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M

embrane Igs (mIgs)2 (1) expressed on the surface of B
lymphocytes differ from their secretory counterparts
for the presence of three additional domains at the C
terminus of the H chain, namely: the extracellular membrane-proximal domain (EMPD), the transmembrane domain (TMD), and the
cytoplasmic domain (CytoD). The TMD, in addition to supporting
the insertion of Igs in the cell membrane, participates in the assembly of the BCR with the accessory molecules of the complex
CD79a (Ig␣) and CD79b (Ig␤) (1–3). The cytoplasmic portions of
mIgs show high variability in sequence and length, although isotypes ␣, , and ␥ present a conserved tyrosine-containing motif,
which has been involved in Ag internalization and degradation
(4 – 8). In contrast, the structure and function of the EMPD of
cell-bound Igs are largely unknown. The EMPDs of different Ig
isotypes have different lengths and a low degree of sequence homology, although sharing a large number of acidic residues (9).
The extracellular location tethering the Ig Fc region to the cell
membrane, as well as the differences in sequence and lengths, most
likely determine a role in BCR assembly and may be associated
with isotype-specific functions. In most cases, with the exception
of the  and the ␦ isotypes, cysteine residues located within the
EMPD contribute to the stabilization of the membrane protein
through the formation of interchain disulfide bridges (9). In the
case of human IgE, two membrane isoforms differing in the length
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of the EMPD (-long isoform (L) and -short isoform (Sh)) are
generated as a consequence of alternative splicing in the penultimate exon (M1) of the membrane  H chain transcript. The longer
variant uses an acceptor splice site that is located 156 nt upstream
of the acceptor site used to generate the short one. As a consequence, the two membrane isoforms have the same  C region and
the same TMD and CytoD, but differ in a 52-aa segment within the
EMPD. The Sh EMPD contains 14 aa, while the L is extended at
the N terminus encoding a total of 66 aa (9 –11). Both membrane
isoforms were shown to form functional BCRs capable of transducing cellular responses upon cross-linking (12). Differences in
the level of glycosylation of the Ig␣ (CD79a) molecules, depending on the EMPDs of the associated human mIgE (short or long)
as well as of human IgM and IgD, have been previously described
(12, 13). In addition, the EMPD has been implicated in the different apoptotic signaling observed for IgM and IgD (14) and, in
particular for IgE, the short EMPD isoform was apoptotic in the
immature B cell line WEHI-231, while the long was not (12). It is
generally assumed that in immature (mIgM⫹) and mature
(mIgM⫹/mIgD⫹) B lymphocytes Ag contact leads to cell differentiation, cell death or anergy, while in mature isotype-switched B
cells (mIgG⫹, mIgE⫹ or mIgA⫹) and memory B cells it leads to
cell proliferation. Within germinal centers, a selection of high affinity Ag-specific B cell repertoire against low-affinity cells and Ig
isotype switch (from IgM to IgA, IgG, or IgE) takes place. B cell
fate in these lymph nodes is under the control of CD40 survival
signaling and Fas death signaling (15).
Serum IgE levels are much lower than those of all other Ig
isotypes and, in agreement with the requirement of membrane expression for the production of the secretory serum form (6), circulating mIgE⫹ B cells are rare and difficult to visualize. We therefore investigated whether IgE expression in the context of the
mature isotype-switched B cell line A20 could deliver apoptotic
signaling similar to the effect produced by anti-IgE mAbs (16).
In this study, we show that the EMPD and CH4 ectodomains
of mIgE play essential roles in determining the outcome of cell
signaling, following BCR engagement.
0022-1767/06/$02.00
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Ag engagement of BCR in mature B cells can deliver specific signals, which decide cell survival or cell death. Circulating membrane IgEⴙ (mIgEⴙ) cells are found in extremely low numbers. We hypothesized that engagement of an BCR in a mature
isotype-switched B cell could induce apoptosis. We studied the role of the extracellular membrane-proximal domain (EMPD) of
human mIgE upon BCR engagement with anti-Id Abs. Using mutants lacking the EMPD, we show that this domain is involved
in controlling Ca2ⴙ mobilization in immunoreceptors of both ␥ and  isotypes, as well as apoptosis in signaling originated only
from the BCR. We mapped to the CH4 ectodomain the region responsible for apoptosis in EMPD-deleted receptors. Ca2ⴙ
mobilization was not related to apoptotic signaling. This apoptotic pathway was caspase independent, involved ERK1/2 phosphorylation and was partially rescued by CD40 costimulation. We therefore conclude that the EMPD of human mIgE is a key
control element of apoptotic signaling delivered through engagement of BCR within the context of a mature B cell. The Journal
of Immunology, 2006, 177: 3597–3605.
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BCR cross-linking and capping

