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Breach of B cell tolerance is central to the pathogenesis of systemic lupus erythematosus (SLE). However, how
B cell tolerance is subverted in human SLE is poorly understood due to difficulties in identifying relevant auto-
reactive B cells and in obtaining lymphoid tissue. We have circumvented these limitations by using tonsil biop-
sies to study autoreactive B cells (9G4 B cells), whose regulation is abnormal in SLE. Here we show that 9G4
B cells are physiologically excluded during the early stages of the GC reaction before acquiring a centroblast
phenotype. Furthermore, we provide evidence to indicate that an anergic response to B cell receptor stimula-
tion may be responsible for such behavior. In contrast, in SLE, 9G4 B cells progressed unimpeded through
this checkpoint, successfully participated in GC reactions, and expanded within the post-GC IgG memory and
plasma cell compartments. The faulty regulation of 9G4 B cells was not shared by RA patients. To our knowl-
edge, this work represents the first comparative analysis of the fate of a specific autoreactive human B cell
population. The results identify a defective tolerance checkpoint that appears to be specific for human SLE.

Introduction

Systemic lupus erythematosus (SLE) is a prototypical autoimmune
disease characterized by the production of antinuclear autoanti-
bodies (1). SLE patients also frequently produce antilymphocyte
antibodies of pathogenic potential that preferentially target CD45
(2, 3). These autoantibodies reflects a critical breakdown of B cell
tolerance and the ensuing expansion of autoreactive B cells capable
of inducing disease through both antibody-dependent and anti-
body-independent mechanisms (4). Regrettably, understanding
how tolerance is abrogated in SLE has been hampered by experi-
mental limitations in identifying relevant autoreactive B cells.

We have proposed that B cells bearing the 9G4 idiotype (9G4 B
cells) represent a useful system to study B cell tolerance in SLE,
since the expression of this idiotype (which identifies antibodies
encoded by the VH4.34 heavy chain) is synonymous with autoreac-
tivity against N-acetyllactosamine (NAL) determinants expressed
by the il blood group antigen and other self glycoproteins includ-
ing CD4S (3, 5, 6). Moreover, the 9G4-determined autoreactivity is
censored in normal subjects but greatly and specifically expanded
in patients with active SLE. Thus, while 9G4 B cells represent 5-10%
of normal naive B cells, serum 9G4 antibodies are scarce in nor-
mal sera (3, 7). In contrast, these autoantibodies are abundant in
patients with active SLE, representing 10-45% of total serum IgG
(3, 8, 9). Importantly, 9G4 antibodies represent the vast major-
ity of anti-B cell CD45 antibodies and a significant fraction of
anti-native double-stranded DNA (anti-dsDNA) antibodies, carry
a disease specificity of 95%, and correlate with disease activity and
organ involvement (3, 8-10). These observations support the con-
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tention that 9G4 antibodies are of clinical relevance in SLE and
that physiological tolerogenic mechanisms acting upon 9G4 B
cells are defective in this disease.

Considering our demonstration that 9G4 B cells fail to form
mature GCs in healthy subjects, we hypothesized that physio-
logical mechanisms preventing the participation of these B cells
in productive GC reactions were faulty in SLE (5). Alternatively,
as shown for rheumatoid factor-transgenic B cells in autoim-
mune-prone mice, production of isotype-switched, somatically
mutated autoantibodies can also originate outside the GC (11).
Discriminating between these 2 possibilities requires the analy-
sis of secondary lymphoid tissue, which is seldom available from
SLE patients. We have overcome this obstacle by using tonsil
biopsy samples from patients with SLE and RA controls. The
results indicate that in SLE, but not in RA, 9G4 B cells escape
normal censoring and actively participate in productive GC reac-
tions, leading to the generation of substantially increased levels
of IgG memory and plasma cells. The specific peripheral toler-
ance checkpoint that is overcome occurs at an early point in the
GC reaction during the transition from the pre-GC to the centro-
blast stage, thus implicating faulty GC exclusion of autoreactive
B cells in the pathogenesis of SLE.

Results

9G4 B cells are expanded in the GCs of SLE patients. Our previous stud-
ies of healthy individuals indicated that the vast majority of mature
9G4 B cells have a naive phenotype, fail to form GCs, and do not
differentiate into mature bone marrow plasma cells. On that basis,
we hypothesized that healthy autoreactive 9G4 B cells are barred
from participating in productive GC reactions (5). In the present
study, flow cytometry was used to compare the fate of 9G4 B cells
in SLE tonsils (n = 6) and healthy tonsils (n = 15). As shown in
Figure 1, most healthy 9G4 B cells (80-90%) consistently expressed
a naive (Bm1/Bm2) phenotype, failed to acquire a GC phenotype,
and did not contribute significantly to post-GC IgG memory
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Figure 1

