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Abstract

A role for c-Abl in B cell development and signaling has been suggested by previous work showing
that c-Abl-deficient mice have defects in bone marrow B cell development and that c-Abl-deficient
B cells are hypoproliferative in response to antigen receptor stimulation. Here we show that in
addition to defects in early B cell development, c-Abl-deficient mice have defects in peripheral B cell
development, including reduced percentages of peritoneal B-1 cells as well as transitional and
marginal zone B cells in the spleen. It has been shown that c-Abl kinase activity increases upon B cell
receptor (BCR) stimulation and that one of the targets of tyrosine phosphorylation by c-Abl is
CD19. However, the consequences of c-Abl activity on B cell activation and CD19 signaling remain
unknown. Here, we show that c-Abl-deficient splenic B cells exhibit reduced calcium flux in response
to CD19 cross-linking, consistent with a role for c-Abl in CD19-dependent signaling. Additionally, we
show that c-Abl-deficient B cells are defective in their ability to be activated in response to antigen
receptor engagement, suggesting a functional role for c-Abl in BCR-dependent activation signaling

pathways.

Introduction

Developing B cells in the bone marrow must pass through
sequential checkpoints to ensure that only B cells express-
ing a functional B cell receptor (BCR) are released into the
periphery. Once these immature or transitional B cells
emerge from the bone marrow, they continue to require sig-
nals through their antigen receptor for survival as well as for
further differentiation into marginal zone (MZ), follicular and
B-1 cell lineages. This peripheral differentiation process
depends in part on the strength of the signal transmitted
through the antigen receptor. Indeed, greater BCR signal
strength promotes B-1 cell differentiation, and lower levels
of BCR signaling promote MZ and follicular B cell differentia-
tion (1). In the periphery, basal or ‘tonic’ signaling through
the BCR continues to provide survival signals to resting ma-
ture B cells (2, 3). Functional signaling through the BCR is
also required for B cell activation and thus proper antigen
responses by B cells. Thus, signaling through the B cell re-
ceptor is important for B cell development, maintenance
and function.

c-Abl is a non-receptor tyrosine kinase with a variety of
known functions, including responses to oxidative stress,
DNA damage, growth factor stimulation, cell adhesion and
cytoskeletal remodeling (4). The c-Abl gene was first identi-
fied as the cellular gene from which the oncogenic v-Abl of
Abelson murine leukemia virus (A-MulLV) was derived (5).
A-MuLV causes rapid lymphoma in mice and transforms only
early B lineage cells both in vivo and in vitro. Another c-Abl-
derived oncogene is the chromosomal translocation product
breakpoint cluster region-Abelson (BCR-ABL), which
causes both chronic myelogenous leukemia as well as some
forms of acute lymphoblastic leukemia in humans (6). Thus,
early studies with Abl-related genes pointed toward a role
for c-Abl in hematopoietic cells. Another early suggestion of
a role for c-Abl in the hematopoietic system was the obser-
vation that mice homozygous for either the c-Abl null allele
(abP) or the allele encoding a truncated c-Abl protein
(abl™") have a variety of hematopoietic defects, including
small thymuses and spleens as well as decreases in
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numbers of total peripheral lymphocytes and an increased
susceptibility to infections (7, 8).

In the years since both the mutant c-Abl mouse lines were
made, however, a clearer picture of a role for c-Abl in lym-
phocytes has been emerging. The defect in developing
B cells in c-Abl knockout (KO) mice has been well docu-
mented (9, 10). In the absence of wild-type (WT) c-Abl, there
is a severe reduction in both the pro-B and pre-B cell popu-
lations (9, 10). B cell precursors in c-Abl-deficient mice have
also been shown to have an increased rate of apoptosis, as
well as possible defects in V(D)J recombination (10, 11).

The role of c-Abl in mature B cells is not as well defined
as in developing B cells. Analysis of peripheral lymphocytes
in c-Abl null mice demonstrated specific reductions in both
B and T cells (8). Although the percentages of B and T cells
were found to be nearly normal in ab/™" mice (7), analysis
of peripheral B cells revealed defects in the proliferative
responses to anti-IgM in liquid culture assays and variable
defects in the proliferative response to LPS, but only in soft
agar (12). In liquid culture, abl/™" splenic B cells appear to
proliferate at control levels in response to LPS (12). Analysis
of peripheral B cells in abF mice showed a similar response;
in liquid culture, these cells proliferate normally in response
to LPS but are deficient in the proliferative response to anti-
IgM (13). These data suggest that signaling downstream of
antigen receptor ligation is impaired in Abl-deficient periph-
eral B cells. This is consistent with a role for c-Abl in the
BCR signaling pathway and is further supported by addi-
tional data showing that the kinase activity of c-Abl in-
creases in response to anti-lgM treatment (13).

