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ABSTRACT

Objectives: In rheumatoid arthritis (RA), observations point to a crucial role for 
(autoreactive) B cells in disease pathogenesis. Here, we studied whether cells from the 
synovial environment impact on the longevity of autoreactive B cell responses against 
citrullinated antigens.

Methods: Synovial fluid and peripheral blood mononuclear cells (SFMC/PBMC) were 
obtained from patients with established RA and assessed for the presence of B cell 
subpopulations. Cells spontaneously secreting anti-citrullinated protein antibodies (ACPA-
IgG) directly ex vivo were detected by antigen-specific ELISpot. SFMC and PBMC were 
cultured to assess the degree of spontaneous ACPA-IgG secretion. Cells surviving for 
several weeks were characterised by CFSE-labelling and Ki-67 staining.

Results: Cells spontaneously secreting ACPA-IgG were readily detectable in peripheral 
blood and synovial fluid (SF) of ACPA-positive RA patients. SFMC showed an up to 200-
fold increase in ex vivo ACPA-IgG secretion compared to PBMC despite lower numbers of 
B cells in SFMC. ELISpot confirmed the presence of spontaneously ACPA-IgG secreting 
cells, accounting for up to 50% (median 12%) of all IgG-secreting cells in SF. ACPA-IgG 
secretion was remarkably stable in SFMC cultures, maintained upon depletion of the 
CD20+ B cell compartment, and detectable for several months. CFSE labelling and Ki-67 
staining confirmed the long-term survival of non-dividing plasma cells.

Conclusions: This study demonstrates a high frequency of differentiated, spontaneously 
ACPA-IgG secreting cells in SF. These cells are supported by SFMC for prolonged 
survival and autoantibody secretion, demonstrating that the synovial compartment is 
equipped to function as inflammatory niche for plasma cell survival.
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INTRODUCTION

Many autoimmune diseases are characterised by the generation of self-reactive B 
cells leading to the production of pathogenic autoantibodies. Experiments in mice and 
evidence obtained from human bone marrow transplantation studies suggest that these 
autoantibodies are primarily produced by autoreactive plasma cells (PCs) residing in 
specified niches in the bone marrow [1-3]. However, non-dividing PCs that can survive 
and secrete antibodies for weeks in vitro, have also been detected in healthy human 
tonsils, spleen, and in the small intestine [4-6]. This has fuelled the hypothesis that 
also other, non-lymphoid tissues could, especially in the context of chronic autoimmune 
inflammation, provide an environment for long-term survival of PCs and, indeed, 
autoreactive PCs have been detected in kidneys of mice with lupus-nephritis [7, 8]. 
As these cells secrete potentially pathogenic autoantibodies, they could constitute 
an important if not crucial component of the inflammatory cascade that initiates and 
perpetuates autoimmune inflammation.

Rheumatoid arthritis (RA) is characterised by the presence of antibodies against 
citrullinated protein antigens (ACPA). ACPA are found in the majority of patients and 
represent one of the earliest detectable signs of immune disturbance, frequently predating 
the onset of clinical symptoms [9]. In established disease, ACPA associate with a severe 
disease phenotype, as ACPA-positive patients show more erosive joint destruction and 
extra-articular disease manifestations than ACPA-negative patients [10]. As ACPA are also 
highly specific for RA, these observations suggest that ACPA and/or ACPA-expressing B 
cells could be actively involved in initiating, aggravating and/or perpetuating the disease 
process. Indeed, emerging evidence shows that ACPA can exert effector functions in 
vitro that could promote in vivo inflammation, such as the activation of complement, mast 
cells, monocytes, neutrophils and osteoclasts [11-15].

While these findings support a prominent role for ACPA in disease pathogenesis, little is 
known about the underlying autoreactive B cell response. So far, ACPA-secreting PCs 
were shown to reside in synovial tissue and ACPA were successfully cloned from synovial 
fluid (SF) B cells [16, 17]. Furthermore, enrichment of ACPA in SF has been suggested 
[18]. However, it remains unknown how and where the generation of ACPA-expressing 
B cells is initiated and maintained. We recently demonstrated that ACPA-expressing 
B cells circulate in the peripheral blood of patients with ACPA+ RA [19, 20]. Next to 
ACPA-expressing memory B cells, we could identify a population of plasmablasts/plasma 
cells (PBs/PCs) that actively secrete ACPA in this compartment. These cells expressed 
primarily IgG or IgA, and their frequency was found to correlate with ACPA serum titres. 
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The latter suggests that the circulating PB/PC population reflects an active part of the 
citrulline-specific B cell response and, thus, could contain valuable information on patient-
specific disease activity. Until now, however, it is unknown whether these circulating PBs/
PCs home to secondary lymphoid organs to compete for survival niches, or whether 
the synovial compartment of inflamed joints could be one of the tissues attracting these 
cells. As PCs can produce excessive amounts of antibodies and survive in respective 
niches for years, they could be involved in driving and maintaining disease-specific 
pathogenic processes. In the current study, we set out to phenotypically and functionally 
characterise ACPA-secreting PBs/PCs in the synovial compartment. We hypothesized 
that spontaneously ACPA-secreting PBs/PCs could be frequent in SF, and that the 
synovial compartment and its cellular composition could provide a microenvironment 
supporting the long-term survival of (auto)antibody-secreting cells.

