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Abstract

Rheumatoid arthritis (RA) is characterized by the production of anti-citrullinated protein
antibodies (ACPAS). To gain insights into the relationship between ACPA-expressing B cells in
peripheral blood (PB) and synovial tissue (ST), we sequenced the B cell repertoire in paired PB
and ST samples from five individuals with established, ACPA+ RA. Bioinformatics analysis of
paired heavy and light chain sequences revealed clonally-related family members shared between
PB and ST. ST-derived antibody repertoires exhibited reduced diversity and increased normalized
clonal family size compared to PB-derived repertoires. Functional characterization showed that
seven recombinant antibodies (rAbs) expressed from subject-derived sequences from both
compartments bound citrullinated antigens and immune complexes (ICs) formed using one ST-
derived rAb stimulated macrophage TNF-a production. Our findings demonstrate B cell
trafficking between PB and ST in subjects with RA and ST repertoires include B cells that encode
ACPA capable of forming ICs that stimulate cellular responses implicated in RA pathogenesis.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune synovitis that results in tender and swollen
joints and bone erosions. Prior to the development of clinical RA, autoantibodies, such as
rheumatoid factor and anti-citrullinated protein antibodies (ACPAs; detected by the clinical
cyclic citrullinated peptide (CCP) test) are present in the serum of these patients [1-3].
However, the origin of these autoantibodies as well as their functional roles in promoting
synovitis and joint-destruction are poorly understood. Here, we sought to enhance our
understanding of the relationship between the antibodies present in peripheral blood (PB)
and synovial tissue (ST) by sequencing the B cell repertoires of these two compartments in
individuals with established RA.

ACPA s target citrullinated epitopes arising from post-translational modifications of arginine
to citrulline by peptidyl arginine deiminase (PAD) [4]. Previous studies showed that
citrullinated antigens and ACPAs play key roles in the pathogenesis of RA and that
recombinant murine ACPAs can increase the severity of arthritis in mouse models [5, 6]. It is
thought that ACPAs directly contribute to RA pathogenesis by stimulating macrophages.
Inflamed ST in RA joints demonstrate an accumulation of macrophages and increased
expression of pro-inflammatory cytokines, such as TNF-a [7], which promote synovitis
[8]and osteoclastogenesis [9]. Consistent with these findings, anti-TNF-a therapeutics have
proven successful for RA treatment [10]. Furthermore, immune complexes (ICs) composed
of ACPAs derived from RA blood and citrullinated proteins can stimulate TNF-a production
in macrophages derived from both blood [11]and RA synovial fluid [12]. These ACPA-
containing 1Cs were shown to stimulate macrophages via FcyRII [12-15] and TLR4 [13,
14] indicating that the presence of ACPAs in ST and fluid may promote pathogenic TNF-a
production from macrophages.

Functional germinal center (GC)-like structures surrounded by ACPA-producing plasma
cells have been identified in inflamed ST from subjects with RA [16]. These findings
suggest that pathogenic antibody-producing plasma cells may be generated locally. A
previous study also showed that dominant B cell clones identified in the ST of subjects with
early RA were enriched for the IGHV4-34 gene [17], which possesses intrinsic
autoreactivity [18]. Further, in this previous study, select dominant clones were shared across
knee joints of one patient, while little overlap was detected between ST and PB [17]. These
previous studies established a complex relationship between PB- and ST-derived antibody
repertoires; however, the extent of overlap and the functional roles of these antibody
repertoires in RA pathology remains unclear. Therefore, in this study, we sought to further
investigate the interplay between the B cells and ACPA present in PB and those present in
ST, and to characterize the functional properties of individual PB and ST-derived ACPA to
provide insight into their role in the pathogenesis of RA.

Here, we investigated the relationship between PB- and ST-derived antibody repertoires by
sequencing individual B cells derived from matched PB and ST samples obtained from five
individuals with established RA and positive responses in the CCP test (CCP+). To profile
the antibody repertoire, we utilized a cell barcoding method that provides (i) full-length,
paired heavy (HC) and light (LC) chain sequences, (ii) high-fidelity, error-free sequences,
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and (iii) precise quantification of the number of B cells belonging to a particular family/
lineage [19]. Bioinformatics analysis revealed clonal expansions in both PB and ST, and that
repertoires from the two compartments contained B cells derived from the same clonal
family (i.e. shared clonal family members), although this overlap was limited. Functional
characterization revealed that recombinant antibodies (rAbs) derived from clonal families as
well as singletons from both compartments bind citrullinated antigens. Further, ICs
composed of an ST-derived recombinant antibody and either citrullinated-H2A or
citrullinated-H2B stimulated macrophages to produce TNF-a..

