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Background: Low quantities of circulating progenitor cells (CPCs), specifically CD34+
populations, reflect impairment of intrinsic regenerative capacity. This study investigates the
relationship between subsets of CPCs and adverse outcomes.

Methods: 1366 individuals undergoing angiography for evaluation of coronary artery disease
(CAD) were enrolled into the Emory Cardiovascular Biobank. Flow cytometry identified CPCs
as CD45med blood mononuclear cells expressing the CD34 epitope, with further enumeration

of hematopoietic CPCs as CD133+/CXCR4+ cells and endothelial CPCs as vascular endothelial
growth factor receptor-2 (VEGFR2+) cells. Adjusted Cox or Fine and Gray’s sub-distribution
hazard regression models analyzed the relationship between CPCs and 1) all-cause death and 2) a
composite of cardiovascular death and non-fatal myocardial infarction (Ml).

Results: Over a median 3.1-year follow-up period (IQR 1.3-4.9), there were 221 (16.6%)
all-cause deaths and 172 (12.9%) cardiovascular deaths/MIs. Hematopoietic CPCs were highly
correlated, and the CD34+/CXCR4+ subset was the best independent predictor. Lower counts
(smedian) of CD34+/CXCR4+ and CD34+/VEGFR2+ cells independently predicted all-cause
mortality (HR 1.46 [95% CI 1.06-2.01], p=0.02 and 1.59 [95% CI 1.15-2.18], p=0.004) and
cardiovascular death/MI (HR 1.50 [95% CI 1.04-2.17], p=0.03 and 1.47 [95% CI 1.01-2.03],
p=0.04). A combination of low CD34+/CXCR4+ and CD34+/VEGFR2+ CPCs predicted all-cause
death (HR 2.1, 95% CI 1.4-3.0; p=0.0002) and cardiovascular death/MI (HR 2.0, 95% CI 1.3-3.2;
p=0.002) compared to those with both lineages above the cut-offs.

Conclusions: Lower levels of hematopoietic and endothelial CPCs indicate diminished
endogenous regenerative capacity and independently correlate with greater mortality and
cardiovascular risk in patients with CAD.

Keywords
progenitor cells; CD34; coronary artery disease; biomarkers; risk assessment

INTRODUCTION

Cardiovascular risk factor-mediated injury of the vascular endothelium ultimately leads

to development of hypertension, atherosclerosis and their associated adverse outcomes.1—3
Recent evidence suggests that progenitor cells (PCs) play a critical role in vascular repair
and regeneration, largely through paracrine mechanisms.1:245 As mononuclear cells that
primarily originate in the bone marrow, circulating progenitor cells (CPCs) can differentiate
into several distinct lineages including hematopoietic progenitors, identified by expression
of the CD34 (Cluster of Differentiation) epitope on hematopoietic CD45Med cells, and
non-hematopoietic or mesenchymal progenitors, that lack CD45 expression.6 CD34+ cells
are associated with greater myocardial and endothelial regenerative potential and several
sub-populations of CD34+ cells co-expressing CD133 and CXCR4 (chemokine (C-X-C
Motif) receptor 4) epitopes have previously been studied.” CD133 is a 5-transmembrane
antigen marker on primitive stem cells that is subsequently lost during maturation, and dual
expression of CD34+ and CD133+ identifies an early CPC subpopulation.8 Co-expression of
CXCR4 on CD34+ cells promotes homing of CPCs to stromal-derived factor-rich hypoxic
environments and potentially further characterizes CPCs with a capacity for vascular repair.®
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Co-expression of the vascular endothelial growth factor receptor 2 (VEGFR2) on CD34+
cells identifies a rarer subpopulation that is enriched for endothelial PCs.

Lower levels and activity of CPCs are associated with endothelial dysfunction,
atherosclerosis, and adverse cardiovascular events in patients with coronary and peripheral
artery disease.19-13 Previous studies from our and other groups have shown that subjects
with lower levels of CPCs enriched for hematopoietic progenitors (CD34+/CD133+ or
CD34+/CXCR4+ cells) have worse prognosis, however, data regarding the prognostic value
of endothelial CPC (CD34+/VEGFR2+) populations have been conflicting.12 Most previous
studies have been small in size and the duration of follow-up has been limited.8-14-22
Whether deficiency of CPCs from multiple lineages is associated with worse outcomes over
the longer term remains unknown.