METHODS

Patients
Peripheral blood, serum and SF samples were obtained on a cross-sectional basis 
from patients with ACPA-positive RA visiting the outpatient clinic of the Department of 
Rheumatology at Leiden University Medical Centre (LUMC), Leiden, The Netherlands. 
Patients fulfilled the 1987 criteria for RA at the time of diagnosis and gave written informed 
consent for sample acquisition. No selection based on specific treatments was performed, 
but no patient had previously been treated with rituximab. Permission for conduct of the 
study was obtained from the ethical review board of LUMC. Additional SF samples were 
obtained from the Department of Rheumatology at Groene Hart Ziekenhuis, Gouda, The 
Netherlands, as rest material from arthrocentesis on an anonymous basis.

Cell isolation and culture
Mononuclear cells were isolated from peripheral blood and SF using Ficoll-Paque gradient 
centrifugation (LUMC pharmacy). Synovial fluid mononuclear cells and peripheral blood 
mononuclear cells (SFMC and PBMC) were cultured at a density of 2x105 cells/well 
in IMDM (Lonza) supplemented with 10% heat-inactivated FCS, penicillin/streptomycin 
(100U/ml), and 2mM Glutamax with no additional stimuli. Medium was replaced every 7 
days. In some experiments, SFMC were depleted for CD20+ B cells by magnetic beads 
(Miltenyi Biotech) and/or cells were labelled with CFSE prior to culture. Also, for specific 
experiments, PBMC (2 × 105 cells/well) were cultured on a layer of irradiated (7000 rad) 
mouse fibroblast cells stably transfected with human CD40 ligand (CD40L, 5 × 103 cells/
well) in the presence of BAFF (Miltenyi, 100ng/ml), interleukin (IL)-21 (Invitrogen, 50ng/
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ml) and anti-IgM F(ab’)2-fragments (Jackson Immunoresearch Laboratories, 5µg/ml). This 
is indicated where appropriate.

Flow cytometry
The following antibodies were used to stain and analyse PBMC and SFMC by flow 
cytometry: CD3 Pacific Blue (clone UCHT1), CD14 Pacific Blue (clone M5E2), CD19 
APC-Cy7 (clone SJ25C1), CD20 Alexa Fluor 700 (clone 2H7), CD27 PE-Cy7 (clone 
M-T271), CD38 PerCP-Cy5.5 (clone HIT2), Ki-67 PE (clone 20Raj1), CD138 FITC (MI15) 
(all (except CD20 (Biolegend) and Ki-67 (eBioscience) obtained from BD Biosciences) 
and DAPI (Molecular Probes). Proliferation was assessed by labelling cells with CFSE 
(Molecular Probes).

Enzyme-Linked ImmunoSpot assay
The frequency of spontaneously (ACPA-)IgG secreting cells was determined using an 
Enzyme-Linked ImmunoSpot (ELISpot) assay. Briefly, PVDF-based membrane plates 
(type MSIP) were pre-treated with ethanol and coated overnight with unlabelled antibodies 
to human IgG (MT91/145, Mabtech). After blocking the plate with medium for at least 2 
hours, total mononuclear cells (25 × 103 – 400 × 103 cells/well) were incubated overnight 
on the plate directly after ex vivo isolation and without prior stimulation. IgG produced 
spontaneously during the incubation period was visualised with either anti-IgG-biotin 
(MT78/145, Mabtech), biotinylated CCP2-peptide or its arginine control variant (CArgP2), 
followed by incubation with extravidin-AP (Sigma) and finally development with BCIP/
NBT (Sigma).

