader­
mal skin testing one day after the last OVA challenge as
described (30). 20 /-Ll of test solution were injected intrad­
ermally on the shaved abdomen of the mice. Test solutions
were OVA (500 /-Lg/ml in PBS) and PBS as the negative
control. Subsequent wheal reactions were measured by an
investigator unaware of the sensitization status of the ani-
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mals after 15 min and scored as positive if the wheal diam­
eter exceeded 3 mm in any direction.

Determination of AR

Airway responsiveness was determined in vitro as described
(31). Briefly, tracheal smooth muscle segments of about
0.5 em in length were placed in Krebs-Henseleit baths sus­
pended by triangular supports transducing the force of
contractions. Electrical field stimulation (EFS) was deliv­
ered with increasing frequencies until peak contractile re­
sponses were reached. ESSIJ, the frequency leading to 50%
of maximal contractions, was calculated from linear plots
and compared for the different treatment groups. EFS elic­
its altered neural function of tracheal smooth muscle from
sensitized mice due to increased release of acetylcholine as
a result of muscarinic (M2) autoreceptor dysfunction (32).

Lung Cell Isolation

Lung cells were isolated as previously described (33). Lungs
were perfused with warmed (37°C) calcium- and magne­
sium-free HBSS containing 10% FCS, 0.6 mM EDTA, 100
Uzrnl penicillin and 100 ug/ml streptomycin via the right
ventricle. Lungs were removed and cut into pieces of ap­
proximately 300 IJ-m size. Four ml of HBSS containing 175
Vlml collagenase (type lA, Sigma), 10% FCS, 100 Vlml
penicillin, and 100 ug/ml streptomycin were 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 IJ-m and 15 IJ-m filters.
Filters were washed with HBSS/2% FCS. Cells were resus­
pended in HBSS and counted with a hemocytometer, and
cytospin slides were made. Slides were stained with Leu­
kostat (Fisher) and the percentages of different cell types
determined by counting at least 300 cells using light mi­
croscopy. Remaining cells were pelleted, resuspended in
NP-40 (Sigma) 1% in distilled water at 2 X 105 cells/ml and
samples were stored at - 20°C for measurement of EPO
activity.

Results
CD4+ and CD8+ T Cells Are Absent in the Peripheral
Lymphoid Tissues of Athymic Mice

Nude mice fail to develop a functional thymus and thus
lack the development and expansion of T cells. To ensure
that the nude mice used in our experiments were T-cell de­
ficient in the peripheral lymphoid tissues, we analyzed
spleen and peripheral lymph node cells for the presence of
CD4+ and CD8+ T cells. Figure 1 shows that spleen cells
of normal BALB/c mice contained an average of 36 ± 4%
B cells, 33 ± 4% CD4+ and 6.5 ± 1.5% CD8+ T cells. In
contrast, in spleens of athymic BALB/c nu/nu mice, 68 ±
8% of the cells stained positive for the B-cell marker B220,
whereas only 2.1 ± 0.4% and 2.3 ± 1.5% were CD4+ or
CD8+, respectively. The positive staining for the two T-cell
markers in athymic mice is likely explained by expression
of these markers on cells other than lymphocytes. The re­
sults for peripheral lymph node cells of nude mice are sim­
ilar in that the staining was negative for CD4 and CD8
(data not shown).

Proliferative Responses to Allergen or Mitogen Are Absent
in Peripheral Lymphoid Cells of Athymic Mice

Allergen-stimulation leads to the expansion of T cells. To
ensure the absence of T-cell responses in the athymic mice
used in our experiments, we assessed the proliferative re­
sponse of spleen cells after local allergen challenge with
OVA. Sensitization of normal BALB/c mice via the air­
ways following the 10-day sensitization protocol increased
thymidine-incorporation of spleen cells in the presence of
allergen by four-fold compared with cells cultured in me­
dium alone (Figure 2). Passive sensitization of normal
BALB/c mice with anti-OVA IgE followed by two aller­
gen challenges via the airway failed to significantly in­
crease allergen-specific proliferation above background
levels, despite proliferative responses to mitogen (con­
canavalin A). In contrast, spleen cells of athymic mice pas-

Lymphocyte Staining of Spleen MNC of Normal and

Athymic BALB/c Mice

Figure 1. T cells are deficient in spleens ofathymic (nude) BALB/c
mice. Spleen MNC of normal (n = 20) and athymic (n = 20) mice
were prepared by density gradient centrifugation and stained for
the lymphocyte markers B220, CD4 and CD8. Expressed are the
percentage ± SD of positively-stained cells from five indepen­
dent experiments.

