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Objective. Rheumatoid arthritis (RA) is character-
ized by the presence of autoantibodies, including seroposi-
tivity for rheumatoid factor (RF) and anti–citrullinated
protein antibodies (ACPAs). In addition, antibodies to
carbamylated proteins (anti-CarP) are present in patients
with RA and are associated with joint damage. This study
was undertaken to assess the presence of anti-CarP anti-
bodies in indigenous North Americans (First Nations
[FN] populations) with RA compared to their at-risk
first-degree relatives (FDRs) and healthy controls.

Methods. Anti-CarP IgG and ACPAs (specifically,
anti–cyclic citrullinated peptide [anti-CCP] antibodies)
were measured by enzyme-linked immunosorbent assay

in the sera of FN patients with RA (n 5 95), their unaf-
fected FDRs (n 5 109), and healthy FN controls (n 5 85).
Antibodies to additional citrullinated peptides were mea-
sured using a multiplex ACPA array, and the number of
peptides recognized was reported as an ACPA score.
Groups were compared using the chi-square test and
Mann-Whitney U test. Associations between RA and sero-
positivity for RF, ACPAs, and anti-CarP antibodies were
determined by logistic regression.

Results. Anti-CarP antibodies were more frequent
in FN patients with RA (44.3%) compared to FDRs
(18.3%) and FN controls (4.7%) (both P < 0.0001 versus
RA). Moreover, anti-CarP antibodies were more frequent
in FDRs than in FN controls (P 5 0.008). The ACPA
score was higher in anti-CCP–positive FN patients with
RA than in anti-CCP–positive FN FDRs (median score 7
[interquartile range (IQR) 7] versus median score 1
[IQR 4]; P 5 0.04). The association with RA was stron-
gest when all 3 autoantibodies (RF, anti-CCP, and anti-
CarP) were present in the patients’ serum (odds ratio
194, 95% confidence interval 23–1,609, P < 0.0001).

Conclusion. Anti-CarP antibodies are prevalent
in FN patients with RA and also more common in their
at-risk FDRs compared to healthy controls. The results
indicate an association of RF, ACPAs, and anti-CarP
with RA that is strongest when all 3 autoantibodies are
present. These findings may provide new insights into
the evolution of autoimmunity in preclinical RA.

Indigenous North Americans have some of the
highest prevalence rates of rheumatoid arthritis (RA)
worldwide (1,2). These indigenous peoples, particularly
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the Cree, Ojibway/Ojibwe, and Oji-Cree populations,
hereafter referred to as First Nations (FN) populations
(3), develop RA at an earlier age, have more large joint
involvement, and are more likely to be seropositive with
high titers of both rheumatoid factor (RF) and anti–
citrullinated protein antibodies (ACPAs), as compared to
Caucasian populations (4). The high frequency of HLA
shared epitope (SE) alleles in the general FN population,
combined with high rates of smoking and other environ-
mental exposures, may contribute to the increased risk of
developing RA (4–7). Thus, this is an ideal population to
study the earliest stages of RA and to assess factors that
might play a role in precipitating autoimmunity.

ACPAs and RF are present in the majority of
patients with RA, and both are associated with more
aggressive disease and extraarticular features (8,9).
ACPAs and RF can be detected in the serum several
years prior to the development of clinical disease, and
the magnitude of the antibody effect often increases
with imminent arthritis (10–15). These observations and
other evidence suggest that ACPAs and/or ACPA-
producing B cells likely play a role in disease patho-
genesis. Clinically, ACPAs are usually detected with
commercially available anti–cyclic citrullinated peptide
(anti-CCP) assays; anti-CCP seropositivity is included in
the updated American College of Rheumatology/Euro-
pean League Against Rheumatism classification criteria
for RA (16). However, up to one-quarter of RA patients
remain seronegative for both anti-CCP and RF (17–19).
Moreover, although it has been reported that sensitive
multiplex arrays can detect additional antibodies to multi-
ple citrullinated residues in up to 10% of anti-CCP–
negative cases (20), some RA patients remain seronegative.