Measurement of ACPA-IgG and total IgG
Serum and culture supernatants were assessed for the presence of ACPA-IgG by 
ELISA based on reactivity against the CCP2-peptide. The CCP2-peptide was coupled 
to streptavidin-coated ELISA plates, followed by detection with polyclonal rabbit anti 
human IgG HRP (DAKO). Serum samples were tested at a 1:50 dilution or higher; culture 
supernatants were tested 1:10 diluted or undiluted. The standard was diluted to the 
lowest concentration at which the standard curve was consistently linear, as previously 
described [19]. Total IgG was assessed by coating ELISA plates with anti-Igλ light chain 
(clone JDC-12, BD Pharmingen), followed by detection with polyclonal rabbit anti human 
IgG HRP (DAKO).

Statistical analysis
Statistical analyses were performed using GraphPad Prism V.6.02. Correlations were 
assessed as non-parametric correlations. p Values <0.05 were considered significant.
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RESULTS

Both SFMC and PBMC harbour spontaneously ACPA-IgG-secreting 
cells
Previously, we demonstrated the presence of spontaneously ACPA-IgG-secreting PBs/
PCs in the circulation of patients with ACPA-positive RA. To determine whether these cells 
would also be present in SF, we isolated paired PBMC and SFMC from individual patients 
followed by ex vivo culture at equal total cell density without the addition of exogenous 
stimuli for 7 days followed by the detection of ACPA-IgG in culture supernatants. Analysis 
by flow cytometry of the total mononuclear cell fraction of these and additional non-paired 
samples directly after isolation demonstrated that SFMC harboured, relatively, less B cells 
than PBMC (figure 1A, upper panel), whereas the proportion of memory B cells as well 
as PBs/PCs was comparable in the two compartments (figure 1A, lower panel). Despite 
the lower proportion of B cells, however, we detected enhanced cumulative production of 
ACPA-IgG in SFMC compared with PBMC culture wells at day 7 in most donors (figure 
1B). This was reflected by an enhanced secretion of total, non-specific IgG in some but 
not all donors (figure 1C).

The frequency of ACPA-IgG-secreting cells is greatly increased in SF
The data described above suggest a higher frequency of ACPA-secreting PBs/PCs in 
SF. To assess whether indeed more antibody secreting cells specific for citrullinated 
antigens are present in SFMC as compared with PBMC, we developed an ELISpot assay 
to detect and enumerate ACPA-secreting cells directly upon ex vivo isolation. Importantly, 
cells were directly seeded and did not receive exogenous stimulation. In this system, we 
readily observed spontaneously IgG-secreting cells in SFMC plated at a 1 × 105 cells/
well density, but hardly any IgG-positive spots in PBMC-containing wells. PBMC plated 
at a higher cell density (4 × 105 cells/well) did show IgG-spots, but the frequency of 
citrulline-specific spots was still far lower than observed for SFMC-containing cultures 
(figure 2A). In fact, the abundant presence of citrulline-specific spots for SFMC allowed 
us to estimate the frequency of ACPA-IgG per total IgG secreting cells (figure 2B). Despite 
considerable variation between donors (median: 12%; IQR: 2.7-30%), we found that up to 
50% of all IgG-secreting cells derived from SF had produced ACPA-IgG during overnight 
incubation. Importantly, hardly any spots reactive with the arginine control variant were 
detected and, if present, they were subtracted from the analysis. Together, these data 
indicate that a remarkably high frequency of differentiated, spontaneously ACPA-IgG 
secreting PBs/PCs is present in the SF of patients with ACPA+ RA.
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Figure 1. Synovial fluid mononuclear cells and peripheral blood mononuclear cells (SFMC 
and PBMC) harbour spontaneously ACPA-IgG-secreting cells. (A) The frequency of B cells 
in SFMC is lower than in PBMC (upper panel). Although less B cells with a naïve phenotype 
(defined as CD19+CD20+CD27-) were detected in SFMC, the relative distribution of the memory 
(CD19+CD20+CD27+) and PB/PC (CD19+CD20-CD27++) compartment was comparable (lower 
panel). (PBMC n=25; SMFC n=22) (B) Compared to PBMC, SFMC show enhanced spontaneous 
ACPA-IgG production after 7 days in most donors. Each dot represents a culture well. (C) Total 
IgG detected in the wells of the cultures shown in (B).

