Article

Dual-reactive B cells are autoreactive and
highly enriched in the plasmablast and
memory B cell subsets of autoimmune mice

Emilie M. Fournier, Maria-Gabriela Velez, Katelyn Leahy, Cristina L. Swanson,
Anatoly V. Rubtsov, Raul M. Torres, and Roberta Pelanda
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Rare dual-reactive B cells expressing two types of Ig light or heavy chains have been shown
to participate in immune responses and differentiate into IgG* cells in healthy mice. These
cells are generated more often in autoreactive mice, leading us to hypothesize they might
be relevant in autoimmunity. Using mice bearing Igk allotypic markers and a wild-type Ig
repertoire, we demonstrate that the generation of dual-k B cells increases with age and
disease progression in autoimmune-prone MRL and MRL/Ipr mice. These dual-reactive cells
express markers of activation and are more frequently autoreactive than single-reactive

B cells. Moreover, dual-k B cells represent up to half of plasmablasts and memory B cells
in autoimmune mice, whereas they remain infrequent in healthy mice. Differentiation of
dual-k B cells into plasmablasts is driven by MRL genes, whereas the maintenance of IgG*
cells is partly dependent on Fas inactivation. Furthermore, dual-k B cells that differentiate
into plasmablasts retain the capacity to secrete autoantibodies. Overall, our study indicates
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that dual-reactive B cells significantly contribute to the plasmablast and memory B cell
populations of autoimmune-prone mice suggesting a role in autoimmunity.

While developing in the BM, B cells undergo
stochastic rearrangement of Ig heavy (IgH) and
Ig light (IgL) chainV(D)] gene segments result-
ing in the random expression of Ig H and L
(k and N) chains in the emerging B cell pop-
ulation (Schlissel, 2003; Nemazee, 20006).
DuringV (D)] recombination, allelic and isotypic
exclusion at the Ig loci are also established,
leading to the expression of a unique H and L
chain pair and, therefore, of BCRs with unique
specificity in each B cell (Langman and Cohn,
2002; Nemazee, 2006; Vettermann and Schlissel,
2010). These mechanisms ensure that devel-
oping B cells expressing BCRs reactive with
self-antigens (i.e., autoreactive B cells) undergo
tolerance induction, whereas those expressing
BCRs specific for a foreign antigen or a pe-
ripheral self-antigen proceed in differentiation
and selection into the periphery (Burnet, 1959).
Autoreactive B cells are silenced by central tol-
erance in the BM via receptor editing and, less
frequently, clonal deletion (Halverson et al., 2004;
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Ait-Azzouzene et al., 2005), whereas periph-
eral B cell tolerance proceeds via anergy and
clonal deletion (Goodnow et al., 2005; Pelanda
and Torres, 2006, 2012; Shlomchik, 2008). Despite
these tolerance mechanisms, small numbers of
autoreactive B cells are detected in peripheral tis-
sues of healthy mice and humans (Grandien et al.,
1994; Wardemann et al., 2003) and their num-
bers are increased in autoimmunity (Andrews
et al., 1978;Izui et al., 1984; Warren et al., 1984;
Samuels et al., 2005;Yurasov et al., 2005, 2006;
Liang et al., 2009).

A small population of dual-reactive B cells
expressing two types of L chains (or more rarely
H chains) has been observed both in mice and
humans (Nossal and Makela, 1962; Pauza et al.,
1993; Giachino et al., 1995; Gerdes and Wabl,
2004; Rezanka et al., 2005; Casellas et al., 2007;
Velez et al., 2007; Kalinina et al., 2011). These
allelically and isotypically (overall haplotype)
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Figure 1. Frequency of dual-k B cells increases with age in MRL/lpr
mice. (A) Serum IgG titers of anti-chromatin antibodies in MRL/[pr-Igk™h
(squares, left), CB17-Igk™" (circles, left), and MRL-Igk™" (triangles, right).
Mice were bled at the age indicated on the x-axis and sera tested for the
presence of 1gG anti-chromatin antibodies by ELISA. The serum antibody
titer is defined as the dilution corresponding to an 0D, of 1. Each symbol
represents an individual mouse, and females and males of
MRL/lpr-lgk™h and MRL-Igk™" mice are identified by open and closed sym-
bols, respectively. Sera were collected and frozen on different days and then
analyzed together on the same day by ELISA to reduce intra-experimental
variability. Data represent a total of n = 6 mice per group, analyzed in at
least two independent experiments. n.d., not detected. (B) Spleen cells from
20-wk-old MRL/lpr-Igk™" and CB17-Igk™" mice (m/h) were analyzed by
flow cytometry to detect and quantify dual-k B cells. In parallel, mixtures
of wild-type /gk™m and homozygous Igk"" mice (m+h) were analyzed to
control for the presence of false dual-k cell events. Zebra plots represent
live single B220*Igk* gated B cells. Numbers are percentages of cells within
each gate. This analysis is representative of at least three independent
experiments. (C) Bar graphs represent mean frequencies + SD (left) within
the total B cell population and mean absolute numbers + SD (right) of
dual-k B cells in the spleen of MRL/Jpr-Igk™" (black bars) and CB17-/gk™"
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included B cells are <5% of all peripheral B cells in normal mice
(Barreto and Cumano, 2000; Rezanka et al., 2005; Casellas et al.,
2007; Velez et al., 2007), but they are more frequent in Ig
knockin mice in which newly generated B cells are autoreac-
tive and actively undergo receptor editing (Li et al., 2002a,b;
Liu et al., 2005; Huang et al., 2006; Casellas et al., 2007). B cells
that coexpress autoreactive and nonautoreactive antibodies
can escape at least some of the mechanisms of central and
peripheral B cell tolerance and be selected into the mature
peripheral B cell population (Kenny et al., 2000; Li et al.,
2002a,b; Gerdes and Wabl, 2004; Liu et al., 2005; Huang et al.,
2006), sometimes with a preference for the marginal zone
(MZ) B cell subset (Li et al., 2002b).

Furthermore, dual-reactive B cells observed within a nor-
mal polyclonal Ig repertoire exhibit characteristics of cells that
develop through the receptor editing process, including de-
layed kinetics of differentiation and more frequent binding
to self-antigens (Casellas et al., 2007). Hence, dual-reactive
B cells might play a role in autoantibody generation and auto-
immunity. However, the contribution of these B cells to auto-
immunity has not yet been established. Our hypothesis is that
haplotype-included autoreactive B cells are positively selected
within the context of genetic backgrounds that manifest defects
in immunological tolerance and contribute to the develop-
ment of autoimmunity.

Until recently, the analysis of dual-reactive B cells was im-
paired by the inability to detect dual-k cells, which are the most
frequent among haplotype-included B cells (Casellas et al., 2007;
Velez et al., 2007). To overcome this issue, we took advantage
of Igk" mice that bear a gene-targeted human Ig Ck allele in the
context of a wild-type Ig repertoire (Casellas et al., 2001) and
crossed these to MRL-Fas?/#" (MRL/Ipf) and MRL mice that
develop an autoimmune pathology with characteristics simi-
lar to human lupus (Izui et al., 1984; Rordorf-Adam et al., 1985;
Theofilopoulos and Dixon, 1985; Cohen and Eisenberg, 1991;
Watanabe-Fukunaga et al., 1992). MRL/Ipr mice, moreover,
display defects in receptor editing (Li et al., 2002a; Lamoureux
et al., 2007; Panigrahi et al., 2008) and reduced tolerance in-
duction (Li et al., 2002a), which could potentially contribute
to higher frequency of haplotype-included autoreactive B cells.

We found that the frequency of dual-k cells increased
with age and progression of disease in autoimmune-prone
mice and independent of the expression of Fas. Dual-k B cells
exhibited higher prevalence of autoreactivity than single-k
B cells and were frequently selected into the antigen-activated
cell subsets in MRL/Ipr and MRL mice where up to half of

(white bars) mice at 6, 10, 18, and >18 wk of age. Data are from at least
three independent experiments with a total combined of n = 5-10 mice
per each age group. ***, P < 0.0001. N.S,, not significant. (D) Representative
histological analyses of lgk* B cells in a MRL/|pr-Igk™" mouse. LN sections
were stained for mCk (red) and hCk (green). Middle and right panels show
staining for only hCk and mCk, respectively. White arrowheads indicate
representative dual-k B cells, whereas green and red arrowheads point to
representative single-k B cells in the sections. Bars, 50 pm. Histological
analyses were performed over at least three independent experiments

on sections from three individual MRL/lpr-Igk™" mice.
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the plasmablasts and memory B cells were dual-k B cells.
Moreover, disruption of Fas expression appeared to mediate
increased survival of dual-reactive memory B cells. Overall,
these data indicate that dual-reactive B cells significantly con-
tribute to the plasmablast and memory B cell populations of

autoimmune-prone mice suggesting a role in the develop-
ment of autoimmunity.

