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CHAPTER 4

ABSTRACT

Objective: To investigate the presence and patterns of specific IgG subclass 
recognition by IgM rheumatoid factor (IgM-RF) and IgA-RF with a newly 
developed enzyme-linked immunosorbent assay (ELISA), which can 
discriminate between polyspecific and restricted RF responses.

Methods: Polyspecific and restricted RF responses were determined with 
our ELISA, which uses individually coated recombinant IgG subclasses 
instead of polyclonal IgG as target antibodies. Fine specificity was 
determined using target antibodies with single amino acid mutations in 
the Fc region.

Results: In a screening panel of 93 sera that were previously found to be 
IgM-RF positive in a conventional RF assay, we were able to discriminate 
between sera with polyspecific IgM-RF responses (i.e., RF responses 
directed against all 4 IgG subclasses) and those with restricted IgM-RF 
responses, with low or absent relative reactivity against IgG2, IgG3, or 
IgG4. We found the largest variation for anti-IgG3 reactivity. Samples 
without detectable anti-IgG4 reactivity formed an independent group from 
the other restricted RF responses and the polyspecific RF responses. The 
specificity of these anti-IgG4-negative sera could be pinpointed to single 
amino acid differences between IgG1 and IgG4. Polyspecific RF responses 
more often showed signs of RF response maturation, with more isotype 
switching to IgA-RF, as compared to restricted RF responses. In a cohort 
of IgM-RF+ and/or anti-citrullinated protein antibody (ACPA)–positive 
arthralgia patients, we found restricted RF responses in 35% (49 of 140) of 
RF+/ACPA– patients, while RF+/ACPA+ patients, who have a much higher 
risk of developing rheumatoid arthritis, virtually always (123 of 128 [96%]) 
showed a polyspecific RF response.

Conclusion: IgG subclass–specific RF distinguishes between immature 
restricted RF responses and potentially more pathogenic, ACPA-associated 
polyspecific responses.
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INTRODUCTION

Rheumatoid arthritis (RA) is a complex inflammatory disorder in which 
autoantibodies play a prominent role. Several types of autoantibodies, 
including rheumatoid factors (RFs), anti–citrullinated protein antibodies 
(ACPAs), and anti–carbamylated protein antibodies, have predictive value 
for RA onset and severity (1–3). RFs, which are autoantibodies that bind the 
Fc portion of IgG, were the first autoantibodies found to be associated with 
RA, but their exact role remains ill-defined. Although ACPAs appear to be 
more specific for diagnosing RA, RFs are still a hallmark of the diagnosis, 
severity, and progression of RA. Furthermore, the improved probability 
of clinical benefit after B cell depletion in RF+ RA patients as compared 
to RF– patients suggests a pathogenic role of RF (4). Evaluation of the RF 
response is often limited to the crude measurement of serum levels of 
IgM-RF that recognize polyclonal human or rabbit IgG. This leads to an 
oversimplification of the multispecificity of RF and may represent a missed 
opportunity to distinguish pathologic RA-associated RF from RF that is 
present in the context of other (rheumatic) diseases or from nonpathologic 
RF that is present in healthy individuals, which may be gained by assessing 
the RF response in more detail. Limited evaluation of the RF response may 
also limit the value of RF testing in the prediction of arthritis development 
in patients with arthralgia and in the prediction of the disease course in 
patients with RA.

Although the pathophysiologic role of RFs in RA is not clear, RFs most likely 
contribute to inflammation and tissue damage by forming large immune 
complexes and inducing complement activation (5). It has been shown 
in vitro that IgM-RF can amplify the proinflammatory cytokine response 
induced in macrophages by RA-specific ACPA immune complexes (6). 
Since ACPAs of all 4 IgG subclasses (IgG1, IgG2, IgG3, and IgG4) are 
present in RA (7), formation of complexes by the binding of RF to ACPA 
would be enhanced most readily by a polyspecific RF response against 
IgG-Fc, enabling crosslinking of antibodies from different IgG subclasses. 
Development of a polyspecific or restricted RF response may therefore 
be associated with the presence or absence of ACPAs. Furthermore, 
maturation of the RF response from IgM-RF to IgA-RF, which was shown 
to have predictive value for the development of RA and radiologic outcome 

4
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(damage in the hands and feet) (8,9), may occur preferentially in the context 
of a polyspecific RF response.

By determining the reactivity of RF with the individual IgG subclasses 
instead of polyclonal IgG, it should be possible to classify the RF response 
present in an individual not only in a quantitative (concentration) way, 
but also in a qualitative way (i.e., polyspecificity for all subclasses versus 
restricted specificity for only some subclasses). It has been suggested that 
polyspecificity of RF as defined as recognition of all 4 IgG subclasses is 
a specific feature of an RA-associated RF response and that restricted RF 
responses not only are present in RA patients, but are frequently found 
in individuals without arthritis (10,11). Being able to make a distinction 
between polyspecific and restricted RF responses could therefore be a 
useful tool for discriminating between pathologic and nonpathologic RF 
responses and could have value in predicting the onset and disease course 
of RA.

