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Abstract
Bone marrow mononuclear cell (BM-MNC)

implantation (BMI) for critical severe limb ischemia

especially for Buerger’s disease shows excellent
clinical results, but the mechanism of this treatment
is still unknown. In this study, we investigated the
change of angiogenesis-related factors serum levels
after BMI treatment. Twelve patients had undergone
BMI treatment: 9 patients had Buerger’s disease, 2
patients had arteriosclerosis obliterans (ASO) and 1
had systemic sclerosis (PSS). These patients were
taken venous blood from the transplanted limb
before and after BMI treatment. Adreromedulin
(AM), soluble vascular cell adhesion molecule-1
(sVCAM-1), and C-reactive protein (CRP) serum
levels 24 hours after BMI treatment were
significantly increased compared with those before
BMI treatment (P<0.05). The peak levels of
vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), granulocyte-colony
stimulating factor (G-CSF) and nitric oxide (NO)
serum levels after BMI treatment significantly
increased between 1 week and 3 months after BMI
treatment (P<0.05). There was no correlation
between the numbers of implanted cells and serum
levels of measured angiogenesis-related that were

significantly increased after BMI treatment. It was



considered that the mechanism underlying BMI
treatment involves both early and late phases. The
early phase involves the direct action by implanted
cells, and the late phase involves indirect paracrine
action. In addition, it was considered that BMI
treatment is effective when we implant a sufficient
level of bone marrow (600ml) to treat severe limb

ischemia.

Key words: Angiogenesis-related factors, Bone
marrow mononuclear cell implantation (BMI),
Buerger’s disease, Critical severe limb ischemia,
Inflammation, Paracrine action.

Introduction

Recently, the number of patients with peripheral
arterial occlusive diseases has been increasing.
Symptoms such as intermittent claudication, resting
pain, ischemic skin ulcers are observed in these
patients, whose quality of life is greatly disturbed by
such symptoms. Conventionally, the treatments of
peripheral arterial occlusive diseases include
pharmacotherapy, percutaneous transluminal
angioplasty, and bypass surgery, which are chosen
depending on the severity of the symptoms.
However, the patients with critical limb ischemia
especially Buerger’ s disease are at risk of
amputation.

Endothelial progenitor cells (EPCs) were recently
identified in adult peripheral blood' and have been
shown to participate in postnatal neovascularization
after mobilization from bone marrow®>. In general,
these endothelial precursors are characterized by co-
expression of three cell surface markers: CD34, an
early hematopoietic stem cell marker; CD133, a
marker for stem and progenitor cells; and the
vascular endothelial growth factor receptor-2
(VEGFR-2/KDR)*°. It was reported that direct
local implantation of autologous bone marrow
mononuclear cells (BM-MNCs) containing EPCs
augmented neovascularization and collateral
vessel formation in the ischemic tissue® ’. Currently,
BM-MNC implantation (BMI) treatment is

performed for critical limb ischemia especially
Buerger’s disease, and has been reported to be
very effective 17,

Initially, the mechanism of BMI treatment was
thought to be formation of new vessels from
implanted BM-MNCs'',

incorporation of implanted cells into newly formed

However, direct
vessels is reported to be relatively rare. Thus, it has
been assumed that angiogenic factors secreted by
implanted cells are responsible for the efficacy of
BMI treatment'> %,

There are many experimental reports describing the
mechanisms of BMI treatment, but there are few
reports using clinical data. Thus, we investigated
changes of angiogenesis-related factors before and
after clinical BMI treatment in this study. Only
cases of successful BMI treatment were included in
this study. We investigated changes in vascular
endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF), hepatocyte growth
factor (HGF), epidermal growth factor (EGF) and
granulocyte-colony stimulating factor (G-CSF)
before and after BMI treatment. VEGF and bFGF
have been reported to be released by BMI
treatment'”. In addition to these growth factors, we
investigated the change of Adrenomedulin (AM),
nitric oxide (NO), C-reactive protein (CRP),
Interleukin-1 3 (IL-1 3) and soluble vascular cell
adhesion molecule-1 (sVCAM-1). AM was reported

' and antiapoptotic

to have angiogenic function
effect’®. NO is well known as a strong vasodilator'®.
CRP and IL-1 3 are inflammatory factors reported
to relate to cell transplantation 7. VCAM-1 is a cell
adhesion factor affected by inflammation '® '°,
However, there are few reports describing the
relationship between the number of implanted cells
and angiogenic factors based on clinical data in BMI
treatment. Therefore, we investigated the correlation
between the number of BM-MNCs, CD34-positive
cells or CD34/133-positive cells and serum levels of

angiogenesis-related factors in this report.



