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Abstract

Background: Anti-modified protein antibodies (AMPA) targeting citrullinated, acetylated and/or carbamylated self-
antigens are hallmarks of rheumatoid arthritis (RA). Although AMPA-IgG cross-reactivity to multiple post-translational
modifications (PTMs) is evident, it is unknown whether the first responding B cells, expressing IgM, display similar
characteristics or if cross-reactivity is crucially dependent on somatic hypermutation (SHM). We now studied the
reactivity of (germline) AMPA-IgM to further understand the breach of B cell tolerance and to identify if cross-
reactivity depends on extensive SHM. Moreover, we investigated whether AMPA-IgM can efficiently recruit immune
effector mechanisms.

Methods: Polyclonal AMPA-IgM were isolated from RA patients and assessed for cross-reactivity towards PTM
antigens. AMPA-IgM B cell receptor sequences were obtained by single cell isolation using antigen-specific
tetramers. Subsequently, pentameric monoclonal AMPA-IgM, their germline counterparts and monomeric IgG
variants were generated. The antibodies were analysed on a panel of PTM antigens and tested for complement
activation.

Results: Pentameric monoclonal and polyclonal AMPA-IgM displayed cross-reactivity to multiple antigens and
different PTMs. PTM antigen recognition was still present, although reduced, after reverting the IgM into germline.
Valency of AMPA-IgM was crucial for antigen recognition as PTM-reactivity significantly decreased when AMPA-IgM
were expressed as IgG. Furthermore, AMPA-IgM was 15- to 30-fold more potent in complement-activation
compared to AMPA-IgG.

Conclusions: We provide first evidence that AMPA-IgM are cross-reactive towards different PTMs, indicating that
PTM (cross-)reactivity is not confined to IgG and does not necessarily depend on extensive somatic hypermutation.
Moreover, our data indicate that a diverse set of PTM antigens could be involved in the initial tolerance breach in
RA and suggest that AMPA-IgM can induce complement-activation and thereby inflammation.
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Background
The presence of autoantibodies is an immunological
hallmark of rheumatoid arthritis (RA). About 50–70% of
RA patients harbour anti-citrullinated protein antibodies
(ACPA), directed against citrullinated proteins generated
by the conversion of arginine to citrulline [1]. ACPA
recognize a wide spectrum of antigens and are found in
different isotypes [2–4]. More recently, autoantibodies
towards other post-translational modifications (PTMs)
have been described in RA. Anti-carbamylated protein
antibodies (ACarPA) and anti-acetylated protein anti-
bodies (AAPA) are present in approximately 50% and
40% of RA patients, respectively [5, 6]. Carbamylation is
a non-enzymatic process, resulting from the modifica-
tion of a lysine-residue into homocitrulline. Acetylation
is mediated by acetyltransferases and leads to a conver-
sion of lysine-residues into acetyllysines. ACPA, ACarPA
and AAPA were initially considered as separate autoanti-
body responses, because the targeted modifications are
distinct and located at different positions in the protein.
However, these autoantibodies, collectively called anti-
modified protein antibodies (AMPA), often concur in
RA [6, 7]. Recently, it has been shown, at the polyclonal-
and monoclonal level, that AMPA-IgG can be highly
cross-reactive towards all three PTMs, providing the
molecular underpinnings for their simultaneous pres-
ence in patients [8–12]. Likewise, B cells expressing
citrullinated protein-reactive IgG B cell receptors (BCR)
can be activated by carbamylated and/or acetylated anti-
gens [10]. Moreover, mice immunized with a carbamy-
lated or an acetylated protein develop AMPA responses
directed towards both PTMs [13]. Together, these data
indicate that a cross-reactive AMPA-IgG response is
present and that IgG+ B cells recognizing citrullinated
antigens can be triggered by the exposure to different
types of PTMs.
Similarly, it has been described that ACPA-IgM

recognize several citrullinated antigens on the polyclonal
level [14–16]. However, it is currently unclear whether
this broad reactivity results from the presence of poly-
clonal ACPA-IgM recognizing distinct citrullinated anti-
gens or whether cross-reactive monoclonal ACPA-IgM
are the main players underlying these observations. Like-
wise, it remains to be determined whether ACPA-IgM,
like ACPA-IgG, are cross-reactive towards other PTMs,
such as homocitrulline and acetyllysine. Investigating the
reactivity patterns of monoclonal AMPA-IgM is relevant
to understand the extent to which PTM antigens can be
recognized by (naïve) AMPA-expressing B cells. Insight
into these matters is important to better understand the
nature of antigens that could initiate the RA-specific
AMPA response.
Furthermore, it remains unknown whether the emer-

