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Mesenchymal stem cells (MSCs) have been shown to contribute to the recovery of tissues through homing to
injured areas, especially to hypoxic, apoptotic, or inflamed areas and releasing factors that hasten endogenous
repair. In some cases genetic engineering of the MSC is desired, since they are excellent delivery vehicles. We have
derived MSCs from the human embryonic stem cell (hESC) line H9 (H9-MSCs). They expressed CD105, CD90,
CD73, and CD146, and lacked expression of CD45, CD34, CD14, CD31, and HLA-DR, the hESC pluripotency
markers SSEA-4 and Tra-1-81, and the hESC early differentiation marker SSEA-1. Marrow-derived MSCs showed a
similar phenotype. H9-MSCs did not form teratoma in our initial studies, whereas the parent H9 line did so
robustly. H9-MSCs differentiated into bone, cartilage, and adipocytes in vitro, and displayed increased migration
under hypoxic conditions. Finally, using a hindlimb ischemia model, H9-MSCs were shown to home to the
hypoxic muscle, but not the contralateral limb, by 48 h after IV injection. In summary, we have defined methods for

differentiation of hESCs into MSCs and have defined their characteristics and in vivo migratory properties.

Introduction

MESENCHYMAL STEM CELLS (MSCs, also known as mar-
row stromal cells) are adult, multipotent cells that are
most often derived from bone marrow and adipose tissue
and are capable of differentiating into osteoblasts, adipo-
cytes, and chondrocytes." MSCs present a promising tool for
cell therapy, and have been shown to contribute to the re-
covery of tissues in models of myocardial infarction,? stroke
model,>* meniscus injury,5 and hind limb ischemia models,®
among others. The leading theory of tissue repair and re-
generation by adult MSCs is that the injected stem cells home
to the injured area, in particular to hypoxic, apoptotic, or
inflamed areas, and release paracrine factors that hasten
endogenous repair.® These secreted bioactive products can
suppress the local immune system, enhance angiogenesis,
inhibit fibrosis and apoptosis, and stimulate recruitment,
retention, proliferation, and differentiation of tissue-residing
stem cells.”

Paracrine effects exerted by MSCs are distinct from the
classical model of direct differentiation of stem cells into the
tissue to be regenerated. MSCs can, however, directly con-
tribute to the repair of bone, muscle, tendon, and cartilage,
and can be long-lived in various tissues when transplanted in
the absence of acute injury.®'° MSCs have been shown to be
safe to date in human clinical trials. In some cases, where the

patient lacks expression of a critical gene product, such as in
osteogenesis imperfecta or lysososomal storage disorders,
genetic engineering of the MSCs is desired. Using human
embryonic stem cells (hESCs), a vector’s integration site can
be characterized and clones with benign integration sites can
be expanded. Homologous recombination is also now feasi-
ble for hESCs or induced pluripotent stem cells, due to in-
creased efficiencies, and clones with vectors targeted for gene
correction can be expanded. Therefore, the generation of
MSCs from hESCs that have had a therapeutic gene inserted
into a safe integration site could potentially be considered as
a future cellular therapy product, after further biosafety
studies are conducted. However, there have been relatively
few reports of MSC production from hESCs, and little
characterization of their in vivo engraftment properties. The
goal of the current studies was to gain a better understand-
ing of the migratory properties of hESC-derived MSCs
in vitro and in vivo.

hESCs have shown the ability to differentiate into cells of
all three germ layers.11 Recently, MSCs have been generated
from hESCs'? but in vivo analyses had not been done. Here
we extend those studies to further characterize H9-MSCs, to
rule out teratoma formation from the differentiated cells,
and to examine the in vitro and in vivo migratory capacity of
the H9-MSCs. In this study, we investigate the migratory
characteristics and homing potential of hRESC-derived MSCs
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in an effort to further understand their future therapeutic
potential.