Antibodies to carbamylated proteins (anti-CarP),
also known as antihomocitrulline antibodies, have recent-
ly have been described in RA (11,21–23). Anti-CarP anti-
bodies recognize homocitrulline, which is structurally
similar to citrulline. Homocitrulline is generated through
carbamylation, a posttranslational modification of lysine
by cyanate, which occurs during the urea cycle, and by
myeloperoxidase, which acts as a key enzyme in inflamma-
tory cells (24). Carbamylated antigens have been reported
to enable activation of T cells, and thereby could generate
T cell help for antibody production (25). Studies have
shown that antibody responses to citrulline and homocit-
rulline do not completely overlap in patients with RA
(21,23), which suggests that anti-CarP antibodies could
play a role in RA as a separate antibody system.

Data with regard to the role of anti-CarP anti-
bodies in RA are limited. Anti-CarP antibodies are rela-
tively specific for RA and are seen in ACPA-negative
patients with polyarticular juvenile idiopathic arthritis

(23,26). These autoantibodies are associated with more
severe disease (21) and, thus, may be used to identify a sub-
set of ACPA-negative arthritis patients whose prognosis is
poor (27). Anti-CarP antibodies can be detected in the
serum of patients with RA prior to disease onset (11,28,29).
In patients with arthralgia, these antibodies may be used to
predict future RA development, independent of the pres-
ence of anti-CCP (30). The objectives of the present study
were to determine the presence of anti-CarP antibodies
and their association with other RA autoantibodies in a
predisease population of subjects who are known to have a
substantially increased risk of developing RA.

PATIENTS AND METHODS

Subject recruitment and serum samples. Participants
from the Cree, Ojibway/Ojibwe, and Oji-Cree FN populations
were recruited from urban and rural rheumatology clinics in
Manitoba, Canada, as previously described (5,10,31). The sub-
jects recruited from these FN populations were required to
have at least 3 grandparents of FN ethnicity. Patients with RA
met the American College of Rheumatology 1987 classifica-
tion criteria for RA (32) and were asked to approach their
first-degree relatives (FDRs) about participation in the study.
Consenting FDRs were examined by a rheumatologist (DBR
or HEG) to confirm that they did not have RA and were fol-
lowed up annually. Control subjects from these same FN popu-
lations and Caucasian North American controls were recruited
from the same geographic areas as the relatives and did not
have a personal or family history of autoimmune disease (31).

All subjects completed questionnaires assessing demo-
graphic characteristics, health habits, and musculoskeletal
symptoms. Serum was collected, spun, aliquoted, and stored at
2 208C. For this analysis, participants (95 FN patients with
RA, 109 FN FDRs, 85 FN controls, and 38 Caucasian North
American controls) were selected, and the groups were
matched by age and sex. Serum samples were tested for anti-
CarP antibodies. An overlapping group of serum samples
from 52 FN controls, 99 FN patients with RA, and 96 FN
FDRs were tested for ACPA reactivity using a multiplex bead-
based assay (15,20).

Rheumatoid factor (RF) and anti-CCP assays. RF
was measured by nephelometry in our hospital clinical labora-
tory. For samples in which nephelometry testing was not avail-
able, RF IgM and IgA isotypes were tested by enzyme-linked
immunosorbent assay (ELISA). Using larger healthy control
populations of FN subjects (n 5 200) and Caucasian North
American subjects (n 5 150), which included the FN and Cau-
casian North American controls in this analysis, and using an
RF ELISA calibrated to standards of known IU (measured by
nephelometry), we previously identified the cutoff value for
RF positivity in this FN population to be 50 IU. At this level,
95% of Caucasian North American subjects are considered to
be seronegative for RF (33).

Anti-CCP was measured by CCP-2 and/or CCP-3 ELISAs
(Inova), and positive test results were assigned according to the
manufacturer’s recommendations. Samples testing positive for
either anti–CCP-2 or anti–CCP-3 were considered anti-CCP
positive.
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Anti-CarP antibodies were measured by ELISA using
a modification of the methods developed by Shi et al (21).
Briefly, Nunc Maxisorb plates were coated with fetal calf
serum (FCS) or carbamylated FCS (manufactured at Leiden
University Medical Center using potassium cyanate). Serum
samples were added, and bound human IgG recognizing car-
bamylated protein was captured using a rabbit anti-human
IgG antibody containing a horseradish peroxidase (HRP)
label. Rather than converting the HRP using ABTS, a method
that has been described previously, we used tetramethylbenzi-
dine (TMB) and added 50 ml of H2SO4 to stop the reaction.
The absorbance was read at 450 nm (suitable for both TMB
and ABTS). Standard dilutions were included on each plate to
generate a standard curve. The sample concentrations based
on absorbance values were calculated via nonlinear fit and
adjusted for the dilution factor. The cutoff level for defining
anti-CarP–positive serum samples in the FN groups was estab-
lished based on the mean (plus 2 SD) anti-CarP level in the 85
FN control samples. The absorbance values of anti-CarP var-
ied in independent experiments, although a sample found to
be positive for anti-CarP in one measurement remained posi-
tive in all other experiments, and a sample found to be nega-
tive remained negative.