2. Materials and Methods

2.1 Human samples

All human samples were collected under Investigational Review Board (IRB)-approved
protocols from Stanford University or University of Pittsburgh. Individuals undergoing total
knee/hip arthroplasties were recruited for this study. RA subjects met the American College
of Rheumatology 1987 and 2010 criteria [20, 21]. Three arthroplasty remnant tissue samples
were obtained from CCP+ RA patients at Stanford University and subjects subsequently
provided matched blood samples. Two additional remnant tissue were obtained from
University of Pittsburgh with paired blood samples provided at the time of tissue donation.
Monocyte-derived macrophages were generated from blood obtained from Stanford Blood
Center.

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
centrifugation with Ficoll-Paque™ PLUS (GE Healthcare Life Sciences) or Lympho-prep
(Axis-shield). ST was isolated from the arthroplasty samples. Tissues were digested in a
collagenase Il preparation overnight or underwent a quick digestion in Liberase TL and
DNAse using 30 minutes at 37°C with shaking before mashing through 70 pm sieve [22].

2.2 Sorting and sequencing individual B cells

Plasmablasts (CD19+CD3-1gD-CD14-CD20-CD27+CD38++) were single-cell sorted (BD
FACSAria) from PBMCs as previously described [19, 23], while all CD19+ B cells were
single-cell sorted from ST. PBMCs and ST-derived cells were stained with fluorophore-
conjugated antibodies against CD19 (HIB19; Biolegend or SJ25C1; BD), CD3 (UCHT1Z;
BD), IgD (IA6-2; BD), CD14 (M¢P9; BD), CD20 (L27; BD), CD27 (CLB-27/1;
LifeTechnologies or M-T271; BD), CD38 (HB7; BD), IgA (1S11-8E10; Miltenyi), and IgM
(MHM-88; Biolegend). PBMCs from samples isolated at Stanford were co-stained with
pooled citrullinated-peptide multimers comprised of 14 citrullinated peptides to identify
ACPA-producing plasmablasts [24].

Sequencing of immunoglobulin gene-encoded mMRNA from individual B cells was
performed using cell barcodes as previously described [19, 23-25]. Unique well-specific
oligonucleotide barcodes (TruGrade Oligos; IDT) were added during reverse transcription
(Maxima Reverse Transcriptase; ThermoFisher Scientific). The cDNA from all 96 wells
were pooled and HC and LC genes were amplified using gene-specific PCR primers,
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followed by paired-end sequencing (2x330) using Illumina MiSeq. Samples were prepared
using two [25] or three [24]rounds of PCR amplification with gene-specific primers.

2.3 Bioinformatics analysis

Sequence data was processed, HC VDJ and LC VJ genes aligned using ImMunoGeneTics
(IMGT) HighV-Quest [26], and phylogenetic trees generated as previously described [19,
23-25]. The number of IMGT-based somatic hypermutations within the V-region was used
to compare mutation rates across subjects and tissues. A custom analysis pipeline assigned
clonal families across all PB and ST sequences from a single patient based on identifying
clones that used the same HC and LC VJ genes and showed 60% amino acid identity within
HC and LC CDR3 regions (Levenshtein distance [27]). Clonal family sizes were normalized
across compartments by the total number of sequences isolated from each compartment to
determine the fraction of cells that were in each clonal family. Antibody repertoire diversity
was evaluated using VVDJtools [28] and represents the fraction of unique clonotypes isolated,
where individual clonotypes are defined as sequences that utilize the same V and J gene and
identical CDR3 nucleotide sequences. Diversity of each compartment was analyzed
separately and therefore represents the number of unique clonotypes identified in each
compartment divided by the total number of sequences isolated from that compartment.
Lineage trees were generated by aligning immunoglobulin sequences to germline V genes
by ClustalX2 [29], input to IgTree [30], and visualized in Graphviz 2.38 [31]. Network
analysis of trees was performed using NetworkX [32].

2.4 Monoclonal antibody expression

A subset of subject-derived B cell antibody sequences representing clonal families identified
in an individual compartment, shared between PB and ST, and/or derived from B cells
binding to the citrullinated-peptide multimers were selected for recombinant expression. For
consistency in antibody characterization assays, all antibodies were expressed on the human
IgG1 Fc domain as previously described [24, 33].

