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Abstract

Background

Antibodies to citrullinated protein antigens have been linked to altered left ventricular (LV)
structure and function in patients with rheumatoid arthritis (RA). Serum reactivity to several
citrullinated protein/peptide antigens has been identified in RA, which are detectable years
before RA onset and in individuals who may never develop RA. Among community-living
individuals without heart failure (HF) at baseline in the Multi-Ethnic Study of Atherosclerosis
(MESA), we investigated associations between serum reactivity to citrullinated protein/pep-
tide antigens, LV mass, LV ejection fraction (LVEF), and incident HF.

Methods

Among 1232 MESA participants, we measured serum reactivity to 28 different citrullinated
proteins/peptides using a multiplex bead-based array. Each antibody was defined as having
extremely high reactivity (EHR) if >95™ percentile cut-off in MESA. Number of EHR antibody
responses to citrullinated protein/peptide antigens were summed for each participant (range
0-28). LV mass(g) and LVEF (%) were measured on cardiac MRI. Associations between
EHR antibodies and LV mass and LVEF were evaluated using linear regression. Cox pro-
portional hazards models were used to evaluate associations between EHR antibodies and
incident HF during 11 years of follow-up, adjusting for age, gender, race/ethnicity, smoking
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have. Details regarding the study and these data
can be found at https://www.mesa-nhlbi.org.
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status, systolic blood pressure, use of anti-hypertensive medications, self-reported arthritis,
IL-6, body surface area, and estimated glomerular filtration rate.

Results

Mean age was 65+10, 50% were female, 40% were White, 21% were Black, 26% were His-
panic/Latino, and 14% were Chinese. Twenty-seven percent of MESA patrticipants had
extremely high reactivity to > 1 citrullinated protein/peptide antigen. In fully adjusted analy-
sis, every additional EHR antibody was significantly associated with 0.1% lower LVEF (95%
Cl: -0.17%, -0.02%). No association was observed with LV mass (B per additional EHR anti-
body) =0.13+0.15 (p = 0.37)). Neither the presence nor number of EHR antibodies was
associated with incident HF during follow-up (HR per additional EHR antibody = 1.008 (95%
Cl: 0.97, 1.05)).

Conclusion

Greater number of extremely highly reactive antibodies was associated with lower LVEF,
but not with LV mass or incident HF. Thus, serum reactivity to citrullinated protein/peptide
antigens was associated with subtle subclinical changes in myocardial contractility, but the
significance in relation to clinically apparent HF is uncertain.

Introduction

Among individuals with rheumatoid arthritis (RA), risk for heart failure is 70% higher com-
pared to the general population [1]. Given that traditional cardiovascular disease (CVD) risk
factors do not explain the higher CVD risk or the higher rates of heart failure in patients with
RA [1-6], it is thought that RA-related autoantibodies may predispose individuals to early sub-
clinical cardiovascular changes ultimately resulting in these adverse cardiac outcomes [7, 8]. It
has been proposed that RA begins with a genetic predisposition to develop autoantibodies in
response to an environmental trigger [9]. Once triggered, the development of autoantibodies
is associated with higher levels of inflammatory cytokines which may also drive CVD [10-12].
Less is known about the direct associations between RA-related autoantibodies and pre-clini-
cal cardiac structure and functional changes.

Geraldino-Pardilla and colleagues investigated associations between individual antibodies
to citrullinated protein antigens (ACPA) and left ventricular structure and function in RA
patients [13]. They found that antibodies to citrullinated vimentin and fibrinogen were associ-
ated with higher left ventricular mass index (LVMI) independent of gender, smoking status,
hypertension, and low density lipoprotein-cholesterol [13]. While the LVMI values among RA
patients that had high ACPA levels still fell within the normal anatomic range, the authors pro-
posed that these higher LVMI may indicate progression toward heart failure development.

