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Antihomocitrullinated Fibrinogen Antibodies are
Specific to Rheumatoid Arthritis and Frequently Bind
Citrullinated Proteins/peptides
Mathias Scinocca, David A. Bell, Maud Racapé, Radha Joseph, Gary Shaw, 
John K. McCormick, Dafna D. Gladman, Janet Pope, Lillian Barra, and Ewa Cairns

ABSTRACT. Objective.Anticitrullinated protein/peptide antibodies (ACPA) are implicated in rheumatoid arthritis
(RA) pathogenesis and linked to the shared epitope (SE). Citrulline modification is very similar to a
different modified amino acid, homocitrulline. We investigated antihomocitrullinated protein/
peptide antibody (AHCPA) specificity for RA, whether ACPA were also able to bind homocitrulli-
nated targets, and whether the SE could accommodate homocitrullinated peptide.
Methods. Homocitrullinated fibrinogen was used to screen sera from patients with RA, psoriatic
arthritis, and systemic lupus erythematosus, and healthy subjects for AHCPA using ELISA.
Homocitrullination sites on fibrinogen were identified by mass spectrometry. ACPA were
affinity-purified using a synthetic citrullinated peptide and tested for binding to homocitrullinated
protein/peptide. Inhibition of antihomocitrullinated fibrinogen antibody binding was examined.
Homocitrullinated peptide interaction with the SE was studied using computer modeling.
Results. IgG antihomocitrullinated fibrinogen antibodies were found specifically in 49% of patients
with RA. Enrichment of ACPA by affinity purification from 5 patients with RA also enriched
AHCPA. Serum AHCPA was inhibited by citrullinated fibrinogen and more significantly by homo -
citrullinated fibrinogen. Computer modeling indicated that the SE could accommodate a homo -
citrullinated peptide without steric hindrance. Mass spectrometry identified that 89/103 lysines of
fibrinogen could be homocitrullinated, and 5 peptides that could be both citrullinated and homo -
citrullinated and are predicted to bind the SE. 
Conclusion. Antihomocitrullinated fibrinogen antibodies are specific to RA. The presence of
AHCPA coincides with ACPA, and AHCPA copurifies with ACPA in affinity purification and is
inhibited by citrullinated and homocitrullinated antigens. Thus AHCPA and ACPA are frequently
cross-reactive and homocitrullinated proteins/peptides may bind the SE. (J Rheumatol First Release
Jan 15 2014; doi:10.3899/jrheum.130742)
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In autoimmune disease, the posttranslational modification
of native proteins can generate novel targets that provoke
the immune system. The conversion of arginine in
proteins/peptides to citrulline in rheumatoid arthritis (RA)
is one example. In individuals with the shared epitope (SE),
protein residue arginine to citrulline conversion increases
peptide binding affinity to MHC class II molecules, specif-

ically in the P4 binding pocket1. The subsequent T cell
immune response to citrullinated peptides, and production
of anticitrullinated protein/peptide antibodies (ACPA), is
highly specific for RA (> 95%)2. ACPA can occur years
before onset3,4,5, and some studies show that their presence
correlates with disease severity6. Monoclonal antibodies
targeting citrullinated collagen II can exacerbate disease in
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collagen-induced arthritis7,8,9; immunization with citrulli-
nated fibrinogen can cause arthritis in DR4 transgenic (Tg)
mice10; and passive transfer of human ACPA-positive RA
serum11 or affinity purified IgG ACPA can cause transient
arthritis12. 
A study showed that antimodified citrulline (AMC)

antibodies, which have been used to detect citrullinated
proteins/peptides in situ, can also detect the amino acid
homocitrulline13. Homocitrulline is structurally and chemi-
cally very similar to citrulline, with both having the same
functional group (ureido group); however, homocitrulline’s
side chain is larger because of the presence of an additional
carbon atom. Whereas citrulline is generated by the
enzymatic modification of arginine residues by peptidyl
arginine deiminase (PAD)14, homocitrulline is generated
chemically by the carbamylation reaction of cyanate with
the primary amine group of lysine residues15. While
antibodies that bind chemically carbamylated proteins have
been referred to as anti-CarP antibodies16, we referred to
them as antihomocitrullinated protein/peptide antibodies
(AHCPA). The cyanate required for lysine carbamylation
can be found in the body from at least 2 sources: the
spontane ous dissociation of urea17, or from the enzyme
myeloperoxidase (MPO), which is active at sites of inflam-
mation. Enzymatic production of cyanate during inflam-
mation can be enhanced by environmental influences
through the increase of serum thiocyanate, MPO’s preferred
substrate, which is converted to cyanate17,18,19,20. One such
environmental cause is smoking, a well-known risk factor
for RA21.
Mydel, et al showed that immunization of some mouse