DNA constructs

For cross-linking experiments, cells (5 ⫻ 104 in 100 l of complete medium) were treated with the different Abs: goat anti-human IgE (20 g/
ml; Kirkegaard & Perry Laboratories); goat anti-human IgG (20 g/ml;
Kirkegaard & Perry Laboratories); goat anti-mouse IgG (20 g/ml;
Kirkegaard & Perry Laboratories); mouse (5–10 l) or guinea pig (1–5 l)
anti-Id sera; guinea pig IgG purified from anti-Id sera (20 g); and the
corresponding IgG Fab (20 g). Monoclonal hamster anti-mouse Fas
(clone Jo2; BD Pharmingen) was used at 1 g/ml, or rat anti-mouse CD40
(Southern Biotechnology Associates) at 10 g/ml and monoclonal rat antimouse CD16/CD32 (clone 2.4G2; BD Pharmingen) at 50 g/ml. The antiId sera used to cross-link -mSIPs and mIgE were derived from animals
vaccinated with plasmids coding for secretory ␥1-SIP, while the ones for
␥1-mSIPs were obtained from animals immunized with vectors coding for
secretory -SIP, as described above.
Assay of the effect of secretory -SIP on A20 wild-type (wt) cells was
performed using 100 l of supernatant from Sp2/0 cell transfectant and 1
l of anti-Id serum on 5 ⫻ 104 A20 cells.
For capping experiments, 2 ⫻ 105 cells were resuspended in 400 l of
medium and cross-linked for 15 min at 37°C or 4°C with goat anti-mouse
IgG FITC conjugated (Kirkegaard & Perry Laboratories) or anti-Id. In the
latter case, after washing, cells were incubated for 40 min at 4°C with
FITC-labeled goat anti-human IgE or anti-human IgG. Cells were then
allowed to adhere to poly(lysine) (Sigma-Aldrich)-coated coverslips, fixed
with 4% paraformaldehyde for 5 min, mounted with Prolong Gold (Molecular Probes), and analyzed by fluorescence microscopy (Leica
Microsystems).

The plasmids for the expression of the two complete membrane  H chain
isoforms have already been described (11). The -⌬EMPD was obtained
from the previously described pCDNA--membrane small immunoprotein
(mSIP)/⌬EMPD (9) by transferring a Bsu36I/XbaI fragment (from CH4 to
the stop codon) into the full-length  construct. All other gene constructs
were cloned into the pCDNA3 plasmid (Invitrogen Life Technologies).
The constructs encoding ␥1-mSIP and -mSIPs with EMPD long, EMPD
short, without EMPD, or with human ␥1 EMPD have been described previously (9). Plasmids encoding L-mSIP/⌬Cyto and Sh-mSIP/⌬Cyto were
obtained respectively by PCR amplification of the regions coding for
CH4-EMPD-TMD with primers 5⬘-CTGAGGACACGGCCGTCTAT
TACTG-3⬘ and 5⬘-GTTAGGATCCTCGCTGCACCATGAGGAGCGT3⬘. The resulting fragments were digested with Bsu36I and BamHI and
ligated to the corresponding L-mSIP and Sh-mSIP plasmids. -mSIP/
⌬EMPD/⌬Cyto was obtained by transferring a KasI/KasI fragment from
L-mSIP/⌬Cyto (which contained the TMD, followed by a stop codon and
the poly(A) site) into -mSIP/⌬EMPD. The -mSIP/⌬EMPD-GPI was obtained by substitution of the fragment coding for TMD and CytoD from
-mSIP/⌬EMPD vector with a GPI signal sequence (17). Construct ␥1mSIP/⌬EMPD was generated by PCR amplification of the ␥1 TMD and
CytoD with primers 5⬘-CTTGGATCCGGGCTGTGGACGACCATCA
CC-3⬘ and 5⬘-CTGAATTCTTAGGCCCCCTCTCCGATCATGT-3⬘. The
PCR fragment was inserted into the BamHI/EcoRI sites of -mSIP/
⌬EMPD to produce the chimera -mSIP/⌬EMPD/␥1-TMD-CytoD. In this
plasmid, the BspEI-BamHI CH4 domain was finally substituted by
␥1CH3 domain obtained by PCR amplification with sense primer (5⬘-TA
CTCCGGAGGCTCTGGCGGGCAGCCCCGAGAACCACA-3⬘) and antisense primer (5⬘-GATGGATCCCGGGGACAGGGAGAGGCTCTTG-3⬘).
To generate the chimera ␥1-mSIP/⌬EMPD/-TMD-CytoD, the CH4
domain was substituted by ␥1CH3 domain, obtained as described above, in
-mSIP/⌬EMPD. The ⌬CH4 constructs were obtained by deleting the
fragment from BspEI at the 5⬘ to the XmaI site at the 3⬘ end of CH4
domain. To obtain anti-idiotypic Abs (by DNA immunization), the Id in the
single-chain variable fragment format (in all cases as HindIII-BspEI fragments, with VL-linker-VH orientation) were cloned into vectors encoding
secretory ␥1-SIP (18) or -SIP (19).