gence of autoreactivity through the recognition of PTM-

self-antigens relies on somatic hypermutations (SHM).
Interestingly, ACPA-IgG have undergone extensive
SHM, carrying on average 50 IGHV nucleotide muta-
tions [11, 17, 18]. This could be instrumental in generat-
ing PTM-reactivity as the introduction of autoreactivity
via SHM has been described for other diseases [19–21].
Indeed, loss of citrulline reactivity has been reported for
a predicted germline ACPA-IgG obtained after over 35
‘back’ mutations to generate ‘ancestral’ antibody se-
quences [11, 22, 23]. Likewise, it has been suggested that
SHM could explain the cross-reactive nature of ACPA-
IgG by showing that somatic mutations can confer
binding to multiple citrullinated epitopes [22]. As
AMPA-IgM presumably undergo limited SHM, they are
an ideal autoantibody response to study germline re-
sponses. Therefore, we analysed the antigen recognition
profile of polyclonal and monoclonal AMPA-IgM and
generated monoclonal germline AMPA-IgM. Further-
more, since ACPA-IgG are known to activate comple-
ment, we determined the relative effectiveness of
complement activation by AMPA-IgM to evaluate
whether AMPA-IgM, as first isotype produced in an
antibody response, could potentially initiate inflamma-
tion [24]. The results will help us to gain further under-
standing of the potential triggers of AMPA responses
and to understand the breach of tolerance of AMPA ex-
pressing B cells in RA.

Material and methods
Patient material
Peripherial blood samples were obtained from RA pa-
tients visiting the outpatient clinic of the Rheumatology
department of the Leiden University Medical Center. All
RA-patients were RF-IgM positive and showed high
ACPA levels (> 340 U/ml) or detectable AAPA levels
from the IMPROVED clinical trial [15].

Single cell sorting and BCR sequencing
PBMCs were isolated using Ficoll-Paque and stained
with Live/dead Fixable Aqua dead cell stain kit 405 nm
(life technologies), CD3-PB (UCHT1, BD), CD14-PB
(M5E2, BD), CD19-APC-Cy7 (SJ25C1, BD), CD20-
AF700 (2H7, Biolegend) and CD27-PE-Cy7(M-T271,
BD). Antigen-specific staining was performed using
CCP2-BV605, CCP2-APC and CArgP2-PE, or HC55-
APC and HC55-PE [25] or TT-APC and TT-PE.
Antigen-specific single B cell sorts were performed on a
BD FACSAria III 4 L cell sorter at the Flow cytometry
Core Facility (FCF) of the Leiden University Medical
Center (LUMC) in Leiden, Netherlands. The cells were
cultured on irradiated CD40L L cells in complex RMPI
medium for 10–12 days [26]. RNA isolation, cDNA pro-
duction, ARTISAN PCR and sequencing was performed
as previously described [27, 28].
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IgM expression vectors and monoclonal antibody
production
Codon optimized AMPA heavy chain (HC) and light
chain (LC) variable (V)-gene sequences, coupled to the
IGHM or the IGLC3/IGKC constant regions (UniProt),
respectively, the Kozak sequence and the HVAT20
leader peptide were designed in GeneArt (Life Tech-
nologies) and ordered at IDT. The constructs, as well as
the codon-optiomized J-chain (UniProt) used for the
generation of pentameric molecules, were cloned into a
pcDNA3.1 (+) expression vector. The IgM HC, LC and
J-chain constructs were transfected into FreestyleTM

293-F cells (Gibco) using Opti-MEM® (Gibco) medium
and 293Fectin (Thermo Fisher). The supernatants were
harvested 5–6 days post transfection. IgG1 monoclonal
antibodies (mAbs) with identical V-genes were cloned,
produced and purified as previously described [10] .

Protein modification, peptide synthesis, antigen labelling
and antibody purification
Experimental procedures for protein modification, pep-
tide synthesis, antigen labelling and antibody purification
are given in the supplementary materials and methods.
Peptide sequences are given in Table S2.