Methods

Patients

Twelve patients, whose BMI treatments were
clinically very effective, were selected from 19
patients who had undergone BMI treatment at
Shinshu University. Patient ages ranged from 30 to
71 years old, 8 males and 4 females; 9 patients had
Buerger’s disease, 2 patients had arteriosclerosis
obliterans (ASO) and 1 had systemic sclerosis (PSS)
(Table 1). After approval by the Shinshu University
Ethical Committee, we obtained written informed
consent from all patients for the study of

angiogenesis-related factors in serum.

Bone marrow cells implantation

Under general anesthesia, approximately 600mL of
bone marrow was harvested from the iliac bone.
BM-MNCs were separated from bone marrow and
concentrated to a final volume of 50mL using an
AS.TEC-204 Cell separator (Fresenius HemoCare,
Germany). Then, 0.5mL of BM-MNCs were
injected into each of 30-40 sites on the ischemic
hindlimb muscle, spaced 1-2 cm apart, using a 26-

gauge needle.

Blood sampling

Venous blood samples from the patients were taken
from the transplanted limb before BMI treatment,
and further samples were taken at 24 hours, 1 week,
2 weeks, 1 month, 3 months and 6 months after BMI

treatment.

Measurement of angiogenesis-related factors
Serum levels of human VEGF, bFGF, G-CSF, EGF,

and HGF were measured by Luminex ®

system.
Human Growth Factor Four-Plex antibody Bead Kit
(BioSource International, USA) and Human HGF
antibody Bead Kit (BioSource International, USA)
were used. The serum level of human nitrate/nitrite
(NOx) was measured by NO2/NO3 Assay kit-FX(r)

(Dojindo, Japan). The serum level of human AM

was measured by immunoradiometric assay using
AM RIA SHIONOGI AM (Cosmic Corporation,
Japan). The plasma level of human CRP was
measured latex immunonephelometry using CRP
LT2 (Wako, Japan). Serum level of human IL-1 3
and sVCAM-1 were measured by ELISA assay
using Quantikine® Human kit (R&D Systems,
USA).

Fluorescence-Activated Cell Sorter

The numbers of CD34-positive cells and CD34/133-
positive cells in bone marrow were quantified by
FACSCalibur and CELLQuest software (BD
Biosciences, CA). BM-MNCs were stained with a
fluorescein isothiocyanate-conjugated anti-CD34
monoclonal antibody (My10, BD Biosciences, NJ),
and phycoerythrin-conjugated anti-CD133
monoclonal antibody (AC133, Miltenyi Biotec,
Germany). Positivity for the antigens was

determined with FACSCalibur. The samples were

~ subjected to a 2D side scatter-fluorescence dot plot

analysis®.

Statistical Analysié

All statistical analyses were performed using
StatView-J software (version 5.0; Abacus Concepts,
USA) Changes in the variables measured were
analyzed using t-test and the degree of
correlation was assessed using Pearson’ s
correlation coefficient. Results were expressed as
the mean+SD, and were considered significant

when the p value was less 0.05.

Results

Changes in VEGF, bFGF, EGF, HGF, G-CSF and
NOx serum levels after BMI treatment

VEGF serum levels at 1, 2, 4 weeks and 3 months
after BMI treatment were significantly increased
compared with that before BMI treatment (Figure 1-
A.). However, bFGF, G-CSF, EGF and HGF serum

levels after BMI treatment were not significantly



changed compared with those before BMI treatment
(Figure 1-B, C, D, E.). NOx serum levels, 2 weeks
after BMI treatment, was significantly increased
compared with that before BMI treatment (Figure 1-
F.). The peak levels of VEGF, bFGF, G-CSF and
NOx serum levels after BMI treatment were
significantly increased compared with those before
BMI treatment, but EGF and HGF serum levels after
BMI treatment were not significantly increased
compared with those before BMI treatment (Figure
2.).

Changes in AM, sVCAM-1, CRP and IL-1 § serum
levels after BMI treatment

AM, sVCAM-1 and CRP serum levels 24 hours
after transplant were significantly and transiently
increased compared with those before BMI
treatment (Figure 3-A, B, C.). IL-1 8 serum levels
after BMI treatment were slightly higher than those
before BMI treatment, but the difference was not

significant (Figure 3-D.).

The relationship between the number of implanted
cells and serum levels of VEGF, bFGF, G-CSF,
NOx, AM, sVCAM-1 and CRP

The numbers of implanted BM-MNCs, CD34-
positive cells and CD34/ 133-positive cells in bone
marrow were quantified in each case. The mean
volume of harvested bone marrow fluid was 634 &
41 ml, and the mean numbers of implanted BM-
MNCs, CD34-positive cells and CD34/133-positive
cells were 4.03+0.70x10°, 4.711.90x107, 2.00+
0.76x107, respectively (Table2.). There was no
significant correlation between the number of
CD34/133-positive cells and serum levels of
measured angiogenesis-related factors (VEGF,
bFGF, G-CSF, NOx, AM, sVCAM-1 and CRP),
which were significantly increased after BMI
treatment (Figure 4.). There was no significant
correlation between the number of BM-MNCs and
serum levels of these factors in this study, or

between the number of CD34-positive cells and

these factors (Data not shown).

