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CHAPTER 7

ABSTRACT

Anti-hinge Abs (AHAs) target neoepitopes exposed after proteolytic 
cleavage of IgG. In this study, we explored the diversity of protease- 
and IgG subclass–restricted AHAs and their potential as immunological 
markers in healthy donors (HDs) and patients with rheumatoid arthritis 
(RA) or systemic lupus erythematosus (SLE). AHA reactivity against IgG-
degrading enzyme of Streptococcus pyogenes (IdeS)– or pepsin-generated 
F(ab’)2 fragments of all four human IgG subclasses was determined. AHA 
reactivity against one or more out of eight F(ab’)2 targets was found in 
68% (68 of 100) of HDs, 69% (68 of 99) of SLE patients, and 81% (79 of 
97) of RA patients. Specific recognition of hinge epitopes was dependent 
on IgG subclass and protease used to create the F(ab’)2 targets, as 
confirmed by inhibition experiments with F(ab’)2 fragments and hinge 
peptides. Reactivity against IdeS-generated F(ab’)2 targets was found most 
frequently, whereas reactivity against pepsin-generated F(ab’)2 targets 
better discriminated between RA and HDs or SLE, with significantly higher 
AHA levels against IgG1/3/4. In contrast, AHA levels against pepsin-cleaved 
IgG2 were comparable. No reactivity against IdeS-generated IgG2-F(ab’)2s 
was detected. The most discriminatory AHA reactivity in RA was against 
pepsin-cleaved IgG4, with a 35% prevalence, ≥5.8-fold higher than in 
HDs/SLE, and significantly higher levels (p < 0.0001). Cross-reactivity for 
F(ab’)2s generated from different IgG subclasses was only observed for 
subclasses having homologous F(ab’)2 C termini (IgG1/3/4). For IgG2, two 
pepsin cleavage sites were identified; anti-hinge reactivity was restricted 
to only one of these. In conclusion, AHAs specifically recognize IgG 
subclass– and protease-restricted hinge neoepitopes. Their protease-
restricted specificity suggests that different AHA responses developed 
under distinct inflammatory or infectious conditions and may be markers 
of, and participants in, such processes.

proefschriftWillemV3.indd   138 04-12-19   10:35



139

 RESTRICTED REACTIVITY OF ANTI-HINGE ABS

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease characterized by the 
presence of different autoantibodies. Autoantibodies targeting the constant 
(Fc) domain of IgG, the first to be described (1), are known as rheumatoid 
factors. More recently, anti-citrullinated protein Abs (ACPAs) (2), as well 
as anti-carbamylated protein Abs (3, 4), were found to be associated with 
RA. These autoantibodies target neoepitopes induced in the joint during 
inflammation by posttranslational modification of proteins. In the inflamed 
RA joint, increased activity of proteases contributes to tissue damage by 
degrading matrix proteins (5–8). Proteases can also cleave IgG molecules 
at specific sites in the hinge region, generating Fab or F(ab’)2 fragments 
and exposing neoepitopes composed of C-terminal amino acid residues 
(9–11). Autoantibodies that recognize these neoepitopes, but not intact IgG, 
known as anti-hinge Abs (AHAs) (12), are found both in healthy individuals 
and in RA, with higher levels in the latter (13, 14).

It is unclear what the biological roles of AHAs are and whether they are 
beneficial or harmful. AHAs may be involved in very diverse mechanisms, 
ranging from pathological immune complex formation to physiological 
clearance of degraded Abs and restoring effector function to IgGs cleaved 
by protease-producing microbes (12).

Recently, our group reported the presence of AHAs specifically targeting 
the pepsin-cleaved hinge of IgG4 in a subset of RA patients (15). The 
frequency of these subclass-specific AHAs as well as of total AHAs was 
low compared with previous studies, probably because the RIA used 
only detects high-affinity Abs (16). Nonetheless, the data suggested that 
AHA reactivity can be very specific and can be associated with disease. 
It is unclear how specific AHAs are for protease- and IgG subclass–
restricted neoepitopes and whether determining their specificity can be 
used to discriminate between AHAs from healthy individuals and AHAs 
associated with specific (autoimmune) diseases such as RA or systemic 
lupus erythematosus (SLE).

The objective of the present study was to investigate the presence of AHA 
reactivity and specificity of AHAs for protease- and IgG subclass–restricted 
neoepitopes in healthy donors (HDs) and patients with RA or SLE, both 

7
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autoantibody-associated autoimmune diseases, using a newly developed 
ELISA system with greater sensitivity than the RIA.

Our ELISA setup measures reactivity against the exposed hinge of F(ab’)2 
fragments generated from all four IgG subclasses with the proteases 
pepsin and IgG-degrading enzyme of Streptococcus pyogenes (IdeS). 
Pepsin was used in most earlier investigations and cleaves IgG1 at the 
same location in the hinge as does matrix metalloproteinase (MMP)-7 (9, 
10). MMPs play an important role in physiological and pathophysiological 
tissue remodeling, and their increased levels in RA may contribute to joint 
damage (6, 8). IdeS is a bacterial protease that cleaves the IgG hinge 2 aa 
closer to the C terminus (11, 17) and was chosen to be able to compare 
reactivity against targets generated in an inflammation setting with those 
generated in an infectious, bacterial setting. Whereas the site where IdeS 
cleaves the different IgG subclasses is well defined (11, 18, 19), the pepsin 
cleavage site can be variable in IgG1 (20) and has not been well defined 
in IgG2 and IgG4. Using native mass spectrometry we now define these 
sites more clearly.

Our results suggest that anti-hinge reactivity against pepsin- and IdeS-
generated F(ab’)2s are multiple independent AHA responses and that AHAs 
specifically bind to protease- and IgG subclass– restricted neoepitopes. 
AHA responses containing reactivity against pepsin-cleaved IgG4 were 
found much more frequently in RA compared with HDs, and SLE and AHA 
responses specifically targeting pepsin-cleaved IgG4 were found almost 
exclusively in RA.

MATERIALS AND METHODS

Serum samples
Three sets of serum samples were used. The first set consisted of serum 
samples from 100 HDs who were frequently boosted with tetanus toxoid. 
The second set consisted of baseline serum samples from 97 patients 
with active early RA included in the “COBRA-light” trial (21) and treated 
at various hospitals in the Amsterdam area. RA was diagnosed according 
to the 1987 criteria of the American College for Rheumatism (22). These 
patients had not been previously treated with disease-modifying anti-
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rheumatic drugs. The third set consisted of baseline serum samples 
from 99 unselected patients included in the Amsterdam SLE cohort (23). 
Patients included in this open cohort fulfill the 1997 American College for 
Rheumatism classification criteria for SLE (24).

Ethics approval
All RA and SLE patients gave informed consent for use of serum samples 
and clinical data. No informed consent was obtained for the samples from 
the healthy controls, because materials used for this study were leftovers 
from samples taken for routine diagnostic purposes. HD materials were 
used anonymously without any connection to clinical or person-specific 
data.

