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Abstract

Repeated doses of c-kit" cardiac progenitor cells (CPCs) are superior to a single dose in improving LV function in rats with old
myocardial infarction (MI). However, this concept needs testing in different species to determine whether it is generalizable. We used
a new murine model of chronic ischemic cardiomyopathy whose unique feature is that cell therapy was started late (3 months) after
MI. Mice received three echo-guided intraventricular infusions, 5 weeks apart, of vehicle, CPCs x 1, or CPCs % 3. Echocardiography
demonstrated that the single-dose group exhibited improved LV ejection fraction (EF) after the 1st infusion (CPCs), but not after the
2nd and 3rd (vehicle). In contrast, in the multiple-dose group LVEF continued to improve, so that the final value was greater than in
vehicle or single-dose groups (P < 0.05). Hemodynamic studies showed that compared with vehicle, both preload-dependent and
preload-independent functional parameters were significantly increased in the multiple-dose group but not in the single-dose group.
Thus, two independent methods of functional assessment (echocardiography and hemodynamic studies) consistently demonstrated
the superiority of three doses of CPCs vs. one dose. Compared with the single-dose group, the multiple-dose group exhibited less LV
hypertrophy, as evidenced by a greater reduction in LV/body weight ratio and cardiomyocyte cross-sectional area. Furthermore,
unlike the single dose, three CPC doses reduced myocardial inflammatory cells in the risk region. This is the first study of echo-guided
intraventricular infusion of CPCs in mice with chronic ischemic cardiomyopathy. The results demonstrate that the beneficial effects of
three CPC doses are greater than those of one dose, supporting the concept that multiple treatments are necessary to properly evaluate
cell therapy. Our findings indicate that this concept applies not only to rat models but also to murine models. The generalizability of
this strategy greatly enhances its importance and provides a rationale for large animal studies.
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studies in a rat model of ischemic cardiomyopathy, we have
found that three repeated doses of c-kit" cardiac progenitor
cells (CPCs) are more effective than a single dose [18]. We
have extended this concept to a mouse model of recent myo-
cardial infarction (MI), in which cardiac mesenchymal cells
(CMCs) were given 3 weeks after MI administration [7].
Whether the greater efficacy of multiple doses of CPCs is
applicable to more than one species, however, is unknown
since, at present, the superiority of repeated administrations
of CPCs is supported only by results obtained in a rat model
[16, 18]. The validity of this paradigm has not been tested in
models of chronic ischemic cardiomyopathy in other species.

The implications of the repeated-doses paradigm are poten-
tially vast. To date, almost all preclinical studies and virtually
all clinical studies of cell therapy have used one cell adminis-
tration, based on the assumption that one dose of cells is suf-
ficient to achieve a therapeutic effect [2]. In contrast, the new
paradigm implies that the efficacy of cell therapy cannot be
adequately assessed on the basis of a single cell administration
and that future preclinical and clinical studies of cell therapy
need to incorporate the use of repeated cell doses. It is possible
that previous “negative” studies may have been caused by
inadequate dosing — i.e., that one dose of cells was insufficient
to produce the desired effect.

Because of its vast implications, it is important that the
repeated-doses paradigm be tested in different species and
using different cell types in order to determine whether its
validity depends on the specific animal model used or the
specific cell type administered. Accordingly, the goal of the
present study was to determine, using a new model of chronic
ischemic cardiomyopathy in mice, whether three doses of
CPCs are superior to one dose. The distinguishing feature of
this model is that cell therapy was started 3 months after MI.
We are not aware of any studies in murine models of ischemic
cardiomyopathy that have used such a long interval between
MI and treatment. The rationale for such a long interval is to
ensure that the inflammatory response to MI has completely
subsided and that the scar is in a stable state, a setting analo-
gous to that of the large number of patients who develop
chronic heart failure (HF) over the course of years as a result
of old MIs. The present study differs importantly from our
previous study in mice [7] in two important respects: i) in
our previous study, we administered cell therapy at 3 weeks
after M1, a time at which the healing of the infarct is not yet
complete; and ii) in our previous study, we used a different
cell type (CMCs instead of CPCs).