ACPA are known to become detectable several years before clinical manifestation of RA,
and are also detectable in some seemingly healthy individuals who do not develop RA. ACPA
reactivity to several different citrullinated and non-citrullinated proteins/peptides has been
identified in RA as well as during the ‘preclinical’ period of RA [14-21]. Serum reactivity to
citrullinated proteins/peptides in a community-living population is unclear, although prior
studies have reported a 1% ACPA prevalence in study populations of RA-free individuals in
Turkey and Japan [22, 23]. Moreover, the clinical consequences of serum reactivity to citrulli-
nated antigens in relation to subclinical and clinical heart failure is uncertain. Thus, we
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measured serum antibodies to 28 distinct citrullinated proteins/peptides in a large multi-eth-
nic community-living population, the Multi-Ethic Study of Atherosclerosis. We hypothesized
that serum reactivity to these citrullinated proteins/peptides would be detectable in some com-
munity-living individuals, and such individuals would have lower LV ejection fraction (EF),
greater LV mass, and higher risk of clinically apparent heart failure, independent of traditional
risk factors.

Materials and methods
The multi-ethnic study of atherosclerosis

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-center prospective cohort study
that enrolled 6814 participants from six field centers across the US [Baltimore, MD; Chicago,
IL; Los Angeles, CA; New York, NY; St. Paul, MN; and Winston-Salem, NC] to evaluate race/
ethnic differences in risk factors for subclinical and clinical CVD. This study started in July
2000-2002 and included individuals who were Black, Chinese, Hispanic/Latino, and White
Americans and were aged > 45 years with no clinically apparent CVD. Individuals were
excluded if they had clinical CVD, including physician-diagnosed myocardial infarction,
angina, stroke, transient ischemic attack, or heart failure; use of nitroglycerine; or current atrial
fibrillation, or had undergone a procedure related to CVD. During clinic visits, participants
underwent an extensive physical exam, with computed tomography (CT) and magnetic reso-
nance (MR) imaging, had fasting blood drawn and stored, and completed questionnaires.
More extensive details regarding study design, methods, examinations, and data collection
have been previously published [24]. All research was performed in accordance with relevant
guidelines and regulations. All participants provided informed written consent, and all MESA
sites obtained Institutional Review Board approval [Wake Forest University, Columbia Uni-
versity, Johns Hopkins University, University of Minnesota, Northwestern University, Univer-
sity of Los Angeles, and University of Washington Institutional Review Boards]. This ancillary
study was also approved by the UC San Diego Human Research Protection Program.

Study population

Our study population consisted of participants in the MESA Abdominal Aortic Calcium
Ancillary Study, which collected abdominal CT scans on 1968 individuals randomly selected
from 5 of 6 MESA field centers [all except Baltimore, MD] between August 2002 and Septem-
ber 2005. Characteristics between this ancillary study cohort and the overall MESA cohort did
not differ. Among these 1968 individuals, 1647 had complete measurements for all antibodies
measured.

We used MRI data from the baseline exam. In merging the MRI data with the antibody and
clinical data, 415 were missing MR images. Thus, combining individuals with complete anti-
body data, complete MRI data, and complete covariate data totaled to 1232 for our analysis
dataset.

Testing of antibodies to citrullinated and non-citrullinated proteins/
peptides

A multiplex platform [25] used autoantibodies to 28 citrullinated autoantigens and 10 native
proteins/peptides [26] (S1 Table). These citrullinated proteins/peptides were selected based on
antigens identified in immune complexes isolated from synovial tissue of patients with RA as
well as antigens reported in the literature [27]. The array uses a custom Bio-Plex™ (BioRad,
Hercules, CA) bead-based autoantibody assay in which antigens are conjugated to spectrally-
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distinct beads. Protein antigens are coupled to beads using N-hydroxysuccinimide ester chem-
istry, and peptide antigens synthesized with C- terminal biotin (by Fmoc chemistry) and cou-
pled to avidin-coated beads. Pooled beads are mixed with serum samples and diluents and
incubated at room temperature. After washing, anti-human IgG antibody conjugated to phy-
coerythrin (PE) was added to the dyed beads and incubated at room temperature. After
another wash, the bead mixture was passed through a laser detector (Luminex 200, Austin,
TX) that identified beads based on the fluorescence of the dyes. The amount of antibody
bound to each bead was determined by the fluorescence of PE. This assay has yielded highly
reproducible results with 7-fold intra-assay coefficient of variance (CV) of 0.9-6.8% and
14-fold inter-assay CV ranging from 5.9-19.5% (over 90% of beads yielding inter-assay vari-
ances of < 12%) [26].