strains with a homocitrullinated filaggrin peptide led to
erosive arthritis, and some patients with RA had antibodies
that targeted this homocitrullinated peptide22. Shi, et al also
reported that patients with RA have antibodies that bind to
carbamylated fetal calf serum proteins and that these
AHCPA did not recognize citrullinated proteins/peptides
and predicted joint damage16. The same group also reported
that 16% of ACPA-negative patients with RA had AHCPA.
More recently they reported that some AHCPA can
recognize citrullinated proteins such as fibrinogen23 and that
they occur in 39% of patients with arthralgia who later
developed RA24. AHCPA specificity for RA was not examined.
Because citrullinated fibrinogen (or citrullinated peptides

derived from fibrinogen) is a frequent target of ACPA25 and
is often found in the joints of patients with RA26,27, we
investigated whether homocitrullinated human fibrinogen is
also a target of IgG antibodies and is specific for RA. We
also investigated the immunologic relationship between
anticitrulline and antihomocitrulline antibodies and
involvement of the SE in these immune responses.

MATERIALS AND METHODS
Patients. Sera were obtained from patients with RA (n = 84; Appendix 1),

all of whom fulfilled the American College of Rheumatology classification
criteria for RA28; patients with systemic lupus erythematosus (SLE; n =
37); and patients with psoriatic arthritis (PsA; n = 10) attending St. Joseph’s
Health Centre Rheumatology Clinic (London, Ontario, Canada). Additional
samples of PsA sera (n = 27) were obtained from the Centre for Prognosis
Studies in the Rheumatic Diseases (Toronto Western Hospital). More sera
(n = 27) were obtained from healthy volunteers at Western University
(London, Ontario, Canada). Among the patients with RA, 75% were female
and 25% were male, with a mean age of 59.1 years (range 19–83); among
the patients with SLE, 89% were female and 11% were male, with a mean
age of 53 years (range 25–81); among the patients with PsA, 46% were
female and 54% were male, with a mean age of 53 years (range 36–82). The
proportion of women to men among the healthy volunteers was 63% to
37%, with a mean age of 45 years (range 22–62). This research study was
approved by the Human Ethics Committee of Western University (London,
Ontario, Canada) and the University of Toronto (Toronto, Ontario,
Canada). 
Antigens. These antigens were used for antibody assays and/or ACPA
affinity purification: (1) human fibrinogen (CalBiochem) – fibrinogen was
used in either its unmodified, citrullinated, or homocitrullinated form; (2)
citrullinated JED (CitJED) - a proprietary synthetic cyclic citrullinated
peptide (with 9/18 amino acid residues being citrulline) developed by us
and previously described29,30; and (3) homocitrullinated JED
(HomoCitJED) - identical to CitJED with the exception that all 9 citrulline
residues were replaced with homocitrulline. 

CitJED and HomoCitJED were synthesized at Sick Kids Hospital in
Toronto, Ontario, Canada. Proteins and peptides were dissolved in sterile,
distilled water or sterile phosphate buffered saline (PBS) with the exception
that homocitrullinated JED was dissolved in 7.5% hydrochloric acid in
sterile distilled water.
Modifications of fibrinogen. Human fibrinogen (CalBiochem) was citrulli-
nated as described25. Seven units of rabbit skeletal PAD II (Sigma) were
used to citrullinate 1 mg of fibrinogen.

Human fibrinogen was homocitrullinated using treatment with 0.1 m
potassium cyanate (KOCN) in 0.15 m sodium phosphate buffer and
incubation at 37°C for 24 h. Ten mg of fibrinogen was homocitrullinated in
a 5 ml reaction. 