RESULTS

Dual-k B cells accumulate with age

and autoantibodies in MRL/Ipr-Igk™" mice

To study the fate of dual-reactive B cells in autoimmune-
prone mice with a polyclonal antibody repertoire and as-
sess the contribution of these cells to the development of
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Mature (white bars) mice at 6, 10, 18, and >18 wk

of age. Data are from at least three inde-
pendent experiments, with a total com-
bined of n = 5-10 mice per age group.
P <0001, P<001;* P<0.05. NS,
not significant. (E) Bar graphs represent
mean frequencies + SD of dual-k B cells

in the T2 (CD24"9hCD23+*IgMnis) and T3
(CD24M9"CD23+IgM"*¥) transitional cell sub-
sets in the spleen of MRL/|pr-lgk™" (black
bars) and CB17-Igk™" (white bars) mice at
14-15 wk of age. Data are from two inde-
pendent experiments, with a total combined
of n =4 mice per group. ™, P < 0.001;

* P <0.05. NS, not significant.
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disease, we backcrossed nonautoim-

mune CB17-Igk™" mice (Casellas

et al.,2001;Velez et al., 2007) to auto-

immune-prone MRL/Ipr mice to

generate MR/ Ipr-Igk""* mice. Because

of the presence of the Igk allele,

B cells of MRL/lpr-Igk"" mice that

coexpress two K chains can be identi-

fied by the simultaneous expression

of mouse and human Ck regions.

Upon observing MRL/lpr-Igk""* mice of different age and de-

termining titers of IgG anti-chromatin autoantibodies (Fig. 1 A,

left), we established four age groups of study: 6, 10, 18, and

>18 wk. 6-wk-old mice had low titers of anti-chromatin auto-

antibodies with no other manifestations of disease, 10-wk-old

mice had increased autoantibodies and also palpable enlarged

axillary LNs, 18-wk-old mice developed dermatitis and visible

engrossed inguinal and axillary LNs, and older mice displayed

the highest autoantibody titers, skin necrosis, severe lymph-

adenopathy, and weight loss (Fig. 1 A and not depicted). The

study groups incorporated mice of both sexes as no signifi-
cant gender differences were observed (Fig. 1 A).

To determine whether a positive correlation exists be-

tween dual-reactive B cells and autoimmunity, we measured
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the frequency of dual-k and dual-k/\ (dual-L chain) B cells in
the spleen of autoimmune-prone (MRL/Ipr-Igk”’") and healthy
control (CB17-Igk" mice stratified by age. In our analyses,
the percentage of dual-k/\ cells in MRL/ Ipr-Igk"’" mice was
too low to be measured reliably (unpublished data). In con-
trast, a clear dual-k (mCk*hCk™) B cell population was visible
in CB17-Igk"™ and MRL/lpr-Igk"”" mice and not in control
cell mixtures (Fig. 1 B; Velez et al., 2007). We found that both
frequency and absolute numbers of dual-k spleen B cells were
significantly higher in MRL/Ipr-Igk"" mice compared with
CB17-Igk™™ mice starting at 10 wk of age and increasing
with age and autoantibody titers (Fig. 1,A and C).Although an
increase in the absolute numbers of dual-k B cells in MRL/ lpr
mice is not particularly surprising given that the Fas?" muta-
tion drives lymphoid expansion as a result of defects in apop-
tosis (Watanabe-Fukunaga et al., 1992), increased frequency of
B cells that express two k chains indicates a preferential expan-
sion of the dual-k B cell population relative to the single-k
population in autoimmune mice. The presence of dual-k
B cells in autoimmune mice was also supported by microscopic
analyses of lymphoid tissue sections. Fluorescent microscopy
of MRL/Ipr-Igk"™" tissue sections detected cells coexpressing
mouse and human k constant regions within follicles (Fig. 1 D).
Dual-k B cells were not observed in sections from homozy-
gous Igk"" or Igk"™ mice and were much rarer in sections
from CB17-Igk"" mice (unpublished data). These results in-
dicate that the frequency of dual-k B cells increases in auto-
immune-prone mice with disease progression.

Generation and positive selection of dual-k B cells are
augmented in autoimmune-prone MRL//pr mice with age
To determine whether the increased frequency of dual-k
B cells in autoimmune mice was caused by a greater genera-
tion at the immature cell stage, or by expansion and/or main-
tenance at later cell developmental stages, we analyzed the
frequency of dual-k B cells in immature, transitional, and ma-
ture B cell populations in BM and spleen of MRL/ Ipr-Igk"/"
and CB17-Igk"’" mice gated as shown in Fig. 2 (A and B).
MRL/ Ipr-Igk"" mice 18 wk of age and older exhibited a
sharp increase in dual-k B cells at every stage of B cell devel-
opment examined compared with CB17 mice (Fig. 2, C and D).
The frequency of dual-k cells in older MRL/Ipr-Igk”’" mice
significantly decreased between the late transitional (T2-like
and T2/T3) and the mature B cell stages both in BM and
spleen (Fig. 2, C and D), suggesting the presence of active
checkpoints of negative selection. However, the percentage
of dual-k B cells in the mature B cell population of MRL/
Ipr-Igk™"" mice was still significantly higher than thatin CB17-
Igk™" mice, suggesting a selection advantage of these cells
mediated by the autoimmune genetic background.
Transitional T3 B cells are considered anergic B cells that
are arrested in development (Merrell et al., 2006). To clarify
whether dual-k B cells accumulate in this fraction, we per-
formed additional flow cytometric analyses to resolve the T2
and T3 subsets. As shown in Fig. 2 E, dual-k B cells were
equally distributed in T2 and T3 fractions in MRL/Ipr-Igk"’"
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Figure 3. Dual-k B cells display faster kinetics of differentiation
in autoimmune-prone mice. (A and B) CB17-/gk™" mice (20 wk of age)
and MRL/lpr-Igk™" mice (14-18 wk of age) were injected with BrdU at
0and 12 h and analyzed 6, 12, or 24 h after the first injection to determine
kinetics of BrdU labeling of immature and transitional BM B cells gated as
in Fig. 2 A. Graphs represent the percentage of BrdU* cells in dual-k
(closed symbols, solid line) and single-k (open symbols, dashed line) cells
in the indicated B cell subsets of individual CB17-/gk™" and MRL//pr-Igk™"
mice. Data for the MRL/Ipr-1gk™" mice were also stratified by the age
of the animals: 14 wk (triangles), 15 wk (squares), and 18 wk (circles).
Each symbol represents an individual mouse and lines are mean values.
Data are from two independent experiments, with a total combined of
n = 3-6 mice per strain and for each time point.

mice, suggesting that half of these late transitional B cells
might be anergic and unable to enter the mature B cell pool.

Overall, these data indicate that MRL/Ipr mice produce
larger amounts of immature dual-k B cells, which likely con-
tributes to an increased frequency of dual-k mature B cells in
autoimmune mice. However, most of the newly generated
dual-k B cells appear to be negatively selected during the dif-
ferentiation into transitional, mature follicular (FO), and recir-
culating B cell stages.

Dual-k B cells display faster kinetics of differentiation
during development in MRL/Ipr mice

We next examined the rate at which newly generated dual-k
B cells in MRL/Ipr mice transit through the central selection
checkpoints. For this analysis, we treated 14-18-wk-old
CB17-Igk"" and MRL/ Ipr-Igk"’" mice with BrdU and mea-
sured the kinetics of BrdU incorporation over 24 h in devel-
oping single and dual-k B cells in the BM using an established
method (Casellas et al., 2001, 2007; Hippen et al., 2005).
As previously shown, the emergence of dual-k cells in the
immature B cell population of healthy CB17-Igk”/" mice was
delayed relative to that of single-k B cells (Fig. 3 A). In con-
trast, dual-k B cells of lupus-prone MRL/Ipr-Igk"’" mice

Dual-reactive B cells in autoimmunity | Fournier et al.
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Figure 4. Dual-k B cells are enriched in the MZ B cell subset and
their increased production is mediated by the MRL genetic background.
(A) Representative flow cytometric analysis of CD21+CD1d"eh MZ B cells in
MRL/lpr-Igk™h and CB17-Igk™" mice. Numbers indicate frequencies of MZ

B cells in live single B220*Igk* gated cells. This analysis is representative of

at least three independent experiments. (B and C) Bar graphs represent mean
frequency + SD (B) and mean absolute numbers + SD (C) of dual-k B cells in
MZ and FO B cell subsets gated as in Fig. 2 B and Fig. 4 A in the spleen of
MRL/lpr-lgk™" (olack bars) and CB17-Igk™" (white bars) mice at 6, 10, 18, and
>18 wk of age. Data are from at least three independent experiments, with a
total combined of n = 4-10 mice per each age group. (D) Bar graph shows the
mean frequency + SD of dual-k B cells in immature, transitional T1, transi-
tional T2+T3, FO, and MZ B cells gated as in Fig. 2 (A and B) and Fig. 4 A in the
spleen of MRL/Jpr-Igk™" (black bars), MRL-/gk™" (gray bars), and CB17-Igk™"
(white bars) mice at 20-30 wk of age. Data are from at least three indepen-
dent experiments with a total combined of n = 6-10 mice per group.

** P<0.001;™ P<001;% P<005. NS, not significant.
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emerged in the immature B cell population before single-k
cells (Fig. 3 B), indicating an accelerated differentiation path-
way from the preceding pre—B cell developmental stage.
Moreover, this observation was independent of the age of
the mice (Fig. 3 B). Higher kinetics of BrdU incorporation in
dual-k cells of autoimmune mice were also observed at the
transitional B cell stages (Fig. 3 B). Surprisingly, the frequency
of BrdU" dual-k B cells in the T1-like and T2-like B cell
populations exceeded that in the immature B cell population,
suggesting the presence of cell proliferation at the transitional
cell stage. Overall, these data indicate that in contrast to healthy
mice, dual-k B cells in autoimmune-prone mice display faster
kinetics of differentiation and/or increased cell proliferation
relative to single-k B cells.