ACPA multiplex array. Sera were tested for antibody
reactivity to multiple citrullinated peptides and proteins using
a bead-based multiplex array, as previously described (15,20).
Briefly, the serum was incubated with beads coated with 16 dif-
ferent citrullinated proteins, some with multiple citrullinated
peptides, or with beads coated with 3 native proteins not tar-
geted in RA, which served as controls (see Supplementary
Table 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.39664/abstract).
Bound human IgG autoantibodies were conjugated to phyco-
erythrin (PE) and passed through a Luminex 200 detection
laser to determine the extent of PE fluorescence. Similar to
the findings in previous studies (15,20), seropositivity against
each component autoantigen in the array was calculated based
on a preestablished cutoff level, defined as the mean plus 3 SD
value exhibited by an FN control population, which consisted
of 52 of the FN control serum samples used for the anti-CarP
ELISA. Seropositivity for each component autoantigen con-
tributed to an aggregate ACPA score, which was based on the
total number (sum) of ACPA peptides recognized in each
serum sample. These scores were used as a proxy for the
breadth of ACPA epitope spreading.

HLA typing. HLA–DRB1 typing was performed by
polymerase chain reaction using sequence-specific oligo-
nucleotide primers, as previously described (5). The fol-
lowing DRB1 alleles were included as SE-bearing alleles:
DRB1*0101, 0102, 0401, 0404, 0405, 0408, 0410, 1001, and
1402.

Statistical analysis. Results are reported as the num-
ber (percentage) for categorical variables, median (interquar-
tile range [IQR]) for nonparametric continuous variables, and
mean 6 SD for normally distributed continuous variables. Sta-
tistical comparisons of continuous anti-CarP levels between
groups were tested by Kruskal-Wallis test (for 3-group com-
parisons) and Mann-Whitney U test (for 2-group compari-
sons). Categorical variables were tested using chi-square tests,
and results were reported as the Mantel-Haenszel common
odds ratio (OR) (with 95% confidence interval [95% CI]) and
P values. Correlations between the ACPA score and anti-CarP

level were tested using Spearman’s correlation analyses. The
contribution of antibodies to the risk of RA was determined
with logistic regression models, which were controlled for age,
sex, smoking, and SE status. P values less than 0.05 were con-
sidered statistically significant. All statistical comparisons were
performed using IBM SPSS software, version 22.

Ethics considerations. All study participants provided
informed consent in accordance with the Declaration of Hel-
sinki. The research ethics board of the University of Manitoba
approved the study. All samples and data were anonymized.
Consistent with the guidelines of the Canadian Institutes of
Health Research for conducting research involving indigenous
populations in Canada, we established an advisory committee
to provide oversight, and we entered into research agreements
with the FN communities participating in the study.

RESULTS

Study subjects. The clinical characteristics of
the study subjects were similar to those in previous stud-
ies (5,34) (Table 1). Age varied between the groups
(P , 0.0001, by Kruskal-Wallis test). FN patients with
RA were older than their FDRs and FN controls (both
P , 0.05 versus RA). Smoking was more common in the
FN patients with RA and their relatives compared to
FN controls (P 5 0.02 among all 3 groups, by chi-square
test). As previously reported, the prevalence of SE posi-
tivity in the FN control population was high, and an
even higher rate of SE positivity was found in FN
patients with RA and their relatives (P , 0.0001 among
all 3 groups, by chi-square test; P 5 0.001 for FN
patients with RA and FN FDRs versus FN controls).

