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Objective. A hallmark of rheumatoid arthritis
(RA) is the production of autoantibodies, including
anti–citrullinated protein antibodies (ACPAs). Never-
theless, the specific targets of these autoantibodies
remain incompletely defined. During an immune re-
sponse, B cells specific for the inciting antigen(s) are
activated and differentiate into plasmablasts, which are
released into the blood. We undertook this study to
sequence the plasmablast antibody repertoire to define
the targets of the active immune response in RA.

Methods. We developed a novel DNA barcoding
method to sequence the cognate heavy- and light-chain
pairs of antibodies expressed by individual blood plas-

mablasts in RA. The method uses a universal 5� adapter
that enables full-length sequencing of the antibodies’
variable regions and recombinant expression of the
paired antibody chains. The sequence data sets were
bioinformatically analyzed to generate phylogenetic
trees that identify clonal families of antibodies sharing
heavy- and light-chain VJ sequences. Representative
antibodies were expressed, and their binding properties
were characterized using anti–cyclic citrullinated pep-
tide 2 (anti–CCP-2) enzyme-linked immunosorbent as-
say (ELISA) and antigen microarrays.

Results. We used our sequencing method to
generate phylogenetic trees representing the antibody
repertoires of peripheral blood plasmablasts from 4
individuals with anti-CCP� RA, and recombinantly
expressed 14 antibodies that were either “singleton”
antibodies or representative of clonal antibody families.
Anti–CCP-2 ELISA identified 4 ACPAs, and antigen
microarray analysis identified ACPAs that differentially
targeted epitopes on �-enolase, citrullinated fibrinogen,
and citrullinated histone H2B.

Conclusion. Our data provide evidence that auto-
antibodies targeting �-enolase, citrullinated fibrinogen,
and citrullinated histone H2B are produced by the
ongoing activated B cell response in, and thus may
contribute to the pathogenesis of, RA.

Rheumatoid arthritis (RA) is a common auto-
immune synovitis associated with the production of
autoantibodies, including rheumatoid factor (RF) and
anti–citrullinated protein antibodies (ACPAs) (1–3).
ACPAs target proteins that have undergone citrullina-
tion (1,2,4), a posttranslational modification that con-
verts peptidylarginine to peptidylcitrulline. Presently,
such antibodies are detected in the clinic using the
anti–cyclic citrullinated peptide (anti-CCP) assay (1,5).
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The anti-CCP assay uses as detector antigens a mixture
of cyclized, citrulline-substituted peptides derived from
filaggrin, a protein not expressed in joint tissue (4), and
therefore does not identify the bona fide, in vivo targets
of ACPAs. Thus, uncovering the specificity of the
ACPAs that contribute to the pathogenesis of RA
remains a critical challenge (1,4). To gain further in-
sights into the specificity of the autoantibody response in
RA, we developed and applied a DNA barcoding
method to sequence the cognate heavy- and light-chain
pairs of antibodies expressed by individual peripheral
blood plasmablasts derived from individuals with anti-
CCP autoantibody–positive RA (anti-CCP� RA).

Antibodies are comprised of heavy and light
chains, each containing an antigen-binding domain that
is generated by the recombination, junctional diversifi-
cation, and somatic hypermutation of variable (V),
joining (J), and/or diversity (D) gene segments. Several
methods exist for the profiling and isolation of native
human antibodies, including reverse transcriptase–
polymerase chain reaction (RT-PCR) of single B cells
(6–12). However, RT-PCR of single B cells is laborious,
requiring Sanger sequencing of each B cell, followed by
production and screening of a large number of anti-
bodies (7–10).

Two recently developed methods have begun
to address the issue of heavy- and light-chain pairing
on a larger scale. One method involves the deposition
of single B cells in high-density microwell plates fol-
lowed by the sequencing of the third complementarity-
determining region (CDR3) of their antibody genes
(13). The other involves mass spectrometric analysis
of circulating antibodies against specific antigens fol-
lowed by combinatorial expression and screening of
possible heavy- and light-chain pairs (14). Although
useful tools, these methods have shortcomings: they
use V-gene–specific primers that fail to amplify all
immunoglobulin sequences (especially mutated 5�-end
sequences that have arisen from extensive somatic hy-
permutation that may confer interesting biologic prop-
erties), they cannot distinguish between sequencing er-
rors and closely related sequences that have arisen
through somatic hypermutation, they sequence only the
CDR3 regions and thus cannot accurately identify clonal
families of antibodies that share other heavy- and light-
chain variable region sequences, they cannot accurately
determine the size of clonal antibody families, and they
require PCR cloning and Sanger sequencing to deliver
complete V-region sequences.