Materials and Methods

This study was performed in accordance with the Guide for
the Care and Use of Laboratory Animals (Department of
Health and Human Services, Publication No. [NIH] 86-23)

and with the guidelines of the Animal Care and Use
Committee of the University of Louisville School of
Medicine. All surgical procedures, measurements of LV func-
tion (echocardiography and hemodynamic studies), and path-
ological analyses were performed by investigators blinded to
treatment allocation.

Isolation and Culture of c-kit Positive Cardiac
Progenitor Cells (CPCs)

The isolation, characterization, and culture of lin /c-kit" murine
CPCs have been previously described [11]. Lin /c-kit" CPCs
(henceforth referred to simply as CPCs) were isolated from
GFP transgenic mice, RFP transgenic mice, and wild-type
(WT) mice (male, C57BL6, 8-10 weeks of age). Hearts were
finely minced and cultured to establish cell outgrowth cultures
over ~7 days using growth medium (F12 K medium supple-
mented with bFGF, LIF, and 10% FBS). CPCs were isolated
from the cell outgrowth of the explants by sequential sorting
procedures including depletion of mature hematopoietic lin +
cells and sorting for c-kit with a specific anti-c-kit antibody
(Santa Cruz) and magnetic immunobeads (Miltenyi). To maxi-
mize the purity of the preparation, the c-kit sorting procedure
was repeated three consecutive times at 14-day intervals. The
lin /c-kit" cells were cultured, and the purity of the sorted cells
was confirmed quantitatively by flow cytometry and immuno-
fluorescent staining before use. In all studies, the CPCs used for
cell transplantation in vivo were passaged 4—6 times [11].

Mouse Model of Ischemic Cardiomyopathy

This study was performed in C57BL6 female mice (age, 16—
19 wks; body weight, 20-25 g), purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). The mouse model of
myocardial ischemia and reperfusion has been described in
detail [5-7, 9, 11, 13]. Briefly, mice were anesthetized with
sodium pentobarbital (60 mg/kg i.p.) and ventilated using
carefully selected parameters. The chest was opened through
a midline sternotomy, and a nontraumatic balloon occluder
was implanted around the mid-left anterior descending coro-
nary artery using an 8—0 nylon suture. To prevent hypoten-
sion, blood from a female donor mouse was transfused at
serial times during surgery [6]. Rectal temperature was care-
fully monitored and maintained at 37.0+ 0.2 °C throughout
the experiment. In all groups, myocardial infarction (MI) was
produced by a 60-min coronary occlusion followed by reper-
fusion. The development of MI-induced ischemic cardiomy-
opathy was confirmed by a decline in ejection fraction (EF) to
<35%, as measured by echocardiography [7] (Vevo 2100
Imaging System) 3 months after MI. Only mice that exhibited
an EF <35% at 3 months after MI were included in the study.
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Treatment Protocol

Three months after MI, mice were randomly allocated to
three treatment groups: vehicle, single CPC dose, or multi-
ple CPC doses (Fig. 1). All treatments (either CPCs or ve-
hicle) were given via echo-guided injection into the left
ventricular (LV) cavity [7]. The 1st, 2nd, and the 3rd doses
were given at 5-week intervals. Mice in the vehicle group
received three doses of vehicle (phosphate-buffered saline,
PBS) (200 pl for each dose); mice in the single-dose group
received GFP* CPCs (1 x 10° cells in 200 pl of PBS) on the
Ist injection and vehicle on the 2nd and 3rd injections; and
mice in the multiple-dose group received three doses of
CPCs (GFP* CPCs on the 1st injection, WT CPCs on the
2nd, and RPF* CPCs on the 3rd; 1 x 10° cells in 200 ul of
PBS for each injection). To detect newly-formed cells, all
mice received 5-bromo-2’-deoxyuridine (BrdU, Sigma;
33 mg/kg/day s.c.) continuously for 5 weeks starting right
after the 1st treatment and 5-iodo-2'-deoxyuridine (IdU,
Sigma) for 5 weeks right after the 3rd treatment. IdU was
given in the drinking water at a final concentration of 0.1%.
Neither BrdU nor IdU were administered after the 2nd dose
(from week 5 to week 10). At 5 weeks after the 3rd dose,
mice were subjected to final echocardiographic and hemo-
dynamic studies and then euthanized for histologic studies
(Fig. 1).

