Role for IgE in Airway Secretions: IgE Immune Complexes
Are More Potent Inducers Than Antigen Alone of Airway
Inflammation in a Murine Model
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IgE is present in airway secretions from human patients with allergic rhinitis and bronchial asthma. However, the contribution
of IgE present locally to the overall airway inflammation is not well understood. We hypothesize that Ag-specific IgE can capture
airborne Ags and form immune complexes. These immune complexes may function as potent inducers of immune responses in the
lung, contributing to the perpetuation of airway inflammation. BALB/c mice were first sensitized with OVA in alum systemically
and then challenged with nebulized OVA. Bronchoalveolar lavage (BAL) fluid from these mice contained significant amounts of
IgE, of which >50% was Ag specific. The IgE levels in airway secretions remained elevated for more than 15 days after the
termination of Ag exposure. Significant amounts of IgE-OVA immune complexes were detected in BAL fluid from the OVA-
challenged mice. For comparison of IgE immune complexes vs Ag alone, we treated OVA-immunized mice with intranasal
administration of trinitrophenyl-OVA or trinitrophenyl-OVA-anti-DNP IgE. Those treated with the immune complexes showed
significantly higher levels of IL-4 and more pronounced eosinophilia in BAL fluid than did those receiving the Ag alone. The IgE
immune complexes did not augment the inflammatory response in high affinity IgE receptor (FeRI)-deficient mice. We conclude
that IgE present in the airways can capture the Ag and that the immune complexes thus formed may augment allergic airway
response in an FeRI-dependent manner. Thus, IgE present in airway secretions may facilitate Ag-mediated allergic airway
inflammation. The Journal of Immunology,2000, 164: 2667—2673.

ular component of atopic diseases, including asthma (1)can capture airborne Ags and form immune complexes. Further,

Clinical studies have found a close association betweerthese immune complexes may function as more potent inducers of
asthma and serum IgE levels as well as IgE-dependent skin tegshmune responses in the lung and thus contribute to the perpetu-
reactivity to allergens (2). In addition, allergen-specific IgE hasation of airway inflammatory responses. We have used a mouse
been detected in nasal mucosa from allergic patients (3), and Igkodel of asthma to test this hypothesis.
synthesis and heavy chain class switching to IgE occur in B cells Animal models of human asthma have drawn considerable at-
from the nasal mucosa of allergic individuals (4). Furthermore, IgEtention in recent years. A mouse model has been particularly pop-
is consistently present in airway secretions from human patientslar, in which mice are primarily sensitized with an Ag systemi-
with allergic rhinitis and bronchial asthma (5) and is detected incally and then challenged with the same Ag through the airways.
nasal washes from allergic patients receiving nasal challenge witflfhe animals develop a Th2 response in the lung with prominent
specific allergens (6). Allergen-specific IgE is detected in bron-eosinophilia, production of Th2 cytokines, and development of
choalveolar lavage (BAL)fluids in asthmatic patients obtained airway hyperresponsiveness (8—10). This model has been valu-
with or without bronchial provocation with the allergen (7). It is able, especially in conjunction with the use of genetically engi-
believed that mast cells present in airway tissue are sensitized yeered mice lacking specific gene products, in the elucidation of
the allergen-specific IgE and, on exposure to a specific allergermolecular and cellular mechanisms responsible for allergic airway
are activated to produce potent mediators that are responsible fafflammation and airway hyperresponsiveness. It is evident that T
some of the symptoms in allergic airway diseases. The functionatells play an important role (11, 12). The roles of various cyto-
significance of IgE found in airway secretions is, however, notkines, including IL-4 (13, 14), IL-5 (15, 16), IL-6 (17), IL-13 (18—
20), and IL-16 (21) in promoting, and IL-12 (22, 23) in suppress-
ing inflammation have been demonstrated. Consistent with the
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The airway inflammation developed in this model can be con-
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I mmunoglobulin E has long been regarded as a major molecwell understood. In this study, we hypothesize that Ag-specific IgE
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administered through the airways, are more potent than Ag alonQuantitation of IgE

in inducing airway inflammatory responses in mice previously S€Nrotal IgE in the BAL fluid was quantitated with a sandwich ELISA pro-

sitized with the Ag. tocol. Briefly, the plates were coated with affinity-purified rabbit anti-IgE
overnight at 4°C and then blocked with 1% BSA in PB$ foh at37°C.
: The BAL fluid samples and appropriate dilutions of a standard IgE prep-
M_aterlals and Methods aration were placed in the wells, and the plates were incubate8l fioat
Mice 4°C. Sample blank wells did not receive BAL fluid but were otherwise

’ treated similarly. The bound IgE was detected with polyclonal goat anti-
Female BALB/cBYJ mice (The Jackson Laboratory, Bar Harbor, ME) 68 ) . o : .
wk of age were used in all experiments. High affinity IgE receptoe: IgE Abs (incubation fo1 h at37°C), followed by HRP-conjugated rabbit

deficient (FeRI(—/—)) mice and Tg1101 mice with a defective murine anti-goat Abs (incubation fol h at37°C). The plates were developed by

FeeRl-a chain gene but carrying a humaneRi- gene were obtained addition of OPD and read in an ELISA plate reader at 490 nm.
from R.W. Johnson Pharmaceutical Research Institute, San Diego, CA. Iﬂ\bm an initial experiment, due to nonavailability of anti-OVA specific IgE

) A ; , the actual concentration (hanograms per milliliter) of OVA-specific
the latter mice, mast cells express functionadfaeceptor that recognizes . . . L )
both murine and human IgE (24). IgE in BAL fluid was determined indirectly by batch absorption of 100

