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Abstract

Implanting multipotent adult stem cells and progenitor cells is undergoing extensive labora-
tory studies as well as early clinical trials. In most of these studies, localized myocardial in-
farcts had been the target lesion, and donor cells had been implanted by local injections.
However in heart failure due to diffuse cardiomyopathies, coronary or systemic delivery of
donor cells may be preferable. The advantages and feasibility of such cell delivery techni-
ques will be discussed, while possible risks associated with embolization by aggregated
donor cells will be reported. With appropriate precautions, we believe such alternate
delivery approaches would be clinically desirable in selected patients.
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Cel therapy to regenerate damaged myocardium, or
“cellular cardiomyoplasty” [5], is undergoing active ex-
perimental studies [10, 14, 16, 19] and early clinical trials
[6, 7] at this time. The donor cells most commonly used
for implantation are skeletal myoblasts and bone marrow
derived adult stem cells and progenitor cells. Most of the
experimental models of cardiac lesion, in various animal
species ranging from mouse to pigs, are localized myo-
cardial injuries produced by myocardial cryo-injury [16]
or infarction following coronary artery ligation [14]. In
clinical trials to date, most of the patients had myocardial
infarction with scar formation [11, 15]. Thus, in order to
deliver the donor cells to the damaged segment of the
myocardium, direct local injections of donor cells have
been the predominant technique used both in experimen-
tal and clinical cellular cardiomyoplasty. The donor cells
have been injected with a needle directly into the myo-
cardial scar, or into the peri-infarct zone, the latter allow-
ing the donor cells to come into direct contact with the
native cardiomyocytes, which have been thought to pro-
mote milieu dependent differentiation of adult stem cells
[7, 17]. During cardiac surgical operations, such as coro-
nary artery bypass grafting, a segment of non-bypassable
and irreversibly damaged myocardium may be identified
and receive cell therapy by multiple punctures of the
epicardium to implant the donor cells. In patients who are
not undergoing concomitant surgery, epicardial injection
of donor cells can also be achieved by minimally invasive
surgical techniques. Alternately, the cells may be intro-
duced into the target zone of the myocardium by translu-
minal cardiac catheterization, using specially designed
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catheters. They may be guided by various mapping and
monitoring techniques, such as echocardiography and
fluoroscopy, such that the needle at the tip of the catheter
can be positioned and fixed with the ventricular wall so
that the cells can be injected from the endocardial side of
the myocardium. In all these injection techniques, avoid-
ance of damage to major coronary arteries, and the pre-
vention of leakage of the injected cells are important con-
siderations. The latter is particularly significant when the
cells are injected into a contracting peri-infarct myocar-
dium rather than into an akinetic scar, since a contracting
myocardium may compress upon the bolus of injectate,
squeezing implanted cells to leak back out of the puncture
hole. A number of techniques are being suggested to
minimize these shortcomings.

Coronary and Venous Administration of Donor
Cells: Indications, Feasibility and Advantages

In contrast to myocardial infarction patients, those who
suffer heart failure as the result of cardiomyopathies of
various etiologies would require donor cells delivered dif-
fusely throughout the myocardium, rather than to a spe-
cific segment. Although this could be achieved by multi-
ple punctures all over the ventricular wall for cell injec-
tions, this would appear less than optimal. Ideally donor
cells could be delivered diffusely by a single injection of
cells via the coronary artery, either through coronary ar-
tery catheterization, or injected into aortic root during
cardiac surgery under cardiopulmonary bypass, since
such cells would enter the coronary circulation as the
pump will deliver retrograde blood flow in the aortic root.
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We [18] studied the feasibility of this approach, and had
experimentally shown that these cells would distribute
widely throughout the coronary arterial system, and reach
the microvasculature of the myocardium. We observed
that these cells were then able to migrate out of the vascu-
lar space, and underwent in situ differentiation to express
various phenotypes. When the bone marrow stroma de-
rived cells were used as donors, they expressed pheno-
types ranging from cardiomyocytes, to vascular endothe-
lium and smooth muscles as well as myofibroblasts. In a
recent non-randomized clinical study, Assmus B et al. [1]
infused either bone marrow derived or circulating blood
derived progenitor cells into the involved coronary artery
in reperfused acute myocardial infarction, and reported
improved ventricular function and myocardial perfusion.
They reported that in those 20 patients, no malignant ar-
rhythmias were observed.

