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Summary
Intestinal infection with the parasitic nematode, Trichinella spiralis, provides a robust context for
the study of mucosal mast cell function. In rats, mucosal mast cells are exposed to parasites during
the earliest stage of infection, affording an opportunity for mast cells to contribute to an innate
response to infection. During secondary infection, degranulation of rat mucosal mast cells
coincides with expulsion of challenge larvae from the intestine. The goal of this study was to
evaluate rat bone marrow-derived mast cells (BMMC) and the rat basophilic leukemia cell line
(RBL-2H3) as models for mucosal mast cells, using parasite glycoproteins and antibody reagents
that have been tested extensively in rats in vivo. We found that BMMC displayed a more robust
mucosal phenotype. Although T. spiralis glycoproteins bound to mast cell surfaces in the absence
of antibodies, they did not stimulate degranulation, nor did they inhibit degranulation triggered by
immune complexes. Parasite glycoproteins complexed with specific monoclonal IgGs provoked
release of RMCPII and β-hexosaminidase from both cell types in a manner that replicated results
observed previously in passively immunized rats. Our results document that RBL-2H3 cells and
BMMC model rat mucosal mast cells in the contexts of innate and adaptive responses to T.
spiralis.
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Introduction
Rats and mice are natural hosts for the parasitic nematode, Trichinella spiralis. First-stage
larvae (L1) initiate infection in the intestine, colonizing the epithelium where they molt and
develop into adults within 3–4 days. Adult worms are expelled between 10 and 15 days
post-infection (dpi), concurrent with the development of a pronounced intestinal
mastocytosis (1–3). In rats, mast cell protease-II (RMCPII) is released by mucosal mast cells
during adult worm expulsion following primary infection (4). Mice deficient in mast cells or
lacking the gene for mouse mast cell protease-I (mMCP-1), the protease that is unique to
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mucosal mast cells of mice, were used to confirm a requirement for mast cells in adult worm
expulsion. Both mouse strains demonstrate delayed worm expulsion (5, 6), implicating the
mucosal mast cell as a pivotal mediator of immunity.

While a great deal is known about the induction of mastocytosis (7, 8) and the dependence
of worm expulsion on mMCP-1 (6, 9), it is less clear whether the role of the mast cell is as
an effector, an innate regulator, or both. Mast cell deficient mice are profoundly
compromised in their capacity to mount a Th2 response to T. spiralis and mast cells are
important sources of TNF-α and IL-4 (10), suggesting a role for the mast cell in the
inductive phase of immunity. Following exposure to larval glycoproteins, rat peritoneal mast
cells have been shown to release histamine (11), and a hybrid cell that models connective
tissue mast cells was reported to release IL-4 and TNF-α (12); however, mucosal mast cells
have not been tested for activation in response to parasite products or their immune
complexes.

Following secondary intestinal infection with L1, rats demonstrate a dramatic protective
immunity that eliminates as many as 99% of larvae from the intestine within hours of
infection (13–17). Early reports referred to this immunity as intestinal anaphylaxis (18), and
it is well documented that mast cell activation occurs at the time of expulsion (19–21).
Antibodies have been shown to mediate this “rapid expulsion” in neonatal rats (22), but an
unknown immune factor enables antibodies to be protective for adult rats (23). Mast cells
degranulate in neonates and adults during expulsion, releasing RMCPII, which is detected in
the sera with 3 hours of challenge (21). Similarly, release of RMCPII is induced by larval
challenge in naïve adults and neonates that have been passively immunized with L1-specific
IgE or IgG2a; however, we have shown that mediator release is neither required nor
sufficient for expulsion (21). Nevertheless, the immediate and dramatic activation of
mucosal mast cells during secondary infection with T. spiralis affords a reproducible, natural
context for the study of antibody-induced, mucosal mast cell degranulation.

In this study, we evaluated two in vitro models of the rat mucosal mast cell, the RBL-2H3
cell line and bone marrow-derived mast cells (BMMC). We compared the two cell types for
responses to both innate and adaptive (antibody-dependent) stimuli. Culture of rat bone
marrow cells with IL-3 and SCF yields mast cells that display biochemical and functional
properties comparable to intestinal mucosal mast cells (24). BMMC granules contain
RMCPII (25) and stain uniformly with Alcian blue, a dye that binds sulphated acid
mucopolysaccharides and differentiates mucosal from connective tissue mast cells in rats
(26). In these ways, BMMC are a highly relevant model for the study of mucosal mast cells
in nematode infections.