9G4 cells actively participate in GC reactions in SLE. (A) IgD/CD38 expression identifies the populations shown in the diagram on the left: IgD*CD38-
(Bm1 and IgD* memory); IgD+*CD38+* (Bm2); IgD+*CD38++ (Bm2' pre-GC cells); lgD-CD38++ (Bm3 and Bm4 or centroblasts and centrocytes); lgD-CD38*
(early Bm5 memory); IgD-CD38- (late Bm5 memory); and CD38biaht plasma cells (PC). Dot plots show the typical distribution of total, 9G4, and
control VH3 (LJ26) B cells in normal tonsils. In every tonsil, 9G4 B cells were significantly underrepresented in the GC and memory compartments.
(B) Tonsillar B cells from normal controls and SLE and RA patients analyzed as described above. Total tonsillar B cells demonstrate naive lympho-
penia and expansion of pre-GC cells described in studies of SLE peripheral blood (68). In SLE, 9G4 B cells are not blocked at the pre-GC stage.
Instead, they are greatly expanded in the GC and memory compartments. Yet these abnormalities are not found in tonsillar B cells from RA patients
where 9G4 cells are normally distributed. The percentage of each subpopulation is shown on the margins of the dot plots. (C) Histograms depict the
frequency of 9G4 cells in normal, SLE, and RA tonsils. SLE patients show a large increase in the frequency of 9G4 GC cells and a 10- to 25-fold
increase in IgG 9G4 memory cells compared with healthy controls and RA patients. Blue histograms represent the staining obtained with the cor-
responding isotype control antibodies (data shown for normal controls), while 9G4 histograms are depicted in black.

cells. In contrast, in SLE, 9G4 B cells were substantially repre-  within the GC and IgG memory compartments (4.1% + 1.1% and
sented among all mature B cell subsets (Figure 1B and Table 1).  7.8% + 5.1% compared with normal frequencies of 0.4% + 0.15% and
More specifically, SLE 9G4 B cells were significantly expanded  0.6% + 0.3%, respectively).
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Table 1
Frequency of 9G4 B cells in tonsillar B cell subsets (%)

Healthy SLE RA
Naive (Bm1/2) 7221 8.8+35 6.7+1.3
Pre-GC (Bm2') 48+2.0 53+1.8 42+18
GC (Bm3/4) 0.4+02AC  41+11 0.6 + 0.2DEF
Total memory 1.8+0.7A86  55+23 1.2+ (0.1DEH
IgG memory 0.6+0.328C1  78+5.1 0.3+ 0.2DEF!

Relative representation of 9G4 B cells in the different B cell compart-
ments in tonsils of healthy subjects and SLE and RA patients. The
statistical significance of the differences found is indicated as follows:

AP < 0.0001 for GC, total memory, or IgG memory compared with naive
in healthy subjects; BP < 0.0005 for GC, total memory, or IgG memory
compared with pre-GC in healthy subjects; °P < 0.0001 for GC or IgG
memory, healthy compared with SLE; PP < 0.001 for GC, total memory,
or IgG memory compared with naive in RA; EP < 0.005 for GC, total
memory, or IgG memory compared with pre-GC in RA; FP < 0.001 for GC
or IgG memory, RA compared with SLE; P < 0.001 for total memory,
healthy compared with SLE; HP < 0.005 for total memory, RA compared
with SLE; 'P < 0.005 when IgG memory are compared to total memory in
either healthy or RA. No significant differences were detected between
the corresponding subsets in healthy subjects and RA patients.

Consistent with these results, parallel PBL studies showed that
9G4 IgG memory cells were increased 10- to 25-fold over normal
values (Figure 2A). Similarly, in contrast to their previously report-
ed dearth among normal plasma cells (5), 9G4* cells made up a
substantial fraction of lupus plasmablasts (mean, 17% of 800 plas-
ma cells analyzed; range, 13-19%) (Figure 2B). In keeping with the
9G4 expansion observed within the IgG memory compartment, an
average of 90% of all 9G4 plasma cells were of the IgG isotype (as
opposed to only 65% of total plasma cells; P < 0.001), and 13% of
all IgG plasma cells were 9G4 (range, 10-22%).

GC exclusion of 9G4 B cells is preserved in RA. The abnormal devel-
opmental control of 9G4 B cells observed in SLE was not shared
by patients with RA (n = 3), another systemic autoimmune dis-
ease in which B cells play an important pathogenic role but that
is characterized by a different subset of autoantibodies and lack

Figure 2 A
9G4 B cells are expanded
in the post-GC compart-
ments. (A) FACS analysis
of PBL CD19+ B cells from
active SLE patients stained
with CD27, I1gG, and 9G4
antibodies. A large increase
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of serum 9G4 antibodies (8, 10). Instead, in RA patients, the
distribution of tonsillar 9G4 B cells closely replicated a normal
pattern, with preferential representation in the naive Bm2 com-
partment and a dramatic decline in the GC and post-GC com-
partments (Figure 1, B and C).

In healthy subjects, 9G4 B cells are preferentially depleted in the post-
GC IgG memory compartment. The human memory B cell compart-
ment is formed by both isotype-switched and nonswitched CD27*
cells, with the latter subset formed largely by IgD*IgM* cells (12).
IgD*IgM* memory cells but not IgG memory cells develop nor-
mally in the absence of GCs, a fact that strongly suggests a GC-
independent developmental pathway for the former subset (13).
Consistent with this model and in keeping with their absence
from the GC compartment, while the frequency of healthy 9G4
B cells among tonsillar total CD27* memory B cells (1.8% + 0.7%)
was substantially lower than that among naive B cells, their abun-
dance was particularly low among IgG memory cells, a population
of GC origin (Figure 1C and Table 1).

