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Abstract The biomarkers CXCR4/FLK-1 select cardiac pro-
genitors from a stem cell pool in experimental models.
However, the translational value of these cells in human
ischemic heart disease is unknown. Here, flow-cytometry
identified CD45 /CXCR4"/FLK-1" cells in 30 individuals
without ischemic heart disease and 33 first-time acute myo-
cardial infarction (AMI) patients. AMI patients had higher
CD45 /CXCR4/FLK-1" cell-load at 48-h and 3- and 6-
months post-AMI (p=0.003,0.04,0.04, respectively) than
controls. Cardiovascular risk factors and left ventricular (LV)
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ejection fraction were not associated with cell-load. 2D-
speckle-tracking strain echocardiography assessment of LV
systolic function showed improvement in longitudinal strain
and dyssynchrony during follow-up associated with longitudinal
increases in and higher 48-h post-AMI CD45 /CXCR4 " /FLK-1"
cell-load (r=-0.525, p=0.025; r=—0.457, p=0.029, respec-
tively). In conclusion, CD45 /CXCR4 /FLK-1" cells are present
in adult human circulation, increased in AMI and associated with
improved LV systolic function. Thus, CD45 /CXCR4/FLK-1"
cells may provide a diagnostic tool to follow cardiac regenerative
capacity and potentially serve as a prognostic marker in AML

Keywords CXCR4 - FLK-1 - Cardiac progenitor cells -
Longitudinal strain - Myocardial infarction

Introduction

The self-renewal capacity of the heart is important for cardiac
homeostasis but insufficient to ensure reconstitution of lost
cardiomyocytes following massive cardiac injury [1-3].
Moreover, individual variation in the endogenous regenerative
response may further contribute to long-term outcome follow-
ing an acute event [4]. Autologous stem cell transplant to
augment innate reparative mechanisms has proven to be feasi-
ble and safe but has been limited by disparate results [5—10].
This has been, in part, attributed to heterogeneity of cell pop-
ulations delivered and the incomplete targeting of patient-
specific regenerative deficiencies [11, 12]. Quantification and
prediction of individual regenerative capacity through the de-
velopment of theranostic cell therapy platforms to inform indi-
vidualized patient management would therefore have both
diagnostic and therapeutic value [13].
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In this regard, mobilization of immature, tissue-specific
progenitor cells into the peripheral circulation has been ad-
vocated as a marker of an organism’s regenerative capacity
[14, 15]. Experimental and clinical studies have confirmed
that circulating endothelial progenitor cells (EPC) identified
by cell surface markers using flow sorting analysis [16] have
a role in vascular regeneration [17]. EPC are capable of
differentiating into endothelial cells [18, 19], are spontane-
ously mobilized hours to days following acute myocardial
infarction (AMI) [20, 21], and are predictive of cardiovascu-
lar events and death in patients with stable coronary artery
disease [22, 23]. Similarly, contributing at least in part to
cardiac repair and homeostasis are extra-cardiac precursors
as confirmed by the significant chimerism of female donor
hearts in male transplant recipients of which 7-10 % of
myocytes, coronary arterioles, and capillaries displayed Y
chromosomes [24].

These findings have been further bolstered by the obser-
vation that the bone marrow harbors subpopulations of non-
hematopoietic progenitor cells that are mobilized acutely in
response to ST elevation myocardial infarction in a pattern
similar to EPC [25]. The mobilization of these cells also
mirrors a rise in endothelial, muscle and cardiac specific
markers, while a subset of this population appears to be
chemo-attracted to the ischemic myocardium in vitro [25,
26]. This suggests that a subpopulation of bone-marrow-
derived cardiac progenitors may be mobilized for cardiac
repair following AMI in humans.

Through comprehensive, whole-genome transcriptional pro-
filing, we have previously shown that CXCR4, a chemokine
receptor for the stromal derived factor-1 (SDF-1), in conjunction
with the mesoderm-specific VEGF receptor type II, FLK-1, are
stage and lineage specific biomarkers of cardiac progenitor cells
[27]. Indeed, CXCR4"/FLK-1" cells identified a pre-cardiac
developmental transcriptome that distinguished this phenotype
from the overall stem cell pool. Moreover, differentiation of
CXCR4"/FLK-1" progenitors yielded progeny with phenotypic
characteristics consistent with nascent cardiac tissue such as
nuclear translocation of myocardial transcription factors and
robust sarcomerogenesis with beating activity and calcium tran-
sients [27]. The CXCR4/FLK-1" biomarker pair may therefore
enable effective isolation of putative cardiac progenitor cells and
quantification of cardiac regenerative capacity, although this has
not been tested to date in humans.