Figure 2. Enhanced frequency of anti-citrullinated protein antibodies (ACPA)-IgG-secreting 
cells in synovial fluid mononuclear cells (SFMC). (A) Representative ELISpot for total IgG, 
CCP2-reactive IgG and the control variant (IgG reactive with the arginine variant of CCP2) of a 
representative SFMC and PBMC sample (left). The right panel summarizes the quantity of IgG 
spots per 100.000 cells for PBMC and SFMC. Each dot is one donor. (B) Percentage ACPA-IgG 
specific spots of total IgG spots in the SFMC population. The overnight spontaneous production of 
IgG by PBMC and, as a consequence, the frequency of ACPA-IgG specific spots in PBMC samples 
was too low for a comparable analysis.
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SFMC promote the long-term survival of ACPA-IgG secreting PBs/PCs
PCs can survive in specified niches in the bone marrow for many years. In these niches, 
PCs are non-dividing and critically depend on direct contact with surrounding stromal 
cells [3]. Upon isolation, however, PCs rapidly die in in vitro cultures unless they are 
seeded on a layer of tissue-derived stromal cells [21]. Indeed, both bone marrow derived 
stromal cells and fibroblast-like synoviocytes (FLS) derived from RA or osteoarthritis 
synovium can prolong in vitro PC survival by several days [22-27]. It is unclear, however, 
whether PCs can only survive in specialised tissues or whether prolonged survival can 
also be observed in other compartments. Given our observation of a high frequency 
of autoreactive PBs/PCs in SF, we investigated whether the cellular and molecular 
composition of SF could provide a microenvironment favouring survival of (autoreactive) 
PCs. To this end, we seeded total SFMC and, when possible, paired PBMC (SFMC n=12, 
of which n=5 paired) and cultured this heterogeneous population without external stimuli 
for several weeks. Medium was refreshed completely every week and supernatants 
were assessed for the presence of ACPA-IgG. We hypothesized to find proliferation 
and differentiation of pre-existing PB into PC within the first days of culture followed by 
either survival or rapid cell-death. Interestingly, we observed spontaneous production of 
ACPA-IgG for several weeks in both PBMC and SFMC cultures (figure 3A). This secretion 
of ACPA-IgG was maintained even if the CD20+ B cell compartment had been depleted 
prior to culture (figure S2 and 2.S3). While ACPA production declined in cultured PBMC 
towards week 8, SFMC cultures, maintained continuous production that was, in some 
donors, remarkably stable for as long as 6 months (figure 3A-B). ELISpot performed at 
several time points during these cultures confirmed the presence of actively IgG secreting 
cells in the culture wells (not shown). As hypothesized, Ki-67 staining revealed a rapid 
decline of Ki-67 expression in the CD19+CD27++CD20- PB/PC compartment within the 
first 2 weeks of culture, suggesting differentiation of PBs towards non-dividing PCs (figure 
4A). At later time-points, the frequency of Ki-67+ cells in this compartment was low while 
almost all cells expressed CD138 (not shown), supporting the notion that the surviving cell 
population was indeed bona-fide PCs. Finally, CFSE labelling directly upon isolation was 
performed and cells were analysed for dilution of the dye after several weeks in culture 
(figure 4B and S1). Again, we observed that a fraction of cells with a PC phenotype had 
recently proliferated. However, we also observed a population with this phenotype that 
had not divided, supporting the notion that these PCs had already been present at the 
time of isolation and survived during weeks in culture.
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Figure 3. Spontaneous anti-citrullinated protein antibodies (ACPA)-IgG production is main-
tained in peripheral blood mononuclear cells (PBMC) for several weeks and in synovial 
fluid mononuclear cells (SFMC) for several months. (A) Weekly spontaneous total IgG and 
ACPA-IgG production of one representative donor (paired sample); each dot represents one well; 
lines connect individual wells at different time points, thereby depicting the course of (ACPA-)IgG 
production over time. (B) Spontaneous ACPA-IgG production during a course of 8 weeks in SFMC 
and PBMC. Dotted lines represent median ACPA-IgG production of all culture wells of individual 
donors, the solid line represents the median of all donors. To allow for comparison between donors, 
the median ACPA-IgG production in wells at week 1 from each donor was set to 1. After week 8, 
ACPA-IgG production by PBMC was below the detection level in almost all donors.
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Figure 4. Antibody secreting cells (ASC) in culture show a rapid decline in Ki-67 expression 
and a non-dividing PC population. (A) Ki-67 expression by CD19+CD20-CD27++ PB/PC upon 
isolation and after two weeks of culture. Every dot is one donor. (B) CFSE labelling shows that part 
of the cells that have a PB/PC phenotype after three weeks of culture have not divided.

 
Part of the IgG production detected could have originated from memory B cells 
differentiating to PCs upon autologous stimulation by bystander cells in the SF. To assess 
whether also memory B cells would differentiate into PCs by autologous stimulation in 
our PBMC cultures, and if so, to which degree, we determined the presence of anti-
tetanus toxoid (TT) IgG in the supernatants as a proxy for memory B cell activation. 
This was performed in donors with protective serum IgG titres of anti-TT in which we 
expected the presence of TT-reactive memory B cells. Indeed, we observed anti-TT 
IgG in supernatants of stimulated PBMC but not in non-stimulated cultures of the same 
donors (not shown). Although this does not fully exclude that part of the IgG produced in 
our cultures originates from autologous stimulation of memory B cells, it suggests that 
memory B cell proliferation/differentiation had no major contribution to the overall IgG 
production in the unstimulated cultures.

