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Methods and Results

Preparation of Biotubes

Nine New Zealand White rabbits, weighing 2.0 to 2.5 kg, according to the
Principles of Laboratory Animal Care (formulated by the National Society
for Medical Research) and the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health Publication, No. 56-23, revised
1985) were used as hosts. Six kinds of polymers with rod shape (length; 20
mm, diameter; 3 mm) were placed in the subcutaneous layer of dorsum of
rabbits. The polymer materials were polyethylene (PE), poly-fluorcacetate
(PFA), poly-methyl methacrylate (PMMA), segmented polyurethane (PU),
polyvinyl chloride (PVC) and silicone (Si). The coating thickness was 50
pm. At 1 month after insertion, rods were found to be encapsulated by a
membranous tissue in the subcutaneum of rabbits (Fig. 1a, 1b). After 3
months, all implants were still covered with membranous capsular tissues,
We called these autologous capsular tissues “Biotubes”.

Fig. 1. (a): “ Biotube”, which was formed by implantation of the PMMA
for 1 month in rabbit dorsal skin. (b): A photomicrograph of a cross sec-
tion of the PMMA tube obtained after 3-months implantation
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Histological Examination

The explanted Biotubes were fixed in 10 % buffered formalin solution and
embedded in paraffin. Tissue cross sections were stained with hematoxy-
lin and eosin for histological evaluation (Fig. 1b, 2). The wall thickness of
the Biotubes was approximately 70 um one month after implantation of Si,
PVC, and PFA rods. In cases of PU or PMMA implants the wall showed
100-150 pm in thickness (Fig. 2). The capsules by the PE implant re-
vealed the thickest wall (approximately 200 pm). For PMMA, PVC, and
PE, the wall thickness increased by 1.5 to 2 fold after 3-month (Fig 3).
The Biotube walls around the PFA showed sparse collagen with fibro-
blasts. Regarding the Si rod, the Biotube wall was thin but contained col-
lagen fibers with sparse fibroblast. The walls around PMMA, PU and
PVC rods were of a moderate thickness and contained relatively thick col-
lagen fibers. The Biotubes that formed around the PU, PE and PVC bases
showed numerous inflammatory cell infiltrations such as lymphocytes. Es-
pecially in the tubular tissues of PE and PU, foreign body giant cells were
also observed. The capsular wall of PE rod showed 200um in thickness but
almost no regular mesh structure of collagen fibers.

Immunohistochemistry was also performed to identify the muscular
component of the Biotubes. Vimentin, a mesenchymal tissue marker, was
positive for all tubular tissues around the various rods after 1- and 3-month
implantation. a-smooth muscle actin was intensely positive for all tubular
tissues after 3 months. Desmin as a cytoskeleton of matured muscle was
negative in all tubular tissues after 1 and 3 months. A small number of
macrophages (RAM 11), were observed in the tubular tissues of PU, PFA
and PMMA after 3-month of implantation.

Fig. 2. Photomicrographs of cross sections of the Biotubes, They were formed
by 3 months implantation of six kinds of polymer rods in the rabbit skin (he-
matoxylin and eosin stain)
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Mechanical Properties of the Biotubes

The luminal pressure-diameter relationship was determined using an appa-
ratus designed by Takamizawa and Hayashi (Takamizawa K and Hayashi
K 1987). Changes in the outer diameter of the Biotubes were measured.
None of the Biotubes ruptured even after 200 mmHg of inner pressure af-
ter 1 month of implantation. The Biotubes around Si rod became slightly
dilated when exposed to water at low pressure but did not change signifi-
cantly with high pressure (about 20 mmHg or higher). In contrast, the Bio-
tube formed around the PMMA rod became dilated at low-pressure ranges
and gradually increased with pressure up to a high range, indicating *“J"-
shaped curves. The dilatation rate of the outer diameter at a water pressure
of 200 mmHg was about 5 % for Si and about 25 % for PMMA.

Repeated water pressure loadings, range of 0 to 200mmHg, were inves-
tigated in the PMMA Biotube rods. The external diameter of the PMMA
Biotube was about 2.7 mm before loading and dilated to about 3 mm after
loading at several 10 mmHg water pressure and thereafter continuously di-
lated slowly with an increase in inner load reaching about 3.2 mm at 200
mmHg. Changes in the outer diameter luminal pressure were basically the
same with repeated pressure loadings in the lumen (Fig 3).

