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Similarly Kocher et al. attempted intravenous infusion of
freshly isolated human CD34+ MNCs into nude rats with
myocardial ischemia, and found preservation of LV func-
tion associated with inhibition of cardiomyocyte apoptosis
[55]. Thus two approaches of EPC preparation (i.e. both
cultured and freshly-isolated human EPCs) may provide
therapeutic benefit in vascnlar diseases, but as described
below, will likely require further optimization of tech-
niques to acquire the ideal quality and quantity of EPCs for
EPC therapy (Fig. 3).

3.2. Future strategy of EPC cell therapy

Ex vivo expansion of EPCs cultured from PB-MNCs of
healthy human volunteers typically yields 5.0X10° cells
per 100 m! of blood on day 7. Qur animal studies [25]
suggest that heterologous transplantation requires systemic
injection of 0.5-2.0X10* human EPCs/g body weight of
the recipient animal to achieve satisfactory reperfusion of
an ischemic hindlimb. Rough extrapolation of these data to
human suggests that a blood volume of as much as 12 1
may be necessary to obtain adequate numbers of EPCs to
treat critical limb ischemia in patients. Therefore, the
fundamental scarcity of EPCs in the circulation, combined
with their possible functional impairment associated with a
variety of phenotypes in clinical patients, such as aging,
diabetes, hypercholesterolemia, -and homocyst(e)inemia
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(vide infra), constimte major limitations of primary EPC
transplantation. Considering autologous EPC therapy, cer-
tain technical improvements that may help to overcome the
primary scarcity of a viable and functional EPC population
should include: (1) local delivery of EPCs, (2) adjunctive
strategies (e.g. growth factor supplements) to promote
BM-derived EPC mobilization {33,37], (3) enrichment
procedures, i.e. Jeukapheresis or BM aspiration, or (4)
enhancement of EPC function by gene transduction {gene
modified EPC therapy, vide infra), (5) culture-expansion of
EPCs from self-renewable primitive stem cells in BM or
other tissues. Alternatively, unless the quality and quantity
of autclogous EPCs to satisfy the effectiveness of EPC
therapy may be acquired by the technical improvements
described above, allogenic EPCs derived from umbilical
cord blood or culture-expanded from human embryonic
stem cells [17,56], may be available as the sources
supplying EPCs.

5.3. Gene modified EPC therapy

A strategy that may alleviate potential EPC dysfunction
in ischemic disorders is considered reasonable, given the
findings that EPC function and mobilization may be
impaired in certain disease states. Genetic modification of
EPCs to overexpress angiogenic growth factors, to enhance
signaling activity of the angiogenic response, and to
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Fig. 3. EPC therapy using autologous EPCs derived from BM for vascular regeneration. Transplantation of BM- or mobilized PB-MNCs are considered
‘crude EPC therapy’, as EPCs are not selected. BM-MNCs have already been under clinical application. Following the manipulation to acquire the
optimized quality and/or quantity. e.g. sorting by surface markers, ex vivo culture-expansion and/or gene transfection. EPC therapy it expected to be the
useful strategy for vascular regeneration.
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rejuvenate the bioactivity and/or extend the life span of
EPCs, can constitute such potential strategies.

We have recently shown for the first time that gene-
modified EPCs rescue impaired neovascularization in an
animal model of limb ischemia [57]. Transplantation of
heterologous EPCs transduced with adenovirus encoding
human VEGF1I65 not only improved neovascularization
and blood flow recovery, but also had meaningful bio-
logical consequences, i.e. limb necrosis and auto-amputa-
tion were reduced by 63.7% in comparison with controls.
Notably, the dose of EPCs needed to achieve limb salvage
in these in vivo experiments was 30 times less than that
required in the previous experiments involving unmodified
EPCs [25]. Thus, combining EPC cell therapy with gene
(i.e. VEGF) therapy may be one option to address the
Iimited number and function of EPCs that can be isolated
from peripheral blood in patients.

3.4, BM-MNC transplartation

Nonselected total BM cells or BM-MNCs including
immature EPC population have also been investigated for
their potential to induce neovascularization. Several ex-
periments have reported that autologous BM administra-
tion into rabbit [58] or rat [59] hindlimb ischemic model,
and porcine myocardial ischemic model [60,61] could
augment neovascularization in ischemic tissue mainly
through the production of angiogenic growth factors and
less through the differentiation of a portion of the cells into
EPCs/ECs in situ. Although there are no long-term safety
and efficacy data for local delivery of such cell population
mostly composed of inflammatory leukocytes, these strate-
gies have already been applied te clinical patients in some
institutions and preliminary results are expected soon.

6. Other devices of EPCs for clinical application

EPCs have recently been applied to the field of tissue
engineering as a means of improving biccompatibility of
vascular grafts. Artificial grafts first seeded with autolog-
ous CD34+ celis from canine BM and then jmplanted into
the aortae were found to have increased surface endo-
thelialization and vascularization compared with controls
[62]. Similarly, when culmred autologous ovine EPCs
were sceded onto carotid interposition grafts, the EPC-
seeded grafts achieved physiological motility and remained
patent for 130 days versus 15 days in non-seeded grafts
[63]. Alternatively, as previously reported, the cell sheets
of cultured cardiomyocytes may be effective for the
improvement of cardiac function in the damaged hearts,
i.e. ischemic heart disease or cardiomyopathy [64,65]. The
cell sheets consisting of cardiomyocytes with EPCs ex-
pected to induce neovessels may be attractive, as blood
supply is essential to maintain the homeostasis of im-
planted cardiomyocytes in such cell sheets.
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EPCs have also been investigated in the cerebrovascular
field. Embolization of the middle cerebra! artery in Tie2/
lacZ/BMT mice disclosed that the formation of new blood
vessels in the adult brain after strcke involves vas-
culogenesis/EPCs [66]. Similar data were reported using
gender-mismatched wild-type mice transplanted with BM
from Green Fluorescein Protein transgenic mice [67).
However, whether autologous EPC transplantation would
augment cerebral revascularization has yet to be examined.

To date, the roie of EPCs in tumor angiogenesis has
been demonstrated by several groups. Davidoff et al.
showed that BM-derived EPCs contribute to tumor neovas-
culature and that BM cells transduced with an anti-an-
giogenic gene can restrict tumor growth in mice [45].
Lyden et al. recently used angiogenic defective, tumor
resistant Id-mutant mice and showed the restoration of
mmor angiogenesis with BM (donor)-derived EPCs
throughout the neovessels following the transplantation of
wild-type BM into these mice [46). These data demon-
strate that EPCs are not only important, but also critical, to
tumor neovascularization. Given the findings, ‘anti-tumor
EPC mediated gene therapy’ by transplantation of EPCs
transferred genes to inhibit tumor growth may be de-
veloped in the near future,

Orlic et al. recently demonstrated that lineage marker
negative (non-committed) and CD117 positive BM cells
can regenerate de novo myocardium and ECs and improve
cardiac function when they were locally delivered into
murine myocardial infarction model [68]. They also re-
ported that mobilization of BM cells by G-CSF and stem
cell factor leads to a reduction in infarct size, improves
cardiac function and decreases the menrtality in this animal
model [69]. Jackson et al. showed that BM-derived stem
cells (side population cells defined by dye exclusion) can
differentiate into cardiomyocytes and ECs at a very low
rate in murine cardiac reperfusion injury model following
BMT [70]. These studies suggest a clinical use of BM for
cardiovascular diseases other than EPCs/therapeutic vas-
culogenesis. Given the extensive plasticity of BM cells
differentiating into neural, hepatic and mesenchymal
lineages, BM-derived EPCs may also exhibit such a
potential, as seen in the report suggesting the transdifferen-
tiation of endothelial lineage cells into cardiomyocytes
[71].

