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ABSTRACT The FasyFas ligand (FasL) system partici-
pates in regulation of the immune system through the apo-
ptotic process. However, the extent to which abnormalities in
this system are involved in the loss of self-tolerance and
development of autoimmune disease not associated with
FasyFasL mutations remains unknown. The present study
addresses this issue in FasyFasL-intact, systemic lupus ery-
thematosus (SLE)-prone (NZB 3 NZW) (NZByW) F1 mice.
While splenic B cells from 2-month-old mice before overt SLE
expressed Fas poorly, in vitro stimulation with an agonistic
anti-CD40 mAb up-regulated their Fas expression, thus re-
vealing the existence of two populations: one was Fashigh and
highly susceptible to anti-Fas mAb-induced apoptosis, and the
other was Faslow and apoptosis-resistant. The Faslow cells were
included in the CD51 B cell subpopulation and contained
most of the cells that produced IgM anti-DNA antibodies. The
isotype of anti-DNA antibodies switches from IgM to IgG in
NZByW F1 mice at ages beginning at about 6 months. These
IgG anti-DNA antibodies were produced almost exclusively by
a subpopulation of splenic B cells that spontaneously ex-
pressed low levels of Fas in vivo and were apoptosis-resistant.
The findings indicate that precursor B cells for autoantibody
production and presumably autoantibody-secreting cells in
these mice are relatively resistant to Fas-mediated apoptosis,
a finding supporting the concept that abnormalities of Fas-
mediated apoptotic process are involved in the development of
autoreactive B cells in FasyFasL-intact autoimmune disease.

Apoptosis mediated by interaction between Fas and Fas ligand
(FasL) is an important mechanism in the establishment of
tolerance-of-self and autoimmunity. It operates in (i) negative
selection of autoreactive T and B cells in central and peripheral
immune systems (1, 2), (ii) cytotoxic T cell-mediated target cell
lysis in organ-specific autoimmune disease (3), and (iii) pro-
tection of immunologically privileged sites (4, 5).

Thus far the importance of the FasyFasL system in estab-
lishing tolerance-of-self has been examined mainly in Fas-
mutation (lpr) mice. The lpr mutation is an autosomal recessive
Fas gene defect (6) that causes a lymphoproliferative disorder
characterized by massive accumulation of unusual T cells in
lymphoid organs and systemic lupus erythematosus (SLE)-like
autoimmune disease in association with autoantibodies, in-
cluding some to DNA (7, 8). Nevertheless, the effect of this
mutation on the establishment of self-tolerance remains un-
certain. Although subtle changes in thymocyte selection have
been reported in lpr homozygous mice (9, 10), negative selec-
tion of autoreactive T cells occurs in them in an apparently

normal manner (11, 12). As regards B cell abnormalities,
transplantation of hemopoietic cells has revealed that only B
cells carrying the lpr mutation produce autoantibodies, a
finding indicative of an intrinsic B lineage defect (13, 14).
However, when introduced into mouse strains other than
MRL, the mutated Fas gene did not result in significant
autoantibody production associated with florid autoimmune
disease (15).

B cells responsible for autoantibody production also occur in
autoimmune disease-prone strains not mutated at FasyFasL;
in fact, the majority of autoimmune diseases in which auto-
antibodies occur are not associated with mutation in this
system. Autoreactive B cells are eliminated or rendered func-
tionally inactive during their development in the bone marrow
of Fas-intact mice transgenic for an anti-DNA antibody (16).
Whether the FasyFasL system is involved in this process is as
yet unknown. In the present study, we address the question of
whether abnormalities in the Fas-mediated apoptotic process
can be detected in the development of autoreactive B cells in
Fas-intact, SLE-prone (NZB 3 NZW) (NZByW) F1 mice.

MATERIALS AND METHODS

Mice and Reagents. NZByW F1 and BALByc mice were
originally obtained from Shizuoka Laboratory Animal Center
(Shizuoka, Japan) and maintained in our animal facilities.
Only female mice were used in the present study. Rat mAbs to
mouse CD4 (GK1.5), CD8 (53–6.7), Thy-1.2 (30-H12), CD5
(53–7.3), and 6B2(B220) (CD45R, RA3–6B2), and hamster
mAb to mouse CD95 (Fas, Jo2) were purchased from PharM-
ingen. Hamster mAb to mouse CD40 (HM40–3) was estab-
lished as described (17).

