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TRANSLATIONAL SCIENCE

Antibodies and B cells recognising citrullinated
proteins display a broad cross-reactivity towards
other post-translational modifications
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ABSTRACT

Objective Autoantibodies against antigens carrying
distinct post-translational modifications (PTMs), such as
citrulline, homocitrulline or acetyllysine, are hallmarks

of rheumatoid arthritis (RA). The relation between these
anti-modified protein antibody (AMPA)-classes is poorly
understood as is the ability of different PTM-antigens

to activate B-cell receptors (BCRs) directed against
citrullinated proteins (CP). Insights into the nature

of PTMs able to activate such B cells are pivotal to
understand the "evolution’ of the autoimmune response
conceivable underlying the disease. Here, we investigated
the cross-reactivity of monoclonal AMPA and the ability
of different types of PTM-antigens to activate CP-reactive
BCRs.

Methods BCR sequences from B cells isolated using
citrullinated or acetylated antigens were used to produce
monoclonal antibodies (mADb) followed by a detailed
analysis of their cross-reactivity towards PTM-antigens.
Ramos B-cell transfectants expressing CP-reactive IgG
BCRs were generated and their activation on stimulation
with PTM-antigens investigated.

Results Most mAbs were highly cross-reactive towards
multiple PTMs, while no reactivity was observed to the
unmodified controls. B cells carrying CP-reactive BCRs
showed activation on stimulation with various types of
PTM-antigens.

Conclusions Our study illustrates that AMPA exhibit

a high cross-reactivity towards at least two PTMs
indicating that their recognition pattern is not confined
to one type of modification. Furthermore, our data

show that CP-reactive B cells are not only activated by
citrullinated, but also by carbamylated and/or acetylated
antigens. These data are vital for the understanding of
the breach of B-cell tolerance against PTM-antigens

and the possible contribution of these antigens to RA-
pathogenesis.

INTRODUCTION

Autoreactive B cells and their secreted autoanti-
bodies are important players in many autoimmune
diseases and often implicated in disease patho-
genesis. Rheumatoid arthritis (RA) is hallmarked
by the presence of several autoantibodies, such
as rheumatoid factor (RF) and anti-citrullinated
protein antibodies (ACPAs). The presence of these
autoantibody families is routinely tested to aid

"HU Scherer,' M Reth,> REM Toes © '

What is already known about this subject?

» Autoantibodies in patients with rheumatoid
arthritis (RA) target different post-translational
modifications (PTMs), such as citrullination
(anti-citrullinated protein antibodies (ACPAs)),
homocitrullination/carbamylation (anti-
carbamylated protein antibodies (ACarPAs)) and
acetylation (anti-acetylated protein antibodies
(AAPAS)).

What does this study add?

» ACPA, ACarPA and AAPA-IgG show a broad
reactivity to various antigenic backbones and
are highly cross-reactive towards at least two
different PTMs.

» Citrullinated protein-reactive B-cell receptors
show activation not only upon stimulation
with citrullinated, but also after contacting
carbamylated or acetylated antigens indicating
a broad cross-reactive nature on the cellular
level. These results indicate that B cells directed
against a particular PTM can be activated by
other PTM-antigens in inflamed tissues or other
sites conceivably involved in the breach of B-
cell tolerance.

> ACPAs, ACarPAs and AAPAs cannot be
separated into three independent autoantibody
classes and should be regarded as anti-modified
protein antibodies (AMPAs).

How might this impact on clinical practice or

future developments?

» AMPA probably reflects a better serological
marker and combinatorial ACPA/ACarPA/AAPA
immunoassays could improve RA diagnosis and
treatment.

» The data further our understanding of the
breach of B-cell tolerance in RA.