Rep eatah le Dianwder Change of Biohibewith Charege in Infrakmadnal Prassure

Fig. 3. External diameter changes in loading and removing of water pressure
in range of 0 to 200 mmHg to the lumen of the Biotube around the PMMA
rod after 3 months of implantation

The compliance of the tube was determined by the stiffness parameter

(B) as defined by Hayashi et al.,, (Hayashi K, et al. 1980, Hayashi K and
Nakamura T 1985) which is described according to the following equation:
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In(P/Ps) = B(D/Ds-1)

where P, Ps, D and Ds denote luminal pressure, standard pressure (100
mmHg in this study), external diameter and diameter at the pressure Ps, re-
spectively. The relationship between logarithmic value of the relative
pressure and relative outer diameter was obtained from the relationship be-
tween outer diameter and luminal pressure. After 1-month of implantation,
the highest B value was obtained from the Si Biotube and the § value de-
creased in the order of PMMA, PE and PVC (Fig 4). The Biotube around
the PMMA rod exhibited the B value resembling that of the human coro-
nary artery whilst the § values of the Biotubes formed around PE and PVC
bases were similar to those of the human femoral and common carotid ar-
teries, respectively.

Compliance of Tubular Tissues
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Fig. 4. The stiffness parameters (B values) of the Biotubes by 1 month of
implantation. The Biotubes formed around the PMMA, PE, and PVC rods
exhibited a B value close to those of the human coronary artery, the human
femoral artery, and common carotid artery, respectively

Discussion

Considering immune responses among tissue or organ transplants, grafts
are better if they consist simply of own self tissues. For example, auto-
grafts such as a great saphenous vein, an internal thoracic artery, and a ra-
dial artery are used for conventional aorto-coronary bypass operations.

-442-



Biotube Technology for a Novel Tissue-Engineered Blood Vessels 101

However, it is sometimes difficult to obtain a sufficient amount of grafts or
healthy grafts due to the patient’s limited supply of vessels.

Larger caliber grafts vessels, with more than 5 mm in diameter, are usu-
ally composed of artificial materials such as Dacron fabrics or expanded
poly-tetraﬂuoroethylene (ePTFE). Small caliber artificial grafts, however,
may occlude within a short period after implantation by thrombosis.
Therefore, the development of hybrid type artificial blood vessels combin-
ing artificial and biological materials is expected. The layered hybrid ves-
sels resembling biological vascular walls have been developed in vitro.
(Ishibashi K and Matsuda T 1994, Matsuda T and Miwa H 1995, Miwa H
and Matsuda T 1994). The invented hybrid vessels with 4 mm in diameter
showed high patency after 1-year of autotransplantation in a canine carotid
artery. Other hybrid grafts prepared by seeding and culturing cells from
the own great saphenous vein in a polylactic acid tubular sponge, have
successfully been used in reconstruction of the pulmonary artery in hu-
mans (Hibino N, et al. 2003, Shin’oka T, et al. 2001, Shin’oka T, et al.
1998). Recently, it has been proposed that the preparation of various hy-
brid artificial vessels could be achieved by in vitro tissue engineering tech-
niques using stem cells, including endothelial progenitor cells (Asahara T
and Isner JM 2002, Isner JM, et al. 2001) and ES cells (Nishikawa S 1997,
Yamashita et al. 2000), as a cell source (Kaushal S, et al. 2001, Shirota T,
et al. 2003). -

For patency of artificial blood vessels, particularly those with a small
caliber (5 mm or less in diameter), the following factors are required. 1)
Resistance to blood pressure, 2) antithrombotic properties to avoid throm-
botic occlusion in the early stage of implantation, and 3) mechanical com-
patibility including compliance matching and puise follow-ability to avoid
occlusion in the chronic stage. We aimed to develop small caliber artificial
blood vessels for a clinical application that have high patency in combina-
tion of the tubular tissue preparation technique and in vivo tissue engineer-
ing (Nakayama Y, et al. 2004). Biotubes consist of own self cells and ex-
tracellular matrices, which is similar to autotransplantation. Therefore,
immunological rejections to the tubular tissue may be avoided. Moreover,
the tissue may grow after transplantation in the body. In this study, various
polymeric rods as a mold were implanted in the skin'to form own tissue
tubes. The materials used for the polymeric rods were PMMA, PU, PVC,
PE and Si, all of which are hydrophilic, and PFA, which is water-repellent,
and all are currently used as biomaterials. None of the Biotubes ruptured
with 200-mmHg inner pressures except for tissue created by PFA. The
walls of the Biotube by PFA showed sparse collagen fibers with numerous
inflammatory cells, without capsularization (Fig. 2). In the tube that

