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Abstract
Studies performed using cultured cells indicate that IgE functions not only to trigger degranulation
of mast cells following allergen exposure but also to enhance their survival. Such an influence of
IgE on mast cell homeostasis during allergic responses in vivo has not been established. Here we
show that inhalation of Aspergillus fumigatus (Af) extract in mice induced a dramatic rise in IgE
accompanied by an increase in airway mast cells. These had an activated phenotype with high levels
of FcεRI. Plasma mast cell protease-1 was also increased, indicating an elevated systemic mast cell
load. In addition, enhanced levels of IL-5 and eosinophils were observed in the airway. Both mast
cell expansion and activation were markedly attenuated in IgE−/− animals which are incapable of
producing IgE in response to Af. The recruitment of eosinophils to the airways was also reduced in
IgE−/− mice. Analyses of potential cellular targets of IgE revealed that IgE antibodies are not required
for the induction of mast cell progenitors in response to allergen but rather act by sustaining the
survival of mature mast cells. Our results identify an important role for IgE antibodies in promoting
mast cell expansion during allergic responses in vivo.
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Introduction
Asthma commonly affects individuals with atopy, a genetic predisposition to generate allergen-
specific IgE antibodies. The disease is characterized both by T cell-driven airway inflammation
with eosinophil and mononuclear cell infiltration of the airway mucosa and by superimposed
acute exacerbations triggered by the interaction of IgE antibodies with inhaled aeroallergens
(1–4). Pedigree analyses reveal an association between IgE levels and disease activity in asthma
(5–9). In allergic subjects, acute allergen-induced decreases in FEV1 are markedly blunted by
IgE blockade with the monoclonal anti-IgE antibody, omalizumab (10). Mast cells are present
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in the airways of patients with asthma (11–13), where they are optimally situated to trigger
hypersensitivity responses upon exposure to inhaled environmental antigens. A correlation has
been observed between numbers of mast cells in bronchial smooth muscle and asthma severity
(14).

Although IgE antibodies provide a critical antigen-specific activation function for mast cells
in initiating both immediate hypersensitivity and late phase responses, there is evidence that
they also regulate mast cell survival and phenotype. Several recent studies using cultured bone
marrow-derived mast cells (BMMC) have established that IgE can function as a survival factor
for mast cells in an FcεRI-dependent fashion (15–18). In addition to enhancing BMMC
survival, IgE antibodies, even in the absence of antigen, have been shown to modulate their
phenotype, increasing levels of transcripts for IL-6, IL-4, TNF-α and IL-13 as well as secretion
of IL-6 protein. We have observed that the splenic mastocytosis induced by infestation with
the parasite, Trichinella spiralis, is IgE dependent (19) and Kitaura and colleagues have shown
that IgE can enhance mast cell responses in mice injected with an IgE-secreting hybridoma
(20).

These observations led us to hypothesize that IgE antibodies produced in the course of an
allergic response might serve not only to arm mast cells for allergen-triggered mediator release
but also to sustain mast cell expansion, promote FcεRI expression and induce an activated
phenotype. Such an IgE-driven amplification of the mast cell population and activation state
might provide an increased tissue reservoir both of mediators of immediate hypersensitivity
and of the cytokines and chemokines capable of initiating the recruitment of inflammatory cells
in chronic allergic disease. In order to test this hypothesis and assess the role of IgE antibodies
in airway mast cell responses during allergen exposure, we chose to use a model of airway
inflammation in which mice are repeatedly exposed to an aqueous extract of Aspergillus
fumigatus, Af, resulting in the production of levels of IgE higher than elicited in OVA models.
Our analyses of the Af responses of IgE−/− mice previously established that intense airway
inflammation and bronchial hyperresponsiveness (BHR) can arise in the absence of IgE (21).
However neither the effect of Af inhalation on airway mast cell numbers nor the role of IgE
antibodies in regulating mast cell homeostasis in this allergic disease model has been studied
before.

We found that mice subjected to repeated inhalation of Af displayed a vigorous IgE response
accompanied by a robust expansion of mast cells in the trachea and mainstem bronchi. These
mast cells expressed higher levels of FcεRI and produced elevated levels of IL-5 compared to
those from saline-treated control animals. In contrast, IgE−/− mice, which were incapable of
generating an IgE response to Af, exhibited neither the increased numbers of mature mast cells
nor the increased FcεRI density or IL-5 expression observed in WT animals. The expansion
of mast cells in Af-treated WT mice was associated with enhanced levels of IL-5 and a more
vigorous recruitment of eosinophils in the airways of WT than IgE−/− mice.

We considered it likely that IgE antibodies might exert their effect on airway mast cell numbers
at the level of mature mast cells (which express the IgE receptor, FcεRI) rather than on receptor-
negative progenitors. This hypothesis was supported by our observation that mast cell
progenitors were recruited to the inflamed airways of both WT and IgE−/− mice following Af
exposure but that survival of adoptively transferred mature mast cells was preferentially
sustained in mice with high IgE levels. These findings identify important novel roles for IgE
antibodies in the regulation of mast cell homeostasis and phenotype during allergic responses
in vivo.
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Materials and methods
Reagents and mice

A sterile aqueous extract of Af (1:10 w/v at 87,000 PNU/ml) was obtained from Greer
Laboratories (Lenoir, NC). IgE−/− mice (22) were bred onto a BALB/c background (ten
generations). Wild-type (WT) BALB/c mice were purchased from Taconic Farms
(Germantown, NY). Mice were housed in a specific pathogen-free environment and were 6 to
12 weeks old. All experiments were carried out in accordance with the IACUC policies and
procedures of The Children’s and The Brigham and Women’s Hospitals.

