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Summary

 

The mechanisms that establish immune tolerance in immature and mature B cells appear to be
distinct. Membrane-bound autoantigen is thought to induce developmental arrest and receptor
editing in immature B cells, whereas mature B cells have shortened lifespans when exposed to
the same stimulus. In this study, we used E

 

m

 

–

 

bcl

 

-

 

2

 

-22 transgenic (Tg) mice to test the predic-
tion that enforced expression of the Bcl-2 apoptotic inhibitor in B cells would rescue mature,
but not immature, B cells from tolerance induction. To monitor tolerance to the natural mem-
brane autoantigen H-2K

 

b

 

, we bred 3–83

 

md

 

 (anti-K

 

k,b

 

) Ig Tg mice to H-2

 

b

 

 mice or to mice ex-
pressing transgene-driven K

 

b

 

 in the periphery. In 3–83

 

md

 

/

 

bcl-2

 

 Tg mice, deletion of autoreac-
tive B cells induced by peripheral K

 

b

 

 antigen expression in the liver (MT-K

 

b

 

 Tg) or epithelia
(KerIV-K

 

b

 

 Tg), was partly or completely inhibited, respectively. Furthermore, Bcl-2 protected
peritoneal B-2 B cells from deletion mediated by acute antigen exposure, but this protection
could be overcome by higher antigen dose. In contrast to its ability to block peripheral self-tol-
erance, Bcl-2 overexpression failed to inhibit central tolerance induced by bone marrow anti-
gen expression, but instead, enhanced the receptor editing process. These studies indicate that
apoptosis plays distinct roles in central and peripheral B cell tolerance.

 

A

 

poptosis is an essential element in the development and
homeostasis of many tissues. In the immune system, a

number of important processes are regulated through the
control of cell death and survival (1–4). Among these pro-
cesses is immunological tolerance in which encounter with
ligands that signal through antigen receptors affect the cell’s
subsequent survival (5, 6). The lifespans of lymphocytes in
vivo vary widely, from 1–2 d to many weeks (7). Self-antigen
can shorten the lifespan of reactive B cells in a number of
ways: by promoting cell death through developmental arrest
(8, 9), by increasing cell turnover (10, 11), by putting cells
at a competitive disadvantage with nonautoreactive cells for
unknown resources (12), by making the cells sensitive to Fas

ligand–mediated killing by T cells (13), or apparently through
direct induction of apoptosis (11, 14–18).

One regulator of lymphocyte survival is the Bcl-2
protein (1), which is highly expressed in long-lived lym-
phocytes and is poorly expressed in cells destined to turn
over rapidly (19–26). Bcl-2, and the closely related Bcl-x

 

L

 

(27), are key protein regulators of apoptosis. Overexpres-
sion or inappropriate expression of these proteins can play
a role in lymphoma development and can allow the con-
tinued survival of cells that would otherwise be lost through
apoptosis (28–36). However, some forms of apoptosis, in-
cluding Fas-mediated killing of certain lymphoid cells (37),
are not inhibitable by Bcl-2. An important physiological
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role for Bcl-2 is evident from the phenotype of 

 

bcl-2

 

–defi-
cient mice, which manifest a catastrophic apoptotic loss of
mature lymphocytes (38, 39).

The ability of Bcl-2 to block B cell tolerance has been
studied in several systems in which ligands that bind to the
B cell receptor (BCR)

 

1

 

 can stimulate cell death in vivo or
in vitro (9, 15, 33, 40–48). In some cases, these data have
been contradictory, suggesting that the ability of Bcl-2 over-
expression to block tolerance-mediated apoptosis may be
contingent upon the precise quality of the BCR-mediated
signal and perhaps other signals that may differ in certain
experimental systems. In the well-characterized surface Ig

 

1

 

 B
lymphoma WEHI-231, cross-linking of the BCR with an-
tiimmunoglobulin antibody leads to cell death (for review
see reference 18). In some studies (43, 44), but not others
(40), transfection of 

 

bcl-2

 

 expression constructs protected the
cells from BCR-mediated cell death. When transgenic (Tg)
mice with enforced B cell overexpression of Bcl-2 were
analyzed for B cell tolerance, bone marrow tolerance was
perturbed in one study (9), but not in another (46),
whereas peripheral tolerance was inhibited (15, 46). Simi-
larly, germinal center B cells have been shown to be sensi-
tive to killing induced by acute ligation of sIg, and this
death could be inhibited by enforced Bcl-2 expression in
one study (48), but not in another (47). These studies and
others focusing on T cell tolerance (3, 4) have suggested
that the ability of Bcl-2 to protect autoreactive lymphocytes
from cell death may be contingent upon many factors, in-
cluding the developmental stage of the lymphocyte as well
as the nature of the antigen stimulus.

Resting B cells encountering tissue-specific membrane-
bound antigen in the periphery are eliminated, suggesting
that in this case, peripheral tolerance is mediated by an
apoptotic process (14). In contrast, it has been shown in
several systems that immature B cells encountering mem-
brane-bound or nuclear self-antigens in the bone marrow
are blocked in their development (8, 9) and either undergo
receptor editing (49, 50) or are eliminated (50–52). Our re-
cent finding that in vitro tolerance induction of immature
B cells stimulates intense receptor editing with little imme-
diate cell death (53, 54) suggests that antigen-induced pro-
grammed cell death makes only a minor contribution to
central tolerance. Assuming that Bcl-2 is a key cell death
regulator in B cells, this model predicts that enforced Bcl-2
expression can block clonal elimination of mature, but not
immature, self-reactive B cells. To test this, peripheral and
central tolerance in 3–83

 

md

 

 (anti–H-2

 

k,b

 

) Ig Tg mice were
compared to that occurring in 3–83

 

md

 

/E

 

m

 

–

 

bcl-2

 

-22 dou-
ble-Tg mice, in which Bcl-2 is constitutively expressed in
B-lineage cells.

 

Materials and Methods

 

Mice.

 

MT-K

 

b

 

 mice, in which K

 

b

 

 antigen expression is di-
rected to hepatocytyes by the sheep metallothionein promoter

(55), and KerIV-K

 

b

 

 mice, in which K

 

b

 

 is expressed in epithelial
cells under the control of the keratin IV promoter (56), were bred
several generations onto the B10.D2 background (H-2

 

d

 

) before
breeding with other Tg or H-2 congenic mice. 3–83

 

md

 

 Tg mice,
which express IgM and IgD forms of the 3–83 antibody, have been
described (14). 3–83

 

md

 

 mice were backcrossed a minimum of 10
times onto the B10.D2 background. C57BL/6(H-2

 

b

 

), C3H-H-
2

 

o2

 

/SfSn (C3H.OH: K

 

d

 

D

 

k

 

), and B10.D2/nSnJ (H-2

 

d

 

) mice were
purchased from Jackson Laboratory (Bar Harbor, ME). Mice
overexpressing the human 

 

bcl-2

 

 gene in B-lineage cells were Tg lines
E

 

m

 

–

 

bcl-2

 

-22 (34) and 

 

bcl-2

 

-Ig NL (36). These mice were back-
crossed a minimum of three generations to B10.D2 and subse-
quently bred with 3–83

 

md

 

 Tg mice. The phenotypes of mice
bearing either of the 

 

bcl-2

 

 transgenes were indistinguishable in our
study. Unless otherwise stated, the experiments described made use
of the E

 

m

 

–

 

bcl-2

 

-22 line. The 3–83

 

md

 

/RAG-1 knockout mice (57)
were bred with E

 

m

 

–

 

bcl-2

 

-22 Tg mice. F

 

2

 

 crosses were set up to
generate 

 

bcl-2

 

/3–83

 

md

 

/RAG-1

 

2

 

/

 

2

 

 mice with all transgenes hemi-
zygous except where noted. All mice were bred and maintained
under specific pathogen-free conditions in the animal care facility
at the National Jewish Medical and Research Center (NJMRC,
Denver, CO).