Mice and guinea pig immunization and sera analysis
BALB/c mice were vaccinated three times at 2-wk intervals with 1 g of
plasmid by gene-gun technique (20, 21). Fifteen days after the last boost,
blood was collected via retro-orbital puncture. For guinea pig immunizations, 2 g of DNA per shot was used, and sera were collected by cardiac
puncture. Immune responses against the Id were analyzed by cytofluorimetry on a FACSCalibur (BD Biosciences) using anti-Id sera, followed by
FITC-conjugated goat anti-mouse IgG or anti-guinea pig IgG Abs (Kirkegaard & Perry Laboratories).

IgG purification and IgG Fab production
Sera, obtained from vaccinated guinea pigs, were purified using DEAE
Affi-Gel BLUE GEL (Bio-Rad), following the manufacturer’s protocol.
IgG fractions were quantified by SDS-PAGE, followed by Coomassie
staining, and by spectrophotometry. A total of 200 g of purified IgG,
resuspended in PBS, was digested at 37°C for 3 h with 0.02 mg/ml papain
(twice crystallized; Sigma-Aldrich) in PBS containing 10 mM EDTA and
5 mM cysteine. The reaction was stopped by addition of iodoacetamide
(final concentration 30 mM) and dialyzed at 4°C against PBS. Digestion
products were analyzed in 10% nonreducing SDS-PAGE, stained with
Coomassie blue.

Cell lines and transfections
The murine myeloma B cell line Sp2/0, the mouse B lymphoma A20
(American Type Culture Collection; TIB-208), and the Fc␥R-negative
variant A20IIA1.6 (22) (provided by C. Bonnerot, Institut Curie, Paris,
France) were maintained in RPMI 1640 with Glutamax I (Invitrogen Life
Technologies) and 25 mM HEPES, supplemented with 10% heat-inactivated FCS, 50 g/ml gentamicin, 1 mM sodium pyruvate, and 0.5 M
2-ME. Transfections were performed by electroporation, as described previously (9). The Sp2/0, A20, and A20IIA1.6 stable clones were cultured in
selective medium containing 400 g/ml G-418 (Geneticin; Invitrogen Life
Technologies).

Apoptosis analysis
Apoptosis was determined by flow cytometry with the annexin V-FITC/PI
assay. In brief, cells were collected, washed in PBS, resuspended in 200 l
of annexin buffer (10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl, 5 mM
CaCl2) containing Annexin VFITC (Roche), diluted 1/400, and 1 g/ml
propidium iodide (PI; Molecular Probes), and incubated for 30 min at room
temperature in the dark. For testing caspase and cathepsin inhibition, cells
in complete medium were preincubated for 2 h with the broad caspase
inhibitor
N-benxyloxycarbonyl-Val-Ala-Asp(Ome)-fluoromethylketone
(Z-VAD-fmk; 25 M; Sigma-Aldrich) or with the cathepsin inhibitor
Loxistatin (100 M) (Sigma-Aldrich) before the cross-linker addition. The
inhibition effect on cell death was investigated by annexin-PI assay, as
described above.

DNA analysis
To analyze cellular DNA content, cells were incubated for 30 min in the
dark at room temperature in hypotonic solution (0.1% sodium citrate, 0.1%
Nonidet P-40 (Calbiochem), and 50 g/ml RNase) containing 50 g/ml PI
(Molecular Probes). PI fluorescence was determined by cytofluorimetry.
DNA fragmentation was analyzed from 106 cells cross-linked with anti-Id
or anti-mouse Fas. Cells were lysed in TNE buffer (100 mM Tris-HCl (pH
8.0), 200 mM NaCl, 5 mM EDTA) containing 0.2% SDS and 200 g/ml
proteinase K and incubated overnight at 37°C. DNA was extracted by
phenol-chloroform and ethanol precipitated. Samples were dissolved in TE
(10 mM Tris-HCl (pH 8.0), 1 mM EDTA) buffer, treated for 2 h with 50
g/ml RNase A at 37°C, and analyzed by electrophoresis on 1.8% agarose
gel. Chromatin condensation analysis was performed in cells fixed with
paraformaldehyde for 10 min at room temperature, stained with Hoechst
33258 (1 mg/ml in PBS) for 20 min at 37°C, and examined by fluorescence
microscopy.

