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Abstract

BCR transgenic mice dominate studies of B-cell tolerance; consequently, tolerance in normal mice
expressing diverse sets of autoreactive B cells is poorly characterized. We have used single B-cell
cultures to trace self-reactivity in BCR repertoires across the first and second tolerance
checkpoints and in tolerized B-cell compartments of normal mice. This approach reveals affinity
“setpoints” that define each checkpoint and a subset of tolerized, autoreactive B cells that is long-
lived. In normal mice, the numbers of B cells avidly specific for DNA fall significantly as small
pre-B become immature and transitional-1 (T1) B cells, revealing the first tolerance checkpoint.
By contrast, DNA-reactivity does not significantly change when immature/T1 B cells become
mature follicular (MF) B cells, showing that the second checkpoint does not reduce DNA-
reactivity. In the spleen, autoreactivity was high in transitional 3 (T3), CD93*IgM”!°IgD"! anergic
B cells and a CD93" anergic subset. Whereas splenic T3 and CD93* anergic B cells are short-
lived, CD93 IgM1°1gDhi B cells have half-lives comparable to MF B cells. B-cell specific
deletion of proapoptotic genes, Bak and Bax, resulted in increased CD93 IgM1°1gD"i B cell but
not T3 B cell numbers, suggesting that apoptosis regulates differently persistent- and ephemeral
autoreactive B cells. The self-reactivity and longevity of CD93 IgM~!°IgDNi B cells, and their
capacity to proliferate and differentiate into plasmacytes in response to CD40 activation /n vitro
lead us to propose that this persistent, self-reactive compartment may be the origin of systemic
autoimmunity and a potential target for vaccines to elicit protective antibodies cross-reactive with
self-antigens. 249/250
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Introduction

Combinatorial recombination of V; D, and Jgene segments of the immunoglobulin genes
generates highly diverse, polyclonal sets of B-cell antigen receptors (BCRs). D)J
recombination is essentially random, and thus generates BCRs reactive to self- as well as
foreign antigens. Indeed, significant fractions (~75%) of recombinant IgG antibodies (rAbs)
cloned from single early immature B cells react to self-antigens (1). Nonetheless, individuals
do not normally develop pathological autoantibodies; instead, tolerance mechanisms - clonal
deletion, receptor editing, and anergy - remove or inactivate self-reactive B cells (2-7).

In mice and humans, tolerance removes self-reactive B cells at two distinct checkpoints (1,
3-5, 8, 9). In the bone marrow, the first tolerance checkpoint acts to remove nascent B cells
that carry self-reactive BCRs at the transition from small pre-B to immature B-cell stages by
inducing BCR-mediated, apoptotic deletion (3-5). Self-reactive immature B cells can lose
self-reactivity by replacing their light chains: a subset of immature B cells undergoes
additional rounds of Vto Jgene recombination (6, 7) to generate new light chains that no
longer confer self-reactivity when paired with their rearranged heavy chains. In the
periphery, the second tolerance checkpoint removes self-reactive B cells that are not
removed by central tolerance (1, 8, 9), or alternatively, self-reactive B cells become
unresponsive to antigenic stimulations (2, 10, 11).

Studies of transgenic mice that express self-reactive BCRs (2-8, 12) have defined the
mechanisms of immunological tolerance but remain artefactual models of the normal
tolerization processes due to the restricted diversity of the quasi-clonal B-cell populations
they support. For example, different transgenic mouse models often utilize one mode of
tolerance (/.¢e., deletion vs. receptor editing vs. anergy) in preference — and occasionally
exclusively - to others. Moreover, the phenotypes and responses of anergic B cells to
activating stimuli often differ among autoreactive BCR transgenic strains (13). In contrast,
studies have inferred tolerance mechanisms in humans by characterizing BCR repertoires of
pre- and post-tolerance B cells by single-cell PCR and the analysis of rAbs cloned from
individual B cells (1, 14-20). This approach frees investigations of immunological tolerance
from any artifacts of genetically restricted BCRs but depends, obviously, on the construction
and expression of rAb panels that are sufficiently large to detect reliably changes in BCR
repertoires effected by tolerance.

We use here single-cell Nojima cultures (21, 22) to study the natural dynamics of the
autoreactive BCR repertoire. Nojima cultures efficiently support the proliferation and
eventual plasmacytic differentiation to IgG secretion of single B cells (21). Each cultured B
cell generates thousands of plasmablasts that secrete sufficient quantities of 1gG1 for
analysis by ELISA and Luminex assays. Despite an efficient class-switch recombination,
Nojima cultures do not support V(D)J mutation (21). Thus, specificity and avidity of 19G
Abs in culture supernatants represent the BCRs expressed by each founder B cell; this
permits efficient screening for antigen-specificity and relative avidities [Avidity Index values
(21, 23)] prior to any rAb production (21, 24-26).
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We find that in contrast to relevant knock-in models, absolute frequencies of DNA-reactive
B cells do not significantly change during B-cell development and maturation in normal
mice. Instead, the distribution of the BCR avidities for DNA changes: that fraction of DNA-
reactive B cells that are most avid is lost at the transition from small pre-B to immature and
transitional-1 (immature/T1) B cells in the bone marrow. The remaining B-cell sets that
carry BCRs with intermediate and weak avidities for DNA are unchanged as immature/T1 B
cells become mature follicular (MF) B cells, suggesting that the second tolerance checkpoint
plays little, if any, role in purging DNA BCRs. In spleen, high avidity DNA-binding BCRs
were enriched in the T3 and IgM~1°1gDM anergic B cell compartments. Despite similar
DNA-binding avidity, turnover-rate and regulation by apoptotic pathways readily distinguish
these self-reactive B-cell compartments; T3 B and CD93*IgM~°IgDNi B cells are short-
lived, whereas CD93~IgM~1°IgD"i B cells persist with a population kinetics similar to that
of the IgMiNtigDNI MF B-cell compartment. CD93~IgM~°IgDNi B cells but not T3 B cells
proportionally expand in spleen in the absence of pro-apoptotic molecules, BAK and BAX.
Long-term persistence of self-reactive B cells in the spleen of normal mice implies a
biological importance of self-reactive B cells that can provide distinct BCR repertoire from
non-self-reactive B cells (22). Learning how to control these persistent self-reactive B cells
may be useful to develop strategies to elicit protective humoral responses against microbial
pathogens that resemble host determinants.

Materials and Methods

Mice

C57BL/6J (B6), B6.129P2(C)- Ca19/m1(cre)Caryy (Cd19Cre), and B6;129-

BaxM25/k Baf 1tm1Thsryy ( Bak™!~ Bax'V™) mice were purchased from Jackson laboratory. Bak
I~ Bax/fl mice were backcrossed with B6 mice at least ten generations before experimental
use. We crossed CaZ9Cre mice with Bak™'~ Baxf!fl mice to generate Ca19Cre* Bak™'~ Baxf\/fl
mice. All mice were maintained under specific pathogen-free conditions at the Duke
University Animal Care Facility and used in experiments at 8 to 12 weeks of age. All
experiments involving animals were approved by the Duke University Institutional Animal
Care and Use Committee.

