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Persistent autoantibody production in patients with systemic lupus
erythematosus (SLE) suggests the existence of autoreactive hu-
moral memory, but the frequency of self-reactive memory B cells
in SLE has not been determined. Here, we report on the reactivity
of 200 monoclonal antibodies from single IgG� memory B cells of
four SLE patients. The overall frequency of polyreactive and HEp-2
self-reactive antibodies in this compartment was similar to con-
trols. We found 15% of IgG memory B cell antibodies highly
reactive and specific for SLE-associated extractable nuclear anti-
gens (ENA) Ro52 and La in one patient with serum autoantibody
titers of the same specificity but not in the other three patients or
healthy individuals. The germ-line forms of the ENA antibodies
were non-self-reactive or polyreactive with low binding to Ro52,
supporting the idea that somatic mutations contributed to auto-
antibody specificity and reactivity. Heterogeneity in the frequency
of memory B cells expressing SLE-associated autoantibodies sug-
gests that this variable may be important in the outcome of
therapies that ablate this compartment.

autoimmunity � B cell � repertoire � self-tolerance

Humoral memory for foreign antigens is essential for long-
term protection against invading pathogens (1–3). How-

ever, autoreactive memory cells may have life-threatening con-
sequences in autoimmune diseases such as systemic lupus
erythematosus (SLE), a disease associated with a breakdown in
B cell tolerance and elevated serum levels of high-affinity IgG
autoantibodies (4–6).

In addition to altered tolerance in IgG-producing B cells,
individuals with SLE show abnormalities in early B cell tolerance
checkpoints, leading to increased numbers of autoreactive ma-
ture naı̈ve B cells independent of disease activity (7, 8). Naı̈ve B
cells do not secrete antibodies, but antigen-mediated activation
induces their differentiation into antibody-secreting short-lived
plasmablasts and long-lived plasma cells or memory B cells (2,
3, 9, 10). Thus, the finding that high frequencies of autoreactive
naı̈ve B cells are present in SLE suggests that these cells might
be the precursors of high-affinity IgG� B cells contributing to
humoral autoimmunity in SLE (7, 8). Alternatively, defects that
lead to abnormalities in memory B cell tolerance in SLE might
be independent of the earlier tolerance defects (7, 8).

IgG antibodies are produced primarily by long-lived plasma cells
that reside in the bone marrow (10). Plasma cells are generated
from naı̈ve B cells during primary responses or from reactivated
memory B cells, which circulate in the blood of normal individuals
and patients with SLE (2, 3, 9–13). Despite the importance of
IgG-expressing memory B cells in producing pathogenic antibodies
in SLE, the frequency of such cells and the antigen-binding
characteristics of their antibodies are not known. Here, we report
on the molecular features and antigen-binding properties of 200
monoclonal antibodies cloned from IgG� memory B cells from
four SLE patients with active disease.

Results
Features of IgG Antibodies Cloned from SLE Memory B Cells. We
studied four newly diagnosed, untreated, pediatric SLE patients
(169, 174, 175, and 176) with active disease [see supporting
information (SI) Fig. S1]. The patients’ clinical diagnostic fea-
tures at first presentation were diverse as were the serum
autoantibody specificities reflecting the heterogeneity of SLE
symptoms (Table S1). All patients were anti-nuclear antibody
(ANA)-positive but showed different serology with antibodies
against dsDNA, cardiolipin, Sm, ribonucleoproteins (RNP), and
other ENAs. Two patients showed lupus nephritis (Table S1).

To characterize the IgG antibodies expressed by memory
B cells in SLE, we isolated memory B cells (CD19�
CD27�IgG�CD38�) from peripheral blood [Fig. S1; (13)]. B
cells from all four SLE patients showed increased IgG staining
not observed in any of the healthy controls (HC) [Fig. S1; (13)].
Increased numbers of CD38�CD27�� plasmablasts with low
levels of surface IgG have been reported in some patients with
active disease (14–16), but were found only in SLE169 (Fig. S1).
Comparison of antibodies cloned from purified plasmablasts and
memory B cells from this patient showed no significant differ-
ences in any of our reactivity assays and therefore these were
considered together (Fig. S1 and Table S2). Nucleotide sequence
analyses showed that all antibodies were unique, and none were
clonally related (Table S2, Table S3, Table S4, and Table S5).
Therefore, strong clonal dominance was not a feature of IgG�
memory B cells in SLE.