 

Mouse Typing.

 

PCR typing for 3–83

 

md

 

, K

 

b

 

, and 

 

bcl-2

 

 trans-
genes was as described previously (14). RAG-1–deficient mice
were identified by their lack of T cells in flow cytometric analysis
of peripheral blood.

 

Antibodies, Immunofluorescence, Cell Lines, and Intraperitoneal In-
jection Assays.

 

Preparation of lymphoid cells, antibody reagents,
fluorochrome conjugation, flow cytometry analysis, cell lines, and
intraperitoneal injection assay methods were as previously de-
scribed (58). In brief, the A/J splenocyte 

 

3

 

 Sp2/0 hybridoma
4549 (which expresses K

 

k

 

) and Sp2/0 (H-2

 

d

 

) parent hybridoma
were washed and resuspended at either 5 

 

3

 

 10

 

7

 

 or 5 

 

3

 

 10

 

8

 

 cells/ml
in PBS and injected intraperitoneally into 3–83

 

md

 

/H-2

 

d

 

 or
3–83

 

md

 

/H-2

 

d

 

/

 

bcl-2

 

 Tg mice. Approximately 16 h later, the peri-
toneal cells were harvested with 10 ml HBSS, washed twice, and
stained for the presence of Id-reactive antibodies.

 

Cell Culture.

 

Spleen or lymph node cells were cultured in
RPMI-1640 medium supplemented with 10% FCS and 50 

 

m

 

M
2-mercaptoethanol 

 

6

 

 50 

 

m

 

g/ml LPS (Sigma Chemical Co., St.
Louis, MO). The cell concentration was adjusted depending on
the number of 3–83 B cells in the organ according to the follow-
ing guidelines: 10

 

6

 

 cells/ml for H-2

 

d

 

 3–83 Tg, H-2

 

d

 

 

 

bcl-2

 

/3–83
double-Tg, and 

 

bcl-2

 

/3–83

 

md

 

/KerIV-K

 

b

 

 triple-Tg mice; and 3–5

 

3

 

 10

 

6

 

 cells/ml for H-2

 

b

 

 3–83 Tg, H-2

 

b

 

 

 

bcl-2

 

/3–83

 

md

 

, 3–83/
MT-K

 

b

 

, 3–83/KerIV-K

 

b

 

 double-Tg, and 

 

bcl-2

 

/3–83

 

md

 

/MT-K

 

b

 

triple-Tg mice. In some experiments, lymph node and spleen cells
were T cell depleted with anti-Thy1 antibodies and rabbit com-
plement and cultured at 5 

 

3

 

 10

 

5

 

 cells/ml. Culture supernatants
were harvested on days 3 and 7 after initiation of culture and Ig
concentrations determined by ELISA, as described (14).

 

5-bromo-2

 

9

 

-deoxyuridine Incorporation Assay.

 

5-bromo-2

 

9

 

-deox-
yuridine (BrdU; Sigma Chemical Co.) was provided in filtered,
deionized drinking water at a concentration of 1 mg/ml for 7 d.
Staining for the incorporation of BrdU was described previously (59).

 

Results

 

Enforced Bcl-2 Expression Blocks B Cell Deletion Induced by
Acute Antigen Administration at Low Dose, but Not at High
Dose.

 

The 3–83

 

md

 

 Ig transgene encodes a BCR that is
reactive to a number of MHC class I alloforms including

 

1

 

Abbreviations used in this paper:

 

 BCR, B cell receptor; BrdU, 5-bromo-2

 

9-
deoxyuridine; CD, central deleting; ND, nondeleting; Tg, transgenic.
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Kk, Dk, and Kb, but fails to bind to H-2d; thus, 3–83md/H-2d

mice contain a virtually monoclonal B cell population
bearing the 3–83 BCR and are called nondeleting (ND)Tg
mice (14). To probe the ability of enforced Bcl-2 expres-
sion to block tolerance to acute intraperitoneal antigen chal-
lenge, we injected NDTg and NDTg/bcl-2 mice with anti-
gen-bearing cells, a protocol that stimulates rapid apoptosis
of fully mature antigen-specific peritoneal B cells (15, 16).

Injection of hybridoma cells bearing the high-affinity Kk anti-
gen consistently led to massive loss (z80%) of the 3–83md
peritoneal B cells over a 16-h period, whereas injection of
control H-2d cells did not (Fig. 1). At low antigen dose (5 3
106 cells), NDTg/bcl-2 B cells resisted deletion induced by
the Kk antigen (Fig. 1); however, this protection from death
afforded by Bcl-2 overexpression was overcome with a 10-
fold increased antigen dose (Fig. 1).

Enforced Bcl-2 Expression Partially Blocks B Cell Deletion
Induced by Hepatocyte-targeted Kb and Completely Blocks B Cell
Deletion Induced by Epithelial Cell–targeted Kb. To study
peripheral B cell tolerance to natural chronic autoantigen
exposure, we generated 3–83md mice bearing MT-Kb or
KerIV-Kb transgenes, which target cell surface expression of
the Kb protein to hepatocytes or epithelia, respectively (55,
56). Relative to antigen-free mice, antigen-bearing 3–83md
mice had profoundly reduced B cell numbers in the lymph
nodes (Fig. 2 A, top; Fig. 2 B, compare H-2d to MT-Kb and
KerIV-Kb), and substantial, but on average, incomplete de-
letion of the B cells in the spleen (Fig. 2 C, top; Fig. 2 D
and reference 14). Control mice bearing antigen on all tis-
sues (Fig. 2, H-2b) exhibited the phenotype of central B cell
tolerance in which antigen-reactive cells were absent from
the spleen. In the mice that demonstrated peripheral B cell
deletion (3–83md/MT-Kb or 3–83md/KerIV-Kb), the re-
maining splenic cells manifested rapid turnover as assessed
by their BrdU uptake over a 1-wk labeling period (Fig. 3).
It is important to note that the MT-Kb/3–83md mice
showed a more profound tolerance than KerIV-Kb/3–

Figure 1. Enforced Bcl-2 expression inhibits B cell deletion induced by
acute challenge with membrane antigen in an antigen dose–dependent
manner. NDTg and NDTg/bcl-2 mice were injected intraperitoneally
with either PBS control, Kk-expressing tumor cells, or Kd tumor cells, and
the peritoneal cells were analyzed 16 h later for the loss of 3–83 B cells us-
ing 54.1 anticlonotype and anti-IgM antibodies. The data from three ex-
periments are presented as mean 6 SEM. In some data points, error bars
are not apparent because of their small range.