The goal of the present study was to set up an enzyme-linked immunosorbent 
assay (ELISA) that would allow the screening of large cohorts of samples 
for the presence and patterns of specific IgG subclass recognition by 
IgM-RF and IgA-RF, thereby discriminating polyspecific and restricted 
RF responses. Instead of the conventionally used polyclonal human or 
rabbit IgG, we used monoclonal IgG1, IgG2, IgG3, and IgG4 antibodies 
with identical antibiotin specificity as the coated target antibodies. With 
this approach, we classified the RF response as a polyspecific response 
reactive with all IgG subclasses or as a restricted response with very low 
or absent relative reactivity against IgG2, IgG3, or IgG4.

We show herein that the anti-IgG reactivity of restricted RF responses 
sometimes depends on a single amino acid present in the target IgG 
subclasses. We further show that restricted RF responses generally have 
not undergone isotype switching to IgA-RF. In a cohort of IgM-RF+ and/or 
ACPA+ arthralgia patients, more than one-third of the RF+/ACPA– patients 
had a restricted RF response, while almost all of the RF+/ ACPA+ patients, 
who have a much higher risk of developing RA, had a polyspecific RF 
response, thus illustrating the capacity of anti–subclass-specific RF testing 
to distinguish between immature restricted RF responses and potentially 
more pathogenic, ACPA-associated polyspecific responses.
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MATERIALS AND METHODS

Target antibody production
Recombinant chimeric IgG1, IgG2, IgG3, and IgG4 antibodies, all specific 
for biotin, were produced as described previously (12) by cloning synthetic 
constructs coding for the variable domains (13,14) and IgG1, IgG2, IgG3, 
and IgG4 and k constant domains (GeneArt; Invitrogen) into a pcDNA3.1 
expression vector (Invitrogen). Recombinant chimeric IgG1 and IgG4 
antibodies (against cat antigen Fel d1 and birch pollen antigen Bet v1) 
and mutants (IgG1-CH3[IgG4], IgG1-R355Q, IgG1-K409R, IgG1-Q419E, IgG1-
P445L) used for pinpointing specific anti-IgG4–negative RF reactivity were 
produced as described previously (15,16). Antibodies were produced under 
serum-free conditions (FreeStyle 293 expression medium; Invitrogen) by 
cotransfecting relevant heavy-chain– and light-chain–expressing vectors in 
HEK 293F cells using 293fectin according to the manufacturer’s instructions 
(Invitrogen), as described previously (16).

IgG was purified by protein G affinity chromatography. Cell culture 
supernatants were filtered over a syringe filter with a pore size of 0.20 µm 
(Whatman Puradisc 30; Sigma-Aldrich), followed by loading on a protein 
G column (rProtein G FF; GE Healthcare) and elution of the IgG with 0.1M 
citric acid–NaOH, pH 3. The eluate was immediately neutralized with 2M 
Tris HCl, pH 9, and dialyzed overnight against 12.6 mM sodium phosphate, 
140 mM NaCl, pH 7.4 (B Braun). After dialysis, samples were sterile filtered 
over a 0.20-µm syringe filter. The concentration of the purified IgG was 
determined by absorbance at 280 nm. Purified proteins were analyzed by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and Western 
blotting (anti-k light chain, anti-IgG heavy chain).

ELISAs
Nunc MaxiSorp 96-well flat-bottomed plates (Thermo Scientific) were used 
for all ELISAs. Target coating antibodies were diluted in phosphate buffered 
saline (PBS) and coated overnight at 4°C. The coating concentration of IgG3 
target antibodies was multiplied by 1.16 to correct for its higher molecular 
weight (due to its longer hinge). Plates were incubated for 30 minutes with 
serum samples diluted in 0.1% Tween 20–PBS. IgM-RF was detected with 
horseradish peroxidase (HRP)–conjugated mouse monoclonal anti-human 
IgM (µ-chain–specific) diluted 1:1,500 (0.5 mg/ml, MH15; Sanquin), and 

4
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IgA-RF was detected with HRP-conjugated mouse monoclonal anti-human 
IgA (CH3 domain–specific) diluted 1:3,000 (0.5 mg/ml, MH14; Sanquin). RFs 
were visualized with 3,3’,5,5’-tetramethylbenzidine (100 µg/ml) in 0.11M 
acetate buffer, pH 5.5, containing 0.003% H2O2 (Merck). The reaction was 
stopped with 2M H2SO4, and the optical density (OD) was read at 450 nm.

