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Hematopoietic Microchimerism in Sheep After In
Utero Transplantation of Cultured Cynomolgus
Embryonic Stem Cells

Kyoko Sasaki,” Yoshikazu Nagao,” Yoshihiro Kitano,? Hideaki Hasegawa,'* Hiroaki Shibata,’
Masaaki Takatoku,” Satoshi Hayashi,” Keiya Ozawa,* and Yutaka Hanazono™

Background. Although directed differentiation of human embryonic stem {ES) cells would enable a ready supply of
cells and tissues required for transplantation therapy, the methodology is limited. We have developed a novel method
for hematopoietic development from primate ES cells. We first cultured ¢ynomolgus monkey ES cells in vitro and
transplanted the cells in vivo into fetal sheep liver, generating sheep with cynomolgus hematopoiesis.

Methods. Cynomolgus ES cells were induced to mesodermal cells on murine stromal OP9 cells with multiple cytokines
for 6 days. The cells (average 4.8X 107 cells) were transplanted into fetal sheep in the liver (n=4) after the first trimester
(day 55-73, full term 147 days). The animals were delivered at full term, and two of them were intraperitoneally
administered with human stem-cell factor (SCF).

Results. Cynomolgus hematopoietic progenitor cells were detected inbone marrow atalevel of 19 to 2% in all four sheep up
to 17 months posttransplant. No teratoma was found in the lambs. After SCF administration, the fractions of cynomolgus hema-
topoiesis increased by several-fold (up to 13%). Cynomolgus cells were also detected in the circulation, albeit at Jow levels (<0.19).
Conclusions. Long-term hematopoietic microchimerism from primate ES cells was observed after in vitro differenti-
ation to mesodermal cells, followed by in vivo intreduction into the fetal liver microenvironment. The mechanism of
such directed differentiation of ES cells remains to be elucidated, but this procedure should allow further investigation.

Keywords: Primate embryonic stem cells, In utero transplantation, Hematopoietic microchimerism, Sheep.

(Transplantation 2005;79: 32-37)

major barrier for most tissue or cellular transplantation

therapies is the shortage of donors, Because human embry-
eonic stem (ES) cell lines have dual abilities to proliferate indefi-
nitely and differentiate into multiple tissue cells (I, 2), directed
differentiation of human ES cells into functionally defied tissue
typesis a goal in providing an inexhaustible and potentially cus-
tomized supply of transplantable cells or tissues. Clearly directed
differentiation of ES cells is still in its infancy, and the method-
ology is quite limited. Many researchers have studied in vizo
specific differentiation programs through manipulation of the
cytokine milieu, cellular microenvironment, and conditional ac-
tivation of specific gene expression {3-5). On the other hand, we
and other groups have shown aline of evidence that undifferen-
tiated ES cells respond to local cues after transplantation and
differentiate into site-specific cells in rodent and nonhuman pri-
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mate allogeneic transplantation models (6, 7). These studies
have highlighted the importzance of the in vive local microenvi-
ronment for directed differentiation of ES cells. ES cells can be
inducedto differentiate into specific cells if exposed to the proper
microenvironment. In this study, we have tried to use the in vivo
fetal sheep liver microenvironment for hematopoietic develop-
ment from primate ES cells,

Sheep in utero transplantation has been used as an assay
systern for human hematopoiesis (8). The fetal sheep is immu-
nologically tolerant of allogeneic skin grafts or xenogeneic hu-
man hematopoietic cells before 75 days of gestation, which al-
lows avoidance of the immunologic barriers present in postnatal
models (8—10). In this model, long-term human/sheep hemato-
poietic chimeras have been established after the transplantation
of human hematopoietic stem cells into the fetal sheep at a pre-
immune stage (8). It has also been reported that human mesen-
chymal stem cells engraft and show site-specific differentiation
after in utero transplantation in sheep {11).

We have used nonhuman primate {cynomolgus mon-
key} ES cells (12) because this is the most faithful mode] for
human ES cells for generating hematopoietic chimera in
sheep, We first cultured cynomeolgus ES cells in vitro to dif-
ferentiate into mesodermal cells and introduced the cells into
fetal sheep liver after the first trimester. Fetal liver is a hema-
topoietic organ at this stage of fetuses. We then examined the
in vivo fate of transplanted cell progeny long term.

MATERIALS AND METHODS

Cell Preparation

Cynomolgus macaque ES cells (CMK6) were main-
tained on a feeder layer of mitomycin C (Kyowa, Tokyo,
Japan) treated mouse {(BALB/c, Charles River Japan,

Transplantation + Volume 19, Number 1, January 15, 2005



© 2005 Lippincott Williams & Wilkins

Kanagawa, Japan) embryonic fibroblasts, as described previ-
ously (12}. The mouse bone-marrow stromal-cell line OP9
was maintained in a-minimum essential medium (Gibco,
Rockville, MD) supplemented with 20% fetal calf serum, as
previously described (13).

For the in vitro differentiation (induction of hemato-
poietic differentiation), ES cells were seeded onto mitomy-
cin-C-treated confluent OP9 cell layers in culture dishes in
Iscove’s modified Dulbecco’s medium (Gibco) supple-
mented with 8% horse serum (Gibco), 8% fetal calf serum,
5x107% M hydrocortisone {Sigma, St. Lois, MO), and mul-
tiple cytokines including 20 ng/mL recombinant human (rh)
bone morphogenetic protein-4 (BMP-4; R&D, Minneapolis,
MN), 20 ng/mL rh stem-cell factor (SCF, Amgen, Thousand
Oaks, CA), 20 ng/mL rh interleukin-3 (Research Diagnostics,
Flanders, NJ), 20 ng/mL rh interleukin-6 (Ajinomoto, Osaka,
Japan), 20 ng/mL rh vascular endothelial growth factor
(VEGF, R&D), 20 ng/mL rh granulocyte colony-stimulating
factor (Chugai, Tokyo, Japan), 10 ng/mL rh Flt-3 ligand (Re-
search Diagnostics), and 2 IU/mL rh erythropoietin {Chu-
gai). During differentiation, media were changed every 2 to 3
days. After 6 days of culture, cells were dissociated with 0.25%
trypsin (Gibco), collected with a cell scraper, washed with
Hanks’ balanced salt solution (HBSS, Gibco), resuspendedin
0.4 mL of 0.1% bovine serum albumin/HBSS, and used for
transplantation. Human cord-blood CD34™ cells used in the
present study were obtained at Jichi Medical School Hospital
with informed consent.

Transplant Procedures

Pregnant Suffolk ewes (Japan Lamb, Hiroshima, Japan)
were bred at the Utsunomiya University Farm. Fetal sheep at
55 to 79 days of gestation (full term 147 days) were used.
Before transplantation, ewes were sedated with ketamine (10
mg/kg intramuscularly) and received a 0.5% to 1.0% halo-
thane-oxygen mixture by inhalation by way of an endotra-
cheal tube. The uterus was exposed through a midline lapa-
rotomy incision. Donor cells were injected into the fetus in
the liver through the uterine wall using a 25-gauge needle
under ultrasound guidance. After closure of the abdominal
wall, penicillin and streptomycin were administered. The fe-
tus was allowed to come to term. After birth, some lambs were
intraperitoneally administered rhSCF at a dosage of 60 pgfkg
once a day for 18 or 5 consecutive days.