2.5 Profiling antibody specificities

Recombinant monoclonal antibodies (rAbs; 15 pg/mL) were tested for CCP-binding activity
using the QUANTA Lite® CCP3.1 IgG/IgA kit (Inova) according to the manufacturer’s
protocol. After calculating activity units based on the protocol, the activity cutoff was set to
three standard deviations above the average observed for the negative control antibodies
across both ELISA plates. rAbs (50 pg/mL) were tested for binding specificity using a
planar microarray as previously described [34, 35] to evaluate binding to >300 proteins/
peptides. Fluorophore-conjugated anti-human 1gG secondary antibodies were used to detect
binding and median fluorescent intensities (MFIs) were determined from quadruplicate print
spots. MFI values for controls and other replicated antibodies were averaged for display in
the heatmap. Using the averaged values for the negative control antibodies, the maximum
observed MFI value (Maxyc) and standard deviation (SD) across all antigens tested was
determined to set the activity cutoff (~4900) at 10 SDs above this Maxpc.

Proteins were /n vitro citrullinated by PAD derived from rabbit skeletal muscle (Sigma). To
coat ELISA plates, proteins (1 pg/mL) — both native and /n vitro citrullinated — were diluted
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in bicarbonate/carbonate buffer (pH 9.5). Recombinant antibody was added (12.5 ug/mL),
and a biotinylated anti-human IgG secondary with High Sensitivity Streptavidin-HRP
(ThermoFisher) was used in conjunction with 1-Step Ultra TMB-ELISA Substrate
(ThermoFisher) for detection.

2.6 Macrophage stimulation assay

Macrophages were isolated and cultured from plated PBMCs by adhesion as previously
described [13, 14, 24]. To form plate-bound ICs, plates were coated with 50 pL of protein
(20 pg/mL), washed with PBS, blocked with 150 pL of 1% low-endotoxin BSA in PBS, and
recombinant, subject-derived antibody (50 pg/mL) added to each well. After further washes,
differentiated macrophages were added (50,000 cells/well) in media (5% FBS, without
hMCSF). To block the FcyRII/CD32 and/or TLR4, cells were pre-incubated at 37°C for one
hour with anti-CD32 (Stemcell Technologies, clone 1V.3) and/or InSolution™ TLR4
Inhibitor, TAK -242 (EMD Millipore). Lipopolysaccharide (50 ng/mL; LPS, Sigma-
Aldrich) directly added to the media of differentiated macrophages was used as a positive
control. After 24-hour stimulation at 37°C, supernatants were harvested and TNF-a levels
measured by ELISA (Peprotech).

2.7 Statistical analysis

Statistical analysis was performed in Prism 7 (GraphPad). One-way or two-way ANOVA
followed by Tukey’s or Sidak’s test was used for multiple comparisons, and P < 0.05 was
considered statistically significant.

3. Results

3.1 A subset of clonally expanded antibody families is shared between peripheral blood
and synovial tissue

We sought to understand the relationship between B cells present in PB and ST in
individuals with CCP+ RA and profile functional properties of PB- and ST-derived
antibodies. Therefore, we utilized a cell-barcoding approach to sequence paired, full-length
HC and LC variable region mRNA sequences from individual B cells isolated from PB and
ST of five subjects with CCP+ RA. As previously described, this established approach
combined with a custom bioinformatics pipeline identifies the error-corrected HC and LC
sequences expressed by each cell, which are then aligned to immunoglobulin genes by
IMGT, enabling expression of subject-derived recombinant antibodies for functional
characterization [19, 23, 24, 36, 37]. We focused on capturing the active B cell response in
PB, by sequencing the total plasmablast population and in a subset of patients co-stained
with pooled citrullinated-peptide multimers to identify potential ACPA-producing
plasmablasts. The resulting antibody repertoire datasets were used to construct phylogenetic
trees to capture an overview of the repertoires in both PB and ST. Clonally expanded
families, which were defined by a custom pipeline, and individual B cells without any
clonally related family members (singletons) were present in the antibody repertoire
sequence datasets (Fig. 1A). These phylogenetic trees demonstrate that certain families are
comprised solely of a single immunoglobulin isotype (e.g. IgA), while others include
members expressing multiple immunoglobulin isotypes (e.g. IgG/IgA). Further, the
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phylogenetic tree of the antibody repertoire for subject RA5 highlights that certain clonal
expansions are shared across the two compartments, and one such clonal family identified
was comprised of IgM-expressing B cells present in PB and ST (Fig. 1A, red box). The
shared nature of these clonal families indicates that trafficking of B cells occurs between PB
and ST in RA.