Single B-cell culture (Nojima culture)

On day -1, NB-21.2D9 cells were seeded into 96-well plates at 1,000 cells/well in B-cell
media (BCM); RPMI-1640 medium (Invitrogen) supplemented with 10% HyClone FBS
(Thermo scientific), 5.5 x 107 M 2-mercaptoethanol, 10 mM HEPES, 1 mM
sodiumpyruvate, 100 units/ml penicillin, 100 pg/ml streptomycin, and 1 x MEM
nonessential amino acid (all Invitrogen). Next day (day 0), recombinant mouse IL-4
(Peprotech; final 2 ng/ml) was added to the cultures, and then single B cells were directly
sorted into each well using cell sorters [FACSVantage or FACSAria (both BD Biosciences)].
On day 2, 50% (vol.) of the culture media were removed from cultures and 100% (vol.) of
fresh BCM were added to the cultures. On days 3 to 8, two-thirds of the culture media were
replaced with fresh BCM every day. On day 9, culture supernatants were harvested for
ELISA determinations and culture plates were stored at —80°C for VV(D)J amplifications.
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Flow cytometry

Single cell suspensions, depleted of red blood cells by RBC Lysis Buffer (eBioscience),
were obtained from bone marrow and spleen, and labeled with following mAbs to mouse
surface molecules purchased from Biolegend or eBioscience or BD Bioscience. CD19-PE
(6D5), CD21-FITC (7G8), CD23-PE or -Brilliant Violet 421 (B3B4), CD43-PE (S7), CD93-
APC (AA4.1), CD138-APC (281-2), B220-eFluor 450 or -V500 or -Brilliant Violet 510
(RA3-6B2), IgM PE-Cy7 (11/41), IgD-FITC or -eFluor 450 or -Brilliant Violet 510 (11-26c¢),
1gG1 V450 (A85-1), and IgE-FITC (RME-1). B-cell subsets were identified as described (2,
27, 28); small pre-B cells, B220!°CD93*IgM~1gD~CD43"FSC°; Imm/T1 B cells,
B220'°CD93*1gM*IgD*/~CD23" in the bone marrow; T1 B cells,
B2201°CD93*IgMNICD23™; T2 B cells, B220!°CD93*IgMMNCD23*; T1/T2 B cells,
B220'°CD93*IgMNiIgD*/~; T3 B cells, B2201°CD93*1gM~/1°CD23*; MF B cells,
B220*CD93 " IgMintigDhicD21'°cD23M; MZ B cells,
B220*CD93"IgMNIgD'°CD21MCD23°; anergic B cells, B220*IgM~"1°1gDN(CD93* or
CD93") cells in spleen. Labeled cells were analyzed and sorted in FACSCanto, FACSCanto
I, FACSAria or FACSVantage with Diva option (all BD Biosciences). Data were analyzed
with FlowJo software (Tree Star). Cell doublets (determined by FSC-A/FSC-H method
described elsewhere) and propidium iodide positive cells were excluded from our analyses.

ELISA determinations

Concentration of total IgG was determined by standard ELISA. Briefly, ELISA plates [(96-
well plate or 384-well High binding plate (both Corning) were used in this study] were
coated with anti-mouse Igx Ab and anti-mouse IgA. Ab (2 ug/ml each; Southern Biotech) in
carbonate buffer. After washing, plates were blocked with PBS containing 0.5% BSA.
Samples (at 1:200 or 1:1,000 dilutions in PBS containing 0.5% BSA and 0.1% Tween-20)
and serially diluted standards (described below) were then applied to the plates. After
washing, HRP-conjugated anti-mouse 1gG (Southern Biotech) was added as detection Ab.
The HRP-activity was visualized with TMB substrate reagents (Biolegend) and ODg4sq was
measured by spectrophotometer (Bio-Rad).

Anti-DNA 1gG was measured by ELISA (29) in a hypotonic condition (hypotonic buffer: 1.5
x 1072 M NaCl, 4.3 x 1074 M NayHPOy,, and 1.9 x 1073 M NaH,PQ,), as the interaction
between DNA and anti-DNA Ab are electrostatic and these interactions can be lost at high
salt concentrations (30, 31). Calf thymus DNA (Sigma) was purified by phenol/chloroform
extraction, and ELISA plates were coated with the purified DNA in 1 x SSC (10 pg/ml) and
were dried up at 37°C for overnight. After blocking with hypotonic buffer containing 3%
FBS and 0.5% BSA, samples (at 1:10 or 1:100 or 1:1,000 dilutions in hypotonic buffer
containing 0.5% BSA and 0.1% Tween-20) and serially diluted standards (described below)
were applied to the plates, and followed by addition of HRP-conjugated secondary Ab and
TMB substrates as described above. The cut-off ODys for total IgG and anti-DNA IgG was
set at the point representing six-standard deviations above the mean OD 5 for supernatants
from mock-treated, B-cell negative samples.

DNA avidity index was obtained by taking the ratio of DNA-binding IgG (concentration) to
total IgG (concentration). We used two mAbs as positive and negative controls for DNA-
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binding; anti-DNA mAb [HYB331-01 (Abcam)] and hapten-specific mAb [H33Ly1 (32)].
DNA avidity index of H33Ly1 was 0.0029, which we set as a cut-off for the DNA-binding
in our assays.

Amplification of VDJ rearrangements

After Nojima cultures, VDJ rearrangements were amplified from B-cell subsets by a nested
PCR as described (33) with modifications. Total RNA was extracted from selected samples
after Nojima cultures using TRIzol or TRIzol LS reagents (Invitrogen) according to the
manufacturer’s instruction. The extracted RNA were treated with DNase | (0.1 unit/ul;
Invitrogen), and cDNA was synthesized using Superscript I11 with oligo (dT),q primers
(reaction volume: 20 pl) at 50°C for 50 min followed by 85°C for 5 min. One microliter of
the cDNA samples was then subjected to two rounds of PCR using Herculase Il fusion DNA
polymerase (Agilent Technologies) with established primers (33-36). PCR conditions used
in this study are as follows. IgH primary: 95°C for 4 min, followed by 2 cycles of 95°C for
30 sec, 64°C for 20 sec, and 72°C for 45 sec; 3 cycles of 95°C for 30 sec, 62°C for 20 sec,
and 72°C for 45 sec; and 25 cycles of 95°C for 30 sec, 64°C for 20 sec, and 72°C for 45 sec.
IgH secondary: 95°C for 4 min, followed by 40 cycles of 95°C for 30 sec, 60°C for 20 sec,
and 72°C for 45 sec. VDJ amplicands were gel purified, ligated into vectors, and
transformed into bacteria (37). DNA sequences were obtained at Duke DNA sequencing
facility. VDJ rearrangements were identified using IMGT/V-QUEST (http://www.imgt.org/
IMGT _vquest/vquest).

BrdU labeling

B6 mice were fed BrdU (Sigma) with drinking water (0.8 mg/ml) for up to 2 weeks. This
BrdU water was replaced with fresh one every 2 days. Mice were sacrificed at one week and
two weeks after treatment, and incorporation of BrdU in each B-cell subset was analyzed by
flow cytometry using BrdU flow kit (BD Biosciences) according to manufacturer’s
instruction. Dead cells were excluded using LIVE/DEAD fixable dead cell stain kit
(Invitrogen).