Abs used
Two sources of Abs were used: recombinant chimeric Abs of the four 
different IgG subclasses (IgG1, IgG2, IgG3, IgG4), all specific for biotin, 
and the therapeutic Ab formulations adalimumab (IgG1) (Humira; AbbVie), 
panitumumab (IgG2) (Vectibix; Amgen), and natalizumab (IgG4) (Tysabri; 
Biogen Idec International). The anti-biotin Abs were produced as described 
before (25) by cloning synthetic constructs coding for the variable domains 
(26, 27) and IgG1/IgG2/IgG3/IgG4 and k constant domains (GeneArt; 
Invitrogen) into a pcDNA3.1 expression vector (Invitrogen). IgGs were 
purified by protein G affinity chromatography: Cell culture supernatants 
were filtered over a syringe filter, pore size of 0.20 µm (Whatman Puradisc 
30; Sigma-Aldrich), followed by loading on a protein G column (HiTrap 
Protein G HP; GE Healthcare) and elution of the IgG with 0.1 M citric acid–
NaOH (pH 3). The eluate was immediately neutralized with 2 M Tris-HCl (pH 
9) and dialyzed overnight to 12.6 mM sodium phosphate, 140 mM NaCl (pH 
7.4) (B. Braun, Oss, the Netherlands). After dialysis, samples were sterile 
filtered over a 0.20-µm syringe filter. Concentration of the purified IgG was 
determined by measuring absorbance at 280 nm.

Proteolysis to create F(ab’)2 fragments
To create F(ab’)2 targets and inhibitors for the anti-hinge ELISAs, IgGs 
were subjected to proteolysis by pepsin or IgG-degrading enzyme of 
Streptococcus pyogenes (IdeS). Optimal pepsin cleaving times were 
determined to be different for the IgG subclasses. Proteolysis by pepsin 
was performed by incubating Abs overnight (IgG1, IgG4), for 2 h (IgG2), 

7
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or for 1 h (IgG3) at 37˚C, 1:100 (w/w), at pH 3.5 (IgG1–3) or pH 4 (IgG4). The 
reaction was stopped by adding 1 M Tris until pH was 7.5. Proteolysis 
by IdeS was performed by incubating Abs at a concentration of 1 mg/ml 
for 2 h at 37˚C in 5 ml of PBS (pH 6.6) with IdeS (FabRICATOR; Genovis). 
Undigested IgG was removed with a HiTrap protein G column. Purified 
F(ab’)2 fragments were dialyzed against PBS and analyzed by gel 
electrophoresis (SDS-PAGE).

Analysis of F(ab’)2 fragments by native mass spectrometry
F(ab’)2s were analyzed by native mass spectrometry at AbLab (Utrecht, 
the Netherlands). Fifty micrograms of each F(ab’)2 sample was exchanged 
into 150 mM ammonium acetate buffer (pH 7.5), using 10-kDa molecular 
mass cut-off spin-filter columns (Vivaspin 500 centrifugal concentrators; 
Sartorius). Two microliters of a 5 µM sample was sprayed on an electrospray 
ionization–time-of-flight mass spectrometer (LCT Mass Spectrometer; 
Waters, Manchester, U.K.) using gold-coated borosilicate capillaries made 
in-house (using a Sutter P-97 puller [Sutter Instruments, Novato, CA] and 
an Edwards Scancoat Six sputter-coater [Edwards Laboratories, Milpitas, 
CA]). Mass calibration was performed using 25 mg/ml cesium iodide. 
MassLynx V4.1 (Waters) was used for experimental mass determination.

Synthetic peptides for inhibition assays
Synthetic 6- or 7-mer peptide analogs of the IgG hinge were designed 
based on the potential C-terminal amino acid epitopes exposed by the 
F(ab’)2s and produced by GenScript (Table I). For use in inhibition assays 
the peptide analogs were dissolved in assay buffer (PBS/0.1% Tween 20), 
and pH was checked and corrected to pH 7–8 by titrating in a 4 M NaOH 
solution. Peptides were mixed with the sera before the sera were added 
to the ELISA wells.

AHA ELISAs
Nunc MaxiSorp flat-bottom 96-well plates (Thermo Scientific) were used 
for all ELISAs. Plates were coated overnight at 4˚C with 100 µl/well IgG-
depleted biotinylated human serum albumin (HSA-biotin) diluted to 10 µg/
ml in PBS, then washed five times with wash buffer (PBS/0.02% Tween 20). 
Anti-biotin F(ab’)2s were diluted to 0.25 µg/ml in PBS/0.1% Tween 20 and 
HSA-biotin–coated plates were incubated with 100 µl/well diluted anti-biotin 
F(ab’)2 for 2 h at room temperature. Serum samples were diluted 1:400 in 
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PBS/0.1% Tween 20 and plates were incubated with 100 µl/well diluted 
samples for 60 min at room temperature. Plates were washed five times and 
incubated with 100 µl/well monoclonal mouse anti-human IgG Abs labeled 
with HRP (MH16-1 HRP; Sanquin Reagents, Amsterdam, the Netherlands) 
diluted to 1 µg/ml in PBS/0.1% Tween-20. After 30 min incubation at room 
temperature, plates were washed five times and developed with 100 µl/
well tetramethylbenzidine substrate solution (Interchim, Montluc¸on Cedex, 
France) diluted 1:1 in distilled water. The reaction was stopped with 100 
µl/well 2 M H

2
SO

4
. Absorbance was measured at 450 and 540 nm using 

a BioTek microtiter plate reader, and AHA concentrations were calculated 
relative to a titration curve of a reference serum tested for reactivity against 
pepsin-generated F(ab’)2s from IgG1 on every plate and expressed in 
arbitrary units (AU) per milliliter. The reference serum used was from an HD 
that showed the highest AHA titers in the previously published RIA (15) and 
was defined to contain 200 AU/ml of AHAs against pepsin-generated IgG1 
F(ab’)2s. The limit for positivity was determined in an inhibition experiment 
using 50 µg/ml IVIG-F(ab’)2 (Fig. 1C). For most subjects tested, a serum 
dilution of 1:400 gave AHA levels within the dynamic range of the assays, 
and samples were therefore tested first at a 1:400 dilution and subsequently 
at additional dilutions when necessary. Most sera were negative for at least 
one target. However, a subset of sera showing reactivity against all eight 
F(ab’)2 targets (19 of 296) was tested for reactivity against HSA-biotin, and 
in all cases these sera were found to generate a (slightly) positive signal on 
the HSA-biotin coat. Their AHA levels were corrected for the background 
anti–HSA-biotin levels.

Surface plasmon resonance imaging
For the surface plasmon resonance imaging (SPRi) experiments the IBIS 
MX96 imager (IBIS Technologies, Enschede, the Netherlands) was used.

F(ab’)2s were spotted in duplicate at a spotting concentration of 100 nM 
in 10 mM MES buffer with 0.075% Tween 80 (pH 6) onto preactivated 
Easy2Spot G-type sensors (Ssens) using a continuous flow microspotter 
(Wasatch Microfluidics, Salt Lake City). Serum samples were diluted in PBS 
with 0.075% Tween 80 and 10 mM EDTA. Samples were flowed over the 
sensor for 10 min in the association phase, followed by a 5-min dissociation 
phase and regeneration of the sensor with two 6-s pulses of 100 mM H

3
PO

4
.

7
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Statistical analysis
Differences between groups were analyzed with a Kruskal–Wallis ANOVA 
and a Dunn posttest for multiple comparisons or a z-score test for two 
population proportions, and correlations were analyzed with a Spearman 
test using GraphPad Prism software version 6. A p value <0.05 was 
considered significant.