Together, these data provide evidence that SFMC of patients with ACPA-positive RA 
contain the cellular prerequisite to form a microenvironment in which both pre-existing 
PCs and PBs differentiating to PCs can survive for extended periods of time.
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DISCUSSION

We previously identified spontaneously ACPA-secreting PBs/PCs in peripheral blood of 
patients with ACPA-positive RA [19]. We suggested that this fraction of circulating B cells 
could reflect an active part of the citrulline-specific immune response that is constantly 
regenerated from the memory compartment. We now demonstrate that a remarkably high 
frequency of these cells is also present in SF. In addition, by comparing unstimulated 
cultures of PBMC and SFMC, we show that SFMC can provide a microenvironment 
supporting prolonged survival of ACPA-secreting PCs, and thus, could favour prolonged 
production of potentially pathogenic autoantibodies and/or B cell populations.

The provenance of ACPA-expressing B cells in SF is unknown. Although overall B cell 
counts were lower in SFMC as compared with PBMC, the frequency of spontaneously 
ACPA-IgG-secreting cells in this compartment was remarkably increased. Of note, we 
determined this frequency by antigen-specific ELISpot assessing over-night ACPA-
IgG production by unstimulated cells, thus detecting only those cells that had already 
differentiated to antibody-secreting cells in vivo prior to isolation. The relatively high 
frequency of these ACPA-IgG-secreting PBs/PCs could be the result of directed migration 
of PBs from peripheral blood, specific retention, local generation and/or proliferation or 
prolonged survival due to the local microenvironment. Studies that directly compare the 
BCR repertoire of ACPA-expressing B cells and/or ACPA-secreting PBs/PCs in peripheral 
blood and SF in individual patients are missing, but high BAFF and TACI expression in 
RA synovitis, increased transcripts of CXCL13 and signs of local clonal B cell expansion 
suggest that ACPA-secreting PBs/PCs could be generated locally.[16, 28-31] Direct 
evidence for this assumption, however, is lacking. Importantly, we recently developed 
a technique to identify ACPA-expressing B cells and ACPA-secreting PBs/PCs by flow 
cytometry, which will allow to further investigate this particular question [20].

Irrespective of the place of generation, however, ACPA-secreting PCs secrete 
autoantibodies for which an increasing number of potentially pathogenic effector functions 
have been described. Here, we show that ACPA-IgG-secreting PCs can survive in total 
SFMC cultures for more than 6 months without stimulation. We observed fluctuating 
quantities of ACPA-IgG in the first weeks of culture, which likely reflect differentiation 
and proliferation of preformed PBs. However, the weekly ACPA-IgG production at later 
time-points was remarkably stable. Analysis by flow cytometry confirmed the presence 
of a non-dividing CD19+CD27++CD20-Ki-67-CD138+ cell population in these cultures, 
consistent with the phenotype of terminally differentiated PCs. Although we cannot 
exclude that this long-term survival and microenvironment only forms in vitro, our data 
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suggest that APCA-IgG-secreting PCs in SF could potentially be long-lived also in vivo. 
Therefore, not only inflamed tissues and SFMC and, to a lesser extent, even PBMC 
have the ability to generate conditions in which (autoreactive) PCs are able to survive 
for extended periods of time.

In the present study, we have not addressed the molecular and cellular components 
of the SFMC-derived survival niche, but it will be important to decipher the underlying 
mechanisms of PC survival in order to develop targeted interventions. PCs in bone 
marrow survival niches depend on contact with reticular stromal cells that produce 
CXCL12 [32]. Also other cells, including eosinophils [33], basophils [34], monocytes/
DCs [35, 36] and osteoclasts [37], have been found to provide important PC survival 
signals. Next to CXCL12, IL-6 and APRIL [26, 32, 38], and the interaction of CD80/86 on 
monocytes/DCs with CD28 on PCs are critical for bone marrow PC survival. Different 
lymphatic and non-lymphatic tissues can also provide such signals, however, especially 
under inflammatory conditions. ‘Inflammatory niches’ have been identified in humans 
and mice in several diseases, including SLE [8, 39] and allergic rhinitis [40]. Also here, 
cell-contact and factors derived from stromal cells, especially synovium-derived FLS in 
RA, were found to be critical for PC differentiation and survival [41]. FLS express several 
relevant factors, such as VCAM-1 [24, 42], BAFF [43] and IL-15 [22, 23]. The expression 
of Bcl-xL induced in B cells upon interaction with FLS also supports PC longevity [25]. 
Interestingly, our experiments indicate that also the SF compartment harbours all 
components needed to create a PC survival niche. In fact, this capacity was maintained 
in the cellular fraction of SF for months in vitro, while IgG production in PBMC cultures 
terminated much earlier. This could be due to some degree of (epigenetic) imprinting in 
the non B cell fraction of SFMC, as has previously been suggested for FLS, and could 
play an important role in chronicity of synovial inflammation [44]. Further studies need to 
be performed to identify cell type(s) and soluble factors responsible for this observation. 
In fact, targeting the crucial components of this survival niche could be an alternative 
way of targeting long-lived PCs and thereby decrease persistent ACPA production in 
patients with RA.