Herein, we examined whether reduced regenerative capacity, estimated as lower levels of
hematopoietic and/or endothelial CPCs, is associated with worse long-term prognosis among
patients with coronary artery disease (CAD). We hypothesized that lower CPCs in both
lineages will be additively associated with increased risk of adverse cardiovascular events in
CAD.

Study Population

The study population was derived from the Emory Cardiovascular Biobank, an ongoing
prospective cohort of patients aged 20 to 90 years recruited from Emory Healthcare
facilities.23 Patients were enrolled at the time of coronary angiography that had been
ordered for the evaluation and management of suspected or known CAD. All participants
provided written informed consent and this study was approved by the Emory University
Institutional Review Board. Participants were interviewed to collect information about
demographic characteristics, smoking history, medical history, and medication use as
previously described. The prevalence of diabetes, hypertension, hypercholesterolemia,
and established cardiovascular disease subtypes (CAD, heart failure [HF], and peripheral
artery disease [PAD]) was determined by physician diagnosis and/or treatment.2% Medical
records were reviewed to confirm self-reported medical history. Weight and height were
measured at enrollment and body mass index (BMI) was calculated by dividing weight
(in kilogram) by height (in meters)-square. Serum creatinine was measured at enrollment,
and estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney
Disease Epidemiology Collaboration equation.24 Patients were excluded from enrollment
in the biobank if they had congenital heart disease, severe valvular heart disease, severe
anemia, a recent blood transfusion, myocarditis, history of active inflammatory disease,
cancer or could not provide consent (approximately 5%). In addition, patients with a history
of cardiac transplantation, those presenting with acute myocardial infarction, infection, or
with advanced renal disease (€GFR <15 mL/min/1.73m?) were excluded as these factors
influence CPC counts.
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Follow-Up and End Points

Follow-up was performed by personnel blinded to the CPC data through telephone
interviews, chart review, social security death index, and state records to determine end
points of interest.2 Medical records were accessed or requested to validate all self-reported
events including MI, which was adjudicated using the third universal definition of MI.

The end points assessed were all-cause death (primary) and the composite end-point of
cardiovascular death and non-fatal Ml (secondary). Cardiovascular death was defined as
death attributable to an ischemic cardiovascular cause (fatal Ml, stroke, peripheral arterial
disease) or sudden death due to an unknown but presumed cardiovascular cause in high-risk
patients. Events were adjudicated by two cardiologists with a third arbitrator in case of
disagreement. Medical records were accessed or requested to validate all self-reported events
including MI.

Flow Cytometry/Progenitor cell assay

CPCs were measured in peripheral arterial blood samples collected in EDTA tubes before
contrast administration for cardiac catheterization.2> Blood samples were prepared within 4
hours of collection and incubated with fluorochrome-labeled monoclonal antihuman mouse
antibodies to identify surface markers expressed on mononuclear cells before quantification
using flow cytometry. Three-hundred microL of peripheral blood was incubated with 7
microL of FITC-CD34 (BD Biosciences), PerCP-CD45 (BD Biosciences), PE-VEGFR2
(R&D system), 5 microL APC-CD133 (Miltenyi), and 3 microL PE-Cy7-conjugated anti-
CXCR4 (EBioscience, clone 12G5) in the dark for 15 minutes.28 Then 1.5 mL ammonium
chloride lysing buffer was added to lyse red blood cells, following which 1.5 mL staining
medium (PBS with 3% heat-inactivated serum and 0.1% sodium azide) was added to stop
the lysing reaction.2® Prior to flow cytometry, 100 microL of AccuCheck Counting Beads
(Invitrogen, Cat#: PCB100) were added to act as an internal standard for direct estimation
of the concentration of target cell subsets.26 At least 2.5 million events were acquired

from the cytometer. Mononuclear cells enriched for CPCs were enumerated using flow
cytometry as CD45™Med cells coexpressing CD34, CD133, VEGFR2, and CXCR4 epitopes.
Flow cytometry data were analyzed with Flowjo software (Treestar, Inc.) and circulating
PC populations (CD34+, CD34+/CD133+, CD34+/CXCR4+, and CD34+/VEGFR2+) were
reported as cell counts per mL.26 The selection of CD45Med cells excluded CD45Pright

and CD45 cells. Exclusion of the rare CD45P19M ce|ls helped to eliminate lymphoblasts,
and exclusion of CD45™ cells helped to eliminate nonhematopoietic progenitors, such as
mesenchymal or osteoprogenitor cells, as these cells are typically CD45~. Twenty samples
were analyzed on two occasions by two technicians. Percent repeatability coefficients