We herein hypothesized that putative cardiac tissue-
committed cells identified by cell surface markers CXCR4
and FLK-1 circulate in the peripheral blood of human sub-
jects and can be mobilized in the setting of AMI. Utilizing
flow-cytometry cell sorting analysis, non-hematopoietic
CXCR4"/FLK-1" progenitor cells were here identified in
humans, were upregulated following AMI, and were associ-
ated with improved left ventricular systolic function.
Circulating, non-hematopoietic CXCR4/FLK-1" cells may
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therefore represent a novel marker of cardiac regenerative
capacity, and a potential prognostic indicator in the setting of
ischemic heart disease.

Methods
Subjects and Control Subjects

All subjects with elevated troponin hospitalized at the Mayo
Clinic, Rochester, MN were screened daily for study enroll-
ment over the course of a 12-month period. Inclusion criteria
included ages of 18—65 with first-time diagnosis of AMI, no
known previous history of cardiac disease, and signed writ-
ten informed consent. AMI was defined according to the
Universal Definition of Myocardial Infarction consensus
statement by the Joint ESC/ACCF/AHA/WHF Task Force
for the Redefinition of Myocardial Infarction as detection of
a rise and/or fall of cardiac troponin with at least one value
above the 99th percentile of the upper limit of normal in
conjunction with evidence of myocardial ischemia such as
symptoms of ischemia, ECG changes including ST-T
changes, new left bundle branch block, or development of
pathological Q waves or imaging evidence of new loss of
viable myocardium or new wall motion abnormality [28].
STEMI was defined as new ST elevation at the J-point in two
contiguous leads with the cutoff points: >0.2 mV in men
or 20.15 mV in women in leads V2—V3 and/or >0.1 mV in
other leads. NSTEMI was defined as new horizontal or
down-sloping ST depression >0.05 mV in two contiguous
leads; and/or T inversion >0.1 mV in two contiguous leads
with prominent R-wave or R/S ratio >1 [28].

Exclusion criteria were enrollment in a cardiac rehabil-
itation program within the 6-months prior to the AMI event;
history of cardiovascular diseases including previous coro-
nary artery disease (CAD), coronary bypass surgery, heart
failure, stroke or peripheral vascular disease, atrial fibrilla-
tion, pacemaker placement; clinical or biochemical evi-
dence of other comorbidities such as cancer, rheumatoid
arthritis, liver disease, myeloproliferative disorders; and
inability to understand the consent form. Control subjects
were recruited from the Mayo Clinic Rochester echocardi-
ography laboratory and were matched by age and sex to the
AMI patient cohort. Control subjects had no previous his-
tory of cardiac diseases or other comorbidities, and had a
normal echocardiogram.

Following diagnostic work-up, patients underwent coro-
nary interventions as indicated and standard medical man-
agement including initiation of aspirin, a second anti-platelet
agent such as clopidogrel, a statin and a beta blocker at the
Mayo Clinic inpatient Cardiology service. Furthermore, all
patients were enrolled in and completed a cardiovascular
rehabilitation program, during which medications were
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closely monitored; they received counseling for management
of cardiovascular risk factors, and they participated in a
structured cardiac rehabilitation exercise program. Within
48 h following recruitment (baseline), all AMI patients and
control subjects underwent echocardiography. Follow-up
evaluations were performed at 3 and 6 months after initial
testing in AMI patients. All participants provided a signed
informed consent. This study was approved by the Mayo
Clinic Institutional Review Board.

Blood Sample Collection and Testing

Blood samples were obtained from AMI patients and control
subjects within 48-h of enrollment and from AMI patients at
3 and 6 months post-AMI. Blood (10 mL) was collected at
each time point in evacuated plastic tubes anticoagulated
with ethylenediaminetetraacetic acid. Five milliliters of this
blood was used to perform additional tests for glucose,
creatinine, cardiac troponins, glycated hemoglobin, high
sensitivity C-reactive protein, fibrinogen and a standard se-
rum lipid profile including high-density lipoprotein (HDL),
low-density lipoprotein, total cholesterol and triglycerides.
The remaining 5 mL of blood sample was used for quantifi-
cation of CD45 /CXCR4"/FLK-1" cells as described below.