Hematopoietic Progenitor Assay

To assess cynomolgus hematopoiesis in sheep, clono-
genic hematopoietic colonies were produced by growing
bone-marrow cells in methylcellulose with defined rh cyto-
kines (Methocult GF+ and MegaCult-C, Stem Cell Technol-
ogies, Vancouver, Canada). Bone-marrow cells were aspi-
rated from the iliac bone, From harvested bone-marrow cells,
a leukocyte cell fraction was obtained after red—blood-cell
lysis with ACK buffer (155 mM NH,C, 10 mM KHCOQ; and
0.1 mM EDTA; Wako, Osaka, Japan). Cells were plated in
triplicate at 1 to 5X10* cells per 35-mm plate. After 14 days,
individual colonies were plucked into 50 pL of distilled water
and digested with 20 pg/mL proteinase K (Takarg, Shiga, Ja-
pan) at 55°C for 1 hour, followed by 99°C for 10 minutes.
Each sample {5 uL) was used for polymerase chain reaction
(PCR) amplification to detect cynomolgus-specific B2-mi-
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croglobulin gene sequences. Nested PCR was performed. The
outer primer set was 5-GTCTGGATT TCATCCATCTG-3'
and 5'- GGC TGT GAC AAA GTC ACA TGG-3', and the
inner primer set was5'-GTCTGG ATT TCATCCATCTG-3'
and 5-GGT GAA TTC AGT GTA GTA CAA G-3'. Amplifi-
cation conditions for both outer and inner PCR were 25 cy-
cles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for
30 seconds. Amplified products (135 bp) were resolved on 2%
agarose gel and visualized by ethidium bromide staining.

PCR Southern Blotting

Cellular DNA was extracted from peripheral blood and
bone-marrow cells after birth and subjected to the cynomol-
gus-specific B2-microglobulin PCR as described above. The
PCR products were resolved on 2% agarose gel and trans-
ferred to Hybond-N+ (Amersham, Cleveland, OH). The
membrane was hybridized with a radiolabeled cynomolgus-
specific B2-microglobulin probe generated by PCR using the
following primers: 5'-GTC TGG ATT TCA TCC ATC TG-3'
and 5-GGT GAA TTC AGT GTA GTA CAA G-3". Radiola-
beling of a probe was performed using a DNA labeling kit
(Amersham).

RESULTS

In Vitro Culture and In Utero Transplantation

Cynomolgus ES cells were maintained on mouse em-
bryonic fibroblast feeder cells. They form colonies on feeder
cells (Fig. 1a). For induction of hematopoietic differentiation,
undifferentiated ES cells were placed on murine stromal OP9
cells (13) in the presence of multiple cytokines including hu-
man BMP-4 and VEGF (14). The cell number increased by
10-fold at day 6, and cobblestone-like cells emerged at this
time point (Fig. 1b). These cells were negative or only weakly
positive for CD34 (hematopoietic) and CD31 (endothelial)
markers as assessed by flow cytometry and had little cleno-
genic hematopoietic colony forming ability in culture (data
not shown). These cells likely represent a differentiated pop-
ulation of mesodermal cells. We then transplanted the day-6
ES derivatives {average 4.8 % 107 cells, Table 1} into fetal sheep
(n=4) by way of direct injection into the liver under ultra-
sound guidance after the first trimester (Fig. 1c).

Hematopoietic Microchimerism after Birth

The animals were delivered at full term. Marrow cells
were harvested from the iliac bone and plated in methyl-
cellulose. Clonogenic hematopoietic colonies (colony-
forming units [CFU]) were thus produced to examine he-
matopoietic chimerism in the sheep (Fig. 2). Sheep bone-
marrow cells generated colonies of clear hematopoietic
morphology in this assay. Cynomolgus and sheep cells
were equivalent in their colony-formation ability in this
culture, and each colony was derived from a single cyno-
molgus or sheep hematopoietic progenitor cell. Therefore,
the ratio of cynomelgus to sheep colony number is consid-
ered a chimeric fraction. To distinguish cynomolgus ver-
sus sheep colonies, we tried to immunostain colonies with
antihuman class I, and more directly hematopoietic-spe-
cific antihuman CD45, but they reacted to sheep counter-
parts or generated a considerable nonspecific staining. We
then conducted PCR for monkey-specific f2-microglobu-
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FIGURE 1. In uterc transplantation of day 6 cynomolgus
embryonic stem (ES)-derived cells. (a) Undifferentiated
cynomolgus ES cells were maintained on mouse embryonic
fibroblast feeder cells. (b) For hematopeieticinduction, un-
differentiated ES cells were placed on murine stromal OP9
cells in the presence of multiple eytokines. Cobblestone-
like cells emerged at day 6. (¢) The day 6 ES derivatives
were transplanted directly into the fetal liver after the first
trimester. After birth, marrow cells were harvested from
the iliac bone and examined for cynomelgus versus sheep
hematopoiesis. Some lambs were intraperitoneally (i.p.)
administered with human stem-cell factor (SCF) to specifi-
cally stimulate cynomolgus hematopoiesis.

lin DNA sequences on DNA isolated from each colony
(Fig. 2) {colony PCR). Cynomolgus CFU were clearly de-
tected at a level of 1% to 2% in the bone marrow of all four
sheep (Table 1). We repeated colony PCR and confirmed
that data were reproducible. We detected both granulo-
cytic and erythroid cynomolgus CFU. Cynomolgus
megakaryocytic colonies were not detected, but it was no
wonder considering the low frequency of ¢ynomolgus
megakaryocytic colony formation in vitro (15). The long-
est follow-up was 17 months after transplantation (14
months after birth), and cynomolgus CFU were still de-
tectable. No lamb developed a teratoma.

Selective Expansion of
Cynomolgus Hematopoiesis

To selectively stimulate cynomolgus compared with
endogenous hematopoiesis in the sheep, we administered two
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animals with human SCF, a cytokine that does not cross-react
to stimulate sheep hematopoietic progenitors (16). A time-
course profile of the two animals (No. 141 and No. 182) is
shown in Figure 3. In both sheep, in response to the human
SCF administration for 18 days, the fractions of cynomolgus
CFU increased several-fold (up to 13.2% at day 174 and 4.7%
at day 112 posttransplantation, respectively). After cessation
of SCF administration, the fractions fell to the original levels.
Resumption of human SCF at the same dose but for 5 days
produced a similar elevation in the chimeric fractions {up to
4.4% at day 364 and 8.8% at day 187 posttransplantation,
respectively). No adverse effects associated with human $CF
administration were observed. We did not examine antibody
responses to human SCF in the sheep, but this was unlikely to
occur because second trials of human SCF administration did
work (i.e., increased the chimeric fractions) in both sheep.
Cynomolgus cells were also detected in the crculation,
although the fraction was very low (<<0.19%), even after hu-
man SCF administration as assessed by PCR Southern blot-
ting (Fig. 4). Thelow levels of cynomolgus cells hampered the
lineage analysis by flow cytometry. To detect cynomolgus T
lymphocytes in the sheep, we collected the peripheral blood
and tried to selectively expand cynomolgus T lymphocytes in
the culture with human interleukin-2, antimonkey CD3 (FN-
18), and antihuman CD28 (Kolt-2, cross-reacting to monkey
CD28) (17). However, sheep lymphocytes were also stimu-
lated to expand, and we failed to detect cynomolgus T

lymphocytes.

Comparative Study of Repopulating Ability

Next, we transplanted human cord-blood hematopoi-
etic stem cells (CD34™ cells, average 1.8 10° cells) into fetal
sheep (n=4) instead of day-6 cynomolgus ES derivatives. We
used a CD34" fraction because it was widely used both in
sheep in utero transplantation (18, I9) and in clinical trans-
plantation of hematopoietic stem cells (20), although some
investigators used a human CD34" fraction for sheep in utero
transplantation and obtained hematopoietic chimera as well
or even better in serial transplantation experiments (21). For
the present, however, we considered that the CD34 * fraction
was an appropriate standard with which to compare the re-
populating ability of day-6 cynomolgus ES-derived cells as
well. The chimeric fraction in bone-marrow CFU after in
utero transplantation of CD34™ cells was 1% to 9% (average
3.7%). Fractions of donor-derived cells in the peripheral
blood were also very low (<<0.1%) after the transplantation of
CD34" cells. The average cell numbers necessary to achieve
1% chimerism in CFU after birth were estimated to be
4.3X107 and 6.0X10° for day-6 cynomolgus ES-derived cells
and human cord-blood CD34™ cells, respectively.