To further evaluate and summarize the identified clonal expansions across all the subjects,
we constructed chord diagrams for each of the five patients (Fig. 1B). Across three of the
four subjects with =40 antibody sequences derived from ST, we identified seven clonal
families with representatives in both ST and PB compartments, indicating trafficking
between tissues (Fig. 1B). Further, clonally expanded families in both compartments were
comprised of different immunoglobulin isotypes and showed varied mutation rates (Fig. 1B).
Normalizing the size of each family to the number of sequences in the respective
compartments revealed that a larger percentage of total ST sequences than PB sequences
represented clonal expansions. This suggests that the ST-derived repertoire is comprised of a
more focused set of clonally-related B cells.

3.2 The peripheral blood antibody repertoire exhibits increased diversity

Extending upon our initial observation that the ST-derived repertoire appears more focused,
we further investigated the similarities and differences between the PB and ST repertoires.
We compared repertoire diversity across samples with =40 sequences (7= 5 for PB; and n=
4 for ST). Diversity (i.e. the fraction of unique clonotypes out of all sequences identified
within each compartment) was significantly higher among the PB samples compared to ST
(Fig. 2A). To quantitatively compare the degree of clonal expansions in the two
compartments, we determined the normalized sizes of clonal families identified in each
compartment and observed that individual clonal families comprised significantly larger
fractions of sequenced ST repertoires than PB repertoires in 4 of the 5 subjects, further
highlighting a more focused repertoire in ST (Fig. 2B). Mutational analysis revealed that
some subjects exhibited a higher number of non-silent V gene mutations among the isolated
ST sequences as compared to PB-derived sequences while others showed a reduced number
of non-silent mutations in ST as compared to PB (Fig. 2C). However, further analysis
demonstrated a significant positive correlation between the number of non-silent mutations
and the average normalized clonal family size in both ST and PB repertoires (Fig. 2C). In
contrast, we observed an inverse trend between the degree of infiltration, or percent of B
cells out of the total ST-derived cells, and the ratio of the number of non-silent mutations in
ST to PB repertoires as well as the percent clonality, which represents the percent of
sequences belonging to a clonal family out of the total number of sequences (Fig. 2D).
Together, these data indicate that increased B cell infiltration into ST leads to increased
diversity (i.e. lower percent clonality), instead of larger clonal families. Since the sequences
belonging to clonal families often possessed high levels of somatic hypermutation, the
increased number of non-clonally expanded B cells with lower mutation levels led to a
reduction in the average mutation levels that we observed in the ST repertoire compared to
PB.

Clin Immunol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elliott et al.

Page 7

We next investigated V gene usages in the PB and ST repertoires from each subject to
determine whether any selection bias existed within the ST repertoire. Hierarchical
clustering based on V gene usage revealed closer relationships between PB repertoires from
four subjects than to the repertoires from their respective ST samples. However, the matched
PB and ST from RA4 clustered together (Fig. 3A). Additionally, certain V genes, such as 4—
34 and 1-69, were more commonly utilized in ST as compared to PB in the four subjects
with =40 ST sequences (Fig. 3B). These data indicate an altered preference for V genes
between the two compartments. This enrichment for certain V genes in ST could indicate
different mechanistic biases in the selection/expansion of antibodies in each compartment.

3.3 Clonal families comprised of peripheral blood-derived antibodies exhibit increased

complexity

To gain further insights into the relationship between clonal expansions present in PB and
ST, we evaluated the diversity and complexity of the clonal families with representatives in
both compartments (shared) compared to clonal families with representatives found only in
either PB or ST. IgTree was used to construct lineage trees for each clonal family identified
in the three subjects for which shared families were observed. Each colored node in a tree
represents a unique sequence within a clonal family. Individual antibodies are further
identified within each node either by the plate and well ID of the cell from which the
sequence was derived or by the number of the recombinantly expressed antibody (rAb).
Representative lineage trees from RA2 demonstrate the variation in size among different
clonal expansions with some including multiple members undergoing varied levels of
affinity maturation, while others contain multiple cells expressing antibodies with identical
sequences (multiple labels within a node; Fig. 4A). We compared the complexity of these
clonal families by determining the average node degree for each clonal expansion, which
represents the average number of connections from a specific node or antibody sequence.
Families with representatives from PB, including those identified only in PB and those
shared with ST, exhibited significantly higher complexity than the families with ST-only
representatives (Fig. 4B). This finding reinforces our previous observation of increased
diversity in the PB repertoire (Fig. 2A) and, in combination with the larger normalized
clonal family sizes detected in ST (Fig. 2B), shows that the ST comprises a more focused
repertoire and suggests that continued antigen stimulation in the periphery contributes to
affinity maturation of the ACPA response.

