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Multiple mechanisms of tolerance induction limit autoimmunity,
but their relative contribution for lymphocytes recognizing self-
antigens of differing availability is incompletely understood. The
mechanisms applied to arthritogenic B cells expressing antigen-
specific B cell receptors (BCRs) with different affinities for glucose-
6-phosphate isomerase (GPI) were examined in the corresponding
Ig gene knock-in mice. This ubiquitously expressed and blood-
borne enzyme is the target autoantigen in the K�BxN model of
inflammatory arthritis and perhaps in some humans with arthritis.
Negative selection of B cells expressing high-affinity anti-GPI
specificities, whose surface receptors were occupied by GPI, oper-
ated mainly at the transitional B cell stages in the spleen, prevent-
ing their final differentiation and entry into follicular areas. Re-
ceptor editing contributed to the purging of cells displaying
anti-GPI BCRs, and significant numbers of autoreactive cells es-
caped through expression of an additional Ig light (L) chain,
accumulating gradually in lymphoid organs. In contrast, low-
affinity anti-GPI B cells, whose surface receptors did not carry GPI,
matured normally. The ‘‘escaped’’ dual-L-chain cells and the ‘‘ig-
nored’’ low-affinity cells are the likely precursors of cells that
produce pathogenic autoantibodies once T cell help is provided.
These studies portray, in a single system, the range of tolerance
mechanisms applied to potentially pathogenic B cells, and serve as
a base for dissecting where T cell help intervenes and where
therapeutic agents impinge.

arthritis � autoimmunity � B cell tolerance

K�BxN mice spontaneously develop an autoimmune�
inflammatory disease with many clinical and histopatholog-

ical features in common with human arthritides (1). These
animals carry a transgene encoding a self-reactive T cell receptor
that recognizes cells presenting a peptide from glucose-6-
phosphate isomerase (GPI), a glycolytic enzyme (2). Transgenic
T cells are thereby activated, in turn providing help preferentially
to B cells whose B cell receptor (BCR) recognizes GPI. K�BxN
mice develop very high titers of antibodies (Abs) against GPI,
predominantly of the IgG1 isotype (3, 4). Anti-GPI Abs directly
mediate the joint pathology, and can induce arthritis in healthy
recipients in the absence of T and B cells (3).

Given the central role of pathogenic Igs in K�BxN arthritis, B
cells, and Abs from these mice have been characterized in some
detail (4). A very high frequency of fusible Ab-producing cells
with anti-GPI specificity was observed when hybridomas were
generated with splenocytes from arthritic mice. All of these
monoclonal antibodies (mAbs) had high affinity for GPI (Kd �
5 � 10�8 M), with V gene sequences suggesting that they had
undergone extensive somatic hypermutation. Combinations of
mAbs that recognized spaced epitopes on GPI were required for
induction of arthritis.

GPI is normally cytoplasmic, but can be detected at low levels
in serum (�0.5–2 �g�ml) (5). It is not well understood how
tolerance to a self-protein of this nature can be broken, either at
the T or B cell levels. Multiple mechanisms of tolerance induc-
tion operate at the different stages of B cell differentiation.

Clonal deletion, receptor editing, anergy, and helplessness have
all been demonstrated, reflecting at least in part how and when
particular B cells first encounter their antigens at different stages
of differentiation, sites or concentrations, and in different forms
(6–10). However, the relative contribution of these mechanisms,
in particular which are used for a given autoantigen, is not well
understood. Most relevant may be the hen egg lysozyme (HEL)�
anti-HEL B cell tolerance model, where mice carrying a trans-
gene encoding an Ab reactive with HEL are crossed to animals
expressing a second transgene encoding HEL in a soluble form
(6, 11).

Because GPI represents a true autoantigen with potential
relevance to the pathogenesis of human arthritis, it seemed
important to determine how B cell tolerance to GPI is achieved
and maintained. Therefore, we generated knock-in mice in
which the rearranged heavy (H) and L chain variable gene
segments of an anti-GPI hybridoma were targeted into the
corresponding germ-line J loci. The life histories of GPI-reactive
cells expressing high affinity (H � L chain gene knock-ins) and
low affinity (H chain gene only knock-in) were compared.