Dual-k B cells largely accumulate in the MZ B cell
population in MRL/Ipr mice

Dual-k and k/N B cells have been shown to accumulate in
the MZ B cell population of healthy mice (Li et al., 2002b;
Casellas et al., 2007) although k/N anti-DNA B cells were
found to be reduced in that of autoimmune MRL/Ipr mice
(Li et al., 2002a). We found that in a wild-type Ig repertoire,
the frequency of MZ dual-k B cells (gated as in Fig. 4 A) was
significantly higher than that of FO B cells in both MRL/
Ipr-Igk™" and CB17-Igk"”" mice older than 10 wk (Fig. 4 B).
Moreover, consistent with differences observed in other B cell
subsets, the frequency of dual-k MZ B cells increased with
age in MRL/Ipr-Igk™’" mice and was significantly higher than
that of CB17-Igk™’" mice (Fig. 4 B). In autoimmune mice
older than 18 wk, dual-k B cells were threefold more fre-
quent in the MZ than in the FO B cell subset (Fig. 4 B) re-
sulting in similar absolute cell numbers (Fig. 4 C). These data
indicate that dual-k B cells preferentially differentiate into
MZ B cells in MRL/Ipr autoimmune mice.

The MRL genetic background drives increased generation
and selection of dual-k B cells

The phenotype of MRL/Ipr mice results from the contri-
bution of both the MRL genetic background and the homo-
zygous Fas? mutation (Izui et al., 1984; Warren et al., 1984;
Rordorf~Adam et al., 1985; Watanabe-Fukunaga et al., 1992;
Ratkay et al., 1994; Nose et al., 1996, Kamogawa et al., 2002).
To determine which of these genetic components is responsible
for the increased generation of dual-k B cells, we generated
MRL-Fas®*-Igk"/" mice (referred to as MRL-Igk""") that bear
a wild-type Fas allele. These mice develop IgG anti-chromatin
antibodies but, as expected, the kinetics of autoantibody ap-
pearance were delayed when compared with that of homozy-
gous Fas/" animals (Fig. 1 A). Similar to Fas-deficient mice,
the frequency of dual-k B cells in Fas-sufficient MRL-[gk"""
mice was significantly higher than that of CB17-Igk"" mice in
each of the B cell subsets examined and was only slightly lower
in the immature and MZ B cell subsets relative to Fas-deficient
MRL/Ipr mice (Fig. 4 D). These data indicate that the MRL
genetic background by itself drives increased generation of
immature and mature dual-k B cells.
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Table 1. Generation of LPS-induced B cell hybridomas from
MRL/lpr-Igk™" and CB17-Igk™" mice

Hybridomas CB17-Igkmn MRL/lpr-Igkm"
n n®

Dual-x 73 36

Dual-k/\ 4 26

Total tested 2,288 873

2Hybridomas were obtained from six independent fusions of LPS-treated spleen
cells from male and female CB17-/gk™" mice of 6-10 wk of age.

Hybridomas were from one fusion of LPS-treated spleen and LN cells from one
20-wk-old MRL//pr-Igk™h male.

Expression of autoantibodies is more frequent

in dual-k than in single-k B cell hybridomas

To determine whether dual-L chain B cells express auto-
antibodies at higher frequency than single—L chain B cells, we
generated a panel of LPS-induced B cell hybridomas from

considered it to represent the naive B cell population. Among
these hybridomas we found several that coexpressed two
L chains (Table 1). Approximately 20-50 single- and dual-k
hybridomas from each mouse strain were randomly selected
to further analyze their self-reactivity toward HEp-2 antigens,
chromatin, and Smith antigen. Clones were considered auto-
reactive when their reactivity toward self-antigen was three
times above the SD of the negative control signal (Fig. 5 A).
We found that dual-k hybridomas were autoreactive more
frequently (two- to threefold) than single-k hybridomas for
both MRL/Ipr-Igk"" and CB17-Igk"’" strains (Table 2) and in
accordance with a previous analysis in healthy mice (Casellas
et al., 2007). Not surprisingly, the overall frequency of auto-
reactive hybridomas from MRL/Ipr-Igk"’" mice was greater
than that of hybridomas from CB17-Igk"/" mice (Table 2).

To establish whether dual-L chain autoreactive B cell clones
are also represented in the in vivo activated B cell population
of MRL/Ipr mice, we generated 816 spontaneous B cell hy-
bridomas from

the spleen of MRL/Ipr-Igk"" and CB17-Igk"’" mice and  nonmanipulated  Figure 5. Dual-k B cells secrete autoantibod-
ies. (A) Autoreactivity of supernatants from selected
A ChiG At Smith HEp-2 .duaI—K (black bars) and sjngle—K (white bars) LPS-
45 0.201 51 induced IgM* B cell hybridomas. Supernatants were
neg. control . . . .
=3 - - — testled for r;act\wty against chromatm (left), Srmth
203 E@ 0.15 S 201 Osingle-k antigen (middle), and HEp-2 cells (right). Anti-
% g % :é § chromatin and anti-Smith ODs at 405 nm were
R .. SR £ 1.51 normalized for total IgM as described in Materials
O"g D‘fé % ~ and methods. In both assays, the supernatant of a
oS ov = 3-83-IgM-secreting B cell clone (specific for MHC |
= 0.1 = 0.05 205 H-2Kok: Ozato et al., 1980) was used as negative
s J:IDJ:I g - Dﬂ control (gray bars, representing mean OD and SD,
0 0 0- n = 14). Reactivity of supernatants with Hep-2 cells

39885-)%5685 22885%896 was measured by indirect immunofluorescence as
m? :: 3 ,q_)ffcm}l @ ;ngj Sg; described in Materials and methods. The superna-
2 tant of a B1-8-lgM-secreting B cell clone (specific
B 85 Chromatin 60.Smith .04 HEp-2 for NP; Reth et al., 1978) was used as negative con-
260 £ - i e i T cter ooty n e sy vt
_lgk™h = = c 0. = 14).
M1R4La;;re:(gskm %40 %40 E - Disingle-x set to three times the SD of.the neggtive control, as
0 a>)20 % represented by the dashed line. Hybridomas were
20 B 5,0.1 classified as autoreactive when their supernatant
e Q ‘GE) generated signals above the dashed line. This analy-
0 . 0 — = o sis is representative of 14 independent experiments
TLR7 Medium TLR7Medium TLR7 Medium with a total combined of n= 151 hybridomas
5 25 20 ,;‘0'4 tested (see Table 2). (B) Dual-k and single-k
=20 32 15 %0.3 B220+CD19+*CD11b~ B cells were sorted from mix-
MRL/lpr-Igk™ D15 1) € tures of spleen and LN cells isolated from three
17 weeks E) 10 %10 502 MRL/lpr-Igkm" mice of 14 (top), 17 (middle), and 29
g % 5 §0.1 (oottom) weeks of age, respectively, and cultured in
o ° © E)’ equal numbers for 7 d with or without a TLR7 ago-
0 £ olmml nist. Graphs represent the titers of anti-chromatin
TLR7 Medium  TLR7 Medium TLR7 Medium and anti-Smith 1gG (left and middle) and the inte-
_25 _ 60 204 grated intensity for HEp-2 reactivity (right) obtained
.g 20 :*g %o.a with supernatants collected from dual-k (black
MRL/lpr-Igk™ S5 @40 € bars) and single-k (white bars) cell cultures. The
29 weeks r 1 r 3 0.2 analysis of the 14-wk-old mouse cells is representa-
-(% -% 20 © 01 tive of two independent analyses. The analysis of
° 5 °© E)’ the 17 and 29-wk-old mice was performed once,
0 0 £o0 but the sample of the 29-wk-old mouse was inde-
TLR7Medium TLR7 Medium TLR7 Medium pendently tested two times with similar results.
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Table 2. Analysis of autoreactivity of LPS-induced B cell
hybridomas from CB17-/gk™" and MRL/lpr-Igk™" mice
Self-reactivity MRL/lpr CB17

K/K K K[k K
Chromatin 38% 11% 30% 12%
Smith 19% 19% 21% 12%
Hep2 38% 27% 51% 18%
Overall Autoreactive 72% 46% 60% 33%
Total tested 21 34 47 49

These hybridomas were randomly selected among those described in Table 1. All
hybridoma were IgM except two that were IgG.

spleen and LN cells of three individual MRL/Ipr-Igk"’"
mice and screened them for the expression of mk, hk, and
A by flow cytometry and ELISA. Surprisingly, ~80% of all
hybridomas from all three mice represented an identical
dual-k/N B cell clone bearing germline I7;7-3-Dy1-1-],2,
V6-17-J4, and VA 1-JA1 genes and expressing IgM anti-
bodies reactive to Smith antigen (Table 3 and not depicted).
Given that k/\ cells are rare in MRL/ Ipr-Igk"/" mice, the
frequent representation of this clone suggests that these
Smith-reactive IgM™ B cells were highly prone to fuse with
the myeloma cell line. In addition to the k/N\ clone, we
identified an LN-derived dual-k clone bearing somatically
mutated 1Vy1-7-Dp2-3-J;3 and 1/,12-46-],1 genes and a
germline encoded V/,2-137-],4 gene and expressing IgG
antibodies reacting with chromatin (Table 3). Overall, re-
sults from the hybridoma analyses indicate that the popu-
lation of dual-k B cells comprises a higher frequency of
autoreactive clones than that of single-k B cells in both auto-
immune and nonautoimmune mice, and that dual-L chain
autoreactive B cells can be selected into the in vivo—activated
cell pool of MRL/Ipr mice.