(%) were calculated as the standard deviation (SD) of differences between pairs of
measurements/mean of measurements x 100. The repeatability coefficients were 2.9%,
4.8%, 6.5%, and 21.6% for CD34+, CD34+/CD133+, CD34+/CXCR4+, CD34+/CD133+/
CXCR4+, and CD34+/VEGFR2+, respectively.2’

Statistical methods

Subject characteristics were reported as descriptive statistics with continuous adjusted
variables presented as means (SD) or as medians [interquartile range] and with categorical
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variables as proportions. Differences among groups were studied using the analysis of
variance (ANOVA) for normally distributed continuous variables, Kruskal-Wallis test

for non-normally distributed continuous variables and Chi-square or Fisher’s exact tests

for categorical variables where appropriate. CPC counts were analyzed as non-normally
distributed continuous variables and as categorical variables as previously described.8

In multivariable analyses, CPC counts were examined as continuous variables after log-
transformation (logy[cell count]), and hazard ratios and confidence intervals for continuous
variables were reported as inverses. Using median and receiver operating characteristic
(ROC) analysis to derive the optimal cut-point for prediction of all-cause death, CPC counts
were categorized and analyzed in the multivariable analyses.

The relationships between CPC counts and all-cause death were examined in Cox
proportional hazard regression models adjusted for age, sex, race, BMI, hypertension,
hyperlipidemia, diabetes, low-density lipoprotein levels, current smoking, statin use,
estimated glomerular filtration rate, left ventricular ejection fraction, and obstructive CAD
(defined as >50% obstruction in one or more epicardial vessels).28 Fine and Gray’s sub-
distribution hazard models adjusting for the same covariates were used for cardiovascular
death and non-fatal MI, treating the non-cardiovascular deaths as competing risks.2

A progenitor cell score was created using optimal cut-points of CD34+/CXCR4+ and
CD34+/VEGFR2+ CPC counts with a score of 0 assigned to those with levels of both

cells above the ROC-derived cut-points, a score of 1 assigned to subjects with low levels

of one cell but levels above the cut-point for the other cell, and a score of 2 assigned to
those subjects with levels of both cell population below the respective cut-points. A similar
progenitor cell score was created using optimal cut-points of CD34+ and CD34+/VEGFR2+
CPC counts, with point aggregation analogous to the scoring system above for cell counts
below the respective cut points.

The incremental value of CPC counts to risk prediction was tested before and after their
addition (using high v low categorization described above) to model with covariates of
traditional risk factors for both scoring systems. The C-statistic (area under curve [AUC])
was calculated as an index of risk discrimination. Discrimination testing was also performed
using the continuous net reclassification improvement (NRI) and integrated discrimination
improvement (IDI) metrics. Analyses were performed using IBM SPSS Statistics Version 22
(Armonk, NY, USA), SAS software (version 9.4, Cary, North Carolina) and R software
version 3.6.1 (http://www.R-project.org). P values of <0.05 from two-sided tests were
considered to indicate statistical significance.

A total of 1366 patients, 59.3% male, 79.9% white, were enrolled. Forty one percent had
diabetes, 89% hypertension, 34% had heart failure, 77% had obstructive CAD, 15% had
non-obstructive CAD, and 8% had angiographically normal coronary arteries, Table 1.

Median cell counts for CD34+, CD34+/CD133+, CD34+/CXCR4+, and CD34+/VEGFR2+
CPCs were 1679, 760, 820, and 41 cells/ml, respectively. CPCs enriched for hematopoietic
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progenitors, including CD34+, CD34+/CD133+ and CD34+/CXCR4+ cells were highly
correlated with each other, but only modestly with CD34+/VEGFR2+ CPCs, enriched for
endothelial progenitors (Supplemental Table 1).