Results
Generation of Anti-GPI Ig Knock-In Mice. From a panel of anti-GPI
mAbs-derived from K�BxN mice (4), mAb 6.121 (hereafter
called 121) was chosen for generation of Ig H- and L-chain
knock-in mice. 121 is an IgG1 mAb that binds GPI with high
affinity (Kd � 0.37 nM), and is arthritogenic when combined
with other mAbs that recognize spaced epitopes on GPI (4). We
first mutated the 121 H chain back to the putative germ-line
sequence, but could no longer detect GPI binding by our assay
when this H chain was combined with the 121 L chain (data not
shown). Given this result and inherent uncertainties in guessing
a corresponding germ-line sequence, we chose an alternative
strategy for comparing arthritogenic BCRs of high and low
affinity for GPI: the 121 H plus L chain combination versus the
121 H chain plus a diversity of endogenous L chains, some of
which would permit GPI binding.

The 121 VHDHJH and VkJk gene segments were cloned from
hybridoma cells, and used to generate targeting constructs for
recombination into the JH or Jk locus (see Fig. 6, which is published
as supporting information on the PNAS web site) of an embryonic
stem cell line (PC3, 129�Sv background). The Neor gene, used to
select homologous recombinant clones, was deleted during sper-
matogenesis in male chimera mice because of the protamine-
promoter-driven Cre transgene in PC3 (12). The deletion of Neor

in progeny was confirmed by PCR analysis. The targeted Ig H and
L chain alleles were maintained in heterozygous state (designated
H121/� and L121/�, respectively, where 121 denotes the knock-in
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allele, and � is the wild-type allele). Both targeted alleles were
expressed quite efficiently: 72–86% of the B cells in the bone
marrow of H121/�L121/� mice expressed the IgMa allotype of the
knock-in H chain (not shown), and 82–95% of the IgMa� immature
B cells in the bone marrow of H121/�L121/� mice expressed the
knock-in L chain allele (see below).

Anti-GPI B Cells in 121 Knock-In Mice and Their Receptor Occupancy.
The expression of GPI-reactive receptors on B cells was detected
by using biotinylated recombinant GPI protein (referred to as
GPI-binding) or with a secondary anti-GPI Ab compatible with
121 binding (referred to as bound GPI) (4). In 8- to 12-week-old
H121/�L121/� mice, 15–25% of B cells were GPI-reactive (Fig. 1A
Right). The GPI-binding cells formed two distinct populations
based on expression of � L chain and on GPI staining. One
population showed a proportional intensity of � display and GPI
staining (i.e., fell on a diagonal), whereas the other had lower
GPI staining (0.5-fold on average) and higher � expression
(2.8-fold); these populations are explored in detail below. In
H121/�L�/� mice, 1 to 3% of B cells bound GPI at low intensity
(Fig. 1 A Middle Left). H�/�L121/� and H�/�L�/� animals had

only background numbers of GPI-stainable B cells. The bone
marrow of H121/�L121/� mice showed an increased proportion of
immature (B220lo) B cells and a decreased fraction of mature
(B220hi) B cells vis-a-vis H�/�L�/� controls (Fig. 1B). The vast
majority of the immature B cells in H121/�L121/� mice were
GPI-reactive, but this proportion dropped in the more mature B
cells (which mainly represent recirculating peripheral B cells)
(Fig. 1B Bottom Right). Several studies have demonstrated that
self-reactive B cells can accumulate preferentially in the perito-
neal cavity as B-1 cells (13). This was not the case here, as hardly
any of the B220loCD23� cells bound GPI (Fig. 1C).