7. Conclusion

As the concepts of BM-derived EPCs in adults and

'posmatal vasculogenésis are further established, clinical

applications of EPCs to regenerative medicine are likely to
follow. To acquire the more optimized quality and quantity
of EPCs, several issues remain to be addressed, such as the
development of a more efficient method of EPC purifica-
tion and expansion, the methods of administration and
senescence in EPCs, Alternatively, in the case of im-
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possible utility of autologous BM-derived EPCs in the
patients with impaired BM function, an appreciable num-
ber of EPCs isolated from umbilical cord blood or dif-
ferentiated from tissue specific stem/progenitor or em-
bryonic stem cells need to be optimized for EPC therapy.
However, the unlimited potential of EPCs along with the
emerging concepts of autologous cell therapy with gene
modification suggests that they may soon reach clinical
fruition.
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Stromal Cell-Derived Factor-1 Effects on Ex Vivo
Expanded Endothelial Progenitor Cell Recruitment for
Ischemic Neovascularization

Jun-ichi Yamaguchi, MD, PhD; Kengo Fukushima Kusano, MD, PhD; Osamu Masuo, MD;
Atsuhiko Kawamoto, MD, PhD; Marcy Silver, BS; Satoshi Murasawa, MD, PhD;
Marta Bosch-Marce, PhD; Haruchika Masuda, MD, PhD; Douglas W. Losordo, MD;
Jeffrey M. Isner, MDt; Takayuki Asahara, MD, PhD

Background—Stromal cell-derived factor-1 (SDF-1) is a chemokine considered to play an important role in the trafficking
of hematopoietic stem cells. Given the close relationship between hematopoietic stem cells and endothelial progenitor
cells (EPCs), we investigated the effect of SDF-1 on EPC-mediated vasculogenesis.

Methods and Results—Flow cytometric analysis demonstrated expression of CXCR4, the receptor of SDF-1, by 66+3%
of EPCs after 7 days in culture. In vitro modified Boyden chamber assay showed a dose-dependent EPC migration
toward SDF-1 (control versus 10 ng/mL SDF-1 versus 100 ng/mL SDF-1, 242 versus 713 versus 1406 cells/mm?
P<0.0001). SDF-1 attenuated EPC apoptosis (control versus SDF-1, 271 versus 7%1%; P<0.0001). To investigate
the effect of SDF-1 in vive, we locally injected SDF-1 into athymic ischemic hindlimb muscle of rude mice combined
with human EPC transplantation to determine whether SDF-1 augmented EPC-induced vasculogenesis. Fluorescence
microscopic examination disclosed increased local accumulation of fluorescence-labeled EPCs in ischemic muscle in
the SDF-1 treatment group (control versus SDF-1=241+25 versus 445+24 cells/mm?, P<<0.0001). At day 28 after
treatment, ischemic tissue perfusion was improved in the SDF-1 group and capillary density was also increased. (control
versus SDF-1, 35526 versus 551 %30 cells/fmm? P<0.0001). ‘

Conclusion—These findings indicate that locally delivered SDF-1 augments vasculogenesis and subsequently contributes
to ischemic neovascularization in vivo by augmenting EPC recruitment in ischemic tissues. (Circulation. 2003;107:

1322-1328.)

Key Words: chemokines m angiogenesis m ischemia m endothelium

S tromal cell-derived factor-1 (SDF-1) is 2 member of the
chemokine CXC subfamily originally isolated from mu-
rine bone marrow stromal cells.' It has a singlie substantial
open reading frame of 267 nucleotides encoding an 89-amino
acid polypeptide and expressed on stromal cells of various
tissues. On the other hand, CXCR4, a 7-transmembrane-
spanning G protein—coupled receptor, is the only known
receptor for SDF-1 and is also a coreceptor for HIV type 1
infection.2 SDF-1/CXCR4 interaction is reported to play an
important physiological role during embryogenesis in hema-
topoiesis,? vascular development, cardiogenesis,* and cere-
bellar development.’

Recently, several investigators reported that CD34* cells,
classically considered to be hematopoietic stem cells, ex-
pressed CXCR4, and that SDF-1 could induce CD34" cell

migration in vitro.¢ Accordingly, SDF-1 is considered as one
of the key regulators of hematopoietic stem cell trafficking
between the peripheral circulation and bone marrow. SDF-1
has also been shown to effect CD34" cell proliferation” and
mobilization® and to induce angiogenesis in vivo.?

Bone marrow—derived endothelial progenitor cells (EPCs)
have been isolated from the peripheral blood of adult spe-
cies.'*!! These cells participate in not only physiological but
also pathological neovascularization in response to certain
cytokines and/or tissue ischemia.!2-14 More recently, ex vivo
expanded EPCs from peripheral blood, transplanted into
animal medels of ischemic hindlimbs and acute myocardial
infarction, successfully augmented neovascularization result-
ing in physiological recovery documented as limb salvage
and improvement in myocardial function,!516
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At present, however, enthusiasm for the therapeutic poten-
tial of strategies of EPC transplantation is limited by certain
practical considerations. For example, adjusting the number
of EPCs for injection according to body weight, ~6 L of
btood would be required for harvesting of EPCs in an
average-size patient to administer a dose equivalent to that
which yielded therapeutic effects in limb and myocardial
ischemia in small animal models. Accordingly, we investi-
gated the hypothesis that jocally administered SDF-1 could
augment the local accumulation of transplanted EPCs,
thereby resulting in enhanced neovascularization. Here we
report that EPCs express CXCR4 and that the combination of
SDF-1 local administration and EPC transplantation has
potential as a strategy for therapeutic neovascularization.

Methods

Cell Isolation and Culture
Ex vivo expansion of EPCs was performed as described.'? In brief,
total human peripheral blood mononuclear cells were isolated from
healthy human volunteers by density-gradient centrifugation with
Histopaque-1077 (Sigma) and plated on culture dishes coated with
human fibronectin (Sigma). The cells were culwred in endothelial
cell basal medium-2 (EBM-2, Clonetics} supplemented with 5%
FBS, human vascular endothelial growth factor (VEGF)-A, human
fibroblast growth factor-2, human epidermal growth factor, insulin-
like growth factor-1, ascorbic acid, and antibiotics. After 4 days in
culture, nonadherent cells were removed by washing with PBS, new
medium was applied, and the culture was maintained through day 7.
CD34” cells from isolated human peripheral blood mononuclear
cells were positively selected using the MiniMACS immunomag-
netic separation system {(Milteney Biotec) according to the manufac-
turer’s instructions as recently described.”