To overcome these shortcomings, we developed
a novel approach that combines high-throughput se-
quencing with DNA barcode–enabled pairing of cognate
heavy- and light-chain antibody sequences expressed by
individual B cells (15). We focus our analysis on the
antibodies expressed by peripheral blood plasmablasts;
these antibody-producing cells arise from both the naive
and the memory B cells activated in an immune re-
sponse (11,16–18), and their antibody repertoires there-
fore provide a comprehensive snapshot of the ongoing
antibody response. By bioinformatically analyzing the
resulting sequence data sets, we can generate phylo-
genetic trees of the antibody responses and rationally
select key antibodies for cloning, expression, and char-
acterization of their binding and functional properties.

To demonstrate the power of our DNA bar-
coding method and to further study the specificities of
the autoantibody response in RA, we applied our
DNA barcoding method to characterize the autoanti-
body response of peripheral blood plasmablasts derived
from individuals with anti-CCP� RA. Phylogenetic
trees representing the plasmablast antibody repertoires
revealed the production of affinity-matured clonal fam-
ilies of antibodies in anti-CCP� RA, and these trees
were used to guide selection of representative antibodies
for recombinant expression. We demonstrate that re-
combinant antibodies derived from RA plasmablasts
bind to CCP in the anti–CCP-2 enzyme-linked immu-
nosorbent assay (ELISA) and to putative, citrullinated
autoantigens—including �-enolase, citrullinated fibrino-
gen, and citrullinated histone H2B–contained on RA
antigen microarrays.

MATERIALS AND METHODS

Human samples. Samples were collected after obtain-
ing informed consent and according to human subject proto-
cols approved by the Investigational Review Board at Stanford
University. For RA samples, we collected blood from individ-
uals who met at least 4 of the 7 American College of
Rheumatology 1987 classification criteria for RA (19).

Assessment of ACPA production by bulk cultured
plasmablasts. Peripheral blood mononuclear cells (PBMCs)
were stained, and IgG� plasmablasts were bulk sorted by
gating for CD19�CD20�CD27�CD38��IgA�IgM� cells.
Plasmablasts were then cultured in complete RPMI medium
for 7 days in 96-well plates at a density of 150,000 cells/well.
We used the supernatants at a 1:1 dilution in RA antigen
microarray assays.

Single-cell sorting of plasmablasts. PBMCs were
stained, and IgG� plasmablasts were single-cell sorted into
96-well plates based on gating for CD19�CD20�CD27�
CD38��IgA�IgM� cells (11).
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RT-PCR with DNA barcodes. We performed reverse
transcription with a Moloney murine leukemia virus H re-
verse transcriptase that has 3�-tailing (20) and template-
switching activity in order to synthesize complementary DNA
(cDNA) and tag it with a “well ID barcode” sequence unique
to each well (and hence unique to each plasmablast cell)
(Figures 1A and D). We pooled the well ID–tagged cDNAs
from each plate and tagged them with plate ID barcodes by
using nested PCR and primers specific to the constant regions
of the heavy and light chains. We used Phusion Hot Start II
DNA polymerase (NEB/Fermentas) for both the first PCR
(PCR1) and the nested PCR (PCR2). We recently described
the primers and adapters used (15).

Sample preparation for 454 sequencing. For 454 se-
quencing, we pooled the amplified DNA, gel purified them,
added Lib-L sequencing adapters, and then purified the am-
plicons with AMPure XP beads (Beckman Coulter). We
determined DNA concentrations by using PicoGreen DNA
assay kits (Invitrogen) and sent the amplicons to Roche, where
they were sequenced by emulsion PCR at 1 copy per bead
before being subjected to 454 Titanium sequencing.