Somatic hypermutation has the potential to abrogate the
expression of the 9G4 idiotype in the GC and may indeed be an
editing mechanism whereby a fraction of 9G4 GC cells might shed
the 9G4-associated autoreactivity. Nevertheless, this mechanism
is unlikely to be responsible for the observed loss of the 9G4 idio-
type, since in healthy subjects, the majority of mutated VH4.34 B
cells retain the 9G4 idiotype (14, 15). Moreover, if censoring were
a result of simple loss of detection of a mutated 9G4 idiotype,
then such censoring would be expected to occur in SLE, a disease
where the activity of the mutational machinery may be enhanced
(16). Furthermore, as shown in Figure 1A, a control idiotype
(LJ26), which recognizes VH3-encoded antibodies and would be
expected to be similarly disrupted by somatic hypermutation, is
not lost during the GC reaction.

9G4 B cells accumulate within the spleen marginal zone. The analy-
sis of healthy spleens (n = 7; Figure 3A) confirmed the scarcity
of 9G4 B cells within the GC (0.4% = 0.3%) and post-GC isotype-
switched memory populations (0.5% + 0.2% and 0.74% + 0.35%
of IgG and IgA memory cells, respectively) as compared with the
naive and pre-GC compartments (6.5% + 1.2% and 4.2% + 1.3%,
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IgM ——8

Analysis of 9G4 cells in healthy spleens. (A) CD19+ spleen B cells were analyzed with IgD, CD38, CD27, and 9G4 antibodies as described above
(n =7 spleens). 9G4 B cells are very scarce within the GC and post-GC compartments (IgG and IgA memory). Representative results are shown
as histograms. (B) Staining for IgM, IgD, CD21, and CD23 expression identified transitional (T1 and T2), follicular (FO), and MZ populations
with a distribution similar to mouse B cells (12, 69). We identified an additional fraction composed of significant numbers of IgD* cells, which
represents a distinct subset of IgD* MZ B cells (MZ*) (19). (C) Total spleen B cells were fractionated into MZ and follicular subsets as described
above and further analyzed for the frequency of 9G4 B cells. The frequency of spleen follicular 9G4 cells was similar to the tonsil, and a lower
but significant frequency was observed in the MZ fraction. (D) The majority of total and 9G4 MZ B cells express CD27. (E) The dearth of IgG and
IgA 9G4 B cells was consistently documented in the spleen whether using total B cells or fractionated MZ B cells. (F) Dot plot analysis of total
and 9G4 spleen B cells demonstrated that the vast majority of 9G4 B cells express an IgM+IgD+ phenotype. (G) Within the naive compartment,
9G4 B cells express significantly lower levels of surface IgM. MFI, mean fluorescence intensity.

respectively). Interestingly however, 9G4 cells were substantially
represented among marginal zone (MZ) B cells (4.8% + 1.4%), a
population formed to a large extent by memory B cells including a
subset bearing surface IgM and IgD with the ability to recirculate
in the peripheral blood (Figure 3, B-F) (17-19). Furthermore, MZ
9G4 B cells predominantly expressed CD27, a marker of human
memory B cells (Figure 3D). Yet, even within the MZ, 9G4 B cells
were scarce among isotype-switched B cells (Figure 3, A, E, and F).
Instead, 9G4 B cells almost universally expressed an IgM*IgD* sur-
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face phenotype whether in the tonsil, peripheral blood, or spleen
(data shown for the spleen in Figure 3F).

Of note, this difference in 9G4 expression between IgM and
IgG memory cells is consistent with the relative abundance of
VH4-34 expression detected by PCR analysis of normal tonsillar
B cell subsets (14). Together, both studies indicate that while
naive 9G4 B cells may differentiate into MZ IgM memory cells,
presumably in a T cell-independent fashion, they do not par-
ticipate in productive GC reactions required for the generation
November 2005
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Figure 4

9G4 cells are normally censored at the GC founder stage. (A) The left dot plot is representative of normal tonsils, demonstrating a prominent
GC founder population (fraction e). As shown in the dot plot on the right, even in these tonsils, 9G4 B cells fail to progress past the pre-GC
compartment and are scarce among GC founders. (B) Tonsils were analyzed for the expression of developmental markers CD10, CD44,
and CD27 on conventional Bm1-Bmb5 subsets (fractions a, b, f, and g). Pre-GC/Bm2’ cells were further divided into 3 fractions (c—e), with
e containing the putative GC founders. As shown in the corresponding histograms, CD10 (a GC marker) was progressively acquired in
fractions c—f, while CD44 (a marker downregulated in GC) was progressively lost. CD27 also experienced progressive upregulation in frac-
tions c—f. Strikingly, the highest expression of the nuclear proliferation protein Ki67 was observed in fraction e. These results are consistent
with fraction e representing GC founders undergoing the initial phases of clonal expansion. Importantly, the majority of 9G4 B cells was
lost during pre-GC progression, greatly underrepresented among GC founders, and failed to expand within the GC, where their frequency
continued to decline. (C) The scarce 9G4 B cells present within the GC founder and GC compartments were further analyzed for intracellular
Ki67 expression. Consistent with their inability to form productive GC reactions, and in contrast to total B cells within these fractions, 9G4
B cells expressed very low levels of Ki67.
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Figure 5