BAL fluid with either BSA-Sepharose (control) or OVA-Sepharose (test).
Reagents The unabsorbed IgE level was determined by the total IgE ELISA as de-
scribed above. The percent OVA-specific IgE present in BAL fluid was
Mouse monoclonal IgE specific for dinitrophenol (25) and that specific forthen calculated as a reciprocal value of (IgE not absorbed by OVA-Sepha-
a ragweed Ag (26) were obtained previously. Goat anti-mouse IgE and0s€/IgE not absorbed by BSA-Sepharoze]00. 3
rabbit anti-mouse IgE were prepared as described previously (25), and This pooled BAL fluid contained 30 ng/ml OVA-specific IgE and was
were affinity purified by using mouse anti-ragweed Ag monoclonal IgE Subsequently used as the standard in ELISA to determine OVA-specific
(26). Trinitrophenylated OVA (TNP-OVA) was prepared as described |9E levels in BAL fluids from other experiments. For this, 96-well plates
(27). The IgE immune complexes were prepared before use by mixing 2@vere coated with 1f.g/ml OVA overnight at 4°C and the plates were then
«g anti-DNP IgE with either 2 or 4ug TNP-OVA followed by incubation  blocked as for total IgE. The standard and experimental BAL fluids were

at room temperature for 30 min. placed at several dilutions and incubatedZd atroom temperature. Then,
plates were washed nine times in PBS, and p0®iotinylated anti-IgE
Immunization and challenge protocols (PharMingen) at Jug/ml were placed in each well. Aft@ h ofincubation

at room temperature, the plates were washed as before and incubated with
Both control and OVA mice were immunized with 16 of OVA (chicken avidin-HRP conjugate for 30 min. After washing, the plates received the
egg albumin from Sigma, St. Louis, MO) in 2 mg aluminum hydroxide gel OPD substrate and were read 30 min later as described above for total IgE.
(alum) i.p. After 14 days, the mice were given aerosolized OVA for 30 min . .
each day from days 1 to 6 on consecutive days. Control mice were exposdguantitation of IgE immune complexes
to aerosolized PBS, pH 7.2. This was accomplished by placing the mice if II:'
|

a Plexiglass chamber connected to a nebulizer that generates an aerogliga The plates were coated with rabbit anti-OVA Abs overnight at

mist. In other experiments, OVA-immunized mice were first anesthetizedy . ang then blocked as described above. Samples were placed in the
using metofane (Pitman-Moore, Washington Crossing, NJ) and then chalje|is and the plates were incubated ®h at4°C. The bound IgE was
lenged by administering intranasally 25-BDOVA, TNP-OVA, or mix-  getected by goat anti-mouse IgE Abs followed by HRP-coupled rabbit
tures of TNP-OVA _and IgE (the concentrations used for individual eXPer-anti-goat Abs (Zymed, San Francisco, CA) and substrate as described
iments are shown iiResult3. above. Experimental values were read off a standard curve prepared with

. . serial dilutions of in vitro prepared anti-DNP IgE-TNP-OVA complexes
Collection of BAL fluid (seeReagents

-OVA complexes in the BAL fluid were detected by a sandwich

The BAL fluid was collected after various time intervals following airway gtatistics

Ag challenge. The mice were anesthetized by using pentobarbital (Sigma)

at 100 ug/g body weight, the trachea was cannulated, and a BAL wasData were analyzed using Statview software. An unpaired Student two-
performed with 1 ml pyrogen-free PBS. The lavage fluid collected wastailed t test was used to compare samples from different treatments as
centrifuged at 400< g, and cells were separated from the fluid. The fluid shown under individual experiments Results.

was again centrifuged at 1000 g to remove cellular debris and was then

stored at—70°C until it was evaluated for its cytokine and Ig levels as well Results

as the presence of IgE-OVA immune complexes. Ag-specific IgE is present in BAL fluid from mice with allergic

. airway inflammation
Enumeration of cells y

. . ) . As shown in Fig. 1, IgE was detectable in BAL fluid from mice
Total viable cell numbers were determined by trypan blue exclusion uslnqe dtoi d f lized OVA. wh he fluid
a hemocytometer. Differential cell counts were determined by cytocentri- quse to just one dose of aerosolize =V when t e fluid was
fuging cells onto slides and staining them with either Wright-Giemsa stainobtained 24 h after the Ag exposure. Significantly higher levels
(Sigma) or Leukostat staining kit (Fisher Scientific, Pittsburgh, PA). were detected after six Ag exposures, at both 3 and 24 h after the

o last exposure. Control mice that were sensitized to OVA but were
Quantitation of IL-4 exposed to aerosolized PBS did not show detectable levels of IgE.
IL-4 in the BAL fluid was quantitated by a sandwich ELISA. The buffers, The levels of IgE in general correlated with eosinophilia. To de-
diluents, and washes used between steps in this assay were according to te¢gmine whether the IgE present in the BAL fluid was Ag specific,
PharMingen Cytokine ELISA Protocol (PharMingen, San Diego, CA). samples of the BAL fluid taken 24 h after the last aerosol were
Briefly, 96-well plates (Maxisorp, Nunc, Roskilde, Denmark) were coated dsorbed with OVA-Seph 4B BSA-Seph 4B
overnight with the capture Ab 11B11 (National Cancer Institute, Biologicala sorbed wit -o€p _arose '_Or -oepharose as a
Response Modifier Program) at 4°C and then blocked fowith 1% BSA control, and the concentrations of IgE in the supernatants were deter-
in PBS. Recombinant IL-4 standard (a gift from Dr. J. Ohara, Denver, CO.)mined by ELISA. By this method, it was determined the80% of

and BAL fluid samples were added, and the plates were incubated for 2 fhe IgE secreted into the airways was Ag specific (Table I).
at room temperature. The bound cytokine was detected with a biotinylated

secondary Ab (PharMingen), with an incubation peridd2ch atroom |gE persists in airway secretions after aerosolized Ag exposure

temperature, followed by HRP-avidin (Becton Dickinson, Mountain View,

CA), at a dilution of 1:3,000, with an incubation period of 30 min at room TO determine whether IgE persists in airway secretions after ces-

temperature. The plates were developed by addition of the substrate, sation of Ag exposure, we treated OVA-sensitized mice with six

ghek”y'e”e\‘/ﬂaminehdili‘ydfmcgg’”qe éOfPD)' fO'(';?WG’fh by i.”CUbaEt:ng” tlhte doses of aerosolized OVA and then monitored the amounts of IgE
ark on a Variac shaker for 30 min before reading them in an plate . . . .

