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Abstract

In a proportion of atopic asthmatics, exposure to a relevant
antigen is followed by chronic inflammation in the airways
leading to altered airway responsiveness (AR). However,
the mechanisms underlying the development of airway hy-
perresponsiveness still remain unclear. To elucidate the re-
lationship between IgE-mediated reactions and airway hy-
perresponsiveness, a murine model of passive sensitization
and airway challenge with ovalbumin (OVA) was developed
using anti-OVA IgE and IgG antibodies from murine B cell
hybridomas. Passive sensitization by intravenous injection
of anti-OVA IgE resulted in immediate cutaneous hyper-
sensitivity and, after airway challenge with OVA on two
consecutive days, increased AR in BALB/c and SJL mice.
Increased numbers of eosinophils were observed in broncho-
alveolar lavage fluid, in cells extracted from the lungs, and
in the peribronchial areas of BALB/c mice passively sensi-
tized with IgE and challenged through the airways com-
pared with nonsensitized mice. Eosinophil peroxidase activ-
ity was also elevated in lung tissue from these mice. Passive
sensitization with anti-OVA IgG1 but not IgG2a or IgG3
was similarly associated with development of skin test reac-
tivity and increased AR after airway challenge, accompa-
nied by an increase in eosinophils in bronchoalveolar lavage
fluid. These data suggest that IgE/IgG1-mediated reactions
together with local challenge with antigen can result in al-
lergic inflammation resulting in altered airway function.
(J. Clin. Invest. 1996. 97:1398-1408.) Key words: eosino-
phils « monoclonal IgE antibody  monoclonal IgG1 anti-
body . immediate cutaneous hypersensitivity « airway re-
sponsiveness

Introduction

It is generally accepted that, in allergic diseases such as
asthma, allergen-specific IgE plays a primary role in immedi-
ate hypersensitivity reactions, and that such IgE-mediated re-
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actions are followed by chronic inflammation leading to in-
creased airway responsiveness (AR)! (1). However, the
relationship between immediate hypersensitivity reactions
triggered by IgE and subsequent allergic inflammation result-
ing in airway hyperresponsiveness is not fully defined.
Whereas cross-linking of specific IgE bound to mast cells by
allergens initially provides specificity to the subsequent se-
quence of reactions, increasing evidence indicates that T cells,
especially T helper type 2 cells, also participate in chronic in-
flammation (2). Immunohistochemical studies have shown
increased numbers of activated T cells in local inflammatory
lesions in allergic diseases (3, 4). After challenge with antigen,
increased expression of mMRNA encoding T helper type 2—asso-
ciated cytokines has been demonstrated in sites where allergic
inflammation developed (5, 6).

We developed a murine model of allergic sensitization in
which BALB/c mice, exposed to an aerosolized antigen, de-
velop antigen-specific IgE, immediate cutaneous hypersensi-
tivity, and increased AR to either intravenous methacholine
(7) or electrical field stimulation (8, 9). In most animal models
of allergic sensitization, including our approach with aero-
solized antigen exposure, altered AR was always accompanied
by elevated levels of antigen-specific IgE in the serum (10, 11).
However, these observations do not necessarily invoke a
causal association between antigen-specific IgE and airway hy-
perresponsiveness, especially since repeated challenges with
antigen are required for these responses. Whether IgE-medi-
ated reactions are necessary or sufficient for the development
of airway hyperresponsiveness remains to be determined, as
does the definition of the role of antigen-specific T cells re-
cruited to local sites.

Previous investigations have suggested the presence of al-
ternative pathways for triggering immediate hypersensitivity
(12). Murine IgG1 is capable of sensitizing murine mast cells,
independently of IgE, although IgG subclass antibodies may
also interfere with mast cell sensitization to IgE (13, 14). There
is a possibility that allergen-specific IgG1, induced in sensi-
tized animals, mediates not only immediate hypersensitivity
but also airway hyperresponsiveness.

To define these relationships between allergen-specific
IgE-mediated responses and airway hyperresponsiveness fur-
ther and to explore the ability of IgG subclass antibodies to
elicit hypersensitivity responses, we generated murine B cell
hybridomas secreting ovalbumin (OV A)-specific IgE and IgG

1. Abbreviations used in this paper: AR, airway responsiveness; BAL,
bronchoalveolar lavage; EPO, eosinophil peroxidase; ESs, electrical
stimulation resulting in 50% maximal contraction; KLH, keyhole lim-
pet hemocyanin; OVA, ovalbumin; PCA, passive cutaneous anaphy-
laxis; TNP, trinitrophenyl.



subclass antibodies. We performed passive transfer experi-
ments with these mAbs, monitoring immediate cutaneous re-
activity and changes in AR after airway challenge. This ap-
proach provides an excellent means for analyzing the effects of
allergen-specific IgE or IgG subclass antibodies on both imme-
diate hypersensitivity reactions and airway hyperresponsive-
ness. In this study, we show that passive sensitization with both
OV A-specific IgE and IgG1 causes immediate cutaneous hy-
persensitivity and played an essential role in the development
of airway hyperresponsiveness after specific antigen challenge
via the airways.

Methods

Animals. Female BALB/c and SJL/J mice 8-12 wk of age were ob-
tained from The Jackson Laboratory (Bar Harbor, ME). The mice
were maintained on OVA-free diets. All experimental animals used
in this study were under a protocol approved by the Institutional An-
imal Care and Use Committee of the National Jewish Center for Im-
munology and Respiratory Medicine.

Antigens. OVA (grade V; Sigma Chemical Co., St. Louis, MO)
was used for immunization and airway challenge. Trinitrophenyl
(TNP)—keyhole limpet hemocyanin (KLH) (Boechringer Mannheim
Corp., Indianapolis, IN) conjugate was prepared as previously de-
scribed (15). Total protein concentration of the conjugate and hap-
ten/carrier ratio was determined by spectrophotometric measure-
ment. The product had a molar ratio of 960 TNP/KLH. BSA (grade
V; Sigma Chemical Co.) was used as control antigen for skin testing
and airway challenge.