Measurements of rheumatoid factor (RF) IgM and IgG as well as anti-cyclic citrullinated
peptide (anti-CCP2) antibodies had previously been measured in MESA, and were evaluated
in parallel with antibodies to citrullinated and non-citrullinated proteins/peptides in this cur-
rent investigation [28]. Inter- and intra-assay CVs for these antibodies were <10% [28].

Left ventricular structure and function

Our main outcome variables were left ventricular (LV) mass, measured in grams, and left ven-
tricular (LV) ejection fraction, measured as a percent. These variables were based on measure-
ments from MRI which followed a protocol based on the fast gradient echo MRI pulse
sequence to obtain images of the heart [29]. Briefly, cardiac MR examinations were comprised
of short- and long-axis cine images, phase contrast images of the aorta, and black blood aorta
images [29]. All images were acquired during short breath-holding (12-15 sec) at resting lung
volume [29]. LV mass was determined by the sum of the myocardial area times the slice thick-
ness plus image gap in the end-diastolic phase multiplied by the specific gravity of the myocar-
dium (1.05 g/mL). LV ejection fraction was calculated as LV stroke volume divided by LV
end-diastolic volume multiplied by 100, where LV stroke volume was calculated as the differ-
ence between LV end-diastolic volume and LV end-systolic volume [29]. For secondary analy-
sis, we evaluated LV end-diastolic and LV end-systolic volumes individually.

Incident heart failure outcomes

We also investigated associations between serum reactivity to citrullinated protein/peptide
antigens and incident heart failure. These events were adjudicated by a committee in MESA,
and included both definite and probable heart failure, defined by heart failure symptoms, and
by physician diagnosis with medical treatment. Specifically, definite and probable heart failure
required clinical symptoms, e.g., shortness of breath, and signs e.g., edema since asymptomatic
disease was not an endpoint. Probable heart failure required a physician diagnosis and medical
treatment for heart failure. Definite heart failure required pulmonary edema/congestion on
chest x-ray and/or dilated ventricle or poor LV function by echocardiography or ventriculo-
graphy, or evidence of LV diastolic dysfunction [30, 31].

Covariates

Standardized questionnaires were used to collect participant demographics, ethnicity, medical
history, self-reported arthritis, and medication usage including use of anti-hypertensive medi-
cations. Cigarette smoking was classified as never, current, or former, and was dichotomized
in analyses to ‘ever’ versus ‘never.’

Resting blood pressure was measured three times in the seated position using a Dinamap
automated sphygmanometer, and the average of the second and third readings was used for
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this analysis. Height and weight were measured with participants wearing light clothing and
no shoes. Body mass index (BMI) was calculated as weight (kg)/height (m?). Body surface area
(BSA) was calculated using the Mostellar formula [32]. Estimated glomerular filtration rate
(eGFR) was calculated using the creatinine-cystatin-C equation in mL/min/ 1.73m? [33].

Blood samples were obtained after a 12-hour fast to measure biomarkers. IL-6 concentra-
tions were measured by ultrasensitive ELISA (Quantikine HS Human IL-6 Immunoassay;
R&D Systems, Minneapolis, MN, USA). Average analytic coefficient of variation for this assay
was 9.3%.

Statistical analysis

We classified each antibody using 95™ percentile cutoffs, where individuals in the top 5% of
each individual antibody were considered having extremely high reactivity to that antigen.
Then we categorized individuals as having extremely high reactivity (EHR) or within normal
reactivity (WNR) for antibodies to citrullinated proteins/peptides; and subsequently counted
the number of EHR antibodies for each individual (range 0-28).

For descriptive statistics comparing continuous variables between individuals with
extremely high reactivity and within normal reactivity to citrullinated proteins/peptides, we
used Student’s t-tests or Wilcoxon rank-sum tests for normally and non-normally distributed
variables, respectively; and chi-square tests to compare categorical variables. For the cross-sec-
tional analysis of EHR antibodies with LV mass and ejection fraction and LV end systolic and
diastolic volume, we used analysis of covariance (ANCOVA). For the association between
number of EHR antibodies and LV mass and ejection fraction, and LV end systolic and dia-
stolic volume, we used multivariable linear regression. For Anti-CCP2, RF-IgA, and RF-IgM
antibodies, we log-transformed these autoantibody concentrations and analyzed them per
standard deviation (SD) change in multivariable linear regression.