Germline reversion of IgM sequences
Variable (V), diversity (D) and joining (J) genes were
identified by alignment with the respective germline se-
quences of the IMGT reference directory that shows the
highest identity using IMGT/V-QUEST [29] (Table S1).
The ‘Germline without CDR3’ sequences were generated
by reverting mutations into germline while retaining the
original CDR3 sequence. The ‘Germline with CDR3’ se-
quences were obtained by reverting the complete se-
quence into germline including mutations within the
CDR3 region, except for junctions and deoxynucleotidyl
transferase (TdT) N nucleotides. Sequences with mul-
tiple amino acid changes were orderd at IDT as desribed
above. Single amino acid replacements were performed
with the Q5 Site-Directed Mutagenesis Kit (New Eng-
land Biolabs) according to the manufacturer’s instruc-
tions. Primers were designed using NEBaseChanger
v1.2.9. All mutations were confirmed by sequencing.

Enzyme-linked immunosorbent assays (ELISAs)
Peptide-, protein- and cross-inhibition ELISAs were per-
formed as previously described [5, 10]. The antibody and
antigen concentrations are mentioned in the respective
figure legends. Different concentrations for distinct anti-
gens were used for antigen coating to achieve optimal
ELISA readouts. AMPA-IgM binding was detected using
a HRP-conjugated Goat-anti-human IgM secondary
antibody (Millipore, AP114P).

For the Tetanus Toxoid (TT) ELISA, 1.5 LF/ml TT
was coated to Nunc Maxisorp plates (Thermo Scientific)
and incubated overnight at RT. After 1 h blocking in
coating buffer (0.1 M Na2CO3 0.1 M NaHCO3 in MQ) +
1%BSA at 37 °C, samples were incubated for 2 h at 37 °C.
Monoclonal IgM binding was detected using a HRP-
conjugated Goat-anti-human IgM secondary antibody
(Millipore, AP114P).
For the complement ELISAs, CCP2/CHcitP2 (1 μg/

ml) or cit-vimentin 59-74 (10 μg/ml) were coated on
streptavidin plates (Microcoat, #65001). All steps were
performed for 1 h at 37 °C. Monoclonal antibodies
were diluted in PBT (PBS + 1%BSA + 0,05%Tween)
and added to the plate. C-active normal human
serum (NHS) in GVB++ (gelatin veronal buffer con-
taining Ca2+ and Mg2+) buffer was added as a source
of all complement components to allow C3c-
deposition. EDTA, which chelates Ca2+ and Mg2+ and
thereby inhibits complement activation, was added as
a negative control [24]. Binding was detected using a
rabbit anti-human C3c (DAKO, A0062) primary and a
goat anti-rabbit-HRP secondary antibody (DAKO,
P0448). Absorbance of all ELISAs was measured at
415 nm using ABTS and H2O2.

Western blot
Western blot analysis was performed as previously de-
scribed [5]. In brief, PTM-Fibrinogen proteins (Fibrino-
gen, Cit-, CarP- and Ac-Fibrinogen) were subjected to
4–15% SDS-polyacrylamide gels (Bio Rad). Subse-
quently, immunoblotting was performed on a Nitrocel-
lulose membrane (Bio Rad). Blots were incubated in 3%
skim milk powder/PBS/0.05%tween (PTE) for 1 h at
RT. Following washing with PBS/0.05% tween (PT), the
blots were incubated at 4 °C overnight with 2 μg/ml
monoclonal AMPA-IgM diluted in 5 ml PTE. After
washing with PT, blots were incubated for 1 h at RT
with a HRP-conjugated goat-anti-human IgM second-
ary antibody (Millipore, AP114P), diluted 1:5000 in 5
ml PTE. Blots were washed and bound antibodies visu-
alized using enhanced chemiluminescence (GE Health-
care, RPN2109).

Results
Polyclonal ACPA-IgM are cross-reactive towards
homocitrullinated and acetylated antigens
Previously, it has been shown that polyclonal ACPA-
IgM recognize several citrullinated antigens [16]. To
determine whether ACPA-IgM are also cross-reactive
towards other PTMs and can thus be called AMPAs, we
isolated polyclonal ACPA using a CCP2-column from 5
different samples from RA patients. Subsequently, a IgM
specific ELISA was performed and the isolated ACPA-
IgM tested for binding towards one antigen in three
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different modifications (citrulline, homocitrulline and
acetyllysine) and their respective control (arginine or ly-
sine) (Fig. 1). Mixing experiments, including mixture of
CCP2-IgG+ plasmas with RF-IgM+ plasmas as control,
showed no signal in the ACPA-IgM ELISA. These
results indicate that ACPA-IgM-reactivity was not ex-
plained by the presence of RF-IgM (Figure S1). ACPA-
IgM from all RA patients showed cross-reactivity to-
wards homocitrulline whereas ACPA-IgM from patients
2 and 4 was also cross-reactive towards acetyllysine.