Immunization and cell preparation. BALB/c mice were immu-
nized intraperitoneally with 10 pg OV A absorbed on 2.25 mg alum
(Imject Alum; Pierce, Rockford, IL) two times over 2 wk. 1 wk after
the last immunization, spleens were removed and mononuclear cells
were purified by dispersing small tissue pieces through stainless steel
mesh followed by density gradient centrifugation (Lymphocyte Sepa-
ration Medium; Organon Teknika, Durham, NC). The cells were
washed three times with PBS and resuspended in RPMI 1640 me-
dium (GIBCO BRL, Gaithersburg, MD).

Generation of anti-OVA antibody-secreting hybridoma cell lines.
The aminopterin-sensitive myeloma cell line SP2/0, which produces
no Ig chains (American Type Culture Collection [ATCC], Rockville,
MD) was grown in RPMI 1640 medium supplemented with 15%
heat-inactivated bovine calf serum (HyClone Laboratories, Logan,
UT), 5 mM L-glutamine, 0.05 mM 2-mercaptoethanol, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin (all from GIBCO BRL). Estab-
lished hybridomas were cultured in the same medium. All cultures
were maintained at 37°C in a humidified atmosphere containing 5% CO,.

Spleen cells from BALB/c mice immunized with OVA were fused
with myeloma cells as described previously (16) with some minor
modifications. Briefly, 1 X 108 spleen cells were resuspended in 0.1 ml
serum-free medium with 3 X 107 myeloma cells; 0.5 ml 50% polyeth-
ylene glycol, molecular weight 4,000 (ATCC) in PBS, was added to
the cell pellet slowly for 2 min; and then cells were centrifuged for 3 min
at 100 g. The polyethylene glycol was diluted with 8 ml serum-free
medium, and then bovine calf serum was added to a final concentra-
tion of 15%. The cells were placed into a tissue culture dish in the
presence of 200 U/ml murine IL-4 (kindly provided by Dr. Paul
Trotta, Schering-Plough, Bloomfield, NJ). After 6 h, the cells were di-
luted and seeded into six 96-well microplates (150 pl/well). 1 d after
fusion, 100 pl of selective medium containing 50 pg/ml hypoxanthine
and 4 pg/ml azaserine was added to each well. Supernatants of wells
with growing hybridoma cells were screened 1-2 wk after cell fusion
for anti-OVA IgE and IgG antibodies by ELISA assays as described
below. Hybridoma cells secreting anti-OVA antibodies were re-
cloned several times by limiting dilution. OV A-specific subclones
from culture plates with cell growth in < 30% of all wells were se-

lected, transferred to a 24-well culture plate, and cultured for 7-10 d;
supernatants were harvested and pooled. Hybridoma cell lines pro-
ducing monoclonal anti-TNP IgE and IgG1 antibodies (ATCC) were
also used as a source of specific antibodies.

Measurement of anti-OV A antibody and total Ig levels. Anti-OVA
IgE and IgG antibody levels in culture supernatants of hybridomas
and serum were assayed by ELISA as previously described (9). The
antibody titers of the samples were related to pooled standards that
were generated in the laboratory and deliberately assigned to be 100
U/ml. Wells containing supernatants with > 100 U/ml of anti-OVA
were selected as positive for screening hybridomas. Total IgE, IgG,
IgG1, IgG2a, and IgG3 levels were determined using the same
method in plates coated with sheep anti-mouse IgE or IgG antibodies
(The Binding Site Inc., San Diego, CA) and adding alkaline phos-
phatase-conjugated rat anti-mouse IgE, IgG1, IgG2a, IgG3 (Phar-
Mingen, San Diego, CA), or sheep anti-mouse IgG. Total Ig levels
were calculated by comparison with known mouse IgE, IgG, and each
IgG subclass standards (PharMingen). The limit of detection was 100
pg/ml for IgE and 1 ng/ml for IgG and each IgG subclass.

Antibody-binding assays as a measure of functional affinity. Di-
rect binding assays were carried out in a microtiter plate coated with
OVA as described above in antigen-specific ELISA to determine
functional affinities of antibodies secreted by OV A-specific hybrido-
mas. Twofold dilutions of supernatants containing anti-OVA IgE or
IgG isotypes were added at concentrations ranging from 15.6 to 2,000
ng/ml. Bound antibodies were detected using alkaline phosphatase-
conjugated sheep anti-mouse IgG(Fc) antibody (The Binding Site
Inc.), or biotinylated anti-mouse k chain antibody (kindly provided
by Dr. L. Wysocki, National Jewish Center, Denver, CO) and alka-
line phosphatase—conjugated avidin (PharMingen). After adding al-
kaline phosphatase substrate, resulting OD (410 nm) values were de-
termined with an ELISA reader. Antibody concentrations were
determined by total Ig ELISA, as described above.

Passive cutaneous anaphylaxis (PCA) reaction. The PCA reac-
tion using culture supernatants was performed with BALB/c mice as
described (13). Samples, 30 pl of log, dilutions of supernatants, were
injected intracutaneously on the shaved abdomen. After 1-2 d, the
animals were challenged with an intravenous injection of 0.2 ml of a
solution containing 5 mg/ml OVA or TNP-KLH in PBS and 1%
Evans blue. After 30 min, the bluing reaction was read. PCA titers
are expressed as the log, of a reciprocal value of the highest dilution
providing a PCA reaction.

Passive sensitization with monoclonal anti-OVA antibodies and
airway challenge with aerosolized OV A. Mice (three to four mice per
group per experiment) were passively sensitized by intravenous injec-
tion of a hybridoma supernatant containing anti-OVA antibodies.
Groups of mice received an injection on two consecutive days with
hybridoma supernatant containing 2 pg anti-OVA IgE, IgG1, IgG2a,
or IgG3 in a volume of 200 wl. The original pools of supernatants had
a range of Ig concentrations from 10 to 20 pg/ml (as measured by iso-
type specific ELISA) and were diluted with PBS to a concentration of
10 pg/ml to standardize each injection of the various mAbs. We es-
tablished three different hybridoma cell lines secreting OV A-specific
IgE. Each anti-OVA IgE hybridoma showed approximately equal ti-
ters as determined by ELISA for OV A-specific IgE when adjusted
for total IgE content and were equivalent in PCA reactions. Prelimi-
nary experiments, in which BALB/c mice received up to five injec-
tions of each hybridoma supernatants, showed that at least two injec-
tions of 2 pg anti-OVA IgGl were necessary to obtain positive
immediate cutaneous hypersensitivity reactions consistently, while a
single injection of 2 pg anti-OVA IgE was sufficient for developing
positive skin test responses 7 d later. Age-matched control mice re-
ceived culture supernatants of the parental myeloma cell line or hy-
bridomas secreting anti-TNP IgE, anti-OVA IgG2a, or anti-OVA
IgG3, following the same protocol. The passively sensitized mice
were exposed to nebulized OVA (1% wt/vol diluted in PBS) for 20
min daily, 3 and 4 d after the last injection of antibody. This interval
between the injections of IgE, airway challenge and monitoring of
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AR was determined to be optimal for demonstrating specific changes
in airway function. As a positive control group, some mice were ac-
tively sensitized with two intraperitoneal injections of OVA plus
alum as described above. These mice were also challenged with nebu-
lized OVA 6 and 7 d after the second intraperitoneal injection. 1-2 d
after the last airway challenge, skin testing and AR were performed
and evaluated by an investigator who was blinded to the sensitization
and treatment status of the animals.

