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Abstract

A peripheral B cell tolerance checkpoint appears to be operative during the germinal center (GC)
reaction. We previously showed that a transgenic BCR clonotype that is ‘dual reactive’ for the hapten
arsonate (Ars) and nuclear auto-antigens is stimulated to enter the GC response via Ars
immunization. However, the participation of this clonotype in this response wanes with time and it
gives rise to few memory B cells capable of mounting a secondary anti-Ars IgG response. Enforced
expression of Bcl-2 partially rescues the GC and memory B cell responses of this clonotype,
suggesting that apoptotic pathways are involved in the action of the GC tolerance checkpoint. Since
GC B cells substantially up-regulate levels of expression of the Fas apoptotic death receptor, we
determined whether an intrinsic Fas deficient could rescue the participation of this clonotype in the
GC response. It could not, strongly indicating that Fas expression by autoreactive GC B cells is not
necessary for their elimination. In addition, experiments in which Fas-sufficient dual reactive
clonotype B cells were transferred to Fas-deficient hosts revealed an absence of participation of these
B cells in the GC and IgG anti-Ars responses. We present data consistent with the idea that T cells in
Fas-deficient hosts are primed to express elevated levels of FasL and eliminate antigen-activated B
cells that up-regulate Fas.

Introduction

Studies on the origin of auto-antibodies that arise in autoim-
mune disease have provided insights into how central and
peripheral B cell tolerance operate, by revealing the out-
come of defects in these pathways (1–6). These studies
paint a picture of subversion of a normal T cell-dependent
germinal center (GC) and memory B cell response. The gen-
eral character of the auto-antibodies produced by DNA,
snRNPs, antibody Fc regions and nucleosomes in systemic
autoimmune states is indistinguishable from antibodies pro-
duced by foreign antigen-driven B cells in the GC–memory
pathway. The critical exception is that these auto-antibodies
have high affinity for a characteristic group of auto-antigens,
while the memory compartment elicited by foreign antigens
does not.

Levels of apoptosis are high in GCs and it has been spec-
ulated that this results from a combination of the lack of pos-
itive selection of B cells with reduced affinity for antigen due

to somatic mutation and the negative selection of autoreac-
tive GC B cells (7–13). Consistent with this idea, GC B cells
express very low levels of anti-apoptotic factors of the Bcl-2
family such as Bcl-2 and Bcl-xL and high levels of the apo-
ptotic death receptor Fas (CD95) (7). Fas clearly plays a cen-
tral function in the regulation of autoimmunity, and most data
indicate a primary function for Fas in the action of peripheral
tolerance checkpoints (14–16). However, while some past
studies have indicated that Fas is involved in the affinity mat-
uration process (17, 18), experiments on a possible role for
this death receptor in the negative selection of autoreactive
B cells during the GC reaction have been limited. In a previ-
ous study in which injection of large boluses of soluble anti-
gen were used to induce apoptosis of antigen-specific GC
B cells, no effect of a Fas deficiency on this process was
detected (9). Moreover, while GC B cells express high levels
of a preformed Fas death receptor complex, the activity of
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this complex appears to be suppressed in many GC B cells
by c-FLIP (19–21).

We have previously described two lines of VH ‘knock-in’
mice that differ only in the presence or absence of a single
mutation to arginine (R) at position 55 in the CDR2 subregion
of the VH gene used to replace the endogenous JH locus
(22, 23). We term these lines of mice HKIR and HKI65,
respectively. Both versions of this VH gene, in combination
with a single, endogenous kappa light-chain gene (Vj10A),
encode antibodies that we term ‘canonical’. Canonical anti-
bodies bind the hapten arsonate (Ars) and can be specifically
detected using the monoclonal anti-clonotypic antibody E4
(24, 25). Antibodies with the R55 form of the V domain also
display reactivity for nuclear auto-antigens such as chroma-
tin and can cause kidney dysfunction via glomerular deposi-
tion in vivo (17). B cells expressing BCRs containing either
type of V domain develop to mature follicular (FO) phenotype,
reside in follicles and are not short lived (23, 26). However,
canonical HKIR B cells are not ignorant of auto-antigen, as
they express very low levels of surface BCR (sBCR). More-
over, these levels can be dramatically up-regulated by
blocking the interaction of auto-antigen with this BCR using
a monovalent form of Ars during primary development of this
clonotype (27).