Compound barcode assignment and assembly of se-
quences. Sequencing data were analyzed by 454 GS FLX data
analysis software. Sff output files from 454 sequencing, con-
taining sequences and quality scores for each nucleotide, were
read into Python by using the Biopython package, and se-
quences were grouped and parsed into separate sff files on the
basis of their compound ID (plate ID � well ID). We used
Newbler 2.6 to assemble forward reads into consensus se-
quences by using the “-cdna”, “-ud” and “-urt” options, with a
minimum threshold of 8 reads. Where multiple assemblies

occurred per well, which is common with oversampling (�100
reads), an assembly was accepted if it contained �50% of all
reads in a well, and/or was 3 times more abundant than the
next read. Otherwise, we assumed that the well contained more
than one plasmablast, and we disregarded the sequence reads
from that well.

V(D)J and clonal family assignment. We analyzed
heavy- and light-chain sequences with IMGT HighV-QUEST
(21), software that compares an antibody-chain sequence to a
database of known alleles of germline sequences and predicts
which germline alleles the antibody uses, how the germline
sequences were recombined, and the number of mutations the
antibody has relative to the germline sequence (broken down
into “all mutations,” “silent mutations,” and “non-silent mu-
tations”). Clonal family antibodies were defined as antibodies
with shared heavy-chain VJ and light-chain VJ sequence usage
and shared mutations as compared to the corresponding
germline sequence. Heavy-chain D alleles were not used in the
clonal family assignments, as their short length (�20 AA) and
high mutation rates can make D-allele calling inaccurate. We
also identified “singleton” antibodies, i.e., antibodies using
heavy-chain and/or light-chain VJ sequences that were not
used by any other antibody in an individual’s plasmablast
antibody repertoire.

Clustering of sequences. Heavy- and light-chain se-
quences were clustered based on their V-region sequences,
binned according to their heavy-chain V-gene usage, and then
concatenated and aligned with Muscle (22). They were clus-
tered with PhyML (23) maximum-likelihood clustering, and
rooted by their germline heavy-chain V gene. Each V-gene
phylogenetic tree was then arranged by heavy-chain V-gene

Figure 1. Schematic representation of a DNA barcode–enabled method for high-throughput sequencing and recombinant production of
endogenous antibodies. A–C, Overview of the method. A, Plasmablasts are single-cell sorted into 96-well plates, and cDNA is generated by reverse
transcription (RT), during which a unique well ID barcode is added to all of the cDNA in an individual well. B, All of the barcoded cDNA from
one plate is pooled and tagged with a unique plate ID. C, The cDNAs, which are now double-barcoded with well IDs and plate IDs, are pooled and
sequenced using next-generation 454 sequencing. D and E, Specifics for barcoding and library preparation. D, During reverse transcription, an
adapter containing a unique well ID barcode is incorporated at the 3� end of the first-strand cDNA by using the 3�-tailing activity of a thermally stable
RNase H� reverse transcriptase. E, Plate IDs and 454 Titanium Primer A are added during polymerase chain reaction (PCR) amplification by using
a barcoded adapter. A further round of nested PCR is performed, adding 3� plate IDs and 454 Titanium primer B. F, For cloning and expression
of an antibody, either PCR or gene synthesis is used. For PCR, a 5� primer specific to a particular well ID is used to amplify only the desired pair
of heavy chain (HC) and light chain (LC) cDNA from the pooled cDNA of the appropriate plate. Standard molecular biology is used to insert the
antibody V(D)J or VJ sequences in frame into an expression vector containing the appropriate antibody constant region.
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families, generating the displayed phylogenetic trees. There-
fore, the distance between each V-gene subdendrogram is
arbitrary. Trees were drawn with ETE (24).

