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Long-term humoral immunity is maintained by the formation of
high-affinity class-switched memory B cells and long-lived anti-
body-secreting plasma cells. In healthy humans, a substantial frac-
tion of IgG-positive memory B cells express self-reactive and
polyreactive IgG antibodies that frequently develop by somatic
mutations. Whether self- and polyreactive IgG-secreting B cells
are also tolerated in the long-lived plasma cell pool is not known.
To address this question, we cloned and expressed the Ig genes
from 177 IgG-producing bone marrow plasma cells of four healthy
donors. All antibodies were highly mutated but the frequency of
self- and polyreactive IgG antibodies was significantly lower than
that found in circulating memory B cells. The data suggest that in
contrast to the development of memory B cells, entry into the
bone marrow plasma cell compartment requires previously unap-
preciated selective regulation by mechanisms that limit the pro-
duction of self- and polyreactive serum IgG antibodies.

Newly developing self-reactive B cells are efficiently coun-
terselected at two tolerance checkpoints before becoming

circulating naive B cells (1, 2). Antigen-mediated activation of
naive B cells in the presence of T-cell help induces germinal
centers and the development of memory B cells and long-lived
bone marrow plasma cells that express high affinity, isotype
class-switched antibodies (3, 4). Surprisingly, compared with
naive B cells, circulating IgG-positive memory B cells are sig-
nificantly enriched for self-reactive and polyreactive antibodies
(5). These antibodies develop in the germinal center from non–
self-reactive or polyreactive precursors by somatic mutations
and appear in the serum of healthy humans in low amounts (6).
Whether cells producing self-reactive and polyreactive IgG can
enter the bone marrow plasma cell compartment has not
been determined.
To address this question, we produced recombinant mono-

clonal antibodies from isolated IgG-secreting plasma cells from
bone marrow of four healthy donors (HDs) and compared the Ig
gene features and antibody reactivity profiles to historic data
obtained from IgG-positive memory B cells (5, 7). Ig gene se-
quence analysis showed that bone marrow plasma cells carry
significantly higher numbers of somatic mutations than circu-
lating memory B cells and that the two compartments differ in
their Ig light (IgL) chain variable (V) gene use and IgG isotype
subclass distribution. Further, the frequency of polyreactive and
self-reactive IgG-positive antibodies was significantly lower in
bone marrow plasma cells than in the memory B-cell compart-
ment. In summary, the data suggest that entry into the bone
marrow plasma cell compartment is selective for B cells pro-
ducing highly mutated antibodies that are not self- or poly-
reactive.

Results
Ig Gene Features of Human IgG-Positive Bone Marrow Plasma Cells.
To characterize the antibody gene repertoire of IgG-expressing

bone marrow plasma cells, we cloned the Igγ and IgL chain genes
of 238 purified single CD138+CD27+CD38+ bone marrow
mononuclear cells from four HDs (Fig. S1 and Table S1) (7, 8).
The data were compared with historic data obtained from the
analysis of IgG antibodies expressed by circulating memory B
cells from four independent donors (5, 7). Ig gene sequence
analysis showed no significant differences between plasma cells
and memory B cells in Ig heavy (IgH) chain V and joining (J)
gene use and IgH complementarity determining region 3 (CDR3)
features, such as length and number of positive charges (Fig. 1A).
Only small differences were observed for IgL chain V gene use
with increased use of Vκ2, Vκ4, and Vλ1 by plasma cells (Fig.
1B). The IgG subclass distribution of bone marrow plasma cells
reflected that of memory B cells and serum IgG antibodies with
IgG1 > IgG2 > IgG3 > IgG4, but IgG3 and IgG4 antibodies were
rare and were not detected in all samples (Fig. 1C). As expected
from cells that have undergone affinity maturation in the ger-
minal center, bone marrow plasma cells showed clear signs of
antigen-mediated selection with higher ratios of replacement (R)
to silent (S) somatic mutations in V gene CDRs than in frame-
work regions (R = 6.0 vs. S = 3.6 for VH, R = 2.9 vs. S = 1.9 for
Vκ, and R = 3.0 vs. S = 1.8 for Vλ; Fig. S2). Overall, the fre-
quency of somatic mutations in IgH and IgL V genes of bone
marrow plasma cells was significantly higher than in circulating
IgG-positive memory B cells (Fig. 1D; P < 0.0001). In summary,
the Ig gene repertoire and Ig gene features of antibodies pro-
duced by IgG-expressing bone marrow plasma cells are similar
to circulating memory B cells but plasma cell antibodies show
higher overall levels of somatic hypermutation.