Echo-Guided Intraventricular Injection

We have previously developed a protocol for percutaneous,
echo-guided injection of cells into the LV cavity of mice with
MI [7]. All injections were performed using the Vevo 2100
Imaging System (VisualSonics, Inc.) equipped with a 30-
MHz transducer, a Vevo Image Station with Injection
Mount, and micro-manipulation controls. Briefly, mice were
anesthetized with isoflurane (3% for induction, 1.5% for
maintenance). The anterior chest was shaved and the animal
placed on the imaging table in the right lateral decubitus po-
sition with the left lateral side facing the injection mount. A fter
a good long-axis view of left ventricle was procured, the trans-
ducer was then turned 90 degrees clockwise. The LV was
scanned in the short-axis view from apex to base to determine
the optimal site for needle insertion. To prevent bleeding from
the LV wall, it is crucial to find a site that avoids the infarct
scar and the coronary arteries. Under real-time B-mode view,
a0.5-in. 30 G needle attached to a 1.0 ml syringe was carefully
inserted from the left lateral side and advanced into the center
of the LV cavity. Successful penetration of the LV cavity was
indicated by a small reflux of bright red blood from the needle
into the syringe tip. CPCs or PBS were infused at a steady rate
over 100 s. After the infusion, the needle was quickly with-
drawn from the left ventricle. The body temperature of the
animal was controlled in the range of 37+0.2 °C, and the
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electrocardiogram and respiration were monitored carefully
during the whole procedure. Mice were allowed to recover
in a temperature-controlled area.

Echocardiographic Studies

The echocardiographic studies were performed using the
Vevo 2100 Imaging System (VisualSonics, Inc.) equipped
with a 30-MHz transducer, as previously described [11].
Serial echocardiograms were obtained before treatment
(3 months after M1, before the 1st injection) and 5 weeks after
each treatment and were performed under isoflurane anesthe-
sia (3% for induction, 1% for maintenance). Using a rectal
temperature probe, body temperature was carefully main-
tained at 37+£0.2 °C throughout the study. The parasternal
long axis and parasternal short-axis views were used to obtain
2D mode images for the measurement of LV mass, end-
diastolic and end-systolic LV volume (LVEDV and
LVESYV), stroke volume (SV), and EF, as previously de-
scribed [3, 11]. Digital images were analyzed off-line by
blinded observers using the Vevo 2100 workstation software.
Measurements were performed according to the American
Society for Echocardiography [4, 13]. At least three measure-
ments were taken and averaged for each parameter.

Hemodynamic Studies

At 5 weeks after the 3rd injection, hemodynamic studies were
performed just before euthanasia as previously described [7,
13]. Briefly, mice were anesthetized with sodium pentobarbital
(60 mg/kg i.p.), intubated, and ventilated with a positive pres-
sure ventilator (Hugo-Sachs Electronik D-79232 [Germany];
ventilation rate, 105/min; tidal volume 10.3 ul/g). Rectal tem-
perature was kept at 37+0.2 °C. A 1.0 French pressure—
volume (PV) catheter (PVR-1035, Millar Instruments) was
inserted into the left ventricle via the right carotid artery. The
position of the catheter was carefully adjusted until typical and
stable PV loop signals were acquired. After 30 min of stabili-
zation, the PV signals were recorded continuously with an
MPVS ULTRA Pressure-Volume Unit (Millar Instruments)
coupled with a Powerlab 16/30 converter (AD Instruments),
stored, and displayed on a computer with LabChart 7.0 soft-
ware (AD Instruments). Inferior vena cava occlusions were
performed with external compression to produce variably load-
ed beats for determination of the end-systolic PV relation and
other derived constructs of LV performance. Parallel conduc-
tance from surrounding structures was calculated by a bolus
injection of 5 pul of 30% NaCl through the jugular vein.
Echocardiography-derived SV was used as outside reference
in alpha calibration for LV volume. All hemodynamic data
analyses were performed off-line using LabChart 7.0 software
by an investigator blinded to the treatment.