A few putative targets of c-Abl kinase activity in B cells
have been identified, although the functional significance of
these phosphorylation events is unknown.

i) First, c-Abl was shown to phosphorylate Y490 of CD19
both in vitro and when co-expressed with CD19 in Bosc23
cells (13). CD19 is a transmembrane molecule expressed
on the surface of B cells that acts as a co-receptor to the
BCR, modulating the downstream signaling cascades.
B cells from CD19-deficient mice have reduced proliferative
responses to B cell mitogens and decreased levels of
serum |lg, whereas over-expression of CD19 in B cells leads
to increased proliferation and serum Ig levels (14). CD19
has nine conserved tyrosines in its cytoplasmic domain that
recruit many components of the BCR signaling apparatus
upon phosphorylation. Proteins that bind many of these
individual phosphotyrosine residues have been identified;
however, no binding partner has been identified for the
tyrosine residue targeted by c-Abl. Additionally, the re-
sponse of c-Abl-deficient B cells to CD19 stimulation has
not been addressed.

i) Another substrate of c-Abl that plays an important role in
B cell signaling pathways is B cell adaptor for phosphoi-
nositide-3 kinase (PI3K) (BCAP) (15). c-Abl phosphorylates
BCAP via a mechanism requiring Abl interactor-1, an
adaptor protein that links c-Abl to substrates of its kinase
domain. BCAP is also an adaptor molecule and is important
for the recruitment of PI3K to the BCR signaling cascade
(16). In addition to phosphorylation by c-Abl, BCAP is also
phosphorylated by spleen tyrosine kinase and Bruton’s

tyrosine kinase (Btk), two kinases that play important roles
in BCR-mediated signaling. Phosphorylated BCAP is then
bound by the p85 subunit of PI3K. In the absence of this
phosphorylation, PISK recruitment to glycolipid-enriched
microdomains is reduced, as is the production of the
important signaling molecule phosphatidylinositol[3,4,5]
triphosphate (16).

iii) Btk is a member of the Tec family of non-receptor tyrosine
kinases and is required for normal B cell development.
Mutations in btk lead to the diseases X-linked aggamaglo-
bulinemia in humans and X-linked immunodeficiency in
mice. c-Abl was found to phosphorylate Y223 on Btk when
both proteins are over-expressed in cells (17), but this event
has yet to be addressed at the endogenous levels of the
proteins.

iv) Despite the well-characterized anti-apoptotic role that
c-Abl, v-Abl and BCR-ABL appear to play in developing B
cells, less is known about the role of c-Abl in regulating
apoptosis in mature B cells. Recent data have suggested
a pro-apoptotic role for c-Abl in B cells downstream of
the inhibitory Fc receptor, FcyRIIB1 (18). C-Abl was
shown to co-immunoprecipitate with and phosphorylate
FcyRIIB1 only upon cross-linking of the receptor (18).
Deletion of c-Abl in DT40 cells partially abrogated
FcyRIIB1-dependent apoptosis, but this response was only
completely blocked in cells lacking both c-Abl and the
related protein Arg (18).

To better understand the role of endogenous c-Abl activity
in peripheral B cell differentiation and function, we analyzed
transitional and mature B cell populations in mice homozy-
gous for the abF null allele. We found decreased percen-
tages of peritoneal B-1 cells as well as early transitional
B cell populations in the spleen. We also observed variable
reductions in the percentages of MZ B cell populations. Ad-
ditionally, splenic B cells derived from these animals were
defective in their response to BCR stimulation, as indicated
by reduced calcium flux and reduced surface up-regulation
of activation markers. We also show that c-Abl-deficient
B cells have defects in CD19-dependent signaling as moni-
tored by reduced calcium flux in response to CD19 ligation
alone. Although c-Abl has been suggested to play a role in
BCAP-dependent signaling, we failed to observe a decrease
in c-Rel protein levels or altered nuclear factor-kB (NF-kB)
DNA binding in c-Abl —/— B cells as was observed in
BCAP-deficient B cells (19).

We conclude that c-Abl is important for peripheral B cell
differentiation into transitional, MZ and B-1 cells as well as
for peripheral B cell receptor and co-receptor signaling. This
suggests that in addition to its known role in developing B
cells, c-Abl is also important for peripheral B cell differentia-
tion and function.

Materials and methods

Mice

Mice carrying the c-Abl null allele (ab/™) were maintained in
either a pure 129/SvEv background or a mixed 129/SvEv
and C57BL/6 background. Mice were bred as heterozygotes
to obtain WT, heterozygous and homozygous c-Abl mutants.



Six- to eight-week old mice were used for all experiments
except where otherwise specified. Mice were housed and
maintained in accordance with institutional guidelines de-
fined by the Columbia University Institutional Animal Care
and Use Committee.