Canonical HKI65 and HKIR B cells mount early anti-Ars pri-
mary responses that are indistinguishable (28). This includes
homing to follicles, migration to the T–B interface and induc-
tion of co-stimulatory molecules, proliferation, differentiation to
primary antibody-forming cells (AFCs), heavy (H)-chain class
switching and entry into GCs and somatic hypermutation.
However, canonical HKIR B cells display substantially re-
duced participation in the latter stages of the GC response
and in the anamnestic AFC response (28). These data sug-
gest that while the nuclear antigen reactivity of this type of
B cell does not result in anergy, these B cells are subjected
to the action of a GC tolerance checkpoint. In support of this
idea, enforced Bcl-2 expression partially rescues the partici-
pation of HKIR B cells in the ongoing GC response (28).

To determine if Fas plays a role in the action of the puta-
tive GC tolerance checkpoint operative on canonical HKIR
B cells, we generated new lines of HKI65 and HKIR mice
containing the lpr Fas deficiency locus. Analysis of chimeric
mice created by transferring lpr or Fas-sufficient HKI65 or
HKIR B cells into Fas-sufficient hosts that were subsequently
immunized with Ars revealed no apparent influence of a Fas
deficiency on the GC response of these clonotypes. Surpris-
ingly, however, when lpr hosts were used for analogous
experiments, dramatically reduced participation of both
canonical HKI65 and HKIR clonotypes in the GC and IgG
responses was observed. We discuss the implications of
these data for an understanding of the mechanism of action
of GC peripheral tolerance checkpoints and the role of the
Fas–FasL axis in lymphocyte homeostasis.

Methods

Mice

C57BL/6 mice, C57BL/6.SJL (B6.CD45.1) and mice homozy-
gous for the lymphoproliferative spontaneous mutation Faslpr

(C57BL/6J-lpr/lpr) were originally purchased from The Jackson

Laboratory (Bar Harbor, ME, USA) and then bred in the
Thomas Jefferson University mouse facilities. Ig VH chain
knock-in mice (termed HKI65 and HKIR) have been previ-
ously described (22, 23). The double Ig transgenic HKI65/
Vj10A mouse line was created via breeding of HKI65 mice
to a line of conventional Vj10A light-chain transgenic mice
(a kind gift of Larry Wysocki). HKI65.lpr and HKIR.lpr mice
were created by breeding of C57BL/6J-lpr/lpr mice to HKI65
or HKIR mice, respectively. All mice were housed under
pathogen-free conditions and were given autoclaved food
and water. The use of mice in these studies was approved
by the Institutional Animal Care and Use Committee.

Adoptive transfers and immunizations

Total splenocytes (5 3 106) or 2 3 106 MACS-enriched
B cells (CD3e�, Thy1.2�, F4/80�, GR1� and CD11b�) from
mice of 7–10 weeks of age were injected into the retro-
orbital sinus of syngeneic C57BL/6J or C57BL/6J-lpr/lpr
(hereafter referred to as B6 and B6.lpr, respectively) recipi-
ents, also 7–10 weeks of age. Recipient mice were either left
naive or immunized 12 h later with 100 lg of Ars–keyhole
limpet hemocyanin (KLH) in alum intra-peritoneally (i.p.).
Naive recipient mice were sacrificed 1 or 7 days after cell
transfer; immunized mice were sacrificed 6 days after immu-
nization (i.e. 7 days after cell transfer).

