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Engagement of the high-affinity IgE receptor (FceRI) can be either protective or non-protective against
apoptotic cell death (ACD) in bone marrow-derived murine mast cells (BMMCs) after IL-3 withdrawal,
depending on the avidity between IgE and its antigen. We recently reported that protein L (PpL), a
bacterial Igj-binding soluble protein, is able to stimulate intracellular signaling to induce activation of
BMMCs by interacting with the IgEj–FceRI complex. However, it is unclear if cross-linking of FceRI with
IgEj and PpL prevents or enhances IL-3-dependent ACD in BMMCs. In the present study, we found that IL-
3-dependent ACD of BMMCs is accelerated by loading soluble PpL in the presence of IgEj-occupied
FceRIa. For this purpose, soluble PpL was incorporated into the BMMCs. Unlike soluble PpL, immobilized
PpL failed to enhance ACD, although both forms of PpL induced IL-6 production equally in BMMCs. In
addition, we observed that DNS5-BSA protected anti-DNS IgE-sensitized BMMCs from IL-3 depletion-
mediated ACD by inducing the production of autocrine IL-3. In contrast, DNS5-PpL enhanced IL-3
withdrawal-induced ACD of anti-DNS IgE-sensitized BMMCs and reduced the production of autocrine
IL-3. These findings suggest that PpL increases IL-3 withdrawal-induced ACD of IgEj-sensitized BMMCs
by incorporating PpL into the BMMCs and that this internalized PpL may interfere with survival signals
via FceRI.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Mast cells (MCs) express the high-affinity IgE receptor (FceRI)
on their cell surface. FceRI is engaged by IgE and its specific multi-
valent antigens, triggering FceRI-dependent intracellular signals
that lead to MC activation and associated cellular processes, such
as the degranulation response, cytokine production, and cell sur-
vival [1]. However, the diverse responses of MCs to FceRI activation
depend on the quality of FceRI cross-linking. The interaction of a
low-affinity antigen with the IgE–FceRI complex or the engage-
ment of small numbers of FceRIs promotes cell survival and
cytokine production without inducing a strong degranulation
response [2,3]. By contrast, a high-affinity antigen or large
numbers of aggregated FceRIs evokes a robust degranulation
response without cell survival or cytokine production [4,5].

Finegoldia magna is one of the opportunistic pathogens present
in the oral cavity and in the intestinal and urogenital tracts [6,7].
These bacteria express a B cell superantigen, protein L (PpL), with
multiple (four or five) Igj binding regions [8–10]. Interestingly,
stimulating FceRI with a murine IgEj mAb and PpL elicits cytokine
production but fails to induce a robust degranulation response
[11]. This finding potentially indicates that the avidity between
murine IgEj and PpL is as low as the avidity between IgE and a
low-affinity antigen and that the engagement of FceRI with IgEj
and PpL leads to cell survival in murine MCs.

To address this possibility, we investigated the effects of
cross-linking FceRI with murine IgEj and PpL during IL-3
depletion-induced apoptotic cell death (ACD) in bone marrow-
derived murine MCs (BMMCs). Here, we report that stimulation
of FceRI with murine IgEj and PpL enhanced the ACD induced by
IL-3 withdrawal. Furthermore, we investigated how PpL increases
IL-3-dependent ACD in BMMCs.
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2. Materials and methods

2.1. Reagents

Two commercially available anti-TNP IgEj (15.3.2 and C48-2)
and anti-DNS IgEj (27.72) mAbs were purchased from BD Biosci-
ences (CA, USA). The recombinant PpL and anti-DNP IgE (SPE-7)
were obtained from Sigma (MO, USA). DNS5-PpL (5 mol DNS per
mol of BSA), DNS5-BSA (5 mol DNS per mol of BSA), and PpL–
fluorescein isothiocyanate (FITC) were prepared in our laboratory,
and the recombinant murine (rm) IL-3 was purchased from
PeproTech (NJ, USA).

