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Abstract

OBJECTIVES—To test whether patients with coronary atherosclerosis have increases in circulating
endothelial progenitor cells (EPCs) expressing an osteogenic phenotype.

BACKGROUND—Increasing evidence indicates a link between bone and the vasculature, and bone
marrow and circulating osteogenic cells have been identified by staining for the osteoblastic marker,
osteocalcin (OCN). EPCs contribute to vascular repair, but repair of vascular injury may result in
calcification. Using cell surface markers (CD34, CD133, KDR) to identify EPCs, we examined
whether patients with coronary atherosclerosis had increases in the percentage of EPCs expressing
OCN.

METHODS—We studied 72 patients undergoing invasive coronary assessment: Controls (normal
coronary arteries and no endothelial dysfunction, n = 21) versus two groups with coronary
atherosclerosis: early coronary atherosclerosis (ECA: normal coronary arteries but with endothelial
dysfunction, n = 22) and late coronary atherosclerosis (LCA: severe, multi-vessel coronary artery
disease [CAD], n = 29). Peripheral blood mononuclear cells were analyzed using flow cytometry.

RESULTS—Compared to controls, patients with ECA or LCA had significant increases (~2-fold)
in the percentage of CD34+/KDR+ and CD34+/CD133+/KDR+ cells co-staining for OCN; even
larger increases were noted in the ECA and LCA patients in the percentage of CD34+/CD133—-/KDR
+ cells co-staining for OCN (5- and 2-fold, P < 0.001 and 0.05, respectively).

CONCLUSIONS—A higher percentage of EPCs express OCN in patients with coronary
atherosclerosis compared with subjects with normal endothelial function and no structural CAD.
These findings have potential implications for the mechanisms of vascular calcification and for the
development of novel markers for coronary atherosclerosis.
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Introduction

There is increasing evidence for a link between bone metabolism and the vasculature. Thus,
elderly women with osteoporosis (1) or with high bone turnover (2) have increased
cardiovascular mortality. In addition, mice with deletion of osteoprotegerin (OPG), which
binds and neutralizes the key osteoclastogenic factor, receptor activator of NF«xB ligand
(RANKL), not only have severe osteoporosis and a marked increase in bone turnover but also
diffuse vascular calcification (3). Moreover, it is now recognized that vascular calcification is
not simply a dystrophic calcifying process but rather involves active bone formation that
recapitulates the normal sequence of osteoblast development and activity on bone surfaces
(4,5). These findings collectively suggest that changes in bone turnover affect the vasculature,
although the possible mechanism(s) of this are unclear.

A potential candidate for providing a link between bone metabolism and the vasculature are
endothelial progenitor cells (EPCs) which reside, at least in part, in bone marrow, are mobilized
in response to vascular injury, and contribute to vascular repair (6). While there is ongoing
controversy regarding the true identity of EPCs (6), cell surface expression of CD34, CD133,
and vascular endothelial growth factor receptor 2/kinase insert domain receptor (KDR) have
been used to define populations of circulating cells that include cells participating in the
response to vascular injury (6,7). In addition, recent work has suggested that expression of
these markers may be used to classify CD34+ cells as less differentiated (CD34+/CD133+/
KDR+) vs. relatively more differentiated (CD34+/CD133—/KDR+) EPCs (6-8).

In addition to EPCs, osteoprogenitor cells also reside in the bone marrow, and studies by
Friedenstein and colleagues (9) established almost 40 years ago that the bone marrow stroma
contains plastic adherent cells that can give rise to a broad spectrum of fully differentiated
connective tissues, including osteoblasts. Concurrent with this work, however, Long and
colleagues identified, over a decade ago, a non-adherent population of cells in bone marrow
with osteogenic potential (10,11). These investigators used flow cytometry and magnetic
activated cell sorting with an anti-osteocalcin (OCN) antibody to isolate osteoprogenitor cells
that expressed bone-related proteins and were capable of mineralization in vitro (10-13).
Reasoning that these non-adherent osteogenic cells likely accessed the peripheral circulation,
our group used identical methods to characterize OCN+ cells in peripheral blood that expressed
osteoblastic markers and were capable of forming mineralized nodules in vitro and bone in
vivo (14,15).

While endothelial and osteoblastic cells have traditionally been believed to derive from distinct
progenitor populations, there is increasing evidence for overlap between these lineages. In fact,
the Stro-1 antibody, which is widely used to identify mesenchymal stem cells in bone marrow
and other tissues, was originally derived by immunizing mice with purified human CD34+
cells (16). Moreover, human bone marrow CD34+ cells can differentiate into osteoblastic cells
capable of forming mineralized nodules invitro (17) and Tondreau et al. have found that CD133
+ cells from human bone marrow, umbilical cord blood, or peripheral blood from G-CSF-
treated donors are enriched for mesenchymal stem cells capable of differentiating into
osteoblasts (18). Recent studies using single cell reverse-transcriptase polymerase chain
reaction have also demonstrated that ~20% of human peripheral blood CD34+ cells express
the mRNA for OCN (19). In addition, when infused into immunocompromised rats following
femur fractures, these cells can localize to the fracture site and differentiate into endothelial
cells as well as osteoblasts and enhance fracture healing (19).

Given this potential overlap between endothelial and osteoblastic lineages, in the current study
we tested the hypothesis that there are an increased percentage of circulating EPCs expressing
an osteogenic phenotype, as assessed by staining for OCN (10-15), in patients with early or
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established coronary atherosclerosis. Our findings suggest a novel link between bone
metabolism and the vasculature, and may also help define new diagnostic approaches for
coronary atherosclerosis.