Fluorescence-Activated Cell Sorting
Fluorescence-activated cell sorting (FACS) detection of EPCs was
performed after 7 days in culture. The procedure of FACS staining
was described previously.!® In brief, a total of 2 1o 3X10* cells were
resuspended with 200 pL of Dulbecco’s PBS {BioWhittaker) con-
taining 10% FBS and 0.01% NaN, and incubated for 20 minutes at
4°C with phycoerythrin-conjugated monoclonal antibodies against
CXCR4 (PharMingen), After staining, the cells were fixed in 2%
paraformaldehyde. Quantitative FACS was performed on a FACStar
flow cytometer (Becton Dickinson). All groups were studied at least
in triplicate.

Migration Assay

To investigate EPC migration activity, a modified Boyden chamber
assay was performed using a 48-well microchemotaxis chamber
(NeurcProbe) as described.'? In brief, SDF-1 (PharMingen) is
diluted to appropriate concentrations in EBM-2 suppiemented with
0.1% BSA, and 30 pL of the final dilution was placed in the lower
compartment of a Boyden chamber. Human EPCs cultured for 7 days
were harvested, 3X10 cells were suspended in 50 uL of EBM-2
supplemented with 0.1% BSA, and antibiotics were reseeded in the
upper compartment. After incubation for 5 hours at 37°C, the filter
was removed, and the cells on the filter were-counted manually in
random high-power fields (X100} in each well, All groups were
studied at least in triplicate.

Apoptosis Assay

EPC apopiosis, induced by serum starvation, was quantified to
determine whether SDF-1 exerts a survival effect on EPCs. The
proportion of apoptotic EPCs after serum starvation was determined
by manually counting pyknotic nuclei afier DAPI {Roche} staining.
In brief, day 7 EPCs were reseeded onto 4-chamber slides (1 X 10°
cells per well with 500 pl. of EPC culture medium), After 24 hours
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of incubation, culture medium was removed and replaced with 500
pl. of EBM-2 without any supplement. After 48 hours of serum
deprivation, the medium was supplemented with 100 ng/mlL of
SDF-1 (versus medium alone) and incubated for 3 hours. DAPI-
stained pyknotic nuclei were counted as percentage of 100 cells in
each well. Each group was studied at least in triplicate.

Animal Model of Ischemic Hindlimb

All procedures were performed in accordance with the Institutional
Animal Care and Use Committee of St Elizabeth’s Medical Center,
Male athymic nude mice (CBy-Cg-Foxnl™, The Jackson Laborato-
ry}), age 8 to 10 weeks and weighing 18 to 22 g, were anesthetized
with sodium pentobarbital (160 mg/kg 1P} for operative resection of
one femoral artery as described.’® For euthanization, mice were
injected with an overdose of pentobarbital,

RNA Extraction and Reverse Transcriptase—
Polymerase Chain Reaction Analysis

Tissue RNA was extracted from frozen muscle samples (day 7 after
hindlimb ischemia) using TRIzol reagent (Invitrogen) according to
the manufacturet’s instructions. Reverse transcriptase—polymerase
chain reaction (RT-PCR) of the VEGF and GAPDH genes was
performed nsing 1 pg of total RNA. PCR was performed for 35
cycles for VEGF-A and 25 cycles for GAPDH, with each cycle
consisting of 94°C for 30 seconds and 64°C for 3 minutes. Ampli-
fication was carried out in 20-pL reaction mixtures containing 0.4 U
Tug polymerase.

Transplantation of Ex Vivo Expanded EPCs

The impact of local administration of SDF-1 after EPC transplanta-
tion on therapeutic neovascularization was investigated in a murine
mode! of hindlimb ischemia.'é Just after operative excision of one
femoral artery, athymic nude mice, described above, in which
angiogenesis is characteristically impaired, received a local intra-
muscular injection of 1 ug SDF-1 versus PBS in the center of the
lower calf muscle followed immediately by an intravenous injection
of 1.5%10* culture-expanded EPCs. To evaluate EPC incorporation
into the vasculature in ischemic muscles, some mice were trans-
planted with EPCs labeled with the fluorescent carbocyanine 1,1'-
dioctadecyl-1 to 3,3,3'3'-tetramethylidocarboyanine perchlorate
(Dil) dye (Molecular Probes), Before tansplantation, EPCs in
suspension were washed with PBS and incubated with Dil at a
concentration of 2.5 pg/mL PBS for 5 minutes at 37°C and 15
minutes at 4°C. After 2 washing steps in PBS, the cells were
resuspended in EBM-2. Five mice in the placebo and SDF-1 groups
each received 1,5X1(" Dil-labeled EPCs intravenously as described
above. Thirty minutes before euthanization at day 3 and day 7, 5
mice in each group received an intravenous injection of 50 pg of
Bandeiraea simplicifolia lectin 1 (BS-1 lectin, Vector Laboratories)
to identify the mouse vasculature.

Physiological Assessment of Transplanted Animals
Laser Doppler perfusion imaging (LDPI, Moor Instruments) was
used to record serial blood flow measurements over the course of 4
weeks postoperatively, as previously described.'s There were 8 mice
in the SDF-1 group and 9 in the PBS group. In these digital
color-coded images, a red hue indicates the region of maximum
perfusion, medium perfusion values are shown in yellow, and the
lowest perfusion values are represented by blue. Figure 5B displays

" absolute values in readable units. -

Histological Assessment of Transplanted Animals
Tissue sections from the lower calf muscles of ischemic and healthy
limbs were harvested on days 3, 7, and 28. To examine EPC
incorporation at early time points after transplantation (at days 3 and
T7) and SDF-1 effect on host endothelial cells, tissues from the mice
injected with Dil-labeled EPCs and BS-1 lectin were embedded for
frozen section samples. A total of 20 different fields (4 cross sections
from each animal) were randomly selected, and the Dil-labeled EPCs
were counted (X40 magnification).
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EPCs

CD34* cells

Figure 1. Analysis of CXCR-4 expression
by flow cytometry. Results are shown as
fluorescence histograms (blue, CXCR-4
expression; red, respective IgG control).
Ex vivo expanded EPCs were positive by
66.0+3,1% for CXCR-4, and freshly iso-
lated peripheral blood CD34* cells by
5.2+1.1%. FL2-H indicates flucrescent
intensity,

5+ 1%

The extent of neovascularization at day 28 was assessed by
measuring capillary density in light microscopic sections.! Paraffin-
embedded sections of 5-pm thickness were stained for the mouse
endothelial cell marker isolectin B4 (Vector Laboratories) and
counterstained with cosin to detect capillary endothelial cells as
previously described.'s A total of 20 different fields were randomly
selected (2 or 3 cross sections from each animal), and the capillaries
were counted (X40 magnification).