9G4 GCs are present in SLE patients at high frequency. (A) SLE tonsil biopsies stained with anti-IgD (left). Mature GCs formed by expansions
of 9G4 cells were frequently identified in SLE. The upper row of the enlarged images depicts a typical mature 9G4+ proliferative GC with a well-
formed FDC network (CD23/FDC) and positive Ki67 staining. The lower row shows similar findings by immunofluorescence: follicular mantle
(IgD-PE, red), GC (CD38-7-aminomethylcoumarin, blue), and 9G4 (Alexa 488, green). (B) Representative example of a 9G4+ GC in an SLE
spleen shown by 3-color immunofluorescence. (C) SLE GC showing the expansion of both 9G4 and LC1 B cells. (D) Healthy tonsils stained by
immunofluorescence: IgD (red), Ki67 (blue), and either 9G4 or LC1 (both green). In contrast to SLE, healthy tonsils lack 9G4+ GC. Yet proliferat-
ing LC1 GCs were readily demonstrated. (E) A representative field from healthy spleens demonstrating the absence of 9G4 staining in the GCs
is shown on the left. These results were routinely corroborated by immunofluorescence (middle panels). The photograph on the right illustrates
the absence of 9G4 B cells from the GC and their accumulation within the FO and the MZ. (F) Enzymatic staining of serial sections obtained from
tonsil biopsies of patients with RA failed to demonstrate 9G4+ GCs. Instead, as in healthy subjects, 9G4 B cells were restricted to the follicular
mantle. In contrast, LC1+ GCs were readily identified in these patients.

of IgG memory cells. Indeed, our results lend further support lation can be further divided into several fractions that gradually
for the existence of a GC-independent developmental pathway lose surface IgD expression while acquiring GC markers including
leading to the generation of IgM*IgD* memory cells but not IgG ~ CD10. Analysis of these fractions allowed us to define a subset that
memory cells (13, 19). expresses low levels of surface IgD (intermediate between pre-GC
Development of bealthy 9G4 B cells is blocked at the GC founder stage.  and centroblast levels) and the highest levels of Ki67 among all
In order to specifically pinpoint the checkpoint(s) responsible for  tonsillar B cells, including centroblasts.
the GC exclusion of 9G4 B cells in healthy subjects, we conducted Our results suggest that cells of this fraction, which can be visu-
detailed tracking studies of these cells throughout the pre-GC  alized as a distinct population in about 25% of normal tonsils
compartment. As illustrated in Figure 4, the pre-GC/Bm2’ popu-  (shown in Figure 4A), are the earliest identifiable GC cells and are
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Figure 6

9G4 B cells display attenuated calcium responses. (A) Calcium responses in healthy PBL B cells after anti-IlgM stimulation. B cells were purified
by negative selection and stained with CD27-, CD3-, CD14-, and CD16-PE antibodies (to gate out non-B cells and memory B cells) and 9G4 at the
time of calcium measurements (gating shown on the left). The responses of individual cells are depicted in the middle dot plots, and the median
responses in the graphs at right. (B) Calcium responses in tonsillar naive B cells after anti-IgD stimulation. Cells were stained with CD38 mAb and
CD27 mAb to gate out memory and GC B cells, as well as 9G4 at the time of calcium measurements. The attenuated response of 9G4+ cells is
not due to IgM downmodulation, since similar results were seen with anti-IgD. (C) 9G4 B cells normally mobilize calcium in response to ionomycin
and CD20 cross-linking. Yet anti-CD20 failed to restore full signaling upon subsequent BCR stimulation. Of note, CD40 costimulation by overnight
incubation with CD40 ligand—expressing fibroblasts (dotted line) increased the response through both CD20 and the BCR, yet it failed to fully
restore BCR signaling to the same level seen for 9G4~ cells. (D) 9G4 naive B cells have attenuated signaling compared with another positively
selected naive B cell population. 9G4 tonsillar B cells were purified by magnetic selection using 9G4-FITC. Control VH4 naive B cells were purified
using LC1. Calcium responses in the naive gated population were examined as described above. (E) The percentage of cells responding to BCR
stimulation was similar in 9G4+ cells as compared with naive control B cells, indicating that the differences shown in D were due to lower average
response per cell. (F) Calcium signaling through the BCR is similarly attenuated in PBL naive 9G4 B cells from SLE patients.

likely to represent GC founders. Of note, approximately 90% of all
9G4 B cells fail to acquire this pre-centroblast, GC founder pheno-
type (Figure 4B). Strikingly, while the majority of all GC founders
and GC cells express high levels of Ki67, the residual 9G4 B cells
found within these compartments expressed very low levels of this
proliferation nuclear protein (Figure 4C). Together, these data
indicate that the main censoring of autoreactive 9G4 B cells occurs
during the early phases of the GC reaction, with relatively few 9G4
B cells differentiating into GC founders. Moreover, residual 9G4 B
cells with a GC founder or a centroblast phenotype appear unable
to proliferate and do not develop into more mature centrocytes.
Histological studies of 9G4 B cells in SLE patients and normal subjects.
The participation of 9G4 B cells in mature GC reactions in SLE
was confirmed histologically. Proliferating Ki67* 9G4 B cells con-
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tributed to 18% of 160 mature GC from 6 SLE tonsils (Figure 3,
A and C). Similar findings were also obtained with 2 SLE spleens
(Figure 5B). The interpretation of these results may be confound-
ed by retention of circulating 9G4 antibodies by follicular DCs
(FDCs). However, we believe that the actual presence of 9G4 B cells
in the GC, as indicated by the FACS results, is strongly supported
by costaining with B cell GC markers such as CD38. Furthermore,
FDC-bound 9G4 antibody would be expected to produce staining
of most GC and comparable staining of neighboring GC of similar
age as indicated by well-developed FDC networks. Such findings,
however, were not observed.