Analysis of immediate cutaneous hypersensitivity and systemic
anaphylaxis. Development of immediate cutaneous hypersensitivity
to OVA in passively sensitized mice was assessed by intradermal skin
testing as described previously (9). The abdomen of the mouse was
shaved and 20 pl of test solution was injected intradermally with a 30-
gauge needle. Test solutions were OV A diluted in PBS at a concen-
tration of 500 pg/ml, with PBS as the negative control, and 500 p.g/ml
of BSA in some experiments. Subsequent wheal reactions were as-
sessed after 15 min and were scored as positive if the wheal diameter
was > 5 mm in any direction. The actual size of the wheal response
was measured.

Passive sensitization was also performed to induce a systemic ana-
phylaxis reaction. Mice were challenged by intravenous administra-
tion of 500 wg OVA 1 d after completion of passive sensitization as
described above. The animals were monitored for development of
acute symptoms for up to 20 min.

Determination of AR. Airway smooth muscle responsiveness was
determined in vitro as described (17). Briefly, after killing the ani-
mals, mouse tracheal rings of ~ 0.5 cm in length were sectioned and
placed in Krebs-Henseleit baths suspended by triangular supports
transducing the force of contractions. Electrical field stimulation was
delivered by an S44 stimulator (SIV 5; Grass Instrument Co., Quincy,
MA) using 8 V, 2-ms pulse duration, and 0.5-40-Hz frequencies. Each
stimulation was maintained until peak contractile responses were ob-
tained. The 40-Hz frequency was established earlier to result in maxi-
mal contractions. ESs, the frequency that caused 50% of maximal
contractions, was calculated from linear plots.

Bronchoalveolar lavage (BAL). BAL fluid was obtained and
lung perfusion was performed 1 d after the last exposure to aero-
solized OVA. Immediately after killing the animals, the tracheas
were intubated with a polyethylene catheter and the lungs were lav-
aged with 3 ml HBSS. The total number of cells from the recovered
BAL fluid was counted with a hemocytometer. Approximately 2.4—
2.7 ml of fluid was recovered from each animal. For differential cell
counts, slides were prepared with a cytospin (Shandon Scientific,
Pittsburgh, PA) and cells were stained with Wright stain (Leukostat;
Fisher Diagnostics, Pittsburgh, PA). Aliquots of the BAL fluid were
centrifuged and the supernatants were collected and stored at —20°C
for measurement of eosinophil peroxidase (EPO) activity.

Preparation of cells from lung tissue. Lung cells were isolated as
previously described (18). After performing BAL with 3 ml of HBSS,
lungs were perfused with warmed (37°C) calcium- and magnesium-
free HBSS containing 10% FCS, 0.6 mM EDTA, 100 U/ml penicillin,
and 100 pg/ml streptomycin via the right ventricle at a rate of 4 ml/
min for 4 min. Lungs were removed, cut, and minced through a 300-
pm-wide tissue grid. 4 ml of HBSS containing 175 U/ml collagenase
(type TA; Sigma Chemical Co.), 10% FCS, 100 U/ml penicillin, and
100 pg/ml streptomycin were added to the minced lungs and incu-
bated 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-pm
and 15-pm filters. Filters were washed with HBSS/ 2% FCS (45 pwm,
1 X 5 ml; 15 pm, 2 X 10 ml). Cells were resuspended in HBSS and
counted with a hemocytometer, and cytospin slides were made. Slides
were stained with Leukostat and cell differentiation percentages were
determined, counting at least 200 cells using a light microscope. Re-
maining cells were pelleted and resuspended in 1% NP-40 (Sigma
Chemical Co.) in distilled water at 2 X 10° cells/ml, and samples
stored at —20°C for measurement of EPO activity.

Lung histology and eosinophil counts. For histologic examination,
lung perfusion was performed as described above and 1-2 ml of for-
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malin fixing solution was instilled intratracheally after BAL. The
lungs were then removed and fixed in formalin solution. One lobe of
the lung was embedded in paraffin, and sections of 5-um thickness
were prepared and stained with astra blue and vital new red for stain-
ing eosinophil granules as previously described (19). Histologic evalu-
ation of the peribronchial regions of the lung was performed by light
microscopy, and tissue slides were examined by an observer in a blind
fashion. The number of eosinophils around the bronchi (mucosal and
submucosal areas) was counted at a magnification of 400. Counts
were performed using a minimum of ten randomly selected bronchial
cross-sections of medium size and expressed per millimeter squared
using a computer-assisted graphics program (IP Lab Spectrum; Signal
Analytics Co., Vienna, VA).

Determination of EPO activity. Levels of EPO in BAL fluid and
the cells extracted from the lungs were determined as previously de-
scribed (20). Briefly, 100 wl of the substrate solution (0.1 mM o-phe-
nylene-diamine-dihydrochloride, 0.1% Triton X-100, 1 mM hydrogen
peroxide in 0.05 M Tris-HCI; all reagents from Sigma Chemical Co.)
was added to 100 pl of sample in microtiter plates and incubated for
30 min at 37°C. The reaction was stopped by adding 50 .l of 4 M sulfu-
ric acid, and the optical densities were read in a microtiter autoreader
at 492 nm. This method has been demonstrated to be specific for eosin-
ophil, since, when using o-phenylene-diamine-dihydrochloride as the
hydrogen donor, neutrophils show no significant activity (20).