Study subjects

The study was approved by the Institutional Review Board of Mayo Foundation and all study
subjects provided written, informed consent. A total of 72 patients who were undergoing
coronary angiography and coronary endothelial function testing for clinical purposes, and met
the criteria outlined below for inclusion into the 3 study groups, were recruited. Patients with
acute coronary syndromes (unstable angina or acute myocardial infarction), heart failure
(ejection fraction < 50%), or severe renal or liver disease were excluded. The Framingham risk
score was calculated as previously described (20). The 3 groups were defined as follows:
control, patients without significant structural coronary lesions on angiography (< 30%
stenosis) and normal endothelial function, as assessed by intra-coronary acetylcholine
challenge (see below), n = 21; early coronary atherosclerosis (ECA), defined by the absence
of significant structural coronary lesions on angiography but with abnormal endothelial
function, n = 22; and late coronary atherosclerosis (LCA), defined as patients with severe,
multi-vessel CAD (> 50% stenosis in 2 or more major epicardial arteries), n = 29.

Coronary angiography and invasive endothelial function testing

Patients underwent coronary angiography using standard clinical protocols. Arterial blood (20
mL) was drawn from the aortic catheter prior to cardiac catheterization for flow cytometry and
biochemical analyses. After diagnostic angiography, subjects without significant structural
coronary lesions underwent assessment of endothelium-dependent coronary vasoreactivity, as
previously described (21-24). In brief, a Doppler guidewire (Flowire, Volcano Inc) within a
coronary-infusion catheter (Ultrafuse, SciMed Life System) was positioned into the mid-
portion of the left anterior descending coronary artery. Acetylcholine at increasing
concentrations was infused into the left anterior descending coronary artery to assess
endothelium-dependent vasoreactivity. Hemodynamic data, Doppler measurements, and a
coronary angiogram were obtained after each infusion. Coronary artery diameter was measured
by an independent investigator in the segment 5 mm distal to the tip of the Doppler wire using
a computer-based image analysis system. Average peak velocity (APV) was derived from the
Doppler flow velocity spectra and coronary blood flow (CBF) was determined as r(coronary
artery diameter/2)2 X (APV/2). As previously described, microvascular endothelial
dysfunction was defined as an increase in CBF of < 50% and epicardial endothelial dysfunction
was defined as a decrease in epicardial coronary artery diameter of more than 20% in response
to the maximal dose of acetylcholine (1074 M) (21-24). Endothelium-independent
microvascular function was determined by the coronary flow reserve (CFR), which is the ratio
of the APV at maximal hyperemia (induced by intracoronary adenosine [18-60 ug]) to the
APV at baseline.

Flow cytometry

Peripheral blood mononuclear cells (PBMNCSs) were isolated using a Ficoll density gradient,
and immunofluorescent cell staining was performed using the following fluorescent conjugated
antibodies: CD34-PerCP Cy 5.5 (Beckton-Dickinson), CD133-phycoerythrin (PE) (Miltenyi
Biotec GmbH) and kinase insert domain receptor KDRAPC (R & D Systems) and the
appropriate isotype controls. In addition, OCN+ cells were identified using an anti-human OCN
antibody (Santa Cruz Biotechnology) and a fluorescein isothiocyanate (FITC) secondary
antibody (Jackson ImmunoResearch), as previously described (14,15). Cell fluorescence was
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measured immediately after staining (Becton Dickinson, FACS Calibur) and data were
analyzed using CellQuest software (Becton Dickinson).

Confocal microscopy

Cell Culture

For confocal microscopy, cells were stained for OCN-FITC and CD34-PerCP Cy 5.5 and
isolated by magnetic activated cell sorting (MACS) (AutoMACS™, Miltenyi Biotec GmbH)
with the appropriate magnetic beads. The cells were then co-stained with the CD133-PE and
KDR-APC antibodies. Following fixation, the cells were mounted in ProLong® Gold antifade
reagent with DAPI (Invitrogen) to stain the nucleus. Samples were then examined on an
LSM510 confocal laser scanning microscope (Carl Zeiss, Inc).

CD34+ cells isolated by MACS or human bone marrow stromal cells (nMSCs, Lonza) were
cultured in uncoated plastic culture plates in regular culture media [aMEM, 10% heat-
inactivated FBS, 1% penicillin/streptomycin/amphotericin B (all from GIBCO/Invitrogen
Corporation)] containing an additional 5 mM Ca?* for the first 5 days. Subsequently, the
medium was changed to osteoblast differentiation medium [aMEM, 10% heat-inactivated FBS,
1% penicillin/streptomycin/amphotericin B plus 50 pg/ml ascorbic acid phosphate magnesium
salt n-Hydrate (Wako), 10 mM p-glycerophosphate, 1078 M 1,25-dihydroxyvitamin D3,
108 M dexamethasone (Sigma)] for an additional 7 days. The mineralization assay was done
using MACS-sorted CD34+ cells and unsorted post-Ficoll PBMNCs, which were cultured in
uncoated plastic culture plates in regular culture media for 2 days and than were either
maintained in regular culture medium or were changed to regular culture medium containing
an additional 2.1 mM Ca2* for 5 days (days 3-7) of culture. Subsequently, the Ca2* was
removed and the cells were cultured in osteoblast differentiation medium (as described before)
foran additional 21 days (days 8—28) and the presence of mineralization determined by Alizarin
Red and Von Kossa staining.

