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Abstract

Background—Initial clinical trials from Europe have demonstrated that the administration of bone
marrow-derived mononuclear cells (BMCs) may improve left-ventricular (LV) function in patients
following ST-elevation myocardial infarction (STEMI). However, results from trials performed in
the United States have not yet been presented.

Methods—We developed a Phase 1, randomized, placebo-controlled, double-blind trial to
investigate the effects of BMC administration in patients following STEMI on recovery of LV
function using cardiac MRI (cMRI). Forty patients with moderate to large anterior STEMIs were
randomized to 100 million intracoronary BMCs vs placebo 3 to 10 days following successful primary
angioplasty and stenting (PCI) of the left-anterior descending coronary artery.

Results—BMC administration was safely performed in a high-risk cohort with minimal MACE
rates and all patients remain alive to date. LV ejection fraction (LVEF) increased from 49.0£9.5%
at baseline to 55.2+9.8% at 6 months by cMRI in the BMC group (p < 0.05) that was not different
from the increase in the placebo group (48.6 + 8.5% to 57.0 + 13.4%, p<0.05). LV end-diastolic
volume (LVEDV) decreased by 4 ml/m?2 in the BMC group at 6 months but increased significantly
in the placebo group (17 ml/m2, p < 0.01).

Conclusions—This Phase 1 study from the United States confirms the ongoing safety profile of
BMC administration in patients following STEMI. The improvement in LVEF at 6 months by cMRI
in the cell therapy group was not different than the placebo group. However, BMC administration

had a favorable effect on LV remodeling at 6 months.
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INTRODUCTION

Recently, considerable attention has been focused on the use of stem cells to repair the heart
following STEMI. In 2002, Strauer et al. (1) introduced the technique of intracoronary delivery
of bone marrow mononuclear cells (BMCs) to STEMI patients based on initial observations
in animals that stem cells derived from bone marrow could significantly improve left-
ventricular (LV) function following coronary ligation and infarction (2). These findings led to
the initiation of multiple clinical trials, predominantly in Europe, that administered
intracoronary BMCs within several days following STEMI (3-6). Meta-analyses of these trials
demonstrate that BMC delivery post-STEMI results in a small improvement in ejection fraction
and attenuation of adverse LV remodeling compared to placebo (7-9). However, individual
trial results have not been uniform, as several studies have failed to demonstrate an
improvement in LV function following cell therapy compared to placebo (5,6). This has been
attributed to a variety of factors including methodological differences of cell isolation (10) or
insufficient dosing of cells. Furthermore, it is presently unclear why some patients appear to
demonstrate significant recovery of LV function in response to cell therapy while other patients
do not.

We initiated one of the first randomized, placebo-controlled cell therapy trials in the United
States using BMCs following STEMI. We made several modifications in our protocol
compared to the European studies. Whereas no previous study had delivered the same number
of cells to their patients; we delivered a uniform dose of 100 million BMCs. Secondly, we
elected to deliver cells by an intracoronary infusion as opposed to the stop-flow technique that
had been used in all the preceding trials. This eliminated the potential confounding effects of
repeated episodes of ischemia and reperfusion induced by this method of cell delivery (11).
Here, we report the results of this Phase 1, randomized, double-blind, placebo-controlled trial
in a high-risk cohort of patients with moderate to large anterior STEMIs.

METHODS

The authors are solely responsible for the design and conduct of this study, all study analyses,
the drafting and editing of the paper and its final contents.

Patient Enrollment

Forty patients (31 M, 9 F) were enrolled in this single center Phase 1 trial beginning in
December 2005 following FDA approval (BB-IND-12480). All patients gave written,
informed consent. The study was approved by the Institutional Review Boards of Abbott
Northwestern Hospital and the University of Minnesota. Although 60 patients were approved
for the trial, enrollment was stopped when our institution became a member of the NHLBI
Cardiovascular Cell Therapy Research Network (CCTRN) and began enrollment in the TIME
Trial (12). Eligible patients included those who presented with their first anterior STEMI who
underwent successful angioplasty and stenting (PCI) of the LAD coronary artery. Enrolled
patients were required to have at least two hours of chest pain and EKG changes consistent
with anterior STEMI or new LBBB and an initial ejection fraction < 50% by echocardiography
following PCI. Key exclusions included history of CABG or significant co-morbidities.
Because the trial focused on enrolling patients at high risk for developing CHF or LV
dysfunction, we included patients with cardiac arrest or cardiogenic shock. All patients were
screened for the presence of pre-infarction angina prior to their STEMI presentation.