This abundance of 9G4* GC in SLE is in stark contrast to the
scarcity of similar structures in healthy subjects. Thus far, we
have analyzed 705 secondary follicles (tonsils: 500 follicles, n = 15;
November 2005 3211
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adult spleens: 120 follicles, n = 7; infant spleen: 85 follicles, n = 1)
and found only 1 instance of a GC formed by expansion of 9G4 B
cells in the infant spleen (data not shown). Instead, as shown by
triple immunofluorescence, in healthy subjects, 9G4 B cells were
predominantly localized both in tonsils and spleens within the
follicular mantle (Figure 5, D and E). In addition, scrutiny of the
well-developed spleen MZ confirmed the FACS data by showing
that 9G4 B cells are substantially represented within this anatomi-
cal compartment (Figure SE).

In contrast to 9G4 B cells, control B cells expressing antibodies
encoded by other VH4 gene family members (as recognized by
the antiidiotypic mAb LC1) did form mature proliferating GCs
with the same frequency in normal subjects and SLE patients
(38% and 40%, respectively) (Figure 5, C and D, and data not
shown). The high frequency of LC1* GCs would be expected in
the absence of significant counterselection because LC1* VH4
cells represent approximately 20% of all naive B cells, and GCs
usually contain the progeny of 3-5 founder cells (20, 21). The
abundance of LC1* GCs provides a meaningful counterpoint
to the scarcity of 9G4* GCs and represents a useful estimate of
the magnitude of negative selection experienced by 9G4 B cells.
Considering that VH4.34 B cells represent 30-50% of all naive
VH4 cells (20, 22), in the absence of negative selection, 12-25%
of all GCs would be expected to be 9G4+, a figure that is consis-
tent with our findings in SLE patients. Instead, our analysis of
large numbers of GCs from multiple donors indicates that the
frequency of such events must be well below 1%. This striking
scarcity of mature 9G4* GCs is in keeping with the experience
of other investigators (J. Spencer and D. Dunn-Walters, Guy’s,
King’s and St Thomas’ Medical School, London, United King-
dom; personal communication), who have failed to observe any
such structures in the course of extensive studies of human GCs
(17). Consistent with the oligoclonal composition of mature
GCs, approximately 30% of all SLE LC1* GCs also contained
expansions of 9G4 cells, an event never identified in healthy
subjects (Figure 5C).

Finally, histological analysis of tonsil specimens obtained from
RA patients (n = 3) demonstrated that, much like in healthy con-
trols, 9G4 cells were anatomically localized to the follicular mantle
and absent from the GC proper (Figure SF).

9G4 B cells display an anergic phenotype. As a first step to explain
the failure of naive 9G4 B cells to proliferate and form produc-
tive GCs in healthy subjects, their response to B cell receptor
(BCR) stimulation was analyzed using intracellular calcium
flux as a global readout of proximal signaling. Both tonsillar
and peripheral blood B cells were used for these experiments
and consistently showed markedly decreased Ca?* flux as
compared with control naive B cells (Figure 6, A-E). Despite
their diminished response to BCR stimulation, 9G4 B cells
responded normally to stimulation with either calcium iono-
phores or through CD20, a putative calcium channel. Yet initial
stimulation through either CD20 or CD40 failed to restore full
response upon subsequent BCR stimulation (Figure 6C). Inter-
estingly, naive 9G4 B cells obtained from the same SLE patients
in whom positive 9G4 GC had been identified through tonsil
biopsy also displayed attenuated Ca?* responses after BCR stim-
ulation, as shown in Figure 6F.

These attenuated responses are reminiscent of anti-HEL and
anti-dsDNA transgenic B cells which are rendered anergic by
chronic stimulation by the corresponding self antigens (23, 24).
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As in these models, an anergic phenotype is also supported by the
expression of low levels of surface IgM in 9G4 as compared with
control naive B cells (shown in Figure 3G).

Discussion
To the best of our knowledge, our results represent the first analy-
sis of the comparative fate of a discreet population of mature
autoreactive B cells of pathogenic potential in healthy and auto-
immune human subjects. Our work also provides some of the first
insights into the mechanisms of human peripheral tolerance. In
its totality, it demonstrates that physiological mechanisms that
prevent autoreactive naive follicular B cells of pathogenic potential
from participating in a productive GC reaction are faulty in SLE.
This failure is not shared by patients with RA, and therefore, at
least for this particular subset of autoreactive B cells, the underly-
ing tolerance defect appears to be specific for SLE.

The human mature B cell repertoire is highly populated by
autoreactive B cells of pathogenic potential as illustrated by
9G4 B cells (5). More recently, it has been shown that despite
the presence of earlier checkpoints acting upon immature and
transitional B cells, up to 20% of all human naive B cells produce
autoantibodies that prominently include antinuclear antibodies
(25). In addition, 2 articles published during the preparation
of this manuscript suggest that patients with SLE and RA are
defective in censoring transitional autoreactive B cell (26, 27).
In spite of the fact that the mature autoimmune repertoire is
quite different between SLE and RA, no significant differences
were detected in the antigenic autoreactivity of the mature B
cells analyzed in these patients. These results suggest that, as
illustrated by the specificity of 9G4 B cells for SLE, subsequent
events are critical in selecting the autoimmune repertoire char-
acteristic of these diseases. Hence, the available evidence strong-
ly indicates a need for effective censoring of mature B cells in
order to maintain peripheral tolerance. The work presented here
supplies evidence in that regard.