Mitochondrial transmembrane potential (⌬m)
Changes in the mitochondrial ⌬m were determined by staining cells for
30 min at 37°C with 25 nM Mitotracker orange reagent (CMTMRos;
Molecular Probes). After PBS washing, cells were analyzed by
cytofluorimetry.

Poly(ADP-ribose) polymerase (PARP) cleavage analysis
After 6-h cross-linking, 5 ⫻ 105 cells were lysed for 10 min on ice in TNN
buffer (250 mM NaCl, 50 mM Tris-HCl (pH 8), 0.5% Nonidet P-40) containing PMSF and protease inhibitor mixture (Sigma-Aldrich), and centrifuged at 16,000 ⫻ g for 15 min at 4°C. Supernatants were run on 8%
SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore) for Western blotting. Membranes were saturated in PBS with 0.1%
Tween 20 (Sigma-Aldrich) and 5% nonfat dry milk, and incubated with 1
g/ml monoclonal mouse anti PARP (clone C2-10; BD Pharmingen). After
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subsequent incubation with HRP-conjugated goat anti-mouse IgG (Kirkegaard & Perry Laboratories), proteins were revealed using ECL (Amersham
Biosciences).

ERK1/2 MAPK activation
Analysis of ERK activation was conducted in lysates of cross-linked cells
(5 ⫻ 105) run in 10% SDS-PAGE, transferred to polyvinylidene difluoride
membrane, and incubated overnight at 4°C with monoclonal anti-phosphop44/42 MAPK (clone E10) or anti-p42 MAPK (clone 3A7), both from Cell
Signaling Technology, at 1/2000 dilution in 5% nonfat dry milk in TBST,
followed by incubation with goat anti-mouse IgG-HRP Ab (Kirkegaard &
Perry Laboratories). Protein bands were detected by ECL.

Ca2⫹ mobilization assay

Results
 Immunoreceptors and Ca2⫹ mobilization
In this study, we used full-length mIgE and reduced-size membrane-bound immunoreceptors (called mSIP) to obtain stable
transfectant clones of the murine mature IgG⫹ B cell line A20.
mSIPs consist of a single-chain variable fragment Ab (VL-linkerVH) fused to the C-terminal region of a mIg H chain, from the last
dimerizing domain of Fc, CH4 (for  and ) or CH3 (for ␥, ␦, and
␣), down to the cytoplasmic tail (Fig. 1). These molecules are
efficiently folded and expressed as dimers on the surface of trans-

FIGURE 1. Schematic representation of the different membrane constructs used to transfect murine B cell line A20. Boxes correspond to defined domains, thick lines to linker sequences, while thin lines indicate
naturally missing regions and dashed lines deleted regions.

