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Abstract

Biomarkers of chronic inflammation (such as C-reactive protein) have long been associated

with cardiovascular disease and mortality; however, biomarkers involved in antiviral cyto-

kine induction and adaptive immune system activation remain largely unexamined. We

hypothesized the cytokine interferon gamma inducible protein 10 (IP-10) would be associ-

ated with clinical and subclinical cardiovascular disease and all-cause mortality in African

Americans. We assessed these associations in the Jackson Heart Study (JHS) cohort and

the REasons for Geographic and Racial Differences in Stroke (REGARDS) study. There

was a modest association of IP-10 with higher odds of left ventricular hypertrophy (OR =

1.20 (95% confidence interval (CI) 1.03, 1.41) per standard deviation (SD) higher natural

log-transformed IP-10 in JHS). We did not observe associations with ankle brachial index,

intima-media thickness, or arterial calcification. Each SD higher increment of ln-transformed

IP-10 concentration was associated with incident heart failure (hazard ratio (HR) 1.26; 95%

CI 1.11, 1.42, p = 4x10-4) in JHS, and with overall mortality in both JHS (HR 1.12 per SD,

95% CI 1.03, 1.21, p = 7.5x10-3) and REGARDS (HR 1.31 per SD, 95% CI 1.10, 1.55, p =

2.0 x 10−3), adjusting for cardiovascular risk factors and C-reactive protein. However, we

found no association between IP-10 and stroke or coronary heart disease. These results

suggest a role of IP-10 in heart failure and mortality risk independent of C-reactive protein.

Further research is needed to investigate how the body’s response to chronic viral infection

may mediate heart failure and overall mortality risk in African Americans.
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Introduction

Low-grade chronic inflammation, as characterized by elevated circulating levels of innate

immunity biomarkers (e.g., C-reactive protein (CRP), interleukin-6, soluble TNF receptor),

has been long recognized as an independent risk factor for numerous aging-related chronic

diseases such as atherosclerotic cardiovascular disease (CVD) and heart failure (HF), as well as

all-cause mortality. Moreover, the recent CANTOS trial demonstrated that inhibition of the

pro-inflammatory cytokine interleukin 1-β, which is closely tied to innate immune system

function[1], by canakinumab reduced both the risk of CVD events[2] and lung cancer mortal-

ity.[3] While immune dysregulation is a common feature of aging, some immunity-related

pathways have not been extensively studied in the context of CVD risk. Chronic viral infec-

tions such as HIV[4] and hepatitis C (HCV)[5] are associated with increased coronary artery

disease risk independent of traditional risk factors. Such chronic viral infection leads to induc-

tion of antiviral cytokines, such as type I and type II interferons (IFN), and may promote low-

grade inflammation, immune dysfunction, and hypercoagulability.[6, 7] IFN signaling induces

a network of interferon-inducible genes, which orchestrate both innate and adaptive immunity

in defense against viruses.[8] While IFN is not readily measurable in plasma, interferon

gamma-inducible protein 10 (IP-10, also known as C-X-C motif chemokine 10 or CXCL10)

may serve as a surrogate chemokine marker for chronic activation of the IFN-1 pathway, dis-

tinct from the acute inflammation cascade which is marked by chemokines such as IL-6 and

IL-8.[9] Differences in rates of chronic viral infections (including hepatitis B (HBV)[10] and

HCV[11]) among African American (AA) populations, as well as known racial disparities in

other chronic inflammation measures,[12] may make biomarkers of innate immunity like IP-

10 of particular interest in CVD risk assessment in AAs.

IP-10 is secreted by several cell types including T lymphocytes, neutrophils, endothelial

cells, monocytes, and fibroblasts. Along with other IFN-induced chemokines (CXCL9/MIG

and CXCL11/I-TAC), it can elicit diverse effects in different cell types by binding to a common

chemokine receptor, CXCR3.[13, 14] These effects include attraction of T cells and monocytes,

regulation of angiogenesis, and differentiation of naive T cells to pro-inflammatory T helper 1

cells.[15, 16] The role of IP-10 in both inflammation and angiogenesis and its involvement in

CVD pathogenesis in humans and murine models of atherosclerosis[17, 18] also make it an

attractive CVD biomarker for further study. In populations of European origin, IP-10 was

associated with incident coronary heart disease (CHD),[19] hypertension,[20] and symptom-

atic HF,[21] though these associations were not always robust to adjustment for CVD risk fac-

tors.[19] However, most studies to date were relatively small, and did not include AA

populations who have a higher risk of CVD compared to non-Hispanic whites.[22]

Here, we examined whether higher IP-10 was associated with CVD risk factors, subclinical

CVD, and incident events in two prospective cohort studies, Jackson Heart Study (JHS) and

Reasons for Geographical and Racial Differences in Stroke (REGARDS).

Methods

Study populations

JHS recruited 5,306 AA participants in 2000–2004 from urban and rural areas of the three

counties (Hinds, Madison and Rankin) comprising the Jackson, Mississippi metropolitan area.

Recruitment was limited to non-institutionalized adults who self-identified as AA. Participants

were recruited in the following four ways: (1) randomly sampling households from a commer-

cial list, (2) a structured volunteer sample designed to mirror the eligible population, (3) cur-

rent enrollment in the Atherosclerosis Risk in Communities (ARIC) study, and (4) a nested
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family cohort. Unrelated participants were between 35 and 84 years old, while members of the

family cohort were�21 years old at baseline. A range of measures including health behaviors,

medication use, anthropometry, blood pressure, kidney function and diabetes, and CVD bio-

markers were assessed at baseline.[23, 24] Diabetes was defined as fasting glucose� 126 mg/

dL, HbA1c� 6.5%, or self-reported use of a diabetes medication within 2 weeks prior to the

clinical visit. Hypertension was defined as blood pressure > 140/90 mmHg or use of blood

pressure lowering medication. Serum CRP assays were performed at visit 1 using an immuno-

turbidimetric CRP-Latex assay from Kamiya Biomedical Company using a Hitachi 911 ana-

lyzer.[25] Plasma B-type natriuretic peptide (BNP) was assessed at visit 1 using a

chemiluminescent immunoassay as previously described.[26] Serum creatinine was measured

using the Jaffe method and calibrated to measurements traceable to isotope dilution mass spec-

trometry (IDMS).[27] Estimated glomerular filtration rate (eGFR) was calculated from serum

concentration of creatinine measured at baseline using the Chronic Kidney Disease Epidemi-

ology Collaboration equation.[28] LDL was calculated using the Friedewald equation in JHS

and REGARDS, with individuals with triglyceride values�400 mg/dl excluded.

Subclinical CVD was assessed using computed tomography (CT), carotid ultrasound, and

echocardiography with imaging data collection, reading, and quality control previously

described.[23, 29, 30] Briefly, carotid intima media thickness was quantified using B-mode

ultrasonography as the maximum likelihood estimate of average right and left common carotid

intima-media thickness.[31] Left ventricular mass index was defined as left ventricular mass

calculated using the Devereux et al.[32] formula divided by body surface area. Left ventricular

hypertrophy (LVH) was defined as left ventricular mass index >51. Ankle brachial index

(ABI) was defined as the ratio of systolic blood pressure (SBP) of the posterior tibial artery to

that of the brachial artery using Doppler ultrasound.[33] Cardiovascular imaging for coronary

and aortic calcification was conducted at Exam 2, a median of 4.4 years after Exam 1. Agatston

scores[34] were used to quantify calcified plaque. Heart and lower abdomen imaging was per-

formed using a Lightspeed 16 Pro 16-channel multidetector system equipped with cardiac gat-

ing (GE Healthcare, Milwaukee, WI), using standard protocols developed for the Multi-Ethnic

Study of Atherosclerosis (MESA) and Coronary Artery Risk Development in Young Adults

(CARDIA) studies.[35] Mortality in JHS was assessed through 12/31/2016 (median follow-up

13.9 years). Incident CVD events were adjudicated through 12/31/2014 (median follow-up

11.8 years for stroke and CHD, 10.0 years for HF) using data from annual follow-up and medi-

cal record abstraction by independent reviewers using standardized diagnostic criteria adapted

from ARIC.[36–38] Individuals with a prior history of stroke or CHD or who did not consent

to medical record abstraction were excluded from incident event analyses. CHD included fatal

CHD and myocardial infarction. HF hospitalizations were not adjudicated from the beginning

of the study; rather follow-up data was used to determine HF hospitalization status on 01/01/

2005. For participants without HF hospitalizations from visit 1 to the beginning of 2005 and

without a self-reported history of HF, incident HF events were assessed, with hospitalization

events identified through annual follow-up telephone interviews and compared with hospital

discharge lists and death certificates by independent reviewers.