Calcium flux assay

Splenocytes were resuspended in loading buffer (HBSS containing CaCl, and MgCl,
(Invitrogen), supplemented with 10 mM HEPES (Invitrogen) and 1% Hyclone FCS). Cells
were then incubated with the mixture of Indo-1 AM (final concentration: 2.8 pM;
ThermoFisher) and Pluronic F-127 (final concentration: 22 nM; Sigma) for 30 min at room
temperature in the dark. After washing, cells were labeled with mAbs against mouse surface
antigens: B220-FITC (RA3-6B2), CD93-APC (AA4.1), CD23-Brilliant Violet 421 (B3B4),
in the presence or absence of IgM PE-Cy7 (11/41). Cells were also labeled with PE-Cy5
conjugated mAbs to exclude non-B cells; CD4 (GK1.5), CD8a. (53-6.7), CD11b (M1/70),
CD11c (N418), Gr-1 (RB6-8C5), TER-119 (TER-119). Aliquots of Indo-1 loaded cells
were labeled with the addition of IgD-Brilliant Violet 510 (11-26c) to check the purity of
the measured B-cell subsets. After washing, cells were resuspended in loading buffer and
kept in dark at room temperature until use. Labeled cells were analyzed in LSRFortessa (BD
Biosciences). Baselines were established for 30 seconds, and then cells were stimulated with
1 pg/ml of F(ab’), fragment of goat anti-mouse kappa (Southern Biotech). Intracellular
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calcium concentrations were measured for 5 min. Kinetic curves were generated using
Flowjo software.

Statistical significance among samples was determined by Mann-Whitney’s Utest or by
Kruskal-Wallis test or by Turkey’s multiple comparison test in a mixed effects model with
Geisser-Greenhouse correction. We considered P < 0.05 as statistically significant.

Nojima culture efficiently supports IgG secretion by single B cells of differential
developmental state

To trace self-reactivity during B-cell development in normal mice, we used single-cell,
Nojima cultures, which provide representative samples of BCR diversity and repertoire (21).
In the current study, we established single-cell cultures of the following B-cell subsets (Fig.
S1): 1) bone marrow small pre-B cells to represent the pre-tolerance BCR repertoire; 2) bone
marrow immature and transitional-1 (immature/T1) B cells to show the effects of the first
tolerance checkpoint; 3) splenic mature follicular (MF) B cells to reflect the post-tolerance
repertoire (1, 8, 9); 4) splenic transitional-3 (T3) B cells (27); and 5) B cells with
IgM~'°1gDNi anergic phenotype (2, 38, 39) to sample the BCR repertoire that is subject to
tolerization in the periphery. During the isolation of anergic phenotype B cells, we found
that only a minor (~10%) fraction of splenic IgM~1°1gDN B cells expressed CD93 (Fig. S1).
These CD93*1gM~101gDNi B cells represented a subset of T3 B cells that were enriched for
lower or negative surface IgM expression (Fig. S1).

Single small pre-B cells, immature/T1 B cells, T3 B cells, MF B cells, and CD93* and
CD93~ IgM~°1gDNi B cells proliferated in Nojima cultures to reach >10,000 cells after 8
days of culture (Fig. 1A). Although small pre-B cells generated 2-5-fold fewer daughter
cells than did other B-cell subsets, all B-cell subsets class-switched to 1gG1 uniformly
(~95%), and differentiated (40% — 60%) into IgG1*CD138* plasmablasts/-cytes (Figs. 1A~
1D). Cloning efficiencies (as determined by the frequency of wells that contain 1gG among
total wells that were seeded with single B cells) for all B-cell subsets was about 60% (51% —
80%) with the exception of small pre-B cells (23% =+ 4.1%; Table 1). The lower cloning
efficiency for small pre-B cells may be due to the non-productive VJ rearrangements and
resulting failure of functional BCR expression, which is required for the survival of B cells
(40, 41). Nojima cultures support proliferation and differentiation of single small pre-B
cells, immature/T1 B cells, T3 B cells, MF B cells, and IgM~1°IgDN anergic B cells.

Nojima cultures reveal B-cell tolerance checkpoints in normal mice

The high cloning efficiency of single B cells in Nojima cultures immediately suggested the
possibility of characterizing the effects of tolerance on the B-cell repertoire in normal mice.
We analyzed in total 2,021 1gG* examples from single-cell cultures of small pre-B (n =
153), immature/T1 (n = 120), MF (n = 440), T3 (n = 447), and CD93* (n = 362) and CD93"
(n = 499) IgM~1°1gDNi B cells, respectively. All B-cell subsets produced comparable
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amounts of clonal 1gGs in culture supernatants, 2.5 — 2.7 pg/ml, with the exception of small
pre-B cells (1.3 pg/ml) (Fig. 2A).

By analyzing the reactivity of clonal IgG in culture supernatants, we compared the
frequency of DNA-reactive cells among B-cell subsets (Table 1). In contrast to the results of
studies analyzing tolerance of the human B-cell repertoire (1, 9, 22), we observed no
significant differences in the frequencies of DNA-reactive B cells (7.e., clonal 1gGs) among
B-cell compartments: DNA-reactive, small pre-B, immature/T1, MF, T3, and CD93* and
CD93" IgM1°1gDNi B cells were equivalently abundant in each compartment (20% — 25%;
Table 1).

In contrast to unchanging frequencies of DNA-binding B cells through development (Table
1), we observed significant decreases in the mean avidity of DNA-reactive B cells during
their maturation and especially across the first tolerance checkpoint. Avidities of anti-DNA
IgG among B-cell subsets were estimated as the avidity index (Avln) for each clonal IgG
(21, 23) in reference to a monoclonal 1gG standard, HYB331-01 (Abcam). DNA Avin
values, on average, decreased along with B-cell maturation whereas the tolerized B-cell
compartments exhibited elevated DNA Avins. Geometric mean Avin for DNA was highest
(0.041) in small pre-B cells, was significantly lower (0.018; P = 0.032) in immature/T1 B
cells, and further decreased, albeit not significantly, in MF B cells (0.016; Fig. 2B). The
mean DNA Avlin values were significantly higher in T3 (0.033), and CD93* (0.031) and
CD93" (0.034) IgM~"1°1gD"i B cells compared to immature/T1 (P = 0.017; Fig. 2B) or MF B
cells (P < 0.001; Fig. 2B). In normal mice, tolerance acts by reducing BCR avidity to DNA
during B-cell maturation and those cells excluded during this process enter the T3 and
IgM-1°1gDNi anergic B-cell compartments of the spleen (Table 1 and Fig. 2B).

Tolerance checkpoints set affinity thresholds for self-reactive BCRs but removal of the
self-reactive BCRs is incomplete

To characterize further the distribution of BCR affinities for DNA, we binned DNA Avlins in
Fig. 2 and generated histograms for each B-cell subset (21, 23). In the pre-tolerance
compartment (small pre-B cells), the distribution of DNA Avlins followed a near Gaussian
distribution with a median Avin of 0.038, suggesting that both high and low DNA avidity
clones are stochastically generated and present in unbiased distributions before the first
tolerance checkpoint (Fig. 3). In contrast, immature/T1 B and MF B cells showed
distributions of DNA AvIns highly skewed toward lower avidity DNA-binding clones;
cohorts of higher avidity DNA-binding clones [groups 11 and IV (Gr. 111+1V)] decreased by
half from 48% (in small pre-B cells) to 21% (immature/T1 B) and 26% (MF B; Fig. 3) as B
cells matured beyond the first checkpoint. While these results show that the first tolerance
checkpoint in the bone marrow removes higher avidity, DNA-binding B cells, comparable
frequencies of the higher avidity DNA-binding clones in immature/T1 and MF B cells
suggest that the second checkpoint does not act to suppress DNA-reactive B cells.