Statistical analysis. A multiple comparison analysis of levels of
differences between experimental groups and control conditions was
performed using a Dunnett’s or Tukey-Kramer HSD test. Values for
all measurements are expressed as the mean*SD except values for
ESj5y, which are presented as the mean*=SEM.

Results

Functional affinities of isotypes secreted by anti-OV A—specific
hybridoma clones. Direct immunoassay for antigen-specific
antibody has been described using antigen-coupled microtiter
plates (21). A variation of this procedure by ELISA was used
to measure relative functional affinities of OV A-specific
mAbs. Antigen-specific binding for eight anti-OV A IgG hybri-
doma supernatants was detected by anti-mouse IgG (Fc) anti-
body (Fig. 1 A), and the concentration responsible for 50%
maximal binding was calculated to compare functional affinities
among the different isotypes. Since previous studies demon-
strated that functional affinities determined by antibody-binding
immunoassay are correlated with affinities (K,) determined by
fluorescence quenching (21), one supernatant showing the
lowest 50% binding point was selected for each isotype for
passive sensitization (IgG isotype numbers 1, 4, and 6). The
antigen-specific binding was compared between these anti-
OVA IgG antibodies and anti-OVA IgE (number 8), which
were selected for passive sensitization, using anti-mouse k
chain antibody (Fig. 1 B). Monoclonal anti-OVA antibodies
screened in preliminary experiments were shown to bear k
light chain. The isotypes chosen for passive sensitization dem-
onstrated relatively equal affinity. None of the isotypes
showed significant binding to BSA-coated plates (data not
shown).

PCA reaction. The ability of monoclonal anti-OVA anti-
bodies to sensitize mouse skin tissue for antigen-induced
immediate hypersensitivity responses was tested by PCA reac-
tions. Serial dilutions (PBS) of hybridoma culture supernatants
starting at a concentration of 10 pg/ml of each isotype were
used. Both IgE and IgG1 antibodies demonstrated skin-sensi-
tizing capacity (Table I). The PCA titers of the IgE antibody
specific for OVA and TNP were higher than the IgG1 anti-
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Figure 1. Direct binding analysis of isotypes secreted by OV A-specific B cell hybridomas to OVA. Increasing concentrations of antibodies
(numbers 1-8) were analyzed for their ability to bind to OV A-coated plates. Bound antibodies were detected using anti-mouse IgG (Fc) (A) or
anti-mouse k chain antibodies (B). Assays in each condition (A or B) were performed in a single plate. Data are presented as the mean+SD of
triplicate determinations. The concentrations for 50% maximal binding calculated by computer-assisted curve fitting to plots of OD vs concen-
tration in Fig. 1 B were 520 ng/ml for the IgE antibody, 310 ng/ml for IgG1, 390 ng/ml for IgG2a, and 510 ng/ml for IgG3.

body with similar specificity (despite slightly higher affinity),
but differences were not significant. The PCA reactions were
shown to be antigen specific by using an irrelevant antigen.
IgG2a and IgG3 antibodies specific for OVA failed to produce
a positive PCA reaction, even using concentrations up to 10—
20 pg/ml (data not shown).

OV A-specific antibody and total Ig levels in serum of pas-
sively sensitized mice. Serum OV A-specific antibody and total
Ig levels were analyzed in mice receiving passive sensitization
or active intraperitoneal immunization 1 d after completion of
the nebulization protocol. Whereas anti-OVA IgE, IgG1, and
IgG antibody levels were elevated in the serum of intraperito-
neally immunized mice, OV A-specific IgE or IgG1 levels were

Table 1. PCA Reactions Using Supernatants from
Anti-OV A-secreting Hybridomas

Supernatant Antigen PCA titer
OVA-IgE OVA 9.3x0.5
OVA-IgE TNP-KLH 0
OVA-IgG1 OVA 8.3+0.5
OVA-IgG1 TNP-KLH 0
TNP-IgE TNP-KLH 9.0+0.8
TNP-IgE OVA 0
TNP-IgG1 TNP-KLH 7.0£0.8
TNP-IgG1 OVA 0

PCA titers of supernatants containing IgE and IgG1 antibodies specific
for OVA and TNP were determined. Mice receiving intradermal injec-
tions with serial dilutions of supernatants were challenged with an intra-
venous injection of a solution containing specific or irrelevant antigen
and Evans blue. PCA titers are expressed as the log, of the reciprocal
value of the highest dilution providing a positive PCA reaction. Pre-
sented are the means=SD of four mice.

significantly higher in mice passively sensitized with superna-
tants containing the corresponding isotype (subclass) than the
intraperitoneally immunized mice (Table II). Mice passively
sensitized with anti-OV A IgE showed significantly higher total
IgE serum levels than intraperitoneally immunized mice, and
no significant differences were observed in total IgG levels
among the different treatment groups. Challenge with OVA
alone via the airways on two occasions did not affect total IgG
or IgE levels, nor did it result in detectable OV A-specific anti-
bodies.

Passively sensitized mice develop antigen-induced immedi-
ate cutaneous reactivity and systemic anaphylaxis. As described
previously (8, 9), sensitization of BALB/c mice to aerosolized
antigens such as ragweed and ovalbumin via the airways led to
the induction of immediate cutaneous hypersensitivity associ-
ated with antigen-specific IgE and IgG production. We deter-

Table II. OV A-specific Antibody and Total Ig Levels
in the Serum

OV A-specific antibody levels Total Ig levels
Sensitization IgE 1gG1 IeG IgE IgG
U/ml ng/ml
None <1 <1 <1 4.7x1.0 343+65
OVA-IgE *169+33 <1 <1 813428 326+42
OVA-IgG1 <1 31478  26*11 25206  475+£81
OVA/alum *82+13 65+16 97+21 $30+5 562+103

Serum titers for OV A-specific antibodies and total Ig were determined
by ELISA in mice actively or passively sensitized: nonsensitized control
mice (n = 8), mice passively sensitized with anti-OVA IgE (OVA-IgE,
n = 8) or anti-OVA IgG1 (OVA-IgG1, n = 6), or mice immunized with
OVA/alum (OVA/alum, n 4). Presented are the means*SD.
*H Significant (P < 0.05) differences between the groups.
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Table III. OV A-specific Immediate Cutaneous
Hypersensitivity