Assessment of gene expression in CD34+ cells

CD34+ cells were isolated using MACS, as described above. Total RNA from CD34+ cells
and undifferentiated human bone marrow stromal cells (hMSCs, Lonza) was isolated using
spin columns (Micro columns, Qiagen) followed by a DNase digestion. Because the overall
number of the CD34+ cells was limited and therefore the yield of total RNA was low, we used
the WT-Ovation™ Pico RNA amplification system (NUGEN, Technologies, Inc) to synthesize
micrograms quantities of amplified cDNA starting with total RNA input amounts of 50 ng for
all the samples. In this linear amplification system, the relative representation of each transcript
species in the original sample is maintained during and after amplification. The pre-amplified
cDNA was then used in quantitative polymerase chain reaction (QPCR) analyses using primer
pairs for a panel of bone- and stem cell-related genes (Table 1). Normalization of the samples
was performed using the geNorm method (25,26), which determines the most stable
housekeeping genes within the experiment. Further analysis was performed by calculating the
difference in cycle threshold (ACT) values between the sample and the geometric mean CT of
geNorm selected housekeeping genes. The expression level for each individual gene was
determined by 27ACT,

Biochemical assays

Serum lipids were measured using enzymatic colorimetry and LDL cholesterol calculated from
these parameters. High sensitivity C-reactive protein (hs-CRP) levels were measured using a
latex particle-enhanced immunoturbidemetric assay on a Hitachi 912 automated analyzer.

Serum creatinine was measured using an enzymatic colorimetic assay (Roche Diagnostics) and
glomerular filtration rate (GFR) was estimated using the IDMS-traceable Modification of Diet
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in Renal Disease (MDRD) Study equation [eGFR (mL/min/1.73 m2 = 175 x serum creatinine
(—1.154) x age (—0.203) x (0.742 if female) x (1.210 if African American)].

RANKL (receptor activator of nuclear factor ¥B ligand) was measured using the ampli-
SRANKL ELISA (ALPCO Diagnostics). Ampli-sRANKL has increased sensitivity compared
to standard ELISA-Kits, since it uses a NADPH-based enhancement system. Osteoprotegerin
(OPG) and matrix gla protein (MGP) were also measured using ELISAs (ALPCO Diagnostics).
The inter-assay CVs for the RANKL, OPG, and MGPs ELISAs were 6%, 8%, and 9%,
respectively.

Statistical analyses

Results

Pre-specified comparisons between the ECA or LCA patients and control subjects were made
using the Wilcoxon rank-sum test for continuous variables and the Fisher’s Exact test for
categorical variables. Since some of these data were not normally distributed, they are
presented as median (inter-quartile [251-75t percentile] range, IQR). Spearman correlations
were used to describe relationships between the cell populations with circulating RANKL,
OPG, and MGP levels. Logistic regression models following log (base 2) transformation,
where appropriate, of the CD34+/CD133—/KDR+/OCN+ and the percentage of CD34+/CD133
—/KDR+ cells co-staining for OCN or of hs-CRP were used to assess the ability of these
variables to predict early coronary atherosclerosis (ECA) following adjustment for age and
sex. Model assumptions and conclusions were checked. Receiver-operator characteristic
(ROC) curve analysis was used to describe the ability of the CD34+/CD133—/KDR+/OCN+
and the percentage of CD34+/CD133—/KDR+ cells co-staining for OCN or of hs-CRP to
predict early coronary atherosclerosis (ECA), and the areas under the ROCs were compared
using a non-parametric test (27). The gene expression data are presented as mean = SEM. For
comparison with hMSCs, the expression of each gene was normalized to the level of expression
in the hMSCs and compared to 1.0 using a one-sample t-test. Differences between freshly
isolated and cultured CD34+ cells were analyzed using a two-sample t-test. P-values less than
0.05 were considered statistically significant.

Patient characteristics

The relevant clinical and biochemical data as well as the detailed cardiac catheterization data
in the study subjects are shown in Table 2. Subjects with LCA were significantly older than
the control subjects, and were predominantly male. However, subjects with ECA had an age
and gender mix not significantly different from the control subjects. BMI was similar across
groups, but a higher percentage of the LCA subjects were on statins as compared to control
subjects. The prevalence of diabetes, hypertension, and smoking was virtually identical in the
control and ECA subjects, but higher for all three parameters in the LCA compared with the
control subjects. There was no significant difference in the Framingham score between the
subjects with ECA and control subjects and significantly higher in the subjects with LCA as
compared to the control subjects. Blood lipids were similar in the ECA subjects compared to
the control subjects, with the LCA subjects having lower total and HDL cholesterol levels as
compared to the control subjects. There was a non-significant trend for hs-CRP levels to be
higher in the ECA as compared to control subjects; by contrast, patients with LCA had hs-CRP
levels that were significantly lower than control subjects. Since statin therapy is known to
reduce CRP levels (28), the lower hs-CRP levels in the LCA patients were likely related to the
fact that most of these patients were on statin therapy. Overall, therefore, while there were
significant differences in the clinical characteristics of the LCA patients compared to subjects
with normal coronary endothelial function, the patients with coronary endothelial dysfunction
had clinical and biochemical features that were virtually identical to the control subjects.
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Table 2 also shows the detailed cardiac catheterization data in the study subjects. Based on the
definition of the groups, the ECA subjects did not have significant structural coronary artery
disease, whereas the LCA patients had a mean coronary artery stenosis of 90%, when calculated
based on coronary arteries with at least a 50% stenosis (29,30). As expected, parameters of
epicardial and microvascular endothelial function were significantly different in the ECA as
compared to the control subjects.