Statistical Analysis

All results are expressed as mean*SEM, Statistical significance was
cvaluated using the unpaired Student 7 test for comparisons berween
2 means. Multiple comparisons between >3 groups were done by
ANOVA. Probability value of P<0.05 denoted statistical
significance.

Results

Fluorescence-Activated Cell Sorting

After 7 days of culture, ex vivo expanded EPCs derived from
peripheral blood of healthy human volunteers exhibited
spindle-shaped morphology. These progenitor cells have
qualitative properties of endothelial lineage cells.' FACS
analysis elucidated that 66.0+3.1% of day 7 cultured EPCs
express CXCR4, whereas only 5.2+1.1% of freshly isolated
human peripheral blood CD34* cells showed CXCR4 expres-
sion (Figure 1). In addition, 50.6*=4.7% of CD34" cells
cultured 24 heours with EPC culture medium expressed
CXCR4, which is consistent with previous reports.”

Migration Assay

To investigate the migratory response of ex vivo expanded
EPCs toward an SDF-1, we performed a modified Boyden
chamber assay in vitro. SDF-1 induced EPC migration in a
dose-dependent manner (Figure 2). The magnitude of migra-
tion was similar to that induced by VEGF (data not shown).
SDF-1 induced a small, statistically insignificant increase in
EPC proliferative activity (data not shown).

Apoptosis Assay

To examine the effect of SDF-1 on ex vivo expanded EPC
survival, we quantified apoptosis induced by serum starva-
tion. After 48 hours of serum starvation, ex vivo expanded
EPCs were treated with 100 ng/mL of SDF-1 for 3 hours.
DAPI staining was performed to determine the proportion of
apoptotic cells by manually counting pyknotic nuciei (Figure
3A). SDF-1 reduced apoptosis of EPCs from 26.621.0% to
7.120.9% (P<0.0001) (Figure 3B).
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SDF-1 Upregulates Endogenous VEGF Expression

in Hindlimb Ischemic Muscle

To investigate whether SDF-I upregulates endogenous
VEGF expression, we examined the expression of VEGF-A
in the hindlimb ischemic muscle. Figure 4A shows temporal
expression of VEGF-A mRNA in hindlimb muscle from mice
treated with SDF-1 or PBS. Seven days after the treatment,
VEGF-A mRNA expression was increased in SDF-1-treated
muscle. Quantitative analysis of expression is shown in
Figure 4B.

EPC Incorporation Into Ischemic

Hindlimb Neovasculature

To clucidate the SDF-1 effect on local recruitment of trans-
planted EPCs from the systemic circulation and of host
endothelial cells, we quantified incorporation of transplanted
EPCs into the microvasculature of ischemic limbs and the
number of host endothelial cells after local SDF-1 adminis-
tration in nude mice hindlimbs. Transplanted human EPCs
labeled with Dil were identified in tissue sections by red
fluorescence, whereas the native mouse vasculature stained
by premortem BS-1 lectin administration was identified by
green fluorescence in the same tissue sections (Figure SA).
Histological examination disclosed increased local accumu-
lation of Dil-labeled EPCs in the SDF-1 group compared with
PBS controls (day 3, 445+24 versus 241+25 cells/mm?,
P<0.0001; day 7, 446%31 versus 355+30 cells/mm?,

200
150
10

50

control SDF-1 SDF-1 $DF-]
log  10ng 100ng

Figure 2. SDF-1 induced EPC migration. Migratory response of
EPCs toward different dosages of SDF-1 stimulation was mea-
sured by medified Boyden chamber migration assay. Ex vivo
expanded EPCs demonstrated a potent dose-dependent activity
toward SDF-1. Control v 10 ng/mbL SDF-1 vs 100 ng/mL
SDF-1, 24+2 vs 7123 vs 140+6 cells/mm?; *P<0.0001,
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P<0.05) (Figure 5B). Moreover, increased numbers of host
endothelial cells were observed in the SDF-1 group compared
with the PBS group (day 3, 500+19 versus 343%23 cells/
mm?, P<0.0001; day 7, 53119 versus 38625 cells/mm?,
P<0.05) (Figure 5C).

Physiological Assessment of Transplanted Animals
After systemic human EPC transplantation with local intra-
muscular administration of SDF-1 or PBS, senial measure-
ments of hindlimb perfusion by LDPI were performed at days
7. 14, 21, and 28. LDPI disclosed profound differences in the
limb perfusion 28 days after induction of limb ischemia
(Figure 6A). By day 28, the ratio of ischemic/nonischemic
blood flow in the SDF-1 treatment group improved to
0.50x0.08 versus 0.26*0.04 in the PBS group (P<0.05,
Figure 6B). Thus, the homing effect of local SDF-1 injection
documented above was accompanied by physiological evi-
dence for enhanced neovascularization, suggesting that the

A
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Figure 3. SDF-1 attenuated EPCs apo-
ptosis. Serum starvation was used to
induce apoptosis in ex vivo expanded
EPCs. A, DAPI staining was performed to
determine the proportion of apoptotic
cells by manually courting pyknotic
nuciei (white condensed nuclei in fig-
ures). Scale bars=100 um. B, Quantifi-

* cation of percentage of pyknotic nuclel.
Control vs SDF-1, 27+1% vs 7:1%;
*P<0.0001.
SDF-1

EPCs that were attracted to the ischemic limb by SDF-1 were
subsequently incorporated into the developing vasculature.
To provide anatomic evidence of EPC-increased vasculature
in the SDF-l—reated limbs, histological examination for
capillary density was performed.’®

Histological Assessment of Transplanted Animals
Staining with the endothelial cell marker isolectin B4 was
performed on skeletal muscle sections retrieved from the
ischemic hindlimbs of mice at day 28 to quantify capillary
density (Figure 7A). Capillary density, an index of neovas-
cularization, was significantly higher in the SDF-1 treatment
group (551+30 celis/mm?) than in the PBS treatment group
(24125 cells/mm?, P<0.0001) (Figure 7B).