Cloning of antibody genes. To select antibodies repre-
sentative of clonal families, we aligned the sequences of
antibodies within clonal families and selected the most com-
mon sequence for expression. Singleton antibodies were se-
lected at random. We inserted � and � light chains into vector

pEE12.4 (Lonza), and the � heavy chain into pEE6.4 (Lonza).
Heavy- and light-chain sequences were cloned by PCR or gene
synthesized, and the heavy- and light-chain variable regions
were inserted into the vector containing the 5� end of the
antibody chains (the leader and V(D)J sequences) along with
the appropriate antibody constant regions. For PCR isolation
of the variable regions, we used well ID–specific forward
primers and constant region–specific reverse primers. For gene

Figure 2. Anti–citrullinated protein antibody production by rheumatoid arthritis (RA) plasmablasts. A, Fluorescence-activated gating strategy for
single-cell sorting of IgG-secreting plasmablasts from peripheral blood mononuclear cells (PBMCs) obtained from individuals with RA. Plasmablasts
were first gated on live, single PBMCs and then gated on surface staining for IgG� plasmablasts, as shown. B, Antigen array screening of the binding
to citrullinated peptides of antibodies produced by bulk cultured plasmablasts from patients with anti–cyclic citrullinated peptide (anti-CCP)–
positive RA, patients with anti-CCP� RA, and patients with psoriatic arthritis (PsA). Antibody-binding values were normalized as described in
Materials and Methods. Blue represents no reactivity, yellow represents moderate reactivity, and orange and red represent high reactivity. Cfc �
cyclic citrullinated filaggrin peptide; sm � small; H2A � histone H2A.
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synthesis, heavy- and light-chain variable region sequences
were e-mailed to and gene synthesized by Lake Pharma.

Expression of monoclonal antibodies. We performed
transient, dual transfections of paired light-chain–containing
pEE12.4 and heavy-chain–containing pEE6.4 constructs in
293T cells by using Lipofectamine 2000. We purified the
expressed antibodies from the culture supernatants by using
Protein A Plus–Agarose Beads (Pierce).

Anti-CCP assay. Anti–CCP-2 ELISA was performed
according to the instructions of the manufacturer (Euro-
Diagnostica).

RA antigen microarrays. RA antigen microarrays were
printed and probed, and data sets analyzed, as previously
described (25–27).

RESULTS

Development of a DNA barcoding method for
sequencing the cognate heavy and light chains of anti-
bodies expressed by individual B cells. We developed
a novel method for tagging all cDNA generated from
each individual antibody-expressing cell with a unique
DNA barcode before sequencing the cDNA; we then
used these unique barcodes to match the heavy- and
light-chain antibody sequences that derive from the
same cell (15). In this way, we uncovered the sequences
of the specific heavy and light chains that make up each
antibody, information that we used to generate phylo-
genetic trees of the antibody response and to clone and
express the antibodies encoded by these sequences.

We single-cell sorted plasmablasts into separate
wells of 96-well plates. For each plate of 96 wells, we
included 8 control wells that remained empty (i.e., we
did not sort cells into those 8 wells). Therefore, for
each plate, we could expect at most 88 sequences. On
average, we achieved �44 heavy-chain sequences per
plate, and 65 light-chain sequences per plate. After
quality control and pairing of sequences on the basis of
barcodes, we obtained on average 41 antibody sequences
(paired heavy and light chains) per plate.

Production of ACPAs by RA peripheral blood
plasmablasts. We collected PBMCs from individuals
with active RA, and bulk-sorted IgG� plasmablasts on
the basis of cell-surface staining for CD19�CD20�
CD27�CD38�IgA�IgM� (Figure 2A). Bulk-sorted
IgG� plasmablasts were cultured in vitro, and their
culture supernatants were analyzed on RA antigen
microarrays (Figure 2B). (Additional results are avail-
able from the author upon request.) Antibodies derived
from the supernatants of peripheral blood plasmablasts

from individuals with anti-CCP� RA reacted to multi-
ple citrullinated peptides contained on RA antigen
microarrays (25,26), including citrullinated peptides de-
rived from fibrinogen �, vimentin, histone H2A, and
clusterin. In contrast, those from individuals with anti-
CCP� RA had minimal reactivity, and those from
individuals with psoriatic arthritis had no reactivity. This
observation, that plasmablasts circulating in the peri-
pheral blood of individuals with RA produce ACPAs
(Figure 2B), is consistent with the findings of others
(28), and suggests that analyzing plasmablast antibody
repertoires in active RA could uncover the specific
ACPAs and other key autoantibodies involved in RA
pathogenesis.