For our longitudinal analysis investigating associations of EHR, anti-CCP2, RF-IgA, and
RF-IgM antibodies with incident heart failure, we considered their follow-up time from
August 2002 until an event or until December 2014, and used Cox proportional hazards
regression.

All analyses were adjusted for age, gender, race/ethnicity, smoking status, systolic blood
pressure, use of anti-hypertensive medications, self-reported arthritis, IL-6, body surface area
(BSA) and estimated glomerular filtration rate (eGFR). We tested for the effect of gender and
race/ethnicity on associations between EHR antibodies and LV structure and function as well
as incident HF. SAS version 9.4 (SAS Systems, Inc., Cary, NC) was used for statistical analysis,
and p-values < 0.05 were considered statistically significant.

Results

Among the 1647 MESA participants included in this study, the average age was 65 * 10, 40%
were White, and 50% were women. There were 444 (27%) who had extremely high reactivity
to at least 1 citrullinated protein/peptide antigen, and 1203 (73%) who had within normal reac-
tivity to all 28 citrullinated proteins/peptides. We found no significant differences between
MESA participants with extremely high reactivity versus within normal reactivity except that
those with at least 1 EHR response to a citrullinated antigen were more likely to have detect-
able anti-CCP2 antibodies and had higher IL-6 concentrations (Table 1).

Among the 1232 MESA participants with antibody, MRI, and clinical data, 362 (29%) had
extremely high reactivity to at least 1 citrullinated protein/peptide antigen. Compared to those
who had within normal reactivity to citrullinated protein/peptide antigens, those with
extremely high reactivity to at least 1 citrullinated antigen had similar LV mass and LVEF
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Table 1. Population characteristics of 1647 MESA participants stratified by having extremely high reactivity to at least one citrullinated protein/peptide versus hav-
ing within normal reactivity to all citrullinated proteins/peptides.

Total Extremely High Reactivity (EHR) Within Normal Reactivity (WNR) p-value
(n=1647) (n = 444) (n = 1203)

Age, years 65.3 (9.7) 65.8 (10.1) 65.1 (9.5) 0.15
Gender, % female 50 51 50 0.68
Race/Ethnicity 0.12

% White, 1 40 39 40

% Chinese, 2 14 11 15

% Black, 3 21 23 20

% Hispanic/Latino, 4 26 28 25
BMI, kg/m2 28.1(5.2) 28.0 (5.1) 28.4 (5.5) 0.26
Systolic Blood Pressure, mmHg 124.0 (21.1) 124.3 (21.0) 123.9 (21.1) 0.71
Diastolic Blood Pressure, mmHg 70.0 (9.9) 70.2 (9.8) 69.9 (10.0) 0.61
Hypertension, % 46 47 46 0.67
Fasting blood glucose, mg/dL 99.0 (27.8) 99.5(29.4) 98.8 (27.3) 0.70
Diabetes, % 15 15 14 0.69
RF Positive, % 20 22 19 0.16
CCP2 Positive, % 1.6 3.8 0.8 <0.0001
LV Mass, g 146.1 (38.8) 147.2 (37.6) 145.7 (39.3) 0.53
LV Ejection Fraction, % 69.3 (7.4) 69.0 (7.1) 69.5 (7.5) 0.17
eGFR, mL/min/1.73m? 78.5(17.9) 77.2 (17.0) 78.9 (18.1) 0.09
ACR, mg/g median (p25, p75) 6.2 (3.7, 12.8) 6.3 (3.7, 11.8) 6.2 (3.7, 13) 0.54*
CKD, % 9 10 9 0.47
Fibrinogen, mg/dL 434.2 (93.0) 440.6 (91.6) 431.9 (93.5) 0.09
TNFa, pg/mL, median (p25, p75) 4.6(3.4,6.4) 4.8(3.5,6.4) 4.6 (3.4,6.3) 0.24*
IL-6, pg/mL, median (p25, p75) 1.8(1.2,2.9) 1.9 (1.3,3.1) 1.8 (1.2,2.8) 0.004*
CRP, mg/L, median (p25, p75) 1.4 (0.7, 3.3) 1.5 (0.8, 3.6) 1.4 (0.7,3.3) 0.07*
Triglycerides, mg/dL median (p25, p75) 112.0 (76, 162) 111 (75, 161) 112 (77, 163) 0.34*
HDL cholesterol, mg/dL 51.3 (15.5) 51.2 (15.4) 51.4 (15.5) 0.87
LDL cholesterol, mg/dL 110.7 (31.5) 110.1 (32.6) 110.9 (31.1) 0.65
Current smoker, % 11 10 11 0.54
Alcohol use, % 50 49 51 0.47
Lipid lowering medications, % 22 21 22 0.73
Anti-hypertensive medications, % 42 43 41 0.57
Education greater than high school, % 49 46 50 0.18
Self-reported arthritis, % 11 11 11 0.92