Quantification of CD45 /CXCR4/FLK-1" Cells

CD45 /CXCR4'/FLK-1" cells obtained from AMI and con-
trol subjects at baseline and from AMI patients at 3 and 6 months
were quantified by flow-cytometry [27]. Nucleated cells were
fractionated from 5 mL of whole blood and immunostained with
FITC-conjugated mouse anti-human CD45 monoclonal anti-
body (BD Biosciences), PE-conjugated mouse anti-human
CD184 (anti-CXCR4; BD Biosciences), and APC-Cy7 conju-
gated rat anti-mouse FLK-1 monoclonal antibody (BD
Biosciences). After incubation, cells were washed with PBS
and resuspended in 3 % para-formaldehyde. Cell fluorescence
was measured immediately after staining using a BD Biosciences
FACSCalibur analog flow cytometer running CellQuest Pro
software (FACSCalibur, BD Biosciences). Side and forward
scatter parameters were used to gate on viable cell populations
sorted into subpopulations. Absolute cell counts were obtained
after measurement of 1,000,000 events. In order to specifically
assess the extent of mobilization of CD45 /CXCR4 /FLK-1"
cells and their association with post-infarction myocardial recov-
ery, total CD45 /CXCR4/FLK-1" cell count was standardized
to the total CD45 population which includes the non-
hematopoietic, mesenchymal stem cell population. This ap-
proach isolates the effect of CD45 /CXCR4'/FLK-1" cell mo-
bilization from that of total non-hematopoietic, mesenchymal
stem cell mobilization, and total leukocyte count. In addition,
assessment of the CD45~ subset of CXCR4 /FLK-1" cells spe-
cifically isolated non-hematopoietic, tissue-specific progenitors.

Finally, a base 10 logarithmic transformation was applied to
obtain a normalized cell-load distribution and to enable assess-
ment of differences in variability of cell-load between cohorts.
The standardized, log transformed cell count is herein referred to
as CD45 /CXCR4'/FLK-1" cell-load.

Definition of Risk Factors for AMI

Established cardiovascular risk factors were reviewed for all
subjects at the time of recruitment into the study. History of
smoking was defined as greater than a 2 pack-year history
and/or smoking within the previous 12 months. History of
hypertension was defined as multiple resting blood pressures
at or above 140/90 mmHg on two different visits or greater
than 1 year history of elevated blood pressure requiring
initiation of anti-hypertensive therapy. Diagnosis of type II
diabetes mellitus was defined as need for oral anti-diabetic
drug therapy and/or insulin use. Family history of CAD
required documented evidence of premature CAD in a first-
or second-degree relative (men less than 55 and women less
than 65 years of age). Body mass index (BMI) was calculat-
ed as weight/height® (kg/m?). Any documented use of
statins, aspirin, ACE inhibitors, and beta blocker prior to
AMI was also determined. Use of these medications was
reviewed at the 3- and 6-month follow-up. Cumulative risk
factor burden was assessed for each patient by calculating a
cardiovascular risk factor (CVRF) score as previously de-
scribed [16]. Each of the following risk factors scored 1
point: male sex, BMI>25, a positive history of hypertension,
type II diabetes mellitus, history of smoking, family history
of CAD, and an HDL cholesterol level below <40 mg/dL.

Echocardiographic Evaluation

AMI and control subjects had a transthoracic echocardiogram
performed at baseline and AMI patients had follow-up echocar-
diograms at 3 and 6 months post-AMI. Echocardiograms were
interpreted by an experienced cardiologist. Echocardiograms
were performed with either a Sequoia (Siemens Medical
Solutions USA, Inc.) or a Vivid 7 (GE Vingmed Ultrasound
AS) system by a Registered Diagnostic Cardiac Sonographer
following a standard imaging protocol in accordance with the
ASE echocardiographic guidelines [29]. Left ventricular ejec-
tion fraction (LVEF) was measured by M-mode or 2D method at
the parasternal long axis view using established clinical echo-
cardiographic instruments. The cardiologist was blinded to sub-
jects’ clinical records and cell-load measurements.
Echocardiograms were reviewed to determine global LVEF as
previously described [29].

A new method that evaluates myocardial mechanics
called two-dimensional speckle-tracking echocardiography
(2D-STE), which utilizes frame-by-frame tracking of dis-
crete echodensities within the myocardium (speckles) to
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derive myocardial deformation and rate of deformation,
termed strain and strain rate, has become an important echo-
cardiographic tool for quantitative assessment of ventricular
function [30, 31]. A distinct advantage of 2D-STE is the semi-
automated and quantitative approach by which regional and
global ventricular function is measured. In vivo and in vitro
models of 2D strain and strain rate have demonstrated corre-
lation and are in agreement with tagged magnetic resonance
imaging and sonomicrometry [32—34]. Reference values for
strain and strain rate have also been validated in a normal
cohort without a prior history of cardiovascular disease [35].

