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Abstract

Recent evidence suggested that human cardiac stem cells (hCSCs) may have the clinical application for cardiac repair; however, their
characteristics and the regulatory mechanisms of their growth have not been fully investigated. Here, we show the novel property of
hCSCs with respect to their origin and tissue distribution in human heart, and demonstrate the signaling pathway that regulates their
growth and survival. Telomerase-active hCSCs were predominantly present in the right atrium and outflow tract of the heart (infant >

. adult) and had a mesenchymal celi-like phenotype. These hCSCs expressed the embryonic stem cell markers and differentiated into cardio-
myocytes to support cardiac function when transplanted them into ischemic myocardium. Inhibition of Akt pathway impaired the hCSC
proliferation and induced apoptosis, whereas inhibition of glycogen synthase kinase-3 (GSK-3) enhanced their growth and survival. We
conclude that hCSCs exhibit mesenchymal features and that Akt/GSK-3B may be crucial modulators for hCSC maintenance in human

heart. ]
© 2006 Elsevier Inc. All rights reserved.

Keywords: Cardiac stem cells; Mesenchymal cells; Proliferation; Survival; Akt/GSK-3B

The postmitotic heart was shown to exhibit a previously
unappreciated self-renewing phenotype, in which primitive
cells proliferated and differentiated into specific progeny
under acute or chronic workloads [I,2]. Recent studies
have challenged this paradigm and shown the existence of
intrinsic cardiac stem or progenitor cells in the mammalian
heart [3-5]. CSCs expressing c-kit were clonogenic and
multipotent [4,6], and were also able to be isolated from
human heart in the floating culture system [7]. Further-
more, hCSCs were reported to be activated in response to
myocardial ischemia and increased workload {8,9]. These

" Corresponding authors, Fax: =81 75 751 4741.
E-mail  addresses:  matsubah@koto kpu-m.acjp (H. Matsubara),
hidemasa@@kuhp.kyoto-u.ac.jp (H. Oh).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/1.bbrc.2006.11,096

cells have a significant impact on future clinical application
to treat patients with heart failure. However, it is necessary
to further examine the property and regulatory mechanism
of hCSC growth to obtain a sufficient number of stem cells
from a small amount of tissue samples to achieve an effi-
cient regenerative-therapy.

Recent reports have suggested that bone marrow-de-
rived mesenchymal stem cells {MSCs) enhanced with Akt,
a serine/threonine protein kinase, can repair infarcted myo-
cardium, prevent remodeling, and normalize cardiac per-
formance through the prevention of apoptosis as well as
a paracrine effect on resident cells [10.11]. Recently, insu-
lin-like growth factor-1 (IGF1) has been shown to maintain
murine CSC (mCSC) viability and growth through activa-
tion of Akt [12,13]; however, the downstream signals of
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Akt pathway in hCSC growth remain to be investigated. In
the present study, we characterized the property of hCSCs
and clarified the role of Akt/GSK-38 signaling pathway in
hCSC growth and survival. These results suggest that phar-
macological inhibition of GSK-38 may have practical
application in hCSC transplantation therapy in human
heart failure. '

Materials and methods

Tissue samples. The heart samples were obtained from 18 patients
undergone cardiac surgery (9 males and 9 females aged from 9 days to 77
years old) in confirmation with the guidelines of the Kyoto University
Hospital and Ministry of Education, Culture, Sports, Science. and Tech-
nology, Japan.

Isolation of hCSCs. The heart samples were excised, minced, and
digested with 0.4% type II collagenase and 0.01% DNAse. Obtained cells
were then plated at 20 cells/pl in ultra-low culture dishes to generate
cardiospheres with growth medium containing DMEM/F12, 5% FBS,
20 ng/ml EGF (Sigma), and 40 ng/ml bFGF (Promega). For the analyses
described below, generated cardiospheres were dissected into single cells to
obtain hCSCs by exposure to a 0.05% Trypsin/EDTA solution.

hCSC differentiation. For cardiac differentiation, hCSCs were cultured
in differentiation medium containing 10% FBS, insulin-transferrin-seleni-
um, and 10nM dexamethasone. Differentiation medium containing
DMEM/F12 supplemented with 10 ng/ml VEGF or 50 ng/ml PDGF-BB
(R&D Systems) and 10% FBS was used to induce endothelial or smooth
muscle cell differentiation, respectively. For the assay of cell proliferation
and survival, specific inhibitors for Akt and GSK-3 (BIO) were purchased
from Calbiochem.

FACS analysis. hCSCs were labeled with the following antibodies;
phycoerythrin-conjugated antibodies against c-kit, CD45, CD34, CD31,
CD%. CD29. CD73, CD71 (BD Biosciences), CD105 (Ancell Corp), and
Stro-1 (R&D Systems). Cell events were collected by FACS Calibur flow
cytometer and data were analyzed by Cell Quest (BD Biosciences).

RT-PCR and telomerase activity. Total RNA was extracted from cells
using TRIzol and RT-PCR was performed with a SuperScript Il First-
Strand Synthesis System. The primer sequences are available upon
request. Telomerase activity was measured with a TRAP assay kit,
TRAPEZE (Chemicon).

Immunochemistry. Fixed cells and sections were stained with primary
antibodies against cardiac troponin-I (Scripps), CD31, Ki67 (DAKO), a-
SMA, connexin 43 (Sigma), collagen typel (LSL), vimentin, and human
nuclei (Chemicon). Secondary antibodies were conjugated to Alexa 488
and Alexa 555, and nuclei were visualized with 4',6-diamidino-2-pheny-
lindole (DAPI). Apoptotic hCSCs were evaluated by TUNEL assay with
ApopTag kit (Chemicon). Images were captured with a BZ-8000 (Key-
ence) and IX71 (Olympus Corporation).

Myocardial infarction ( MI) and cell grafting. M1 was created in 12- to
24-week-old NOD/scid mice (Jackson Laboratories) in accordance with
the animal care and use guidelines at Kyoto University Hospital. M1 was
induced by ligation of the left anterior descending coronary artery. One
hour after MT, 3 x 10° hCSCs were injected into two sites of the infarcted
border zone. In the control group, mice were sham-operated on receiving a
thoracotomy but no ligation of coronary artery.

Echocardiography. Two-dimensional and M-mode recordings (Sonos
5500, PHILIPS) were obtained from the short-axis view at the midpapil-
lary muscle level.

