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ABSTRACT

Objectives: Rheumatoid factors (RFs) are thought to play an important 
role in rheumatoid arthritis (RA), but are also found in healthy donors 
(HDs). Previous studies examined variable region sequences of these 
autoantibodies at a time when knowledge of the human germline repertoire 
was incomplete. Here we collected and analyzed RF sequence data from the 
literature to elucidate how RFs develop and whether their characteristics 
differ between RA patients and HDs.

Methods: A database was built containing nucleotide sequences of RF 
heavy and light chain variable domains and characteristics including 
affinity, isotype and specificity, all collected from published papers. Gene 
usage and mutation frequencies were analyzed using IMGT/HiV-QUEST. 
Selection strength was assessed with the BASELINe tool.

Results: Sequences were retrieved for 183 RF clones (87 RA; 67 HDs; 29 
other). No biased gene usage was observed for RA and HDs. However, 
there does appear to be skewed gene usage in RFs from patients with 
mixed cryoglobulinemia. Mutation frequency varies considerably between 
RFs, and isotype-switched clones have significantly more mutations. 
Monospecific RFs carry more mutations than polyspecific RFs; no 
difference was found for RA- versus HD-derived RFs. Overall, reported 
affinity is low (median 1 µM), with a non-significant trend toward higher 
affinity of RA-derived RFs. Mutation frequency and affinity did not appear 
to be correlated. BASELINe analysis suggests an overall lack of positive 
selection and less negative selection strength in RA-derived RFs.

Conclusions: RFs derived from RA patients have similar properties as 
those derived from HDs. The RF response can be characterized as a 
moderately matured autoantibody response, with variable levels of somatic 
hypermutation, but low affinity.
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INTRODUCTION

Rheumatoid arthritis (RA) is an auto-immune disease characterized by 
chronic synovitis: inflammation of the synovium, the membrane lining the 
joints. If left untreated, or when treatment is unsuccessful, it can lead to 
deformity and destruction of the joints. Multiple autoantibodies are thought 
to play a role in RA. Detection of the two most prominent autoantibodies, 
rheumatoid factors (RFs) and anti-citrullinated protein antibodies (ACPAs), 
are important items in the RA classification criteria [1], although results can 
vary between different RF and ACPA assays [2, 3]. RFs were discovered 
in 1937 by Waaler [4, 5], and were later determined to be autoantibodies 
binding to the constant (Fc) domain of immunoglobulin G (IgG) [6, 7]. 
ACPAs are the main representatives of a group called anti-modified protein 
antibodies (AMPAs) and bind to proteins in which arginine amino acid 
residues have been enzymatically converted into citrulline residues [8]. 
Whether and how autoantibodies cause pathology in RA is still unclear. 
Recent studies suggest that RFs and ACPAs may lead to pathology through 
a synergistic effect [9-11]. In this scenario, ACPAs bind to citrullinated 
proteins in the joint, forming immune complexes (ICs) which can then serve 
as targets for RF. In vitro, it has been shown that macrophages produce 
more of the pro-inflammatory cytokine TNF-α when incubated with ACPA 
ICs to which RF is added [9, 11]. Moreover, since RF is often of the IgM-
isotype and IgM is efficient in binding complement [12], binding of IgM-RF 
to IgG-ACPA ICs could exacerbate inflammation in the joints by enhancing 
complement activation.