Flow cytometry

We performed flow cytometry using antibodies to the EPC markers and OCN, as described in
detail in the Methods, and Figure 1 shows a representative example of the flow analysis for

CD34, KDR, and OCN. In preliminary experiments, we determined that the vast majority of
the CD34+/KDR+ cells were in the small lymphocyte gate (Figure 1A), as has also been noted
by other investigators (29,31). Figure 1B and C show the flow cytometry analysis for CD34+/
KDR+ cells and Figures 1D shows the further analysis of these cells with the OCN antibody.

Figure 2 shows the analysis of peripheral blood mononuclear cells for the absolute counts of

CD34+/KDR+/OCN+ cells (per 100,000 counts, Figure 2A) as well as the percent of CD34+/
KDR+ cells that were OCN+ (Figure 2B). As is evident, the number of CD34+/KDR+/OCN

+ cells were increased (by ~2-fold) in the ECA patients, with somewhat smaller increases in

the LCA patients. Similarly, there were ~2-fold increases in the percent OCN+ of CD34+/KDR
+ cells in the ECA and LCA patients as compared to the control subjects.

To gain further insight into these changes in CD34+/KDR+ cells in the vascular disease groups,
we examined sub-populations of the CD34+/KDR+ cells based on CD133 expression. As
shown in Figure 3A, the absolute number of CD34+/CD133+/KDR+/OCN+ cells were ~60%
higher in the ECA and LCA as compared to the control subjects, but these differences did not
achieve statistical significance. By contrast, the percent OCN+ of CD34+/CD133+/KDR+ cells
were significantly higher in the ECA as compared to the control subjects. LCA patients also
had higher levels of percent OCN+ of CD34+/CD133+/KDR+ cells as compared to the control
subjects, but the P-value for this difference was 0.07.

Figure 4 shows the corresponding results for CD34+/CD133-/KDR+/OCN+ cells (Figure 4A)
and percent OCN+ of CD34+/CD133-/KDR+ cells (Figure 4B). As is evident, there were
highly significant, 5- to 7-fold increases in these parameters in the ECA as compared to the
control subjects, and 2- to 3-fold increases in the LCA as compared to the control subjects.

Table 3 shows the absolute numbers of CD34+/KDR+, CD34+/CD133+/KDR+, and CD34+/
CD133-/KDR+ cells in the three groups. In contrast to the significant differences in the cells
co-staining for OCN noted above, the absolute numbers of these cells did not differ significantly
in these study subjects. CD34+/CD133+/KDR+ cells were ~10% lower in the LCA as
compared to the control subjects, but this difference was not statistically significant.

Serum RANKL, OPG, and MGP levels

Since changes in OPG levels have been associated with vascular disease (32) and MGP is a
known inhibitor of vascular calcification (33), we also measured serum RANKL, OPG, and
MGP levels in the study subjects. As shown in Table 4, while serum RANKL levels did not
differ in the study subjects, serum OPG levels were significantly higher and serum MGP levels
significantly lower in the LCA as compared to the control subjects. In correlation analyses,
serum RANKL or OPG levels did not correlate with any of the cell populations in the three
study groups and serum MGP levels did not correlate with the cell populations in the control
or ECA patients (data not shown). However, in the LCA patients, serum MGP were
significantly inversely correlated with the absolute numbers of CD34+/CD133—/KDR+/OCN
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+ cells (Figure 5A), with a similar trend seen for the percent OCN+ of CD34+/CD133—-/KDR
+ cells (Figure 5B).

Confocal microscopy

Cell culture

Figure 6 shows evidence, using confocal microscopy, that each of the antibodies used in the
study was binding to the surface of the cell. Note also in this Figure the relatively small size
(~10 um) of these cells, as represented by a cell positive with all four antibodies (CD34, CD133,
KDR, and OCN).

While previous work from our group (14,15) and others (10-13) has shown that staining for
OCN identifies cells with osteogenic potential both in bone marrow and in peripheral blood,
we next assessed whether peripheral blood CD34+ cells were capable of mineralization in
vitro. For these experiments, we used CD34+ cells isolated from anonymous blood donors and
found that when cultured on uncoated plastic plates, these cells failed to adhere and by 21 days
in osteoblast differentiation medium, the culture plates contained no visible cells (data not
shown). Reasoning that local calcium deposition in the vasculature due either to cell death
(34) or vascular microcalcifications might induce these cells to adhere, we next exposed CD34
+ cells to an additional 2.1 mM of extracellular Ca2* only for 5 days at the beginning of culture
(days 3-7). Under these conditions, we found that peripheral blood CD34+ cells routinely
adhered to the plastic dishes and, when placed in osteogenic differentiation medium for an
additional 21 days, formed mineralized nodules, as assessed either by Von Kossa (Figure 7A)
or Alizarin Red (Figure 7B) staining. Note that in these assays, from days 8 to 28 (21 days of
differentiation media) the cells were in osteoblast differentiation medium without additional
calcium. Since we could not obtain sufficient numbers of cells from the patients undergoing
cardiac catheterization in order to specifically isolate CD34+ cells for culture, we next tested
whether PBMNCs either from normal subjects (n = 3) or patients with LCA (n = 3) could be
induced to mineralize under similar culture conditions. PBMNCs from normal subjects, who
had percent OCN+ of CD34+ cells of 4.2%, 9.9%, and 12.7%, respectively, did not form
mineralized colonies, without or with calcium exposure (data not shown). Of the LCA patients,
PBMNCs from the subject with the highest percent OCN+ of CD34+ cells (31.2%) were able
to form mineralized deposits in the presence, but not in the absence of the brief 5 day exposure
to calcium (Figure 7C), whereas PBMNCs from the other 2 LCA patients who had lower
percent OCN+ of CD34+ cells (18.3% and 24.9%) failed to mineralize under these conditions
(data not shown).