Histological Studies

The protocol for histologic analysis has been described [7,
19]. Briefly, at the end of the hemodynamic study, the heart
was arrested in diastole by an i.v. injection of 0.15 ml of CdCl,
(100 mM), excised, and perfused retrogradely at 60—
80 mmHg (LVEDP = 8 mmHg) with heparinized PBS follow-
ed by 10% neutral buffered formalin solution for 15 min. The
heart was fixed in formalin for 24 h, then sectioned into three
transverse slices (~2 mm thick) from apex to base, and sub-
jected to tissue processing and paraffin embedding. Slices
were sectioned at 4-pum intervals and stained with Masson’s
trichrome (Sigma), picrosirius red, or antibodies against EGFP
and cell-type-specific markers. Images were acquired digitally
with Nikon Ni-E and Nikon TiE light microscopes and ana-
lyzed using Nikon Elements software [NIS, 64-bit version
3.22.00 (Build 710)]. From the Masson’s trichrome—stained
images, morphometric parameters, including total LV area,
risk region area, and scar area, were measured in each section
[7]. Myocardial collagen content was quantitated on
picrosirius red-stained heart images acquired under polarized
light microscopy by determining collagen density (arbitrary
unit) per mm? of risk region or non-infarcted region with the
NIS Elements software [7, 19]. Fluorescent stains and anti-
bodies were used to identify specific cells, cell markers and
compartments. Imaging was performed using Nikon Ni-E and
Nikon TiE light microscopes; digitally acquired images were
analyzed using NIS-Elements software.

Immunohistochemistry

Immunohistochemistry was performed in formalin-fixed,
paraffin-embedded, 4-pum-thick heart sections as described
previously [7, 16, 19]. Myocytes were stained with an anti-oc-
sarcomeric actin (x-SA) antibody (Sigma). Myocyte mem-
branes were stained with Rhodamine conjugated wheat germ
agglutinin (WGA) (Vector Labs) to facilitate the identification
of individual myocytes for analysis of myocyte cross-
sectional area and myocyte density by identification of cell
borders. Double immunofluorescent staining was performed
with specific anti- «-SA and anti-BrdU or anti-IdU (Abcam)
antibodies for evaluation of proliferating myocytes. An anti-
CD45 (Abcam) antibody was used to identify inflammatory
cells. Nuclei were stained with DAPI (4',6-diamidino-2-
phenylindole).

Statistical Analysis

Data are presented as mean + SEM. Data were tested for nor-
mality using the Shapiro-Wilk test. Data that are normally
distributed were analyzed with one-way or two-way
ANOVA, followed by unpaired Student’s #-tests with the
Bonferroni correction [1, 10, 12, 17]. The Kruskal-Wallis

@ Springer



608

Stem Cell Rev and Rep (2021) 17:604-615

one-way ANOVA on ranks was used for data that are not
normally distributed. A P value <0.05 was considered statis-
tically significant. All statistical analyses were performed
using the Sigma Stat software system [7].

Results
Exclusions and Gross Measurements

A total of 112 mice were initially enrolled for surgical induc-
tion of MI. Perioperative mortality (at 48 h after MI) was 19%
(21 mice). The remaining 91 mice underwent pretreatment
echocardiographic studies at 3 months after MI; of these, 13
were excluded because LV EF was >35% (prespecified exclu-
sion criterion). The remaining 78 mice were randomly allocat-
ed to one of the three treatment groups (vehicle, single dose, or
multiple doses). Seven mice died after the 1st injection, 2 died
after the 2nd injection, and 1 died after the 3rd injection, all
within 24 h after injections. Another 2 mice in the vehicle
group died before the final echocardiographic study.
Therefore, a total of 66 mice were included in the final analy-
sis: 22 in the vehicle group, 24 in the single-dose group, and
20 in the multiple-dose group (Supplementary Table 1).

By experimental design, rectal temperature was kept within
a narrow, physiologic range (36.8-37.2 °C) in all groups dur-
ing all procedures, including coronary occlusion/reperfusion,
echo-guided injections, echocardiographic studies, and hemo-
dynamic studies (Supplementary Table 2). Heart rate was also
similar in all three groups (Supplementary Table 2).