Western blotting. Cell lysates were extracted with lysis buffer
containing 50 mM Tris—=HCl (pH 7.4). 150 mM NaCl, 0.25% sodium
deoxycholate. | mM EDTA. 1. Nonidet P-40, | mM PMSF, 1x protease
inhibitor. I mM Na:VO,. and | mM NaF. Transferred membranes were
incubated with primary antibodies against GSK-3p (BD Biosciences).
phospho-GSK-3 (Ser9). phospho-Akt {S473), and Akt (Cell Signaling).
Horseradish  peroxidase (HRP)-conjugated anti-mouse IgG  and
HRP-conjugated anti-rabbit 1gG were used as secondary antibodies.

Statistics. Data are means + SE. and were analyzed by ANOVA and
Scheffe’s test. using a significance level of p < 0.05 (StatView).

Results
Identification and distribution of hCSCs in human heart

To characterize the hCSCs in human heart. primary
heart-derived cells from patients were cultured at low den-
sity with low serum condition in a floating culture system
using a modification of the method previously reported
[7]. At day-14, spherical colonies were generated at a fre-
quency of 63.1 4 16.5 spheres per 200,000 viable cells
(Fig. 1A). The initial yield of digested cells was proportion-
al to the number of spheres, and the number of isolated
cells was significantly increased in heart tissues from the
right atrium (RA) and outflow tract (OFT) than in tissue.
from the left ventricle (LV) (Fig. 1B). Moreover, the isolat-
ed cells were 5-fold greater and had higher telomerase
activity in the infant heart than the adult heart (Fig. 1C
and D).

B
(celisimg)
6000 (- *
5000 |
4000 |-
3000 *
2000 }
1000 |
Cc
(cellsimg)
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5000 |
4000
3000 |-
2000 |
1000 |
infant Adutt
Fig. 1. Isolation and distribution of hCSCs. (A) Generation of cardio-

sphere from human heart. Bars. 20 pm. (B, C) The initial progenitor cell
number harvested by primary isolation as indicated. Total vield was
corrected by tissue weight (mg). Distribution of hCSCs corresponding to
the parts of the heart (B) or the patients” age (C). “p < 0.03 versus LV in
(BE: "p <001 versus adult in (C). (D} Telomerase activity in hCSCs.
Threcfold serial dilutions of hCSCs isolated from infant and adult hearts
were treated with or without heat and used as templates. HeLa cells were
used as a positive control {n = 3).
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hCSCs exhibit mesenchymal features

Immunophenotyping revealed that hCSCs rarely
expressed c-kit and did not express the hematopoietic and
endothelial progenitor cell-specific surface antigens:
CD45, CD34, and CD31, while they were positive for typ-
ical MSC surface antigens: CD105, CD90, CD29, CD73,
CD71, and Stro-1 (Fig. 2A) [14.15). Human cardiospheres
also expressed both vimentin and collagen type 1 (Fig. 2B),
and had a spindle shaped morphology in attached cell-cul-
ture experiments (Fig. 2C). RT-PCR showed that hCSCs
expressed ATP-binding cassette transporter subfamily G
member 2 (ABCG?2), which was associated with Hoechst’s
efflux properties prerequisite for the side population cells
[16]. Human cardiospheres also expressed Rex1, Nanog,
and Sox2, although Oct4 was not detectable (Fig. 2D), sug-
gesting that hCSCs express the embryonic stem cell mark-
ers and contain the mesenchymal cell-like population.

hCSCs give rise to cardiovascular lineages in vitro and in vivo

To determine the differentiation potential of hCSCs in vi-
tro, hCSCs were cultured in differentiation medium. Immu-
nostaining showed that hCSCs gave rise to smooth muscle
cells, endothelial cells, and cardiomyocytes co-expressing
connexin-43 (Fig. 3A). Furthermore, cardiac-specific tran-
scriptional factors such as Nkx2.5 and GATA4, ANP,

>

and structural genes, including a-cardiac-actin, cardiac tro-
ponin-T, MLC2a, MLC2v, «-MHC, and B-MHC, were
detected in the differentiated cardiomyocytes by RT-PCR
(Fig. 3B).

To investigate the regenerative potential of hCSCs
in vivo, we performed: cell transplantation into MI using
NOD/scid mice. The injected cells formed a successful
engraftment within the border and infarcted regions. The
differentiation of hCSCs into the cardiovascular-lineage
cells was verified by the presence of smooth muscle cells,
endothelial cells, and cardiomyocytes, colocalized with
human nuclei (Fig. 3C). Capillary density was also
increased in the implanted hearts compared with the
PBS-treated hearts (Fig. 3D).

After the transplantation of hCSCs, cardiac function
was analyzed by echocardiography (Fig. 3E). In PBS-treat-
ed mice, the ejection fraction (EF) and fractional shorten-
ing (FS) were significantly decreased (EF: 81.5 4 2.0% to
46 £ 2.0%, p<0.01; FS: 43.74+2.0% to 20.2 4 1.0%,
p <0.01), and LV diastolic dimension {Dd) was expanded
(35.2+2.0 to 47.0 £ 3.0 mm, p<0.01) at day-14 after
MI compared with baseline. In contrast, the implantation
of hCSCs effectively ameliorated the cardiac dysfunction
(EF: 46+ 2.0% vs 58 +£2.0%, p <0.01; FS: 20.2 4+ 1.0%
vs 26.2 + 2.0%, p <0.01) and reduced LV dilatation (Dd:
47.0 +3.0% vs 40.7 +£2.0%, p<0.01) compared with
PBS-injected mice. These parameters showed that the
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Fig. 2. Characterization ot hCSCs. (A) FACS analysis of hCSCs. Black line, control 1gG: red line. corresponding antibody (7 = 3). (B) Immunostaining of’
human cardiospheres. Red signals show the expression of vimentin (left) and collagen typel (right). Scale bars, 50 jum. (C) Phase contrast image of hCSCs
in attached cell-culture. Scale bars, 100 pm. (D) Gene expression profile by RT-PCR examined in hCSCs. No DNA template was used as a negative
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Fig. 3. Functional differentiation of hCSCs in vitro and in vivo. (A) In vitro differentiation of hCSCs into smooth muscle cells (left: 1-SMA | red),
endothelial cells (middle: CD31, green), and cardiomyocytes (right: cardiac troponin-I. red; connexin-43, yelow). DAPI, blue. (B). RT-PCR shows cardiac
differentiation of hCSCs. Heart tissue was used as positive control (n = 3). (C) In vivo differentiation of hCSCs. Smooth muscle cells (left: a-SMA. red),
endothelial cells (middle: CD31, red), and cardiomyocytes (right: cardiac troponin-1. red), counterstained with human nuclei (green) are shown. DAPI,
blue (1 =4). (D) Capillary density was assessed by CD31 tmmunohistochemistry in the border zone. *p < 0.01 versus PBS treated mice. (E) Serial
assessment of cardiac function by echocardiography. Representative M-mode images of sham-operated. PBS-injected, and hCSC-transplantated hearts at
28 days after ML Closed circles, hCSC transplanted hearts; open circles, PBS-injected hearts (n = 8). Arrowheads indicate significantly improved anterior
wall movement on stem cell implantation. *p < 0.01 versus PBS-treated mice. Scale bars, 50 pm in {A); 20 um in (C).