Sequencing the antibody repertoires of RA peri-
pheral blood plasmablasts. We single-cell sorted IgG�
plasmablasts from PMBCs derived from 4 anti-CCP�
RA patients into 96-well plates on the basis of cell-
surface staining for CD19�CD20�CD27�CD38�
IgA�IgM� (Figure 2A). Following the system shown in
Figure 1, we synthesized and barcoded cDNA from the
plasmablasts and sequenced it by 454 sequencing. We
used our bioinformatic analyses method to obtain se-
quences of cognate heavy- and light-chain pairs and
determined their V(D)J usage. Using maximum-
likelihood clustering, we then performed heavy chain–
weighted clustering of the resulting paired heavy- and
light-chain sequences to generate phylogenetic trees of
the antibody responses in anti-CCP� RA patients and
identify clonal families of antibodies that use the same
heavy-chain V(D)J and light-chain VJ sequences as well
as singleton antibodies (Figure 3). Nucleotide sequence
alignments of antibodies contained in clonal families
show evidence of somatic hypermutation due to affinity
maturation, and an example of a representative heavy-
chain alignment is available from the author upon
request.

Using plasmablast cDNA generated from 4 pa-
tients, we sequenced a total of 557 antibodies (paired
heavy and light chains). We identified 38 clonal families,
consisting of a total of 105 antibodies. The remaining
452 antibodies we identified as singletons.

Identification of recombinant RA plasmablast
antibodies that bind CCP. We selected antibodies rep-
resentative of 11 different clonal families from the 4
patients (RA3–RA7 and RA9–RA14), and 3 singleton
antibodies that do not belong to a clonal family (RA1,
RA2, and RA8) for PCR cloning or gene synthesis and
recombinant expression (Figure 3). Using a commercial
anti–CCP-2 assay, we found that 4 of the recombinant
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antibodies—RA1, RA2, RA3, and RA8—can bind to
CCP (Figure 4A). Recombinant antibodies RA1, RA2,
and RA3 bound weakly, whereas RA8 bound relatively
strongly. Our observation that several of these anti-
bodies bind only weakly to CCP may be because CCP is
an artificial mimic of the unknown endogenous citrulli-
nated antigens present in RA synovium (1,4,26).

Identification of citrullinated fibrinogen, his-
tones H2A and H2B, and �-enolase as targets of recom-
binant RA plasmablast antibodies. We next used RA
antigen microarrays containing putative RA autoanti-
gens (25,27) to screen the antigen specificity of the
recombinant antibodies. We found that antibody RA4
bound strongly to the �-enolase peptide 403–442, while

Figure 3. Sequencing of the plasmablast antibody repertoires in individuals with RA. DNA barcoding and next-generation sequencing were used
to analyze the plasmablast antibody repertoire of 4 individuals with active, anti-CCP� RA. A phylogenetic tree of the plasmablast antibody
repertoire was generated by concatenating and clustering the heavy- and light-chain sequences of the plasmablast antibodies and arranging them by
heavy-chain V-gene family usage. Each peripheral node represents a single antibody. Red lines indicate clonal families of antibodies. The letters RA
followed by a number denote an antibody that was selected for cloning and expression, and red font denotes antibodies that exhibited reactivity in
the anti–CCP-2 assay, as described in the Figure 4A legend, or on RA antigen microarrays, as described in the Figure 4B legend. See Figure 2 for
definitions.
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RA5 and RA9 bound to it weakly (Figure 4B). Alpha-
enolase is present in the synovium, and autoantibody
targeting of �-enolase is thought to be a pathogenic link
between environmental and genetic risk factors for the
development of RA (29,30). RA8 bound strongly to
citrullinated histone H2B and to the citrullinated fi-
brinogen � peptide 616–635. RA2 bound to histone
H2A (which is constitutively citrullinated as evidenced
by mass spectrometric analysis; data not shown) and to
the native histone H2B peptides H2B/f 16–35 and
H2B/h16–35. RA8, RA12, RA13, and RA14 all bound to
the native histone H2B peptide H2B/f 16-35.