BMI = body mass index, RF = rheumatoid factor, CCP2 = cyclic citrullinated peptide, eGFR = estimated glomerular filtration rate, ACR = albumin creatine ration,
CKD = chronic kidney disease, TNF-a = tumor necrosis factor alpha, IL-6 = interleukin 6, CRP = c-reactive protein, HDL = high density lipoprotein, LDL = low density
lipoprotein

* Wilcoxon rank-sum tests were used to compare medians

https://doi.org/10.1371/journal.pone.0291967.t001

(Table 1). Among these individuals, the median (251, 75 percentile) number of EHR anti-
bodies was 2 (1, 6). When evaluating the 362 individuals with at least 1 EHR antibody response
to a citrullinated protein/peptide antigen, the number of EHR antibodies were associated with
lower LV EF. In fully adjusted analysis of this cohort, each additional EHR antibody response
to a citrullinated antigen was associated with 0.1% lower left ventricular ejection fraction (95%
CI: -0.17%, -0.02%, p = 0.01). Among the 362 with at least 1 EHR antibody response to a

PLOS ONE | https://doi.org/10.1371/journal.pone.0291967 October 24, 2023 6/13


https://doi.org/10.1371/journal.pone.0291967.t001
https://doi.org/10.1371/journal.pone.0291967

PLOS ONE Serum reactivity to citrullinated antigens, left ventricular structure and function in MESA

Table 2. Associations between extremely highly reactive antibodies, left ventricular (LV) ejection fraction, LV
mass, LV end diastolic volume, and LV end systolic volume in MESA participants with extremely high reactivity
to > 1 citrullinated protein/peptide antigen and free of RA.

Extremely High Reactivity Number of Extremely High
(EHR) vs Within Normal Reactivity (EHR) Antibody
Reactivity (WNR) Responses
Antibody Responses
B (SE) p-value B (SE) p-value
LVEF Unadjusted -0.42 (0.46) 0.36 -0.07 (0.04) 0.09
LVEF Adjusted* -0.35(0.42) 0.41 -0.10 (0.04) 0.01
LV Mass Unadjusted 1.63 (2.41) 0.50 0.02 (0.18) 0.90
LV Mass Adjusted* 0.86 (1.60) 0.59 0.13 (0.15) 0.37
LV End Diastolic Volume Unadjusted -0.64 (1.90) 0.74 -0.15(0.17) 0.37
LV End Diastolic Volume Adjusted™ -0.89 (1.48) 0.55 -0.003 (0.14) 0.98
LV End Systolic Volume Unadjusted 0.31 (1.04) 0.76 0.06 (0.10) 0.51
LV End Systolic Volume Adjusted™ 0.14 (0.85) 0.87 0.14 (0.08) 0.07

*Adjusted for age, gender, race/ethnicity, smoking status, systolic blood pressure, use of anti-hypertensive

medications, self-reported arthritis, IL-6, body surface area, and estimated glomerular filtration rate

https://doi.org/10.1371/journal.pone.0291967.t1002

citrullinated protein/peptide antigen, greater number of EHR antibodies was not significantly
associated with LV mass (p = 0.37). There were also no significant associations between the
number of EHR antibodies with left ventricular end diastolic and end systolic volumes

(Table 2). In supplemental analysis, we evaluated associations between individual autoanti-
gens, citrullinated and non-citrullinated, and found that none were associated with LV mass;
and that antibodies to citrullinated Histone 2B as well as 3 of the native autoantigens (Filaggrin
48-65 arg2 v1 cyclic Histone 2A, and Histone 2B) were significantly associated with LV ejection
fraction (S2 Table).