Sensitization of mice
Mice were lightly anesthetized by isoflurane inhalation and 50 µl of Aspergillus antigen or
saline was applied to the nares. Mice were immunized three times a week for 3 weeks and were
studied 12–24 h after the final dose.

Histological analysis
Airway mast cells were enumerated by microscopic examination of sections of paraffin-
embedded airway tissue. Briefly, tracheae and main-stem bronchi were fixed in 10% buffered
formalin and embedded in paraffin. Tissue sections were stained with toluidine blue and
chloroacetate esterase. Mast cells were counted in 4–5 complete cross-sections of trachea,
bronchus or spleen as specified in the figure labels. The numbers of mast cells were calibrated
to unit length of epithelium (airway) or tissue area (spleen).

Collection of specimens
For BAL, 1 ml of staining medium (SM) consisting of Hank’s balanced salt solution (HBSS)
supplemented with 10mM HEPES buffer at pH 7.2 and 2% newborn calf serum was infused
into the trachea and then retrieved. To obtain lung cell suspensions for flow cytometry, whole
lungs were minced and treated with 1.3 mM EDTA in HBSS at 37°C for 30 min with shaking,
followed by digestion with 100 U/ml collagenase (Life Technologies, Rockville, MD) in RPMI
containing Ca++ and Mg++ and 5% FCS, at 37°C for 1 h. Released cells were mashed through
a cell strainer (BD Biosciences) and washed with PBS. Erythrocytes were lysed by hypotonic
shock and cells were resuspended in SM. Total cells were enumerated and viability was
assessed by trypan blue exclusion. The viable cells (propidium iodide-negative) in these
preparations contained 80–85% CD45+ cells and the majority of these (75–85%) resided in the
mononuclear cell gate based on forward and side scatter analysis.

BAL cytology
BAL fluid was cytocentrifuged onto slides and differential cellular analysis was assessed by
light microscopy after staining with DiffQuik (Baxter).

Flow cytometry
Total cells from lung, spleen, BAL and peritoneal lavage were analyzed by flow cytometry.
Mast cells were stained as follows: cells were incubated with Fc-block (anti-CD16/CD32) for
10 min on ice to prevent any non-specific binding via the Fc receptor, followed by incubation
with 10 µg/ml of anti-DNP IgE for 45 min at 4°C. Cells were washed and then incubated with
various combinations of anti-c-Kit, anti-IgE and mAbs specific for lineage markers, including
CD3, CD4, CD8, CD45R, CD11b and Gr-1 for 30 min on ice. Mast cell progenitors were
similarly identified by using a cocktail of antibodies to CD45, CD34 and β7-integrin while
excluding lineage markers mentioned above. All mAbs were conjugated with either FITC, PE,
APC, PE-Cy5 or APC-Cy7 and were purchased from eBioscience (CA) and BD Biosciences
(CA). Cells were washed and resuspended in SM containing propidium iodide to differentiate
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between live and dead cells. Cells were analyzed using FACS Calibur and FACS Canto flow
cytometers and data was processed using either CellQuest (BD Biosciences, San Jose, CA) or
FlowJo (Treestar, Inc., OR) software.

Murine mast-cell protease 1 (mMCP-1), IL-5 and total IgE ELISA
mMCP-1 ELISA was performed on serum samples obtained after three weeks of treatment
with Af or normal saline using a kit (Moredun Scientific Ltd., Scotland) according to the
manufacturer’s instructions. IL-5 ELISA was performed on BAL supernatants using the
BDBiosciences murine IL-5 ELISA set. Total IgE levels in the sera were quantified by
sandwich ELISA as previously described (23).

Intracellular cytokine staining
Peritoneal lavage cells from WT or IgE−/− mice were incubated with Brefeldin A for 5 hrs at
37°C. Cells were then washed, incubated with anti-DNP IgE (20 µg/ml) at 4°C and stained for
the surface markers c-Kit and IgE. They were then washed, permeabilized and fixed using the
Cytofix/Cytoperm buffer from BD Biosciences, and incubated with an antibody to IL-5. Cells
were washed again, resuspended in fixative and read using a FACS Calibur.

Culture of bone marrow mast cells (BMMC)
BMMC were generated as previously described (24). Briefly, marrow was obtained from the
femurs and tibiae of naïve WT mice, and cultured with10 ng/ml IL-3 and 10 ng/ml SCF
(Peprotech) for 4–6 weeks. Harvested BMMC were > 95% positive for c-Kit and FcεRI by
flow cytometry and had characteristic appearance of mast cells on microscopic examination
of toluidine blue-stained cytospun specimens.