Figure 2. Enforced Bcl-2 ex-
pression blocks peripheral clonal
deletion in 3–83md mice. (A
and C) 3–83md Tg mice (top) or
3–83md/ bcl-2 Tg mice (bottom)
bearing the indicated self-anti-
gens were analyzed for Id1 B
cells in lymph node (A) and
spleen (C). (B and D) The com-
piled FACS  data as percentage
of IgM1/Id1 cells in the lym-
phoid analysis gate is shown.
Data are presented as mean 6
SEM. The numbers below each
bar represent the number of
mice analyzed per group.
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83md mice, and had more complete elimination of Id1 B
cells in the lymph nodes (Fig. 2) and of Id1 antibodies in
the serum (Fig. 4 C).

In bcl-2/3–83md/MT-Kb and bcl-2/3–83md/KerIV-Kb

triple-Tg mice, enforced Bcl-2 expression partially or com-
pletely blocked peripheral B cell deletion to liver and skin
antigens, respectively, and, on average, increased numbers
of Id1 cells in both the lymph nodes and spleen (Fig. 2, A
and C, bottom; Fig. 2, B and D). Interestingly, in the bcl-2/
3–83md/MT-Kb mice in which Bcl-2 protection was par-
tial, the high rate of turnover of the autoreactive B cells was
unchanged, whereas in the bcl-2/3–83md/KerIV-Kb triple-
Tg mice in which B cell deletion was effectively blocked,
B cell turnover was also normalized, and only z20% of the
B cells had incorporated BrdU over a 1-wk period (Fig. 3).
Furthermore, lymph node cells from bcl-2/3–83md/KerIV-Kb

triple-Tg, but not those from bcl-2/3–83md/MT-Kb mice, ac-
quired the ability to respond to LPS stimulation (Fig. 4 A).
The ability of lymph node and spleen cells to secrete 3–83
antibodies in vitro was consistent with the levels of 3–83
antibodies measured in the sera of these mice, as Id1 anti-
body levels were negligible in the bcl-2/3–83md/MT-Kb

mice, but were significant in the bcl-2/3–83md/KerIV-Kb

triple-Tg mice (Fig. 4 C). The only differences noted be-
tween bcl-2/3–83md/KerIV-Kb triple-Tg mice and bcl-2/
3–83md ND controls were a consistent twofold reduction
in surface IgM expression in the bcl-2/3–83md/KerIV-Kb

mice, suggesting antigen encounter that did not result in
deletion (Fig. 2, A and C), and a lower percentage of cells
expressing CD21 (data not shown). In both bcl-2/3–83md/
KerIV-Kb and bcl-2/3–83md/MT-Kb mice, the B2201 B cells
coexpressed the maturation marker CD23 (data not shown).
Collectively, these data demonstrated that Bcl-2 overex-
pression could inhibit peripheral B cell tolerance to both
acute and chronic antigen exposure, but the degree of pro-

tection varied depending upon the dose or anatomical lo-
cation of the antigenic stimulus.

Enforced Bcl-2 Expression Does Not Block Central B Cell
Tolerance. The Em–bcl-2-22 transgene drives expression of
functionally active Bcl-2 in immature bone marrow B cells
that normally lack Bcl-2 expression (46). To test the effect
of this transgene on central B cell tolerance, we bred H-2b

mice to 3–83md and bcl-2/3–83md mice, generating central
deleting (CD)Tg and CDTg/bcl-2 mice, respectively. Like
CDTg mice, CDTg/bcl-2 mice lacked Id1 B cells in the
peripheral lymphoid organs (Fig. 2, H-2b; Table 1) and Id1

antibodies in the sera (Fig. 4 C). In addition, no Id1 anti-
bodies were found in the supernatants of LPS-stimulated
spleen cells from CDTg or CDTg/bcl-2 mice, whereas NDTg
and NDTg/bcl-2 controls had significant levels of Id1 anti-
bodies in both the sera and LPS culture supernatants (Fig. 4 A;

Figure 3. Effect of bcl-2 transgene on B cell turnover in peripheral anti-
gen-expressing 3–83md Tg mice. Mice were fed BrdU-containing water
for 7 d followed by staining of isolated lymph node and spleen cells with
anti-BrdU and anti-B220 antibodies. Data are presented as percentage
(mean 6 SEM) of B2201 cells that were BrdU positive. Numbers of mice
analyzed are indicated below bars. Mice lacking antigen were H-2d ND
controls.

Figure 4. In vitro and in vivo analysis of antibody secretion. Lymph
node and spleen cells from mice of the indicated genotypes were cultured
in the presence or absence of 50 mg/ml LPS. After 3 d of culture, super-
natants were analyzed by ELISA for Id1 (A) and IgM (B) antibodies. An-
tibody amounts were quantitated using 3–83 IgM transfectoma superna-
tant control. Similarly, Id1 (C) and IgM (D) serum antibodies were
quantitated by ELISA. Data are presented as mean 6 SEM with number
of mice (n) analyzed shown. The table below the graph shows Tg geno-
types (3–83, bcl-2, MT-Kb, and/or KerIV-Kb) and H-2 haplotypes (d, no
antigen; b, antigen). In C and D the RAG-1 genotype of analyzed mice
(1/1 or 2/2) is indicated.
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data not shown). Since previous central tolerance studies
investigating Bcl-2 overexpression used high-affinity anti-
gens (KA z109 M21), we tested whether or not Bcl-2 over-
expression had perhaps a subtle, antigen affinity-dependent
effect on tolerance induction by generating CDTg/bcl-2 mice
expressing the Dk class I molecule to which 3–83 has very
low affinity (KA z104 M21; reference 58). Again the CDTg/
bcl-2 mice had no detectable increase of Id1 B cells in the
peripheral lymphoid organs (Fig. 5) nor IgM idiotype in
the serum (data not shown).

Bcl-2 Overexpression Allows Survival of a Population of Tol-
erant, Immature IgM2, B2201 B Cells in the Peripheral Lymph
Organs. In some CDTg/bcl-2 mice (13/21), a population
of IgM2, B2201 B cells was detected in the spleen and, to a

lesser extent, in the lymph nodes. To further characterize
this population in a context in which receptor editing
could not occur, we generated CDTg/bcl-2/RAG-1–defi-
cient mice (57). Again, no strongly Id1 cells were detected
in the peripheral lymphoid organs (Fig. 6 A; Table 1), but a
significant population of IgM2, B2201, Idlo cells was de-
tected in the spleen of the CDTg/bcl-2/RAG-12/2 mice
(Fig. 6, A and B, note arrows), and a similar population was
detected to a lesser extent in CDTg/RAG-12/2 mice
without Bcl-2 overexpression. These IgM2, B2201 cells
were CD232, klo, IgDlo, and CR1/22 (data not shown)
which is indicative of immature B cells as has been previ-
ously reported in Bcl-2 overexpressing Ig Tg mice (9). Also

Figure 5. Enforced Bcl-2 expression fails to block central deletion in-
duced by the ultralow affinity 3–83 ligand Dk. Lymph node and spleen
cells from mice of the indicated genotypes were double stained for the
presence of B cells bearing the 3–83 Tg BCR with 54.1 anti-Id and anti-
IgM antibodies. The substantial population of IgM1 B cells present in the
CDTg mice were clonotype2 and are presumably the result of receptor
editing. The large percentage of B cells in the ND control in this experi-
ment reflects the RAG deficiency of this particular mouse.