Determination of Eosinophil Peroxidase (EPG) Activity

Levels of EPO in pellets from lung cells were determined
as previously described (34). Briefly, 100 IJ-I of the sub­
strate solution (0.1 mM o-phenylene-diamine-dihydrochlo­
ride, 0.1% Triton X-I00, 1 mM hydrogen peroxide in 0.05 M
Tris-HCI; all reagents from Sigma) were added to 100 IJ-I of
sample in microtiter plates and incubated for 30 min at
37°C. The reaction was stopped by adding 50 IJ-I of 4 M sul­
furic acid and the optical densities were read in a microti­
ter autoreader at 492 nm and compared with blanks and
negative controls. This method has been shown to be spe­
cific for the peroxidase activity of eosinophils and not of
neutrophils (34).

Statistical Analysis

Values for all measurements are expressed as the mean ±
standard deviation except values for ES so which are pre­
sented as the mean ± standard error of the mean (SEM).
The Tukey-Kramer HSD test was performed to compare
multiple experimental groups. Student's two-tailed un­
paired t test was used to determine the level of difference
between two experimental groups.
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Spleen Cells of Athymic (Nude) Mice do not Proliferate
After Antigen or Mitogen Stimulation

TABLE 1

OVA-specific antibody and total Ig levels in the serum

OVA-specificAntibody Levels
(Ulml)

14

sively sensitized with anti-OVA IgE or with anti-TNP IgE
failed to proliferate in response to allergen or mitogen
(Figure 2).

Figure 2. T-cell proliferative responses are absent in spleens of
athymic (nude) BALB/c mice. Pooled spleen MNC (200,000 per
well) of normal and athymic mice were prepared by density gra­
dient centrifugation and cultured for three days in the presence
of medium, OVA (100 /-Lg/ml) or ConA (5 /-Lg/m1). Cells were
pulsed with thymidine (1 p.Ci/well) and harvested after 6 h. Ex­
pressed are the means ± SD of the fold increase in thymidine in­
corporation compared with non-stimulated conditions (medium
alone) of cells from actively sensitized normal BALB/c mice
(OVA 10 days; baseline 920 ± 70 cpm), passively sensitized nor­
mal BALB/c mice (baseline: 970 ± 52 cpm), and of passively sen­
sitized nude mice receiving anti-OVA (baseline: 890 ± 60 cpm)
or anti-TNP 19E (baseline: 850 ± 80 cpm) from three indepen­
dent experiments (n = 12 for each group). *P < 0.05 versus the
three other groups; :j:P < 0.01 versus the two nu/nu groups.

Total IgE Levels
Passive Sensitization IgE IgGl IgG (ng/ml)

None <10 < 10 <10 24:!:: 6.0
BALB/c: OVA-IgE *679 ± 54 <10 <10 t12l :!:: 34
nu/nu: OVA-1gE *434:!:: 76 < 10 < 10 t139 :!:: 56

Serum titers for OVA-specific antibodies and total Ig were determined by
ELISA in mice: control mice (n = 8), normal BALB/c mice passivelysensitized
with anti-OVA IgE (BALB/c:OVA-IgE, n = 20), nude micepassivelysensitized
with anti-OVA IgE (nude: OVA IgE, n = 20). Presented are the means z SD.

*t Significant (P < 0.05) differences compared with non-sensitized group.

one day after completion of the sensitization or nebuliza­
tion protocol. Normal and athymic BALB/c mice injected
with anti-OVA IgE developed positive, allergen-specific
responses to intradermal injection of OVA with or with­
out additional OVA challenge via the airways; no wheal
reactions were observed in non-sensitized mice (Table 2).
Control animals receiving anti-TNP IgE and two consecu­
tive airway challenges with OVA did not generate any
OVA-specific skin test reactivity. Intradermal injection of
PBS did not result in wheal formation in any of the mice.
This indicates the normal capacity of the athymic mice to
mediate mast cell degranulation in the presence of aller­
gen-specific IgE antibodies and allergen.