RESULTS

Development of AHA ELISAs
Fig. 1A schematically shows the set-up of the anti-hinge ELISAs developed 
in the present study. ELISA plates were coated with biotinylated HSA (HSA-
biotin) and subsequently opsonized with anti-biotin F(ab’)2s serving as 
targets for AHA binding. The F(ab’)2 targets were generated from IgG1, 
IgG2, IgG3, and IgG4 anti-biotin Abs with the proteases pepsin and IdeS. 
The specific binding of the anti-biotin F(ab’)2s to the coated HSA-biotin 
should provide optimal positioning of the F(ab’)2 targets for binding 
by AHAs and prevent interference of any Fc fragments remaining after 
proteolysis. Fig. 1B depicts the amino acid sequences of the hinge regions 
and upper CH2 regions of the four IgG subclasses and the sites where 
pepsin and IdeS cleave the IgG molecules to create F(ab’)2 fragments. IdeS 
specifically cleaves the IgG subclasses proximal to amino acid G237 (EU 
numbering) (18). Putative sites where pepsin cleaves the anti-biotin IgG1 
and IgG4 Abs were confirmed by analyzing the generated F(ab’)2 targets 
with native mass spectrometry. IgG1-F(ab’)2 was shown to terminate at 
L234 and IgG4-F(ab’)2 at F234 (Supplemental Fig. 1). For IgG2, two dominant 
cleavage products were found: F(ab’)2 with a symmetrically cleaved hinge 
terminating in F241, and F(ab’)2 where the hinge was asymmetrically 
cleaved between V240 and F241 on one side and between F241 and L242 
on the other side.

Prevalence and levels of AHAs targeting IgG-subclass hinge epitopes
The AHA ELISAs described above were used to compare presence and 
levels of anti-hinge reactivity between cohorts of HDs, early RA patients 
with active disease, and established SLE patients. In all three groups 
the AHA ELISAs were able to quantify levels of AHAs binding to pepsin-
generated F(ab’)2s [pepsin-F(ab’)2s] from IgG1–4- and IdeS-generated 
F(ab’)2s [IdeS-F(ab’)2s] from IgG1, IgG3, and IgG4 (Fig. 2). No AHAs binding 
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to IdeS-IgG2-F(ab’)2s were detected. Fig. 2A shows that AHAs targeting 
pepsin-IgG1-, IgG3-, and IgG4-F(ab’)2s were found more frequently 
in RA compared with HDs, and RA patients more frequently showed 
reactivity against IgG1 and IgG4-F(ab’)2s than did SLE patients. The most 
discriminatory AHA reactivity in RA, setting it apart from HDs and SLE, was 
against pepsin-cleaved IgG4, with a prevalence of 35% in RA, which was 
at least 5.8-fold higher compared with HDs and SLE, and with significantly 
higher levels (p < 0.0001). Levels of AHAs against pepsin-cleaved IgG1 and 
IgG3 were also significantly higher in RA compared to HDs, and against 
IgG1 compared with SLE. In contrast, AHAs targeting pepsin-IgG2-F(ab’)2s 
were found at comparable (not significantly different) frequencies in all 
three groups.

Compared to AHA reactivity against pepsin-F(ab’)2s, reactivity against 
IdeS-F(ab’)2s was more common in all groups, with the highest frequencies 
in RA (Fig. 2B). Levels of AHA reactivity against IgG1- and IgG3-F(ab’)2s 
was significantly higher in RA patients compared with SLE, but only for 
IgG3-F(ab’)2s compared with HDs. No reactivity was found against IdeS-
IgG2-F(ab’)2s in all three groups. Collectively, reactivity against at least one 
of eight F(ab’)2 targets was found in 68% of HDs, 69% of established SLE 
patients, and 81% of early RA patients.

Specificity of AHA responses for protease-restricted hinge neoepitopes
To determine whether binding of AHAs is dependent on the specific site 
where proteases cleave the IgG hinge, we analyzed co-occurrence of AHA 
reactivity against F(ab’)2 targets generated from the same IgG subclass 
with different proteases (pepsin or IdeS). The x,y plots in Fig. 3 show that in 
all three cohorts single positivity for AHA reactivity against pepsin-F(ab’)2s 
or IdeS-F(ab’)2s generated from the same IgG subclass was found more 
frequently than double positivity. Whereas AHA reactivity against both 
pepsin-F(ab’)2s and IdeS-F(ab’)2s was found frequently in individual sera, 
for example for IgG1 and IgG3 targets in RA (Fig. 3D, 3E), the AHA levels 
appeared not to be correlated. These data suggest that AHAs specifically 
recognize protease-restricted neoepitopes and that anti-hinge reactivity 
against pepsin-F(ab’)2s and anti-hinge reactivity against IdeS-F(ab’)2s are 
two separate responses.

7
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To further investigate the specificity of AHAs for protease-restricted hinge 
neoepitopes, inhibition experiments were performed using the ELISA 
system and the results were confirmed using a an SPRi array. In both 
set-ups anti-hinge reactivity was only clearly inhibited by adding IgG-
derived F(ab’)2s generated with the same protease (Fig. 4). As evidenced 
by Fig. 4A–D, two independent AHA reactivities against the same IgG 
subclass, that is, AHAs specifically targeting pepsin-IgG1-F(ab’)2s and 
AHAs specifically targeting IdeS-IgG1-F(ab’)2s, can be present in the same 
individual.

Specificity of AHA responses for IgG subclass–specific hinge neoepi-
topes
Because the C-terminal amino acid residues exposed after cleavage of the 
IgG1 and IgG3 hinge, and to a lesser extent also the IgG4 hinge, by the 
same protease (pepsin or IdeS) are similar (Fig. 1B), we expected to find 
cross-reactivity in AHA+ sera for F(ab’)2s generated from different IgG 
subclasses with the same protease.