significant recovery was observed 2 and 4 weeks after
hCSC implantation.

The proliferation and survival of hCSCs depend on Akt
GSK-3f pathway

Akt pathway plays a crucial role to mediate the prolifer- -
ation activity in mCSCs [13]. To verify whether Akt path-
way was involved in hCSC proliferation, we examined the
activation of Akt in hCSCs and found that EGF/bFGF
treatment of hCSCs caused a rapid activation of Akt
(Fig. 4A) and also augmented sustained phosphorylation
of GSK-3f, which is one of the downstream targets of
Akt, to inactivate GSK-3B function (Fig. 4B). The EGF/
bFGF-induced activation of Akt in hCSCs was inhibited
by Akt inhibitor, Akt-I, in a dose-dependent manner
(Fig. 4C). In contrast, the levels of phosphorylated GSK-
3B (inactive form of GSK-3B) could be enhanced by the
treatment of 10 nM GSK-3-inhibitor, BIO (Fig. 4D), as
previously reported in renal epithelial cells [17].

If Akt mediates hCSC proliferation through the inhibi-
tion of GSK-3f, the pharmacological inhibition of Akt/
GSK-3B signaling pathways may affect the growth of
hCSCs. To test this hypothesis, the diameter of cardio-
spheres was measured in the presence or absence of
10 pM Akt-1 or 10 nM BIO, the minimal doses needed to
achieve an effect shown above (Fig. 4C and D). Our results
demonstrated that Akt-I significantly decreased the diame-
ter of EGF/bFGF-expanded cardiospheres (Fig. 4E),
whereas addition of BIO significantly increased their
growth at the range of sphere size more than 100 pm
(Fig. 4F).

We next determined the underlying mechanisms by
which Akt/GSK-3pB pathway modulated sphere formation
and growth of hCSCs. TUNEL™ cells were significantly
increased in cardiospheres treated with Akt-I compared
with control, whereas BIO apparently reduced the number
of TUNEL" cells (Fig. 4G). In contrast, Ki67-positive cells
were apparently decreased in cardiospheres treated with
Akt-I compared with control, whereas a significant
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Fig. 4. Akt/GSK-3p signaling regulates the proliferation and survival of hCSCs. (A,B) Phosphorylation of Akt (A} and GSK-3B (B) induced by EGF/
bFGF in hCSCs. After serum starvation for 2 h, hCSCs were treated with EGF/bFGF for the period of time indicated. (C) Activation of Akt induced by
EGF/bFGF treatment for 5 min was abolished by the pretreatment of Akt-I for 4 h in a dose-dependent manner. (D) Phosphorylation of GSK-38
(inactive) induced by EGF/bFGF treatment for 5 min was enhanced by the pretreatment of 10 nM BIO for 4 h. (E,F) Size distribution of cardiospheres
cultured in EGF/bFGF-containing medium in the presence of either 10 M Akt-I (E), or 10 nM BIO (F) for 6 days (n = 7). *p <0.01 and !p < 0.05 versus
DMSO control. (G,H) TUNEL assay (G) and Ki67 staining (H) of cardiospheres exposed to 10 uM Akt-I and 10 nM BIO. Ki67, red. DAPI. blue.

“p < 0.01 versus DMSO control (n = 3). Scale bars, 50 pm.

increase in the number of Ki67-positive cells was observed
in cardiospheres exposed to BIO (Fig. 4H).

Discussion

Our present study provides the novel evidence that
hCSCs exhibit a mesenchymal cell-like property and Akt/
GSK-3f signaling is involved in their proliferation and sur-

vival. Furthermore, our study shows that hCSCs are pre-
dominantly present in the right atrium and outflow tract
of the heart (more expressed in infant heart rather than
adult heart).

A recent report has suggested that cellular aging induces
a functional impairment of mCSC growth that may result
from the reduction in Akt phosphorylation and telomerase
inactivation [18]. Consistent with thesc data, we showed
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here less telomerase activity in hCSCs from the adult heart
than that from the infant heart. The abundance of hCSCs
isolated from RA and OFT may reflect their specific distri-
bution in the human heart. Although there is a possibility
of bias caused by the patients’ background, including dis-
ease, age, and sex. our results are consistent with a recent
report showing that the stem cell niches are predominantly
present in the atrium in the murine heart {19].

Messina et al. [7] have demonstrated that hCSCs can be
isolated from human heart using floating culture system.
We employed the essentially similar method to isolate
hCSCs. However, in contrast to the previous report, we
found that c-kit expression was extremely low in the isolat-

ed cells from both infant and adult hearts. Several reports -

demonstrated that c-kit expression was diminished on the
lineage-committed cardiac progeny as observed in murine
cardiac progenitor cells and cardioblasts [3.5,19]. It is pos-
sible that cardiospheres contain a mixed population of cells
that, as in the niche, can promote the viability of c-kit pro-
genitors and contribute to their proliferation [7]. Our
observation suggest that mixed progenitor populations
may exist during the process of lineage-commitment of
hCSCs in the human heart as during hematopoietic homeo-
stasis [20].