Antibodies activate mast cells by aggregating surface Fc receptors. FcεRI is the high affinity
receptor for IgE, which triggers rat mast cell degranulation when aggregated with either IgE
or IgG2a complexed with antigen (27). Although RBL-2H3 cells have been used extensively
in studies of FcεRI function (28), binding and activation of RBL-2H3 and BMMC by other
isotypes is less well understood. Previously, we prepared a unique panel of monoclonal IgGs
(29), representing all four subclasses and sharing specificity for the same glycan (29–31).
These monoclonal antibodies have been thoroughly characterized for their effects on T.
spiralis in vivo (21, 32). In the studies reported here, we used this panel of antibodies to
compare BMMC and RBL-2H3 cells as models for antibody-mediated mast cell activation.

Our experiments show that BMMC display a strong mucosal phenotype and are
phenotypically distinct from RBL-2H3 cells. Neither cell type was induced to release
RMCPII or β-hexosaminidase by exposure to soluble products of T. spiralis L1. Antibodies
that have been shown to cause RMCPII to be released into the sera of rats during challenge
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infection also induced degranulation by both cell types in vitro, confirming that BMMC and
RBL-2H3 cells are useful models for mucosal mast cells in the context of IgG-mediated
activation and parasitic worm infection.

Materials and Methods
Rats

Lewis and AO strain rats (8 to 12 weeks old) were bred and maintained in the vivarium of
the Baker Institute for Animal Health. The life cycle of Trichinella spiralis was maintained
in rats (33). All rodents were housed in accordance with the guidelines of the Association
for Assessment and Accreditation of Laboratory Animal Care and experiments were
conducted with the approval of the Cornell University Institutional Animal Care and Use
Committee.

Antibodies
Monoclonal antibody AA4 (34, 35) was used to detect the ganglioside GD1b. Tyvelose-
specific monoclonal rat antibodies (clones 9D (IgG1), 18H (IgG2a), 10G11 (IgG2b), and
9E6 (IgG2c)) were characterized previously (29). Antibodies were recovered from heat-
inactivated ascites fluid (purchased from Harlan, Indianapolis, IN) by precipitation with
40% saturated (NH4)2SO4, as described (36). Monoclonal mouse IgE specific for DNP was
purified as described (37), and rat IgG2a anti-DNP was purchased (clone DNP-16;
American Research Products, Inc.; Belmont, MA). For preparation of polyclonal IgE, AO
rats were infected orally with 2,000 T. spiralis L1 and re-infected 30 days later with the
same dose. One week after the second infection, rats were bled by cardiac puncture under
deep isoflurane anesthesia. Sera were stored at −80°C until IgE was purified by affinity
chromatography using mouse anti-rat IgE antibodies (clones A2 and B5) as described in Bell
et al. (23). Antibodies were dialyzed against 0.85% normal saline and stored at −20°C.

Antigens
T. spiralis L1 were recovered from rat muscle tissue by digestion with 1% pepsin in acidified
water (33). Rats had been infected at least 28 days prior to collection of larvae. Excretory-
secretory antigen (ES Ag) was obtained from overnight cultures of L1 as described
previously (29). Crude antigen (cAg) was prepared from homogenates of whole L1 as
described (38), except that detergent was omitted from the buffer. ES Ag was dialyzed
against, and cAg was prepared in, Dulbecco’s PBS (DPBS) and stored at −20°C. BSA was
conjugated with an average of 15 DNP groups per molecule (DNP-BSA, multivalent
antigen) as described (37), dialyzed against PBS, and stored at 4°C.

