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Abstract

We injected arecombinant Sendai virus (SeV) vector into the
guinea pig cochlea using two different approaches - the sca-
la media and scala tympani — and investigated which cell
types took up the vector. The hearing threshold shift and
distribution of transfected cells in animals using the scala
media approach were different compared to those using the
scala tympani approach. SeV can transfect very different
types of cells, including stria vascularis, spiral ganglion neu-
rons, and sensory epithelia of the organ of Corti, and fibro-
cytes of the scala tympani. Because SeV vectors can poten-
tially deliver stimuli to the cochlea to induce hair cell
regeneration, it may be a powerful tool for repairing the or-
gan of Corti. Copyright © 2007 5. Karger AG, Basel

Introduction

Gene transfer into inner ear organs is an attractive
new approach for treating hearing disorders. This tech-
nology can also be useful for treating sensorineural hear-
ingloss, suchas inherited deafness [Kanzakietal., 2002a].
Various viral vectors are capable of carrying out gene
transfer. Adenoviruses (AVs) are the most commonly

used vectors in experimental studies involving hearing
disorders [Kanzaki et al., 2002b, c]. In guinea pigs, ade-
no-associated virus vectors [Di Pasquale et al., 2005; Lal-
wani et al., 1996] and herpes simplex virus vectors [Ge-
schwind et al., 1996] have been successfully used for gene
transfer into the inner ear. In addition, a new generation
of AV vectors has been shown to successfully transfect
a few sensory epithelial cells in the guinea pig cochlea
[Luebke et al., 2001].

Vectors can be injected into the cochlea through two
approaches - the scala media and scala tympani. Of the
two, the scala tympani approach minimizes cochlear
damage, and thus has been preferred for many gene trans-
fer studies [Kanzaki et al., 2002c; Kawamoto et al., 2004;
Yagi et al., 1999]. The scala tympani approach is particu-
larly useful when targeting spiral ganglion neurons, be-
cause vectors are taken up selectively by scala tympani
fibrocytes, which in turn act as carriers for the delivery
to the spiral ganglion neurons. AV-glial cell line-derived
neurotrophic factor injections into the scala tympani
spare hair cells [Yagi et al., 1999] and spiral ganglion cells
[Kanzaki et al., 2002¢; Yagi et al., 2000], while effectively
delivering glial cell line-derived neurotrophic factor to
spiral ganglion neurons. On the other hand, the scala me-
dia approach is useful when targeting hair cells for regen-
eration [Kawamoto etal., 2003]. AV vector injections into
the scala media result in reporter transgene expression in
supporting cells [Ishimoto et al., 2002], indicating that
this vector successfully reaches the sensory epithelial
cells.
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Injection via the scala media with AV containing
Atohl, a mouse homolog of the Drosophila gene atonal,
caused hair cell regeneration by inducing transdifferen-
tiation of supporting cells [[zumikawa et al., 2005]. The
drawback with scala media injections is that such injec-
tions may produce an excessive volume of the vector in
endolymph or may result in mechanical contact.

Although AVs are effective in transferring genes in
clinical situations [Verma and Weitzman, 2005], one
problem is that the host response to gene therapy vector
exposure involves both the innate and adaptive immune
systems. The initial innate immune response also plays a
significant role in acute toxicity owing to AV vector ex-
posure [Nazir and Metcalf, 2005]. The cytopathic and
immunogenic nature of AV, therefore, precludesits use as
transgene vectors for treating hearing disorders in hu-
mans. Thus, to make this new technology feasible in hu-
mans, it is necessary to develop novel viral vectors that
are efficiently transported within the middle and inner
ear, but do not produce significant cytopathic and immu-
nogenic responses,

One promising viral vector is Sendai virus (SeV), a
member of the Paramyxoviridae family. SeV is an envel-
oped virus that has nonsegmented, negative-sense ge-
nomic RNA [Sakai et al., 1999]. Its replication and gene
expression is driven by viral RNA polymerase strictly
through a cytoplasmic mechanism [Nakanishi et al.,
1998]. SeV vectors have been shown to deliver transgenes
to respiratory [Inoue et al.,, 2004; Yonemitsu et al,, 2000],
vascular [Masaki et al., 2001], and muscle systems [Shio-
tani et al., 2001] and neurons [Shirakura et al., 2004].
Now SeV is tested in clinical trials for arteriosclerosis of
the lower limbs in Japan.