In parallel assessment of anti-CCP2, RF-IgA, and RF-IgM antibodies with LV mass and
LVEF, we found that neither anti-CCP2, RF-IgA, nor RF-IgM antibodies were associated with
LV mass or LV ejection fraction in fully adjusted analysis (Table 3). With regard to LV end dia-
stolic and systolic volume, we found that for every standard deviation higher anti-CCP2 level,

Table 3. Associations of Anti-CCP2, RF-IgA, and RF-IgM antibodies with left ventricular (LV) ejection fraction, LV mass, LV end diastolic volume, and LV end sys-
tolic volume in MESA participants with extremely high reactivity to > 1 citrullinated protein/peptide antigen and free of RA.

Anti-CCP2 (per SD) RF-IgA (per SD) RF-IgM (per SD)
B (SE) p-value B (SE) p-value B (SE) p-value
LVEF Unadjusted 0.22 (0.24) 0.36 -0.08 (0.22) 0.70 -0.03 (0.21) 0.88
LVEF Adjusted 0.16 (0.25) 0.50 -0.06 (0.21) 0.78 -0.06 (0.20) 0.76
LV Mass Unadjusted -1.39(1.28) 0.28 1.18 (1.16) 0.31 -0.003 (1.12) 1.00
LV Mass Adjusted -0.76 (0.94) 0.42 -0.02 (0.81) 0.98 0.17 (0.76) 0.82
LV End Diastolic Volume Unadjusted -2.35(1.01) 0.02 -0.36 (0.91) 0.69 -0.38 (0.88) 0.67
LV End Diastolic Volume Adjusted -2.08 (0.86) 0.02 -0.06 (0.75) 0.94 -0.33 (0.70) 0.64
LV End Systolic Volume Unadjusted -1.09 (0.56) 0.05 -0.09 (0.50) 0.86 -0.11 (0.48) 0.82
LV End Systolic Volume Adjusted -0.94 (0.49) 0.06 -0.03 (0.43) 0.94 -0.04 (0.40) 0.93

*Adjusted for age, gender, race/ethnicity, smoking status, systolic blood pressure, use of anti-hypertensives, self-reported arthritis, IL-6, body surface area, and estimated

glomerular filtration rate

https:/doi.org/10.1371/journal.pone.0291967.t003
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Table 4. Associations of extremely highly reactive (EHR) antibodies to citrullinated proteins/peptides, anti-CCP2, RF-IgA, and RF-IgM antibodies with incident
heart failure in 1641 MESA participants over an average of 11 years.

Event / Total N
Event Proportion
Unadjusted
Age, gender, race/ethnicity adjusted
Fully adjusted™

EHR vs WNR Number of EHR antibodies Anti-CCP2 (per SD) RF IgA (per SD) RF IgM (per SD)

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
69 / 1641 69 / 1641 68 /1627 68 /1630 68 /1630
423 423 4.17 4.17 4.17
1.10 (0.66-1.86) 1.02 (0.99-1.07) 1.07 (0.88-1.30) 1.23 (1.004-1.50) 1.02 (0.80-1.29)
0.95 (0.56-1.60) 1.01 (0.97-1.05) 1.05 (0.86-1.29) 1.11 (0.89-1.39) 0.98 (0.77-1.24)
0.92 (0.54-1.58) 1.008 (0.97-1.05) 0.85 (0.55-1.32) 1.02 (0.79-1.31) 0.90 (0.70-1.15)

*Adjusted for age, gender, race/ethnicity, smoking status, systolic blood pressure, use of anti-hypertensives, self-reported arthritis, IL-6, body surface area, and estimated

glomerular filtration rate

https://doi.org/10.1371/journal.pone.0291967.1004

LV diastolic volume was 2 units lower (B = -2.08 (0.86), p = 0.02) and LV end systolic volume
was 1 unit lower (B =-0.94 (0.49), p = 0.06) in fully adjusted analysis. There were no associa-
tions between RF-IgA or RF-IgM antibodies with LV end diastolic or systolic volume.