REGARDS is an observational, longitudinal study of 30,239 AA and white men and

women aged�45 years designed to assess the reasons for excess stroke mortality in the South-

eastern U.S. and among AAs compared to whites.[39] Participants were randomly sampled

and recruited across the U.S. between January 2003 and October 2007, aiming to recruit a

cohort including approximately equivalent numbers of males and females and whites and

AAs, as well as overrepresenting the high risk “Stroke Belt” and “Stroke Buckle” regions in the

Southeastern United States. After a telephone interview, an in-home physical exam was com-

pleted to assess risk factors including blood pressure and cholesterol levels. Health behaviors,
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medication use, anthropometry, diabetes, and select CVD biomarkers such as serum creati-

nine and CRP were measured at baseline as previously reported.[39, 40] Hypertension was

defined as SBP�140 or diastolic blood pressure (DBP)�90 or self-reported current medication

use to control blood pressure. Diabetes was defined by self-report due to greater missingness

for a variable based on medication and fasting glucose status. Only AA REGARDS participants

were included in this analysis.

Stroke and CHD event ascertainment in the REGARDS cohort has been described previ-

ously.[41, 42] Participants or their proxies were contacted every 6 months to ascertain stroke

or stroke symptoms and potential CHD hospitalizations. We harnessed the power of the

nested case-cohort study in REGARDS[43] and measured IP-10 in all stroke and CHD cases

through 12/31/2014 plus an age- and sex- stratified cohort random sample (median follow-up

6.2 years stroke, 5.6 years CHD). This case-cohort design in REGARDS has been used in a

number of prior studies to cost-effectively assess the association of biomarkers with stroke and

CHD risk (for example [43, 44]). For mortality analyses, individuals were censored at death or

date of last known follow-up through 2017 (median follow-up 9.3 years). For CHD, we ana-

lyzed a hard CHD variable (definite or probable myocardial infarction or acute CHD death)

due to differences in revascularization and other procedure rates by race/ethnicity. Associa-

tions with HF could not be adequately assessed in the REGARDS cohort random sample due

to a very small number of cases (n = 24).

All study protocols for JHS and REGARDS were approved by institutional review boards at

the University of Mississippi Medical Center and by all participating REGARDS institutions

(including University of Alabama at Birmingham) [39], respectively, and all participants gave

written informed consent.

IP-10 Measurement

In JHS, IP-10 was measured in November and December 2017 in all individuals with consent

for both genetic and epidemiological analyses (n = 3494, n = 5 samples excluded due to insuffi-

cient sample volume). In the REGARDS case cohort study, in AA participants only, IP-10 was

measured in September 2018 in 454 stroke cases, 477 CHD cases and 515 participants in the

cohort random sample[43] (n = 11 with insufficient or no sample volume).

In both cohorts, IP-10 was measured using the R & D Systems enzyme-linked immunosor-

bent assay (ELISA) in EDTA plasma at the University of Vermont (detectable range ~ 7–1000

pg/mL). Inter-assay CVs from control samples were ~5% in JHS and ~10% in REGARDS.

Eight samples above the limit of detection in REGARDS were set to the upper limit (1000 pg/

mL), and one sample below the limit of detection was set to the lower limit of detection (7 pg/

mL); no samples were above or below the limit of detection in JHS.

Statistical analysis

In JHS, cross-sectional associations of IP-10 with baseline participant characteristics and sub-

clinical CVD were assessed using generalized estimating equations for quantitative and binary

traits (independent correlation structure within families) in SAS 9.3 to adjust for covariates

and to account for familial correlation. In regression models, IP-10 was treated as the predictor

after adjusting for age and sex. Quantitative traits included BMI, waist circumference, SBP,

DBP, total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein

(HDL) cholesterol, triglycerides, CRP, ABI, fasting glucose, common carotid intimal thickness

(cIMT), left ventricular mass index, coronary artery calcification (CAC), and abdominal aorta

calcification (AAC). Binary traits included smoking status (current versus former/never),

hypertension, type 2 diabetes, and presence of LVH. Effect estimates were reported per study
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specific natural log (ln)-transformed SD unit difference in IP-10. AAC, CAC, left ventricular

mass index, cIMT, CRP, triglycerides, and BMI were ln-transformed prior to analysis.

In JHS, Cox proportional hazards models with sandwich-based variance estimation were

used to evaluate covariate-adjusted associations of IP-10 with all-cause mortality and incident

CVD events. Three models with progressive covariate adjustment were used. Model one was

adjusted for age and sex only. Model two was additionally adjusted for established CVD risk

factors BMI, blood pressure medication use, diabetes, SBP, total cholesterol, HDL and current

smoking status. Model three added CRP, a marker for systemic inflammation. IP-10 was

treated as a continuous trait (ln-transformed prior to transformation as a z-score, with esti-

mates presented per SD and divided into quartiles (86, 112, 158 pg/mL quartile boundaries).

We also performed an exploratory analysis for HF, adjusting for key risk factors eGFR and

BNP separately and in the same model. We also included LVH as a potential mediator of the

HF association in these exploratory models. We assessed each quartile in reference to the low-

est quartile (quartile treated as a class variable) and for trend across quartiles (treated as a con-

tinuous variable). Only individuals with complete covariate data for all models were included

in incident event and mortality analyses (n = 3173).

In REGARDS, associations of IP-10 with demographic factors were assessed in SAS 9.3

using linear regression models in the stratified cohort random sample only, adjusting for age

and sex. In the case-cohort sample, Cox proportional hazard models were used to calculate the

hazard ratios (HRs) for stroke, CHD, and mortality. For CHD and stroke outcomes, robust

sandwich estimators were used to calculate 95% confidence intervals (CIs) accounting for sam-

ple weighting in the case-cohort study design.[43] Models for stroke excluded participants

with baseline stroke, and models for CHD excluded participants with baseline CHD; selected

stroke cases were also not included in the CHD models, and selected CHD cases were not

included in the stroke models. Standard Cox proportional hazards models were used in the

cohort random sample to assess the association of IP-10 with mortality. The same 3 covariate

models used in JHS were used in the REGARDS analysis, with the addition of geographic

region (Southeast Stroke Belt, Stroke Buckle and the rest of the U.S.[39]) to all models. Associ-

ations are reported both per ln-transformed SD unit of IP-10 and by IP-10 quartile with quar-

tile boundaries (96, 131, 177 pg/mL) determined in the cohort random sample accounting for

sample weighting.

Results

Associations between IP-10 and CVD risk factors

Table 1 displays basic demographic variables and CVD risk factors in JHS and REGARDS. In

JHS, mean (SD) IP-10 was 140 (105) pg/mL; in REGARDS it was 169 (133) pg/mL. For ln-

transformed IP-10, the JHS mean (SD) was 4.79 (0.50); in REGARDS it was 4.95 (0.56) in the

cohort random sample. Analyses were conducted on the ln-transformed scale due to the

skewed distribution of IP-10 (S1 Fig). In JHS, Table 2 shows IP-10 was significantly lower in

males (0.23 SD (95% CI -0.30, -0.15), corresponding to an average IP-10 of 132 pg/mL in

males and 146 pg/mL in females in JHS) and was significantly higher with increasing age (β =

3.41 years per SD increase in ln-IP-10, 95% CI 2.98, 3.85) and adiposity (as assessed by both

waist circumference and BMI). Higher IP-10 was associated with higher CRP and triglycerides,

and with lower LDL, HDL, and total cholesterol, though with modest β estimates. For example,

a SD increase in ln IP-10 was associated with a 2.20 cm (95% CI 1.59, 2.81) increase in waist

circumference, and a 1.85 mg/dL decrease in total cholesterol (95% CI -3.30, -0.39). Trends

were similar in the smaller REGARDS cohort random sample (Table 2), with REGARDS 95%

CIs generally containing JHS β estimates.
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IP-10 was not associated with most measures of subclinical CVD in JHS (Table 3), includ-

ing ABI, cIMT, AAC and CAC (assessed at visit 2). Each SD increment higher ln IP-10 was

associated with higher odds of LVH (OR = 1.20 (95% CI 1.03, 1.41 and higher left ventricular mass

Table 1. Mean, sample size, median, and interquartile range (IQR) of risk factors analyzed in JHS and REGARDS.