H121/�L121/� animals had only 3–10 times higher anti-GPI IgM
titers than did single-chain littermates, whose titers were similar
to those of wild-type littermates (Fig. 1D Upper). With respect
to IgG isotypes (Fig. 1D Lower), only H121/�L121/� mice had
detectable anti-GPI titers, at levels considerably lower than
those of K�BxN transgenics. These low titers suggest that
tolerance was operating and that anti-GPI B cells were not
activated by cognate autoantigen.

To measure the extent of BCR occupancy by GPI, we used a
secondary anti-GPI mAb (or polyclonal Abs) known not to
interfere with binding of the 6.121 mAb, with or without
preincubating the cells with saturating amounts of soluble re-
combinant GPI (Fig. 1E). Splenic B cells from H121/�L121/� mice
(Fig. 1E Left) displayed essentially the same intensity of GPI
staining with or without presaturation of the surface BCRs by
GPI, suggesting that most, if not all, surface Igs were occupied
by endogenous GPI. This observation was true of GPI-binding
cells in either of the two GPI-positive populations. By the same
criteria, immature B cells in the bone marrow (Fig. 1E Center)
also showed high receptor occupancy, confirming that anti-GPI
B cells first encountered cognate antigen in the bone marrow.
In contrast, detection of anti-GPI B cells in H-chain-only
H121/�L�/� mice was completely dependent on preincubation
with GPI, indicating that the H121-bearing receptors were most
likely empty in these animals (Fig. 1E Right). We estimated by
Scatchard analysis that the average Kd was on the order of 150
nM for GPI-reactive B cells of the H121/�L�/� mice (data not
shown), which is much less than the subnanomolar affinity of the
full 121 BCR.

Allelic Inclusion and Receptor Editing in Anti-GPI B Cells. Considering
the two distinct populations of GPI-binding B cells in H121/�L121/�

splenocytes (Fig. 1A), we hypothesized that the one showing
lower binding to GPI relative to its C� levels might have resulted
from the expression of additional Ig L chains, originating from
rearranged endogenous Ig loci. To test for such events at the L
chain locus, we crossed H121/�L121/� animals to a mouse line in
which the Ig L chain gene C� segment (mC�) was replaced by its
human ortholog (hC�) (14), thereby generating H121/�L121/h

mice. Rearrangement and expression from the 121 and hC� loci
were assessed by staining cells with Abs specific for mC� or
hC�. Two populations of GPI-binding B cells were found in
H121/�L121/h mice (Fig. 2A). One stained most brightly with GPI
and anti-mC�, and did not express hC� (referred to as popula-
tion ‘‘G’’ hereafter). The second population bound GPI less
intensely, and was positive for hC�, indicating that the cells were
dual-expressors (population ‘‘D’’), pointing to allelic inclusion
for L chains in 121 knock-in mice. This conclusion was confirmed
by testing for expression of the Ig� locus in H121/�L121/� (Fig. 2B)
or H121/�L121/h mice (data not shown). A distinct population of
B cells bound GPI and expressed the � chain (�1, �2, �3); such
cells were absent in all other mice. Thus, the allelic inclusion
associated with the combination of 121 knock-ins can involve
both the � and � loci. The lower frequency of ���, compared with
���, dual-expressors is consistent with the lower efficiency of �,
compared with �, rearrangement. By extension, we interpret
similarly the two GPI-binding populations shown in Fig. 1 A

Fig. 1. Anti-GPI B cells in 121 knock-in mice. (A) B220� splenocytes from adult
knock-in mice (H121/�L121/�) and control littermates stained with anti-Ig� and
GPI-biotin. (B) Bone marrow B cells of adult knock-in (H121/�L121/�) and wild-
type (H�/�L�/�) mice, stained with anti-B220, anti-IgM, and GPI-biotin, and
gated on lymphocyte population. (C) Ig� and GPI profiles for B-1
(B220loCD23�) and B-2 (B220hiCD23�) lineages of the peritoneal cavity lavage
cells. (D) ELISA titers of anti-GPI IgM or IgG antibodies in the serum of
H121/�L121/� and control littermates (n � 3–5). Titer is defined here as the serum
dilution that gave an optical density of 2� background. A pooled serum from
K�BxN arthritic mice was included as a reference. (E) The extent of occupancy
by self-antigen of anti-GPI surface receptors was analyzed by staining cells
directly (Upper), or after preincubation with saturating amounts of GPI (100
�g�ml; Lower). Cytometry profiles representative of 3–10 independent mice.
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Right: the off-diagonal population with stronger mCk but duller
GPI staining should be composed of cells that use both the
knock-in and the endogenous wild-type � loci.