Article

MRL/Ipr dual-k B cells secrete IgG autoantibodies

in response to TLR7 stimulation

To determine the propensity of dual-k B cells to generate
IgG switched autoantibodies relative to single-k B cells,
we sorted single- and dual-k B220*CD19" B cells (and
excluding the CD11b" cell subset; Rubtsov et al., 2011)
from MRL/ Ipr-Igk"" mice of 14,17,and 29 wk of age. Sorted
cells were cultured with and without TLR7 stimulation,
and their supernatant was analyzed for reactivity against
chromatin, Smith, and HEp-2. The production of IgG auto-
antibodies was increased upon TLR7 stimulation of both
single- and dual-k B cells but was significantly higher in
dual-k B cells in all mice analyzed and, therefore, irrespective of
age (Fig. 5 B). These data indicate that dual-k B cells have a
higher propensity to generate IgG autoantibodies than
single-k B cells in MRL/Ipr mice at both early and late
stages of disease.

Dual-k B cells are highly selected into the plasmablast

and memory B cell populations in MRL/Ipr mice

where they are partly regulated by Fas

Upon appropriate stimulation, B cells undergo blast forma-
tion and proliferation. A fraction of these activated B cells
differentiate into plasmablasts, which are proliferating anti-
body-secreting cells with cell surface markers similar to those
of plasma cells (PCs) but that retain detectable levels of sur-
face Ig (Calame, 2001; William et al., 2005; Oracki et al.,
2010). Activated B cells can also differentiate into strictly
antibody-secreting PCs, but rheumatoid factor—producing
B cells have been shown to differentiate mostly into plasma-
blasts in MRL/Ipr mice (William et al., 2005).

To determine the ability of dual-k B cells to differentiate
into plasmablasts and PCs, we analyzed spleen and LN cells for
the expression of B220, CD138, and CD44 together with sur-
face and/or cytoplasmic Igk and defined three stages of differ-
entiation (Fig. 6 A): early plasmablast (B220"CD 138" CD44hish

Table 3. Dual L-chain spontaneous hybridomas from MRL//pr-Igk™" mice
Hybridoma Isot.  React. H chain? L chain?
VH DH JH CDR3 VL JL CDR3
Dual-k/A
LN 2A4° IgM Sm V,7-3 Dy1-1 Ju2 CARYVITVPNFDYW (gI) Vk6-17  Jk4  CQQHYSTPFTF (gl)
(S107)  (DFL16.1) (Vk19/28)
VA1 UM CALWYSNHWVF (gl)
Dual-k/k
LN 2A8¢ I9G Chr Vy1-7 Dy2-3 Jy3  CARGWLLRTYW (12 mut) Vi12-46  Jk1 CQHFYGTPWTF (7 mut)
(J558) (DSP2.9) (Vk12/13)
Vk2-137  Jk4 CMQHLEYPFTF (gl)
(Vk24/25)

These two hybridomas were among 816 spontaneous B cell hybridomas generated from nonmanipulated spleen and LN cells of three individual MRL//pr-Igk™" mice (a total
of six fusions). Isot., isotype; React., reactivity; Sm, Smith antigen; Chr, chromatin; gl, germline sequence; mut, number of predicted somatic mutations in the overall V(D)J

sequence based on comparison with IMGT-deposited germline sequences.

3lg H and L chain gene segments are reported with the IMGT nomenclature. The old nomenclature is given in parenthesis under the IMGT nomenclature.
5This hybridoma is representative of many clones (~80% of the all hybridomas) isolated from both the spleen and LNs in all fusions.

<This hybridoma was from the fusion of LN cells from one MRL//pr-Igk™" mouse.
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A CD138* Lymph nodes Figure 6. Dual-k B cells are highly
T: B220- . BVRUjpr-igk»  enriched in the plasmablast and memory
S el MRL-Igk™ B cell fractions of MRL//pr mice and partly
é j 50 O CB17-Igk™ independent of Fas inactivation. (A) Zebra
CD138—> 40 and histogram plots represent flow cytometric
O — (oo ] 30 gating strategies applied to spleen cells isolated
%: ¥ Be . 20 from one MRL//pr-Igk™h mouse. Early plasma-
el & uly 10 blast (pmb) cells (top plots) were gated con-
CD138—> géyté,‘“h&_, °\osur“f.'°]g"l; oMEElIR secutively as B220*, CD138+CD44hd" and
2EQEELEES surface Igk*. Late pmb cells and PCs (bottom
S0 55 o plots) were gated in succession as CD138%,
E% 5% &8 cytoplasmic Igk"e", and then either surface

lg-positive (late pmb) or surface Ig-low/negative
(PCs). Surface lgs were stained with a combina-
B MRU/pr-igk»»  tion of anti-IgM, IgG1, and 1gG2a/2b antibodies.
O MRL-Igk™ The shaded gray histogram in the bottom right
OcCB17-igk™ represents lgk~ non-B cells to depict a control
surface lg-negative cell population. This analysis
is representative of three independent experi-
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ments. (B) Bar graphs represent mean frequency
+ SD of dual-k cells within early pmb, late pmb,
and PC populations (gated as in A) in spleen

and LNs of MRL/|pr-Igk™" (black bars), MRL-/gk™" (gray bars), and CB17-/gk™" (white bars) mice. Data are from three independent experiments, with a total
combined of n = 5-6 mice per group. (C) Representative flow cytometric analysis of memory B cells gated first as CD138~ (to exclude plasmablasts and PCs)
and IgD~CD3e™ (to exclude naive B cells and T cells), followed by gating on IgG* (I9G1 and 1gG2a/2b) cells from one MRL/lpr-Igk™" mouse. This analysis is rep-
resentative of at least three independent experiments with a total combined of n =7 mice per group. (D) Bar graphs represent mean frequency + SD of dual-k
and single-k B cells in the memory B cell population (gated as in C) in spleen and LNs of MRL//pr-Igk™" (black bars), MRL-Igk™" (gray bars), and CB17-/gk™"
(white bars) mice. Data are from three independent experiments, with a total combined of n = 4-7 mice per group. In the whole figure, MRL//pr-lgk™" and

CB17-Igk™" mice were at 18 wk of age and MRL-/gk™" mice were at 30 wk of age. ** P < 0.001; ** P < 0.01; %,

surface-Igk™), late plasmablast (CD138% cytoplasmic-Igkhieh
surface-Igk*), and PC (CD138" cytoplasmic-Igkhie" surface-
Igk1%). The early and late plasmablast stages were defined
based on preliminary analyses in which we observed CD138"
surface-Ig* cells that were mainly either B220" cytoplasmic-
[goW (early plasmablasts) or B220~ cytoplasmic-Ighsh (late plas-
mablasts). Upon these analyses, we found that in 18-wk-old
MRUL/Ipr-Igk™" mice, 20-50% of early plasmablasts were
dual-k cells (Fig. 6 B), a frequency 5—10-fold higher than in
the naive mature B cell population of the same mice and of
the plasmablast population of CB17-Igk"" mice. Moreover,
we found a similar enrichment of dual-k B cells in the plas-
mablast population of 30-wk-old Fas-sufficient MRL-Igk"/"
mice (Fig. 6 B), indicating that the MRL genetic background
alone drives significant plasmablast differentiation of dual-
reactive B cells. In the late plasmablast and PC subsets of
MRL-Igk"" and MRL/Ipr-Igk™" mice, the frequency of
dual-k cells was reduced from the early plasmablast stage
(Fig. 6 B), suggesting that not all dual-k plasmablasts are
selected for entry into the nondividing PC population.
Nevertheless, in the LNs the percentages of dual-k cells in
the late plasmablast and PC populations of MRL/ lpr-Igk"’"
mice were still above those seen in the same populations of
CB17-Igk"" mice (Fig. 6 B).

Antigen-activated B cells can alternatively differentiate
into memory B cells. To examine this pathway of differen-
tiation, we measured the frequency of dual-k B cells in the
IgG™" cell subset in spleen and LNs of the same autoimmune
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P < 0.05. NS, not significant.

and nonautoimmune mice (Fig. 6 C).The frequency of dual-
k B cells in the IgG* memory B cell population of CB17-
Igk"" mice was 1-3%, similar to that previously described
(Casellas et al., 2007). This frequency was markedly increased
in autoimmune MRL/ lpr-Igk"/" mice where up to 40% of the
Ig switched memory B cells were dual-k cells (Fig. 6 D). Re-
cent studies have indicated that the survival of IgG* autoreac-
tive B cells in MRL/Ipr mice is synergistically mediated by
the Fas? allele and the MRL genes (Ait-Azzouzene et al.,
2010). Similarly, the frequency of dual-k B cells in the IgG™*
B cell population of Fas-sufficient MR L-Igk"/" mice was inter-
mediate between that of Fas-deficient MRL/Ipr mice and
nonautoimmune CB17 mice (Fig. 6 D). Our findings, there-
fore, indicate that approximately half of the IgG switched
dual-k B cells are eliminated via Fas-mediated cell death.
These data indicate that the autoimmune-prone MRL ge-
netic background drives significant selection of dual-k mature
B cells into the plasmablast and memory B cell populations,
and that maintenance of dual-k memory B cells is partly de-
pendent on the inactivation of Fas.