2.2. Preparation of BMMCs

C57BL6/J mice were obtained from Charles River Laboratories in
Japan (Kanagawa, Japan). For some experiments, thighbones from
FceRIa�/� and FceRIa+/+ mice were provided by Dr. Toshiaki
Kawakami (La Jolla Institute of Allergy and Immunology). After
obtaining animal care committee approval, all experiments were
performed in accordance with the Nihon University guidelines
for the care and use of laboratory animals. BMMCs were prepared
from the femurs of C57BL/6J mice as previously described. Rat
basophilic leukemia (RBL)-2H3 cells were cultured in DMEM
supplemented with 10% (v/v) FBS (Invitrogen/Gibco, CA, USA).

2.3. Evaluation of cell death

ACD was evaluated by double staining with FITC-conjugated
annexin V and propidium iodide (PI) as previously described
[12]. BMMCs (1 � 106) were or were not sensitized with each
0.5 lg/ml IgEj mAb overnight. The IgEj-sensitized or unsensitized
BMMCs (1 � 105) were stimulated with soluble PpL in the presence
or absence of 5 ng/ml rmIL-3 for 30 h. Alternatively, the IgEj-
sensitized BMMCs (1 � 105) were stimulated with immobilized
PpL for 30 h. After stimulation, the BMMCs were labeled with
annexin V and PI and then analyzed using a FACSCalibur flow
cytometer (BD Biosciences, CA, USA). The following cell populations
were identified: annexin V+/PI� (early apoptotic cells), annexin V+/
PI+ (late apoptotic cells), and annexin V�/PI� (living cells).

2.4. Degranulation and cytokine production assays

BMMCs (1 � 106) were sensitized with 0.5 lg/ml IgEj mAb
overnight. In some experiments, unsensitized BMMCs were also
analyzed. The IgE-sensitized and unsensitized BMMCs (2 � 105)
were washed with PBS and then stimulated or not stimulated with
at the indicated concentrations for 0.5 h (for degranulation) or 6 h
(for cytokine production). In some experiments, the IgEj-sensi-
tized BMMCs were stimulated with immobilized PpL for 6 h. In
addition to PpL, antigens (DNS5-BSA and DNS5-PpL), anti-DNP IgE
(SPE7), and A23187 were used as stimuli in this study. Degranula-
tion was detected according to b-hexosaminidase release as
described previously [13]. The percentage of b-hexosaminidase
released was calculated as follows: (supernatant optical density
of cells)/(total cell lysate optical density of cells) � 100. IL-3 and
IL-6 production was analyzed using specific ELISA kits (Affymetrix
eBioscience, CA, USA).

2.5. Analysis of DNA fragmentation and caspase-3 activation

After stimulation with PpL for 18 h, the BMMCs were harvested
and washed twice with PBS. DNA was prepared from the cells using
an Apoptosis Ladder Detection Kit (Wako Chemical, Tokyo, Japan).
Fragmented DNA was resolved on a 1% agarose gel and visualized
with ethidium bromide. Activated caspase-3 was assayed using a
Caspase-3 Detection Kit (FITC-DEVD-FMK) (Merck Millipore, MA,
USA) according to the manufacturer’s protocol. Stained cells were
evaluated using a FACSCalibur flow cytometer.
2.6. Confocal microscopy

RBL-2H3 cells (2 � 105) were sensitized with 0.5 lg/ml 15.3.2
or C48-2 in a cover-glass culture overnight. The cells were stimu-
lated with PpL for 0.5 h, washed twice with PBS, fixed with 4%
paraformaldehyde for 0.5 h, and permeabilized in PBS containing
0.1% Triton-X100 for 15 min at room temperature. The cells were
washed twice with 1 ml of PBS and stained with FITC-conjugated
PpL (1:1000) for 1 h in the dark. The cover glasses were washed
with PBS and then mounted. Confocal microscopy was performed
using the FV1000 system and the FLUOVIEW software (OLYMPUS
CORPORATION, Tokyo, Japan).
2.7. FceRI internalization assay

Receptor internalization was detected by changes in the cell
surface FceRI expression after PpL stimulation. Briefly, RBL-2H3
cells (2 � 105) were sensitized or not sensitized with 0.5 lg/ml
15.3.2 or C48-2 overnight. The sensitized cells were washed with
PBS and stimulated or not stimulated with 30 nM PpL for the indi-
cated times. The cells were labeled with 0.1 lg/ml anti-mouse IgE
mAb-FITC for 15 min on ice. The labeled cells were analyzed with a
FACSCalibur flow cytometer.
2.8. Statistical analysis