In addition, the B cell compartment of H121/�L121/h mice con-
tained a third population, which displayed only hC� and did not
bind GPI (population ‘‘E’’ in Fig. 2A), likely equivalent to the
GPI-negative B cells of Fig. 1A Right. These cells may represent
those in which the 121 L chain was never expressed, or was
expressed but secondarily altered by receptor editing. In the 121 L
chain gene knock-in construct, there were no additional J segments
downstream of the rearranged VJ region, thus preventing a sec-
ondary rearrangement between the upstream V and downstream J
segments. Inactivation of 121VJ by recombining sequence (RS)
recombination (15) was assessed by semiquantitative PCR of
genomic DNA prepared from the sorted populations ‘‘G,’’ ‘‘D,’’ and
‘‘E’’. As shown in Fig. 2C, RS-IRS-1 excision was easily detectable
in population ‘‘E’’ but not in ‘‘G’’ and only weakly in ‘‘D,’’
confirming that population ‘‘E’’ resulted from the inactivation of
the L121 knock-in locus by RS recombination.

To solidify these conclusions, we crossed the RAG1 knock-
out mutation into H121/�L121/� line, preventing any alternative
or secondary rearrangements. As shown in Fig. 2D,
H121/�L121/�Rag�/� mice contained only population ‘‘G,’’ and all
B cells bound GPI in proportion to the amount of surface Ig they
displayed.

The analyses of the H chain locus, by staining for the IgMa and
IgMb allotypes carried by the knock-in and wild-type alleles,
showed that H chain allelic inclusion did not contribute signif-
icantly to the generation of GPIdull cells (Fig. 7, which is
published as supporting information on the PNAS web site).

Evolution of GPI-Binding Populations over Time. The different abun-
dance of GPI-binding B cells in the bone marrow versus spleen
of H121/�L121/� mice, as well as the editing events at the L chain
loci, suggested that GPI-binding cells were under negative
pressure in the secondary lymphoid organs. To determine when
this negative selection took place, we examined H121/�L121/h mice
of different ages (Fig. 3). Over time, population ‘‘G’’ decreased,
whereas ‘‘E’’ increased, and ‘‘D’’ increased only slightly (Fig.
3A). This change was most dramatic when gated on total B220�

cells (Fig. 3B), due to a progressive increase in IgMa-negative
cells in the spleen (Fig. 3C). In contrast, the distribution among
immature B cells in the bone marrow remained about the same
through this age window, most cells keeping a high GPI-binding
ability (Fig. 3D). These results suggest that the edited popula-
tions accumulated preferentially in the peripheral organs of
H121/�L121/h mice, outcompeting the cells with high affinity for
GPI. However, one cannot tell whether the actual editing
occurred in the bone marrow or in the peripheral organs. No
age-dependent changes in numbers of the low-affinity B cells of
H121/�L�/� mice were observed (data not shown).

High-Affinity GPI-Binding B Cells Arrested in Maturation in the Pe-
ripheral Lymphoid Organs. Since the time-period during which the
changes of different populations were greatest corresponded to

