
J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 8 , 2 0 2 0

ª 2 0 2 0 T H E A U T H O R S . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E AM E R I C A N

C O L L E G E O F C A R D I O L O G Y F O UN DA T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .
CLINICAL RESEARCH
Circulating Progenitor Cells in
Patients With Coronary Artery
Disease and Renal Insufficiency

Anurag Mehta, MD,a,* Ayman S. Tahhan, MD,a,* Chang Liu, MPH,a,b Devinder S. Dhindsa, MD,a Aditi Nayak, MD,a

Ananya Hooda, MBBS,a Kasra Moazzami, MD, MPH,a Shabatun J. Islam, MD,a Steven C. Rogers, MD, PHD,a

Zakaria Almuwaqqat, MD,a Ali Mokhtari, MD,a Iraj Hesaroieh, MD,a Yi-An Ko, PHD,a,c Edmund K. Waller, MD, PHD,d

Arshed A. Quyyumi, MDa
ISSN 2452-302X

From the aEmory Clinical C

School of Medicine, Atlanta

Georgia; cDepartment of Bio

the dDepartment of Hemato

*Drs. Mehta and Tahhan co
VISUAL ABSTRACT
a

,

s

l

n

Mehta, A. et al. J Am Coll Cardiol Basic Trans Science. 2020;5(8):770–82.
https://doi.org/10.1016/j.jacbts.2020.06.006

rdiovascular Research Institute, Division of Cardiology, Department of Medicine, Emory University

Georgia; bDepartment of Epidemiology, Rollins School of Public Health, Emory University, Atlanta,

tatistics and Bioinformatics, Rollins School of Public Health, Emory University, Atlanta, Georgia; and

ogy and Oncology, Winship Cancer Institute, Emory University School of Medicine, Atlanta, Georgia.

tributed equally to this work and are joint first authors. Drs. Mehta, Tahhan, Dhindsa have been

https://doi.org/10.1016/j.jacbts.2020.06.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2020.06.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


R E V I A T I O N S

D ACRONYM S

= B-type natriuretic

de

= coronary artery disease

cluster of differentiation

confidence interval

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 8 , 2 0 2 0 Mehta et al.
A U G U S T 2 0 2 0 : 7 7 0 – 8 2 Progenitor Cells, Renal Insufficiency, and CAD

771
HIGHLIGHTS

� Patients with CAD and renal insufficiency (eGFR <60 ml/min/1.73 m2) are at an increased risk of adverse outcomes.

� CPC counts, an index of endogenous vascular regenerative capacity, may help stratify risk in patients with CAD

and renal insufficiency.

� Renal insufficiency is associated with lower CPC counts in old, but not young, patients with established CAD.

� The increased risk of adverse outcomes with CAD and renal insufficiency is limited to patients with low, but not

high, CPC counts.
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Patients with coronary artery disease and renal insufficiency (RI) (estimated glomerular filtration rate <60 ml/

min/1.73 m2) are at an increased risk of cardiovascular events. The contribution of regenerative capacity,

measured as circulating progenitor cell (CPC) counts, to this increased risk is unclear. CPCs were enumerated

as cluster of differentiation (CD) 45medþ mononuclear cells expressing CD34þ, CD133þ, CXCR4þ (chemokine

[C-X-C motif] receptor 4), and VEGF2Rþ (vascular endothelial growth factor receptor 2) epitopes in 1,281

subjects with coronary artery disease (35% with RI). Patients with RI and low (<median) hematopoietic CPCs

(CD34þ, CD34þ/CD133þ, and CD34þ/CXCR4þ) were at an increased risk of cardiovascular death or

myocardial infarction events (hazard ratios: 1.75 to 1.80) during 3.5-year follow-up, while those with RI and

high CPCs (>median) were at a similar risk as those without RI. (J Am Coll Cardiol Basic Trans Science

2020;5:770–82) © 2020 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
P atients with established coronary artery dis-
ease (CAD) and renal insufficiency are at an
increased risk of adverse cardiovascular (CV)

outcomes (1,2). Novel factors that contribute to this
increased risk in patients with CAD and renal insuffi-
ciency are of considerable research interest. Circu-
lating progenitor cells (CPCs) are mononuclear cells
derived primarily from the bone marrow that
contribute to vascular repair and regeneration largely
through paracrine mechanisms (3–5). Circulating pro-
genitors can be measured as mononuclear cells
expressing the cluster of differentiation (CD) 34
epitope, and these cells have the potential to differen-
tiate into endothelial, hematopoietic, and nonhema-
topoietic (mesenchymal, lacking CD45 expression)
phenotypes (6,7). CD133 is a 5-transmembrane antigen
seen on primitive stem cells that is lost during cellular
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for tissue repair via homing of CPCs to SDF-1 (stro-
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subtypes are enriched for hematopoietic progenitors,
coexpression of vascular endothelial growth factor re-
ceptor 2 (VEGF2R) with CD34 (CD34þ/VEGF2Rþ) iden-
tifies a rarer subpopulation of CPCs enriched for
endothelial progenitors (11).
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TABLE 1 Baseline Characteristics of Participants Stratified by Renal Insufficiency Status