Materials and Methods
H9cell culture

WiCell H9 (WA09) hESCs were cultured in knockout Dul-
becco’s Modified Eagle’s Medium (DMEM)/F12 (Invitrogen)
supplemented with 0.1 mM 2-mercaptoethanol (Invitrogen),
20% knockout serum replacer (Invitrogen), 0.1 mM minimum
essential media-non essential amino acids (MEM-NEAA),
2mM L-glutamine, and 4 ng/mL basic fibroblast growth fac-
tor with daily medium changes and maintained on a mouse
embryonic fibroblast feeder layer (GlobalStem, Inc.)."> Cells
were incubated at 37°C in 5.0% CO, and passaged enzymat-
ically with collagenase IV (Worthington Biochemical Cor-
poration) approximately every 5 days.”> Pluripotency was
confirmed by cell surface marker phenotype on a Beckman
Coulter FC-500 flow cytometer with CXP acquisition software
(Beckman Coulter, Inc.) using SSEA-4, Tra-1-81, and SSEA-1
antibodies (BD Biosciences).

MSC generation and characterization

H9 hESCs were placed into feeder-free conditions using
the Cellstart extracellular matrix (Invitrogen). They were
maintained at 6ng/mL basic fibroblast growth factor until
the cells had stably adapted to the feeder-free environment,
as evidenced by resuming growth. Once the hESCs were
successfully converted to the feeder-free environment, MSC
generation was initiated. Medium changes were reduced
from once daily to once every 3 days. When the culture was
50% confluent with differentiated, adherent cells the hESC
colonies were manually removed and the fibroblast-like cells
were allowed to expand further. Medium changes continued
at 3-day intervals until the cultures were 80%—90% confluent.
At this point any visible colony structures were removed and
the cells were passaged into o-MEM (Invitrogen) with 20%
fetal bovine serum (FBS) with no extracellular matrix sup-
plied. The MSC-like cells continued to expand and were
cryopreserved. Additionally, cultures were characterized us-
ing an FC-500 flow cytometer with CXP acquisition software
(Beckman-Coulter, Inc.) by immunostaining for CD14, CD31,
CD45, HLA-DR (BD Biosciences), CD73, CD90, CD105
(eBioscience, Inc.), and CD146 (R&D Systems, Inc.).* The cells
were also karyotyped and the results were compared to the
karyotype of the parental embryonic stem cell line HO.

Tumor formation assay

All rodent work was performed under an approved ani-
mal care protocol in the UC Davis Stem Cell Program im-
mune-deficient mouse core. H9-MSCs were grown under
standard MSC culture conditions, lifted, and counted. Ap-
proximately 1x10° cells were prepared in 30% Matrigel (BD
Biosciences) in phosphate-buffered saline (PBS) for each
100 uL injection. Four NOD/SCID/IL2Rg ~/ ~ mice were in-
jected subcutaneously on the left flank. The same procedure
was followed with the parent H9 hESC line in 2 NOD/
SCID/IL2Rg /™~ mice, as positive controls. The mice injected
with the H9 parental line were observed until tumors
reached 1.5cm in size at which point the mice were eutha-
nized for tumor removal and analysis. The tumors formed
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were embedded and snap frozen in optimal cutting tem-
perature (OCT) compound (Tissue-Tek®) and sectioned to
5um on a cryostat. The slides were then H&E stained, im-
aged, and then sent to the UC Davis Mutant Mouse Pa-
thology Lab at the Center for Comparative Medicine for
analysis. Mice injected with H9-MSCs were followed for 6
months in our standard “rule out teratoma assay,” eutha-
nized, and subjected to rigorous autopsy to confirm bio-
safety, as we have described.®

Differentiation into osteogenic, adipogenic,
and chondrogenic lineages

MSCs were differentiated into the osteogenic lineage by
culture for 21 days at 70%-80% confluence in «-MEM con-
taining 10% FBS, 1xL-glutamine, 0.2mM ascorbic acid,
0.1 uM dexamethasone, and 10mM B-glycerophosphate with
medium changes every 3 days. For adipogenic differentiation
MSCs were cultured at 70%-80% confluence on tissue culture-
treated plastic for 15-21 days in «-MEM containing 10% FBS,
1xL-glutamine, 0.5mM isobutylmethylxanthine, 50 uM in-
domethacin, and 0.5 M dexamethasone with medium chan-
ges every 3 days."”” To differentiate into the chondrogenic
lineage, 3.0 x 10° MSCs were cultured as a pellet at the bottom
of a 15mL conical tube for 21 days in a-MEM, 1% FBS,
1x L-glutamine, 0.5 uM dexamethasone, 0.2 mM ascorbic acid,
and 10ng/mL TGF-B; with medium changes every 3 days.