reader (Spectramax 250, Molecular Devices, Sunnyvale, CA) at 490 nm" BAL fluid after various intervals followlng the I'ast Ag chal-

The calculations were done with the computer program provided with thd€nge. Data are presented for two experiments with different and

plate reader. overlapping time intervals (Fig. 2). Both the total and ova-specific



The Journal of Immunology 2669

Lavage: Lavage: e LE
3h after last aerosol 24h after last aerosol —o— ¥os - 30
. . 1204 Expt. 1 —— OVA-specific IgE Expt. 2
] — o Control | —o— Control 1o
70 n 100
- OVA —e— OVA s
— 60 . ~ 80 120 2
E s q £ 1. 2
- = E w2
e 80 =]
i = 401 Juo g
gn 30 | ]
20 b 201 45
10 ] §\U—r—-1‘—‘? 0 TR S TP TP PR TP T L ] 0
0 ) il | T 2 4 5 6 70 10 15 20
15.0+ T
< J
2 12 7 . e . .
e ] FIGURE 2. Detection of IgE and eosinophils (EOS) in BAL fluid
g 100 T (BALF) from mice with airway inflammation over various intervals after
Ca— ] termination of airway Ag exposure. BALB/c mice were sensitized with
.'_—é’ ] OVA and then challenged with nebulized OVA six times. The BAL fluid
2 50 ] was collected from mice 1, 2, 3, and 7 (Experiment 1) and 3, 6, 9, and 15
£ . ] (Experiment 2) days after the last challenge. The numbers of eosinophils
) ] and levels of total and OVA-specific IgE were determined as described in
0.0  w— —r—o.. A T 2 . Materials and MethodsData are presented as meanSEM from three
0 1 2 3 4 5 6 7 01 2 3 4 56 7 mice for each data point.

immune complexes. To definitively establish the presence of such
immune complexes, we challenged the OVA-immunized mice
from i . ) I . ) . -~ with nebulized OVA six times, obtained BAL fluids at various
rom immunized mice with airway inflammation. BALB/c mice were im- . . .

munized with OVA in alum and 14 days later were challenged with nep-time pomts after the last Cha!lenge, ahd quantitated Fhe z.amoun‘_[s of
ulized OVA 1, 3, or 6 times30 min each day. Control mice received the IGE immune complexes in the fluids. As shown in Fig. 3, sig-
aerosolized PBS challenge. The BAL fluid was collected eigheor 24 h  nificant levels of IgE-OVA complexes could be detected in BAL
after aerosol challenge, and the numbers of eosinophils and levels of Igluid harvested immediately after the Ag challenge. The levels in
were determined as described Materials and MethodsData are pre-  fluids obtained at later time points declined progressively, but the
sented as mean SEM from three mice for each data point, and results areimmune complexes remained readily detectable in the fluid ob-
I’epresentative of more than five eXperimentS. tained 30 min after the Ag Cha”enge

Aerosol Treatments

FIGURE 1. Detection of IgE and eosinophils in BAL fluid (BALF)

IgE peaked at 3 days after the end of the last Ag exposure; theédministered IgE immune complexes are more potent than the
levels declined afterward, but significant amounts could still beAg alone in inducing airway inflammation

detected 15 days after t_he chall_enge. In general, OVA-specific Ig%\g-Ab complexes are better recognized by lymphoid cells than Ag
was 50% of total I_g_E in the airways. Three days after the IaStalone. We therefore decided to determine whether there is a dif-
aerosol, OVA-specific IgE reached peak levels and accounted fqrerence in airway inflammation induced by Ag alone vs IgE-Ag
50-90% of the total IgE. In contrast, although significant numbers
of eosinophils could be detected in BAL fluid obtained from mice
1-3 days after the last aerosolized Ag challenge, the numbers de-
clined precipitously afterward and reached a background level 9

days after the last Ag exposure.

25

IgE-OVA immune complexes are naturally formed in the E
airways in mice challenged with nebulized OVA gg
The Ag-specific IgE present in the airway secretions likely recog- Lé?
nizes the same Ag to which the animals are exposed, thus forming %
E L]

Table I. OVA-specific IgE in BAL fluid of BALB/c mite

IgE (ng/ml) (unabsorbed)
% OVA-
No. Adsorbentgl) BSA-Sepharose OVA-SepharoseSpecific IgE

0 min 30 min 24h

1 125 56 33 42
2 25 58 25 57 .
3 50 56 26 54 Time

FIGURE 3. Detection of IgE-OVA immune complexes in BAL fluid

2BSA and OVA were separately coupled to CNBr-activated Sepharose 4B- (Phar. - . : r .
macia-Upjohn) at 2 ml protein (5 mg/ml) to 0.4 g Sepharose. The BAL fluid from from mice challenged with nebulized OVA. OVA-immunized BALB/c