Higher avidity DNA-binding clones (Gr. 111+1V), in contrast, were enriched in the splenic T3
and anergic B-cell compartments (48%-56%; Fig. 3A). Notably, distributions of the DNA
Avins were broad or bimodal, with enrichment for the highest avidity (Gr. I\VV) DNA-binders
(15% and 21%, respectively) in these B-cell compartments (Fig. 3). Concomitant loss of
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higher avidity groups from the immature/T1 and MF B cells (P = 0.012, vs. small pre-B
cells; Fig. 3B) and their enhancement in T3 and IgM~1°1gDNi B-cell populations (P = 0.012,
vs. immature/T1 plus MF B cells; Fig. 3B) suggest that a substantial fraction of DNA-
reactive small pre-B cells are not tolerized by deletion (3-5) or receptor editing (6, 7) but
enter the T3 and IgM~1°1gDNi anergic B-cell compartments.

Somatic genetics of DNA reactive B cells

To assess the IgH gene features of DNA-binding and non-binding B cells, we amplified by
RT-PCR VDJ rearrangements from cDNA of small pre-B, T3 B, MF B, and CD93"IgM
~/o1gDNi B cells after Nojima cultures, cloned the PCR amplicands into bacteria, and
sequenced (21). We selected about 20 (n = 21-26) DNA-binding and non-binding examples,
respectively, from each B-cell subset (Table S1). While small sample size limited statistical
assessment, there appeared to be differences in the Vi usage by B-cell subsets (Fig. S2A
and Table S1). For example, V1-64, 1-26, and 1-5 were frequently recovered from small
pre-B cells (29% of total Vi gene segments recovered), V1-81 and 9-3 were frequently
recovered from T3 B cells (16% of total), Vy1-82, 1-72, and 3-6 were frequently recovered
from MF B cells (19% of total), and V14-3 and 1-72 were frequently recovered from
CD93"IgM~1°1gDNi B cells (17% of total). Among B-cell subsets, HCDR3 length, and
number of positively charged amino acids in HCDR3 did not significantly differ (Figs. S2B
and S2C).

To compare directly DNA-binding and non-binding B cells, we combined all sequence data
and split these samples based on DNA reactivity (Table S1). DNA-binding B cells used
VH{1-72, 1-64, and 1-5 frequently (21% of total; Fig. S3A). By contrast, DNA non-binding B
cells preferentially used V41-26, 9-3 and 1-69 (19% of total; Fig. S3A). While HCDR3
length did not differ significantly between DNA-binding and non-binding B cells (Fig. S3B),
VDJ rearrangements from DNA-binding B cells encoded a significantly (P<0.001) elevated
number of positively charged amino acids in HCDR3 than did non-binding B cells (Figs. 4A
and 4B); the H-chains of DNA-binding B cells carried HCDR3 regions with =2 positively
charged amino acids twice as frequently (60% vs. 30%) as did DNA non-binding B cells
(Fig. 4B).

Peripheral self-reactive B cells differ in persistence and in responsiveness to BCR-
crosslinking

Whereas it is widely accepted that T3 and anergic B cells have half-lives of only 3 - 4 days
(27, 38, 42) and that they respond poorly to stimulations through BCRs (2, 27, 39), both the
lifespans and the responsiveness to BCR stimulations of anergic B cells vary widely among
BCR transgenic mouse models (13), indicating that anergic B cells are heterogeneous and
subsets of anergic B cells may persist in periphery and respond differentially to BCR
stimulations.

To evaluate turnover in peripheral autoreactive B-cell compartments, we administered
bromodeoxyuridine (BrdU) to mice in drinking water and followed the kinetics of BrdU-
incorporation by T3 and IlgM~1°IgDN splenic B cells in comparison to other B-cell subsets.
As expected (27), T1/T2 B cells rapidly incorporated BrdU such that frequencies of BrdU™*
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T1/T2 cells plateaued (>80%) within 1 week of BrdU treatment; in contrast, only about 8%
of MF B cells were labeled with BrdU following 2 weeks of treatment (Figs. 5A and 5B).
We also observed distinct BrdU labeling patterns within self-reactive B-cell compartments.
Most (~60%) T3 and CD93*IgM~"1°1gDN B cells were labeled by BrdU incorporation after
2 weeks of treatment (Figs. 5A and 5B). Unlike, however, T3 and CD93*IgM~101gDN B
cells, only a minor fraction (8%) of CD93~IgM~1°1gDNi B cells became BrdU* after 2
weeks of treatment (Figs. 5A and 5B). This slow rate of BrdU incorporation indicates that
splenic CD93 1gM~101gDNi B cells are as persistent as MF B cells, whereas T3 B and
CD93*IgM~"1°1gDNi B cells are ephemeral.

We compared signaling capacity of BCRs among peripheral self-reactive B cells by
measuring intracellular calcium flux after activation by BCR ligation (39, 43). Splenocytes
were loaded with the calcium probe Indo-1 AM, and then labeled with B220, CD93, and
CD23 mAbs in the presence or absence of anti-lgM mAb (Fig. 6A). After the baseline
establishment, we added F(ab”), fragment of goat anti-kappa antibodies and followed the
kinetics of free intracellular calcium concentrations (Fig. 6B). Consistent with previous
observations and with the characteristic IgM~1°IgD" expressions (2, 38, 39), T3 and CD93*
and CD93-IgM~1° B cells exhibited impaired calcium flux compared with MF B cells (Fig.
6B). While impaired, CD93~IgM~1° B cells showed better ability to flux intracellular
calcium compared with their CD93* counterpart and with T3 B cells (Fig. 6B). Thus,
transient and persistent self-reactive B cells exhibit impaired, but with different degree,
calcium mobilization in response to BCR stimulations.

CD93 IgM~1°IgDNi anergic B cells expand in the absence of Bak and Bax

Apoptosis plays important roles in regulating frequency and number of anergic B cells (44—
46). It is, however, unclear whether impaired apoptosis would also result in
overrepresentation of anergic B cells in polyclonal mice as anergic B cells can be
outcompeted for survival/maturation factors by much more abundant, MF B cells (47) and
might not be able to expand in these animals (48). To determine roles for apoptosis in the
regulation of anergic B cells in polyclonal mice, we followed the Korsmeyer laboratory (49)
and generated mice (Cd19Cre* Bak™'~ Bax'fl mice) in which only B cells lack expression of
both Bcl-2 homologous antagonist killer (BAK) and Bcl-2-associated X protein (BAX),
proapoptotic molecules that initiate apoptosis by permeabilizing mitochondrial outer
membrane and by releasing cytochrome ¢ from the mitochondria (50, 51). We then
compared frequency and number of B-cell subsets in spleen among B6, (wild type control),
Bak™'= BaxVf (Bak-deficient, Cre-negative control), and Ca19Cre* Bak™'~ Bax/fl mice.