Post-systolic shortening is myocardial deformation that
occurs following aortic valve closure and is a sensitive
marker of myocardial ischemia and tissue viability [36-39].
Dyssynchrony is the occurrence of strain after aortic valve
closure and in the literature is used interchangeably with
post-systolic shortening. Here, dyssynchrony was used in
conjunction with strain and strain rate to evaluate myocardial
mechanics.

Digital images were obtained from the three apical views
(apical four-chamber, two-chamber, and long axis) for mea-
surement of systolic peak longitudinal strain and strain rate.
These images were analyzed offline by an experienced car-
diologist board certified in echocardiography on a syngo
Velocity Vector Imaging workstation (Siemens Medical
Solutions USA, Inc, Malvern, PA). Images were manually
traced at the myocardium close to the endocardial surface,
with avoidance of papillary muscles and trabeculations.
After satisfactory tracking was obtained, numerical and
graphical displays of deformation parameters were generated
automatically for a total of 16 segments. Peak global longi-
tudinal strain was obtained by calculating the mean longitu-
dinal strain for all segments. Each of the three apical views
was also divided into three regions—apical, mid, and basal—
and peak regional longitudinal strain was derived for each
one. Dyssynchrony was calculated as the mean of the standard
deviation of time to peak longitudinal strain (from the onset of
the QRS complex) for all LV segments. Two standard devia-
tions were added to this to obtain the 95th percentile value. A
value above this was considered abnormal, and a normal
population (without significant LV dyssynchrony) was de-
fined as having <2 % of values above this cutoff [35].

LVEF, global longitudinal strain, the three composite
measures of regional longitudinal strain, and dyssynchrony
were correlated with cell-load at baseline, 3 months,
6 months, and with change in cell-load over time. Negative
strain values indicate improved systolic function while pos-
itive values indicate worse systolic function.

Statistical Analyses

Comparison of baseline demographic, clinical and laborato-
ry characteristics were conducted using the Mann—Whitney
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U test as all comparisons were between non-parametric
continuous variables. Comparison of binary categorical var-
iables was generated using the Pearson’s x” test. Spearman’s
rank correlation analysis was used to assess bivariate non-
parametric correlations of cell-load versus cardiovascular
risk factors and strain functional measures. To account for
baseline differences in cardiovascular risk factors between
AMI patients and control subjects, we conducted multivari-
ate linear regression analyses with binary variable, history of
AMI, as the primary predictor and adjusting for individual
risk factors. Adjusted mean log cell-load values along with the
respective coefficient of determination (R?) and p-value for the
beta-coefficient are reported for each adjustment. All hypothesis
tests were conducted with a type I error rate of <5 % considered
statistically significant. Analyses were all conducted using JMP
9 software (version 9.0.0.).

Results
Patient Demographic and Clinical Characteristics

Thirty-eight first-time AMI patients and 32 control subjects
with no prior heart disease met eligibility criteria and pro-
vided written informed consent (Fig. 1). Following with-
drawal or exclusion from the study, a total of 33 AMI
patients and 30 control subjects were available for analysis
at baseline. Four AMI patients were excluded from 3- and 6-
month analysis due to coronary artery bypass graft surgery
(2), withdrawal from study (1), and loss to follow-up (1),
leaving 29 for follow-up analysis at 3- and 6-months.

The baseline demographic and clinical characteristics of
the 33 AMI patients and 30 control subjects are summarized in
Table 1. AMI and control cohorts were of similar age (53
[38.0-65.0] vs. 53.5 [33.0-65.0] years, p=0.71, respectively).
Patients who suffered an AMI had predictably higher number
of risk factors as measured by the CVRF score (4 vs. 3,
p<0.001), higher prevalence of arterial hypertension (73 vs.
23 %, p<0.001), greater BMI (31.9 vs. 28.6 kg/m?, p=0.006)
and lower HDL cholesterol (37 [24—172] vs. 44 [27-113],
p=0.012) than control subjects. However, there were no
significant difference in other classical cardiovascular risk
factors such as history of type II diabetes mellitus, history
of smoking and family history of coronary artery disease. In
addition, there were no differences with respect to use of
statins, aspirin, ACE inhibitor and beta blocker therapy be-
tween control and AMI patient immediately prior to AML
Moreover, the severity of ischemia was relatively mild as a
majority of these patients suffered non-ST elevation MI
(NSTEMI) as compared to ST elevation MI (STEMI; 22 vs.
12, respectively). Peak Troponin T was elevated in all
AMI patients and ranged between 0.04-16.0 ng/mL. While
AMI patients did have a lower baseline LVEF compared to
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Control