Determination of cutoff levels for anti-CarP
antibody positivity. The cutoff level for anti-CarP anti-
body seropositivity in FN subjects was established to be
419 arbitrary units (AU)/ml, a value that was 2 SD
above the mean value in the FN controls. Two serum
samples from the FN control group exhibited very high
anti-CarP antibody levels (Figure 1). These 2 samples
were also strongly positive for anti-CCP, and 1 was posi-
tive for RF, suggesting that the condition in these indi-
viduals likely represented preclinical RA. These 2
subjects were not included in the cutoff calculation but
were included as FN controls in the other analyses.

Since RF titers are affected by ethnicity (33), we
compared anti-CarP antibody levels in FN controls to
those in Caucasian North American controls. The RF
titers were found to be similar between the 2 groups
(median 108.3 AU [IQR 137] in FN controls versus
median 95.6 AU [IQR 118] in Caucasian North American
controls; P 5 0.98, by Mann-Whitney test). Furthermore,
the percentage of subjects positive for anti-CarP was simi-
lar between the 2 control groups (4.7% of FN controls
versus 8% of Caucasian North American controls;
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P 5 0.5, by Fisher’s exact test). Thus, all subsequent com-
parisons used only FN subjects as controls.

Levels and distribution of anti-CarP antibodies
in FN subjects. The levels and distribution of anti-
CarP antibodies in FN patients with RA, FN FDRs, and
FN controls are shown in Figure 1. In analyses in which
the predetermined cutoff level for anti-CarP antibody
positivity was used, the prevalence of anti-CarP anti-
bodies differed across the 3 FN groups (x2 5 41;
P , 0.0001, by Pearson’s chi-square test). The preva-
lence of anti-CarP antibodies in FN patients with RA
was 44.3%, which was significantly higher than that in
the FN control subjects, in whom the prevalence of anti-
CarP was 4.7% (OR 16.05, 95% CI 5.47–47.37,
P , 0.0001), and also significantly higher than that in
the FDRs, in whom the prevalence of anti-CarP was
18.3% (OR 3.53, 95% CI 1.88–6.63, P , 0.0001). Fur-
thermore, FN FDRs had a higher prevalence of anti-
CarP antibodies than did FN controls (OR 4.55, 95% CI
1.49–13.88, P 5 0.008). Thus, in these FN populations,
the sensitivity of antiCarP antibody positivity for pre-
dicting the presence of RA was 44% and the specificity
was 88%. Among subjects positive for anti-CarP anti-
bodies, titers of anti-CarP antibodies were similar across
the 3 groups (median 1,249 AU [IQR 1,239] in FN con-
trols, median 1,034 AU [IQR 1,100] in FN FDRs, and
median 809 AU [IQR 1,062] in FN patients with RA;
P 5 0.6, by Kruskal-Wallis test).

We further analyzed the distribution of anti-
CarP seropositivity according to anti-CCP and RF sta-
tus (Figures 2A and B). Anti-CarP antibodies were
detected in 17 (9.8%) of 172 subjects who were sero-
negative for both RF and anti-CCP (among all 3 FN

Table 1. Clinical characteristics of the First Nations (FN) subjects with rheumatoid arthritis (RA) compared to FN con-
trols and FN first-degree relatives (FDRs) at the time of enrollment

FN controls
(n 5 85)

FN FDRs
(n 5 109)

FN patients with RA
(n 5 95)

Age at enrollment, mean 6 SD years 36 6 12 38 6 14 45 6 14*
Sex, % female 79 73 82
Current smoker, % 69 85† 79
RF‡

Positive, no./total (%)§ 5/77 (6) 11/105 (10) 69/94 (73)
Titer, median (IQR) 70 (216) 103 (133) 275 (581)

Anti-CCP‡
Positive, no./total (%)§ 4/85 (5) 14/108 (13) 67/93 (72)
Titer, median (IQR) 82 (344) 77 (40) 200 (86)

RF or anti-CCP positive, no./total (%)§ 14/78 (18) 25/106 (24) 76/93 (82)
RF and anti-CCP positive, no./total (%)§ 2/77 (3) 3/105 (3) 61/93 (66)
SE positive, no./total (%)‡ 41/69 (59) 71/86 (83)¶ 57/65(88)¶

* P , 0.05 versus FN controls and versus FN FDRs; P , 0.0001 among all 3 groups, by Kruskal-Wallis independent-samples
test.
† P 5 0.01 versus FN controls; P 5 0.02 among all 3 groups, by chi-square test.
‡ Data on seropositivity for rheumatoid factor (RF), anti–cyclic citrullinated peptide (anti-CCP) antibodies, and shared epi-
tope (SE) were available from a subset of subjects. An RF titer of .50 AU was defined as positive. An anti-CCP titer of
.20 AU was defined as positive. Titers (expressed as median with interquartile range [IQR]) are reported only for
antibody-positive subjects.
§ P , 0.0001 among all 3 groups, by chi-square test.
¶ P 5 0.001 versus FN controls.