Study Protocol

Forty patients consented to participate in the study and were randomized in a 3:1 ratio to 100
million autologous BMCs versus placebo. A 3:1 ratio was utilized to increase our understanding
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of the safety profile of this therapy and to encourage enrollment based on the limited number
of patients approved for the trial. Randomization was based on an algorithm developed by a
biostatistician and was performed at the cell therapy facility following preparation of the
BMC:s. Cell therapy administration occurred when the patients were clinically stable, 3 to 10
days following their PCI and patients were routinely discharged the following day. On the
morning of the procedure the patients were lightly sedated and bone marrow aspiration (50—
70 ml) was performed at the posterior iliac crest by a hematopathologist. The aspirate was
heparinized and transported within one hour to the University of Minnesota Cell Therapy
Laboratory. BMCs were isolated by Ficoll density centrifugation (Gallard-Schlessinger;
Plainview, NY) at 4509 using a COBE 2991 Cell Processor (Gambro BCT; Lakewood Co.).
The cell suspension was counted with an automated cell counter and the volume adjusted to
obtain a final product of 100 million BMCs with 5% human serum albumin (HSA) in 20 ml.
The placebo product was a solution of 0.9% normal saline and 5% HSA in an identical volume.
The final product was delivered within 8 hours of the initial aspiration.

Lot release criteria included > 90% viability by trypan blue exclusion, negative gram stain and
endotoxin < 5.0 EU/kg. Routine infectious disease testing included anaerobic, aerobic and
fungal cultures, and virology assays for detection of HIV, HCV and Hepatitis B. Flow
cytometry for measurement of CD34, CD45 and CD133 was performed in all samples.

Patients were returned to the cardiac catheterization laboratory in the afternoon following bone
marrow aspiration. Patients were heparinized and a 6 Fr guiding catheter was placed in the left
main coronary ostium. LAD stent patency and TIMI 3 flow was confirmed by angiography in
all patients. A 3 Fr infusion catheter was positioned in the stented segment (TurboTracker,
Boston Scientific Corp.) and the cellular product or placebo was infused at a rate of 1 ml/min
over 20-min. Following completion of the infusion, angiography was again performed to
confirm normal arterial flow. No patient experienced chest pain or ECG changes during the
infusion.

The primary endpoints of this Phase 1 study was safety as assessed by major adverse clinical
events (death, repeat target vessel revascularization, recurrent Ml, hospitalization for CHF and
ICD placement). Although the study was not sufficiently powered, we examined the absolute
change in LVEF between baseline and 6 months as assessed by cardiac MRI (cMRI). Secondary
end-points included changes in LV end-diastolic (LVEDV) and end-systolic volumes
(LVESV).

cMRI measurements were performed at baseline, 3 and 6 months in all patients usinga 1.5 T
scanning unit (Avanto, Siemens Medical Solutions). All cMRI readers were blinded to
treatment randomization. Commercial software was used for calculations of LVEF and end-
systolic and -diastolic volumes and myocardial mass. Infarct size was quantified by delayed
(20 min), contrast-enhancement with gadolinium (0.2 mmol/kg) using diastolic 2D flash
imaging with the TI adjusted to “null” normal myocardium. The entire ventricle was covered
with multiple breath-holds using a slice thickness of 5 mm.

Baseline clinical data is expressed as the median and inter-quartile range while cMRI data of
LVEF and LV volumes are presented as mean £ SD. Categorical variables were compared
using Fischer’s Exact testing while continuous variables were compared using a k-sample
median test or Wilcoxin rank-sum test. The change in LVEF over time was analyzed by
ANCOVA. The statistical software used for these calculations was STATA/IC 11.0.
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Funding Sources

This study was supported by the John Dehaan Foundation. Cell processing was supported by
the Production Assistance for Cellular Therapies (PACT), N01-HB-37164. Infusion catheters
were generously supplied by the Boston Scientific Corporation (Natick, MA).

RESULTS

All 40 patients that consented to the study underwent successful bone marrow aspiration and
infusion of BMCs (n=30) or placebo (n=10) without complication. There were no procedural
complications associated with cell processing. No patient experienced a rise in troponin or
procedure-related complication following the intracoronary infusion. Thirty-three patients
presented with an occluded artery and TIMI O flow at the time of PCI and 5 patients underwent
aspiration thrombectomy. A total of 12 patients experienced pre-infarction angina in the 24
hours prior to their STEMI (BMC = 10, placebo = 2) and 6 patients underwent postconditioning
at the time of their PCI (BMC=3, placebo = 3). The majority of patients (38/40) received drug-
eluting stents. Seven patients required placement of an intra-aortic balloon pump for
cardiogenic shock and two patients underwent hypothermia treatment in the setting of cardiac
arrest.