Levels of IgM-RF were calculated using a calibrator curve of a national 
reference serum normally used in the standard IgM-RF ELISA. This 
reference serum has a defined IgM-RF level of 200 IU/ml (17). We arbitrarily 
defined the reference serum as containing 200 arbitrary units (AU)/ml 
of anti-IgG1–reactive IgM-RF and calculated the levels of anti-subclass 
reactivity on the linear part of the anti-IgG1 reactivity curve of the 
reference serum diluted 1:100–1:512,000 in 2-fold dilution steps. A lower 
limit of quantification for IgM-RF reactivity against the 4 IgG subclasses 
was determined by the lowest level that could be quantified based on the 
titrated standard sample. Accuracy was ~20% for all subclasses as well as 
for all ratios of 2 subclasses, except for IgG4, where accuracy was ~40%. 
Positive signals in the IgA-RF assays were defined as signals greater than 
3 times that of the buffer control. All incubation steps were performed for 
30 minutes at room temperature, with shaking. All washing steps were 
carried out 5 times with 0.02% Tween 20–PBS.

Serum samples
Three sets of serum samples were used in this study. The first set consisted 
of 93 IgM-RF+ sera that had been sent to the Diagnostic Department at 
Sanquin for IgM-RF testing with the standard ELISA (the screening panel). 
IgM-RF levels in these 93 selected samples ranged from 25 units/ml to 1,600 
units/ml. ACPA levels were determined by second-generation anti–cyclic 
citrullinated peptide (anti-CCP) automated ELISA (EliA system; Thermo 
Scientific).

The second set of serum samples was obtained from a previously described 
(1) cohort of ACPA+ and/or IgM-RF+ patients with arthralgia recruited since 
2004 at the Jan van Breemen Research Institute|Reade (Amsterdam, The 
Netherlands). Autoantibodies were re-measured at least 1 month after the 
first positive sample. For cohort inclusion, the results had to be positive 
on both occasions. Patients with arthritis, as identified by chart review 
or baseline physical examination or treatment with disease-modifying 
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antirheumatic drugs, were excluded. Joint symptoms were recorded at 
baseline and yearly followup visits. Extra visits were planned if the patient 
developed arthritis. ACPA and IgM-RF levels were determined batchwise 
using baseline serum samples, by second-generation anti-CCP ELISA (Axis 
Shield) and in-house ELISA, respectively. For the current study, we used 
serum or plasma samples (in EDTA) that had been obtained at baseline 
from 140 patients previously determined to be RF+/ACPA– and from 128 
patients who were RF+/ACPA+.

As a healthy control cohort, we used serum samples from 76 healthy 
volunteer donors who received multiple booster injections of tetanus 
toxoid.

Ethics approval
The arthralgia study was approved by the local ethics committee, and all 
participants gave informed consent. No informed consent was obtained 
for the samples from the screening panel and the healthy control group, 
since materials used for this study were leftovers from samples obtained 
for routine diagnostic purposes. Materials were used anonymously without 
any connection to clinical or patient-specific data.

Statistical analysis
Differences between groups were analyzed with a nonparametric Mann-
Whitney test or Kruskal-Wallis test, analysis of variance, and Dunn’s 
multiple comparisons test using GraphPad Prism software version 6. P 
values less than 0.05 were considered significant.

RESULTS

Assay development
Optimal testing conditions for the anti-IgG subclass RF ELISA were 
determined by testing the RF+ reference sample, RF– controls, and RF+ 
sera with different IgM-RF titers in several dilutions at various target 
antibody coating concentrations. Based on the results of these experiments 
(data available upon request from the corresponding author), a coating 
concentration of 1 µg/ml proved to be the most informative, with low 
background signals for all 4 coated IgG subclasses. At a serum dilution of 

4
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1:400, RF+ sera with a wide range of RF levels in a standard IgM-RF ELISA 
showed their individual distinctive pattern of IgG subclass recognition. 
Samples were therefore tested first at a 1:400 dilution and subsequently at 
additional dilutions if necessary. The observed patterns were reproducible 
at different serum dilutions.

To test whether orientation of the coating antibodies and possible 
conformational changes induced by directly coating the target antibodies 
to the ELISA plate influenced IgG subclass recognition by RF, we tested a 
selection of samples in an alternative setup in which plates were coated 
overnight at 4°C with 10 µg/ml of biotinylated human serum albumin before 
incubation for 2 hours at room temperature with the antibiotin antibodies 
of the different IgG subclasses. This strategy ensures unidirectional 
coating of the target antibodies and, possibly, induces less conformational 
change compared to direct coating. Recognition of IgG subclasses was not 
significantly influenced by directional coating or conformational changes 
caused by direct coating on ELISA plates (data available upon request from 
the corresponding author). We therefore decided to use directly coated 
target antibodies in further experiments.