JHS REGARDS

n Mean (SD) or Frequency Median IQR n Mean (SD) or Frequency Median IQR

Age (Years) 3494 55.58 (12.81) 56.30 19.48 515 67.41 (12.12) 68 20

Male sex (%) 3494 37.80 515 50.29

BMI (kg/m2) 3487 31.90 (7.30) 30.64 8.58 508 29.67 (6.28) 28.98 7.59

Waist Circumference (cm) 3487 101.19 (16.27) 99 20 512 96.92 (14.64) 96.52 19.05

Current Smoking (%) 3464 13.31 514 18.60

SBP (mmHg) 3488 127.37 (16.61) 125.66 20.63 512 131.55 (18.11) 130 21

DBP (mmHg) 3488 75.77 (8.75) 75.88 12.45 512 78.15 (10.72) 79 13

Hypertension (%) 3494 57.30 512 70.04

Type 2 Diabetes (%) 3492 23.14 511 26.12

Plasma Glucose� (mg/dL) 2592 90.40 (8.95) 90 12 378 94.23 (12.50) 93 15

Statin Medication Use† (%) 3461 13.98 509 29.08

HDL Cholesterol (mg/dL) 3238 51.64 (14.78) 49 19 508 53.34 (16.60) 50.5 20

Triglyceride (mg/dL) 3239 107.55 (82.17) 90 64 511 106.58 (52.54) 96 56

Total Cholesterol (mg/dL) 3239 199.20 (40.61) 196 51 512 190.04 (40.53) 187 50

LDL Cholesterol (mg/dL) 3206 126.49 (36.94) 125 47 506 114.78 (35.48) 111.5 45.5

CRP (mg/dL) 3488 0.53 (0.98) 0.26 0.47 508 0.53 (1.11) 0.24 0.45

� Plasma glucose was obtained from fasting blood samples and was assessed only in those without type 2 diabetes.

† REGARDS data is based on self-report of any lipid lowering medication in those with self-reported lipidemia.

https://doi.org/10.1371/journal.pone.0231013.t001

Table 2. Age and sex-adjusted associations of IP-10 with risk factors in JHS and REGARDS.

JHS REGARDS

Beta per 1 SD increase in IP-10 SE P-value Beta per 1 SD increase in IP-10 SE P-value

Age (Years) 3.41 0.22 <1.0x10-4 3.55 0.50 <1.0x10-4

Male sex (%) -0.23 0.04 <1.0x10-4 -0.25 0.09 4.9x10-3

BMI (kg/m2) 0.03 4.0x10-3 <1.0x10-4 -2.0x10-3 0.01 0.84

Waist Circumference (cm) 2.20 0.31 <1.0x10-4 0.78 0.66 0.24

Current Smoking (%) -0.33 0.07 <1.0x10-4 0.02 0.12 0.87

SBP (mmHg) -0.18 0.29 0.53 0.13 0.82 0.88

DBP (mmHg) 0.09 0.15 0.55 0.51 0.48 0.30

Hypertension (%) 0.08 0.04 0.05 0.04 0.10 0.69

Type 2 Diabetes (%) 0.08 0.04 0.07 -0.07 0.11 0.52

Plasma Glucose (mg/dL) 0.17 0.18 0.36 1.06 0.64 0.10

Statin Medication Use�(%) -0.05 0.05 0.29 -0.05 0.10 0.65

HDL Cholesterol (mg/dL) -1.90 0.28 <1.0x10-4 -1.73 0.70 0.01

Triglyceride(mg/dL) 0.05 0.01 <1.0x10-4 0.02 0.02 0.29

Total Cholesterol (mg/dL) -1.85 0.75 0.01 -4.55 1.84 0.01

LDL Cholesterol (mg/dL) -0.89 0.68 0.19 -3.62 1.63 0.03

CRP (mg/dL) 0.16 0.03 <1.0x10-4 0.06 0.06 0.26

Models are adjusted for age and sex (except for age and sex). BMI, triglycerides, and CRP are natural log transformed prior to analysis. 1 SD IP-10 corresponds to 105

pg/mL in JHS and 133 pg/mL in REGARDS.

https://doi.org/10.1371/journal.pone.0231013.t002
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index (β = 0.02 (95% CI 0.01, 0.03) in ln-transformed left ventricular mass index) (Table 3). LVH

based on echocardiography was not available in REGARDS, but trends were similar for LVH by

Sokolow-Lyon criteria from baseline electrocardiograms [45] (OR = 1.31, 95% CI 1.02, 1.68).

Association between IP-10 and incident events

There were 559 deaths, 110 strokes, 147 CHD cases and 190 HF cases in individuals with com-

plete covariate data in JHS (Table 4). In REGARDS there were 445 strokes, 466 CHD cases,

and 160 deaths in individuals with complete covariate data. The association between IP-10 and

Table 3. Association of subclinical CVD measures with IP-10 in JHS, adjusting for age and sex. Beta values are reported per SD of natural log transformed IP-10,

including for binary measures. Mean (SD) values or frequency for subclinical CVD measures is also reported.

Subclinical CVD measure Beta SE P-value n Mean (SD) or Frequency Median IQR

Ankle Brachial Index (ABI) 3.8x10-3 3.1x10-3 0.22 3101 1.21 (0.17) 1.21 0.19

Carotid intima media thickness (cIMT) 4x10-4 3.6x10-3 0.91 3319 0.73 (0.19) 0.71 0.23

Left Ventricular Mass Index 0.02 0.01 2.8x10-3 2234 36.31 (9.79) 34.42 11.06

Coronary Artery Calcium (CAC) Agatston Score 0.05 0.06 0.36 1939 167.71 (506.81) 0 86.45

Abdominal Aorto-iliac Calcium (AAC) Agatston Score -0.03 0.06 0.62 1938 895.30 (1628.78) 115.07 1077.13

Left Ventricular Hypertrophy (LVH) 0.19 0.08 0.02 2234 7.83%

Any AAC 0.02 0.06 0.76 1938 66.36%

Any CAC 0.01 0.05 0.84 1939 48.84%

�Carotid IMT, left ventricular mass index, AAC and CAC were natural log transformed prior to analysis.

https://doi.org/10.1371/journal.pone.0231013.t003

Table 4. Association of IP-10 with mortality and incident cardiovascular disease events in JHS and REGARDS.

JHS REGARDS

Model 1 2 3 1 2 3

Coronary Heart Disease Events/N 101/2906 466/868

HR 0.98 0.98 0.97 1.14 1.16 1.15

(95% CI) (0.80, 1.19) (0.82, 1.17) (0.81, 1.16) (0.97, 1.33) (0.96, 1.39) (0.95, 1.38)

p-value 0.81 0.80 0.76 0.11 0.13 0.16

Stroke Events/N 110/2991 445/881

HR 1.05 1.07 1.06 1.15 1.17 1.17

(95% CI) (0.85, 1.31) (0.88, 1.31) (0.88, 1.28) (0.98, 1.36) (0.98, 1.40) (0.97, 1.40)

p-value 0.64 0.49 0.52 0.09 0.09 0.10

All-Cause Mortality Events/N 559/3173 160/475

HR 1.10 1.12 1.12 1.33 1.36 1.31

(95% CI) (1.01, 1.19) (1.03, 1.22) (1.03, 1.21) (1.13, 1.56) (1.15, 1.60) (1.10, 1.55)

p-value 0.02 5.8 x 10−3 7.5 x 10−3 5 x 10−4 4 x 10−4 2.0 x 10−3

Heart Failure Events/N 190/2756

HR 1.28 1.26 1.26

(95% CI) (1.13, 1.45) (1.11, 1.42) (1.11, 1.42)

p-value 1 x 10−4 4 x 10−4 4 x 10−4

� Hazard ratios (HR) and 95% confidence intervals (CIs) are reported per standard deviation increase in IP-10. Only individuals with complete covariates for all models

are included. REGARDS did not have an adequate number of heart failure cases in the case-cohort study for analysis.