It is notable that hCSCs have a mesenchymal-like char-
acter. Mesenchymal stem cells were conventionally isolated
from bone marrow and the presence in many tissues but
not heart has recently been reported [21]. In the developing
heart, the neural crest cells are known to migrate into the
cardiac outflow tract to supply the cells from the primitive
epicardial epithelium through a process of epithelial-to-
mesenchymal transition [22]. These epicardially derived
cells have a mesenchymal phenotype and stem cell property
in human adult hearts [23]. Thus, it may be conceivable
that hCSCs isolated from the human heart might be origi-
nated from the primitive epicardial epithelium.

The mechanism to regulate the proliferation and surviv-
al of stem cells has been examined. Akt is a nodal signaling
kinase linked to both the proliferation and survival of
somatic stem or progenitor cells in neural tissue and blood
[24.25]. Our studies demonstrate that the proliferation of
hCSCs appears to be dependent on the activation of Akt
in response to EGF/bFGF stimulation. Furthermore, we
have documented that inhibition of Akt pathway impairs
cell growth and survival. Our observations are consistent
with two independent studies demonstrating that ex vivo
transduction of Akt prevents bone marrow-derived MSCs
from the oxidative stress-induced apoptosis (10] and that
the nuclear-targeting of Akt leads to an acceleration of
mCSC expansion [13].

The novel finding we showed here that GSK-38 is also
associated with the proliferation and survival of hCSCs
may provide the new prospect for stem cell therapy.
GSK-3p is onc of the substrates of Akt and participates
in regulating the cell cycle in various cell types [26]. We
found that BIO stimulated the growth kinetics of hCSCs
consistent with the observation seen in BIO-mediated pro-

liferation of differentiated cardiomyocytes [27]. Thus, our
findings suggest that Akt/GSK-3B pathway is crucial in
hCSC growth and survival as well as mCSCs.

In conclusion, the present study demonstrates that the
resident CSCs in human hearts have mesenchymal charac-
teristics and proliferate through Akt/GSK-3f8 pathway.
Understanding whether pharmacological inhibition of
GSK38 by BIO may act through direct activation of the
Whnt signaling pathway for stem cell maintenance {28] will
provide a new insight into the signaling pathways required
for hCSC expansion and engraftment in vivo. These novel
findings may enable practical applications for establishing
hCSC lines and provide an advanced cell therapy for
patients with heart failure.
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Intracoronary Transplantation of Non-Expanded
Peripheral Blood-Derived Mononuclear Cells Promotes
Improvement of Cardiac Function in Patients
With Acute Myocardial Infarction

Tetsuya Tatsumi, MD; Eishi Ashihara, MDt; Toshihide Yasui, MD; Shinsaku Matsunaga, MD;
Atsumichi Kido, MD; Yuji Sasada, MSc*; Satoshi Nishikawa, MSc**; Mitsuyoshi Hadase, MD;
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Background Transplantation of non-expanded peripheral blood mononuclear cells (PBMNCs) enhances neo-
vessel formation in ischemic myocardium and limbs by releasing angiogenic factors. This study was designed to
examine whether intracoronary transplantation of PBMNCs improves cardiac function after acute myocardial
infarction (AMI). ’

Methods and Results  After successful percutaneous coronary intervention (PCI) for a ST-elevation AMI with
occlusion of proximal left anterior descending coronary artery within 24 h, patients were assigned (o either a con-
trol group or the PBMNC group that received intracoronary infusion of PBMNCs within 5 days after PCL
PBMNCs were obtained from patients by COBE spectra-aphcresis and concentrated to 10ml, 3.3ml of which
was infused via over-the-wire catheter. The primary endpoint was the global left ventricular ejection fraction
(LVEF) change from baseline to 6 months’ follow-up. The data showed that the absolute increase in LVEF was
7.4% in the control group and 13.4% (p=0.037 vs control) in the PBMNC group. Cell therapy resulted in a greater
tendency of ARegional ejection fraction (EF) or significant improvement in the wall motion score index and
Tc-99m-tetrofosmin perfusion defect score associated with the infarct area, compared with controls. Moreover,
intracoronary administration of PBMNCs did not exacerbate either left ventricular (LV) end-diastolic and end-
systolic volume cxpansion or high-risk arrhythmia, without any adverse clinical events.

Conclusion Intracoronary infusion of non-expanded PBMNCs promotes improvement of LV systolic function.
This less invasive and more feasible approach to collecting endothelial progenitor cells may provide a novel thera-
peutic option for improving cardiac function after AMI.  (Circ J 2007; 71: 1199-1207)

Key Words: Acute myocardial infarction; Angiogenesis; Cardiac function; Peripheral blood-derived mononu-

clear cells

and subsequent endothelial differentiation was be-

lieved to exclusively occur in embryonic develop-
ment! but this dogma was overturned when human adult
peripheral blood mononuclear cells (PBMNCs) were dem-
onstrated to differcntiate into the cndothelial lincage?
These cells named “‘endothelial progenitor cells” (EPCs)
expressed endothelial markers, and were incorporated into
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the sites of ischemia34 We have recently demonstrated that
bone marrow mononuclear cells (BMMNCs) contain EPCs
in the CD34+ cell fraction and various proangiogenic fac-
tors, such as basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF), and angiopoietin 1 in
the CD34- cell fraction, and that implantation of BMMNCs
into the site of ischemia enhances angiogenesis via harmon-
ic supply of EPCs and angiogenic factors3 This technique
has been used clinically and developed as a useful thera-
peutic option for human critical limb ischemia?

The concept of the heart as an organ composed of lermi-
nally differentiated myocytes incapable of regeneration is
also becing challenged$-10 Although attempts to replace
necrotic tissue by transplanting other cells (eg, fetal cardiac
myocytes or skeletal myoblasts) succeeded in reconstituting
heart muscle, these cells failed to completely integrate struc-
turally and to display characteristic physiological func-
tion!'-13 Tn contrast, bone marrow cells (BMCs) have the
ability to differentiate into various tissue and are likely to
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regenerate myocardium by inducing myogenesis and
angiogenesis, as shown by improved cardiac function and
myocardial perfusion in recent accumulating evidence
from animals and humans'+!7 In particular, cardiac transfer
of BMC-derived stem/progenitor cells can have a favorable
impact in patients with acute myocardial infarction
(AMI)!8.19 Clinical efficacy of intracoronary transplanta-
tion of BMCs after AMI has been the focus of recent large
scale, randomized, and controlled trials. The potential bene-
(it of intracoronary injection of BMCs for left ventricular
(LV) function was reported in the randomized Bone mar-
row transfer to cnhance ST-clevation infarct regeneration
(BOOST) trial?® and in the Reinfusion of Enriched Pro-
genitor Cells and Infarct Remodeling in Acute Myocardial
Infarction (REPAIR-AMI) trial?! In contrast, intracoronary
injection of BMCs after AMI did not significantly improve
LV function in the Autologous Stem-Cell Transplantation
in Acute Myocardial Infarction (ASTAMI) trial*2 or in the
trial reported by Janssens ct al?3 Thus, the latest randomized
clinical studies for transplantation of BMCs against AMI
retain discrepancies that must be resolved in future trials.