Figure 1. Absolute levels and distribution of anti–carbamylated pro-
tein (anti-CarP) IgG antibodies among First Nations (FN) patients
with rheumatoid arthritis (RA) and their first-degree relatives (FN-
FDRs) compared to Caucasian North American controls (CC) and
FN controls (FN-C). Symbols represent individual subjects; bars
indicate the median. Horizontal line indicates the cutoff level for
anti-CarP positivity. ** 5 P 5 0.02; *** 5 P , 0.0001, by Mann-
Whitney U test. NS 5 not significant. Color figure can be viewed in
the online issue, which is available at http://onlinelibrary.wiley.com/
journal/doi/10.1002/art.39664/abstract.
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groups) and in 21 (10.4%) of 201 subjects who were
seronegative for anti-CCP and either positive or
negative for RF (among all FN groups). In FN
patients with RA, the association between the pres-
ence of anti-CarP autoantibodies and seropositivity
for both anti-CCP and RF was significant.

In analyses stratified according to anti-CCP sta-
tus, 53.7% of anti-CCP–positive RA patients were also
positive for anti-CarP, compared to 19.2% of anti-CCP–
negative RA patients (OR 4.88, 95% CI 1.65–14.47,
P 5 0.006) (Figure 2A). In analyses stratified according
to RF status, 52.1% of RF-positive RA patients were
positive for anti-CarP, compared to 20% of RF-negative
RA patients (OR 4.4, 95% CI 1.5–13, P 5 0.01) (Figure
2B). The association between the presence of anti-CarP
and presence of anti-CCP was also seen in FN FDRs
(50% of anti-CCP–positive FDRs were also positive for
anti-CarP versus only 13.8% of anti-CCP–negative

FDRs) (OR 6.23, 95% CI 1.88–20.69, P 5 0.004). In
contrast, there was no association between the presence
of anti-CarP antibodies and positivity for RF in the
FDRs (27% of RF-positive FDRs were also anti-CarP
positive compared to 17% of RF-negative FDRs; OR
1.8, 95% CI 2 0.83, 2 2.03, P 5 0.7). In general, the at-
risk FDRs were positive for either 1 autoantibody (22
[21%] of 105 subjects) or 2 autoantibodies (9 [9%] of
105 subjects), if found to be positive at all (73 [70%] of
105 FDRs being seronegative for all 3 autoantibodies
and 1 FDR being seropositive for all 3 autoantibodies).
In contrast, among the FN patients with RA, 33 (36%)
of 92 patients were positive for all 3 autoantibodies (Fig-
ure 3).

In models analyzing FN patients with RA com-
pared to FN FDRs and FN controls, which were con-
trolled for age, sex, SE status, and smoking, the odds of
being in the RA patient group increased when multiple
autoantibodies (RF, anti-CCP, and anti-CarP) were pre-
sent: with 1 autoantibody, OR 2.7, 95% CI 0.99–7.6,
P 5 0.05; with 2 autoantibodies, OR 23.6, 95% CI 7.6–
73.3, P , 0.0001; with all 3 autoantibodies, OR 193.8,
95% CI 23.4–1,609.3, P , 0.0001. In the group of FN
patients with RA compared to FN FDRs and FN con-
trols, seropositivity for RF (OR 8, 95% CI 2.8–23.2,
P , 0.0001) and seropositivity for ACPAs (OR 12.5,
95% CI 3.9–39.7, P , 0.0001) were the two most impor-
tant predictors of RA, and there was no multiplicative
interaction between RF, ACPAs, and anti-CarP anti-
bodies in logistic regression models that included sex,
age, SE status, and smoking as confounders (see Sup-
plementary Table 2, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.39664/abstract). These results suggest that

Figure 3. Distribution of seropositivity for rheumatoid factor (RF),
anti–cyclic citrullinated peptide (anti-CCP) antibodies, and anti-CarP
antibodies in FN controls (n 5 77), FN FDRs (n 5 105), and FN
patients with RA (n 5 92). Each circle represents a different autoan-
tibody, and the numbers represent the percentage of subjects posi-
tive for the autoantibody or autoantibody combination. Only samples
with data on all 3 autoantibodies were used to calculate the percent-
ages (3 FN patients with RA, 4 FDRs, and 8 FN controls did not
have all 3 antibodies measured). The percentage of subjects who
were seronegative for all 3 antibodies is also shown. See Figure 1 for
other definitions.