Major Adverse Cardiovascular Events (MACE)

Two patients in the placebo group experienced a MACE including one patient who received
an ICD for palpitations and syncope, and a second patient who underwent repeat stenting in
the LAD for in-stent restenosis at 15 months followed by CABG one month later after
admission for a NSTEMI due to stent thrombosis. No patients in the BMC group experienced
a MACE although two patients underwent non-target revascularization including CABG 8
months following cell therapy for an anomalous right coronary artery that was found to course
between the aorta and pulmonary artery. A second patient underwent scheduled circumflex
PCI two months following cell therapy infusion due to a pre-existing stenosis. No patients were
hospitalized with CHF and all patients remained alive to date (Table 1).

Clinical Presentation

This trial sought to enroll patients with moderate to large anterior infarctions who were at risk
of developing significant LV dysfunction and CHF. In this high-risk cohort, the average
baseline ejection fraction measured immediately following PCI by left-ventriculography was
35.7 £ 8.0% and 38.7+ 10.5% by echocardiography 1-2 days following PCI. The average
ischemic time for the entire group was 6.5 + 4.3 hrs and the peak CK and CKMB was 3074 +
2212 and 282 + 230 1U/ml respectively. Patients received cell therapy on day 5.2 + 2.3 days
following PCI when they were clinically stable. There was no significant difference in baseline
characteristics such as age, medications, risk factors, ischemic time or day of cell delivery post-
AMI between the cell therapy and placebo groups (Table 2).

Patients underwent baseline cMRI at 3.3 + 2.3 days following PCI. The average baseline LVEF
was 49.0+9.5 % in the cell therapy group and 48.6 + 8.5 % in the placebo group (Table 3). In
our MRI laboratory, the reported LVEF is 5-10% higher than that measured by
echocardiography. At 6 months there was a significant increase in LVEF in the cell therapy
group to 55.1 + 9.6 %, (p < 0.05) (Figure 1). However, this improvement was not significantly
different than the improvement observed in the placebo group. (56.7 + 13.9 %, p<0.05).

There was no significant difference in LV end-diastolic (LVEDV) or end-systolic volumes
(LVESV) at baseline. (Table 111, Figure 2). At 6 months there was a small decrease in LVEDV
in the BMC group (—4 ml/m2), but a significant increase in the placebo group of 17 ml/m2 (p
<0.01) suggesting a potential benefit of cell therapy on LV remodeling. No significant
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differences were observed between the two groups with respect to changes in LVESV at 6
months.

DISCUSSION

In this Phase 1 trial we observed that cell therapy with intracoronary BMCs following moderate
to large anterior STEMI can be safely performed with a low MACE rate in a high-risk patient
cohort. This finding of safety is consistent with the European experience. Cell therapy was
associated with a significant improvement in LVEF at 6 months following moderate to large
anterior STEMI. However, we failed to demonstrate that cell therapy was superior to placebo
due to the similar improvement in the small placebo group. We did observe that cell therapy
had a beneficial effect on LV remodeling as LVEDV was significantly improved in the BMC
group. Another important finding was that despite a high-risk subgroup of patients with large
STEMI, MACE rates were low, including none in the BMC group.

Comparison with Previous Trials

The results from major European randomized trials administering BMCs one to seven days
following STEMI have yielded mixed results in regard to their ability to improve LV function.
The REPAIR-AMI trial (3) administered 236+174x10% BMCs vs placebo 4.3 days post-AMI
in 204 patients and found a small but significant (2.5%) improvement in LVEF as measured
by left-ventriculography compared to placebo. Importantly, they found that the benefit of cell
therapy was sustained and resulted in a reduction in major adverse events at one year compared
to placebo (13). The BOOST trial (4) administered 24.6 + 9.4x108 total nucleated cells 4.8
days post-AMI and found a significant improvement in LVEF at 6 months compared to placebo
as measured by ctMRI. However, the statistical benefit was lost at 18 months due to further
improvement in the placebo group (14). The ASTAMI trial (5) administered 54 to 130 x10°
BMCs (interquartile range) at a median of 6 days post-AMI and observed no improvement in
LVEF at 6 months as measured by echocardiography, SPECT or cMRI. Janssens et al. (6)
administered 172+72x108 BMCs one day following successful PCI for STEMI. Although they
observed that cell therapy did not improve LVEF compared to placebo; they found that BMCs
significantly improved regional systolic function in the infarct region by strain rate imaging
with echocardiography at 4 months (15).