To remove excess PAD or KOCN and to concentrate fibrinogen, 100 K
Macrosept columns (Pall Corporation) were used. To confirm citrullination
or homocitrullination, gel electrophoresis and mass spectrometry were
performed.
Mass spectrometry. To identify in vitro citrullinated and homocitrullinated
fibrinogen, the modified human fibrinogen was used in sodium dodecyl
sulfate polyacrylamide gel electrophoresis and stained with Coomassie
blue. Protein bands were isolated and submitted to the University of
Western Ontario Functional Proteomics Facility for tryptic digest as
described31. 

Mass spectrometry was performed on digested and lyophilized
fibrinogen peptides by Western University Biological Mass Spectrometry
Laboratory. Briefly, samples were reconstituted in 20 µl of 0.2% formic
acid with sonication for 15 min. Ten µl of each sample was analyzed using
a 60-min liquid chromatography (LC) method. LC separation (5–60%
acetonitrile, 0.1% formic acid over 30 min gradient) was performed on a
Waters nAcquity UPLC (ultra-high-performance LC) using a 25 cm × 75
µm, nanoAcquity UPLC, BEH130 C18, 1.7 µm, reverse phase column with
a suitable trapping column (Waters). Ions were detected in electrospray
ionization mass spectrometry–positive  ion mode (Q-ToF Ultima Global;
Waters) using (data dependent acquisition) mode for tandem mass
spectrometry. Data were analyzed using the MASCOT server with the
National Center for Biotechnology Information database and the following
acceptable modifications: carbamidomethyl (C), oxidation (M), phospho
(ST), phospho (Y), and either carbamyl (K) or citrullination (R).
Molecular modeling. There are 3 published radiographic crystallographic
structures of peptides bound to the MHC class II DR0401 molecule with
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the SE32,33,34. Because there are no existing structures for fibrinogen
peptides bound to MHC class II SE, the crystal structure of collagen II
peptide 261-273 bound to MHC class II DR0401 (PDB code 2SEB)32 was
used for molecular modeling, which was done by substituting the aspartic
acid binding at the P4 position to various rotomers of lysine without
changing the backbone atom orientation. The lysine residues were
manually edited to homocitrulline using PyMOL software and analyzed in
the Swiss-PdbViewer application for steric clashes. 

Modified fibrinogen (citrullinated or homocitrullinated) peptide
binding to the SE was predicted using a program written by Hammer, et
al35 as described for the prediction of citrullinated peptides binding to the
SE1. This relied on the assumption that homocitrulline bound similarly to
the SE as citrulline. Briefly, lysine residues (potential homocitrullination
sites) were changed to glutamine because its side chain functional group is
most similar to homocitrulline (and citrulline). The program then compared
each 9 amino acid residue-long peptide to the known consensus binding
motif for the MHC class II DR0401 and assigned a score. All peptides with
a score of 2 or higher were considered potential SE binders. 
ACPA purification. A CitJED affinity column was used to purify ACPA
including antibodies to cyclic citrullinated peptides (anti-CCP2). Three mg
of CitJED was linked to a 1 ml HiTrap NHS-Activated (GE Healthcare) HP
column as per manufacturer’s instructions, and antibody purification was
performed as described29. The fraction with the highest IgG concentration
was used for analyses.
Antibody assays. Human sera (and/or purified ACPA) at a 1:100 or higher
dilution were tested for the presence of antibodies to CitJED,
HomoCitJED, Cit fibrinogen, and HomoCit fibrinogen using ELISA. All
ELISA were performed as described10,25. 

Antibody inhibition used various amounts of soluble antigen in PBS
with tween, 0.1% bovine serum albumin, which were preincubated with

diluted serum for 1 h at room temperature prior to addition to the ELISA
plate coated with homocitrullinated fibrinogen.

Antibodies to HomoCit fibrinogen and the peptides CitJED and
HomoCit JED were quantified in arbitrary units/ml (AU/ml) by comparison
to a reference serum sample for each antigen. The cutoff value for positive
IgG anti-CitJED was 3.5 AU/ml, for anti-HomoCit JED was 18.5 AU/ml,
for IgG anti-HomoCit fibrinogen 3.6 AU/ml, and IgG anti-Cit fibrinogen
2.4 AU/ml. Cutoff values were determined using the mean of normal sera
reactivity + 2 SD.