† Model 1: Adjusted for age, sex (with additional adjustment for region in REGARDS)

‡ Model 2: Model 1 + BMI, blood pressure medications, type 2 diabetes, SBP, total cholesterol, HDL cholesterol, current smoking

§ Model 3: Model 2 + CRP

https://doi.org/10.1371/journal.pone.0231013.t004
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mortality in REGARDS was only assessed in the cohort random sample. In the analysis of IP-

10 as a continuous variable, each higher SD increment of IP-10 was associated with an

increased risk for both death (HR 1.12 per SD 95% CI 1.03, 1.21) and incident HF in JHS (HR

1.26 per SD, 95% CI 1.11, 1.42), adjusting for CVD risk factors and CRP (Model 3). Compared

to those in the lowest quartile of IP-10, participants in the highest quartile of IP-10 had a HR

of 1.50 (95% CI, 1.15, 1.96) for all-cause mortality and 2.74 (95% CI 1.66, 4.52) for incident HF

after risk factor adjustment including CRP (Model 3) (S1 Table). This HF HR in JHS was only

modestly attenuated upon adjustment for BNP and eGFR (HR 2.33; 95% CI 1.38, 3.91, S2

Table). Additional inclusion of LVH as a covariate also only modestly attenuated this associa-

tion (HR 2.72, 95% CI 1.48, 4.99). The association of IP-10 with mortality was also observed in

REGARDS (HR 1.31, 95% CI 1.10, 1.55, per SD higher and HR 2.16, 95% CI 1.22, 3.82 com-

paring the highest to lowest quartiles of IP-10). There was no association between IP-10 and

incident CHD or stroke with any model of risk factor adjustment in JHS or REGARDS.

Kaplan-Meier plots visualizing all non-case-cohort designed analyses for IP-10 quartiles (no

covariate adjustment) are displayed in S2 Fig.

To further explore the observed association with mortality, we performed exploratory anal-

yses for cause-specific mortality. Specific information on cause of death was not available in

JHS. In REGARDS, of the 160 deaths in the random cohort sample, 158 had an adjudicated

cause of death; 56 were from CVD, 45 from cancer, 15 from infection, 19 from dementia, and

23 from other causes (such as end-stage renal disease, infection, or other). Adjusting for age,

sex and region, each SD increment higher ln-IP-10 concentration was associated with death

from cancer (HR 1.52, 95% CI 1.14, 2.03, p = 0.004), but was not associated with death from

dementia (HR 0.72, 95% CI 0.39, 1.34, p = 0.31), infection (HR 1.46, 95% CI 0.81, 2.62,

p = 0.21), or overall CVD (HR 1.26, 95% CI 0.97, 1.63, p = 0.08).

Discussion

We examined the relationship of circulating levels of IP-10, an IFN-dependent chemokine,

with CVD outcomes and mortality in two community-based prospective studies of AAs. IP-10

was significantly associated with both HF and all-cause mortality. These associations were

independent of traditional CVD risk factors, including CRP. However, there was no associa-

tion between IP-10 and stroke or CHD. Among the many subclinical disease measures ana-

lyzed (arterial calcification, LV mass measures, intima media thickness, and ankle brachial

index) only an association with LV mass was identified. This study adds significantly to the

limited literature on the role of IP-10 as a CVD risk biomarker in large population-based

cohorts, specifically in AAs, and suggests that further study of IP-10 and interferon-induced

viral response pathways is warranted in HF in AAs.

We are not aware of other large prospective studies linking IP-10 levels with HF and LVH.

In a previous small case-control study of HF, IP-10 and other CXCR3 ligands were associated

with HF independently of BNP.[46] There is considerable evidence that T lymphocytes and

the adaptive immune system are involved in chronic inflammation associated with both ath-

erosclerotic CVD and HF.[47, 48] IP-10 is a chemoattractant for cardiac infiltration of pro-

inflammatory T helper 1 cells and cytotoxic T cells, and was elevated in human and experi-

mental models of atherosclerosis, HF, and cardiac dysfunction and remodeling.[17, 21, 49] In

ischemic models of cardiac repair, IP-10 appears to inhibit fibroblast migration and limit car-

diac fibrosis, thereby promoting normal myocardial tissue remodeling,[50] possibly through

CXCR3-independent signaling pathways.[51] Similarly, IP-10 inhibited fibroblast migration

and accumulation in bleomycin-induced pulmonary fibrosis.[52] IP-10 levels are also associ-

ated with intrahepatic inflammation and fibrosis in individuals infected with HCV and with
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other chronic liver diseases.[53, 54] By contrast, in both murine and human models of pres-

sure overload–induced cardiac dysfunction, IP-10 appears to promote CD4+ T helper cell

heart infiltration and adverse fibrosis and cardiac remodeling in a CXCR3-/LFA-1/ICAM-

1-adhesion pathway.[49] Further analysis of the role of IP-10 and its receptor and other IFN-

γ-inducible ligands in ischemic vs. non-ischemic HF may shed additional light on the balance

of fibrotic and specific T-cell subset-dependent processes involved in cardiac tissue repair.[55]

Given the higher incidence of HF and left ventricular dysfunction in AAs,[56] gaining a better

understanding of the links between adaptive immunity biomarkers and HF is particularly

important.

Our results on the correlates of IP-10 in AAs are consistent with previous results from the

large MONICA/KORA Augsburg Case-Cohort Study in Europeans,[19] which had 381 CHD

cases and 1977 without CHD. Specifically, IP-10 was positively correlated with several CVD

risk factors, including age, BMI, and other inflammatory biomarkers like CRP, but negatively

correlated with cholesterol levels, including HDL. However, the sex difference in IP-10

observed in JHS was not observed in MONICA/KORA Augsburg.[19] The magnitude of the

effect was similar in REGARDS but was not statistically significant. We also did not observe

any evidence for association of IP-10 with hypertension or SBP and DBP levels in contrast to

the MONICA/KORA Augsburg study[19] and several other smaller case-control samples,[20,

57] including one case/control study (n = 140 controls, n = 140 untreated hypertension cases)

which found that those with systolic and/or diastolic hypertension had an average IP-10 level

of 148 pg/mL, while those without had average IP-10 levels of 98 pg/mL (P<0.001).[20] Corre-

lations in the latter study were attenuated but still significant when adjusted for age, BMI, cre-

atinine, glycemia, HDL, LDL and triglycerides.

The lack of association between IP-10 and incident CHD or stroke in JHS and REGARDS

can be compared to two prior studies that examined the relationship of IP-10 to incident CVD

outcomes. In a cohort of AAs with type 1 diabetes, higher IP-10 was associated with higher

risk of incident composite CVD events (defined as CHD, stroke, or peripheral arterial disease)

independently of age, BMI, smoking, and mean arterial pressure with an OR = 3.53 (95% CI

1.07, 11.64) comparing the top and bottom quartiles of IP-10.[58] This study was small

(n = 320 with only 43 incident CVD events) and only included individuals with type 1 diabetes

without complication from infection or systemic inflammatory conditions. However, in the

MONICA/KORA Augsburg study, the largest population-based study in European popula-

tions for IP-10 with CVD, the association of IP-10 with incident CHD was attenuated to insig-

nificance (third tertile compared to first HR = 1.26 95% CI 0.94–1.69) after adjustment for

established CHD risk factors.[19] Our results are essentially concordant with this estimate of

small to no effect of IP-10 on CHD risk from the MONICA/KORA Augsburg study. We did

note in JHS that there was some evidence of mortality being a competing risk for CHD

(p = 0.01) and heart failure (p = 0.02), though not for stroke (p = 0.09).