Specific IgG subclass recognition by IgM-RF
To investigate the occurrence of IgG subclass–restricted IgM-RF responses, 
we first tested a panel of 93 sera that had previously tested positive for RF 
in a conventional IgM-RF assay (the screening panel). As expected, since 
the samples were selected according to their positivity in a standard RF 
ELISA that uses intravenous immunoglobulin as coated target antibodies, 
which contains mostly IgG1 and IgG2, sera without detectable anti-IgG1 
reactivity were not found in this panel (Figure 1A). In almost all samples, 
reactivity against IgG1 was highest. Anti-IgG2 reactivity was also present 
in almost all samples, but nearly always at lower levels than anti-IgG1 
reactivity.

We analyzed the occurrence of subclass-specific reactivity and the relative 
contribution of the subclass-specific RF reactivity to the RF response by 
calculating the relative anti-IgG2, anti-IgG3, and anti-IgG4 reactivity as a 
ratio of anti-IgG1 reactivity. Only samples with anti-IgG1 values >5 AU/ml 
were taken into account when calculating the ratios, since quantification 
was less accurate below this threshold. Three samples with anti-IgG1 
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levels <5 AU/ml were excluded. For the remaining 90 samples, we plotted 
the relative anti-IgG2, anti-IgG3, and anti-IgG4 reactivities against the 
anti-IgG1 level (Figure 1B). The relative anti-IgG2 IgM-RF reactivity of 
most samples fell within a relatively distinct range of anti-IgG2:anti-IgG1 
ratios, independent of their anti-IgG1 IgM-RF level. A small number of 
samples showed a significantly lower relative anti-IgG2 reactivity, with 
anti-IgG2:anti-IgG1 ratios <0.1.

Relative anti-IgG3 reactivity was more diverse (Figure 1B), with a wide range 
of anti-IgG3:anti-IgG1 ratios. Diversity in anti-IgG4 reactivity was more than 
that for anti-IgG2, but less than that for anti-IgG3. A significant number of 
samples lacked detectable anti-IgG4 reactivity. Based on these findings, 
we defined samples with an anti-IgG2:anti-IgG1, anti-IgG3:anti-IgG1, or 
anti-IgG4:anti-IgG1 ratio of <0.1 as having low relative levels of IgG2, IgG3, 
or IgG4 subclass-specific IgM-RF reactivity, respectively. Collectively, they 
were defined as samples with restricted IgM-RF responses.

Samples with a low relative IgM-RF response to IgG4 had significantly 
lower levels of anti-IgG1 as compared to samples containing IgM-RF that 
recognized all subclasses (i.e., polyspecific samples) (Figure 1C). Thus, in 
this screening panel, only the anti-IgG4–low reactivity was dependent on 
the anti-IgG1 RF level.

4
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Figure 1. IgG subclass–specific IgM rheumatoid factor (IgM-RF) reactivity with polyspecific 
and restricted RF responses. 
A, Levels of anti-IgG1 (a-IgG1), anti-IgG2, anti-IgG3, and anti-IgG4 IgM-RF were determined 
in 93 sera previously found to be IgM-RF positive on conventional IgM-RF enzyme-linked 
immunosorbent assay. B, To illustrate the relative IgG subclass–specific reactivity, the ratios 
of anti-IgG2:anti-IgG1, anti-IgG3:anti-IgG1, and anti-IgG4:anti-IgG1 were plotted against the 
anti-IgG1 IgM-RF levels (top). Samples with an anti-IgG2:anti-IgG1 ratio of <0.1 (solid black 
circles), an anti-IgG3:anti-IgG1 ratio of <0.1 (open gray circles), and an anti-IgG4:IgG1 ratio 
of <0.1 (crosses) were defined as having low relative IgG2, IgG3, or IgG4 subclass–specific 
IgM-RF reactivity, respectively, and were defined collectively as having restricted IgM-RF 
responses. The diversity of anti-IgG2, anti-IgG3, and anti-IgG4 IgM-RF reactivity is depicted 
in the bar graphs (bottom). Solid bars indicate anti-IgG2–low, open bars anti-IgG3–low, and 
crosshatched bars anti-IgG4–low IgM-RF reactivity. C, Levels of anti-IgG1 are compared in 
samples with polyspecific RF (i.e., IgM-RF recognizing all 4 IgG subclasses) and in samples 
with low relative levels of anti-IgG2 (anti-IgG2–low), anti-IgG3 (anti-IgG3–low), and anti-IgG4 
(anti-IgG4–low) IgM-RF reactivity. Each symbol represents an individual serum sample; 
horizontal lines show the median. Broken line in A represents the limit of detection. P values 
were determined by Kruskal-Wallis analysis of variance and Dunn’s multiple comparisons 
test.
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IgG subclass recognition of different restricted IgM-RF responses
To evaluate whether anti-IgG2–low, anti-IgG3–low, and anti-IgG4–low RF 
responses form 3 independent groups or whether they also show mutual 
low or absent reactivity against another subclass, we plotted the anti-
IgG2:anti-IgG1 ratio against the anti-IgG3:anti-IgG1 ratio and the anti-
IgG4:anti-IgG1 ratio. As shown in Figure 2A, there was some overlap 
between IgM-RF responses with low anti-IgG2 and anti-IgG3 reactivity. 
Samples with low anti-IgG2 or anti-IgG3 reactivity generally had anti-IgG4 
reactivity, and samples with low anti-IgG4 reactivity had anti-IgG2 and 
anti-IgG3 reactivity (Figures 2A and B).