IgG anti-CCP2 antibodies were detected using a commercially
available ELISA kit (Euroimmun AG). Total IgG was measured in mg/ml
using a commercially available ELISA kit (Cedarlane).
Statistical analysis. Mann-Whitney U test in Graphpad Prism V5 software
was used to compare binding to homocitrullinated fibrinogen between
patients with RA and other groups. P < 0.05 was considered significant.
One-way ANOVA test with Bonferroni correction was used for statistical
analysis of inhibition experiments. P < 0.017 for this test was considered
significant.

RESULTS
Occurrence of antihomocitrullinated fibrinogen antibodies
in RA, or patients with other inflammatory rheumatic
diseases, and healthy individuals.We used in vitro carbamy-
lated fibrinogen as a homocitrullinated antigen to determine
the presence of antihomocitrullinated fibrinogen antibodies
(AHCFA) in sera from patients with RA (n = 84, Appendix
1), SLE (n = 37), PsA (n = 37), and healthy individuals (n =
27). Serum antibody reactivity was significantly increased
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Figure 1. Antibodies to homocitrullinated fibrinogen in healthy subjects (n = 27) and patients with
rheumatoid arthritis (RA; n = 84), systemic lupus erythematosus (SLE; n = 37), and psoriatic
arthritis (PsA; n = 37). Antibodies that bind homocitrullinated fibrinogen are specific to RA.
Statistical p values were calculated using the Mann-Whitney U test.
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in RA (p < 0.05; Figure 1). Only 5% of patients with SLE
and 3% of patients with PsA were weakly positive for
AHCFA. In our RA cohort that was 88% (74/84)
anti-CCP2-positive, AHCFA were detected in 49% (41/84)
of patients. In the sera of patients with RA, 69% (58/84) had
anticitrullinated fibrinogen antibodies (ACFA). AHCFA
were not found in any of the 10 patients with RA who were
anti-CCP2-negative. Among the patients with RA, 6%
(5/84) had AHCFA but did not have ACFA (Table 1). 
Affinity-purified human ACPA can bind homocitrullinated
protein/peptide. We next investigated whether ACPA were
also able to bind homocitrullinated protein/peptide. ACPA
was affinity-purified from the sera of 5 different patients
with RA using the CitJED peptide, and antibody reactivity
with CCP2, CitJED, HomoCitJED, HomoCit fibrinogen,
and Cit fibrinogen was measured in AU/mg of IgG and
compared to serum values to determine enrichment of
antibody reactivity to these antigens (Table 2). Enrichment
(purified ACPA concentration/serum concentration) of
CitJED reactivity was seen in all 5 purifications with an
average 172 times (range 35–301) increase in concentration
(AU/mg of IgG). Co-enrichment of anti-CCP2 antibody
reactivity was also observed with an average 94 times
(29–242) increase in concentration (relative units/mg of
IgG). Importantly, purification of ACPA from all 5 patients
with RA also strongly enriched AHCPA, with an average
150 times (54–358) increased antibody reactivity (AU/mg

of IgG) to HomoCit JED. Anti-HomoCit fibrinogen
antibodies were also co-enriched in the 3 patients who had
high serum titers, with an average 76 times (11–122)
increased concentration following purification with CitJED.
Five of 5 patients had co-enrichment of AHCPA
(HomoCitJED) with CitJED affinity purification. These
experiments therefore indicate that the affinity purification
of ACPA also co-purifies AHCPA.
AHCPA are inhibited by citrullinated and homocitrullinated
proteins. Confirming that the observed antibodies to
HomoCit fibrinogen involved homocitrulline-containing
epitopes, serum from 10 different RA patients with AHCFA
were inhibited with soluble HomoCit fibrinogen (Figure 2).
Inhibition of AHCFA was also observed with Cit fibrinogen
in 8/10 patients studied indicative of immunological
cross-reactivity (Figure 2A to I). However, at all doses used,
Cit fibrinogen was less effective in inhibiting AHCFA
binding than HomoCit fibrinogen (Figure 2A). Inhibition of
AHCFA with both Cit fibrinogen and HomoCit fibrinogen
was variable among individual patients (Figure 2B to I).
One of 10 patients also showed inhibition with fibrinogen
(Figure 2K).
Human fibrinogen is extensively accessible to both homo -
citrullination and citrullination, and some of its homocitrul-
linated peptides are predicted to bind the SE. Because lysine
can be found in different regions of proteins than arginine,
we sought to investigate which sites of human fibrinogen
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Table 1. Summary of human serology findings. Values represent number of individuals (%) who tested positive.