RA-diagnosis and included into the EULAR/ACR-
criteria for RA classification." ACPAs are present
in 50%-70% of patients with RA and are known
to recognise multiple citrullinated antigens, such
as o-enolase, fibrinogen, filaggrin, vimentin and
type Il collagen.”” Their recognition profile is
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generally broad and the serological ACPA-response expands
closer to disease-onset (epitope spreading) probably reflecting
an escalation in the activation of citrullinated protein (CP)-
reactive B cells.*™° Recently, autoantibodies recognising other
post-translationally modified (PTM)-antigens, such as anti-
carbamylated protein antibodies (ACarPAs) and anti-acetylated
protein antibodies (AAPAs), were identified."'™® ACarPAs are
directed against homocitrulline-containing (carbamylated) anti-
gens and present in approximately 45% of patients with RA,
while AAPAs target acetylated-lysine residues and are found in
409% of patients with RA.'* " So far, it is unclear how these auto-
antibodies are generated and if their underlying B-cell responses
are interrelated. As citrullination targets arginine residues, while
carbamylation/acetylation predominantly lysine residues, the
‘modified’-epitopes are, by definition, unrelated as they occur
at different positions in the protein backbone and hence are
surrounded by different flanking regions. Likewise, although
homocitrullination and acetylation are both lysine modifica-
tions, they are structurally dissimilar. Consequently, ACPAs,
ACarPAs and AAPAs are often considered as three independent
autoantibody classes.'’ Nevertheless, these autoantibodies often
occur concurrently in RA and cross-reactivity has been reported,
both on a polyclonal-level and monoclonal-level, within an
ELISA setting.”>™"” Hence, it is clearly relevant to understand
the (in)dependence of these different autoantibody responses in
greater detail and to delineate the possibility that autoreactive
B cells expressing a B-cell receptor (BCR) against one partic-
ular PTM can be activated by other modifications as well. Such
understanding would be relevant for the comprehension of the
breach of B-cell tolerance in RA and to uncover the antigens
that could drive the expansion of autoreactive B cells conceiv-
ably present in the inflamed joint. Likewise, insights into the
relations between AAPAs, ACarPAs and ACPAs and their cross-
reactivity, could help in understanding RA-initiation and could
also lead to more refined serological markers for RA-diagnosis.
Therefore, we characterised the properties of monoclonal IgG
generated from BCR sequences of citrullinated and acetylated
antigen-reactive B cells. Additionally, we generated, for the first
time, human B-cell transfectants expressing CP-reactive BCRs to
investigate the hypothesis that B cells recognising citrullinated
antigens are cross-reactive and can be activated by other PTMs.

MATERIALS AND METHODS

Patient and public involvement

Peripheral blood samples from ACPA+ or ACPA+/AAPA+
patients with RA visiting the outpatient clinic of the Rheuma-
tology Department at the Leiden University Medical Center
(LUMC) were included in this study. Additional information
on patient characteristics is given in the supplementary section
(online supplementary table S1).

Protein modification and peptide synthesis

Experimental procedures for protein modification and peptide
synthesis are provided in the supplementary section. Peptide
sequences and masses are given in online supplementary tables
2-4. Protein masses are provided in online supplementary table
Ss5.

Production of monoclonal anti-modified protein antibody
(AMPA)-1gG based on BCR sequences from patients with RA
Eleven ACPA-IgG sequences were isolated from patients
with ACPA+RA. Cyclic-citrullinated-peptide 2 (CCP2) and
CArgP2 streptavidin-tetramers were used for the isolation of

CP-reactive B cells as previously described.'® Single sorted cells
were cultured on irradiated CD40 L-cells and a cytokine mixture
in complex IMDM (Gibco) medium for 10-12 days.” RNA
isolation, cDNA synthesis, ARTISAN PCR and sequencing were
performed as previously described.?’*' The same methodology
using acetylated-vimentin (HC55) and lysine-vimentin (HC56)*
streptavidin-tetramers was used to isolate two AAPA-IgG
sequences. The ACPA-IgG 7E4 sequence was provided by Dr
Rispens, Sanquin, The Netherlands.” Expression vector cloning,
monoclonal antibody (mAb) production and purification proce-
dures are described in the supplementary section.