Cell culture
Cell culture media and supplements were purchased from Gibco (Grand Island, NY), unless
otherwise noted. Monolayer cultures of RBL-2H3 cells (39) were maintained in minimum
essential medium (MEM) supplemented with 20% fetal bovine serum (Atlanta Biologicals,
Inc.; Lawrenceville, GA) and 50 µg/ml gentamicin sulfate. Cells were grown at 37°C in 5%
CO2, passaged by trypsinization weekly, and used in experiments 3–5 days after passage.
BMMC were isolated and propagated using a protocol modified from Haig et al. (24).
Briefly, female Lewis strain rats were euthanized by CO2 inhalation and cervical
dislocation. Bone marrow was flushed from femurs with sterile Hank’s balanced salt
solution (HBSS). Recovered cells were washed five times in HBSS, resuspended at 0.33–0.5
× 106 cells/ml, and cultured in Dulbecco’s modification of Eagle’s medium (DMEM)
buffered with 1 mM Hepes and supplemented with 20% horse serum, 4 mM L-glutamine,
100 U/ml penicillin, 100 µg/ml streptomycin, 50 µg/ml gentamicin, 100 ng/ml recombinant
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rat interleukin-3 (IL-3), and 50 ng/ml recombinant rat stem cell factor (SCF) (Peprotech;
Rockyhill, NJ). Cells were incubated at 37°C in 5% CO2 and resuspended (without trypsin)
for passage when cell density reached 1 × 106 cells/ml (approximately 3–5 days).
Experiments were conducted with cells harvested between 14 and 28 days of culture.

Cytology
BMMC or RBL-2H3 cells were prepared for cytologic examination by centrifuging at 500
rpm for 5 minutes (Shandon Cytospin 2). Slides were air dried, stained with Alcian blue
(Sigma; St. Louis, MO) for 10 minutes, and counter-stained with Safranin-O for 10 minutes
(Sigma). Coverslips were mounted with glycergel (DakoCytomation,Inc; Carpinteria, CA).
A total of 100 cells were evaluated in high power fields (40X) of slides prepared from
individual flasks. The percentage of cells stained blue was calculated and the mean value of
three flasks reported. Slides were examined on a BX51 microscope and photographed with a
DP-12 digital camera system (Olympus, Melville, NY). Total cell numbers were estimated
from each of the three flasks using a hemacytometer (Reichert; Buffalo, NY).

Flow cytometry
Rat monoclonal IgG1, IgG2a, IgG2b, IgG2c, and polyclonal IgE were conjugated with
Alexa Fluor-488 (Molecular Probes; Eugene, OR). Briefly, immunoglobulins (1.0 mg/ml)
were prepared in PBS (pH 8.5) and incubated with Alexa Fluor-488 (100 µg/ml) at room
temperature for 4 hours or overnight. Samples were dialyzed in PBS (pH 7.4) and stored
with 0.1% sodium azide at 4°C in a light-protected container. Molar dye-to-protein ratios
were estimated to be between 3 and 13.

Direct binding of parasite glycoproteins to mast cells was tested by incubating cells for 1
hour on ice with either ES Ag or cAg (10 µg/ml). Because rat IgG2c did not bind to mast
cells (shown in Fig. 4A), clone 9E6 (IgG2c)-Alexa 488 (10 µg/ml) was used to detect
tyvelose-bearing glycoproteins on the cell surface. Unbound antigen was removed from cells
by washing with PBS and the cells were incubated with IgG2c for 30 minutes, washed with
PBS three times, and fixed in 2% paraformaldehyde.

Surface binding of immune complexes was detected by suspending BMMC and RBL-2H3
cells in PBS at 0.5 × 106 cells/ml, then incubating with labeled immunoglobulins (10 µg/ml)
for 15 minutes prior to adding ES Ag or cAg (10 µg/ml). Cells were incubated on ice for 1
hour, then washed and fixed. In some experiments, RBL-2H3 and BMMC were incubated
with antibody AA4 followed by FITC-conjugated anti-mouse antibody. In other
experiments, mouse anti-rat FcεRI (clone BC4) or rat anti-mouse FcγRII/III (clone 2.4G2)
(BD Biosciences; San Jose, CA) were added to cells 30 minutes prior to addition of
antibodies and antigens. Cells were analyzed with a FACSCalibur flow cytometer (BD
Biosciences), and data were evaluated using Cell Quest or Flow Jo software. Figures were
generated using Flow Jo.