3.4 Peripheral blood- and synovial tissue-derived antibodies bind citrullinated antigens

To analyze the functional properties of the antibodies identified in each compartment, we
expressed a subset of paired HC and LC sequences derived from ST and PB repertoires as
recombinant monoclonal antibodies (rAbs, Supplemental Table 1). The sequences selected
for expression included representatives from clonal families found in either PB or ST and
those shared between tissues. Additionally, sequences isolated from PB-derived plasmablasts
that bound citrullinated peptide tetramers during sorting were also selected for recombinant
expression. For technical reasons and to enable direct comparison of the binding and
functional properties of the V regions identified, all recombinant antibodies were expressed
on the human 1gG1 Fc domain regardless of their original sequenced isotype. A subset of the
PB- and ST-derived rAbs exhibited citrulline binding activity by the CCP3.1 ELISA (Fig.
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5A). We further evaluated the binding specificity of the rAbs using an antigen microarray
composed of >300 different peptides/proteins in both citrullinated and native forms. Seven
distinct rAbs, including those derived from ST and PB, predominantly bound citrullinated
antigens (cit-specific) including citrullinated forms of ApoAl, H2A and fibrinogen (Fig.
5B), demonstrating the ability of antibodies from both compartments to bind citrullinated
antigens. An additional 11 rAbs either bound both citrullinated and native antigens or
predominantly bound to non-citrullinated antigens (other specificities; Fig. 5B). The
remaining rAbs did not appear to bind any of the peptides/proteins on the microarray
(nonreactive). Therefore, these nonreactive antibodies captured from ST and the active
plasmablast response from PB likely bind antigens not captured on our microarray.
However, we focused our functional characterization on citrullinated antigens to better
understand the role of ACPA in PB and ST in RA. One rAb bound citrullinated antigens by
microarray but did not show CCP-binding activity by ELISA (Supplemental Table 1, Fig.
5A), indicating that the CCP3.1 ELISA may not be as sensitive for certain monoclonal
antibodies. Conversely, a subset of the rAbs with some level of CCP reactivity by ELISA did
not bind citrullinated antigens on the microarray (CCP+/Array-), suggesting these antibodies
may bind citrullinated antigen(s) not captured by the microarray.

The cit-specific rAbs identified by microarray had, on average, a higher number of somatic
hypermutations in the HC V region compared to both the nonreactive rAbs and the rAbs that
bound both citrullinated and non-citrullinated antigens (Fig. 5C), which suggests that
affinity maturation refines the specificity of antibodies to citrullinated antigens. However,
there was no statistical difference between the number of HC V gene somatic
hypermutations among the cit-specific rAbs identified by antigen microarray and the CCP+/
Array-rAbs. This further suggests that the latter group of rAbs bind citrullinated antigens,
but their targets were not represented on the antigen microarray.

Immune complexes containing a synovial tissue-derived antibody stimulate

macrophage TNF-a production

To enhance our understanding of the role of ACPA in RA pathology, we investigated the
immunostimulatory properties of a subject-derived antibody that specifically bound
citrullinated antigens. Previous studies implicated ACPA-containing immune complexes
(ICs) in the stimulation of TNF-a production from macrophages [13, 14, 24]. Therefore, we
tested whether 1Cs containing rAb51, an ST-derived, 1gG antibody that predominantly bound
citrullinated antigens (Fig. 5B), could stimulate a similar response in macrophages. We
confirmed the specificity of rAb51 by ELISA, showing that it exhibited high levels of
reactivity to the /n vitro citrullinated forms of the full-length H2A and H2B proteins, but not
the native forms (Fig. 6A). Stimulation of macrophages in culture with 1Cs comprised of
rAb51 and either cit-H2B or cit-H2A resulted in significantly elevated levels of TNF-a
production compared to stimulation with ICs containing a negative control antibody (Flu26)
or stimulation with cit-H2A or cit-H2B alone (Fig. 6B). Furthermore, TNF-a levels
following stimulation of macrophages with I1Cs containing cit-H2B and rAb51 were
comparable to those following stimulation with LPS. This IC-mediated stimulation of TNF-
a production was significantly reduced when macrophages were incubated with reagents
that blocked CD32 (anti-CD32) and/or TLR4 (iTLR4) prior to their addition to plate-bound
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ICs (Fig. 6B). Interestingly, pre-incubation with iTLR4 showed a more significant blocking
effect on TNF-a. production than anti-CD32. We also confirmed that cit-H2A and cit-H2B,
individually, increased production of TNF-a. compared to cells alone, while rAb51
incubated with cells alone did not substantially increase TNF-a production (Fig. 6B).