Although RFs are thus thought to have a pathological role in RA, their 
presence is not restricted to RA. RFs can be found in other rheumatic 
diseases—77% of Sjögren’s syndrome patients are IgM- and/or IgA-RF 
positive [13]—, and during bacterial and viral infections [14]. In healthy 
individuals, presence of RF increases with age to up to 26% in people 
over age 85 [15, 16]. It is not yet clear whether RFs present in RA differ in 
structure and function from those in healthy individuals or other (non-)
rheumatic diseases. It has been suggested that healthy individuals have 
physiological RFs to help clear ICs. These RFs are presumably polyreactive 
low-affinity antibodies with restricted variable (V)-gene usage and relatively 
few somatic mutations, constituting part of the natural antibody repertoire. 
As such, they might mirror e.g. IgM natural antibodies against oxidized 
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LDL which are thought to have a house-keeping role and protect against 
atherosclerosis [17, 18]. In contrast, RFs from RA patients are considered to 
be monoreactive, with a relatively higher affinity, more somatic mutations, 
more heterogeneous V-gene usage and more often isotype-switched [19].

Up to now, studies in which RF sequences were analyzed have been 
restricted to relatively low numbers of clones, and in most cases analysis of 
somatic hypermutation (SHM) was performed with incomplete knowledge 
of the human germline variable domain repertoire, which was not yet fully 
sequenced back then. Moreover, despite a reasonable number of studies 
reporting on RF variable domain sequences from both healthy subjects 
as well as RA patients, this information has never been put together for a 
more in-depth analysis. With the recently renewed interest in RF, because 
of its proposed interaction with ACPA described above, such an analysis is 
opportune and could serve as a starting point for new studies with modern 
sequencing techniques.

In the present study we collected and analyzed RF sequence data available 
in the literature to gain insight into how RFs develop and whether RFs in 
RA differ from those found in non-RA individuals. By building a database 
of previously published RF sequences we attempted to answer several 
questions [20]: (1) Is there preferential use of particular genes or families to 
encode RFs? (2) To which extent are the RFs somatically mutated, does the 
number of mutations differ between RA and HD, and is there a correlation 
between the number of mutations and the reported affinity? (3) Is there 
evidence for antigen-driven clonal expansion?

METHODS

Retrieval of sequence information & construction of the database
Nucleotide sequences of RF heavy and light variable domains were collected 
from published studies. The compiled collection of sequences is available 
as supplementary file 1 (online). In most cases, nucleotide sequences were 
deposited in the European Nucleotide Archive (ENA); accession numbers 
are included in the database. In some cases, the sequence information 
was only available in print, and was copied from the original papers. Not 
included are RFs of which only amino acid sequence information was 
available; a brief overview of these is available as supplementary file 2 
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(online). Studies reporting sequences of RF-enriched cell populations 
without a clear demonstration of RF identity at the clonal level, or obtained 
from unpaired phage display libraries, were also excluded.

Other parameters, such as affinities (Kd), specificities for IgG subclasses 
and IgG of different species, and for antigens other than IgG, were collected 
from the original papers. The level of evidence as well as methodologies 
to establish these parameters varies across studies, and this information 
should be interpreted with caution. Most studies used inhibition ELISAs 
to determine Kd, using methods described by Friguet et al. [21]. For two 
clones, affinities measured using biosensor analysis have recently been 
reported which are consistent with previous data: RF-AN: > 10

-5 M [22] vs. 
5 x 10

-4 M [23], and RF-61: 6 x 10
-7 M [24] vs. 5 x10-7 M [23]. Also collected 

was information about the isotype, and the source of the RFs, including the 
type of donor. This includes various kinds of RA patients as well as healthy 
individuals, the latter often repeatedly immunized with tetanus toxoid (TT) 
or red blood cells (RBCs). For some analyses, RFs were stratified according 
to donor source, in particular whether they were derived from RA patients 
or healthy donors. Details can be found in supplementary file 1.