In conclusion, SFMC can create an environment that promotes survival of ACPA-IgG 
secreting PCs and, consequently, secretion of ACPA-IgG for months. Our study sheds 
light on the characteristics, distribution and dynamics of the citrulline-specific immune 
response in RA. Our finding of a high frequency of differentiated, ACPA-secreting PBs/
PCs in SF, and the observation that SF can create an ideal environment for these cells to 
become long-lived, support the notion that SF and its components are active contributors 
to chronicity of synovial inflammation. Further studies using these spontaneously 
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generated niches could provide more detailed knowledge on how ACPA-secreting PCs 
survive in vivo and identify potential targets that could shorten the lifespan of ACPA-
secreting PCs.

Acknowledgements
We kindly thank Jan Wouter Drijfhout (LUMC, Leiden, The Netherlands) for synthesizing 
and providing the CCP2-peptide and its arginine control variant.

2



40

Chapter 2

REFERENCES

1.	 Slifka MK, Antia R, Whitmire JK, et al. Humoral immunity due to long-lived plasma cells. 
Immunity. 1998 Mar; 8(3):363-372.

2.	 Hoyer BF, Moser K, Hauser AE, et al. Short-lived plasmablasts and long-lived plasma 
cells contribute to chronic humoral autoimmunity in NZB/W mice. J Exp Med. 2004 Jun 7; 
199(11):1577-1584.

3.	 Radbruch A, Muehlinghaus G, Luger EO, et al. Competence and competition: the challenge 
of becoming a long-lived plasma cell. Nat Rev Immunol. 2006 Oct; 6(10):741-750.

4.	 van Laar JM, Melchers M, Teng YK, et al. Sustained secretion of immunoglobulin by long-
lived human tonsil plasma cells. Am J Pathol. 2007 Sep; 171(3):917-927.

5.	 Mesin L, Di Niro R, Thompson KM, et al. Long-lived plasma cells from human small 
intestine biopsies secrete immunoglobulins for many weeks in vitro. J Immunol. 2011 Sep 
15; 187(6):2867-2874.

6.	 Sze DM, Toellner KM, Garcia de Vinuesa C, et al. Intrinsic constraint on plasmablast growth 
and extrinsic limits of plasma cell survival. J Exp Med. 2000 Sep 18; 192(6):813-821.

7.	 Starke C, Frey S, Wellmann U, et al. High frequency of autoantibody-secreting cells and 
long-lived plasma cells within inflamed kidneys of NZB/W F1 lupus mice. Eur J Immunol. 
2011 Jul; 41(7):2107-2112.

8.	 Cassese G, Lindenau S, de Boer B, et al. Inflamed kidneys of NZB / W mice are a major site 
for the homeostasis of plasma cells. Eur J Immunol. 2001 Sep; 31(9):2726-2732.

9.	 Nielen MM, van Schaardenburg D, Reesink HW, et al. Specific autoantibodies precede the 
symptoms of rheumatoid arthritis: a study of serial measurements in blood donors. Arthritis 
Rheum. 2004 Feb; 50(2):380-386.

10.	 Willemze A, Trouw LA, Toes REM, et al. The influence of ACPA status and characteristics 
on the course of RA. Nature Reviews Rheumatology. 2012; 8(3):144-152.

11.	 Trouw LA, Haisma EM, Levarht EW, et al. Anti-cyclic citrullinated peptide antibodies from 
rheumatoid arthritis patients activate complement via both the classical and alternative 
pathways. Arthritis Rheum. 2009 Jul; 60(7):1923-1931.

12.	 Suurmond J, Rivellese F, Dorjee AL, et al. Toll-like receptor triggering augments activation 
of human mast cells by anti-citrullinated protein antibodies. Ann Rheum Dis. 2014 May 12.