Next, we determined whether these 3 groups of samples with subclass-
restricted IgM-RF responses differed from the rest of the cohort in 
reactivity to the IgG subclasses they recognized. As shown in Figure 3, 
samples with low anti-IgG3 reactivity had significantly lower anti-IgG2 
reactivity (P = 0.0003) and normal anti-IgG4 reactivity (P not significant) as 
compared to samples with a polyspecific IgM-RF response that recognized 
all subclasses. Samples with low anti-IgG2 reactivity had normal anti-
IgG3 and anti-IgG4 reactivity. Samples with low anti-IgG4 reactivity had 
normal anti-IgG2 reactivity, but significantly higher anti-IgG3 reactivity 
(P = 0.0003) as compared to samples that recognized all subclasses. Anti-
IgG3 reactivity appeared to be a more dominant reactivity in anti-IgG4–low 
samples as compared to all other groups, being almost equivalent to anti-
IgG1 reactivity. Samples with low anti-IgG4 reactivity clearly constituted 
a separate group.

4

proefschriftWillemV3.indd   75 04-12-19   10:35



76

CHAPTER 4

Figure 2. Identification of a distinct group of samples without detectable anti-IgG4 IgM-RF 
reactivity. 
Overlap between samples with low relative anti-IgG2, anti-IgG3, or anti-IgG4 IgM-RF 
reactivity was analyzed by plotting the relative anti-IgG2 reactivity (the anti-IgG2:anti-IgG1 
ratio) against A, the relative anti-IgG3 reactivity (anti-IgG3:anti-IgG1 ratio) and B, the relative 
anti-IgG4 reactivity (anti-IgG4:anti-IgG1 ratio). Open black circles represent samples that are 
both anti-IgG2–low and anti-IgG3–low; the crossed solid black circle represents the sample 
that recognizes only IgG1. There is some overlap between IgM-RF responses with low anti-
IgG2 and low anti-IgG3 reactivity (A). Samples with low anti-IgG2 or anti-IgG3 reactivity 
generally have anti-IgG4 reactivity, and samples without detectable anti-IgG4 reactivity 
have anti-IgG2 (B) and anti-IgG3 reactivity. Each symbol represents an individual serum 
sample. See Figure 1 for definitions.

Fine-specificity of anti-IgG4–negative RF responses
To more precisely define the apparently restricted reactivity of sera with 
an IgM-RF response without detectable anti-IgG4 reactivity, we tested 
a selection of these sera for reactivity against recombinant IgG1 target 
antibodies in which single amino acid mutations were introduced in the 
CH3 domains, making the Fc region resemble IgG4-Fc, and against target 
antibodies in which the IgG1 CH3 domain was replaced with the IgG4 CH3 
domain (Figure 4A). Of 9 samples tested, IgM-RF reactivity of 1 sample 
depended solely on the presence of arginine at position 355 in the IgG1 
CH3 domain, 1 sample depended on arginine at position 355 and proline 
at position 455, and 2 depended on proline at position 455 for the binding 
of IgM-RF. Two samples recognized an epitope outside the CH3 domain, 
as demonstrated by their reactivity against recombinant IgG1 with an IgG4 
CH3 domain (IgG1-CH3[G4]). (Figure 4B).
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Figure 3. Differing restricted RF and polyspecific RF reactivities against other IgG sub-
classes. 
The relative anti-IgG2 reactivity (anti-IgG2:anti-IgG1 ratio) (A), anti-IgG3 reactivity (anti-Ig-
G3:anti-IgG1 ratio) (B), and anti-IgG4 reactivity (anti-IgG4:anti-IgG1 ratio) (C) was compared 
for samples with polyspecific IgM-RF reactivity and samples with low relative anti-IgG2, 
anti-IgG3, and anti-IgG4 IgM-RF reactivity. Compared to polyspecific samples, anti-IgG3–low 
samples have significantly lower anti-IgG2 reactivity and IgG4–low samples have normal 
anti-IgG2 reactivity (A), anti-IgG2–low samples have normal anti-IgG3 reactivity and an-
ti-IgG4–low samples have significantly higher anti-IgG3 reactivity (B), and both anti-IgG2–
low and anti-IgG3–low samples have normal anti-IgG4 reactivity (C). Each symbol represents 
an individual serum sample; horizontal lines show the median. P values were determined 
by Kruskal-Wallis analysis of variance and Dunn’s multiple comparisons test. See Figure 1 
for definitions.