How are 9G4 B cells censored in healthy subjects? In order to prevent
autoimmunity, censoring mechanisms, including anergy and
sequestration into the MZ, ultimately forbid the participation of
mature autoreactive B cells in productive GC reactions, thereby
precluding their expansion into the long-lived IgG memory and
plasma cell compartments. However, some autoreactive B cells
may still filter through these pre-GC checkpoints and initiate
GC reactions. Moreover, autoreactivity can arise de novo in the
GC through somatic hypermutation (28, 29). Both these pos-
sibilities create the need for specific GC reaction checkpoints
and, indeed, GC censoring has been demonstrated in different
mouse models (29-34).

The failure of healthy 9G4 B cells to generate productive GC
reactions could be due either to inability to initiate a GC reaction
(GC exclusion) or to active censoring during ongoing GC reactions
(GC censoring). Our current results favor GC exclusion, since naive
9G4 B cells readily acquire a pre-GC phenotype, yet the majority of
them fail to develop into GC founders (Figure 4). Yet a significant
frequency of 9G4 B cells is present in the GC founder population.
Importantly, neither 9G4 B cells with a founder phenotype nor the
rare 9G4 cells that acquire a GC phenotype are able to proliferate
and form mature GC reactions. It is therefore plausible that a frac-
tion of 9G4 B cells could escape GC exclusion at the main pre-GC
checkpoint and experience active GC censoring, as recently shown
for murine anti-DNA B cells (33).
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Our results indicate that anergy plays a major role in the cen-
soring of 9G4 B cells, and it may provide a unifying mechanism
to explain the inability of these cells to generate either antibody-
forming cells or GCs. In several transgenic models, anergy is asso-
ciated with developmental arrest, follicular exclusion, and prema-
ture death (24, 35). In other transgenic systems, autoreactive B cells
avoid anergy and develop into mature follicular B cells but are ulti-
mately excluded from the GC pathway either by clonal ignorance
or by learned ignorance, in the latter case due to progressive devel-
opmental downregulation of both surface IgM and IgD (36, 37).
The behavior of 9G4 B cells departs from these models in several
respects since they display an anergic phenotype characterized by
low IgM levels (but normal IgD) and greatly attenuated calcium
flux in response to BCR stimulation, yet they develop into mature
B cells both in the follicular and the long-lived MZ compartments
(18). Interestingly, similar uncoupling of anergy and developmen-
tal arrest has been described for anti-insulin transgenic B cells,
which can also accumulate within the MZ (38). Moreover, as it is
the case for 9G4 cells in SLE, the attenuated BCR response of anti-
insulin B cells is maintained in NOD mice (38). Yet a critical differ-
ence is that anti-insulin B cells do not participate in GC reactions,
even in an autoimmune background where they contribute to the
induction of autoimmune diabetes.

It is important to bear in mind that while anergy could be
induced by exposure to self antigen within the follicle (such as
CD45 and other NAL-bearing glycoproteins), it could also be
imprinted in 9G4 B cells at earlier developmental stages, as shown
for anti-p-azophenylarsonate B cells in transgenic mice (39). In
these mice, low-intensity chronic stimulation received at the
immature stage in the bone marrow is sufficient to induce full
maturation in the spleen while maintaining a refractory response
to antigenic stimulation (39). In addition to NAL-bearing glyco-
proteins expressed by different cell lineages, red blood cells would
also provide an abundance of antigen capable of engaging imma-
ture 9G4 B cells in the bone marrow.

Importantly, an anergic response to antigen engagement could
facilitate GC exclusion by impairing the ability of 9G4 B cells to
appropriately respond to cognate T cell help, by rendering these
cells unable to effectively compete for B cell-activating factor of
the TNF family (BAFF) or by increasing sensitivity to Fas-medi-
ated deletion (40-43). These mechanisms need not be mutually
exclusive and may well work synergistically. Interestingly, both
absence of T cell help and defective BAFF-mediated signaling
may also result in unsuccessful GC reactions (44-47). Therefore,
these mechanisms could also contribute to GC censoring of 9G4
B cells that escape GC exclusion.

The abundance of MZ 9G4 B cells suggests that their exclusion
from the GC could also result from being selected into a GC-inde-
pendent, T cell-independent developmental pathway. While it is
formally possible that such commitment could take place after
9G4 B cells acquire a pre-GC phenotype, most of the available
evidence indicates that MZ B cells originate from transitional
precursors (48). Therefore, our results can be reconciled with cur-
rent models of B cell development by proposing the existence of
separate subsets of transitional 9G4 B cells with the potential to
differentiate into either follicular or MZ B cells on the basis of
distinct antigenic reactivity and different BCR signaling strength
(49). Under this model, transitional 9G4 B cells endowed with
attenuated or abolished autoreactivity, possibly through recep-
tor editing, would be selected into the MZ (50). A similar binary

The Journal of Clinical Investigation

http://www.jci.org

research article

model of autoreactivity and selection could also be operative in
follicular B cells, which may also have the potential to differenti-
ate into MZ B cells (18). These models are currently being investi-
gated in our laboratory by determining the antigenic reactivity of
9G4 B cells in the corresponding compartments.