Discussion
Our previous studies indicated that ex vivo cell therapy,
consisting of systemic implantation of culture-expanded hu-

~ .
‘.EGF-‘—\ = Ve

GAPDH

bl 4 VEGE164

Figure 4. SDF-1 upregulated expression
of VEGF-A mRBNA in ischemic hindlimb.
A, Expression of VEGF-A mRNA in SDF-
1-treated and untreated muscle. Each
panel shows RT-PCR products for
VEGF-A and GAPDH. Ao indicates mouse
aortic tissue as positive control. B, Densi-
tometric analysis was performed; ratio of
RT-PCR product of VEGF-A (VEGF,) to
that of GAPDH Is shown. Data were
obtained from 3 separate expetiments
and are presented as arbitrary units over
controls, *F<0.01 (unpaired t test) vs
SDF-1 (—) group.
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Figure 5. SDF-1 augmented EPC incorporation at an early time point. Fluorescence microscopic examination disclosed increased local
accumulation of EPCs in SDF-1 treatment group compared with PBS group. A, Representative microscopic photographs of double flu-
orescence in ischemic muscles at day 3. Transplanted human Dil-labeled EPC-derived cells were Identified by red fluorescence in his-
tological sections retrieved from ischemic muscles. Host mouse vasculature was identified by green fluorescence in the same tissue
sectlons, Scale bars=100 um. B, Quantitative analysis of incorporated EPCs. Density of Dil-labeled EPCs (red fluorescence) in tissue
sections retrieved from ischemic muscles was greater in SDF-1 treatment group than in PES group at both days 3 and 7 (day 3, con-
tro! vs SDF-1, 241 +25 vs 445x24 cells/mm?, "P<0.0001; day 7, controt vs SDF-1, 35530 vs 446x31 celis/mm2, *F<0.05). C, Quanti-
tative analysls of host endothelial cells. Density of host endothelial cells (green fiucrescence) in tissue sections retrieved from ischemic
muscles was greater In SDF-1 treatment group than in PBS group at both days 3 and 7 {day 3, control vs SDF-1, 343+23 vs 50019
cells/mm?, *F<0.0001; day 7, control vs SDF-1, 386=25 vs 531 18 celis/mm?, *P<0.05).

man EPCs, successfully promotes neovascularization of is-
chemic hindlimbs'¢ and acute myocardial infarction!* in
immune-deficient animal models. In these studies, heteroge-
nous cell transplantation not only improved neovasculariza-
tion but also reduced adverse biological consequences such as
limb necrosis and autoamputation in the mouse ischemic
hindlimb model. These studies alse disclosed that systemic
EPC transplantation improved myocardial neovascularization
and cardiac function corresponding to reduced left ventricular
scarring.

SDF-1 Effect on Vasculogenesis
Recent reports®7 indicated that SDF-1 was a strong chemoat-
tractant for CD34* cells, which express CXCRA4, the receptor
- for SDF-1, and played an important role in- hematopoietic
stem cell trafficking between the peripheral circulation and
bone marrow. In addition, certain evidence suggests that
SDF-1 may have direct effects on vasculogenesis. Tachibana
et al* reported that mice lacking SDF-1 had defective forma-
tion of large vessels supplying the gastrointestinal tract. More
recently, Hattori et al® reported that plasma elevation of
SDF-1 induced mobilization of mature and immature hema-
topoietic progenitors and stem cells, including EPCs.
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SDF-1 Contributes to Neovascularization by
Augmenting Local Accumulation of Transplanted
EPCs in Ischemic Tissues

Given the close relationship between hematopoietic stem
cells and EPCs, we focused on the chemoattractant properties
of SDF-1. We investigated the hypothesis that locally admin-
istered SDF-1 might augment the accumulation of EPCs to
the site of ischemia, resulting in enhancing the efficacy of
neovascularization after systemic EPC transplantation. The
factors mediating the recruitment of circulating progenitors to
ischemic tissue are not well characterized. Western analysis
detected no SDF-1 protein in ischemic muscles (data not
shown). We hypothesized that exogenous SDF-1, adminis-
tered into ischemic tissue, could exert a strong chemoattrac-
tant effect for circulating EPCs, augmenting the effect of
endogenous angiogenic/chemoattractant factors.

Our in vitro data verified the feasibility of this approach.
CXCR4, the receptor for SDF-1, is expressed by EPCs, and
the percentage of EPCs expressing CXCR4 was 13-fold
higher compared with that of freshly isolated peripheral
blood-derived CD34* cells. SDF-1 induced EPC migration
and also exerted a survival effect on cultured EPCs,

In vivo, local SDF-1 administration augmented EPC accu-
mulation 3 days after the treatment, which is consistent with
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Figure 6. SDF-1 improved tissue perfu-
sion. Hindlimb perfusion was measured
by LDPI. A, Representative LOPI 28 days
after Induction of limb Ischemla. Boxes
indicate areas of interest, B, Quartitative
anatysis of perfusion recovery measured
by LDP. Ratios of ischemic/nonischemic
limbs at day 28 were as follows: for PBS,
0.26+0.04; for SDF-1, 0.50+0.08;

. ; *P<0.05.
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a chemoattractant effect in excess of the native locally
expressed factors. The magnitude of EPC incorporation in the
SDF-1 treatment group at day 3 was 1.8-fold higher than in
the control group. The magnitude of EPC incorporation was
similar between days 3 and 7, suggesting that the homing of
exogenously administered EPCs occurs early after transplan-
tation. Subsequent physiological and histological evaluations
were performed to determine whether this increase in EPC
local accumulation culminated in an increase in neovascular-
ization. Serial LDPI measurements indicated significant dif-
ferences in limb perfusion 28 days after induction of ische-
mia, whereas histological analysis revealed that capillary
density, a direct anatomic reflection of neovascularization,
was significantly greater in the SDF-1 treatment group than in
the control group. These data provide evidence that the
ultimate degree of physiological improvement is critically
dependent on sufficient EPC recruitment at an early time
point_l“.l‘?

It seems likely that in addition to transplanted EPCs,
SDF-1 might stimulate host endothelial cells from preexisting
blood vessels and host EPCs derived from bone marrow.
Indeed, Salcedo et al® reported that subcutaneous serial
SDF-1 injections into mouse skin induced formation of local
small blood vessels and that SDF-1 treatment enhanced
VEGF release from human umbilical vein endothelial cells in
vitro. We have also observed enhanced VEGF release from
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EPCs treated with SDF-1 in vitro {(data not shown).20 Taken
together with these observations, SDF-1 appears to have
effects on endogenous angiogenesis (direct or via certain
secondary cytokines) as well as vasculogenesis.

However, SDF-1 administered locally as the sole ther-
apy for hindlimb ischemia in the same animal model
resulted in autoamputation within 7 days in all animals
(n=35, data not shown). Accordingly, at least under the
experimental conditions used in this study, the effect of
SDF-1 on neovascularization appears to result primarily
from its ability to enhance the recruitment and incorpora-
tion of transplanted EPCs.

To the best of our knowledge, this study represents the first
experimental proof of principle for the feasibility and thera-
peutic effectiveness of augmenting local accumulation of
EPCs. EPCs widely express CXCR4, and local administration
of SDF-1 enhanced vasculogenesis and subsequently contrib-
uted to neovascularization in vivo inducing in situ recruit-
ment of transplanted EPCs in ischemic tissues. To apply
SDF-1 treatment in clinical ischemic patients, certain issues
will need to be considered, such as the effect of SDF-1 on
atherosclerosis. Additional experiments using atherosclerotic
animal models may shed light on this concern. Nevertheless,
we believe that the concept of augmenting local accumulation
of transplanted EPCs opens perspectives for the clinical
strategy of EPC therapies.