Figure 6. Appearance of immature B cells in spleen of CD (H-2b) bcl-
2/RAG-1–deficient mice. Spleen cells from mice of the indicated geno-
types were stained for presence of 3–83 B cells with anticlonotype (54.1)
and anti-IgM antibodies (A), and anti-IgM and anti-B220 antibodies (B).
The immature B cells have low levels of Id and lack detectable sIgM (ar-
rows). The NDTg control used in this particular experiment was 3–83md
homozygous, which consistently show reduced B cell populations. Data
shown represent one of five similar experiments.

Table 1. Effect of Bcl-2 Overexpression on Tolerance Induction and Receptor Editing in 3-83 Immunoglobulin Transgenic Mice

Lymph Node Spleen

Genotype 54.11 IgDa, l1 B2201, IgM2 54.11 IgDa, l1 B2201, IgM2

Cell content (3 105)
NDTg 1/1 82 6 16 (12) 0.6 6 0.2 (11) 1.6 6 0.4 (10) 280 6 38 (11) 1.8 6 0.7 (11) 9.9 6 2.5 (11)
NDTg/bcl-2 1/1 160 6 40 (9) 1.6 6 0.4 (9) 6.3 6 1.2 (9) 350 6 70 (9) 4.4 6 1.3 (9) 17 6 7 (9)
NDTg 2/2 30 6 2 (2) 0 (1) 0.7 6 0.7 (2) 230 6 40 (3) 0.7 6 0.3 (2) 15 6 7 (3)
NDTg/bcl-2 2/2 580 (1) 0 (1) 2.1 (1) 870 (1) 0 (1) 5.3 (1)
CDTg 1/1 0.3 6 0.1 (19) 3.3 6 0.6 (19) 2.3 6 0.4 (17) 5.8 6 1.2 (19) 36 6 5 (20) 31 6 8 (19)
CDTg/bcl-2 1/1 0.6 6 0.2 (19) 14 6 3 (18) 9.9 6 2.5 (16) 6.1 6 1.7 (17) 66 6 19 (19) 57 6 17 (17)
CDTg 2/2 0.1 6 0.1 (5) 0.1 6 01 (3) 3.8 6 1.4 (5) 1.9 6 1.2 (5) 0 6 0 (4) 45 6 15 (5)
CDTg/bcl-2 2/2 0.8 6 0.4 (6) 0.1 6 0.1 (4) 11 6 6 (6) 5.3 6 3.3 (6) 0.2 6 0.2 (5) 160 6 28 (6)

Absolute number of idiotype-positive (54.11), “edited” (IgDa, l1), and immature (B2201, IgM2) B cells in 3-83 immunoglobulin transgenic mice
in the presence (CDTg) or absence (NDTg) of antigen in the bone marrow. In the genotype column 1/1 refers to normal levels of RAG-1 whereas
2/2 refers to RAG-1 homozygous knock-out mice. All numbers shown are averages 6 SEM divided by 105. The numbers in parenthesis refer to
sample size.
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indicative of immature B cells, these cells expressed RAG-2
messenger RNA transcripts (data not shown). These cells
failed to secrete antibodies in LPS cultures and in vivo, as
no antibodies were detected in the serum (Fig. 4 C). In
CDTg/RAG-12/2 mice, no serum IgM was detected be-
cause RAG deficiency prevented development of Id2 B cells
(Fig. 4 D). These splenic immature B cells were short lived,
as z50% of the cells had incorporated BrdU1 after 1 wk
compared to only z20% of B2201 cells from non-Tg or
NDTg mice (data not shown). Thus, in contrast to its ef-
fect on peripheral tolerance, the bcl-2 transgene appeared to
have only a subtle effect on central B cell tolerance, allow-
ing a subset of autoreactive nonfunctional, immature B cells
to survive in the spleen for a short time.

Enforced Bcl-2 Expression Increases the Number of Id2 B
Cells. Bcl-2 overexpression increased the numbers of
nonautoreactive, Id2 B cells that developed in CD H-2b/
3–83md Tg mice by two- to fivefold (Fig. 7 B; Table 1). In
contrast to the results with the mice bearing antigen tar-
geted to peripheral tissues in which autoreactive B cells
with enforced Bcl-2 expression were spared, the B cells ap-
pearing in the spleen and lymph nodes of CDTg/bcl-2 mice
were nonautoreactive and had undergone receptor editing
(Figs. 2 and 5). One clear indication of receptor editing was
the appearance of B cells bearing both the Tg heavy chain,
as detected with anti-IgDa, and endogenously encoded
light chains, detected with l chain–specific antibody (Fig. 7
A, and reference 49). The increase in the percentages of
“edited” cells was the result of an increase in the total num-
ber of these cells in the lymphoid organs (Table 1). Thus,
Bcl-2 overexpression apparently enhanced receptor editing
or allowed survival of cells that had undergone receptor ed-
iting, or both.

Altered Ig-l/k Ratio Suggests that Bcl-2 Overexpression Pro-
motes Receptor Editing. The elevated frequency of nonau-
toreactive B cells in the CDTg/bcl-2 mice could theo-
retically have been the result of expansion or prolonged
survival of B cells in the peripheral lymphoid organs. This
simple explanation would predict that the relative frequen-
cies of B cells bearing endogenous Ig-l and Ig-k light chains
would be the same in both CDTg and CDTg/bcl-2 mice.

To test this notion, we measured the frequencies of Id2 B
cells that expressed k or l light chains. Fig. 8 A shows that
most of the increase in peripheral B cells of the CDTg/bcl-2
mice could be accounted for by an increase in l1 B cells,
suggesting that the bcl-2 transgene influences B cells under-
going light chain gene rearrangement. Interestingly, this ele-
vated l expression was also observed in bcl-2 Tg mice lack-
ing Ig transgenes (Fig. 8 B), which consistently had a
significantly higher percentage (z17%) of l1 B cells com-
pared to non-Tg mice (z6% l1).