To investigate this potential cross-reactivity, we analyzed co-occurrence 
of anti–IgG1-F(ab’)2 reactivity with reactivity against other IgG subclasses 
cleaved with the same protease. Fig. 5A–C show that the vast majority of 
samples with anti-hinge reactivity against pepsin-cleaved IgG1 and/or IgG2 
is reactive with either IgG1-F(ab’)2s or IgG2-F(ab’)2s, not with both. The 
C-terminal amino acid residues exposed by IgG2-F(ab’)2s after proteolysis 
with pepsin, determined in the present study by native mass spectrometry 
(Fig. 1B, Supplemental Fig. 1B), are very different from those exposed by 
IgG1-F(ab’)2s, and the infrequent co-occurrence of anti–pepsin-IgG1-F(ab’)2 
reactivity and anti– pepsin-IgG2-F(ab’)2 reactivity suggests that in HDs as 
well as in RA and SLE patients these are two separate AHA responses. In 
contrast, IgG1- and IgG3-F(ab’)2s created by pepsin cleavage should have 
similar exposed C-terminal amino acid residues (Fig. 1B) with a one amino 
acid difference from the core hinge to the C terminus (CPPCPAPEL in IgG1 
versus CPRCPAPEL in IgG3). In the RA and SLE cohorts most AHA+ sera 
showed AHA reactivity against both pepsin-IgG1- and pepsin-IgG3-F(ab’)2s 
(Fig. 5E, 5F). The quantitative correlation between AHA levels against IgG1- 
and IgG3-F(ab’)2s was statistically significant for the RA group, and there 
was a statistically significant association between anti–pepsin-IgG1-F(ab’)2 
and anti–pepsin-IgG3-F(ab’)2 reactivity for all three groups (Fisher exact 
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test two-tailed p value <0.001). Analogous to IgG1- and IgG3-F(ab’)2s, the 
C-terminal amino acid residues exposed by IgG1- and IgG4-F(ab’)2s after 
pepsin cleavage are also similar, but with two amino acid differences from 
core hinge to C terminus (CPPCPAPEL in IgG1 versus CPSCPAPEF in IgG4), 
including the C-terminal residue. As noted above, the prevalence of anti–
pepsin-IgG4-F(ab’)2 reactivity was much higher in the RA group compared 
with the HD and SLE cohorts (35 versus 6 and 5%). In the HD cohort and 
the SLE cohort most sera contained only reactivity against IgG1-F(ab’)2s 
(Fig. 5G, 5I), whereas in the RA cohort there were as many double-positive 
sera as there were single-positive sera (Fig. 5H). The correlation between 
levels of AHA reactivity against pepsin-IgG1- and pepsin-IgG4-F(ab’)2s 
was not statistically significant when taking into account the many single-
positive samples. Interestingly, single positivity for IgG4-F(ab’)2s was not 
seen in HDs, whereas seven sera in the RA cohort, and one SLE patient, 
contained AHA reactivity specifically against IgG4-F(ab’)2s. Of the anti-
IgG1/IgG4 double-positive sera, some probably contain two separate 
AHA responses against IgG1- and IgG4-F(ab’)2s, whereas others contain 
one AHA response that is cross-reactive. Inhibition experiments with 
F(ab’)2s generated from IgG1, IgG2, and IgG4 therapeutic Abs (Fig. 6A–D) 
further illustrate that crossreactivity can play a role in anti–pepsin-F(ab’)2 
reactivity. In an HD with AHA reactivity against pepsin-IgG1-, IgG3-, and 
IgG4-F(ab’)2s, the anti–IgG4-F(ab’)2 reactivity was more efficiently inhibited 
with IgG1-F(ab’)2s than with IgG4-F(ab’)2s. AHA reactivity against pepsin-
IgG2-F(ab’)2s did not cross-react with other IgG subclasses, as it was only 
inhibited by IgG2-F(ab’)2s (Fig. 6B).

7
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Figure 1. Setup of newly developed anti-hinge ELISAs. (A) F(ab’)2s specific for biotin were 
created by cleaving recombinant anti-biotin IgG1, IgG2, IgG3, and IgG4 molecules with 
the proteases pepsin or IdeS. The anti-biotin F(ab’)2s were then used to opsonize ELISA 
plates coated with biotinylated human serum albumin (gray triangles). AHAs binding to 
the exposed hinge of the F(ab’)2s were detected with monoclonal mouse HRP-labeled anti-
human IgG detection Abs. (B) Amino acid sequences of the hinge region of the four IgG 
subclasses with the cleavage sites for pepsin (gray arrows) and IdeS (black arrows). EU 
numbering of C-terminal amino acids is shown. Pepsin cleavage sites for the IgG1, IgG2, 
and IgG4 anti-biotin Abs used in this study were determined by native mass spectrometry 
(Supplemental Fig. 1). (C) The limit of AHA positivity was determined by inhibiting AHA 
reactivity in 36 HDs by adding 50 µg/ml IVIG-F(ab’)2 to the sera before testing the sera in 
the AHA ELISA.
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Figure 2. Presence and levels of anti-hinge reactivity in 100 HDs, 97 RA patients (RA), and 99 
SLE patients (SLE). Scatter plots show levels of AHA reactivity against eight different F(ab’)2 
targets: pepsin-cleaved (A) and IdeS-cleaved (B) IgG1, IgG2, IgG3, and IgG4. Cut-off level 
for positivity was 4 AU/ml (dashed line). Samples below this threshold are depicted at 2 AU/
ml. Differences in levels between groups were analyzed with a Kruskal–Wallis ANOVA and 
a Dunn posttest for multiple comparisons. Tables show the frequency of AHA positivity in 
each cohort for the eight different F(ab’)2 targets. Differences were analyzed with a z-score 
test for two population proportions: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. fold 
diff., fold difference in the percentage of positivity between the patient group (RA or SLE) 
and the HD group.

To further confirm that the anti-IgG1 and anti-IgG4 hinge reactivities were 
directed against the C termini identified in the mass spectrometric analyses 
and not against alternative pepsin cleavage sites, that is, between V240 
and F241 or between F241 and F242 (20), or against the IdeS cleavage 
site, inhibition experiments were performed with synthetic hexamer or 
heptamer peptide analogs of the C-terminal amino acid stretches of the 
identified and alternative hinge cleavage sites (Table I). Only peptide 
analogs of the IgG1-F(ab’)2 C terminus identified by mass spectrometry 
(i.e., GPAPEL) were able to inhibit anti–pepsin-IgG1-F(ab’)2 reactivity (Fig. 
6E). Anti–pepsin-IgG2-F(ab’)2 reactivity could only be inhibited by an 
IgG2-derived peptide corresponding to one of the two C termini identified 
by mass spectrometry. This experiment therefore also revealed that 
this reactivity is dependent on the presence of a phenylalanine at the C 
terminus of the IgG2-F(ab’)2 (Fig. 6F).

7
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By ELISA (Fig. 6G, 6H) or SPR (Fig. 6I, 6J), we confirmed that the anti-IgG4 
response in an RA patient can target pepsin-cleaved IgG4 specifically; 
whereas healthy serum with IgG4 reactivity was blocked by either IgG1- or 
IgG4-F(ab’)2s (Fig. 6G, 6I), the single anti-IgG4+ RA sera were only blocked 
by IgG4-F(ab’)2s (Fig. 6H,6J). The same results were seen when synthetic 
peptide analogs of the IgG1 and IgG4 hinges were used as inhibitors 
instead of F(ab’)2s (Fig. 6K, 6L).

Cleavage of IgG1, IgG3, and IgG4 with IdeS results in F(ab’)2s with longer 
exposed C-terminal amino acid residues compared with cleavage with 
pepsin (Fig. 1B), but the number of amino acid differences between the 
subclasses is the same.

Figure 3. x,y plots showing levels of AHA reactivity against F(ab’)2s generated from the 
same IgG subclass with different proteases, that is, pepsin (y-axes) or IdeS (x-axes). (A–C) 
HDs; (D–F) RA patients; (G–I) SLE patients. Dashed lines are the limit for positivity (4 AU/ml); 
numbers of single anti–pepsin-F(ab’)2– positive, double-positive, single anti–IdeS-F(ab’)2–
positive, and double-negative samples are depicted clockwise from the left upper quadrant.

One amino acid differs between IgG1 and IgG3 and two differ between 
IgG1 and IgG4 (CPPCPAPELLG in IgG1 versus CPRCPAPELLG in IgG3 and 
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CPSCPAPEFLG in IgG4), although in this case the C termini are the same. In 
all three cohorts most AHA+ sera showed AHA reactivity against both IdeS-
IgG1- and IdeS-IgG3-F(ab’)2s, whereas anti–IdeS-IgG1 single positivity was 
more prevalent than anti-IgG1/IgG4 double positivity (Fig. 7). Significant 
correlations were found between levels of AHA reactivity against IdeS-
IgG1- and IgG3-F(ab’)2s, where the C-terminal amino acid residues exposed 
in the hinge after proteolysis are more similar than between IgG1- and 
IgG4-F(ab’)2s. Anti–IdeS-IgG1-F(ab’)2 reactivity could not be compared 
with reactivity against IgG2, because no AHA reactivity was found against 
IdeS-IgG2-F(ab’)2s.