AMPA-IgM expressing B cells can be detected in
peripheral blood of RA patients and have undergone
limited somatic hypermutation
To investigate the AMPA-IgM response in more depth,
we single cell isolated AMPA-IgM expressing B cells of
4 RA patients using citrullinated- or acetylated-peptide
tetramers. Like ACPA-IgG expressing B cells, the
AMPA-IgM-expressing B cells were CD20+CD27+, indi-
cating that they are part of the memory B cell compart-
ment [30]. The gating strategy is shown in Figure S2. As
a control, a tetanus-specific IgM expressing B cell was
isolated. After 10 days of culture, 4 out of 9 single B cell
culture supernatants, including the tetanus-specific IgM
B cell culture, contained antibodies reactive towards the
antigen used for B cell isolation and not towards its un-
modified counterpart as detected by ELISA (Figure
S3A). Two of the AMPA-IgM expressing B cells (2D5
and 1G8) were isolated with a citrullinated peptide
(CCP2) whereas the third B cell (1E3) was isolated with
an acetylated vimentin peptide (HC55). After culture,
the variable domain of the BCR was sequenced and
aligned to the IMGT database to determine V(D)J usage
and the number of mutations. The isolated ACPA- or
AAPA-IgM expressing B cells had undergone limited
SHM as the BCR contained 3–16 immunoglobulin heavy
chain variable region (IGHV) mutations (Table 1). This
is considerably lower than for ACPA-IgG, which contain
on average 50 IGHV mutations [17]. The amount of
IGHV mutations of the IgM-AMPA B cells was similar
to the IGHV mutations of the anti-TT IgM, indicating
that the extensive SHM of ACPA-IgG is obtained after
class switch recombination. Next, we used the obtained
sequences to recombinantly generate pentameric mono-
clonal AMPA-IgM. The integrity of the produced mAbs
was confirmed using analytical size exclusion chroma-
tography (SEC) and native-PAGE (Figure S3B-C). As in-
dicated by an early elution from the SEC column and by
the high apparent molecular weight in the native gel,
our results show that we were able to generate penta-
meric human AMPA-IgM molecules (Figure S3C) and
that the mAbs were reactive towards the antigen used
for isolation (Figure S3A).

Monoclonal AMPA-IgM are cross-reactive towards
different PTM antigens
To investigate whether the AMPA-IgM mAbs were re-
strictive to the antigen used for isolation or display a
broader reactivity as observed for AMPA-IgG, we inves-
tigated whether 2D5 and 1G8, both obtained from B
cells isolated with CCP2, could recognize other citrulli-
nated antigens as well. As depicted in Fig. 2A, both anti-
bodies, although more prominently for 2D5, were
specifically reactive towards multiple citrullinated anti-
gens and did not recognize the arginine counterparts.
Likewise, 1E3, obtained from a B cell isolated with an
acetylated vimentin peptide (HC55), displayed reactivity
to a broad range of acetylated peptides, but not to the ly-
sine control variant (Fig. 2A). These results indicate that
the ability of ACPA and AAPA to recognize several
citrullinated, respectively, acetylated antigens is not con-
fined to IgG, but already present within the IgM
repertoire.
We next determined whether this broad reactivity is