There are three advantages to using SeV vectors for
human gene therapy. First, SeV vectors are completely
free of genotoxicity [Bitzer et al., 2003; Griesenbach et al.,
2005]. SeV vectors replicate and transcribe transgenes
only in the cytoplasm, importantly avoiding interaction
with host chromosomes. Second, SeV vectors have re-
markably high transfection efficiency in many tissues
and cell types. Gene transfer to the respiratory airway via
SeV vectors, for example, is at least 10-fold greater than
that produced via AV vectors, and is 4- to 5-log-fold
greater than that produced via cationic liposomes [Yone-
mitsu et al., 1996). Finally, there is no evidence that SeV
is pathogenic in humans. The SeV vector was designed
using a rodent respiratory virus and has long been used
for preparing hybridomas. In the retinal sensory system,
an SeV vector produced high expression levels in retinal
pigment epithelium after a brief vector-cell contact time,

120 Audiol Neurotal 2007;12:119-126

while AV did not [Ikeda et al, 2002]. Taken together,
these data suggest that SeV might be a useful vector for
delivering transgenes to other sensory systems, including
the auditory system.

These properties make SeV vectors a prime candidate
for the use in gene transfer therapy for treating hearing
disorders. The aim of this study, therefore, was to evalu-
ate the transfection efficiency of an SeV vector in the co-
chlea using two delivery pathways, the scala media and
scala tympani.

Materials and Methods

Animals

‘We used 17 albino guinea pigs (250-350 g). All animal exper-
iments were performed in accordance with the guidelines of the
Keio University Committee for the Use and Care of Animals. The
Keio University is fully accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care Interna-
tional.

Experimental Groups

We assigned animals to one of two groups: group | animals
received either SeV (n = 6) or sterile artificial endolymph (NaCl
1 mM, KCl 126 mM, KHCO; 25 mM, MgCl; 0.025 mM, CaCl;
0.025 mM and K;HPO, 1.4 mM; n = 3) [Ishimoto et al,, 2002] in-
jections into the cochlea via the scala media, and group 2 animals
received either SeéV (n = 5) or perilymph (sterile normal Ringer's
solution; n = 3) [Kanzaki et al., 2002b] injections into the cochlea
via the scala tympani. SeV transfection efficacy was assessed his-
tochemically. Auditory brain stem responses (ABRs) were mea-
sured before SeV injection and 3 days after injection, prior to sac-
rifice, to assess shifts in hearing threshold.

SeV Vectors

The full-length SeV genome contains the following: 3"-end
leader followed by six viral genes — nucleocapsid, phospho, ma-
trix, fusion (F), hemagglutinin-neuraminidase, and large pro-
teins - and a small 5'-end trailer sequence (fig. 1). Since the F
protein conveys viral infectivity, we used F gene-deleted SeV vec-
tors (SeV/AF) in our experiments. SeV/AF do not produce infec-
tious progeny [Li et al., 2000]. We constructed SeV/AF carrying
green fluorescence protein (GFP-5¢V/AF) as previously described
[Li et al., 2000]. Briefly, GFP cDNA was amplified with a pair of
Notl-tagged primers that contained the following SeV-specific
transcriptional regulatory signal sequences: 5-ATTGGCCGCC-
GTACGGCCATGGTGAGCAAGGGCGAGGAG-3" and 5"-AT-
TGGCCGCCGTACGATGAACTTTCACCCTAAG-
TTTTTCTTACTTCGGAGCTTTACTTGTACAGCTCGTCCA-
TGCCG-3". A GFP-SeV/AF cDNA (pGFP-S¢V/AF) was construct-
ed by introducing the amplified fragment into the Nofl site of the
parental pSeV18+/AF. pGFP-SeV/AF was transfected into LLC-
MEK2 cells infected with vaccinia virus vI'F7-3, which expresses
T7 polymerase [Fuerst et al., 1986]. The T7-driven recombinant
GFP-SeV/AF RNA genome was encapsulated by nucleocapsid,
phospho, and large proteins, which were derived from their re-
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leader NP P M F HN L Trailer
sevwidtype 3B S s
SeV/AF Y 5
AF
Fig. 1. The structures of the wild type of
SeV, SeV/AF, and GFP-SeV/AF are shown. R — 5

GFP-SeV/AF was used in this experiment.
NP = Nucleocapsid; P = phospho; M = ma-
trix; F = fusion; HN = hemagglutinin-
neuraminidase; L = large proteins.

GFP-5eV/AF 3'5
GFP

spective cotransfected plasmids, The recovered SeV vector was
propagated using F protein-expressing packaging cell lines [Li et
al., 2000]. Virus titers were determined, and Infectivity was ex-
pressed as cell infectious units (CIU). The SeV vector was stored
at -80°C until use.