Cell Preparation. Single spleen cell suspensions were ob-
tained by gently dispersing spleen tissue with a glass tissue
grinder in RPMI 1640 medium with 3% FCS. Peritoneal
lymphocytes were obtained by washing the peritoneal cavity
with the above medium, followed by incubation of the cells in
24-well f lat-bottom plates at 37°C for 60 min to remove
adherent cells. After lysis of red blood cells by ammonium
chloride treatment, the suspended cells were washed three
times in RPMI 1640 with 3% FCS. To obtain a B cell-enriched
population, the cells were treated with a mixture of the rat
mAbs to CD4, CD8, and Thy-1.2 plus rabbit complement at
37°C for 45 min.

The 6B2(B220)1CD51 B and 6B2(B220)1CD52 B cells
from 2-month-old mice were sorted by FACStar (Becton
Dickinson) after staining the B cell-enriched population with
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f luorescein isothiocyanate (FITC)-conjugated anti-6B2 and
phycoerythrin (PE)-conjugated anti-CD5 mAbs. Faslow and
Fas2 splenic B cell subsets from 8-month-old NZByW F1 mice
were sorted after staining the B cell-enriched population with
FITC-conjugated anti-6B2 and biotinylated anti-Fas mAbs
followed by PE-labeled avidin. Purity of these FACS-sorted
subpopulations exceeded 95%, as determined by flow cytom-
etry analysis.

Cell Culture. For in vitro activation of B cells, aliquots of 5 3
105 cells in 200 ml of medium consisting of RPMI 1640, 5 3
1025 M 2-mercaptoethanol, penicillin (100 unitsyml), strepto-
mycin (100 mgyml), and 10% FCS were cultured in 96-well
f lat-bottomed plates in the presence of agonistic anti-CD40
mAb (HM40–3, 10 mgyml) at 37°C for 3 days. To examine
antibody production, aliquots of 2–5 3 105 cells in 200 ml of
culture medium were cultured in 96-well round-bottomed
plates at 37°C for 6 days. Isotype-specific anti-DNA antibodies
were measured by ELISA. The titer of anti-DNA antibodies is
expressed in units, referring to a standard curve obtained by
serial dilution of a standard serum pool from 4- to 7-month-old
NZB mice for IgM class antibodies and from NZByW F1 mice
over 7 months of age for IgG class antibodies, both containing
1,000 units of activity per ml (17).

Flow Cytometry Analysis for Fas Expression. For two-color
flow cytometry analysis to examine Fas expression, aliquots of
5–10 3 105 cells in 20 ml of phosphate-buffered saline (pH 7.4)
supplemented with 0.2% BSA and 0.05% NaN3 were incu-
bated with FITC-conjugated anti-6B2 and biotinylated anti-
Fas mAbs followed by PE-labeled avidin. All incubations were
carried out for 30 min at 4°C. The stained cells were examined
on a FACStar analyzer equipped with the FITCyPE filter
system. Expression of Fas on FACS-sorted CD51 B and CD52

B cells was examined by three-color flow cytometry analyses
with a FACStarPLUS analyzer (Becton Dickinson), after stain-
ing with biotinylated anti-Fas mAb, followed by streptavidin-
allophycocyanin (APC) (Becton Dickinson).

Induction of Apoptosis. B cells were incubated with agonis-
tic anti-Fas mAb (Jo2, 1 mgyml) for 24 hr, and the percent dead
cells was calculated by dye exclusion after staining with trypan
blue solution. For flow cytometry analysis of Fas expression on
living cells, B cells were incubated with biotinylated anti-Fas
mAb for 24 hr and stained again with biotinylated anti-Fas
mAb, followed by streptavidin-APC. The cells were then
resuspended in medium containing 2 mgyml propidium iodide
(PI; Sigma) and 10% FCS to stain dead cells. PI-negative living
cells were gated by forward vs. side scatter, and intensity of Fas
expression on living cells was examined with a FACStarPLUS

analyzer.