Relationship between PCs and Outcomes

During a median 3.1 (IQR 1.3-4.9)-year follow-up, there were 221 all-cause deaths, 143
cardiovascular deaths, and 29 non-fatal Ml events.

Association between hematopoietic progenitor-enriched CPC counts and
adverse cardiovascular outcomes: In unadjusted Cox regression analysis, CD34+/
CD133+ and CD34+/CXCR4+ CPC counts as continuous variables were associated with
all-cause mortality and the composite of cardiovascular death/MI (Table 2). Patients with
low CD34+ or CD34+/CXCR4+ CPC counts (below median value) had a 53% (p=0.001)
and 46% (p=0.02) greater risk, respectively, of all cause death. Low CD34+/CXCR4+ cell
counts were associated with a 50% higher risk of cardiovascular death/Ml, than those with
these CPC counts above their respective cut-offs, after adjustment for demographic and
clinical covariates (Table 2). Survival curves are shown in Figures 1 and 2. Results did not
differ significantly when subjects with angiographically normal coronaries were removed
from the analysis.

To determine if there was a difference between predictive capacity of CD34+ cells
depending on whether CD133+ or CXCR4+ epitopes were co-expressed, each PC subset
was tested individually. CD34+ cells co-expressing CD133 without CXCR4 (CD34+/
CD133+/CXCR4-) had no association with incident events. However, CD34+ CPCs
coexpressing CXCR4 in the absence of CD133 (CD34+/CXCR4+/CD133-) had significant
associations with incident adverse events, indicating that the CD34+/CXCR4+ CPC subset
was most predictive of incident adverse events (Supplementary Table 2). In sensitivity
analyses, there was no significant interaction between covariates and the association of
CD34+/CXCRA4+ cells with outcomes (Supplemental Figure 2A).

Association between endothelial progenitor-enriched CPC (CD34+/VEGFR2+)
counts and adverse cardiovascular outcomes: In unadjusted Cox regression
models, lower CD34+/VEGFR2+ counts were associated with an increased risk of incident
all-cause death and cardiovascular death/MI when stratified by median and at the ROC-
derived cutoff value of 25 cells/mL (Table 2, Figure 1 and 2), findings that persisted after
adjustment for the aforementioned clinical covariates. Patients with low CD34+/VEGFR2+
CPC counts (below median) had a 59% greater risk of all cause death and a 47% greater
risk of cardiovascular death/MI than those above the median value, (Table 2, Figures 1

and 2). These findings persisted after removing patients with angiographically normal
coronaries. In sensitivity analyses, there was a significant interaction between gender as
well as diabetes mellitus and the association of CD34+/VEGFR2+ CPCs with adverse events
(Supplementary Figure 2B), with a stronger association in men and those without diabetes.

Association between Progenitor Cell Score (PC Score) comprised of both
CPC lineages and adverse cardiovascular outcomes: We examined the association

Int J Cardiol. Author manuscript; available in PMC 2024 February 15.
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between the combination of both hematopoietic-enriched CPCs, represented by CD34+/
CXCR4+ cell counts, and endothelial-enriched CD34+/VEGFR2+ CPCs and the risk of
adverse outcomes in both unadjusted and adjusted models. (Table 3). To demonstrate the
additive value of evaluating CPCs enriched for two lineages, patients were divided into

3 groups (PC Score 0, 1, 2) using optimal cut-points of CD34+/CXCR4+ and CD34+/
VEGFR2+ CPC counts. Patients with both CD34+/CXCR4+ and CD34+/VEGFR2+ counts
below cut-off values derived from ROC curves were assigned a score of 2, subjects with
either low CD34+/VEGFR2+ or low CD34+/CXCR4+ cells were assigned a score of 1, and
subjects with both CPCs levels above the ROC cut-off values were assigned a group of 0.
Individuals with low CPCs in both lineages (PC Score of 2) were more likely to be older,
and female with a greater number of comorbidities, including diabetes, peripheral vascular
disease, and heart failure (Table 1). There was a graded increase in event risk with patients in
the group with low levels of CPCs from both lineages (PC Score 2) experiencing the highest
event risk, those with high levels of both CPCs with the lowest event risk (PC Score 0),

and those with low CPCs in only one lineage with an intermediate event risk (PC Score 1),
Figure 3. Thus, the all-cause mortality and cardiovascular death/MI risks in the group with
low CPC counts in both lineages were 108% and 103% higher, respectively, than those with
high counts in both lineages, Table 3, Figure 3.