Degranulation assay
Mast cells were cultured overnight in either 48 well (2.5 × 105 cells/well) or 96 well (1.25 ×
105 cells/well) plates. After washing twice with Tyrode’s buffer (20 nM HEPES, 135 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 5.6 mM glucose, 0.1% BSA, and 1.8 mM CaCl2 (pH 7.4)),
immunoglobulins diluted in Tyrode’s buffer were added, followed 15 minutes later by the
equivalent volume of antigen (62.5 µl for a 96 well or 125 µl for a 48 well). For positive
controls, cells were treated with calcium ionophores, ionomycin or A23187 (1 µM; Sigma),
in the presence of phorbol ester-12 myristate-13 acetate (PMA; 50 nM; Sigma). Cultures
were incubated for 1 hour at 37°C, then collected for analysis. Treatments were tested in
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triplicate. In some experiments, 1 mM doxantrazole (Sigma), prepared in Tyrode’s buffer,
was added together with PMA and ionophore.

Antigens and antibodies were cross-titrated in preliminary experiments and data shown were
obtained with concentrations that were found to be optimal. All experiments were replicated.

β-hexosaminidase was measured using a modified colorimetric assay (40) and is reported as
optical density or as a percentage of the total enzyme per well. Briefly, an aliquot of assay
supernatant was collected from each well, and the remaining buffer and cells extracted (1:1)
with 1% Triton X-100 (Sigma). Samples were incubated with 200 ml of 1 mM p-nitrophenyl
N-acetyl-β-D-glucosaminide (Sigma) in 0.05 M citrate buffer (pH 4.5) for 1 hour at 37°C.
The reaction was stopped with 500 µL of 0.1 M sodium carbonate buffer and absorbance
read at 400–405 nm using an Ultraspec 2100 pro spectrophotometer (Amersham Pharmacia
Biotech; Piscataway, NY) or an ELISA plate reader (Bio-Tek Instruments; Winooski, VT).

RMCPII was detected by ELISA in culture supernatants and cell lysates according to the
manufacturer’s instructions (Moredun Scientific Limited, Mildlothian, Scotland).
Concentrations were estimated from a standard curve and reported as a mean for each
treatment group. In some experiments, values were reported as a percentage of the total
enzyme content of the cells.

Statistical analysis
Data were evaluated by analysis of variance (ANOVA) and Scheffe’s comparison of
multiple means using Statistix (Analytical Software; Tallahassee, FL) or GraphPad Prism
software. Differences were considered statistically significant when p < 0.05.

Results
Phenotypic comparison of BMMC and RBL-2H3 cells

Cytologic evaluation of cells cultured from bone marrow revealed granules stained with
Alcian blue as early as 3 days in culture, and 99% of cells contained granules after 15 days
(Fig. 1A). When compared to RBL-2H3 cells, bone marrow cells had larger, more distinct
granules that stained with greater intensity (supplemental Fig. 1). These results are
consistent with the larger quantities of β–hexosaminidase (Fig. 1B) and RMCPII (Fig. 1C)
detected in bone marrow cells after 14 days in culture.

Further evidence in support of a mucosal phenotype for bone marrow-derived mast cells was
obtained using a pharmacologic inhibitor. Doxantrazole is a mast cell stabilizer that inhibits
degranulation by rat mucosal mast cells (41). Treatment of bone marrow or RBL-2H3 cells
with 1 mM doxantrazole inhibited release of β-hexosaminidase induced by PMA/A23187
(Fig. 1D).

Monoclonal antibody AA4 detects two α-galactosyl derivatives of the ganglioside GD1b
(42) that are unique to mast cells in the rat (43) and are present on all rat mast cells,
including BMMC (35). Surface expression of GD1b was approximately 3-fold greater on
RBL-2H3 cells than bone marrow cells (GMFI of 90 vs. 33, respectively; Fig. 1E).

In summary, cells cultured from bone marrow in the presence of SCF and IL-3 displayed a
robust mucosal mast cell phenotype, differing from RBL-2H3 cells in polysaccharide and
enzyme content, as well as surface ganglioside expression. In subsequent experiments, we
assayed cells harvested from bone marrow cultures between 14 and 28 days of culture and
refer to these cells as bone marrow-derived mucosal mast cells (BMMC).
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Binding and activation of mucosal mast cells by parasite glycoproteins
As a first step in determining if degranulation is induced directly by parasite products, we
assayed binding of the tyvelose-bearing glycoproteins in ES Ag and cAg to the surfaces of
BMMC and RBL-2H3 cells. Binding by tyvelose-bearing glycoproteins was not detected
following incubation with ES Ag (Fig 2A, C), while tyvelose-bearing glycoproteins in cAg
bound to both cell types (Fig. 2B, D). Despite evidence for surface binding, when cAg and
ES Ag were tested in degranulation assays, mediator release was similar to cells treated with
buffer alone (Fig. 3 A, C, null treatment).