Surgery
Guinea pigs were anesthetized with xylazine (10 mg/kg; i.m.)

and ketamine HCl (40 mg/kg; i.m.). Prior to vector or control in-
jections, 0.5 ml of 1% lidocaine HCI was injected subcutaneous-
ly around the ear as local anesthesia. GFP-SeV/AF (titer: 5 x
107 CTU/5 pl) was injected into the cochlea as described below.

In group 1 animals, the ventral side of the left bulla was opened,
and a hole was drilled in the lateral wall of the third turn (fig. 2)
as previously described [Ishimoto et al,, 2002]. In group 2 ani-
mals, the left side of the middle ear was exposed via a postauricu-
lar approach. Under the guidance of an operating microscope, a
small fenestra was made with a sharp probe in the otic capsule at
the base of the cochlea [Prieskorn and Miller, 2000; Stover et al.,
1999]. To inject SeV, we used a 100-pu] Hamilton syringe with an
attached vinyl cannula and fine polyamide tip. In group 1 ani-
mals, 5 pl of either GFP-SeV/AF or endolymph were injected into
the scala media, and in group 2 animals, 5 pl of either GFP-SeV/
AF or perilymph were injected into the scala tympani. Ten min-
utes after injection, the cannula was removed and the fenestra was
covered with a small piece of fascia that adhered to the otic cap-
sule. The bulla defect was sealed with carboxylate cement (Dure-
lon® ESPE America, Norristown, Pa., USA). Dexon® adsorbable
suture was used to close the subdermal opening, and nylon suture
was used to close the skin opening.

ABR Measurement

A needle electrode was subdermally inserted at the vertex,
along the dorsal midline of the scalp between the external audi-
tory canals. The reference electrode was placed below the pinna
of the left ear, and the ground electrode was inserted below the
contralateral ear. The auditory stimulus consisted of a 1-ms tone
burst with a rise-fall time of 0.1 ms. Waveforms from 256 stimuli
were delivered at a frequency of 9 Hz. ABR waveforms were re-
corded for 12.8 ms, sampled at 40000 Hz, bandpass-filtered (50~
5000 Hz), and averaged using PowerLab system software (Power-
Lab2/20, AD Instruments, Castle Hill, Australia), ABR wave-

SeV Vector-Mediated Transduction in
Cochlea

forms were recorded in 5-dB SPL intervals from a maximum
amplitude until no waveform could be observed. ABRs were re-
corded at 4, 12, and 16 kHz. The ABRs were measured with the
animals under xylazine and ketamine anesthesia (im.). The re-
searcher who measured ABRs was blinded to the animal’s group

assignment.

Statistical Analysis

Unpaired t tests were performed to test for significant differ-
ences in ABR thresholds at each frequency between the two
groups. SPSS version 13.0 (Chicago, 111, USA) was used.

Epifluorescent Stereoscopy

Animals were sacrificed under deep anesthesia 3 days after
being injected with either vector or control solutions. To perfuse
the inner and middle ears locally, we decapitated the animals and
removed the temporal bone. The entire cochlea or lateral wall was
visualized using a stereoscopic zoom microscope (SMZ1500)
configured with epifluorescent optics (Nikon, Tokyo, Japan).

Immunohistochemistry

The cochlea was fixed in 4% paraformaldehyde, decalcified in
10% EDTA, and immersed in sucrose overnight for cryoprotec-
tion. After embedding in OCT compound [Whitlon et al,, 2001],
10-pm-thick frozen sections were cut and collected. After per-
meabilization with 0.3% Triton X-100, the organ of Corti was
stained for F-actin using a 1:100 solution of rhodamine phalloidin
(Molecular Probes, Carlsbad, Calif., USA) for 30 min. The diluent
for all solutions was PBS. Whole-mount preparations were ob-
served using an Eclipse 80i® digital microscope configured with
epifluorescent optics (Nikon).

Results

Transfection of the Cochlea after Injection into the

Scala Media

GFP-positive cells were present in the cochlea and
middle ear mucosa, including the otic capsule, of the
ears receiving vector injections into the scala media

Audiol Neurotol 2007;12:119-126 121
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Fig. 2. Photomicrograph showing the surgical approach through
the scala media. A ventrally located inci le on the left
car, and then the window of the middle ear bulla was opened. A
hole was made in the wall of the cochlear bone (arrowhead).
Co = Cochlea; bulla = middle ear bulla

Fig. 3. Photomicrograp
showing the distribution of GFP-fusion protein after injection of

On wis

ca

whole-mounted guinea pig cochlea

GFP-SeV/AF into the scala media. A Fluorescent image showing

the boney wall of the cochlea. B, C Light (B) and fluorescent (C)
5 of the cochlea of a SeV-inoculated ear. D, E Light (D) and
mages of the coch inoculated, control
ht (F) and fluorescent (G) images of the lateral wall of
the inoculated ear. Scale bars:1000 wm (A-E);600 wm (F, G).