OVA-sensitized and -challenged mice from a representative experiment of three exJlice were challenged with nebulized OVA six times as described in Fig.
periments was pooled. The IgE concentration in the BAL fluid was 60 ng/ml. Then,1. BAL fluids were obtained immediately (O min), 30 min, or 24 h after the
100+ aliquots of the BAL fluid were adsorbed with 12.5, 25, or @i0of Sepharose  |ast challenge. The amounts of the IgE-OVA complexes were determined

4B beads coupled to Ag (OVA) or control (BSA). The unbound IgE in the superna- - . - -
tants was quantitated by ELISA. The percentage of OVA-specific IgE present in BALas described iMaterials and Methodsind are expressed as the quantity

fluid was calculated as a reciprocal of percent value of IgE not absorbed by Ova{nanograms per milliliter) of IgE in the complexes. Data are presented as
Sepharose/IgE not absorbed by BSA-Sepharose. mean=* SEM. from three mice.
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FIGURE 4. Comparison of airway inflammation induced by IgE immune complexes and Ag alone. OVA-immunized BALB/c were challenged with
either 2ug TNP-OVA alone or 2Qug anti-DNP IgE three times intranasally. The BAL fluid was colldcBh after last challenge, and the numbers of
leukocytes and levels of IL-4 were determined as describédaterials and MethodsEach data point represents mearSEM of data from three mice,

and the results are representative of five separate experimentp.vethges of TNP-OVA vs TNP-OVA-anti-DNP IgE in eosinophi)( neutrophil B),

and IL-4 (C) determinations are at0.001.

complexes. For this purpose, we used TNP-OVA as the immunoTNP-OVA mixed with anti-TNP IgE, and not with anti-ragweed
gen, which can form immune complexes with a previously well- Ag IgE, induced heightened inflammatory responses.

characterized mouse monoclonal anti-DNP IgE Ab. To conserve - | dA d ble ai

the amount of IgE to be used, we administered the Ag or theJ="19 COMPIEXES and Ag produce comparable airway
. - - . inflammatory responses in ERI-deficient mice
immune complexes intranasally, rather than giving them in an
aerosolized form. First, we established that OVA-alum-immunizedT0 better understand the mechanisms by which the IgE-Ag com-
mice developed similar levels of airway inflammation (cellular in- plexes affect heightened airway inflammatory responses over the
filtration and IL-4 levels) on intranasal challenge with either OVA Ag alone, we compared the responses induced by intranasal ad-
or TNP-OVA (data not shown). We then compared airway inflam-ministration of TNP-OVA-IgE complexes vs TNP-OVA in OVA-
mation induced by intranasally administered TNP-OVA and IgE-sensitized FeRI(—/—) mice. As a control, we used a mouse strain
TNP-OVA, in mice previously immunized with OVA. As shown thatis also deficient in the murine &I-«a chain but expresses the

in Fig. 4, the BAL fluid from mice challenged with IgE-TNP-OVA human FeRlI-a chain (mast cells in these mice contain functional
contained significantly higher numbers of eosinophils (Fig) 4 FceRl, that recognizes endogenous murine IgE). As shown in Fig.
and higher levels of IL-4 (Fig.@), as compared with that obtained 6, the BAL fluid IL-4 levels in FeRI(—/—) mice challenged with
from mice challenged with TNP-OVA alone. In addition, BAL either IgE immune complexes or Ag alone were similar. In con-
fluid from mice challenged with IgE immune complexes containedtrast, in Tg1101 mice, the immune complexes induced higher lev-
significantly higher numbers of neutrophils as compared withels of IL-4 than Ag alone.

those from mice challenged with the Ag alone (Fi®)4To as- . .

certain that it was the presence of immune complexes rather thaP'SCUSSlon

the mere addition of IgE that contributed to the augmented inflamThe studies presented herein demonstrate that: 1) significant
matory response, we also challenged mice with TNP-OVA plusamounts of both free IgE as well as IgE immune complexes are
ragweed Ag-specific monoclonal IgE. As shown in Fig. 5, only

Mice Lreatment
None FeeR1 -/- TNP-OVA
Anti-DNP IgE FeeR1 -/~ TNP-OVA-IgE
Anti-ragweed IgE
Tgl101 TNP-OVA
TNP.OVA
Tgl101 TNP-OVA-IgE
TNP-OVA-
anti-DNP-IgE . 1 1 TR
0 20 40 60 80 100 120 140
TNP-OVA +
Anti-ragweed IgE IL-4 (pg/ml)
- L L n
0 100 200 300 400 500 FIGURE 6. Comparison of airway inflammation induced by TNP-

OVA-IgE and TNP-OVA in FeRI(—/—) mice. FeRI(—/—) mice and
Tg1101 mice, which express functional humarefRkcin the place of mu-
FIGURE 5. Comparison of airway inflammation induced by TNP-OVA rine FaRI, were immunized with OVA in alum. After 14 days, they were

in combination with anti-DNP IgE or anti-ragweed IgE. Mice immunized challenged with TNP-OVA alone or TNP-OVA-IgE immune complexes
with OVA were challenged 14 days later intranasally with 2 rgtTNP- intranasally for 3 consecutive days. Three hours after the last challenge,
OVA mixed with 20 ug anti-DNP IgE or TNP-OVA mixed with 2Qug BAL fluid was collected from each mouse, and IL-4 levels were deter-
anti-ragweed IgE. The results are meanSD of data from three mice. mined by ELISA. The data are average values obtained from threedmice
Similar results were obtained in two separate experiments. SEM. Similar results were obtained in two independent experiments.