13.	 Sokolove J, Johnson DS, Lahey LJ, et al. Rheumatoid factor as a potentiator of anti-
citrullinated protein antibody-mediated inflammation in rheumatoid arthritis. Arthritis 
Rheumatol. 2014 Apr; 66(4):813-821.

14.	 Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, et al. NETs are a source of citrullinated 
autoantigens and stimulate inflammatory responses in rheumatoid arthritis. Sci Transl Med. 
2013 Mar 27; 5(178):178ra140.

15.	 Harre U, Georgess D, Bang H, et al. Induction of osteoclastogenesis and bone loss by human 
autoantibodies against citrullinated vimentin. J Clin Invest. 2012 May 1; 122(5):1791-1802.

16.	 Humby F, Bombardieri M, Manzo A, et al. Ectopic lymphoid structures support ongoing 
production of class-switched autoantibodies in rheumatoid synovium. PLoS Med. 2009 Jan 
13; 6(1):e1.

17.	 Amara K, Steen J, Murray F, et al. Monoclonal IgG antibodies generated from joint-derived 
B cells of RA patients have a strong bias toward citrullinated autoantigen recognition. J Exp 
Med. 2013 Mar 11; 210(3):445-455.



41

Synovial fluid mononucler cells and long-term survival

18.	 Snir O, Widhe M, Hermansson M, et al. Antibodies to several citrullinated antigens are 
enriched in the joints of rheumatoid arthritis patients. Arthritis Rheum. 2010 Jan; 62(1):44-52.

19.	 Kerkman PF, Rombouts Y, van der Voort EI, et al. Circulating plasmablasts/plasmacells as a 
source of anticitrullinated protein antibodies in patients with rheumatoid arthritis. Ann Rheum 
Dis. 2013 Jul; 72(7):1259-1263.

20.	 Kerkman PF, Fabre E, van der Voort EIH, et al. Identification and characterisation of 
citrullinated antigen-specific B cells in peripheral blood of patients with rheumatoid arthritis. 
Annals of the Rheumatic Diseases. 2016 Jun;75(6):1170-6.

21.	 Minges Wols HA, Underhill GH, Kansas GS, et al. The role of bone marrow-derived stromal 
cells in the maintenance of plasma cell longevity. J Immunol. 2002 Oct 15; 169(8):4213-4221.

22.	 Benito-Miguel M, Garcia-Carmona Y, Balsa A, et al. IL-15 expression on RA synovial 
fibroblasts promotes B cell survival. PLoS One. 2012; 7(7):e40620.

23.	 Kurowska M, Rudnicka W, Kontny E, et al. Fibroblast-like synoviocytes from rheumatoid 
arthritis patients express functional IL-15 receptor complex: endogenous IL-15 in autocrine 
fashion enhances cell proliferation and expression of Bcl-x(L) and Bcl-2. J Immunol. 2002 
Aug 15; 169(4):1760-1767.

24.	 Reparon-Schuijt CC, van Esch WJ, van Kooten C, et al. Regulation of synovial B cell survival 
in rheumatoid arthritis by vascular cell adhesion molecule 1 (CD106) expressed on fibroblast-
like synoviocytes. Arthritis Rheum. 2000 May; 43(5):1115-1121.

25.	 Hayashida K, Shimaoka Y, Ochi T, et al. Rheumatoid arthritis synovial stromal cells inhibit 
apoptosis and up-regulate Bcl-xL expression by B cells in a CD49/CD29-CD106-dependent 
mechanism. J Immunol. 2000 Jan 15; 164(2):1110-1116.

26.	 Kawano MM, Mihara K, Huang N, et al. Differentiation of early plasma cells on bone marrow 
stromal cells requires interleukin-6 for escaping from apoptosis. Blood. 1995 Jan 15; 
85(2):487-494.

27.	 Edwards JC, Leigh RD, Cambridge G. Expression of molecules involved in B lymphocyte 
survival and differentiation by synovial fibroblasts. Clin Exp Immunol. 1997 Jun; 108(3):407-
414.

28.	 Kim HJ, Krenn V, Steinhauser G, et al. Plasma cell development in synovial germinal centers 
in patients with rheumatoid and reactive arthritis. J Immunol. 1999 Mar 1; 162(5):3053-3062.

29.	 Scheel T, Gursche A, Zacher J, et al. V-region gene analysis of locally defined synovial B 
and plasma cells reveals selected B cell expansion and accumulation of plasma cell clones 
in rheumatoid arthritis. Arthritis Rheum. 2011 Jan; 63(1):63-72.

30.	 Cantaert T, Kolln J, Timmer T, et al. B lymphocyte autoimmunity in rheumatoid synovitis is 
independent of ectopic lymphoid neogenesis. J Immunol. 2008 Jul 1; 181(1):785-794.