The molecular features of IgG memory B cell antibodies
varied among individual patients, but we found that the majority
of functional Ig genes were expressed in SLE [Figs. S2 and S3 and
Table S2, Table S3, Table S4, and Table S5; (17–20)]. No
consistent significant differences in Ig heavy (IgH) variable (V),
diversity (D), or joining (J) gene usage or IgH complementary
determining region (CDR) 3 aa length or positive charges were

Author contributions: H.W. and M.C.N. designed research; B.M., M.T., J.S., K.V., T.T., and
K.A. performed research; J.B.G., V.P., and D.S. contributed new reagents/analytic tools;
B.M., M.T., J.S., H.W., and M.C.N. analyzed data; and H.W. and M.C.N. wrote the paper.

The authors declare no conflict of interest.

‡Present address: Medical Top Track program, Medical Research Institute, Tokyo Medical
and Dental University, Tokyo 113-8510, Japan

**H.W. and M.C.N. contributed equally to this work.

††To whom correspondence may be addressed at: Max Planck Institute for Infection
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observed between patients and HC [Fig. 1 and Figs. S2 and S3;
(7, 8, 21)].

Ig� light chain usage was significantly different from normal
in that memory B cell antibodies from SLE patients showed an
increased usage of V�2 family genes as reported [P � 0.027; Figs.
1, Figs. S2 and S3 and Table S2, Table S3, Table S4, and Table
S5; (18)]. Analysis of individual V� genes consistently showed a
low level of V�3-20 usage in all four patients as compared with
HC (Fig. S3B). SLE patients also consistently expressed Ig� light
chains more frequently than HC (average 48% in SLE vs. 32%
in healthy, P � 0.0004; Fig. 1B and Table S2, Table S3, Table S4,
Table S5, and Table S6). When individual patients were com-
pared with HC, SLE169 showed a number of unusual Ig gene
features with long IgH CDR3 regions (average 15.1 aa vs. 13.9
aa in healthy, P � 0.012), increased VH4-4 gene usage, low
frequency of V�2 family genes, and increased V�3 gene family
usage. IgG� memory B cells from this patient were also
abnormal in that �25% of the B cells expressed a functional Ig�
and Ig� light-chain transcript as compared with 0% in HC and
0–2% in the other SLE patients [Fig. S3 and Table S2, Table S3,
Table S4, Table S5, Table S6, and Table S7; (21, 22)].

Three of the four patients (SLE169, SLE175, and SLE176)
showed alterations in the IgG subclass distribution of memory
antibodies with a bias toward IgG1 and IgG3 and reduced
frequency of IgG2 (Fig. 1C; Table S2, Table S4, and Table S5).
Only SLE174 showed a normal subclass distribution dominated
by IgG1 and IgG2 and with low numbers of IgG3- and IgG4-
expressing memory cells (Fig. 1C and Table S3).

In contrast to previous reports (21, 23), analysis of somatic
hypermutations (SHM) revealed significantly reduced levels in
IgH and Ig light (IgL) chain V region genes (VH, V�, and V�)
cloned from SLE patients (P � 0.0001 for VH, P � 0.0001 for
V�, and P � 0.0001 for V�; Fig. 1D, Fig. S4A, and Table S2,
Table S3, Table S4, and Table S5). However, low V gene SHM
frequencies in SLE were not associated with alterations in the
ratio of V gene replacement (R) to silent (S) SHM in framework
regions (FWR) or CDRs (Fig. S4B) and did not correlate directly

with the patients’ ages. For example, the youngest patient,
SLE175, showed the highest average number of V gene SHM of
all (Fig. S4A), and the average number of VH gene SHM was
lower in SLE174 than in the age-matched HC PN (10.5 vs. 17.0).
In HC and SLE patients, SHM frequencies were higher in VH
than in VL genes as noted by others (17, 18). Strikingly,
antibodies from SLE169 were different from antibodies of the
other patients (P � 0.005) and HC (P � 0.0001) in that the ratio
of IgH to IgL V gene SHM was significantly increased (4.6 as
compared with 2.4–2.7 in SLE and 2.3–3.0 in HC; Fig. S4C), and
mutated IgH chains associated with unmutated IgL chains were
more frequently detected than in the other patients or HC [Table
S2, Table S3, Table S4, Table S5, and Table S6; (24)].