In sera with AHA reactivity against IdeS-F(ab’)2s the levels of AHAs 
measured against IgG1-F(ab’)2s were about equal to the levels measured 
against IgG3-F(ab’)2s (the samples cluster around the diagonal line in Fig. 
7A–C). Levels of AHA reactivity against IgG4-F(ab’)2s are generally lower 
(Fig. 7D–F). This suggests that for reactivity against IdeS-F(ab’)2s, IgG1 
hinge and/or IgG3 hinge are the primary targets of AHAs, and reactivity 
against IgG4 hinge may represent cross-reactivity.

7
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Figure 4. Inhibition of AHA reactivity against IgG1- or IgG2-F(ab’)2s by F(ab’)2s created from 
therapeutic Abs of the same subclass, cleaved with different proteases. Sera from HDs 
(indicated by a number above each panel) with an AHA response against pepsin-F(ab’)2s 
and an AHA response against IdeS-F(ab’)2s were incubated with F(ab’)2s from therapeutic 
Abs of the same subclass cleaved with different proteases (pepsin or IdeS) before they 
were tested in the AHA ELISAs (A–E) and in an SPRi array (F and G). Binding of AHAs to 
pepsin-F(ab’)2–coupled (F) or IdeS-F(ab’)2s–coupled (G) SPR sensor spots was measured 
as changes in refractive index in real-time and plotted as response units against time in 
seconds in sensorgrams. Samples were flowed over the sensor for 10 min in the association 
phase, followed by a 5-min dissociation phase.
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DISCUSSION

AHAs, autoantibodies that target cryptic epitopes exposed in the hinge 
of IgG molecules after cleavage by proteases, are found both in healthy 
individuals and at higher levels in patients with RA (13, 14). Recently, 
using an RIA that only detects high-affinity Abs, our group found AHAs 
specifically targeting the pepsin-cleaved hinge of IgG4 in a subset of RA 
patients (15), suggesting that AHAs can be very specific and associated 
with disease.

In the present study, we developed a more sensitive ELISA, retaining the 
high specificity we observed in the RIA (15) by using anti-biotin F(ab’)2 
fragments that were immobilized not via direct coating but via binding to 
biotinylated HSA, thereby retaining their native structure (16) and ensuring 
unidirectional presentation of the F(ab’)2 targets to the AHAs.

We show that IgG subclass– and protease-specific AHA responses are 
present in the healthy population and in patients with the autoantibody-
mediated diseases RA and SLE. We demonstrate that AHAs specifically 
recognize various hinge epitopes depending on the IgG subclass and the 
protease that are used for creating the F(ab’)2 targets bound by the AHAs. 
Only when the C-terminal amino acid residues exposed in the hinge after 
proteolysis were similar did AHAs cross-react against F(ab’)2 originating 
from other IgG subclasses. By using two proteases, pepsin and IdeS, that 
cleave the hinge at locations just two amino acids apart in IgG1, IgG3, and 
IgG4, we found that AHAs specifically recognize F(ab’)2 targets generated 
by different proteases. Reactivity against IdeS-cleaved IgG1, IgG3, and 
IgG4 and pepsin-cleaved IgG of all four IgG subclasses was found in HDs, 
established SLE patients, and generally more frequently and at higher 
levels in patients with early active RA. In agreement with earlier research 
(28), we did not detect AHAs binding to IdeS-cleaved IgG2. The relative 
resistance to proteolytic cleavage of IgG2 is a probable factor in this 
(28) by limiting the availability of IgG-F(ab’)2 products in vivo to mount 
an AHA response against. We did however find specific AHA reactivity 
against pepsin-cleaved IgG2, suggesting that proteases are active in vivo 
that can cleave IgG2 at the pepsin cleavage site. To our knowledge the 
current study is the first to show that pepsin cleaves IgG2 symmetrically 
between F241 and L242, and asymmetrically between V240 and F241 on 
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one side and between F241 and L242 on the other side (Supplemental 
Fig. 1B). In inhibition assays with synthetic peptide analogs of the IgG2 
hinge terminating at V240 or F241 we showed that anti–pepsin-IgG2-
F(ab’)2 reactivity is dependent on exposure of F241. This explains why in 
a previous study (28) anti-IgG2 hinge peptide reactivity was not observed, 
because the most downstream peptide analog that was used to test for 
AHA reactivity terminated at V240.

Figure 5. x,y plots showing levels of AHA reactivity against F(ab’)2s generated from different 
IgG subclasses with the same protease, that is, pepsin. The y-axes indicate (A–C) anti–
IgG2-hinge, (D–F) anti–IgG3-hinge, and (G–I) anti–IgG4-hinge. Dashed lines are the limit 
for positivity (4 AU/ml). Numbers of single anti–IgG2/3/4-F(ab’)2–positive, double-positive, 
single anti–IgG1-F(ab’)2–positive, and double-negative samples are depicted clockwise from 
the left upper quadrants. An r indicates a Spearman rank correlation coefficient; double-
negative samples were not included in the analyses. ***p < 0.001. ns, not significant.
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Figure 6. Inhibition of AHA reactivity against 
pepsin-generated F(ab’)2s by preincubating 
serum samples with pepsin-generated F(ab’)2s 
of therapeutic Abs of different subclasses or 
with synthetic peptide hinge analogs. (A–D) 
F(ab’)2s, generated by cleaving the therapeutic 
Abs adalimumab (IgG1), panitumumab (IgG2), 
and natalizumab (IgG4) with pepsin were 
used to inhibit AHA reactivity against pepsin-
cleaved IgG1, IgG3, and IgG4 in HD 3140 (A, 
C, and D) and against pepsin-cleaved IgG2 in 
HD 2323 (B). The sera were incubated with the 
inhibitors before they were added to the ELISA 
plates. (E) Specificity of AHA reactivity against 
pepsin-cleaved IgG1 was tested by inhibition 
with synthetic peptides representing potential 
exposed C termini of IgG1-F(ab’)2 after pepsin 
cleavage (GPAPEL, GGPSVF, GGGPSV) or IdeS 
cleavage (PAPELLG) (see also Table I). HD 3140 
represents most tested samples (four of six): 
anti–pepsin-IgG1-F(ab’)2 reactivity was inhibited 
by the peptide analog of the pepsin cleavage 
site identified in this study (i.e., GPAPEL), 
not by the peptide analogs of the alternative 
pepsin and IdeS cleavage sites. Similar to the 
inhibition experiments with the F(ab’)2s (A), the 
peptide analog of the pepsin-cleaved IgG4 hinge 
(GPAPEF) gave some inhibition of anti–pepsin-
IgG1-F(ab’)2 reactivity in some samples, but 
always far less than the IgG1 (GPAPEL) peptide 
(data not shown). Samples that could not be 
inhibited with GPAPEL (two of six) also could 
not be inhibited with the peptide analogs of the 
alternative pepsin and IdeS cleavage sites, nor 
with the peptide analog of the pepsin-cleaved 
IgG4 hinge (data not shown). (F) Specificity of 
AHA reactivity against pepsin-cleaved IgG2 
was tested by inhibition with synthetic peptides 
representing the C terminus of IgG2-F(ab’)2 after 
symmetric (VAGPSVF) or asymmetric (VAGPSV) 
pepsin cleavage. HD 2323 is representative of the 
results seen in six of six tested samples. (G–J) 
AHA reactivity against pepsin-IgG4-F(ab’)2s was 
inhibited more efficiently with IgG1-F(ab’)2s 
than with IgG4-F(ab’)2s in HD serum with AHA 
reactivity against both subclasses (HD 3140). 
AHA reactivity against pepsin-IgG4-F(ab’)2s in 
RA patients that exclusively recognize pepsin-
cleaved IgG4 hinge could only be inhibited with 
IgG4-F(ab’)2s (H-013 shows a representative 
example of four single anti-IgG4+ RA sera 
tested). In the SPR assays, serum was flowed 
over the sensor, followed by buffer, followed 
by 10 µg/ml mouse monoclonal anti-human 
IgG Abs. (K and L) As in (G) and (H), but with 
synthetic peptides as inhibitors.
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Figure 7. x,y plots showing levels of AHA reactivity against F(ab’)2s generated from different 
IgG subclasses with the same protease, that is, IdeS. The y-axes indicate (A–C) anti–IgG3-
hinge and (D–F) anti–IgG4-hinge. Dashed lines are the limit for positivity (4 AU/ml). Numbers 
of single anti–IgG3/IgG4-F(ab’)2–positive, double-positive, single anti–IgG1-F(ab’)2–positive, 
and double-negative samples are depicted clockwise from the left upper quadrants. An 
r indicates a Spearman rank correlation coefficient; double-negative samples were not 
included in the analyses. Anti–IdeS-IgG1-F(ab’)2 reactivity could not be compared with 
reactivity against IgG2, because no AHA reactivity was found against IdeS-IgG2-F(ab’)2s. 
****p < 0.0001. ns, not significant.

