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ABSTRACT. Objective. Antibodies that target citrullinated protein/peptide (ACPA) and homocitrullinated/carbamy-
lated protein/peptide (AHCPA) are associated with rheumatoid arthritis (RA). The relationship between
ACPA and AHCPA remains unclear. We examined the expression and cross-reactivity of these
antibodies using citrulline- and homocitrulline-containing synthetic peptides, CitJED and
HomoGCitJED, respectively, which have equal numbers of citrulline or homocitrulline residues on the
same peptide backbone.

Methods. Serum from healthy subjects (n = 51) and patients with RA (n = 137), systemic lupus erythe-
matosus (SLE; n = 37), and psoriatic arthritis (PsA; n = 37) were screened for IgG anti-CitJED and
anti-HomoCitJED antibodies by ELISA. Cross-reactivity of these antibodies was examined by
inhibition with various concentrations of CitJED and HomoCitJED.

Results. Out of 137 patients with RA, antibodies to CitJED and HomoCitJED were detected in 69
(50%) and 78 (57%), respectively. Anti-CitJED and HomoCitJED antibodies were 77% concordant
and their levels were strongly correlated [Spearman correlation coefficient (ry) = 0.6676]. Sera from
25/27 patients (93%) with RA were inhibited by both CitJED and HomoCitJED with equal or higher
affinity for the cognate (homologous) peptide.

Conclusion. Antibodies to CitJED and HomoCitJED frequently occurred in RA, but were not found
in SLE or PsA, suggesting that these antibodies are specific to RA. Cross-reactivity between
anti-HomoCitJED and anti-CitJED antibodies suggests that ACPA and AHCPA are derived from the
same B cell population and both may contribute to the pathogenesis of RA. (First Release December
1 2017; J Rheumatol 2018;45:302-9; doi:10.3899/jrheum.170446)
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Rheumatoid arthritis (RA) is an inflammatory autoimmune
disorder that predominantly affects the joints and is specifi-
cally associated with anticitrullinated protein antibodies
(ACPA)!234 Recently, antihomocitrullinated protein/peptide
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antibodies (AHCPA), also known as anticarbamylated protein
antibodies (anti-CarP), have been identified in patients with
RA36789 Both ACPA and AHCPA can appear prior to
disease onset®!0:1l and are predictive of more severe
disease®12. ACPA have been demonstrated to be arthrito-
genic!314; the role of AHCPA in RA pathogenesis is
unknown.

ACPA and AHCPA target citrullinated and homocitrullinated
antigens, which arise from the posttranslational modification of
arginine and lysine, respectively. Citrulline and homocitrulline
have identical chemical structures, except homocitrulline has 1
additional carbon'?. Studies show that ACPA can detect proteins
containing homocitrulline>'%. However, the degree of
cross-reactivity of ACPA for homocitrullinated proteins varied
between the studies. These discrepancies may be a result of
proteins having different numbers and locations of citrulline
and homocitrulline, as we have previously reported for
fibrinogen?, potentially resulting in different peptide antigens.
Studies using citrulline- and homocitrulline-containing peptides
with the same backbone were inconclusive because the affinity
of antibodies to citrullinated and homocitrullinated peptides was
not investigated!7-18:19,
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In our study, we used a synthetic citrulline-rich peptide,
JED (referred to here as CitJED), and its homocitrullinated
counterpart (HomoCitJED). These peptides have a high
proportion of citrulline or homocitrulline residues (9/18),
rendering immune reactivity to the backbone unlikely.
Although not derived from an endogenously expressed
autoantigen, we showed that CitJED detects clinically
relevant antibody reactivities from patients with RA
(anticyclic citrullinated peptide and anticitrullinated
fibrinogen antibodies)>. Here we used CitJED and
HomoCitJED to examine the expression, relatedness, and
relative affinity of antibodies to citrullinated and homocitrul-
linated peptides in patients with RA.