Fig. 2. Receptor editing at the light chain locus. (A) Allelic inclusion revealed
by the expression of the hC� chain in B220� splenocytes from H121/�L121/h mice;
populations ‘‘G,’’ ‘‘D,’’ and ‘‘E’’ (abbreviations stand for ‘‘GPI only,’’ ‘‘Dual,’’
and ‘‘Eliminated’’) are defined in relation to their GPI-binding capacity (Mid-
dle). (B) Isotypic inclusion and the usage of � L chains in B220� splenocytes of
adult H121/�L121/� mice and control littermates. (C) RS-IRS-1 excision (a 1.1-kb
band) was determined with 3-fold serial dilutions of genomic DNA from
sorted cells of the populations ‘‘G,’’ ‘‘D,’’ and ‘‘E’’ (starting with amount
equivalent to 5,000 cells) using flanking PCR primers (small arrowheads). (D)
B220� splenocytes of H121/�L121/�Rag��� and H121/�L121/�Rag�/� mice. Repre-
sentative of three to five mice.

Fig. 3. Age-dependent shift in anti-GPI populations of H121/�L121/h mice. L
chain allelic inclusion in relation to GPI-binding capacity in B220� IgMa�

splenocytes (A) and immature B cells in bone marrow expressing the knock-in
H chain (gated as IgMa�B220�AA4.1�) (D). (B) The proportion of populations
‘‘G,’’ ‘‘D,’’ and ‘‘E’’ among total B220� splenocytes. Each diamond represents
an individual mouse. (C) H chain usage in total B220� splenocytes.
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that when B cells undergo full maturation in normal mice (16),
the maturation state of the three B cell populations in spleens of
H121/�L121/h mice was evaluated by immunophenotyping with a
panel of differentiation and activation markers. For comparison,
the homogenous GPI-binding B cells of H121/�L121/�Rag�/� mice
and the low-affinity GPI-binding cells in the H121/�L�/� mice
were also analyzed (Fig. 4). The cells of population ‘‘G’’ had a
profile characteristic of immature B cells: little IgD but a high
level of IgM, albeit subtly lower than on immature B cells from
the wild-type H�/�L�/� mice. The same down-regulation was
true for Ig� staining (Fig. 1 A). They displayed little or no CD21
or CD62L (data not shown), showed high levels of heat shock
antigen (HSA) and were AA4.1� (Fig. 4B), all characteristic of
immature B cells of the T1 subpopulation as defined in ref. 17,
or of the T1�T2 subpopulation defined in ref. 18. CD21�CD23
plots also distinguished population ‘‘G’’ cells from conventional
follicular and marginal zone B cells (typically CD21loCD23� and
CD21hiCD23�, respectively) confirming that they are immature
cells. This immature profile was also characteristic of the ho-
mogenous GPI-binding cells in H121/�L121/�Rag�/� mice (Fig.
4C). ‘‘G’’ cells also had slightly lower expression of MHC class
II molecules and CD19, but normal levels of CD44, CD25, CD69,
CD80, and CD86 (data not shown). In contrast, populations ‘‘D’’
and ‘‘E’’ had very different phenotypes, comparable in all
respects with that of mature B cells in wild-type mice (Fig. 4 A
and B). Therefore, the expression of an endogenous L chain
somehow attenuated the impact of the autoreactive BCR and
rescued anti-GPI B cells from their maturation arrest, as did the
complete elimination of the autoreactive receptor. ‘‘D’’ cells
were found both in the marginal zones and follicles by CD21�
CD23 staining (Fig. 4B). In the 3H9 system, ��� dual-expresssors
preferentially localized to the marginal zones (19). This differ-
ence might be due to the nature of the antigen involved.

Interestingly, the GPI-binding B cells in H121/�L�/� mice were
not blocked at the immature stage, and had a mature phenotype
(Fig. 4D). Most likely, the reduced affinity of their BCR for GPI,
and the resulting low occupancy, allowed them to bypass the
block in differentiation.

To understand the population kinetics of the different B cells
of the H121/�L121/h mice, we compared their turnover rate by
BrdUrd labeling in vivo. Continuous labeling for different peri-
ods via BrdUrd in the drinking water revealed that population
‘‘G’’ had a much faster turnover rate than populations ‘‘D’’ and
‘‘E’’ (Fig. 8, which is published as supporting information on the

PNAS web site). Analyses of the turnover rate of the homoge-
neous immature B cells in H121/�L121/�Rag�/� mice (and
TCR��/� mice, which are also devoid of T cells, used as controls)
showed again a high turnover rate (Fig. 8D). The faster turnover
rate of population ‘‘G’’ was thus intrinsic to the immature
phenotype of the cells and�or their fully occupied receptors, and
does not result from competition with mature cells. This con-
clusion contrasts with that made in the HEL system (20).