We next evaluated the associations of extremely highly reactive antibody responses with
risk of incident heart failure. Among the 1641 participants with antibody measurements at
baseline, 69 participants experienced incident HF during 10.7 + 2.4 years mean follow-up. We
found no significant associations between EHR vs WNR antibody responses with incident HF.
Among the subset with 1 or more EHR antibody response to a citrullinated protein/peptide
antigen, we also found no association between the number of EHR antibodies and incident
heart failure (Table 4). In addition, 68 participants positive for RF-IgA, RF-IgM or anti-CCP2
antibodies experienced heart failure although there was not significant association of RF-IgA,
RF-IgM, or anti-CCP2 antibodies with incident heart failure in our longitudinal analysis.
There were no significant interactions with race/ethnicity or gender in all the analyses.

Discussion

In this multi-ethnic community-dwelling population of individuals without CVD, extremely
high reactivity to RA-related citrullinated protein/peptide antigens was detected in approxi-
mately one-third (27%) of the cohort. These individuals appeared markedly similar in respect
to demographics and clinical characteristics compared to those who had within normal reac-
tivity to citrullinated protein/peptide antigens, but had higher concentrations of anti-CCP2
antibodies and the inflammatory biomarker, IL-6. Among those who had extremely high reac-
tivity to >1 citrullinated protein/peptide antigen, the number of these EHR antibodies was
associated with lower left ventricular ejection fraction, but not with left ventricular mass, nor
with incident heart failure over 11 years of follow-up. Neither extremely high reactivity to
citrullinated antigens nor the number of EHR antibodies were significantly associated with left
ventricular end systolic or diastolic volume. We suspect EHR antibodies to citrullinated pro-
tein/peptide antigens could contribute to subtle subclinical changes in the myocardium that
are associated with lower EF, but given absent associations with incident heart failure, the clin-
ical consequences of these associations are uncertain.

Extremely high reactivity to citrullinated protein/peptide antigens was present in 27% of
MESA participants, which suggests that these individuals may have an underlying level of
autoantibody-related inflammation. Prior studies in first-degree relatives of patients with RA
have shown that having RA-related autoantibodies is associated with higher concentrations of
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inflammatory biomarkers including IL-6, as confirmed in our study [10]. First degree relatives
of RA patients with RA-related autoantibodies were also more likely to have inflamed joints
[34], even without having clinically apparent RA. Given these data, one-third of MESA partici-
pants have an autoantibody profile that could be related to higher concentrations of circulating
inflammatory cytokines, and subsequently inflammatory-related health outcomes.

Among the subset of 362 of individuals who had extremely high reactivity to >1 citrulli-
nated protein/peptide antigen, the number of EHR antibodies was significantly associated
with lower left ventricular ejection fraction. The number of EHR antibodies, however, was not
associated with greater LV mass, nor with incident heart failure. Supplemental analysis of indi-
vidual antibodies to citrullinated and non-citrullinated antigens affirmed no associations with
LV mass; and demonstrated an association of anti-citrullinated Histone 2B with LV ejection
fraction. Three of the non-citrullinated antigens, Filaggrin 45_es arg2 v1 cyciic- Histone 2A, and
Histone 2B were also associated with lower LV ejection fraction, suggesting that antibodies to
histones, citrullinated and non-citrullinated, may play a role in left ventricular function and
warrant further investigation. Given that prior work has shown serum reactivity to citrulli-
nated and non-citrullinated proteins/peptides in the preclinical phase of RA [14-21], it is pos-
sible that these antibodies stimulate inflammation which may have long term effects to alter
cardiac function. This could conceivably lead to higher risk of HF, albeit we did not detect
such a relationship despite following participants for approximately 11 years after antibody
measurement.