Although recombinant antibodies RA1 and RA3
did not bind to any of the putative citrullinated synovial
joint antigens contained on our RA antigen microarrays,
they did bind to cfc-1 (a citrulline-containing peptide of
the synthetic CCP (5) (Figure 4B) (additional results are
available from the author upon request), confirming the
results of the anti–CCP-2 assay (Figure 4A).

Thus, our method enabled direct generation of
monoclonal antibodies sequenced from peripheral blood
plasmablasts derived from anti-CCP� RA patients, and
these antibodies were shown to target putative citrulli-
nated and native autoantigens (26,29–33). Our results
demonstrate that ACPAs that target citrullinated
epitopes present on fibrinogen and histone H2B are
produced by the active B cell response (e.g., the plas-
mablast response) in RA, suggesting that these ACPAs

and their corresponding autoantigen targets may con-
tribute to the pathogenesis of RA.

DISCUSSION

We describe the development of a DNA barcod-
ing technology for the large-scale sequencing of the
cognate heavy- and light-chain immunoglobulin genes
expressed by individual B cells, and apply this approach
to sequence the plasmablast antibody repertoires of
individuals with active, anti-CCP� RA. This method
accurately and rapidly yields sequence information at a
breadth and depth that allows one to dissect the anti-
body response and map its evolution with high resolu-
tion. Bioinformatic identification of groups of antibodies
that use the same heavy-chain V(D)J and light-chain VJ
sequences allows for rational, bioinformatic selection,
and hence efficient production, of the antibodies that
are likely to be integral to the active immune response.

Plasmablasts develop during an immune re-
sponse (from newly activated naive as well as memory B
cells), express antibodies that are affinity matured, and
circulate transiently in the bloodstream (16–18). There-
fore, by analyzing the antibody repertoires of circulating
plasmablasts, we can home in on those antibodies that
are produced specifically as part of an ongoing immune
response—in this case, the relevant autoantibodies in
active RA. Studying antibody responses when antigen

Figure 4. Identification of recombinant antibodies that bind to citrullinated peptides or proteins. A, Anti–cyclic citrullinated peptide 2 (anti–CCP-2)
enzyme-linked immunosorbent assay (ELISA) analysis of recombinant antibody binding to CCP. Three influenza (Flu)–specific antibodies (Flu1,
Flu2, and Flu3) were used as isotype controls. The red line indicates 3 SEM above the reactivity of the 3 negative control influenza-binding
antibodies tested. B, Antigen microarray analysis of recombinant monoclonal antibody (mAb) binding to candidate citrullinated and native synovial
peptides and proteins. Reactivity of the recombinant antibodies to Cfc-1, a citrullinated filaggrin peptide used in early anti-CCP assays, is also
displayed.
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exposure is not ongoing would require analysis of other
antibody-expressing cells, such as antigen-specific mem-
ory B cells or tissue-resident plasma cells, and our
method can equally be applied to the analysis of such
cell types. Indeed, our method can be used to study the
antibody repertoires of any B cell lineage cells, and thus
represents a versatile tool that can be applied to diverse
fundamental, translation, and clinical questions.

In using our DNA barcoding method to charac-
terize the peripheral blood plasmablast antibody reper-
toires in RA (28,34), we generated phylogenetic trees
representing the antibody repertoires of these individ-
uals. The phylogenetic trees revealed multiple distinct
clonal families of antibodies with shared heavy-chain
V(D)J and light-chain VJ sequences, indicating ongoing
B cell activation and affinity maturation in individuals
with anti-CCP� RA.

From the RA plasmablast antibody repertoires,
of the 14 recombinant antibodies we expressed, 4 were
reactive in the anti–CCP-2 assay and 1 bound to citrul-
linated epitopes contained on RA antigen microarrays,
i.e., a total of 5 of 14 antibodies had reactivity against
citrullinated epitopes. In addition, we identified 3 anti-
bodies that bound to �-enolase, multiple antibodies that
bound to histone H2B, and one antibody that bound to
histone H2A, i.e., they bound to antigens that are
present in synovial joints and whose autoantibody tar-
geting could contribute to the pathogenesis of RA. In
addition, representative recombinant antibodies from
several clonal families had RF binding activity (data not
shown), and characterization of their binding and func-
tional properties are ongoing.