restricted to the same PTM, or extends to other PTMs
as well. First, we studied whether the IgMs reacted to
different PTMs when present on the same cyclic peptide
backbone (C-PTM-P2). Interestingly, 2D5 recognized
not only the citrullinated, but also the homocitrullinated
version of this peptide. Moreover, the 1G8, also derived
from a CCP2-reactive B cell, recognized the citrullinated,
homocitrullinated and acetylated version of the peptide,
although acetyllysine was recognized to a lesser extent.
In contrast, the recognition profile of 1E3 was restricted
to the acetyllysine modification (Fig. 2C). Noteworthy,
similar results were obtained using a larger panel of
PTM peptides and proteins (Fig. 2C, D). As additional
control, we generated an IgM mAb against TT, which
did not recognize any of the modified peptides or pro-
teins (Fig. 2C, D). As expected, the anti-TT IgM recog-
nized TT in a concentration dependent manner, while
the AMPA-IgMs did not bind TT (Figure S4), further
strengthening the specificity of the antibodies. The
cross-reactivity of the mAbs towards different PTM anti-
gens was confirmed by western blot and a titration
ELISA using modified fibrinogen as a model antigen
(Fig. 2E and S5A). To further validate the cross-
reactivity towards different PTMs, we performed a pro-
tein inhibition ELISA for 2D5 that recognizes multiple
PTMs as well as the acetyllysine-directed mAb 1E3. As
predicted by the titration ELISAs presented above, the
recognition of 2D5 could be inhibited by citrullinated
and carbamylated proteins, but not by acetylated or un-
modified proteins (Figure S5B-C). Likewise, the acetylly-
sine reactivity of 1E3 could be inhibited by acetylated,
but not by citrullinated, carbamylated or unmodified
proteins, showing that the recognition of this IgM anti-
body is confined to acetylated antigens (Figure S5D).
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Together, these results indicate that AMPA-IgM do not
only recognize multiple modified antigens within one
specific PTM, but can cross-react towards different
PTMs as well, even though they have undergone limited
SHM.

PTM cross-reactivity can be present in germline AMPA-
IgM and expands through BCR mutations
As indicated above, the isolated IgM sequences had
undergone limited SHM. Therefore, we next wished to de-
termine whether IgM in germline configuration displays a
similar cross-reactivity pattern. The IgM sequences were
reverted to their respective germline (GL) sequence (Table
S1). Two GL variants of each sequence were generated.

First, we generated a variant in which the CDR3-region
was unaffected (GL without CDR3) as usually done when
generating antibodies in germline configuration. More-
over, we generated a variant in which the CDR3-region,
except for junctions and TdT N nucleotides, was reverted
into its germline configuration as well (GL with CDR3).
The integrity of the antibodies was verified and confirmed
with native-PAGE (Figure S6). Interestingly, both germline
variants of 2D5 still showed specific reactivity towards cit-
rulline and homocitrulline on multiple backbones. How-
ever, the 2D5 GL with CDR3 displayed a slightly reduced
reactivity to the lower affine antigens (Fig. 3A). Reversion
to GL had a considerable impact on the recognition pro-
file of 1E3 as both germline variants did not show reactiv-
ity to most acetylated antigens anymore (Fig. 3C). As
purification of the mAb 1G8 GL with CDR3 resulted in
aggregation, we identified the reactivity patterns of 1G8
and its GL variants using the HEK cell culture superna-
tants. As the concentration of the antibody in culture
supernatants was relatively low, we did not assay all
peptides as performed for 2D5 and 1E3. Nonetheless,
1G8 GL without CDR3 displayed a similar cross-
reactivity pattern for CCP2/CHcitP2 as the parental
1G8, whereas reactivity to the acetyllysine was lost.
When also the CDR3-region was reverted to germline,
reactivity was further diminished, but CCP2 was still
recognized (Fig. 3B). Thus, together, these results indi-
cate that AMPA-IgM in germline configuration can
recognize various PTM antigens as exemplified by 2D5
and 1G8, but also suggest that SHM increases the num-
ber of modified antigens recognized as indicated by the
results obtained for all three mAbs.

Fig. 1 Cross-reactivity of polyclonal ACPA IgM. Heatmap of PTM-
Cyclic Peptide 2 IgM ELISA of CCP2 isolated plasma samples from 5
different samples of 4 ACPA+ RA patients. Isolated CCP2 binding
antibodies from 5ml plasma were diluted 10 to 40 times

Table 1 Characteristics of the single cell sorted AMPA-IgM expressing B cell sequences. IGHVDJ, IGLVJ and number of IGHV
mutations were determined by alligment to the IMGT database