Mean wheal
diameter+SD

Number of positive

Sensitization Nebulization responders (%)

mm

A. BALB/c mice
None None 1.9+0.3 0/8 (0)
None OVAX2 3.1+0.5 0/8 (0)
SP2/0 OVAX2 3.4+0.4 0/15 (0)
TNP-IgE OVAX2 4.2+0.5 1/8 (12.5)
OVA-IgE None #16.8+0.8 6/6 (100)
OVA-IgE OVAX2 #16.9+0.9 15/15 (100)
OVA-IgG1 OVAX2 *15.1+1.2 10/10 (100)
OVA-IgG2a OVAX2 3.7+0.7 0/8 (0)
OVA-IgG3 OVAX2 4.0+0.5 1/8 (12.5)
OVA/alum OVAX2 *15.8+1.0 8/8 (100)

B. SJL mice
TNP-IgE OVAX2 3.1+0.3 0/6 (0)
OVA-IgE OVAX2 *13.9+1.1 11/11 (100)

Cutaneous reactivity to OVA was determined in groups of mice receiv-
ing passive sensitization with specific antibodies or active immunization
with OV A/alum. Skin tests were performed 1 d after completion of air-
way challenge. After 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 of = 5 mm in diameter. *P < 0.01
for wheal diameter compared with nonsensitized control mice.

mined whether BALB/c mice that received anti-OVA IgE or
IgG antibodies would also develop immediate skin test reactiv-
ity. Mice injected with anti-OV A IgE or IgG1 developed posi-
tive skin test reactions to intradermal injections of OVA re-
gardless of airway challenge; no wheal reactions were
observed in nonsensitized mice (injected with control superna-
tant from the parental myeloma cell line, SP2/0) or mice in-
jected with anti-OVA IgG2a, IgG3, or anti-TNP IgE (Table

III). The responses of mice passively sensitized with anti-OVA
IgE or IgG1 were similar to the responses of mice immunized
with OV A/alum intraperitoneally. Airway exposure to OVA
on two consecutive days exerted no influence on skin test reac-
tivity. Intradermal injection of PBS or BSA did not result in
wheal formation in any of the mice.

SJL/J mice, known to be a low-responder strain for IgE
production (22), also developed positive skin test reactivity af-
ter passive sensitization with specific IgE or IgG1 antibodies,
similar to BALB/c mice (Table III).

Systemic anaphylaxis in a mouse experimental model with
induction of specific IgE is an immediate, frequently fatal reac-
tion after intravenous antigen challenge (12). BALB/c mice,
sensitized passively with OVA IgE, rapidly demonstrated res-
piratory symptoms such as dyspnea and prolongation of expi-
ration a few minutes after intravenous administration of OVA
and died within 15 min (4/4 fatal). The same acute reactions
were observed in mice sensitized with anti-OVA 1gG1(4/4 fa-
tal). None of the mice receiving injections of anti-TNP IgE or
IgG1 displayed any symptoms after OV A challenge.

Passive sensitization results in increased AR after antigen-
specific challenge via the airways. We monitored ES;, values
to compare the effects of passive sensitization with specific an-
tibodies on AR among the different groups. A decrease in the
ESs, represents an increase in AR (17). Nonsensitized control
BALB/c mice had a mean (=SEM) ESs, of 4.0x0.2 Hz. In
mice passively sensitized with anti-OV A IgE supernatants, air-
way challenge with OV A on two consecutive days resulted in a
significant decrease in the ES;, levels to 2.0+£0.2 Hz (P <
0.001). This was similar to the response in mice actively immu-
nized (OVA/alum) and challenged via the airways (2.3+0.2
Hz) (Fig. 2). Injection of IgE in the absence of airway challenge
resulted in no significant changes in AR. A single challenge
with aerosolized antigen was insufficient to develop airway hy-
perresponsiveness after passive sensitization with anti-OVA
IgE, and two challenges with nebulized OVA alone caused no
significant changes in AR (Fig. 2). To test the specificity of the
IgE-mediated effect on AR, control culture supernatants from
the parental myeloma cell line were administered before OVA

Figure 2. Passive sensitization with specific
IgE causes airway hyperresponsiveness af-
ter antigen challenge via the airways. AR
was analyzed in several groups of mice in-
jected with control supernatant from the
parental myeloma cell line (SP2/0), mice
passively sensitized with TNP-specific IgE
(TNP-IgE) or OV A-specific IgE (OVA-
IgE), or mice actively immunized with
OV A/alum (intraperitoneal OVA), fol-
lowed by airway challenge with nebulized
antigen on 1 d (OVA x1) or on two consec-
utive days (OVA X2 or BSA X2). AR was
o analyzed 2 d after completion of airway
challenge by electrical field stimulation of
tracheal smooth muscle preparations. AR
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is expressed as a percentage of control
ESs. The mean (=SEM) ESs, for nonsensi-
tized control animals (n = 22) was 4.0+0.2
Hz, and this value was taken as 100%. Pre-
sented are the means*=SEM for each group

from independent experiments using three to four mice in each group in each experiment. *Significant differences compared with nonsensitized
controls (P < 0.01) and all other experimental groups (P < 0.05). ns, not significant.

1402 Oshiba et al.



0
=
|

% Control ESz
3
]

Figure 3. Passive sensitization with specific IgG1 but
not IgG2a and IgG3 causes airway hyperresponsiveness
after antigen challenge via the airways. Groups of mice
were passively sensitized with OV A-specific IgG1,
1gG2a, or IgG3 antibody (OVA-IgG1, OVA-1gG2a, or
OVA-IgG3, respectively) and challenged with nebu-
lized OV A on two consecutive days. AR was expressed
as a percentage of control ES5, and compared with
the value for the mice passively sensitized with anti-
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OVA IgE as described in Fig. 1. Presented are the
means*=SEM for each group from independent experi-
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periment. *'Significant differences (*P < 0.001 and
P < 0.005) compared with nonsensitized control mice.
SSignificant differences between the groups (P < 0.05).

challenge, and intravenous injection of IgE antibodies was
combined with airway challenge with an irrelevant antigen
(BSA). Mice passively sensitized with OV A-specific IgE de-
veloped airway hyperresponsiveness only when followed by
airway exposure to the corresponding antigen, demonstrating
the specificity of IgE-induced responses in the airways (Fig. 2).