Discussion

This study provides insight into the mechanisms by
which Bcl-2 can perturb B cell tolerance. First, we have
found that natural self-proteins expressed on epithelial cells
can mediate B cell tolerance by accelerating cell death
through a Bcl-2–inhibitable pathway. We have also found
that foreign antigens, administered acutely into the perito-

Figure 7. Increased percentage of
IgDa, l1 cells in CDTg mice with
enforced Bcl-2 expression. 3–83md
Tg mice were bred with bcl-2 Tg
mice in the presence (CDTg) or ab-
sence (NDTg) of bone marrow anti-
gen expression. To determine the
extent of receptor editing, lymph
node cells were double stained for
Tg heavy chain (anti-IgDa) and en-
dogenous light chain (anti-l). (A)
Each row illustrates FACS  analysis
from independent experiments. (B)
Summary data showing percentage
of IgDa-positive, Id2 cells in both
CDTg and CDTg mice with Bcl-2
overexpression. Data are presented
as mean 6 SEM.

Figure 8. Bcl-2 overexpression increases l/k ratio of B cells in both 3–83
CDTg mice and non-Ig Tg mice. (A) Lymph node cells from CDTg and
CDTg/bcl-2 mice were double stained with anti-IgDa and anti-l antibod-
ies. Percentage of lymph node cells staining positive for IgDa and negative
for l were scored as k positive. (B) Increased percentage of l-expressing
B cells in (non-Ig Tg) bcl-2 Tg mice. The percentage of IgM1 cells that
were also l positive was determined. Data presented as mean 6 SEM.
Numbers above bars reflect number of mice examined.
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neal cavity, can cause rapid B cell deletion that is rescued in
an antigen dose-dependent manner by enforced Bcl-2 ex-
pression. Finally, we have made the novel observation that
enforced Bcl-2 expression in immature B cells promotes re-
ceptor editing.

Consistent with the notion that tolerance mechanisms dif-
fer in immature and mature B cells, Bcl-2 overexpression
was able to abrogate peripheral B cell tolerance, while only
subtly altering central B cell tolerance. The ability of Bcl-2
to confer protection from deletion induced by peripherally
expressed membrane self-antigen suggests that mature, au-
toreactive B cells are tolerized by apoptosis induction. These
results are partly in agreement with the studies of Honjo’s
group (15, 46), who studied the effects of intraperitoneal in-
jections of antiimmunoglobulins and self-erythrocytes, rather
than foreign antigens, on peritoneal B cells that were largely
of the B-1 lineage. The signals regulating apoptosis and im-
mune tolerance in B-1 and B-2 subsets are likely to differ
(5, 6, 18, 60). In our 3–83 Tg mice, the Id1 B cells, includ-
ing those in the peritoneal cavity, are almost entirely B-2 B
cells. Thus, our data are clear evidence for deletion of peri-
toneal B-2 B cells upon antigen encounter in vivo, which
is inhibited by Bcl-2 overexpression in a dose-dependent
manner. No such dose dependence was found in the study
by Nisitani et al. (46), but analogous results have been ob-
tained in bcl-2 transfected WEHI-231 cells in which anti-
IgM–mediated death could be blocked at low but not high
antibody dose (43). These differences may reflect a differ-
ence in the density of tolerogenic antigen expression, in
BCR affinity for antigen, or in the relative tolerance sus-
ceptibility of B-1 and B-2 B cells.

Similar to the results with acute antigen administration,
peripheral B cells tolerized by chronic exposure to natural
autoantigen were variably rescued by enforced Bcl-2 over-
expression. Furthermore, the extent of rescue afforded by the
Bcl-2 transgene appeared to be inversely correlated with the
degree of deletion in its absence: in MT-Kb mice, which
normally show complete deletion of Id1 B cells from lymph
nodes, enforced Bcl-2 only slightly inhibited deletion, whereas
in the KerIV-Kb mice, which may express lower amounts
of Kb in a relatively small subset of epithelial cells and in
which autoreactive B cells are eliminated at a slower pace
than in MT-Kb mice, B cell elimination was fully abro-
gated by Bcl-2. Because in this study the autoantigen and
antibody receptor were kept constant, and only the nature
and anatomical location of the antigenic stimulus were al-
tered, the variable outcomes of Bcl-2 overexpression ap-
pear to be real effects, dependent on antigen density, con-
centration, in vivo location, or the developmental state of
the B cell at time of antigen encounter. These results seem
at odds with the paradigm developed from genetic studies
in Caenorhabditis elegans that places the action of the nema-
tode Bcl-2 homologue ced-9 at a distal point in the death
signaling cascade (61). If this were also true in B cells, one
might predict that Bcl-2 should protect from apoptosis
over a wide range of antigen doses. It is therefore possible
that the function of Bcl-2 is involved with the downstream
integration of certain BCR signals. As Bcl-2 can titrate the

death activity of heterodimerization partners, such as Bax
(62–64), it is possible that the activity or quantity of these
molecules can be affected by antigen signaling. It is inter-
esting in this regard that Bcl-2 is subject to inactivation by
inducible serine phosphorylation (65), a process that could
conceivably be influenced by BCR signaling. It will be im-
portant to determine if higher doses of Bcl-2 can provide
protection at higher antigen dose, or if cell death regulators
distinct from Bcl-2 become limiting. It is interesting to note
in this regard that in one study combined transgene expres-
sion of Bcl-2 and Bcl-xL had an additive, but still incom-
plete, effect in protection from anti-IgD–mediated B cell
elimination (66). An alternative interpretation of our data is
that strong tolerogenic signals through the BCR activate
both Bcl-2–inhibitable and Bcl-2–resistant death pathways,
whereas weaker tolerance signals activate only Bcl-2–inhib-
itable death pathways.

The observed weak or negligible effect of Bcl-2 overex-
pression on the rescue from the bone marrow of autoreac-
tive B cells is in agreement with the study of Hartley et al.
(9), who showed that Bcl-2 could delay turnover and per-
mit limited peripheralization of immature autoreactive B cells,
but could not promote their continued development to
maturity. Young et al. have shown that Bcl-2 expression
permits ectoptic accumulation of pre–B cells in the spleen
(67). In RAG-sufficient mice, these peripheral, immature
B cells are presumably capable of undergoing receptor edit-
ing even in response to antigens expressed exclusively in the
periphery. This suggestion is supported by the upregulation
of RAG-2 messenger RNA levels in spleens of CDTg/bcl-
2/RAG-12/2 mice, which have a significant population of
these immature B2201 cells (data not shown), and by the
appearance of Id2, IgM1 B cells in spleens of 3–83/MT-
Kb/bcl-2 mice (Fig. 1 C). These Id2, IgM1 cells express Tg
heavy chain (data not shown) and are presumed to be the
product of receptor editing. Collectively, these data show
that Bcl-2 overexpression can manifest varying tolerance
phenotypes depending on the maturational stage at which
the B cell encounters autoantigen, promoting receptor ed-
iting in immature cells, and rescuing functional, mature
cells from apoptosis.