formed around PU, inflammatory cell infiltration was noted. Although PU
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is used as a tissue compatible material for artificial hearts (Zdrahala RJ and
Zdrahala 1J 1999), when transplanted as an artificial vessel, granulation is
often recognized (Seifalian AM, et al. 2003, Sonoda H, et al. 2003). PUis
considered to have a strong tissue response. A dense collagen mesh struc-
ture was formed around Si. The wall thickness of the Biotubes after |-
month of implantation decreased in the order of PE>SPUSPMMA>
PVC>Si>PFA and increased with transplantation period apart from PFA,
PU, and Si.

The Si base tubular tissue as a graft strengthened with Dacron has been
attempted for arterial bypass in the lower limbs clinically (Hallin RW and
Sweetman WR 1976, Sparks CH, 1972). The tubular tissue showed vascy-
lar function at an early stage of the transplantation. However, the grafts
were occluded within a short period in most cases because of lack of endo-
thelialization. It has recently been reported that mesothelial cells were ar-
ranged on the luminal surface of tubular tissue obtained using Si bases
(Campbell JH, et al. 1999). The patency rate was high, about 70 %, after
2-month of transplantation in animal experiments.

The stiffness parameter (B) is one of the indexes for compliance of
blood vessels and indicates the mechanical property under physiological
blood pressure (Hayashi K, et al. 1980, Hayashi K and Nakamura T 1985).
Lower values in the B value indicate the material is soft and flexible.
Within the polymers used in this study, the B value decreased in the order
of Si>PMMA>PE>PVC. The Biotubes that formed around Si were rela-
tively firm and inflexible, while the Biotubes that formed around PMMA
were elastic within a low-pressure range and less extensible at a high-
pressure range, showing a mechanical property similar to that of biological
arteries. The relationship between intraluminal pressure and external di-
ameter showed a ‘J’-shaped curve, similar to genuine arteries. The Biotube
obtained after one month by PMMA, PE and PVC exhibited compliance
similar to that of the human coronary artery, human femoral artery and
human carotid artery, respectively. Selection of specific rod materials and
embedding period allow the design of artificial blood vessels with match-
ing mechanical properties to that of genuine vessels. This matching is ex-
pected to prevent intimal hyperplasia causing luminal occlusion in the
chronic stage. Biotubes are expected to grow with the patient blood vessels
and are ideal vascular grafts. Furthermore, it is possible to design specific
mechanics and it is easy to match the host’s vascular shapes. We are plan-
ning to establish the Biotube preparation method that combines surface de-
sign as described above and demonstrate the usefulness of Biotubes as
small caliber artificial blood vessels by animal transplantation experi-
ments. These results will be reported in near future,

-444-



Biotube Technology for a Nove} Tissue-Engineered Blood Vessels 103

References

Abbott WM, Megerman J, Hasson JE, L’Italien G, Wamock DF (1987) Effect of
compliance mismatch on vascular graft patency. J Vase Surg 5:376-382

Asahara T, Isner JM (2002) Endothelial progenitor cells for vascular regeneration,
I Hematother Stem Cell Res 11:171-178

Campbell JH, Efendy JE, Campbell GR (1999) Novel vascular graft grown within
recipient’s own peritoneal cavity, Circ Res 85:1173-1178

Hallin RW, Sweetman WR (1976) The sparks’ mandril graft. A seven vear follow-
up of mandril grafts placed by Charles H. Sparks and his associates. Am J
Surg 132:221-223

Hayashi K, Handa H, Nagasawa S, Okumura A, Moritake K, (1980) Stiffness and
elastic behavior of human intecranial and extracranial arteries. ] Biomec
13:175-184 '

Hayashi K, Nakamura T (1985) Material test system for the evaluation of me-
chanical propetties of biomaterials. J Biomed Mater Res 19:133-144

Hibino N, Shin’oka T, Kurosawa H (2003) Long-term histologic findings in pul-
monary srteries reconstruction with autologous pericardium. N Engl J Med
348:865-867