An analogous analysis was performed examining the association between CD34+, CD34+/
VEGFR2+ CPC counts and the risk of adverse outcomes in continuous, median-based, and
score-based models using ROC-derived cutoffs (Supplemental Table 3). When both CPC
counts were entered into the same model, both were independently predictive of all-cause
mortality and cardiovascular death/MI using ROC-derived cutoffs. An analogous PC scoring
system summarizing cutoff-based decreases in CD34+ and CD34+/VEGFR2+ cell counts
exhibited a similar graded increase in event risk. Those with deficiencies in both were at
147% and 116% greater risk of all-cause mortality and cardiovascular death/Ml, respectively
(Supplemental Table 3).

Discrimination testing: We tested the incremental value of this threshold driven CPC
count. We compared the c-statistic of a model with traditional risk factors only (Model 1)
and models incorporating CPC counts (Supplemental Table 4). Addition of either CD34+/
CXCR4+ (Model 2) or CD34+/VEGFR2+ (Model 3) CPC counts was associated with
modest improvements in the C-statistic. The largest improvement was noted when both
CD34+/CXCR4+ and CD34+/VEGFR2+ CPC counts were added to the model together.
There was no improvement in continuous net reclassification improvement (NRI) and
integrated discrimination improvement (I1DI).

DISCUSSION

In the largest study conducted to date examining the role of circulating progenitor cells on
cardiovascular outcomes, we demonstrate that low circulating levels of both hematopoietic
and endothelial PC-enriched populations are associated with higher risk of adverse events
in patients with CAD. Importantly, participants with low levels of both CPC lineages were
at the highest risk of adverse events. We and others have previously shown an association
between various PC subsets and cardiovascular outcomes in smaller studies with limited

Int J Cardiol. Author manuscript; available in PMC 2024 February 15.
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follow-up.25:30-32 Our present study with 1366 participants represents the largest cohort of
patients with CAD phenotyped for CPCs and prospectively followed for over 3 years. We
now show definitively that deficiencies in both hematopoietic and endothelial progenitor-
enriched cells are independent and additive predictors of adverse cardiovascular outcomes
and mortality, and that the combined deficiencies of these two lineages of PCs identifies the
highest risk subgroup.

CPCs provide unique insights into the importance of endogenous regenerative and
reparative capacity.124:33 The content of CD34+ progenitor cells in blood have consistently
been shown to be predictive of atherosclerotic disease progression and cardiovascular
events.8:3234-38 CPCs contribute to endothelial repair following vascular injury3%-41 and
lower content of these cells is associated with worsening of vascular function, thus
highlighting the importance of these cells in vascular homeostasis.*1~43 Experimental
studies have shown that in response to endogenous and exogenous stimuli, including
exposure to cardiovascular risk factors, tissue ischemia or damage, CD34+ PCs are
mobilized from the bone marrow. Mobilization of progenitors from bone marrow niches

is in response to higher circulating levels of VEGF and stromal cell-derived factor 1
(SDF-1) that are ligands for VEGFR2 and CXCR4, respectively, receptors that are expressed
on CPCs.# This capacity to mobilize PCs that home to areas of hypoxia and injury

leading to accelerated repair and regeneration appears to be limited and may exhaust with
higher exposure to these injurious stimuli and with aging.2:41:45-49 We have shown a mild
decline in CPCs with age that is accelerated in those aging with multiple risk factors or
CVD.2’ Similarly, in patients with transient ischemia or infarction, there is mobilization of
CPCs.50-55 High-risk subjects within our cohort, particularly those who were older, female,
diabetic and with greater severity of CAD and PAD had fewer CPCs than participants
without these risk factors. Our study shows that lower levels of CPCs, and presumed loss of
regenerative capacity, regardless of underlying risk factors, was an independent determinant
of incident cardiovascular outcomes and mortality.33.56-58