Analysis
IMGT/HiV-QUEST was used to align sequences to the human germline 
repertoire, to establish V(D)J gene usage, CDR3 length, and V region 
mutation frequencies [25]. The BASELINe tool was used to analyze 
selection strength in complementarity-determining regions (CDRs) and 
framework regions (FWRs) [26, 27]. Clonality was assessed on the basis 
of identical VDJ gene usage, equal CDR3 lengths and a relative Hamming 
distance <0.15. The only clonal relationships that were found were those 
identified in the original papers and are indicated in the database. Reads 
from peripheral blood (PB) memory IgM B cells (CD27 + CD19 + ) of four 
healthy donors were obtained from Vander Heiden et al. [28]. Raw reads 
were filtered (Q > 30) and processed using Pandaseq [29] and in-house 
Perl and Awk scripts, aligned to the germ-line repertoire using IMGT/HiV-
QUEST, and a random subset of 30,000 unique reads was selected for 
further analysis.

Statistical analyses were carried out using Graphpad Prism 6; details can 
be found in the respective figure legends.

8
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RESULTS

We analyzed published RF variable domain sequences. For a total of 183 
RFs, sequences were retrieved. Sequence information was available for 
180 heavy chains (HC) and 117 light chains (LC). The majority of the RFs 
was obtained from RA patients (87 from 30 subjects) or healthy donors 
(67 from 23 subjects). Other sources were lymphoma/leukemia (14), 
cryoglobulinemia (13) and systemic lupus erythematosus (SLE) (2). Of the 
180 HCs, 153 are of the IgM class, 14 IgG, 12 IgA, and 1 unknown. Of the 
117 LCs, 72 are kappa and 45 lambda. Of note, whereas for RA-derived RFs 
the percentage of kappa light chains is 51%, this is 83% for non-RA RFs.

V and J gene usage
Variable (V) and Joining (J) gene usage was analyzed for HC sequences and 
V gene usage for LC sequences. We did not observe an unusual pattern 
of V or J gene usage in RA patients or healthy donors. HC VH3 family 
genes are most frequently used, followed by VH1 and VH4 family genes 
(Fig. 1A). By contrast, in the V gene usage for clones other than HD or RA 
(predominantly lymphoma and HCV-associated mixed cryoglobulinemia 
RFs), a bias towards VH1 family gene usage (mostly the IGHV1-69 gene) 
was observed (p < 0.01). The most frequently used J gene segment is IGHJ4 
(Fig. 1B). For the light chain, the most frequently used kappa and lambda 
V segments are IGKV3 and IGLV3, respectively (Fig. 1C-D).

Somatic hypermutation
There is large variation in mutation frequency in both VH and VL, ranging 
from 0 (26 RFs) to 41 mutations in the VH domain (median 9, IQR 2-15) 
and from 0 (19 RFs) to 29 mutations in the VL domain (median 4, IQR 1-8); 
(Fig. 2A). The median number of replacement mutations is 5 (IQR 1-9.8) 
and 3 (IQR 1-5.8) for VH and VL, respectively. As expected, the mutation 
frequencies of the VH and VL segments from the same RFs are correlated 
(Fig. 2A).

Of note, between studies, the mean number of mutations varied 
substantially. For the 11 studies contributing >5 RFs each (median 10, range 
6-18), the mean number of VH mutations ranged from 1.1 to 17.2 (median 
11.7, IQR 6.7-15.1). The studies with the most extreme overall mutation 
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rates contributed RFs derived both from RA patients and healthy donors. 
There were no obvious differences in procedures or source materials 
that could explain these disparate results. Switched RFs, either IgA- or 
IgG-RFs, have a significantly higher heavy chain mutation frequency than 
non-switched (i.e. IgM-) RFs, when analyzed for all available sequences 
(Supplementary Fig. 1A) or strictly for RFs from RA patients and healthy 
donors combined (Fig. 2B). Furthermore, >83% of non-switched (IgM) RFs 
have more than 1 heavy chain replacement mutation, whereas in a next-
generation sequencing (NGS) dataset of peripheral blood IgM B cells from 
healthy volunteers this is only 37% (Fig. 2C).