Perhaps the least invasive technique to administer cells
is through systemic venous injection, such as that used
for bone marrow cell transplantation [3]. Recent studies
indicate that after myocardial infarction, autologous bone
marrow stromal cells are mobilized from the bone mar-
row, traffic through the blood circulation, and home-in to
the myocardial injury site, where they can undergo in situ
milieu dependent differentiation [2, 13]. Following acute
myocardial infarction, cells injected therapeutically into
the vein can likewise traffic through the blood stream,
and reach the myocardium via the coronary circulation
[4]. They are able to home-in and localize within and
around the infarcted segment of the myocardium where
they undergo in situ differentiation and improve ventricu-
lar function. This highly convenient route of cell admini-
stration is clinically useful primarily for patients who suf-
fer acute myocardial infarction, since the signaling mole-
cules to recruit these cells to the infarct site appear to be
inflammatory cytokines, such as GC-CSF (granulocyte-
colony stimulating factor) and MC-CSF (macrophage-
colony stimulating factory) [8, 12] etc. In a chronic stable
infarction, however, the inflammatory response to acute
myocardial infarction would have subsided, and we have
preliminary data (MacDonald, D et al, unpublished data)
indicating that the homing mechanism of marrow derived
stem cells and progenitor cells are lost, thus no longer
able to localize at the scar tissue. The clinical advantage
of intravenous infusion of donor cells in acute myocardial
infarction is the simplicity and the minimally invasive
nature of this technique, which could be literally carried
out in emergency rooms and primary care hospitals with-
out the need for surgical intervention or cardiac catheteri-
zation [6].

Precautions for the Systemic and Coronary Deliv-
ery Approaches

Although coronary or intravenous administration of
donor cells for cellular cardiomyoplasty is clinically ad-
vantageous in selected patients as described above, one
important potential complication which may be associ-

Figure 1. Aggregated MSCs (Marrow Stromal Cells) in a
smear of infusate, untreated with high cellular con-
centration. 40 X 10° MSCs suspended in 0.25¢cc of
culture medium viewed at 100X magnification.

Figure 2. Histology (200X) showing embolized aggre-
gates of LacZ reporter gene labeled MSCs (blue
stained) in the pulmonary vasculature.

Figure 3. Dispersed MSCs in a smear of infusate, di-
luted to reduce cellular concentration. 20 X 10°
MSCs suspended in 0.50cc of culture medium
viewed at 100X magnification.
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ated with such approaches needs to be recognized and
prevented. During our laboratory studies, we found that
a rapid injection of a high concentration of marrow
stroma derived cells (MSCs) could cause acute death of
the recipient animals (unpublished observation). Histo-
logical examinations indicate that such death might be
associated with vascular embolization by these cells.
We have found that in the suspension of these cells prior
to injection, they have a tendency to aggregate into
multi-cellular globules (Figure 1), which are estimated
to be able to reach 100 microns in diameter so that they
are large enough to embolize and occlude arterioles.
Histologically, findings of embolization in the coronary
vessels when MSCs are injected via the coronary artery,
or embolization in the pulmonary vasculature (Figure 2)
following intravenous injection, confirm our suspicion
that unless measures are taken to reduce the risk of cel-
lular aggregation, such complications may pose a safety
risk for the recipients. We have experimented with a
number of ways to reduce MSC aggregation in the cell
suspension to be used for intravascular administration,
and found that reduction of cell density by dilution is
the most reliable technique to avoid this complication
(Figure 3). Various other measures undertaken, such as
the addition of heparin and mechanical agitation, were
not effective. We would, therefore, recommend that suf-
ficient dilution of these cell suspensions and slow in-
travascular infusion rather than a bolus injection, should
be the technique of choice for administering these cells.
Recently, Gao et al [9] reported on using gamma camera
real time imaging to study the dynamic distribution of
systematically delivered, isogenic, in-oxine labeled
MSCs. After both intra-arterial and intravenous infu-
sions, radioactivity associated with marrow stroma cells
was detected primarily in the lung and then secondarily
in the liver and other excised organs, including kidney,
spleen and long bones. When these authors administered
a vasodilator, sodium nitroprusside, they found more
labeled marrow stroma cells cleared the lungs, resulting
in a larger proportion being detected in the liver and
marrow of the long bones. It is, however, not clear by
what mechanism this vasodilator allowed these aggre-
gates to clear the pulmonary vasculature.

We have used cells labeled with B-gal to observe the
fate of these cells originally embolized in the pulmonary
vasculature. If the pulmonary embolism was not suffi-
ciently severe to be lethal, they were able to clear the
pulmonary vasculature over the next several days, indi-
cating that the greatest risks, both in the coronary and in
the pulmonary vasculatures, will be immediately after
injection. Thus in conclusion, we advocate slow infu-
sion of diluted cells in clinical application when the do-
nor cells are administered through the coronary artery or
systemic veins for cellular cardiomyoplasty.
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