GPI-Binding B Cells Are Excluded from B Cell Follicles. To examine the
anatomical localization of anti-GPI B cells, we carried out
immunofluorescence analysis of spleen sections of various mice;
the B cell populations defined above were identified by staining
with labeled GPI and anti-hC� mAb: population ‘‘G’’ stained
with GPI alone, ‘‘D’’ was identified by the colocalization of GPI
and hC� staining, and ‘‘E’’ was identified by hC� staining alone.
Most GPIbright cells of population ‘‘G’’ were found to be excluded
from B cell follicles, residing in the T cell zone of the splenic
white pulp, yet concentrated on the T–B cell border area (Fig.
5A). The GPI-negative cells of population ‘‘E’’ were essentially
all found in the follicles, as were the dual-labeled cells of
population ‘‘D’’ (Fig. 5B), consistent with their phenotypes. The
rare GPI� B cells of H121/�L�/� mice were also found in B cell
follicles (Fig. 5C). In H121/�L121/� Rag�/� mice, in contrast, most
GPIbright B cells did localize to the B cell follicles (Fig. 5D). This
finding indicates that exclusion of immature GPI-binding B cells
from the follicles does represent a competitive event, as had been
described in the HEL system (20).

Response Capacity of GPI-Binding B Cells. To determine whether
anti-GPI B cells were anergic, we tested their proliferative
responses to different stimuli in vitro. Because sorting popula-
tions ‘‘G,’’ ‘‘D,’’ and ‘‘E’’ would have required engaging their
BCRs and attempts to distinguish proliferating cells by label
dilution also proved unsuccessful, we focused on the homoge-

Fig. 4. Maturation status of different GPI-binding populations. B220�

splenocytes from control H�/�L�/� mice (A); H121/�L121/h mice, split into popu-
lations G, D, and E as defined in Fig. 2 (B); H121/�L121/�Rag�/� (C) or H121/�L�/�

(D) mice. Representative of five independent experiments.

Fig. 5. Localization of GPI-binding B cells in spleen. Spleen sections from
various mice were stained with FITC-GPI (shown in green) and Moma-1 anti-
body (shown in blue to mark the boundary of the marginal zone). (A) Spleen
sections costained with hC� (shown in red) (�16 objective). (B) Magnification
of the area marked by the white rectangle in A (�40 objective). GPI-binding
cells appear in green, and allelicly included cells coexpressing the alternate
hC� chain appear in yellow (arrows). (C and D) Spleen sections costained with
mC� (shown in red). Representative of sections from three or more animals at
8–12 weeks of age.
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neous cells from H121/�L121/�Rag�/� mice that have the same
immature phenotype as the GPI-binding B cells of population
‘‘G’’ in H121/�L121/h animals. Responses to BCR and LPS were
reduced only 3- to 5-fold for GPI-binding B cells versus controls
(Fig. 9 A and B, which is published as supporting information on
the PNAS web site). On the other hand, stimulation by anti-
CD40 mAb was more profoundly affected (10-fold on average in
several experiments) (Fig. 9C), but this unresponsiveness was
partially relieved in the presence of IL-4 (Fig. 9D).

Discussion
A full understanding of the pathogenesis of arthritis needs to
encompass both the local inflammatory events in the joint,
largely mediated by players of the innate immune system, and the
break in self-tolerance during the adaptive autoimmune phase
that lies upstream. There has been a recent resurgence of interest
in interpretations of rheumatoid arthritis (RA) pathogenesis
that portray pathogenic B cells and autoantibodies as playing a
central role in generating joint-specific inflammation. Argu-
ments in favor of this notion have come from mechanistic
insights from animal models (3, 21), from the prevalence and
specificity of anti-citrullin autoantibodies in human RA along
with the demonstration that anti-citrullin Abs can be pathogenic
(22), and from the impact of therapies directed at B lymphocytes
(23). Thus, it is important to understand how arthritogenic
autoantibodies are normally controlled, but are unleashed in
arthritic mice or humans.