Low Frequency of Self-Reactive IgG-Positive Bone Marrow Plasma
Cells. IgG-positive memory B cells are generated in response to
foreign antigens including microbes and vaccines (5, 9, 10).
However, a substantial number of circulating memory B cells
express self-reactive IgG antibodies that react with the human
larynx carcinoma cell line HEp-2 by ELISA, which is used as
a clinical diagnostic assay for the detection of serum IgG auto-
antibodies (5, 11). These antibodies are also detectable at low
levels in serum of HDs (5, 6). To determine the frequency of self-
reactive antibodies expressed by IgG-secreting bone marrow
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plasma cells, we cloned and expressed the Ig genes of 177 bone
marrow plasma cells in vitro and measured their reactivity (8).
The frequency of HEp-2 cell self-reactive IgG-positive bone
marrow plasma cells ranged from 2% to 27% in the ELISA (Fig.
2A). Despite this high variation among individuals, the mean
frequency of cells expressing self-reactive IgG antibodies was

significantly lower in plasma cells than in circulating IgG-positive
memory B cells (13.6 ± 10.3% vs. 36.3 ± 13.3%, Fisher’s exact
P = 0.0001; median 13% vs. 41.9%, Mann–Whitney P = 0.057;
Fig. 2B and Table S1) (5, 7). No obvious age- or sex-associated
differences in the frequency of self-reactive antibodies were
observed between plasma cells and memory B cells. Antibodies

A
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D

Fig. 1. Ig gene features of IgG-positive plasma cells. Ig gene repertoire and Ig gene features of IgG plasma cell antibodies from four HDs (HD15, HD16, HD20,
and HD21) are shown in comparison with historical data from IgG memory B cell antibodies (5, 7). VH/JH gene family use and IgH CDR3 amino acid-positive
charges and length (A) and Vκ/Jκ and Vλ/Jλ gene family use (B) and IgG subclass distribution (C) are shown. Pie charts show the data for individual HDs with
the absolute number of sequences analyzed indicated in the pie chart center. Bar graphs compare the data obtained from IgG plasma cell antibodies (n = 238;
κ, n = 147; λ, n = 97) to historical data from IgG memory B cell antibodies (n = 254; κ, n = 172; λ, n = 83) (5, 7). Error bars indicate SD. (D) Dots represent the
absolute number of somatic mutations (nucleotide exchanges compared with the nearest germline gene segment) in individual IgH and IgL Vκ and Vλ genes
in IgG plasma cell antibodies from all four HDs. Horizontal lines indicate averages.
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specific for vaccine antigens or common pathogens were identi-
fied in both compartments (Fig. S3 and Table S1) (5).
Antibodies with HEp-2 cell ELISA reactivity may include

antinuclear antibodies (ANAs) that are expressed by ∼10% of
circulating IgG-positive memory B cells and if detected in se-
rum serve as diagnostic markers in autoimmunity (5, 7). To
discriminate between ANAs and antibodies binding to cytosolic
or nuclear and cytosolic antigens, we performed indirect im-
munofluorescence assay (IFA) on fixed HEp-2 cells (Fig. 2 C
and D and Table S1). In agreement with the HEp-2 ELISA
results, the frequency of IFA-positive antibodies was signifi-
cantly lower in plasma cells than in the circulating IgG-positive
memory B cell compartment (Fisher’s exact P < 0.0001). Fur-
ther, the few IFA-positive antibodies from bone marrow plasma
cells reacted mostly with extranuclear self-antigens or nuclear
plus cytoplasmic antigens and were nearly devoid of true ANAs
(Fig. 2D, median frequency of ANA-positive cells: 0% for plasma
cells and 8.9% for memory B cells, Mann–Whitney P = 0.026).
Thus, B cells producing HEp-2 cell-reactive antibodies including
ANAs are selected against in the bone marrow plasma cell
compartment.

Low Frequency of Polyreactive IgG-Positive Bone Marrow Plasma
Cells. Production of antigen-specific IgG antibodies in response
to infection can be associated with the development of self- and
polyreactive antibodies (12–15). In addition, 23% of circulating
IgG-positive memory B cells normally express polyreactive
antibodies, most of which arise by somatic mutations (5). To
determine the frequency of polyreactivity in the IgG-secreting
bone marrow plasma cell compartment, we tested all antibodies
by ELISA for binding to a panel of self- and foreign antigens
comprising single-stranded and double-stranded DNA (ssDNA
and dsDNA), LPS, and insulin (Fig. 3 and Table S1). On average
9.3% of bone marrow plasma cells reacted with at least two
structurally diverse antigens in these assays and were therefore
polyreactive (range 2–16%; Fig. 3A). Despite the high degree of

variation among the individuals, this frequency was significantly
lower than that observed for IgG-positive memory B cell anti-
bodies (Fig. 3B; Fisher’s exact P = 0.0033; average 23% and
range 22–23% for IgG memory B cell antibodies; median 9.7%
for IgG plasma cell antibodies vs. 22.5% for IgG memory B cell
antibodies; Mann–Whitney P = 0.0286). Again, no obvious as-
sociation between age and frequency of polyreactive plasma cells
was observed. Thus, we conclude that self- and polyreactivity is
a less common feature of the IgG antibodies produced by bone
marrow plasma cells than by circulating memory B cells.