RESULTS

Fas-Mediated Apoptosis-Resistant B Cell Subpopulation.
As shown in Fig. 1, 6B2(B220)1 splenic B cells from NZByW
F1 mice 2 months of age (i.e., before the onset of SLE) and
age-matched BALByc mice expressed Fas poorly, but in vitro
stimulation with an agonistic anti-CD40 mAb markedly up-
regulated their Fas expression, as observed also by others
(18–20). To determine the sensitivity to Fas-mediated apo-
ptosis of these B cells, the T cell-depleted B cell-enriched
population in the spleen was first stimulated in the presence of
anti-CD40 mAb for 3 days, followed by incubation with an
agonistic anti-Fas mAb for 24 hr. The proportion of live cells
remaining in the BALByc splenic B cells was less than 2%,
while the proportion in NZByW F1 cells was 12%.

Apoptosis-Resistant B Cells Consist of a Subset of CD51 B
Cells. Young NZByW F1 mice have a larger proportion of
CD51 B cells in the spleen than BALByc mice (21). We
therefore compared the sensitivity to Fas-mediated apoptosis
of FACS-sorted CD51 and CD52 B cells from 2-month-old
NZByW F1 mice. Prior to culture, splenic B cells, irrespective

of the expression of CD5, as expected expressed only low levels
of Fas. On day 3 of culture in the presence of anti-CD40 mAb,
the mode of Fas expression differed in the CD51 and CD52

populations (Fig. 2). CD52 B cells showed a high level of Fas
with a single peak in their FACS profile, while the profile of
CD51 B cells was biphasic, with low (Faslow) and high (Fashigh)
level-expressing subpopulations. The differences were not due
to differing levels of CD40 expression, since CD51 and CD52

B cells show almost the same level of expression, with a single
peak in the FACS profile in both cases (17). We then asked
whether the difference affected Fas-mediated apoptosis.
When the anti-CD40-stimulated B cell populations were cul-
tured with anti-Fas mAb for 24 hr, the proportions of dead cells
in CD51 and CD52 populations were 66% and 99%, respec-
tively, figures which correspond to the proportion of Fashigh

cells in each population. All the remaining living cells, also
shown in Fig. 2, belonged to the Faslow population, thus
indicating that only the Fashigh population underwent Fas-
mediated apoptosis. This was confirmed by experiments in
which, when FACS-sorted Faslow and Fashigh CD51 B cells
were cultured in vitro in the presence of anti-Fas mAb, only
Fashigh B cells underwent apoptosis (data not shown). Studies
on peritoneal CD51 B cells from 2-month-old NZByW F1 and
BALByc mice showed that the profile of Fas expression was
also biphasic, but most were composed of the Faslow popula-
tion, which was resistant to Fas-mediated apoptosis (data not
shown).

As CD40 ligation up-regulated uniformly the expression of
other cell surface activation molecules, such as major histo-
compatibility complex class II, CD23, CD54, CD80, and CD86,
on both CD51 and CD52 B cells (17), the low level of Fas
expression was the only property that distinguished the apo-
ptosis-resistant from the apoptosis-sensitive B cell subpopu-
lation.

Anti-DNA Antibody-Producing B Cells Are Resistant to
Fas-Mediated Apoptosis. CD51 B cells in the spleen from
young NZByW F1 mice without overt SLE are the major
source of IgM anti-DNA low-affinity antibodies (22–24). To
investigate the sensitivity of these cells to Fas-mediated apo-
ptosis, FACS-sorted CD51 and CD52 B cells from the spleen
of 2-month-old NZByW F1 mice were first stimulated in vitro
with anti-CD40 mAb and were then further cultured for 6 days
in the presence or absence of anti-Fas mAb. As shown in Fig.