MATERIALS AND METHODS

Study population. Serum samples were collected from healthy subjects and
from patients with RA attending a tertiary care rheumatology clinic at St.
Joseph’s Health Care London (SJHC; London, Ontario, Canada). All patients
with RA (n = 137) satisfied the American College of Rheumatology (ACR)
2010 criteria for RA20, and all were treated with disease-modifying
antirheumatic drugs. The swollen joint count in RA was determined by the
treating rheumatologist, who performed a 64-joint examination; only swollen
joints attributed to active RA were included in the count. RA patients without
joint swelling were considered to be in remission. Demographic, serological,
and clinical characteristics of patients with RA are summarized in Table 1.
Healthy subject serum samples (n = 51) were collected from accompanying
individuals who were unrelated to the patients with RA, and from staff
members at STHC or The University of Western Ontario. Healthy subjects
were 65% female with a median age of 45 years (range 21-74). Healthy
subjects did not have autoimmune disease and were excluded from the study
if they had a history of joint symptoms.

Patients with systemic lupus erythematosus (SLE) and psoriatic arthritis
(PsA) were previously described”. SLE patient serum samples were collected
from patients attending SJHC (n = 37). All of these patients satisfied the
ACR criteria for SLE?!. Patients with SLE were 89% female with a mean
age of 53 years (range 24-81). Of the 37 patients with SLE, 2 also had inflam-
matory arthritis and 1 had secondary Sjogren syndrome. PsA patient sera were
collected from SJHC (n = 10) or were provided by Dr. Dafna Gladman from
the Centre for Prognosis Studies in the Rheumatic Diseases, Toronto Western
Hospital (n = 27), all of whom either met the ClASsification for Psoriatic
ARthritis (CASPAR) criteria for PsA22 or were diagnosed as having PsA by

Table 1. Demographic, serological and clinical characteristics of patients
with RA. Values are n (%) or median (range) unless otherwise specified.

Patient Characteristics n=137
Demographic features

Female 100 (73)
Age, yrs 59 (19-82)
Disease duration, yrs 4(0.17-51)
IgG anti-CCP2—positive 87 (64)
Concentration, units/ml 121.3 (6.0-475.0)
RF-positive 83 (61)
Smoking history® 81 (61)
Joint swelling® 57 (47)
Average number of swollen joints 72

aData available for 132 patients with RA; Pdata available for 121 patients
with RA. Joint swelling was determined by the treating rheumatologist and
was associated with active RA disease activity. Anti-CCP: anticyclic citrul-
linated peptide antibodies; IgG: immunoglobulin G; RF: rheumatoid factor.

a rtheumatologist in a specialized PsA clinic. Patients with PsA were 46%
female with a mean age of 53 years (range 36-82). Our study was approved
by the Human Ethics Committee of The University of Western Ontario,
according to the Declaration of Helsinki (REB #09684E and #100868).

Antigens. The following peptide antigens were used for antibody assays: (i)
JED, referred to here as CitJED, a proprietary synthetic, cyclic peptide, 18
amino acids in length with 9 residues of citrulline>23-24; (ii) homocitrulli-
nated JED (HomoCitJED), identical to CitJED except that all 9 citrulline
residues were replaced with homocitrulline. The sequences of both peptides
were confirmed by mass spectrometry and the purity was > 85%, as provided
by the supplier.

CitJED and HomoCitJED were synthesized by Creative Peptides.
CitJED and HomoCitJED were dissolved in 15% hydrochloric acid (HCL)
in sterile distilled water for direct ELISA and for inhibition ELISA.
HomoCitJED was dissolved in 15% HCL in sterile distilled water to increase
its solubility. Although water soluble, CitJED was also dissolved in 15%
HCL to compare the antibody-binding properties of CitJED and
HomoCitJED. This treatment did not alter peptide structure as determined
by mass spectrometry and ELISA (data available upon request).

Antibody assays. Human sera were tested for expression of IgG anti-CitJED
and IgG anti-HomoCitJED using direct antibody-binding ELISA. The
protocol was adapted from Hill, et al*. Wells of ELISA plates (Nunc
MaxiSorp, VWR) were coated overnight at 4°C with 2 ug of peptide (20
pg/ml; CitJED or HomoCitJED) per well in carbonate coating buffer, pH
9.6. The wells were washed with wash buffer [phosphate buffered saline
(PBS), 0.05% Tween] and blocked for 30 min at room temperature (RT) with
200 ul of PBS [0.1% bovine serum albumin (BSA)]. Serum samples were
diluted = 1:100 in diluent (PBS, 0.1% BSA, 0.05% Tween). Diluted sera
(100 pl) were added to duplicate wells and incubated for 30 min at RT. After
washing, 100 pl of biotin-conjugated goat anti-human IgG (1:8000; Sigma)
and streptavidin horseradish peroxidase polymer (1:4000; Abcam) were
added for 30 min at RT. After washing again, 100 pl of 3,3",5,5"-Tetra-
methylbenzidine substrate (Sigma) was added to the wells and incubated for
10 min at RT. The reaction was stopped with 50 pl of 1 M H,SO, and the
absorbance was determined at 450 nm.