IL-4 ( pg/ml )
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present in airway secretions of mice that are sensitized to OVA inmmune complexes resulting in further exacerbation of airway in-
alum i.p. and later challenged with the same Ag in a nebulizedlammation. Second, [ERI is expressed by some types of APC,
form through the airways; 2) the IgE persists in the airway secreincluding monocytes (35), dendritic cells (36), and alveolar mac-
tions for >15 days after termination of the Ag exposure; 3) intra- rophages (37), and the IgE immune complexes may be more
nasally administered TNP-OVA-IgE immune complexes inducereadily captured by these cells and processed for Ag presentation.
significantly more pronounced airway inflammation over that in- Our results with FeRI-deficient mice indeed support a critical role
duced by the Ag (TNP-OVA) alone, as evidenced by the higherfor FceRI in the augmented responses induced by IgE immune
levels of IL-4 and larger numbers of eosinophils in the BAL fluid, complexes.

and 4) the higher potency of the IgE immune complexes over the .The opservation that BAL fluid from sensitizgd mice.c.hallenged
Ag is dependent on E®I, given that it was not observed in &R- with IgE |mmune.co.mplexes intranasally contains significant num-
deficient mice. In addition, airway inflammation induced by the Pers of neutrophils is noteworthy. Because anti-DNP-IgE or TNP-

IgE immune complexes differs qualitatively from that induced by O_VA alone fails _to induce an influx of neutrophils into a_irV\{ays,_ a

the Ag alone in that significant numbers of neutrophils are detectea'mpIe e_xplanatlon such as the presence of endotoxin in either

in BAL fluid from mice treated with the IgE immune complexes. preparation can be ruled out. It has been shown recently that mast

The detection of IaE in the BAL fluid in the mouse model used in cell protease 6 is effective in attracting neutrophils into the peri-

this study is consigstent with the fact that the airwa inflammationtoneal cavity of mice injected with this protease i.p., probably
y y through induction of an IL-8-like cytokine production by endothe-

|nducgd n ”."S model is a Th2 response, as amply documented_q}/al cells (38). Therefore, our finding can be explained at least in
other investigators studying the model. The mouse model of air

. . ) _part by the IgE immune complexes being more potent in activation
way inflammation has many features observed in human allergi f mast cells. The heightened neutrophil response could also be
airway inflammation. The accumulation of IgE in airways reported e ¢4 other mediators from mast cells or other inflammatory cells,

here rgpresents yet'another, because'IgE is also detected in airwﬁ‘)@gered by IgE immune complexes. Detection of neutrophils in
secretions present in human asthmatics (5). BAL fluid has clinical relevance, because neutrophils are fre-
There are several possible explanations for the presence of Ig&ently present in nasal secretions or BAL fluid from patients with
in the airway secretions. It has been reported that in mice subjecte&hergiC rhinitis or asthma (39, 40).
to airway Ag challenge, germinal centers are developed within the The significance of our findings, i.e., the presence of IgE in
parenchyma of the inflamed lung, and plasma cells producing Agajrway secretions and IgE immune complexes as potent inducers
specific Igs, including IgE, are present (28). These IgE-secretingf airway inflammation, must be discussed in the context of re-
plasma cells could migrate across the airway epithelia, togethgseated Ag exposure. It has recently been reported that in mice
with other inflammatory cells, and then gather in the secreted fluidprimarily sensitized with OVA and subsequently challenged with
Alternatively, IgE secreted by plasma cells present in the lunghe same Ag through the airways, a reexposure to OVA 1 wk after
parenchyma may diffuse through the interstitial space and the eghe first airway challenge results in an augmented allergic response
ithelial barrier and eventually accumulate in the secreted fluid(41). Although various factors could contribute to the augmented
Finally, it is also possible that the circulating IgE, which is ele- response, considering our finding that IgE persists in the airways
vated in these mice, is the source for some of the IgE found in théor >2 wk after last Ag exposure, it is possible that IgE immune
BAL fluid entering the airways via increased vascular permeabilitycomplexes, which are formed in the airways when the mice are
that occurs during inflammation. reexposed to the Ag, contribute to the potentiated secondary
There are also several possible mechanisms for the enhancé@Sponse.
response induced by Ag-IgE complexes as compared with Ag IgE is believed to play an important role in human allergic in-
alone. First, it may be mediated through type Il IgE receptorflammation. However, the role of IgE in the mouse model of al-
(FceRIN). This receptor is expressed by APC and shown to have dergic airway inflammation has not be_en d(_aflnltlvely establlshed. It_
role in Ag presentation (29-31). Thus, the IgE immune complexeé‘as been shovx_/n that treatment of mice with n_onanaphylactlc anti-
could be more effectively captured through this receptor. Also J9E Ab results in an attenuated response to airway challenge, sup-

alveolar macrophages expresseRt, which has been shown to ‘porting a contributory role of IgE in airway inflammation in this

mediate the production of cytokines and chemokines (32). Thug'0Us€ model (42). On the other hand, IgE-deficient mice gener-

IgE immune complexes may be more effective than the Ag inated py gene targeung showed eosinophilia and airway hyperre-
L L sponsiveness after airway challenge that are comparable to the
activating these cells via this receptor.