Antibodies and other staining reagents

Antibodies and other reagents used for immunohistochemis-
try and flow cytometry included the following: anti-GL7-FITC;
anti-B220 (clone RA3-6B2) labeled with biotin, FITC or PE;
anti-IgD-PE (clone 11-26); anti-CD21/35-FITC (7G6); anti-
CD23-PE (B3B4); PE and biotin-anti-mouse CD45.2 (clone 104),
biotin-anti-mouse CD45.1 (clone A20), anti-IgMa-PE (DS-1),
anti-IgMb-FITC (AF6-78) and anti-Fas (CD95)-PE (all BD Bio-
sciences); metallophilic macrophage-1-FITC (MOMA-1;
Serotec); anti-mouse C1qRp-PE (AA4.1; eBiosciences); pea-
nut lectin agglutinin (PNA)-FITC (Vector Laboratories) and
donkey anti-mouse IgM-FITC (all from Jackson Immuno
Research Laboratories) and a biotinylated form of the anti-
idiotypic mAb E4 (made in-house). Staining with all biotiny-
lated antibodies was followed by SA–PE or SA–Cychrome
(BD Biosciences) staining.

Immunochemistry and immunofluorescence

Spleens were snap frozen in OCT compound and cryosec-
tions (5–6 lm) made as previously described (25). Immuno-
fluorescence staining was performed using the antibodies
and reagents listed above and analyzed using fluores-
censce microscopy (Leitz Diaplan).

Flow cytometry analysis

Single-cell suspensions were prepared and stained with the
antibodies listed above as described previously (23). Cells
were assayed on an EPICS XL-MCL (Coulter). Data were an-
alyzed using the FLOWJO software (Treestar).

ELISpot assay

Multiscreen 96-well filtration plates (Millipore) were coated with
anti-mouse IgM, anti-mouse IgG or both (Caltag Laboratories)
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at concentrations of 10 lg ml�1 overnight at 4�C. Splenocytes
from chimeric mice were added to the plates in serial 2-fold
dilutions and incubated in RPMI 1640 medium containing
10% FBS for 6 h at 37�C. Antibodies produced by canonical
B cells were detected using biotinylated anti-clonotypic E4
mAbs (made in-house) followed by SA conjugated to alkaline
phosphatase (Vector Laboratories). The plates were devel-
oped using the Vector Blue Alkaline-Phosphatase Substrate
kit III (Vector Laboratories). ELISpots were counted using
a computerized imaging video system (Cellular Technology).

ELISA

Clonotype-positive (E4) total serum Igs were measured by
ELISA on 96-well plates (Immulon-4; Thermo Electron) as
previously described (29).

In vitro T cell stimulation

Spleen cells were prepared from 10-week-old C57BL/6-lpr/
lpr and C57BL/6 mice. The cells were stained with Thy 1.2-
biotin antibody (PharMingen) and then SA micro beads
(Miltenyi Biotec) were used to positively select T cells in
MACS separation. The 96-well round-bottom plates were
coated with anti-CD3e antibody (eBioscience) at 10 lg ml�1

in PBS. A total of 2 3 105 T cells per well were incubated in
200 ll RPMI medium containing 10% FBS. After 4 h, cells
were collected and stained for anti-CD3, anti-CD4, anti-CD8
and anti-Fas ligand–biotin (clone MFL4; BD PharMingen)
and analyzed by flow cytometry.

Results

Mildly perturbed peripheral B cell development in
Fas-deficient mice

HKI65 and HKIR mice homozygous for the H-chain knock-in
loci [backcrossed >20 generations to the C57BL/6 (B6)
background] were crossed to C57BL/6-lpr/lpr (B6.lpr) mice
to create new congenic lines heterozygous for the H-chain
knock-in locus and the lpr locus. These mice were back-
crossed to the B6.lpr line to create mice hemizygous for the
H-chain knock-in loci and homozygous for the lpr locus.
These new strains are called HKI65.lpr and HKIR.lpr.

Potential influences of a Fas deficiency on the primary de-
velopment of canonical HKI65 and HKIR clonotypes were in-
vestigated by flow cytometric analysis of the bone marrow
(BM) and splenic B cell compartments of young mice. No
significant differences were seen in developmental subset
percentages or total numbers in the BM of Fas-sufficient
and -deficient versions of HKI65, HKIR and B6 mice (data
not shown). Figure 1(A) shows that levels of H chain allelic
exclusion in HKI65 and HKIR mice and sIgM down-regulation
in HKIR mice were not overtly altered by a Fas deficiency.
However, somewhat reduced numbers of FO B cells were
observed in the spleens of Fas-deficient HKI65 and HKIR
mice (Fig. 1B), and this was accompanied by increased
numbers of CD21�, CD23�, B220+ cells. Levels of marginal
zone B cells (CD21high and CD23low) did not reproducibly
differ in any of the lines of mice. Direct comparison of sBCR
levels on E4+ B cells revealed sIgD (but not sIgM, data not

shown) levels were slightly lower on canonical HKI65.lpr,
HKIR.lpr and B6.lpr splenic B cells as compared with their
Fas-sufficient counterparts (Fig. 1C).