The ability of anti-OVA IgG antibodies to alter AR was
evaluated after exposure to nebulized OVA. Only mice pas-
sively sensitized by two injections of anti-OVA IgG1 antibody
but not IgG2a or IgG3 antibodies (even after five injections)
resulted in an increase in AR after airway challenge (Fig. 3).

SJL/J mice were passively sensitized with monoclonal IgE
antibodies and challenged with antigen via the airways. Mice
passively sensitized with anti-OVA IgE also developed airway
hyperresponsiveness after airway exposure to OVA to a de-
gree comparable to that of BALB/c mice sensitized and chal-
lenged in the same way (Fig. 4).

Effect of passive sensitization on cell composition in BAL
fluid after airway challenge. Total leukocyte counts and differ-
ential cell counts in BAL fluid of individual mice were as-
sessed in passively or actively sensitized mice. The numbers of
total leukocytes and macrophages recovered from BAL were
significantly higher in passively and actively immunized mice
after two airway challenges compared with nonsensitized mice
(airway challenge alone) (Fig. 5). Lymphocytes and neutro-
phils were significantly increased in the mice actively (intra-
peritoneally) immunized but not in passively sensitized ani-
mals. In the groups passively sensitized with specific IgE or
IgG1, statistically larger numbers of eosinophils were observed
compared with the nonsensitized group in which no eosino-
phils were detected. The intraperitoneally immunized group
showed a larger number of eosinophils than the passively sen-
sitized groups. The group receiving injections of anti-TNP IgE
showed no difference in absolute counts for leukocytes in
BAL from the nonsensitized controls. Passive sensitization
alone or together with a single challenge, or active immuniza-
tion alone, did not affect the leukocyte counts (data not
shown).

Effect of passive sensitization on composition of lung cells
after airway challenge. Total leukocyte counts and differential
counts for cells retrieved from lung tissue of individual mice
were compared for nonsensitized and actively and passively

(anti-OVA IgE) sensitized mice after airway challenge. There
were no differences in total leukocyte counts among the
groups (Fig. 6). The absolute numbers of macrophages/mono-
cytes were lower in both sensitized groups compared with non-
sensitized mice. The lymphocyte numbers were increased in
the passively sensitized group, and neutrophil numbers were
increased in the actively immunized group. Significant num-
bers of eosinophils were detected in both of the sensitized
groups compared with the controls. Passive sensitization alone
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Figure 4. SJL mice passively sensitized with specific IgE develop air-
way hyperresponsiveness after airway challenge. SJL mice were pas-
sively sensitized with TNP-specific IgE (TNP-IgE) or OV A-specific
IgE (OVA-IgE) and exposed to nebulized OVA on two consecutive
days. AR was expressed as a percentage of control ESs,. The mean
(=SEM) ESs, for nonsensitized control animals (n = 12) was
4.9+0.6 Hz, and this value was taken as 100%. Presented are the
means*SEM for each group from independent experiments using
three to four mice in each group in each experiment. *P < 0.01 com-
pared with nonsensitized control. 'Significant difference between the
groups (P < 0.05).
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Figure 5. Cellular composition in BAL fluid. Abso-
lute numbers of leukocytes recovered in BAL fluid
per mouse were determined in groups of mice that re-
ceived two airway challenges with OV A: nonsensi-
tized mice (None), mice receiving passive sensitiza-
tion with anti-TNP IgE (TNP-IgE), anti-OVA IgE
(OVA-IgE) or anti-OVA IgG1 (OVA-IgG1), or mice
actively immunized with OVA/alum (intraperitoneal
OVA). BAL were performed 1 d after completion of
airway challenge. Presented are the means*=SD of
the indicated number of mice from independent ex-
periments using three to four mice in each group in
each experiment. *'Significant differences (*P < 0.05
and P < 0.01) compared with nonsensitized control
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or together with a single challenge did not affect the leukocyte
counts (data not shown).

Effect of passive sensitization on eosinophil counts in lung
sections after airway challenge. Histological examination was
performed 1 d after the last airway challenge with OVA, and
eosinophil counts in peribronchial regions were assessed in
nonsensitized and in passively (with anti-OV A IgE) sensitized
mice after airway challenge. In passively sensitized mice re-
ceiving two airway exposures to OVA, multifocal infiltrates of
inflammatory cells were observed predominantly in the sub-
mucosa of bronchi (and bronchioli). Passively sensitized mice
demonstrated significantly higher numbers of eosinophils in
the peribronchial areas compared with nonsensitized mice af-
ter two airway challenges (Fig. 7). In mice receiving passive
sensitization and a single airway challenge, there was no signif-
icant increase in eosinophil numbers. Passive sensitization
alone had no effect on eosinophil counts in the lung tissue.

Effect of passive sensitization on EPO levels in supernatants
of BAL fluid and lung cells. EPO activities in the superna-
tants of BAL fluid and the lysed pellets of cells extracted from
the lungs were determined in nonsensitized or sensitized mice
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mice. ‘Significant differences between the groups
(P < 0.05).

after antigen challenge via the airways. Active immunization
(OVA/alum) and airway challenge resulted in a significant in-
crease in EPO levels in the supernatants of BAL fluid and in
the pellets of cells isolated from lung tissue (Fig. 7). In the
group receiving passive sensitization with specific IgE, a signif-
icant increase in EPO activity was observed in the pellets of
lung cells but not in BAL fluid.