How might Bcl-2 promote receptor editing? The ability
of Bcl-2 to permit elevated steady-state numbers of imma-
ture and mature cells cannot alone explain the increased
proportion of l1 B cells because increased numbers of cells
undergoing editing, or surviving after editing, would not
be expected to alter the Ig light chain l/k ratio. A more
likely explanation is that the extended lifespan of autoreac-
tive bone marrow B cells that is conferred by the bcl-2 trans-
gene may provide an extended time window per cell for
light chain gene rearrangement. The current models of mu-
rine light chain rearrangement suggest that l rearrange-
ments generally follow k rearrangement by z24 h (68),
and that most cells that turn over in the bone marrow do so
before l rearrangements are complete (69). This so-called
crash-factor (70) suggests that mouse B cells normally have
too little time to take full advantage of potential l rear-
rangements that could rescue nonfunctional or autoreactive
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B cells. We propose that the bcl-2 transgene expression al-
lows autoreactive B cells more potential rearrangement at-
tempts, promoting the development of more nonautoreac-
tive B cells bearing “edited” BCRs. This is consistent with
data concerning transgene-driven Bcl-2 overexpression in
thymocytes in which positive selection is enhanced as a re-
sult of increased endogenous TCR rearrangements, presum-
ably due to the increased lifespan of the double-positive
thymocytes expressing the bcl-2 transgene (1). The finding
that Eu–bcl-2-22 Tg mice have consistently high percent-
ages of l1 B cells suggests that receptor editing is enhanced
even in the absence of antibody transgenes. Data from
Rolink et al. have indicated that the Em–bcl-2-22 transgene
prolongs in vitro survival of B cells undergoing light chain

gene rearrangement resulting in high l/k ratios in cultured B
cells (71).

One implication of our study is that altered or defective
apoptosis in B cells encountering self-antigen in the periph-
ery could provide a pool of potentially functional autoreac-
tive B cells. In this study we have observed that the cells
rescued from elimination by enforced Bcl-2 expression could
sometimes also acquire functional reactivity. Further studies
are needed to fully establish their functional capacity, but
these results further suggest that although multiple inde-
pendent levels of regulation are available to limit autoreac-
tivity at each step in differentiation, tolerance to certain au-
toantigens may be definitively abrogated by a Bcl-2–
inhibitable pathway.

The authors are grateful to Shirley Sobus and Bill Townsend for flow cytometry assistance, Leigh Landskro-
ner for illustrations, Russell Yawger and Alicia Kuhl for technical assistance, and members of our laboratory
for critical review of the manuscript.

This work was supported by a Howard Hughes Medical Institute Predoctoral Fellowship (to J. Lang), by the
Arthritis Foundation (to D. Nemazee), the National Institutes of Health (R01 GM 44809, R01 AI 33608,
and K04 AI 01161; to D. Nemazee), and the National Health and Medical Research Council (Canberra,
Australia; to A. Strasser). A. Strasser is a scholar of the Leukemia Society of America and a recipient of a
Clinical Investigator Award from the Cancer Research Institute.

Address correspondence to Dr. Nemazee, Department of Pediatrics, National Jewish Medical and Research
Center, 1400 Jackson St., Denver, CO 80206. Phone: 303-398-1623; FAX: 303-398-1225; E-mail: nem-
azeed@njc.org

Received for publication 23 July 1997 and in revised form 4 September 1997.

References
1. Cory, S. 1995. Regulation of lymphocyte survival by the bcl-2

gene family. Annu. Rev. Immunol. 13:513–543.
2. Green, D.R., and D.W. Scott. 1994. Activation-induced ap-

optosis in lymphocytes. Curr. Opin. Immunol. 3:476–487.
3. Krammer, P.H., I. Behrmann, P. Daniel, J. Dhein, and K.M.

Debatin. 1994. Regulation of apoptosis in the immune sys-
tem. Curr. Opin. Immunol. 2:279–289.

4. Thompson, C.B. 1995. Apoptosis in the pathogenesis and
treatment of disease. Science (Wash. DC). 5203:1456–1462.

5. Nossal, G.J. 1994. Negative selection of lymphocytes. Cell. 2:
229–239.

6. Klinman, N.R. 1996. The “clonal selection hypothesis” and
current concepts of B cell tolerance. Immunity. 3:189–195.

7. Rajewsy, K. 1996. Clonal selection and learning in the anti-
body system. Nature (Lond.). 381:751–758.

8. Nemazee, D., and K. Buerki. 1989. Clonal deletion of au-
toreactive B lymphocytes in bone marrow chimeras. Proc. Natl.
Acad. Sci. USA. 20:8039–8043.

9. Hartley, S.B., M.P. Cooke, D.A. Fulcher, A.W. Harris, S.
Cory, A. Basten, and C.C. Goodnow. 1993. Elimination of
self-reactive B lymphocytes proceeds in two stages: arrested
development and cell death. Cell. 3:325–335.

10. Fulcher, D.A., and A. Basten. 1994. Reduced life span of an-
ergic self-reactive B cells in a double-transgenic model. J. Exp.
Med. 179:125–134.

11. Finkelman, F.D., J.M. Holmes, O.I. Dukhanina, and S.C.

Morris. 1995. Cross-linking of membrane immunoglobulin
D, in the absence of T cell help, kills mature B cells in vivo.
J. Exp. Med. 2:515–525.

12. Cyster, J.G., S.B. Hartley, and C.C. Goodnow. 1994. Com-
petition for follicular niches excludes self-reactive cells from the
recirculating B-cell repertoire. Nature (Lond.). 6496:389–395.

13. Rathmell, J.C., M.P. Cooke, W.Y. Ho, J. Grein, S.E.
Townsend, M.M. Davis, and C.C. Goodnow. 1995. CD95
(Fas)-dependent elimination of self-reactive B cells upon in-
teraction with CD41 T cells. Nature (Lond.). 6536:181–184.

14. Russell, D.M., Z. Dembic, G. Morahan, J.F. Miller, K. Burki,
and D. Nemazee. 1991. Peripheral deletion of self-reactive B
cells. Nature (Lond.). 6351:308–311.

15. Tsubata, T., M. Murakami, and T. Honjo. 1994. Antigen-
receptor cross-linking induces peritoneal B-cell apoptosis in nor-
mal but not autoimmunity-prone mice. Curr. Biol. 1:8–17.

16. Murakami, M., T. Tsubata, M. Okamoto, A. Shimizu, S.
Kumagai, H. Imura, and T. Honjo. 1992. Antigen-induced
apoptotic death of Ly-1 B cells responsible for autoimmune
disease in transgenic mice. Nature (Lond.). 6373:77–80.

17. Carsetti, R., G. Kohler, and M.C. Lamers. 1995. Transitional
B cells are the target of negative selection in the B cell com-
partment. J. Exp. Med. 6:2129–2140.

18. Scott, D.W. 1993. Analysis of B cell tolerance in vitro. Adv.
Immunol. 54:393–425.

19. Novack, D.V., and S.J. Korsmeyer. 1994. Bcl-2 protein ex-



1521 Lang et al.

pression during murine development. Am. J. Pathol. 1:61–73.
20. Li, Y.S., K. Hayakawa, and R.R. Hardy. 1993. The regu-

lated expression of B lineage associated genes during B cell
differentiation in bone marrow and fetal liver. J. Exp. Med. 3:
951–960.

21. Broome, H.E., C.M. Dargan, S. Krajewski, and J.C. Reed.
1995. Expression of Bcl-2, Bcl-x, and Bax after T cell activa-
tion and IL-2 withdrawal. J. Immunol. 5:2311–2317.