We have previously reported that NOGA-catheter based
implantation of non-expanded PBMNCs alone can signifi-
cantly improve systolic function in ischemic hibernating
myocardium of pigs?* and that intramuscular injection of
human PBMNCs markcedly increascs regional blood flow
in hindlimb ischemia by releasing potent angiogenic fac-
tors such as VEGF and bFGF25 Moreover, it has been dem-
onstrated that EPCs are indeed mobilized in patients with
AMI, peak at 7 days after the onset2¢ and that stromal-cell-
derived factor-1 (SDF-1), an important stem cell homing
factor, is expressed in the myocardium immediately after
AMI?" Because the invasiveness of BMC collection in the
acute phase of AMI limits its clinical application, we hypo-
thesized that transplantation of non-expanded PBMNCs
would even improve the cardiac function in patients with
AMLI. In this context, we started a clinical trial named the
“Japan Trial for Therapeutic Angiogenesis by Cell Trans-
plantation of Peripheral Blood-derived Mononuclear Cells
for Acute Myocadial Infarction (TACT-PB-AMI)” in 2004.
The primary aim of our study was to examine whether intra-
coronary injection of non-expanded PBMNCs results in an
improvement in LV [unction, as measured by LV ejection
fraction (LVEF), after AMI. Additional objectives were to
test the feasibility and safety of this trcatment, as well as to
assess the effectiveness on regional wall motion, cardiac
volumes, and arrhythmias.

Methods

Patients and Study Protocol
Paticnts between 18 and 80 years of age were eligible for
inclusion in the study if they had a first acute ST-elevation
myocardial infarction with occlusion of the proximal left
anterior descending (LAD) coronary artery and a creatine
“kinase (CK) level >1,0001U, which was successfully treated
by percutaneous coronary intervention (PCI) within 24 h.
According to previous observations28.22 CK values were
scrially mcasured cvery 4 h for 24 h after the onsct of AMI.
Exclusion criteria were the presence of cardiogenic shock
requiring intravenous pressors or intra-aortic batloon coun-
terpulsation, pulmonary edema, advanced hepatic or renal
dysfunction, evidence of malignant diseases. or unwilling-
ness Lo participate. Because the patients were best suited
for an evaluation of LV function by angiographic imaging,
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we decided to include only patients with anterior wall in-
farction. This study protocol was approved by the Ethics

. Review Board of Kyoto Prefectural Umversity School of

Medicine, and written informed consent was given by each
patient.

The study was designed as an open-label and non-ran-
domized clinical trial. Briefly, after successful PCI (TIMI
1), patients were assigned to either the control (PCT alone)
group or non-expanded PBMNC group that received in-
tracoronary infusion of PBMNCs within 5 days after PCL
Intracoronary cell transplantation was performed by over-
the-wire balloon cathcter. Neither collection of PBMNCs
nor sham injection was performed in the control group. The
primary endpoint was the global LVEF change from base-
line to 6 months’ follow-up.

Catheterization Procedure for Progenitor Cell
Transplantation

A mean of 2.5+0.5 days after the AMI, an over-the wire
balloon catheter was advanced into the infarct-related artery
(eg, LAD). To allow for adhesion and transmigration of the
infused cells through the endothelium, the balloon was in-
flated inside the stent previously implanted during the acute
reperfusion procedure with low pressure to block blood
flow for 3min while 3.3ml of the PBMNCs suspension was
infuscd distally to the occluding balloon through the central
port of the balloon catheter, as previously described!? This
maneuver was repeated 3 times to accommodate infusion
of the total 10-ml cell suspension, interrupted by 3 min of
reflow by deflating the balloon to minimize extensive
ischemia. After completion of intracoronary cell transplan-
tation, coronary angiography was repeated to ascertain
vessel patency and unimpeded flow of contrast matcrial.

Preparation of Progenitor Cells

A cell separator apheresis system with computer soft-
ware (COBE Spectra, software version 6.1, Gambro BCT,
Lakewood, Co, USA) was used to collect all PBMNC pro-
ducts via the standard MNC program. Acid citrate dextrose-
A (ACD-A, Baxter Healthcare Corporation, Deerfield, IL,
USA) was used as the anticoagulant at a whole body-
to-ACD ratio of 20-25:1 in combination with 2,0001U
heparin sulfate. Apheresis was performed through central
venous access from the femoral vein in all patients in the
PBMNC group. With the aim of processing the largest
amount of blood in the shortest possible time, apheresis
procedures were performed with the highest possible but
still tolerable blood flow rate, such as 55 ml/min. No more
than 2.5-fold of the donor’s blood volume was processed
on a single day. We usually obtain PBMNCs (=5x10? cells)
from patients by COBE spectra-apheresis and concentrate
them to 10ml by density gradient centrifugation (Kubota
9810, Japan). )

After PBMNCs were harvested by COBE Spectra, 100ul
of the cell suspension was diluted by PBS(-) containing
0.5% bovine serum albumin (Fraction V, Sigma, St Louis,
MO, USA) used lor flow cylometric analysis. The cells
were stained with allophycocyanin-conjugated (APC)-anti-
human CD34 (Bccton Dickinson, San Jose, CA, USA) and
phycoerythrin-conjugated  (PE)-anti-human VEGFR2
(KDR) (R&D Systems, Minneapolis, MN, USA).