We have previously shown that low numbers of endothelial-enriched CPCs expressing
VEGFR? in blood samples to be an important marker of peripheral arterial disease (PAD),
suggesting a role in the development and progression of diffuse atherosclerotic disease.!
A meta-analysis examining 12 studies on CD34+/VEGFR2+ cells had previously been
inconclusive regarding their predictive role, likely due to heterogeneity of populations
studied, outcomes measured and size of studies.12 Moreover, because CD34+/VEGFR2+
cells are rare, they are subject to higher variability during measurement.12 In our large
cohort with high event rate and longer duration of follow-up, CD34+/VEGFR2+ PCs were
significantly and independently predictive of outcomes. Other reports in patients with aortic
stenosis and heart failure with preserved ejection fraction, CD34+/VEGFR2+ were also
reported to be predictive of adverse cardiovascular events.3559.60

CXCR4, a receptor for stromal derived factor-1 (SDF-1), is required for homing of PCs

to areas of ischemia and serves to identify cells that have higher migratory capacity and
potential for tissue repair and neo-vascularization.® In contrast to a recent meta-analysis in
which CD34+/CD133+ and CD34+ cells were shown to be highly predictive of adverse
outcomes, b low levels of CD34+/CD133+ in the absence of CXCR4 expression was

Int J Cardiol. Author manuscript; available in PMC 2024 February 15.
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not associated with worse outcomes in this population. Due to our ability for advanced
phenotyping, we are able to identify the subpopulation of CD34+/CD133+/CXCR4~-
cells, specifically, and show that levels of the CXCR4~- subset of CD34+/CD133+ was
not prognostic for cardiovascular events. The CXCR4~- subset may represent cells that
mechanistically have diminished ability to migrate to areas of ischemia, representing an
advancement from what has been previously shown.

Importantly, CPC levels are modifiable by lifestyle and therapeutic interventions that

are also associated with improved cardiovascular outcomes. For example, treatment with
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers and statins increase
CPC counts and function.62-65 Exercise modulates CPC levels and in animal models,
physical activity improves replacement of the dysfunctional endothelium by bone marrow-
derived cells.66:67 Data in animal models and some early human studies have shown benefit
from cell-based therapies in those with advanced CVD, while recent clinical trials in patients
with non-obstructive coronary disease and microvascular angina have shown beneficial
effects of CD34+ based therapy on anginal severity and markers of coronary endothelial
dysfunction.68-"1 The therapeutic impact of targeted treatment with hematopoietic and
endothelial progenitor subsets remains to be determined.

Important implications of our findings include: (1) numbers of circulating CD34+ cells
that are enriched for bone marrow-derived hematopoietic and endothelial progenitors

are predictors of outcomes in patients with CAD, similar to observations in settings of
acute lung injury, renal failure, and stroke;’27> (2) low levels of CD34+/CXCR4+ and
CD34+/VEGFR2+ cells could be considered as modifiable risk factors and thus targets

for therapeutic interventions; (3) both CD34+/CXCR4+ and CD34+/VEGFR2+ cell counts
may be considered ‘biomarkers’ of regenerative capacity and as independent predictors of
adverse outcomes; and (4) these findings could influence cell based therapy by supporting
targeted selection of patients with impaired regenerative capacity.

Strengths of our study include (1) a large cohort study design to limit heterogeneity, (2) use
of commonly used high-throughput technology (flow cytometry) for quantification of PCs
by standardized and reproducible assay techniques, (3) exploration of several CD34+ cell
subpopulations enriched for both hematopoietic and endothelial PCs, and (4) the association
with incident cardiac and vascular events.

Study limitations

Limitations are that we only examined a high-risk population enriched with CAD, and
therefore our conclusions may not be applicable to the general population. We also have
not measured cell functionality. Finally, the observational nature of this analysis does
not imply causation and thus further interventional studies directly influencing PC levels
are required. Studies demonstrating improvements in intermediate phenotypes, such as
endothelial function with PC mobilization suggest that this could be feasible.”8 Further
research is needed to investigate whether age-specific cut-points would improve risk
determination.