Houw is tolerance subverted in SLE? It is apparent that the strength
and quality of signaling through the BCR inform most of the
decisions made by B cells (41, 49, 51). Consequently, the toler-
ance breakdown of 9G4 B cells in SLE could have been simply
explained by breach of anergic responses to BCR stimulation.
Theoretically, this could occur even at early developmental stag-
es, and indeed, such a mechanism could be invoked to explain
the observation that censoring of autoreactive transitional B
cells may be defective in SLE (27). However, in contrast to the
persistence of 9G4 B cells observed in mature, long-lived com-
partments, censoring of transitional B cells seems to be mediat-
ed by deletion. Furthermore, our data show that, like in healthy
subjects, lupus naive 9G4 B cells capable of generating mature
GC reactions maintain attenuated responses to BCR stimula-
tion. This observation suggests that the breakdown of tolerance
observed in SLE is due either to abnormal extrinsic costimu-
lation or abnormal intrinsic response of 9G4 B cells to T cell-
dependent or -independent stimuli or to survival factors. Thus,
it is possible that, as demonstrated in different animal mod-
els, abnormal T cell help and/or defective T regulatory activity
might contribute to the successful participation of 9G4 B cells
in productive GC reactions in SLE patients (52, 53).

T cell-independent costimulation of B cells through TLRs
has the potential to overcome B cell tolerance and could partici-
pate in the deregulation of 9G4 cells in SLE (54). Significantly,
at least a fraction of 9G4 B cells recognize antigens capable of
engaging 1 or more members of the expanding family of TLRs.
Such antigens include LPS (for TLR4 and RP105) and DNA (for
TLRY) (55). Furthermore, our preliminary results indicate that
9G4 antibodies may bind to apoptotic cells, which could provide
costimulation through either TLR4 or TLR9 (56-58). Apoptotic
bodies, which may not be readily available in healthy subjects due
to highly efficient clearance mechanisms, have been shown to
accumulate in SLE GC due to deficient clearance and could sup-
ply the necessary antigenic drive for 9G4 B cells (59, 60). Such
reactivity could both explain the participation of lupus 9G4 B
cells in GC reactions and define a pathogenic role for 9G4 anti-
bodies, since lupus IgG complexed to apoptotic cells stimulate
the production of IFN-a, and 9G4 antibodies constitute a sub-
stantial fraction of lupus serum IgG (3, 61).

As previously discussed, insufficient BAFF signaling may con-
tribute to the censoring of anergic B cells, and interestingly, the
behavior of 9G4 B cells is reminiscent of mouse GC B cells defec-
tive in BAFF-receptor signaling, which are characterized by an
autonomous proliferative defect with reduced Ki67 expression and
inability to sustain productive GC reactions (45, 46). Conversely,
excessive BAFF stimulation may overcome B cell anergy and induce
systemic autoimmunity (43, 62, 63). Given that human SLE is
characterized by increased BAFF levels, it is tempting to speculate
that this abnormality might contribute to the breakdown of toler-
ance observed in lupus 9G4 B cells (64).

In summary, our work demonstrates the existence of a defective
checkpoint in the maintenance of peripheral B cell tolerance that
appears to be specific to patients with SLE. It also shows that
the anergic phenotype of healthy 9G4 B cells is not overcome
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simply by intrinsic BCR hyperresponse of SLE B cells but that
additional extrinsic costimulation must be at play. Additional
cellular, biochemical, and genetic analysis of 9G4 B cells, cur-
rently underway in our laboratory, and a better understanding
of the antigen-binding properties of 9G4 antibodies should shed
considerable light on the mechanisms responsible for the breach
of tolerance observed in SLE.

Methods

Human samples. Samples were obtained with informed consent using proto-
cols approved by the University of Rochester Medical Center Institutional
Review Board. Peripheral blood and tonsils were obtained as previously
described (5). SLE patients were selected if they had a diagnosis of SLE with
at least 4 American College of Rheumatology (ACR) criteria, had a SLE
disease activity index of at least 10, and were only treated with antimalari-
als and/or low-dose prednisone (<10 mg/d). RA patients were recruited if
they had a clinical diagnosis of RA and fulfilled ACR criteria (65). Tonsil
samples were acquired from consenting SLE and RA patients by triangu-
lar adenoid forceps biopsy. Spleens were obtained from healthy individu-
als with traumatic spleen rupture and from 2 SLE patients at autopsy. A
spleen from a 2-year-old girl who died from an accidental fall was obtained
from the National Disease Research Interchange.

B cell isolation. PBMCs were isolated by gradient centrifugation at 4°C
using Ficoll-Paque (Amersham Biosciences). PBL B cells were obtained
through magnetic positive selection using CD19 microbeads (MACS;
Miltenyi Biotec) with a final purity of greater than 98%. Splenic and
tonsillar B cell suspensions were generated, and T cells depleted using
2-aminoethylisothiouronium bromide-sheep red blood cells (2-AET-
SRBC; Colorado Serum Co.) (5). The resulting cells (>97-99% CD19*)
were directly analyzed by flow cytometry.