Many of the reports from which the sequences were derived describe 
the specificity of the RF clones as either ‘polyreactive’ or ‘monospecific’. 
Monospecific RFs bind only to IgG, whereas polyreactive RFs also show 
reactivity against other substances, such as tetanus toxoid (TT), DNA 
and cytoskeletal proteins. Curiously, (IgM) RFs that are reported to be 
polyreactive seem to be less mutated compared to those reported as 
monospecific (Fig. 2D). On the other hand, IgM RFs derived from RA 
patients do not differ from those derived from healthy donors in mutation 
frequency (Fig. 2E), with highly mutated RFs found also in healthy donors.

8
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Figure 1. VJ usage and CDR3 length. (A,B) IGHV and IGHJ usage in RFs isolated from 
rheumatoid arthritis (RA) patients, healthy donors (HD), or of other origin. (C,D) IGKV and 
IGLV usage in RFs isolated from RA patients or of other origin, including healthy donors. 
(E) Distribution of heavy chain CDR3 length in IgM or class-switched RFs. In all cases, 
frequencies are based on unique clones. AA: amino acids. ** p < 0.01 (χ2 test).

Affinities
In our compiled dataset, the mean and median affinities (Kd) for RA- and 
HD-derived RFs are 0.594 vs. 0.587 µM (p = 0.7; Students t), and 0.68 vs. 
1.5 µM (p = 0.22; Mann-Whitney), respectively (Fig. 3A). In other words, 
there is a non-significant trend towards a slightly higher affinity of RFs in 
RA. Leaving out a number of RFs for which the tested antigen was rabbit 
IgG, a still non-significant difference is found (median 0.65 vs. 1.5 µM, 
p = 0.11). More importantly, the affinities are invariably low. The overall 
median affinity is around 10

-6 M, which is 4 orders of magnitude higher 
than a typical affinity-matured, class-switched, T cell dependent antibody 
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response to a proteinaceous antigen such as TT [30]; and even the highest 
reported affinity is above 10

-8 M. Furthermore, the median Kd for the 5 
class-switched RFs of which data is available is 0.49 µM.

Next, to investigate the relationship between somatic hypermutation and 
affinity maturation, RFs were stratified into quartiles based on mutation 
frequency, and affinity was compared (Fig. 3B). No significant differences 
were found between the quartiles. Direct correlation analysis between 
mutation frequency and affinity also did not reveal a significant correlation.

Selection strength
Selection strength was analyzed using the BASELINe tool. A higher or lower 
than expected rate of replacement mutations in the complementarity-
determining regions (CDRs) or framework regions (FWRs) is interpreted 
as positive or negative selection pressure, respectively. Such analyses have 
their limitations [31], even though apparent biases in mutation rates are 
computationally accounted for. We observed an overall weakly negative 
selection strength (-0.23, p = 0.017) in the CDRs and a much stronger 
negative selection strength (-0.78, p < 0.0001) for the FWRs (Supplementary 
Fig. 1B).

Similar results were obtained when specifically sequences from RA and 
HD were analyzed: (-0.23, p = 0.029) for the CDRs (-0.76, p < 0.0001) for the 
FWRs (Fig. 3C). Interestingly, there appears to be less negative selection 
pressure for RA-derived RFs compared to HD-derived RFs (p = 0.05). This 
difference does not seem to be related to the relatively higher number of 
switched RFs derived from RA, since no difference in selection strength 
was found between switched and non-switched RFs, at least not in the 
CDRs. A non-significant trend towards more positive selection pressure 
was found for monospecific compared to polyreactive RFs (p  =  0.1). 
Certain RFs seem to have a disproportionate influence on the results of the 
BASELINe analysis, which warrants caution in interpreting these results.