31.	 Doorenspleet ME, Klarenbeek PL, de Hair MJ, et al. Rheumatoid arthritis synovial tissue 
harbours dominant B-cell and plasma-cell clones associated with autoreactivity. Ann Rheum 
Dis. 2014 Apr; 73(4):756-762.

32.	 Cassese G, Arce S, Hauser AE, et al. Plasma cell survival is mediated by synergistic effects 
of cytokines and adhesion-dependent signals. J Immunol. 2003 Aug 15; 171(4):1684-1690.

33.	 Chu VT, Frohlich A, Steinhauser G, et al. Eosinophils are required for the maintenance of 
plasma cells in the bone marrow. Nat Immunol. 2011 Feb; 12(2):151-159.

34.	 Rodriguez Gomez M, Talke Y, Goebel N, et al. Basophils support the survival of plasma cells 
in mice. J Immunol. 2010 Dec 15; 185(12):7180-7185.

35.	 Rozanski CH, Arens R, Carlson LM, et al. Sustained antibody responses depend on CD28 
function in bone marrow-resident plasma cells. J Exp Med. 2011 Jul 4; 208(7):1435-1446.

2



42

Chapter 2

36.	 Belnoue E, Tougne C, Rochat AF, et al. Homing and adhesion patterns determine the cellular 
composition of the bone marrow plasma cell niche. J Immunol. 2012 Feb 1; 188(3):1283-1291.

37.	 Geffroy-Luseau A, Jego G, Bataille R, et al. Osteoclasts support the survival of human plasma 
cells in vitro. Int Immunol. 2008 Jun; 20(6):775-782.

38.	 Jourdan M, Cren M, Robert N, et al. IL-6 supports the generation of human long-lived plasma 
cells in combination with either APRIL or stromal cell-soluble factors. Leukemia. 2014 Aug; 
28(8):1647-1656.

39.	 Hutloff A, Buchner K, Reiter K, et al. Involvement of inducible costimulator in the exaggerated 
memory B cell and plasma cell generation in systemic lupus erythematosus. Arthritis Rheum. 
2004 Oct; 50(10):3211-3220.

40.	 Takhar P, Smurthwaite L, Coker HA, et al. Allergen drives class switching to IgE in the nasal 
mucosa in allergic rhinitis. J Immunol. 2005 Apr 15; 174(8):5024-5032.

41.	 Dechanet J, Merville P, Durand I, et al. The ability of synoviocytes to support terminal 
differentiation of activated B cells may explain plasma cell accumulation in rheumatoid 
synovium. J Clin Invest. 1995 Feb; 95(2):456-463.

42.	 Burger JA, Zvaifler NJ, Tsukada N, et al. Fibroblast-like synoviocytes support B-cell 
pseudoemperipolesis via a stromal cell-derived factor-1- and CD106 (VCAM-1)-dependent 
mechanism. J Clin Invest. 2001 Feb; 107(3):305-315.

43.	 Alsaleh G, Messer L, Semaan N, et al. BAFF synthesis by rheumatoid synoviocytes is 
positively controlled by alpha5beta1 integrin stimulation and is negatively regulated by tumor 
necrosis factor alpha and Toll-like receptor ligands. Arthritis Rheum. 2007 Oct; 56(10):3202-
3214.

44.	 Karouzakis E, Gay RE, Michel BA, et al. DNA hypomethylation in rheumatoid arthritis synovial 
fibroblasts. Arthritis Rheum. 2009 Dec; 60(12):3613-3622.



43

Synovial fluid mononucler cells and long-term survival

SUPPLEMENTARY FIGURES

Figure S1: Long-term persistence of a non-dividing plasma cell population in SFMC in vitro 
cultures. Dilution of CFSE by lymphocytes and B cell subsets of three SFMC donors at different 
time points of culture. Despite decreasing signal strength and low numbers of cells, a fraction of 
cells with a plasma cell phenotype (CD19+CD27++CD38+CD138+) did not show dilution of CFSE 
even after weeks of culture.
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Figure S2: Depletion of CD20+ B cells from synovial fluid mononuclear cells. Depicted is one 
representative experiment of five. Upon depletion of CD20+B cells, a fraction of CD19+CD20-

CD27++ cells remained, of which ~50% expressed CD138 (lower right panel). Gates are set based 
on the respective isotype control.
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Figure S3: Spontaneous production of ACPA-IgG in cultures of total SFMC and of SFMC 
depleted of CD20+ B cells as measured by ELISA. Data are depicted for three donors, each dot 
represents one culture well.
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