Characteristic Overall (N ¼ 1,281) No Renal Insufficiency (n ¼ 835) Renal Insufficiency (n ¼ 446) p Value

eGFR, ml/min/1.73 m2 68.0 � 26.7 83.4 � 15.7 39.1 � 17.6 <0.001

Age, yrs 65.5 � 13.1 63.4 � 12.3 69.5 � 13.4 <0.001

Male 776 (60.6) 517 (61.9) 259 (58.1) 0.187

Black 283 (22.1) 162 (19.4) 121 (27.1) 0.002

Diabetes 513 (40.1) 296 (35.5) 217 (48.7) <0.001

Current smoking 60 (4.7) 47 (5.6) 13 (2.9) 0.036

Hypertension 1,156 (90.5) 731 (87.9) 425 (95.3) <0.001

Hypercholesterolemia 951 (74.2) 618 (74.0) 333 (74.7) 0.841

Body mass index, kg/m2 29.4 � 6.4 29.2 � 6.4 29.6 � 6.5 0.216

Hemoglobin, g/dl 13.0 � 1.9 13.5 � 1.8 12.3 � 1.8 <0.001

White blood cells, cells/ml 6,734 � 1,793 6,640 � 1,749 6,909 � 1,861 0.015

CAD history 1,054 (82.3) 685 (82.0) 369 (82.7) 0.818

HF history 451 (35.2) 252 (30.2) 199 (44.6) <0.001

PAD history 246 (19.2) 129 (15.4) 117 (26.2) <0.001

Ejection fraction, % 53.0 (12.8) 54.0 (12.1) 51.1 (13.8) 0.001

High-sensitivity troponin I, pg/ml 6.5 (3.4–15.3) 5.0 (2.9–10.2) 12.1 (6.1–27.1) <0.001

B-type natriuretic peptide, pg/ml 103.9 (43.9–270.0) 74.9 (33.9–175.1) 210.7 (91.2–662.7) <0.001

ACE inhibitor/ARB use 662 (51.7) 420 (50.3) 242 (54.3) 0.178

Aspirin use 1,006 (78.5) 667 (79.9) 339 (76.0) 0.116

Beta-blocker use 937 (73.1) 588 (70.4) 349 (78.3) 0.003

Clopidogrel use 488 (38.1) 299 (35.8) 189 (42.4) 0.022

Statin use 895 (69.9) 571 (68.4) 324 (72.6) 0.125

CD34þ, cells/ml 1,627 (1,034–2,494) 1,688 (1,080–2,501) 1,507 (698–2,485) 0.025

CD34þ/CD133þ, cells/ml 747 (451–1,019) 756 (468–1,212) 741 (418–1,184) 0.116

CD34þ/CXCR4þ, cells/ml 794 (485–1,341) 801 (519–1,382) 762 (430–1,231) 0.012

CD34þ/VEGF2Rþ, cells/ml 41 (12–138) 47 (13–146) 36 (12–112) 0.052

Cardiovascular death/MI 175 (14.0) 86 (10.5) 89 (20.4) <0.001

All-cause death 234 (18.7) 116 (14.2) 118 (27.1) <0.001

Values are mean � SD, n (%), or median (interquartile range). Ejection fraction, high-sensitivity troponin I, and B-type natriuretic peptide were measured in 1,198, 1,251, and
1,130 participants, respectively.

ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin II receptor blocker; CAD ¼ coronary artery disease; CD ¼ cluster of differentiation; CXCR4 ¼ C-X-C chemokine (C-
X-C motif) receptor type 4; eGFR ¼ estimated glomerular filtration rate; HF ¼ heart failure; MI ¼ myocardial infarction; PAD ¼ peripheral artery disease; VEGF2R ¼ vascular
endothelial growth factor receptor 2.
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counts (12,13). This stimulation is likely a result of
mobilization of progenitors from the bone marrow in
response to the risk factor–mediated injury, and
represents activation of the endogenous regenera-
tive or reparative systems (5,13,14). It is worth
noting that continuous exposure to risk factors with
age leads to depletion in CPC counts (14). In this
context, the association of renal insufficiency, a
“nontraditional” CV risk factor, with CPC counts and
the impact of age on this association has not been
evaluated to date.

Furthermore, prior research from our group and
others has shown that lower levels of CPCs are
independently associated with a higher risk of
adverse CV outcomes (15–18), and small studies have
reported similar findings in patients with end-stage
renal disease (19–22). Nonetheless, the predictive
value of CPCs in patients with CAD and renal
insufficiency, a high-risk group, has not been pre-
viously studied. Therefore, we sought to investigate:
1) the association between renal insufficiency, age,
and CPC counts; and 2) the predictive value of CPCs
among patients with CAD and renal insufficiency.
We hypothesized that renal insufficiency would be
inversely associated with CPC counts, and that
lower CPC counts would contribute to the increased
risk of adverse events in patients with renal
insufficiency.