We tackled this question by generating Ig knock-in mice
expressing the rearranged Ig H and L chain genes of an
arthritogenic mAb derived from K�BxN mice. This approach
allowed us to follow the life history of cells expressing two types
of receptors: a BCR composed of both chains from the 121 mAb,
with high affinity for the soluble autoantigen, and a high degree
of BCR occupancy by antigen from the earliest stages in the bone
marrow; or lower affinity BCRs, generated by pairing of endog-
enously encoded L chains with the knock-in H chain, receptors
that remain largely unoccupied by GPI.

Cells displaying the high-affinity BCR did emerge in the
repertoire of splenic B cells, but a variety of roadblocks pre-
vented them from reaching the fully mature B cell pool. These
blocks entailed several mechanisms observed in other models of
B cell tolerance (6, 8–11, 24–26). The gene encoding the
high-affinity anti-GPI BCR could be edited out by RS recom-
bination, edited down by allelic inclusion, sequestered in blocked
immature B cells where it is poorly responsive, or excluded from
normal follicular areas. Ultimately, the amount of IgG made by
the potentially monoclonal B cell repertoire was orders of
magnitude lower than that elicited by transgenic KRN T cells in
association with polyclonal B cells.

Although anergy is an oft-invoked form of B cell tolerance to
soluble antigen (6, 24–26), our results suggest that receptor
editing also plays an important role, as was recently shown for
HEL L-chain knock-in mice (27). RS recombination was used to
inactivate the 121 light chain. In 121 mice, the generation of cells
that did not express the 121 L chain or the anti-GPI cells that
expressed two L chains probably depended on the relative
efficiencies of RS recombination of the knock-in allele and the
productive secondary rearrangements of the endogenous allele.
We have not formally proven that the secondary rearrangements
observed were dependent on GPI (a practical impossibility
because the absence of GPI is lethal in very early embryogenesis;
ref. 28), or that expression of the endogenous allele occurred
simply because of the inefficiency of the knock-in L chain gene
to exclude rearrangement on the other allele. Yet, the demon-
stration of RS excision in population ‘‘E’’ by PCR of genomic
DNA suggests that it is an active process. The increased per-
centage of �� cells and the generation of ��� cells (Fig. 2B) also
support this view. The receptor occupancy analysis confirmed

that immature GPI-binding B cells first encountered antigen in
the bone marrow. Although we did not formally establish that no
editing took place in the peripheral lymphoid organs, the kinetics
of the system were consistent with a regular output of edited B
cells from the bone marrow, which accumulated in the secondary
lymphoid organs because they had a competitive advantage in
maturation and survival.

An obvious question is how the expression of an additional L
or H chain in the dual-expressors masks their autoreactive
nature, enabling them to bypass the maturational arrest. The
Weigert laboratory (8, 19, 29) demonstrated that autoreactive B
cells in the 3H9 anti-DNA models could escape tolerance
induction by expressing two L chains. In those contexts, the
expressed second L chain could decrease the density of the
original receptor by competing for the potentially autoreactive H
chain and�or by covering the cell surface with a non-autoreactive
BCR. Comparison of mean fluorescence intensities of anti-BCR
staining on the B cells of H121/�L121/� mice showed that cells of
population ‘‘D’’ had 3-fold higher total Ig� but half the labeled
GPI staining (Fig. 1 A), suggesting that GPI-reactive receptors
constituted only 1�6 of the total surface receptors on average.
The degree of BCR cross-linking by antigen may be further
reduced by the formation of chimeric BCR molecules (one arm
anti-GPI and the other not, turning the divalent Ig into a
monovalent one in terms of GPI binding). An alternative
interpretation is that a positive signal provided by the non-
autoreactive BCR can override the negative signal from the
autoreactive BCR.