Analysis of the frequency of transitional B cells in the
spleens of HKI65.lpr and HKIR.lpr mice using the anti-
C1qRp mAb AA4.1 revealed a 1.5- to 2-fold increase in this
population, including the canonical B cell sub-population
(Fig. 2). Taken together with the data shown in Fig. 1, these
results suggest that primary peripheral B cell development
is somewhat retarded in Fas-deficient HKI mice, resulting in
accumulation of immature B cells in the spleen. Importantly,
however, these differences are also seen in B6.lpr as com-
pared with B6 mice (Fig. 2 right panels and data not shown),
demonstrating that HKI transgene expression does not con-
tribute to this phenomenon. Whether this slightly altered de-
velopment results from B cell autonomous or environmental
influences of a Fas deficiency remain to be determined.
Nonetheless, both HKIR.lpr and HKIR.lpr mice have fairly
normal FO B cell compartments containing a high frequency
of canonical clonotypes. This allowed us to determine
whether a Fas deficiency in these clonotypes influenced
their participation in the GC response.

An intrinsic Fas deficiency does not rescue canonical HKIR
B cells from the action of a GC tolerance checkpoint

For this purpose, we employed our previously developed
adoptive transfer approach (28). Splenic B cells from
HKI65.lpr, HKIR.lpr mice and their Fas-sufficient counterparts
were injected into (->) CD45.1 congenic B6 mice, and 1 day
later the chimeric mice were immunized (i.p.) with Ars–KLH in
alum. B6 mice lack the VH gene necessary to encode canoni-
cal, E4+ antibodies. At various times thereafter, chimeric mice
were sacrificed and canonical clonotype participation in the
AFC and GC responses were quantitated by ELISpot assay
and flow cytometry, respectively.

Figure 3, left panel shows that at day 7 of the response,
the number of E4+ AFCs in the spleens of all four types of
chimeric mice was comparable. Thus, an intrinsic Fas defi-
ciency in canonical B cells expressing either low (HKI65) or
high (HKIR) avidity for auto-antigens does not augment the
early AFC response. Figure 3, right panel, shows that, consis-
tent with our previously reported results (28), Fas-sufficient
canonical HKIR B cells mount a significantly reduced day 7
GC response as compared with Fas-sufficient canonical
HKI65 B cells. A Fas deficiency did not significantly alter this
outcome, demonstrating that this reduced participation of
canonical HKIR B cells in the ongoing GC response is not
due to Fas-induced apoptosis. A Fas deficiency also did not
significantly alter the participation of canonical HKI65 B cells
in the GC response (even with the one ‘outlier mouse’ in the
HKI65->B6 data set, the difference in the percentage of E4+

GC B cells in HKI65->B6 and HKI65.lpr->B6 chimeras was
not significantly different).

Suppression of the canonical IgG and GC responses in
Fas-deficient hosts

The data above suggested that an intrinsic Fas deficiency
did not overtly influence the regulation of autoreactive HKIR
B cell activity during the anti-Ars response. However, many
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past studies have demonstrated the pivotal influence of Fas
in the regulation of the development of the auto-antibody re-
sponse and in certain peripheral B cell tolerance pathways
(14, 15). As such, we wished to determine whether regula-
tion of HKIR B cell participation in the AFC and GC
responses was altered in a Fas-deficient environment.

To this end, we modified our adoptive transfer approach
such that Fas-sufficient HKI65 B cells were transferred into
B6.lpr recipients that were subsequently immunized with
Ars–KLH. Initial studies of the serum antibody and AFC
responses of canonical B cells in these mice yielded the un-
anticipated result that many mounted a robust early canoni-
cal IgM response but a nearly undetectable canonical IgG
response as compared with Fas-sufficient canonical B cells
responding in Fas-sufficient hosts (Fig. 4).