METHODS

STUDY POPULATION. Participants enrolled in the
Emory Cardiovascular Biobank, a prospective registry
of patients undergoing cardiac catheterization for
evaluation of CAD at 3 Emory Healthcare–affiliated
hospitals were enrolled in this study (23). All partici-
pants provided written informed consent, and the
study was approved by the Emory University Insti-
tutional Review Board. Subjects with acute myocar-
dial infarction, severe valvular heart disease, organ



TABLE 2 Impact of Age on the Association of Renal Insufficiency With Circulating Progenitor Cell Counts

CD34þ CD34þ/CD133þ CD34þ/CXCR4þ CD34þ/VEGF2Rþ

Beta (95% CI) (%) p Value Beta (95% CI) (%) p Value Beta (95% CI) (%) p Value Beta (95% CI) (%) p Value

Unadjusted –10.1 (–16.9 to –2.8) 0.008 –11.4 (–19.4 to –2.6) 0.013 –11.3 (–19.1 to –2.6) 0.012 –18.1 (–38.2 to 8.6) 0.165

Model 1

Overall 4.6 (–3.4 to 13.3) 0.264 4.1 (–5.4 to 14.4) 0.411 6.8 (–2.8 to 17.3) 0.174 10.0 (–17.5 to 46.7) 0.515

Age <70 yrs 3.1 (–7.3 to 14.5) 0.575 6.1 (–5.8 to 19.5) 0.330 –0.3 (–12.2 to 13.3) 0.967 9.7 (–24.4 to 59.3) 0.626

Age $70 yrs –14.8 (–24.6 to –3.8) 0.010 –16.7 (–29.2 to –1.9) 0.028 –15.1 (–26.3 to –2.2) 0.024 –37.8 (–60.9 to –1.0) 0.045

Model 2

Overall –1.3 (–8.9 to 7.1) 0.759 –2.8 (–12.0 to 7.2) 0.567 –1.3 (–10.5 to 9.0) 0.801 5.2 (–22.4 to 42.6) 0.745

Age <70 yrs 9.2 (–2.1 to 21.8) 0.113 8.6 (–4.1 to 23.0) 0.193 7.4 (–6.2 to 23.0) 0.302 39.7 (–6.3 to 108.4) 0.101

Age $70 yrs –14.5 (–24.4 to –3.4) 0.012 –15.7 (–28.7 to –0.4) 0.045 –12.8 (–24.4 to 0.6) 0.061 –35.2 (–59.6 to 4.0) 0.072

Dependent variables are log-transformed CPC counts. Model 1 was adjusted for continuous age. Model 2 was adjusted for continuous age, sex, race, diabetes, current smoking, hypertension, hypercho-
lesterolemia, body mass index, hemoglobin, white blood cell count, CAD history, HF history, PAD history, and cardiovascular medication use (ACE inhibitor/ARB, aspirin, beta-blocker, clopidogrel, and statin).

CI ¼ confidence interval, other abbreviations as in Table 1.
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transplantation, immunosuppressive medication use,
leukocytosis (defined as white blood cell count
>11,000 cells/ml), and active infection, inflammatory
disorder, or cancer were excluded. A total of 1,281
subjects (446 with renal insufficiency) were analyzed
in this study, and the data supporting our findings are
available from the corresponding author upon
reasonable request.

PARTICIPANT CHARACTERISTICS. Participants were
interviewed to collect information about demographic
characteristics, smoking history, medical history, and
CV medication (angiotensin-converting enzyme in-
hibitor or angiotensin II receptor blocker, aspirin,
beta-blocker, clopidogrel, and statin) use as previously
described (23). The prevalence of diabetes, hyperten-
sion, hypercholesterolemia, and established CV dis-
ease subtypes (CAD, heart failure [HF], and peripheral
artery disease) was determined by physician diagnosis
or treatment (23). Medical records were reviewed to
extract ejection fraction information and confirm self-
reported medical history. Weight and height were
measured at enrollment, and body mass index was
calculated by dividing weight by height (kg/m2).
Complete blood count, including hemoglobin level
measured as g/dl and white blood cell count measured
as cells/ml, was measured at enrollment (23). Serum
creatinine was measured at enrollment as well (23),
and estimated glomerular filtration rate (eGFR) was
calculated using the Chronic Kidney Disease Epide-
miology Collaboration equation (24). Participants with
eGFR <60 ml/min/1.73 m2 (GFR categories G3a, G3b,
G4, and G5) were grouped together and classified as
patients with renal insufficiency (25). Data regarding
albuminuria were not collected. Circulating levels of
high-sensitivity troponin I (hsTnI) and B-type natri-
uretic peptide (BNP) were measured using the Abbott
ARCHITECT analyzer (Abbott Laboratories, North
Chicago, Illinois) (26).