Anti-CitJED and anti-HomoCitJED antibody concentrations in tested
serum samples were determined by comparison to a reference serum sample,
which was positive for both antibodies. These concentrations were quantified
in arbitrary units/ml (AU/ml). The cutoff values for positive anti-CitJED and
anti-HomoCitJED expression were 3.8 AU/ml and 25.3 AU/ml, respectively.
The cutoff values represent the mean antibody concentration of healthy
subjects + 2 SD. Anti-CitJED and anti-HomoCitJED concentrations are
reported as an average of at least 3 repeat determinations (< 20% interassay
variation). The number of patients with antibody levels > 2 times the upper
limit of normal were also reported, similar to ACR criteria2’. IgG anticyclic
citrullinated peptide antibodies (anti-CCP)2 and IgM rheumatoid factor (RF)
concentrations were determined by Pathology and Laboratory Medicine,
London Health Sciences Centre or by our laboratory using anti-CCP2
(Euroimmun) or RF (Inova Diagnostics) ELISA kits.

Cross-reactivity of anti-CitJED and anti-HomoCitJED was determined
by inhibition ELISA. The protocol was adapted from Scinocca, et al’.
Various amounts of soluble peptide in diluent were incubated with diluted
RA patient sera for 1 h at RT prior to addition to ELISA wells coated with
CitJED or HomoCitJED and carried out as described for direct
antibody-binding ELISA. Inhibition assays were repeated at least twice for
each patient. Sera were selected for inhibition ELISA based on antibody
concentration, which were a minimum of 10 AU/ml for anti-CitJED and 70
AU/ml for anti-HomoCitJED. These minimum concentrations were required
to obtain a dose-dependent, reproducible inhibition. Anti-CitJED and
anti-HomoCitJED were considered as cross-reactive if inhibition with the
noncognate peptide was = 50% at any inhibiting peptide concentration.
Inhibition of anti-CitJED and anti-HomoCitJED antibodies was also
performed using control peptides containing arginine or lysine, JED-Arg and
JED-Lys, respectively. Inhibitions with JED-Arg and JED-Lys were
performed once per sample.
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Statistical analysis. Graphpad Prism 6.0 software was used for data analysis.
Fisher’s exact test was used for comparison of categorical values. The
Kruskal-Wallis test with Dunn multiple comparison was used to compare
expression of anti-CitJED and anti-HomoCitJED in patients with RA to
healthy subjects, and patients with SLE and PsA (p < 0.005 was considered
significant). Correlation between anti-CitJED and anti-HomoCitJED
expression was tested using Spearman correlation. Two-way ANOVA with
Bonferroni correction was used for statistical analysis of inhibition experi-
ments (p <0.01 was considered significant).

RESULTS

Occurrence of anti-CitJED and anti-HomoCitJED antibodies
in patients with RA and healthy subjects, as well as patients
with SLE or PsA. IgG antibodies reactive to CitJED and
HomoCitJED were assessed in 137 patients with RA, 51
healthy subjects, 37 patients with SLE, and 37 patients with
PsA. Anti-CitJED levels were significantly higher in patients
with RA compared to other groups (p < 0.0001; Figure 1A).
Anti-CitJED was expressed in 69/137 (50%) of patients with
RA; 54/69 (78%) of these patients had anti-CitJED levels
> 2 times the cutoff. Anti-CitJED was detected in 2/51 (4%)
of healthy subjects and was not detected in patients with SLE
or PsA. Anti-HomoCitJED was also detected at elevated
levels in patients with RA compared to other groups
(p < 0.0001; Figure 1B). Of the patients with RA, 78/137
(57%) were positive for serum anti-HomoCitJED, with 49/78
(63%) of these anti-HomoCitJED—positive RA patients
having antibody levels > 2 times the cutoff. In contrast, only
4/51 (8%) of healthy subjects had low levels of anti-Homo-
CitJED. Anti-HomoCitJED was not found in PsA, but was
detected in 1 patient with SLE with a concentration of 162.6
AU/ml. This patient with SLE was felt to have an overlap
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connective tissue disease with features of both SLE and RA,
given that this patient had erosive inflammatory arthritis and
was also anti-CCP2-positive. These results indicate that
anti-CitJED and anti-HomoCitJED antibodies are frequently
present at high concentrations in patients with RA, and infre-
quently found in healthy subjects, SLE, or PsA patients.