At baseline, body weight was similar in all groups
(Supplementary Table 3). Compared with pretreatment body
weight, the vehicle group exhibited a body weight loss (1.3 +
0.7 g) after the 15-week follow-up, while the cell-treated
groups exhibited a weight gain of 0.3+0.4 g and 0.4+03 g
in the single-dose and multiple-dose groups, respectively. Final
body weight was greater in the multiple-dose group compared
with the vehicle group (P <0.05) (Supplementary Table 3A).
In the vehicle group, both LV mass and LV weight/body
weight ratio were significantly greater than in age-matched
normal control (non-operated) mice (+35% for both,
P <0.05), indicating compensatory LV hypertrophy after MI
(Supplementary Table 3B). Importantly, the LV weight/body
weight ratio was significantly reduced in both the single-dose
and multiple-dose groups vs. the vehicle group (4.9 +0.3 and
4.2+0.1 vs. 5.8+£0.3 mg/g, respectively, P<0.05)
(Supplementary Table 3B).

Effect of CPCs on LV Function Measured by
Echocardiography

The results obtained by serial echocardiographic studies are
presented in Figs. 2 and 3 and in Table 1. Under our strict
inclusion criteria, only animals with severe LV dysfunction
(EF £35%) at 3 months after MI were included in the final
analysis. In the vehicle group, a progressive deterioration in
LV function was observed, with average EF decreasing from
29.3% to 27.3% in the 15-week interval between the 1st treat-
ment and euthanasia (105 days later) (Fig. 3a and Table 1).

Table 1. Echocardiographic

results n Before 1st Rx Before 2nd Rx Before 3rd Rx Final
EDV (ul)
Vehicle 22 82.9+12 86.8+1.1 883+1.2 90.1+1.5
Single dose 24 81.8+1.8 83.2+1.2 83.5+1.5 86.6+1.6
Multiple doses 20 82.7+1.7 81.2+1.3% 81.4+1.8" 85.9+12
ESV (ul)
Vehicle 22 58.6+0.9 62.3+0.8 63.7+0.9 65.5+1.2
Single dose 24 58.1+13 56.0+ 1.0 56.9+1.2" 58.8+1.3"
Multiple doses 20 58.5+13 54.8+1.2" 54.6+14" 55.5+0.9"
SV(ul)
Vehicle 22 242+0.4 24.6+0.4 245+0.4 24.6+0.4
Single dose 24 23.7+0.6 27.3+0.5% 26.6+0.5" 27.7+0.6"
Multiple doses 20 242+0.6 26.4+0.4% 26.8+0.5% 30.4+0.6"
EF (%)
Vehicle 22 293+03 28.3+0.2 27.8+0.2 273+02
Single dose 24 29.0+0.2 32.8+0.4% 31.9+0.5 32.1+0.5"
Multiple doses 20 29.3+0.4 32.6+0.6" 33.0+0.4" 35.4+0.5"

Data are means = SEM. # P<0.05 vs. vehicle, * P <0.05 vs. single dose. Rx indicates treatment; EDV, end-
diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction
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Fig. 2 Echocardiographic
assessment of LV volumes.
Echocardiographic studies were
performed before each treatment
and at the end of the study. a LV
end-diastolic volume; b LV end-
systolic volume; ¢ LV stroke
volume; d Changes in LV ESV
after the 1st, 2nd, and 3rd
treatments compared with the pre-
treatment values; e Cumulative
changes in LV ESV after the Ist,
2nd, and 3rd treatments compared
with the values measured before
the st treatment; f Changes in LV
SV after the 1st, 2nd, and 3rd
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The decline in LV function in the vehicle group further con-
firmed the presence of cardiomyopathy in this murine model.

At 3 months after MI, before the 1st injection (Pre-Rx),
there were no significant differences among the three groups
with respect to LVEDV, LVESV, SV, and EF (Figs. 2a, b, c,
3a and b), indicating that the severity of post-MI LV remod-
eling and dysfunction was comparable in all groups. As ex-
pected, at 35 days after the 1st injection, both cell-treated
groups exhibited a significant improvement in LV EF com-
pared with the vehicle group (Fig. 3b).