22. Veis, D.J., C.L. Sentman, E.A. Bach, and S.J. Korsmeyer.
1993. Expression of the Bcl-2 protein in murine and human
thymocytes and in peripheral T lymphocytes. J. Immunol. 5:
2546–2554.

23. Grillot, D.A., R. Merino, and G. Nunez. 1995. Bcl-XL dis-
plays restricted distribution during T cell development and in-
hibits multiple forms of apoptosis but not clonal deletion in
transgenic mice. J. Exp. Med. 6:1973–1983.

24. Gonzalez-Garcia, M., R. Perez-Ballestero, L. Ding, L. Duan,
L.H. Boise, C.B. Thompson, and G. Nunez. 1994. bcl-XL is
the major bcl-x mRNA form expressed during murine devel-
opment and its product localizes to mitochondria. Development
(Camb.). 10:3033–3042.

25. Gratiot-Deans, J., R. Merino, G. Nunez, and L.A. Turka. 1994.
Bcl-2 expression during T-cell development: early loss and late
return occur at specific stages of commitment to differentia-
tion and survival. Proc. Natl. Acad. Sci. USA. 22:10685–10689.

26. Merino, R., L. Ding, D.J. Veis, S.J. Korsmeyer, and G.
Nunez. 1994. Developmental regulation of the Bcl-2 protein
and susceptibility to cell death in B lymphocytes. EMBO (Eur.
Mol. Biol. Organ.) J. 3:683–691.

27. Boise, L.H., M. Gonzalez-Garcia, C.E. Postema, L. Ding, T.
Lindsten, L.A. Turka, X. Mao, G. Nunez, and C.B. Thomp-
son. 1993. bcl-x, a bcl-2-related gene that functions as a dom-
inant regulator of apoptotic cell death. Cell. 4:597–608.

28. Cory, S., A.W. Harris, and A. Strasser. 1994. Insights from
transgenic mice regarding the role of bcl-2 in normal and neo-
plastic lymphoid cells. Philos. Trans. R. Soc. Lond. Ser. B Biol.
Sci. 1313:289–295.

29. Strasser, A., A.W. Harris, L.M. Corcoran, and S. Cory. 1994.
Bcl-2 expression promotes B- but not T-lymphoid develop-
ment in scid mice. Nature (Lond.). 6470:457–460.

30. Katsumata, M., R.M. Siegel, D.C. Louie, T. Miyashita, Y.
Tsujimoto, P.C. Nowell, M.I. Greene, and J.C. Reed. 1992.
Differential effects of Bcl-2 on T and B cells in transgenic
mice. Proc. Natl. Acad. Sci. USA. 23:11376–11380.

31. McDonnell, T.J., G. Nunez, F.M. Platt, D. Hockenberry, L.
London, J.P. McKearn, and S.J. Korsmeyer. 1990. Deregu-
lated Bcl-2–immunoglobulin transgene expands a resting but
responsive immunoglobulin M- and D-expressing B-cell popu-
lation. Mol. Cell. Biol. 5:1901–1907.

32. Woodland, R.T., M.R. Schmidt, J.E. Riggs, S.J. Korsmeyer,
A.M. Lussier, and K.A. Gravel. 1995. Radiation-induced ap-
optosis is differentially regulated in primary B cells from nor-
mal mice and mice with the CBA/N X-linked immunodefi-
ciency. J. Immunol. 7:3453–3463.

33. Gottschalk, A.R., C.L. McShan, R. Merino, G. Nunez, and
J. Quintans. 1994. Physiological cell death in B lymphocytes.
I. Differential susceptibility of WEHI-231 sublines to anti-Ig
induced physiological cell death and lack of correlation with
bcl-2 expression. Int. Immunol. 1:121–130.

34. Strasser, A., S. Whittingham, D.L. Vaux, M.L. Bath, J.M.
Adams, S. Cory, and A.W. Harris. 1991. Enforced BCL2 ex-
pression in B-lymphoid cells prolongs antibody responses and
elicits autoimmune disease. Proc. Natl. Acad. Sci. USA. 19:

8661–8665.
35. Reed, J.C. 1996. A day in the life of the Bcl-2 protein: does

the turnover rate of Bcl-2 serve as a biological clock for cellu-
lar lifespan regulation? Leuk. Res. 2:109–111.

36. McDonnell, T.J., N. Deane, F.M. Platt, G. Nunez, U. Jae-
ger, J.P. McKearn, and S.J. Korsmeyer. 1989. bcl-2–immu-
noglobulin transgenic mice demonstrate extended B cell sur-
vival and follicular lymphoproliferation. Cell. 1:79–88.

37. Strasser, A., A.W. Harris, D.C. Huang, P.H. Krammer, and
S. Cory. 1995. Bcl-2 and Fas/APO-1 regulate distinct path-
ways to lymphocyte apoptosis. EMBO (Eur. Mol. Biol. Or-
gan.) J. 24:6136–6147.

38. Veis, D.J., C.M. Sorenson, J.R. Shutter, and S.J. Korsmeyer.
1993. Bcl-2–deficient mice demonstrate fulminant lymphoid
apoptosis, polycystic kidneys, and hypopigmented hair. Cell. 2:
229–240.

39. Nakayama, K., K. Nakayama, I. Negishi, K. Kuida, Y. Shin-
kai, M.C. Louie, L.E. Fields, P.J. Lucas, V. Stewart, F.W. Alt,
et al. 1993. Disappearance of the lymphoid system in Bcl-2
homozygous mutant chimeric mice. Science (Wash. DC). 5128:
1584–1588.

40. Cuende, E., J.E. Ales-Martinez, L. Ding, M. Gonzalez-Gar-
cia, C. Martinez, and G. Nunez. 1993. Programmed cell death
by bcl-2–dependent and independent mechanisms in B lym-
phoma cells. EMBO (Eur. Mol. Biol. Organ.) J. 4:1555–1560.

41. Benhamou, L.E., T. Watanabe, D. Kitamura, P.A. Cazenave,
and P. Sarthou. 1994. Signaling properties of anti-immuno-
globulin–resistant variants of WEHI-231 B lymphoma cells.
Eur. J. Immunol. 9:1993–1999.

42. Choi, M.S., L.H. Boise, A.R. Gottschalk, J. Quintans, C.B.
Thompson, and G.G. Klaus. 1995. The role of bcl-XL in
CD40-mediated rescue from anti-mu-induced apoptosis in
WEHI-231 B lymphoma cells. Eur. J. Immunol. 5:1352–
1357.

43. Fang, W., J.J. Rivard, J.A. Ganser, T.W. LeBien, K.A. Nath,
D.L. Mueller, and T.W. Behrens. 1995. Bcl-xL rescues WEHI
231 B lymphocytes from oxidant-mediated death following
diverse apoptotic stimuli. J. Immunol. 1:66–75.

44. Kamesaki, H., J.A. Zwiebel, J.C. Reed, and J. Cossman.
1994. Role of bcl-2 and IL-5 in the regulation of anti-IgM-
induced growth arrest and apoptosis in immature B cell lines.
A cooperative regulation model for B cell clonal deletion. J.
Immunol. 7:3294–3305.