DISCUSSION

We have generated long-term hematopoietic microchi-
merism in sheep derived from ES cells. Achieving hematopoi-
etic reconstitution from ES cells has been an enormous chal-
lenge. The difficulty is attributable to the developmental
immaturity of ES-derived cells, which most closely resemble
primitive embryonic yolk-sac hematopoietic progenitors
(22). The processes governing embryonic versus adult blood
formation are distinct, and mouse ES cells do not contribute
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TABLE 1. In uterotransplantation and donor-cell engraftment in sheep
Donor cell-derived CFU in bone
In utero transplantation marrow* (months posttransplant)
Gestational day at
Transplanted transplantation After human Average cell
Animals cell number (Full term 147 SCF number necessary
Transplanted cells (sex) per fetus days) After birth administration for 1% chimerism
Day 6 ES-derived ~ No. 57 5.0%107 67 1.1% (1/91) ND 4.3%107
cells (male) at 3.5 months
No. 55 5.0X107 55 1.19% {1/91) ND
(female) at 5 months
No. 141 7.8X 107 73 1.1% (1/91) 13.2% (12/91) at
(male) at 3 months 6 months
No. 182 1.4%107 66 1.6% (1/63) 8.8% (8/91) at
(male} at 3 months 6 months
Human cord No. 71-1 2.0%10° 69 8.8% (8/91) ND 6.0%X10°
blood CDx34™ (male) at 1 months
cells No. 71-2 2.0X10° 69 4.4% (4/91) ND
(female) at 3.5 months
No. 99-1 1.5%10° 79 1.1% (1/91) ND
{male) at 1 months
No. 99-2 1.5%10° 79 4.4% (4/91) ND
(female) at 2 months

* Percent cynomolgus CFU was calculated by dividing the number of CFU positive for the cynomelgus-specific f2-microglobulin gene sequence by thetotal

number of CFU analyzed.
CFU, colony-forming unit; ND, not done; ES, embryonic stern,

to hematopoietic reconstitution in irradiated mice, unlike
stemn cells isolated from adult bone marrow (23, 24). An ef-
fective approach to this obstacle has recently been reported.
Genetically engineering mouse ES cells to express a specific
transcription factor (HoxB4) or signaling molecule (STATS)
during a specific developmental window has resulted in he-
matopoietic reconstitution from ES cells in irradiated mice
(5, 25). However, the requirement for artificial over-expres-
sion of those genes is undesirable for clinical applications.
Our methed to develop hematopoietic engraftment from pri-
mate ES cells does not require genetic manipulation, and it is
a combination of two steps: in vitro differentiation into me-
sodermal cells followed by in vive development into hemato-
poietic cells in the proper microenvironment of fetal sheep
liver.

To examine whether transplanted day-6 ES-derived
cells engraft in other tissues, we did one more in utero trans-
plantation experiment using same cultured cynomolgus ES
cells (mesodermal cells at day 6) and delivered a fetus at 1
month after transplantation. Although cynomolgus CFU
were detected in fetal liver and cord bloed, cynomolgus cells
were not detectable in any other tissues by a sensitive PCR
after the fetal blood was completely washed out (data not
shown). Therefore, our method appears to direct the fate of
primate ES cells to the hematopoietic lineage.

We assumed that the initial in vitro culture of ES cells
into mesodermal cells is crucial for successful engraftment in
the fetal liver. In fact, when we transplanted undifferentiated
(day 0} cynomolgus ES cells into fetal sheep (n=2), we failed
to detect cynomolgus CFU or other nonhematopoietic cells
in any fetal tissue at 1 month posttransplantation as assessed
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by a sensitive PCR (data not shown). Therefore, undifferen-
tiated ES cells do not appear to engraft in fetal sheep, unlike
adult mesenchymal or hematopoietic stem cells (8, 11), but
day-6 ES derivatives (mesodermal cells) can engraft and are
susceptible to hematopoietic specification in the fetal-liver
microenvironment. For the successful initial in vitro culture
of ES cells, there are some points to be noted. First, we used
stromal OP9 cells as a feeder. Second, weincluded BMP-4 and
VEGF in the culture medium. The coculture with OP9 and
inclusion of BMP-4 and VEGF promote hematopoietic dif-
ferentiation of ES cells {13, 14, 26-28). Finally, we cultured
cells in vitro for a relatively short period (6 days) to avoid
over-maturation of cells (14). The xenogeneic fetal liver is
able to provide such cultured ES cells with an adequate mi-
croenvironment for support of hematopoietic development
(29). Factors present in the fetal liver responsible for the de-
velopment remain to be elucidated.

On the other hand, several issues remain to be further
investigated. Although the chimeric fractions increased by
several-fold (up to 13%) after SCF administration, the in-
crease was transient. To stably enhance the ES-derived chi-
meric fraction, an enrichment of cells responsible for the en-
graftment will be needed before transplantation, as suggested
from Table 1 (see average cell numbers necessary to achieve
1% chimerism). Another issue is a very low level of donor-
derived cells in the peripheral blood. Ours is quite different
from previous human-to-fetal sheep experiments that dem-
onstrated easily detectable peripheral blood chimerism (16,
19). This has hampered the lineage analysis of cynomolgus
cells in our sheep to obtain further evidence to support he-
matopoietic differentiation from ES cells. Low levels of pe-
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FIGURE 2. Assessment of cynomolgus hematopoiesis in
sheep after birth. Bone-marrow cells were harvested from
lambs and placed in methylcellulose. Hematopoietic colo-
nies were thus formed. A cytospin specimen (stained with
the Wright-Giemsa method) of plucked myeleid colonies
demonstrated mature neutrophils. Each cclony was de-
rived from a single cynomolgus cr sheep hematopoietic
progenitor cell. To detect cynomolgus colonies, individual
colonies were plucked and examined for cynomolgus-spe-
cific B2-microglobulin (f2-MG) sequences by polymerase
chain reaction (PCR). PCR products were analyzed on 2%
agarose gel. Plucked methylcellulose (MeC) alone (not
containing colonies) and sheep colonies generated ne
bands by the PCR. Coloeny PCR was repeated at least twice.
Representative colony PCRresults of sheep No, 141 shown.
*Bands positive for the cynomelgus-specific sequence. M,
molecular weight marker.

ripheral chimerism were, however, also found after human
CD34™ cells were transplanted in our study. Therefore, the
issue is not specific to transplanted ES cells, but is likely to be
attributable to the experimental system. A possible explana-
tion may be the different sheep species used in our study
{Suffolk versus Dorset Merino). Another possible explana-
tion is immune responses caused by relatively later gesta-
tional ages {in the second trimester, day 55-79) at transplan-
tation in our study compared with other recent studies (day
40-45) (19). The immune response may have cleared xeno-
geneic cells from the circulation. The existence of microchi-
merism does not necessarily guarantee or predict tolerancein
other systems (30, 31}. “The window of opportunity” for suc-
cessful tolerance induction may be earlier and narrower. To
avoid sensitization, transplantation at earlier days may be
more efficacious.