Previous studies of mice in which Fas was specifically de-
leted in T cells produced the unexpected finding that these
mice not only failed to develop high auto-antibody titers and
autoimmune pathology but also became B lymphopenic
(30). Much of this effect was shown to require Fas–FasL

interactions and correlated with T cell activation, suggesting
that lymphocyte homeostatic pathways mediated by this re-
ceptor–ligand pair were perturbed by Fas-deficient T cells.
These observations provided one possible explanation for
the results shown in Fig. 4, namely, that FasL expressing,
activated Fas-deficient T cells were killing Fas-sufficient
B cells once the latter were activated by immunization and
expressed high levels of Fas.

To test this idea, we first transferred B6.CD45.1 B cells in-
to Fas-deficient or -sufficient B6.CD45.2 congenic hosts and
monitored the stability of the CD45.1+ donor B cell compart-
ment for 1 week via flow cytometry and immunohistology.
Figure 5 shows that naive donor B cells were relatively sta-
ble 1 day after transfer and resided mainly in white pulp
regions of the spleen. However, somewhat reduced numbers
of donor B cells were observed in white pulp areas at day 7
after transfer, consistent with inefficient elimination of donor
B cells expressing low levels of Fas.

Next, Fas expression levels on B cells in chimeric mice
created by injection of canonical HKI65/Vj10A double

Fig. 1. Primary B cell development in Fas-deficient HKI65 and HKIR mice. (A) Splenocytes were isolated from Fas-sufficient and Fas-deficient
HKI65 and HKIR hemizygous mice as well as B6 mice and were stained with anti-B220 and anti-IgMa and anti-IgMb allotypic mAbs and analyzed
by flow cytometry. HKI knock-in loci encode the IgMa allotype. The data shown are from pooled cells from two mice of each genotype.
(B) Splenocytes from mice of the indicated genotypes were stained with anti-B220, anti-CD21 and anti-CD23 and analyzed by flow cytometry.
Follicular (CD23high CD21low) and marginal zone (CD23low CD21high) sub-populations are gated. The data shown are representative of at least
three independent experiments. (C) Splenocytes from mice of the indicated genotypes were stained with anti-B220, anti-IgD and anti-clonotypic
E4 mAbs and analyzed by flow cytometry. All data shown in this figure are from cells in the B220+ gate. The results are representative of at least
three independent experiments.
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transgenic B cells into B6.lpr mice, some of which were sub-
sequently immunized with Ars–KLH, were evaluated by flow
cytometry. Figure 6(A) shows that, as expected, a major
sub-population of B cells in the immunized mice had up-
regulated Fas 6 days later, but no such up-regulation was
detected in unimmunized mice. These studies were followed
by analysis of the contribution of canonical HKI65/Vj10A
B cells to the GC responses in such mice. Figure 6(B) illus-
trates that few, if any, E4+ GC B cells could be detected in
the HKI65/Vj10A->B6.lpr chimeras (upper gates). Nonethe-

less, E4�, host B cells continued to contribute to the GC re-
sponse at this time (lower gates), consistent with the idea that
expression of Fas is required for elimination of GC B cells.

CD8 Tcells from Fas-deficient mice express elevated levels of
FasL when activated via the TCR complex in vitro

To determine if T cells in Fas-deficient mice expressed ele-
vated levels of Fas ligand that might promote their killing of
Fas-sufficient B cells, we examined such levels on the

Fig. 2. Increased numbers of splenic transitional B cells in Fas-deficient mice. Spleen cells from mice of the indicated genotypes were stained
with anti-B220, anti-clonotypic E4 mAb and AA4.1 and analyzed by flow cytometry. The upper panel shows the percentage of immature AA4.1+

and mature AA4.1� B cells out of total cells in the lymphocyte gate. The lower panel shows the percentage of immature AA4.1+ cells out of gated
B220+ and E4+ cells. The data shown are representative of two independent experiments.