RF response maturation
To determine whether restricted RF responses with low relative anti-IgG2, 
anti-IgG3, or anti-IgG4 reactivity differed in their maturation stage from 
polyspecific RF responses that recognized all subclasses, we tested the 
screening panel of IgM-RF+ sera for IgA-RF reactivity. As shown in Figure 
5, sera containing IgA-RF that was reactive with any of the 4 IgG subclasses 
were found primarily among the polyspecific samples, illustrating a higher 
frequency of RF response maturation in this group. In the 1 IgG3-low 
sample and the 1 IgG4-low sample that were found to have high IgA-RF 
levels, the IgG subclass that was not recognized by IgM-RF was also not 
recognized by IgA-RF (data not shown).

Restricted and polyspecific RF responses in RF+/ACPA+ and RF+/ACPA– 
arthralgia patients
To validate our findings in a separate cohort, we investigated whether 
polyspecific and restricted IgM-RF responses could be identified in a 
population at risk of developing RA. We took baseline serum or plasma 
samples from a cohort of arthralgia patients positive for ACPA and/or 

4
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IgM-RF and tested the subgroups that were IgM-RF+ and either ACPA+ 
or ACPA–, as previously determined in standard assays (1), for subclass-
specific IgM-RF in our ELISA. Figure 6 shows that polyspecific and restricted 
RF responses could also be identified in this at-risk population. Diversity 
of IgG subclass–specific RF reactivity was far greater in the RF+/ACPA– 
group, most prominently for anti-IgG3 reactivity (Figures 6A and B). A 
restricted RF response with low or absent relative reactivity against 1 of 
the subclasses was found in more than one-third of RF+/ACPA– patients (49 
of 140 [35%]), whereas almost all patients positive for both RF and ACPA 
had polyspecific RF responses that were reactive with all 4 IgG subclasses 
(123 of 128 [96%]).

Since RF+/ACPA– arthralgia patients have a much lower risk of progression 
to RA than do RF+/ACPA+ arthralgia patients, we tested a group of 76 
healthy donors to determine whether they had a frequency of restricted 
RF responses similar to that of the RF+/ ACPA– patients. We found an 
RF response against the IgG subclasses in 11 of these 76 donors, with 5 
having a restricted response and 6 having a polyspecific response (data 
not shown).

To further validate the association between ACPA status and RF response 
pattern, we measured ACPA levels in the screening panel. Of 47 samples 
found to be ACPA–, 26 (55%) had a restricted IgM-RF response, whereas 
only 3 (7%) of the 43 ACPA+ samples showed a restricted IgM-RF response.
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Figure 4. Differential specificity of anti-IgG1 IgM rheumatoid factor (IgM-RF) in sera without 
detectable anti-IgG4 IgM-RF. 
Sera with IgM-RF responses without detectable anti-IgG4 reactivity were tested for 
binding of wild-type recombinant IgG1 (rIgG1), recombinant IgG1 where the CH3 domain 
was replaced with the CH3 domain of IgG4 (rIgG1-CH3[G4]), and recombinant IgG1 with 
defined amino acid mutations in the CH3 Fc region to make the Fc region resemble IgG4. A, 
Crystal structure of an IgG4 CH3 dimer (Protein Data Bank code 4B53) (28). The positions 
where the IgG1-specific amino acids were replaced with IgG4-specific amino acids in the 
recombinant IgG1 antibodies used as targets in B are indicated: K409R (lysine replaced with 
arginine at position 409), Q419E (glutamine → glutamic acid); P445L (proline →leucine), 
and R355Q (arginine → glutamine). B, Representative binding profiles. In serum 18, the 
binding of IgM-RF was dependent on the presence of arginine at position 355. In serum 20, 
the binding was dependent on both arginine at position 355 and proline at position 445. In 
serum 31, the binding was at least partly dependent on proline at position 455. In serum 24, 
the binding was partly dependent on an epitope(s) outside IgG1-CH3, since IgG1, where the 
CH3 domain was replaced with the CH3 domain of IgG4 (rIgG1-CH3[G4]), showed binding. 
Values are the mean. PBS = phosphate buffered saline.
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In contrast to the findings in the screening panel, the anti-IgG4–low samples 
from the arthralgia cohort had higher anti-IgG1 levels than did samples 
with a polyspecific RF response (Figure 6C). There was very little overlap 
between the 3 groups of samples with low relative reactivity against 
IgG2, IgG3, or IgG4 (data available upon request from the corresponding 
author). Similar to the findings in the screening panel, the anti-IgG2–low 
samples had normal anti-IgG3 reactivity and normal anti-IgG4 reactivity as 
compared to the polyspecific samples. Anti-IgG3–low samples had lower 
anti-IgG2 reactivity and normal anti-IgG4 reactivity. In contrast, anti-IgG4–
low samples showed significantly higher anti-IgG2 and anti-IgG3 reactivity 
as compared to the polyspecific samples.