In conclusion, long-term hematopoietic microchimer-
ism from primate ES cells is possible after in vitro differenti-
ation to mesodermal cells, followed by in vivo transplantation
into the fetal-liver microenvironment. We have used nonhu-
man primate ES cells in the current study, but if human ES
cells are similarly used, human blood cells can be generated in
sheep. This procedure should allow for further investigation.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Transplantation + Volume 78, Number |, January 18, 2005

a Sheep No.141
SCF administration

= 60 yg/Kgiday n 1
[V

b 15

3 10

3 10|

©

E 57

Q

=

S ° > TR . S

= o 60 120 180 240 300 380 519

Days post-transplant
b Sheep N0.182
SCF administration

= 60 pg/Kg/day - l

(T

o 10

o

=

(=)

T 5 Birth

: |

c

=

o~ 0 P "

O LI
= [4] 60 120 180 342

Days post-transplant

FIGURE 3. Time course of hematopoietic chimerism in
the sheep receiving human SCF. (a) In sheep No. 141, hu-
man SCF was intraperitoneally administered at 80 ug/kg
once a day from day 186 posttransplantation for 18 days.
SCF administration was then stopped and tried again from
day 352 for 8 days. (b) In sheep No. 182, human SCF was
similarly administered from day 94 posttransplantation for
18 days, followed by a second administration at the same
dose from day 175 for 8 days. Horizontal axisindicates days
after transplantation. Vertical axis shows cynomolgus/
sheep chimerism (a ratio of cynomolgus vs. sheep CFU in
the bone marrow). Period of human SCF administration
(gray bars).
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FIGURE 4. Detection of cynomolgus cells in the circula-
tion. DNA was extracted from whole peripheral blood or
bone-marrow nucleated cells after birth and subjected to
cynomolgus-specific p2-microglobulin (2-MG) PCR, and
Southern blot analysis. Data before and after SCF adminis-
tration showrn. Positive controls show 0.001, 0.01, and 0.1%
chimerism (cynomolgus to sheep). Cynomolgus cells were

detectable after SCF administration, albeit at low levels
(<0.1%).



© 2005 Lippincott Williams & Wilkins

ACKNOWLEDGMENTS
Cynomnolgus ES cells were provided by Norio Nakatsuji

(Kyoto University, Kyoto, Japan) and Yasushi Kondo (Tanabe
Seiyaku Co. Ltd., Osaka, Japan). OP9 cells were provided by
Toru Nakano (Osaka University, Osaka, Japan). The authors
thank Takayuki Asano, Kyoji Ueda, Yukiko Kishi, and Yujiro
Tanaka for help preparing and analyzing samples. The authors
are grateful to Cynthia Dunbar for helpful comments on the
manuscript. The authors acknowledge Amgen’s supply of SCF,
Chugai’s supply of granulocyte colony-stimulating factor and
erythropoietin, and Ajinomoto’s supply of interleukin-6.

10.
1L
12

13.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

REFERENCES

Thomson JA, Itskovitz-Eldor J, Shapiro S8, et al. Embryonic stem cell
lines derived from human blastocysts. Science 1998; 282: 1145.
Reubinoff BE, Pera MF, Fong C, et al. Embryonic stem cell lines from
human blastocysts: somatic differentiation in vitro. Nat Bietechnol
2000; 18: 399.

Schuldiner M, Yanuka O, Itskovitz-Eldor ], et al. Effects of eight growth
factors on the differentiation of cells derived from human embryonic
stem cells. Proc Nt Acad Sci U S A 2000; 97: 11307,

Carpenter MK, Inokuma MS$, Denham }, et al. Enrichment of neurons
and neural precursors from human embryonic stem cells. Exp Nerol
2001; 172: 383,

Kyba M, Perlingeiro RC, Daley GQ, HoxB4 confers definitive lym-
phoid-myeloid engraftment potential on embryonic stem cell and yolk
sac hematopotetic progenitors. Cell 2002; 109; 29,

Bjorklund LM, Sanchez-Pernaute R, Chung 8, et al. Embryonic stem
cells develop into functional dopaminergic neurons after transplanta-
tion in a Parkinson rat medel. Proc Natl Acad Sei U § A 2002; 99: 2344,
Asano T, Ageyama N, Takeuchi K, et al. Engraftment and tumor for-
mation aftet allogeneic in utero transplantation of primate embryonic
stem cells, Transplantation 2003; 76: 1061.

Zanjani ED, Flake AW, Rice H, et al. Long-term repopulating ability of
xenogeneic transplanted human fetal liver hematopoietic stem cells in
sheep. J Clin Invest 1994; 93: 105].

Silverstein AM, Prendergast RA, Kranerk KL. Fetal response to anti-
genic stimulus. IV. Rejection of skin homografts by the fetal lamb, [ Exp
Med 1964; 119: 955,

Flake AW, Harrison MR, Adzick NS, et al. Transplantation of feta!
hematopoietic stern cells in utero: the creation of hematopoietic chi-
meras. Science 1986; 233: 776.

Liechty KW, MacKenzie TC, Shaaban AF, et al. Human mesenchymal
stem cells engraft and dernonstrate site-specific differentiation after in
utero transplantation in sheep. Nat Med 2000; 6; 1282.

Suemori H, Tada T, Torii R, et al. Establishment of embryonic stem cell
lines from cynomolgus menkey tlastocysts produced by IVF or ICSL.
Dev Dyn 2001; 222: 273.

Nakano T, Kodama H, Honje T. Generatior of lymphohematopoietic
cells from embryonic stemn cells in cuiture. Science 1994; 265: 098,
Chadwick K, Wang L, Li L, et al. Cytokines and EMP-4 promote hema-

15.

17,

9.

20.

21,

22.

23,

24.

25.

26.

27.

28..

29,

30.

31

Sasaki et al. 37

topoietic differentiation of human embryonic stem cells. Blood 2003;
102: 906.

Shibata H, Hanazono Y, Ageyama N, et al. Collection and analysis of
hematopoietic pregenitor cells from cynomolgus macaques {Macaca
Jascicularis): assessment of cross-reacting monoclonal antibodies. Am J
Primatol 2003 61: 3.

Flake AW, Hendrick MH, Rice HE, et al. Enhancement of human he-
matopolesis by mast cell growth factor in human-sheep chimeras cre-
ated by the in utero transplantation of human fetal hematopoietic cells.
Exp Hematol 1995; 23: 252.

Zhang D, Murakami A, Johnscn RP, et al. Optimization of ex vivo
activation and expansion of macaque primaty CD4-enriched periph-
eral blood mononuclear cells for vse in anti-HIV immunotherapy and
gene therapy strategies, J Acquir Immune Defic Syndr 2003; 32: 245.
Young AJ, Holzgreve W, Dudler L, et al. Engraftment of human cord
blood-derived stem cells in preimmune ovine fetuses after ultrasound-
guided in utero transplantation. Am J Obster Gynecol 2003; 189; 698,
Noia G, Pierelli L, Bonanno G, et al, The intracoelomic route: a new
approach for in utero human cord blood stem cell transplantation.
Fetal Diagn Ther 2004; 19: 13,

Berenscn R], Bensinger W, Hill RS, et al, Engraftment after infusion of
CD34™ marrow cells in patients with breast cancer or neuroblastoma.
Blood 1991; 77: 1717.

Zanjani ED, Almeida-Porada G, Livingston AG, et al. Reversible ex-
pressicn of CD34 by adult human bone marrow long-term engrafting
hematopoietic stem cells. Exp Hematol 2003; 31: 406.

Lu 5-], Li F, Vida L, et al. CD34* CD38" hematopoietic precursors
derived from human embryonic stem cells exhibit an embryonic gene
expression pattern. Bleod 2004; 103: 4134.

Muller AM, Dzierzak EA. ES cells have only a limited lymphopoietic
potential after adoptive transfer into mouse recipients. Development
1993; 118: 1343.

Hole N, Graham GJ, Menzel U, et al. A limited temporal window for the
derivation of multilineage repopulating hematopoietic progenitors
during embryonal stem cell differentiation in vitro. Blood 1996; 88:
1286.

Kyba M, Perlingeiro RC, Hoover RR, et al. Enhanced hematopoietic
differentiation of embryonic stem cells conditiorally expressing Stat5.
Proc Natl Acad Sci U 5 A 2003; 100(Suppl 1): 11504

Kaufman D8, Hanson ET, LewisRL, et af, Hematopoietic colony-form-
ing cells derived from human embryonic stex cells, Proc Natl Acad Sci
U5 A2001;98: 10716,

LiF,Lu§, Vidal, et al. Bone morphogenetic protein 4 induces efficient
hematopoietic differentiation of rhesus monkey embryonic stem cells
in vitro. Blood 2001; 98: 335.