Fig. 3. An intrinsic Fas deficiency does not influence the primary AFC and GC responses of canonical HKIR B cells. The indicated types of
chimeric mice were created as described in Methods using 2 3 106 B cell-enriched splenic donor cells per recipient and immunized 12 h later
with 100 lg of Ars–KLH in alum. Mice were sacrificed on day 6 after immunization and the E4+ clonotype-specific immune response was
assessed using ELISpot and flow cytometry. (A) The ELISpot data shown represent the number of E4+ IgG-and IgM-producing AFCs per million
splenocytes. (B) Splenocytes were stained with anti-B220, E4 and PNA and the number of PNA+, E4+ cells out of total B220+ cells evaluated by
flow cytometry and the values plotted. Black filled circles and diamonds represent data obtained from Fas-sufficient HKI65 B cells in individual
mice and open circles and diamonds data represent from Fas-deficient HKI65 B cells in individual mice. Horizontal bars show the mean value for
each genotype. P values for differences between data from different types of chimeric mice, calculated using the Student’s t-test, are shown.
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splenic T cells of naive B6 and B6.lpr mice via flow cytome-
try. Using this approach, we did not detect elevated levels
of FasL expression on the T cells of B6.lpr mice (data not
shown). As such, we stimulated enriched splenic T cells from
B6 and B6.lpr mice with plate-bound anti-CD3e antibody
in vitro and 4 h later evaluated FasL expression on total CD3
T cells and CD8 and CD4 T cell sub-populations via flow
cytometry. Figure 7 shows that total T cells and the CD8
sub-population from B6.lpr mice expressed much higher
levels of surface FasL after this stimulation than such popu-
lations from B6 mice. CD4 T cells from both types of mice
appeared to express similar levels of FasL after activation.

Suppression of the IgG and GC responses of Fas-deficient
canonical B cells in Fas-deficient hosts

We next evaluated whether expression of Fas on donor B cells
was required for suppression of the Fas-sufficient B cell GC
and IgG responses in Fas-deficient hosts. We transferred
HKI65.lpr B cells into B6 or B6.lpr hosts that were subse-
quently immunized with Ars–KLH and evaluated the E4+ IgM
and IgG responses by ELISpot assay. Figure 8 shows that
the IgM response of HKI65.lpr B cells was still enhanced
and the IgG response reduced in Fas-deficient as compared
with Fas-sufficient hosts. However, these differences were not
as dramatic as those observed in chimeras containing Fas-
sufficient donor B cells. These data indicate that while Fas
expressed on donor B cells contributes to the suppression of
the GC and IgG responses, other factors are at work as well.

Fig. 5. Effects of a host Fas deficiency on Fas-sufficient donor B cell homing to and stability in follicles in unimmunized chimeric mice. MACS-
enriched B cells from B6.CD45.1 mice were adoptively transferred into either Fas-sufficient (B6.CD45.2) or Fas-deficient (B6.lpr) recipients of the
CD45.2 allotype (5 3 106 cells per mouse). Mice were sacrificed either on day 1 or day 7 after transfer. Left panels: splenocytes were isolated,
stained with anti-B220, anti-IgD and anti-allotypic CD45.1 mAbs and analyzed by flow cytometry. Gated donor CD45.1+ cells are shown. The
numbers shown above the gates indicate the mean percentage of CD45.1+ cells out of total B220+ or IgD+ cells and the standard deviation from
three separate experiments. Right panels: immunofluorescent staining of spleen sections of mice described above on day 1 after transfer. Red
staining indicates donor CD45.1 cells, while green staining with MOMA-1 delineates the border of the follicle and the marginal zone. Original
magnification of images was 3140.