Appropriate isotype controls were used for each staining
procedure; 1x105 cells were gated within the lymphocyte re-
gion on forward-scatter vs side-scatter plots using a FACS
Calibur (BD Bioscience). Next, the percentages of cells in
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Table 1 Clinical Characteristics of the Study Population

1201

Control group (n=36) PBMNC group (n=18) p value

Age, vears 60.4+11.3 61.848.7 0.65
Male sex, no. (%) 32 (88.9) 15(83.3) 0.57
Hypertension, no. (%) 16 (44.4) 11(61.1) 0.25
Hyperlipidemia, no. (%) 20(55.6) 12(66.7) 0.43
Diubetes, no. (%) 12(33.3) 5(27.8) 0.68
Smoking, no. (%) 20(55.6) 12 (66.7) 0.43
PAD, no. (%) 3(&83) 1(5.6) 0.71
Killip class on admission 1.2040.48 1.2230.43 0.66
Infarct segment 6.320.5 6.630.5 0.06
Vessel diumeter, imm 3.24%0.38 3.2240.31 0.89
Peak creatine kinase, 1U/dl 3,764£2,506 4,255%1,615 0.47
Time to revascularization, h 6.1+5.7 5.2¢2.4 0.49
Mean transplanted cells, no. - 4.9242.82x10%
Medication

ACEI, no. (%) 26(72.2) 15(83.3) 0.37

ARB, no. (%) 11(30.6) 5(27.8) 0.83

B-blacker, no. (%) 19(52.8) 10(55.6) 0.85

Diuretics. no. (%) 6(16.7) 3(16.7) 1.00

Statins, no. (%) 22(61.1) 11(61.1) 1.00

Values are expressed as meantSD.

PBMNC., peripheral blood mononuclear cell; PAD, peripheral urterial disease; ACEI, ungiotensin-converting enzyme inhibitor;

ARB, angiotensin-receptor blocker.

cach population described below were calculated using
CELLQuest software (BD Bioscience).

LV Angiography

LV angiograms were obtained according to standard ac-
quisition guidelines immediately after PCI and at 6 months’
follow-up. LVEF and LV volumes were calculated by the
arca—lcngth mcthod, and regional wall motion was deter-
mined with the use of the centerline chord method.

Measurement of Other Parameters

For the assessment of regional LV wall motion, echocar-
diography was carried out before cell transplantation and at
6 months’ follow-up. Two-dimensional resting echocardio-
graphy was performed in the 4 standard views (parasternal
long-axis and short-axis views and apical 4- and 2-chamber
views) and regional LV wall motion analysis was performed
as described by the Committee on the Standards of the
American Society of Echocardiography, dividing the left
ventricle into 16 segments and scoring wall motion as 1=
normal, 2=hypokinesis, 3=akinesis, 4=dyskinesis for each
segment. The wall motion score index (WMSI) was calcu-
lated as the sum of the scores of the segments divided by
the number of the segments evaluated at the day of cell
transplantation and 6 months’ follow-up.

We performed resting Tc-99m (**"Tc)-tetrofosmin gated
single photon cmission computed tomography (SPECT)
before hospital discharge and at 6 months’ follow-up. In all
patients, 592 MBq of 9°™Tc-tetrofosmin was intravenously
injected at rest. Immediately after the injection, each patient
drank a glass of milk to accelerate tracer clearance from the
hepatobiliary system. Data acquisition for SPECT imaging
was performed at 30 min after 99" Tc-tetrofosmin injection,
using a rotating digital gamma camcra (Picker PRISM
IRIX) equipped with a low energy, high resolution, and
parallel-hole collimator. Reconstructed transaxial images
were reoriented in the vertical long-axis and short-axis of
the LV. The basal and midventricular segments on short-
axis views ol the LV myocardium were divided into 8 seg-
ments each, and 16 segments were taken. An apical region
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on the vertical long axis was also taken, and a total of 17
segments were analyzed. The 9" Tc-tetrofosmin perfusion
defects were visually evaluated by 2 experienced observers,
who had no knowledge of the patient’s clinical information,
with a 5-point grading system (O=normal, 1=mildly de-
creased uptake, 2=moderately decreased uptake, 3=severe-
ly decreased uptake, 4=defect). The grading was decided
on by conscnsus between the 2 observers, and the sum of
the scores for all segments was used as the defect score.

To assess whether intracoronary cell transplantation was
associated with proarrhythmic effects, we performed 24-h
Holter recording for all patients before hospital discharge
and at 6 months’ follow-up, and estimated the Holter Lawn
class by calculating premature ventricular complexes and
ventricular tachycardias.

Follow-up Examinations

Six months after progenitor cell therapy, cardiac catheter-
ization was repeated; left ventriculography was performed
with identical projections and adcquatc contrast opaci-
fication for quantitative analysis according to standard
guidelines and coronary angiograms were analyzed for the
presence of restenosis in the infarct-related artery. Echocar-
diography, Holter ECG, and perfusion scintigraphy were
also repeated after 6 months.

Statistical Analysis

Continuous variables are presented as means+SD. Con-
trol and cell therapy groups were compared using the chi-
square test for discrete variables and unpaired Student’s t-test
for continuous variables according to standard statistical
methods. Statistical significance was assumed at a value of
p<0.05. All statistical analysis was performed with SPSS
(Version 9.0, SPSS Inc, Chicago, IL, USA).

Results

Baseline Characteristics and Procedural Results of Cell
Infusion
The clinical characteristics of the study population are

—151—



1202 TATSUMI T ecal.

Table 2 Clinical Characteristics of the Patients’ Measurements of Hemodynamics at the Time of AMI (Baseline) and
6-Months’ Follow-up

Control group (n=36) PBMNC group (n=18) p value

LVSP (mmHyg)
Baseline 121.7%13.0 120.3%£13.9 0.73
6 months 125.0+19.2 126.9+8.7 0.67
p value (buseline vs 6 months) 047 0.10

LVDP (mmHg)
Baseline 3.944.8 4.615.1 0.67
6 months 3.1x24 4135 0.27
p value (baseline vs 6 months) 04 0.73

LVEDP (mmHyg)
Baseline 20.1%6.1 19.814.8 0.89
6 months 13.613.7 14.315.3 0.57
p value (baseline vs 6 months) <0.0001 <0.0001

AOMP (mmHyg)
Buseline 90.3t13.4 88.4+9.7 0.61
6 months 89.5+14.2 90.2+9.7 0.85
p value (baseline vs 6 months) 0.84 0.58

HR (beats/min)
Baseline 88.37.7 88.0+10.9 0.91
6 months 65.816.8 65.0£7.2 0.69
p value (baseline vs 6 months) <0.0001 <0.0001

Vaalues are meant.SD.
AMI, acute myocardial infarction; LVSP, left ventricular systolic pressure; LVDP, left ventricular diastolic pressure; LVEDP, left
ventricular end-diastolic pressure: AOMP. aortic mean pressure; HR, heart rate. Other abbreviation see in Table 1.