Passive Sensitization Plus Airway Challenge Induces
AHR in Normal but Not in Athymic Mice

To assess the effect of passive sensitization with anti-OVA
IgE on the development of AHR after airway challenge
with OVA, we measured in vitro reactivity of tracheal
smooth muscle segments to electrical field stimulation. We
monitored the electrical frequencies leading to 50% maxi­
mal contractions, the ES so values in Hz. Non-sensitized
control BALB/c mice had a mean (:!: SEM) ESso of 3.7 :!:

0.2 Hz. Active sensitization of normal BALB/c mice via
the airways on 10 consecutive days significantly increased
AR and resulted in ESso levels of 2.6 ::±:: 0.3 Hz (P < 0.01)

nulnu

TNP-IgE

OVAx2

• OVA 100 ug/ml

~ CODA 5 ug/ml

BALB/c nulnu

OVA·IgE OVA-IgE

OVAx2 OVAx2

o

Strain BALB/c

Challenge OVA xlO

Sensitization None

Total and OVA-specific IgE Levels in Serum of Normal and
Athymic Mice after Passive Sensitization

Serum levels of OVA-specific and total Ig levels were
measured one day after the last nebulization. Passive sen­
sitization with IgE resulted in measurable and similar se­
rum levels of anti-OVA IgE in both normal and athymic
BALB/c mice (Table 1). Allergen-specific antibody titers
of other isotypes were not affected. Normal and nude mice
passively sensitized with anti-OVA IgE showed signifi­
cantly higher total IgE serum levels than non-sensitized
control mice (P < 0.05) (Table 1). OVA challenge via the
airways (on 2 days) without passive sensitization did not
elicit detectable OVA-specific antibodies.

Passive Sensitization Induces Immediate Cutaneous
Hypersensitivity in Normal and Athymic Mice

To determine if the injection of anti-OVA IgE antibodies
leads to the development of ICH, we performed skin tests

TABLE 2

OVA-specific immediate cutaneous hypersensitivity

Mean wheal Number of
Passive Diameter Positive

Strain Sensitization Challenge (mm) (± SD) Responders (%)

A. BALB/c None None 1.9 :!:: 0.3 0/8 (0)
TNP-IgE OVAx2 2.2 :!:: 0.4 1/8 (12.5)
OVA-IgE OVAx2 *8.4 :!:: 0.9 17/19 (89)

B. nu/nu TNP-IgE OVAx2 2.5 :!:: 0.5 1/8 (12.5)
OVA-IgE None *7.6:!:: 0.5 8/8 (100)
OVA-IgE OVA X2 *6.6 :!:: 0.4 15/19 (79)

Cutaneous reactivity to OVA was determined in groups of mice receiving
passive sensitization with specific IgE antibodies. Skin tests were performed 1
day after completion of airway challenge. Following intradermal injection of
OVA, the size of the wheal response was assessed 15 min later. A positive test
response was defined by active development of a wheal ~ 3 mm in diameter.
Compared are the results from five independent experiments.

*P < 0.01 for whealdiameter compared with anti-TNPIgE sensitizedanimals.



678 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 161997

IL-S IL·S

OVAx2 none

nu/nu nu/nu

TNP-IgE OVA-IgE

120
p-c0.05

110
p< 0.05

N 100s
0

90In
00
r.ol
~ 80

70

60

50

Challenge OVA x2

Sensitization OVA-IgE

Treatment IL-S

Strain nu/nu

40 --I..----+------ll-------I

AHR despite passive sensitization with allergen-specific
IgE and airway challenge.

Injection of IL-S Reconstitutes the Ability to
Develop AHR in Athymic Mice

IL-5 (20 ng) was injected i.v. into nude mice on days 1 to 3
of the protocol in addition to anti-OVA IgE or anti-TNP
IgE. Serum IL-5 levels were determined by ELISA at the
end of the protocol to assess bioavailability of the injected
IL-5. Mice receiving IL-5 in addition to anti-OVA IgE or
anti-TNP IgE had serum IL-5 levels on day 8 of 45.6 ±
13.9 pg/ml and 73.25 ± 38.5 pg/ml, respectively (not signif­
icantly different between groups). The injections of IL-5
did not alter levels of anti-OVA IgE or ICH when com­
pared to mice receiving anti-OVA IgE alone (data not
shown).