In summary, antibodies cloned from SLE IgG� memory B
cells consistently showed altered IgV�2 gene family and
IgV�3–20 usage, an overall increase in Ig� light-chain usage and
low levels of SHM, whereas abnormalities in V region features
such as IgH CDR3 length, IgV� usage, and IgG subclass
distribution were variable among patients.

Polyreactive and Self-Reactive IgG Memory B Cell Antibodies in SLE.
In healthy humans, substantial numbers of circulating IgG�
memory B cells express polyreactive and self-reactive antibodies
(24, 25). To determine the frequency of polyreactive antibodies
expressed by IgG� memory B cells from SLE patients, we tested
all antibodies for reactivity with ssDNA, dsDNA, insulin, and
LPS (Fig. 2A, Table S2, Table S3, Table S4, and Table S5, and
data not shown). Antibodies with reactivity against at least two
of these structurally diverse self-and nonself antigens were
considered polyreactive (26, 27). Polyreactive IgG memory B
cell antibodies were found in all of the patients, but the fre-
quency of such cells was not significantly different from HC
[26% SLE169, 18% SLE174, 15% SLE175, and 21% SLE176 as
compared with 23% for four HC; Fig. 2B and Table S2, Table S3,
Table S4, Table S5, and Table S6; (24)], and most of these
antibodies showed only low levels of polyreactivity. A small
number of highly polyreactive antibodies were observed in

A B

C D

Fig. 1. IgH and IgL chain gene features from IgG memory B cell antibodies of SLE patients and HC. Ig gene repertoire and Ig gene features of IgG memory B
cell antibodies cloned from three published (24) and one unpublished HC (JH) and four patients with SLE (169, 174, 175, and 176). P values compare data from
the patients to the HC. (A) Pie charts depict VH and JH gene usage. The absolute number of sequences analyzed is indicated in the center of each pie chart. (B)
Pie charts depict V�/J� (Left) and V�/J� gene usage (Right). The absolute number of sequences analyzed is indicated in the center of each pie chart. The frequency
of Ig�- and Ig�-positive antibodies is indicated. (C) Bar graphs show IgG1 (white), IgG2 (black), IgG3 (dark gray), and IgG4 (light gray) subclass usage. (D) The
absolute number of mutations (nucleotide exchanges as compared with germ line) in individual VH, V�, and V� genes (FWR1 - FWR3) of antibodies from IgG�
memory B cells of four healthy HC (filled circles) and four SLE patients (open circles) is shown. Horizontal lines represent the average number of mutations and
gray bars represent the standard deviation.
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SLE169 but in none of the other patients (Fig. 2 A). We conclude
that the frequency of polyreactive IgG memory B cell antibodies
in SLE was not significantly different from HC (23% in healthy
vs. 22% in SLE, P � 0.711; Fig. 2B).

ELISA with HEp-2 cell lysates and indirect immunofluores-
cence assay (IFA) with HEp-2 cells are used clinically to detect
ANAs, which are hallmark features of SLE. To determine the
frequency of ANAs produced by IgG� memory B cells in SLE,
we tested all 200 recombinant antibodies by HEp-2 cell ELISA
(Fig. 2C) and IFA (data not shown). Surprisingly, we found no
difference in the frequency of self-reactive IgG� memory B cells
between HC and SLE patients (on average 33% in HC vs. 30%
in SLE; Fig. 2D). SLE memory B cell antibodies were also

indistinguishable from control antibodies showing diverse nu-
clear and cytoplasmic IFA staining patterns [P � 0.770, Fig. 2D,
and data not shown; (24)].