Table 3 Clinical Characteristics of Patients’ Baseline Cardiac Function

Control group (n=36) PBMNC group (n=18) p value
LVEF (%) 48.8t11.3 43.8+12.5 0.20
EDVI (ml/m?) 60.9+14.8 70.0£15.0 0.07
ESVI (1nlfin?} 32.0+13.1 39.9+14.9 0.054
Regional EF (%)
Segment #2 11.746.1 12.3£7.0 0.77
Segment #3 8.4%6.5 5.5£5.8 0.1

LVEF, left ventricular ejection fraction; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; EF, ejection fraction.
Other abbreviation see in Table 1. )

shown in Table 1. The PBMNC group and control group
were well matched with respect to baseline characteristics
and procedural characteristics, such as age, sex, and coro-
nary risk factors, Killip class, infarct segment, and vessel
diameter. Although particularly important factors influenc-
ing cardiac function are considered to be peak CK and time
to revascularization, there were no significant differences in
these factors between the 2 groups. All patients were treated
with aspirin (100mg/day), ticlopidine (200mg/day for at
least 4 weeks after PCI) or cilostazol (200 mg/day at least 4
weeks after PCI), statin, fB-blocker, and angiotensin-con-
verting enzyme inhibitor (ACEl) or angiolensin-receptor
blocker (ARB) during the hospitalization for AMI and con-
tinued unti! the 6-months’ follow-up' cxamination, unlcss
these agents were contraindicated. There were no signifi-
cant differences between the control and PBMNC groups
in the administration of ACEIs, ARBs, f-blockers or statins
(Table 1).

No patient had either bleeding complications through the
central venous access from the femoral vein or systemic
blood pressurc fall during the apheresis procedures. Al-
though a transient further ST elevation associated with bal-
loon occlusion was seen in the infarct-related ECG leads in
most of the patents receiving PBMNCs, there were no
serious symptomatic complaints or circulatory disturbances
duting or after cell transplantation. Neither intracoronary
infusion nor the stop-flow procedure was performed in the

control group. There were no fatal cardiac events during
the follow-up period, and no patient in either group had any
clinical manifestation of heart failure.

Endothelial Progenitors in AMI Patients

FACS analysis showed that the percentage of CD34+
(0.12+0.2) or CD34/KDR* (0.05+0.1) cells in the PBMNCs
from AMI patieats tended to be higher (2—10-fold, but not
statistically significant), compared with healthy volunteers
(CD34+; 0.06+0.1, CD34/KDR*; 0.003+£0.001), and that
these cells also possess the characteristics of EPCs, as dem-
onstrated by Dil-acetylated LDL uptake and lectin binding.

Hemodynamics and LV Function by Angiography

Table2 shows the hemodynamic measurements in the
control and PBMNC groups at the time of AMI (baseline)
and at 6-months’ follow-up. Although LV end-diastolic
pressure (LVEDP) and heart rate (HR) were significantly
reduced from baseline to 6-months’ follow-up in both.
groups, there were no significant differences in LV systolic
pressurc (LVSP), LV diastolic pressure (LVDP), or aortic
mean pressure (AOMP). Moreover, there were no statisti-
cally significant differences in LVSP, LVDP, LVEDP,
AOMP, or HR between groups at either baseline or 6-
months’ follow-up.

Table 3 shows the clinical characteristics of baseline LV
cardiac function. There were no significant differences in
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Fig2. End-diastolic volume index (EDVI) and end-systolic volume index (ESVI) at baseline and 6 months’ follow-up.
Data are mean+ SD. PBMNC, peripheral blood mononuclear cell.

LVEF, end-diastolic volume index (EDVI), end-systolic
volume index (ESVI), or regional ejection fraction (EF)
between the control and PBMNC groups. Fig 1 illustrates
LV function as assessed by cineventriculography at baseline

and 6-months’ follow-up. In thc contro! group, LVEF was

48.8% at baseline and gradually increased to 56.3% after
6 months. In contrast, LVEF was 43.8% at baseline and
increased to 57.2% after 6 months in the PBMNC group.
Although the baseline measurement of LVEF did not differ
significantly between the 2 groups, the absolute increase in
LVEF (AEF) was 7.4% in the control group and 13.4% in
the PBMNC group. Our data therefore show that cell trans-
plantation significantly improved LVEF. and there was a
modest but significant increase in global LVEF, even in the
patients with PCI alone (ie. controls). Tt is notable that the
AEF value in thePBMNC group was significantly greater
than that in the control group (PCI alone) (Fig 1).

There were no significant difference in EDVI between
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baseline and 6 months’ follow-up in either control or
PBMNC group (Fig2) and also no significant difference in
the absolute difference in EDVI (AEDVI) between the
control and PBMNC groups (p=0.90). ESVI was signifi-
cantly decreased from bascline to 6 months’ follow-up in
both groups, such that the absolute difference in ESVI
(AESVI) was —4.3% in the control group and —8.2% in the
PBMNC group. Thus, although there was no statistically
significant difference in AESVI value between the 2 groups
(p=0.09), the AESVI value tended to be lower in the
PBMNC group, compared with controls. Selective analysis
of the infarcted zonc showced that bascline mcasurcments of
regional wall motion (regional EF), that is, segments #2 and
#3 of the AHA classification, did not differ significantly be-
tween the control and PBMNC groups (Table 3). Although
regional wall motion in the infarct area was significantly
improved {rom baseline to 6 months” follow-up in both
groups, the absolute value of regional EF (ARegional EF)
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tended to be greater in PBMNC group, compared with
control (Fig 3).

Effects of Cell Transplantation on Other Parameters
Resting echocardiography indicated that cell transplan-

tation significantly decreased the WMSI from baseline

(1.67+0.18) to 6 months’ follow-up (1.50+0.34) and this im-

provement in rcgional wall motion was cspecially scen in
the infarct-related area of 15 of 18 patients. Resting 9"Tc-
tetrofosmin gated SPECT also showed that cell transplanta-
tion significantly decreased the perfusion defect score from
baseline (20.4+9.0) to 6 months’ follow-up (14.1£9.4), and
this improvement in regional myocardial perfusion was
seen in the infarct-related area of 14 of 18 patients. In con-
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trast, cell transplantation did not significantly exacerbate
but rather tend to decrease the Holter Lawn Class (data not
shown).