Generation of human Ramos B-cell transfectants expressing
CP-reactive IgG BCRs

7E4, 2G9 and 3F3 ACPA-IgG1 HC and LC containing single
vector constructs were created with the In-Fusion HD Cloning
Kit (Clontech) using the pMIG-IRES-GFP-2AP vector as a
backbone including the IGHG1 transmembrane domain. The
lymphoma Ramos cell line expressing the murine cationic amino-
acid transporter 1 (slc7a1) under blasticidin resistance to be able
to infect them with Moloney murine leukemia virus-based retro-
virus particles, was provided by Dr Engels, University Géttingen.
The MDL-AID (IGHM, IGHD, IGLC and activation-induced
cytidin deaminase (AID)) knockout (KO) variant of the slc7al
expressing Ramos cells was generated by Dr He, University
Freiburg. All inserts were verified by sequencing. Ramos cell lines
were cultured in RPMI1640/GlutaMAX/10%FCS/10mMHEPES
medium (Thermo Scientific) with 100 units/mL penicillin/strep-
tomycin (P/S) (Lonza). Retroviral transductions in Ramos cells
were performed as previously described.** Briefly, Phoenix-ECO
(ATCC CRL-3212) cells were transfected with PolyJet DNA
transfection reagent following the manufacturer’s instructions
(SignaGen Laboratories). Retrovirus containing supernatants
were collected 72 hours after transfection and used for the trans-
duction into MDL-AID KO Ramos cells carrying slc7al.

ELISA, SDS-PAGE and western blot analysis

Experimental procedures used for the analysis of the monoclonal
AMPA-IgG (ELISA, SDS-PAGE and western blot) are given in
the online supplementary section.

Activation assays of Ramos B cells expressing CP-reactive
BCRs

GFP+BCR+ (7E4, 2G9, 2C4) Ramos B-cell lines (1x10° cells)
were stimulated with C(Arg/Lys/C/Hcit/Ac)P2 streptavidin-
tetramers (10 ug/mL)'® for 5 min at 37°C in stimulation medium
(RPMI/GlutaMAX/1%FCS/10mMHEPES/100 units/mL  P/S).
Additionally, stimulation was performed with unmodified,
citrullinated-fibrinogen, carbamylated-fibrinogen and acetylated-
fibrinogen proteins (50 ug/mL). Afterwards, cells were fixed
(Biolegend Fixation Buffer, 420801) and permeabilized (True-
Phos Perm Buffer, 425401). After washing, cells were stained
with mouse anti-human pSyk(Y348)-PE mAb (moch1ct, eBiosci-
ence) diluted 1:20 in PBS/0.5%BSA/0.02%NaN3. The rate of
pSyk expression in Ramos cells was calculated as the percentage
and proportion of pSyk+GFP+double positive cells. Gating was
based on the MDL-AID KO control cell line stimulated with
the citrullinated antigen and on Isotype control staining’s using
mouse IgG1 kappa Isotype control-PE mAD (P3.6.2.8.1, eBiosci-
ence). Stained cells were analysed on a BD LSR-II flow cytom-
etry instrument. Data were analysed with Flow]Jo_V10.
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RESULTS

Isolation and successful production of monoclonal ACPA-IgG
and AAPA-IgG from peripheral blood B cells of patients with
RA

To characterise the reactivity patterns of various AMPA-IgG, we
produced 14 monoclonal IgG1 antibodies from BCR sequences of
single cell sorted B cells from patients with ACPA+ and AAPA+RA.
Eleven antibodies were obtained from CCP2-reactive B cells, one
antibody from citrullinated-fibrinogen (7E4) and two antibodies
from acetylated-vimentin (HC55)-reactive B cells (table 1).% All
mAbs were successfully produced as IgG1 molecules and exhibited
the expected apparent molecular weight as determined by SDS-
PAGE (figure 1A and online supplementary figure S1). The mAbs
were subsequently tested for reactivity towards peptides carrying
the same modification as used for the isolation of the B cell from
which the mAbs were generated (figure 1B). All 12 ACPA-IgG
showed a high reactivity to CCP2 but not to its arginine control
variant (CArgP2). Likewise, the AAPA-IgG molecules showed
acetylated-vimentin (HCS5S5) reactivity, but no reactivity to the
unmodified lysine-vimentin peptide (HC56).