45. Merino, R., D.A. Grillot, P.L. Simonian, S. Muthukkumar,
W.C. Fanslow, S. Bondada, and G. Nunez. 1995. Modulation
of anti-IgM-induced B cell apoptosis by Bcl-xL and CD40 in
WEHI-231 cells. Dissociation from cell cycle arrest and de-
pendence on the avidity of the antibody-IgM receptor inter-
action. J. Immunol. 8:3830–3838.

46. Nisitani, S., T. Tsubata, M. Murakami, M. Okamoto, and T.
Honjo. 1993. The bcl-2 gene product inhibits clonal deletion
of self-reactive B lymphocytes in the periphery but not in the
bone marrow. J. Exp. Med. 4:1247–1254.

47. Pulendran, B., G. Kannourakis, S. Nouri, K.G. Smith, and
G.J. Nossal. 1995. Soluble antigen can cause enhanced apo-
ptosis of germinal-centre B cells. Nature (Lond.). 6529:331–334.

48. Shokat, K.M., and C.C. Goodnow. 1995. Antigen-induced
B-cell death and elimination during germinal-centre immune
responses. Nature (Lond.). 6529:334–338.

49. Tiegs, S.L., D.M. Russell, and D. Nemazee. 1993. Receptor
editing in self-reactive bone marrow B cells. J. Exp. Med. 4:
1009–1020.

50. Gay, D., T. Saunders, S. Camper, and M. Weigert. 1993.



1522 Effect of Bcl-2 Overexpression on Immature and Mature B Cell Tolerance

Receptor editing: an approach by autoreactive B cells to es-
cape tolerance. J. Exp. Med. 4:999–1008.

51. Nemazee, D.A., and K. Burki. 1989. Clonal deletion of B
lymphocytes in a transgenic mouse bearing anti–MHC class I
antibody genes. Nature (Lond.). 6207:562–566.

52. Hartley, S.B., J. Crosbie, R. Brink, A.B. Kantor, A. Basten,
and C.C. Goodnow. 1991. Elimination from peripheral lym-
phoid tissues of self-reactive B lymphocytes recognizing mem-
brane-bound antigens. Nature (Lond.). 6346:765–769.

53. Melamed, D., and D. Nemazee. 1997. Self-antigen does not
accelerate immature B cell apoptosis, but stimulates receptor
editing as a consequence of developmental arrest. Proc. Natl.
Acad. Sci. USA. 94:9267–9272.

54. Hertz, M., and D. Nemazee. 1997. BCR ligation induces re-
ceptor editing in IgM1IgD2 bone marrow B cells in vitro.
Immunity. 4:429–436.

55. Morahan, G., F.E. Brennan, P.S. Bhathal, J. Allison, K.O.
Cox, and J.F. Miller. 1989. Expression in transgenic mice of
class I histocompatibility antigens controlled by the metal-
lothionein promoter. Proc. Natl. Acad. Sci. USA. 10:3782–
3786.

56. Schonrich, G., F. Momburg, M. Malissen, A.M. Schmitt-
Verhulst, B. Malissen, G.J. Hammerling, and B. Arnold. 1992.
Distinct mechanisms of extrathymic T cell tolerance due to
differential expression of self antigen. Int. Immunol. 5:581–590.

57. Spanopoulou, E., C.A. Roman, L.M. Corcoran, M.S. Schlis-
sel, D.P. Silver, D. Nemazee, M.C. Nussenzweig, S.A. Shin-
ton, R.R. Hardy, and D. Baltimore. 1994. Functional immu-
noglobulin transgenes guide ordered B-cell differentiation in
Rag-1–deficient mice. Genes Dev. 9:1030–1042.

58. Lang, J., M. Jackson, L. Teyton, A. Brunmark, K. Kane, and
D. Nemazee. 1996. B-cells are exquisitely sensitive to central
tolerance and receptor editing induced by ultralow affinity,
membrane-bound antigen. J. Exp. Med. 184:1685–1697.

59. Melamed, D., J. Kench, K. Grabstein, A. Rolink, and D.
Nemazee. 1997. A functional B-cell receptor transgene allows
efficient IL-7 independent maturation of B-cell precursors. J.
Immunol. 159:1233–1239.

60. Bikah, G., J. Carey, J.R. Ciallella, A. Tarakhovsky, and S.
Bondada. 1996. CD5-mediated negative regulation of anti-

gen receptor-induced growth signals in B-1 B cells. Science
(Wash. DC). 5294:1906–1909.

61. Steller, H. 1995. Mechanisms and genes of cellular suicide.
Science (Wash. DC). 267:1445–1449.

62. Oltvai, Z.N., C.L. Milliman, and S.J. Korsmeyer. 1993. Bcl-2
heterodimerizes in vivo with a conserved homolog, Bax, that
accelerates programmed cell death. Cell. 4:609–619.

63. Yin, X.M., Z.N. Oltvai, and S.J. Korsmeyer. 1995. Hetero-
dimerization with Bax is required for Bcl-2 to repress cell
death. Curr. Top. Microbiol. Immunol. 194:331–338.

64. Yang, E., J. Zha, J. Jockel, L.H. Boise, C.B. Thompson, and
S.J. Korsmeyer. 1995. Bad, a heterodimeric partner for Bcl-
XL and Bcl-2, displaces Bax and promotes cell death. Cell. 2:
285–291.

65. Haldar, S., N. Jena, and C.M. Croce. 1995. Inactivation of
Bcl-2 by phosphorylation. Proc. Natl. Acad. Sci. USA. 10:4507–
4511.

66. Grillot, D.A., R. Merino, J.C. Pena, W.C. Fanslow, F.D.
Finkelman, C.B. Thompson, and G. Nunez. 1996. bcl-x ex-
hibits regulated expression during B cell development and ac-
tivation and modulates lymphocyte survival in transgenic
mice. J. Exp. Med. 2:381–391.

67. Young, F., E. Mizoguchi, A.K. Bhan, and F.W. Alt. 1997.
Constitutive Bcl-2 expression during immunoglobulin heavy
chain-promoted B cell differentiation expands novel precur-
sor B cells. Immunity. 1:23–33.

68. Arakawa, H., T. Shimizu, and S. Takeda. 1996. Re-evalua-
tion of the probabilities for productive rearrangements on the
k and l loci. Int. Immunol. 1:91–99.

69. Nadel, B., P.A. Cazenave, and P. Sanchez. 1990. Murine
lambda gene rearrangements: the stochastic model prevails
over the ordered model. EMBO (Eur. Mol. Biol. Organ.) J. 2:
435–440.

70. Langman, R.E., and M. Cohn. 1995. The proportion of
B-cell subsets expressing kappa and lambda light chains changes
following antigenic selection. Immunol. Today. 3:141–144.

71. Rolink, A., U. Grawunder, D. Haasner, A. Strasser, and F.
Melchers. 1993. Immature surface Ig1 B cells can continue to
rearrange kappa and lambda L chain gene loci. J. Exp. Med.
4:1263–1270.