2D5 1G8 1E3 Anti-TT

Antigen for isolation CCP2 CCP2 Acetylated-vimentin (HC55) Tetanus Toxoid

Patient 5 5 6 7

Heavy chain μ μ μ μ

IGHV V7-4-1 V7-4-1 V4-59 V5-10-1

IGHD D4-17 D7-27 D5-24 D3-10

IGHJ J6 J4 J6 J3

IGH-CD3
aa

CARGTHDYADYYYYGMDVW CARGTEDGDAYFDYW CARHIQSLVTTGYYTYPMDVW CARSYYGPGNYDAFDIW

#IGHV mutations nt 3 7 16 16

Light chain λ λ κ κ

IGLV V10-54 V4-69 V2-28 V1-9

IGLJ J3 J2 J2 J4

IGL-CDR3aa CSAWDNSLSAWVF CQTWGTDTVVF CMQALQNPRAF CQQLHSYPRTF

#IGLV mutations nt 4 8 7 9
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Fig. 2 Cross-reactivity of monoclonal AMPA-IgM. A ELISA with 10 μg/ml mAb on different citrullinated peptides and arginine-control peptides for
2D5 and 1G8 or with different acetylated peptides and lysine-control peptides for 1E3 (coated 10 μg/ml antigen). The cut-off for positivity was
based on the anti-TT IgM control mAb. B Titration ELISA of the mAbs 2D5, 1G8 and 1E3 on PTM-Cyclic Peptide 2 (coated 1 μg/ml antigen). C
Heatmap of a PTM antigen ELISA with 10 μg/ml monoclonal AMPA-IgMs 2D5, 1G8 and 1E3 and anti-TT-IgM control mAb on different peptides
(coated 10 μg/ml antigen) and D proteins (coated 10 μg/ml antigen). Binding is represented by the optical density at 415 nm. E Western blot of
monoclonal AMPA-IgMs 2D5, 1G8 and 1E3 (2 μg/ml) on PTM-Fibrinogen and unmodified fibrinogen (0.25–2 μg)
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Antibody valency is crucial for broad reactivity of AMPA-
IgM
Next, we wished to investigate whether the pentameric
structure of the IgM antibodies influences the extent to
which different PTM antigens are recognized. Therefore,
the pentameric IgM mAbs (valency = 10) were expressed
as IgG (valency = 2), leaving the variable domain un-
affected. The respective size was confirmed by analytical
SEC (Fig. 4A). Recognition of multiple citrullinated anti-
gens, for 2D5 and 1G8, or acetylated antigens, for 1E3,
was determined for both the IgM and IgG antibodies.
The experiments were performed with identical protein
concentrations of IgM and IgG mAbs, ensuring that an
equal amount of binding arms is present. Interestingly,
recognition of all citrullinated antigens, except CCP2
antigen, was lost when 2D5 and 1G8 were expressed as
IgG (Fig. 4B, C). Likewise, 1E3 expressed as IgG only
recognized acetylated fibrinogen, whereas 1E3 as IgM
could recognize all acetylated proteins and 3 out of 6
acetylated peptides that were tested (Fig. 4D, E). In con-
trast, when variable regions obtained from IgG express-
ing B cells were expressed as IgG as control, all mAbs
recognized multiple PTM antigens [10]. These results
indicate that antibody valency impacts the recognition
profile and binding capacity of AMPA-IgM to multiple
PTM antigens and that germline variants of IgG might
test negative when analysed in the absence of appropri-
ate valency.

AMPA-IgM can activate complement more efficiently than
AMPA-IgG
As IgM is typically the first isotype to appear during an
antibody response, we wished to determine whether
AMPA-IgM could, potentially, initiate inflammation. Al-
though, it is known that IgM can activate the comple-
ment system efficiently, it is unclear if or how efficiently
AMPA-IgM can activate complement, as compared to
AMPA-IgG. Therefore, we investigated the potential of
AMPA-IgM to activate the classical complement path-
way as measured by C3c deposition. Indeed, binding of
2D5, but not of the anti-TT-IgM as control, to citrul-
line- and homocitrulline-containing antigens led to de-
position of C3c in the presence of normal human serum
(NHS) (Fig. 5A). Complement activation was not only
observed using CCP2 as antigenic target for AMPA-
IgM, but also other peptides such as citrullinated vimen-
tin (Fig. 5B). Further, C3c deposition was observed for
the AMPA-IgM 2D5 germline variants as well, not only
indicating that also AMPA in germline configuration
can activate complement, but also that recognition mul-
tiple antigens/PTMs can trigger such activation (Fig.
5B). To demonstrate the relative impact of AMPA-IgM
on complement activation in comparison to AMPA-IgG,
we next evaluated the capacities of the 2D5 in both the
IgM and IgG variant to activate complement. The two
isotypes were compared on a molar basis. The IgM anti-
body was approximately 30-fold more efficient to