The data shown are means ± SE or SD. The statistical analyses
were performed using Student’s t-test. p-Values less than 0.05
were considered to indicate statistically significant differences.
3. Results

3.1. Engagement of FceRI with IgEj mAb (15.3.2) and soluble PpL
augments MC death induced by IL-3 withdrawal

We first confirmed whether the engagement of FceRI with IgE
and a low-affinity antigen is protective against MC death induced
by IL-3 depletion. For this purpose, BMMCs were sensitized with
anti-DNS IgE (27.74) and then stimulated with 30 nM DNS5-BSA
in the absence of IL-3. Fig. 1A shows that 27.74-sensitized BMMCs
were protected from MC death after IL-3 withdrawal in the
presence of DNS5-BSA but not BSA. The 27.74 antibody is an IgEj
mAb that cannot bind PpL [11]. As shown in Fig. 1B, PpL loading
did not affect survival during IL-3-dependent cell death in 27.74-
sensitized BMMCs. Unlike 27.74, the 15.3.2 antibody is a PpL-
binding IgEj mAb [11]. We observed that PpL loading enhanced
IL-3-dependent cell death in BMMCs sensitized with 15.3.2 in a
concentration-dependent manner (Fig. 1B). Fig. 1C and D show
that unsensitized WT and 15.3.2-sensitized FceRIa�/� BMMCs
were resistant to PpL-induced cell death. In addition, the enhanced
cell death in MCs stimulated with 15.3.2 and PpL was not rescued
by lactose, which inhibits the interaction between IgE and
alternative IgE binding proteins, such as those of the galectin
family [14–16] (Fig. 1E). These results clearly indicate that
FceRIa, the IgE binding subunit of FceRI, is responsible for the
PpL-dependent augmentation of cell death induced by IL-3
deprivation.
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3.2. Enhancement of ACD is not mediated by soluble factors from
BMMCs stimulated with 15.3.2 and soluble PpL

To further characterize the observed cell death enhancement,
we examined whether PpL loading increased typical apoptotic fea-
tures, such as DNA fragmentation and caspase-3 activation. Fig. 2A
and B show that DNA fragmentation and caspase-3 activation were
also increased in PpL-treated cells. Together, these data suggest
that the stimulation of MCs with 15.3.2 and PpL further amplifies
the ACD induced by IL-3 deprivation. Next, we examined whether
15.3.2 and PpL-induced amplification of ACD is mediated by solu-
ble factors from activated BMMCs. For this purpose, we performed
a trans-well assay with upper and lower chambers separated by a
permeable membrane; 15.3.2-sensitized BMMCs were cultured
with PpL in the lower chamber, and unsensitized BMMCs were cul-
tured with PpL in the upper chamber in the absence of IL-3. As
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shown in Fig. 2C, enhanced ACD was observed only in the 15.3.2-
sensitized BMMCs in the lower chamber, indicating that soluble
factors are not involved in the enhancement of ACD in BMMCs.
3.3. Enhancement of ACD is not induced in BMMCs stimulated with
15.3.2 and immobilized PpL

The cross-linked IgE–FceRI–antigen complex is immediately
internalized into endosomes/lysosomes and then degraded by
lysosomal proteases [17]. As shown in Fig. 3A, internalization of
the 15.3.2–FceRI–PpL complex was induced upon PpL loading.
We observed that PpL–FITC is localized to endosome/lysosome-like
vesicles. Because dysregulation of the lysosomal protein degrada-
tion system is associated with cell death [18], we examined the
effects of an inhibitor of lysosomal proteases (pepstatin A) on the
enhanced ACD of BMMCs. Fig. 3C shows that pepstatin A further
increased the enhancement of ACD in BMMCs stimulated with
15.3.2 and PpL. These data raise the possibility that internalization
of the FceRI complex, including PpL, plays an important role in the
enhancement of MC death. To address this possibility, we
immobilized PpL on the culture plate and examined whether the
immobilized PpL was able to enhance IL-3 dependent ACD in
BMMCs. Both immobilized PpL and non-immobilized PpL induced
comparable production of IL-6 in 15.3.2-sensitized BMMCs; how-
ever, immobilized PpL prevented enhanced ACD in BMMCs without
increasing the production of autocrine IL-3 (Fig. 3D).