FACS analysis. Single-cell suspensions (10°/sample) were labeled at 4°C
with predetermined optimal concentrations of fluorophore-conjugated
mAbs and pair-matched isotype controls. The following antibodies were
used: anti-CD19-allophycocyanin (anti-CD19-APC) (SJ25C1), anti-
CD27-PE (L128), streptavidin-peridinin chlorophyll protein, rat IgG2a-
FITC (isotype control for 9G4) (BD); biotinylated anti-IgD and anti-IgD-
FITC (IA6-2), anti-IgM-PE (G20-127), biotinylated anti-IgG (G18-145),
anti-CD10-PE (HI10a), anti-CD21-PE or -~APC (B-1Y4), anti-CD23-PE
(M-L233) or ~APC (EBV-CS-5), anti-CD38-APC (H1T2), biotinylated
anti-CD44 (G44-26), anti-CD77-FITC (5BS), and anti-Ki67-PE (B56; BD
Biosciences — Pharmingen). The 9G4 mAb was kindly provided by F.K. Ste-
venson (Tenovus Research Laboratories, Birmingham, United Kingdom)
and recognizes a framework 1 region-encoded idiotype that is expressed by
all unmutated and close to 90% of mutated VH4.34 B cells present in the
normal repertoire (14, 15). Control VH3 B cells were detected with the anti-
idiotypic mAb LJ26 (66). All samples were analyzed via FACSCalibur using
CellQuest software version 3.3 (BD Biosciences). In total, 50,000-100,000
events, gated for live B lymphocytes, were collected for each sample. Statis-
tical significance was assessed using nonparametric Mann-Whitney U test
with GraphPad Prism software version 3.

Plasma cell analysis. CD138* peripheral blood plasma cells were ana-
lyzed by intracellular staining as previously described (5). Briefly, 10°
cells were cytospun, fixed with 2% paraformaldehyde, and labeled with
biotinylated 9G4/SA-Alexa 488 (SA, streptavidin) (Invitrogen Corp.)
and either anti-x/A F(ab'),-PE (SouthernBiotech) or anti-IgG-PE (BD
Biosciences — Pharmingen). Slides were analyzed using an Olympus
BX40 microscope with a BX-FLA Mercury source reflected light fluo-
rescence attachment. Acquired images were overlaid using Image-Pro
software (version 4.1; MediaCybernetics). Plasma cell morphology was
also assessed by Giemsa staining.
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Immunobistochemistry studies. Serial tonsil sections were stained using a
Dako LSAB2 System (DakoCytomation). Tonsil tissue was flash frozen
in OCT, and 4-um-thick acetone-fixed cryostat sections were incubated
at room temperature for 60 minutes with primary antibodies (anti-
CD20 antibody [Dako N1502], anti-CD3 antibody [Dako M0835], 9G4
or LC1, anti-IgD, anti-CD23 [Dako M4Mé6], Ki67 [Dako Ki-S5], anti-
FDC [Dako CNA-42]). The mouse mAb LC1 recognizes a subset of VH4
genes that does not include VH4.34, in a mutually exclusive fashion
with 9G4 (67). After rinsing with x1 PBS, sections were incubated for
30 minutes at room temperature with biotinylated anti-mouse or anti-
rat Ig secondary antibodies, rinsed again, incubated with Dako strepta-
vidin-peroxidase reagent for an additional 30 minutes, and developed
using a 3-amino-9-ethylcarbazole chromogen solution for 10 minutes
at room temperature. The slides were subsequently counterstained with
hematoxylin for 2-5 minutes.

Immunofluorescence studies. Frozen tissue sections were fixed in ice-cold
acetone, blocked with normal mouse, rat, and goat serum (5%), washed
with x1 PBS, then stained with the following antibodies in the appro-
priate normal serum (1%): 9G4 (rat, I[gG2ax) or LC1 (mouse, IgG1) fol-
lowed by biotinylated goat anti-rat Ig or anti-mouse Ig (BD Biosciences
— Pharmingen), respectively, and developed with a third layer of SA-
Alexa 488. Sections were then blocked with Streptavidin/Biotin Blocking
Kit (Vector Laboratories), washed, then stained with a mixture of anti-
IgD-PE (mouse, IA6-2; BD Biosciences — Pharmingen) and biotinylated
anti-CD38 (mouse, HIT2; CALTAG Laboratories), or anti-Ki67 (B56; BD
Biosciences — Pharmingen) followed by SA-7-aminomethylcoumarin.
Sections were washed, mounted, and analyzed by fluorescence micros-
copy as previously described (5).

Intracellular calcium measurements. B cells were purified by negative
selection (indirect B Cell Isolation Kit; Miltenyi Biotec), stained as
described below, resuspended in HBSS containing 1 mM Ca and Mg
and 1% FCS at a concentration of 2 x 10°¢ cells/ml, and loaded with
Indo-1 AM (Invitrogen Corp.) (2 uM final) for 30 minutes at 37°C in
the presence of Pluronic F127 (Molecular Probes Inc.). To identify naive
B cell populations of interest, the cells were stained with anti-CD38 and
anti-CD27 to gate out memory and GC B cells (spleen and tonsil) or
CD3/14/16/27 to gate out remaining non-B cells and memory B cells
(peripheral blood) at the time of the calcium measurements. Calcium
responses were measured on a BD FACS Vantage SE with UV excita-
tion. Data was collected and displayed as the relative ratio of intensities
of Indo fluorescence (Ca-bound Indo violet emission 405 nm/free Indo
blue emission 485 nm) for each cell over time and analyzed with Flow]Jo
software version 6.2.1 (Tree Star Inc.). Samples were analyzed for a 30-
to 60-second baseline in the respective gated naive B cell populations
(9G4+,9G4-, LC1%) at 37°C followed by the addition of 20 ug/ml F(ab'),
goat anti-human IgM or anti-IgD.
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