Quantitative PCR analysis of IL-5
Total RNA was extracted from BMMC using TRIzol® Reagent (Invitrogen, Carlsbad, CA)
following the manufacturer’s instructions. cDNA was generated with iScript cDNA synthesis
kit (Bio-Rad Laboratory, Hercules, CA). Quantitative real-time PCR was done using Taqman®
Gene Expression Assay probe, Taqman® PCR master mix and the ABI Prism 7300 sequence
detection system, all from Applied Biosystems, Fostercity, CA. Relative expression of IL-5
was calculated in comparison to a reference gene transcript, β2-microglobulin, using the
method described by Pfaffl (25).

Mast cell progenitor assay
The mast cell progenitor (MCp) assay was performed as previously described (24,26). Briefly,
a single cell suspension of lung mononuclear cells (MNCs) was obtained from saline and Af-
treated WT and IgE−/− mice. The cells were serially diluted 2-fold and 100 µl of each dilution
was plated in 96-well-flat-bottomed microtiter plates in 24 replicates. Cells were cultured with
100 µl of 105 naïve irradiated splenic feeder cells and recombinant cytokines, IL-3 (20 ng/ml)
and SCF (100 ng/ml) at 37°C for 12–14 days. Wells containing mast cell colonies were
enumerated using an inverted microscope. The MCp concentration was expressed as the
number of MCps obtained per million MNCs. The total number of MCp/lung was derived by
multiplying the concentration of MCp by the MNC yield per lung for individual mice or divided
by the total number of lungs when MNCs were pooled from more than one mouse.

CFSE labeling and transfer of mast cells
BMMC were treated with 5µM CFSE/DMSO in PBS and incubated at 37°C for 5 minutes
without shaking. CFSE-labeling was quenched by addition of ice-cold media. CFSE labeling
was confirmed to be greater than 99% before adoptive transfer. Approximately 2.0 × 10 6 cells
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were injected i.p. into WT and IgE−/− mice, which had been subjected to the 3-week Af regimen
followed by a week of rest. Similarly, a single mouse in each group received equivalent
numbers of unlabeled cells to compare background signal in the FL-1 channel. Following
transfer, 5 experimental mice from each group were sacrificed on days 1, 2, 3 and 6, and
peritoneal cells were examined for the presence of CFSE+c-Kit+FcεRI+ cells by flow
cytometry. Total numbers of positive cells were enumerated as a fraction of the total peritoneal
cellular inflammation.

BrdU incorporation and transfer of mast cells
During the final week of BMMC generation, BMMC were cultured in the presence of 10 µM
BrdU (BD Biosciences). BrdU+ WT BMMC were subsequently harvested and ~ 1 × 106 cells
were injected i.p. into WT and IgE−/− mice, which had been subjected to the 3-week Af regimen
followed by a week of rest. Six days following transfer of BrdU+ mast cells, mice were
sacrificed and peritoneal cells were examined for the presence of BrdU+ cells, expressing c-
Kit and FcεRI by flow cytometry using the BrdU Detection Kit (BD Biosciences). Background
fluorescence was assessed by similarly injecting Af-treated mice with WT BMMC, which had
been cultured in the absence of BrdU.

Determination of apoptosis in transferred mast cells
Six days after transfer, transferred mast cells were isolated from the peritoneum and examined
for the induction of apoptosis using AnnexinV staining (BDBiosciences). Cells were stained
with Annexin V and the total numbers of AnnexinV-positive mast cells was enumerated.

Statistical analysis
Differences in values for various experimental groups were examined for significance using
the two-tailed Student's t test. All data are shown as the mean response ± SEM.

Results
IgE antibodies support airway mast cell expansion following Aspergillus fumigatus
inhalation

Mice were treated either with saline or Af intranasally over a period of 3 weeks resulting in a
vigorous IgE response in wild-type (WT) but not IgE−/− animals (Fig. 1). A dramatic expansion
of toluidine blue- and chloroacetate esterase-positive spindle-shaped mast cells containing
heterochromatic granules was seen in the trachea and mainstem bronchi of WT mice after Af
exposure (Fig. 2A). Enumeration of mast cells in bronchi revealed increases from <3 cells/mm
to approximately 10 cells/mm, with a similar increase from 1 cell/mm to >5 cells/mm in
tracheae (Fig. 2B). Numerous degranulating cells were evident. Intraepithelial mast cells were
also seen in some sections and many of the mast cells were located around tracheal smooth
muscle. In contrast, Af treatment did not significantly alter mast cell numbers in the airways
of IgE−/− mice. Mast cell expansion was not restricted to the tissue site of initial allergen
encounter. In the spleens of Af-treated mice, mast cell numbers were also about three-fold
higher in WT mice than in IgE−/− animals (Fig. 2C).