FACS

Spleens were removed and passed through a cell strainer
[Becton Dickinson (BD), Franklin Lakes, NJ, USA] to yield
a single-cell suspension. RBCs were lysed in RBC lysis
buffer (0.16 M ammonium chloride, 0.01 M potassium bicar-
bonate, 0.05 mM EDTA, pH 8.0) on ice. The remaining cells
were washed in FACS Stain Buffer with fetal bovine serum
(FBS) (BD) and incubated in the presence of Fc Block (BD)
and then stained with the appropriate antibodies for 30 min
on ice. Cells were then washed in Stain Buffer and analyzed
on a LSRIl flow cytometer (BD). The following antibodies
were obtained from BD: FITC anti-CD21, FITC anti-IgD, PE
anti-CD23, PE anti-CD25, PE anti-CD86, PE anti-I-A®, PE
anti-Mac-1, PE anti-CD95, PECy7 anti-B220, allophycocyanin
(APC) anti-IlgM and APC anti-CD5. APC anti-CD23 was pur-
chased from Invitrogen (Carlsbad, CA, USA) and peanut ag-
glutinin-FITC was purchased from Vector Labs (Burlingame,
CA, USA). FACS data were analyzed with FlowJo software
(Tree Star, Inc., Ashland, OH, USA). Dead cells were ex-
cluded from analysis by forward and side-scatter gating.

In vitro stimulation of splenocytes

Splenocytes were prepared as single-cell suspensions and
RBCs were lysed as described above. Cells were counted
and plated at 1 x 10° cells per milliliter in Roswell Park Me-
morial Institute media (RPMI), 5% FBS and 27.5 uM
B-mercaptoethanol. Cells were treated with either 50 pug mi~"
goat anti-lgM F(ab’)2 (ICN Pharmaceuticals, Aurora, CO,
USA) or 10 pg mi~' LPS (Sigma-Aldrich, St Louis, MO,
USA) for the indicated times. Cells were harvested, washed
in PBS and stained for FACS analysis as described above.

ELISA

Plates (Nunc Immuno plate, Thermo Fisher Scientific, Ros-
kilde, Denmark) were coated with capture antibody (BD,
anti-lgM/anti-lgG1/anti-lgG2a/anti-IgG3) 1 h at 37°C, washed
with PBS + 0.1% Tween-20 (PBST) and blocked with PBS +
1% BSA for 30 min at room temperature. Serum from periph-
eral blood as well as purified isotype standards (BD, IgM/
1gG1/IgG2a/IlgG3) was applied to the plate and incubated
overnight at 4°C. Plates were washed in PBST and biotiny-
lated detection antibodies were added (BD, anti-IgM/
anti-lgG1/anti-lgG2a/anti-lgG3) for 1 h at room temperature.
Plates were washed in PBST and streptavidin-HRP (BD) was
added for 30 min at room temperature. Plates were washed
and bound HRP was detected with ABTS peroxidase sub-
strate kit (Vector Labs). Plates were read at 405 nm in a plate
reader (Beckman Coulter AD 200, Fullerton, CA, USA).

Electrophoretic mobility shift assay

Nuclear fractions were isolated from cells using a protocol
based on previously published method (20) and incubated

BCR/CD19 signaling defects in c-Abl-deficient B cells 405

with a radiolabeled NF-xB probe (5'CCGGCTGGGGAT-
TCCCCATCTCGGTACS3'’) previously described (21). Sam-
ples were run on a 5% acrylamide gel in 0.5X Tris-borate—
EDTA, dried and exposed on a phosphoimager screen.

B cell purification

Single-cell suspensions of total splenocytes were prepared
as for FACS and then washed in column buffer (PBS + 0.5%
BSA). Cells were counted and incubated with MACS anti-
CD43 microbeads (Miltenyi Biotec, Auburn, NY, USA) for
15 min and then applied to a MACS LS Separation Column
(Miltenyi Biotec). B cells were isolated by negative selection
by collecting the column flow through.

Western blots

Cell lysates were subject to separation by SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were
blocked in Tris-buffered saline (TBS) + 5% BSA and probed
with the following primary antibodies: rabbit anti-c-Rel (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-p65
(Santa Cruz Biotechnology) and mouse anti-actin (Sigma—
Aldrich). Membranes were washed in TBST (TBS + 0.1% Tween
20) and incubated with a fluorescent secondary antibody fol-
lowed by detection on an Odyssey Imaging System (LI-COR
Biosciences, Lincoln, NE, USA).