fected cells and, in the case of , ␥, and ␣, they are covalently
stabilized through disulfide bonds between cysteines present in the
EMPD (9, 20, 21). In addition, normal signaling of A20 expressing
mSIPs of  and ␥1 isotypes (L-mSIP, Sh-mSIP, and ␥1-mSIP)
was confirmed by analyzing their ability to promote intracellular
Ca2⫹ mobilization upon cross-linking. As shown in Fig. 2A, fulllength IgE, as well as the - and ␥1-mSIPs, induced a Ca2⫹ signal
comparable to that of the endogenous murine IgG expressed by
A20 cells, indicating efficient triggering of this early event of the
BCR signaling cascade. In agreement with these data, capping of
these receptors after cross-linking was also observed, further confirming normal anchoring to the cell membrane (Fig. 2B).
However, contrary to capping, Ca2⫹ mobilization was entirely
dependent on the presence of the EMPDs. In fact, deletion of this
domain in both  and ␥ isotypes (constructs -mSIP/⌬EMPD and
␥1-mSIP/⌬EMPD) failed to induce Ca2⫹ mobilization following
cross-linking (Fig. 3). This characteristic was also true for the
⌬EMPD version of the complete IgE, indicating that it is an intrinsic property of the Ig and is not associated with the structure of
the minireceptors. These results indicated that the presence of
EMPD was essential for calcium signaling, even though the BCRs
were still able to show membrane mobility leading to receptor
capping.
-EMPD controls apoptotic signaling
Engagement of -⌬EMPD immunoreceptor constructs with antiidiotypic Abs induced, in relatively short periods of time (6 h), the
classical shrinkage observed in apoptotic cell death (data not
shown). Analysis by the annexin V/PI assay revealed that a large
proportion of cells (⬃80%) expressing -⌬EMPD receptors underwent apoptosis (Fig. 4A). This characteristic appeared to be
specific for  isotype, because engagement of ␥1-⌬EMPD was not
apoptotic (Fig. 4B). Furthermore, grafting of the ␥1-EMPD into
-mSIP/⌬EMPD restored the nonapoptotic activity of the receptor
as well as the capacity to induce Ca2⫹ mobilization (Fig. 4C).
Interestingly, although cross-linking of the L immunoreceptors in
both mSIP and mIgE was not apoptotic, the Sh variant (also in
mSIP and mIgE) was consistently moderately apoptotic (⬃15–
20%) (Fig. 4B).
These results indicated that -EMPDs play a key role in controlling the capacity of membrane-bound IgE to induce apoptosis
in the context of a mature isotype-switched B cell. The phenotype
described for each immunoreceptor was independent of the level
of expression, because in all cases several clones showing different
levels of expression behaved in the same manner (data not shown).
As the anti-Id Abs were obtained from mice or guinea pigs
(immunized with appropriate DNA constructs), they could bind to
the low-affinity Fc␥R, Fc␥RIIB1 (CD32), expressed by A20 cells.
The possibility that such receptor was involved in the apoptotic
activity was ruled out by different experiments: first, the rat mAb
anti-CD16/CD32 clone 2.4G2, which blocks binding to Fc␥RII
and Fc␥RIII (23), was unable to reduce the apoptotic activity of
either mouse or guinea pig anti-Id sera (data not shown); second,
transfectomas derived from the Fc␥R negative A20 variant
(A20IIA1.6) expressing ⌬EMPD immunoreceptors showed the
same behavior as the wt A20 cells (data not shown); third, Fab
derived form anti-Id guinea pig sera showed to be functional in
inducing apoptosis only when cross-linked with a secondary goat
anti-guinea pig serum, unable to bind the murine Fc␥R (Fig. 4D).
This result in addition demonstrates that binding of the Fab to the
Id of the immunoreceptors was not sufficient to deliver the apoptotic signaling and that cross-linking was instead required.
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Cells (107) were washed and resuspended in 0.5 ml of complete medium
containing 10 M Fluo-3AM (Molecular Probes), incubated for 30 min at
37°C, and after addition of 10 ml of HBSS buffer (118 mM NaCl, 4.6 mM
KCl, 10 mM glucose, 20 mM HEPES (pH 7.2)) were further incubated for
additional 30 min at 37°C. Cells were then washed with 10 ml of HBSS and
finally resuspended in 10 ml of complete medium. Usually, 3 ⫻ 105 Fluo3AM-charged cells were used for Ca2⫹ level measurements by flow cytometry after stimulation with goat anti-mouse IgG (20 g/ml) or anti-Id.
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FIGURE 3. Calcium mobilization (A) and receptor aggregation (B) of Id-cross-linked  (mIgE/
⌬EMPD and -mSIP/⌬EMPD) and ␥1 (␥1-mSIP/
⌬EMPD) immunoreceptors with deleted EMPDs.

Because activation of MAPK ERK has been described to be involved in apoptotic signaling in immature B lymphocytes originating from the BCR (24, 25), we looked into the ability of the
-⌬EMPD receptors to deliver a signal transduction leading to
ERK phosphorylation following engagement. In the two cell lines
expressing the mIgE/⌬EMPD and the -mSIP/⌬EMPD, we analyzed the pattern of ERK1/2 phosphorylation induced following
cross-linking of the endogenous murine IgG as well as of the transfected  receptor. As shown in Fig. 5A, the two -BCRs/⌬EMPD
were able to induce ERK1/2 phosphorylation. However, in contrast to the endogenous murine IgG, which showed a peak of activity at ⬃10 min and then decreased, both  receptors showed a
significant longer period (up to 60 min) of ERK1/2 activation.
Apoptotic signaling through IgM BCR in the immature WEHI231 B cell line was reported to be inhibited by simultaneous engagement of CD40 (26). As shown in Fig. 5B, partial rescue of
apoptosis was also observed upon simultaneous cross-linking of
the -⌬EMPD immunoreceptors and CD40. Interestingly, this activity was reflected as well in the modification of the kinetics of
ERK phosphorylation, thus suggesting involvement of MAPKs.
Role of CH4 domain
Because deletion of EMPD was sufficient to turn the -BCR into
an apoptotic molecule, we decided to investigate the roles of the