FIG. 1. Stimulation by anti-CD40 mAb markedly up-regulated Fas
expression on B cells from both NZByW F1 and BALByc mice. Splenic
lymphocytes from 2-month-old NZByW F1 and BALByc mice were
cultured with anti-CD40 mAb for 3 days, and Fas expression was
examined by two-color flow cytometry.
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3, IgM anti-DNA antibodies were mainly produced by CD51

B cells. The finding that the amount of antibodies produced
was almost equal in cultures with or without added anti-Fas
mAb indicates that the apoptosis-resistant Faslow B cells were
largely responsible for producing these antibodies. In the same
experiments, FACS-sorted peritoneal CD51 B cells from
2-month-old NZByW F1 mice, irrespective of the presence or
absence of anti-Fas mAb, also produced IgM anti-DNA anti-
bodies, but to a lesser extent (approximately one-third of the
titers produced by splenic CD51 B cells). Peritoneal CD51 B
cells from 2-month-old BALByc mice produced little IgM
anti-DNA antibodies (data not shown).

The serum anti-DNA antibodies switch from low-affinity
IgM isotype to high-affinity IgG in NZByW F1 mice at about
6 months of age, at a time when severe SLE begins to develop
(22–24). As shown in Fig. 4, in contrast to the findings in
2-month-old NZByW F1 mice, splenic B cells from 8-month-
old NZByW F1 mice, but not BALByc mice at comparable
ages, contained a considerable proportion of B cells sponta-
neously expressing the Faslow phenotype. In 6-day cultures, B
cell-enriched spleen cells from 8-month-old NZByW F1 mice
produced IgG anti-DNA antibodies, irrespective of the pres-
ence or absence of anti-Fas mAb (data not shown). Fig. 5
shows that the FACS-sorted Faslow, but not Fas2, population
of B cells from 8-month-old NZByW F1 mice produced IgG
anti-DNA antibodies in cultures in the presence of anti-Fas

mAbs. These findings indicate that the subpopulation of
splenic B cells in aged NZByW F1 mice that spontaneously
expresses the Faslow phenotype is resistant to Fas-mediated
apoptosis and is almost entirely responsible for the observed
IgG anti-DNA antibody synthesis. Peritoneal B cells from both
NZByW F1 and BALByc mice, irrespective of the ages,
expressed little Fas and did not produce IgG anti-DNA
antibodies in cultures (data not shown).

DISCUSSION

The present study provides evidence that the development of
autoreactive B cells in FasyFasL-intact autoimmune disease is
related to down-regulation of their Fas expression and an
associated resistance to Fas-mediated apoptosis. At least two
mechanisms operate in the establishment of self-tolerance
among potentially autoreactive B cells. First, deletion of
autoreactive B cell clones occurs in the bone marrow (25, 26),

FIG. 3. In vitro IgM anti-DNA antibody production by Faslow and
apoptosis-resistant CD51 B cell subpopulation from the spleen of
NZByW F1 mice. Splenic CD51 and CD52 B cells from 2-month-old
NZByW F1 mice were FACS-sorted and stimulated with anti-CD40
mAb for 3 days, followed by incubation in the presence or absence of
anti-Fas mAb for 6 days. Amounts of IgM anti-DNA antibodies in
culture supernatants were measured by ELISA. Data represent the
mean and SD of triplicate cultures. Similar results were obtained in
three independent experiments.

FIG. 4. Splenic B cells from 8-month-old NZByW F1, but not
BALByc, mice contained a considerable proportion of B cells spon-
taneously expressing the Faslow phenotype. Fas expression levels on
splenic lymphocytes from 2- and 8-month-old NZByW F1 and
BALByc mice were examined by two-color flow cytometry.

FIG. 2. Comparisons of Fas expression levels and sensitivity to Fas-mediated apoptosis between CD51 and CD52 B cells. Splenic CD51 and
CD52 B cells from 2-month-old NZByW F1 mice were FACS-sorted and stimulated with anti-CD40 mAb for 3 days, followed by incubation in
the presence (Anti-Fas-treated) or absence (Non-treated) of anti-Fas mAb for 24 hr. Fas expression levels on PI-negative living cells were examined
by three-color flow cytometry. Dotted line depicts autofluorescence.
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much as it does in the thymus for T cells. Although the role of
the Fas system in this process remains unclear, studies on
Fas-deficient mice suggest that an intact Fas system is not
required (27). Second, autoreactive B cells that escape elim-
ination in the bone marrow are rendered functionally inactive
in the periphery (28). Using transgenic mice expressing hen
egg lysozyme, and carrying both specific antibody and specific
T cell receptor transgenes, Rathmell et al. (29) demonstrated
that peripheral B cells chronically exposed to soluble antigen
became functionally inactive (anergic B cells) in a Fas-
independent manner, but could then be eliminated through
cognate interaction with activated antigen-specific CD41 T
cells in a Fas-dependent manner. On the other hand, Fas-
deficient anergic B cells were not eliminated by CD41 T cells
and were instead triggered to proliferate. The present study
identified a mechanism that allows pathogenic autoantibodies
to be made in FasyFasL-intact NZByW F1 mice, through
autoreactive B cells down-regulating their Fas expression and
thus escaping Fas-mediated elimination.