Figure 7. SOF-1 increased capillary density
in ischemic tissua at day 28. Histological
skeletal muscle section retrieved from ische-
mic hindlimbs at day 28 was examined for
capillary density, an index of neovasculariza-
tion, using endothelial-specific chemical
staining of isclectin B4, A, Representative
microscopic photographs of isolectin B4 his-
tochemical staining in ischemic muscles at
day 28, Brown indicates Isolectin B4-positive
vasculatures. Scale bars=100 um. B, Quanti-
tative analysis of capillary density. PBS vs
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SOE-1 8DF-1, 355x26 vs 551230 cells/mm?
- {"P<0.0001).
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Abstract

~ Myocardial tissue engineering has now emerged as one of the most promising treatments for the patients suffering from severe
heart failure. Tissue engincering has currently been based on the technology using three-dimensional (3-D) biodegradable scaffolds
as alternatives for extracellular matrix. According to this most popular technique, several types of 3-D myocardial tissues have been

successfully engineered by seeding cardiomyocytes into poly(gl

yeolic acid), gelatin, alginate or collagen scaffolds. However,

insufficient cell migration into the scaffolds and inflammatory reaction due to scaffold biodegradation remain problems to be solved,
In contrast to these technologies, we now propose novel tissue engineering methodology layering cell sheets to construct 3.D
functional tissues without any artificial scaffolds. Confluent cells on temperature-responsive culture surfaces can be harvested as a
viable contiguous cell sheet only by lowering temperature without any enzymatic digestions. Electrical communications are
established between layered cardiomyocyte sheets, resuiting in simultancous beating 3-D myocardial tissues. Layered cardiomyocyte
sheets in vivo present jong survival, macroscopic pulsation and characteristic structures of native heart tissue. Cell sheet engineering
should have enormous potential for fabricating clinically applicable myocardial tissues and should promote tissue engineering

research fields.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Myocardial tissue engineering; Cell sheet; Cardiac myocyte; Transplantation; Temperature-responsive culture surface

1. Introduction

Recently, alternative treatments for cardiac trans-
plantation have been strongly requested to repair
damaged heart tissue, because the utility of heart
transplantation is limited by donor shortage. Cell
therapy is now considered to be one of the most
effective treatments for impaired heart tissue [1.2].
Direct transplantation of cell suspension has been
researched since the early 1990s {3]. In these studies,
survival of transplanted cells, integration of native and
grafted cells, and improvement of host cardiac function
have been reported. It is a critical point how to isolate
and expand clinically transplantable myocardial cell
source. Autologous myoblast transplantation has been
performed clinically and the contraction and viability of
grafted myoblasts have been confirmed [4]. Multipotent
bone marrow celis or embryonic stem cells have been

*Corresponding author. Tel.: +81-3-3353-8111x30234; fax: +81-3-
3359-6046. :

E-mail address: tokano@abmes.twmu.ac.jp (T. Okano}.

now aggressively investigated as possible candidates for
human implantable myocardial cell source [5-8].

In direct injection of dissociated cells, it is difficult to
control shape, size and location of the grafted celis.
Additionally, isolated cell transplantation is not enough
for replacing congenital defects. To overcome these
problems, research on fabricating three-dimensional (3-
D) cardiac grafts by tissue engineering technology has
also now begun [9]. Tissue engineering has currently
been based on the concepts that 3-D biodegradable
scaffolds are useful as alternatives for extracellular
matrix (ECM) and that seeded cells reform their native
structure in according to scaffold biodegradation [10].
This context has been used for every type of tissue. In
myocardial tissue engineering, poly(glycolic acid)
(PGA), gelatin and alginate have been used as pre-
fabricated biodegradable scaffolds. Papadaki et al
engineered 3-D cardiac constructs by using PGA
scaffolds processed into porous meshes and rotating
bioreactors [11]. Li et al. have demonstrated that
transplantation of tissue-engineered cardiac grafts using
biodegradable gelatin sponges replaced myocardial scar
and right ventricular outfiow track defect [12,13].

0142-9612/03/5 - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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Furthermore, Leor et al. reported that bioengineered
heart grafts using porous alginate scaffolds attenuated
left ventricular dilatation and heart function deteriora-
tion in myocardial infarction model [14]. As the
technique premixing cells and ECM alternatives instead
of seeding cells into preformed scaffolds, Zimmermann
et al. engineered 3-D heart tissue by gelling the mixture
of cardiomyocytes and collagen solution [15,16]. The
construct has allowed direct measurement of isometric
contractile force as heart tissue model.

In spite of these desirable results, insufficient cell
migration into scaffolds and inflammatory reaction due
to scaffold biodegradation remain problems-to be solved
[13,14]. In native myocardial tissue, cells are consider-

ably dense (Fig. 1A) in comparison with other tissues-

including cartilage, vascular, and heart valve, which are
cell-sparse tissues and have been successfully engineered
by using biodegradable scaffolds (Fig. 1B}. Cardiomyo-
cytes are also tightly interconnected with gap junctions,
which mediated the reciprocal exchange of small
molecules and ions resulting in electrically synchronous
beating [I7]. In myocardial tissue engineering, biode-
gradable scaffolds themselves attenuate cell-to-cell con-
nections and scaffold biodegradation leads to fibrous
tissues containing excessive amount of ECM, which is
shown in pathological states including ischemic heart
disease or dilated cardiomyopathy. Investigators are
now trying to fabricate more porous structure of
biodegradable scaffolds and to develop new techniques
seeding more cells into the scaffolds. In particular,
structural balance between cells and ECM should be
controlled to fabricate native heart-like tissues.

By contrast, we now propose novel tissue engineering
methodology that is to construct 3-D functional tissues
by layering 2-D cell sheets without any biodegradable
alternatives for ECM. To obtain viable cell sheets, we
have exploited intelligent culture surfaces, from which
cultured cells detach as a cell sheet simply by reducing
temperature. In this paper, we present the new
technology *cell sheet engineering” and its application
to myocardial tissue reconstruction.