CPC ASSAYS. CPCs were measured in peripheral
arterial blood samples collected in EDTA tubes before
contrast administration for cardiac catheterization
(17). Blood samples were prepared within 4 h of
collection and incubated with fluorochrome-labeled
monoclonal antihuman mouse antibodies to identify
surface markers expressed on mononuclear cells
before quantification using flow cytometry. A total of
300 ml of peripheral blood was incubated with 7 ml of
FITC-CD34 (BD Biosciences, San Jose, California),
PerCP-CD45 (BD Biosciences), PE-VEGFR2 (R and D
Systems, Minneapolis, Minnesota), 5-ml APC-CD133
(Miltenyi, Bergish Gladbach, Germany), and 3-ml PE-
Cy7-conjugated anti-CXCR4 (clone 12G5; EBioscience,
San Diego, California) in the dark for 15 min (27).
Then, 1.5-ml ammonium chloride lysing buffer was
added to lyse red blood cells, following which 1.5-ml
staining medium (phosphate-buffered saline with 3%
heat-inactivated serum and 0.1% sodium azide) was
added to stop the lysing reaction (27). Prior to flow
cytometry, 100 ml of AccuCheck Counting Beads
(Cat#: PCB100; Invitrogen, Carlsbad, California) were
added to act as an internal standard for direct esti-
mation of the concentration of target cell subsets
(27). At least 2.5 million events were acquired from
the cytometer. Flow cytometry data were analyzed
using FlowJo software (Tree Star, Ashland, Oregon)
with filter set at CD45medþ cells. This selection ex-
cludes CD45bright (lymphoblasts) and CD45– (non-
hematopoietic progenitor) cells. CPC counts (CD34þ,
CD34þ/CD133þ, CD34þ/CXCR4þ, and CD34þ/
VEGF2Rþ) were measured using CD45medþ

filter
and are reported as cell counts per milliliter
(Supplemental Figure 1) (27). A subset of 20 samples

https://doi.org/10.1016/j.jacbts.2020.06.006


FIGURE 1 Impact of Age on the Association of Renal Insufficiency With Circulating Progenitor Cell Counts in Patients With Coronary Artery Disease

Circulating counts of (A) cluster of differentiation (CD) 34þ (CD34þ), (B) CD34þ/CD133þ, (C) CD34þ and chemokine (C-X-C motif) receptor 4 (CD34þ/CXCR4þ), and

(D) CD34þ and vascular endothelial growth factor receptor 2 (CD34þ/VEGF2Rþ) cells were lower in older ($70 years of age) but not in younger (<70 years of age)

patients With renal insufficiency and coronary artery disease.
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was analyzed on 2 occasions by 2 technicians, and
percent repeatability coefficients (%) were calculated
as the standard deviation of differences between
pairs of measurements/mean of measurements � 100.
The repeatability coefficients were 2.9%, 4.8%, 6.5%,
and 21.6% for CD34þ, CD34þ/CD133þ, CD34þ/
CXCR4þ, CD34þ/CD133þ/CXCR4þ, and CD34þ/
VEGF2Rþ, respectively (12).
FOLLOW-UP AND OUTCOMES. Study participants
were prospectively followed for 2 outcomes of inter-
est, a composite of CV death and nonfatal myocardial
infarction (MI) events, and all-cause mortality.
Follow-up data were available for 1,253 subjects (436
with renal insufficiency) and were obtained using
annual phone contact, electronic medical record re-
view, and the Social Security Death Index and state
records (23). The cause of death was determined from
medical record review or by direct contact with the
participants’ family member(s). Cardiovascular death
and nonfatal MI events were adjudicated by 2 inde-
pendent cardiologists blinded to study data (23).
Cardiovascular death was defined as death



TABLE 3 Association Of Circulating Progenitor Cell Counts With Adverse Outcomes Among Patients With Renal Insufficiency

CD34þ CD34þ/CD133þ CD34þ/CXCR4þ CD34þ/VEGF2Rþ

HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

CV death/MI

Univariable 1.44 (1.20–1.73) <0.001 1.27 (1.16–1.38) <0.001 1.38 (1.16–1.65) <0.001 1.00 (0.94–1.06) 0.972

Multivariable 1.30 (1.08–1.56) 0.006 1.28 (1.16–1.43) <0.001 1.28 (1.06–1.54) 0.009 0.98 (0.91–1.04) 0.478

All-cause mortality

Univariable 1.35 (1.14–1.58) <0.001 1.22 (1.12–1.33) <0.001 1.26 (1.08–1.48) 0.004 0.98 (0.93–1.04) 0.507

Multivariable 1.18 (0.99–1.39) 0.058 1.20 (1.08–1.33) 0.001 1.09 (0.92–1.30) 0.320 0.97 (0.92–1.03) 0.335

Multivariable Cox models included log-transformed CPC count, eGFR, age, sex, race, diabetes, current smoking, hypertension, hypercholesterolemia, body mass index, he-
moglobin, white blood cell count, CAD history, HF history, PAD history, ACE inhibitor/ARB use, aspirin use, beta-blocker use, clopidogrel use, and statin use as covariates.
Stepwise Cox regression using backward elimination with model removal p threshold of 0.10 was used to analyze all covariates.

CV ¼ cardiovascular; HR ¼ hazard ratio; other abbreviations as in Table 1.
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attributable to an ischemic CV cause such as fatal MI,
stroke, or sudden death secondary to a presumed CV
cause in this high-risk population (23). Nonfatal MI
events were adjudicated using the third universal
definition of MI (28).