Figure 2. Association of anti-CarP antibodies with seropositivity for
anti–cyclic citrullinated peptide (anti-CCP) antibodies (A) and rheu-
matoid factor (RF) (B) in First Nations patients with RA and their
FDRs. Symbols represent individual subjects. Horizontal line indi-
cates the cutoff level for anti-CarP positivity. P 5 0.003 between
groups, by Mann-Whitney U test. See Figure 1 for other definitions.
Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/journal/doi/10.1002/art.39664/abstract.
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the association between autoantibodies and RA is stron-
ger when more antibodies are present.

Associations of anti-CarP antibodies with pres-
ence of the SE and smoking. We next evaluated the
association of anti-CarP antibodies with the presence of
the SE and smoking. Anti-CarP antibodies were more
frequent in SE-positive subjects (positivity for anti-
CarP, 43 [25.4%] of 169 SE-positive subjects versus 5
[9.8%] of 51 SE-negative subjects; OR 3.1, 95% CI 1.2–
8.4, P 5 0.03). However, the association between SE
positivity and anti-CarP positivity was no longer signifi-
cant when the presence of ACPAs (as determined by
anti-CCP ELISAs) and RF status in each subject group
(FN controls versus FN FDRs versus FN patients with

RA) were included in multivariable models controlled
for smoking status (see Supplementary Table 3, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39664/abstract).
These results suggest that the association between sero-
positivity for anti-CarP and presence of the SE was likely
attributable to overlap with seropositivity for anti-CCP or
RF. We were unable to find an independent association
with smoking, possibly because the rates of smoking in
these FN populations are high. Consistent with the find-
ings from previous studies, anti-CCP positivity was signif-
icantly associated with the presence of the SE in these
subjects (data not shown).

Associations of anti-CarP antibodies with ACPA
reactivity. Since we demonstrated an association
between the presence of anti-CarP antibodies and the
presence of anti-CCP antibodies in RA patients and their
FDRs, and since previous studies have demonstrated a
broader ACPA response in patients with RA than in
ACPA-positive individuals without the disease (12), we
assessed the breadth of the ACPA response using a mul-
tiplex assay and examined its relationship to the anti-
CarP antibody response. The total number of citrul-
linated epitopes recognized in the multiplex assay was
converted to an ACPA score. The ACPA score differed
across the groups (P , 0.0001, by Kruskal-Wallis test)
and was significantly higher in FN patients with RA
(n 5 92; median score 5 [IQR 8]) compared to FN FDRs
(n 5 97; median score 0 [IQR 0]; P , 0.001) and FN con-
trols (n 5 52; median score 0 [IQR 0]; P , 0.0001) (Fig-
ure 4A). The ACPA score was also higher in anti-CCP–
positive FN patients with RA than in anti-CCP–positive
FN FDRs (median score 7 [IQR 7] versus median score
1 [IQR 4]; P 5 0.04). Furthermore, the ACPA score was
higher with increasing titers of anti-CarP antibodies in
FN patients with RA (Figure 4B).

Results of the multiplex array demonstrated that
at least 1 citrullinated epitope was recognized in 34
(21.6%) of the 157 anti-CCP–negative serum samples (8
[16%] of 50 FN controls, 13 [15.8%] of 82 FDRs, and 13
[52%] of 25 FN patients with RA). Of the FN patients
with RA, only 13% were negative for ACPAs (being
both anti-CCP negative and having an ACPA score of
0). In 9 of the serum samples from anti-CCP–positive
subjects (5 FDRs and 4 FN patients with RA) with low
to moderately positive anti-CCP titers, ranging from 38
units to 109 units, no citrullinated epitopes were recog-
nized in the ACPA array. ACPA scores were similar
between the FN FDRs and FN controls, suggesting that
the ACPA response in the FDRs was limited.