                                                                RA, n = 84       Healthy, n = 27         SLE, n = 37         PsA, n = 37

Anti-CCP2+                                               74 (88)                   0 (0)                       2 (5)                     1 (3)
AHCFA+                                                    41 (49)                   0 (0)                       2 (5)                     1 (3)
ACFA+                                                       58 (69)                   0 (0)                         —                        —
AHCFA+, ACFA+                                      36 (43)                   0 (0)                         —                        —
AHCFA–, ACFA+                                      22 (26)                   0 (0)                         —                        —
AHCFA+, ACFA–                                        5 (6)                     0 (0)                         —                        —

RA: rheumatoid arthritis; SLE: systemic lupus erythematosus; PsA: psoriatic arthritis; anti-CCP2: anticyclic
citrullinated peptide; AHCFA: antihomocitrullinated fibrinogen antibodies; ACFA: anticitrullinated fibrinogen
antibodies.

Table 2. Cross-reactivity of human ACPA. Quantification of antibody reactivity in serum and affinity-purified ACPA is reported in units/mg of IgG.

                                                       Serum                                                                                                     Purified ACPA
                     Anti-        Anti-           Anti-          Anti-Cit           Anti-               Anti-               Anti-               Anti-           Anti-Cit Fib         Anti-HomoCit Fib
                     CCP2      CitJED      HomoCit           Fib            HomoCit           CCP2             CitJED          HomoCit                                                   
                                                          JED                                    Fib                                                                JED

1                      55             5                40                  3                    3                  5954               1286                7601                  599                            312
2                      66             8               121               NA                  2                  3831               1667              11,016                 NA                            198
3                     136            7                49                  4                    3                  3987                599                 2880                  206                             36
4                      26             3                26                  3                  NA                6307                837                 9317                 1178                           NA
5                     173           23               41                 25                 NA                5465                798                 2242                 1130                           NA

NA: a patient value that was negative or borderline; HomoCit: homocitrullinated; ACPA: anticitrullinated protein/peptide antibodies; anti-CCP2: anticyclic
citrullinated peptide.
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Figure 2. Antibodies that bind homocitrullinated fibrinogen are inhibited by citrullinated and homocitrullinated fibrinogen. A.
Pooled inhibition assays of 10 patients with rheumatoid arthritis (RA). Citrullinated fibrinogen inhibition of antihomocitrulli-
nated fibrinogen antibodies is significantly different compared to fibrinogen inhibition at 25 and 50 µg (**p < 0.001).
Homocitrullinated fibrinogen inhibition is significantly different compared to unmodified fibrinogen and citrullinated fibrinogen
at 1, 10, 25, and 50 µg (**p < 0.001). B-K. Inhibition of antihomocitrullinated fibrinogen antibodies for each patient with RA (n
= 10) with various quantities of either soluble unmodified fibrinogen, soluble citrullinated fibrinogen, or soluble homocitrulli-
nated fibrinogen. 
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could be homocitrullinated and potentially serve as a target
of AHCPA. Fibrinogen’s primary structure includes 103
lysines and 80 arginines. Of the 100 lysines that were
analyzed by mass spectrometry, 89 were capable of modifi-
cation to homocitrulline. Similar analysis of citrullination
showed that 56 of the 71 (79%) of arginines that were
analyzed could be modified in vitro (Table 3 and Appendix
2). Neither citrulline nor homocitrulline were detected with
mass spectrometry in our sample of native, unmodified
human fibrinogen.
We used the method of Hammer, et al35 to scan 9-mer