Fig. 4, Photomicrograph of histological section of guinea pig mid-
dle ear after injection of GFP-SeV/AF. GFP signal was observed in
the middle ear mucosa (arrowheads), Scale bars: 10 pm
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Fig. 5. Photomicrographs of histological sections of guinea pig
scala media after injection of GFP-SeV/AF. A, B Spiral ganglion
neuron (arrowhead); DIC image (A) and fluorescent image (B).
C, D Cochlear blood vessel; DIC image (C) and fluorescent image
(D). E Stria vascularis. F-H Organ of Corti with the arrowhead
pointing to the inner hair cell and the bracket suggesting the out
er hair cell region; the organ of Corti from an inoculated ear (F,
G) and an uninoculated contral ear (H). Red = F-actin stained
with rhodamine phalloidin; green = GFP-SeV/AF-transfected
cells; BM = basement membrane; SL = spiral limb; ST =scalatym-
pani; TC = tunnel of Corti; Ve = cochlear blood vessel. Scale bars:
100 wm (A-D), 50 pum (E), 10 pm (F-H)

(fig. 3A-C, fig. 4). This suggests that the injection leaked
out of the cochlea and onto the middle ear mucosa. There
were no GFP-positive cellsin the contralateral ear (fig. 3D,
E). GFP was also found in the lateral wall (fig. 3F, G). In
one of the inoculated cochlea, GFP localized to several
types of cells in several spiral ganglion neurons, in the
outer layers of cochlear blood vessels and in the stria vas-

SeV Vector-Mediated Transduction in
Cochlea

Fig. 6. The cochlea from an ear inoculated with GFP-5¢V/AF via
a scala tympani approach. A-~C The organ of Corti and fibrocytes
of the scala tympani; DIC image (A) and fluorescent image (B),
and higher magnification (C); numerous labeled fibrocytes in the
scala tympani. ST = Scala tympani; TC = tunnel of Corti. Scale
bars: 100 pm (A, B), 10 um (C)

cularis (fig. 5A-E). Transfected cells were found in the
outer hair cell layer but not in the inner hair cell layer. In
several animals, supporting cells (pillar, Hensen, Deiters,
and Claudius cells) and inner and outer sulcus cells were
also transfected (fig. 5F, G). We observed no GFP-posi-
tive cells in the uninoculated cochlea (fig. 5H).

Transfection of the Cochlea after Injection into the

Scala Tympani

GFP-positive signals were found in many fibrocytes in
the scala tympani of the inoculated ears (fig. 6A-C) but
not in the contralateral or uninoculated ears (control)

ol Neurotol 2007;12:119-126 123
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Threshold shifts between before and after

A injections in to the scala tympani
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Fig. 7. ABR threshold shifts observed before and after injections
via scala media (A) and scala tympani (B) approaches.

(data not shown), No GFP-positive cells were found in the
scala media and vestibuli.

ABR Threshold Shift before and after Vector Injections

Hair cells disappeared in the animals that received
SeV injections into the scala media. No obvious damage
was seen, however, in the cochlea or middle ear of ani-
mals that received injections into the scala tympani. This
is consistent with our ABR results, showing that pre- and
postinjection threshold shifts were lower in animals op-
erated through the scala tympani approach than in ani-
mals operated through the scala media approach. There
were no statistically significant differences in hearing
threshold shift among the animals that received SeV vec-
tor, endolymph, or perilymph injections, indicating that
the SeV vector did not affect hearing function.

124 Audiol Neurotol 2007;12:119-126

Table 1. Distribution of transgene expressions after SeV injection
via scala media and tympani

Via scala media approach (n = 6) Animals

Distribution of expression
All (four) turns
Two turns
One turn
Site of expression
Scala media
Stria vascularis
Spiral ganglion neurons
Vessel
Reissner's membrane
Organ of Corti
Inner hair cell
Outer hair cell
Pillar cells
Deiters cells
Hensen cells
Claudius cells
Inner sulcus cells
Scala tympani
Fibrocytes

Via scala tympani approach (n = 5)

Distributions of expression

All (four) turns 1

Two turns

One turn

Site of expression

Scala tympani
Fibrocytes 5

- 0 - 0 T — -

-

Lol

In group 1 (scala media approach), GFP-positive expressions
were found at all turns (n =3 ears), two turns (n = 2), and one turn
(n = 1). GFP-positive transfection was found at a wide variety of
cells at the scala media and tympani including the organ of Corti.
In group 2 (scala tympani approach), GFP-positive expressions
were found at all turns (n = 1), two turns (n = 2), and one turn
(n = 1). GFP-positive transfection was found at numerous fibro-
cytes of the scala tympani but not scala media.