The possible involvement of ERI is obvious. First, the IgE wild-type mice (43). It is possible that several pathways are in-

. T ) .volved in the overall response observed in the mouse model of
immune complexes are more effective in inducing mast cell acti-

tion th h linki f ERI wh A link allergic airway inflammation and that IgE is involved in one or
vation througn cross-iinking o » Whereas g can Cross-link 516 of these pathways. Genetically IgE-deficient mice might be
only the receptor occupied by IgE specific for the given Ag. Aug-

T ! a able to mount a full allergic response comparable to that found in
mented mast cell activation may directly contribute to the moreyq wild-type mice through IgE-independent pathways only. Also
pronounced inflammatory responses that are observed, or indigjeyant to the present discussion is the role of mast cells in aller-
rectly contribute to the augmented inflammatory responses throug&iC airway inflammation. Based on their localization in airway
the cytokines or cheekiness that they produce. In this context, ifissyes and their production of various potent inflammatory medi-
has been shown that IgE can up-regulate mouse mast a#1Fc  5tors, mast cells are believed to play an important role in allergic
(33). This in turn makes the mast cells more responsive to I9E-Agijrway inflammation (44). However, there are studies that show
immune complexes, perhaps passing the critical threshold for maghat mast cell-deficient mice develop airway inflammation compa-
cells to release cytokines such as IL-4. The IL-4 released by mashble to their normal congenic mice upon airway Ag challenge
cells can in turn up-regulate IgE synthesis by B cells in bronchus{45), although other studies found that mast cell-deficient mice
associated lung tissue (BALT) areas of lung tissue independent afeveloped significantly reduced eosinophilia in the airways as
T cells (34). These events can lead to a domino effect where moreompared with the normal congenic mice (46). Again, the results
IgE produced by B cells may become involved in forming more demonstrate the complexity and redundancy in the mechanisms
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responsible for airway inflammatory responses and the relatives.

contribution of mast cell-dependent pathway may be dependent on
the procedures used to induce airway inflammation (47).

In summary, our data suggest that IgE immune complex-medi-
ated enhanced airway inflammation in the mouse model is likely
result of a series of events, involving, among other possible mech-
anisms, lung mast cell activation, and provide new evidence for a
central role for IgE and mast cells in airway inflammation. Our
findings should be relevant to chronic allergic inflammation in hu-
mans repeatedly exposed to allergen. In allergic human individu-

als, in which allergen-specific IgE Abs may be present in airway!®:

secretions, IgE immune complexes could be formed on exposure to
the specific allergens, which could contribute to augmented aller-

gic responses. Thus, allergen-specific IgE present in the airwag®

secretions may facilitate the perpetuation of allergic airway
inflammation.

21.

Acknowledgments

We thank Dr. Wai-Ping Fung-Leung of R.W. Johnson Pharmaceutical Re22.

search Institute for providing FceRi(—) and Tg1101 mice, Dr. Jian
Gong for preparation of TNP-OVA and anti-DNP IgE, Lan Yu for main-
taining the transgenic mice, Ellenie Tuazon for differential cell counts, Dr.

administration of proteins, Dr. J. Ohara for providing purified IL-4, Dr.

Bruce Zuraw for reviewing the manuscript, and Jane Gentry for assistance4-

in preparation of the manuscript.

References

1. Ownby, D. R. 1993Clinical significance of IgE.In Allergy, Principles and
Practice Mosby-Year Book, St. Louis, p. 1059.
2. Burrows, B., F. D. Martinez, M. Halonen, R. A. Barbee, and M. G. Cline. 1989.

25.

Association of asthma with serum IgE levels and skin-test reactivity to allergens.26.

N. Engl. J. Med. 320:271.

3. KleinJan, A., T. Godthelp, A. W. Van Toornenenbergen, and W. J. Fokkens.27.

1997. Allergen binding to specific IgE in the nasal mucosa of allergic patients.
J. Allergy Clin. Immunol. 99:515.

4. Durham, S. R., H. J. Gould, C. P. Thienes, M. R. Jacobson, K. Masuyama,
S. Rak, O. Lowhagen, E. Schotman, L. Cameron, and Q. A. Hamid. 1997. Ex-

pression ofe germ-line gene transcripts and mRNA for the [/oe] heavy chain of >g.

IgE in nasal B cells and the effects of topical corticoster&dr. J. Immunol.
27:2899.

5. Crimi, E., A. Scordamaglia, P. Crimi, S. Zupo, and S. Barocci. 1983. Total andg,
specific IgE in serum, bronchial lavage and bronchoalveolar lavage of asthmatic
patients.Allergy 38:553.

6. Diaz Sanchez, D., A. R. Dotson, H. Takenaka, and A. Saxon. 1994. Diesel ex
haust particles induce local IgE production in vivo and alter the pattern of IgE
messenger RNA isoformd. Clin. Invest. 94:1417.

7. Peebles, R. S., Jr., M. C. Liu, N. F. Adkinson, Jr., L. M. Lichtenstein, and
R. G. Hamilton. 1998. Ragweed-specific antibodies in bronchoalveolar lavage
fluids and serum before and after segmental lung challenge: IgE and IgA asso-
ciated with eosinophil degranulatiod. Allergy Clin. Immunol. 101:265.

8. Renz, H., H. R. Smith, J. E. Henson, B. S. Ray, C. G. Irvin, and E. W. Gelfand.

duction and increased airways responsiveness in the maduséergy Clin. Im-
munol. 89:1127.

9. Kung, T. T., H. Jones, G. K. Adams, S. P. Umland, W. Kreutner, R. W. Egan,
R. W. Chapman, and A. S. Watnick. 1994. Characterization of a murine model o
allergic pulmonary inflammatiorint. Arch. Allergy Immunol. 105:83.

10. Herz, U., U. Lumpp, J. C. Da Palma, K. Enssle, K. Takatsu, N. Schnoy, A. Daser,

E. Kottgen, U. Wahn, and H. Renz. 1996. The relevance of murine animal models35-

to study the development of allergic bronchial asthinamunol. Cell Biol. 74:
2009.

11. Nakajima, H., I. lIwamoto, S. Tomoe, R. Matsumura, H. Tomioka, K. Takatsu,

and S. Yoshida. 1992. CD4T-lymphocytes and interleukin-5 mediate antigen- 36.

induced eosinophil infiltration into the mouse trachéa. Rev. Respir. Dis.
146:374.