One recombinant antibody bound strongly to a
citrullinated fibrinogen peptide and to citrullinated his-
tone H2B. We previously demonstrated that the citrul-
lination of fibrinogen increases the potency with which it
binds to Toll-like receptor 4 (TLR-4) by 10-fold, such
that immune complexes comprising citrullinated fibrin-
ogen and anti–citrullinated fibrinogen antibodies po-
tently dual-stimulate macrophages through TLR-4 and
Fc receptors to produce tumor necrosis factor (35). In
addition, transfer of an anti–citrullinated fibrinogen
antibody exacerbated arthritis in a mouse model (33).
Our finding that peripheral blood plasmablasts derived
from anti-CCP� RA patients produce ACPAs that
target citrullinated fibrinogen suggests that these plas-
mablast ACPAs are the product of an ongoing B cell
response in RA. This suggests that citrullinated fibrino-
gen and anti–citrullinated fibrinogen ACPAs (31–33)

could play a role in driving synovitis and the pathogen-
esis of RA.

In addition, 50% (7 of 14) of the recombinant
antibodies bound to epitopes present on histone pro-
teins or histone-derived peptides, specifically to histone
H2B peptides or protein, and to histone H2A protein.
Histones are one of the constitutively citrullinated pro-
teins (4,36). Although histones are generally intra-
cellular (and often nuclear) proteins, neutrophils can
extrude neutrophil extracellular traps (NETs) contain-
ing citrullinated antigens, thereby exposing the antigens
to the immune system and triggering autoimmune re-
sponses in RA and other autoimmune diseases (37,38).
NET-mediated exposure of histones may account for
the presence of antihistone autoantibodies in the RA
patients in our study.

Thus, our method can be used to isolate mono-
clonal autoantibodies and hence the autoantigens rele-
vant to the pathogenesis of RA and other autoimmune
diseases for which the autoantigens remain obscure.

Limitations of the present study include the small
number of individuals from whom plasmablasts were
obtained, the limited depth of sequencing performed,
and the limited comparisons made between singleton
antibodies and antibodies belonging to clonal families.
Further studies will be necessary to fully assess whether
bioinformatically identifying clonal families is useful in
identifying the functional, disease-relevant antibodies. It
is possible that certain immunodominant antigens elicit
the generation of large clonal families of antibodies that
bind to a particular antigen but do not have any func-
tional effect. Nevertheless, the ability to use clonal
families to “normalize” the antibody repertoires facili-
tates selection of antibodies representative of both large
and small clonal families for recombinant expression
and characterization.

In conclusion, we developed a method for DNA
barcoding the cDNA generated from an individual cell
and used this method to perform large-scale sequencing
of the paired heavy- and light-chain immunoglobulin
genes expressed by individual peripheral blood plasma-
blasts derived from humans with anti-CCP� RA. Bio-
informatic analysis of the resulting sequence data sets
revealed clonal expansion and affinity maturation of
the plasmablast response and enabled us to bioinfor-
matically select antibodies representative of clonal fam-
ilies and singletons for recombinant expression. This
approach yielded recombinant antibodies that bound
citrullinated epitopes contained in fibrinogen, histone
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H2B, and �-enolase, autoantigens implicated in the
pathogenesis of RA (1,4,26,29,35).

�igh-resolution analysis of the clonality and evo-
lution of the antibody response could be useful for
identifying, understanding, and monitoring pathogenic
immune responses in autoimmune diseases (39). By
enabling the rapid, comprehensive, and accurate char-
acterization of ongoing human antibody responses, our
DNA barcode–enabled method could provide a critical
tool for uncovering the pathogenic autoantibodies pro-
duced in RA and other human autoimmune diseases for
which the autoantigens remain obscure. Large-scale
characterization of the autoantibody repertoires could
provide further insights into pathogenesis of, and facil-
itate development of next-generation diagnostics and
therapeutics for, RA and a variety of autoimmune
diseases. Our method also has broad applicability for
characterizing protective antibody responses against mi-
crobial infections, in response to vaccination, and in
cancer.
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