Ishibashi K, Matsuda T (1994) Reconstruction of a hybrid vascular grafs hierar- _
chically layered with three cell types. ASAIO J 40:M284-M290

Isner JM, Kaka C, Kawamoto A, Asahara T (2001) Bone marrow as a source of
endothelial cells for natural and iatrogenic vascular repair. Ann NY Avad Sei
953:75-84

Kaushal 8, Amiel GE, Guleserian KJ, Shapira OM, Perry T, Sutherland FW, Rab-
kin E, Moran AM, Schoen FJ, Atala A, Soker S, Brischoff I, Mayer JE Jr
(2001) Fabrication small-diameter neovessels created using endothelial pro-
genitor cells expanded ex vivo. Nat Med 7:1035-1040

Kinley CE, Marble AE (1980) Compliance: a continuing problem with vascular
grafts. J Cardiovasc Surg 21:163-170

Kott 1, Peirce EC II, Mitty HA, Geller SA, Jacobson JH iI (1973) The tissue tube
as a vascular prosthesis. Arch Surg 106:206-207

Matsuda T, Miwa H (1995) A hybrid vascular model biomimicking the hierarchic
structure of arterial wall: neointimal stability and neoarterial regeneration
process under arterial circulation. J Thorac Cardiovasc Surg 110:988-997

Miwa H, Matsuda T (1994) An integrated approach to the design and engineering
of hybrid arterial prosthesis. J Vasc Surg 19:658-667

Nakayama Y, Ishibashi-Ueda H, Takamizawa K (2004) In vivo Tissue-engineered
Small Caliber Arterial Graft Prosthesis Consisting of Autologous Tissue {Bio-
tube). Cell Transplantation (in press)

Nishikawa S (1997) Embryonic stem cells as a source of hematopic and vascular
endothelial cells in vitro. J Albergy Clin Immunol 100:S102-$104

-445-



104 Ishibashi-Ueda H and Nakayama Y

Peirce EC Il (1953} Autologous tissue tubes for aortic grafts in dogs. Surgery
33:648-657

Pevec WC, Darling RC, L’lItalien GJ, Abbott WM (1992) Femoropopliteal recon-
struction with knitted, non velelour Dacron versus expanded polytetrafluoro-
ethylene. J Vasc Surg 16:60-65

Seifalian AM, Salacinski HJ, Tiwari A, Edwards A, Bowald S, Hamilton G (2003)
In vivo biostability of a poly (carbonate-urea) urethane graft. Biomaterials
24:2549-2557

Shin’oka T, Shum-Tim D, Ma PX, Tanel RE, Isogai N, Langer R, Vacanti JP,
Mayer JE (1998) Creation of viable pulmonary artery autografts through tis-
sue engineering. J Thorac Cardiovasc Surg ! 15:536-545, discussion:545-546

Shin’oka T, Imai Y, Ikada Y (2001) Transplantation of a tissue engineered pulmo-
nary artery. N Engl J Med 344:532-533

Shirota T, He H, Yasui H, Matsuda T (2003) Human endothelial progenitor cell-
seeded hybrid graft: proliferative and antithrombogenic potentials in vitro and
fabricated processing. Tissue Eng 9:127-136

Sonoda H, Takamizawa K, Nakayama Y, Yasui H, Matsuda T (2003) Coaxial
double-tubular compliant arteria} graft prosthesis: time-dependent morpho-
genesis and compliance changes after implantation. J Biomed Mater Res
65A:170-181 .

Sparks CH (1972) Silicone mandril method of femororopopliteal artery bypass.
Clinical experience and surgical technics. Am J Surg 124:244-249

Stewart SF, Lyman DJ (1992) Effects of a vascular graft/natural artery compliance
mismatch on pulsatile flow. J Biomech 25:297-310

Takamizawa K, Hayashi K (1987) Stain energy density function and uniform
strain hypothsis for arterial mechanics. J Biomech 20:7-17

Yamashita J, Itoh H, Hirashima M, Ogawa M, Nishikawa S, Yurugi T, Naito M,
Nakao K, Nishikawa S (2000) Flk1-positive cells derived from embryonic
stem cells serve as vascular progenitors. Nature 408:92-96

Zdrahala RJ, Zdrahala 1J (1999) Biomedical applications of polyurethanes: a re-
view of past promises, present realities, and a vibrant future. J Biomater Appl
14:67-90

~-446-



Cell Transplantation, Vol. 11, pp. 631-635, 2002
Printed in the USA, All rights reserved.