The requirement for IgE in mast cell expansion was further assessed by flow-cytometric
analysis of bronchoalveolar lavage (BAL) fluid. Mast cells are typically identified on the basis
of expression of c-Kit and FcεRI. However, as we and others have observed, the levels of
FcεRI are so diminished on mast cells from IgE−/− mice that enumeration of mast cells cannot
be reliably performed in IgE−/− mice using FcεRI expression (27,28). In order to circumvent
this technical challenge, we identified mast cells on the basis of expression of c-Kit and the
absence of lineage markers for T (CD3, CD4, CD8) and B (B220) lymphocytes as well as
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granulocytes (Gr-1) as we have reported (29). We established that this staining specifically
identified mast cells by showing that the Lineage−c-Kit+ cells obtained from WT mice indeed
uniformly expressed FcεRI (Fig. 3A). CD34 was considered as an alternative mast cell marker.
However, we and others have observed downregulation of CD34 on mucosal mast cells under
certain circumstances, precluding reliance upon this antigen for their enumeration. Analysis
of the BAL of Af –treated animals by this flow cytometric approach revealed that recruitment
of mast cells to the airway of IgE−/− mice (770 ± 100 cells/ml) was significantly blunted
compared with WT controls (2,090 ± 200 cells/ml) (Fig. 3B). Taken together with the results
of our histologic enumeration of mast cells, these results provide strong evidence that Af-
induced mast cell expansion in the airways is enhanced in the presence of IgE antibodies.

The expression of FcεRI on mast cells during Af-induced allergic disease is regulated by IgE
We have previously shown that IgE acts as a positive regulator of its high-affinity receptor,
FcεRI, on mast cells (28). FcεRI-mediated signaling has been shown to be critical for the in
vitro effects of IgE on the survival of cultured mast cells (15,16). Therefore, we examined the
expression of FcεRI on peritoneal and lung mast cells in Af-treated mice. FcεRI was
significantly upregulated on both peritoneal (Fig. 4A) and lung (Fig. 4B) mast cells in WT
mice following Af exposure (FcεRI MFI increased from 133 ± 40 to 663 ± 36 on lung cells).
In contrast, FcεRI expression was unchanged following Af treatment in IgE−/− mice. As we
have previously observed, FcεRI levels were lower in IgE−/− than WT mast cells even at
physiologic baseline IgE levels. The intensity of staining was lower on both peritoneal and
lung mast cells from IgE−/− saline control mice than in cells from their WT counterparts.

Murine mast cell protease-1 (mMCP-1) levels are increased during Af-induced allergic
inflammation

The release of mast cell proteases during allergic inflammation provides a serum marker of
mast cell activation (30,31). We assessed the levels of serum mMCP-1 in WT and IgE−/− mice
after Af-treatment and found that serum mMCP-1 was undetectable in the serum of control
mice (the detection limit of the mMCP-1 ELISA is 0.25 ng/ml) but rose significantly following
Af treatment (399 ± 20 ng/ml). This increase was significantly blunted in mice lacking IgE
which displayed only 28% (111 ± 36 ng/ml) of the WT mMCP-1 levels (Fig. 5). These data
confirm our histologic and flow cytometric evidence that mast cell expansion in the setting of
allergen exposure is supported by IgE antibodies.

IL-5 production by mast cells is enhanced by IgE antibodies
Allergic inflammation is characterized by enhanced production of Th2 cytokines. One of these,
IL-5 is important both for eosinophilopoiesis and eosinophil recruitment. We observed
significantly increased levels of IL-5 in the airways of WT animals as compared to their
IgE−/− counterparts (Fig. 6 A). In contrast, no difference was observed in the levels of IL-13
between the two groups of mice (data not shown). We considered airway mast cells as a
potential source of IL-5 and examined the effects of IgE antibodies on their capacity to produce
this cytokine. Mast cells cultured in the presence of IgE have previously been shown to produce
IL-6, TNF-α, IL-4 and IL-13 (16). We observed that BMMC could similarly be induced to
produce mRNA for IL-5 when cultured with IgE (Fig. 6B). In order to establish whether IgE
antibody levels similarly modulate mast cell IL-5 production in vivo, we performed
intracellular IL-5 staining on freshly isolated mast cells from WT and IgE−/− mice. As it was
not possible to isolate sufficient numbers of pulmonary lineage−, c-Kit+ mast cells for this
analysis, we examined more readily available peritoneal mast cells which, we reasoned, had
been exposed to the same ambient IgE levels. Intracellular IL-5 staining of peritoneal mast
cells revealed that significantly more mast cells from Af-treated WT mice stained IL-5-positive
than from NS controls and this induction was observed only in WT but not IgE−/− mice (Fig.
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6 C). These findings indicate that IgE antibody levels are important in regulating mast cell IL-5
production.

IgE-induced mast cell expansion and IL-5 production are accompanied by increased airway
eosinophilia in WT mice

Activated mast cells produce a number of cytokines and chemokines capable of acting upon
vascular endothelium and trafficking leukocytes to orchestrate an inflammatory cell infiltrate.
Given the increase in mast cells in the airways of allergen treated animals as well as our
observation of IgE effects on mast cell IL-5 production, we considered the possibility that
cellular infiltration into the allergen exposed airway might be modulated by IgE. BAL fluid of
Af-treated WT and IgE−/− mice was subjected to cytologic analysis to characterize infiltrating
cell populations. A very dramatic increase in airway cells was induced by Af treatment in both
WT and IgE−/− mice (Fig. 7) consistent with our previous observation that allergen-induced
airway inflammation can arise independently of IgE antibodies (21). As expected, the cellular
profile included macrophages, lymphocytes, neutrophils and eosinophils. Notably, WT and
IgE−/− mice differed with respect to recruitment of eosinophils to the airway. Although a
significant eosinophil influx occurred both in the presence and absence of IgE, the BAL of
IgE−/− mice contained less than 50% the number of eosinophils as did WT animals (Fig. 7).
There appeared to be no other statistically-significant differences in the cellular composition
of WT vs. IgE−/− BAL. An apparent trend toward increased numbers of neutrophils was
observed in the BAL of IgE−/− mice, although not reaching statistical significance, suggesting
that the decrease in eosinophils was accompanied by a parallel increase in neutrophils in the
absence of IgE.