Coexpression of anti-CitJED and anti-HomoCitJED
antibodies in patients with RA. Out of 137 patients with
RA, 48 (35%) were negative for both anti-CitJED and
anti-HomoCitJED, while 58/137 (42%) of patients with RA
were positive for both antibodies. There were 11 (8%) and
20 (15%) patients with RA who were single positive for
anti-CitJED or anti-HomoCitJED, respectively. Thus,
anti-CitJED and anti-HomoCitJED have a concordance of
77%. A strong correlation was found in the levels of serum
anti-CitJED and anti-HomoCitJED [Spearman correlation
coefficient (ry) = 0.6676, p < 0.0001; Figure 2] and we
observed an association between anti-CitJED and
anti-HomoCitJED antibody expression with OR 12.65 (95%
CI 5.52-29.00). The levels of anti-HomoCitJED in patients
with anti-CitJED and anti-HomoCitJED were significantly
greater compared to patients who had anti-HomoCitJED
alone (p < 0.001, data not shown).

The expression of anti-CitJED and anti-HomoCitJED in
relation to anti-CCP2 is shown in Figure 3. Out of 137 patients
with RA, 87 (64%) were positive for anti-CCP2. Of the
anti-CCP2—positive patients with RA, 53 (61%) expressed
anti-CitJED and 58 (67%) were positive for anti-HomoCitJED.
In the 50 patients with RA who lacked anti-CCP2, 16 (32%)
had anti-CitJED and 20 (40%) had anti-HomoCitJED. Only
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Figure 1.Anti-CitJED and anti-HomoCitJED levels are increased in patients with RA. Serum anti-CitJED (A) and anti-HomoCitJED (B) were screened
in patients with RA (n = 137), healthy subjects (n = 51), patients with SLE (n = 37), and patients with PsA (n = 37). Cutoff values were 3.8 AU/ml for
anti-CitJED and 25.3 AU/ml for anti-HomoCitJED. Grey bars represent the median concentration. Number and percentages of positive sera, SD, and
median concentrations are shown below the respective group. RA: rheumatoid arthritis; SLE: systemic lupus erythematosus; PsA: psoriatic arthritis;

AU: arbitrary units.
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Figure 2. Anti-CitJED and anti-HomoCitJED levels are correlated in RA (n = 137). The levels of anti-CitJED and
anti-HomoCitJED antibodies were compared by Spearman nonparametric correlation. RA: rheumatoid arthritis;

AU: arbitrary units.
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Figure 3. Anti-CitJED and anti-HomoCitJED are found in anti-CCP2—positive (A) and anti-CCP2—negative (B) patients with RA. Data shown are n
(%). RA: rheumatoid arthritis; anti-CCP: anticyclic citrullinated peptide antibodies.

6/137 (4%) of patients with RA were positive for
anti-HomoCitJED and negative for both anti-CitJED and
anti-CCP2; only 1 of these patients had anti-HomoCitJED
levels > 2 times the cutoff. Of the 137 patients with RA, 36
(26%) were negative for both anti-CCP2 and/or RF. In this
latter subpopulation, 12/36 (33%) of patients with RA

expressed anti-CitJED and/or anti-HomoCitJED; 2/36 (6%)
expressed anti-CitJED only, 2/36 (6%) expressed
anti-HomoCitJED only, and 8 expressed both antibodies.