After the 2nd injection, however, the two treated groups
exhibited a different course. In the single-dose group, the 2nd
and 3rd vehicle administrations effected no further improve-
ment in EF (Fig. 3). In contrast, in the multiple-dose group that
received three CPC injections, the 3rd CPC injection produced
a further increase in EF (Fig. 3¢); as a result, in the multiple-
dose group the total cumulative increase in EF from pre-
treatment values was 3.3 +0.5% (absolute units) after the 1st
treatment, 0.4 +0.5% after the 2nd treatment, and 2.4 +0.5%
after the 3rd treatment (Fig. 3c), so that at the end of the
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protocol, LV EF (35.4 + 0.5%) was significantly greater com-
pared not only with the vehicle group (27.3 £0.2%) but also
with the single dose group (32.1 +0.5%, P <0.05) (Fig. 3b).
The total cumulative increase in EF from baseline (before 1st
injection) values was double in the multiple-dose vs. the
single-dose group (6.1 £0.6% vs. 3.1 +0.6%, respectively,
P<0.01) (Fig. 3d).

In summary, a single dose of CPCs (1 x 10° cells) admin-
istered into the LV cavity was sufficient to improve LV func-
tion in a murine model of chronic ischemic cardiomyopathy.
Administration of 3 doses of CPCs (1 x 10° cells each) at 5-
week intervals produced a further increase in LV EF, resulting
in greater LV functional improvement than a single dose.

Hemodynamic Measurements

The echocardiographic results were corroborated by the he-
modynamic studies performed just before euthanasia (Fig. 4).
Compared with the vehicle group, a significant improvement
in hemodynamic parameters was noted in both cell-treated
groups, but the improvement was more robust in the
multiple-dose group than in the single-dose group. Thus, com-
pared with vehicle, LVESV (a preload-dependent functional
parameter) was significantly reduced and LV end-systolic

Fig. 3 Echocardiographic a
assessment of LV EF. a Values of

LV Ejection Fraction

Table 2. Hemodynamics results
Vehicle Single dose Multiple doses
(n=22) (n=24) (n=20)
EDV (ul) 81.1 £3.7 80.2 + 3.0 724 +3.4
ESV (ul) 66.4 + 3.2 62.9 +2.6 53.7 +2.8"
SV (ul) 21.0+ 14 240+ 13 26,9 + 1.1%
+dP/dt (mmHg/s) 5016 + 151 5260 + 176 5651 + 136"
-dP/dt (mmHg/s) —5019 +£178 5192+ 184  —5402 + 138
EF (%) 259+ 1.1 30.0 + 1.2 37.6 + 1.3%
Ees (mmHg/ul) 48+0.1 55+02 7.5 + 0.3

EDV indicates end-diastolic volume; ESV, end-systolic volume; SV,
stroke volume; +dP/dt, maximum and minimum rate of pressure change;
EF, ejection fraction; Ees, end-systolic elastance. # P <0.05 vs. vehicle; *
P <0.05 vs. single dose. Data are means + SEM

elastance (a preload-independent functional parameter) was
significantly increased in the multiple-dose group but not in
the single-dose group (Fig. 4f). Furthermore, the multiple-
dose group exhibited a greater LV EF than the single-dose
group (37.6+1.3 vs. 30.0+1.2%, respectively, P <0.05)
(Fig. 4h, Table 2).
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In summary, two independent methods of functional as-
sessment (echocardiography and hemodynamic studies) con-
sistently demonstrated that the functional benefits of three
doses of CPCs (10° cells/dose) are superior to those of a single
dose of 10° cells.

Morphometric Analysis

In each heart, a detailed quantitative analysis was performed
on two sections (one from each of two mid-ventricular slices);
the results are summarized in Fig. 5. Consistent with the post-
mortem measurements, both treated groups had a significantly
smaller LV mass compared with the vehicle group (Fig. Se).
The scar mass was numerically smaller in the two treated

Fig. 4 Hemodynamic assessment a
of LV function. Invasive
hemodynamic studies were
performed with a 1F Millar
conductance catheter 5 weeks
after the 3rd treatment, just before
cuthanasia. a through ¢
Representative pressure-volume 0
loops recorded during preload
manipulation by brief inferior

vena cava occlusions. d LV end- d
diastolic volume. e LV end-
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volume. g LV pressure dP/dt
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groups compared with vehicle, but the differences were not
statistically significant (Fig. 5f). The ratio of scar mass to LV
mass was similar in all groups (Fig. 5g). Since scar mass was
not significantly different, the reduction in total LV mass in
the two cell-treated groups suggests reduced hypertrophy.