AHAs targeting pepsin-cleaved IgG1 and IgG3 that were cross-reactive 
with pepsin-cleaved IgG4 were found both in patients as well as in HDs. 
Although IdeS has been shown to very specifically cleave IgG between 
amino acids G236 and G237 for IgG1 and IgG4, and between A235 and 
G237 for IgG2 (G236 is deleted in IgG2) (18), producing an intact F(ab’)2 
and an intact Fc fragment, cleavage of IgG1 by pepsin was recently shown 
to produce F(ab’)2 cleaved at one of three possible sites: a major product 
resulting from cleavage between L234 and L235, as previously reported by 
Diemel et al. (9), but also two minor products corresponding to cleavage 
between V240 and F241, or between F241 and F242 (20), generating 
F(ab’)2 with different C termini. Analysis by native mass spectrometry 
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of our F(ab’)2 targets showed that the anti-biotin IgG1 had been cleaved 
between L234 and L235, and inhibition experiments performed with the 
peptide analogs representing the three possible pepsin IgG1 cleavage sites 
showed that anti–pepsin-IgG1-Fab2 reactivity was only inhibited by the 
peptide analog of this pepsin cleavage site (i.e., GPAPEL) for most of the 
samples tested, and never with peptide analogs of the alternative cleavage 
sites. Interestingly, not all sera with anti– pepsin-IgG1-Fab2 reactivity 
could be inhibited with this peptide (nor any of the other peptides). This 
finding, combined with the finding that not all sera are cross-reactive for 
pepsin-IgG3-Fab2 (Fig. 5), suggests a role of the core hinge, which differs 
between IgG1 and IgG3, as part of the primary hinge epitope for a subset 
of samples. This also implies that Abs binding to pepsin-cleaved IgG1 
represent multiple anti-hinge reactivities.

We confirmed our previous finding (15) that AHAs exclusively targeting 
pepsin-cleaved IgG4 are virtually RA specific and are not cross-reactive 
with F(ab’)2s generated from other IgG subclasses. We identified the 
exact cleavage site for pepsin in IgG4 (Supplemental Fig. 1C) and show 
that a peptide analog of this cleavage site can specifically inhibit the anti–
pepsin-IgG4-F(ab’)2 reactivity. Importantly, using the more sensitive ELISA 
described in this study, more than one third of RA patients were found 
positive for AHA reactivity against pepsin-IgG4-F(ab’)2s, whereas only 6% 
of HDs and 5% of SLE patients had AHAs binding this target.

Many proteases can cleave the IgG hinge (9–11). Considering that most HDs 
tested positive for reactivity against at least one of eight F(ab’)2 targets 
generated in this study, it seems likely that AHAs are part of the immune 
system of most individuals. This is in line with previous findings by Brezski 
et al. (29). We found AHA positivity more frequently with the AHA ELISA 
developed in this study compared with the previously described RIA, which 
is likely caused by differences in assay sensitivity, including for higher 
and lower affinity Abs, with the RIA being biased toward high-affinity 
Abs. The variable frequency of AHAs in previous studies is probably also 
caused by differences in assay sensitivity. Assays using directly coated 
F(ab’)2 fragments for AHA detection may be less specific (16), but inhibition 
experiments can be used to establish specificity. An important factor 
in binding of AHAs may be the conformational stability of the exposed 
hinge. We show that AHAs binding to cleaved IgG2 bind much more 
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distally from the stabilizing core hinge than do AHAs binding to IgG1, 3, 
or 4. That our single-strand synthetic peptide hinge analogs inhibit anti-
IgG2 reactivity at much lower peptide concentrations (micromolar versus 
millimolar) compared with anti-IgG1, 2, or 4 reactivity suggests that a 
stable conformation of the epitope is more critical for the latter reactivities.

The highly restricted specificity we observed in the present study suggests 
that AHAs develop in response to C-terminal amino acid residues exposed 
after IgG cleavage. This antigenic stimulus can theoretically occur during 
an infection with microbes producing IgG-cleaving proteases (30). Brezski 
et al. (29, 31) suggested that AHAs may play a role in the host defense 
system by binding to the proteolytically cleaved IgG hinge, thereby 
restoring Fc-mediated Ab effector functions. This would be beneficial in 
case of infection or when antitumor Abs are cleaved by tumor-related 
proteases (30). However, when IgG is cleaved by proteases in the inflamed 
joint of an RA patient, AHAs could lead to formation of immune complexes 
and activation of complement, exacerbating inflammation (11, 32). In RA, 
AHAs may crosslink proteolytically cleaved disease-specific autoantibodies 
such as ACPAs to form immune complexes, potentiating ACPA-mediated 
inflammation. Recent reports showing immune complex formation 
between rheumatoid factors and ACPAs support this possibility (33–35).