STATISTICAL ANALYSIS. Participant characteristics
were reported as frequency and percentage for cate-
gorical variables and as mean � SD or median (inter-
quartile range) for continuous variables depending on
distribution. Differences between subjects with and
without renal insufficiency were evaluated using the
chi-square test for categorical variables and using the
independent-sample Student’s t-test or Mann-
Whitney U test, as appropriate, for continuous vari-
ables. Baseline characteristics were also described
across CPC count categories.

CPC counts were non-normally distributed and
were analyzed as continuous variables after log-
transformation (log2[cell countþ0.0001]). The asso-
ciation of renal insufficiency, eGFR, and participant
characteristics with CPC counts was assessed using
unadjusted linear regression models. The impact
of aging on the association of renal insufficiency
with CPC counts was evaluated in age- and
multivariable-adjusted linear regression models by
exploring the multiplicative interaction between
renal insufficiency and age dichotomized at the me-
dian value (70 years) for participants with renal
insufficiency. Beta coefficients in linear regression
models were exponentiated to transform them to
the linear scale. A similar approach was used to
study the association of dialysis treatment with CPC
counts.

The association of renal insufficiency with adverse
outcomes in the overall cohort was studied using Cox
proportional hazards regression models adjusted for
age, sex, race, diabetes, current smoking, hyperten-
sion, hypercholesterolemia, body mass index, hemo-
globin, white blood cell count, CAD history, heart
failure history, peripheral artery disease history,
angiotensin converting enzyme inhibitor or angio-
tensin-II receptor blocker use, aspirin use, beta-
blocker use, clopidogrel use, and statin use. A step-
wise regression approach using backward elimination
with removal p threshold of 0.10 was utilized to
analyze covariates in all Cox models, following which
the independent variable of interest was added to the
model. Association of lower CPC counts (log1/2-
transformed, reflecting a 50% relative decrease in
count) with CV death or MI and all-cause mortality in
the overall cohort and the subgroup of participants
with renal insufficiency was studied using
multivariable-adjusted Cox models, and results were
reported as hazard ratio (HR) and 95% confidence
interval (CI). The improvement in risk discrimination
afforded by CPC counts was studied using the inte-
grated discrimination index (IDI). In a sensitivity
analysis, Fine and Gray competing-risks regression
models were used to analyze the CV death or MI
outcome and all-cause mortality was treated as a
competing event. In a second sensitivity analysis,
multivariable-adjusted Cox models were further
adjusted for circulating levels of hsTnI and BNP.

CPC subtypes associated with outcomes were
dichotomized at their respective median counts and
participants were categorized into those without
renal insufficiency, and those with renal insufficiency
and CPC counts above or below the median. The as-
sociation of these categories with outcomes was
analyzed using multivariable-adjusted Cox models
and the survival function of participants in these
categories was plotted. All analyses were performed
using SPSS Statistics Version 25 (IBM Corporation,
Armonk, New York), SAS Version 9.4 (SAS Institute,
Cary, North Carolina), and R version 3.6.1 (R Foun-
dation for Statistical Computing, Vienna, Austria). A
2-tailed p value < 0.05 was considered statistically
significant.



TABLE 4 Adverse Outcomes Among Patients Categorized By Renal Insufficiency And Circulating Progenitor Cell Counts

CV Death/MI All-Cause Mortality

HR (95% CI) p Value HR (95% CI) p Value

CD34þ
No renal insufficiency Reference Reference

Renal insufficiency and count $1,507 cells/ml 1.07 (0.70–1.64) 0.752 1.12 (0.77–1.62) 0.557

Renal insufficiency and count <1,507 cells/ml 1.76 (1.24–2.52) 0.002 1.62 (1.19–2.22) 0.002

CD34þ/CD133þ
No renal insufficiency Reference Reference

Renal insufficiency and count $741 cells/ml 1.03 (0.67–1.59) 0.878 1.12 (0.78–1.61) 0.553

Renal insufficiency and count <741 cells/ml 1.80 (1.26–2.56) 0.001 1.63 (1.20–2.23) 0.002

CD34þ/CXCR4þ
No renal insufficiency Reference Reference

Renal insufficiency and count $762 cells/ml 1.15 (0.76–1.75) 0.504 1.19 (0.83–1.70) 0.344

Renal insufficiency and count <762 cells/ml 1.75 (1.23–2.50) 0.002 1.57 (1.15–2.15) 0.005

Multivariable Cox models include renal insufficiency and circulating progenitor cell count category, eGFR, age, sex, race, diabetes, current smoking, hypertension, hyper-
cholesterolemia, body mass index, hemoglobin, white blood cell count, CAD history, HF history, PAD history, ACE inhibitor/ARB use, aspirin use, beta-blocker use, clopidogrel
use, and statin use as covariates. Stepwise Cox regression using backward elimination with model removal p threshold of 0.10 was used to analyze all covariates.