peptides from homocitrullinated and citrullinated fibrinogen
chains to predict their binding to the SE. In a total of 35
peptides (citrullinated or homocitrullinated), we found 5
that could be both citrullinated and homocitrullinated and
were predicted to interact with the SE (Table 3 and
Appendix 2). 
The SE is predicted to accommodate homocitrullinated
peptide. To investigate whether the SE could be involved
in the immune response to homocitrullinated peptide, we
attempted to model this interaction. We examined struc-
tural data on peptides bound to the SE+ MHC Class II
DR0401 molecule32,33,34. The MHC structures were
aligned in pairs so that differences in peptide backbone
orientation could be observed. Of the 9 residues most
important for peptide binding, the first 4 had orientations
that were most conserved, with most of the variation being
found at the C-terminal end. Because the fourth residue of
each core-9 residue peptide interacts with the P4 binding
pocket of the SE, and citrullinated collagen II is a known
target of ACPA, we modeled a homocitrulline residue in
place of the aspartic acid residue at position P4 using the
2SEB collagen II 261–273 peptide structure32. We found
that it was possible to model a homocitrulline residue into
the pocket generated by the SE without steric hindrance
(Figure 3). Therefore, the SE could accommodate homoc-
itrulline, and homocitrullinated peptide could potentially
bind to the SE.

DISCUSSION
We showed that the protein fibrinogen is extensively acces-
sible to homocitrullination and that homocitrullinated
fibrinogen is a target of autoantibodies in a high proportion
of patients with RA, in agreement with previous studies16,23.
These antibodies were not detected in patients with PsA or
SLE. We also showed that homocitrullination can generate
neo-epitopes on proteins and that homocitrullinated peptides
can theoretically be accommodated by the SE. Additionally,
we demonstrated that many serum AHCPA bind citrulli-
nated peptides, suggesting that AHCPA and ACPA are
frequently cross-reactive. This is highlighted by (1) affinity
studies identifying antibodies to CitJED, which showed that
both anti-Cit and anti-HomoCit protein/peptide antibodies
were recovered and enriched and (2) inhibition studies that
showed that AHCPA were usually inhibited by both citrulli-
nated and homocitrullinated fibrinogen. These promiscuous
antibodies could have implications on current models of RA
pathogenesis because ACPA have been shown to be arthrito-
genic10,11,12, but their relevant in vivo targets have not been
identified and their affinity for homocitrullinated peptides
has not been investigated. Thus, because parts of the ACPA
and AHCPA responses are cross-reactive, synovial inflam-
mation could result from antibody binding to citrullinated
antigen or homocitrullinated targets in the synovium.
To date, there are few studies describing protein homo -

citrullination in immunology13,16,17,22,23,24. It is important to
study antihomocitrullinated protein/peptide immune
responses against proteins that are found in the arthritic joint
such as fibrinogen, and thus potentially relevant in disease
pathogenesis. The investigations by Shi, et al demonstrated
that patients with RA have AHCPA that target homocitrulli-
nated fibrinogen16,23. We also used homocitrullinated
fibrinogen because (1) ACFA are highly specific for
RA25,27; (2) half of ACPA-positive patients with RA are
reported to have circulating citrullinated fibrinogen:IgG
antibody complexes36; (3) citrullinated fibrinogen is present
in inflamed RA joints26,27; and (4) immunization with citrul-
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Table 3.  In vitro homocitrullination and citrullination of fibrinogen.

Modification                                                     α Chain                  ß Chain             γ Chain               Total

Homocitrullination
Lysines                                                                   38                           31                      34                    103
Mass spec covered                                                37                           31                      32                    100
Homocitrullinated                                                  33                           29                      27                     89
Predicted to bind the SE                                        12                           13                      10                     35
Predicted binders that are also citrullinated           2                             3                        0                       5
Citrullination
Arginines                                                               41                           27                      11                     79
Mass spec covered                                                35                           27                       9                      71
Citrullinated                                                           29                           19                       7                      55

SE: shared epitope; spec: spectrometry.
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linated fibrinogen induces arthritis in DR4 Tg mice
expressing the SE10. 
Our study showed that fibrinogen is also extensively

accessible to homocitrullination and that there are in fact
substantially more sites for homocitrullination in this
molecule compared to citrullination. In agreement with Shi,
et al, we confirmed that patients with RA do have antibodies
that bind to homocitrullinated regions of fibrinogen23.
Additionally, we showed that AHCPA were specific to RA
because AHCFA were not found in patients with other
inflammatory rheumatic conditions. In our study, < 5% of
ACFA-negative patients were positive for AHCFA, which is
less than previously reported by Shi, et al16. Our results may
differ because they used homocitrullinated fetal calf serum
while we used homocitrullinated fibrinogen. In addition, we
studied patients with RA who had established disease and
low disease activity, whereas the population in Shi, et al
were patients with early RA. The existence of anticitrulli-
nated and antihomocitrullinated protein cross-reactive
antibodies was first shown by Turunen, et al13 when
immunization of rabbits with homocitrullinated albumin
triggered ACPA production. Mydel, et al reported the severe
arthritis in their mouse model after immunization with
homocitrullinated peptide followed by the injection of a
citrullinated peptide into the joint22. This further suggests
cross-reactivity between citrullinated and homocitrullinated