2. Temperature-responsive culture surfaces

Temperature-responsive culture surfaces were devel-
oped among the research to control cell adhesion to
biomaterials. Cells adhere to culture surfaces via
membrane receptors and cell adhesive proteins, includ-
ing fibronectin, that reside in serum or are secreted from
the cells in culture (Fig. 2A). The interaction between
adhesive proteins and culture surfaces depends on the
wettability of the surface. Normal tissue culture poly-
styrene (TCPS) dishes are hydrophobic and absorb
ECM proteins resulting in cell attachment and pro-
liferation. To harvest cells from the surfaces, enzymatic
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digestion including trypsin and. dispase are usually
utilized. In that- case, both adhesive proteins and
membrane receptors are disrupted, then cells detach
with considerable damages (Fig: 2B). On the other hand,
we graft temperature-responsive polymer, poly(N-iso-
propylacrylamide)(PIPAAm) to TCPS dishes covalently
by electron beam. The surfaces are hydrophobic and
cells adhere and proliferate under culture condition at
37°C. By lowering temperature below 32°C, the surfaces
change reversibly to hydrophilic and not cell adhesive
due to rapid hydration and swelling of the grafied
PIPAAm. This unique surface change allows cultured
cells to detach spontaneously from these grafted surfaces
simply by lowering temperature [18). As against using
enzymatic digestion, only the interaction between

.adhesive proteins and material surfaces is released and

cells detach together with intact membrane proteins and
adhesive proteins (Fig. 2C) [19]. As a result, cells
recovered by using PIPAAm-grafted surfaces maintain
their differentiated functions more strongly than the
cells recovered by protease digestion [20]. For example,
trypsin-treated hepatocytes decrease albumin produc-
tion, on the other hand, those cells harvested from
PIPAAm-grafted surface preserve albumin secretion
[21).

In addition to the passive mechanism of the surface
change from hydrophobic to hydrophilic, cell-mediated
active processes have been ascertained as cell detach-
ment mechanisms [22]. Sodium azide, an ATP synthesis
inhibitor, considerably retarded cell release from PI-
PAAm-grafted surfaces, indicating that energy-depen-
dent metabolic process is one of major mechanisms. The
active processes are also mediated by intracellular signal
transduction, including tyrosine phosphorylation and
cytoskeltal reorganization and lead to the cell morpho-
logical change from spread to round after surface
property change {23].

3. Cell sheet engineeﬁng

When cells are cultured confluently, they connect to
each other via cell-to-cell junction proteins and ECM
(Fig. 3A). With enzymatic digestions, these proteins are
disrupted and each cell is released separately (Fig. 3B).
In the case using PIPAAm-grafted surfaces, cell-to-cell
connections are not disrupted and cells are harvested as
a contignous cell sheet by decreasing temperature
(Fig. 3C). Furthermore, adhesive proteins underneath
cell sheets are also maintained and they play a desirable
role as an adhesive agent in transferring cell sheets onto
other culture materials or other cell sheets [24]. These
viable cell sheets are composed of cells and biological
ECM without any artificial scaffolds. Various types of
cell sheets have been successfully lifted up and trans-
ferred on other surfaces [25-32).
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Fig. |. Histological comparisen between cell-dense and cell-sparse tissues. Hematoxilin and eosin staining shows that cells are dense and tightly
connected in myocardial tissue {A) On the other hand, cartilage tissue includes sparse cells and large amount of ECM (B).

Membrane

” ~

e

© Hydrophilic

Fig. 2. Cell harvest mechanism by using temperature-responsive culture surfaces. (A) Cells attach to hydrophobic culture surfaces via cell membrane
proteins and ECM, which reside in serum or are secreted from the cells. (B) When enzymatic digestion is used, both membrane and ECM proteins are
disrupted, resulting in cell detachment. {C} When cells are cultured on temperature-responsive culture surfaces, the interconnection between ECM
and hydrophilic culture surfaces is released only by lowering temperature. Then the cells detach together with intact proteins.

Cell-to-call junction . / T, e M

~N
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(C) Hydrophilic .

Fig. 3. Cell sheet release from temperature-responsive culture surfaces. (A) When cells are cultured confluently, the cells connect to each other via
cell-to-ce1l junction proteins. (B) When harvested by protease treatments, cell-to-cell connections are disrupted and cells are released separately. (C)
When PIPAAm-grafted surfaces are used, cell-to-cell connections are completely preserved and the cells are released as a contiguous cell sheet. ECM
retained underneath the cell sheets play a role as a adhesive agent, '
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As cell sheet manipulation, two techniques have been
performed according to cell types and objects. One is to
manipulate cell sheets directly with forceps or p1peu1ng
after the sheets are completely harvested resulting in
proportionally shrunk and thicker constructs due to
active cytoskeletal reorganization. As indicated by
synchronized beating of shrunk cardiomyocyte sheets,
cell-to-cell connections are preserved after this proce-
dure [31). The other is to use support membranes
including a hydrophilically modified poly(vinylidene
difluoride)(PVDF) membrane for preserving cell sheet
morphology without any shrinkage. Before cell sheets
release, support membranes are placed over the con-
fluent cells. Then the cell sheets physically attached to
the support membranes are harvested from PIPAAm-
grafted surfaces below 32°C and transferred onto other
surfaces. Incubation at 37°C causes reattachment of the
cell sheets to new surfaces via remaining adhesive
proteins. Finally, only the support membranes are
removed. The latter technique has realized the cell sheet
manipulation preserving their structure and function
[26-30).

These cell sheet manipulation techniques without
using any biodegradable scaffolds have been applied to
tissue engineering in three types of contexts (Fig. 4).
First is transplanting single cell sheet for skin and

(A)

Fig. 4. Three contexts in cell sheet enginecring. (A) Single cell sheet is
useful for skin or cornea transplantation. (B) Same cell sheets are
layered 1o reconstruct homogeneous 3-D tissues including myocar-
dium. (C) Several types of cell sheets are co-layered to fabricate
laminar structures including liver and kidney.
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cornea reconstruction. Advantages of skin epithelial cell
sheets harvested by using PIPAAm-grafted surfaces
have been confirmed in comparison with those harvested
by dispase treatments. E-cadherin, which is an essential
protein for skin cell-to-cell junctions, and laminin 5,
which is a major component of epithelial basement
membranes, were retained in skin cell sheets released
from PIPAAm-grafted surfaces [27). It should attenuate
the risk of infection after artificial skin transplantation.
Second is to layer same cell sheets for reconstructing
homogeneous tissues including myocardium. Third is to
layer several types of cell sheets for fabricating laminar
structures including liver, kidney and vascular. Layered
co-culture comprising a hepatocyte sheet and an
endothelial cell sheet has revealed the differentiated cell
shape and extensive albumin expression of hepatocytes,
which have never been seen in hepatocyte mono-culture
[32]. We have been now applied these technologies “cell
sheet engineering”™ to reconstructing various types of
tissues. Among them, myocardial tissue engineering
based on the second context is described below.