Binding of mast cells by immune complexes
Immune complexes formed with ES Ag and tyvelose-specific IgE, IgG1, IgG2a, IgG2b
bound to both BMMC and RBL-2H3 cells (Fig. 4A, black lines). There was very little
surface binding to RBL-2H3 by any of the IgG isotypes in the absence of antigen (Fig. 4A,
dark grey lines). A discrete small peak was evident in BMMC preparations incubated with
IgG1, IgG2a and IgG2b in the absence of antigen, indicating the presence of cells bearing
high affinity IgG receptors or, alternatively, revealing binding to low affinity receptors of
small amounts of aggregated IgG that may have been present in conjugate preparations.
Such binding was not evident on RBL-2H3 cells.

Immune complexes formed with IgG1, IgG2a or IgG2b yielded high geometric mean
fluorescence intensities (GMFI) on both cell types, indicating that these isotypes bound
more efficiently to cell surfaces when aggregated, which is consistent with the presence of
low-affinity IgG receptors. Complexes formed with IgG2c bound to neither cell type.

Treatment of cells with IgE or complexes formed with IgE generated identical histograms
(Fig. 4A, dark grey and black lines are superimposed), which implies that monomeric IgE
bound to the high affinity FcεRI. Although IgE binding to RBL-2H3 cells revealed a single
population with a high GMFI, two populations of BMMC were observed. RBL-2H3 cells
incubated with IgE had a 4-fold greater GMFI than BMMC (125 versus 30, Fig. 4A). The
reduced density of IgE binding suggests that BMMC may be less efficiently activated by
IgE, a prediction that was confirmed in degranulation assays (Fig. 3).

Compared with IgE binding, BMMC were more uniformly bound by IgG complexes, and
the GFMI of IgG was consistently higher on BMMC compared to RBL-2H3. For example,
when incubated with IgG2b complexes, BMMC had a 3.6-fold greater GMFI compared with
RBL-2H3 cells (155 versus 43; Fig. 4A).

Mast cell binding of IgE-Ag complexes was blocked by antibody to FcεRI but not FcγRII/
III (Fig. 4B,C), confirming that binding was specific for the high affinity FcεRI. Binding by
IgG1, IgG2a, and IgG2b complexes was variably blocked by anti-FcγRII/III on both cell
types, indicating that IgGs were binding to a low affinity FcγR. Although unlikely, this
blocking may have occurred via competition from mouse IgG aggregates in the anti-FcγR
preparation; however, that mechanism also would be compatible with a low affinity IgG
receptor and would not change the interpretation of the result. The absence of a high affinity
FcγR was documented when rat IgG1, IgG2a and IgG2b failed to bind cell surfaces in the
absence of antigen (Fig. 4A).

Taken together, the results suggest that RBL-2H3 and BMMC cells display surface FcεRI as
well as low-affinity IgG receptors. Pre-treatment of cells simultaneously with both receptor-
specific antibodies was more effective in blocking IgG2a complexes (not shown),
suggesting that this isotype bound to both receptor types. Increasing concentrations of non-
specific, monomeric IgE (clone IR162) inhibited degranulation induced by IgG2a complexes
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(Fig. 4D), confirming that degranulation induced by IgG2a was mediated by FcεRI on
RBL-2H3 cells.

Degranulation induced by immune complexes
Immune complexes were tested for their capacities to induce degranulation by measuring β–
hexosaminidase and RMCPII release (Fig. 3). Cross-titrations of antibodies and antigens
were performed, and results are shown for the concentrations that were determined to be
optimal for causing mediator release. Both tyvelose-specific and DNP-specific IgE and
IgG2a antibodies caused RBL-2H3 and BMMC degranulation; however, IgE was more
potent (Fig. 3). Although IgG1 appeared to bind both cell types in a manner similar to IgG2a
(Fig. 4A), it failed to stimulate significant degranulation in RBL-2H3 cells or BMMC (2.4
and 7.6%, respectively). These results were confirmed with a second monoclonal anti-
tyvelose IgG1, clone 6D9 (29) (data not shown). Similarly, IgG2b bound to both cell types,
yet failed to induce significant degranulation responses (1.9 and 6.1% for RBL and BMMC,
respectively). Thus, antibodies shown to bind FcR failed to activate mast cells, suggesting
that the low affinity Fcγ involved might be an inhibitory receptor. We attempted to confirm
this by co-cross-linking IgG2a complexes with IgG2b in degranulation assays; however,
degranulation was not inhibited (not shown).