Dual-k B cells of autoimmune mice display increased
frequency of activation and differentiation

into plasmablasts that secrete autoantibodies

The increased selection of dual-k B cells into the plasmablast
and memory subsets of autoimmune mice suggests that dual-k
cells are more prone to activation than single-k cells in the con-
text of autoimmunity. To provide support to this hypothesis,

Dual-reactive B cells in autoimmunity | Fournier et al.
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Figure 7. Dual-k B cells of autoimmune
mice display increased frequency of acti-
vation and differentiation into plasma-
blasts that secrete autoantibodies.

(A) Histograms represent expression of CD69,
(D86, CD138, CD44, and CD22 on live single
B220* dual-k (solid line) and single-k (shaded
gray) B cell populations in the spleen of
MRL/Ipr-1gk™" (top row) and CB17-Igk™h
(bottom row) mice. These analyses are represen-
tative of at least two independent experiments.
(B) Bar graphs represent mean frequency + SD
of CD69* (top) and CD86* (bottom) cells in
dual-k (black and white bars) and single-k
(gray bars) B cell populations of spleen in
MRL/lpr-Igk™" (left) and CB17-Igk™" (right)
mice at 14-15 wk of age. Data are from two
independent experiments with a total com-
bined of n = 4 mice per group. (C and D) Bar
graphs represent mean frequency + SD of
CD44nishCD138* cells (C) and CD22'w cells (D)
in dual-k (black and white bars) and single-k
(gray bars) B cell populations of spleen
(Cand D) and LNs (only in C) in MRL/lpr-Igk™"
(left) and CB17-Igk™" (right) mice at the age
indicated on the x-axis. Data are from at least
three independent experiments with a total
combined of n = 6 mice per each age group.
(E) Analysis of Ig VV4D,,J, sequences from
CD138+ single and dual-k B cells. cDNA was
generated from CD138* single or dual-k-
positive cell populations sorted from one
15-wk-old MRL/lpr-Igk™" mouse. IgH VDJ
sequences were amplified and cloned as de-
scribed in Methods. 15 and 11 clones from
single-k (left table) and dual-k (right table)
cell populations, respectively, were randomly
selected for sequencing and each sequence
was assigned to a VH, DH, and JH gene seg-
ment according to the IMGT website. Sequences
that repeated more than once are highlighted
in color. The clone sequences were obtained
over the course of two independent experi-
ments. (F) Analysis of antibodies secreted by
plasmablasts. Dual-k and single-k CD138*
plasmablasts were sorted from mixtures of
spleen and LN cells isolated from individual
MRL/lpr-Igk™" mice of 14-15 wk of age and
cultured in equal numbers for 7 d without
stimulation. Graphs represent the mean rela-
tive lgG titers + SD (n = 3) of anti-chromatin
antibodies (left), anti-Smith antibodies (mid-
dle), and total lgG (right) in the supernatants

of dual-k (black bars) and single-k (white bars) cell cultures. The cells were sorted and cultured from three individual MRL/lpr-Igk™" mice on different
days, and the supernatants were frozen and then analyzed by ELISA on the same day to reduce intra-experimental variability. ** P < 0.001; **, P < 0.07;

* P <0.05.N.S,, not significa

we analyzed the expression of the two general lymphocyte
activation markers, CD69 and CD86 (Fig. 7 A), on single-
and dual-k B cells that belong to B cell subsets prior and after
antigen selection. Specifically, we analyzed the activation state
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of B cells in preplasmablast (IgD*CD1387), nonswitched plas-
mablast (IgD*CD138"), switched plasmablast (IgG*CD138"),
and memory (IgG*CD1387) B cell subsets in spleen (Fig. 7 B)
and LNs (not depicted). The frequency of activated dual-k

1805



B cells in the spleen of 14—15-wk-old MRL/ Ipr-Igk"/" mice
was significantly higher than that of single-k B cells in the
same mice and when compared with single- and dual-k
B cells in CB17-Igk"”" mice (Fig.7 B). Moreover, MRL/ Ipr-Igk™ "
dual-k B cells were found to be more frequently activated
in all B cell subsets analyzed and, thus, before and after a
putative antigen selection event (Fig. 7 B). Similar results were
observed in LNs (unpublished data).

To extend these findings, we next analyzed the expression
of the plasmablast differentiation markers CD138, CD44, and
CD22. The dual-k B cell population in spleen (Fig. 7 A)
and LNs (not depicted) of MRL/Ipr-Igk"" mice displayed
higher levels of CD44 and CD138 and lower levels of CD22
compared with the single-k B cell population. In contrast,
the expression profile of these markers appeared identical
in the single and dual-k B cell populations of CB17-Igk"/"
mice (Fig. 7 A). The frequency of CD44hehCD138" cells
and of CD22"°% cells in the dual-k subset of spleen and LNs
of MRL/Ipr-Igk™’" mice was twice that seen in the single-k
subset in the same mice (Fig. 7, C and D; and not depicted).
This difference was already present at 10 wk of age and in-
creased with the age of the mice in the LNs. Although in
most MRL/Ipr mice ~20% of the dual-k B cells appeared
to be plasmablasts, in healthy mice only ~5% of single and
dual-k B cells displayed this phenotype (Fig. 7, C and D).
These findings indicate that dual-k B cells have a higher
propensity to be activated and to differentiate into plasma-
blasts in autoimmune mice.

‘We next asked whether the selection of dual-k B cells into
the plasmablast population of autoimmune mice is a general
feature of these cells or if it only occurs in a small subset of
cells. If dual-k B cells have a general selection advantage for
activation, we expect the plasmablast pool to contain a diverse
repertoire instead of an oligoclonal expansion. To address this
question, we performed a limited study where we amplified
and cloned the variable region of the Igh chain gene from a
sorted pool of CD138" dual-k and single-k MRL/ [pr-Igk"’"
B cells and sequenced 11-15 randomly selected clones. Each
of the 11 VD] sequences cloned from CD138" dual-k cells
was unique, whereas only 9 of the 15 sequences from single-k
cells were diverse (Fig. 7 E). This suggests that dual-k B cells
are generally selected into the plasmablast subset, and not
via the preferential expansion of few clones.

As shown by the LPS-induced hybridoma analysis,
most dual-k B cells express autoantibodies. Therefore, we
next asked whether dual-k B cells selected into the plas-
mablast subset are also autoreactive. To address this ques-
tion, we sorted CD138" single and dual-k B cells from
three individual 14—15-wk-old MRL/Ipr-Igk"’" mice and
cultured the same number of cells for 7 d without stimula-
tion. Total IgG and IgG specific for chromatin and Smith
were measured in the cell supernatants. Both single- and
dual-k CD138* cells secreted anti-chromatin and anti-
Smith IgG antibodies (Fig. 7 F). However, dual-k CD138*
cells secreted significantly more IgG autoantibodies when
compared with single-k cells, whereas total IgG was similar
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(Fig. 7 F). These data indicate that dual-k autoreactive B cells
are selected into the plasmablast population retaining the
capacity to secrete IgG autoantibodies.

DISCUSSION
Although allelic and isotypic exclusion are strongly enforced
during B cell development, a small number of B cells develop
coexpressing more than one type of Ig H or L chain (Nossal
and Makela, 1962; Pauza et al., 1993; Giachino et al., 1995; Li
et al., 2001; Gerdes and Wabl, 2004; Rezanka et al., 2005;
Casellas et al., 2007;Velez et al., 2007; Kalinina et al., 2011)
and are capable of IgG class switch recombination and anti-
body production in healthy mice and people (Giachino et al.,
1995; Casellas et al., 2007;Velez et al., 2007). Here, we show
that in autoimmune mice with a wild-type polyclonal Ig
repertoire, dual-k B cells are generated at higher numbers
than in healthy mice, they are self-reactive more frequently
than single-k B cells, and they are highly enriched in the
antigen-selected B cell subsets.