Athymic mice passively sensitized with anti-OVA IgE
and additional1y treated with lL-5 prior to airway chal­
lenge developed AHR with significantly decreased ES so
values of 1.9 ± 0.3 (P < 0.01 compared with passively sen­
sitized nude mice without lL-5 treatment) (Figure 4). To
determine if this effect of IL-5 was nonspecific or related
to the presence of anti-OVA IgE, we injected athymic
mice with anti-TNP IgE and IL-5 prior to the two OVA
chal1enges. These animals failed to develop AHR (non­
significant differences compared with passively sensitized

Airway Responsiveness Following Passive Sensitization

with IgE and IL-S Treatment

Figure 4. Treatment ofathymic (nude) mice with IL-5 restores the
ability to develop AHR after passive sensitization and local aller­
gen challenge. Mice were treated and AHR was measured as de­
scribed in Figure 3. Passively sensitized nude mice received 20 ng
IL-5 i.v. on days 1 to 3 of the protocol in addition to anti-OVA
IgE (n = 12) or anti-TNP IgE (n = 12) followed by two airway
challenges, or IL-5 and anti-OVA IgE without airway challenge
(n = 8). The frequencies leading to 50% maximal contraction,
ESso ± SEM in Hz, of three independent experiments were com­
pared with non-sensitized, non-challenged mice where ESso val­
ues were 3.7 :±: 0.2 Hz and taken as 100%. (P values as indicated
on the graph.)

60

50

40

Strain BALB/c BALB/c BALB/c nu/nu nu/nu

Sensitization None OVA-IgE TNP-IgE OVA-IgE OVA-lgE

Challenge OVA xlO OVAx2 OVAx2 OVA xlO OVAx2

Figure 3. Passive sensitization plus allergen challenge triggers the
development ofAHR in normal but not in athymic mice. Positive
controls were sensitized using the lO-day nebulization protocol
(BALB/c: OVA X 10, n = 14). Normal BALB/c mice received
anti-OVA IgE (n = 19) or anti-TNP IgE (n = 8) on days 1 to 3 of
the protocol and were challenged with OVA via the airways on
days 6 and 7 (BALB/c: OVA-IgE or TNP-IgE/ OVA X 2). Nude
mice were passively sensitized with anti-OVA IgE and chal­
lenged with OVA via the airways two (n = 19) or ten (n = 9)
times (nu/nu: OVA-IgE/ OVA X 2 or OVA X 10). One day after
the last challenge, in vitro airway responsiveness was measured
by electrical field stimulation of tracheal smooth muscle seg­
ments. The frequencies leading to 50% maximal contraction,
ESso :±: SEM in Hz, were compared with non-sensitized, non­
challenged mice where ES so values were 3.7 ± 0.2 Hz and taken
as 100%. Expressed are the data from five independent experi­
ments. (P values as indicated on the graph.)
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Airway Responsiveness Following Passive Sensitization

with IgE and Airway Challenge

110

120

N 100
8
~ 90

00
~

~ 80

(Figure 3). Similarly, in normal BALB/c mice passively
sensitized with anti-OVA IgE antibody, airway challenge
with OVA on two consecutive days resulted in a signifi­
cant decrease in the ES so values (2.0 ± 0.2 Hz, P < 0.01,
compared with non-sensitized controls). Injection of anti­
OVA IgE in the absence of airway chal1enge did not alter
AR (data not shown). Control mice receiving anti- TNP
IgE injections and two challenges with OVA failed to de­
velop AHR (ESso 3.6 ± 0.2 Hz, P < 0.01 compared with
anti-OVA IgE injected animals), indicating the allergen­
specificity of the response.