IgE is not required for the recruitment of mast cell progenitors to the lungs of Af-challenged
mice

Tissue mast cell expansion during immune responses to parasites and allergens is thought to
depend on the recruitment of mast cell precursors (MCp) to sites of inflammation (24,32–34).
To examine whether the expansion of mast cells in our model was a consequence of increased
recruitment of MCps to the airways following allergen exposure, we performed limiting
dilution analysis for lung MCp (Fig. 8 A). Using this approach, we found that the lungs of
saline-treated mice had fewer than 250 MCp per million cells and less than 1000 total MCp
per mouse. However, Af treatment induced robust recruitment of MCp to the lungs of both WT
(4,772 total ) and IgE−/− (3,976 total) mice, indicating that the recruitment of mast cell
precursors during allergic inflammation occurs by IgE-independent mechanisms.

To confirm this observation, we used a flow cytometric approach which we have previously
shown to enumerate tissue MCps (24). Tissue MCps are identified as CD45+, Lineage (CD3,
CD4, CD8, B220, CD11b, Gr-1)−, CD34+ and β7-integrin+. Consistent with the limiting
dilution assay, examination of lung mononuclear cells for the presence of cells with the
antigenic phenotype of MCp showed that allergen exposure led to a strong recruitment of mast
cell progenitors and that comparable numbers of MCps were present in the lungs of Af-treated
WT and IgE−/− mice (Fig. 8B). The functional and flow cytometric methods for MCp
enumeration were quite consistent with each other, indicating similar numbers of cells. These
findings therefore suggest that IgE antibodies are not required for the recruitment of mast cell
precursors to the airways leading us to speculate that the IgE effect likely occurs at the level
of the mature, FcεRI-expressing mast cell.

IgE is required for the survival of differentiated mast cells in vivo
As IgE antibodies appeared not to be necessary for the recruitment of mast cell progenitors
during Af-induced allergic inflammation we tested the hypothesis that they might instead
enhance the survival of differentiated mast cells in vivo just as they have previously been shown
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to support survival of cultured cells (15,16). BMMC were labeled with CFSE and adoptively
transferred into the peritoneum of WT and IgE−/− mice that had been treated with Af in order
to elicit IgE responses. Enumeration of transferred CFSE+c-Kit+IgE (FcεRI)+ mast cells in the
peritoneal fluid of recipient mice showed a gradual decline over a period of 6 days in both WT
and IgE−/−mice (Fig. 9A). While initial mast cell recovery at day one was similar in WT and
IgE−/− animals, consistent with comparable levels of reconstitution, mast cell numbers were
significantly lower in IgE−/− mice on both days 3 and 6 after adoptive transfer, suggesting that
IgE antibodies enhanced survival of mast cells in vivo (Fig. 9A). No dilution of the CFSE signal
was evident during the six day period of analysis (data not shown), indicating that IgE sustains
mast cell survival rather than inducing mast cell proliferation.

In order to confirm the effects of IgE on cell survival suggested by the CFSE experiments, we
similarly examined the recovery of BrdU-labeled mast cells after adoptive transfer into the
peritoneum of Af-treated WT and IgE−/− mice. Six days after transfer, about 3-fold more
BrdU+ mast cells were recovered from the peritoneum of Af-treated WT mice than from their
IgE−/− counterparts (Fig. 9B). The recovered mast cells expressed both c-Kit and FcεRI as
expected.

The relative paucity of transferred mast cells recovered from the peritoneal cavities of IgE−/−

vs. WT mice suggested the possibility of IgE delivering anti-apoptotic signals as has been
observed in cultured mast cells (15,16). The possibility of a similar anti-apoptotic effect of IgE
in vivo was examined by assessing surface levels of Annexin V on transferred mast cells, the
same method which had been used by Asai and colleagues to assess apoptosis levels in cultured
mast cells exposed to IgE (15). Significantly higher levels of Annexin V were detected in
CFSE+ transferred mast cells recovered from Af-treated IgE−/− mice as compared to WT
animals (Fig. 9C), mirroring the survival data shown in Fig. 9A&B. Taken together, these data
indicate that IgE antibodies regulate the survival of mature mast cells in the setting of in vivo
allergic responses.

Discussion
Mast cells armed with specific IgE antibodies and residing in the mucosa serve as airway
sentinels, sensing and responding to inhaled antigens. In patients with asthma, the IgE-
mediated activation of these cells following aeroallergen exposure induces release of
vasoactive and smooth muscle-constricting mediators which trigger acute airflow obstruction,
as well as the production of bioactive lipids, cytokines and chemokines which act in concert
to set the stage for eventual cellular influx and allergic airway inflammation. Our results
provide strong evidence that IgE antibodies not only serve as allergen sensors for airway mast
cells but also function as critical regulators of their survival and phenotype. Thus the cell-
sustaining properties of IgE antibodies for cultured mast cells recently reported by a number
of groups are important during IgE-inducing allergic responses in vivo as well.