In order to determine whether the source of antigen influenced activation of mast cells, we
tested two different parasite antigen preparations in parallel with the well-characterized
monoclonal anti-DNP IgE and IgG2a in complexes with DNP-BSA. Antigen and antibody
were cross-titrated in preliminary experiments, and results are shown for concentrations that
were found to be optimal. IgE complexed with any of the three antigens stimulated
significant release of β–hexosaminidase in both RBL-2H3 (Fig. 3A) and BMMC (Fig. 3C),
although the magnitude of the response was lower in BMMC. IgG2a complexed with ES Ag
or with DNP-BSA induced significant release of β–hexosaminidase in RBL-2H3 cells;
release by BMMC was reproducibly elevated, yet not statistically significant. In contrast,
release of RMCPII in response to either IgG2a and IgE was significant for both cell types
with either antigen (Fig. 3B,D).

When treated with 50 nM PMA and 1 µM calcium ionophore A23187 or ionomycin, BMMC
responded as robustly as RBL-2H3 cells (Fig. 3). Thus, while BMMC are capable of strong
degranulation responses to stimulation with PMA and ionophores, they appeared to be
somewhat refractory to IgG complexes and responded more weakly to IgE than RBL-2H3
cells.

Impact of parasite glycoproteins on antibody-induced mediator release
To determine whether the response of BMMC to immune complexes was negatively
influenced by the presence of parasite antigens, we incubated cells with ES Ag or cAg (10
µg/ml) before stimulation with IgE-DNP complexes. Neither preparation altered release of
β-hexosaminidase (Fig. 5), supporting the conclusion that under these conditions, soluble
components of T. spiralis L1 ES Ag or homogenates do not inhibit degranulation.

Discussion
It has been documented previously that BMMC replicate many features of mast cells
recovered from rat intestines (24, 25, 44, 45). Cross-linking of receptor-bound IgE
stimulates the release of RMCPII, β-hexosaminidase, and leukotriene C4 (44), as well as
TNF-α (25). Activation of BMMC by IgG has not been investigated and direct comparison
of BMMC with other mast cell models has not been reported. Our results show that by
several criteria, BMMC differ from RBL-2H3 cells. Specifically, BMMC produce greater
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quantities of RMCPII and β-hexosaminidase, and are more variable in their expression of
surface receptors. In response to stimulation with PMA and ionophores, BMMC and
RBL-2H3 cells released similar proportions of their stores of RMCPII and β-
hexosaminidase, confirming that BMMC granules are competent for exocytosis.

Although it has been established that mucosal mast cells and their specific proteases play
key roles in expulsion of adult T. spiralis from the intestine during primary infection, it is
less clear whether the mast cell is functioning as an effector cell that clears parasites or as an
innate regulator of intestinal immunity. Our investigation of an innate role was prompted by
the knowledge that during invasion of the host epithelium, T. spiralis larvae disgorge
tyvelose-bearing glycoproteins derived from their own intestinal stichocytes (46, 47). In
addition, tyvelose-bearing surface glycoproteins are shed at the time of the first molt,
approximately 8 hours post-oral infection (48, 49). The presence of larval glycoproteins in
the intestinal epithelium places them in proximity to mucosal mast cells during the first few
hours of intestinal infection. Thus, there is potential for larvae to influence mast cell activity
in an innate immune context.