It is important to understand the effect of autoreactive
receptor affinity on the mechanisms of tolerance induction. It
has been suggested that affinity does not play an important
role for deletion or receptor editing when membrane-bound
autoantigens are concerned (30, 31). However, our results
indicate that induction of tolerance to a soluble autoantigen
can be highly dependent on receptor affinity. The low-affinity
GPI-binding cells in H121/� mice appeared to mature and
colonize lymphoid organs quite normally. This behavior is
probably linked to their low level of receptor occupancy. It is
worth keeping in mind that when the antigen concentration
was low, even the high-affinity anti-HEL B cells showed
ignorance (32). By analogy, one might propose that it is not the
intrinsic affinity of the repeated engagements of the BCR by
autoantigen that matters, but rather the overall level of
persistent BCR occupancy, as shown recently (33).

The multiple roadblocks to the differentiation of a fully
effective autoreactive B cell still permitted the appearance of
potentially dangerous cells. There are potentially three sce-
narios to explain how T cell help can elicit autoantibody
production from these cells. First, the monoreceptor high-
affinity cells might become activated. Although immature and
less responsive to BCR or toll-like receptor triggers, this
population responded robustly to coupled stimulation via
CD40 and the IL-4 receptor. Second, the dual expressor cells
might be activated. These cells mature normally and should be
reactive to stimulation, either through GPI or through their
alternative receptor. Finally, low-affinity B cells, as exempli-
fied by the GPI-binding cells of H121/�L�/� single knock-in
mice, are also candidate precursors of fully pathogenic B cells.
The combinatorial arrangement of the 121 H with endogenous
L chains mainly generates low-affinity BCRs on cells that
mature unhampered; these receptors would form an excellent
starting point for affinity maturation. Which of these expla-
nations proves right, and how T cells eventually subvert the
state of partial tolerance in GPI-reactive B cells, are essential
issues to resolve.
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Materials and Methods
Mice. The targeting constructs containing 6.121 VDJ and VJ
were transfected into the 129�Sv-derived ES cell line PC3.
Verified homologous recombinant clones were injected into
C57BL�6 (B6)-derived blastocysts, and the resulting chimeric
mice were bred to B6 mice for germline transmission (see
Supporting Text, which is published as supporting information
on the PNAS web site, for details). Experimental mice are on
a mixed B6�129 background or partially backcrossed to B6.

Expression and Purification of Recombinant GPI. The coding region
of the mouse GPI cDNA (2) was cloned into a pET21a vector
(Novagen) and the resulting GPI-histidine fusion protein was
expressed and purified from Escherichia coli BL21 cells by a nickel
column (Qiagen) following the manufacturer’s instructions.

Immunohistochemistry. For detection of GPI-specific B cells,
cryosections of spleen were stained with FITC-labeled GPI, and
the signal was amplified sequentially with an Alexa Fluor 488
rabbit anti-f luorescein and an Alexa Fluor 488 goat anti-rabbit
IgG reagent (Molecular Probes�Invitrogen).

Flow Cytometric Analyses. Biotin-labeled GPI was used at 5–10
�g�ml to stain anti-GPI B cells. See Supporting Text for details.

In Vitro Proliferation of Cultured B Cells. Cells were cultured in
96-well plates (3 � 105 cell per well) with or without various
stimuli. F(ab�)2 fragment of goat anti-mouse IgM (Jackson
ImmunoResearch), LPS (Sigma), anti-CD40 (clone 1C10;
eBioscience), and IL-4 (recombinant; Becton Dickinson) were
used at the indicated concentrations. After culturing for 48–60
h, 1 �Ci of [3H]thymidine was added to culture (1 Ci � 37
GBq). Cells were harvested 12–18 h later for scintillation
counting.

BrdUrd Labeling and Detection. See Supporting Text for details.
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