IgE effects on mast cell homeostasis are not restricted to the allergic state; we have reported
that the splenic mastocytosis which occurs during infestation with the parasite, Trichinella
spiralis, is IgE dependent (19) and Kitaura and colleagues have shown that IgE can regulate
mast cell homeostasis in mice injected with an IgE-secreting hybridoma (20).

The presence of mast cells in bronchial mucosa and smooth muscle is associated with asthma
in humans; patients with other forms of bronchial inflammation do not harbor mast cells at
these sites (reviewed in (36) and (37)). Mast cell density in the smooth muscle is correlated
with responsiveness to methacholine (14). Mast cells also infiltrate mucous glands where they
regulate secretion and can additionally be found in the bronchoalveolar space and around
airway blood vessels. Chronic asthma is characterized by progressive irreversible airflow
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obstruction believed to be a consequence of airway “remodeling,” tissue changes in the airway
which include fibrosis and angiogenesis. As mast cells are closely associated with airway blood
vessels and produce angiogenic factors including histamine, proteases, TGF-β and VEGF, they
may provide critical signals for these long term changes. In the present study, we did not
observe differences in subepithelial collagen deposition or total lung collagen (data not shown)
between IgE−/− vs. WT animals but it is likely that the three week Af protocol does not really
recapitulate the years of chronic allergen exposure experienced by patients.

Several groups have employed murine models to assess the role of mast cells and IgE antibodies
in allergen-induced airway inflammation. An emerging theme from studies is that, under
conditions of strong allergenic stimulation, chronic airway inflammation and BHR can arise
completely independently of IgE and mast cells but IgE antibodies are important for acute
responses to allergen inhalation. When less intense sensitization protocols are employed, a
contributory role for IgE and mast cells can be discerned even in the induction of chronic
inflammation. It appears that, as has been observed in other systems, IgE and mast cells may
serve as amplifiers of the inflammatory response (17,38,39). Our own studies with IgE−/− mice
along with the work of others has shown that airway inflammation and BHR can be elicited in
allergen challenged mice even in the absence of IgE or other antibodies (21,40). Similar
findings have been reported regarding mast cells. Using a standard protocol in which mice are
sensitized to OVA i.p. and then challenged by inhalation, Takeda and colleagues found that
airway inflammation and BHR were the same in WT and W/Wv mice (41). Kobayashi and
colleagues also observed no defect in eosinophil recruitment and airway inflammation in W/
Wv mice but did see a mast cell effect on BHR (42). The groups of Galli and Broide have
established conditions under which protocols for OVA sensitization of the airways could be
modified, using repetitive exposure, to induce mast cell expansion thus allowing them to define
significant contributions of these cells to the allergen-induced eosinophil-predominant
inflammation and BHR (43,44). Studies by Mayr and colleagues using such a chronic OVA
protocol, suggested that the mast cell contribution to airway inflammation is IgE-dependent
and subsequent experiments using adoptive reconstitution of W/Wv mice with BMMC from
WT or FcεRI−/− donors performed by Taube et al. revealed a role for IgE in the airway mast
cell response to allergen (45,46). Additional work by Yu and colleagues, who reconstituted
W/Wv mice with BMMC from FcRγ+/+ and FcRγ−/− donors provided evidence for both IgE/
IgG-dependent and IgE/IgG-independent mast cell contributions (44). Taken together, these
reports suggest that mast cells and IgE antibodies can serve as amplifiers of inflammation in
the airway under physiologic allergen-limiting conditions..

The alum-free OVA models employed in the studies reviewed above typically elicit IgE levels
around 400 to 500 ng/ml (47). We have previously observed that inhalation alone (without
i.p. priming) of aqueous extracts of Af can drive IgE responses that are as much as ten to one
hundred times as high (21,48). As the central goal of our study was to examine the effects of
IgE antibody levels on mast cell numbers we chose to use this very robust IgE-inducing
protocol. The Af model offered the additional advantage that it might more directly reflect the
type of allergen exposure encountered by patients, namely a mixture of protein antigens and
non-protein fungal lipids and glycolipids with potential immunostimulatory adjuvant activities
for allergic responses. Indeed, we found that repeated Af inhalation, as had been reported by
others for repeated OVA inhalation, led to increased airway mast cell numbers in the airways
and spleen. These increases were demonstrated using both histology and flow cytometry and
corroborated by serum mMCP-1 levels. We have previously published that IgE antibodies are
not required for the induction of airway inflammation and BHR in the Af model (21). In contrast,
however, our current findings reveal a significant discrepancy between WT and IgE−/− mice
in terms of mast cell expansion, providing clear evidence that IgE antibodies specifically
regulate the homeostasis of this cell type. Furthermore, our present observations suggest that
IgE also regulates eosinophilia in the Af model. In our earlier work, using mice on a 129SvEv
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background (BALB/c is the strain of the present study) and a different source of Af, we observed
that IgE affected neither the recruitment of eosinophils to the BAL nor the induction of BHR
in Af-treated mice (21). In that study, the inflammatory response was markedly more intense
with IgE levels and total BAL eosinophil counts each about an order of magnitude higher than
in the current investigation. We speculate that a combination of factors related to strain
differences and Af extract potency may have induced such a strong inflammatory response in
the former study as to override the amplifying eosinophil enhancing effect of IgE and mast
cells we now observe.