Expression of bone-related genes by CD34+ cells

For the gene expression analyses, we isolated CD34+ cells using MACS from 6 anonymous
donors from the Mayo Blood Bank and compared expression of selected bone-related genes
in the CD34+ samples in these cells to human bone marrow stromal cells (hMSCs), which are
authentic osteoblast precursors (9). As shown in Figure 8A, CD34+ cells expressed
significantly higher levels of runx2 and p-catenin than hMSCs; additional bone-related genes
(BMP-2, Msx-2, Notch, and OCN) were expressed at levels similar to hMSCs. AP, osteonectin,
osteopontin (OPN), MGP, Collal and Colla2 were expressed by CD34+ cells at low levels.
The stem cell marker, Nanog, was expressed at significantly higher levels in CD34+ compared
to hMSCs, whereas CD44, another stem cell marker, was expressed at similar levels. HIF-1a
and the chemokine receptor, CXCR4, both which are involved in homing of cells to ischemic
tissues, were expressed at very high levels in the CD34+ cells. CD34+ cells also expressed
MRNAs for CD34 and CD45. Following in vitro culture of the CD34+ cells (first 5 days in the
presence of CaZ* and than an additional 7 days in osteoblast differentiation medium), mMRNA
expression of CD34 virtually disappeared, and CD45 mRNA was significantly decreased
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(Figure 8B). Expression of OPN, a non-collagenous bone matrix protein which is known to
have chemoattractant properties (35), increased dramatically (by 36,000-fold) following
culture (Figure 8C). We also observed a 5-fold increase in the expression of Collal under the
same culture conditions (Figure 8C). However, of the 6 CD34+ cell samples, the 3 with the
highest expression of OCN mRNA prior to culture significantly (by 600-fold) upregulated
Collal expression, whereas the 3 with low OCN mRNA levels prior to culture did not (Figure
8D).

Ability of OCN+ cells to predict early coronary atherosclerosis

To evaluate the potential utility of OCN+ cells as a biomarker for early atherosclerosis (ECA),
we performed logistic regression models using control and ECA subjects and tested the ability
of the cell population that differed most between the normal and ECA patients (CD34+/CD133
—/KDR+/OCN+ cells or percent OCN+ of CD34+/CD133—/KDR+ cells) to predict ECA in
multivariable logistic regression models that included age and gender. In these age- and gender-
adjusted models, both parameters were significant (P = 0.003 for both) predictors of ECA, with
odds ratios (95% confidence interval) of 1.9 (1.3-3.0) and 3.0 (1.5-6.1) for the CD34+/CD133
—/KDR+/OCN+ and percent OCN+ of CD34+/CD133-/KDR+ cells, respectively. Since in
these models a logs transformation of both the CD34+/CD133—/KDR+/OCN+ and the percent
OCN+ of CD34+/CD133-/KDR+ cells was used, the odds ratio represents the increase in risk
associated with a doubling in the percentage of these cells. Results were similar when models
were adjusted for any of the following: statin use, diabetes, hypertension, smoking, hs-CRP,
cholesterol, HDL, triglyceride, LDL, creatinine, and GFR.

Finally, we also performed ROC analyses to further assess the ability of these cell populations
to predict early coronary atherosclerosis (ECA) and placed this in the context of a similar
analysis using the currently available marker, hs-CRP. As shown in Table 5, both for unadjusted
and for age-adjusted models, the percent OCN+ of CD34+/CD133—-/KDR+ cells performed
better than hs-CRP as predictors of ECA, with the CD34+/CD133—/KDR+/OCN+ having
intermediate areas under the curve (AUCs).

Discussion

We demonstrate in the present study that, as compared to control subjects with normal
endothelial function and no structural CAD, patients with ECA, characterized by coronary
endothelial dysfunction, or those with established LCA, characterized by severe, multi-vessel
CAD, have a greater percentage of CD34+/KDR+ cells co-staining for OCN. Similar increases
in the percent OCN+ of CD34+/CD133+/KDR+ cells were present in the vascular disease
patients, with these subjects having even more marked increases in the percent OCN+ of CD34
+/CD133-/KDR+ cells. In addition, the absolute numbers of CD34+/CD133—-/KDR+/OCN+
cells were also significantly higher in the vascular disease as compared to the control subjects.
These findings have potentially important implications for our understanding of the
mechanisms of coronary vascular calcification and of the link between osteoporosis and
vascular disease, as well as for the development of possible new markers for vascular disease.

While novel, our findings are nonetheless consistent with recent reports by Gabbasov et al.
comparing circulating cells staining with an antibody for another bone-related protein,
osteonectin, in patients with CAD compared with normal subjects (36,37). In those studies,
osteonectin-positive cells were not characterized as EPCs; however, the authors did find that
osteonectin-positive cells were increased in the circulation of CAD as compared to control
patients. In the context of the increasing overlap between endothelial and osteoblastic lineages
noted earlier (17-19), our findings and those of Gabbasov et al. (36,37) suggest that vascular
injury or disease may be associated with activation of osteogenic genes by EPCs. Since
circulating EPCs may constitute the initial response to vascular injury (6,7), the expression of
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an osteogenic “transcriptosome” by these cells may promote vascular calcification rather than
normal repair processes. Consistent with this, our gene expression analysis demonstrated that
human circulating CD34+ cells expressed a spectrum of bone-related genes, including runx2,
B-catenin, BMP-2, Msx-2, Notch, and OCN at levels similar to (or even higher than) cultured
hMSCs, which are authentic osteoblast precursors (9).