Cross-reactivity of anti-Cit/JED and anti-HomoCitJED
antibodies. To examine the cross-reactivity of anti-CitJED
and anti-HomoCitJED, we performed inhibition ELISA on
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RA sera (Figure 4), which met required anti-CitJED levels
of 10 AU/ml and/or anti-HomoCitJED levels of 70 AU/ml,
as described. We examined 15 anti-CCP2—positive and 2
anti-CCP2-negative patients with RA who expressed both
anti-CitJED and anti-HomoCitJED (referred to here as
double positive; Figure 4A, B; Supplementary Figure 1, and
Supplementary Figure 2, available with the online version
of this article). We also examined 5 patients who were
anti-CitJED—positive  but  anti-HomoCitJED-negative
(anti-CitJED single positive; Figure 4C and Supplementary
Figure 3), and 5 patients who were anti-HomoCitJED—
positive but anti-CitJED—negative (anti-HomoCitJED single
positive; Figure 4D and Supplementary Figure 3). These
single-positive patients were also positive for anti-CCP2.
None of the sera from single-positive patients who were
anti-CCP2-negative met the required antibody concentra-
tions for the inhibition assay.

Anti-CitJED and anti-HomoCitJED from double-positive
and single-positive patients with RA were inhibited by both
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CitJED and HomoCitJED peptides (Figure 4). The binding
affinity for CitJED and HomoCitJED peptides was examined
by comparing the peptide concentrations of CitJED and
HomoCitJED required to achieve 50% inhibition of antibody
reactivity. The cognate peptide produced significantly greater
inhibition of antibody reactivity (p < 0.0001; Figure 4). In
double-positive and anti-CitJED single-positive patients with
RA, inhibition > 50% of anti-CitJED binding activity
required 2 pg/ml of CitJED on average, compared to 100
pg/ml of HomoCitJED (Figure 4A and Figure 4C).
Anti-CitJED from 2/5 anti-CitJED single-positive patients
showed little to no inhibition by HomoCitJED (Supple-
mentary Figure 3). In double-positive patients with RA,
inhibition of 50% of anti-HomoCitJED binding activity
required 10 pg/ml of HomoCitJED compared to 50 pg/ml for
CitJED (Figure 4B). In the group of anti-HomoCitJED
single-positive patients, 50% inhibition of anti-HomoCitJED
activity required 50 pg/ml of HomoCitJED compared to 100
pg/ml of CitJED (Figure 4D). These results indicate that
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Figure 4. Anti-CitJED and anti-HomoCitJED from patients with RA are cross-reactive. Sera containing anti-CitJED (A, C)
and anti-HomoCitJED (B, D) from patients with RA were inhibited with CitJED and HomoCitJED at the concentrations shown
(average inhibitions + standard error are shown: (A, B) n = 15 for anti-CitJED and anti-HomoCitJED double positive; (C) n =
5 for anti-CitJED single positive; and (D) n = 5 for anti-HomoCitJED single positive by direct ELISA. Inhibition was conducted
at least twice for each serum. p < 0.01 was considered significant by 2-way ANOVA. RA: rheumatoid arthritis.
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anti-CitJED and anti-HomoCitJED antibodies are cross-
reactive, and have a higher inferred binding affinity to their
respective cognate peptide. Sera from 5 patients with RA who
expressed both anti-CitJED and anti-HomoCitJED were
examined by inhibition with the control peptides, JED-Arg
and JED-Lys. These peptides did not inhibit the binding
activity of anti-CitJED and anti-HomoCitJED (data not
shown).

DISCUSSION

In our study, we used synthetic citrullinated and homocitrul-
linated peptides, containing equal numbers of citrulline or
homocitrulline residues, to examine the expression pattern
and cross-reactivity of ACPA (represented by anti-CitJED)
and AHCPA (represented by anti-HomoCitJED) in patients
with RA. We found that antibodies reactive to CitJED and
HomoCitJED were frequently expressed in the serum of
patients with RA. These antibodies were rarely found in
healthy individuals and in patients with SLE or PsA. The
expression of anti-CitJED and anti-HomoCitJED antibodies
was 77% concordant. Additionally, we have demonstrated
that anti-CitJED and anti-HomoCitJED are frequently
cross-reactive in the patients studied and have higher affinity
for the cognate peptide.