Absence of BAK and BAX did not alter proportion of developing and mature B cells as
frequency of CD93* cells among all B220* cells (4.1% +1.3%, the mean + SD of all mouse
strains) did not significantly change between mouse strains (Fig. 7A, top panels). Within the
B220*CD93* developing B-cell compartment, IgM~1°CD23~ cells doubled from 10 +1.0%
in controls (B6 and Bak™'~Baxtfl mice) to 23 +6.8% in Cd19Cre* Bak™'~ Baxt'fl mice (Fig.
7A, middle panels). This increase was accompanied by a decrease of IgMNCD23~ T1 B
cells from 50 +4.0% in controls to 38 +8.8% in Cd19Cre* Bak '~ Bax"M mice but
frequencies of IgMNCD23* T2 B cells (~30%) and IgM~1°CD23* T3 B cells (~9%) were
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not significantly changed among mouse strains (Fig. 7A, middle panels). While elevated
frequency and number of splenic B220'°CD93*IgM~1°CD23" cells in Cd19Cre* Bak

=1~ Bax'Vfl mice might represent those developing B cells (pro-B, pre-B, immature B) that are
mobilized from bone marrow (52-54), both anergic (T3) and non-anergic (T2) transitional B
cells similarly expanded in the absence of BAK and BAX (Fig. 7A and Table 2).

In contrast to T3 B cells, frequency of IgM~1°IgDM B cells among the B220*CD93~ mature
B-cell compartment increased from 3.9 £1.2% in controls to 10 +4.5% in Cd19Cre* Bak

1= Baxfl mice (Fig. 7A, bottom panels), suggesting that these apoptotic molecules regulate
differentially numbers of T3 and CD93 IgM~1°IgDN anergic B cells in periphery. Frequency
of IgMintigDNi MF B cells moderately decreased in Ca19Cre* Bak™'~ BaxVfl mice (Fig. 7A,
bottom panels). This percentage decrease was due likely to increased representation of IgM
~/o1gD" anergic B cells and IgM~IgD™~ “Ig-switched” B cells but not by impaired MF B-cell
maintenance as the number of MF B cells increased in Ca19Cre* Bak™'~ BaxVfl mice
compared with control animals (Table 2). By contrast, but consistent with a previous report
(49), frequency (and number) of IgMNilgD~° marginal zone (MZ) B cells significantly fell
from 8.3 +1.5% in B6 mice to 4.1% +1.2% in Bak™'~Bax'Vl mice and further declined to
1.6% +0.2% in Cd19Cre* Bak '~ Bax'Vfl mice (Fig. 7A and Table 2).

As reported (49), number of all B-cell subsets, with the exception of MZ B cells, increased
in Cd19Cre* Bak™= Baxfl mice (Table 2). To determine whether this increase can be
explained simply by an increase of progenitors (T1 B cells) or BAK and BAX play roles
specifically in controlling number of certain B-cell subsets, we normalized number of each
B-cell subset to that of T1 B cells and compared these ratios between control mice and
Cd19Cre* Bak™~ Bax'fl mice (Fig. 7B). This analysis revealed preferential expansion of
CD93~IgM~1°1gDNi B cells in the absence of BAK and BAX in B cells. While T2, T3, and
MF B cells were little (T2, <1.5-fold) or no different (T3, MF) between control mice and
Cd19Cre* Bak™~ BaxVfl mice, CD93 " 1gM~°IgDNi B cells and IgM~1gD~ B cells increased
5-fold and 18-fold, respectively in Cd19Cre* Bak™'~ Bax'Vf mice (Fig. 6B). Thus, in the
absence of BAK and BAX, IgM~101gDNi B cells can expand in spleen comparable to or even
greater than MF B cells do. Frequency and number of persistent self-reactive B cells
(CD93"IgM~1°1gDNi B cells) and transient self-reactive B cells (T3 B cells) are differentially
controlled by apoptosis mediated by BAK and BAX.

We next assessed DNA-reactivity of MF, T3, and CD93~IgM~1°1gDNi B cells in Cd19Cre
*Bak'~ Bax'fl mice using Nojima culture approach. As for B6 mice (Table 1), we found no
significant differences in the frequencies of DNA-reactive cells among these B-cell
compartments in Ca19Cre* Bak™'~ BaxTl mice (21%-22%). However, in Cd19Cre* Bak

=~ Bax'Vfl mice, MF B cells as well as T3 and CD93~IgM~°|gD"i B cells exhibited
significantly (P < 0.001) higher mean DNA AvIn values (0.045-0.053) compared with B6
MF B cells (0.021; Figs. 2B and 7C). Self-reactive B cells are not properly deleted in the
absence of BAK and BAX.

J Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nojima et al.

Page 11

Discussion

While tracing self-reactive B cells during B-cell development is essential to understand
ontogeny of autoimmune disorders caused by aberrant activation, expansion, and
differentiation of self-reactive B cells, it may also be crucial in the development of novel
vaccine strategies against HIV-1 and influenza that can activate a class of BCRs reactive
with both foreign antigens and self-antigens (22, 55, 56). Here we have used a single B-cell
culture method, Nojima culture (21), which enables us to rapidly carry out robust screenings
for BCR specificity and avidity to trace B-cell repertoires during development in normal
mice. We show that the distribution of the avidity of the BCRs that bind to DNA
significantly changes during B-cell development; B-cell clones that avidly bind to DNA are
purged at the first tolerance checkpoint but those that escaped from the first checkpoint are
retained in classic anergic compartment of IgM~1°1gDNCD93* T3 B cells and their CD93~
counterpart in periphery.

Nojima cultures efficiently support expansion and 1gG secretion of single B cells (Fig. 1).
The cloning efficiency of small pre-B cells is lower (~23%) than that of other B-cell subsets
(~60%). Given the dependency of B-cell proliferation on combinations of CD154-, BAFF-,
and IL-21-mediated signaling in our Nojima cultures, low levels of CD40 expression (57)
and little BAFF R expression (58) on small pre-B cells may explain such a low cloning
efficiency. In addition, small pre-B cells need to complete IgL gene rearrangement to
express surface BCRs, which generate ligand-independent ‘tonic’ signals required for B-cell
survival (40, 41). As one third of the random V-J recombination generates functional light-
chains, three-fold-lower cloning efficiency in small pre-B cells compared to other B-cell
subsets might reflect the frequency of successful light-chain recombination. We think that
combinations of these factors negatively impact the cloning efficiency of small pre-B cells.