Discussion
In summary, our findings suggest that entry into the IgG-positive
bone marrow plasma cell compartment in healthy humans is
selective against self-reactivity compared with circulating IgG-
positive memory B cells. Memory B cells and plasma cells de-
velop in response to environmental factors but also depend on
the individual genetic background. Therefore, heterogeneity in
the antibody repertoire among the individuals likely reflects
differences in these two factors.
Long-lived bone marrow plasma cells are terminally differ-

entiated and protect from infection through the production of
high-affinity antigen-specific serum antibodies (16–18). Low
levels of poly- and self-reactivity in this compartment may be
essential to avoid the production of self-reactive and polyreactive
serum IgG antibodies that might lead to the induction of in-
flammatory autoimmune reactions and the development of au-
toimmune disease (19).
Bone marrow plasma cells develop in germinal centers, where

they accumulate somatic mutations (20). Selection in the ger-
minal center is based on high affinity of the B cell antigen re-
ceptor that is necessary to capture and present sufficient
amounts of antigen to T follicular helper cells, presumably the
limiting factor in the selection process (21–23). The low level of
self- and polyreactivity that we measured in IgG-positive bone
marrow plasma cells may be a by-product of somatic mutations
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Fig. 2. Low frequency of self-reactive IgG-positive plasma cells compared with memory B cells. IgG plasma cell antibodies from four HDs were tested for self-
reactivity with HEp-2 cells. (A) HEp-2 cell lysate ELISA. Black lines represent individual plasma cell antibodies. Horizontal lines indicate cutoff OD405 for positive
reactivity determined by comparison with low-positive control serum (red line). Data are representative of at least two independent experiments. (B) Dot
plots compare the frequency of HEp-2 lysate-reactive plasma cell antibodies determined in A to the frequency of HEp-2 lysate-reactive IgG-positive memory B
cells in individual HDs (5, 7). Horizontal lines represent mean values of reactivity for all HDs; gray boxes indicate SD; n indicates the number of tested
antibodies. (C) Representative HEp-2 cell IFA staining patterns of antibodies cloned from IgG-positive plasma cells. (Scale bar, 50 μm.) (D) Bar graphs compare
the frequency of nonreactive (white) and HEp-2 self-reactive IgG plasma cell antibodies and memory B-cell antibodies with nuclear (black), nuclear plus
cytoplasmic (dark gray), and cytoplasmic (light gray) IFA staining patterns (5, 7). Error bars indicate the SD; n indicates the number of tested antibodies. P
values were calculated by Fisher’s exact test.
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and does not exclude the possibility that the antibodies show high
affinity for foreign antigens that were not tested (24). Antibody
self- and polyreactivity may be tolerated during germinal center
reactions if affinity for the activating antigen is high enough and
antigen presentation is sufficient to receive proper help from
cognate T follicular helper cells. Further, access to cross-reacting
self- and nonself antigens is likely limited under normal cir-
cumstances and thus may not have strong impact on antigen
presentation and the positive selection process during germinal
center reactions. Alternatively and not mutually exclusive, self-
tolerance of bone marrow plasma cells may be ensured by neg-
ative selection of autoreactive antigen-experienced B cells, for
example, during their differentiation in the germinal center or
before homing to the bone marrow and occupying niches that
promote long-term plasma cell survival. Activation of the in-
hibitory IgG Fc receptor IIb (FcγRIIb) by autoantigen-contain-
ing immune complexes may provide a mechanism to regulate
specifically autoreactive germinal center B cells and memory B
cells in mice and humans (25, 26). FcγRIIb also regulates plasma

cell survival in both species (27, 28). Thus, FcγRIIB is of major
importance for the regulation of antigen-experienced autor-
eactive B cells and may influence the relative representation of
autoreactive B cells in different compartments.
The signals that drive differentiation into memory B cells vs.