other domains to determine whether deletion of either of them
alone, or in the ⌬EMPD receptor, had any effect upon cross-linking. We started deleting either the CH4 ectodomain, or the cytoplasmic tail (CytoD) alone, and found that none of them had any
apoptotic effect (Fig. 6A). However, a double deletion mutant lacking both the EMPD and the CytoD (-mSIP/⌬EMPD/⌬Cyto) was
membrane expressed and fully competent in inducing apoptotis
(⬎80%), indicating that signaling in the absence of EMPD was
completely independent from the CytoD (Fig. 6A). To address
whether the TMD was involved, the ␥1 TMD and CytoD were
grafted into the -⌬EMPD (-mSIP/⌬EMPD/␥1-TMD-Cyto).
Upon cross-linking, this membrane-expressed chimera induced apoptosis, indicating that the distinct signaling of  receptors does
not reside in the -TMD nor in the cytoplasmic tail, but rather in
CH4 (Fig. 6A). This conclusion was further supported by the lack
of apoptotic activity of an additional construct: a ␥1-⌬EMPD chimera containing a ␥1CH3 ectodomain with the TM-CytoD from 
isotype (construct ␥1-mSIP/⌬EMPD/-TMD-Cyto) (Fig. 6A).
We obtained additional evidence of the involvement of CH4 in
the apoptotic signaling. We reasoned that if CH4 were able to
interact with an as yet undefined membrane component, it should
be possible to induce apoptosis on wt A20 cells by exposing them
to a secretory version of -SIP (i.e., devoid of EMPD, TMD, and
CytoD), followed by cross-linking. As shown in Fig. 6B, when
A20 cells were simultaneously incubated with a soluble -SIP and

FIGURE 2. Intracellular calcium mobilization (A) and immunofluorescence of BCRs (B) on the indicated cell lines, upon cross-linking of the endogenous mouse mIgG (anti-mo IgG), the Id expressed by the full-length human mIgE (anti-IdIgE) or the Id of the SIP constructs (anti-IdSIP). A, Cells labeled
with Fluo-3AM were analyzed by real-time cytofluorimetry. B, Receptor aggregation (patching and capping) was induced incubating, respectively, at 4°C
or 37°C, with the indicated cross-linkers.
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an anti-Id serum, a significant number of cells underwent apoptosis. As expected, apoptosis required a specific anti-Id serum, because a control one did not have any effect.
Taken together, these results indicated that the CH4 domain,
displayed on the cell surface in the absence of tethering through
the EMPD, is responsible for the apoptotic signaling, which appears to involve ERK phosphorylation, but not Ca2⫹ mobilization.

brane potential (27), as revealed by cytofluorimetric analysis of
cells labeled with the Mitotracker reagent (Fig. 7C). However, a
significant increase in a cell population with a reduced DNA content was observed (Fig. 7D), although the characteristic pattern of
DNA fragmentation into a nucleasome ladder (as shown by antiFas) was less apparent (Fig. 7E), probably reflecting the lack of
caspase activation.

⌬EMPD immunoreceptor-mediated apoptosis does not involve
activation of caspases

Discussion

To explore the dependency on caspase activation of the apoptotic
pathway of the -⌬EMPD immunoreceptors, we tested the effect
of the broad range caspase inhibitor z-VAD-fmk. As shown in Fig.
7A, z-VAD-fmk did not inhibit cell death induced by anti-Id Abs.
In contrast, cross-linking of the apoptotic caspase-dependent Fas
receptor was completely abolished, indicating that apoptosis induced through the -⌬EMPD immunoreceptors was caspase independent. This conclusion was further confirmed by Western blot
analysis of the caspase-3 substrate PARP. Contrary to Fas,
-⌬EMPD cross-linking did not induce cleavage of PARP, as revealed by the persistence of the 116-kDa band of the uncleaved
product (Fig. 7B), despite the reduction in the mitochondrial mem-