The Faslow, apoptosis-resistant B cell precursors of low-
affinity IgM anti-DNA antibody producers in young NZByW
F1 mice were almost exclusively included in a subpopulation of
CD51 B cells. CD51B cells produce low-affinity IgM antibod-
ies that are polyreactive to a variety of antigens, including
autoantigens (30, 31), and thus participate in providing natural
immunity. Part at least of the CD51 B cell repertoires appears
to be selected and maintained by internal antigens (32, 33).
CD51 B cells selected is this way appear to protect themselves
from elimination by bystander activated T cells through down-
regulation of their Fas level. This form of protection appears
to operate even in CD51 B cells of normal individuals, because
there exists a Fas-mediated apoptosis-resistant subpopulation
of CD51 B cells in normal healthy BALByc mice.

At least three steps determine the fate of autoreactive B cells
in NZByW F1 mice. First, naive autoreactive B cells chronically
exposed to self antigens switch their signal transduction path-
ways so as to down-regulate Fas expression, even if exposed to
CD40-mediated signaling; consequently they escape Fas-
mediated elimination. Second, these apoptosis-resistant B cells
proceed to proliferate and mature so as to produce low-affinity
IgM autoantibodies. Although the first step occurs even in
normal healthy strains, the second step is unique in these mice
and is genetically controlled (34, 35). Third, in response to
signals from autoreactive T cells generated in these mice as
they age (36), these autoreactive B cells are induced to express
Fas, but to a lesser extent than do naive unstimulated B cells.
Hence they are not eliminated, but instead proceed to clonal
proliferation, affinity maturation, and class switching. Because
splenic, but not peritoneal, B cells produce IgG anti-DNA
antibodies in these mice, this process proceeds only in the

microenvironment where effective T–B cell interactions can
take place. Affinity-selected IgG autoreactive B cells were
reported to localize predominantly in the splenic red pulp or
outer periarteriolar lymphoid sheaths in SLE-prone (SWR 3
NZB)F1 mice (37).

There is a possibility that primary IgM anti-DNA antibody-
producing cells and secondary IgG B cells are generated from
separate precursor subpopulations (38). Studies of our own
(23) and of others (39), however, have provided evidence that
low-affinity IgM anti-DNA clones with little, if any, somatic
mutations in Ig V region genes are indeed the precursors of
affinity-selected IgG anti-DNA clones in aged NZByW F1
mice with overt SLE.

The mechanisms responsible for down-regulation of the Fas
expression and the associated resistance to Fas-mediated
apoptosis among autoreactive B cells are unknown. It is
pertinent that deficiency in the src-related protein tyrosine
kinase Lyn, known to mediate antigen receptor-mediated
signals, is associated with impaired CD40L-induced Fas ex-
pression and Fas-mediated apoptosis of B cells (40), as well as
hypergammaglobulinemia and immune complex-type glomer-
ulonephritis (41, 42). Rothstein et al. (43) and Foote et al. (44)
reported that antigen receptor engagement blocks CD40L-
induced susceptibility of B cells to Fas-dependent Th1-
mediated cytotoxicity by means of protein kinase C and
calcium signals. In this system, however, the signaling did not
alter Fas expression. Thus, a further clarification of the
mechanism responsible for down-regulation of the Fas expres-
sion and the associated resistance to Fas-mediated apoptosis in
autoreactive B cells is likely to provide a better understanding
of the mechanism of loss of B cell self-tolerance, and thus a
new approach to therapy of autoimmune disease.
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