8
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Figure. 2. Mutation frequencies. (A) Total (Tot), silent (S), and replacement (R) mutation 
frequencies in all available variable heavy (VH) and variable light (VL) chain sequences. 
Right panels: correlation between total or replacement mutations in heavy and light chains 
for RFs of which both sequences were available. Pearson r = 0.56 (p < 0.0001), and r = 0.48 (p 
< 0.001), respectively. (B) Heavy chain mutation frequencies in switched and non-switched 
(IgM) sequences from healthy donors and RA patients, other sources of RF excluded.
(C) Distribution of heavy chain mutations for switched and non-switched (IgM) RF sequences 
and of IgM sequences obtained from circulating PBMCs or sorted CD 27 + (memory) B 
cells, not selected for specificity, of healthy donors (PB) [28, 72]. (D) Heavy chain mutation 
frequencies in IgM sequences of RFs reported to be monospecific (M) or polyspecific (P). (E) 
Heavy chain mutation frequencies of IgM RFs isolated from RA patients or healthy donors 
(HD). B,D,E) Mann-Whitney, ** p < 0.01; * p < 0.05, lines represent medians.

Specificities for IgG subclasses
Both RF clones and polyclonal serum RF responses can show IgG subclass 
specific-binding patterns [32, 33]. The most frequently reported pattern 
in the present database is reactivity against IgG 1, 2 and 4, with reduced 
binding to IgG3, known as ‘Ga-reactivity’ [34]. However, other patterns were 
also observed, including pan-subclass-specific (second-most frequent) and 
several RFs appeared specific for just one IgG subclass.
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DISCUSSION

Rheumatoid factors (RFs) are autoantibodies that bind to the IgG Fc-
domain and can be present in rheumatoid arthritis (RA) patients, but also 
in healthy donors (HDs). It is currently still unclear what the exact role 
of RF in health and disease is, and whether RFs in RA differ from those 
present in other diseases and in HDs. By collecting and analyzing sequence 
data of RFs available in the literature, we were able to better characterize 
these autoantibodies. The overall picture that emerges is that RFs generally 
constitute a moderately matured antibody response, with various levels 
of somatic hypermutation, but with low affinity. Additionally, RA-derived 
RFs have similar properties as those derived from HDs.

To encode RFs, both RA-derived and HD-derived RFs primarily use genes 
from the VH 1, 3 or 4 families, which are also the most commonly expressed 
VH families in peripheral B cells, both for HDs and RA patients [35, 36]. RFs 
also show similar JH-gene and light chain gene usage as peripheral B cells 
from normal individuals [36-40]. Although it has been suggested in the 
past that an unusual preference for certain genes or gene families exists 
to encode RFs and that gene usage differs between HDs and RA [41-44], 
it appears that there is a skewed gene usage in hepatitis C-associated 
mixed cryoglobulinemia (MC), but not in RA [45-49]. In previous analyses, 
inclusion of MC derived clones may have skewed results on RF gene usage. 
The present analysis, including a much larger number of sequences than 
any of the previous studies, provides further evidence that in contrast 
to MC-derived RFs, which have a distinct V gene usage, there is no 
biased gene usage in HDs and RA. This suggests that MC-RFs are not 
representative for the development of the RF response in HDs and RA. 
Given the limited number of RFs in the non-RA non-HD group, this group 
could not be further stratified for analysis.

Other researchers analyzed another IgM autoantibody response, anti-
DNA antibodies, frequently present in systemic lupus erythematosus, 
and also found no evidence for skewed use of VH or VL genes [20]. In 
many other auto-immune diseases the number of available patients for 
which gene usage of autoantibodies has been analyzed is too small to 
draw conclusions [50].