B lymphocytes respond to Ags through engagement of the BCR by
direct binding to the mIg. As a consequence, depending on the
differentiation status of the B cells, the strength and duration of the
interaction, presence or absence of costimulatory or inhibitory signals, cells are induced to proliferate and differentiate into plasma
cells, or anergy or apoptosis is induced (28). In particular, mature
B cells and memory B cells switched to IgA, IgG or IgE isotypes
are recruited into germinal centers, where active somatic hypermutation leading to affinity maturation takes place. In this process,
a large number of cells also fail to successfully engage Ag and die
by apoptosis (15). The mechanism by which the BCR delivers
apoptotic signaling is far from being clear (29, 30). Different regulation of BCR signaling through the B cell coreceptor CD22 was
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FIGURE 4. Apoptosis induction in EMPD-deleted  immunoreceptors. A, Cytofluorimetry of annexin V/PI double staining of cells expressing mIgE or
-mSIP lacking the EMPD, 15 h after cross-linking with specific anti-IdSIP Abs. B, Comparison of anti-Id-induced apoptosis for the different immunoreceptors. C, Calcium mobilization in cells expressing the chimeric -mSIP containing the EMPD from ␥1 isotype (construct -mSIP/␥1-EMPD). D,
Apoptosis on cells expressing -mSIP/⌬EMPD, induced with Fab derived from anti-Id serum. Experiments were performed with equivalent amounts of
purified anti-IdSIP IgG (IgG/anti-Id) and Fab derived from the same preparation (Fab/anti-Id) or IgG and Fab derived from preimmune serum (IgG/
preimmune and Fab/postinfection, respectively). When indicated, a secondary Ab (goat anti-guinea pig IgG, 2nd Ab), was added as a cross-linker.
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reported to be dependent on the distinct cytoplasmic tails ( and ␥)
of the mIg isotypes (31). Also, for the -isotype, signal transduction was proposed to be different from other isotypes, including
interactions of the cytoplasmic tail with specific cellular proteins
(6, 32). Moreover, it was recently reported that IgE⫹ cells could
directly interact and trigger degranulation, in an Ag-independent
manner, with mast cell and basophils expressing the FcRI (33).
Diversity in the constitution of the different isotypes may conceal differences in their activities. Our observation that the EMPD
plays a clearly distinct role in controlling apoptosis in mIgE and
mIgG points in this direction. For the ␣, ␦, and  isotypes, the
⌬EMPD versions were not well expressed, and therefore, no information could be obtained. In addition, among all isotypes, mIgE
has the longest EMPD (in the most abundant L version), with 66
aa and two of four cysteines involved in interchain disulfide
bridges (9). The short version, however, presents a significantly
higher apoptotic activity, although reduced when compared with
the ⌬EMPD. Because membrane short IgE has been shown to be
apoptotic in immature B cells, this suggests that the cellular outcome depends on both the isoform expressed and the cellular context. Our findings that even in the mature A20 the mIgE can be
apoptotic highlights the importance of the EMPD in controlling
cell signaling.
Indeed, the Ca2⫹ mobilization experiments confirmed that signaling through the ⌬EMPD receptors was essentially different,
failing to activate Ca2⫹ release. Despite this, ERK1/2 phosphorylation, which has been implicated in BCR activation (34, 35) as
well as in BCR-mediated apoptosis (25, 26), was nevertheless activated in the ⌬EMPD receptors, although with a different kinetics.
Consistent with these characteristics was the observation that costimulation of -⌬EMPD BCR and CD40 produced partial rescue
of the apoptotic signaling and partial change of ERK phosphorylation kinetics.
It was reported recently that ERK acts as a kinase for the deathassociated protein kinase, which in turn promotes ERK cytoplasmic retention, impairing ERK survival signals. Interestingly, the
formation of ERK-death-associated protein kinase complex has

been shown to be essential for promoting caspase-independent apoptosis in human D2 erythroblastic cells (36).
Despite several reports documenting activation via mitochondria of caspases 3 and 9 in BCR-mediated death signaling in both
normal and B cell lymphomas (37–39), the apoptosis induced

FIGURE 6. A, Apoptosis levels induced by anti-Id cross-linking of different mutant constructs of -mSIPs and ␥1-mSIPs, determined by the
annexin V/PI assay. B, Annexin V/PI assay of wt A20 cells nontreated (left
panel) or treated with the secretory form of the -SIP, and cross-linked
with the anti-IdSIP serum (central panel) or the preimmune serum (right
panel).
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FIGURE 5. Activation of ERK1/2 MAPKs. A, Western blots of A20 cells expressing the two different ⌬EMPD  immunoreceptors (mIgE/⌬EMPD and
-mSIP/⌬EMPD) following receptor engagement for the indicated time periods. Blots were developed with an anti-phospho-ERK1/2 mAb for activated
ERK (upper panels), or with an anti-ERK1/2 for the total protein (lower panels). NC, Noncross-linked. B, Apoptosis and kinetics of ERK1/2 phosphorylation, upon coengagement of -mSIP/⌬EMPD and CD40. NC, Noncross-linked.
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FIGURE 7. Lack of caspase activation in the apoptosis induced in A20
cells expressing -⌬EMPD immunoreceptors, upon BCR engagement. A,
Apoptosis levels in the presence or absence of the caspase inhibitor zVAD-fmk, determined by the annexin V/PI assay. Anti-Fas was used as a