0963-6397/02 $20.00 + .00
Copyright © 2002 Cognizant Comm. Corp.
www.cognizantcommunication.com

Monkey Embryonic Stem Cell Lines Expressing
Green Fluorescent Protein
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The major limitation of nonhuman primate (NHP) embryonic stem (ES) cell research is inefficient genetic
modification and limited knowledge of differentiation mechanisms. A genetically modified NHP-ES cell
with biomarkers, such as green fluorescent protein (GEP), that allow noninvasive monitoring of transgenic
cells, is a useful tool to study cell differentiation control during preimplantation and fetal development,
which also plays a crucial role in the development of cell transplantation medicine. Here we report the
establishment of transgenic NHP-ES cell lines that express GFP without jeopardizing their pluripotency,
which was confirmed by in vitro and in vivo differentiation. These GFP-expressing ES cells reproducibly
differentiated into embryoid bodies, neural cells, and cardiac myocytes. They formed teratoma composed of
tissues derived from the three embryonic germ layers when transplanted into severe combined immunodefi-
cient disease (SCID) mice. GFP expression was maintained in these differentiated cells, suggesting that these
cells were useful for cell transplantation experiments. Furthermore, we showed that these ES cells have the
ability to form chimeric blastocysts by introducing into the early preimplantation stage NHP embryo.

Key words: Nonhuman primate; Cynomolgus monkey; Embryonic stem cell; Green fluorescent protein;

Pluripotency

INTRODUCTION

Nonhuman primate (NHP) embryonic stem (ES) cells
are considered to be one of the best models for studying
human development and the development of stem cell
therapy for patients suffering from Parkinson’s disease
(5) and diabetes mellitus (6), etc. {(1,2,9,12-14,16). The
introduction of disease-related genes and the capability
to replace specific genes using the gene targeting tech-
nique in NHP-ES cells without jeopardizing their pluri-
potency is the key for the success of stem cell therapies.
However, the effect of the transfection procedure on
pluripotency of NHP-ES cells is poorly understood, It
has been demonstrated that NHP-ES cells tend to differ-
entiate when dissociated into single cells (3,9,12-14},
which limits the application of commonly used transfec-
tion protocol. The establishment of a genetically modi-
fied NHP-ES cell line with a biomarker, enhanced green
fluorescent protein (eGFP), provides a powerful tool to
study pluripotency in ES cells by monitoring the differ-

entiation process. The capability to distinguish ES cells
from the host cells allows accurate cell lineage analysis,
systematic monitoring of the tissue regeneration process,
and the validation of clinical application of ce]l trans-
plantation. Here we report the establishment of eGFP-
expressing NHP-ES cells preserving the pluripotency,
which is crucial for the advancement of stem cell tech-
nology and clinical applications.

MATERIALS AND METHODS
ES Cell Culture

The cynomolgus monkey ES cell line (CMKS5) was
maintained cn a mitomycin C inactivated feeder layer
of neomycin-resistant mouse embryonic fibroblasts in
DMEM/F12 (1:1) medium containing 15% fetal bovine
serum (FBS; JRH, Lenexa, KS), 0.1 mM 2-mercaptoeth-
anol, and 1000 U/ml of leukemia inhibitory factor (LIF)
(ESGRO) (Invitrogen, Carlsbad, CA) as described pre-
viously (9).
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eGFP Expression Vector Construction

The CMV-IE enhancer and human elongation factor
1o promoter (4) was excised from the GFP expression
vector (10) using Hindlll and EcoRI site. It was then
cloned into the HindllI-EcoRI digested pEGFP-1 vector
(Clontech, Palo Alto, CA). This resulting plasmid was
linearized by HindIlI-AlwNI digestion and used for elec-
troporation (11).

Electroporation and Selection of ES Cells

Twenty micrograms of linearized transgene was elec-
troporated into a suspension of ES cells (1 x 107} in 1
ml of PBS using a Bio-Rad gene pulser (500 puF, 250
V). Cells were then incubated on ice for 10 min, plated,
and allowed to recover for 24 h before selection in me-
dium containing G418 (200 pg/ml). Cells were fed daily,
and after 5 days of culture the resulting G418-resistant

TAKADA ET AL,

ES colonies with strong eGFP expression were individu-
ally picked and transferred to 24-well plates with feed-
ers. Then ES clones were propagated and used for dif-
ferentiation analysis.