Discussion

In the 1990’s BMI treatment was developed as
angiogenic therapy, but then it was reported that
most of transplanted BM-MNCs in BMI treatment
had disappeared from ischemic muscle within 7
days after BMI treatment'. And angiogenic factors
such as VEGF and bFGF were reported to be
increased in ischemic tissue 2 weeks after BMI
treatment'’. It was considered that angiogenic
factors are responsible for the efficacy of this
treatment. VEGF and bFGF serum levels after BMI
treatment were significantly higher than those
before BMI treatment in this study in accordance
with the findings of previous basic study. VEGF
serum levels significantly increased | week to 3
months after BMI treatment, while bFGF serum
levels were slightly increased 1 week to 3 months
after BMI treatment. This showed that VEGF and
bFGF were secreted in these patients from I week to
3 months after BMI treatment in this study as well
as in previous experiments. Therefore, it was
considered that paracrine action plays an important
role in BMI treatment.

G-CSF is a cytokine that mobilizes CD34-
positive EPCs from the bone marrow into the
peripheral blood?'. However, recent study also
demonstrated that intramuscular injection of G-CSF
induced angiogenesis through mechanisms
independent of EPCs mobilization®’. In this study,
G-CSF serum levels after BMI treatment were
significantly higher than that before BMI treatment.
Although the time of G-CSF peak levels differed in
each patient, serum levels of G-CSF, VEGF and
bFGF showed a tendency to increase 1 week to 3
months after transplantation. Therefore, it is
possible that G-CSF participates in the mechanisms
of the effect of BMI treatment through paracrine
action along with VEGF and bFGF.

NO plays important roles in vascular biology

including regulation of vascular tone and blood



pressure’, as well as the regulation of
angiogenesis®. VEGF augments the release of NO
from cultured human umbilical venous endothelial
cells (HUVECs) and up-regulates the expression of
mRNA and protein expression® %, Furthermore,
bFGF increases the production of NO?’, The release
of NO in response to these growth factors is
considered critical to their angiogenic actions.
Direct in vitro evidence that NO may induce
angiogenesis was demonstrated by Papapetropoulos
et al **, while Ziche et al established the first line of
evidence that NO can induce angiogenesis in vivo >
30 Murohara et al showed that angiogenesis in the
ischemic hindlimb was significantly impaired in
endothelial NO synthase (eNOS)-deficient mice
compared with wild-type controls evaluated using
either laser Doppler flow or capillary density
measurement®'. Amano et al demonstrated that
transgenic mice overexpressing eNOS in the
endothelium increased new capillary formation in
response to tissue ischemia®. Namba et al reported
that intramuscular injection of bovine eNOS
plasmid induced therapeutic angiogenesis in a rat
ischemic hindlimb model®. Thus, NO is a critical
regulatory molecule for angiogenesis in response to
tissue ischemia. Akasaki et al. reported that
angiogenesis was induced via eNOS combined with
thermal therapy in mice with hindlimb ischemia,
showing the effect of thermal therapy on the
dynamics of EPCs and the involvement of bone
marrow-derived cells®*. In this study, NOx serum
level, 2 weeks after BMI treatment, was
significantly increased compared with that before
BMI treatment, it was suggested that NO
participates in the mechanism of BMI treatment. In
addition, the timing of the peak level of NOx was
consistent with the timing of VEGF, bFGF, and G-
CSF peak levels in serum. Therefore, NO might
participate in the angiogenic action and the
mobilization of blood-derived cells in response to
BMI treatment.

AM was identified as a vasoactive peptide in

1993 *. Previous studies reported that there were
vascular structure abnormalities in homozygous AM
knockout mice’® ¥, A recent study demonstrated
that blood flow recovery in ischemic limb and tumor
angiogenesis are substantially impaired in
heterozygous AM knockout mice®®, Furthermore,
AM has been shown to inhibit vascular endothelial
cell apoptosis and induce angiogenesis®®. Those
findings suggest that AM is indispensable for
modulating angiogenesis and vasculogenesis. Iwase
et al. reported that apoptosis of BM-MNCs occurred
in ischemic muscle 24 hours after BMI treatment for
rat limb ischemia, and that infusion of AM inhibited
apoptosis of BM-MNCs*. In addition, they reported
that AM significantly enhanced expression of
VCAM-1 and intercellular adhesion molecule-1 in
HUVECs, as well as facilitating adhesion of BM-
MNCs to endothelial cells after BML. In this study,
AM serum levels 24 hours after BMI treatment were
significantly increased compared with those before
BMI treatment. In addition, sVCAM-1 serum levels,
as well as those of AM, 24 hours after BMI
treatment were significantly increased compared
with those before BMI treatment. It has been
reported that VCAM-1 facilitates adhesion of BM-
MNCs to endothelial cells*'. Therefore, these
findings suggest that AM inhibited apoptosis of
implanted cells that occurred in ischemic muscle 24
hours after BMI treatment and enhanced the
expression of VCAM-1.