Analyses of mast cell progenitor frequency and mature mast cell survival in the Af-treated mice
indicated that there was an intense recruitment of progenitors to the site of allergic airway
inflammation regardless of the presence of IgE. As these cells are at most weakly FcεRI-
positive, the absence of a requirement for IgE in their recruitment was anticipated (29). In
contrast, our studies using cultured mature BMMC labeled with CFSE+ and BrdU+ revealed
enhanced survival of differentiated mast cells in the peritoneum of Af-treated WT compared
with IgE−/− mice, supporting the hypothesis that IgE antibodies directly regulate the
homeostasis of mature mast cells during allergic responses in vivo.

Studies of IgE-mediated growth enhancement of cultured mast cells have not clearly elucidated
a mechanism whereby IgE supports survival. In order to determine whether mast cell regulation
by IgE might depend on the paracrine effects of other mast-cell growth factors, we assayed the
BAL of Af-treated WT and IgE−/− mice for the presence of known mast-cell stimulators
including IL-3, IL-4 and IL-9. We observed similar levels of IL-3 in both WT and IgE−/− mice
following Af inhalation and levels of IL-9 and IL-4 that were below the limits of detection (not
shown). These observations suggested to us that IgE supports mast cell survival in vivo
independently of these cytokines. However, a recent report by Kohno and colleagues suggested
that IgE regulates the survival of cultured mast cells via production of IL-3 (49). Preliminary
studies in our laboratory indicate that mast cell numbers fail to increase in the lungs and BAL
of IL-3−/− mice in spite of elevated levels of IgE suggesting that IL-3 may similarly be required
for IgE-driven mast cell expansion in vivo (data not shown). Such a requirement for IL-3 has
also been seen in the elicitation of mast cell responses during infestation with the nematode
parasite, S. Venezuelensis (50).

In order to determine whether, beyond enhancing mast cell numbers, IgE additionally regulates
mast cell phenotype in vivo, we examined mast cells for the production of intracellular
cytokines and for expression of FcεRI. Our finding that peritoneal mast cells from Af-treated
WT mice made more IL-5 than mast cells in the IgE-free environment of IgE−/− mice indicates
that IgE can regulate the amplitude of mast cell mediator production. Similarly, the very low
levels of FcεRI on mast cells from Af-treated IgE−/− mice point to an important role for IgE
antibodies in regulating IgE receptor levels in vivo. There is good evidence that IgE regulation
of FcεRI is operative in humans with allergic disease as well. In atopic cohorts, total serum
IgE levels are correlated with basophil FcεRI density and treatment with omalizumab has been
found to cause diminished FcεRI expression on mast cells, basophils and dendritic cells (51–
54). It is tempting to speculate that induction of FcεRI by elevated IgE levels in atopic
individuals might provide a positive feedback loop for supporting mast cell survival.

Several groups have reported diminished eosinophilic and mononuclear cell infiltration into
the airways of mast cell-deficient mice repeatedly subjected to OVA inhalation (44,45,47). We
have found that IgE-dependent allergen-induced mast cell expansion is also accompanied by
decreased numbers of eosinophils in the airway with an accompanying trend (statistically
insignificant in our hands) towards increase in the numbers of neutrophils. Thus the expansion
and chronic activation of mast cells in the airways of asthmatic patients along with their
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capacity to produce IL-5 and eosinophil specific chemokines might serve to amplify the
recruitment of eosinophils to the airways.