Abbreviations as in Tables 1–3.
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RESULTS

Baseline characteristics of study participants are
described in Table 1. The mean age was 66 � 13 years,
39% were women, 21% were black, and almost 35%
(446) of the cohort had renal insufficiency, with 216 in
category G3a (eGFR 45 to <60 ml/min/1.73 m2), 114 in
G3b (eGFR 30 to <45 ml/min/1.73 m2), 37 in G4 (eGFR
15 to <30 ml/min/1.73 m2), and 79 in G5 (receiving
dialysis and eGFR <15 ml/min/1.73 m2). Subjects with
renal insufficiency were older (median age 70 years),
more frequently black, and had a higher prevalence of
diabetes, hypertension, heart failure, peripheral ar-
tery disease, beta-blocker use, and clopidogrel use,
and higher white blood cell count and lower hemo-
globin levels as compared with those without renal
insufficiency (Table 1). Baseline characteristics of
participants stratified my median CPC counts are
described in Supplemental Tables 1A–D. Participants
with higher counts for all CPC types were relatively
younger and more frequently men.

ASSOCIATION OF RENAL IINSUFFICIENCY WITH

CPC COUNTS. The predictors of CPC counts in the
overall cohort are listed in Supplemental Table 2. As
reported previously, age and peripheral artery dis-
ease had strong inverse associations, while male sex
and higher hemoglobin levels were positively corre-
lated with all CPC counts (12,29). eGFR, as a contin-
uous variable, correlated positively with CD34þ,
CD34þ/CD133þ, and CD34þ/CXCR4þ counts, but not
with CD34þ/VEGF2Rþ counts in unadjusted analyses
(Supplemental Table 2). Thus, renal insufficiency
was associated with a 10% to 11% lower CD34þ,
CD34þ/CD133þ, and CD34þ/CXCR4þ counts in un-
adjusted linear regression models (Table 2), and no
multiplicative interaction with CV medication use
was seen (all p for interaction > 0.10).

The relationship of renal insufficiency with CPC
count was attenuated after adjustment for age
(Table 2, model 1). Differences in CPC counts among
participants with and without renal insufficiency
across age percentiles are reported in Supplemental
Figure 2. A consistent multiplicative interaction be-
tween renal insufficiency and median age (70 years)
for CD34þ (p ¼ 0.007), CD34þ/CD133þ (p ¼ 0.006),
CD34þ/CXCR4þ (p ¼ 0.044), and CD34þ/VEGF2Rþ
(p ¼ 0.055) counts was observed. Thus, among older
participants ($70 years of age), presence of renal
insufficiency was associated with a 14% to 35%
lower CD34þ, CD34þ/CD133þ, CD34þ/CXCR4þ and
CD34þ/VEGF2Rþ CPC counts, even after adjustment
for age and other demographic and clinical charac-
teristics, while no association was observed among
those <70 years of age (Figure 1, Table 2). Similar re-
sults were observed for CD34þ and CD34þ/CXCR4þ
counts when participants were divided based on
dialysis treatment (Supplemental Table 3).

OUTCOMES WITH RENAL INSUFFICIENCY. In the
overall cohort, 175 CV death or MI and 234 all-cause
death events were recorded during a median follow-
up of 3.5 (interquartile range 1.5 to 5.2) years. In
multivariable-adjusted Cox models, participants with
renal insufficiency compared with those without were
at a 48% higher risk of CV death or MI and 39%
increased risk of all-cause mortality (Supplemental
Table 4). The association of renal insufficiency with
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FIGURE 2 Survival Function Curves for Cv Death or Mi Among Patients With Coronary Artery Disease Stratified by Renal Insufficiency and Circulating Progenitor

Cell Counts

Patients with coronary artery disease, renal insufficiency, and (A) CD34þ, (B) CD34þ/CD133þ, or (C) CD34þ/CXCR4þ counts below the respective median cutoffs were

at a higher risk of cardiovascular (CV) death or myocardial infarction (MI). Patients with coronary artery disease and renal insufficiency but circulating progenitor cell

counts above the respective median cutoffs were at a similar risk of CV death or MI as those without renal insufficiency. eGFR ¼ estimated glomerular filtration rate;

other abbreviations as in Figure 1.
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adverse outcomes was not attenuated after adding
CPC counts to Cox models, and lower
hematopoietic CPC counts (CD34þ, CD34þ/CD133þ,
and CD34þ/CXCR4þ) were associated with higher CV
death or MI and all-cause mortality in the overall
cohort (Supplemental Table 4).
CPC COUNTS AND OUTCOMES IN RENAL

INSUFFICIENCY. Among patients with CAD and renal
insufficiency, a total of 89 CV death or MI events
and 118 all-cause deaths were observed. CD34þ,
CD34þ/CD133þ, and CD34þ/CXCR4þ counts were
lower among participants that experienced a CV
event as compared with those who did
not (Supplemental Figure 3). Thus, lower CD34þ,
CD34þ/CD133þ, and CD34þ/CXCR4þ counts were
associated with higher CV death or MI and all-cause
mortality rates in unadjusted Cox models (Table 3).
In multivariable-adjusted models, the association
between hematopoietic CPC counts and CV death or
MI remained significant, while only CD34þ/CD133þ

https://doi.org/10.1016/j.jacbts.2020.06.006
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FIGURE 3 Survival Function Curves For All-Cause Mortality Among Patients With Coronary Artery Disease Stratified By Renal Insufficiency And Circulating

Progenitor Cell Counts

Patients with coronary artery disease, renal insufficiency, and (A) CD34þ, (B) CD34þ/CD133þ, or (C) CD34þ/CXCR4þ counts below the respective median cutoffs were

at a higher risk of all-cause mortality. Patients with coronary artery disease and renal insufficiency but circulating progenitor cell counts above the respective median

cutoffs were at a similar risk of all-cause mortality as those without renal insufficiency. Abbreviations as in Figure 1.
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counts were independently associated with all-cause
death (Table 3). No associations between CD34þ/
VEGF2Rþ counts and outcomes were observed
(Table 3). There were no interactions of hematopoi-
etic CPC counts with age or with dialysis use (all p for
interaction > 0.05) for both outcomes.