Tateno et al. reported that CRP, IL-1 3, IL-6, and
VEGF levels of plasma in peripheral blood
mononuclear cell (PB-MNCs) implantation
treatment of the responder group were significantly
higher than those in the non-responder group'’.
They also showed that implanted cells stimulated
muscle cells to proliferate and induce the expression
of angiogenic factors in an experimental model of
limb ischemia using IL-1 f3 -deficient mice. Thus,
they demonstrated the relationship between the
secretion of angiogenic factors and inflammation. In

this study, serum CRP levels rose significantly 24



hours after BMI treatment. AM and VCAM-1 as
well as CRP serum levels 24 hours after
transplantation were significantly increased
compared with those before BMI treatment.
Therefore, our findings and those of previous
reports showed that the secretion of AM and
VCAM-1 is affected by inflammatory factors*> 3,
Therefore, it was suggested that the secretion of AM
and sVCAM-1 were promoted by inflammation, and
play an important role in the effect of BMI
treatment.

Considering all the data shown in this study, we
could divide these findings into the early-phase
response group (phase I) and the late-phase group
(phase II). The phase I group consisted of AM, CRP
and sVCAM-1, which were transiently increased 24
hours after transplantation. The phase II group
consisted of VEGF, bFGF, G-CSF and NO, which
were increased within weeks or months after BMI
treatment. As for phase I, implanted cells and
inflammation were considered to promote secretion
of AM and VCAM-1. It was considered that this
effect of phase I is a direct action of implanted cells,
and affects the cellular adhesion of implanted cells.
As for phase II, implanted cells and ischemic tissues
secrete angiogenic factors such as VEGF, bFGF,
NO and G-CSF, which have actions that induce
therapeutic angiogenesis. Therefore, it was
considered that this effect is an indirect paracrine
action induced by the implanted cells.

Regarding the relationship between the number of
implanted cells and clinical efficacy, Saigawa et al.
reported the MNCs and CD34-positive cells affect
the number of EPCs, which play a major role in
revascularization. Clinical data suggest that it is
likely that there is a direct relationship between the
number of mononuclear cells or CD34-positive cells

1, Kinnaird et al.

and the clinical efficacy of BM
reported the relationship between the number of
implanted bone marrow stoma cells and the
therapeutic effect in a mice hindlimb ischemic

model'?. Nizankowski et al. reported the efficacy

and safety of BMI for clinical lower limb ischemia,
but the clinical effect did not correlate with the
volume of injected CD34-positive cells®. In our
previous study, we reported the effect of BMI
treatment for hand ischemia in peripheral arterial
disease patients, and there was no correlation
between the number of implanted BM-MNCs,
CD34-possitive cells and CD34/133-possitive cells
and digital/brachial pressure index*®. Tateno et al.
reported that there was no significant difference in
neovascularization between the PB-MNC group and
BM-MNC group in a mouse model of limb
ischemia'’. BM-MNCs have been reported to
contain many more endothelial progenitor cells than
PB-MNCs. However, there was no significant
difference in neovascularization between VEGFR2-
positive cells and VEGFR2-negative cells after
implantation of PB-MNCs in a mouse model of limb
ischemia. In addition, Li et al. reported that CD117-
positive cells play a key role in therapeutic
angiogenesis induced by BMI treatment 4 In this
study, there was no significant correlation between
the number of implanted cells (BM-MNCs, CD34-
positive cells and CD34/133-positive cells) and
serum levels of measured factors, which were
significantly increased after BMI treatment. In this
study, the mean volume of harvested bone marrow
was 634141 ml, and the mean number of implanted
BM-MNCs was 4.03+0.70x10°, CD34-positive
cells was 4.71+1.90x10” and CD34/133-positive
cells was 2.00+0.76x107. We considered that the
volume of bone marrow or number of BM-MNCs
harvested in this study was much higher than the
level needed to relieve hindlimb ischemia in all
patients. However, it is considered that more
investigation is necessary to determine the optimal
number of transplanted cells.

In summary, our findings suggest that secretion of
angiogenesis-related factors investigated in this
study after BMI treatment plays an important role in
the mechanism underlying the effect of BMI

treatment. It was suggested that this mechanism



involves early and late phases. The early phase
involves direct action by implanted cells, whereas
the late phase involves indirect paracrine action. In
addition, it was considered that BMI treatment is
effective when we implant an adequate volume of
bone marrow (600ml) for ischemic limbs, especially

for Buerger’s disease.
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