8
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Figure 3. Affinities and selection. (A) Reported dissociation constants (Kd) for RFs obtained 
from healthy donors (HD) or RA patients. Lines represent medians; the difference was 
not significant (Mann-Whitney). (B) Total (Tot) and replacement (R) heavy chain mutation 
frequencies stratified in quartiles according to decreasing affinities (Q1 highest - Q4 lowest 
affinities). No significant differences were found (One-way ANOVA). Furthermore, no 
correlation was observed between mutation frequency and affinity (Spearman r = -0.02; 
p = 0.85). Lines represent medians. C,D,E) Antigen driven selection analysis using the 
BASELINe framework. Selection strength is calculated based on actual replacement mutation 
frequencies in comparison to expected, non-selected replacement mutation frequencies in 
human variable V regions [27, 73], for (C) all sequences of RA and HD combined, (D) RA 
patients (dashed lines) vs. healthy donors (solid lines), and E) IgM (dashed lines) vs. switched 
RFs (solid lines) for RA patients. RA vs. HD p = 0.05 (CDR); p < 0.001 (FWR); IgM vs. switched 
p = 0.33 (CDR); p = 0.005 (FWR).

In our database, the overall mutation frequency did not differ between 
RA-derived and HD-derived RFs. The higher mutation frequency of IgM-
RFs compared to data from circulating PBMCs (Fig. 2C) suggests that a 
significant proportion has undergone affinity maturation through somatic 
hypermutation [51]. However, we did not find a relationship between 
the degree of mutation of the RFs and their affinity (Fig. 3B). A study by 
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Carayannopoulos et al. even suggested that somatically mutated RFs have 
lower affinity than their germline counterparts [52].

Several studies have indicated that RFs derived from RA have a higher 
affinity than those derived from HDs [24, 53]. Borretzen et al. [53] reported 
a significantly higher mean affinity for RFs derived from RA patients than 
healthy immunized donors (HID) (0.5 vs. 1.9 µM). However, our compilation 
of data shows only a non-significant trend for higher affinity of RA-derived 
RF. Overall, the affinity of RFs is low compared to responses against recall 
antigens [30]. Of note, it is possible that higher affinity RFs are produced by 
plasma cells in the bone marrow but are rapidly cleared when they form ICs 
by binding to the monomeric IgG that is present in large amounts in serum 
[54]. In any case, the amount of somatic hypermutation seems indicative of 
a (somewhat) matured response, but without the expected high affinities. 
In this respect, RFs seem to parallel ACPAs, which undergo high degrees 
of SHM but have only mediocre affinities [55].

The lack of a clear positive selection as evaluated using the BASELINe 
tool (Fig. 3C and D) fits with the low affinities. The apparent less negative 
selection strength in RA versus HD (Fig. 3D) is an intriguing finding, which 
is not easily explained but might point at a defect in checkpoints for 
maintaining peripheral B cell tolerance towards self-antigens in RA.

A limitation of this analysis is the modest number of class-switched RFs in 
the dataset, most of which were derived from RA patients. Class-switching 
of RF is reported to occur more frequently in RA than in control subjects 
[56]. The combined route of SHM/affinity maturation/class switching is 
beyond proper analysis in this study. Nevertheless, the low average affinity 
of 0.49 µM for the five class-switched RFs in this study might point to a 
similar lack of affinity maturation for class-switched RF.

While we did not find a difference in mutation frequency between RFs 
from HDs and RA, grouping RFs according to their specificity did show 
a significant difference. Monospecific RFs, which only bind to IgG-Fc, 
on average show more mutations than polyspecific RFs. Polyreactivity 
appears to be a property linked to so-called natural antibodies, which 
are ill-defined antibodies that are generally able to bind with low affinity 
to multiple unrelated structures, often including autologous structures 