Cohn, L., R. J. Homer, A. Marinov, J. Rankin, and K. Bottomly. 1997. Induction
of airway mucus production by T helper 2 (Th2) cells: a critical role for inter-
leukin 4 in cell recruitment but not mucus productidn.Exp. Med. 186:1737.
Brusselle, G. G., J. C. Kips, J. H. Tavernier, J. G. Van der Heyden,
C. A. Cuvelier, R. A. Pauwels, and H. Bluethmann. 1994. Attenuation of allergic
airway inflammation in IL-4 deficient miceClin. Exp. Allergy 24:73.

12.

13.

14.
J. P. Wiener-Kronish, and R. M. Locksley. 1996. Interleukin 4, but not interleukin
5 or eosinophils, is required in a murine model of acute airway hyperreactivity.
J. Exp. Med. 183:109.

16.

28.

31.

1992. Aerosolized antigen exposure without adjuvant caused increased IgE pro3s: Yamaguchi, M., C. S. Lantz, H. C. Oettgen, I.

37.

Corry, D. B., H. G. Folkesson, M. L. Warnock, D. J. Erle, M. A. Matthay, 38.

ROLE OF IgE IN ALLERGIC AIRWAY INFLAMMATION

Hamelmann, 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 devel-
opment of airway hyperresponsivenessa. J. Respir. Cell Mol. Biol. 16:674.
Foster, P. S., S. P. Hogan, A. J. Ramsay, K. I. Matthaei, and I. G. Young. 1996.
Interleukin 5 deficiency abolishes eosinophilia, airways hyperractivity, and lung
damage in a mouse asthma modelExp. Med. 183:195.

a17. DiCosmo, B. F., G. P. Geba, D. Picarella, J. A. Elias, J. A. Rankin, B. R. Stripp,

J. A. Whitsett, and R. A. Flavell. 1994. Airway epithelial cell expression of
interleukin-6 in transgenic mice. Uncoupling of airway inflammation and bron-
chial hyperreactivity J. Clin. Invest. 94:2028.

18. Wills-Karp, M., J. Luyimbazi, X. Xu, B. Schofield, T. Y. Neben, C. L. Karp, and

D. D. Donaldson. 1998. Interleukin-13: central mediator of allergic asti8oa.
ence 282:2258.

Grinig, G., M. Warnock, A. E. Wakil, R. Venkayya, F. Brombacher,
D. M. Rennick, D. Sheppard, M. Mohrs, D. D. Donaldson, R. M. Locksley, and
D. B. Corry. 1998. Requirement for IL-13 independently of IL-4 in experimental
asthmaScience 282:2261.

Zhu, Z., R. J. Homer, Z. Wang, Q. Chen, G. P. Geba, J. Wang, Y. Zhang, and
J. A. Elias. 1999. Pulmonary expression of interleukin-13 causes inflammation,
mucus hypersecretion, subepithelial fibrosis, physiologic abnormalities, and
eotaxin productiond. Clin. Invest. 103:779.

Hessel, E. M., W. W. Cruikshank, I. Van Ark, J. J. De Bie, B. Van Esch,
G. Hofman, F. P. Nijkamp, D. M. Center, and A. J. M. Van Oosterhout. 1998.
Involvement of IL-16 in the induction of airway hyper-responsiveness and up-
regulation of IgE in a murine model of allergic asthnrdalmmunol. 160:2998.
Gavett, S. H., D. J. O'Hearn, X. M. Li, S. K. Huang, F. D. Finkelman, and
M. Wills-Karp. 1995. Interleukin 12 inhibits antigen-induced airway hyperre-
sponsiveness, inflammation, and Th2 cytokine expression in midexp. Med.
182:1527.

X X N X 3. Kips, J. C., G. J. Brusselle, G. F. Joos, R. A. Peleman, J. H. Tavernier,
John Nedrud at Case Western Reserve University for advice on intranasal

R. R. Devos, and R. A. Pauwels. 1996. Interleukin-12 inhibits antigen-induced
airway hyperresponsiveness in mié¢en. J. Respir. Crit. Care Med. 153:535.
Fung-Leung, W. P., J. D. Sousa-Hitzler, A. Ishaque, L. B. Zhou, J. Pang, K. Ngo,
J. A. Panakos, E. Chourmouzis, F. T. Liu, and C. Y. Lau. 1996. Transgenic mice
expressing the human high-affinity immunoglobulin (Ig) E receptahain re-
spond to human IgE in mast cell degranulation and in allergic reactiorisxp.

Med. 183:49.

Liu, F.-T., J. W. Bohn, E. L. Ferry, H. Yamamoto, C. A. Molinaro,

L. A. Sherman, N. R. Klinman, and D. H. Katz. 1980. Monoclonal dinitrophenyl-
specific murine IgE antibody: preparation, isolation and characterizatidm-
munol. 124:2728.

Liu, F.-T., and D. H. Katz. 1984. Mouse monoclonal IgE antibodies specific for
ragweed pollen antigenslybridoma 3:277.

Chen, S.-S., and J. Cerny. 1980. Studies on hapten-specific B cell tolerance in
vitro. I. The inductive phase of central B cell tolerandelmmunol. 125:1962.
Chvatchko, Y., M. H. Kosco Vilbois, S. Herren, J. Lefort, and J. Y. Bonnefoy.
1996. Germinal center formation and local immunoglobulin E (IgE) production in
the lung after an airway antigenic challengeExp. Med. 184:2353.

Kehry, M. R., and L. C. Yamashita. 1989. Low-affinity IgE receptor (CD23)
function on mouse B cells: role in IgE-dependent antigen focudtngc. Natl.
Acad. Sci. USA 86:7556.