Calcium flux analysis

Following RBC lysis, total splenocytes were loaded with
Indo-1 AM Ester calcium indicator (Invitrogen) for 1 h at
37°C in PBS. Cells were washed in PBS and re-suspended
in FACS Stain Buffer (BD). Cells were then stained with
FACS antibodies as described above, washed and re-sus-
pended in RPMI/5% FBS. Cells were warmed to 37°C prior
to Ca®* recording on an LSRII flow cytometer. For each sam-
ple, baseline measurements were recorded for 1 min prior to
the addition of 100 ug mI~" anti-IigM F(ab’), (ICN Pharma-
ceuticals), 2 uM ionomycin (Sigma-Aldrich), 1 pg mi~" biotin
anti-CD19 (BD), 1 pg mi~" biotin-Rat IgG2a or 20 ug mi~"
streptavidin (Sigma-Aldrich). For negative controls, cells
were treated with 8 mM ethylene glycol tetraacetic acid
(EGTA) 1 h prior to stimulation. Data were analyzed with
FlowJo software.

Results

Splenic B cell populations

In the absence of c-Abl, developing B cells exhibit a reduc-
tion in the percentages of pro-B and pre-B cells and an in-
crease in their apoptotic index (9-11). c-Abl KO mice also
display decreases in numbers of peripheral lymphocytes
(on average a 30% decrease in the number of lymphocytes
per microiliter) (8) and a reduction in the cellularity of both
the thymus (8) and spleen (Fig. 1A), but little is known about
which peripheral B cell populations are most affected. In or-
der to better define the role of c-Abl in peripheral B cell de-
velopment, we analyzed splenic B cell populations in WT
and c-Abl KO mice by flow cytometry. We observed a similar
percentage of total B220* cells as compared with controls in
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the spleens of the mutant animals (Fig. 1B) within the overall
reduction in cellularity.

We next assessed the various sub-populations of B cells
within the spleen. We observed a ~50% decrease in the
percentages of transitional 1 (T1) (IgM" IgD") transitional
B cell populations in the KO animals relative to controls
(Fig. 2A and D). We observed a more variable reduction in
the percentages of T2 (IgM" IgD") transitional B cell popula-
tions (Fig. 2A and D) and MZ (CD23"° CD21™) B cells in the
KO animals (Fig. 2B and D). Although the KO animals com-
monly had reduced percentages of these populations rela-
tive to controls, the difference was seen less consistently
than that observed in the T1 populations. The percentages
of follicular (CD23" CD21'°) and germinal center (B220*
peanut agglutinin™) B cells were similar between control
and mutant animals (Fig. 2B, C and D). The general lympho-
penia and reduced cellularity of the spleens from c-Abl-defi-
cient mice suggests a role for c-Abl in the development of
all lymphocytes. However, these data further indicate a spe-
cific role for c-Abl in the development of B cells and, in par-
ticular, transitional and possibly MZ B cells.
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Fig. 1. c-Abl KO mice have reduced splenic cellularity. (A) Total
spleen cellularity of WT (+/+), heterozygous (+/—) and homozygous
mutant (—/—) spleens with error bars showing standard deviation.
Spleens were passed through a cell strainer following RBC lysis and
leukocytes were counted in a hemacytometer. (B) Percentages of total
B220" splenocytes in WT (+/+), heterozygous (+/—) and KO (—/-)
c-Abl mice with error bars showing standard deviation. (A and B) Five
animals were counted for each genotype.

Peritoneal B-1 cell populations

The development of B-1 cells has been shown to be depen-
dent on strong BCR signaling levels and as a result deficien-
cies in any of a large number of BCR-related signaling
molecules [e.g. CD19, Btk, BCAP, B cell linker protein BLNK)
and phospholipase C gamma] result in a decrease in the
B-1 cell population. To assess whether or not c-Abl also con-
tributes to B-1 cell development, we investigated the status
of the peritoneal B-1 cell population in c-Abl-deficient mice.
The c-Abl KO animals exhibited a reduced total cellularity of
the peritoneal cavity (Fig. 3A); however, we found a specific
~b50% decrease in the percentage of total B cells (Fig. 3B
and D) as well as a decrease in the percentage of total B-1
(B220* and Mac-1*) and B-1a (B220" and CD5") cells in the
peritoneum (Fig. 3C and D). Because B-1 cells are an impor-
tant source of serum IgM, we analyzed the levels of serum
Ig in c-Abl-deficient animals by ELISA and found a pro-
nounced reduction in serum IgM levels relative to WT (Fig.
3E). The serum concentrations of other Ig isotypes were not
significantly different from controls (Fig. 3E). These data
suggest that like other known signaling molecules such as
CD19, c-Abl is also important for the generation of peritoneal
B-1 cells.

Normal c-Rel and p65/RelA expression levels in c-Abl —/—
B cells

It has been previously demonstrated that BCAP-deficient
splenic and mature B cells have reduced expression levels
of the NF-xB family member c-Rel and altered NF-kB DNA-
binding activity by electrophoretic  mobility  shift
assay (EMSA) (19). NF-xB family members are important
for multiple signaling pathways in many cell types; however,
in lymphocytes, NF-xB signaling is particularly important
for development and survival (22). Given that BCAP is a
substrate of c-Abl kinase activity and that c-Abl KO
mice have specific defects in B cell development and sur-
vival (9, 11, 23), we investigated the possibility that
c-Abl KO B cells might have reduced levels of NF-kB protein
or altered DNA-binding activity similar to BCAP-deficient
B cells.