The frequency of DNA-binding B cells did not significantly change over the course of B-cell
development, from small pre-B to immature/T1 B to MF B and to anergic B-cell
compartments (Table 1). Instead, we observed that B cells with high avidity for DNA were
purged at the transition from small pre-B to immature/T1 B-cell stage. Clones that escaped
from the first checkpoint were not purged in the MF B cells but enriched in IlgM~101gDNi
anergic B-cell compartments (Figs. 2 and 3). These results are incompatible with previous
reports in humans (1, 9, 59), but this apparent ‘discrepancy’ between groups likely comes
from the threshold of assays performed to determine DNA reactivity. Indeed, when we set a
higher threshold for the determination of DNA reactivity and considered Gr. 111+I1V as DNA-
reactive (Fig. 3), we found that the frequency of DNA-reactive clones decreased from 13%
to 4% at the small pre-B to immature/T1 B-cell transition, and then unchanged (5%) in MF
B cells (calculated from Fig. 3 and Table 1). We propose that tolerance checkpoints set an
affinity threshold against self-reactive B cells and that the central tolerance checkpoint
efficiently removes higher DNA avidity clones (Gr. I11+1V; Fig. 3) while the peripheral
checkpoint plays minor roles, if any, in purging DNA-reactive clones (Fig. 3). The removal
of the high avidity, DNA-reactive BCRs by tolerance mechanisms is not deterministic but
stochastic, as we observed high avidity DNA-reactive B cells in post-tolerance
compartments of splenic MF B cells and anergic B cells in mice (Figs. 2 and 3). The
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determination of precise affinities of DNA (or any self-antigen) binding Abs will aid in
estimating the ‘threshold’ of BCR avidity that is required to drive self-tolerance.

Long and positively charged HCDR3 have been shown to correlate with autoreactivity in
humans (1, 22). HCDR3 from pre-tolerance and autoreactive B-cell compartments was
longer and contained more positively charged amino acids compared to those from non-
autoreactive compartments. In mice, large-scale V(D)J sequencing analysis has identified
that the charge, but not the length, of HCDR3s is elevated in pre-B cells compared with
follicular B cells (60). Consistent with these observations, we found that DNA reactivity was
associated with number of positively charged amino acids in the HCDR3 (Fig. 4) although
this association was not seen between autoreactive B-cell compartments (e.g., small pre-B
cells) and non-autoreactive, MF B cells (Fig. S2). Given that there are only small differences
in the charge of HCDR3s between pre-B and follicular B cells in mice (60), number of
samples analyzed in our study (~50 for each B-cell subset) may not be sufficient to see such
small differences. Unlike in humans, HCDR3 length was very similar among mouse B-cell
subsets (Fig. S2 and (60)) or between DNA-binding and DNA non-binding B cells (Fig. S3).
It may be that IgH gene features of mouse B cells and human B cells are distinct, and there
is little association, if any, between autoreactivity and long HCDR3, thus B cells that bear
BCR with long HCDR3 are not necessarily counter-selected during B-cell development in
mice. Consistent with this idea and our results, the HCDR3 length of VDJ rearrangements of
the V47183 family has actually been shown to increase during mouse B-cell development
(61). We conclude that, in mouse B cells, DNA reactivity is associated with the charge of
HCDR3 amino acids (62), but not HCDR3 length (Figs. 4 and S3).

Identification of self-reactive, persistent, CD93~IgM~/1°1gDNi splenic B cells in normal mice
demonstrates the utility of rapid determination of a BCR repertoire using Nojima cultures
(Figs. 2, 3, and 5). Consistent with a previous report (39), CD93* compartments (T3 and
CD93*IgM~"1°1gDNi B cells) were elevated for self-reactivity (as judged by DNA Avin), but
to our surprise, self-reactivity was also elevated in CD93~IgM~°IgD"i B cells (Figs 2 and
3), demonstrating that CD93 expression is not a hallmark of self-reactive compartments in
peripheral sites. Despite similar DNA-binding avidity, self-reactive, splenic B-cell
compartments differ in expressions of surface molecules, turnover rate, and in signaling
capacity in response to BCR stimulations (as judged by calcium flux); T3 and CD93*IgM
~lojgDhi B cells are short-lived and show least capacity to flux intracellular calcium, while
CD93"IgM~1°1gDNi B cells exhibit long-term persistence in spleen and moderately impaired
calcium responses (Figs. 5 and 6). Nojima cultures also revealed that in normal mice a minor
fraction (~5%) of MF B cells bore BCRs that bind DNA with high avidity (Figs. 2 and 3),
demonstrating that even B cells that avidly bind this autoantigen can mature. In the absence
of B-cell BAK and BAX, this high avidity, DNA-reactive population in the MF compartment
is enriched.

Our observations in polyclonal mice likely represent phenotypic heterogeneity of the self-
reactive, anergic B cells among different BCR-transgenic mouse models (13). In normal
mice, self-reactive B cells are heterogeneous in their specificity, avidity, surface molecule
expressions and lifespan, and they co-exist in peripheral lymphoid organs. Therefore, while
our strategy clearly demonstrates a utility to tracing self-reactive B cells, our results and
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conclusions based on tracing DNA-reactive B cells may not represent the fate of all classes
of self-reactive B cells. Further study is required to uncover the determinants that lead to
different surface phenotypes and persistence of self-reactive B cells.

That anergic B cells expanded equally to or greater than did MF B cells in spleen of
Cd19Cre* Bak™'~ Baxfl mice (Fig. 7) suggests that, in the absence of BAK and BAX,
anergic B cells are competent to compete with MF B cells for survival factors, such as BAFF
(47) perhaps by reducing their dependency on these factors (46). Interestingly, CD93~I1gM
~NlojgDhi B cells but not T3 B cells proportionally expanded in Cd29Cre* Bak™'~ Bax!fl mice
despite overall increase of cell numbers for both anergic B-cell compartments (Fig. 7). One
possibility is that CD93~IgM~1°1gDN B cells depend more on the control by apoptosis
mediated by BAK and BAX for their maintenance than T3 B cells do. In steady state, those
CD93 " IgM~"1°1gDNi B cells that escape from the apoptotic regulations likely acquire
persistence in spleen (Fig. 5). A non-mutually exclusive possibility is that a fraction of T3 B
cells, which otherwise would die, acquire a long half-life in the absence of BAK and BAX,
lose CD93 expression (39, 46), and enter into the CD93~IgM~/1°IgDM anergic B-cell
compartment. Comparable DNA-reactivity (both frequency and avidity) between T3 and
CD93"IgM~1°1gDNi B cells (Fig. 7) supports this possibility. Although the same scenario
could occur in mice sufficient for BAK and BAX, it appears infrequent because T3 B cells
that incorporated BrdU do not immediately transit to CD93~1gM~1°IgD"l anergic B cells in
wild type animals (Fig. 5).

It is of interest to discuss the similarities between mouse CD93~IgM~1°1gDNi anergic B cells
and human IgD*IgM~ (Bnp) cells (43). Human Byp cells are anergic cells that are present
in the peripheral blood of healthy subjects. Both mouse CD93~IgM~1°IgD"i anergic B cells
and human Byp cells are defined as IgM71°1gDN and negative for cell surface markers found
on developing B cells (CD93 and CD10 for mouse and human B cells, respectively). In
addition, these B cells represent 3-5% of human peripheral blood B cells (Byp) or mouse
splenic B cells (CD93~IgM~/1°1gDNi anergic) and are enriched for autoreactivity. We propose
that mouse CD93~IgM~1°1gD"i anergic B cells are an analogous population to human Byp
cells. Our findings will provide an opportunity to further examine these mature anergic B
cells in vivoas well as in vitro. Indeed, we found that mouse CD93~IgM~/1°1gDN anergic B
cells were persistent in the spleen by tracing BrdU incorporation.