We further evaluated whether residual PAD in the cit-H2A and cit-H2B preparations could
be contributing to the macrophage stimulation by testing the ability for PAD, alone, to
stimulate TNF-a production. However, we did not observe a significant increase in the
levels of TNF-a in the presence of PAD or PAD and rAb51 together. Together, these
findings demonstrate a mechanism by which this ST-derived, 1gG antibody specifically
interacts with citrullinated antigens to form ICs that stimulate macrophage TNF-a
production through TLR4 and CD32 to varying degrees depending upon the citrullinated
antigen in the IC. Thus, ACPAs present in ST can form ICs with citrullinated antigens to
promote macrophage TNF-a production, which may contribute to RA pathology.

4. Discussion

The presence of ACPAs is a hallmark of RA and can be detected in serum years prior to
development of clinical RA [2, 3]. However, the origin of ACPAs and their functional roles
in promoting synovitis and joint-destruction are poorly understood. To gain insights into the
relationship between ACPA-expressing B cells in the PB and ST, we profiled the antibody
repertoires in these compartments by sequencing individual B cells from subjects with CCP
+ RA. We identified clonal expansions in both PB and ST, a subset of which were shared
between compartments. We demonstrated that the ST repertoires exhibited reduced diversity
compared to the PB repertoires and showed that clonal families with representatives in PB
were more complex than those in which we only identified representatives in the ST.
Importantly, we found that the focused ST repertoire contains B cells that encode antibodies
possessing the ability to bind to citrullinated antigens, form ICs, and stimulate macrophage
TNF-a production. Together, these findings suggest that there is trafficking of B cell clonal
families between PB and ST in RA, and that antibodies present in the ST possess properties
which may be relevant for RA pathogenesis.

Our studies here demonstrate a complex relationship between the PB and ST B cell
repertoires of subjects with established CCP+ RA. Clonal expansions were present in both
compartments, and a small subset of clonal families were shared between PB and ST. This is
consistent with a previous study demonstrating minimal overlap between the two
compartments [17]. Further, the ST-derived B cell repertoire was more focused than the PB-
derived plasmablast repertoire as indicated by: (i) the decreased antibody diversity of the ST
repertoire, (ii) the greater percentage of B cell sequences identified in ST that comprised
clonal families, and (iii) the decreased complexity of clonal families with representatives
identified only in ST than those with representatives identified in PB. These findings are
consistent with persistent peripheral antigen stimulation playing a role in affinity maturation
of the ACPA response. Previous studies suggested that RA ACPA are generated in the lung
mucosa [3, 38—40] and that ACPA cross react with microbes present in the mouth [41].
Additionally, we previously provided evidence of an ongoing IgA ACPA response leading to
continued affinity maturation in individuals with established RA [24]. Since plasmablasts
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circulate transiently following an immune stimulus (e.g., damage-induced translocation of
gingival microbiota), the presence of affinity-matured clonal families shared between the
PB-derived plasmablast and ST-derived B cell populations implies that stimulation occurs
continuously throughout chronic disease, rather than a single inciting event as occurs with
acute viral infections for some autoimmune diseases. Thus, minimizing mucosal
inflammation, either therapeutically or by lifestyle changes, may provide a benefit even in
established RA.

Our analysis demonstrated altered V gene usage rates between the ST-derived sequences and
those from PB. ST-derived sequences had higher usage rates of HC V genes 1-69 and 4-34,
which are known to be associated with autoreactivity [42, 43]. It was previously reported
that individuals with RA had an enrichment of HV4-34 usage in ST-derived antibodies [17],
which has been shown to be intrinsically self-reactive [18, 44]. Usage of 1-69 is also
enriched in clonal expansions in subjects with Sjogren’s syndrome and B-cell related
cancers [44]. The enrichment of these HC V genes in ST-derived sequences suggests that
there may be selection for antibodies with particular properties in ST in RA. Future studies
focusing on mechanisms of selection of antibodies in ST may shed more light on the
enrichment of specific antibody properties in ST, how focused antibody repertories arise in
ST, and how the degree of B cell infiltration in ST may impact the ST-derived repertoire.

We demonstrated that rAbs derived from both RA PB plasmablasts and ST B cells
specifically bound citrullinated antigens. Further, rAbs specific for citrullinated antigens
had, on average, higher numbers of mutations than rAbs that bound both citrullinated and
non-citrullinated antigens or those that were non-reactive. Consistent with our previous
findings, these observations suggest that increased levels of somatic hypermutations drive
epitope spreading of the ACPA B cell response [24]. Similarly, others recently demonstrated
that ACPA from RA synovial fluids exhibited high levels of somatic hypermutations and
broad cross-reactivity to modified peptides indicative of a sequential selection process [45].