Shalaby F, Ho J, Stanford WL, et al. A requirement for FIKI in primitive
and definitive hematopoiesis and vasculogenesis. Cell 1997; 89: 981.
Zhang CC, Lodish HF, Insulin-like growth factor 2 expressed in a novel
fetal liver <ell population is a growth factor for hematepoietic stemn
cells. Blood 2004; 103: 2513,

Andetson CC, Matzinger P. Immunity or tolerance: opposite outcomes
of microchimerism from skin grafts. Nat Med 2001; 7: 80.

Gleit ZL, Fuchimoto Y, Yamada K, ¢t al. Variable relationship between
chimerism and tolerance after hematopoietic cell transplantation with-
out myelasuppressive conditioning. Transplantation 2002; 74: 1535.



RESEARCH ARTICLE

Gene Therapy (2005} 12, 203-210
© 2005 Nature Publishing Group All rights reserved 0969-7128/05 $30.00

www.hature.com/gt

Efficient and stable Sendai virus-mediated gene
fransfer into primate embryonic stem cells
with pluripotency preserved

K Sasaki!?, M Inoue?, H Shibata', Y Ueda® S-i Muramatsu®, T Okada', M Hasegawa® K Ozawa’

and Y Hanazono!

YCenter for Molecular Medicine, Jichi Medical School, Minamikawachi, Tochigi, Japan; *Department of Plastic and Reconstructive
Surgery, Faculty of Medicine, University of Tokyoe, Bunkyo-ku, Tokyo, Japan; DNAVEC Corporation, Tsukuba, Ibaraki, Japan;
and *Department of Neurology, Jichi Medical School, Minamikawachi, Tochigi, Japan

Efficient gene transfer and regufated transgene expression in
primate embryonic stem (ES) cells are highly desirable for
future applications of the cefls. In the present study, we have
examined using the nonintegrating Sendai virus (SeV) vector
to introduce the green fluorescent protein (GFP) gene info
non-human primate cynomolgus ES celis. The GFP gene was
vigorously and stably expressed in the cynomolgus ES cells
for a year. The cells were able to form fluorescent teratomas
when transplanted into immunodeficient mice. They were also

able to differentiate into fluorescent embryoid bodies, neurons,
and mature blood cells. In addition, the GFP expression levels
were reduced dose-dependently by the addition of an anii-
RNA virus drug, ribavirin, to the culture. Thus, SeV vector will
be a useful tool for efficient gene transfer into primate ES cells
and the method of using antiviral drugs should alfow further
investigation for regulated SeV-mediated gene expression.
Gene Therapy (2005) 12, 203-210. doi:10.1038/sj.gt.3302409
Published online 14 October 2004

Keywords: primate embryonic stem cell; Sendai virus vector; gene transfer; green fluorescent protein; pluripotency; ribavirin

Introduction

Since human embryonic stem (ES) cell lines have the
ability to both proliferate indefinitely and differentiate into
multiple tissue cells,'® they are expected to have clinical
applications as well as to serve as models for basic research
and drug development. Although efficient and stable gene
transfer into primate ES cells would be useful for such
purposes, it has been difficult and only lentiviral vectors
have been successful in achieving it.>> We have previously
developed Sendai virus (SeV) vectors that replicate in
the form of negative-sense single-stranded RNA in the
cytoplasm of infected cells and do not go through a
DNA phase.® SeV vectors can efficiently introduce foreign
genes without toxicity into alrway epithelial cells,”
vascular tissue® skeletal muscle,® synovial cells, retinal
tissue,” and hematopoietic progenitor cells.'? Here we
report that the SeV-mediated gene transfer into primate ES
cells is very efficient and stable even after the terminal
differentiation of the cells. In addition, we show that SeV-
mediated transgene expression levels can be reduced by
the addition of a ribonucleoside analog, ribavirin, to the
culture. Ribavirin is a mutagen and inhibitor of viral RNA
polymerase.’®'* It shows antiviral activity against a variety
of RNA viruses and is used to treat infections of hepatitis C
virus in combination with interferon-a''¢ and of lassa
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fever virus.'” The method of using antiviral drugs might
offer a novel approach for regulated SeV-mediated gene
expression in primate ES cells.

Results

SeV-mediated gene transfer into ES cefls

In this study, we have used an SeV vector, which is capable
of self-replication but incapable of transmitting to other
cells.® The vector does not encode the fusion (F) protein
{(Figure 1a), which is essenfial for viral entry into cells. It
can be propagated only in a packaging cell line expressing
the F protein. The green fluorescent protein (GFP) gene was
introduced after the leader sequence of the vector genome.
Cynomolgus ES cells' were exposed to the SeV vector for
24 h. Flow cytometric analysis at 2 days after infection
showed that 15, 38, and 61% of cells flucresced at 2, 10, and
50 transducing units {TU) per cell, respectively {Figure 1b).
The gene transfer efficiency of about 60% is comparable to
or even better than that for lentiviral vectors® We
confirmed that the undifferentiated cell fractions remained
unchanged after the infection with SeV vector, as assessed
by the expression of undifferentiated markers, alkaline
phosphatase and SSEA-4 (data not shown). The GFP
expression after infection was stable at least for a month.
On the other hand, the GFP gene transfer to cynomolgus
ES cells with adenovirus- and adeno-associated virus
(AAV)-based vectors resulted in much lower expression
levels («<20% by flow cytometry) and the levels declined to
zero within a week after infection (Figure 1c).
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Figure 1 High-level transgene expression in cynomolgus ES cells after
infection with SeV vector. (a) Schematic diagrams of the wild-type SeV
genome and recombinant F-defective SeV carrying the GFP gene (SeV
vector in this study). The SeV genome is 15 384 nucleotides long and its
genes (NP, P, M, F, HN, and L) are in order from 3' to 5 in the negative-
strand RNA. In the eV vector, the entire fusion (F) gene was removed and
the GEP gene was introduced at a unique Notl site between the leader
sequence and NP gene. (b) The GFP expression by the SeV vector in
cynomolgus ES cells. Cynomolgus ES cells were infected with the SeV
vector at 2, 10, and 50 TU/cell. The flow cytometric profiles af day-2
postinfection are shown in gray. The white areas indicate uninfected ES
cells. The fractions of GFP-positive cells are indicated. (c} The GFP
expression levels in cynomolgus ES cells infected with the SeV (50 TU/
cell), adencvirus serotype 5 (AdS, 3.4 x 107 g.c.feell), and AAV serotype 2
(AAV2, 2.4 x 10* g.c./cell) vectors. The fractions of GFP-positive cells
were examined by flow cytometry at 2, 4, and 7 days postinfection.

We plucked fluorescent ES cell colonies under a
fluorescent microscope once at 1 month after infection
and propagated them. After this selection procedure,
approximately 90% of the ES cells expressed GFP
(Figure 2a and b) and the high-level expression was
stable for a year as assessed by flow cytometry (Figure
2¢, upper). The mean fluorescence intensity per cell was
also stable (Figure 2c, lower), indicating that the
replicating vector genome was almost equally delivered
to each cell of all progeny. The self-replication of the
SeV vector in infected cells was confirmed by RNA-PCR
that amplified the viral RNA genomic sequence (Figure
3a). The GFP’ ¢<DNA sequence, however, could not be
detected by DNA-PCR in the infected cells (Figure 3b),
indicating that no DNA phase was involved in the GFP
expression.