Self-reactive B cells demonstrated in our study seem to remain silent at steady state, as B6
mice do not normally develop autoimmune symptoms or serum autoantibodies. It is,
however, possible that these self-reactive B cells can be activated through cognate help by
autoreactive T cells and produce mutated, high affinity autoantibodies. Indeed, these self-
reactive B cells are fully competent to proliferate, differentiate into plasmablasts/-cytes, and
secrete 1gG in cultures (Figs. 1 and 2). Longer persistency would raise the chance of
incidental exposures to ligands (self-antigens) and subsequent activation by cognate T cells.

What is the benefit of retaining so many self-reactive B cells in periphery over the risk of
developing pathogenic autoantibodies? We wish to suggest that purging the B-cell repertoire
of all reactivity is a poor evolutionary strategy. Deletion of all B cells that react with self-
epitopes would result in substantial “holes” in the antibody repertoire that could easily be
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exploited by microbial pathogens (22, 63-65). In contrast, self-reactive B-cell compartments
might be beneficial to immune protection by providing BCR repertoires that are normally
unavailable in non-self-reactive compartments (55, 65-67). While the association between
the Guillain-Barre syndrome and an infection with C. jejuni suggests a link between the
development of autoimmune diseases and the activation of self-reactive B cells with foreign
antigens (68), recent reports by Goodnow (69-71) and Meffre (72) suggest an alternative
fate of self-reactive B cells; in response to cross-reactive, foreign antigens, those self-
reactive B cells that increased an affinity to the foreign antigens but reduced an affinity to
self-antigens are selected during germinal center responses (71) and enter into memory
compartment (69-72). That impaired Ca?* responses in self-reactive B cells were rank-
ordered with CD93-IgM~°IgDNi B cells the least in the reduction, followed by T3 and then
the CD93* compartments suggests a possibility that anergy is tunable. It also suggests a
possibility that CD93~1gM~1°IgD"i B cells might have a capacity to respond to antigens that
may mimic self. Understanding the cellular and molecular mechanisms regulating stable,
autoreactive compartments and learning how to control these populations may have
substantial merit not only in the treatment or prevention of systemic autoimmunity (43), but
also in the development of effective vaccines that can activate forbidden B-cell repertoires to
elicit otherwise disfavored Ab responses to HIV-1 and influenza (55).
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Key points

Single-cell culture approach revealed B-cell tolerance checkpoints in normal
mice.

Self-reactivity is elevated in T3 and CD93" and CD93™ anergic B cells in
spleen.

Both the Lifespan and signaling capacity of BCR vary among self-reactive B
cells.
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Figure 1. Nojima culture efficiently supports proliferation of single B cells, differentiation into
1gG1* plasmacytes and IgG secretion

Single B cells were sorted from small pre-B (sPreB), immature/T1 (Imm/T1), mature
follicular (MF), transitional-3 (T3), and CD93* and CD93™ anergic B cells of B6 mice
(gatings are shown in Fig. S1), and then cultured in the presence of NB-21.2D9 feeder cells.
Live B-cell numbers (A), representative FACS profiles of surface IgG1 and IgE or CD138
expression on CD197 cells (B), and frequencies of IgG1* cells (C) and CD138*1gG1* cells
(D) in CD19* cells of indicated B-cell subsets after 8 days of Nojima cultures are shown.
Each symbol in (A, C, and D) represents individual wells (n = 12-24) and bars indicate
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geometric mean of the samples. n.s., P > 0.05; **, P < 0.01; ***, P < 0.001 determined by
Kruskal-Wallis test. Numbers within or close to gatings in each panel of (B) indicate the
frequency of cells within gatings.

J Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nojima et al.

Page 23

A Total IgG (all IgG* cultures) B DNA Avin (DNA-reactive cultures)
Hokok ook
n.s. 100 ook n.s.
101 i S
s i wos
: v- » >< _1 .-..... . 8;;- s‘fﬂ ;;if;;
= o g 107 MR e
> BY e o £ et ST S L A
= iy 2 P R I
o RH > eiagee o3 3 g Test
= 10° ks © —b— i L. i
g Ko < 102 A
+— :i_:!.’ ()] :';E::- . ;5. b ,E;:s
S R Sl oooo S
101 103
1 1 I 1 ] 1 L] 1 1 L] 1 1
A7) N x 05 > N .
& \ P £ & \ O P
IgM-/elgDM IgM-o|gDhi

Figure 2. DNA-reactive B cells with higher avidity are purged in bone marrow but enriched in
anergic B-cell compartments in the spleen of normal mice

Clonal 1gGs were obtained by Nojima cultures (9 days) of small pre-B (sPreB, n = 153),
immature/T1 (Imm/T1, n = 120), mature follicular (MF, n = 440), transitional-3 (T3, n =
447), and CD93* (n = 362) and CD93" (n = 499) anergic B cells from B6 mice.
Concentrations of total IgG (A) and DNA Avins (B) of each sample were determined by
ELISA. Distributions of total 19gG concentrations (A) and DNA Avins (B) are shown. (B)
DNA Avins were calculated by taking the ratio of concentrations of DNA-binding 1gG to
total 19G (detailed in Experimental procedures). Dotted line indicates DNA Avin (=0.0029)
of non-autoreactive mAb [H33Ly1; (32)] and therefore set as a cut-off for the determination
of DNA reactivity. DNA-reactive samples among all IgG* samples are shown. Each symbol
represents individual wells and bars indicate geometric mean of the samples. Combined data
from two independent experiments are shown. n.s., P > 0.05; *** P < 0.001 determined by
Kruskal-Wallis test.
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Figure 3. Distributions of the avidity of DNA-binding B cells
(A) DNA-binding samples in Fig. 2B were subdivided into 10 fractions (Frs.) by DNA Avln:

Fr. 1 (0-0.003), Fr. 2 (0.003-0.006), Fr. 3 (0.006-0.012), Fr. 4 (0.012-0.024), Fr. 5
(0.024-0.048), Fr. 6 (0.048-0.096), Fr. 7 (0.096-0.19), Fr. 8 (0.19-0.38), Fr. 9 (0.38-0.77),
and Fr. 10 (>0.77). Histograms represent percentage of the samples in indicated fractions
among total samples for each B-cell subset. Density curves were generated based on the
histograms, and then subdivided into 4 groups by Avin (I < Il < 11l < IV; separated by
vertical dotted lines). Numbers (Italicized) underneath the group numbers represent
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proportion of the indicated groups (% total). (B) Frequency of higher avidity, DNA-binding
samples (Frs. 6-10) among all DNA-binding samples are compared among pre-tolerance
(small pre-B, @; n = 4 mice), tolerized (immature/T1,0, n = 3; plus MF, 4, n = 4), and
tolerizing compartments (T3, v, n = 3; plus CD93*IgM~1°IgD"i @, n = 2; plus CD93~IgM
~MojgDhi 4 n =3). * P < 0.05 determined by Kruskal-Wallis test.
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Figure 4. Somatic genetics of DNA-reactive B cells
After Nojima cultures, VDJ rearrangements were amplified from cDNA samples of small