Cross-reactivity of ACPA-IgG and AAPA-IgG towards various
PTM-antigens

Having verified the successful production of monoclonal PTM-
directed IgGs, we next determined their binding characteristics
towards various PTM-peptides and proteins. We analysed their
reactivity to four linear peptides (fibrinogen o 27-43, fibrinogen
B 36-52, vimentin 59-74 and enolase 5-20) and three cyclic
peptides (CCP1, CCP2 and CCP4) carrying three different modi-
fications: citrulline (cit), homocitrulline (hcit) and acetyllysine
(ac). Likewise, reactivity to their arginine (arg), respectively,
lysine (lys)-containing controls was determined (online supple-
mentary table S2, figure 2 and online supplementary figure
S5). Noteworthily, none of the mAbs was exclusively reactive
towards the PTM that was originally used for the isolation of the
autoreactive B cell. In fact, all mAbs showed reactivity towards
at least two different PTMs, whereas several mAbs recognised all
three PTMs (1F2, D9, 2C4 and 2FS5) within the same antigenic
backbone (figure 2A,B). No binding was observed for the non-
modified control peptides indicating PTM-specific reactivity.

To further validate these findings, we next analysed the cross-
reactivity of the mAbs towards modified proteins, using three
PTM-proteins (fibrinogen, OVA and vinculin) as well as carbam-
ylated-FCS (figure 2C,D). The results obtained largely confirmed
the results of the peptide-ELISA studies. We observed no reac-
tivity of the ACPA and AAPA mAbs to the unmodified control
proteins, but extensive cross-reactivity to the PTM-proteins
(figure 2C,D). The cross-reactive nature of the antibodies was
further confirmed in another experimental setting examining
three mAbs in western blot analyses. These antibodies (2G9, 7E4
and 2C4) were selected on the basis of their differential binding
patterns in the peptide and protein ELISAs. The results obtained
by western blot indicated that monoclonal AMPA-IgG recognise
different epitopes within the PTM-fibrinogen o,  and A chains
(figure 2E). More importantly, 7E4 recognised citrullinated-
fibrinogen and acetylated-fibrinogen, as also observed in ELISA.
Likewise, in agreement with the ELISA data, 2C4 reacted to all
three PTM-variants of fibrinogen, whereas 2G9 mainly reacted
to citrullinated-fibrinogen (figure 2E).

To substantiate and further characterise the cross-reactive nature
of the ACPA-IgG and AAPA-IgG in a third experimental setting,
we performed cross-inhibition studies using 2G9, 7E4 and 2C4
in combination with both modified peptides, C(C/Hcit/Ac)P2

Monoclonal AMPA variable region sequences.

Table 1
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(nt) mut
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96.06
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1
1
2
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K
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78.60
84.72
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5
5
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5
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95.53
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18
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6
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tDetermined by IMGT/ V-QUEST.
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AMPA, anti-modified protein antibody.
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Production of 14 monoclonal AMPA-IgG. (A) SDS-PAGE of purified monoclonal AMPA-IgG using 4%—15% gradient protein gels (BioRad).

The size was determined using the PageRuler Plus Prestained Protein Ladder (Thermo Fisher). Molecular weights are higher than 150kDa and vary
between monoclonals due to the expression of different amounts of N-linked glycans within their V-domains. (B) Stacked bar graph of the CCP2/
CArgP2 (patent protected sequences) and acetylated-vimentin (HC55)/lysine-vimentin (HC56) peptide ELISA of 12 purified monoclonal ACPA-IgG and
two AAPA-IgG, respectively. Reactivities were determined by the OD at 415 nm represented on the y-axis. The data represent the mean and SE of three
technical replicates. AAPA, anti-acetylated protein antibody; ACPA, anti-citrullinated protein antibody; AMPA, anti-modified protein antibody.