IgG� Memory B Cells Producing Anti-Ro and Anti-La Antibodies. To
determine whether any of the cloned SLE antibodies showed
specificity for SLE-associated autoantigens, we tested them in
line immunoassays (LIA) in which reactivity to 13 purified SLE
antigens is tested on a membrane (Fig. 3). Of 200 SLE antibodies
tested, 6 showed specific reactivity in this assay, and no reactive
clones were found among 84 IgG memory B cell antibodies from
HC [Fig. 3A and data not shown; (24)]. All of the reactive
antibodies were from patient SLE175, who also showed serologic
reactivity to Ro/SSA and La/SSB in this assay, and none of the
antibodies were clonally related (Fig. 3A and Table S4). Two of
the antibodies (107 and 128) showed specificity for Ro52,
whereas the other four antibodies were reactive with La (29, 162,

A

B

C

D

P=0.770

Fig. 2. Polyreactivity and self-reactivity of IgG memory B cell antibodies from
SLE patients. (A) IgG memory B cell antibodies from HC JH and SLE patients
were tested for polyreactivity with ssDNA, dsDNA, insulin, and LPS by ELISA.
Representative ELISA graphs for reactivity with ssDNA and insulin are shown.
Dotted lines represent the high positive control antibody ED38 (61). Horizon-
tal lines show cut-off OD405 for positive reactivity. Green and red lines show
the negative control antibody mGO53 and low positive control antibody
eiJB40, respectively (26). (B) Pie charts summarize the frequency of polyreac-
tive (black) and nonpolyreactive (white) IgG� memory B cell clones from four
HC and SLE patients (24). The number of tested antibodies is indicated in the
pie chart center. P values are compared with four HC (24). (C) IgG memory B
cell antibodies from HC JH and patients with SLE were tested for self-reactivity
by HEp-2 cell ELISA. The horizontal line shows ELISA cut-off OD405 for positive
reactivity, and the red line shows low positive control serum. (D) Pie charts
summarize the frequency of self-reactive IgG memory B cell antibodies from
HC and SLE patients with nuclear (black), nuclear plus cytoplasmic (dark gray),
and cytoplasmic (light gray) HEp-2 cell IFA staining patterns and the frequency
of nonreactive antibodies (white). The number of tested antibodies is indi-
cated in each pie chart center. P values are compared with IgG memory B cell
antibodies from four HC (24).

C

B

A

Fig. 3. Ro52/SSA-reactive and La/SSB-reactive SLE IgG memory B cell anti-
bodies. (A) LIA with 13 SLE-associated autoantigens (SmB, SmD, RNP-70k,
RNP-A, RNP-C, Ro52/SSA, Ro60/SSA, La/SSB, Cenp-B, Topo-1/Scl-70, Jo-1/HRS,
Ribosomal P, Histones) identified four La/SSB-reactive (29, 162, 264, and 276)
and two Ro52/SSA-reactive (107 and 128) antibodies among 200 tested IgG
memory B cell antibodies from SLE patients and 84 tested IgG memory B cell
antibodies from HC. Anti-Ro52/SSB and anti-La/SSB antibodies were all from
SLE175. LIA result obtained with serum from the same patient is shown for
comparison. HEp-2 cell IFA staining patterns of the same antibodies are
shown. (B) Germ-line versions of the two anti-Ro52/SSA and four anti-La/SSB
reactive IgG memory B cell antibodies from SLE175 were tested by LIA and IFA
as in A. (C) HEp-2 ELISA results of recombinant mutated (filled symbols)
anti-La/SSB (29, 162, 264, 276; Left) and anti-Ro52/SSA (107, 128; Right) anti-
bodies and their germ-line counterparts (open symbols). Red lines in the ELISA
graphs represent low positive control serum, dotted lines represent ED38 (61),
and horizontal lines show cut-off OD405 for positive reactivity.
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264, 276) and one of the anti-La antibodies also showed low
levels of cross-reactivity with Ro60 (29) (Fig. 3A). Although our
patients’ serum displayed reactivity against dsDNA, RNP, or Sm,
we did not find any specific antibodies to these antigens among
the 200 tested (Fig. 3 and Table S1, Table S2, Table S3, Table S4,
and Table S5). In summary, we found a high frequency of IgG�
memory B cells producing SLE antibodies (6 of 39, 15%) in one
of the four patients (Figs. 2 and 3 and data not shown), and these
antibodies reflected the specificity of serum autoantibodies
measured in this patient (Fig. 3A and Table S1).