Production of IgE antibodies is the hallmark of the atopic state. The association of IgE levels
with asthma severity and the well-established function of IgE in driving immediate
hypersensitivity reactions following allergen encounter have focused attention on this antibody
isotype as a therapeutic target. Indeed IgE inhibitors have been developed based on these
aspects of IgE biology and are, as expected, very effective in blocking acute allergen-induced
airflow obstruction in asthmatics (10). Our findings provide novel insights into the role of IgE
antibodies in mast cell homeostasis and asthma pathogenesis and suggest additional potential
consequences of IgE blockade. Taken together with human and mouse data on the importance
of mast cells in driving the asthmatic response, the results presented here suggest that
modulation of IgE responses might provide benefits extending far beyond the inhibition of
immediate hypersensitivity.
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Figure 1.
Serum IgE levels are elevated in Af-treated WT but not IgE−/− mice. Total serum IgE was
determined by sandwich ELISA in wild-type (WT) or IgE−/− mice treated with Af or normal
saline (NS) for 3 weeks. 8–10 mice were analyzed in each group. nd = none detected, **** =
p<0.0001
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Figure 2.
Expansion of mast cells is induced in the trachea, bronchus and spleen of Af-treated WT but
not IgE−/− mice. WT and IgE−/− mice were treated intranasally with either Af or saline (NS)
for 3 weeks and mast cells were enumerated. (A) Toluidine blue (upper panels) and
chloroacetate esterase (lower panels) positive mast cells in representative cross-sections of
trachea. Mast cells indicated by arrows (red arrow for an intraepithelial mast cell) (B & C)
Toluidine blue positive mast cells in the main-stem bronchi, tracheae and spleens of Af-treated
animals. n=5 mice per group; * = p<0.05; ** = p<0.01; *** = p<0.001
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Figure 3.
Airway mast cells, enumerated by flow-cytometry, are increased in WT vs. IgE−/− Af-treated
mice. Peritoneal lavage and BAL fluid from Af-treated mice were examined by flow cytometry.
(A) Confirmation of the mast cell phenotype of Lineage (Lin)− c-Kit+ peritoneal cells. Cells
were stained with lineage-specific antibodies (CD3, B220, CD4, CD8, Gr-1) and anti-c-Kit.
Cells residing in the Lin−c-Kit+ gate, (R2), were analyzed for FcεRI expression. (B). Lin− c-
Kit+ mast cells are increased in the BAL of Af-treated WT mice. Cells from control NS mice
could not be analyzed because inadequate numbers were present in the BAL. n=5 mice per
group; * = p<0.05
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Figure 4.
FcεRI expression on mast cells from Af treated mice is increased in the presence of IgE.
Peritoneal and lung cells were isolated from normal saline (NS) or Af-treated mice and mast
cells were examined by flow cytometry. (A) FcεRI staining on peritoneal mast cells from Af-
treated (solid histograms) WT and IgE−/− mice is shown overlaid on expression in NS control
animals (unfilled histograms) of the same genotypes. The levels of FcεRI were assessed by
staining with anti-DNP IgE followed by anti-IgE. (B). Median Fluorescence Intensity (MFI)
of FcεRI expression on c-Kit+ cells from collagenase-digested lung tissue in normal saline
(NS) or Af-treated WT and IgE−/− mice. n=5 mice per group; **** = p<0.0001
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Figure 5.
Af-induced increases in murine mast cell protease-1 levels in Af-treated mice are enhanced in
the presence of IgE. Sera were isolated from normal saline (NS) or Af-treated WT and
IgE−/− mice after three weeks of treatment and mMCP-1 levels were quantified by ELISA. n=5
mice per group. nd = none detected **** = p<0.0001.
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Figure 6.
BAL IL-5 levels and IL-5 expression by cultured mast cells and mast cells in vivo are regulated
by IgE antibodies. (A) BAL fluid was obtained from normal saline (NS) or Af-treated WT and
IgE−/− mice and the levels of IL-5 were determined by sandwich ELISA. (B) Bone-marrow
derived mast cells were cultured in the presence of medium or 10 µg/ml IgE for 60 min. IL-5
mRNA was measured using real time quantitative PCR. IgG was used as a control. (C)
Peritoneal cells were isolated from NS or Af-treated WT and IgE−/− mice and number of IL-5-
positive cells assessed by intracellular staining.. * = p<0.05; ** = p<0.01; *** = p<0.001.
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Figure 7.
IgE antibodies regulate the pulmonary cellular infiltrate elicited by allergen inhalation.
Differential cell counts were performed on Wright-Geimsa-stained cytocentrifuged BAL
specimens from wild-type (WT) and IgE−/− mice treated with Af or normal saline (NS).
Percentages of macrophages (Mac), lymphocytes (lymph), polymorphonuclear neutrophils
(PMN) and eosinophils (eosin) were enumerated in individual samples and are depicted as a
fraction of the total cell count. n=5 mice per group. ns = not significant * = p<0.05; ** = p<0.01;
*** = p<0.001; ****=p<0.0001.
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Figure 8.
Mast cell progenitor recruitment to the airways of Af –treated mice occurs independently of
ambient IgE levels. Lung mononuclear cells were isolated from naïve or Af-treated WT and
IgE−/− mice and mast cell progenitors (MCp) enumerated by limiting dilution culture of IL-3/
SCF cultures of lung mononuclear cells as described in Methods. (A) MCp/million lung
mononuclear cells and total numbers of lung MCp are shown. (B) CD45+Lin (CD3, CD4, CD8,
B220, CD11b, Gr-1)−CD34+β-7integrin+ lung MCps as assessed by flow cytometry.
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Figure 9.
IgE supports the survival of differentiated mast cells in vivo and provides an anti-apoptotic
signal. (A). WT and IgE−/− mice were treated with Af. CFSE-labeled BMMC were injected (2
× 106 cells) into the peritoneal cavities of individual mice. Peritoneal cells were recovered 1,
3 and 6 days later and CFSE+c-Kit+FcεRI+ mast cells enumerated. Mice that received unlabeled
BMMC served as controls. n=5 mice per group. *=p<0.05. (B). BrdU labeled BMMC (1 ×
106 cells) were injected into the peritoneum of Af-treated, WT and IgE−/− mice. 6 days after
transfer, c-Kit+BrdU+ and FcεRI+ cells were enumerated by flow cytometry. n=4 mice per
group. (C). CFSE-labeled BMMC were injected into the peritoneal cavities of Af-treated WT
and IgE− − mice. Six days later, transferred BMMC were recovered and apoptosis assessed by
determining surface levels of AnnexinV by flow cytometry. Total numbers of CFSE+c-
Kit+AnnexinV+ cells in the peritoneum are shown. *p = <0.05; **p = <0.01.
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