Int J Cardiol. Author manuscript; available in PMC 2024 February 15.
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CONCLUSIONS

Lower CPC counts are associated with mortality and incident cardiovascular death and Ml
risk in individuals with CAD, independent of all other risk factors. Moreover, lower levels
of both CD34+/CXCR4+ and CD34+/VEGFR2+ PCs, representing reduced numbers of
hematopoietic and endothelial PCs have an independent and additive prognostic impact. Our
findings suggest that impaired endogenous regenerative capacity in multiple PC lineages is
associated with higher mortality and has important implications for biological understanding
of cardiovascular risk, for risk prediction and potentially for selection for PC-modifying
therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Circulating progenitor cells (CPCs), which play a critical role in vascular
repair and regeneration, can differentiate into several distinct lineages
including hematopoietic progenitors, identified by expression of the CD34
(Cluster of Differentiation) epitope on hematopoietic CD45M¢d cells, and
non-hematopoietic or mesenchymal progenitors that lack CD45 expression.

Previous studies from our and other groups have shown that subjects

with lower levels of CPCs enriched for hematopoietic progenitors (CD34+/
CD133+ or CD34+/CXCR4+ cells) have worse prognosis, however, data
regarding the prognostic value of endothelial CPC (CD34+/VEGFR2+)
populations have been conflicting.

In the largest study conducted to date examining the role of endogenous
regenerative capacity on cardiovascular outcomes, we demonstrate that

low circulating levels of both hematopoietic and endothelial PC-enriched
populations are associated with higher risk of adverse events in patients with
CAD.

Deficiencies in both hematopoietic and endothelial progenitor-enriched cells
are independent and additive predictors of adverse cardiovascular outcomes
and mortality, and the combined deficiencies of these two lineages of PCs
identifies the highest risk subgroup.

Additionally, our study specifically identifies and demonstrates that low
levels of CD34+/CD133+/CXCR4~ cell population are not prognostic
for cardiovascular events, indicating that the CXCR4~- subset may have
a diminished ability to migrate to areas of ischemia, representing an
advancement from what has been previously shown.
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Figure 1: Kaplan-Meier survival curves for all-cause death using ROC cutoff
Kaplan-Meier survival curves for the primary end point of death for CD34+ (A), CD34+/

CD133+ (B), CD34+/CXCRA4+ (C), CD34+/VEGFR2+ (D) The blue line represents cells
below the ROC derived cutoff. The red line represents progenitor cell levels below the
ROC derived cutoff. Cutoffs used were 1032 cells/milliliter for CD34+ cells, 625 cells/
milliliter for CD34+/CD133+ cells, 25 cells/milliliter for CD34+/VEGF2R+ cells and 794

cells/milliliter for CD34+/CXCR+ cells.
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Figure 2: Kaplan-Meier survival curves for cardiovascular death/MI using ROC cutoff
Kaplan-Meier survival curves for the composite end point of cardiovascular death/MI for

CD34+ (A), CD34+/CD133+ (B), CD34+/CXCR4+ (C), CD34+/VEGFR2+ (D). The blue
line represents cells below the ROC derived cutoff. The red line represents progenitor cell
levels below the ROC derived cutoff. Cutoffs used were 1032 cells/milliliter for CD34+
cells, 625 cells/milliliter for CD34+/CD133+ cells, 25 cells/milliliter for CD34+/VEGF2R+
cells and 794 cells/milliliter for CD34+/CXCR+ cells.
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Figure 3: Adjusted survival curves for all-cause death and cardiovascular death/M|
Kaplan-Meier survival curves for the primary end point of A) death, B) composite of

cardiovascular death and myocardial infarction (M) stratified by Progenitor Cell Score. The
green line represents a Progenitor Cell Score of 2, indicating both CD34+/CXCR4+ and
CD34+/VEGFR2+ cells are below the ROC-derived cutoff. Blue line represents progenitor
cell score of 1, indicating either CD34+/CXCR4+ or CD34+/VEGFR2+ are below the ROC-
derived cutoff. The red line represents progenitor cell score of 0, with both CD34+/CXCR4+
cells and CD34+/VEGF2R+ cells above the ROC-derived cutoff. Cutoffs used were 25 cells/
milliliter for CD34+/VEGFR2+ cells and 794 cells/milliliter for CD34+/CXCR+ cells (see
Methods section of this article)
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Table 1:
Baseline Demographics of Total Cohort and Stratified by Progenitor Cell Score
Mean (SD) shown unless stated. BMI indicates body mass index; CABG, coronary artery
Baseline characteristics Alln=1360 Progenitor Cell Score”