The anti-Ro52 and anti-La autoantibodies were encoded by
unique Ig�1 heavy-chain and Ig� light-chain genes, and the
number of SHM was above average compared with all other IgG
memory B cell antibodies from SLE175 (Table S4; P � 0.003).
To determine whether anti-Ro52 and anti-La reactivity was due
to SHM, we reverted the IgH and IgL chain genes of the six
anti-Ro52 and anti-La antibodies to their germ-line form and
compared mutated and unmutated antibodies by HEp-2 cell
ELISA, IFA, and LIA (Fig. 3). In the absence of SHM, 5 of 6
antibodies lacked immunoblot and HEp-2 cell reactivity or
reactivity with Ro52 or La in ELISA (107rev, 29rev, 162rev,
264rev, 276rev; Fig. 3 B and C and data not shown). Only one of
the germ-line antibodies, 128rev, retained a low level of HEp-2
cell reactivity in the ELISA and IFA, and the same antibody was
also reactive with Ro52 in the LIA (Fig. 3 B and C) and in ELISA
with purified Ro52 (data not shown). We conclude that high
levels of reactivity with Ro52 and La in IgG memory B cell
antibodies from SLE175 developed as a result of SHM.

A role for SHM in the generation of polyreactive and self-
reactive antibodies was confirmed when the germ-line forms of
the 6 Ro52 and La reactive antibodies and 21 randomly selected
SLE IgG� memory B cell antibodies were tested for polyreac-
tivity and self-reactivity by ELISA and IFA [Fig. S5 and Table
S8; (27–29)]. The majority of mutated polyreactive and self-
reactive antibodies lost reactivity in the germ-line form. Only a
few antibodies showed self- or polyreactivity independent of
SHM, including 128rev with specificity for Ro52 in the mutated
form. The germ-line form of all other Ro52 and La reactive
antibodies lacked polyreactivity (Fig. S5 and Table S8). In
summary, the data suggest that naı̈ve B cells that produce
self-reactive or polyreactive antibodies can enter the germinal
center in SLE but that most self-reactive IgG memory B cell
antibodies including anti-Ro52 and anti-La antibodies develop
from nonreactive precursors by SHM.

Discussion
Abnormalities in the IgH and IgL chain gene repertoire have
been reported in SLE (7, 8, 21, 23, 30–33), and our analysis
confirms the high degree of variability in Ig gene features and
usage. All four patients showed a relative increase in Ig�
light-chain usage suggestive of increased levels of receptor
editing (34–36). One patient showed a high frequency of
Ig��Ig�� double positive cells, which is also associated with
extensive receptor editing (37–41). The finding that this patient
showed an unusually high ratio of VH to VL gene mutations may
indicate that the IgL chain replacement occurred late, possibly
after antigen-mediated stimulation and the onset of SHM.
However, it is important to note that this was not observed in the
other patients and may thus be a unique feature of the disease
in this patient.

In mice, isotypic and allotypic inclusion can silence autoanti-
bodies by diluting out autoreactivity and thereby allow B cells
that produce self-reactive antibodies to pass the central self-
tolerance checkpoint and to participate in immune response
(37–39, 42–45). Double producing B cells were rare in the IgG�
memory pool of the other SLE patients and were not enriched
in naı̈ve B cells from SLE patients with active disease (7, 8).
Thus, isotypic inclusion is not a general feature of this disease but

may be characteristic of a subgroup of SLE patients. We found
a low frequency of Vk3-20 usage in SLE IgG� memory B cells.
Similarly, mature naı̈ve B cells from untreated active SLE
patients showed a lower frequency of Vk3-20 usage than HC
[13.5% vs. 19.6%; (8, 26, 46)], but this did not reach statistical
significance. Thus, it remains to be determined whether low
levels of Vk3-20 usage in IgG� memory B cells reflects a general
deficit in Vk3-20 selection or alterations in V(D)J recombination
(47). Whether the overall low Ig�/Ig� light-chain ratio in our
cohort of SLE patients reflects increased secondary IgL chain
gene recombination during the early stages of B cell develop-
ment in the bone marrow or peripheral selection cannot be
addressed directly. However, the finding that Ig� usage in naı̈ve
B cells from patients with active SLE was not significantly
different from healthy would argue in favor of selection or late
receptor editing (8). IgG� memory B cells from SLE patients
showed overall low numbers of IgH and IgL chain SHM but
normal V gene R/S ratios, suggesting that selection of activated
B cells is not grossly affected. Others have reported an increase
in Ig mutational frequency in peripheral CD19� B cells in SLE
(23, 48), but these findings were not confirmed in a recent study
on circulating IgG� B cells, where, in fact, the SHM frequency
was found to be slightly lower in patients as compared with
HC (18).