Finally, we assessed the risk of being in the RA
group, as compared to the FDR or FN control group,
in relation to increasing numbers of autoantibodies

Figure 4. Relationship between anti–citrullinated protein antibody
(ACPA) score and anti-CarP seropositivity. A, ACPA scores at base-
line in FN controls, FN FDRs, and FN patients with RA. Symbols rep-
resent individual subjects; bars indicate the median. *** 5 P , 0.0001.
B, Correlation between median anti-CarP level and median ACPA
score in FN patients with RA (n 5 72) (Spearman’s rho 5 0.53,
P , 0.0001). See Figure 1 for other definitions.
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(RF, anti-CCP or ACPA score .0, and anti-CarP); in
these analyses, ACPA positivity was defined using data
from both the multiplex ACPA array and the anti-CCP
assays. In subjects who were positive for RF, anti-CarP,
anti-CCP, and ACPAs (in analyses including the ACPA
multiplex array data and controlling for age, sex, SE sta-
tus, and smoking), the odds of having RA (versus being
in the FDR or FN control group) were further increased
with increasing numbers of autoantibodies (with 1 auto-
antibody, OR 4.3, 95% CI 1.6–12, P 5 0.005; with 2
autoantibodies, OR 17.4, 95% CI 6.1–49.8, P , 0.0001;
with all 3 autoantibodies, OR 287.7, 95% CI 33.4–
2,478.1, P , 0.0001) (see Supplementary Table 4, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39664/abstract).

DISCUSSION

In this study, we determined the presence and
distribution of anti-CarP antibodies among FN patients
with RA, their FDRs, and FN healthy control subjects
without evidence of autoimmune disease. We also
examined the association of anti-CarP antibodies with
anti-CCP, RF, and ACPA epitope reactivity. We found
a higher prevalence of anti-CarP antibodies in FN
patients with RA and their at-risk relatives than in FN
subjects without autoimmune disease. In RA patients,
the presence of anti-CarP antibodies was associated
with a greater degree of ACPA reactivity. The associa-
tion between autoantibodies and RA was strongest
when all 3 antibody serotypes were present.

Anti-CarP antibodies were most common in the
setting of RA but were also present in individuals at risk
for developing the disease (the FDRs) and, to a lesser
extent, in FN controls. We previously reported a similar
pattern with regard to associations with RF and ACPA
seropositivity in this population (5). In FN patients with
RA, anti-CarP antibodies were associated with the pres-
ence of both anti-CCP and RF, and yet in the FDRs, anti-
CarP antibodies were associated with the presence of
anti-CCP only. Although all 3 autoantibodies increased in
titer in the presence of disease, we are unable to confirm
the sequence of autoantibody development in this study.
However, these findings are consistent with other reports
describing increasing autoantibody positivity preceding
the onset of RA, and suggest that the pre-RA autoanti-
body responses may evolve, with ACPAs or ACPA sub-
types and RF being particularly prevalent with disease
onset (10,11,13–15,18,21,28,29). We were unable to detect
significant multiplicative interactions between the 3 auto-
antibody serotypes, although trends toward a significant
interaction were suggested.

Although the findings were not significant, our
multivariable model suggested that there was a potential
inverse association between anti-CarP antibodies and
RA (OR 0.3, P not significant). This unexpected finding
may be related to the small numbers of seropositive sub-
jects in the FDR and control groups, the greater contri-
bution of ACPAs and RF to the risk of being in the RA
group, the small sample size of the subset of anti-CarP–
positive RA subjects, or, alternatively, the fact that anti-
CarP antibody production may be associated with events
prior to clinical disease. We can also speculate that the
effect of RF on RA risk occurs mainly in the presence
of ACPAs and anti-CarP antibodies, thereby supporting
recent data indicating that RF can exacerbate ACPA
immune complex–mediated macrophage activation (35).
Although positivity for ACPAs and positivity for anti-
CarP antibodies were closely associated in the same
serum, anti-CarP antibodies were present in some
ACPA-negative subjects, and not all ACPA-positive
subjects had anti-CarP antibodies. This finding suggests
that while there is overlap between the pathways gener-
ating these 2 antibodies in some individuals, 1 of the
pathways may be more relevant to the development of
autoimmunity and subsequent RA.