Discussion

The relationship between IgE-mediated mast cell activation,
eosinophil accumulation, and T cell recruitment in chronic in-
flammation of the airways is not well defined. In previous stud-
ies, we demonstrated in BALB/c mice that repeated exposure
to antigenic proteins such as OV A or ragweed induced an anti-
gen-specific IgE response and emphasized that different T cell
populations from sensitized mice play regulatory roles in IgE
production (7, 8). In each case, the IgE response was consis-
tently associated with the acquisition of immediate cutaneous
hypersensitivity (9) and the development of increased AR
(17). In contrast, in SJL/J mice, where the mice failed to gener-

Figure 6. Composition of cells extracted from the
lungs. Absolute numbers of leukocytes retrieved from
lung tissue per mouse were determined in groups of
mice after two airway challenges with OV A: nonsensi-
tized mice (None), mice passively sensitized with anti-
OVA IgE (OVA-IgE), or mice actively immunized
with OV A/alum (intraperitoneal OVA). Lung cells
were isolated by lung tissue digestion after performing
BAL and lung perfusion 1 d after the last airway chal-
lenge. Presented are the means*SD of the indicated
number of mice from independent experiments using
three to four mice in each group in each experiment.

Cell Number in Lung Tissue (><10'6/animal)
Eos

*P < 0.05 compared with nonsensitized control mice.
TSignificant difference between the groups (P < 0.05).
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Figure 7. Eosinophil counts in peribronchial regions. Numbers of
eosinophils observed in the peribronchial areas in the lung sections
were determined in the following groups of mice: nonsensitized mice
receiving two airway challenges with OVA (None) or mice passively
sensitized with anti-OVA IgE (OVA-IgE) and receiving one or two
airway challenges with OVA. Presented are the means+SD of four
mice from two independent experiments in each group. *P < 0.05
compared with nonsensitized control mice.

ate IgE responses under the same sensitization protocol, no al-
terations in AR were observed, further implying an association
between IgE responses and increased AR (17). However, the
role of IgE in triggering altered AR, especially interactions
with antigen-specific T cells, still remains to be clarified.

The purpose of the present study was to define the role of
IgE (or IgG1) antibody in the development of airway hyperre-
sponsiveness and eosinophil infiltration. To this end, antigen-
specific B cell hybridomas were generated, secreting antibod-
ies of different isotypes. The ability to sensitize mice passively
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in this way obviated the need for repeated antigen exposure
via the airways to generate an IgE response, which prevented
critical analysis of the components contributing to the alter-
ations in AR. Passive sensitization with anti-OV A IgE predict-
ably resulted in immediate wheal responses to intradermal in-
jection of antigen and positive PCA reactions. In the absence
of airway challenge with the relevant (concordant) antigen,
passive sensitization with IgE was insufficient to elicit airway
changes. This confirmed previous studies in SJL mice (17) and
in BALB/c mice sensitized to OV A via the skin to elicit an IgE
response but no altered AR (23). In fact, two exposures to
OVA via the airways was required after passive sensitization
with IgE anti-OVA antibody to trigger alterations in AR. The
response was specific in that IgE anti-TNP antibody coupled
with OVA exposure was not effective, nor was airway expo-
sure alone on two occasions in the absence of passive sensitiza-
tion. In previous reports using animal models of antigen-
induced airway hyperreactivity, increases in eosinophils were
demonstrated in both BAL fluid and lung cells recovered from
lung digestion and correlated with increased AR (24-26). Pas-
sively sensitized and challenged mice also demonstrated in-
creased numbers of eosinophils in the peribronchial regions
and increased EPO levels in the lung tissue, indicating that the
combination of passive sensitization with IgE and limited air-
way exposure to antigen is sufficient to elicit inflammatory
changes coupled with development of airway hyperresponsive-
ness. These increases in AR as measured by electrical field
stimulation in allergen-sensitized mice after airway challenge
have been shown to correlate with an increase in acetylcholine
release from neural terminals, presumably based on altered
neural control of airways and/or dysfunction of the M2 musca-
rinic autoreceptor (27).

The extent of these changes after passive sensitization were
similar to what we observed in animals actively immunized (in-
traperitoneally) with the combination of OVA/alum before
airway challenge. In both cases, increased numbers of mac-
rophages were detected in BAL fluid from sensitized mice,
whereas lower numbers were demonstrated in lung tissue. The

[ None (n=4)
M OVA-IgE (n=7) | I
OVA/alum (n=4)

0.00

Figure 8. EPO levels in supernatants of BAL fluid and pellets of lung cells. EPO activity was measured in the supernatants of BAL fluid (A) and
the lysed pellets of lung cells (B) in samples obtained from the same groups of mice described in Fig. 5. Presented are the means=+SD. *'Signifi-
cant differences (*P < 0.05 and "P < 0.01) compared with nonsensitized control mice.
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major differences were that, although actively immunized mice
demonstrated lower IgE levels, significantly higher neutrophil
and eosinophil numbers were demonstrated in lung tissue and
BAL fluid. Changes in AR were similar. One possible expla-
nation for the discordance between levels of increased AR and
eosinophil numbers observed in passively and actively sensi-
tized mice is that the degree of eosinophil accumulation may
not parallel the development of airway hyperresponsiveness.
Previous studies showed that eosinophil activation rather than
accumulation in local tissue is correlated to increased AR (28),
whereas, in our study, eosinophil activation in the lung tissue
as measured by EPO activities appeared to be associated with
the development of airway hyperresponsiveness. The failure of
IgE levels to correlate directly with eosinophil numbers sug-
gests that additional factors influence eosinophil recruitment
to the lung and airways. The greater eosinophil recruitment in
actively immunized animals after airway challenge compared
with passively sensitized mice could be explained by the de-
gree of activation of antigen-specific T cells. Activated T cells
are thought to contribute to the inflammatory response, re-
leasing cytokines that mediate eosinophil recruitment and acti-
vation. The finding that neither passive sensitization alone nor
two challenges with the relevant antigen alone were sufficient
to induce airway hyperresponsiveness may relate to whether
limited airway challenges can trigger the activation of antigen-
specific T cells in the absence of passive sensitization. Peri-
bronchial lymph node and spleen cells from actively immu-
nized mice proliferated in response to OV A in a dose-dependent
manner, as we previously showed (7). A single airway chal-
lenge with antigen combined with passive transfer of IgE failed
to induce an eosinophil response in the lung or BAL or alter-
ation in AR. Peribronchial lymph node and spleen cells from
mice passively sensitized with anti-OVA antibodies and chal-
lenged on one occasion showed no significant proliferative re-
sponses to OVA 2 d after OVA challenge via the airway. It is
possible that limited local exposure to antigen does indeed in-
duce the recruitment and activation of antigen-specific T cells,
but they are not detectable in proliferative assays. Passive sen-
sitization combined with two or more challenges with OVA
was shown to induce an antigen-specific proliferative response
(three- to fivefold over baseline response) in peribronchial
lymph node cells. These data suggest that antigen exposure via
the airways on two consecutive days alone could be insufficient
to expand specific T cells and that the combination of IgE with
antigen could augment the responses mediated by antigen-spe-
cific T cells.