LV Fibrosis

Quantitative analysis of collagen content was performed using
picrosirius red staining and polarized light microscopy of LV
sections (Fig. 6). Collagen content was evaluated with pixel
density analysis and expressed as a percentage of total myo-
cardial area. There was no statistically significant difference in
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collagen content among groups in either the risk region or the
noninfarcted region (Fig. 6).

Cardiomyocyte Hypertrophy

Chronic ischemic cardiomyopathy induces cardiomyocyte
hypertrophy [14]. To evaluate whether cell therapy affected
cardiomyocyte hypertrophy, WGA staining was performed.
As shown in Fig. 7a, WGA demarcates the membrane of
individual cells. In the single-dose group, there was a trend
towards a decrease in cardiomyocyte cross-sectional area
vs. the vehicle group (=12% and — 7% in the risk and
noninfarcted region, respectively) but the differences were
not statistically significant (Fig. 7b). However, in the
multiple-dose group cardiomyocyte area was significantly
reduced (—25%) compared with the vehicle group in the
risk region (Fig. 7b); in the noninfarcted region, cardio-
myocyte area was numerically smaller (—16%) than in the

4 vehicle Single dose

Multiple doses
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50 20 80
40
> 215 > 60
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20
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2100 2
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Fig. 5 Morphological and histological assessments. Trichrome—stained
images were used for LV morphological measurements. a Representative
Masson trichrome-stained myocardial sections. Scar tissue and viable
myocardium are identified in white/blue and red, respectively; b Risk
region area as percentage of LV area; ¢ Scar area as percentage of LV
area; d Viable tissue area as percentage of LV area; e LV mass; f Scar
mass; g Scar mass/LV mass ratio. Data are means + SEM
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vehicle group but the difference was not statistically signif-
icant (Fig. 7b).

Myocardial Content of Inflammatory Cells

The number of CD45" cells in the risk and noninfarcted re-
gions was quantitated and expressed as a percent of total cells
counted in the corresponding region (Fig. 8). As expected, in
all groups the content of CD45" cells was higher in the risk
region than in the noninfarcted region (Fig. 8). Compared with
the vehicle group, the CD45" cell content in the risk region
was significantly lower in the multiple-dose group but not in
the single-dose group (Fig. 8b). In the noninfarcted region, the
CD45" cell content was numerically lower in the multiple-
dose group vs. vehicle but the difference was not statistically
significant (Fig. 8b).

Cell Engraftment and Proliferation

No BrdU positive cells were found. Occasional IdU positive
cells were observed in the scar area; these cannot be described
as cardiomyocytes and were mainly interstitial cells. These
data indicate that transplanted cells did not engraft to any
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Fig. 6 Myocardial collagen content. a Representative images of LV
sections stained with picrosirius red. Images were acquired under
polarized light microscopy; b quantitative analysis of collagen content
expressed as a percentage of the risk and noninfarcted region. Data are
means £ SEM
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appreciable extent in any treatment group, consistent with our
previous observations [7, 16, 18].

Discussion

To avoid any bias, in this study all surgical procedures, func-
tional measurements, and pathologic analyses were performed
by investigators blinded to treatment allocation. The most
unique aspect of this study is that we used a murine model
of chronic ischemic cardiomyopathy in which a long period
(minimum of 3 months) was allowed to elapse between MI
and treatment and a long follow-up (15 weeks) was used after
treatment. Such a chronic model has rarely, if ever, been used
in murine studies of heart failure because it is expensive and
logistically challenging; however, this model is arguably more
relevant to patients with old MI than the commonly used
models in which the interval between MI and study interven-
tion is 4 weeks or less.
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Fig. 8 Myocardial content of inflammatory cells. a Representative
microscopic images of LV sections stained for CD45; b quantitative
analysis of the number of CD45" cells in the risk and noninfarcted
regions expressed as a percentage of total cells counted in the
corresponding region. Data are means = SEM