Impact of Baseline Parameters and on Cardiac Function

We observed that cell transplantation significantly im-
proved the AEF value, compared with controls (Fig1). We
further analyzed the effect of baseline parameters on the
absolute increase in LVEF. In order to avoid our “arbitrary
decision” on subgroup analysis, the total patient population
was dichotomized according to the “median values” of
bascline EF, peak CK, reperfusion time, and transplanted
cell number at baseline, as previously reported?! We then
reanalyzed the data for addressing the clinical relevance of
PBMNC administration.

We first examined the impact of baseline EF on cardiac
function. When we divided all the patients into 2 groups by
median baseline EF 47.25%, there was a significant tnter-
action between the trcatment effect of PBMNC infusion
and the baseline EF. Among patients with a baseline EF
below the median value, patients in the PBMNC group had
an absolute increase in LVEF (AEF value) that was 2-fold
that of the control group (Fig4A) (absolute difference,
9.2%; 95% confidence interval (CI), 5.3 to 13.1). In con-
trast, among patients with a baseline EF at or above the
median, the absolute difference between the 2 groups was
only 1.5% (absolute difference, 1.5%: 95%CI.-2.1t0 5.1).
suggesting that cell transplantation preferentially improved
LV function in patients with relatively depressed contrac-
tility.

We next examined the impact of peak CK on cardiac
function. When we divided all the patients into 2 groups by
median peak CK 3,853IU/dl, there was again a significant
interaction between the treatment effect of PBMNC infu-
sion and the peak CK. Among patients with a baseline peak
CK at or above the median value, those in the PBMNC
group had an absolute AEF value that was more than 2-fold
the value for the control group (Fig4B) (absolute difference.,
5.6%; 95%Cl, 2.8 to 8.4). Among patients with a baseline
peak CK below the median, those in the PBMNC group
also had an absolute AEF value that was =2-fold that in the
control group, although there was not a significant differ-

ence in the AEF value between the 2 groups. The data sug- .

gest that cell transplantation preferentially improved LV
function irrespective of infarct size.

We also examined the impact of reperfusion time on
cardiac function. When we divided all the patients into 2
groups by a median reperfusion time of 4.5h, there was
again a significant interaction between the treatment effect
of PBMNC infusion and the reperfusion time. Among pa-
tients with a baseline reperfusion time below the median
value, those in the PBMNC group had an absolute AEF
value that was almost 2-fold that in the control group

(Fig4C) (absolute difference, 9.8%; 95%ClI, 6.1 to 13.5). -

In contrast, among patients with a baseline reperfusion time
at or above the median, the absolute difference between
the 2 groups was only 2.4% (absolute diflerence, 2.4%;
95%CI, —1.6 to 13.8), suggesting that cell transplantation
prcferentially improved LV function in paticats with rcla-
tively early reperfusion.

We further examined the impact of transplanted cell
number on cardiac function. When we divided the patients
receiving cell therapy into 2 groups by a median cell
number of 4.94x10%, there was no significant interaction
between the treatment effect of PBMNC infusion and the
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number of transplanted cells, suggesting that cell number
did not significantly affect LV function, at least in our
study (Fig4D).

Clinical Manifestations and Adverse Effects

The occurrence of individual major adverse cardiac
events of death, recurrence of myocardial infarction, or
rehospitalization for heart failure did not differ signifi-
cantly between the control and PBMNC groups. The rate of
in-stent restenosis at the culprit lesion in patients who
received PBMNC transplantation was 22.2%, which was
not significantly differcnt from that in the control patients
(p=0.21).

Discussion

The major finding of the present study is that the intra-
coronary administration of non-expanded PBMNCs signifi-
cantly enhanced the recovery of LV contractile function in
patients optimally treated for AMI. After 6 months, the
absolute increase in LVEF (AEF) was significantly higher in
the PBMNC group than in controls. The enhanced recovery
of LV coniractile function after the administration of
PBMNCs appeared to be related 1o a reduction in regional
LV dysfunction within the territory of the infarct, because
cell therapy resulted in a greater tendency of ARegional EF
or significant improvement of WMSI and 2™ Tc-tetrofosmin
perfusion defect score associated with the infarct area,
compared with controls. Moreover, intracoronary adminis-
tration of PBMNCs did not exacerbate LV expansion or
high-risk arrhythmia after the infarction. Taken together,
our findings indicate that when combined with optimal
reperfusion therapy and standard medical treatment, intra-
coronary administration of PBMNCs is able to enhance the
recovery of global and regional LV function after AML

Our results of subgroup analysis also provide some
meaningful suggestions in the choice of patients for cell
therapy against AMI; cell transplantation preferentially
improved LV function in patients with relatively depressed
contractility, irrespective of infarct size, and with relatively
early reperfusion. Thus, patients with relatively early reper-
fusion and depressed LV contractile function had better
improvement in contractile function alter the intracoronary
administration of PBMNCs. Our data therefore suggest that
PBMNC transplantation may rescue dying myocytes that
were severely stunned in the infarct border zone, irrespec-
tive of the infarct size.

Several lines of evidence suggest that the level of circu-
lating CD34+ EPCs is predictive of future cardiovascular
events® and that bone marrow-derived CD34+ cells could
be important for cardiovascular repair3! In the present study,
we uscd a mean of 4.92x10° PBMNCs containing =6x106
CD34+ cells for intracoronary injection and obtained an in-
crease of 6% in AEF value. In the BOOST and REPAIR-
AMI trials, =2.5x109 unfractionated BMCs and =2.4x103
Ficoll-separated . BMCs (=2-3x106 CD34* cells) were
transplanted, with increases ol 6% and 2.5% in AEF values,
respectively. In contrast, in Janssens’s report and the
ASTAMI trial, ~3x108 Ficoll-scparatcd BMCs (=2.8x10¢
CD34+ cells) and =7x107 Ficoll-separated BMCs (=0.7x10°
CD34+ cells), respectively, were used, and there was no
significant increase in AEF value. These data therefore in-
dicate that the total number of injected cells or CD34+* cells
does not always correlate with the improvement in cardiac
performance after cell transplantation, although trans-
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