We isolated splenic B cells from mutant and control ani-
mals and analyzed them for expression levels of c-Rel and
p65/RelA. The levels of both c-Rel and p65 were similar be-
tween WT and mutant B cells (Fig. 4A). To analyze NF-xB
DNA-binding activity in c-Abl KO B cells, we fractionated
purified splenic B cells and assayed the nuclear fraction for
NF-kB DNA-binding activity by EMSA. Dilution of WT and
mutant nuclear extracts revealed similar levels of NF-kB-
binding activity (Fig. 4B, lanes 1, 2, 7 and 8). As expected,
the shifted band disappeared upon competition with cold
probe (Fig. 4B, lanes 3, 4, 9 and 10), but not with addition
of cold, scrambled probe (Fig. 4B, lanes 5, 6, 11 and 12).
Analysis of unstimulated BCAP-deficient splenic B cells
revealed a novel, slower migrating, mobility complex by
EMSA (19), but this was not detected in c-Abl-deficient cells.
The mobility complexes detected in unstimulated cells were
similar between WT and KO cells (Fig. 4B). We conclude
that c-Abl is not critical for c-Rel or p65 expression or for
NF-kB DNA binding in splenic B cells.
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Fig. 2. Splenic B cell populations. (A) Gated on B220* cells, stained for T1 (IgM" and IgD'), T2 (IgM" and IgD") and mature (IgM' and IgD")
B cells. (B) Gated on B220" cells, stained for follicular (CD23" and CD21'°) and MZ (CD23'° and CD21™) B cells. (C) Stained for germinal center
(B220" and peanut agglutinin™) B cells. (D) Average percentages of T1, T2, follicular (Fo), MZ and germinal center (GC) B cells with error bars
showing standard deviation. At least five animals were analyzed for each experiment.

Defective activation of c-Abl null B cells in response to
antigen receptor ligation

Ligation of the antigen receptor on mature B cells leads to
the induction of signaling cascades required for cell activa-
tion and appropriate responses to antigens. Follicular and
MZ B cells respond differently to BCR stimulation, in accor-
dance with their differing roles in immune responses. MZ
B cells rapidly proliferate and differentiate into antibody-
secreting plasma cells in response to antigen recognition
(24). Follicular B cells, on the other hand, generally respond
more slowly and interact with T cells to generate a higher af-
finity response (24). One of the hallmarks of activated follicu-
lar B cells is the up-regulation of certain cell surface
molecules important for interactions with T cells, including
the co-stimulatory molecules CD80 and CD86 as well as

MHC class Il molecules required for antigen presentation to
T cells and the high-affinity chain of the IL-2 receptor (CD25).

It has been previously demonstrated that c-Abl is phos-
phorylated and its kinase activity increases following anti-
IgM stimulation (13). Additionally, it has been shown that
c-Abl-deficient B cells are hypoproliferative in response to
anti-IlgM (13). However, a role for c-Abl in other aspects of
BCR signal-induced activation has yet to be established.
Indeed, the signaling pathways leading to proliferation
and activation or maturation of B cells are not entirely
overlapping (25).

To address the question of whether c-Abl is required for
B cell activation, we cultured total splenocytes in vitro and
stimulated them with either anti-IgM or LPS for 20, 30 and
48 h and monitored the up-regulation of activation markers.
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Fig. 3. Peritoneal cavity B cells. (A) Total cellularity of peritoneal cavity of control (WT and heterozygous) and KO animals with error bars showing
standard deviation. (B) Percentage of total peritoneal B220" cells. (C) Percentage of B-1 cells (B220*, CD5" or B220* Mac-1*). (D) Average
percentage of B220* and B-1 cells in control and KO animals with error bars showing standard deviation. (E) Serum Ig levels (ug mi~") of WT (+/+)
and KO (—/—) animals measured by ELISA. (A-E) At least five animals were analyzed for each experiment.

Splenic B cells from WT mice were readily activated by
antigen receptor ligation by anti-IgM. Activation was detect-
able by 20 h, and by 48 h, there was a clear increase in the
surface expression level of CD25, CD86 and MHC Il on WT
B cells (Fig. 5A-C). In contrast, splenic B cells from c-Abl
KO animals were defective in their ability to up-regulate

CD25, CD86 and MHC Il in response to anti-IgM. There was
almost no detectable increase in CD25 or MHC |l surface
expression in mutant B cells even by 48 h (Fig. 5A and C).
Mutant B cells were partially able to up-regulate CD86, how-
ever, with delayed kinetics and to a lesser overall extent
(Fig. 5B).
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Fig. 4. c-Abl KO B cells have WT levels of NF-kB subunits and DNA-
binding activity. (A) Western blot analysis of splenic B cell lysates.
Membranes were probed with antibodies against c-Rel, p65 and
actin. (B) NF-xB DNA-binding activity was assayed by EMSA. B cells
from WT (+/+) or mutant (—/—) spleens were fractionated and
increasing amounts of nuclear lysates were incubated with 33P-
labeled NF-kB-specific probe (probe), unlabeled probe + labeled
probe (comp) or unlabeled scrambled probe + labeled probe (neg).