8

proefschriftWillemV3.indd   179 04-12-19   10:35



180

CHAPTER 8

(not ‘antigens’, the abbreviation for ‘antibody generator’). These natural 
antibodies are thought to be produced without prior specific antigenic 
stimulation and presumably provide a first line of defense against 
pathogens, and clear debris from dead cells [57, 58]. RF activity might in 
part comprise such natural antibodies, and/or develop out of such natural 
antibodies. Reactivity to other substances, often including TT, DNA, and 
cytoskeletal proteins has been tested for many of the RFs included in the 
database, and a substantial fraction has been designated polyreactive. 
It should be kept in mind that polyreactivity has not been consistently 
tested against a uniform panel of proteins and other structures, making 
the classification within the context of this dataset somewhat arbitrary. 
Nevertheless, it is tempting to speculate what this difference in mutation 
frequency means. Among the natural antibody-producing B cells, some 
will have B cell receptors that bind IgG-Fc, through which they can take 
up immune complexes (ICs). After presenting antigens bound inside the 
IC on their cell surface, these natural B cells can receive T cell help from 
T cells that specifically recognize these antigens (Fig. 4A). This then leads 
to proliferation of the B cells and expansion of the IgG-Fc binding RF 
response [19]. Acquiring more mutations might result in selection away 
from reactivities other than towards IgG Fc. However, if the mutations 
result in a B cell receptor with sufficient affinity to bind monomeric IgG it 
will no longer get T cell help (Fig. 4B).
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Figure 4. Immune complexes as antigen of rheumatoid factor. (A) A low-affinity RF+ B cell 
will preferentially bind an IgG-containing immune complex (IC) rather than monomeric IgG 
via the B cell receptor, internalize the IC, process antigen bound by the IgG, and present to 
Ag-specific T cells. B) An RF+ B cell that would acquire high affinity would bind monomeric 
IgG and no longer get T cell help.

It is still unclear whether B1 cells, the presumed predominant source of 
natural antibodies [58], may be responsible for producing RFs in HDs 
and/or RA patients, as early studies have indicated [24, 59, 60]. Whereas 
polyreactive, unmutated IgM antibodies with RF activity may be expected 
to be produced by B1 cells, which would do so independent of T cell help, 
isotype-switched and/or somatically hypermutated RFs are more likely 
derived from the T cell help-dependent B2 cells, as suggested in two 
reviews by different authors [14, 61]. Importantly, the distinction between B1 
and B2 cells in the early reports was based on findings from mouse studies, 
and it later became clear that in humans these two subtypes cannot be 
separated using the same markers; only recently have B1 cells been better 
characterized in humans [62, 63] and even these findings are considered 
controversial [64-67]. It therefore remains to be determined what the exact 
origin of RF-producing B cells is, and whether this differs between HDs 
and RA patients. The IC-dependent mechanism described above could also 
explain the transient rise in RF level seen after vaccination and infection 
[68]. In RA, RF-producing B cells could capture and internalize ICs made 

8
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up of ACPAs and their citrullinated targets. T cells specific for citrullinated 
proteins could provide T cell help and lead to RF response maturation in 
the form of class switching and increased affinity. Alternatively, ACPAs 
binding to citrullinated protein in the joint [69] may provide repetitively 
arranged epitopes causing cross-linking of RF+ B cell receptors [70, 71], 
circumventing the need for T cell help and keeping the RF+ B cells in a 
relatively immature state. As almost all of the studies that we analyzed here 
were performed before ACPA testing was introduced, we currently cannot 
compare the characteristics of RFs from ACPA+ and ACPAneg patients. 
Studying whether RF responses in ACPA+ patients have a more mature 
phenotype could provide further insight into the interactions between the 
two autoantibody responses.

In conclusion, collecting published variable region sequences, and 
analyzing these data with today’s improved methods and knowledge 
of the germline repertoire, provided more insight into the RF response. 
This autoantibody response is of low affinity, even though the antigen 
binding domains can show signs of maturation, with considerable levels of 
somatic hypermutation, especially in monospecific RFs; and RFs from RA 
patients are not markedly different from those found in healthy individuals. 
With this dataset as a starting point, new studies using next-generation 
sequencing may be able to further improve our understanding of the role 
of RF in health and disease.
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Supplementary Figure 1.
A) Total (Tot) and replacement (R) heavy chain mutation frequencies in switched and non-
switched (IgM) sequences from all RF sources combined. B) Antigen driven selection analysis 
using the BASELINe framework for all sequences from all sources combined.
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