In contrast to the findings in normal BALB/c mice,
athymic BALB/c mice failed to develop AHR after pas­
sive sensitization with anti-OVA 19B. Passive sensitization
of athymic BALB/c mice with anti-OVA IgE fol1owed by
two challenges with OVA resulted in ESso levels of 3.5 ±
0.2 Hz (P < 0.01 compared with passively sensitized nor­
mal BALB/c mice) (Figure 3). Even an extension of the
nebulization protocol to ten consecutive days after passive
sensitization did not alter AR (ESso 3.8 ± 0.5 Hz). These
data indicate the inability of athymic mice to develop
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Figure 5. Distribut ion of lung cells. Relative numbers of different
types of leukocytes isolated from lung tissue by digestion were
de termined in groups of mice following two airway challenges
with OVA: nonsensitized normal mice (B A LB/c: none , n = 12),
BALB/c mice passively sensitized with anti-OVA IgE prior to
OVA challenge (BALB/c: OVA-IgE, n = 19), nonscnsitized nor­
mal nude mice (nu/nu: non e, n = 4), nude mice passively sensi­
tized with anti-OV A IgE prior to OVA challenge (nu/nu : OVA­
IgE, n = 19), nude mice passively sensitized with anti-O VA IgE
prior to OV A challenge with additional lL-5-treatm ent (nu /nu:
OVA-IgE/1L-5,n = 12), nude mice passively sensitized with anti­
TNP IgE prior to OVA challenge with additional 1L-5 treatment
(nu/nu: TNP-IgE/IL-5, n = 12), nude mice trea ted with lL-5 prior
to OVA challenge (nu/nu: IL-5 , n = 12) and lL-5 treated nude
mice without OVA challenge (nu /nu: IL-5 no challenge, n = 8).
Illust rated are numbers of total leukocytes, macrophages, neut ro­
phil s, and lymphocytes (A ) and eosinophils (B ). Shown are the
means :!:: SD of the percentage of the different cell type s from
three separate exper iments. *P < 0.05 compared with non -sensi­
tized control mice. !p < 0.05 compared with passively sensitized
nude mice without IL-5 treatme nt. There were no significant dif­
ferences between mice receiving lL-5 and airway challenge with
or without passive sensitization with ant i-OVA or anti-TN P IgE.

nude mice without IL-5 treatment; P < 0.05 compared with
nude mice passively sensitized with anti-OVA IgE plus IL-S
treatment). Nude mice passively sensitized with anti-OVA
IgE and treated with IL-S without allergen challenge also
did not develop AHR (Figure 4). These data indicat e that
fL-5 results in the developm ent of AHR in nude mice pas­
sively sensitized with allergen-specific IgE and locally
challenged with allergen , but fails to significantly enhance
the development of AHR in the absence of either aller­
gen-specific IgE or local allergen challenge.

IL-S Injection Increases Eosinophil Infiltration in
Lungs of Nude Mice After Airway Challenge

Total leukocyte counts and differential counts for lung
cells of individual mice were compared in nonsensitized,
passively sensitized normal BALBJc mice, passively sensi­
tized nude mice and passively sensitized nud e mice receiv­
ing IL-5 treatm ent. All of the animal s received two chal­
lenges with OVA via the airways. There were no significant
differences in tot al leukocyte counts between passively
sensitized and nonsensitized norm al BALB/c mice (Figure
5A) . The absolute numbers of macrophages/monocytes
were lower and the lymphocyte numbers were higher in
the passively sensitized group compared with nonsensitized
mice. Few if any eosinoph ils were detected in nonsensi­
tized normal and nude mice, but numbers were significantly
increased in pass ively sensitized normal mice (Figure 5B).

Few eosinophils were detected in passively sensitized
nude mice who received two airway challenges with OVA.
Administration of IL-5 significantly increased the num­
bers of eosinophils in the lung tissue of nud e mice after lo­
cal allergen cha llenge by more than three-fold; admin istra­
tion of IL-5 in the absence of airway challenge had little
effect on eosinophil accumulation (Figure SB). The combi­
nat ion of passive sensitization with anti-OVA IgE, IL-S,
and airway challenge furth er increased the number of eosi­
nophils, although not significantly over IL-5 trea tmen t and
airway cha llenge alone or in combina tion with anti-TNP
IgE (Figure 5B) . Despite the accumulation of eosinophils
in some of these condi tions , altered AR was only observed
with the combination of anti-OVA IgE, IL-S treatment and
airway challenge with OVA (Figure 4).