Although the similar percentages of follicular B cells in WT
and c-Abl KO mice (Fig. 2C) suggest that c-Abl signaling is
not as important for the specific development of this B cell
subset, we wanted to investigate the possible contribution
of c-Abl to antigen receptor-dependent activation of these
cells. Surface CD23 expression levels are used to phenotyp-
ically identify follicular as well as later (T2) transitional B
cells, and so we specifically analyzed the activation of
B220*CD23* B cells. In WT B220"CD23* B cells, there was
a dramatic increase in the number of cells that up-regulated
surface expression of CD25, CD86 and MHC Il in response
to anti-lgM stimulation (Fig. 5D-F). In contrast, c-Abl-
deficient B220"CD23" B cells showed limited up-regulation
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of surface CD25, CD86 and MHC Il in response to anti-lgM
stimulation and little to no increase in the number of acti-
vated cells with increasing stimulation time as was seen in
WT cells (Fig. 5D-F). These data suggest that in addition
to a hypoproliferative response to anti-lgM stimulation,
c-Abl-deficient B cells have defects in BCR-induced activation.

To determine if c-Abl-deficient B cells were defective in
other activation pathways, we assayed their response to
LPS. LPS activates B cells through engagement of Toll-like
receptor 4 and also induces up-regulation of co-stimulatory
molecules and MHC Il. We cultured total splenocytes from
WT and KO animals and treated them in vitro with LPS for
48 h (Fig. 6). Both WT and KO B cells up-regulated CD86
and MHC Il to a similar extent in response to LPS (Fig. 6A
and B). In addition, the CD23* B cell subset also displayed
a similar response to LPS stimulation as compared with WT
cells (Fig. 6C and D). These data suggest that although
c-Abl KO B cells are defective in their activation in response
to anti-IgM, they have a grossly normal activation response
to LPS treatment, suggesting that they are not defective in
activation per se, but rather specifically defective in antigen
receptor-dependent activation.

c-Abl-deficient B cells exhibit reduced Ca®* flux in response
to antigen receptor or CD19 stimulation

An early result of signaling through the B cell receptor is the
mobilization of intracellular calcium. In addition to BCR stim-
ulation, cross-linking of the CD19 co-receptor alone has also
been shown to elicit calcium mobilization (26). To assess
the competence of the early signaling events following either
antigen receptor or CD19 ligation, we measured intracellular
calcium release in response to stimulation with anti-lgM,
anti-CD19 or the calcium ionophore ionomycin. Total spleno-
cytes were loaded with Indo-1 AM dye and stained for B cell
markers. Data were recorded for 1 min prior to stimulation to
establish a baseline and then for 6 min post-stimulation. In
response to stimulation with anti-igM F(ab’),, B220" cells
from c-Abl KO mice displayed a reduced calcium response
as compared with WT cells (Fig. 7A). For CD19 stimulation,
biotinylated anti-CD19 was added to cells on ice prior to re-
cording, and the anti-CD19 antibodies were cross-linked
with streptavidin at 1 min. Cells from KO mice had a mildly
reduced calcium response to CD19 cross-linking as com-
pared with WT (Fig. 7B). As a negative control for all CD19
stimulation experiments, WT cells were treated with a biotiny-
lated isotype control antibody and cross-linked with strepta-
vidin which elicited no detectable calcium response (Fig.
7B, E and H).

Within the CD23" B cell population, c-Abl-deficient cells
exhibited a greater defect in their response to CD19 ligation
(Fig. 7E), as well as a defect in response to anti-lgM
(Fig. 7D). In CD23™ B cells, there was a slight reduction in
the response to anti-IgM in KO cells (Fig. 7G), but in con-
trast to CD23" B cells, the response to anti-CD19 stimulation
was nearly identical to WT cells (Fig. 7H). As a positive con-
trol, the response to ionomycin in all B cell subsets exam-
ined was robust in both WT and c-Abl KO cells (Fig. 7C, F
and I). As a negative control, WT cells pre-treated with EGTA
did not respond to ionomycin (Fig. 7C, F and I).
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Fig. 5. In vitro stimulation of antigen receptor signaling in splenic B cells. (A-F) Equal numbers of primary splenocytes from WT (+/+) or c-Abl
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These data suggest that c-Abl-deficient CD23* and
CD23~ splenic B cells have similarly modest defects in cal-
cium responses to antigen receptor ligation but that the
CD23* subset is particularly defective in the calcium re-
sponse to CD19 ligation.