To our knowledge, this is also the first report of an association between IP-10 and overall

mortality in a general population. While biomarkers of innate immunity such as CRP and IL-6

are well-documented risk factors for total mortality,[59, 60] particularly in older adults, fewer

studies have examined the relationship of T-cell immune dysregulation and mortality in the

general population despite the well-documented association of aging with T-cell immune dys-

function.[61] Both aging and chronic viral infection are characterized by low-level chronic

inflammation and immune activation which in turn contribute to the development of age-

related diseases, frailty, and mortality. IP-10 is not an acute phase reactant, instead tagging

chronic IFN mediated immune responses. Consistent with previous studies[9, 19], in

REGARDS IP-10 is only modestly correlated (Spearman correlation�0.3) with IL-6, IL-8, and

CRP, commonly measured inflammation biomarkers associated with the acute phase response.
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Chronic viral infections such as Cytomegalovirus, Herpes Simplex Virus and HCV are com-

mon in adult populations and can result in altered T-cell immune responses, which may be

related to various chronic diseases, frailty, and longevity.[62] Measurement of IP-10 and other

type I and II IFN-induced chemokines in large population-based samples of older adults, and

comparison of predictive models with other inflammatory markers, may shed further light on

the role of T-cell immune response and immune dysfunction in healthy and less healthy aging.

Racial disparities in chronic viral infection rates (for example the tenfold excess of chronic

HCV infection rates in AAs over 60 years of age versus other race/ethnicity groups[11]) make

this field of research particularly important in AA populations.

Our study has several strengths including the evaluation of two large AA cohorts: a commu-

nity-based sample from Jackson, Mississippi and a nationally sampled cohort, both followed

prospectively for incident CVD outcomes and mortality. Some limitations should be noted,

including the lack of most subclinical disease measures and the small numbers of HF cases in

the REGARDS cohort random sample. HF was also not assessed at baseline in JHS, so incident

HF was assessed only from 2005–2014. Additionally, JHS and REGARDS do not have data on

viral titers or self-reported diagnoses for common chronic viral infections such as HBV and

HCV. IP-10 has been correlated with chronic viral infection in previous studies[63, 64] but we

were not able to examine this. Future work should further examine cause of death in larger

samples in order to better understand why IP-10 is associated with overall mortality and

explore suggestive associations with risk of cancer mortality.

In summary, IP-10 was associated with increased risk of mortality and HF in two popula-

tion-based cohorts of AAs. This work suggests that further investigation into the potential role

of chronic viral infection and T-cell dysregulation in HF risk is warranted in AA populations.

Supporting information

S1 Fig. Distribution of IP-10 (pg/mL) and natural log transformed IP-10 in jackson heart

study and the REasons for geographic and racial differences in stroke (REGARDS) study.

(PDF)

S2 Fig. Kaplan-Meier plots for IP-10 quartiles, unadjusted for covariates.

(PDF)

S1 Table. Association of IP-10 quartiles with mortality and incident cardiovascular disease

events in JHS and REGARDS. Each quartile is reported in reference to quartile 1. Trend

across quartiles is also reported.

(PDF)

S2 Table. Additional adjustment for the potential confounders kidney function (as

assessed using estimated glomerular filtration rate (eGFR) calculated using the CKD-EPI

equation) and Brain Natriuretic Peptide (BNP) in the JHS heart failure models, as well as

potential mediator left ventricular hypertrophy.

(PDF)

Author Contributions

Conceptualization: Colton Leavitt, Neil A. Zakai, Paul Auer, Mary Cushman, Ethan M.

Lange, Timothy A. Thornton, Russell P. Tracy, James G. Wilson, Leslie A. Lange, Alex P.

Reiner, Laura M. Raffield.

Data curation: Neil A. Zakai, Emily B. Levitan, Russell P. Tracy.

PLOS ONE Interferon gamma-induced protein 10 (IP-10) and cardiovascular disease in African Americans

PLOS ONE | https://doi.org/10.1371/journal.pone.0231013 April 2, 2020 10 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231013.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231013.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231013.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231013.s004
https://doi.org/10.1371/journal.pone.0231013


Formal analysis: Neil A. Zakai, Laura M. Raffield.

Funding acquisition: Leslie A. Lange, Alex P. Reiner.

Methodology: Colton Leavitt, Neil A. Zakai, Alex P. Reiner, Laura M. Raffield.

Project administration: Leslie A. Lange, Alex P. Reiner, Laura M. Raffield.

Resources: Neil A. Zakai, Emily B. Levitan, Nels Olson, James G. Wilson.

Writing – original draft: Colton Leavitt, Neil A. Zakai, Alex P. Reiner, Laura M. Raffield.

Writing – review & editing: Colton Leavitt, Neil A. Zakai, Paul Auer, Mary Cushman, Ethan

M. Lange, Emily B. Levitan, Nels Olson, Timothy A. Thornton, Russell P. Tracy, James G.

Wilson, Leslie A. Lange, Alex P. Reiner, Laura M. Raffield.

References

1. Dinarello CA. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunological

reviews. 2018; 281(1):8–27. https://doi.org/10.1111/imr.12621 PMID: 29247995

2. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. Antiinflammatory

Therapy with Canakinumab for Atherosclerotic Disease. N Engl J Med. 2017; 377(12):1119–31. https://

doi.org/10.1056/NEJMoa1707914 PMID: 28845751

3. Ridker PM, MacFadyen JG, Thuren T, Everett BM, Libby P, Glynn RJ. Effect of interleukin-1beta inhibi-

tion with canakinumab on incident lung cancer in patients with atherosclerosis: exploratory results from

a randomised, double-blind, placebo-controlled trial. Lancet (London, England). 2017; 390

(10105):1833–42.

4. Triant VA, Grinspoon SK. Epidemiology of ischemic heart disease in HIV. Current opinion in HIV and

AIDS. 2017; 12(6):540–7. https://doi.org/10.1097/COH.0000000000000410 PMID: 28799997

5. Badawi A, Di Giuseppe G, Arora P. Cardiovascular disease risk in patients with hepatitis C infection:

Results from two general population health surveys in Canada and the United States (2007–2017).

PloS one. 2018; 13(12):e0208839–e. https://doi.org/10.1371/journal.pone.0208839 PMID: 30540839

6. Justice AC, Erlandson KM, Hunt PW, Landay A, Miotti P, Tracy RP. Can Biomarkers Advance HIV

Research and Care in the Antiretroviral Therapy Era? The Journal of infectious diseases. 2018; 217

(4):521–8. https://doi.org/10.1093/infdis/jix586 PMID: 29165684

7. Teijaro JR. Pleiotropic Roles of Type 1 Interferons in Antiviral Immune Responses. Advances in immu-

nology. 2016; 132:135–58. https://doi.org/10.1016/bs.ai.2016.08.001 PMID: 27769506

8. Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, et al. A diverse range of gene

products are effectors of the type I interferon antiviral response. Nature. 2011; 472(7344):481–5.

https://doi.org/10.1038/nature09907 PMID: 21478870

9. Gremmels H, Teraa M, de Jager SCA, Pasterkamp G, de Borst GJ, Verhaar MC. A Pro-Inflammatory

Biomarker-Profile Predicts Amputation-Free Survival in Patients with Severe Limb Ischemia. Sci Rep.

2019; 9(1):10740. https://doi.org/10.1038/s41598-019-47217-1 PMID: 31341203

10. Roberts H, Kruszon-Moran D, Ly KN, Hughes E, Iqbal K, Jiles RB, et al. Prevalence of chronic hepatitis

B virus (HBV) infection in U.S. households: National Health and Nutrition Examination Survey

(NHANES), 1988–2012. Hepatology. 2016; 63(2):388–97. https://doi.org/10.1002/hep.28109 PMID:

26251317

11. Denniston MM, Jiles RB, Drobeniuc J, Klevens RM, Ward JW, McQuillan GM, et al. Chronic hepatitis C

virus infection in the United States, National Health and Nutrition Examination Survey 2003 to 2010.