and C(C/Hcit/Ac)P4 as well as proteins, citrullinated-fibrinogen,
carbamylated-fibrinogen and acetylated-fibrinogen. The cross-
inhibition studies showed that the reactivity of 7E4 to CCP2 and
CCP4 could be inhibited by the citrullinated-peptide itself and
by its acetylated counterpart, while almost no inhibition could
be observed after incubation with CHcitP2/CHcitP4 (figure 3A
and online supplementary figure S5). Similarly, reactivity towards
citrullinated-fibrinogen and acetylated-fibrinogen could be inhib-
ited by both the citrullinated version as well as the acetylated
version of fibrinogen (figure 3B). In agreement with titration
ELISAs showing some reactivity of 7E4 towards carbamylated-
fibrinogen at high concentrations (online supplementary figure
S2a), binding of 7E4 to citrullinated-fibrinogen and acetylated-
fibrinogen could be inhibited after preincubation with high
amounts of carbamylated-fibrinogen (figure 3B). Thus, together,
these cross-inhibition results show that the mAb reactivity towards
one particular PTM can be inhibited by another PTM and thereby
confirm the reactivity data obtained by ELISA. Likewise, as
depicted in figure 3A,B, similar findings were made for 2G9 and
2C4 reaffirming the outcome of the reactivity patterns observed by
the peptide-/protein-ELISAs (figures 2 and 3A,B).

Altogether, these data indicate that all ACPA and AAPA mAbs
analysed cross-react to a varying extent to at least one other PTM
and hence should be regarded as anti-modified protein antibodies
(AMPA) rather than as antibodies with a single specificity.

Human B cells expressing CP-reactive BCRs are activated
upon stimulation with different PTM-antigens

The data described above show a high degree of cross-
reactivity of AMPA towards several modifications and hence
suggest that also CP-reactive B cells could react to multiple
PTMs. To determine whether such B cells can indeed be acti-
vated by several PTMs, we next expressed three different
IgGs (7E4, 3F3 and 2G9), isolated from CP-reactive B cells
of patients with RA, in a membrane-bound (mIgG) state on a
human reporter B-cell line. To this end, we used the human

lymphoma Ramos B-cell line in which the genes encoding
the endogenous IgD and IgM heavy-chain and light-chain
sequences and the gene encoding for AID have been deleted
(MDL-AID). This ‘triple KO’ cell line is unable to show BCR-
signalling as it lacks an endogenous BCR. Moreover, it cannot
modify a transduced BCR as it lacks AID. On transduction,
Ramos B-cell lines showed GFP and BCR-expression, indi-
cating a successful transduction and expression of CP-reactive
BCRs. Indeed, binding of the CCP2 antigen, but not of the
arginine containing control peptide CArgP2, was observed
after incubating the transduced B cells with these antigens
(online supplementary figure S3). Next, we used the cells to
study BCR-activation via phosphorylation of intracellular Syk
(pSyk) 5 min after stimulation with different PTM-antigens.
The non-transduced MDL-AID KO cell line (BCR-GFP-) was
taken along as a negative/gating control. As depicted in figure 4
and online supplementary figure S4, Syk was phosphorylated
after stimulating the 7E4, 3F3 and 2G9 Ramos B-cell transfec-
tants with the respective PTM-antigen. To quantify B-cell acti-
vation, the percentage of pSyk+GFP+ cells was determined.
7E4 mlgG carrying B cells readily reacted to stimulation with
citrullinated peptides (25.25%+7.142%) and to stimulation
with acetyllysine-containing peptides (22.35%=7.990%).
In contrast, the cells did not respond to stimulation with a
homocitrulline-containing  peptide  (0.9450%=0.8560%)
(online supplementary table Sé6, figure 4B). These data indi-
cate that the results obtained in the ‘non-functional assays’
described above translate to the functional activation of 7E4
CP-reactive B cells. More importantly, these results also show
that such B cells respond to several PTMs. Similar results
were obtained in the activation assays using 3F3-derived
and 2G9-derived B cells, showing activation on stimulation
with citrullinated peptides (3F3: 28.85%+2.475%; 2G9:
15.00%+4.950%) and with homocitrullinated peptides (3F3:
21.30%+2.828%; 2G9: 14.49%+6.944%). In line with our
results obtained by ELISA, these cell lines did not respond to
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Figure 2 Cross-reactivity of monoclonal AMPA-IgG determined by ELISA an