At time of referral

32 consecutive patients
referred to MCR

AMI Patients

< 48-hours post-AMI

38 consecutive AMI patients
with elevated troponins and

3- and 6-months post-AMI

33 AMI patients

echocardiography clinic
met eligibility criteria and
provided consent

hospitalized at MCR met
eligibility criteria and
provided consent

4 patients excluded:
2: underwent CABG

. 1: requested to be

Clinical and demographic
data obtained

Clinical and demographic
data obtained

withdrawn
1: lost to follow-up

1 patient excluded:

Prior BM transplant 29 patients followed up

Echocardiographic data
obtained [
Echocardiographic data Clinical and demographic
obtained data obtained
2 patients excluded: I
m Requested to be 2 patients excluded: . .
withdrawn Requested to be withdrawn Echoca(r)(:)ltoa?r:e;%hlc data

Blood samples collected [

Blood samples collected |

Blood samples collected

Inadequate blood sample

2 patients excluded: |

CD45-/CXCR4+/Flk1+

CDA45-/CXCR4+/Flk1+

cell load measured

CDA45-/CXCR4+/Flk1+
| cell load measured |

cell load measured

Clinical lab values I

Clinical lab values

determined
| determined

Clinical lab values

determined

Data analysis (n=30)

Data analysis (n=33)

Data analysis (n=29) |

Fig. 1 Patient flow chart describing patient recruitment and sample and data collection at the Mayo Clinic Rochester (MCR) campus. Abbreviations
are as follows: AMI acute myocardial infarction, BM bone marrow, CABG coronary artery bypass graft

control subjects (57 vs. 65 %, p=0.005; Table 1), the majority
retained significant global cardiac function after AMI.
Furthermore, LVEF in AMI patients recovered within 3-
months as there was no longer any differences between
AMI patients and control subjects at either 3- or 6-months
(64 vs. 65, p=0.82; 66 vs. 65, p=0.54, respectively; Fig. 2).
Change in LVEF as well as 2D strain, strain rate, and
dyssynchrony between baseline and 3 and 6 months was
not associated with peak Troponin T levels indicating that
change in LV systolic function over time was independent of
baseline infarct severity. AMI patients had preserved LVEF
and increased prevalence of NSTEMI versus STEMI likely
resulting from a combination of early percutaneous coronary
intervention, relatively young age and absence of previous
history of CAD.

CD45 /CXCR4"/FLK-1" Cell-Load is Upregulated in AMI
Patients

Flow-cytometry analysis isolated CD45 cells expressing
CXCR4 and FLK-1 in the peripheral blood of AMI patients
and control subjects (Fig. 3). Standardized to total CD45"™
cell count, CD457/CXCR4"/FLK-1" cell-load was increased
in AMI patients compared to control subjects (p=0.003). In
contrast, analysis of total CD45 /CXCR4" cell-load did not

reveal a statistically significant difference between controls
and AMI patients. Moreover, CD45 /CXCR4"/FLK-1" cell-
load remained significantly elevated in the circulation at 3-
and 6-months (p=0.04 for both time points) as compared to
control subjects indicating prolonged, specific upregulation
of CD45 /CXCR4"/FLK-1" cells following myocardial
infarction.

CD45 /CXCR4'/FLK-1" Cell-Load is Independent
of Cardiovascular Risk Factors

The two cohorts at baseline had differences in overall CVRF
score, BMI, and HDL. Despite adjustment for these baseline
differences in individual cardiovascular factors CD45 /
CXCR4/FLK-1", cell-load remained significantly elevated in
AMI patients compared to control subjects for all variables
(Table 2). Cumulative risk factors, measured by the CVRF score
were not associated with CD45 /CXCR4/FLK-1" cell-load in
either control subjects or AMI patients (p=0.62; p=0.30; respec-
tively; Fig. 4). These findings indicate that differences in indi-
vidual risk factors do not account for observed differences in
CD45 /CXCR4'/FLK-1" cell-load and that CD45 /CXCR4"/
FLK-1" cell-load is independent of both individual and total
number of cardiovascular risk factors.
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Table 1 Subjects’ baseline de-

mographic and clinical Variable® Control (n=30) AMI (n=33) p value®
characteristics