‘Within the polyclonal Ig repertoire of healthy mice, dual-k
B cells have been demonstrated to arise after receptor edit-
ing in autoreactive immature B cells (Casellas et al., 2007). In
these previous studies, dual-k immature B cells were delayed
in development relative to single-k B cells and this delay was
suggested to be caused by the receptor editing process. In our
studies however, we found that dual-k immature B cells have
kinetics of development that are faster than single-k B cells in
MRL/Ipr mice, thus exhibiting a behavior different than that
of developing dual-k B cells in healthy mice (Casellas et al.,
2007; and our results). We argue that this difference might be
a result of the reduced efficiency of the receptor editing pro-
cess that has been documented in MRL/Ipr mice (Li et al.,
2002a; Lamoureux et al., 2007; Panigrahi et al., 2008). Spe-
cifically, we propose that autoreactive immature B cells in
MRL/Ipr mice might undergo a round of receptor editing
resulting in the expression of a nonautoreactive k chain, but
that the editing process is aborted before its completion and
the inactivation of the 'k gene encoding the autoreactive chain.
This hypothesis also implies that single-k immature B cells
undergo a more extensive editing process than dual-k B cells
in MRL/Ipr mice. An alternative explanation would take into
account the possibility that developing MRL/Ipr B cells exhibit
defects in the control of light chain allelic exclusion, whereby
both Igk alleles rearrange simultaneously without delaying the
maturation of dual-k B cells. Defects in allelic exclusion have
been previously described in MRL/Ipr mice (Roark et al.,
1995b). Furthermore, our results do not exclude the possibil-
ity that the increased frequency of dual-k immature B cells in
MRL/Ipr mice might be caused by increased cell prolifera-
tion which, although unusual at this stage of cell differentiation,
would be also compatible with the higher BrdU incorpo-
ration rates. The increased positive selection of dual-k auto-
reactive immature B cells into the peripheral compartment
of MRL/Ipr mice would nevertheless require an intrinsic
higher threshold for tolerance induction, a feature supported
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by previous studies (Roark et al., 1995a; Mandik-Nayak et al.,
1999). Moreover, we have recently demonstrated that posi-
tive selection of immature B cells into the peripheral com-
partment is an active process depending on the combined
activities of tonic BCR and BAFFR signaling (Rowland et al.,
2010a,b). Thus, we envision that the increased generation of
dual-reactive B cells in MRL/Ipr mice might also be the result
of an improved efficiency of these positive selective events led
by the coexpression and signaling of nonautoreactive BCRs.
We also note that the frequency of BrdU™ cells among the
transitional B cells in the BM of MRL/Ipr mice was higher
than that of immature B cells, suggesting an unusual prolifera-
tion burst of those cells in this particular mouse strain. This
proliferation event could further contribute to the enhanced
generation of dual-k cells in the periphery of autoimmune
mice. Overall, we speculate that a reduced threshold for nega-
tive selection, inefficient levels of receptor editing and allelic
exclusion, an improved efficiency of positive selection, and/or
an aberrant cell proliferation event can promote higher gen-
eration of dual-k chain B cells in MRL/Ipr mice. Further
studies are required to find out which of these mechanisms
play the major role in the generation of dual-reactive B cells
in autoimmune mice. Our observation that dual-k B cells are
also generated more frequently in MRL mice indicates that
this process is independent of the function of Fas.

We further observed that the generation of dual-k B cells
increased after 10 wk of age in MRL/Ipr mice, at a time when
autoantibody titers and disease become more significant.
Although these findings support the idea that dual-k B cells
play a role in autoantibody formation and disease progression,
they also suggest that some element of autoimmunity might
exacerbate the potential defects in early B cell development
and tolerance discussed here, enhancing the generation of auto-
reactive dual-k chain B cells. This feedback might be medi-
ated by autoantibodies that increase with disease progression.
Autoantibodies that are made within, or that circulate to, the
BM can bind to local self-antigens potentially masking these
antigens from B cells and consequently reducing levels of
antigen-mediated BCR signals. An opposite phenomenon
mediated by circulating antibodies and affecting tolerance
induction of rheumatoid factor B cells has been previously
described (Wang and Shlomchik, 1998).

Despite increased generation and/or selection of dual-k
B cells in the BM of MRL/Ipr mice, our data demonstrate
that a fraction of these cells never reach the splenic FO B cell
compartment, indicating that they might be targeted by nega-
tive selection at the early transitional B cell stage or otherwise
differentiate into a different mature cell subset (i.e., the MZ).
Of note, half of the dual-k B cells in the late transitional popu-
lation were found in the T3 subset and, therefore, might be
anergic cells blocked in differentiation (Merrell et al., 2006).

Previous studies have shown that the MRL/Ipr genetic
background precludes the recruitment of anti-DNA dual-k/\
B cells into the MZ cell population and suggested that these
mice are unable to sequester autoreactive B cells in this subset
(Li et al., 2002b). We found, however, that dual-k B cells
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localize more frequently in the MZ B cell pool than in the
FO B cell subset in MRL mice and independent of the func-
tion of Fas. These contrasting observations suggest that the
presence of dual-reactive B cells in the MZ or FO B cell
subsets might depend on their level of autoreactivity or type
of specificity, as previously elegantly demonstrated with the
anti—-Thy-1 mouse model (Wen et al., 2005). Alternatively,
the reduced frequency of anti-DNA k/\ B cells observed in
previous studies might be the result of reduced receptor edit-
ing during B cell development. We noticed that dual-k/\
B cells are not frequently generated in MRL/Ipr mice. This
further supports the idea that receptor editing often aborts
early and before reaching the stage of IgA gene recombination
in these mice, with the consequence of a general reduced fre-
quency of dual-k/\ B cells.

The frequency of dual-k B cells was increased from 3—-10%
in the naive mature B cell population to 20-50% (i.e., 5-10-fold)
in the early plasmablast subset in autoimmune mice, whereas
it remained unchanged in nonautoimmune mice. The enrich-
ment of dual-k plasmablasts was also observed in MRL mice
indicating that it does not require defects in the Fas pathway.
The high frequency of dual-k B cells in the plasmablast pop-
ulation suggests that dual-k mature B cell undergo increased
activation and subsequent selection into the plasmablast subset
relative to single-k B cells. In support of this model, we found
that the fraction of activated (CD69* and CD86) cells in the
naive (IgD*CD1387) B cell population was significantly
higher in the dual-k subset relative to the single-k subset of
autoimmune mice. In spite of this, we isolated only one dual-
k spontaneous B cell hybridoma from six fusions (spleen and
LNs) performed with cells from three MRL/Ipr mice. We
propose that this apparent discrepancy between our flow
cytometric and hybridoma analyses reflects an experimen-
tal feature by which certain clones are particularly activated
in vivo, fuse more readily, and quickly outgrow other clones.
In fact, our spontaneous hybridoma collection was dominated
by a k/N Smith-reactive clone despite the fact that k/N cells
were never >1% of all B cells in vivo (unpublished data). It is
unclear why this k/\ clone was so prevalent in our spontane-
ous hybridoma collection when such oligoclonality has not
been previously reported by others. The possibility that this
K/N clone was a contaminant in our cultures is negligible be-
cause fusions from two mice were done several weeks apart
from those of the first mouse and this clone was only ob-
served in the spontaneous fusions from MRL/Ipr mice among
the many B cell fusions performed in our laboratory in the
same period of time. The prevalence of this k/\ clone might
be a result of our hybridoma methodology that may select for
fast growing clones or to the specific MRL/Ipr strain that was
bred in our colony.

Distinct mechanisms can lead to the generation of plas-
mablasts, and not all require specific antigen recognition by
the BCR. Plasmablast differentiation can follow polyvalent
antigen-mediated stimulation of B1 and MZ B cells, the
combined antigen and T cell help—mediated activation of FO
B cells, or the TLR -mediated polyclonal activation of mature
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and memory B cells. Our studies do not discriminate be-
tween these mechanisms. However, we observed a signifi-
cantly higher frequency of activated dual-k than single-k B cells
at stages of mature B cell differentiation before and after plas-
mablast formation in MRL/Ipr mice. This finding suggests
that dual-k B cells are more prone to activation, whether by
antigen or by nonantigenic stimuli. Additionally, the frequent
observation of dual-k cells within the IgG* memory B cell
subset of autoimmune mice suggests that at least some of the
dual-k mature B cells are positively selected after antigen
binding and with the additional support of T cell help. In
autoimmune-prone mice, positive selection of B cells can
be mediated by either self- or foreign antigens. The en-
hanced positive selection of dual-k B cells into the plasma-
blast and memory cell subsets might be simply a result of
the higher prevalence of self-reactivity in the dual-k B cell
population, which was demonstrated by both the analyses
of LPS-induced hybridomas and of ex vivo cells. However,
the coexpression of a nonautoreactive BCR in this context
might also play a role in the selection of dual-k B cells, either
by mediating a prosurvival tonic BCR signal (Lam et al., 1997)
or by engaging foreign antigen. Further studies are required to
test these hypotheses.