We demonstrated that one of the ST-derived antibodies, rAb51, formed ICs with citrullinated
antigens H2A and H2B, and these ICs stimulated macrophage TNF-a production.
Production of pro-inflammatory cytokines by synovial macrophages contributes to
inflammation and joint destruction and remodeling in RA [7]. Thus, these findings indicate
that ACPA produced by ST B cells have the capacity to promote pathogenic responses in
RA. As rAb51 contained a high number of somatic hypermutations (>60 mutations in the
HC V region), this further supports our previous findings that continued affinity maturation
further enhances the immunostimulatory properties of the ACPA B cell response [24].
Another study recently demonstrated that a synovial fluid derived antibody with high
mutation levels promoted osteoclastogenesis and bone erosion /n vitro [45]. However, this
previous study did not identify the specific properties of this antibody that mediated this
effect. In the present study, we probed the specific functional properties of an ST-derived
ACPA and demonstrated that it can form ICs that stimulate TNF-a production through
TLR4 and CD-32. Overall, our findings indicate an underlying mechanism for the role of
ACPA in promoting inflammation in CCP+ RA joints through the activation of synovial
macrophages.

Clin Immunol. Author manuscript; available in PMC 2021 March 01.
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This study has multiple potential limitations. First, limited sequencing depth may have
hampered our ability to identify small clonal families and to comprehensively characterize
the repertoires in ST and PB. Therefore, we may have missed other shared clonal families or
additional members that would have increased the complexity of families in ST. Second, the
small number of patients included in this study prevents us from understanding the full
extent to which PB and ST repertoires differ. A larger study with different subtypes of RA
subjects (e.g. CCP+ versus CCP-) may provide additional insights into the antibody
repertoires present in ST and PB and the role of ACPA. Additionally, some ST and PB
samples were not time matched, which may have reduced our ability to detect B cells
expressing shared antibodies between the compartments. Third, our selection of CD19+ B
cells in the ST as compared to analysis of plasmablasts from PB adds potential biases to
directly comparing their antibody repertoires. Fourth, for technical reasons and to be
consistent in our evaluation of the antigen-binding specificity for subject-derived antibodies
and reduce artefact that may be introduced due to differential properties of the Fc regions of
different antibody isotypes, all rAbs were expressed on an 1gG1 backbone. Nevertheless, it is
likely that isotype-specific properties contribute to the pathogenicity of antibodies in RA.
Finally, we evaluated antibody specificity against a set of >300 proteins/peptides; however,
the identification of a subset of rAbs exhibiting CCP+ reactivity by ELISA that were
nonreactive to citrullinated peptides via microarray suggests that certain specificities may
have been missed. Therefore, further expansion of this set of proteins/peptides may help
determine additional specificities for ACPA in both PB and ST.

5. Conclusions

In summary, sequencing B cell antibody repertoires from both PB and ST from individuals
with CCP+ RA revealed that clonal families are shared between the two compartments. The
increased diversity of the PB antibody repertoire and complexity of clonal families
comprised of PB-derived B cells suggest that persistent antigen stimulation in the periphery
helps drive the ACPA B cell response. Importantly, we demonstrated that antibodies derived
from the ST can bind citrullinated antigens, and furthermore, stimulate the production of
TNF-a from macrophages. Taken together, our findings suggest that B cells can traffic
between PB and ST in subjects with established CCP+ RA, and that ST-derived B cells can
produce antibodies with immunostimulatory properties that may contribute to the pathogenic
inflammatory responses that mediate synovitis in RA.
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Fig. 1: Bioinformatics analysis identifies clonally expanded families, including those with
representatives in peripheral blood and synovial tissue.

(A) A representative phylogenetic tree presents an overview of the antibody repertoire
isolated from the peripheral blood (PB) and synovial tissue (ST) of subject RA5. Each leaf
(colored by isotype and tissue) represents the concatenated HC and LC sequence isolated
from a single B cell. While some sequences present as singletons, others cluster as clonally
expanded families. Certain families are present only in PB and comprised of a single isotype
(blue box); comprised of multiple isotypes (purple box); or present in multiple tissue
compartments (red box). (B) Chord diagrams denote clonal expansions identified in PB and
ST by bioinformatics analysis. The size of each section reflects the relative size of each
family normalized by the number of sequences isolated from that compartment. Each section
is colored by the number of mutations (inner ring) and isotype (outer ring). Expansions
shared between ST and PB are connected by chords colored by isotype.
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Fig. 2: The peripheral blood repertoire exhibits increased diversity with a reduced degree of
clonal expansion.
(A) The diversity or fraction of unique clonotypes is higher among peripheral blood (PB)-