Pluripotency of infected ES cells

The SeV-infected, fluorescent cynomolgus ES cells were
able to form fluorescent turmors when transplanted into
immunodeficient mice (Figure 4a—c). The fluorescence
was observed uniformly by fluorescent microcopy
(Figure 4d and e). The tumors consisted of all three
embryonic germ layer cells (Figure 4f-i). Thus, the
SeV-infected ES cells were capable of forming terato-
mas and the SeV infection did not spoil the pluripo-
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tency of ES cells. The infected, fluorescent cynomolgus
ES cells were also able to generate fluorescent
embryoid bodies (Figure 5a and b), MAP-2-positive
neurons (Figure 5¢), clonogenic hematopoietic colonies
(Figure 5d and e), and mature functional (NBT test-
positive) neutrophils (Figure 5f and g), all of which
fluoresced. In addition, the GFP expression levels were
not decreased during the teratoma formation or
differentiation, indicating that no ‘silencing’ of the
transgene occurred.

Drug-inducible reduction of transgene expression
Next, we examined whether ribavirin inhibits the
replication and transcription of the SeV vector resulting
in a reduction of transgene expression. We first used a
rhesus monkey kidney cell line {LLC-MK2) to test the
effect of ribavirin on the replication and transcription of
the SeV vector. LLC-MK?2 is a standard control cell line
for SeV infection. Ribavirin was added at wvarious
concentrations 2 days after the infection. The formation
of viral particles quantified by the hemagglutination
assay decreased drastically upon the addition of ribavir-
in (Figure 6a). The decrease was dependent on the dose
of ribavirin. The GFP expression was also depressed
dose-dependently (Figure 6b). Thus, ribavirin dose-
dependently inhibits the replication and transcription
of the SeV wvector in LLC-MK2 cells. The toxicity
associated with ribavirin was not observed in LLC-
MK2 cells.

We then examined the effect of ribavirin on SeV-
infected, fluorescent cynomolgus ES cells. The addition
of ribavirin also resulted in a dose-dependent reduction
of GFP expression in the cells (Figure 6c). Although the
GFP expression was almost completely inhibited after a
3-day exposure with 4 mM of ribavirin, the cells could
not be propagated thereafter. Ribavirin at high concen-
trations (>1mM) hampered the proliferation of cyno-
molgus ES cells. With lower concentrations (0.5-0.75 mm)
of ribavirin, the GFP expression level decreased by half.
After the discontinuation of ribavirin treatment, the cells
could be propagated and nearly regained the original
level of GFP expression. The undifferentiated cell
fractions were unchanged after the discontinuation as
assessed by alkaline phosphatase and SSEA-4 staining
(Figure 6d).

Discussion

There are several advantages in using SeV vectors over
other vectors. (i) SeV vectors can infect nondividing,
quiescent cells as well as dividing cells unlike oncore-
troviral vectors.”™" Thus, they can be used to infect cells
that are terminally differentiated as well as at various
stages of differentiation, whether they are dividing or
not. (i) SeV vector-mediated gene transfer does not
require a DNA phase. Thus, there is no concern about the
unwanted integration of foreign sequences into the host
genome unlike with oncoretroviral or lentiviral vectors.
(iif) Transgene expression is stable even in dividing cells
since the SeV vector replicates by itself in the cytoplasm
of host cells. On the other hand, gene transfer using
nonreplicating adenoviral and AAV vectors resulted in
decreased levels of transgene expression in dividing cells
over time, since the non-replicating transgene was
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Figure 2 Stable SeV-mediated transgene expression in cynomolgus ES cells. Fluorescent ES cell colonies were plucked under a fluorescent microscope once
at 1 month after infection and the cells were further propagated. (a) Phase-contrast (upper} and fluorescence (lower) images of a cynomolgus ES cell colony
at day 370 after infection. Bar = 100 pm. (b} Flow cytomelric analysis of SeV-infected cynomolgus ES cells at day 370 after infection (shown in green). The
percentage of GFP-positive cells is indicated. Uninfected, parental cynomolgus ES cells are indicated by another line (white area). (c) The percentage of
GFP-positive cells (upper) and mean fluorescence intensity per GEP-positive cell (lower) after infection with the SeV vector at 10 TUjcell are shown as a

function of time (days).
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Figure 3 DNA-independent replication and transcription of SeV vector.
Total cellular RNA and DNA were extracted from cynomolgus ES cells at
day 284 after infection with the SeV vector, RNA-PCR (a) and DNA-PCR
() for the SeV RNA genome or GFP sequence were conducted. The
cynomolgus S-actin sequence was used as an internal control. In the RNA-
PCR (a), negafive results obtained without reverse franscriptase
(designated RT—) confirmed that the amplified products were not derived
from cellular DNA. M, 100-kb DNA ladder; cES, naive cynomolgus ES
cells; cESfTransfectant, cynomolgus ES cells stably expressing the GFP
gene after transfection,’? cES{SeV, cynomolgus ES cells infected with the
SeV vector; wiSeV, wild-type SeV genome; mTransfectant, a GFP-positive
mouse cell line after transfection.

diluted out. (iv) The SeV vector is much less unlikely to
generate wild-type virus in wvitro or in wvive than
oncoretroviral and lentiviral vectors, since homologous
recombination between RNA genomes is very rare
indeed in negative-strand RNA viruses.”® (v} The SeV
genome is not subject to cellular epigenetic modifications

such as methylation, and thus it is unlikely that
methylation-based silencing of transgene expression
occurs.

No cytotoxic or differentiating effect on ES cells
associated with the SeV infection was cbserved in our
study. However, the wild-type SeV contains immuno-
genic surface proteins, hemagglutinin-neuraminidase
(HN) and F proteins, which potentially induce antibody
responses.®*! For future clinical applications, it would

- be desired that as many viral genes as possible are

deleted from the vector backbone to permit reapplica-
tion, improve the safety, and lessen the possible toxicity
of SeV vectors. To this end, we have developed a series of
attenuated SeV vectors that are F gene-deleted,® F gene-
deleted with preferable mutations,®* M gene-deleted,* or
have deletions of both F and M genes.** The modified
vectors would be safer for in vive use.

Ribavirin at high concentrations seems toxic to ES
cells; presumably, it directly hampers viability and
proliferation potential of ES cells. However, we cannot
tell whether the observed toxicity is simply due to its
toxicity to ES cells, as feeder cells are more highly
sensitive to ribavirin than ES cells. In fact, while feeder
cells died at 1 mM of ribavirin, cocultured ES cells were
alive at this concentration for some time. Cynomolgus ES
cells lose pluripotency and proliferation potential with-
out feeder cells. Thus, the observed toxicity to ES cells
may also be a secondary event following the injury of
feeder cells, Whether the cytotoxicity is primary or
secondary, it will be necessary to find modified com-
pounds of less cytotoxicity.

205
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Figure 4 Pluripotency of SeV-infected cynomlgus ES cells. Tumors formed in NOD-5CID mice after inoculation of the SeV-infected cynomolgus ES cells
(a). The tumor was fluorescing ((b), bright field; (c}, dark field). Fluorescence was observed uniformly in the tumor under a fluorescent microscope ((d),
bright field; (e}, dark field). The tumor contained all three embryonic germ layer cells; cartilage (f), ciliated columnar epithelium (g), skin (h), and sebaceous

gland (i) (stained with hematoxylin and eosin). Bar =100 pm.

Materials and methods

Cell culture

Cynomolgus ES cells (CMK6)} were maintained on a
feeder layer of mitomycin C (Kyowa, Tokyo, Japan)-
treated mouse (BALB/¢) embryonic fibroblasts as de-
scribed previously.’® The culture medium consisted of
Dulbecco’s modified Eagle’s medium (DMEM)/Fi2
(Invitrogen, Carlsbad, CA, USA) supplemented with
15% ES cell-qualified fetal calf serum (FCS; Invitrogen),
0.1 mM 2-mercaptoethanol (Sigma, St Louis, MO, USA),
2 mM glutamine {Invitrogen), 0.1 mM nonessential amino
acids (Invitrogen), and antibiotics (100 U/mi penicillin
and 100 pg/ml streptomycin, Irvine Scientific, Santa Ana,
CA, USA). The ES cell colonies were routinely passaged
every 3-4 days after dissociation with a combined
approach of 0.25% trypsin (Invitrogen) digestion and
mechanical cutting. Alkaline phosphatase staining was
conducted with an Alkaline Phosphatase Chromogen Kit

Gene Therapy

(Biomeda, Foster City, CA, USA). Embryoid bodies were
produced by culturing ES cell aggregates in Petri dishes.
LLC-MK2 cells (1 x 10%) were grown in six-well plates
and cultured in Eagle’s minimal essential medium
{Invitrogen) supplemented with 10% FCS.