In par allel to numbers of eosinophils identifi ed in lung
cells, we measu red eosinophil peroxidase (EPa) activity
of the cell pellet and compared the optical densities (00)
at 450 urn wavelength for 2S0,000 lung cells. Concordant
with eosinophil numb ers, EPa act ivity of lung cells was
significantly increased in lung cells of normal BALB/c
mice passively sensitized with anti-OVA IgE and chal­
lenged with allergen (00 0.4 :±: 0.09) compared to lung
cells of non-sensitized animals (00 0.22 :±: 0.04, P < 0.05).
In contrast, nud e mice passively sensitized with anti-OVA
IgE and challenged with allergen twice failed to show a
significant increase in the EPa activity of the lung cells
(0 0 0.28 :±: 0.08), unless treated with IL-5 in addition to
passive sensitization (00 0.37 :±: 0.1, P < O.OS compare d
with nude mice not treated with IL-5).

Discussion
Allergic sensitization of mice triggers the development of
AHR. We developed a mur ine model of adjuvant-free air-
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way sensitization to study the pathogenesis of allergen­
induced AHR (28). Sensitization in this way leads to the
expansion of specific T-cell subsets (35), a TH2-type re­
sponse, including increases in IL-4 (36), elevated levels of
allergen-specific IgE (28, 30, 31, 35) and increased IL-5
production (37), leading to eosinophilic airway inflamma­
tion. In this model of active airway sensitization, both the
production of allergen-specific IgE and the IL-5 depen­
dent eosinophilic inflammation are critical for the devel­
opment of AHR: the use of a low IgE-responder mouse
strain (SJL) (31), depletion of IL-5-producing CD8+ T cells
(38) or treatment with anti-IL-5 antibody (37), which re­
sults in reduced eosinophil infiltration, all were associated
with a failure to develop AHR. Recent reports using dif­
ferent strains of mice sensitized in a different fashion have
examined the role of either IgE or IL-5 in the development
of AHR, but the conclusions are somewhat contradictory
(39-42). In each example, because of the ability of the ani­
mals to respond immunologically to the sensitization, it is
difficult to define the interplay between the factors involved
in AHR. Importantly, the interaction between allergen­
specific IgE and IL-5 triggered eosinophil accumulation
and activation can not be addressed in this way. The present
study was designed to delineate the inter-relationships be­
tween allergen-specific 19B,T-cell activation and eosinophil
infiltration and to isolate their involvement in the develop­
ment of AHR. To independently investigate the require­
ments for allergen-specific IgE and T cells or T-cell prod­
ucts in the development of AHR, we passively sensitized
athymic (nude) mice lacking peripheral T cells and T-cell
responses with allergen-specific IgE. This allowed us to
analyze the influences of IgE and the requirements for
T-cell responses in the development of increased AR.

Passive sensitization with IgE induced a similar degree
of allergen-specific immediate cutaneous responsiveness
in normal and athymic mice. This confirmed the presence
of an intact IgE receptor and functional mast cells in the
dermis of athymic mice and, importantly, demonstrated
the similarity of IgE-triggered cutaneous responses in nor­
mal and athymic mice. After two airway challenges, pas­
sively sensitized normal BALB/c mice showed eosinophil
infiltration around the small and middle-sized airways and
increased EPO levels in lung cells, and developed increased
AR. In contrast, passively sensitized nude mice failed to
develop airway inflammation or altered AR after airway
challenge, despite elevated serum levels of allergen-specific
IgE and immediate cutaneous reactivity. Treatment of pas­
sively sensitized nude mice with IL-5 reconstituted their
ability to respond to allergen airway challenge with eosino­
phil airway infiltration around the small and middle-sized
airways and with development of AHR. This demonstrates
the requirements for increased AR in this model: IL-5,
passive sensitization with allergen-specific IgE, and local
airway challenge with the relevant allergen. Deletion of
one of these three components resulted in the inability to
develop AHR. The provision of IL-5 together with antigen
challenge resulted in eosinophilic infiltration of the lungs;
antigen specific IgE appeared to provide little additional
stimulus for eosinophil accumulation but appeared to be
essential for AHR.

The pathogenic role of IgE in the development of AHR

is not well defined. A major target cell for IgE, the mast
cell, not only releases histamine and other proteins capa­
ble of damaging the airway epithelium (4), but also re­
leases cytokines such as IL-4 and IL-5 that may be in­
volved in eosinophil infiltration of the lung (43). The
requirement for mast cells in the development of AHR is
nonetheless controversial. There are few studies in mast
cell deficient mice that have monitored airway function
(5). It is also unclear how important mast cells are as a
source of IL-4 or IL-5 (44). In nude mice passively sensi­
tized with IgE and capable of normal mast cell degranula­
tion, airway challenge with allergen did not provoke an
eosinophil response, implying that IL-5, at least in suffi­
cient quantities, was not released by activated mast cells.