Discussion

Distribution of SeV-Transfected Cells

Our findings indicate that SeéV vectors (5.0 x 107
CIU/5 pl) can efficiently transfer transgenes to a wide
variety of cell types in the organ of Corti, including stria
vascularis cells, spiral ganglion neurons (through scala
media injections) and fibrocytes (through scala tympani
injections) (table 1). The extent of SeV transfection is
comparable to that obtained with AV vectors. When AV
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vectors are injected into guinea pig cochlea at 1.0 x 10"
virus particles/ml (approximately 5.0 X 10® virus parti-
cles/5 l) via a scala media approach, AV vectors reach
supporting cells such as interdental cells, inner sulcus
cells, and Hensen cells [Ishimoto et al., 2002].

SeV may reach the sensory epithelial cells, spiral gan-
glion neurons, and stria vascularis by traversing the endo-
lymphatic space and the lateral wall of the scala media.
The route by which SeV vectors transfect spiral ganglion
neurons is unknown. The vectors may penetrate the ha-
benulae perforatae, in which the spiral ganglion nerve
runs through a hole in the tympanic lip of the osseous spi-
ral lamina. When injected via the scala tympani approach,
SeV cannot penetrate the basement membrane and thus
does not reach the organ of Corti as well as does AV.

SeV Does Not Affect Hearing Function

We find no significant differences in the hearing
threshold of animals that received SeV, endolymph, or
perilymph injections, indicating that SeV does not affect
hearing function and that SeV may have lower levels of
(cochlear) toxicity than do other viruses [Bitzer et al,,
2003; Griesenbach et al., 2005]. We did find, however,
that hearing function was differentially affected by the
two routes of injection through the scala media and sca-
la tympani. ABRs of animals operated via the scala tym-
pani approach were lower than those of animals operated
via the scala media approach. This disparity may be due
to mechanical damage to the scala media. When AV is
injected into the scala tympani, damage to auditory hair
cells is limited [Han et al,, 2004], whereas when it is in-
jected into the scala media, numerous outer hair cell are
damaged [Ishimoto et al., 2002]. This is consistent with
our findings that injections into the scala media are more
traumatic than injections into the scala tympani because
injection via the scala media made pressure of endolymph
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Development of vaccine technology using Sendai virus vector

The cytoplasmic RNA vector would be promising for use in gene vaccines to large population of
patients because of its important genotoxicity-free nature. The candidate intranasal gene vaccines
have been developed using Sendai virus(SeV) vector for both infectious and chronic diseases.
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ABSTRACT

Cynomolgus monkey embryonic stem cell (cyESC)-derived
in vivo hematopoiesis was examined in an allogeneic trans-
plantation model. cyESCs were induced to differentiate into
the putative hematopoietic precursors in vitro, and the cells
were transplanted into the fetal cynomolgus liver at approx-
imately the end of the first trimester (n = 3). Although
cyESC-derived hematopoietic colony-forming cells were de-
tected in the newborns (4.1%-4.7%), a teratoma developed
in all newborns. The risk of tumor formation was high in
this allogeneic transplantation model, given that tumors
were hardly observed in immunodeficient mice or fetal
sheep that had been xeno-transplanted with the same cyESC

is * Embryonic stem cell « In utero transplantation * Teratoma * Purging

derivatives, It turned out that the cyESC-derived donor cells
included a residual undifferentiated fraction positive for
stage-specific embryonic antigen (SSEA)4 (382% =
10.3% ) despite the rigorous differentiation culture. When an
SSEA-4-negative fraction was transplanted (m = 6), the
teratoma was no longer observed, whereas the cyESC-de-
rived hematopoietic engraftment was unperturbed (2.3%~
5.0%). SSEA-4 is therefore a clinically relevant pluripotency
marker of primate embryonic stem cells (ESCs). Purging
pluripotent cells with this surface marker would be a prom-
ising method of producing clinical progenitor cell prepara-
tions using human ESCs. STEM CELLS 2006,24: 14501457

INTRODUCTION

Human embryonic stem cells (hESCs) hold great potential in the
treatment of a variety of diseases and injuries because embry-
onic stem cells (ESCs) have the ability to proliferate indefinitely
in culture and to differentiate into any cell type [1, 2]. Because
ESCs are able to form teratomas when transplanted into immu-
nodeficient mice, safety concerns would be raised against the
clinical application of hESCs (3, 4]. It will be necessary to test
the safety of these cells in animal transplantation models before
clinical application. Nonhuman primate transplantation models
would be desirable for this purpose: however, there have been
only a few reports on these models [5-7]. The successful en-
graftment of transplanted cells in primates will not be achieved
unless the immune rejection of transplanted cells is circum-
vented (e.g., through immunosuppressive treatment) [6]. The

early gestational fetus may be a good recipient with which w0
circumvent immune rejection because the immune system is
premature [8]. In addition, in the animal fetus, transplanted cells
would engraft without conditioning of recipients such as irradi-
ation or immunosuppressive treatment [9-12]. We have previ-
ously established a system for allogeneic transplantation of
cynomolgus ESCs (cyESCs) using preimmune fetal monkeys as
recipients [5].