At present it is not entirely clear how IgE (or IgG1) may
result in the heightened antigen-specific T cell responses. B
cells or other antigen-presenting cells (e.g., dendritic cells)
may bind antigen via specific antibody interactions with Fc re-
ceptors expressed on the surface of these cells. In this way,
such cells demonstrate a high capacity for antigen presentation
of the relevant antigen (29, 30). Cells expressing IgE receptors,
FceRI or FceRII, have shown IgE-dependent targeting of al-
lergens to antigen-presenting cells with enhancement of anti-
gen-specific T cell responses (31, 32). In addition to enhancing
T cell responsiveness, IgE (or IgG1) antibodies have been
shown to enhance the recruitment of effector T cells to the site
of local challenge with specific antigen (33).

The role of IgE in mediating allergic inflammation may be
at several additional levels. The capability of IgE-mediated
mast cell activation to induce allergic inflammation directly is
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supported by the observation that intradermal administration
of anti-IgE antibody can induce late-phase reactions as well as
immediate cutaneous reactions (34). It has been reported that
mast cells release cytokines such as TNF-o, IL-3, and IL-4 (35—
37). These cytokines could activate and recruit eosinophils to
the airways. Another possibility is that FceRs are involved in
regulating allergic inflammation, especially the low-affinity
FceR (FceRII/CD23). These receptors have been demon-
strated on various types of cells that can participate in allergic
responses (1, 38). Interactions between antigen and IgE pas-
sively transferred and bound to FceRII on these effector cells
could play a substantial role in allergic inflammation. Recent
studies have demonstrated release of EPO from purified eosi-
nophils from patients with parasitic infection or an allergic dis-
ease (39). Activation of a respiratory burst in neutrophils incu-
bated with IgE after addition of anti-IgE antibody has also
been observed, suggesting that cross-linking of antigen-specific
IgE bound to receptors on the cell surface could activate these
cells (40).

These results defining a role for IgE in altered AR both
support and conflict with data using other approaches from
other laboratories. In rats passively sensitized with IgE, acute
bronchoconstriction and increased vascular permeability have
been observed in the airways after antigen challenge (41, 42).
We also observed dyspnea and fatal anaphylactic reactions in
mice passively sensitized with anti-OVA IgE and challenged
with OVA intravenously. In other studies using rats (42), pas-
sive sensitization with IgE anti-DNP antibody resulted in no
increases in resistance or inflammation when challenged with
antigen via the airways; this contrasted with rats actively im-
munized with OVA/alum where airway challenge resulted in
increases in resistance. In rabbits, infusion of antigen-specific
rabbit homocytotropic (IgE) antibody also resulted in late-
phase reaction after airway challenge (11).

SJL/J mice passively sensitized with IgE also developed im-
mediate hypersensitivity responses and increased AR. This
strain is known to be a low IgE responder because of dimin-
ished capacity for IL-4 synthesis (22). Bypassing this deficiency
(passive sensitization) resulted in the full ability of these mice
to develop alterations in AR and in inflammatory changes sim-
ilar to those of the BALB/c mice. This implies that, although
deficient in V8 T cells (the primary expanded population in
response to OVA in BALB/c mice [43]) and capable of only
limited IL-4 production, these mice can develop allergic in-
flammatory changes and, as a consequence, altered AR, when
given specific IgE antibody.

This is the first demonstration that antigen-specific IgG1
antibodies are not only capable of causing immediate hyper-
sensitivity but are also effective in inducing airway hyperre-
sponsiveness. As described above, IgG1, similar to IgE, can
enhance T cell responsiveness and recruit effector T cells to
the site of local antigen challenge in mice. Mouse IgG1 can
mediate both in vivo PCA reactions and in vitro mast cell sen-
sitization (13, 44). The observation (12) that IgE-deficient
mice immunized with OVA still develop systemic anaphylaxis
reactions after intravenous antigen challenge suggests the
presence of alternative pathways of immediate hypersensitiv-
ity, and that IgG1 is one of the candidates that mediates sys-
temic allergic reactions. At present, there is no known ana-
logue of murine IgG1, and whether a second Ig isotype (in
addition to IgE) can mediate such changes in airway respon-
siveness in humans is unknown at present. Conventional sensi-



tization protocols cannot distinguish between IgG1l and IgE
antibodies, but passive sensitization with mAbs enabled us to
analyze the individual activities of each IgG subclass after sys-
temic or local exposure to antigen. We observed immediate
anaphylaxis reactions in IgGl-sensitized mice after intrave-
nous challenge with antigen, similar to the IgE-sensitized ani-
mals. PCA titers of anti-OVA IgG1 were lower than those of
anti-OVA IgE at the same protein concentrations and despite
slightly higher affinity, paralleling the finding that two injec-
tions of anti-OVA IgG1 were required to obtain equal levels
of immediate cutaneous reactivity as induced by a single injec-
tion of anti-OVA IgE. The findings with IgG1 antibodies con-
trasted with the absence of activity of anti-OVA IgG2a and
IgG3 antibodies with similar anti-OVA affinities; with the lat-
ter, no significant changes in skin hypersensitivity reactions or
AR were observed. The expression of IgG Fc receptors has
been reported not only on mast cells but also on other effector
cells such as macrophages, eosinophils, and platelets (45, 46).
In an analogous fashion to IgE, IgG1 antibodies, through in-
teractions with these receptors, may play a direct or indirect
role in the development of allergic inflammation and recruit-
ment of T cells.

In summary, these data identify an essential role for IgE
(or IgG1) antibodies in a murine model of allergen sensitiza-
tion via the airways. Alone, these antibodies are unable to al-
ter AR, but in combination with limited airway exposure to
antigen they elicit eosinophil infiltration of the lungs, in-
creased EPO activity, and altered AR. Further studies will de-
fine the role of these antibodies in mast cell activation, cyto-
kine production, or T cell recruitment to the airways.
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