Fig. 3 Cross-reactivity of monoclonal AMPA-IgM in germline configuration. Heatmap of a PTM-peptide ELISA with 10 μg/ml mAb and its germline
variants (coated 10 μg/ml antigen). A 2D5 B 1G8 C 1E3. All experiments were replicated 2–3 times with similar outcomes. Binding is represented
by the optical density at 415 nm
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mediate C3c deposition (Fig. 5D) despite the high bind-
ing of both isotypes to the antigen (Fig. 5C). To validate
these results further, we next wished to compare the
ability to activate complement to another IgG (2G9-IgG)
that was not derived from an IgM AMPA-sequence but
has been isolated from a ACPA-IgG-expressing B cell
[10]. The antigen binding of the 2D5-IgM and 2G9-IgG
were similar (Fig. 5C), but again, AMPA-IgM was more
efficient in complement activation as 2D5-IgM mediated
the same C3c deposition in an approximately 15-fold
lower concentration as compared to 2G9-IgG (Fig. 5D).
These data indicate that AMPA-IgM, already in their
germline configuration, can play a prominent role in
complement activation and, potentially, subsequent in-
flammation in RA.

Discussion
This study shows that AMPA-IgM not only recognize
multiple antigens expressing the same modification, but
also that it can be cross-reactive towards different PTMs
as well. Intriguingly, this is also the case for germline
AMPA-IgM, exemplarily shown for the 2D5 IgM, which
depicts a limited amount of mutations and could thus be
reverted to its germline configuration. These results in-
dicate that the initial breach of B cell tolerance towards
PTM antigens could be induced by different antigens
and modifications, leading to a cross-reactive AMPA re-
sponse. Likewise, since SHM, such as observed in
AMPA-IgM, is only introduced after BCR-mediated B
cell activation, it is probable that the initial recognition

Fig. 4 Antibody valency: AMPA-IgM expressed as IgG. A Analytical size exclusion chromatography of pentameric IgM and monomeric IgG mAb.
30 µg mAb were loaded on a Superose6Increase 10/30 GL column. B ELISA with 2D5 and 1G8 as IgM and as IgG (10 μg/ml) on different
citrullinated peptides and arginine-control peptides (coated 10 μg/ml antigen) and C citrullinated and unmodified proteins (coated 10 μg/ml
antigen). D ELISA with 1E3 as IgM and as IgG (10 μg/ml) on different acetylated peptides and lysine-control peptides (coated 10 μg/ml antigen)
and E acetylated and unmodified proteins (coated 10 μg/ml antigen). All experiments were replicated 2–3 times with similar outcomes. Binding is
represented by the optical density at 415 nm
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of PTM antigens is sufficient to trigger naïve B cells and
thus induce autoimmunity.
Our data show that pentameric IgM AMPA can

recognize multiple modified antigens, but that this rec-
ognition is largely lost when antibodies are produced as
monomeric IgG. Although the latter might not be unex-
pected as IgM displays a 5 times higher valency as com-
pared to IgG, the data indicate that generation of
pentameric IgM was crucial to show that already a lim-
ited number of somatic mutations is sufficient to allow
for a broad PTM-recognition profile. These findings
would have been missed in case the parental sequences
would have been expressed as IgG only as these did not
recognize multiple PTM-epitopes. Our data also indicate
that IgM antibodies in germline configuration, although
still reactive to PTMs, are less polyreactive towards sev-
eral modified antigens. These data are in line with obser-
vations indicating that SHM observed in ACPA-IgG-
molecules allow binding to different citrullinated anti-
gens and/or polyreactivity to multiple citrullinated epi-
topes [18, 22]. The notion that with the accumulation of
Ig somatic mutations, ‘breadth’ of an antibody response
increases is reminiscent to recent observations made by
analysing the evolution of the antibody response against
COVID-19 in individuals that recovered from infection
[31]. In this study, it was shown that monoclonal

antibodies to SARS-CoV-2 isolated long after infection
were able to recognize more viral variants carrying
receptor-binding domain (RBD) mutations at the
antibody-binding site as compared to their ‘ancestral’
counterparts isolated shortly after infection. Thus, also
in this case, the ‘breadth’, i.e. the ability to recognize
more related epitopes, of the antibody response was in-
creased upon increased SHM.
Although our data indicate that recognition of PTM