d western blot analysis. (A) Bar graph and heatmap of a cyclic-PTM-

peptide 2 (C(C/Hcit/Ac)P2) ELISA of 14 monoclonal AMPA-IgG. Monoclonal AMPA-IgG reactivity towards the CCP2 (patent protected sequence)

peptide in five modifications (citrulline, homocitrulline, acetyllysine, arginine, |

ysine) was tested. (B) Heatmap of PTM-peptide ELISAs of 14 monoclonal

AMPA-IgG. Monoclonal reactivity to four linear PTM-peptides (fibrinogen o 27-43, fibrinogen B 36-52, vimentin 59-74 and enolase 5-20) and

the CCP1 peptide in five modifications (arg, lys, cit, hcit, ac) was analysed. (C)
AMPA-IgG. Monoclonal AMPA-IgG reactivity to the fibrinogen protein in four

Bar graph and heatmap of PTM-fibrinogen ELISA of 14 monoclonal
different versions (unmodified, cit, carb and ac) was tested. (D)

Heatmap of PTM-protein ELISAs of 14 monoclonal AMPA-IgG. Monoclonal reactivity to fibrinogen, OVA and vinculin proteins in four different
modifications (unmodified, cit, carb and ac) as well as to carb-FCS and unmodified FCS was analysed. Reactivities were determined by the OD at
415nm represented on the x-axis (bar graphs) or by colour (blue, high OD values, light grey, low OD values) within the heatmaps. Monoclonal

AMPA-IgG were tested in a concentration of 10 ug/mL. 2D11 was analysed in

a concentration of 20 pg/mL within the cyclic-PTM-peptide 2 ELISA. All

ELISA experiments were repeated independently 2—3 times. (E) Western blot analysis of monoclonal AMPA-IgG 2G9, 7E4 and 2C4. Binding towards
citrullinated-fibrinogen, carbamylated-fibrinogen and acetylated-fibrinogen and to the unmodified version (-) was analysed under reducing conditions
(separately to the o, B and A chain). Western blot analysis was repeated three times within independent experiments. AMPA, anti-modified protein
antibody; FCS, fetal calf serum; OVA, ovalbumin; PTM, post-translational modification.

acetyllysine-containing peptides (3F3: 0.8250%=0.2470%;
2G9: 0.0000%=0.0000%) (online supplementary table Sé6,
figure 4C). To expand the findings described above to the recog-
nition of protein antigens, we next analysed the ability of the
different modified forms of fibrinogen to stimulate the CP-re-
active B cells. As shown in figures 2B, 3F3 and 2G9 bind solely
to citrullinated-fibrinogen in ELISA. In agreement, Ramos
cells transduced with these IgG sequences displayed only reac-
tivity to this modification (online supplementary figure S4).
More importantly, and in agreement with the data presented
in figure 2B, Ramos B cells transduced with 7E4 responded to
citrullinated-fibrinogen and also displayed reactivity towards
the acetylated counterpart (online supplementary table S7,

figure 4B), indicating that CP-reactive B-cells can respond to
several PTM-proteins.

Together, these data show that autoreactive B cells expressing
a BCR directed against one type of modification can also be
activated by other PTMs.