Age, eGFR, current smoking, heart failure history,
and hemoglobin level were independent predictors
of CV death or MI (Supplemental Table 5). Addition
of CD34þ, CD34þ/CD133þ, or CD34þ/CXCR4þ
counts to a baseline model comprising of these
predictors results in significant improvements in IDI
(0.181; 95% CI: 0.007 to 0.320; p ¼ 0.040; 0.201;
95% CI: 0.042 to 0.309; p ¼ 0.028; and 0.151;
95% CI: 0.004 to 0.254; p ¼ 0.040; respectively) for
CV death or MI. The independent predictors of all-
cause death included age, eGFR, race, heart failure
history, hemoglobin, and angiotensin converting
enzyme inhibitor or angiotensin-II receptor blocker
use (Supplemental Table 5). However, addition
of CPC counts did not improve IDI for all-cause
death.
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First, in sensitivity analyses, the association of CPC
counts with CV death or MI events was similar to Cox
models when the Fine and Gray competing-risks
regression approach was used (Supplemental
Table 6). Second, hsTnI (HR: 1.10; 95% CI: 0.94 to
1.28; p ¼ 0.223) and BNP (HR: 1.07; 95% CI: 0.89 to
1.28; p ¼ 0.481) were not associated with CV death or
MI in Cox regression models, while an independent
association with all-cause death was seen with both
hsTnI and BNP (HR: 1.15; 95% CI: 1.01 to 1.31;
p ¼ 0.039; and HR: 1.19; 95% CI: 1.02 to 1.39;
p ¼ 0.028, respectively). Importantly, further
adjustment for hsTnI or BNP did not change the as-
sociation of CPCs with outcomes (Supplemental
Table 7).

The risk of CV death or MI and all-cause mortality
was similar among participants without renal insuf-
ficiency and those with renal insufficiency and high
($median values) hematopoietic CPC counts (Table 4,
Figures 2 and 3). In comparison, only participants with
renal insufficiency and lower (<median values) he-
matopoietic CPC counts were at a 75% to 80% higher
risk of CV death or MI and 57% to 63% higher risk of
all-cause death as compared with those without renal
insufficiency (Table 4). Similar associations were
observed when Fine and Gray competing-risks
regression models were used to analyze the CV
death or MI outcome (Supplemental Table 8).

DISCUSSION

In this large cohort study of patients with CAD, we
found that the presence of renal insufficiency was
associated with lower CPC counts among older par-
ticipants ($70 years of age) after adjusting for dif-
ferences in demographic characteristics, risk factors,
and medication use. We also demonstrated that low
CPC count, indicative of impaired endogenous
regenerative capacity, was an independent predictor
of adverse CV outcomes among participants with
renal insufficiency. In contrast, patients with renal
insufficiency and higher CPC counts, indicative of
preserved regenerative capacity, had similar out-
comes as those without renal insufficiency. These
observations suggest that the relatively poor out-
comes in patients with CAD and renal insufficiency
are related, at least in part, to impairment of endog-
enous regenerative capacity.

RENAL INSUFFICIENCY AND CPC COUNTS. Previous
studies investigating the relationship between renal
disease and CPC counts in patients without known
CAD have reported 4% to 30% lower levels of CPCs in
those with end-stage renal disease compared with
healthy control subjects (30–36). Potential
mechanisms underlying the lower CPC counts in renal
disease include: 1) exposure to uremic toxins
including beta(2)-microglobulin, indoxyl sulfate, and
indole-3 acetic acid that inhibit CPC chemotactic
mobility and promote their apoptosis (37,38); 2) in-
duction of a permanent defect in bone marrow he-
matopoietic stem cell niche (39); 3) impaired PC
mobilization and proliferation because of renal
insufficiency–associated systemic inflammation and
oxidative stress, demonstrated as an inverse associ-
ation between CD34þ/VEGF2Rþ cells and circulating
tumor necrosis factor-alpha and interleukin-6 levels
among patients receiving hemodialysis (40); and 4)
inhibitory effects of sera of patients with end-stage
renal disease on CPC differentiation and migration
(31) and effects of lower erythropoietin levels
contributing to CPC deficiency in these patients (41).