The frequency of self-reactive and ANAs or polyreactive
antibodies in CD27�IgG� memory B cells in patients with SLE
was similar to that found in normal individuals (24). Thus,
autoreactive IgG memory B cell antibodies in SLE can arise from
either polyreactive or nonreactive precursors by SHM just as
they do in normal individuals (24). Reactivity to DNA is
associated with positively charged amino acid residues (49), and
polyreactivity in newly generated B cells is associated with long
and charged IgH CDR3 regions, but the rules that govern how
SHMs influence polyreactivity remain to be determined (26). It
is unlikely that binding to structurally diverse antigens such as
insulin, LPS, and DNA can be attributed to recognition of shared
epitopes, because it may be the case for binding to structurally
similar antigens such as ssDNA and dsDNA.

Because of a defect in early self-tolerance checkpoints, pa-
tients with SLE show high numbers of circulating self-reactive
and polyreactive mature naı̈ve B cells (7, 8), and these cells can
be recruited into germinal center reactions and contribute to the
formation of autoreactive plasma cells and memory B cells.
However, the normal frequency of self- and polyreactive IgG�
memory B cells in SLE suggests that the increased number of
self-reactive naı̈ve B cells does not have a strong impact on the
general level of autoreactivity in the IgG� memory B cell pool.
Thus, the defects that lead to abnormalities in IgG� memory B
cell tolerance in SLE may be independent of the earlier defects
in tolerance. We did not observe signs of clonal expansion in the
IgG� memory B cell compartment of SLE patients, and Ro52
and La reactive antibodies from SLE175 were not clonally
related. However, the number of cells analyzed may have been
too small to detect low levels of clonal expansion in IgG�
memory B cells. In wild-type and Fc�RIIB-deficient SLE mice,
clonal expansion contributes significantly to the antigen-
experienced B cell repertoire (T.T. and H.W., unpublished
observation), suggesting that the human antibody repertoire may
be more diverse than its murine counterpart.

IgG autoantibodies with high levels of reactivity for SLE
autoantigens Ro52 and La were identified only in SLE175, but
these antibodies made up a substantial fraction of the circulating
IgG� memory B cell pool in this patient. Similar to low-level
self- and polyreactive antibodies from HC and SLE patients,
antibodies with strong autoreactivity for Ro52 and La originated
from naı̈ve cells that had low levels of binding for this antigen and
were either polyreactive or nonreactive. These observations are
consistent with previous analyses showing that anti-DNA auto-
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antibodies from SLE patients and mice are products of SHM and
selection (50–53). Because of the relatively small number of
antibodies cloned from each patient, it is not possible to deter-
mine whether highly autoreactive memory B cells were infre-
quent or simply not circulating in the bloodstream of these
patients. In addition, responses to certain self-antigens such as
DNA may differ from others like anti-Ro, as evidenced by their
discrete responses to B cell depletion therapy (54, 55). Anti-
DNA antibodies are rapidly depleted from serum after such
therapy, whereas anti-Ro was not (54, 55). Last, normal indi-
vidual variation may further contribute to the differences ob-
served among the patients.

The relative contribution of IgG� memory B cells to the
production of serum autoantibodies in SLE is not known, but
memory B cells readily respond to activation by differentiation
into antibody-secreting B cells (11, 13, 56, 57). Indirect evidence
for a role of memory B cells in human autoimmune diseases
comes from clinical studies with rituximab, a monoclonal anti-
CD20 antibody that efficiently depletes all circulating B cells.
Recent evidence suggests that relapses after anti-CD20 therapy
are strongly associated with the reappearance of high numbers
of circulating memory B cells (54, 58–60). However, it is not yet
clear whether this reflects early regeneration of such cells or
eff lux of nondepleted memory B cells from secondary lymphoid
organs (54, 55, 58, 59).

In summary, our data demonstrate that autoreactive IgG�
memory B cells are generated at high frequency in some, but not
all, patients with SLE. Whether the presence of higher numbers
of such B cells might correlate with clinical outcome in response
to B cell ablative therapy remains to be determined.