peptides. Data provided by Mydel, Turunen, and us
supporting citrullinated/homocitrullinated protein/peptide
cross-reactivity suggests that, like citrullination, homoc-
itrullination may be involved in the pathogenesis of RA.
Homocitrullination could therefore potentially trigger
ACPA production and/or generate AHCPA and relevant
homocitrullinated antibody targets in the arthritic joint.
Cross-reactivity could occur if the B cell Ig receptor in
patients with RA recognizes both homocitrullinated and
citrullinated protein/peptides. In our inhibition experiments,
we showed that AHCFA cross-reactivity to citrullinated and
homocitrullinated fibrinogen was not absolute. The higher
number of homocitrullinated sites compared to citrullinated
sites on fibrinogen could account for the slightly greater
inhibitory activity of homocitrullinated versus citrullinated
fibrinogen to AHCFA. Alternatively, some AHCFA (and
AHCPA) may not bind citrullinated peptides.
Increased homocitrullinated protein/peptide levels were

found in the serum and joints of patients with RA by Mydel,
et al22. Additionally, the finding that AMC antibody detects
in situ homocitrulline residues as well as citrulline13
suggests that although some citrullinated proteins have been
confirmed in situ by mass spectrometry37,38, others
identified using AMC may actually have been homocitrulli-
nated. It was also reported that RA patients with erosive
disease, specifically, have increased circulating homocitrul-
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Figure 3. The shared epitope (SE) can accommodate homocitrullinated peptide. Ribbon diagram (left panel) and surface
representation (right panel) of collagen II peptide (261–273) binding MHC class II DR0401 (PDB structure 2SEB) after
homocitrullination. Collagen peptide is shown in green with homocitrulline in the P4 position colored yellow (nitrogen atoms
are shown in blue and oxygen atoms in red). The MHC class II DR0401 SE (colored orange) accommodates homocitrulli-
nated peptide without steric hindrance.
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linated peptides and higher levels of AHCPA22. We did not
investigate the presence of homocitrullinated protein/peptides
in vivo or the correlation between disease activity/severity
and AHCPA status. 
Mydel, et al demonstrated a role for homocitrullinated

peptide in sensitization of T cells, and their data suggested
MHC class II dependency in their mouse arthritis model22.
We have previously shown that ACPA production triggered
by citrullination (as opposed to homocitrullination) is linked
to the MHC class II SE expression1,10. Our molecular
modeling suggests that although homocitrulline is larger
than citrulline, homocitrullinated peptide, like citrullinated
peptide, could be accommodated by the SE. Moreover,
when we scanned homocitrullinated or citrullinated
fibrinogen we found almost twice as many homocitrulli-
nated sites on fibrinogen as citrullinated sites. Further, some
of these homocitrullinated peptides were predicted to bind
to the SE. Future investigation of homocitrullinated peptide
binding to the SE is warranted to determine its role in the
generation of AHCPA in RA. 
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APPENDIX 1. Demographics of study patients with rheumatoid arthritis.

Characteristics                                                      Mean                  Range

Age, yrs                                                                59.11                  19–83
Disease duration, yrs                                              9.4                    0.4–40
Health Assessment Questionnaire*                       0.96                  0–2.625
Swollen joint count                                               4.34                    0–26
Sex (25% male, 75% female)                                 —                        —

* The Health Assessment Questionnaire is a validated score of physical
function that is a marker of disease severity. Scores range from 0 to 3;
scores > 1 are considered significant dysfunction.
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APPENDIX 2. Homocitrullination and citrullination sites on in vitro modified human fibrinogen as determined by
mass spectrometry. Amino acid sequences of fibrinogen. Black Xs represent sites where homocitrulline was detected
and black Zs represent sites where citrulline was detected. Pale Rs or Ks represent Arg or Lys, for which no data were
obtained. Underlined letters are sites predicted to bind to the shared epitope using algorithm of Hammer, et al35.
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