. Pirron, U., T. Schlunck, J. C. Prinz, and E. P. Reiber. 1990. IgE-dependent an-

tigen focusing by human B lymphocytes is mediated by low-affinity receptor for
IgE. Eur. J. Immunol. 20:1547.

Mudde, G. C., T. T. Hansel, F. C. v.Reijsen, B. F. Osterhoff, and
C. A. F. M. Bruijnzeel-Koomen. 1990. IgE: an immunoglobulin specialized in
antigen captureftmmunol. Today 11:440.

32. Gosset, P., |. Tillie-Leblond, S. Oudin, O. Parmentier, B. Wallaert, M. Joseph,

and A. B. Tonnel. 1999. Production of chemokines and proinflammatory and
antiinflammatory cytokines by human alveolar macrophages activated by IgE
receptorsJ. Allergy Clin. Immunol. 103:289.

M. Katona, T. Fleming,
I. Miyajima, J. P. Kinet, and S. J. Galli. 1997. IgE enhances mouse mast cell
FceRI expression in vitro and in vivo: evidence for a novel amplification mech-
anism in IgE-dependent reactiords.Exp. Med. 185:663.

$34. Gauchat, J.-F., S. Henchoz, G. Mazzel, J.-P. Aubry, T. Brunner, H. Blasey,

P. Life, D. Talabot, L. Flores-Romo, J. Thompson, et al. 1993. Induction of
human IgE synthesis in B cells by mast cells and basopNasure 365:340.
Maurer, D., E. Fiebiger, B. Reininger, B. Wolff-Winiski, M.-H. Jouvin,

O. Kilgus, J.-P. Kinet, and G. Stingl. 1994. Expression of functional high affinity
immunoglobulin E receptors (ERI) on monocytes of atopic individuald. Exp.

Med. 179:745.

Maurer, D., E. Fiebiger, C. Ebner, B. Reininger, G. F. Fischer, S. Wichlas,
M. H. Jouvin, M. Schmitt-Egenolf, D. Kraft, J. P. Kinet, and G. Stingl. 1996.
Peripheral blood dendritic cells expresseRt as a complex composed of
FceRla- and FeRly-chains and can use this receptor for IgE-mediated allergen
presentationJ. Immunol. 157:607.

Ochiai, K., M. Kagami, K. Umemiya, R. Matsumura, T. Kawashima, and
H. Tomioka. 1996. Expression of high-affinity IgE receptor (Fc[/oe]RI) on human
alveolar macrophages from atopic and non-atopic patiénts.Arch. Allergy
Immunol. 111(Suppl. 1):55.

Huang, C., D. S. Friend, W. T. Qiu, G. W. Wong, G. Morales, J. Hunt, and
R. L. Stevens. 1998. Induction of a selective and persistent extravasation of
neutrophils into the peritoneal cavity by tryptase mouse mast cell protease 6.
J. Immunol. 160:1910.



The Journal of Immunology

2673

39. Teran, L. M., M. G. Campos, B. T. Begishvilli, J.-M. Shroder, R. Djukanovic, 43. Mehlhop, P. D., M. Van de Rijn, A. B. Goldberg, J. P. Brewer, V. P. Kurup,

J. K. Shute, M. K. Church, S. T. Holgate, and D. E. Davies. 1997. Identification
of neutrophil chemotactic factors in bronchoalveolar lavage fluid of asthmatic
patients.Clin. Exp. Allergy 27:396.

40. Wenzel, S. E., S. J. Szefler, D. Y. M. Leung, S. I. Sloan, M. D. Rex, and
R. J. Martin. 1997. Bronchoscopic evaluation of severe asti#ma.J. Respir.
Crit. Care Med. 156:737.

41. Garlisi, C. G., A. Falcone, J. A. Hey, T. M. Paster, X. Fernandez, C. A. Rizzo,45.

M. Minnicozzi, H. Jones, M. M. Billah, R. W. Egan, and S. P. Umland. 1997.
Airway eosinophils, T cells, Th2-type cytokine mRNA, and hyperreactivity in

response to aerosol challenge of allergic mice with previously established pulyg

monary inflammationAm. J. Respir. Cell Mol. Biol. 17:642.

42. Coyle, A. J., K. Wagner, C. Bertrand, S. Tsuyuki, J. Bews, and C. Heusser. 1996.

Central role of immunoglobulin (Ig) E in the induction of lung eosinophil infil-

tration and T helper 2 cell cytokine production: Inhibition by a non-anaphylac- 47-

togenic anti-IgE antibodyd. Exp. Med. 183:1303.

T. R. Martin, and H. C. Oettgen. 1997. Allergen-induced bronchial hyperreac-
tivity and eosinophilic inflammation occur in the absence of IgE in a mouse
model of asthmaProc. Natl. Acad. Sci. USA 94:1344.

. Galli, S. J.,, and J. J. Costa. 1995. Mast-cell-leukocyte cytokine cascades in al-

lergic inflammation Allergy 50:851.

Takeda, K., E. Hamelmann, A. Joetham, L. D. Shultz, G. L. Larsen, C. G. Irvin,
and E. W. Gelfand. 1997. Development of eosinophilic airway inflammation and
airway hyperresponsiveness in mast cell-deficient mic&xp. Med. 186:449.
Kung, T. T., D. Stelts, J. A. Zurcher, H. Jones, S. P. Umland, W. Kreutner,
R. W. Egan, and R. W. Chapman. 1995. Mast cells modulate allergic pulmonary
eosinophilia in miceAm. J Respir. Cell Mol. Biol. 12:404.

Galli, S. J. 1997. Complexity and redundancy in the pathogenesis of asthma:
reassessing the roles of mast cells and T céll€xp. Med. 186:343.