Our cell culture studies using MACS-sorted CD34+ cells suggest that increases in local calcium
concentrations in the vessel wall, perhaps due to cell death (34) or microcalcifications, may
play a role in the adherence of circulating EPC populations and perhaps their differentiation
towards an osteogenic phenotype. Along these lines, it is also of interest that, even using
exposure to increased extracellular Ca2*, we could not successfully culture mineralizing cells
from unsorted PBMNCs of normal subjects, but were able to do so from PBMNCs of a patient
with LCA who had the highest OCN+ of CD34+ cells of the 3 LCA patients tested, consistent
with the hypothesis that there are increased concentrations of cells with mineralizing ability in
the circulation of patients with advanced atherosclerosis. Our culture data are also consistent
with a recent preliminary report by Bick et al. (38) showing that circulating EPCs from sheep
and humans can be differentiated into osteoblastic cells, thus providing further support for a
possible role for these cells in vascular calcification.

Of particular interest, OPN expression was markedly up-regulated (by 36,000-fold) following
invitro culture in the presence of Ca2*. OPN is a non-collagenous bone matrix protein produced
by osteocytes, osteoblasts, and osteoclasts that can interact with the cell surface receptor, CD44
(39). However, it also appears that OPN is associated with the presence and the extent of
cardiovascular disease (40), and it may serve as a chemoattractant for a number of cell types
(35,41). Thus, production of OPN by EPCs at sites of tissue injury may modulate proliferation,
migration, and accumulation of endothelial and vascular smooth muscle cells, thereby
promoting vascular repair, but also perhaps initiating vascular calcification.

Our cell culture studies also revealed that CD34+ cells with higher expression of OCN mRNA
prior to culture were the ones that upregulated expression of Colal mRNA following in
vitro culture. Thus, the level of OCN expression by CD34+ cells may be a predictor of the
ability of these cells to develop an osteogenic phenotype. Clearly, further studies are needed
to address this possibility. In addition, further studies using animal models are needed to
determine whether it is these circulating cells themselves that lead to vascular calcification or
whether they initiate this process, resulting in the recruitment of local cells, such as vascular
smooth muscle cells or pericytes (42,43), to develop an osteogenic phenotype, or both. These
additional studies should help to define the true biological role in vivo of EPC populations in
regulating the process of vascular calcification. Additionally, further studies using coronary
histopathology are needed to identify whether the EPC populations differentially impact
microcalcifications of fibrous versus lipidaceous origin (44) and the outward remodeling that
characterizes acute coronary syndromes (45).

Interestingly, we also found that in the LCA patients, CD34+/CD133—/KDR+/OCN+ cells
were significantly inversely correlated with serum MGP levels. Since MGP is a known inhibitor
of vascular calcification (33), these findings suggest a biological connection between the cell
populations we have identified and the process of vascular calcification that warrants further
investigation. In addition, the use of newer assays for undercarboxylated MGP (46), which has
impaired biological function, may identify further associations between this form of MGP and
the cell populations described here and may also provide additional risk stratification to identify
patients who progress from early to late coronary atherosclerosis.

The current study also demonstrates for the first time that the percent OCN+ of EPCs,
particularly the CD34+/CD133-/KDR+/OCN+ and percent OCN+ of CD34+/CD133-/KDR
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+ cells, can serve as peripheral markers of early coronary atherosclerosis. In fact, from a
diagnostic standpoint, these cells outperformed the commonly used systemic marker, hsCRP,
in ROC analyses. We recognize, however, that additional studies using larger numbers of
subjects are needed to formally compare the predictive ability of these cells with other
biological markers for coronary atherosclerosis.

While previous studies (29,47) have found associations between the numbers of EPCs defined
as CD34+/KDR+ and vascular outcomes, we did not find significant differences in these cells
between our study groups. The reasons for this are somewhat unclear, but may have to do with
the specific patient populations studied, including the fact that the majority of our patients with
LCA were on statins, which are known to increase circulating EPCs (48). In this context, our
findings suggest that the addition of OCN as a biomarker to CD34+/KDR+ or CD34+/CD133
—/KDR+ cells may be of utility in predicting cardiovascular outcomes, and prospective studies
addressing this possibility are needed.

In summary, our findings demonstrate that a higher number and percentage of circulating cell
populations containing EPCs co-stain for OCN in patients with early or late coronary
atherosclerosis compared with control subjects with normal endothelial function and no
structural CAD. These data suggest that the activation of an osteogenic program by EPCs may
play arole in the response to vascular injury and contribute to vascular calcification, as opposed
to non-calcifying vascular repair. Additionally, the same pro-inflammatory factors involved in
the pathogenesis of osteoporosis may lead to the expression of an osteogenic phenotype by
endothelial lineage cells, providing a potential mechanism for the link between osteoporosis
and vascular calcifications. Finally, our finding that the number of CD34+/CD133—/KDR+/
OCNH+ cells and percent OCN+ of CD34+/CD133-/KDR+ cells can predict coronary
atherosclerosis suggests that these (or similar) cell populations may hold promise as novel
markers for vascular disease.
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Figure 1. Example of flow analysis