Vectors

The F-defective SeV vector carrying the GFP gene was
constructed as previcusly described.® The vector titer
was 1.8 x 10° TU/ml determined by counting fluorescent
cells after the infection of LLC-MK2 cells. Gene transfer
was conducted by adding various concentrations of the
SeV wvector solution to culture media. After 24h of
incubation, the cells were washed twice with phosphate-
buffered saline (PBS) and fresh medium was added. In
some experiments, ribavirin (I-B-D-ribofuranosyl-1,2,4-
triazole-3-carboxamide; Sigma} was added at various
concentrations to the culture media after infection. The
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Figure 5 Stable transgene expression during differentiation. A day-20 cystic embryoid body was observed under a fluorescent phase-contrast microscope,
confirming that the embryotd body was fluorescing ((a), bright field; (b), dark ficld). After infection with the SeV vector, fluorescent cynomolgus ES cells
differentiated into neural cells. Double immunoslaining with anti-GFP {green) and ant-MAP-2 (red) confirmed that differentiated neural cells expressed
GFP (c}. Yellow cells indicate GFP-expressing neurons. SeV-infected, fluorescent cynomolgus ES cells also differentinted into fluorescent hematopoietic
cells. A clonogenic hematopoietic colony was fluorescing ((d) bright field; (e}, dark field). A cytospin specimen of hemutopoietic colony eells (Wright-Giemsa
staining) showed that the cells were mature granulocytes (f). The infected ES cell-derived, fluprescent newtrophils were positive for NBT (stained in black

{g)). Bar=100 ym (a, b, g); 50 pm (c, f); 500 pm (d, e).

viral particles in infected cells were quantified by a
hemagglutination assay as described previously.?

An adenovirus serotype 5-based vector carrying the
GFP gene was constructed as reported.® It contained the
cytomegalovirus (CMV)} promoter, simian virus (SV)-40
intron, and SV-40 polyadenylation signal. An AAV
serotype 2-based vector expressing the GFI gene under
the control of the chicken f-actin promoter with the CMV
immediate-early enhancer (a gift from Dr ] Miyazaki)

was prepared as described previously.? Gene transfer
experiments were performed using 3.4 x 10° genome
copies (g.c)/cell of the adenoviral vector or
24x10* g.c./cell of the AAV vector. The period of
exposure was 48 h.

Flow cytometry
GFP’ and SSEA-4 expression was analyzed on a FACScan
(Becton Dickinson, Franklin Lakes, NJ, USA) using the
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Figure 6 Ribavirin-regulated transgene expression. {a) A rhesus kidney cell line (LLC-MK2) was infected with the SeV vector at 3 TU/cell. Ribavirin was
started at various concentrations on day 2 after the infection, The formation of viral particles in the infected LLC-MK2 cells was examined by the
hemagglutination assay. (b) The ribavirin-treated LLC-MK2 cells were observed under a fluorescent microscope after an 8-day exposure of ribavirin (upper,
dark field; lower, bright field), (c} Ribavirin was added at various concentrations to the SeV-infected, fluorescent cynomolgus ES cells. The GFP expression
was assessed by flow cyfometry after a 3-day exposure of ribavirin. (d) The fractions of SSEA-d-positive ES cells were assessed by flow cytometry with anti-
SSEA-4 before and after a 3-day exposure of ribavirin and are shown as a function of time (days} in the left panel. A gray bar indicates ribavirin treatment,
ES cells were stained for alkaline phosphatase (in red} at day 21 after a 3-day exposure of 0.75 mM ribavirin and are shown in the right panel. Bar =100 um.

CellQuest software (Becton Dickinson). For SSEA-4  F(ab’)2 fragment of rabbit anti-mouse immunoglobulins
staining, cells were incubated with a primary antibody, ~ (DakoCytomation, Glostrup, Denmark). Cocultured
anti-SSEA-4 (MC-813-70; Chemicon, Temecula, CA, BALB/c feeder cells could be distinguished from
USA), and then a secondary antibody, PE-conjugated  cynomolgus ES cells by using PE-conjugated anti-mouse
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H-2d (5F1-1.1; PharMingen, San Diego, CA, USA), which
does not react to cynomolgus cells but does react to
BALB/c cells.

Teratoma formation

Cynomolgus ES cells (approximately 10¢ cells per site)
were injected subcutaneously into the hind leg of 6- to 8-
week-old nonobese diabetic/severe combined immuno-
deficient mice (Jackson Laboratory, Bar Harbor, ME,
USA). The resulting tumors {usually 9-12 weeks after the
injection) were dissected and fixed in 4% paraformalde-
hyde. For histological analysis, samples from the tumors
were embedded in paraffin and stained with hematoxy-
lin and eosin. To observe GFP flucrescence, samples
were embedded in OTC compound (Sakura, Zoeter-
woude, Netherlands), frozen, sectioned, and examined
under a fluorescence microscope.

Hematopoietic differentiation

The mouse bone marrow stromal cell line OP% was
maintained in a-modified minimum essential medium
(Invitrogen) supplemented with 20% FCS as described
previously.?® For induction of hematopoietic differentia-
tion, ES cells were seeded onto a mitomycin C-treated
confluent OP9 cell layer in six-well plates. Medium to
support the differentiation was described elsewhere.®
Cells at day 18 were placed in Methocult GF+ media
{StemCell Technologies, Vancouver, Canada) at 1x 10
and 1 x 105 cells per plate and clonogenic hematopoietic
colonies were produced. After 14 days, individual
colonies were removed and spun onto glass slides. Cells
were stained with the Wright-Giemsa method. The nitro
blue tetrazolium (NBT, Sigma) reduction test was
performed on the cells as a granulocyte functional assay
according to a previously described method.*

Neural differentiation

The induction of neural differentiation was carried out as
described previously® Day-4 embryoid bodies were
plated onto tissue culture dishes and nestin-positive cells
were selected in DMEM/F12 medium supplemented
with 5 pg/ml of insulin (Sigma), 50 pg/ml of transferrin
{Sigma), 30 nM selenium chloride (Sigma), and 5 pg/ml
of fibronectin (Sigma) for 5 days. Cells were then
trypsinized and plated in polyornithine-coated dishes
(15 ug/ml} and expanded in N2 medium®® supplemen-
ted with 1 pg/ml of laminin (Sigma) and 10 pg/ml of
basic fibroblast growth factor (bFGF; Roche, Basel,
Switzerland) for 6 days. Differentiation was induced by
removal of bFGF. To confirm the neural differentiation,
cells were stained with anti-human MAP-2. Briefly, cells
were fixed in 4% paraformaldehyde in PBS and
incubated with anti-human MAP-2 (HM-2; Sigma;
diluted 1:4000) and then by Alexa Fluor 594-labeled
antibody (diluted 1:500; Molecular Probe, Eugene, OR,
USA). The samples were examined under a fluorescence
microscope.