In Vitro Differentiation and Characterization
of Differentiated Cell Types

GFP-expressing ES cells were cultured in suspension
using bacteriological petri dishes with the ES medium
without 2-mercaptoethanol and LIF to form embryoid
bodies (EBs). After 2-3 weeks of suspension culture,
the resulting EBs were transferred into the tissue culture
dish to induce spontaneous differentiation in vitro. Dif-
ferentiated cells were characterized immunocytochem-
ically using antibodies against human neurofilament
protein, glial fibrillary acidic protein (GFAP), and o-
myosin heavy chain (a-MHC).

Figure 1. Established eGFP-expressing ES cell line and its differentiation. (a) Fluorescent image
of typical undifferentiated monkey ES cell colony (CMK5G-2) transfected with the eGFP gene
(bar = 100 um). Inset is a bright field image (1/3 scale of the fluorescent image). (b) Fluorescent
- image of cystic embryoid body. Inset is a bright field image (1/3 scale of the fluorescent image).
(c) Differentiation to neuron. Immunostaining was carried out with antibody against human neuwrof-
ilament protein and detected with Cy3-labeled secondary antibody. (d) Differentiation to cardiac
myocytes. Immunostaining was carried out with antibody against human ¢-myosin heavy chain
(¢-MHC) and detected with Cy3-labeled secondary antibody. Inset is a fluorescent image (1/3

scale of the immunostaining).

-448-



NONHUMAN PRIMATE EMBRYONIC STEM CELL LINES EXPRESSING GFP : 633

Teratoma Formation in SCID Mice

Approximately 1x 10° of eGFP-expressing ES cells
were injected either intraperitoneally (IP) or subcutane-
ously (SC) into 8-week-old severe combined immunode-
ficient disease (SCID) mice (three male mice). Six
weeks later, the resulting tumors were fixed in 4% para-
formaldehyde, embedded in paraffin, and examined his-
tologically after hematoxylin eosin staining.

Detection of eGFP Expression

Expression of eGFP was monitored by fluorescent
microscopy (IX-70 or SZX-12, Olympus, Japan) with a
filter set for GFP (BP 470-490 and BA515). A handy
UV light (365 nm) was used to observe the eGFP fluo-
rescence of teratoma recovered from mice.

Immunochistochemical analysis was carried out in the
sections prepared from teratoma using GFP monoclonal

Figure 2. Teratoma and its eGFP expression. (a) Teratoma formed in the intraperitoneal space of
a mouse. (b) Fluorescent image of teratoma. (c, d, ¢) ¢eGFP expression in the teratoma sections
detected with monoclonal antibody against GFP and Cy3-labeled secondary antibody. (c, d) Tera-
toma sections from the eGFP-expressing NHP-ES cells. (e) Teratoma sections from the parental
ES cells (GFP gene is not transfected). (f) Hematoxylin and eosin staining of the serial section of
the teratoma from the parental ES cell line.
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antibody (Clontech) and localized with Cy3-labeled goat
anti-mouse immunoglobulin secondary antibody.

ES Cell Injection Into Monkey
Preimplantation Embryos

Cultured eGFP ES cells were dissociated with colla-
genase. eGFP-expressing ES cells were collected after
removal of the feeder cells by the attachment to the gel-
atinized culture dish at 37°C for 20 min. eGFP expres-
sion was confirmed before and after aspirating ES cells
into the injection pipette. Zona pellucida was drilled
with a piezo-driven injection pipette (PRIMtech, Ibaraki,
Japan) and two to four of the eGFP-expressing ES cells
were expelled into the perivitelline space of the four-
cell stage cynomolgus monkey embryo. These injected
embryos were cultured as described previously (15).

RESULTS AND DISCUSSION

Parental NHP-ES cells (CMKS5) were cultured as re-
ported previously (9) and electroporation was carried out
using linearized expression vector of eGFP under the
control of the human elongation factor 1¢. promoter and
the CMV-IE enhancer (4,10,11). After G418 selection,
eGFP-expressing ES cell colonies were picked mechan-
ically and propagated. We established two cell lines
(CMK5G-1, CMK5G-2) from two independent electro-
porations (one cell line per experiment) (Fig. 1a). The
normal karyotype (2n = 42) of eGFP-expressing ES cell
lines was maintained in culture for more than 6 months
in both cell lines. In addition, they remained undifferen-
tiated as indicated by the expression of alkaline phos-
phatase and stage-specific embryonic antigen-4 (data not
shown), a commonly used marker for NHP-ES cells.