Fig. 4. Fas-sufficient canonical HKI65 B cells do not participate in the
Ars-induced IgG AFC response in Fas-deficient hosts. Splenocytes
from HKI65 mice were adoptively transferred into B6 or B6.lpr mice
and the resulting chimeric mice immunized 12 h later with 100 lg
of Ars–KLH in alum. Mice were sacrificed on day 6 after immunization
and the E4 clonotype-specific immune response was assessed using
ELISpot analysis of splenocytes. ELISpot membranes were coated
with either anti-mouse IgG (gamma chain specific) or anti-mouse
IgM (mu chain specific) and ELISpots developed with the E4 mAb.
Data from individual mice are indicated by open and filled circles.
P values for comparisons of data from chimeras generated using Fas-
sufficient and -deficient hosts, calculated using the Student’s t-test,
are shown.
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Discussion

Past reports on the role of Fas in the B cell-positive and
-negative selective events that take place during the GC re-
action have been limited and conflicting. Smith et al. (31)
did not observe a measurable perturbation of the GC reac-
tion and antibody affinity maturation in the immune response

to (4-hydroxy-3-nitrophenyl)acetyl (NP) in Fas-deficient mice.
In contrast, Takahashi et al., also studying the immune re-
sponse to NP in such mice, did (15). Based largely on the
high levels of Fas expression characteristic of GC B cells,
Lindhout et al. (13) proposed a model in which autoreactive
or ‘bystander’ GC B cells were killed via interaction with
CD40L-expressing GC T cells. While to our knowledge this
idea had not been directly tested prior to the studies
reported here, Han et al. (9) did show that induction of apo-
ptosis of GC B cells via injection of large doses of soluble,
cognate antigen took place efficiently in Fas-deficient mice.
This protocol was argued to recapitulate the pathway in
which tolerance might be induced in the GC B cell compart-
ment to abundant, soluble self-antigens.

In agreement with the general conclusions of Han et al.,
the studies we report here suggest little, if any, direct role
for Fas in the negative selection of autoreactive canonical
HKIR B cells during the GC response. A possible explana-
tion for these results is that in addition to expressing high
levels of Fas, many GC B cells also express elevated levels
of c-FLIP, an antagonist of Fas-mediated apoptosis (19).
Moreover, B cells can be rendered resistant to Fas-mediated
killing by a variety of stimuli available in the GC including IL-
4 (32), BCR ligation (33), CD40 ligation (34) and other fac-
tors derived from FO dendritic cells (18, 35). Many of these
stimuli have been shown to induce the anti-apoptotic long
isoform of c-FLIP (19, 34). Collectively, these data argue that
autoreactive GC B cells may be protected from Fas-medi-
ated apoptosis via stimuli that induce c-FLIP. To test this no-
tion, we are currently evaluating the GC response mounted
by c-FLIP-deficient canonical HKIR B cells.

In contrast, the data we obtained from the analysis of
B cell chimeras generated using Fas-deficient recipient mice
strongly suggest that under certain conditions, the Fas–FasL
pathway can dramatically alter the outcome of a B cell im-
mune response, including the GC reaction. These data are
consistent with those of Hao et al. (30) suggesting that a Fas
deficiency in T cells results in the increased potential of these
cells to express FasL upon activation, a change resulting from
perturbation of lymphocyte homeostasis. These T cells cannot
kill themselves, but efficiently kill Fas-expressing cells of other
types. We initially speculated that the absence of canonical
IgG and GC responses was due to killing of Fas-sufficient
canonical HKI B cells by FasL-expressing, KLH-specific CD4

Fig. 6. Fas expression and GC responses of B cells in Fas-sufficient
-> Fas-deficient chimeric mice. (A) Chimeric mice created by transfer
of 2 3 106 HKI65/Vj10A double transgenic B cells into B6.lpr hosts
were either immunized the day after donor cell transfer with 100 lg of
Ars–KLH in alum or left naive. On day 7 after transfer, mice were
sacrificed, spleen cells isolated, stained with anti-B220 and anti-CD95
(Fas receptor) and analyzed by flow cytometry. Colored lines in the
histograms represent B220-gated cells from individual mice.
(B) Splenic B cells from HKI65/Vj10A double transgenic mice were
transferred into B6 or B6.lpr hosts and chimeric mice immunized as
described above. Six days after immunization, chimeric mice were
sacrificed, spleens cells isolated and stained with E4 and PNA and
analyzed by flow cytometry. The E4+, PNA+ canonical GC B cell and
E4�, PNA+ host GC B cell gates are shown.