pre-B (n = 45), T3 (n = 49), MF (n = 47), and CD93~IgM~1°IgD* anergic B cells (n = 46).
Data were combined and then sorted based on DNA reactivity of the corresponding culture
supernatant IgGs (Table S1). (A) Number of positively charged amino acids (arginine,
histidine, and lysine) within HCDR3 region was compared between DNA reactive (n = 96)
and unreactive (n = 91) samples. Each symbol represents each sequence sample. Mean = SD
of samples is indicated. ***, P < 0.001 by Mann-Whitney’s Utest. (B) Frequency
distributions of the number of positively amino acids within HCDR3 of DNA-reactive
(closed bars) and unreactive (open bars) samples described in A are shown.
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Figure 5. CD93-IgM"'°IgDhi B cells are persistent in spleen
Turnover of B-cell subsets in spleen was compared by BrdU incorporation. B6 mice were

fed BrdU in drinking water for up to 2 weeks, and BrdU incorporation in each B-cell subset
was determined by flow cytometry. (A) Representative flow diagrams for BrdU labeling in
indicated B-cell subsets are shown. Background for BrdU labeling (shaded histograms) was
determined for each B-cell subset by labeling splenic B-cell compartments from untreated
mice. Numbers in each flow diagram indicate percentage of BrdU* cells. (B) Kinetics of the
BrdU™ cells (% total) is shown. Data represent average + SD (n = 5); T1/T2 (open squares),
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T3 (filled triangles), CD93* (filled reverse triangles) and CD93~ anergic (AN) B cells (filled
diamonds), and MF B cells (filled squares). Statistical significance was determined using
Turkey’s multiple comparison test in a mixed effects model with Geisser-Greenhouse
correction. ***, P < 0.001. No statistical significance was observed among T1/T2, T3, and
CD93*IgM~"1°1gDN B cells or between MF and CD93~IgM~/1°IgDN B cells.
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Figure 6. Transient and persistent self-reactive B cells show different degree of impaired calcium
responses in response to BCR activation

Analysis of intracellular calcium concentrations in B-cell subsets after stimulation with anti-
kappa. (A) To mitigate impact of surface IgM and IgD labeling on the calcium responses, we
sampled MF B cells (B220NCD93~CD23*) that express intermediate levels of surface IlgM
from the staining panel without IgM (left). T3 (B220'°CD93*1gM~/1°CD23*), and CD93*
and CD93" anergic (B220*IgM~1°CD23*) B cells were sampled from staining panel with
anti-lgM (middle). Side staining for IgD (right) revealed that MF, T3, and CD93* and
CD93™ anergic B cells defined above contained IgD* cells at 99%, 90%, 88%, and 96%,
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respectively (data not shown). (B) Representative kinetic graph of average MFI ratio (396
nm/496 nm) for MF (red), T3 (blue), and CD93* (orange) and CD93™ (green) anergic B
cells. Anti-kappa was added to each sample at 30 s. Similar results were obtained from two
independent experiments.
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Figure 7. CD93'IgM‘”°IgDhi B cells overrepresented in BAK/BAX deficient mice
Frequency and number of B-cell subsets in spleens of B6 (n = 4), Bak™~Bax/fl (n = 4), and

Cd19Cre* Bak'=- BAXM mice (n = 7) were compared. (A) Representative flow diagrams of
B220 and CD93 expressions on total splenocytes (top panels), IgM and CD23 expressions
on B220*CD93" developing B cells (middle panels), and IgM and IgD expressions on
B220*CD93~ mature B-cell compartment (bottom panels). Numbers in each panel indicate
frequencies of cells in each quadrant or box. (B) Numbers of indicated B-cell subset were
normalized to number of T1 B cells in individual mice. Each symbol represents individual
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mouse; horizontal bars indicate geometric mean. Combined data from 4 independent
experiments are shown. (C) Distributions of DNA Avlins are shown for DNA-reactive,
culture supernatant 1gGs after Nojima cultures of B6 MF (n = 208) and MF (n=91), T3 (n =
71), and CD93~IgM~1°1gD"i anergic (AN) B cells (n = 75) from Cd19Cre* Bak™'~ BAX/
mice. Dotted line indicates a cut-off for the determination of DNA reactivity (see also legend
of Fig. 2B). Each symbol represents individual wells and bars indicate geometric mean of
the samples. (B and C) n.s., not significant (P > 0.05); *, P < 0.05; ***, P < 0.001 by
Kruskal-Wallis test.
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Table 1.

Cloning efficiency and DNA reactivity of B-cell subsets after Nojima cultures”

Mouse strain  B-celltype  Np, Exps.2 Cloning ef‘ficiency3 Freq. DNA-binding4

Small pre-B 6 (5) 23 (¢4.1) 22 (+9.9)
Immature/T1 6 (4) 56 (+9.6) 20 (+4.8)

MF 8 (5) 80 (+4.4) 21 (+4.2)

B0 T3 2(2) 61 (+2.1) 25 (+9.5)
CD93* anergic 2(2) 51 (x2.2) 22 (¥3.1)

CD93" anergic 2(2) 68 (+6.4) 22 (x1.2)

1. . - . . .
"Single B cells were sorted from small pre-B, immature/T1 B, MF B, T3 B, and cD93* and CD93 anergic B cells of B6 mice, and cultured in
the presence of NB-21.2D9 feeder cells for 9 days. After culture, culture supernatants were harvested for ELISA determinations.

For each B-cell subset, number of experiments for the determination of cloning efficiency (DNA reactivity) is shown. We determined DNA
reactivity from most (77%; 20/26) but not all Nojima cultures.

Cloning efficiency represents frequency of IgG™ samples as a percentage of the number of samples screened. Mean values (+SD) are shown.

4"F0r each B-cell subset, frequency of DNA-binding IgG™* samples is shown as a percentage of the number of total IgG*+ samples. Mean values
(+SD) are shown.
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Table 2.

Number of splenic B cells in B6, Bak~Baxfl and Cd19Cre* Bak™'~ Bax ! mice’

Cell populations (x10%) B6 Bak’Bax"f  Cd19Cre*Bak~-Baxfl
Total Splenocytes 96 (122)2 120 (+23) 280 (i97)3 **
B220*CD93* compartment
IgM~°CD23~ 0.24 (0.14) 0.4 (x0.15) 1.5 (+0.69)
T1 13(209) 1.8 (£0.66) 2.6 (£1.43)
T2 0.76 (+0.51) 1.4 (+0.81) 1.9 (x0.93) *
T3 0.19 (#0.10)  0.31(x0.23) 0.78 (x0.54) *
B220*CD93~ compartment
MF 38 (£9.2) 48 (+10) 86 (30)
Mz 26(x0.32)  1.0(+0.69) 0.12 (+0.06)
IgM~°1gD"i anergic 1.8 (+0.94) 2.9 (x1.3) 19 (x12) ™
IgM~IgD~ switched 0.86 (x0.38) 1.0 (+0.28) 20 (23.2) ™

J’Absolute cell numbers of indicated B-cell subsets in spleens of B6 (n = 4), Bak™!~ Baxflfl (n=4),and caz9cre* Bak!~ Baxffl mice (n=7)
are shown.

Z’.Mean values (£SD) are shown.

3"*; P <0.05; **, P < 0.01 compared with B6 control. Statistical significance was obtained by Mann-Whitney’s Utest.
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