Burnet postulated that for optimal negative selection
of self-reactivities and positive selection and expansion of
foreign reactivities, antibody-producing cells are predeter-
mined for the expression of specificities reactive with only
one antigenic determinant (Burnet, 1959). Our findings par-
tially support Burnet’s theory by showing that negative se-
lection of B cells is compromised by dual-reactivity, whereas
positive selection is not affected in healthy conditions and
enhanced in autoimmunity. The important question, how-
ever, is whether dual-reactive B cells play an active role in
the development of autoimmunity. Results from our studies,
although not resolving this issue, provide support to the idea
that dual-k B cells significantly contribute to the IgG auto-
antibody pool of autoimmune MRL/[pr mice. We based this
conclusion on the following observations. First, when stim-
ulated with a TLR-7 agonist, dual-k B cells secrete IgG auto-
antibodies in greater amounts than single-k B cells. Second,
dual-k B cells represent up to half of the plasmablasts and
IgG memory B cells in autoimmune mice, cell populations
which have been shown to significantly contribute to auto-
immunity (William et al., 2005; Herlands et al., 2007).Third,
CD138" dual-k plasmablasts secrete IgG autoantibodies in
greater amounts than CD138" single-k cells and in the ab-
sence of stimulation. Whether the autoantibody made by
dual-k B cells is of pathogenic quality is not yet clear, and
this question will require evaluation of the somatic muta-
tions in Ig genes of IgG™ plasmablasts and of the affinity for
self~antigens of their antibody products. Our finding of
a spontaneous MRL/Ipr dual-k B cell hybridoma that ex-
presses mutated IgG anti-chromatin autoantibodies would
indicate that autoreactive dual-k B cells are capable of under-
going somatic hypermutation and positive selection in the
germinal center or in extra-FO foci (Herlands et al., 2007,
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2008; Odegard et al., 2008; Rankin et al., 2012). Our data
further suggest that at least half of the IgG" memory B cells
that arise in MRL/Ipr mice develop as a result of aberrant
Fas signaling, as evidenced by the fact that their frequency
was diminished in Fas-sufficient MRL mice, and in agree-
ment with recent elegant studies on the selection of autoreac-
tive [gG* B cells (Ait-Azzouzene et al.,2010). It is interesting,
moreover, that dual-k B cells were mostly found in the plas-
mablast population, an observation similar to that made in
rheumatoid factor—expressing mice in which the plasmablasts
are the major source of autoantibodies (William et al., 2005;
Herlands et al., 2007).

Although MRL/Ilpr and MRL mice do not precisely
reflect systemic lupus erythematosus (SLE) in humans, many
of the features of this autoimmune disease are recapitulated in
these mouse models. Our findings on dual-reactive B cells in
the autoimmune mouse strains lead us to consider that these
B cells may also be a feature of SLE in humans and partly in-
dependent of defects in the Fas pathway, a possibility which
will be tested in future studies. B cells are essential for the de-
velopment of autoimmunity in both MRL and MRL/pr mice
(Chan and Shlomchik, 1998; Chan et al., 1999; Li et al., 2008).
Results from our studies in lupus-prone mice indicate that
dual-reactive B cells are generated more frequently with auto-
immunity, they are more often autoreactive, they are a major
component of the plasmablast and memory B cell subsets, and
they contribute to the pool of IgG autoantibodies. Our find-
ings, therefore, suggest that dual-reactive B cells might play a
part in the development and/or exacerbation of this disease.

MATERIALS AND METHODS

Mice Igk"/" mice have been previously described (Casellas et al., 2001; Velez
et al., 2007). These mice that were initially on a mixed (129xC57BL/6)
genetic background were backcrossed to CB17 for two generations and are
referred here to as CB17-Igk"/" for simplicity. CB17-Igk™" mice were back-
crossed to MRL/Ipr (MRL/Mp]-Fas®"/]) mice for 10 generations to gener-
ate MRL/Ipr-Igk"’" mice. Every generation was analyzed by flow cytometry
of peripheral blood cells for the presence of the Igk" allele before selection of
next generation breeders. Mice of the last generation were genotyped at the
Fas allele (according to The Jackson Laboratory protocol) to select animals
homozygous for the Fas® mutation. MRL/Ipr-Igk"" mice were bred to
MRL (MRL/Mp]) mice to generate MRL-Fas?”* Igk"/" mice (referred to as
MRL-Igk"""). Both males and females of 6-30 wk of age were used in this
study. All mice used for these studies were bred in house and maintained in
specific pathogen—free rooms at the Biological Resource Center at National
Jewish Health (NJH). All animal experiments were approved by the NJH
Institutional Animal Care and Use Committee.

Cell preparation Single-cell suspensions from BM, spleen, and LNs were
prepared in DME supplemented with 3% FBS. BM and spleen cells were
treated with buffer with 0.15 M NH,Cl, 10 mM KHCO; and 0.1 mM
EDTA, pH 8.0, for 2 min to remove erythrocytes and washed by centrifuga-
tion in PBS supplemented with 3% FBS.

Antibodies and flow cytometric analysis Single-cell suspensions were
first incubated with a rat anti-mouse FcyRII/III blocking antibody (2.4G2)
for 15 min on ice to prevent unspecific binding of staining antibodies on
cells through their Fc portion. Cells were then incubated for 20 min on ice
with antibodies against surface markers. Fluorescent monoclonal antibodies
against B220 (RA3-6B2), CD1d (1B1), CD138 (281-2), CD23 (B3B4), CD24
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(M1/69), CD22 (0X-97), CD21 (eBio4E3), CD3e (145-2C11), CD44 (1M?7),
IgG1 (A85-1), IgG2a/2b (R2-40), IgD (11-26¢-2a), CD19 (1D3), CD11b
(M1/70), CD69 (H1.2F3), and CD86 (GL-1) were purchased from BD,
BioLegend, or eBioscience, whereas those against [gM were either generated
in house (R33-24.12) or purchased from Jackson ImmunoR esearch Labora-
tories. Fluorescent or biotinylated polyclonal antibodies for Ig staining were
a goat Fab” anti-human Igk (Protos Immunoresearch), a goat anti-mouse
(GAM) IgA (SouthernBiotech), and a rat Fab anti-mouse Igk (187.1, generated
in house). To generate biotin-conjugated rat Fab anti-mouse Igk antibodies,
187.1 IgG was first biotinylated using EZ-Link Sulfo-NHS-LC-Biotin
(Thermo Fisher Scientific) and, subsequently, fragmented with papain. Briefly,
equal volumes of 1 mg/ml 187.1 IgG-biot and 0.075 mg/ml papain (Papain
2X recrystallized suspension; Sigma Aldrich) diluted in digestion buffer (PBS,
0.02 M EDTA, and 0.02 M L-Cysteine) were mixed and incubated for 4 h at
37°C.The reaction was stopped by adding iodoacetamine (Sigma-Aldrich) at
a 0.03 M final concentration. The mix was dialyzed against 1 liter of PBS
overnight at 4°C, and Fc fragments and whole IgG were eliminated over a
protein G column. The purity of Fab 187.1 was verified by Coomassie Blue
coloration of SDS-PAGE gel in reducing and nonreducing conditions and by
its inability to promote calcium influx in mouse B cells. Biotinylated anti-
bodies were revealed with fluorochrome-conjugated streptavidin (either BD
or eBioscience). 7-amino-actinomycin p (7AAD; BD) was added to some
cell samples at 0.25 pg/10° cells to exclude dead cells from the analysis. Flow
cytometric analysis was performed on live lymphocytes based on 7AAD
staining and/or forward and side scatter using a LSRII cytometer (BD) and
Flow]Jo software (Tree Star). Cell aggregates were excluded from the analysis
by using a pulse area versus width gating (doublet discriminator channel).

Immunofluorescence histology Spleens and LNs were harvested from
mice and frozen in Tissue-Tek OCT compound (Sakura) at —80°C. Using a
cryostat, tissues were cut into 5—7-pum-thick sections and dried at room
temperature for 20 min. Dried tissue sections were rehydrated in PBS for
20 min and blocked for 30 min with a mix of rat anti-mouse FcyRII/III
blocking antibody 2.4G2, purified mouse IgG1 (Southern Biotech), and
3% goat serum (Gibco) in PBS at room temperature. Sections were stained
with a mix of rat Fab anti-mouse Igk-APC and goat Fab’ anti-human
Igk-PE in PBS for 45-60 min at room temperature in the dark, and washed
3 X 5 min each in PBS shaking baths. Stained sections were dried, mounted
with Fluoromount-G (Southern Biotech), and visualized with a microscope
(Axiovert 200M; Carl Zeiss) using a 31 Marianas System (Intelligent Imaging
Innovations) and SlideBook 4.0 software (Intelligent Imaging Innovations).

Sorting of dual-k and single-k B cells for in vitro analysis Dual-k and
single-k B cells were sorted from either B220*CD19"CD11b~ or CD138"
cell fractions of spleen and LN cell mixtures using the anti-k Fab antibody
fragments described and after CD4 and CD8 T cell depletion. When incu-
bated with B cells, these anti-k antibodies did not trigger Ca*" influx in flow
cytometric analyses. Cell sorting was performed using a MoFlo XDP (Beck-
man Coulter) and an ICyt Synergy cell sorter. Sorted cells were counted and
cultured at 37°C for 7 d with or without 1 pg/ml of TLR7 agonist (R848;
InvivoGen). Cell supernatants were collected and tested for reactivity against
chromatin and Smith antigen by ELISA and for HEp-2 staining. The autoan-
tibody titers in the supernatants were measured relative to a standard curve of
a reference MRL/Ipr serum diluted 200-fold and according to a method de-
scribed in Fisher et al. (1988). Specifically, an equivalent dilution factor for
each sample was calculated as 1 over the dilution value of the reference serum
that gave an O.D. that was equivalent to that of the sample supernatant. These
values were then multiplied by 10° to obtain whole numbers that were easier
to graph (Fisher et al., 1988).