Materials and Methods
Single B Cell Sorting. All samples were obtained after signed informed
consent in accordance with institutional review board-reviewed protocols
at The Rockefeller University. The experiments were conducted according
to the Declaration of Helsinki. Control data from IgG� memory B cells of
three HC were published and are shown for comparison (24). Single
CD19�CD38�CD27�IgG� memory B cells and CD19�CD38�CD27�IgG�
plasmablasts were isolated as described (26) after B cell enrichment with
RosetteSep (StemCell Technologies) and staining with anti-CD19-APC, anti-
CD38-PE, anti-CD27-FITC, anti-IgG-Biotin (BD Biosciences Pharmingen),
and Streptavidin-PECy7 (Caltag).

PCR Amplification and Expression-Vector Cloning and Mutation Analysis. Single-
cell cDNA synthesis was performed as described by using SuperScript III at 50°C
(26, 27). Ig� and Igk and � chain genes were amplified in two rounds of nested
PCR. All PCR products were sequenced and analyzed for Ig gene usage and
CDR3 analysis, number of V gene SHM (Ig-Blast; Table S2, Table S3, Table S4,
Table S5, and Table S6), and for IgG isotype subclass (http://imgt.cines.fr). For
the analysis of replacement (R) and silent (S) mutations, each nucleotide was

considered independently except in rare events where a combination of
nucleotide exchanges within one codon was needed to replace or retain a
specific amino acid. R and S frequencies and R/S ratios in FWRs and CDRs were
calculated for each region based on the absolute number of nucleotides in all
analyzed sequences as defined by Ig-Blast. Second PCR products for Ig� genes
contained restriction sites allowing direct cloning into expression vectors. For
Ig� and Igk genes, restriction sites for expression vector cloning were intro-
duced after sequencing by using gene-specific primers and first PCR products
as template. All IgH and IgL chain genes were sequenced after cloning to
confirm identity with the original PCR products.

Antibody Production, ELISA, Line Immunoassay, and Indirect Immunofluores-
cence Assay. Antibodies were expressed and tested for polyreactivity with
ds/ssDNA, insulin, and LPS and for self-reactivity with HEp-2 cells by ELISA and
IFA as described (26). Threshold values for reactivity are indicated in the graphs
and were set in all assays by using our published control antibodies mGO53
(negative), eiJB40 (low positive), and ED38 (high positive) for polyreactivity
ELISAs and additional positive and negative control sera for HEp-2 reactivity
(26, 61). Data shown are representative for at least three independent exper-
iments. LIA was performed according to the manufacturer’s instructions
(INNO-LIA; Immunogenetics). In brief, strips were incubated with 2 �g/ml
antibody solution or 1:100-diluted serum, followed by two wash steps. Bound
antibodies were detected by using anti-human IgG coupled to alkaline phos-
phatase and BCIP/NBT as substrate. Internal positive controls on each blot strip
and cut-off controls were included and were used as reference points to
determine positive reactivity.

Reversion of Hypermutated Sequences to Germ Line. Antibodies for reversion
experiments are listed in Table S8 and include antibodies from SLE175 with
specificity for Ro52/SSA (107, 128) and La/SSB (29, 162, 264, and 276) and 21
randomly chosen clones (20 with known D genes and 1 with short N-
nucleotide regions in IgH CDR3). Mutated IgH and IgL chain genes were
reverted to their germ-line sequence by two separate PCRs for the V gene and
the (D)J gene, followed by a third overlap PCR to fuse the two PCR products
as described (24, 27–29). All reverted IgH and IgL chain PCR products were
sequenced before and after cloning to confirm lack of mutations. Recombi-
nant mutated and unmutated antibodies were expressed and tested for
polyreactivity and self-reactivity as described above.

Statistics. P values for Ig gene repertoire analyses, analysis of positive charges
in IgH CDR3, and antibody reactivity were calculated by 2 � 2 or 2 � 5 Fisher’s
Exact test or �2 test. P values for IgH CDR3 length and V gene FWR1-FWR3
mutations were calculated by nonpaired two-tailed Student’s t test. P values
for ratios of VH to VL gene SHM were calculated by one-way ANOVA.
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