Although the mean total dose delivered has varied significantly in these studies, it is worth
noting that none of these studies has delivered a uniform dose to its cohort. As a result, some
patients may have received three times the amount of cells compared to other patients within
the same trial. Although a clear dose-response relationship to recovery of LV function has not
been observed, the failure to deliver a consistent dose within these trials remains a potential
limitation in interpretation of the results. To overcome this limitation, all of the patients in our
trial received the same number of BMCs at a dose sufficient to affect LV recovery as determined
by a recent meta-analysis (9).

The “stop-flow” method of cell delivery previously utilized in all of these trials relies on the
infusion of cells through an inflated PTCA catheter placed in the infarct artery delivered over
multiple cycles of several minutes duration under the unproven assumption that this may
improve cell retention. Several preclinical studies comparing cell retention between the stop-
flow method versus continuous infusion used in our study have been performed yielding mixed
conclusions. A recent pre-clinical study that labeled cultured mononuclear cells with 18F-FDG
observed that a single bolus of cells produced superior myocardial retention at one hour
compared to delivery of the cells using 3 cycles of stop-flow (16). In contrast, Meluzin et al.
(17) administered allogeneic BMCs to pigs 3 days following infarction and observed that cell
retention was improved with the stop-flow technique, but only in the infarct border zone.
Tussios et al. (18) administered 11Indium-labeled BMCs to pigs following myocardial
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infarction and found no difference in retention between the two techniques and concluded that
the stop-flow method was unnecessary. This technique, which produces brief periods of
ischemia and reperfusion, has been demonstrated in models of ischemic preconditioning to
result in the recruitment of progenitor cells to the myocardium (11,19) that may independently
contribute to recovery of LV function. Because we utilized an intracoronary infusion, our study
was free of this potentially confounding effect.

Limitations of STEMI Cell Therapy Trials

The small sample size and unbalanced distribution between the treatment and placebo groups
may have contributed to the larger than expected increase in the LVEF observed in our placebo
group. Additionally, half of the patients in the placebo group experienced either pre-infarction
angina or underwent postconditioning at the time of their PCI that may have also increased
their LVEF. It is important to note that the mean improvement in the placebo group of the 4
major randomized European trials (3-6) was only 2.6 £ 1.6 %, significantly less than the 8.4%
improvement in our placebo group. Conversely, the mean absolute improvement in LVEF in
our treatment group of 6.2% was significant, and similar to the improvement observed in the
treatment groups of the positive REPAIR-AMI (3) and the initial BOOST Trial. (4).

In retrospect, it is not surprising that cell therapy administration with BMCs following STEMI
has yielded such disparate results in regards to its ability to enhance the recovery of LV function
(3-6). Although claims of suboptimal cell processing or insufficient dose have been suggested
as a cause of negative trials, there are other important factors that have yet to be considered.
The resolution of myocardial stunning represents an underappreciated issue in these trials, since
the measurement of baseline LV function is performed during a period of significant LV
recovery during the first week following PCI. In our study, the LVEF measured by
echocardiography in the BMC group, increased from 38.9 £ 10.9 % to 44.6 = 10.4 % in the
first week following PCI with no further improvement in LVEF at one month. Serial cMRI
studies following STEMI have demonstrated up to a 3% increase in LVEF over the first 7 days
following STEMI and up to 5% by 6 weeks (20) We performed our baseline MRI1 3.3 £ 2.3
days following PCI so it is possible that some of the recovery of LV function we observed at
6 months may be attributable to the resolution of myocardial stunning in the early post-MI
period. Given these observations, it is not surprising that the subgroup of patients with the most
depressed LVEF at baseline (3) have demonstrated the greatest improvement following cell
therapy since they may possess a larger amount of recoverable LV function through this
mechanism.