Discussion

Mice deficient in c-Abl have profound defects in BM B cell
development (7, 9), but the development and function of pe-
ripheral B cells in these animals has not seriously been well
defined. It has been demonstrated that the proliferative re-
sponse of Abl-deficient B cells to BCR stimulation is reduced

(13) and the CD19 co-receptor has been identified as a tar-
get of c-Abl kinase activity (13), along with BCAP and Btk
(15, 17), but the functional relevance of these interactions is
unknown. Signals originating from the BCR and CD19 sur-
face molecules and the intermediates through which these
signals are transduced are important for B cell development
in the BM and periphery, as well as the functional responses
to antigen carried out by mature B cells. Thus, defects in
BCR signaling can result in many defects in B cell develop-
ment and activation. Splenic B cells from c-Abl KO mice
were defective in their ability to up-regulate surface expres-
sion of CD86, MHC Il and CD25 upon in vitro stimula-
tion with anti-IgM. These data, along with the calcium flux
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analysis upon anti-lgM stimulation, point to a functional role
for c-Abl in BCR-mediated B cell activation. Additionally,
c-Abl-deficient B cells were hyporesponsive to CD19 ligation
as determined by calcium flux responses, pointing to a func-
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tional role for c-Abl downstream of CD19-dependent signal-
ing as well.

Throughout B cell development in both the bone marrow
and periphery, the vast majority of B cells undergo apoptosis
as a result of the mechanisms of either positive or negative
selection. The absence of c-Abl in B cells has been shown
to lead to enhanced apoptosis (11, 23), suggesting that in
B cells (in contrast to other cell types, such as fibroblasts)
the normal role of c-Abl is primarily anti-apoptotic. This may
explain why the defect in B cell populations in c-Abl-
deficient mice appears to be most severe in developing
B cells in both the bone marrow and transitional B cells in the
spleen; these are populations that are particularly sensitive
to apoptosis. It has also been proposed that MZ B cells de-
velop directly from T1 B cells (27), which also might explain
the selective loss of MZ B cells observed in c-Abl KO mice.
In mature B cells, BCR engagement predominantly leads to
cell activation, rather than apoptosis. In these cells, we ob-
serve a defect in the ability to respond to BCR engagement
in the absence of c-Abl, but not a decrease in the overall
percentages of mature cells.

CD19 was shown to be a target of phosphorylation by
c-Abl (13), but the functional relevance of this interaction
was previously unknown. Interestingly, the decrease in tran-
sitional, MZ and peritoneal B-1 cells in c-Abl-deficient mice
is similar to that seen in CD19-deficient mice (14, 28), sup-
porting a functional role for c-Abl in CD19-dependent signal-
ing pathways. Of the nine conserved tyrosines in the
cytoplasmic tail of CD19, eight have been evaluated in mice
using transgenic expression of mutant CD19 constructs in a
CD19-deficient background (29). In this system, it was
revealed that Y482 and Y513 were essential for CD19 func-
tion with respect to B cell development and responses to
antigen, including development of B-1 and MZ B cells (29).
The only conserved tyrosine not evaluated in this study
was Y490, the residue previously shown to be targeted by
c-Abl (13).

Tyrosine 490 lies between and in close proximity to Y482
and Y513 of CD19, binding sites for PI3K and the Src family
kinase Lyn. It has been suggested that c-Abl may play a role
in modulating the function of Y482 and Y513 via phosphory-
lation of Y490 and perhaps recruitment of Src homology
2 domain-containing proteins (13). Mutation of Y482 and Y513
had no effect on the calcium response in response to either
anti-IlgM alone or anti-CD19 alone, but B cells bearing these
CD19 mutations did not display enhanced calcium release
in response to the combination of anti-IgM and anti-CD19
treatment as is normally observed (29). These data suggest
that these residues are involved in CD19-dependent calcium
responses at some level, although this is in contrast to the
data observed in c-Abl-deficient cells which display a re-
duced calcium response to cross-linking of CD19 alone or
surface IgM alone.

It is possible that c-Abl might be involved in another as-
pect of CD19 signaling. Indeed, many proteins are recruited
to the CD19 signaling complex including Btk, another puta-
tive target of c-Abl (17). It has been demonstrated that intra-
cellular calcium responses downstream of CD19 ligation are
partially dependent on Btk (30), raising the possibility that
c-Abl plays a role in the CD19-dependent activation of Btk.
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Fig. 7. Calcium flux analysis. Splenocytes were stimulated in vitro with
antibody followed by streptavidin at 1 min (B, E and H) or ionomycin

F(ab’)2 anti-IgM (A, D and G), biotin anti-CD19 or biotin isotype control
with or without pre-treatment with EGTA (C, F and ). Baselines were

recorded for 60 s, and then samples were treated with anti-IgM, streptavidin or ionomycin at 1 min. The biotin anti-CD19 and biotin isotype control
antibodies were pre-bound on ice. EGTA was added 1 h prior to recording.