antigens by naïve B cells can induce AMPA-B cell re-
sponses, they do not exclude the possibilty that such re-
sponses can also arise as a consequence of SHM. For
example, in the autoimmune disease pemphigus vulgaris,
autoantibodies against desmoglein (DSG) protein 3 have
been reported to lose reactivity to DSG3 when reverted
to germline [19]. Similar observations have been made
for anti-DNA IgG antibodies in systemic lupus erythe-
matosus and GM-CSF IgG autoantibodies in pulmonary
alveolar proteinosis [20, 21, 32]. These observations are
in line with our observations on the IgM monoclonal
1E3 for which the reactivity to acetyllysine was undetect-
able when reverted to germline. While this latter obser-
vation might also be explained by a possible deviation
from the original germline sequence, it is in line with
the notion that PTM-reactivity can be introduced after
SHM. Interestingly, the 1E3 is, to the best of our

Fig. 5 Complement activation of AMPA IgM. A Complement C3c deposition ELISA of the mAb TT-IgM and 2D5-IgM on a CCP2 (1 μg/ml) or
CHcitP2 (1 μg/ml) coated plate. B C3c desposition ELISA with 2D5-IgM and and 2D5 GL with and without CDR3 mAb bound to Cit-vimentin 59-
74 (coated 10 μg/ml antigen). C CCP2 titration ELISA of 2D5-IgM, 2D5-IgG and 2G9-IgG mAbs using equal molarities (coated 1 μg/ml CCP2). D
C3c deposition ELISA with 2D5-IgM, 2D5-IgG and 2G9-IgG mAbs using equal molarities (coated 1 μg/ml CCP2). All experiments were replicated 2–
3 times with similar outcomes
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knowledge, the first monclonal antibody which only rec-
ognizes acetylated antigens and not citrullinated or car-
bamylated antigens that is isolated from an RA patient.
This is possibly explained best by the fact that the 1E3
was derived from a B cell isolated with a acetylated pep-
tide and indicates that anti-acetyllysine reactivity is not
necessarily derived from ACPA expressing B cells. It will
be relevant to analyse to which extent the introduction
of (further) PTM-reactivity relies on SHM to unrelated
antigens, such as present in the microbiota.
In RA, there has been a major focus on AMPA-IgG as

this is the predominant isotype found in sera of RA pa-
tients. However, IgM ACPA are also present in a sub-
stantial number of CCP+ RA-patients, especially in
synovial fluid in which elevated levels of IgM ACPA
have been described [33]. We now show that AMPA-
IgM are also potent inducers of complement activation,
indicating that the contribution of AMPA-IgM in the
pathogenesis of RA might be underestimated. Indeed,
joint inflammation is strongly associated with comple-
ment activation in RA patients as increased levels of
complement components are present in synovial fluid
and complement deposition can be demonstrated in syn-
ovial tissue [34]. If or how ACPA IgM contributes to
synovial inflammation is unknown, but our data indicate
that they might be able to do so as complement activa-
tion is 15–30 times more potent compared to ACPA-
IgG.
A limitation of the study is that we succeeded in pro-

ducing only a limited number of AMPA-IgM. This is
partly explained by our observation that the number of
AMPA-IgM expressing B cells in the circulation of
RA patients is low. Additionally, production of antigen-
specific IgMs is challenging, as also evidenced by a re-
cent study in which 46 IgM sequences from COVID-19-
specific B cells were tested as IgG antibodies because of
the difficulty in producing IgM pentamers [35]. Clearly,
the limited number of unique IgM molecules produced
limits the generalizability of the data presented. None-
theless, they do reveal important observations as they
show that IgM ACPA can be cross-reactive towards dif-
ferent citrullinated antigens as well as different PTMs.
Likewise, the data indicate that AMPA-reactivity can be
encoded within the naïve B cell receptor repertoire as
also the IgM molecules reverted to germline did show
reactivity to PTM antigens.

Conclusions
Collectively, our study shows that the breach of B cell
tolerance against PTM antigens could already occur be-
fore the B cells have undergone (extensive) SHM and
class switch recombination. Moreover, we show a broad
PTM antigen recognition profile of AMPA-IgM, indicat-
ing that a variety of antigens could be involved in the

initial B cell activation and/or the perpetuation of the
IgM response in the inflamed joint. Likewise, our results
indicate that AMPA-IgM could be involved in synovial
inflammation by facilitating complement activation.
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