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Introduction

Angiogenesis was induced by the prolif-
eration and migration of endothelial cells
from existing vessels in adults’, and has
recently been developed as a method
of treating severe ischemic disease.  An-
giogenic growth factors such as vascular
endothelial growth factor (VEGF), and
basic fibroblast growth factor (bFGF)
play an important role in the angiogenic
process and promote the proliferation and
migration of endothelial cells.*® They
are utilized to promote collateral circulation
and the various routes of administration,
and forms of growth factors have been
devised to induce a better angiogenic ef-
fect. Clinical trials have revealed good
results following the direct injection of na-
ked plasmid DNA encoding human VEGF
or recombinant growth factors *~”; howev-
er, the effects of these treatments are
unstable, and their performance is
limited by high costs or difficult clinical
techniques. Bone marrow contains many
kinds of immature cells that can differen-
tiate into hematopoietic cells and endothelial
progenitor cells. A subset of CD34
positive cells derived from bone marrow
has the capacity to differentiate into
endothelial cells in vitro and be induced

into the inner surface of small vessels
v1v0.® Moreover, bone marrow cells have
been shown to secrete an angiogenic
growth factor such as bFGF and promote
endothelialization of the luminal surface
of a vascular prosthesis.®'® These reports
indicate that bone marrow cells could be
effective material for inducing angiogenesis.
We selected bone marrow cells as the
material for inducing angiogenesis because
they contain endothelial progenitor cells
that can participate in vascular formation
in severe ischemic lesions, and are able
to secrete a variety of growth factors
such as VEGF and bFGF. We tried to
develop a new form of therapy to induce
angiogenesis by bone marrow cells implan-
tation (BMCI).

First, we investigated whether bone
marrow cells have the ability to secrete
angiogenic growth factors and the capaci-
ty to induce angiogenesis.'” These experi-
ments proved that whole bone marrow
cells without red blood cells have the
ability to secrete growth factors such as
VEGF and bFGF immunohistocemically,
and the production of VEGF was observed
by measurement of tissue culture super-
natant, especially under hypoxic conditions.
In a rat cornea model, the implantation of
bone marrow cells created new vessels.
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These findings indicated that bone marrow
cells could be an effective material for
inducing angiogenesis.

In the next experiments, we examined
the angiogenic effect of bone marrow cells
in animal ischemic experimental models,
namely, a rat ischemic hindlimb model,
and rat and canine myocardial infarction
models.'* ' The experiments using the
rat ischemic hindlimb model ¥ revealed
that bone marrow cells implanted into
ischemic muscle induced angiogenesis,
which was confirmed by histoligical eval-
uation and microangiogram. Laser Doppler
imaging and nonradicactive colored micro-
spheres showed that ischemic tissue
blood flow was significantly increased
after BMCI. The BMCI treatment induced
effective angiogenesis in the ischemic
model by two mechanisms; one involved
the local elevation of angiogenic growth
factors derived from implanted bone
marrow cells, and other was that he im-
planted bone marrow cells were differen-
tiated in endothelial cells and incorporat-
ed into the vasculature. The angiogenic
growth factors contained in the ischemic
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tissue were measured by enzyme-linked
immunosorbent assay (ELISA), and the
condition of ischemia caused an elevation
in the level of DbFGF in the ischemic
muscle. Interleukine 1-beta from the im
planted bone marrow cells also contributed
to angiogenesis. Inflammatory cytokines
like interleukine 1-beta and interleukine 8
caused effective angiogenesis in vitro and
n vwo.' ' Our data showed that an-

giogenesis induced by BMCI treatment
was mainly caused by inflammatory
cytokines such as interleukine 1-beta

derived from bone marrow cells. Some im-
planted bone marrow cells were positively
immunostained with CD31l and vascular en-
dothelial-cadherin (VE- cadherin); markers
which are expressed on endothelial cells.
These findings show that BMCI treatment
induced effective angiogenesis, and can im-
prove deteriorated physiological function.
The running time on a motor-driven tread-
mill was used to represent exercise capac-
ity.'® Rats with ischemic hindlimbs treated
with BMCI could run approximately 1.5
times longer than control rats, demonstrat-
ing that BMCI treatment can improve

p<0.05
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Fig. 1 Effect of the implantation of bone marrow cells in the rat myocardial infarc-
tion model. Light microscopic analysis of the vessel count in the restricted
infarcted myocardium per 1 mm2 is shown in this figure. The number of ves-
sels in the BMCI group was significantly greater than that in the control group,

1 week after BMCI treatment.

(D) control group, (HEM) BMCI group
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deteriorated exercise capacity in a rat is-
chemic hindlimb model.

In the rat and canine myocardial infarc-
tion models, BMCI treatment improved
angiogenesis'” and improved local cardiac
wall motion (unpublished data). In the
rat model, BMCI treatment was found to
have induced effective angiogenesis
according to histological evaluation of the
microvessel count. The mechanism respon-
sible was local elevation of the inflamma-
tory cytokines, interleukine l-beta and in-
terleukine 8 like chemokine cytokine-induced
neutrophil chemoattractant (CINC), but
not of angiogenic growth factors such as
VEGF and bFGF. These cytokines were
released from implanted bone marrow
cells because these cells were positively
stained with interleukine 1-beta. In the
canine model, locally implanted bone
marrow cells induced angiogenesis and
improved percentage of local wall thicken-
ing (%WT) in marginal areas which exist
between the normal and infarction areas.
A hemodynamic study evaluated by
echocardiography did not show any signif-
icant improvement by BMCI treatment.
Systemic and local toxicity following local
bone marrow cell implantation was evaluated
by electrocardiogram, echocardiography,
blood serum examinations and histological
observation. There were no significant
changes in  electrocardiogram,  cardiac
function, or local wall motion observed by
echocardiography, or in the serum levels
of WBC, GPT, GOT, CRE, BUN, LDH,
CK, or CK-MB. No significant histologi-
cal changes were observed in the
hematoxilin-eosin stained specimen from
local myocardium after BMCI treatment,
such as fibrosis, calcification, blood cell
production, or inflammatory cell migrations.

)

These data obtained from experimental
animal models indicated that BMCI treat-
ment induces effective therapeutic an-
giogenesis. On the basis of our these
data, a clinical trial was commenced in
1999.'” Patients with severe ischemic
heart disease have been given this new
treatment concomitant with coronary artery

bypass grafting. Autologous BMC were
implanted into ungraftable areas. Five
patients underwent this treatment, these
of whom showed specific improvement in
coronary perfusion postoperatively, by
cardiac scintigraphy. Postoperative chest
radiography, electrocardiography, echocar-
diography, and blood tests. did not reveal
any detrimental changes.

The implantation of self-bone marrow
cells is a simple method for inducing an-
giogenesis without causing toxicity or im-
munological rejection, in comparison with
other therapeutic methods of angiogenesis
such as by using human recombinant pro-
tein, naked plasmid DNA, and viruses.
Further investigations on BMCI treatment
are required to clarify the optimal popula-
tions of whole bone marrow cells that
will give the most forceful angiogenic
potency, and to determine whether BMCI
will induce stronger angiogenesis in an
ischemic environment.

In summary, the results of the present
study demonstrated that bone marrow cell
implantation (BMCI) improved angiogenesis
in animal experimental models and clini-
cal trials, the mechanism of which seem
to be related to the increase in some in-
flammatory cytokines, and the differentia-
tion of bone marrow cells into endothelial
cells. Our results clearly demonstrated
that BMCI is a novel and simple method
of inducing therapeutic angiogenesis for
ischemic diseases.
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