DISCUSSION

Insights into the dynamics of autoimmune responses are vital
to understand the breach of tolerance to self-antigens and the
‘evolution’ of the autoimmune response conceivably under-
lying the disease. Even though the ACPA-response is consid-
ered as the dominating AMPA-response linked to the most
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Figure 3  Cross-inhibition studies of monoclonal AMPA-IgG determined by ELISA. (A) Cross-inhibition ELISA with cyclic-PTM-peptide 2 as an
inhibitor depicted for 7E4 using CCP2 as well as CAcP2-coated plates, for 2G9 using CCP2 and CHcitP2-coated plates and for 2C4 using CCP2,
CHcitP2 and CAcP2-coated ELISA plates. Cross-inhibition was performed with increasing concentrations of the C-PTM-P2 peptide in all three
modifications (cit, hcit and ac) and with the negative control peptides CArgP2 and ClysP2. The C-PTM-P2 peptide sequences are patent protected.
(B) PTM-fibrinogen cross-inhibition ELISA curves of 7E4 for citrullinated-fibrinogen coated and acetylated-fibrinogen coated plates, of 2G9 for a
citrullinated-fibrinogen coated plate and of 2C4 for citrullinated-fibrinogen coated, carbamylated-fibrinogen coated and acetylated-fibrinogen
coated plates. Cross-inhibition was performed with increasing concentrations of all four different versions of fibrinogen (unmodified, cit, carb
and ac). Monoclonals were tested in concentrations that bound within the linear range of the respective peptide or protein titration ELISA
(online supplementary figure S2). Binding is represented by the OD at 415 nm on the y-axis. Cross-inhibition studies were performed two times
within independent experiments. Light grey octagon: arginine; dark grey diamond: lysine; blue circle: citrulline; red triangle: acetyl; green square:
homocitrulline/carbamyl. AMPA, anti-modified protein antibody; CCP2, Cyclic-citrullinated-peptide 2; PTM, post-translational modification.

prominent genetic risk factors for RA (the HLA-SE-alleles), it
is clear that autoantibody responses present in patients with
RA extend towards several modifications, such as acetylation
and/or carbamylation. AMPA-responses are currently consid-
ered to consist of different autoantibody classes that are largely
distinct in origin and development. Nonetheless, AMPA also
display a certain degree of cross-reactivity and often occur
concurrently in individual patients. Recently, we made the
crucial observation that vaccinating mice with an acetylated
protein leads to the formation of autoantibodies against carba-
mylated proteins, indicating that different AMPA-responses
can evolve from the exposure to only one type of modifi-
cation. These data provide a conceptual framework for the
simultaneous presence of different AMPA-responses in RA by

showing that the inciting antigen responsible for the induction
of, for example, ACarPAs does not have to be carbamylated,
but could be represented by an acetylated protein. We now
show that human monoclonal ACPA and AAPA isolated from
AMPA positive patients with RA (online supplementary figure
S6) are highly cross-reactive towards various PTM-antigens
(figure 2). Noteworthily, all ACPA-IgG and AAPA-IgG anal-
ysed were able to recognise at least two diverse modifications.
This finding has general importance, as it indicates that ACPA,
ACarPA and AAPA should be considered as AMPA that are not
specific for one type of PTM. Furthermore, our results indi-
cate that besides the affinity of the mAb towards a particular
modification also the antigenic backbone and consequently
the flanking regions around a modification can contribute
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Figure 4  B-cell receptor signalling (pSyk expression) of CP-reactive BCR+GFP+ Ramos B-cell transfectants after stimulation with PTM-antigens.
(A) Schematic depiction of the experimental activation assay design. GFP+mlIgG-BCR+ Ramos B-cell transfectants and the untransfected GFP-

BCR- control MDL-AID KO cell line were stimulated for 5min with PTM-antigens. BCR activation was determined as the proportion/percentage

of GFP+pSyk(Y348)+ B cells. Stimulation with cit-antigens leads to an ‘ACPA’ response (blue), hcit/carb-activation results in an ‘ACarPA’ response
(green) and ac-antigen activation leads to an ‘AAPA’ response (red). (B) Histograms of two biological replicates and a bar graph (n=2) showing the
percentage of pSyk(Y348)+GFP+7E4 migG Ramos B-cells after stimulation with cyclic-PTM-peptide 2 and PTM-fibrinogen. (C) Histograms of two
biological replicates and a bar graph (n=2) showing the percentage of pSyk(Y348)+GFP+3F3 migG Ramos B cells after stimulation with cyclic-
PTM-peptide 2. (D) Histograms of two biological replicates and a bar graph (n=2) showing the percentage of pSyk(Y348)+GFP+2G9 mIgG Ramos