We further investigated the association of anti-
CarP antibodies and the extent of ACPA reactivity using
a multiplex ACPA array, and calculated an ACPA score
for each sample as a proxy for the degree of ACPA epi-
tope spreading. Similar to the findings in previous studies
in which this ACPA array was used, serum samples from
21% of the anti-CCP–negative subjects had reactivity to
at least 1 of the citrullinated epitopes in the multiplex
array (20). Compared to controls and FDRs, RA patients
had an increased ACPA score, which we attributed to an
increase in ACPA epitope spreading. FN subjects with-
out autoimmune disease can be positive for anti-CCP
antibodies; however, the increased ACPA score was seen
primarily in FN patients with RA. This supports the
hypothesis that ACPAs and/or ACPA-producing B cells
undergo quantitative and/or qualitative changes, which
thereby provide them with pathogenic properties that
can lead to clinical disease (i.e., onset of RA). The origin
or cause of the epitope spreading was not the focus of
this study; however, it is of interest to note that epitope
spreading goes hand in hand with changes in glycosyla-
tion patterns of ACPA Fc regions prior to disease onset,
suggesting that the underlying ACPA-producing B cell
population undergoes intrinsic changes (36).

Environmental factors, including infection and
smoking, have been implicated in the production of
ACPAs, particularly in a setting in which the HLA–
DRB1 SE is present, and may also influence anti-CarP
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antibody production. Smokers have elevated serum lev-
els of thiocyanate, a byproduct of tobacco use, and
smoking can theoretically enhance myeloperoxidase
activity, which promotes carbamylation of thiocyanate in
animal models. However, similar to the findings in pre-
vious reports (22), we were unable to demonstrate an
association between smoking and anti-CarP autoanti-
bodies that was independent of the presence of ACPAs.
Cross-reactivity between ACPAs and anti-CarP may
occur if, for example, peptides can be both citrullinated
and carbamylated (23). In silico modeling studies have
shown that the SE can accommodate carbamylated pep-
tides without steric interference (23). However, it has
been shown that while anti-CarP antibodies may be
weakly associated with HLA–DR3, they are not found to
be associated with the SE independent of ACPAs (22).

Furthermore, in this study, the association
between anti-CarP reactivity and the presence of the SE
appeared to be dependent on the associations between
the SE and ACPA production. Alternatively, our inabili-
ty to find robust associations of anti-CarP with smoking
or the presence of the SE independent of ACPAs may
be related to the small sample size or the high preva-
lence of SE and smoking in this population.

Our study has some limitations. We did not have
complete data on disease activity, erosion status, or cur-
rent treatment of our FN patients with RA, all of which
are factors that may influence the production of anti-
CarP or ACPAs, given that inflammation potentially
enhances carbamylation and, thus, may affect the pro-
pensity to develop autoimmune responses. However,
results of previous studies have indicated that anti-CCP
levels do not change considerably after diagnosis (27).
We cannot determine whether the different autoanti-
body systems have any phenotypic relevance to clinical
disease from this study, and to date, the number of study
subjects who have developed RA has not been sufficient
to allow a robust evaluation of the role of anti-CarP pri-
or to disease onset. We carefully defined seropositivity
for anti-CarP antibodies in this population using only
unaffected control subjects from the FN population,
and did not find a significant difference in anti-CarP
titers between the FN controls and Caucasian North
American controls in this study. Our calculated cutoff
value (419 AU/ml) is comparable to that found in
another study of Caucasian populations by Gan et al
(28) but does differ from that in a study by Brink et al
(29), thus highlighting the importance of potential eth-
nic variation in autoantibody production. This FN popu-
lation and the increased risk of RA in these subjects,
due to a high prevalence of genetic risk alleles and high
exposure rates to potential environmental triggers, is

unique, and therefore the results may not be applicable
to other populations.

In summary, anti-CarP, anti-CCP, and RF were
all prevalent in FN patients with RA, although overlap
in seropositivity for these 3 autoantibodies was incom-
plete. The incremental clustering of RF, ACPAs, and
anti-CarP in the setting of RA as compared to at-risk
relatives and healthy controls provides new insights into
the evolution of autoimmunity in the preclinical period
of RA, and suggests that citrullination and carbamyla-
tion are separate pathways for the formation of autoan-
tibodies in patients with RA.
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