Age, years 53.5 (33.0-65.0) 53.0 (38.0-65.0) 0.705

Sex, male, 1 (%) 16 (53) 21 (64) 0.407

BMI, kg/m’ 28.6 (21.5-42.5) 31.9 (25.0-49.5) 0.006*
AMI myocardial infarction, BMI CVREF score 3(1-6) 4(2-6) <0.001*
body mass index, CVRF cardio- Cardiovascular history, n (%)
vascular risk factor, CAD coronary Arterial hypertension 7(23) 24 (73) <0.001*
g;%tgﬁfizfigﬁeﬁ?;‘% (l)‘_' Smoking 14 (47) 22 (67) 0.109
protein, ACE angiotensin Diabetes mellitus 2(7) 4 (12) 0.461
converting enzyme, NSTEMI non- Family history of CAD 19 (63) 19 (58) 0.641
ST elevation mchardial infar?tion, Lipid Profile, mg/dL
STEMI ST elevation myocardial
nfarction Total cholesterol 195 (129-328) 191 (110-325) 0.487
*p values<0.05 were considered LDL cholesterol 114 (41-400) 113 (41-254) 0.972
statistically significant HDL cholesterol 44 (27-113) 37 (24-172) 0.012*
2 All continuous variables are re- Medications, n (%)
ported as median (range) Statin therapy 6 (20) 10 (31) 0.312
b Hypothesis testinghwas conduc- Aspirin 10 (33) 18 (55) 0.091
ond Pearsons . Square st for ACE inhiditor 403 6019 0362
continuous and binary variables, Beta blocker 7(23) 12.(36) 0.260
respectively Severity of AMI
“Troponins were not collected Ejection fraction, % 65 (57-71) 57 (35-71) 0.002*
for control subjects Troponin T, ng/mL 0.40 (0.04-16.43) -
9 Diagnosis of NSTEMI/STEMI is NSTEMUSTEMIY, n/n _ 22/12 _
not applicable to control subjects
CD45 /CXCR4"/FLK-1" Cell-Load is Associated
with Improved Cardiac Function 100+ o= 0.54

B p = 0.82
To assess possible association of CD45 /CXCR4"/FLK-1" cells = 0.002
with outcome at 6-months, we correlated echocardiographic =~ & ——=— |
features of cardiac function with CD45 /CXCR4/FLK-1" S 80+ " ¢
cell-load. Analysis of global cardiac function as measured by S H
LVEF showed no association with CD45 /CXCR4"/FLK-1" "::
cell-load. In contrast, 2D-STE demonstrated that AMI patients -%
that had an increase in CD45 /CXCR4/FLK-1" cell-load over 2 60+ 4
the first 6 months following the incident had improved systolic & ° ¢
function after 6 months as measured by regional longitudinal § ° °
strain function (r=—0.525, p=0.025; Fig. 5). Similarly, there E H S °
was an improvement in synchrony from 3 to 6 months associ- > 407 °
ated with increased baseline levels of CD45 /CXCR4/FLK-1* 8 °
cell-load (r=—0.457, p=0.029) These measurements identified
improvement in myocardial function associated with increases 20 l l l l
in CD45 /CXCR4"/FLK-1" cell-load. Control <48 hours 3 Months 6 Months
L I
' Post-AMI '

Discussion
Mobilization of immature, tissue-specific progenitor cells

into the peripheral circulation has been suggested as a marker
of innate regenerative capacity [14]. Cells expressing early
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Fig. 2 Left ventricular ejection fraction (LVEF) in acute myocardial
infarction (AMI) patients less than 48-h post-AMI and 3 and 6 months
post-AMI and in control subjects at time of referral to echocardiography
clinic. Large and small bars perpendicular to data points represent
median and interquartile range, respectively. Statistical significance
was considered to be p<0.05. Asterisks represent statistically significant
difference between groups
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Fig.3 CD45 /CXCR4"/FLK-1" cell-load is upregulated in acute myo-
cardial infarction (AMI) patients less than 48-h post-AMI and 3 and 6
months post-AMI compared to control subjects at time of referral to
echocardiography clinic. Large and small bars perpendicular to data
points represent median and interquartile range, respectively. Statistical
significance was considered to be p<0.05. Asterisks represent statisti-
cally significant difference between groups

cardiac tissue-specific mRNA have been identified in a non-
hematopoietic subpopulation of bone marrow mononuclear
cells [25, 26], providing evidence for a mobile subpopulation
of cardiac progenitors that may be capable of cardiac regen-
eration. To this end, stem cell derived progeny selected
according to the CXCR4 cell surface marker, in combination
with FLK-1, have been demonstrated to be uniquely
equipped for de novo cardiac differentiation during embry-
onic development [27]. As demonstrated here, cell surface
markers CXCR4" and FLK-1" selected for cells that are
mobilized following AMI and associated with improvement
in left ventricular systolic function and tissue viability in
humans.