Ann Intern Med. 2014; 160(5):293–300. https://doi.org/10.7326/M13-1133 PMID: 24737271

12. Khera A, McGuire DK, Murphy SA, Stanek HG, Das SR, Vongpatanasin W, et al. Race and gender dif-

ferences in C-reactive protein levels. Journal of the American College of Cardiology. 2005; 46(3):464–

9. https://doi.org/10.1016/j.jacc.2005.04.051 PMID: 16053959

13. Cheng C, Tempel D, van Haperen R, de Boer HC, Segers D, Huisman M, et al. Shear stress-induced

changes in atherosclerotic plaque composition are modulated by chemokines. The Journal of clinical

investigation. 2007; 117(3):616–26. https://doi.org/10.1172/JCI28180 PMID: 17304353

14. Mach F, Sauty A, Iarossi AS, Sukhova GK, Neote K, Libby P, et al. Differential expression of three T

lymphocyte-activating CXC chemokines by human atheroma-associated cells. The Journal of clinical

investigation. 1999; 104(8):1041–50. https://doi.org/10.1172/JCI6993 PMID: 10525042

PLOS ONE Interferon gamma-induced protein 10 (IP-10) and cardiovascular disease in African Americans

PLOS ONE | https://doi.org/10.1371/journal.pone.0231013 April 2, 2020 11 / 14

https://doi.org/10.1111/imr.12621
http://www.ncbi.nlm.nih.gov/pubmed/29247995
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1056/NEJMoa1707914
http://www.ncbi.nlm.nih.gov/pubmed/28845751
https://doi.org/10.1097/COH.0000000000000410
http://www.ncbi.nlm.nih.gov/pubmed/28799997
https://doi.org/10.1371/journal.pone.0208839
http://www.ncbi.nlm.nih.gov/pubmed/30540839
https://doi.org/10.1093/infdis/jix586
http://www.ncbi.nlm.nih.gov/pubmed/29165684
https://doi.org/10.1016/bs.ai.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27769506
https://doi.org/10.1038/nature09907
http://www.ncbi.nlm.nih.gov/pubmed/21478870
https://doi.org/10.1038/s41598-019-47217-1
http://www.ncbi.nlm.nih.gov/pubmed/31341203
https://doi.org/10.1002/hep.28109
http://www.ncbi.nlm.nih.gov/pubmed/26251317
https://doi.org/10.7326/M13-1133
http://www.ncbi.nlm.nih.gov/pubmed/24737271
https://doi.org/10.1016/j.jacc.2005.04.051
http://www.ncbi.nlm.nih.gov/pubmed/16053959
https://doi.org/10.1172/JCI28180
http://www.ncbi.nlm.nih.gov/pubmed/17304353
https://doi.org/10.1172/JCI6993
http://www.ncbi.nlm.nih.gov/pubmed/10525042
https://doi.org/10.1371/journal.pone.0231013


15. Dufour JH, Dziejman M, Liu MT, Leung JH, Lane TE, Luster AD. IFN-gamma-inducible protein 10 (IP-

10; CXCL10)-deficient mice reveal a role for IP-10 in effector T cell generation and trafficking. J Immu-

nol. 2002; 168(7):3195–204. https://doi.org/10.4049/jimmunol.168.7.3195 PMID: 11907072

16. van den Borne P, Quax PH, Hoefer IE, Pasterkamp G. The multifaceted functions of CXCL10 in cardio-

vascular disease. BioMed research international. 2014; 2014:893106. https://doi.org/10.1155/2014/

893106 PMID: 24868552

17. Altara R, Manca M, Brandao RD, Zeidan A, Booz GW, Zouein FA. Emerging importance of chemokine

receptor CXCR3 and its ligands in cardiovascular diseases. Clin Sci (Lond). 2016; 130(7):463–78.

18. Segers D, Lipton JA, Leenen PJ, Cheng C, Tempel D, Pasterkamp G, et al. Atherosclerotic Plaque Sta-

bility Is Affected by the Chemokine CXCL10 in Both Mice and Humans. International journal of inflam-

mation. 2011; 2011:936109. https://doi.org/10.4061/2011/936109 PMID: 22164344

19. Herder C, Baumert J, Thorand B, Martin S, Lowel H, Kolb H, et al. Chemokines and incident coronary

heart disease: results from the MONICA/KORA Augsburg case-cohort study, 1984–2002. Arteriosclero-

sis, thrombosis, and vascular biology. 2006; 26(9):2147–52. https://doi.org/10.1161/01.ATV.

0000235691.84430.86 PMID: 16825597

20. Antonelli A, Fallahi P, Ferrari SM, Ghiadoni L, Virdis A, Mancusi C, et al. High serum levels of CXC

(CXCL10) and CC (CCL2) chemokines in untreated essential hypertension. Int J Immunopathol Phar-

macol. 2012; 25(2):387–95. https://doi.org/10.1177/039463201202500208 PMID: 22697070

21. Altara R, Manca M, Hessel MH, Gu Y, van Vark LC, Akkerhuis KM, et al. CXCL10 Is a Circulating

Inflammatory Marker in Patients with Advanced Heart Failure: a Pilot Study. J Cardiovasc Transl Res.

2016; 9(4):302–14. https://doi.org/10.1007/s12265-016-9703-3 PMID: 27271043

22. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR, Cheng S, et al. Heart Disease and

Stroke Statistics-2018 Update: A Report From the American Heart Association. Circulation. 2018; 137

(12):e67–e492. https://doi.org/10.1161/CIR.0000000000000558 PMID: 29386200

23. Taylor HA Jr, Wilson JG, Jones DW, Sarpong DF, Srinivasan A, Garrison RJ, et al. Toward resolution of

cardiovascular health disparities in African Americans: design and methods of the Jackson Heart Study.

Ethnicity & disease. 2005; 15(4 Suppl 6):S6-4–17.

24. Wilson JG, Rotimi CN, Ekunwe L, Royal CD, Crump ME, Wyatt SB, et al. Study design for genetic anal-

ysis in the Jackson Heart Study. Ethn Dis. 2005; 15(4 Suppl 6):S6-30–7.

25. Fox ER, Benjamin EJ, Sarpong DF, Rotimi CN, Wilson JG, Steffes MW, et al. Epidemiology, heritability,

and genetic linkage of C-reactive protein in African Americans (from the Jackson Heart Study). Am J

Cardiol. 2008; 102(7):835–41. https://doi.org/10.1016/j.amjcard.2008.05.049 PMID: 18805107

26. Fox ER, Musani SK, Bidulescu A, Nagarajarao HS, Samdarshi TE, Gebreab SY, et al. Relation of obe-

sity to circulating B-type natriuretic peptide concentrations in blacks: the Jackson Heart Study. Circula-

tion. 2011; 124(9):1021–7. https://doi.org/10.1161/CIRCULATIONAHA.110.991943 PMID: 21824924

27. Wang W, Young BA, Fulop T, de Boer IH, Boulware LE, Katz R, et al. Effects of serum creatinine cali-

bration on estimated renal function in african americans: the Jackson heart study. Am J Med Sci. 2015;

349(5):379–84. https://doi.org/10.1097/MAJ.0000000000000446 PMID: 25806862

28. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI, et al. A new equation to esti-

mate glomerular filtration rate. Ann Intern Med. 2009; 150(9):604–12. https://doi.org/10.7326/0003-

4819-150-9-200905050-00006 PMID: 19414839

29. Carpenter MA, Crow R, Steffes M, Rock W, Heilbraun J, Evans G, et al. Laboratory, reading center, and

coordinating center data management methods in the Jackson Heart Study. Am J Med Sci. 2004; 328

(3):131–44. https://doi.org/10.1097/00000441-200409000-00001 PMID: 15367870

30. Liu J, Fox CS, Hickson D, Sarpong D, Ekunwe L, May WD, et al. Pericardial adipose tissue, atheroscle-

rosis, and cardiovascular disease risk factors: the Jackson heart study. Diabetes care. 2010; 33

(7):1635–9. https://doi.org/10.2337/dc10-0245 PMID: 20413524

31. Deere B, Griswold M, Lirette S, Fox E, Sims M. Life Course Socioeconomic Position and Subclinical

Disease: The Jackson Heart Study. Ethnicity & disease. 2016; 26(3):355–62.

32. Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I, et al. Echocardiographic assess-

ment of left ventricular hypertrophy: comparison to necropsy findings. The American journal of cardiol-

ogy. 1986; 57(6):450–8. https://doi.org/10.1016/0002-9149(86)90771-x PMID: 2936235

33. Aboyans V, Criqui MH, Abraham P, Allison MA, Creager MA, Diehm C, et al. Measurement and inter-

pretation of the ankle-brachial index: a scientific statement from the American Heart Association. Circu-

lation. 2012; 126(24):2890–909. https://doi.org/10.1161/CIR.0b013e318276fbcb PMID: 23159553

34. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr., Detrano R. Quantification of coro-

nary artery calcium using ultrafast computed tomography. Journal of the American College of Cardiol-

ogy. 1990; 15(4):827–32. https://doi.org/10.1016/0735-1097(90)90282-t PMID: 2407762

PLOS ONE Interferon gamma-induced protein 10 (IP-10) and cardiovascular disease in African Americans

PLOS ONE | https://doi.org/10.1371/journal.pone.0231013 April 2, 2020 12 / 14

https://doi.org/10.4049/jimmunol.168.7.3195
http://www.ncbi.nlm.nih.gov/pubmed/11907072
https://doi.org/10.1155/2014/893106
https://doi.org/10.1155/2014/893106
http://www.ncbi.nlm.nih.gov/pubmed/24868552
https://doi.org/10.4061/2011/936109
http://www.ncbi.nlm.nih.gov/pubmed/22164344
https://doi.org/10.1161/01.ATV.0000235691.84430.86
https://doi.org/10.1161/01.ATV.0000235691.84430.86
http://www.ncbi.nlm.nih.gov/pubmed/16825597
https://doi.org/10.1177/039463201202500208
http://www.ncbi.nlm.nih.gov/pubmed/22697070
https://doi.org/10.1007/s12265-016-9703-3
http://www.ncbi.nlm.nih.gov/pubmed/27271043
https://doi.org/10.1161/CIR.0000000000000558
http://www.ncbi.nlm.nih.gov/pubmed/29386200
https://doi.org/10.1016/j.amjcard.2008.05.049
http://www.ncbi.nlm.nih.gov/pubmed/18805107
https://doi.org/10.1161/CIRCULATIONAHA.110.991943
http://www.ncbi.nlm.nih.gov/pubmed/21824924
https://doi.org/10.1097/MAJ.0000000000000446
http://www.ncbi.nlm.nih.gov/pubmed/25806862
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://www.ncbi.nlm.nih.gov/pubmed/19414839
https://doi.org/10.1097/00000441-200409000-00001
http://www.ncbi.nlm.nih.gov/pubmed/15367870
https://doi.org/10.2337/dc10-0245
http://www.ncbi.nlm.nih.gov/pubmed/20413524
https://doi.org/10.1016/0002-9149(86)90771-x
http://www.ncbi.nlm.nih.gov/pubmed/2936235
https://doi.org/10.1161/CIR.0b013e318276fbcb
http://www.ncbi.nlm.nih.gov/pubmed/23159553
https://doi.org/10.1016/0735-1097(90)90282-t
http://www.ncbi.nlm.nih.gov/pubmed/2407762
https://doi.org/10.1371/journal.pone.0231013


35. Carr JJ, Nelson JC, Wong ND, McNitt-Gray M, Arad Y, Jacobs DR Jr., et al. Calcified coronary artery

plaque measurement with cardiac CT in population-based studies: standardized protocol of Multi-Ethnic

Study of Atherosclerosis (MESA) and Coronary Artery Risk Development in Young Adults (CARDIA)

study. Radiology. 2005; 234(1):35–43. https://doi.org/10.1148/radiol.2341040439 PMID: 15618373

36. Keku E, Rosamond W, Taylor HA, Jr., Garrison R, Wyatt SB, Richard M, et al. Cardiovascular disease

event classification in the Jackson Heart Study: methods and procedures. Ethn Dis. 2005; 15(4 Suppl

6):S6-62–70.

37. Rosamond WD, Folsom AR, Chambless LE, Wang CH, McGovern PG, Howard G, et al. Stroke inci-

dence and survival among middle-aged adults: 9-year follow-up of the Atherosclerosis Risk in Commu-

nities (ARIC) cohort. Stroke. 1999; 30(4):736–43. https://doi.org/10.1161/01.str.30.4.736 PMID:

10187871

38. White AD, Folsom AR, Chambless LE, Sharret AR, Yang K, Conwill D, et al. Community surveillance of

coronary heart disease in the Atherosclerosis Risk in Communities (ARIC) Study: methods and initial

two years’ experience. J Clin Epidemiol. 1996; 49(2):223–33. https://doi.org/10.1016/0895-4356(95)

00041-0 PMID: 8606324

39. Howard VJ, Cushman M, Pulley L, Gomez CR, Go RC, Prineas RJ, et al. The reasons for geographic

and racial differences in stroke study: objectives and design. Neuroepidemiology. 2005; 25(3):135–43.

https://doi.org/10.1159/000086678 PMID: 15990444

40. Gillett SR, Boyle RH, Zakai NA, McClure LA, Jenny NS, Cushman M. Validating laboratory results in a

national observational cohort study without field centers: the Reasons for Geographic and Racial Differ-

ences in Stroke cohort. Clin Biochem. 2014; 47(16–17):243–6. https://doi.org/10.1016/j.clinbiochem.

2014.08.003 PMID: 25130959

41. Safford MM, Brown TM, Muntner PM, Durant RW, Glasser S, Halanych JH, et al. Association of race

and sex with risk of incident acute coronary heart disease events. Jama. 2012; 308(17):1768–74.

https://doi.org/10.1001/jama.2012.14306 PMID: 23117777

42. Howard VJ, Kleindorfer DO, Judd SE, McClure LA, Safford MM, Rhodes JD, et al. Disparities in stroke

incidence contributing to disparities in stroke mortality. Annals of neurology. 2011; 69(4):619–27.

https://doi.org/10.1002/ana.22385 PMID: 21416498

43. Zakai NA, Judd SE, Alexander K, McClure LA, Kissela BM, Howard G, et al. ABO blood type and stroke

risk: the REasons for Geographic And Racial Differences in Stroke Study. J Thromb Haemost. 2014; 12

(4):564–70. https://doi.org/10.1111/jth.12507 PMID: 24444093

44. Zakai NA, McClure LA, Judd SE, Kissela B, Howard G, Safford M, et al. D-dimer and the Risk of Stroke

and Coronary Heart Disease. The REasons for Geographic and Racial Differences in Stroke

(REGARDS) Study. Thromb Haemost. 2017; 117(3):618–24. https://doi.org/10.1160/TH16-07-0519

PMID: 28004063

45. O’Neal WT, Howard VJ, Kleindorfer D, Kissela B, Judd SE, McClure LA, et al. Interrelationship between

electrocardiographic left ventricular hypertrophy, QT prolongation, and ischaemic stroke: the REasons

for Geographic and Racial Differences in Stroke Study. Europace. 2016; 18(5):767–72. https://doi.org/

10.1093/europace/euv232 PMID: 26487665

46. Altara R, Gu YM, Struijker-Boudier HA, Thijs L, Staessen JA, Blankesteijn WM. Left Ventricular Dys-

function and CXCR3 Ligands in Hypertension: From Animal Experiments to a Population-Based Pilot

Study. PloS one. 2015; 10(10):e0141394. https://doi.org/10.1371/journal.pone.0141394 PMID:

26506526

47. Epelman S, Liu PP, Mann DL. Role of innate and adaptive immune mechanisms in cardiac injury and

repair. Nature reviews Immunology. 2015; 15(2):117–29. https://doi.org/10.1038/nri3800 PMID:

25614321

48. Miteva K, Madonna R, De Caterina R, Van Linthout S. Innate and adaptive immunity in atherosclerosis.

Vascul Pharmacol. 2018.

49. Ngwenyama N, Salvador AM, Velazquez F, Nevers T, Levy A, Aronovitz MJ, et al. CXCR3 regulates

CD4+ T cell cardiotropism in pressure overload induced cardiac dysfunction. JCI Insight. 2019.