Panel A shows the forward/side scatter and the gates used in the analysis. Panel B shows the
staining with the isotype controls for the CD34- and KDR-specific antibodies and panel C
shows the specific staining with these antibodies. Panel D shows the CD34/KDR+ cells stained
with the OCN antibody. We required that < 0.5% of the cells were positive with the isotype
controls, and for all data reported in the paper, we subtracted the signal of the isotype from the
signal due to the specific antibodies.
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Figure 2. OCN co-staining of CD34+/KDR+ cells

(A) CD34+/KDR+/OCN-+ cells, expressed as absolute counts per 100,000 counts, and (B)
percent OCN+ of CD34+/KDR+ cells in control subjects (circles), patients with early coronary
atherosclerosis (ECA, triangles), and in patients late coronary atherosclerosis (LCA, squares).
*P < 0.05 and **P < 0.01 compared with control subjects. Shown are the median values and
IQRs.
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Figure 3. OCN co-staining of CD34+/CD133+/KDR+ cells

(A) CD34+/CD133+/KDR+/OCN+ cells, expressed as absolute counts per 100,000 counts,
and (B) percent OCN+ of CD34+/CD133+/KDR+ cells in control subjects (circles), patients
with early coronary atherosclerosis (ECA, triangles), and in patients late coronary
atherosclerosis (LCA, squares). *P < 0.05, **P < 0.01, and TP = 0.071 compared with control
subjects. Shown are the median values and IQRs.
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Figure 4. OCN co-staining of CD34+/CD133—-/KDR+ cells

(A) CD34+/CD133-/KDR+/OCN+ cells, expressed as absolute counts per 100,000 counts,
and (B) percent OCN+ of CD34+/CD133—/KDR+ cells in control subjects (circles), patients
with early coronary atherosclerosis (ECA, triangles), and in patients late coronary
atherosclerosis (LCA, squares). *P < 0.05 and ***P < 0.001 compared with control subjects.
Shown are the median values and IQRs.
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Percent OCN+ of

CD34+/CD133-/KDR+ cells

Correlation between serum MGP levels in the LCA patients and (A) CD34+/CD133—/KDR+/
OCN-+ cells, expressed as absolute counts per 100,000 counts, and (B) percent OCN+ of CD34

+/CD133-/KDR+ cells.
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Figure 6. Confocal microscopy of cells
Confocal microscopy showing a cell staining with all four antibodies used in the study (OCN,
CD34, CD133, KDR). Shown also is a stain for nuclei (DAPI) and the merged images.
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Figure 7. Mineralization assays

In vitro mineralization assay of CD34+ cells from an anonymous blood donor (A) using von
Kossa staining and (B) using Alizarin Red staining and (C) of PBMNCs from a patient with
LCA (Alizarin Red stain). In these cultures, cells were exposed to Ca2* for 5 days followed
by 21 days of culture in osteoblast differentiation medium. All pictures are at x 4 magnification.
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Figure 8. Gene expression data

Gene expression analysis of CD34+ cells from 6 anonymous blood donors. (A) Expression of
bone-related and other genes normalized to undifferentiated hMSCs (expression of each gene
in hMSCs set at 1.0); (B) Changes in expression of mMRNAs for CD34 and CD45 following in
vitro culture; (C) Changes in expression of mRNAs for osteopontin and Collal following in
vitro culture; and (D) Changes in mRNA expression for Collal following in vitro culture in
the 3 samples with the highest versus the lowest expression of OCN mRNA prior to culture.
*P < 0.05, **P < 0.01 and ***P < 0.001 compared to 1.0 using a one-sample t-test; TP < 0.01
and t1P < 0.001 compared to freshly sorted CD34 cells using a two-sample t-test. N.D., not
detected.
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Gene identification and primer sequences

Table 1

Gene ACC number Forward Primer Reverse Primer

Runx2 NM_001024630F] CCAGATGGGACTGTGGTTACTG TTCCGGAGCTCAGCAGAATAA
B-catenin NM _001904F GGGTCCGCATGGAAGAAATAG TGTGAACATCCCGAGCTAGGA
BMP2 NM_001200F GCCCTTTTCCTCTGGCTGAT TTGACCAACGTCTGAACAATGG
Msx-2 NM_002449F AGACTGCAGGAGGCAGAACTG GGAGGGCAGCATAGGTTTTG
Notchl NM _017617F CACCAGTTTGAATGGTCAATGC CCGCAGAGGGTTGTATTGGTT
OCN NM 199173F TGTGAGCTCAATCCGGACTGT CCGATAGGCCTCCTGAAAGC
Alkaline Phosphatase| NM_000478F TCGTTGACACCTGGAAGAGCTT CGTGCGGTTCCAGATGAAGT
Osteonectin NM_003118F CTACATCGGGCCTTGCAAAT GGGAATTCGGTCAGCTCAGA
Osteopontin NM 00104058F TGAGCATTCCGATGTGATTGA TGTGGAATTCACGGCTGACTT
MGP NM_000900F AGTCCAAGAGAGGATCCGAGAA GCGTTCGCAAAGTCTGTAGTCA
Collal NM_000088F TACCCCACTCAGCCCAGTGT ACCAGACATGCCTCTTGTCCTT
Colla2 NM_000089F GCTACCCAACTTGCCTTCATG TGCAGTGGTAGGTGATGTTCTGA
CD44 NM_000610F GATCATCTTGGCATCCCTCTTG CGACTGTTGACTGCAATGCAA
Nanog NM 024865F AAAGGCAAACAACCCACTTCTG TTCTTGACCGGGACCTTGTC
HIF1-a NM_017902F ACGTTCCTTCGATCAGTTGTCA TTTGAGGACTTGCGCTTTC
CXCR4 NM_001008540F] TCATCCTCCTGGAAATCATCAA TGGAAATCCACTTGTGCACAGT
CD45 NM_002838F TGTCATGGTCACTCGATGTGAA CCATTGACGGCCAGTATTICTG
CD34 NM_001025109F] TTCACTGAGCAAGATGTTGCAA ACCAGTGCAATCAGGGTCTTTT
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Table 2
Clinical, biochemical, and cardiac catheterization data of the study subjects
ECA, early coronary atherosclerosis; LCA, late coronary atherosclerosis. Data are median (IQR).