Previous experimental models of myocardial infarction have
suggested that a subpopulation of bone marrow CXCR4" pro-
genitors cells that express endothelial, muscle, and cardiac tissue-
specific markers are mobilized within 12-h following experimen-
tal myocardial infarction [25]. Here, quantification of
CD45 /CXCR4'/FLK-1" cell-load revealed significant
upregulation in the peripheral blood of AMI patients within 48-
h of AMI as compared to normal controls. This upregulation was
unique to CD45 /CXCR4 " /FLK-1" cells and was not observed
for the broader pool of CD45 /CXCR4" cells suggesting a
restricted mobilization response following AMI that does not
include all subsets of non-hematopoietic CXCR4" cells but does
include the CD45 /CXCR4"/FLK-1" subset. Moreover,

Table 2 Difference in CD45 /CXCR4"/FLK-1" cell-load between cohorts is independent of individual cardiovascular risk factors on multivariate

linear regression analysis

R’ Mean CD45 /CXCR4"/FLK1" cell-load® p value
Control subjects AMI
Unadjusted 0.167 —4.23 —4.00 0.0011%*
Adjusted for
Mean age 0.169 -3.80 -3.57 0.0011%*
Male 0.189 —4.24 —4.00 0.0008*
Mean BMI 0.237 -3.17 -2.89 0.0001*
Mean CVRF 0.230 —4.24 -3.95 0.0003*
Arterial hypertension 0.168 -3.97 -3.71 0.0024*
Ever smoker 0.227 —3.96 -3.68 0.0008*
Diabetes mellitus 0.196 -3.97 -3.73 0.0007*
Family history of CAD 0.179 -3.91 -3.68 0.0014*
HDL 0.183 —4.15 -3.90 0.0007*
Statin therapy 0.167 —4.11 -3.87 0.0013*
Aspirin 0.215 —4.40 —4.14 0.0003*
ACE inhibitor 0.259 -3.45 -3.20 0.0001*
Beta blocker 0.211 —4.46 —4.22 0.0006*

AMI acute myocardial infarction, BMI body mass index, CVRF cardiovascular risk factor score, CAD coronary artery disease, HDL high-density

lipoprotein, ACE angiotensin converting enzyme
*p values<0.05 were considered statistically significant
#Measured within 48-h of acute event or at recruitment into study
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Fig. 4 CD45/CXCR4"/FLK-1" cell-load is independent of cardiovas-
cular risk factors. Spearman’s rank correlation of number of cardiovas-
cular risk factors versus CD45 /CXCR4"/FLK-1" cell-load in control
subjects at time of referral to echocardiography lab (a) and in patients
with acute myocardial infarction within 48-h of AMI (b).

compared to controls, CD45 /CXCR4"/FLK-1" cell-load
remained elevated at 3 and 6 month follow-up suggesting that
these progenitors are mobilized into the peripheral blood follow-
ing myocardial infarction. These findings are collectively sup-
ported by the known biological role of the CXCR4 receptor and
its ligand SDF1 which are involved in stem cell migration,
homing and intra-tissue retention [40, 41]. In fact, it has been
shown that secretion of SDFI by the ischemic myocardium
enables site-specific localization of specific CXCR4 " progenitors
to the injured myocardium raising the possibility that
CD45 /CXCR4'/FLK-1" cells are involved in myocardial re-
generation [42, 43].
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Fig. 5 Change in CD45/CXCR4"/FLK-1" cell-load is associated with
improvement in cardiac function. Spearman’s rank correlation of
change in regional longitudinal strain from baseline to 6-months in
AMI patients versus change in CD45 /CXCR4"/FLK-1" cell-load over
the same time period (a). Correlation coefficient and corresponding p
value are presented. Statistical significance was considered to be
p<0.05. Bar graph showing change in CD45 /CXCR4/FLK-1" cell-
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presented. Statistical significance was considered to be p<0.05