Fig. 7. CD8 T cells in Fas-deficient mice are primed to express elevated levels of FasL upon activation. Enriched splenic T cells from B6 and
B6.lpr mice were activated for 4 h by plate-bound anti-CD3e antibody as described in Methods. Cells were then stained with antibodies for the
indicated markers and levels of expression of surface FasL on various sub-populations evaluated by flow cytometry. FasL levels on cells gated
for expression of CD3 only, CD3 and CD4 or CD3 and CD8 are shown.
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T cells during Ars-KLH induced cognate interaction of these
cell types. However, our data demonstrate that only CD8 T
cells in B6.lpr mice are primed to express abnormally high
levels of FasL upon activation, suggesting that other scenar-
ios, such as those discussed below, may account for the sup-
pression of canonical IgG and GC responses in B6.lpr hosts.
Moreover, the increased IgM AFC responses we observed
from Fas-sufficient donor B cells in Fas-deficient hosts are
not easily explained by direct killing of donor B cells by host
CD8 T cells. Further studies in this vein are clearly warranted.

Our experiments also demonstrated that while Fas-deficient
donor B cells were capable of mounting IgG responses in
Fas-deficient hosts, these responses were far from robust.
Given the above rationale, this indicates that a Fas defi-
ciency either indirectly perturbs aspects of T cell–B cell cog-
nate interaction or additional death receptors that can
productively interact with FasL are expressed on activated
B cells. With regard to the first possibility, Hao et al. (30)
explained the loss of Fas-deficient naive T cells in mice in
which Fas was selectively deleted in T cells due to destruc-
tion of the natural lymphoid microenvironments for these
cells by activated, FasL-expressing T cells. We did not ob-
serve gross changes in the size or organization of the T cell
zones of the spleen in immunized HKI->B6.lpr or HKI.lpr-
>B6.lpr chimeras (data not shown). However, further studies
will be required to determine if microenvironmental locales
in which cognate T cell–B cell interaction normally takes
place were altered and whether CD8 T cells expressing high
levels of FasL might be responsible for such alterations.
Such alteration might account for the enhanced IgM AFC re-
sponse we observed from both Fas-sufficient and -deficient
donor B cells in Fas-deficient hosts.

With regard to the possibility of another death receptor
family ligand for FasL, Pitti et al. (36) have reported the clon-

ing of a receptor for FasL from human lung tissue that they
termed DcR3. A soluble form of this receptor inhibited Fas–
FasL interactions and apoptosis, leading the authors to con-
clude that DcR3 was a FasL decoy receptor. However,
whether DcR3 was capable of intrinsic signaling or associating
with signaling proteins was not evaluated. Given these ques-
tions, it will be important to determine if murine B cells express
a homologue of DcR3 and, if so, whether it is expressed on
the cell surface and can mediate signal transduction.
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Abbreviations

AFC antibody-forming cell
Ars arsonate
BM bone marrow
FO follicular
GC germinal center
H heavy
i.p. intra-peritoneal
KLH keyhole limpet hemocyanin
NP (4-hydroxy-3-nitrophenyl)acetyl
PNA Peanut lectin agglutinin
SA streptavidin
sBCR surface BCR

Fig. 8. A Fas deficiency in recipient mice results in an enhanced IgM response and compromised IgG AFC and GC responses from Fas-
deficient donor B cells. Splenocytes from HKI65.lpr mice were adoptively transferred into B6 or B6.lpr mice (5 3 106 per mouse) and chimeric
mice immunized 12 h later with 100 lg of Ars–KLH in alum. Mice were sacrificed on day 6 after immunization and the clonotype-specific E4+

immune response was assessed using ELISpot and flow cytometry as described in the legends to Figs 3 and 4. (A) The number of E4+ IgM-
and IgG-producing AFCs per million splenocytes is illustrated. (B) The percentages of PNA+, E4+ B cells out of the total number of B220+

lymphocytes are shown. Filled and open circles represent transfer into Fas+-deficient or Fas-deficient recipients, respectively. Each circle
represents an individual mouse. Horizontal bars show the mean values for each data set. Statistical significance was assessed by the Student’s
t-test.
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