We conclude that in both the screening panel and the cohort of arthralgia 
patients at risk of RA, polyspecific and restricted RF responses can be 
found and that in both groups, restricted RF responses are present far 
more frequently in the ACPA– patients.

RF response pattern and arthritis development in arthralgia patients
Of the 268 arthralgia patients tested, 92 (34%) developed arthritis after 
followup of various durations. A restricted RF response was found in 
6 (6.5%) of 92 patients who developed arthritis and 48 (27.5%) of 176 
patients who did not develop arthritis during followup. Because arthritis 
development was strongly linked to ACPA positivity in this cohort (almost 
60% of the RF+/ACPA+ group developed arthritis, compared to only 11% 
of the RF+/ACPA– group) and because our data showed that a restricted 
RF response was predominantly a feature of RF+/ACPA– patients, the RF 
response pattern and ACPA status are too interconnected to address the 
former as an individual variable in predicting arthritis development.
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Figure 5. Occurrence of isotype switching from IgM-RF to IgA-RF predominantly in sera 
with polyspecific RF responses. 
The presence of IgA-RF recognizing IgG1, IgG2, IgG3, and IgG4 was determined in serum 
samples with polyspecific RF responses (i.e., IgM-RF recognizing all 4 IgG subclasses) 
and samples with a restricted IgM-RF response (i.e., low/absent IgM-RF reactivity against 
IgG2, IgG3, or IgG4). IgA-RF against any of the 4 subclasses was found more frequently in 
samples with polyspecific IgM-RF, illustrating a higher frequency of RF response maturation 
in this group. The cutoff for positivity was 0.2 OD units (3x that of the buffer control). The 
table shows the percentages of IgA-RF+ samples for the indicated categories. Each symbol 
represents an individual serum sample; horizontal lines show the median. P values were 
determined by the nonparametric Mann-Whitney test. See Figure 1 for definitions.

4
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Figure 6. Different restricted and polyspecific RF responses between RF+/ACPA– and RF+/
ACPA+ arthralgia patients. 
A and B, Ratios of anti-IgG2 to anti-IgG1, anti-IgG3 to anti-IgG1, and anti-IgG4 to anti-IgG1 
IgM-RF levels were plotted against anti-IgG1 IgM-RF levels in the 2 patient groups (top). 
Samples with anti-IgG2:anti-IgG1, anti-IgG3:anti-IgG1, or anti-IgG4:IgG1 ratios of <0.1 were 
defined as having low relative IgG2, IgG3, or IgG4 subclass–specific IgM-RF reactivity, 
respectively, and were defined collectively as having restricted IgM-RF responses. A 
restricted RF response with low or absent relative reactivity against 1 of the subclasses was 
found in 35% (49 of 140) of the RF+/ACPA– patients, whereas almost all of the RF+/ACPA+ 
patients (123 of 128 [96%]) had polyspecific RF responses reactive with all 4 IgG subclasses. 
The diversity of anti-IgG2, anti-IgG3, and anti-IgG4 IgM-RF reactivity is depicted in the bar 
graphs (bottom). C, Levels of anti-IgG1 IgM-RF in the RF+/ACPA– group are compared in 
samples with polyspecific and restricted RF responses. Each symbol represents an individual 
serum sample; horizontal lines show the median. P values were determined by Kruskal-
Wallis analysis of variance and Dunn’s multiple comparisons test. See Figure 1 for other 

definitions.
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DISCUSSION

We describe herein an ELISA system that separately measures IgG 
subclass RF reactivity by using individually coated IgG subclasses instead 
of polyclonal IgG as target antibodies. In a screening panel of 93 sera 
previously found to be IgM-RF positive in a conventional RF assay, we were 
able to discriminate between samples with polyspecific IgM-RF responses 
(i.e., RF responses directed against all 4 IgG subclasses) and those with 
restricted IgM-RF responses with low or absent relative reactivity against 
IgG2, IgG3, or IgG4.

Subclass-specific IgM-RF reactivity varied the most for anti-IgG3 reactivity. 
Between sera with low IgM-RF reactivity against IgG2, IgG3, and IgG4, there 
was little overlap in anti-subclass reactivity pattern. Samples with low or 
absent anti-IgG4 reactivity formed an independent group from the other 
restricted RF responses and the polyspecific RF responses. The specificity 
of these anti-IgG4–low sera could be pinpointed to the various single amino 
acid differences between IgG1 and IgG4 CH3 Fc domains. Polyspecific RF 
responses more often showed signs of RF response maturation, with more 
isotype switching to IgA-RF, as compared to restricted RF responses.

Also in our validation cohort of arthralgia patients positive for IgM-RF and/
or ACPA, we found restricted RF responses in a large proportion of the RF+/
ACPA– patients, with the RF+/ACPA+ patients, who have the highest risk 
of developing RA (1), virtually always showing a polyspecific RF response. 
This association between the RF response pattern and the ACPA status 
was further confirmed in the screening panel.