0 (N=494) 1 (N=522) 2 (N=350) P value

Age,y 65.2 +/- 13.1 63.9 +/-13.5 66.6 +/- 12.5 67.9 +/-12.0 <0.001

Male, N (%) 810 (59.3) 325 (65.8) 304 (58.2) 181 (51.7) <0.001

Black, N (%) 275 (20.1) 106 (21.5) 105 (20.1) 64 (18.3) 0.527

BMI, kg/m? 29.4 +/- 6.4 30.1+/-6.4 289+/-6.4 29.4 +/- 6.7 0.002

History of MI, N (%) 276 (20.1) 105 (21.3) 95 (18.4) 76 (22.0) 0.343

Diabetes, N (%) 535 (41.4) 176 (35.9) 202 (38.8) 157 (45.2) 0.023
Hypertension, N (%) 1213 (88.8) 437 (89.2) 464 (88.9) 312 (90.2) 0.829
Dyslipidemia, N (%) 1014 (74.2) 378 (76.8) 383 (73.4) 253 (72.9) 0.330

Current smoking, N (%) 63 (4.6) 19 (4.3) 28 (5.9) 16 (4.7) 0.479

History of CABG, N (%) 324 (23.7) 116 (23.5) 127 (24.3) 81 (23.1) 0.911

History of PCI, N (%) 610 (44.7) 168 (45.0) 326 (40.9) 116 (39.9) 0.627
Obstructive CAD ™™ N (%) 1055 (77.2) 347 (70.2) 404 (77.4) 304 (86.9) <0.001

History of heart failure, N (%) 465 (34.0) 157 (31.8) 173 (33.1) 135 (38.6) 0.105

eGFR, mL/min/1.73 m2 69.1 +/- 26.5 75.4 +/- 225 712 +/-22.1 71.7 +/-22.4 0.006

History of peripheral vascular disease, N (%) 251 (18.9) 69 (14) 94 (18.0) 88 (25.4) <0.001
History of stroke, N (%) 158 (11.7) 49 (10.1) 60 (12.0) 49 (14.3) 0.183

Left ventricular ejection fraction (LVEF %) 53 +/- 12.6 52.5 +/- 13.7 53.5 +/-12.2 53.1+/-11.7 0.664

PC populations (cells/mL) o

CD34+ 1679 (1048-2514) | 2470 (850-10480) | 1470 (60-11940) | 1060 (0-3310) | <0.001

CD34+/CD133+ 760 (456-1207) | 1100 (100-9290) 690 (0-6330) 500 (0-2550) | <0.001
CD34+/VEGFR2+ 41 (21-138) 240 (30-3660) 40 (0-610) 10 (0-20) <0.001
CD34+/CXCR4+ 820 (487-1360) 1680 (80-6280) | 710 (60-10470) | 440 (0-790) | <0.001

Outcomes (3.1 year follow-up)

Death, N (%) 221 (16.6) 66 (13.4) 80 (15.3) 75 (23.0) 0.007

CV death, N (%) 143 (10.8) 43 (8.7) 55(10.5) 45 (12.9) 0.023

ML, N (%) 29 (2.1) 8 (1.6) 10 (1.9) 11 (3.1) 0.013

bypass grafting; CAD, coronary artery disease; MI, myocardial infarction; PCI, percutaneous coronary intervention; GFR, glomerular filtration
rate; CXCR4, chemokine (C-X-C motif) receptor 4; VEGFR2, vascular endothelial growth factor receptor 2.

*
Stratified by Progenitor Cell (PC) Score (0,1,2). PC Score of 2 indicates both CD34+/CXCR4+ and CD34+/VVEGFR2+ cells are below the

ROC-derived cutoff, PC Score 1 indicates either CD34+/CXCR4+ or CD34+/VEGFR2+ are below the ROC-derived cutoff, and PC Score 0, with
both CD34+/CXCR4+ cells and CD34+/VEGF2R+ cells above the ROC-derived cutoff. Cutoffs used were 25 cells/milliliter for CD34+/VEGFR2+

cells and 794 cells/milliliter for CD34+/CXCR+ cells (see Methods section of this article).

Aok

Obstructive coronary artery disease (CAD) defined as >50% stenosis in =1 epicardial coronary artery

HokAh

Cell counts shown as median [interquartile range]
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