During B cell development, B-1 cells are selected for by
high BCR signaling levels. In WT mice, BCR signal strength
is determined by the dosage of antigen as well as the den-
sity of BCRs on the cell surface. In addition to alterations in
antigen dosage and BCR density, signal strength can be
manipulated in KO and/or transgenic mice by the removal,
addition or mutation of the downstream BCR signaling com-
ponents. Indeed, mice deficient in any of several important
components of the BCR signal transduction cascade, includ-
ing CD19, Btk, BCAP, P85a, BLNK and others, have reduc-
tions in peritoneal B-1 cells. The reduction in peritoneal B-1
cells observed in c-Abl KO mice suggests that, like these
other important signaling molecules, c-Abl contributes to the
high BCR signaling levels required for the development of
B-1 cells.

There are similarities between the B cell phenotypes of
BCAP-deficient mice and the B cell phenotype observed in
c-Abl-deficient mice. In particular, both BCAP and c-Abl are
important for B-1 cell development. These similarities, in ad-
dition to the identification of BCAP as a putative substrate of

c-Abl, suggest a possible role for c-Abl in BCAP signaling
pathways. However, there is not a complete overlap between
these different KO models. Although BCAP has been shown
to be a target of c-Abl kinase activity, we failed to detect
reductions in c-Rel protein levels and altered NF-xkB DNA-
binding complexes in c-Abl-deficient B cells as was ob-
served in BCAP-deficient B cells. The phosphorylation of
BCAP by c-Abl has not yet been evaluated at the level of en-
dogenous proteins (15), and thus, BCAP may not be an im-
portant target at physiological levels of c-Abl.

Peripheral B cell maturation leads to various changes in
cell surface phenotype. The CD23/FceRIl surface molecule
first appears on the surface of B cells as they progress from
the T1 to T2 stage and remains on in mature, follicular
B cells and a proportion of germinal center B cells (31). Our
data suggest that while the total pool of splenic B cells in
c-Abl-deficient mice are hyporesponsive to both BCR- and
CD19-dependent activation, the CD23* subset of c-Abl-
deficient B cells appears to be most affected. Thus, we pos-
tulate that c-Abl would be important for the functional



responses of mature B cells to antigen. Although the splenic
B cell subsets differ in abundance between WT and KO
mice, the majority of B cells in the spleen are mature, follicu-
lar cells, which are present in similar percentages in both
mutant and control samples. However, because different
B cell subsets respond differently to antigen receptor and
co-receptor stimulation, it cannot be ruled out that this has
some effect on the results of the stimulation assays, particu-
larly when examining the total B220* cell population.

The perinatal lethality of the vast majority of c-Abl-deficient
mice combined with the reduced numbers of B cells has pre-
cluded detailed biochemical analysis of signal transduction
pathways as well as in vivo analyses of antigen responses in
B cells. However, the generation of B cell-specific KO animals
could help address some unanswered questions by providing
a more plentiful source of c-Abl-deficient B cells for study as
well as the animal longevity required for in vivo immune re-
sponse studies. It would be interesting to monitor the tyrosine
phosphorylation status of important molecules such as Btk
and BCAP, as putative targets of c-Abl kinase activity, in re-
sponse to antigen receptor and CD19 co-receptor stimulation.
Additionally, it would be interesting to analyze the immediate
consequences of tyrosine phosphorylation of CD19 by c-Abl
and whether it is relevant to the recruitment of additional
signaling factors.

c-Abl is ubiquitously expressed and involved in multiple
signaling pathways in a variety of cell types. Importantly,
c-Abl has been shown to play a role in T cell signaling
(32-34), a function that may very well impact the B cell phe-
notype of KO animals. Further studies with c-Abl conditional
KO animals will likely help shed more light on these issues.
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Abbreviations

A-MuLV Abelson murine leukemia virus
APC allophycocyanin

BCAP B cell adaptor for PIBK

BCR B cell receptor

BCR-ABL  breakpoint cluster region—Abelson
BLNK B cell linker protein

Btk Bruton’s tyrosine kinase

EGTA ethylene glycol tetraacetic acid
EMSA electrophoretic mobility shift assay
FBS fetal bovine serum

KO knockout

Mz marginal zone

NF-xB nuclear factor-xB

PBST PBS + 0.1% Tween-20

PI3K phosphoinositide-3 kinase

RPMI Roswell Park Memorial Institute media
T1/T2 transitional 1 or 2

TBS Tris-buffered saline

V(D)J variable (diversity) joining

WT wild type
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