We have reported previously that a primary infection of rats with T. spiralis does not induce
release of RMCPII in amounts sufficient to detect in blood at 0.5, 1, 1.5, 3 or 24 hours
following oral infection (21). These findings are consistent with those of the in vitro studies
described in this report, specifically, ES Ag or homogenates of L1 failed to stimulate
degranulation of mast cells in vitro. Other investigators have reported that tyvelose-bearing
glycoproteins that are affinity purified from cAg trigger significant cytokine and histamine
release from a rat-derived hybrid cell line that models connective tissue mast cells (11, 12).
In our experiments, some tyvelose-bearing glycans in cAg bound directly to mast cells;
however, binding did not induce degranulation, nor did the presence of cAg alter the
responsiveness of mast cells to IgE complexed with a different antigen. The excreted and
secreted glycoproteins of L1 are highly relevant to parasite establishment, yet the major
species of ES Ag, the tyvelose-bearing glycoproteins, did not bind to mast cells. The
difference in binding activity between cAg and ES Ag may be explained by the more
heterogeneous array of tyvelose-bearing glycoproteins in larval homogenates (38), or the
possibility that concentration and dialysis of ES Ag may have depleted tyvelose-bearing
molecules that were retained in the homogenates. It is important to note that although our
detection method for direct binding of L1 products to mast cells was limited to tyvelose-
bearing glycans, degranulation assays showed that none of the contents of ES products or
whole larval homogenates induced mast cells to degranulate. The contradiction between our
finding and those of previous reports may be due to differences in antigen preparation, to
intrinsic properties of cells being assayed in each study, or to the different assays used to
assess cellular responsiveness.

In the second aim of the study, we assessed the response of BMMC and RBL-2H3 cells to
binding by immune complexes, specifically those formed by IgG. The monoclonal IgG
antibodies tested represent all four IgG subclasses, have been shown previously to share
specificity for novel glycans (30, 31), and have been characterized extensively in passive
immunization studies (21, 29, 32). The antibodies are specific for tyvelose, a di-
deoxyhexose that modifies tri- and tetra-antennary N-linked glycans on many glycoproteins
in ES products of T. spiralis L1 (50). Monoclonal antibodies specific for tyvelose form large
immune complexes (51), which would be expected to be highly efficient in cross-linking
FcR. In some experiments, we used the more heterogeneous T. spiralis crude antigen (cAg),
which is also rich in tyvelose-bearing glycoproteins.

By using flow cytometry to assay cell surface binding by IgG, our findings extend those of
previous studies that reported degranulation as the readout for binding (27, 43, 52). We
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found that complexes formed by three of the four IgG isotypes bound to mast cells.
Complexes formed with IgG2c did not bind. Uncomplexed IgGs did not bind, indicating that
the high affinity FcγRI was not present. High affinity FcεRI and the low affinity Fcγ
receptors bind IgGs only when they are complexed with antigen. RBL-2H3 cells display
FcεR (28) and also the low affinity, inhibitory receptor FcγRII (53). Although results of
competition experiments supported the presence of FcγRII or FcγRIII on RBL-2H3 and
BMMC, our attempts to demonstrate activity for an inhibitory FcγRII were unsuccessful.

Immune complexes formed with IgG2a induced degranulation by both cell types, consistent
with our previous findings in rats that were passively immunized with the same monoclonal
IgG2a and then challenged with T. spiralis L1 (21). Although binding and activation of
RBL-2H3 cells by IgG2a was previously documented in several studies, contradictory
results have been reported for IgG1 (27, 52). We found that the binding properties of IgG1
and IgG2b were similar to those of IgG2a, yet only IgG2a induced mediator release. In vivo,
IgG1 induces a weak release of RMCPII in passively immunized rats that is reproducible but
not statistically significant (21). Further investigation of a possible discrepancy between the
in vivo and in vitro activities of rat IgG1 is of interest because it is closely related to IgG2a;
genetic evidence suggests that the two subclasses evolved following a gene duplication
event (54). Such information could shed light on the specific genetic changes that affect the
effector functions of these two closely-related subclasses. Furthermore, mast cells play a
role in the pathogenesis of many allergies and autoimmune diseases. Discerning the basis for
variation in mast cell activation by IgG2a, IgG1, and IgG2b may provide valuable insight
into the therapeutic potential of blocking antibodies in inflammatory processes.