The lack of correlated AHA reactivity against F(ab’)2 targets generated 
from the same IgG subclass with pepsin and IdeS suggests that these AHA 
responses have a separate origin and developed in a different context. 
Considering that IdeS is a bacterial protease and that pepsin cleaves IgG 
at the same site where MMP-7 cleaves IgG, we might suggest that anti–
IdeS-cleaved IgG responses develop during (bacterial) infection whereas 
anti– pepsin-cleaved IgG responses develop in the context of inflammation 
and tissue remodeling that take place in the joints of an RA patient under 
the influence of proteases such as MMPs. The increased protease activity 
in RA could induce a considerable antigenic stimulus of hinge-cleaved 
IgG molecules, explaining the higher AHA levels in RA patients compared 
with HDs and SLE patients. The fact that 59% of the SLE patients were on 
immunosuppressive treatment (the RA patients had not started treatment) 
could also have had an effect on the levels in SLE patients. However, 
comparing AHA levels against the F(ab’)2 targets between SLE patients 
with or without immunosuppressive treatment did not show statistically 
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significant differences (data not shown). Because chronic inflammation is 
an important feature of RA and prolonged antigenic stimulation leads to 
IgG4 formation (36), the finding that AHAs against pepsin-IgG4-F(ab’)2s are 
specific for RA suggests that they are a marker of such processes. In RA, 
the effect of IgG4 hinge–specific AHAs binding to cleaved IgG4 could be 
especially detrimental by antagonizing the anti-inflammatory properties of 
IgG4. It was recently shown that AHAs against pepsin-IgG4-F(ab’)2s could 
trigger in vitro complement activation following binding to IgG4-F(ab’)2s 
(15).

In conclusion, AHAs target specific IgG subclass– and protease-restricted 
hinge neoepitopes and are readily detected with our sensitive AHA ELISAs 
in most HDs and SLE patients, but at elevated frequencies and at higher 
levels in RA patients. The restricted specificity of AHAs suggests that 
different AHA responses develop under distinct inflammatory or infectious 
conditions and may be markers of, and participants in, such processes. In 
the proteolytic environment of the RA joint, AHAs may promote pathogenic 
immune complex formation, leading to further tissue destruction and 
inflammation. Further research relating the various AHA reactivities to 
different immunological processes should identify specific AHAs as useful 
markers for disease prediction, diagnosis, and evaluation of treatment.

proefschriftWillemV3.indd   160 04-12-19   10:35



161

 RESTRICTED REACTIVITY OF ANTI-HINGE ABS

REFERENCES

1. Waaler, E. 1940. On the occurrence of a factor in human serum activating the specific 
agglutination of sheep blood corpuscles. Acta Pathol. Microbiol. Scand. 17: 172–188.

2. Schellekens, G. A., B. A. de Jong, F. H. van den Hoogen, L. B. van de Putte, and W. J. van 
Venrooij. 1998. Citrulline is an essential constituent of antigenic determinants recognized 
by rheumatoid arthritis-specific autoantibodies. J. Clin. Invest. 101: 273–281.

3. Mydel, P., Z. Wang, M. Brisslert, A. Hellvard, L. E. Dahlberg, S. L. Hazen, and M. 
Bokarewa. 2010. Carbamylation-dependent activation of T cells: a novel mechanism in 
the pathogenesis of autoimmune arthritis. J. Immunol. 184: 6882– 6890.

4. Shi, J., R. Knevel, P. Suwannalai, M. P. van der Linden, G. M. Janssen, P. A. van Veelen, 
N. E. Levarht, A. H. van der Helm-van Mil, A. Cerami, T. W. Huizinga, et al. 2011. 
Autoantibodies recognizing carbamylated proteins are present in sera of patients with 
rheumatoid arthritis and predict joint damage. Proc. Natl. Acad. Sci. USA 108: 17372–
17377.

5. Solau-Gervais, E., F. Zerimech, R. Lemaire, C. Fontaine, G. Huet, and R. M. Flipo. 
2007. Cysteine and serine proteases of synovial tissue in rheumatoid arthritis and 
osteoarthritis. Scand. J. Rheumatol. 36: 373–377.

6. Tchetverikov, I., H. K. Ronday, B. Van El, G. H. Kiers, N. Verzijl, J. M. TeKoppele, T. W. 
Huizinga, J. DeGroot, and R. Hanemaaijer. 2004. MMP profile in paired serum and 
synovial fluid samples of patients with rheumatoid arthritis. Ann. Rheum. Dis. 63: 881–
883.

7. Kageyama, Y., S. Miyamoto, T. Ozeki, M. Hiyohsi, M. Suzuki, and A. Nagano. 2000. 
Levels of rheumatoid factor isotypes, metalloproteinase-3 and tissue inhibitor of 
metalloproteinase-1 in synovial fluid from various arthritides. Clin. Rheumatol. 19: 14–20.

8. Ribbens, C., M. Martin y Porras, N. Franchimont, M. J. Kaiser, J. M. Jaspar, P. Damas, 
F. A. Houssiau, and M. G. Malaise. 2002. Increased matrix metalloproteinase-3 serum 
levels in rheumatic diseases: relationship with sy-novitis and steroid treatment. Ann. 
Rheum. Dis. 61: 161–166.

9. Diemel, R. V., H. G. ter Hart, G. J. Derksen, A. H. Koenderman, and R. C. Aalberse. 2005. 
Characterization of immunoglobulin G fragments in liquid intravenous immunoglobulin 
products. Transfusion 45: 1601–1609.

10. Gearing, A. J., S. J. Thorpe, K. Miller, M. Mangan, P. G. Varley, T. Dudgeon, G. Ward, 
C. Turner, and R. Thorpe. 2002. Selective cleavage of human IgG by the matrix 
metalloproteinases, matrilysin and stromelysin. Immunol. Lett. 81: 41–48.

11. Ryan, M. H., D. Petrone, J. F. Nemeth, E. Barnathan, L. Björck, and R. E. Jordan. 2008. 
Proteolysis of purified IgGs by human and bacterial enzymes in vitro and the detection 
of specific proteolytic fragments of endogenous IgG in rheumatoid synovial fluid. Mol. 
Immunol. 45: 1837–1846.

12. Brezski, R. J., D. M. Knight, and R. E. Jordan. 2011. The origins, specificity, and potential 
biological relevance of human anti-IgG hinge autoantibodies. ScientificWorldJournal 11: 
1153–1167.

13. Birdsall, H. H., M. D. Lidsky, and R. D. Rossen. 1983. Anti-Fab’ antibodies in rheumatoid 
arthritis. Measurement of the relative quantities incorporated in soluble immune 
complexes in sera and supernatants from cultured peripheral blood lymphocytes. 
Arthritis Rheum. 26: 1481–1492.

14. Persselin, J. E., B. Keld, L. Fried, and R. H. Stevens. 1985. Subclasses of human IgG anti-
Fab antibodies: parameters for optimum detection. Int. Arch. Allergy Appl. Immunol. 78: 
368–374.

7

proefschriftWillemV3.indd   161 04-12-19   10:35



162

CHAPTER 7

15. van de Stadt, L. A., H. de Vrieze, N. I. Derksen, M. Brouwer, D. Wouters, D. van 
Schaardenburg, G. Wolbink, and T. Rispens. 2014. Antibodies to IgG4 hinge can be 
found in rheumatoid arthritis patients during all stages of disease and may exacerbate 
chronic antibody-mediated inflammation. Arthritis Rheumatol. 66: 1133–1140.

16. Rispens, T., H. de Vrieze, E. de Groot, D. Wouters, S. Stapel, G. J. Wolbink, and L. A. 
Aarden. 2012. Antibodies to constant domains of therapeutic monoclonal antibodies: 
anti-hinge antibodies in immunogenicity testing. J. Immunol. Meth-ods 375: 93–99.