4. Myocardial tissue reconstruction by layering
cardiomyocyte sheets [28,30,31]

Cardiomyocytes are tightly interconnected with gap
junctions and pulsate simultaneously in native heart
tissue. It is also well-known that confiuent cultured
cardiomyocytes on culture surfaces connect via gap
junctions and beat simultaneously [33]. Therefore, in
myocardial tissue engineering by layering cell sheets, it is
a crucial point whether electrical and morphological
communications are established between bilayer cell
sheets. Chick embryo or neonatal rat cardiomyocyte
sheets released . from PIPAAm-grafted surfaces pre-
sented synchronized pulsation. To examine the electrical
communication, two cardiomyocyte sheets were over-
laid partially as schematically illustrated in Fig. 5. Two

Electrode
'\ e
ey i
. - - -’{r:r

Sheet B

Fig. 5. Schematic illustration of ¢lectrical analysis of layered cardio-
myocyte sheets. To examine the electrical synchronization, two
cardiomyocyte sheets (A, B) are overlaid partially. Two electrodes
are set over monolayer parts of both cell sheets to detect the electrical
potentials separately.
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electrodes were set over monolayer parts of both cell
sheets. Detected electrical potentials of the two sheets
completely synchronized (Fig. 6). Furthermore, electri-
cal stimulation to the single-layer region of one sheet
was transmitted to the other cell sheet and the two cell
sheets. pulsated simultaneously. Histological analysis
showed that bilayer cardiomyocyte sheets contacted
intimately resulting in homogeneous tissue. Cell-fo-cell
connections including desmosomes and intercalated
disks were confirmed by transmission electron micro- .
scopic images. These data indicate that electrical and
morphological communications are established between
layered cardiomyocyte sheets.

Under conventional culture conditions, cardiac myo-
cytes are fixed to rigid material surfaces and their
motion is highly limited. To minimize the interaction
between cell sheets and culture materials, the sheets were
overlaid on several types of materials including poly-
ethylene meshes, elastic polyurethane meshes or frame-
like collagen membranes. In any cases, the constructs
pulsated simultaneously with higher amplitude than the
cells fixed on rigid culture surfaces. When cardiomyo-
cyte sheets were layered on frame-like collagen mem-

PR | 1 P 2 A T A
Sheet A [l iomuimtwlf-a
Sheet B oo le=iriomiomtmdir bt

1sec

Fig. 6. Synchronization of layered cardiomyocyte sheets. Representa-
tive tracings of electrical potentials of sheet A and shest B show
compiete synchronization.
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branes, the center part of them is free from any culture
materials. In result, 4-layer cardiac constructs on the
frame-like collagen membranes pulsated spontaneously
in macroscopic view.

To examine in vivo survival and function of layered
cardiomyocyte sheets, the constructs were transplanted
into dorsal subcutaneous tissues of nude rats, Surface
electrograms originating from transplanted constructs
were detected independently from host electrocardio-
grams, in the earliest case, at 2 weeks after the operation
(Fig. 7). When transplantation sites were opened,

MAacToSCopic simultaneous graft beatings were observed

at the earliest period, 3 days after the transplantation.

" Furthermore, graft survival was confirmed at least up to

1 year. Morphological analysis demonstrated that
neovascularizations occurred in a few days and that
vascular network was organized within a week
(Fig. 8A). Cross-sectional views revealed stratified cell-
dense myocardial tissues (Fig. 8B), well-differentiated
sarcomeres and diffuse formation of gap junctions. In
comparison between 2-layer and 4-layer cardiac tissue
grafts, fractional shortening increased depending on the
number of layered cell sheets.

Thus, the basic technology has been established to
fabricate clectrically communicative, pulsatile myocar-
dial tissues by using cell sheets both in vitro and in vivo.

5. Future perspectives

Recently, research on myocardial tissue engineering
has been accelerated to develop further advanced
therapy for severe heart failure. Transplantation of
layered cardiomyocyte sheets on the myocardial scar
may be more beneficial than that of bioengineered heart
tissue including biodegradable scaffolds in the point
of scaffold-mediated disadvantages. However, there
are several common problems in myocardial tissue

PO TP
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>
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~

1 sec

Fig. 7. Skin surface electrogram of transplanted cardiomyocyte sheets. Representative tracings of the host electrocardiogram (upper) and the
electrical potential detected via the electrode set at the skin just above the transplanted heart graft (lower) are shown. Skin surface electrogram
originating from the graft is detected independently from host clectrocardiogram.
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Fig. 8. (A) Macroscopic view of the transplanted cardiac graft. Multiple neovascularization is shown in the squaré-designed cardiac graft
transplanted into dorsal subcutaneous tissue. (B) Azan staining shows a stratified cardiac tissue graft including elongated cardiomyocytes and

microvasculars (arrows). :

[a g N
®§° Cell source

+ PIPAAmM-grafted dish

Neovascularization

growth factor
gene, cell

Fig. 9. Schematic illustration of myocardial reconstruction based on cell shest engineering. We now propose the application of “cell sheet
engineering”™ to myocardial tissue reconstruction. Cell sourcing remains a crucial problem. Neovascularization for oxygen and nutrition supply is also
critical Lo fabricate human applicable myocardial tissue. Growth factors, gene delivery and the utility of gene-modified cells or endothelial cells may
be helpful. Mechanical load by using biorcactors should strengthen the engineered myocardial tissues. Transplantation of engineered tissue into

myocardial infarction model is now in progress.:

engineering. As described in Section 1, myocardial cell
sourcing remains a crucial problem. Further advance in
stem cell biology for cardiomyocytes will be needed to
realize clinical application of bioengineered myocardial
tissues.

Vascular reconstruction is also one of the most critical
issues in myocardial tissue engineering. Sufficient supply
of oxygen and nutrition is required for functionally
beating heart tissue. It had been reported that cells are
dense in the graft periphery, but sparse in the interior
part due to insufficient oxygen perfusion in scaffold-
based heart tissue grafts [34]. Although, in our studies,
multiple neovascularization arose in transplanted cardi-
ac grafts in a few days, primary insufficient oxygen and
nutrition ‘permeation also limit the number of trans-
planted cardiomyocyte sheets. Hence, new methods to
accelerate blood vessel formation are now requested to
engineer larger or thicker constructs for heart tissue

-830-

repair. As examined in isolated cell injection, gene-
modified cells may be also applicable for engineering
more vascularized heart tissues [35). Using cell sheet
technology, it has been reported that a single layer of
endothelial cell sheet enhances the capillary formation in
vivo [36). Therefore, heterogenous layering of endothe-
lial cell sheets between cardiomyocyte sheets may
promote neovascularization. Further research and
development will be needed to engineer vascular net-
works sufficient for fabricating clinically applicable
heart tissues.

In native heart, cardiomyocytes are gradually elon-
gated and hypertrophied by mechanicat load increase in
accordance with the growth of the body. Therefore,
some investigators have attempted to strengthen bicen-
gineered heart tissues by using mechanical devices.
Carrier et al. used a rotating bioreactor for culturing
cardiomyocytes on PGA scaffolds [37]). Fink et al.
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clearly demonstrated that application of stretch devices
to engineering heart tissues strengthened the contraction
power and oriented the cells unidirectionally [38]. We
are now trying to stretch layered cardiomyocyte sheets
to fabricate more powerful cardiac constructs in vitro.

Finally, our concept of myocardial tissue engineering
is schematically illustrated in Fig. 9. Although further
interdisciplinary research will be needed to clear the
existing several problems, cell sheet engineering should
have enormous potential for constructing clinically
applicable heart grafts and should promote tissue
engineering research fields.
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Tissue engineering for ischemic heart disease
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