We have also reported a novel method for hematopoietic
engraftment from cyESCs in sheep [13]. The method is a
combination of three steps: (a) differentiation in vitro to
generate the putative hematopoietic precursors [14]; (b)
transplantation of the cells in utero [15]; and (c) development
into hematopoietic cells in vivo using the hematopoietic
microenvironment of the fetal liver [16]. In the present study,
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we have examined the safety as well as the efficacy of
hematopoietic engraftment of cells derived from cyESCs in
the allogeneic transplantation model.

MATERIALS AND METHODS

Animals

Pregnant cynomolgus monkeys (1622 years old) were obtained
by mating and were reared at the Tsukuba Primate Research
Center in accordance with Rules for Animals Care and Man-
agement set forth by the Research Center and Guiding Princi-
ples for Animal Experiments Using Nonhuman Primates formu-
lated by the Primate Society of Japan. Experimental procedures
were approved by the Animal Welfare and Animal Care Com-
mittee of the National Institute of Infectious Diseases. The
animals were free of intestinal parasites and were seronegative
for herpes virus B, varicella-zoster-like virus, measles virus, and
simian immunodeficiency virus.

Cell Preparation
A cyESC line (CMKG6G) stably expressing green fluorescent
protein (GFP) was established after transfection of the parental
¢yESC line (CMKS) with the enhanced GFP gene (Clontech,
Palo Alto, CA, hup://www.clontech.com) [17]. cyESCs were
maintained on a feeder layer of mitomycin C (Kyowa, Tokyo,
hitp://www.kyowa.co.jp)-treated mouse (ICR or BALB/c; Clea
Japan, Tokyo, hitp://www.clea-japan.com) embryonic fibro-
blasts as previously described [18]. The mouse bone marrow
stromal cell line OP9 was maintained in o-minimum essential
medium (Invitrogen, Carlsbad, CA, hitp://www.invitrogen.com)
supplemented with 20% fetal calf serum (FCS; Invitrogen) [19].
¢yESCs were induced to differentiate into the putative he-
matopoietic precursors as previously described [13]. Briefly,
undifferentiated cyESCs were transferred onto mitomycin C-
treated confluent OP9 cells and cultured for 6 days in Iscove's
modified Dulbecco's medium (Invitrogen) supplemented with
8% FCS, 8% horse serum (Invitrogen), 5 X 107% M hydrocor-
tisone (Sigma, St. Louis, http://www.sigmaaldrich.com), and
multiple cytokines, including 20 ng/m! recombinant human (rh)
bone morphogenetic protein-4 (R&D Systems, Minneapolis,
hutp://www.rndsystems.com), 20 ng/ml rh stem cell factor (Bio-
source, Camarillo, CA, http://www.hiosource.com), 20 ng/ml rh
vascular endothelial growth factor (VEGF; R&D Systems), 20
ng/ml rh Fit-3 ligand (PeproTech, Rocky Hill, NI, hutp:/fwww,
peprotech.com), 20 ng/ml rh interleukin-3 (PeproTech), 10
ng/ml rh interleukin-6 (PeproTech), 20 ng/ml rh granulocyte
colony-stimulating factor (PeproTech), and 2 IU/ml rh erythro-
poietin (Roche, Basel, Switzerland, http//www roche.com), The
cells were resuspended in 0.1% human serum albumin (Sigma)/
Hanks® balanced saline solution (Sigma) for transplantation.