Using this model, we compared the effects of one or three
doses of CPCs injected into the LV cavity. Our salient findings
can be summarized as follow: i) a single dose of CPCs (1 x 10°
cells) produced a significant improvement in LV function
35 days after treatment, as demonstrated by both echocardio-
graphic and hemodynamic parameters; this improvement
persisted for at least 15 weeks after the initial treatment where-
as in the vehicle group LV function deteriorated progressively;
i) repeating the 10° cell dose three times at 5-week intervals
produced further functional improvement, particularly after the
3rd dose, such that at the end of the study parameters of LV
performance, measured both by echocardiography and hemo-
dynamic studies, were significantly greater than after a single
dose; iii) the superior functional benefits of three CPC doses
compared with one dose were associated with a reduction in
LV hypertrophy, as reflected in a reduction in the LV weight/
body weight ratio and in cardiomyocyte cross-sectional area;
iv) unlike the single-dose group, the multiple-dose group ex-
hibited a reduction in the density of inflammatory cells in the
infarcted region and a trend toward a reduction in the
noninfarcted region.

The reduction in LV weight, LV weight/body weight ratio,
and cardiomyocyte cross-sectional area effected by a single,
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and even more so, by multiple CPC doses (Supplementary
Table 3B; Fig. 7) is remarkable. Since we used a model of
chronic ischemic cardiomyopathy where the scar was at least
3 months old, our results indicate that cell therapy partially
reversed L'V hypertrophy after it developed. This is an impor-
tant beneficial action of CPCs that had not been emphasized in
prior studies. Whether it reflects a primary action of CPCs on
cardiomyocytes or is secondary to improved LV performance
remains to be determined.

In a previous study in a murine model of subacute (3-
week—old) MI [7], we have demonstrated that administration
of three doses of cardiac mesenchymal cells (CMCs) (1 x 10°
cells/dose at 2-week intervals) had significantly greater bene-
ficial effects than a single dose. There are major differences
between these two studies. In the present study we used CPCs,
not CMCs. Unlike the subacute MI model used in the previous
study, here we allowed a long interval (3 months) to elapse
between MI and first treatment in order to mimic the common
clinical setting of patients with chronic heart failure caused by
old MlIs. These patients appear to be one of the potential ben-
eficiaries from cell therapy in the clinical arena [20]. The
rationale for waiting 3 months after MI was to ensure com-
plete resolution of post-MI inflammation and the formation of
a stable scar, as the remodeling and inflammatory processes
may still be ongoing at the time point used in our previous
study (3 weeks after MI). Very few, if any, studies of cell
therapy in mice have allowed such a long time between MI
and treatment. Despite different cell types (CPCs vs. CMCs),
different stages of ischemic cardiomyopathy (3-weeks-old MI
vs. 3-months-old MI), and different dose frequency (every
2 weeks vs. every 5 weeks), our present results are generally
consistent with our previous observations [7]. Thus, the pres-
ent results further corroborate the concept that three repeated
cell doses are superior to a single dose and extend this concept
to the setting of chronic ischemic cardiomyopathy in murine
models.

Using a rat model of chronic ischemic cardiomyopathy (1-
month-old MI), we have previously demonstrated that repeat-
ed administrations of CPCs have cumulative beneficial effects
and, therefore, are superior to a single administration [18]. Our
present results in the mouse corroborate these findings, indi-
cating that the repeated-treatment paradigm is not limited to
one species. The generalizability of this strategy greatly en-
hances its importance and provides a rationale for testing it in
larger animals and possibly, humans.

In conclusion, the present study adds further evidence to
our previous studies [7, 16, 18] to support the concept that
although increasing the number of cells in a single dose may
not yield further benefit [16], greater therapeutic efficacy can
still be achieved by adopting the repeated-treatment paradigm.
The importance of our observations is that they suggest that
although there may be a “ceiling” to the effects of a single
dose of cells [16], a single dose does not exhaust the range of

@ Springer

potential benefits that can be imparted to the failing heart.
Repeated administrations can still improve cardiac function
above the maximum effects achievable with a single dose.
Our data further support the concept that the full therapeutic
effects of cell therapy can only be properly evaluated by re-
peated doses [20]. This concept has important implications not
only for the interpretation of previous results but also for the
design of future studies [2].
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