The combination of antigen-specific IgE and antigen
has been demonstrated to augment allergen-specific T-cell
responsiveness and T-cell recruitment to the site of aller­
gen challenge (27). In the absence of T cells, nude mice
were incapable of developing AHR, even after passive
sensitization with allergen-specific IgE and antigen chal­
lenge. The pivotal role of T cells in the development of al­
lergic airway inflammation and AHR has been emphasized
(9, 13,24,31,45). T cells can enhance the development of
AHR through at least two possible mechanisms. Allergic
sensitization of the airways induces a TH2-type T cell re­
sponse (24). This results in IL-4 production, prerequisite
for the production of allergen-specific IgE (25). Moreover,
IL-4 upregulates the expression of the adhesion molecules
involved in eosinophil infiltration of the lungs (46).

Secondly, TH2-type T cells are a major source of IL-5
(19), a primary, if not essential factor in the recruitment
and activation of eosinophils (15-17). Our data support
the importance of IL-5 in the induction of eosinophil accu­
mulation and AHR. Administration of IL-5 (together with
19B) appeared to circumvent the need for activated T cells.
Treatment of nude mice with IL-5 increased eosinophil ac­
cumulation by more than three-fold after airway challenge
and, if given in conjunction with OVA-specific IgE anti­
bodies, triggered AHR. In IL-5 treated animals without
airway challenge, the increase in eosinophil numbers in
lung tissue was marginal, underscoring the contributions
of local allergen challenge in stimulating the migration of
eosinophils to the site of the challenge. The role of local
allergen challenge in the recruitment of eosinophils is not
delineated but may trigger an increase in the release of
chemokines (RANTES, MIP-1a, eotaxin), known chemo­
attractants for eosinophils (47).

Importantly, IL-5 treatment of challenged nude mice
alone or in combination with an unrelated rather than al­
lergen-specific IgE did not induce AHR, despite a similar
increase in eosinophil numbers in the lung. There are two
possible explanations for this observation. First, allergen­
specific IgE and activated eosinophils could both be re­
quired, as parallel but independent factors causing epithe­
lial damage leading to altered airway function. The degree
of eosinophil infiltration reached after IL-5 treatment of
the nude mice in our experiments might not in itself have
been sufficient to result in AHR. Additional tissue dam­
age brought about by IgE-mediated mast cell activation
may have been required. Alternatively, it is the combina­
tion of allergen-specific IgE, allergen and (activated) eosi-
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nophils which results in AHR. The exact mechanism un­
derlying eosinophil activation and degranulation remains
unclear and controversial. Several reports imply activation
of eosinophils via different IgE receptors (48-50) or en­
hancement of in vitro degranulation of eosinophils by al­
lergen-specific IgGl and IgG3 (51). Taken together, these
data provide evidence for an enhancing effect of allergen­
specific antibodies on degranulation and cytotoxic activity
of eosinophils. Additional studies are needed to correlate
AHR with eosinophil accumulation and eosinophil activa­
tion. This has been somewhat difficult in the mouse since
there is no murine equivalent of the anti-eosinophil cati­
onic protein (ECP) antibody, EGz, identifying activated
human eosinophils (52). Although measurements of EPO
levels correlate with eosinophil numbers, it has been diffi­
cult to use this parameter to assess eosinophil activation
(53). Assessing degranulation of eosinophils by electron
microscopy may correlate with activation, but does not
correlate with development of AHR (54).

In summary, our data provide evidence for the require­
ment of allergen-specific IgE, IL-5 and allergen challenge
via the airways in the development of AHR. In T-cell defi­
cient mice, passive sensitization with IgE prior to airway
challenge is insufficient to provoke AHR. However, treat­
ment of passively sensitized nude mice with IL-5 prior to
airway allergen challenge effectively reconstitutes the abil­
ity to recruit eosinophils to the airways and to develop in­
creased airway responsiveness. Knowledge of these spe­
cific components which are essential to the development
of AHR provides opportunities for direct, targeted inter­
ventions.
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