caspase-dependent apoptosis-positive control. B, Western blot analysis of
PARP cleavage. Arrows indicate the position of full-length (116-kDa) and
cleaved (85-kDa) PARP. C, Mitochondrial membrane potential determined
in cells noncross-linked (1) or cross-linked with anti-mo IgG (2) and antiIdSIP (3). D, Cytofluorimetric analysis of cellular DNA content. E, DNA
degradation into oligonucleosome fragments. NC, Noncross-linked.
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through the ⌬EMPD immunoreceptors was not dependent on
caspase activation. Similar cases have been described previously
also in mature T lymphocytes upon engagement of CD99 and in
human monocytes and dendritic cells by anti-CD47 treatment (40,
41). Moreover, in the immature B cell line WEHI-231, signaling
through IgM induced growth arrest and apoptosis in a caspaseindependent mode that could be prevented by rescue signals mediated by CD40 (26, 27, 42). In this cell line, although IgM crosslinking induced caspase and cathepsin activities, these proteases
were not responsible for BCR-mediated apoptosis, suggesting the
existence of an alternative proteolytic pathway (43). Moreover, B
cell responses appear to be normal in caspase-deficient mice, indicating that several apoptotic pathways coexist in mammalian
cells, and suggesting that a single stimulus can induce the activation of more than one pathway (44). Our results showed that
caspase independence was also characteristic of the apoptosis induced through the ⌬EMPD -immunoreceptors in the mature B
cell line A20. It is unlikely that other lysosomal cystein proteases,
like cathepsins and calpains, were involved, because the inhibitor
of these proteases, Loxistatin, was unable to block apoptosis (data
not shown).
It has become clear that mitochondria play a key role in the
control of cell fate, modulating cell survival and cell death. During
apoptosis, mitochondrial alterations, such as loss of the mitochondrial ⌬m, release of apoptogenic proteins (cytochrome c, apoptosis-inducing factor, endonuclease G), and decrease of ATP synthesis, occur (45). Cell death signaling through BCR causes
dysfunction of mitochondria (46). We found that apoptosis induced by Id cross-linking induced mitochondrial damage, leading
to a decrease of the ⌬m. Because apoptosis was not mediated by
caspases, it is possible that some other mitochondrial proteins such
as apoptosis-inducing factor and endonuclease G may be responsible for the observed chromatin condensation and DNA cleavage
(47).
In doing the cross-linking experiments, we observed that antiidiotypic Abs were far more efficient than anti-Fc region Abs (data
not shown). This result suggests that mIg signaling might involve
additional structural constraints achieved by engagement through
the V regions, as it is the case for Ag binding. In addition, when
no apoptosis was detectable, we never observed proliferation upon
cross-linking of the immunoreceptors.
We were able to map the CH4 domain as the main responsible
for the apoptotic signaling. The ability of a soluble SIP version to
deliver apoptosis upon cross-linking strongly suggests that the interaction with a hitherto unidentified membrane component is at
the base of the response. Furthermore, we have recently obtained
additional evidence in this direction, showing that a GPI-anchored
membrane version of the -mSIP/⌬EMPD was also apoptotic
when transfected into A20 cells (data not shown).
Apoptosis of mIgE⫹ cells could be at the base of the extremely
low number of such cells found, in agreement with the requirement
of membrane expression for production of serum IgE (6). Although we are aware of the limitations imposed by our model, the
results presented show that the BCR deleted of its EMPD delivers
a strong apoptotic signal within the context of a mature isotypeswitched B cell. However, this is not the case for the other Ig

The Journal of Immunology
isotypes analyzed. We speculate that in vivo, neutralization of the
-EMPD by a yet unknown mechanism might be at the base of the
process that ends triggering apoptosis upon -BCR engagement,
thus explaining the low proportion of circulating IgE⫹ B cells. In
this respect, mapping the apoptotic activity to the CH4 suggests
that this domain promotes new interactions of the -BCR with
other apoptotic membrane components. Current experiments are
oriented to the molecular characterization of such components.
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