Patients with pre-infarction angina, in particular, may represent a subgroup of patients that will
experience significant recovery of LV function that could be attributed to cell therapy (21,
22). In our study, we observed that patients with pre-infarction angina had a 4-fold increase in
LVEF at 6 months compared to those without pre-infarction angina. Importantly, this factor
has never been accounted for in a cell therapy trial. New interventions performed in the
catheterization laboratory to reduce ischemia/ reperfusion injury or microvascular obstruction
at the time of PCI, such as therapeutic hypothermia (23), postconditioning (24,25) and
aspiration thrombectomy (26) may also reduce infarct size and improve LV function
independently of cell therapy and impact trial results.

Conclusions

Our Phase 1 cell therapy trial using BMCs in patients with anterior STEMI confirms the
ongoing safety profile of this therapy. We observed that the intracoronary infusion of 100
million BMCs was associated with a significant improvement in LV function at 6 months as
measured by cMRI, but this improvement was not different than that observed in a small
placebo group. However, we did demonstrate that cell therapy was associated with improved
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LV remodeling (LVEDV) which may have long-term implications in the development of CHF
that will need to be assessed in larger trials.

Our study highlights some of the many factors that may modify infarct size (pre-infarction
angina) and reperfusion injury (postconditioning) that could improve LV function independent
of cell therapy. The ongoing advances in the treatment of ischemia / reperfusion injury in the
STEMI population recruited for stem cell trials may create additional challenges in determining
if cell therapy administration provides a therapeutic benefit.
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Figure 1.

Change in left-ventricular ejection fraction (LVEF) by cardiac MRI between baseline and 6
months in the 30 individual patients following bone marrow mononuclear cell (BMC)
administration and in the 10 individual placebo patients (both, p < 0.05).
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Figure 2.

Change in left-ventricular end-diastolic volume (LVEDV) and end-systolic volume (LVESV)
by cardiac MRI between baseline, 3 and 6 months following bone marrow mononuclear cell

(BMC) administration or placebo administration. BMC administration was associated with a
significant improvement in LVEDV compared to the placebo group (p < 0.01)
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Major Adverse Events in Trial

BMCs | Placebo

(n=30) | (n=10)
Death 0 0
Myocardial Infarction 0 1
Revascularization- Target / Non Target 0/2 1/0
Hospitalization for CHF 0 0
ICD Implantation 0 1

CHF = congestive heart failure, ICD = internal cardiac defibrillator
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TABLE Il
Baseline Characteristics - BMC vs Placebo
BMC Placebo P Value
(n=30) (n=10)
Age (years) 52.5 (43, 64) 57.5 (54, 59) 193
Male / Female 2515 6/4 .665
Diabetes 6 2 1.00
IABP 5 2 1.00
TIMI Flow =0 26/30 8/10 1.00
Ischemic Time (hrs) 4.6(2,12) 2.9(2.8,10.6) .508
Pre-Infarction 10 2 .330
Angina
Postconditioning 3 3 .230
Peak Troponin (ng/ml) 7.7 (3.9,10.8) 8.8 (5.6, 10.2) .832
Peak CK (1U/ml) 2752 (1687, 4074) | 2049 (852, 3987) | .446
Peak CKMB (1U/ml) 202 (149, 320) 291 (87, 368) 804
Time from PCI to BMC | 4.5 (4,7) 55(3,7) 1.00
infusion (Days)
Number of BMCs 100 x 108 -
injected
CD34+ (%) 1.60 +0.73
CD34+/CD133+ (%) 0.77 +0.44
CD133+ (%) 0.16 +0.05

Data are expressed as the median with interquartile range

IABP - intra-aortic balloon pump

Am Heart J. Author manuscript; available in PMC 2011 September 1.

Page 12



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

1duosnue Joyiny vd-HIN

Traverse et al.

TABLE Il
LV Function and VVolumes - BMC vs Placebo
BMC Placebo P-Value
(n=30) (n=10)
LVEF — LV-gram (%) 352+84 | 365+7.1 | 494
Baseline LVEF (%)- ECHO | 38.9+10.9 | 374+9.8 | .331
Baseline LVEF (%)-cMRI 49.0£9.5 48.6+85 | .731
Baseline LVEDV (ml/m?) | 8831 77+£12 703
Baseline LVESV (ml/m?) 46 + 26 40+11 .894
Change in LVEF (%) from 6.2+9.8 9.4+10.0 | 425
Baseline to 6 months
Change in LVEDV (ml/m?) | —4+22 17£11 0.001
from Baseline to 6 months
Change in LVESV (mlim?) | =7 £33 -2+84 | .330
from Baseline to 6 months
Data are expressed as mean + SD.
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