derived (7= 5) sequences compared to synovial tissue (ST)-derived (7= 4) sequences. (1 - p
< 0.05, Mann-Whitney U test). (B) ST-derived clonal families represent a larger portion of
the total number of sequences isolated, as shown by the normalized clonal family size (i.e.
number of members within a clonal expansion divided by the total number of sequences
isolated). (* - p<0.01, ANOVA followed by Sidak’s test compared to matched PB). (C) The
average number of non-silent mutations is compared between PB and ST (left), highlighting
a bifurcation in the subjects analyzed; however, this mutation rate significantly correlates
with the average normalized clonal family size for each subject/tissue (right) (r— Pearson
correlation coefficient). (D) The percent of B cells isolated from ST is compared with the
ratio of V gene mutations in ST versus PB (left axis) and degree of clonality (right axis) for
each sample. (r— Pearson correlation coefficient).
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Fig. 3: Altered V gene usage is observed between synovial tissue and peripheral blood
repertoires.

(A) The heatmap shows the overall frequency of V gene usage with unsupervised
hierarchical clustering to evaluate degree of similarity among samples and tissues
(peripheral blood (PB) = blue, synovial tissue (ST) = orange). (B) The ratio of V gene usage
between ST and PB highlights certain V genes are more commonly observed among ST-
derived sequences isolated from the four subjects with the deepest sequence coverage.
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Fig. 4: Clonal expansions containing members identified in peripheral blood exhibit increased

complexity.

(A) Representative lineage trees from RA2 constructed using IgTree demonstrate clonal
families shared across peripheral blood (PB) and synovial tissue (ST) and those only
identified in PB or ST. Clonal families are grouped by HC V gene usage and labeled within
each box. Each colored node represents a unique sequence identified from PB (blue) or ST
(orange). Node labels indicate plate (p) and well (w) ID for a specific cell; rAb indicates an
expressed antibody sequence. Nodes with multiple labels indicate multiple cells with
identical sequences. (B) The complexity (average node degree) of each clonal family from
the three subjects with expansions that had representatives in PB and ST is shown grouped
by tissue type: representatives only in peripheral blood (PB only), only in synovial tissue
(ST only) or in both compartments (Shared). (* - P < 0.01, ANOVA followed by Tukey’s

test).
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Fig. 5: Peripheral blood- and synovial tissue-derived recombinant antibodies bind citrullinated

antigens.

Reactivity of recombinant antibodies (rAbs) derived from peripheral blood (PB) and
synovial tissue (ST) is shown for (A) the CCP3.1 ELISA and (B) citrullinated and native

peptides/proteins by planar antigen microarray. CCP3.1 ELISA activity cutoff (red dotted
line) was determined based on negative control (Neg Ctrl) antibodies. (C) The number of

HC V gene mutations varies across antibodies with different binding specificities: rAbs
predominantly binding to citrullinated antigens by planar microarray (Cit-specific); rAbs
predominantly binding non-citrullinated antigens or exhibiting binding to both citrullinated
and non-citrullinated antigens by planar microarray (Other Specificities); rAbs with no
significant binding to any tested antigens (Nonreactive); rAbs that exhibit reactivity by
CCP3.1 ELISA but do not exhibit reactivity to citrullinated antigens by planar microarray
(CCP+/Array-). (* - p < 0.05, ANOVA followed by Tukey’s test).
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Fig. 6: Immune complexes comprised of a synovial tissue -derived recombinant antibody
stimulate TNF-a production from macrophages.
(A) The reactivity of the synovial tissue (ST)-derived rAb51 to /n vitro citrullinated H2B and

H2A is confirmed by ELISA. (B) TNF-a levels measured from cultured human
macrophages are shown across a variety of conditions. Different levels of TNF-a were
observed after incubation with immune complexes formed with either rAb51 or a negative
control antibody (FIu26; Neg Ctrl) and citrullinated H2B, H2A, or PAD antigens. Some
macrophages were pre-incubated with different inhibitors to block the Toll-like receptor 4
(iTLR4) and/or Fcy receptor type Il (anti-CD32) prior to addition to the plate.
Lipopolysaccharide (LPS) was used as a positive control, and cells without the addition of
antibodies were also used as controls. (** - p < 0.001, two-way ANOVA, 1 - p <0.05, one-
way ANOVA compared to cells alone, followed by Tukey’s test).
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