While routine testing for RF in the clinical setting is mostly limited to 
crude measurement of IgM-RF binding to polyclonal human or rabbit 
IgG, a more extensive evaluation of the RF response by determining RF 
reactivity against the different IgG subclasses may be informative in 
patients who have, or are at risk of developing, RA. Different profiles of 
IgG subclass recognition by RF have been attributed to RA-associated and 
non–RA-associated RF responses (10,11). The 2 profiles of IgG subclass 
recognition most often described—reactivity against all 4 subclasses and 
reactivity against IgG1, IgG2, and IgG4 with absent or lower reactivity 
against IgG3 (historically called Ga reactivity [18])—were also identified in 

4
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both our cohort of sera sent for conventional RF testing and our validation 
cohort of IgM-RF+ and ACPA+ or ACPA– arthralgia patients. The finding 
that reactivity against IgG3 was the most diverse anti-subclass reactivity 
suggests that in the majority of patients, RF with Ga reactivity is part of 
the RF response.

Being able to determine the contribution of anti-IgG3 reactivity to the RF 
response in a given patient could be clinically important, since it has been 
shown that the presence of anti-IgG3–reactive RF is associated with the 
severity of arthritis in patients with RA (19). Our discovery of sera with 
very low or absent relative reactivity against IgG2 or IgG4 shows that 
testing for IgG subclass–specific RF reactivity can identify other restricted 
RF responses besides anti-IgG3–low responses.

The anti-IgG4–low responses form an especially distinct group, since they 
also differ in anti-IgG2 and anti-IgG3 reactivity from the other restricted or 
polyspecific responses. This suggests that RF reactivity profiles could be 
markers of distinct immune responses with different pathophysiologies.

Our finding that the binding of IgG1 by IgM-RF without detectable anti-IgG4 
reactivity is, in some cases, dependent on 1 or 2 amino acids suggests that 
these responses can be very specific and may require epitope spreading 
to develop pathogenic potential. One example of these highly restricted 
RF responses (Figure 4) depended solely on the presence of arginine at 
position 355 in IgG1 for the binding of IgM-RF, which was the exact epitope 
bound in the IgM-RF–IgG complex visualized by Duquerroy et al using x-ray 
crystallography (20). It is possible that isotype switching of an RF response 
is dependent on epitope spreading, since IgA-RF against any IgG subclass 
was found far more often in samples with polyspecific responses than in 
those with restricted IgM-RF responses.

In addition to IgA-RF, we attempted to investigate the presence and 
patterns of subclass-specific IgG-RF reactivity. However, this uncovered 
false positivity caused by Fc–Fc interactions between IgG4 present in the 
test sera and the IgG-Fc used as coating (21–23). Kanmert et al (24) reported 
high levels of IgG-RF directed against IgG1-Fc and IgG2-Fc in IgM-RF+/ 
IgA-RF+/ACPA+ RA sera, but it was also present in controls. Elson et al (25) 
reported IgG-RF reactivity against IgG1-Fc and IgG2-Fc in RA sera. They 
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used Fc fragments for measuring anti-IgG1 and anti-IgG2 reactivity, but 
intact IgG for measuring anti-IgG3 and anti-IgG4 reactivity and an anti-CH1 
detection antibody that bound 2 of 4 IgG3 samples tested and 3 of 5 IgG4 
samples tested. In our opinion, the influence of Fc–Fc interactions between 
coated Fc fragments and IgG4 cannot be ruled out in either study.

Recent studies have shown interactions between RF and ACPA in immune 
complexes, resulting in potentiation of ACPA-mediated inflammation 
(6,26,27). Immune complexes containing IgG ACPAs of different subclasses 
(or other primary disease-related antibodies, such as anti–carbamylated 
protein antibodies) present in RA could serve as antigenic IgG targets for 
RF-producing B cells, thereby inducing epitope spreading and maturation 
of the RF response. The data from our experiments with the screening 
panel and the arthralgia cohort support this hypothesis, since virtually all 
RF+/ACPA+ patients showed polyspecific RF responses, whereas more 
than one-third of RF+/ACPA– arthralgia patients and more than one-half of 
RF+/ACPA– patients in the screening panel had a restricted RF response. 
Since ACPA+ patients with arthralgia have a much higher risk of developing 
RA (1), it is possible that their polyspecific RF response is part of a more 
pathogenic autoantibody response.

We postulate that polyspecific and restricted RF responses may occur 
in different phases of disease or may be markers of different diseases 
altogether. To determine whether the qualitative analysis of the RF 
response described herein can be a clinically useful tool for the prediction 
and classification of disease and the prediction of treatment outcome, we 
plan to validate the assay in longitudinal preclinical and clinical RA cohorts 
and correlate the findings with clinical outcomes.
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