In vivo BrdU incorporation CB17-Igk"’" and MRL/Ipr-Igk™"" mice were
injected i.p. with 1 mg BrdU (Sigma-Aldrich) and then euthanized at 6, 12, or
24 h thereafter. For the 24-h time point, mice received a second BrdU injec-
tion at 12 h (Hippen et al., 2005; Casellas et al., 2007). BM cells were isolated
from BrdU-treated and control untreated mice and stained for surface markers
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as described. Cells were then fixed and stained for BrdU using the APC BrdU
Flow kit (BD) according to the manufacturer’s protocol. Cytometric analysis
was performed using an LSRII cytometer (BD) and Flow]Jo software.

Generation of B cell hybridomas and hybridoma supernatants
LPS-induced and spontaneous B cells hybridomas were generated from
CB17-Igk™"" and MRL/ Ipr-Igk™"" mice as previously described (Harris et al.,
1992; Liu et al., 2005;Velez et al., 2007). Intracellular staining for IgL (hCk, mCk,
and Ig\) chains was performed as previously described (Velez et al., 2007).
Hybridomas were cultured in complete RPMI 1640 medium with 5% FBS
precleared of bovine IgG by passage over protein G. Hybridoma superna-
tants were concentrated 50—-100-fold over Centricon Plus-70 100-kD cut-oft’
filters (Ultracel; Millipore), and IgM, IgG, mlgk, hlgk, and mIg\ were quan-
tified by ELISA. Supernatants were then adjusted to an IgM or IgG concen-
tration of 30 pg/ml and tested for autoreactivity. Each hybridoma supernatant
was analyzed by ELISA in duplicate and a mean OD 5 was calculated. To
normalize the antigen-specific reactivity in each hybridoma supernatant for
the total Ig concentration, the ODs relative to the antigen-specific ELISAs
were divided by the ODs relative to the isotype-specific (IgM or IgG) ELISAs
for the same supernatant dilutions. These OD values were always within the
linear part of the standard curves. The supernatant of a 3—-83-IgM-secreting
B cell clone (specific for MHC I H-2K%; Ozato et al., 1980) was used as
negative control. Clones were considered autoreactive when their reactivity
toward self-antigen was three times above the SD of the negative control
signal. Polyreactive hybridomas, which were those producing antibodies
that bound to LPS in addition to each of the autoantigens tested, were <5%
of the total hybridomas and were excluded from this study.

Quantification of secreted Igs and antigen-specific antibodies by
ELISA IgM, IgG, mlgk, hlgk, and mIg\ were quantified by ELISA as pre-
viously described (Velez et al., 2007). Absorbance values were read at 405 nm
with aVersaMax ELISA reader (Molecular Devices). The detection of hlgk/
mlgk chimeric antibodies was performed by ELISA as previously described
(Velez et al., 2007). Standard chimeric antibody used for quantification was
obtained from the supernatant of a dual-k hybridoma (8G12-IgM). For the
detection of anti-chromatin and anti-Smith antibodies, 96-well Nunc-Immuno
plates were coated with 10 pg/ml calf thymic chromatin (a gift of L.Wysocki’s
laboratory) in PBS, 1 mM EDTA, 0.05% NaNa; buffer or 1 pg/ml of calf
thymic Smith antigen (Meridian Life Science) in PBS, 15 mM Na,CO3,35 mM
NaHCOj3, and 3.1 mM NaNj carbonate buffer, respectively, and incubated
overnight at 4°C. Plates were washed once with PBS and 0.05% Tween 20.
Anti-chromatin plates were blocked with EDTA-blocking buffer (PBS, 1%
BSA, 1 mM EDTA, and 0.05% NaNas), whereas anti-Smith plates were blocked
with BSA-blocking buffer (PBS, 1% BSA, and 0.05% NaNay;) for at least 2 h
at 37°C before washing and further processing. Sera, hybridoma supernatants,
or cell culture supernatants were diluted in either EDTA-blocking buffer or
BSA-blocking buffer and added to the first well of the plates. Then, threefold
serial dilutions were made in the same buffer and plates were incubated
for 2 h at 37°C. Plates were washed three times and specificity was revealed
with either AP-conjugated GAM Ig (H+L) or AP-conjugated GAM IgG
(SouthernBiotech). Quantification of the Ig titers after these ELISAs is
described in the previous sections.

HEp-2 reactivity assay The HEp-2 reactivity assay was performed using
the ANA kit Hep-2 antigen substrate 12-well slides (BION Enterprises) using
a quantitative method previously described (Peterson et al., 2009), with the
exception that slides were revealed either with Cy5-conjugated anti-mouse
IgG + IgM (H+L) antibodies (Jackson ImmunoResearch Laboratories)
or with Alexa Fluor 680—conjugated F(ab’), GAM IgG (H+L) antibodies
(Invitrogen) both diluted to 15 pg/ml.The Odyssey Infrared Imaging System
and software (LI-COR) were used to detect and quantify the fluorescence
intensity emitted from each well. Each sample was normalized by dividing
the average fluorescent signal of duplicate wells by the average signal intensity
of the positive control wells included on each slide. The normalized signal
was designated as the integrated intensity. The positive control antibody used
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for assaying IgM* hybridomas was from 5B5 (an IgM* anti-chromatin hy-
bridoma, a gift of L. Peterson), and the negative controls were B1-8 (an IgM
clone reactive with 4-Hydroxy-3-nitrophenylacetyl hapten [NP]; Reth et al.,
1978) and supernatant from SP2/0(mlIL-6), the myeloma fusion partner.
The positive control antibody used for assaying sorted cell supernatants and
IgG* hybridomas was from 3H9 (an IgG* anti-DNA clone, a gift of L. Wysocki),
and cell culture medium was used as negative control.

Ig gene analysis RINA was isolated from hybridoma cell lines and sorted
CD138* single and dual-k cells by TRIzol (Invitrogen) according to the manu-
facturer’s protocol. DNA contaminants were removed using Ambion DNA-free
kit (Ambion). cDNA was synthesized with oligo dT using the SuperScript
III First-Strand Synthesis for RT-PCR kit (Invitrogen) according to the
manufacturer’s protocol. Ig genes were amplified on cDNA by PCR using
Platinum Taq DNA Polymerase High Fidelity (Invitrogen). IghVD] sequences
were amplified with a forward degenerate Vy; primer 5'-CTGCAACCG-
GTGTACATTCCSAGGTSMARCTGSAGSAGTCWGG-3' (based on
Orlandi et al., 1989; Dattamajumdar et al., 1996) and a mix of reverse J; primers
for J1 5'-TGCGAAGTCGACCCTGAGGAGACGGTGACCGTGG-3',
Ju2 5'-TGCGAAGTCGACCCTGAGGAGACTGTGAGAGTGG-3',J;3
5'-TGCGAAGTCGACCCTGCAGAGACAGTGACCAGAG-3',and J;4
5'-TGCGAAGTCGACCCTGAGGAGACGGTGACTGAGG-3'. IgkV]
sequences were amplified with a mix of forward degenerate Vk primers
5'-CTGCAACCGGTGTACATTCCGACATYSWGMTSACHCARTCT-3’
(based on Orlandi et al., 1989; Dattamajumdar et al., 1996), 5'-CAACCGGT-
GTACATTCCSAAAHTRYTSTSACCCAGTCT-3",and 5'-CTGCAACC-
GGTGTACATTCCGATGTYSWGMTSACHCARRCT-3" and a mix of
reverse Jk primers for Jk1 5'-GCCACCGTACGTTTGATTTCCAGCT-
TGGTG-3',Jk2 5'-GCCACCGTACGTTTTATTTCCAGCTTGGTC-3',
Jk45'-GCCACCGTACGTTTTATTTCCAACTTTGTC-3',and Jk5 5'-GC-
CACCGTACGTTTCAGCTCCAGCTTGGTC-3'. I[gA V] sequences were
amplified with a mix of forward VN primers forVA1,2 5'-CTGCAACCG-
GTGTACATTCCCAGGCTGTTGTGACTCAG-3" and VAX 5'-CTG-
CAACCGGTGTACATTCCCAACTTGTGCTCACTCAGT-3" and a mix
of reverse J\ primers for JA1 5'-CTCCTCACTCGAGGCTAGGACAGT-
CAGTTTGGTTCC-3" and JA2,3 5'-CTCCTCACTCGAGGCTAGGA-
CAGTGACCTTGGTTCC-3". All forward primers prime at the beginning
of framework region 1 in the respective V genes. The nucleotides in bold rep-
resent restriction sites for cloning into expression vectors not used in this study.
PCR conditions consisted of an initial cycle at 94°C for 2 min, followed by
35 cycles at 94°C for 30 s, 58°C for the Igh and Igk or 62°C for IgA for 30 s, and
68°C for 1 min, followed by one final cycle at 68°C for 10 min. PCR prod-
ucts were resolved on a 1% agarose gel, and products were purified using the
QIAquick Gel Extraction kit (QIAGEN) and cloned into the pCR4 vector
with the TOPO TA Cloning Kit (Invitrogen). Plasmid DNA was isolated using
Miniprep Spin kit (QIAGEN) and the insert sequenced by Beckman Coulter
Genomics. Ig gene sequences were analyzed using the International Immuno-
genetics Information System website (http://www.imgt.org/).

Statistical analysis Statistical significance was calculated with Prism soft-
ware (GraphPad Software, Inc.) using two-tailed unpaired or paired Stu-
dent’s ¢ test depending on the data analyzed, with equal variance using
Welch’s correction when variances were significantly different. Data are rep-
resented as arithmetic means = SD.
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