Page 22

Control ECA LCA
N 21 22 29
Clinical data
Age, years 45 (42, 52) 50 (42, 60) 72 (63.80)
Male, n (%) 5 (24) 9 (41) 26 (90)
BMI, ka/m? 28 (24, 33) 32 (25, 38) 29 (27 T;":_i)_
Statin use, n (%) 9 (43) 13 (59) 24 (83)
Diabetes, n (%) 0(0) 0(0) 7(24)
Hypertension, n (%) 9(43) 9(41) 23 (79)
Smoking, n (%) 4(19) 6 (27) 18 (62)
Framingham score 1.0 (-2.0, 5.0) 2.5(-1.2,6.0) 7.0(5.0,9.0)

Biochemical data

Total cholesterol, mg/dL

187 (175, 206)

188 (149, 227)

|
154 (129, 184)

HDL cholesterol, mg/dL 55 (48, 67) 56 (44, 72) 45 (40, 53)

Triglycerides, ma/dL 109 (78, 168) 94 (69, 132) 105 (88, 169)

LDL cholesterol, mg/dL 106 (98, 120) 106 (77, 133) 78 (58, 103)*

hs-CRP, mg/L 1.2 (0.5, 4.4) 1.6 (1.2,3.8) 0.6 (0.1.1.4)

Creatinine, mg/dL 0.8 (0.8,1.0) 0.9(0.8,1.1) 11(0.9.12)

Estimated GFR, mL/min 83 (70, 95) 76 (69, 85) 69 (62, 86) *
Cardiac catheterization data

Mean coronary artery stenosis based on all angiographically 10 (0, 20) 18 (0, 23) 70 (60, 73)***
identified stenoses, %)

Mean coronary artery stenosis based on coronary arteries with ND ND 90 (86, 94)
>50% stenosis, %

Microvascular endothelial function (Acoronary blood flow to 121.4 (62.0, 191.1) -19.1 (-47.7,17.0) ND
10" M acetylcholine, %) 4

Epicardial endothelial function (Acoronary diameter to 10 * M -0.4 (-9.4, 2.5) -36.1 (—48.6, -19.4) ND
acetylcholine, %)

Endothelium—independent microvascular function (coronary 2.7(25,34) 29(2.4,34) ND

flow reserve)

ND, not determined

P <0.05

*:

*
P<0.01

Fok

3
P < 0.001 vs. Control
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Table 3
Differences in CD34+ sub-populations
Absolute number (in counts per 100,000) of CD34+/KDR+, CD34+/CD133+/KDR+, and CD34+/CD133—-/KDR+cells
in the study subjects. ECA, early coronary atherosclerosis; LCA, late coronary atherosclerosis. Data are median (IQR).

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Control ECA LCA
CD34+/KDR+ 181 (56, 378) 173 (70, 323) 180 (100, 240)
CD34+/CD133+/KDRH 80 (37, 156) 77 (36, 126) 73 (48, 107)
CD34+/CD133—/KDR+ 75 (23, 200) 99 (29, 190) 98 (49, 119)
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Table 4
Serum RANKL, OPG, and MGP levels in the study subjects
ECA, early coronary atherosclerosis; LCA, late coronary atherosclerosis. Data are median (IQR).

Control

ECA

LcAl

RANKL . pmol/L.

0.02 (0.00, 0.12)

0.05 (0.00, 0.10)

0.06 (0.00, 0.21)

OPG, pmol/L 4.90 (3.20, 6.28) 4.80 (3.63, 6.69) 7.01 (4.90, 8.97)*
MGP, nmol/L 7.08 (6.07, 10.58) 8.29 (6.52, 10.18) 4.19 (3.35, 7.16)*11
*
P <0.05
**k
P<0.01

Fok

*
P < 0.001 vs. Control

7‘Serum was available in 20 of the 29 subjects in the LCA group for these measurements.
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Receiver operator characteristic analysis

Table 5

Page 25

Unadjusted and age-adjusted areas under the curve (AUC) for receiver operator characteristic (ROC) curves for
prediction of early coronary atherosclerosis (ECA), using the OC+/CD34+/CD133—/KDR+ per 100,000, percent OCN
+ of CD34+/CD133—-/KDR+ cells, or hs-CRP levels as predictors. This analysis was done using the control and ECA

patients.
Predictor Unadjusted AUC (95% confidence Age-adjusted AUC (95% confidence interval)
interval)
hs-CRP2 0.59(0.41-0.77) 0.58(0.40-0.76)
OC+/CD34+/CD133-/KDR+ per 100K® 0.78(0.64-0.92) 0.78(0.63-0.92)

% OCN+ of CD34+/CD133-/KDR+ cells?|

0.84(0.72-0.96)*

0.84(0.72-0.96)*

aIogz used

P < 0.05 vs. corresponding AUC for hs-CRP
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