We detected IgG anti-HomoCitJED antibodies in 57%
of patients with RA, a higher proportion than was
reported for other antibodies targeting homocitrullinated
proteins or peptides (19-45%)317-18:1925.26.27 Gimilarly, [gG
anti-HomoCitJED was expressed in a significant proportion
(28%) of anti-CCP2/RF-negative patients with RA. Anti-
bodies to homocitrullinated proteins and peptides have been
previously reported in anti-CCP2—negative patients with RA
to varying degrees® 18252627 This variability may be
attributed to several factors, including differences in the
characteristics of the study populations (genetics, environ-
mental exposures, and disease activity). Consistent with a
prior study, we did not observe a significant difference in IgG
anti-HomoCitJED expression between RA patients with and
without a history of smoking (data not shown)2. Our RA
population had longer disease duration compared to the other
studies and therefore may have developed more AHCPA
reactivity over time. We have also found that IgG
anti-HomoCitJED were rarely found in healthy individuals
and patients with SLE or PsA. The specificity of IgG
anti-HomoCitJED for RA requires further study with other
types of inflammatory conditions. Some studies have
identified antibodies to carbamylated fetal calf serum
(anti-CarP) in other inflammatory arthritides and connective
tissue diseases (in up to 50% of patients)>6-27-28.29.30,

Prior studies did not examine the extent and affinity of
antibody cross-reactivity of antibodies to citrullinated or
homocitrullinated peptides, leading to the question of
whether ACPA and AHCPA are part of a single antibody
family or 2 separate antibody systems. We performed detailed

inhibition experiments, allowing for analyses of the preva-
lence and affinity of cross-reactive ACPA and AHCPA. Using
CitJED and HomoCitJED peptides that have equal numbers
of citrulline and homocitrulline residues, respectively, we
observed that anti-CitJED and anti-HomoCitJED antibodies
were inhibited by both peptides in the majority of patients
with RA (25/27 of patients with RA examined by inhibition
ELISA), including those who were positive for only 1 of
these antibodies by direct ELISA. The difference in antibody
peptide-binding activity observed between direct ELISA and
inhibition ELISA could be caused by lower peptide concen-
trations used in direct ELISA, or possibly owing to con-
formational differences between soluble peptides and
plate-bound peptides. These results suggest significant
cross-reactivity between ACPA and AHCPA and support the
notion that these antibodies are part of the same antibody
family, as proposed by Reed, et al'®. Cross-reactivity to
citrullinated and homocitrullinated antigens has also been
demonstrated in experimental animals. Turunen, et al showed
that immunization with homocitrullinated antigens led to the
development of anticitrulline reactivity in rabbits!3. Further,
Mydel, ef al observed the development of erosive arthritis in
mice, immunized with a homocitrullinated filaggrin peptide,
followed by the introduction of citrullinated filaggrin peptide
into the knee?!.

In RA, it is not known whether citrullinated or homo-
citrullinated antigens (or both) are responsible for the initi-
ation of autoantibody development. ACPA and AHCPA have
been detected in patients years prior to disease onset®10:11:32,
Further, the anticitrullinated protein antibody response has
been demonstrated to undergo epitope spreading, resulting in
an expansion of the ACPA repertoire over time32. Because of
the structural similarity between citrulline and homo-
citrulline, epitope spreading may lead to ACPA acquiring
AHCPA specificities or vice versa. We observed that the
degree of cross-reactivity varied among RA patients, with the
majority having higher affinity for the cognate antigen. This
finding likely reflects the abundance of the cognate antigen,
which drives B cell maturation toward the production of
higher-affinity antibodies to the same antigen. We identified
2 patients that did not have cross-reactive antibodies who
were both anti-CitJED—positive; however, we did not
determine whether these patients would later develop
cross-reactivity to homocitrulline.

There are limitations to our study: measurements were
performed at 1 timepoint, few patients had early disease, and
samples from pre-RA subjects were not available. Future
longitudinal studies of patients with early and pre-RA could
provide a better understanding of the role of antihomo-
citrulline and anticitrulline antibodies in the initiation and
progression of RA. Detailed clinical information was also not
available; therefore, we could not assess the effect of the
cross-reactivity and affinity of these antibodies on RA disease
activity and severity.
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