50. Bujak M, Dobaczewski M, Gonzalez-Quesada C, Xia Y, Leucker T, Zymek P, et al. Induction of the

CXC chemokine interferon-gamma-inducible protein 10 regulates the reparative response following

myocardial infarction. Circulation research. 2009; 105(10):973–83. https://doi.org/10.1161/

CIRCRESAHA.109.199471 PMID: 19797174

51. Saxena A, Bujak M, Frunza O, Dobaczewski M, Gonzalez-Quesada C, Lu B, et al. CXCR3-independent

actions of the CXC chemokine CXCL10 in the infarcted myocardium and in isolated cardiac fibroblasts

are mediated through proteoglycans. Cardiovasc Res. 2014; 103(2):217–27. https://doi.org/10.1093/

cvr/cvu138 PMID: 24891401

PLOS ONE Interferon gamma-induced protein 10 (IP-10) and cardiovascular disease in African Americans

PLOS ONE | https://doi.org/10.1371/journal.pone.0231013 April 2, 2020 13 / 14

https://doi.org/10.1148/radiol.2341040439
http://www.ncbi.nlm.nih.gov/pubmed/15618373
https://doi.org/10.1161/01.str.30.4.736
http://www.ncbi.nlm.nih.gov/pubmed/10187871
https://doi.org/10.1016/0895-4356(95)00041-0
https://doi.org/10.1016/0895-4356(95)00041-0
http://www.ncbi.nlm.nih.gov/pubmed/8606324
https://doi.org/10.1159/000086678
http://www.ncbi.nlm.nih.gov/pubmed/15990444
https://doi.org/10.1016/j.clinbiochem.2014.08.003
https://doi.org/10.1016/j.clinbiochem.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25130959
https://doi.org/10.1001/jama.2012.14306
http://www.ncbi.nlm.nih.gov/pubmed/23117777
https://doi.org/10.1002/ana.22385
http://www.ncbi.nlm.nih.gov/pubmed/21416498
https://doi.org/10.1111/jth.12507
http://www.ncbi.nlm.nih.gov/pubmed/24444093
https://doi.org/10.1160/TH16-07-0519
http://www.ncbi.nlm.nih.gov/pubmed/28004063
https://doi.org/10.1093/europace/euv232
https://doi.org/10.1093/europace/euv232
http://www.ncbi.nlm.nih.gov/pubmed/26487665
https://doi.org/10.1371/journal.pone.0141394
http://www.ncbi.nlm.nih.gov/pubmed/26506526
https://doi.org/10.1038/nri3800
http://www.ncbi.nlm.nih.gov/pubmed/25614321
https://doi.org/10.1161/CIRCRESAHA.109.199471
https://doi.org/10.1161/CIRCRESAHA.109.199471
http://www.ncbi.nlm.nih.gov/pubmed/19797174
https://doi.org/10.1093/cvr/cvu138
https://doi.org/10.1093/cvr/cvu138
http://www.ncbi.nlm.nih.gov/pubmed/24891401
https://doi.org/10.1371/journal.pone.0231013


52. Tager AM, Kradin RL, LaCamera P, Bercury SD, Campanella GS, Leary CP, et al. Inhibition of pulmo-

nary fibrosis by the chemokine IP-10/CXCL10. American journal of respiratory cell and molecular biol-

ogy. 2004; 31(4):395–404. https://doi.org/10.1165/rcmb.2004-0175OC PMID: 15205180

53. Zeremski M, Dimova R, Brown Q, Jacobson IM, Markatou M, Talal AH. Peripheral CXCR3-associated

chemokines as biomarkers of fibrosis in chronic hepatitis C virus infection. J Infect Dis. 2009; 200

(11):1774–80. https://doi.org/10.1086/646614 PMID: 19848607

54. Tacke F, Zimmermann HW, Berres ML, Trautwein C, Wasmuth HE. Serum chemokine receptor

CXCR3 ligands are associated with progression, organ dysfunction and complications of chronic liver

diseases. Liver Int. 2011; 31(6):840–9. https://doi.org/10.1111/j.1478-3231.2011.02504.x PMID:

21645215

55. Groom JR, Luster AD. CXCR3 ligands: redundant, collaborative and antagonistic functions. Immunol-

ogy and cell biology. 2011; 89(2):207–15. https://doi.org/10.1038/icb.2010.158 PMID: 21221121

56. Bahrami H, Kronmal R, Bluemke DA, Olson J, Shea S, Liu K, et al. Differences in the incidence of

congestive heart failure by ethnicity: the multi-ethnic study of atherosclerosis. Archives of internal medi-

cine. 2008; 168(19):2138–45. https://doi.org/10.1001/archinte.168.19.2138 PMID: 18955644

57. Stumpf C, Auer C, Yilmaz A, Lewczuk P, Klinghammer L, Schneider M, et al. Serum levels of the Th1

chemoattractant interferon-gamma-inducible protein (IP) 10 are elevated in patients with essential

hypertension. Hypertens Res. 2011; 34(4):484–8. https://doi.org/10.1038/hr.2010.258 PMID:

21228779

58. Roy MS, Janal MN, Crosby J, Donnelly R. Plasma markers of inflammation and prediction of cardiovas-

cular disease and mortality in African Americans with type 1 diabetes. Diabetes research and clinical

practice. 2016; 114:117–25. https://doi.org/10.1016/j.diabres.2015.12.014 PMID: 26806456

59. Li Y, Zhong X, Cheng G, Zhao C, Zhang L, Hong Y, et al. Hs-CRP and all-cause, cardiovascular, and

cancer mortality risk: A meta-analysis. Atherosclerosis. 2017; 259:75–82. https://doi.org/10.1016/j.

atherosclerosis.2017.02.003 PMID: 28327451

60. Li H, Liu W, Xie J. Circulating interleukin-6 levels and cardiovascular and all-cause mortality in the

elderly population: A meta-analysis. Arch Gerontol Geriatr. 2017; 73:257–62. https://doi.org/10.1016/j.

archger.2017.08.007 PMID: 28866452

61. Muller L, Di Benedetto S, Pawelec G. The Immune System and Its Dysregulation with Aging. Subcell

Biochem. 2019; 91:21–43. https://doi.org/10.1007/978-981-13-3681-2_2 PMID: 30888648

62. Tavenier J, Margolick JB, Leng SX. T-cell immunity against cytomegalovirus in HIV infection and aging:

relationships with inflammation, immune activation, and frailty. Med Microbiol Immunol. 2019.

63. Lei J, Yin X, Shang H, Jiang Y. IP-10 is highly involved in HIV infection. Cytokine. 2019; 115:97–103.

https://doi.org/10.1016/j.cyto.2018.11.018 PMID: 30472104

64. Valverde-Villegas JM, de Medeiros RM, Ellwanger JH, Santos BR, Melo MG, Almeida SEM, et al. High

CXCL10/IP-10 levels are a hallmark in the clinical evolution of the HIV infection. Infection, genetics and

evolution: journal of molecular epidemiology and evolutionary genetics in infectious diseases. 2018;

57:51–8. https://doi.org/10.1016/j.meegid.2017.11.002 PMID: 29122683

PLOS ONE Interferon gamma-induced protein 10 (IP-10) and cardiovascular disease in African Americans

PLOS ONE | https://doi.org/10.1371/journal.pone.0231013 April 2, 2020 14 / 14

https://doi.org/10.1165/rcmb.2004-0175OC
http://www.ncbi.nlm.nih.gov/pubmed/15205180
https://doi.org/10.1086/646614
http://www.ncbi.nlm.nih.gov/pubmed/19848607
https://doi.org/10.1111/j.1478-3231.2011.02504.x
http://www.ncbi.nlm.nih.gov/pubmed/21645215
https://doi.org/10.1038/icb.2010.158
http://www.ncbi.nlm.nih.gov/pubmed/21221121
https://doi.org/10.1001/archinte.168.19.2138
http://www.ncbi.nlm.nih.gov/pubmed/18955644
https://doi.org/10.1038/hr.2010.258
http://www.ncbi.nlm.nih.gov/pubmed/21228779
https://doi.org/10.1016/j.diabres.2015.12.014
http://www.ncbi.nlm.nih.gov/pubmed/26806456
https://doi.org/10.1016/j.atherosclerosis.2017.02.003
https://doi.org/10.1016/j.atherosclerosis.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28327451
https://doi.org/10.1016/j.archger.2017.08.007
https://doi.org/10.1016/j.archger.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28866452
https://doi.org/10.1007/978-981-13-3681-2_2
http://www.ncbi.nlm.nih.gov/pubmed/30888648
https://doi.org/10.1016/j.cyto.2018.11.018
http://www.ncbi.nlm.nih.gov/pubmed/30472104
https://doi.org/10.1016/j.meegid.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29122683
https://doi.org/10.1371/journal.pone.0231013