In summary, immune complexes formed with IgE and IgG2a induced both cell types to
degranulate in a manner that replicated mucosal mast cell function during challenge
infection of immune rats. Larval products failed to induce degranulation independently of
antibody and did not inhibit mast cell activation by immune complexes, supporting the
conclusion that T. spiralis larvae do not influence mucosal mast cells in an innate context.
Our results reveal important functional similarities and differences between two models of
the rat mucosal mast cell and provide further evidence that BMMC are valuable tools for the
study of mast cell function during parasitic worm infection.
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Figure 1.
Properties of BMMC and RBL-2H3 cells. (A) Growth and staining properties of bone
marrow cells cultured in the presence of IL-3 and SCF. Number of viable cells (open
symbols) and number of cells containing granules detected with Alcian blue (mast cells)
(closed symbols) were counted. Values represent the mean +/− 1 SD (n = 3). (B) β-
hexosaminidase activity recovered from 1.25 × 105 BMMC (21 days) or RBL-2H3 cells.
Values represent the mean +/− 1 SD (n = 12 wells). (C) RMCPII content of 5 × 104 BMMC
(20 days) and RBL-2H3 cells. Values represent the mean +/− 1 SD (n= 4 wells). (D) Effect
of doxantrazole on β-hexosaminidase release induced by PMA and A23187 in RBL-2H3
and BMMC. Open bars = untreated, black bars = drug treated * p< 0.001 compared with
untreated. (E) Flow cytometric detection of GD1b (dark grey line) on RBL-2H3 cells and
BMMC. Unstained cells (shaded grey) and nonspecific IgG-FITC (black line) served as
negative controls.
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Figure 2.
Detection of binding by tyvelose-bearing parasite molecules to mast cells. RBL-2H3 cells
(A,B) and BMMC (C,D) were incubated with ES Ag (A,C) and cAg (B,D) (10 µg/ml) and
tyvelose was detected with IgG2c-Alexa 488 (10 µg/ml) (black line). Also shown are
unstained cells (shaded peak) and cells incubated with conjugate alone (grey line).
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Figure 3.
Antibody-dependent mediator release by RBL-2H3 cells and BMMC. Incubation of
RBL-2H3 (A, B) and BMMC (C, D) with immune complexes formed by tyevelose or DNP-
specific IgG2a or IgE with ES Ag, cAg, or DNP-BSA. Antibodies (10 µg/ml) were
complexed with antigens (2 µg/mL for anti-DNP IgE and IgG2a, and 1 µg/mL for all others),
and binding and activation were tested on RBL-2H3 cells. Release of β-hexosaminidase (A,
C) or RMCPII (B, D) was measured and expressed as a percentage of the total cell content.
*p<0.05 compared with buffer or antigen alone (ø). Values graphed are means +/− 1 SD
(n=3).
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Figure 4.
Detection of binding by immune complexes to RBL-2H3 cells and BMMC. (A) Cells were
incubated with Alexa-488 conjugated antibodies of the indicated isotypes (10 µg/ml)
complexed with ES Ag (10 µg/ml; black line). Also shown are unstained cells (shaded peak)
and cells incubated with Alexa-488 conjugated antibody without antigen (grey line).
Experiments were performed three times with similar results. (B, C) Effect of receptor-
specific antibodies on GMFI of RBL-2H3 cells (B) or BMMC (C) incubated with immune
complexes formed with IgE or IgG. Cells were pre-treated with antibodies specific for
FcεRI (black bars) or FcγRII/III (open bars). Values represent the GMFI obtained in the
presence of receptor-specific antibodies as a fraction of the GMFI obtained in the absence of
receptor-specific antibodies. Bars represent the mean +/− 1 SD from two (RBL-2H3) or
three (BMMC) experiments. *p<0.05 compared to immune complexes alone. (D) Inhibition
of IgG2a-induced mediator release by pre-treatment of RBL-2H3 cells with monoclonal
anti-DNP IgE (clone IR162). Cells were incubated with indicated concentrations of IgE
prior to adding complexes formed by anti-tyvelose IgG2a (2 µg/ml) and ES Ag (1 µg/ml).
Symbols represent the mean +/− 1 SD of triplicate samples.
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Figure 5.
Influence of T. spiralis antigens on the induction of mediator release by IgE. BMMC were
incubated with ES Ag or cAg (10 µg/ml) before addition of monoclonal anti-DNP IgE (10
µg/ml) and DNP-BSA (1 µg/ml). Values are reported as the mean +/− 1 SD (n = 3). *p<0.05
compared with cells treated with buffer.
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