B cells after stimulation with cyclic-PTM-peptide 2. The C-PTM-P2 sequences are patent protected. All activation assays were repeated 2-3 times
within independent experiments. CArgP2: dark grey; CLysP2: light grey; CCP2: blue; CHcitP2: green; CAcP2: red. Unmodified fibrinogen: light grey; cit-
fibrinogen: blue; carb-fibrinogen: green; ac-fibrinogen: red. AAPA, anti-acetylated protein antibody; ACarPA, anti-carbamylated protein antibody; ACPA,
anti-citrullinated protein antibody; AID, activation-induced cytidin deaminase; BCR, B-cell receptor; CP, citrullinated proteins; GFP, green fluorescent

protein; KO, knockout; PTM, post-translational modification.

to the reactivity-pattern of AMPA-IgG. Depending on the
antigen tested (CCP2-peptide or fibrinogen protein), and thus
the flanking amino acids around a modification, the AMPAs
showed a higher reactivity towards one or another PTM as
detected in titration and cross-inhibition ELISAs (figure 3 and
online supplementary figure S2). We consider it unlikely that
these observations can solely be explained by the number of
modifications per protein, which likely differ per PTM gener-
ated and might explain the higher mAb reactivity to carb-FCS
compared with carb-fibrinogen, as this pattern is not consis-
tent across different antibodies analysed. Nonetheless, it is
clear that additional analyses are required to elucidate the
potential contribution of flanking regions to the reactivity of
AMPA towards PTMs.

Most importantly, our data show that B-cell lines trans-
fected with a BCR derived from one type of defined ‘ACPA’
can not only be activated by citrullinated, but also by other
PTM-antigens. For these studies, we implemented a unique
and novel tool by expressing different CP-reactive IgG as
BCRs in human Ramos B cells, an accepted model cell line
to study BCR responses on stimulation.”® This enabled us to
study human autoreactive B-cell responses on the cellular

level. Our observations support the notion that B cells
expressing a BCR against citrullinated antigens could be
activated by other, non-citrulline containing PTM-antigens.
Conceptually, these results are highly relevant to further
understand and define the antigens that could be recognised
in inflamed joints or at other locations in the body (mucosal
tissues) which could be involved in the induction of auto-
immunity. Likewise, these findings point to the possibility
that a first encounter with a particular PTM can initiate an
AMPA-response and determine the direction of it, conceiv-
ably dictating a progression towards ‘ACPA-dominated’,
‘ACarPA-dominated’ or ‘AAPA-dominated” B-cell responses.
It is tempting to hypothesise that subsequent antigenic
contacts, with different PTM-antigens, could (re)direct the
B-cell response towards other modifications, or reinforce
the original direction of the AMPA-response. In this way,
the concurrent presence of multiple AMPA-reactivities, as
observed in many patients with RA, can be explained, and
the observation that in other patients the response can be
dominated by one AMPA-response towards, for example,
citrullinated, carbamylated or acetylated proteins. It would
be interesting to investigate the extent of cross-reactivity in
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Figure 5 Schematic depiction of an hypothesis proposing the course of autoreactive AMPA B-cell responses. Naive B cells expressing BCRs
directed against PTM-antigens display reactivity towards citrullinated (blue), carbamylated (green) or acetylated (red) antigens. The inciting trigger
could represent either a citrullinated, carbamylated or acetylated antigen. Dependent on this initial priming, the B cells are directed towards an
'ACPA-dominated’, ‘ACarPA-dominated’ or ‘AAPA-dominated’ B-cell response. On subsequent encounter of other PTMs, the AMPA-response can be
(re)directed towards another AMPA-class (dynamic response) or the original direction of the AMPA-response can be reinforced (outgrowth of, e.g.,
'ACarPA-dominated’ B-cell responses). AAPA, anti-acetylated protein antibody; ACarPA, anti-carbamylated protein antibody; ACPA, anti-citrullinated
protein antibody; BCR, B-cell receptor; PTM, post-translational modification.
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