3.4. DNS5-PpL enhances ACD in 27.74-sensitized MCs

As demonstrated in Fig. 1, cross-linking FceRI with an anti-DNS
IgEj mAb (27.74) and DNS5-BSA protected BMMCs against IL-3
withdrawal-induced ACD. When BSA was replaced with PpL,
however, DNS5-PpL enhanced ACD in 27.74-sensitized BMMCs
(Fig. 4A). Fig. 4B and C show that both DNS5-BSA and DNS5-PpL
induced a weak degranulation response and robust IL-6 production
in 27.74-sensitized BMMCs at similar levels. Stimulation of
FceRI with 27.74 and DNS5-BSA robustly promoted the production
of autocrine IL-3. Compared to the engagement of FceRI by 27.74
and DNS5-BSA, cross-linking FceRI with 27.74 and DNS5-PpL
reduced the production of autocrine IL-3 in BMMCs (Fig. 4D).

4. Discussion

In this study, we demonstrated for the first time the amplifying
effect of IgEj mAb (15.3.2) and soluble PpL on IL-3 depletion-
induced ACD in murine MCs. In addition to FceRI, murine BMMCs
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express galectin-3 on their cell surface as an alternative IgE binding
protein [15]. However, we exclude the possibility that galectin-3
mediates the pro-apoptotic effect of 15.3.2 and soluble PpL on
BMMCs in the absence of IL-3 for the following reasons: (i) FceRIa
was required for the enhancement of ACD in BMMCs stimulated
with 15.3.2 and soluble PpL and (ii) pretreatment of BMMCs with
lactose did not protect against the enhanced ACD in BMMCs in
response to stimulation with 15.3.2 and soluble PpL.

In peripheral murine B cells expressing membrane-associated
Igj, soluble PpL acts as a superantigen that can trigger activa-
tion-induced ACD by interacting with membrane-associated Igj
[9]. However, FceRI stimulation does not induce ACD in activated
BMMCs, at least not in the presence of IL-3 [19–21]. In accor-
dance with previous reports, stimulation of FceRI with 15.3.2
and soluble PpL failed to induce apoptosis in BMMCs cultured
in medium containing IL-3 (data not shown). Together, these
findings suggest that IL-3 acts as a potent survival factor in
murine MCs. Kohno et al. reported that, upon stimulation of
FceRI with highly cytokinergic IgEs, BMMC-derived IL-3 protects
cells from IL-3 withdrawal-induced ACD [22]. Because (i) immo-
bilized PpL failed to enhance IL-3 withdrawal-induced ACD of
15.3.2-sensitized BMMCs and (ii) neither non-immobilized nor
immobilized PpL induced significant production of IL-3 from
15.3.2-sensitized BMMCs, we conclude that the inability of
immobilized PpL to enhance ACD occurs independently of auto-
crine IL-3 production. Currently, we speculate that PpL incorpo-
rated via FceRI internalization is involved in the mechanism of
ACD amplification. Interestingly, replacing DNS5-BSA with DNS5-
PpL significantly affected cell survival and autocrine IL-3 produc-
tion induced by the interaction between the anti-DNS IgEj mAb
(27.73) and multivalent DNS (Fig. 4). Although the underlying
mechanisms remain unclear, we believe that reduced IL-3
production may be involved in the PpL-dependent loss of
FceRI-mediated cell survival.
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MCs are found in numerous tissues, where they act as innate
immune cells to protect their hosts from infection by opportunistic
pathogens. Recently, Kambayashi et al. reported that ACD in
antigen-captured MCs indirectly potentiates rapid antigen presen-
tation in dendritic cells [21]. Therefore, our novel finding in the
present study that increased ACD in MCs elicited by PpL loading
requires both FceRIa and PpL-binding IgEj may provide valuable
information for understanding the roles of IgEj and MCs in the
immune system response to F. magna.
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