DNA-PCR

DNA-PCR for the SeV genome and GFP sequences was
carried out as follows. DNA was extracted using the
QlAamp DNA mini kits (Qiagen, Hilden, Germany) and
250 ng was used for each PCR with ExTaq (Takara, Shiga,
Japan). Amplification conditions were 30 cycles of 94°C
for 1min, a variable annealing temperature (noted
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below) for 1min, and 72°C for 1min. The amplified
products were run on 2% agarose gel and visualized by
ethidium bromide staining. Primer sequences, annealing
temperatures and product sizes were as follows: the SeV
vector genome sequence: 5-AGA GAA CAA GACTAA
GGC TAC C-3' and 5-ACC TTG ACA ATC CTG ATG
TGG-3' (55°C, 580 bp); the GFP sequence: 5'-CGT CCA
GGA GCG CAC CAT CTT C-3' and 5-GGT CTT TGC
TCA GGG CGG ACT-3 (60°C, 356 bp). the cynomolgus
B-actin sequence: 5'-CAT TGT CAT GGA CTC TGG CGA
CGG-3 and 5-CAT CTC CTG CTC GAA GTC TAG
GGC-3 (60°C, 234 bp).

RNA-PCR

RNA-PCR for the SeV RNA genomic sequence was
carried out as follows. Total RNA was extracted using
RINA STAT-60 (Tel-Test, Friendswood, TX, USA). Reverse
transcription was conducted by using Tagman reverse
transcription reagents (Applied Biosystems, Foster City,
CA, USA). The product (250ng) after the reverse
transcription was used for the subsequent PCR as
described above.
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Abstract—It has recently been reported that bone marrow cells can efficiently engraft without marrow
comlitioning when implanted directly into the bone magrow cavity (intra-bone marrow transplantation,
iBMT) in mice. We have successfully examined the efficacy of autologous iBMT in a cynomolgus
monkey model in conjuction with an in vive expansion of transplanted cells by a selective amplifier
transgene (Ueda et al.. 2004) and provide here the detailed parammeters of our iBMT method, We
injected retrovirally-marked autologous CD34* cells directly into the non-conditioned marrow cavity
of the fentur and humervs afier gently inigating the cavity with saline. This transplant procecure
was safely performed without pulmenary embolisnt. Gene-marked cells were not detectable in the
periphetal blood at one hour and one day after iBMT as assessed by sensitive PCR. indicating that
iBMT hardly generated a systemic delivery of transplanted cells, On the other hand, 2 to 30% of
clonogenic hematopoietic colonies produced {rom the implanted marrow were gene-marked at 6-12
months after iBMT. Qur iBMT method for non-human primates is thus discussed in terms of fong-
lived hematopoietic stem/progenitor cells, bone mamow niche and long-term engrafiment after iBMT
without myeloablative conditioning.

Kevwords: gene marking; hematopoietic stem cell; intra-bone marrow transplantation; non-condition-
ing: non-human primate,
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INTRODUCTION

One major barrier to effective hematopoietic stern cell (IISC) gene therapy is the
necessity for myeloablation before eransplantation.  Current myeloablative condi-
tioning regimens are associated with high systemic toxicity, and potential damage
to marrow stroma possibly resulting in impaired engraftment (Plett et al., 2002).
In some disorders such as X-linked severe combined immunodeficiency, however,
transplanted genetically-corrected cells increased in number to a therapeutic level
without prior conditioning due to a naturally-occurring selective growth advantage
(Cavazzana-Calvo et al, 2000). When gene-modified cells do not have such a
growth advantage, it is difficult to obtain therapeutic Ievels of corrected cells in vivo
after transplantation without prior conditioning (Malech et al., 1997; Dunbar et al.,
1998), Conditioning treatment of reduced intensity afso results in insufficient en-
graftment of gene-modified cells in non-human primates (Huhn ef al., 1999; Rosen-
zweig er al., 1999),

It has been reported that bone marrow cells can efficiently engraft without marrow
conditioning when implanted directly into the bone marrow cavity in mice (Zhong
ef al., 2002), Using the iBMT method, human cord blood cells are able to engraft
more efficiently in bone marrow of sublethally irradiated immunodeficient mice
as compared to the intravenous transplantalion method (Mazurier et al., 2003;
Yahata ef al., 2003; Wang et al.,, 2003). These observations raise the possibility
that transplanted HSCs could engraft after iBMT without marrow conditioning in
primates, although iBMT has been shown to be equivalent to intravenous infusion in
patients under standard conditioning with cyclophosphamide and either total body
iradiation or busulfan (Hagglund er al., 1998). We have successfully examined this
possibility in a cynomolgus monkey model in conjuction with an in vive expansion
of transplanted cells by a selective amplifier transgene (Ueda et al., 2004) and
provide here the detailed parameters of our iBMT method,

MATERIALS AND METHODS
Animals

Cynomolgus monkeys (Macaca fascicularisy were housed and handled in accor-
dance with the rules for animal care and management of the Tsukuba Primate Cen-
ter and the guiding principles for animal experiments using non-hwnan primates
formulated by the Primate Society of Japan. The animals were certified free of
intestinal parasites and seroncgative for simnian type-I) retrovirus, herpes virus B,
varicella-zoster-like virus, and measles virus. The protocol of experimental proce-
dures was approved by the animal welfare and animal care committee of the Na-
tional Institute of Infectious Diseases (Tokyo, Japan).
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Collection of CD34* cells

Peripheral blood or bone marrow cells were collected by leukapheresis or by
aspiration from iliac bones, respectively (Ageyama et al., 2002). From harvested
cells, a leukocyte fraction was obtained after erythrocyte lysis with ACK butfer (155
mM NH4CL, 10 mM KHCOs and 0.1 mM EDTA; Wako, Osaka, Japan). CD34%
celts were concentrated using magnet beads conjugated with anti-human CD34
(clone 561; Dynal, Lake Success, NY, USA) which cross-reacts to cynomolgus
CD34 (Shibata et al,, 2003}, The purity of CD34% cells ranged from 90 to 95%
as assessed with another anti-human CD34 (clone 563; PharMingen, San Diego,
CA, USA) which cross-reacts to cynomolgus CD34 (Shibata et al., 2003).

Retroviral transduction

We used the PLI non-expression retroviral vector, which contains non-translated
neo® and B-gal sequences (Heim ef al., 2000). The titer of viral supernatant
was 1 x 10 genomic copies per ml, as assessed by RNA dot blot. CD34+ cells
were cultured at a starting concentration of 1-5 x 10° cells/mi in fresh vector
supernatant of PLI with recombinant human (rh) stem cell factor (SCF; Biosource,
Camarillo, CA, USA), rh thrombopoietin (Kirin, Tokyo, Japan) and rh Flt-3 ligand
{Resecarch Diagnostics, Flanders, NJ, USA) each at 100 ng/ml in dishes coated with
20 pg/cm? of RetroNectin (Takara, Shiga, Japan). Every 24 hours, nonadherent
cells were collected, spun down, resuspended in fresh vector supernatant and
cytokines, and then retumed to the same RetroNectin-coated dishes. After 96-hours
transduction, cells were washed and the culture was continued (Dulbecco’s modified
Eagle's medium [Invitrogen, Carlsbad, CA, USA] containing 10% fetal calf serum
[Invitrogen]) for two additional days in the same RetroNectin-coated dishes in the
presence of thSCF alone (Takatoku et al., 2001).

Intra-bone marrow transplantation (IBMT)

Cynomolgus monkeys were ancsthetized. Two ncedles were inserted into both
cnds of the femur and humerus (Kushida ef al., 2002) and iBMT was processed
as detailed in the Results section. Upon completion of the iBMT, the needle holes
were scaled with bone wax (Lukens, Reading, PA, USA).

Measuring infraosseous pressire

A pressure transducer DX-360 (Nihon Koden, Tokyo, Japan) was connected to an
intra-femur/humerus needle via a tight-fitting polyethylene tube filled with normal
saline (Lucht er al, 1981; Ilarper ef al., 1991). The transducer was calibrated so
that the position of the inserted needle tip was a zero level (0 mmHg). Inraosseous
pressure was measured and recorded on a polygraph 1.LEG-1000 {(Nihon Koden).