17. Vincents, B., U. von Pawel-Rammingen, L. Bjo¨rck, and M. Abrahamson. 2004. Enzymatic 
characterization of the streptococcal endopeptidase, IdeS, reveals that it is a cysteine 
protease with strict specificity for IgG cleavage due to exosite binding. Biochemistry 43: 
15540–15549.

18. An, Y., Y. Zhang, H. M. Mueller, M. Shameem, and X. Chen. 2014. A new tool for 
monoclonal antibody analysis: application of IdeS proteolysis in IgG domain-specific 
characterization. MAbs 6: 879–893.

19. von Pawel-Rammingen, U., B. P. Johansson, and L. Bjo¨rck. 2002. IdeS, a novel 
streptococcal cysteine proteinase with unique specificity for immunoglobulin G. EMBO 
J. 21: 1607–1615.

20. Gadkar, K., C. V. Pastuskovas, J. E. Le Couter, J. M. Elliott, J. Zhang, C. V. Lee, S. 
Sanowar, G. Fuh, H. S. Kim, T. N. Lombana, et al. 2015. Design and pharmacokinetic 
characterization of novel antibody formats for ocular therapeutics. Invest. Ophthalmol. 
Vis. Sci. 56: 5390–5400.

21. den Uyl, D., M. ter Wee, M. Boers, P. Kerstens, A. Voskuyl, M. Nurmohamed, H. Raterman, 
D. van Schaardenburg, N. van Dillen, B. Dijkmans, and W. Lems. 2014. A non-inferiority 
trial of an attenuated combination strategy (“COBRA-light”) compared to the original 
COBRA strategy: clinical results after 26 weeks. Ann. Rheum. Dis. 73: 1071–1078.

22. Arnett, F. C., S. M. Edworthy, D. A. Bloch, D. J. McShane, J. F. Fries, N. S. Cooper, L. A. 
Healey, S. R. Kaplan, M. H. Liang, H. S. Luthra, et al. 1988. The American Rheumatism 
Association 1987 revised criteria for the classifi-cation of rheumatoid arthritis. Arthritis 
Rheum. 31: 315–324.

23. Tsang-A-Sjoe, M. W., I. E. Bultink, and A. E. Voskuyl. 2014. Long-term evaluation of 
antimalarials in a Dutch SLE cohort: intolerance and other reasons for non-use. Clin. 
Exp. Rheumatol. 32: 95–100.

24. Hochberg, M. C. 1997. Updating the American College of Rheumatology revised criteria 
for the classification of systemic lupus erythematosus. Arthritis Rheum. 40: 1725.

25. Rispens, T., M. H. Hart, P. Ooijevaar-de Heer, A. van Leeuwen, A. Vennegoor, J. Killestein, 
G. J. Wolbink, and D. van der Kleij. 2013. Drug interference in immunogenicity assays 
depends on valency. J. Pharm. Biomed. Anal. 85: 179– 185.

26. Bagc¸i, H., F. Kohen, U. Kusc¸uoglu, E. A. Bayer, and M. Wilchek. 1993. Monoclonal anti-
biotin antibodies simulate avidin in the recognition of biotin. FEBS Lett. 322: 47–50.

27. Kohen, F., H. Bagci, G. Barnard, E. A. Bayer, B. Gayer, D. G. Schindler, E. Ainbinder, and 
M. Wilchek. 1997. Preparation and properties of anti-biotin antibodies. Methods Enzymol. 
279: 451–463.

28. Brezski, R. J., A. Oberholtzer, B. Strake, and R. E. Jordan. 2011. The in vitro resistance of 
IgG2 to proteolytic attack concurs with a comparative paucity of autoantibodies against 
peptide analogs of the IgG2 hinge. mAbs 3: 558-567.

29. Brezski, R. J., J. L. Luongo, D. Petrone, M. H. Ryan, D. Zhong, S. H. Tam, A. P. Schmidt, 
M. Kruszynski, B. P. Whitaker, D. M. Knight, and R. E. Jordan. 2008. Human anti-IgG1 
hinge autoantibodies reconstitute the effector functions of proteolytically inactivated 
IgGs. J. Immunol. 181: 3183-3192.

proefschriftWillemV3.indd   162 04-12-19   10:35



163

 RESTRICTED REACTIVITY OF ANTI-HINGE ABS

30. Brezski, R. J., O. Vafa, D. Petrone, S. H. Tam, G. Powers, M. H. Ryan, J. L. Luongo, 
A. Oberholtzer, D. M. Knight, and R. E. Jordan. 2009. Tumor-associated and microbial 
proteases compromise host IgG effector functions by a single cleavage proximal to the 
hinge. Proceedings of the National Academy of Sciences of the United States of America 
106: 17864-17869.

31. Brezski, R. J., and R. E. Jordan. 2010. Cleavage of IgGs by proteases associated with 
invasive diseases An evasion tactic against host immunity? mAbs 2: 212-220.

32. Fumia, S., J. S. Goede, M. Fischler, A. Luginbuhl, S. Frick, P. Fodor, and H. U. Lutz. 2008. 
Human F(ab’)2-containing immune complexes together with anti-hinge natural antibodies 
stimulate complement amplification in vitro and in vivo. Molecular immunology 45: 2951-
2961.

33. Anquetil, F., C. Clavel, G. Offer, G. Serre, and M. Sebbag. 2015. IgM and IgA Rheumatoid 
Factors Purified from Rheumatoid Arthritis Sera Boost the Fc Receptor- and Complement-
Dependent Effector Functions of the Disease-Specific Anti-Citrullinated Protein 
Autoantibodies. Journal of immunology 194: 3664-3674.

34. Laurent, L., F. Anquetil, C. Clavel, N. Ndongo-Thiam, G. Offer, P. Miossec, J. L. Pasquali, M. 
Sebbag, and G. Serre. 2015. IgM rheumatoid factor amplifies the inflammatory response 
of macrophages induced by the rheumatoid arthritis-specific immune complexes 
containing anticitrullinated protein antibodies. Annals of the rheumatic diseases 74: 
1425-1431.

35. Sokolove, J., D. S. Johnson, L. J. Lahey, C. A. Wagner, D. Cheng, G. M. Thiele, K. Michaud, 
H. Sayles, A. M. Reimold, L. Caplan, G. W. Cannon, G. Kerr, T. R. Mikuls, and W. H. 
Robinson. 2014. Rheumatoid factor as a potentiator of anti-citrullinated protein antibody-
mediated inflammation in rheumatoid arthritis. Arthritis Rheumatol. 66: 813-821.

36. Aalberse, R. C., R. van der Gaag, and J. van Leeuwen. 1983. Serologic aspects of IgG4 
antibodies. I. Prolonged immunization results in an IgG4-restricted response. J Immunol 
130: 722-726.

37.  Edelman, G. M., B. A. Cunningham, W. E. Gall, P. D. Gottlieb, U. Rutishauser, and M. J. 
Waxdal. 1969. The covalent structure of an entire γG immunoglobulin molecule. Proc. 
Natl. Acad. Sci. U S A 63: 78–85.

7

proefschriftWillemV3.indd   163 04-12-19   10:35



164

CHAPTER 7

proefschriftWillemV3.indd   164 04-12-19   10:35