To better understand our finding of an association of greater number of EHR antibodies
with lower left ventricular ejection fraction, we investigated associations of EHR antibodies
with left ventricular end systolic and diastolic volumes. We found that neither having
extremely high reactivity nor the number of EHR antibodies were significantly associated with
these parameters, but the marginally significant association between number of EHR antibod-
ies and left ventricular end systolic volume suggests that there are subtle ventricular changes
that could lead to a lower ejection fraction. Further, our evaluation of anti-CCP2, RF-IgM, and
RF-IgA antibodies revealed that neither RF-IgM nor RF-IgA were associated with any of the
cardiovascular structural outcomes, nor incident HF. Anti-CCP2 was, however, inversely asso-
ciated with LV end diastolic and systolic volumes.

To our knowledge, this is the first large-scale evaluation of the relationship of serum reactiv-
ity to citrullinated protein/peptide antigens with cardiovascular structure and function in a
community-living population, not selected for having autoimmune disease or among relatives
of those affected by autoimmunity. The inclusion of men and women, diverse race/ethnicity,
high quality assessment of cardiac structure by MRI, and adjudication of clinical HF events
during long-term follow-up are additional strengths. The study also has important limitations.
We utilized MRI data from the baseline exam which was 2 years prior to Exam 2/3 where anti-
bodies were measured, so we cannot conclude that extremely high reactivity to citrullinated
protein/peptide antigens leads to myocardial changes, and instead only report that there were
associations between antibodies to citrullinated proteins/peptides and myocardial function.
Further, we did not have a formal diagnosis of RA for study participants. Due to the unknown
RA status of MESA participants, we were not able to establish cut-offs for antibody positivity
using receiver operating characteristic (ROC) curves, and instead followed the 95% cutoft for
extremely high reactivity as defined in the 1987 American College of Rheumatology Criteria
[35]. Thus, it is likely that some MESA participants were misclassified, which may have attenu-
ated the associations between EHR antibodies, LV mass, and LV ejection fraction. We studied
persons in the general population, so we believe that the prevalence of RA or other autoim-
mune diseases linked to cardiovascular disease such as systemic lupus erythematosus would be
extremely low. We used self-reported arthritis as a measure to include anyone with RA

PLOS ONE | https://doi.org/10.1371/journal.pone.0291967 October 24, 2023 9/13


https://doi.org/10.1371/journal.pone.0291967

PLOS ONE

Serum reactivity to citrullinated antigens, left ventricular structure and function in MESA

symptoms and adjusted for individuals with self-reported arthritis as well as IL-6 levels in our
analysis to account for potential confounding. Thus, we believe these results likely reflect per-
sons without autoimmune disease. We recognize these exclusions are imperfect and that there
may be residual confounding. Thus, these findings require external validation. While our
focus was on the serum reactivity of individual antibodies to citrullinated proteins/peptides,
anti-citrullinated antibody positivity is often defined clinically by the anti-CCP2 assay. When
we evaluated the associations of anti-CCP2 with LV mass, LV ejection fraction, or risk of heart
failure, however, results were similar. Considering the limitations of this study, it is the first to
evaluate associations of serum reactivity to citrullinated protein/peptide antigens with myocar-
dial structure and function in a community-living population without RA, and suggests that
having extremely high reactivity to citrullinated protein/peptide antigens and subclinical CVD
may be associated in the absence of clinical RA.

Conclusion

In conclusion, approximately 27% of community-living individuals have serum reactivity to
citrullinated protein/peptide antigens. These individuals appear similar in terms of demo-
graphic and clinical characteristics to those who have within normal reactivity to citrullinated
antigens, with the exception of greater prevalence of anti-CCP2 antibodies and higher concen-
trations of the inflammatory biomarker IL-6. Overall, persons with extremely high reactivity
to at least 1 citrullinated protein/peptide antigen had similar cardiac structure in terms of
LVEF and LV mass, and similar risk for HF compared to those with normal reactivity to citrul-
linated protein/peptide antigens. Among the subset of 27% who had EHR antibodies, a greater
number of EHR antibodies was independently associated with lower LVEF, however this did
not appear to translate to higher risk of HF during approximately 11 years of follow-up. Fur-
ther research is warranted to determine whether addressing autoimmune-related cardiovascu-
lar risk prior to clinical symptoms can prevent cardiac structural changes, particularly among
those with greater number of EHR antibodies.
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