Since absolute progenitor cell numbers in the peripheral
blood are very low even after an acute event, interpretation of
precursor numbers requires careful adjustment for factors that
can modulate progenitor cell mobilization such as age, medi-
cations and cardiovascular risk factors [15]. AMI patients in the
present cohort had increased prevalence of arterial hyperten-
sion, higher BMI, and lower HDL cholesterol levels than
controls at the time of myocardial infarction. Despite these
differences, CD45 /CXCR4'/FLK-1" cell-load remained sig-
nificantly elevated in AMI patients after adjustment suggesting
that upregulation of CD45 /CXCR4/FLK-1" cells is indepen-
dent of individual cardiovascular risk factors. In addition,
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load from baseline to 6-months in AMI patients versus change in
cardiac function as measured by regional longitudinal strain (b). The
right and left bars represent those with an improvement and deteriora-
tion in regional longitudinal strain, respectively. A positive change in
strain indicates deterioration in cardiac function while a negative
change indicates improvement in cardiac function. Error bars represent
one standard error of the mean (SE)
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CD45 /CXCR4'/FLK-1" cell-load was not associated with
cumulative cardiovascular risk factors. This is in contrast with
a study of 45 patients with CAD and 15 healthy controls that
demonstrated an inverse correlation between cumulative risk
factors and EPC level and function [44]. The association be-
tween cardiovascular risk factors and EPCs has since been
confirmed in other studies [16, 45]. However, to our knowl-
edge, this is the first demonstration of the relationship between
non-hematopoietic CXCR4" cells and those risk factors in
patients with acute coronary syndrome.

Analysis of data from this study showed no relationship
between baseline global LVEF or change in LVEF over time
and CD45 /CXCR4'/FLK-1" progenitor levels in AMI pa-
tients. 2D-STE has recently been shown to be a particularly
useful tool for assessing regional myocardial dysfunction
especially in patients with normal LVEF [46]. When we
evaluated left ventricular function using 2D-STE and com-
pared with progenitor cell numbers, we found that an increase in
CD45 /CXCR4"/FLK-1" progenitors from baseline to 6-
months is associated with an improvement in regional longitu-
dinal strain over the same time period. Improvement in
dyssynchrony (post-systolic shortening) from 3 to 6 months
was also associated with higher levels of CD45 /CXCR4"/
FLK-1" progenitors at baseline, indicating a quantitative
improvement of myocardial mechanics despite a normal
global LVEF [47, 48]. Taken together, these observations
suggest that perhaps patients capable of initiating and
maintaining a robust regenerative response through early mo-
bilization of CD45 /CXCR4'/FLK-1" cells are most likely to
experience improvement in systolic function. These data estab-
lish the initial evidence for the role of CD45 /CXCR4 /FLK-1"
cells in myocardial recovery following AMI. They justify
larger, appropriately powered validation studies that, in light
of the magnitude of confounding compensatory and remodel-
ing mechanisms, further evaluate the clinical significance of
CD45 /CXCR4"/FLK-1" progenitor cell mobilization in the
regenerative response following AMI.

Although bioengineered stem cells have been a focus in the
development of theranostic platforms [49], the putative role of
CD45 /CXCR4"/FLK-1" cells in cardiac regeneration as
demonstrated herein offers a practical strategy to harness the
endogenous prognostic and therapeutic value of autologous
cells that may prove useful in optimization of care for patients
following AMI. Measurement of endogenous regenerative
capacity provides a unique opportunity to quantify the predis-
position of a patient towards impaired self-renewal of dam-
aged tissues. Subsequently, this regenerative deficiency due to
insufficient progenitor cell-load would enable targeted cell
therapy to augment and enhance the innate reparative mech-
anisms required to slow or reverse the disease course. This
emerging theranostic approach would thus aim to develop
stem cell platforms that can have both diagnostic and thera-
peutic purposes in disease management [13].

In summary, we show herein that circulating cells identi-
fied by the biomarker pair CXCR4/FLK-1" are present in
humans, are increased in patients after myocardial infarction
compared to control subjects, and are associated with im-
provement in left ventricular function as measured by 2D
speckle-tracking echocardiography. Cell surface markers
CXCR4" and FLK-1" may therefore select for circulating
progenitors involved in cardiac regeneration following myo-
cardial infarction. This initial study provides a foundation to
advance the development of a novel theranostic platform that
could improve prognostication in AMI patients and refine
targeting of cell-based therapies to supplement underlying
deficiencies in regenerative capacity. These findings warrant
larger prognostic cohort studies to adjust for potential con-
founders of clinical outcome, to confirm the role of
CD45 /CXCR4"/FLK-1" cells in predicting cardiac regen-
erative capacity and to demonstrate that these cells can
regenerate damaged myocardium in vivo.
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