The association of renal insufficiency with CPC
counts in a large cohort of high-risk patients with CAD
has not been well characterized. In a smaller study of
102 patients with stable angina and CAD, those with
renal insufficiency were reported to have lower
VEGF2R-expressing CPCs, but this study did not
include women and the analyses were not adjusted for
relevant confounders (42). In our study, we were
adequately powered to investigate the independent
association between renal insufficiency and CPC
counts in patients with CAD. We found that this rela-
tionship is age-dependent, and the presence of renal
function impairment is independently associated with
lower CPC counts, but only in the older age group. This
novel observation is concordant with previous studies
that have shown that presence of CV risk factors at a
relatively young age is associated with either normal
or higher CPC counts, reflecting an endogenous
reparative response to subclinical vascular injury
related to risk factor exposure (12,13). This mobiliza-
tion of CPCs into the peripheral circulation is
exhausted at an older age after continued exposure to
injurious stimuli (14). Overall, our results indicate that
relatively young patients with CAD and renal insuffi-
ciency have similar CPC counts as those with CAD
alone, whereas differences in CPC counts between the
2 groups become apparent at an older age.

CPC COUNTS AND OUTCOMES IN PATIENTS WITH

CAD AND RENAL INSUFFICIENCY. Previous studies
have shown that low CPC counts are associated with
CV events in patients with CAD (15–18) and in patients
receiving dialysis treatment for end-stage renal dis-
ease (19–22). For instance, in a seminal 2015 meta-
analysis, Rigato et al. (18) demonstrated that low
CPC counts are associated with w2-fold risk of CV
events among patients with CAD. Maruyama et al. (19)
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Our

study demonstrated that renal insufficiency is associ-

ated with impaired regenerative capacity, measured as

decreased counts of CPCs, in older patients with cor-

onary artery disease. Low CPC counts are indepen-

dently associated with an increased risk of CV events

and can stratify future CV risk in patients with CAD

and renal insufficiency.

TRANSLATIONAL OUTLOOK: Future research

studies should focus on deciphering the mechanistic

basis of the association of renal insufficiency with

impaired regenerative capacity in older patients with

CAD. Randomized controlled trials to study the prog-

nostic impact of therapeutic interventions that augment

CPC counts in patients with CAD and renal insufficiency

are warranted.
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showed that a low CD34þ count is associated with a
2.2-fold risk of CV events in patients receiving chronic
hemodialysis. Our findings are consistent with these
prior observations, as we observed that low hemato-
poietic CPC counts among patients with CAD and
renal insufficiency are associated with w1.8-fold risk
of CV events. Herein, we have demonstrated that CPC
counts impact prognosis in patients with CAD and
renal insufficiency, even before end-stage renal dis-
ease develops.

Our study participants underwent extensive phe-
notyping for 4 different CPC subtypes, and our results
indicate that low counts of cell subtypes enriched for
hematopoietic progenitors, CD34þ, CD34þ/CD133þ,
and CD34þ/CXCR4þ cells, impact prognosis in this
population. Previous research has shown that human
CD133þ cells are protective in murine models of acute
tubular and glomerular damage (43), and adminis-
tration of CD133þ cells stimulates erythropoietic
production and limits renal fibrosis after acute kidney
injury (44). Additionally, SDF-1, the primary chemo-
kine responsible for CXCR4þ cell mobilization from
the bone marrow, is expressed in the normal kidney,
and its expression is enhanced 24 h after renal
ischemia (45,46). Taken together, these studies
provide some pathophysiologic insight regarding
the association of higher CD34þ/CD133þ and CD34þ/
CXCR4þ counts with favorable prognosis in patients
with CAD and renal insufficiency.

Last, we have also demonstrated that patients with
renal insufficiency and high CPC counts have similar
outcomes as those without renal insufficiency, indi-
cating that an important mechanism underlying the
increased CV risk in patients with CAD and renal
insufficiency is impaired endogenous regenerative
capacity that can be measured using CPC counts.
Important implications of our results are that reduced
regenerative capacity is a novel risk factor in patients
with CAD and renal insufficiency and may be used as
a biomarker to identify those at highest risk. Whether
cell-based therapies would improve CV outcomes in
this population remains to be investigated (45,47,48).
Paradoxically, most clinical trials tend to exclude this
high-risk population from CV cell therapy trials.

STUDY STRENGTHS. Strengths of our study include
the large number of participants studied and the
detailed exploration of the relationship between
renal insufficiency and various CPC subtypes. Study
participants were followed for more than 3 years for
adjudicated CV events, and the independent association
of CPC subtypes with outcomes was determined.

STUDY LIMITATIONS. Potential limitations of the
study are the use of estimated eGFR using the Chronic
Kidney Disease Epidemiology Collaboration equation,
which, like all other creatinine-based estimating
equations, remains imprecise. We did not investigate
the association of CAD or renal insufficiency duration
with CPC counts in this study. The functional activity
of CPCs was not evaluated. However, previous
studies have shown impaired PC function in renal
disease (30,33). Finally, the observational nature of
this analysis does not imply causation.

CONCLUSIONS

In conclusion, we found that renal insufficiency is
independently associated with lower CPC counts
among older patients with CAD. Lower CPC counts in
patients with CAD and renal insufficiency are inde-
pendently associated with an increased risk of
adverse CV events, whereas those with preserved CPC
counts have similar risk as those without renal
insufficiency. Therapeutic interventions targeting
endogenous regenerative capacity in this high-risk
patient population are warranted.
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