plasma cells are not well understood (25). In mice, only few
antigen-specific plasma cells home to the bone marrow early
after primary immunization, suggesting that the majority of them
develop from memory B cells upon secondary antigen encounter
and that selection into the plasma cell compartment requires
higher affinity than differentiation into memory B cells (26, 27).
In support of this idea, antigen reexposure drives preexisting IgG
memory B cells primarily toward differentiation into antibody
secreting cells, whereas IgM memory B cells, which are likely to
be of lower affinity than IgG memory B cells, initiate secondary
germinal centers, undergo class switch recombination, and may
thereby help to replenish the IgG memory B cell pool (28). In
humans, indirect evidence suggests that memory B cells may
participate in germinal center reactions (29). The higher fre-
quency of somatic V gene mutations in bone marrow plasma
cells compared with memory B cells may support the idea that
bone marrow plasma cells have gone through multiple rounds
of germinal center selection. High specificity may be the end
product of iterative affinity maturation processes. Competition
for survival niches may further limit access of plasma cells to the
bone marrow compartment (30).
In contrast to plasma cells, memory B cells are quiescent in

the absence of antigen and require reactivation before differ-
entiation into antibody-secreting cells (31, 32). Cross- or poly-
reactivity of IgG memory B cell antibodies may be beneficial in
cases where the antigen load is low, as it is for example in the
case of HIV, or when antigenic variants are encountered, e.g., in
viral infection (13, 33). Thus, memory B cells may play an im-
portant role in maintaining flexibility of memory responses to
infectious agents whereas terminally differentiated bone marrow
plasma cells secrete high-affinity antigen-specific serum IgG
antibodies.

Materials and Methods
Healthy Donors. All samples were collected after patients signed informed
consent in accordance with protocols reviewed by the Institutional Review
Board of The Rockefeller University and in accordance with the guidelines of
the World Medical Association’s Declaration of Helsinki. Mononuclear cells
from one male [age 37 (HD15)] and three female [ages 23 (HD21), 28 (HD20),
and 51 (HD16)] HDs were purified from bone marrow by Ficoll-Paque (GE
Healthcare) density gradient centrifugation. CD138+ mononuclear cells were
enriched by magnetic beads (Miltenyi). Enriched CD138+ bone marrow cells
were stained with anti-CD27-FITC, anti-CD38-APC, and anti-CD138-PE anti-
bodies (Becton Dickinson). Single CD138+CD27+CD38+ B cells were sorted as
previously described (5). The data obtained from the analysis of bone mar-
row plasma cell antibodies were compared with previously published data
from IgG-positive memory B cells from two male (ages 17 and 25) and two
female (ages 26 and 31) HDs (5).

cDNA, PCRs, and Antibody Production and Purification. Single-cell Ig gene RT-
PCR was performed as previously described (5). All PCR products were se-
quenced and analyzed for Ig V and J gene use and CDR3 analysis, number of
V gene mutations by IgBLAST comparison (http://www.ncbi.nlm.nih.gov/
igblast/) (Table S1), and IgG isotype subclass using the international ImMu-
noGeneTics information system (http://imgt.cines.fr).

Antibody Production and Purification. HEK293T (ATCC; CRL-11268) cells were
transiently transfected with equal amounts (10–15 μg each) of IgH and
corresponding IgL chain encoding plasmid DNA by calcium–phosphate pre-
cipitation and antibodies were purified from supernatants using protein-G
beads as previously described (5).

ELISAs and IFAs.Antibodies were tested for reactivity with dsDNA, ssDNA, LPS,
and insulin (Sigma); for seasonal influenza and pneumococcal polysaccharide
vaccines (Fluzone; Sanofi Pasteur) (Pneumovax23; Merck) by ELISA; and for
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Fig. 3. Low frequency of polyreactive IgG-positive plasma cells compared
with memory B cells. (A) IgG plasma cell antibodies (black lines) from HDs
were tested for polyreactivity by ELISA with ss/dsDNA, insulin, and LPS.
Dotted lines represent the high-positive control antibody ED38 (35); hori-
zontal lines show cutoff OD405 for positive reactivity determined by com-
parison with the negative control antibody mGO53 (green line) (2) and low-
positive control eiJB40 (red line) (2). Pie charts summarize the frequency of
polyreactive clones for individual HDs. The numbers of tested antibodies are
indicated in the pie chart centers. Data are representative of at least two
independent experiments. (B) Dot plots compare the frequency of poly-
reactive plasma cell antibodies to the frequency of IgG-positive memory B
cells in individual HDs (5, 7). Horizontal lines represent mean values of re-
activity for all HDs; gray boxes indicate SD; n indicates the number of tested
antibodies.
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HEp-2 cell reactivity by ELISA (INOVA Diagnostics) and indirect IFA (BION
Enterprises) as described (2, 34). Threshold values for reactivity are indicated
in the graphs and were set by using the 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
(5, 8, 35).

Statistical Analysis. P values for Ig gene repertoire analysis, analysis of posi-
tive charges in IgH CDR3, and antibody reactivity were calculated by Fisher’s
exact test or chi-square test. P values for IgH CDR3 length and V gene

mutations were calculated by nonpaired two-tailed Student’s t test. Addi-
tionally, a Mann–Whitney test was performed for antibody reactivity.
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