Flow C

Primary antibodies (Abs) used in the present study were anti-
human CD34 monoclonal Ab (mAb; BD Pharmingen, San Di-
ego, htip://'www.bdbiosciences.com/pharmingen), anti-human
CD31 mAb (Pharmingen), anti-human CD45 mAb (Pharmin-
gen), anti-} | dothelial (VE) jherin mAb
(Pharmingen), rabbit anti-human VEGF receptor (VEGFR)-2
Ab (Santa Cruz Biotechnology, Santa Cruz, CA, hup:/fwww,
scht.com), and anti-stage-specific embryonic antigen (SSEA)-4

www.StemCells.com

mAb (Chemicon, Temecula, CA, hitp://www.chemicon.com).
All of them cross-reacted to cynomolgus counterparts as previ-
ously demonstrated (18, 20-22]. Secondary Abs were phyco-
erythrin (PE)-conjugated rabbit anti-mouse immunoglobulins
(Ig) Ab (DakoCytomation, Glostrup, Denmark, hitp://www.dako.
com) and Alexa Fluor 647-conjugated goat anti-mouse IgG Ab
(Molecular Probes, Eugene, OR, hup://probes.invitrogen.com).
Cells stained with unlabeled primary Abs were incubated with
fluorescence-labeled secondary Abs. Cells were incubated with
either primary or secondary Ab for 20-60 minutes at 4°C.
Regarding staining with the anti-VEGFR-2 Ab, the cells were
incubated with biotin-conjugated goat anti-rabbit IgG Ab (Beck-
man Coulter, Miami, hup://www.beckmancoulter.com), fol-
lowed by PE-conjugated streptavidin (Beckman Coulter). Fluo-
rescence-labeled cells were analyzed with a FACS Calibur flow
cytometer (Becton, Dickinson and Company, Franklin Lakes,
NJ, http:/fwww.bd.com). Data analysis was performed using the
CellQuest software (Becton, Dickinson and Company). Isotype-
matched, imelevanmt mAbs (DakoCytomation or Beckman
Coulter) served as negative controls. Nonviable cells were ex-
cluded from analysis by propidium iodide (Sigma) costaining.

Cell Sorting

Cell sorting was performed to purge SSEA-4™ cells from among
the cultured cyESCs in vitro. Cells were incubated with the
anti-SSEA-4 mAb for | hour at 4°C and washed twice with
Dulbecco’s modified Eagle’s medium supplemented with 10%
FCS. The cells were then incubated with the PE-conjugated
anti-mouse Ig Ab for | hour at 4°C and washed twice again.
GFP-positive and SSEA-4-negative cells were sorted using an
Epics Elite cell sorter (Beckman Coulter). Data acquisition was
performed using the Expo2 software (Beckman Coulier).

Transplantation and Delivery

Transplant procedures were previously described [5]. Briefly,
animals were anesthetized via an intramuscular administration
of ketamine hydrochloride (Ketalar, 10 mg/kg: Sankyo, Tokyo,
hutp:/iwww.sankyo.co.jp) and received 0.5%-1.0% isoflurane
by inhalation by means of an endotracheal wbe. Cells (0.16-
46 % 10° cells per fetus; Table 1) were injected into the fetal
liver through a 23-gauge needle using an ultrasound-guided
technique at approximately the end of the first trimester. The
fetuses were delivered by cesarean section at 2-3 months after
transplant (gestation 120-157 days, full term 165 days).

Colony Polymerase Chain Reaction

Cynomolgus clonogenic hematopoietic colonies were produced
as previously described [20]. After cells were cultured in meth-
yleellulose medium for 10-14 days, well-separated individual
colonies were plucked into 50 pl of distilled water and digested
with 20 pg/ml proteinase K (Takara, Shiga, Japan, hitp://www.
takara-bio.com) at 55°C for 1 hour, followed by 99°C for 10
minutes. Each sample (5 ul) was used for a nested polymerase
chain reaction (PCR) to detect the GFP gene sequence. The
outer primer set was 5'-AAGGACGACGGCAACTACAA-3'
and 5'-ACTGGGTGCTCAGGTAGTGG-3', and the inner
primer set was 5"-GCATCGACTTCAAGGAGGAC-3' and 5'-
GTTGTGGCGGATCTTGAAGT-3". Amplification conditions
for both the outer and inner PCR were 30 cycles of 95°C for 30
seconds, 65°C for 30 seconds, and 72°C for 30 seconds. The
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Table 1. ESC-derived hematopoiesis and tumor formation

Donor-derived CFU

Purging  Cell il in recipients® at
Animal  Transplanted  SSEA-4* per fetus birth (donor/total Tumor  Observation period
Animals no. cells cells (% 10%) colony number) formation (months)
Monkeys 0031 Undifferentiated - 3.90 n.d. + 3
2311 ESCs - 0.16 n.d., Dead + 2
0321 = 0.21 n.d., Dead + 2
0841 Day-6 ESC- - 10 4.1% (2/49) + 3
1551 derived cells = 46 nd., Dead + 2.5
0021 = 46 4.7% (4/85) + 3
0691 Day-6 ESC- - 0.16 3.2% (2/62) - 3
0381 derived cells + 1.40 5.0% (4/80) = 3
0022 + 0.17 2.3% (2/86) - 3
0981 + 0.31 4.1% (3/73) = 3
0051 + 031 n.d., Dead® = 3
1552 + 0.75 4.4% (2/45) = 4
Sheep® 57 Day-6 ESC- A 50 1.1% (1/91) == 18
55 derived cells - 50 1.1% (1/91) - 26
141 =4 78 1.1% (1/91) = 26
182 - 14 1.6% (1/63) = 21