In vitro differentiation was conducted as reported by
Suemori et al. (9). After 1 week of suspension culture
of CMK5G-1 in ES medium without 2-mercaptoethanol
and LIF, cystic embryoid bodies (EBs) were formed.

TAKADA ET AL.

These EBs were then plated onto a tissue culture dish
(Fig. 1b) for further spontaneous differentiation, Elonga-
tion of processus was observed at 2—3 weeks after plat-
ing. The presence of neurons (Fig. l¢) and astrocytes
(data not shown) was identified by immunocytochemis-
try (ICC) using antibodies against neurofilament pro-
teins and GFAP, respectively. In addition, we observed
the beating motion in some of the differentiated cells
and further identified by ICC using antibody against hu-
man o-MHC, a marker for cardiac myocytes (Fig. 1d}.
Differentiation to cardiac myocytes was observed in ap-
proximately 1 of 10 EBs. This result suggested that the
NHP-ES cell line was capable of differentiating to the
cardiac lineage. Nevertheless, all EBs and differentiated
cells expressed eGFP ubiquitously (Fig. 1a, b, d).

For further confirmation of pluripotency, we grafted
1 x 10° of eGFP-expressing ES cells into SCID mice to
investigate their differentiation potential in vivo. Six
weeks after either IP or SC injection, teratoma formation
was observed in all three mice (Fig. 2a). All teratomas
and their cross sections showed green fluorescence un-
der the handy UV light (365 nm} (Fig. 2b), which indi-
cated the expression of ¢eGFP, Expression of eGFP was
also confirmed immunohistochemically using mono-
clonal antibody against GFP (Fig. 2¢, d). Histological
examination suggested that these teratomas composed of
tissues derived from the three embryonic germ layers,
ectoderm (neuron and glia), mesoderm (muscle, carti-
lage, bone), and endoderm (ciliated columnar epithe-
lium, gut epithelium) (data not shown). Basically similar
results were obtained in both cell lines.

We further investigated the developmental potential
of the eGFP-ES cells by producing a chimeric pre-
implantation embryo. We injected the eGFP-ES cells
{(CMKG-2) into four-cell stage preimplantation embryos
of cynomolgus monkeys and cultured in vitro ¢13). Un-
der this normal embryo culture condition, these ES cells

Figure 3. Chimeric blastocyst produced by eGFP-NHP-ES cell injection. (a) Bright field image
of hatching blastocyst. (b} Fluorescent image of a blastocyst. Contribution of eGFP-expressing ES
cells to the inner cell mass is shown.
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mingled with host embryonic cells and proliferated to
form chimeric blastocysts. The distribution of progeny
of eGFP-ES cells was easily confirmed by monitoring
the eGFP expression of the blastocyst by fluorescent mi-
croscopy and the extent of the contribution was signifi-
cant (Fig. 3a, b).

The present results suggested that the eGFP-express-
ing NHP-ES (eGFP-ES) cell line was maintained at a
pluripotent stage as its parental cell line, which was con-
firmed by differentiation in vitro and teratoma forma-
tion. In addition, due to the finding that teratoma forma-
tion may not provide definitive evidence of pluripotency
(7,8), we investigated the developmental potential by re-
introducing eGFP-ES cells into early preimplantation
embryos and the production of chimeric blastocysts. We
demonstrated that the eGFP-ES cells proliferated and
behaved like normal embryenic cells when returned to
the embryonic environment. Progeny cells of the eGFP-
ES cells were easily identified by their eGFP expression.

In conclusion, we established an eGFP-expressing
NHP-ES cell line that has developmental potential to
form chimeric blastocysts and to differentiate into a
wide spectrum of cell types in vitro and in vivo. Al-
though true pluripotency of this eGFP-ES cell line needs
to be shown by reimplantation of the chimeric blasto-
cysts and the generation of a normal chimeric monkey,
this cell line should be useful for studying the cell lin-
eage, differentiation process, cell transplantation, and
tissue regeneration.
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