*Percentage of donor-derived CFU was calculated by dividing the number of CFU positive for the green fluorescent protein gene
sequence by the number of CFU positive for the B-actin gene sequence. Donor-derived CFU were analyzed at delivery.
®Death due to ablation of placentae. Other deaths were presumably wmor-related.

€As published by Sasaki et al. [13].

Abbreviations: CFU, colony-forming units; ESC, embryonic stem cell; n.d., not done; SSEA, stage-specific embryonic antigen.

outer PCR products were purified using a QIA quick PCR
purification kit (Qiagen, Valencia, CA, htp:/fwww.giagen.
com). Simultancous PCR for the B-actin sequence was also
performed to ensure DNA amplification of the sample in each
colony. The primer set for B-actin was 5'-CATTGTCATG-
GACTCTGGCGACGG-3' and 5'-CATCTCCTGCTCGAAG-
TCTAGGGC-3', Amplification conditions for fB-actin PCR
were 40 cycles of 95°C for 30 seconds, 65°C for 30 seconds, and
72°C for 30 seconds. Amplified GFP (131 bp) and B-actin (234
bp) products were resolved on 2% agarose gel (Sigma) and
visualized by ethidium bromide (Invitrogen) staining.

RNA PCR

Total RNA was extracted from cells of interest using the EZ1
RNA universal tissue kit (Qiagen). RNA was reverse-tran-
scribed at 50°C for 30 minutes using the RNA LA PCR kit
(Takara) with oligo dT primer. The resulting cDNA was then
subjected to PCR. Regarding PCR for Oct-4, the primer set was
5"-GGACACCTGGCTTCGGATT-3' and 5'-TTCGCTTTCTC-
TTTCGGGC-3'. The PCR conditions were 35 cycles of 95°C
for 30 seconds, 67°C for 45 seconds, and 68°C for 1.5 minutes.
Regarding PCR for Scl, the primer set was 5'-GGGCG-
GAAAGCTGTTTGCGATT-3" and 5'-TCGCTGAGAGGCCT-
GCAGTT-3'. The PCR conditions were 35 cycles of 95°C for
30 seconds, 63°C for | minute, and 72°C for | minute. A
simultanecus PCR for B-actin was also conducted on each
c¢DNA sample as an internal control as described above. Am-
plified Oct-4 (697 bp), Scl (201 bp), and B-actin (234 bp)
products were resolved on 2% agarose gel and visualized by
ethidium bromide staining.

Downloaded from www.StemCells.com at Jichi Med U Library on June 26, 2006

RESULTS

In Utero Transplantation and Delivery

cyESCs stably expressing GFP were used in this study [17].
In the setting of allogeneic transplantation, GFP was used as
a genetic tag to track transplanted cell progeny. We employed
the OPY stromal cell coculture method instead of the embry-
oid body formation method to facilitate the hematopoietic
differentiation [19, 23, 24] (Fig. 1A, 1B). According to the
flow cytometric analysis, CD34, CD31 (platelet/endothelial
cell adhesion molecule-1 [PECAM-1]), CDI144 (VE-cad-
herin), and VEGFR-2 (Flk-1) were all upregulated on day 6
but decreased thereafter (Fig. 1C-1E, 1G). Among the mark-
ers examined, CD34 is a widely used surface marker of
hematopoietic stem cells in both human and monkey subjects
[25-27]. The others are key markers of hemangioblasts
(which generate endothelial and hematopoietic lineages) in
both mice and humans [14, 28]. Cells positive for both
VEGFR-2 and VE-cadherin emerged on day 6 (Fig. 1H).
CD45, however, was not detected until day 12 (Fig. 1F).
Despite the hemangioblast marker expression on day 6, the
hematopoietic Sel gene was upregulated at this time point as
assessed by RNA PCR (Fig. 1I), implying that the hemato-
poictic commitment might have already occurred on day 6
[29, 30]. We therefore designated the day 6 cyESC-derived
progenitor cells as putative hematopoietic precursors. The
time course profiles presented here were similar to those of
hESCs [14, 24]. The GFP expression was stable during the
6-day culture (Fig. 1A, 1B) and afterward (data not shown).
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