Scratch test cell migration assay

A scratch test was performed to assess MSC migration as
we have previously described.® H9-MSCs were grown to
70%—-80% confluence in a 100 mm tissue culture dish marked
underneath with a black line. A 5mm cell scraper was used
to create a cell-free field with one edge along the black line.
The cells were incubated at 37°C, 5.0% CO,. The dish was
observed for any cell migration after 24h on an Eclipse
TE2000-S inverted, phase-contrast microscope (Nikon In-
struments, Inc.). Pictures were taken with an Infinity 1
camera (Luminera Corporation). Migration was assessed by
cell migration into the cell-free field.

Hindlimb ischemia model of stem cell
migration to damaged tissue

All rodent work was performed under an approved ani-
mal care protocol in the UC Davis Stem Cell Program im-
mune-deficient mouse core. Under anesthesia, NOD/SCID
MPSVII and NOD/SCID/ B-2-microglobulin-deficient mice
were subjected to unilateral hind limb ischemia surgeries as
we have previously described.®' The mice were shaved and
prepped, and then the right femoral artery and vein were
exposed and dissected from the femoral nerve, and the
proximal portion of the femoral artery was ligated with 6-0
braided silk sutures. The distal portion of the saphenous
artery and the remaining collateral arteries were ligated and
removed from the hind limb. The wound was closed with 6-0
braided silk sutures. H-MSCs (2.5x10°) were injected into
the tail vein 24 h after surgery. Care was taken to reduce the
time from lifting the cells from the plate, washing, and in-
jection, since cells can clump with time and can form emboli.
Cells were injected within 1h of harvesting from the plate, as
we have previously described.®'®"”
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Tissue harvest and imaging

Mice were euthanized on day 2 post-transplantation in
deep anesthesia and perfused with PBS. The femoral muscle
tissue was divided into an upper segment comprising the
tissue proximal to the uppermost ligation site and extending
approximately 2mm toward the midline and a lower seg-
ment comprising the tissue extending 2mm distal from the
uppermost ligation site. The tissue was rinsed in ice cold
PBS, embedded, and snap-frozen in OCT, and 5um cryostat-
sectioned were stained for the presence of B-Glucuronidase
or human B-2-microglobulin-positive human cells as previ-
ously described.'®'” Tmages were acquired on a Zeiss Ax-
ioskop 2 Microscope running Axiovision software (Carl
Zeiss, Inc.)

Results

MSC generation and initial characterization
by flow cytometry

Six days after MSC differentiation was initiated by chang-
ing feeding schedules from daily to every 3 days, cells with a
distinct fibroblast-like morphology began to appear around
the edges of the colonies. At 12 days the cultures were nearly
50% confluent with such cells. Upon removal of cells that had
the typical hESC colony appearance, the fibroblast-like cells
began to grow more closely together until they were nearly
confluent. After passaging to the MSC medium and regular
tissue culture-treated plates, the cells began to expand as
typical MSCs, although at an exaggerated rate for the initial
passages. Morphology of the newly derived cells was consis-
tent with known MSC morphology after three passages and
they responded favorably to MSC culture conditions (Fig. 1).
The presence of CD14, CD34, CD45, and HLA-DR as well as
the ESC markers SSEA-4 and Tra-1-81 was not observed upon

FIG. 1. H9-MSC morphology. H9-MSCs were derived by
decreasing the frequency of medium changes for H9 hESCs
in feeder-free culture. As fibroblast-like cells began to fill the
culture, colony structures were manually removed until the
only cells remaining in culture were of fibroblast-like mor-
phology. The residual hESCs were lost through sequential
passaging. Pictured is a representative H9-MSC culture after
four passages. hESCs, human embryonic stem cells; MSCs,
mesenchymal stem cells.
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analysis by flow cytometry (Fig. 2A-D). The presence of the
standard MSC markers CD73, CD90, CD105, and CD146 was
confirmed (Fig, 2E, F). Cells were also karyotyped with a re-
sult of 46 XX (Fig. 3), which did not differ from the parental
H9 line (data not shown).

Tumor formation assay

H9-MSC and the parent H9 hESC line were assayed for
tumorigenic potential by the UC Davis Adult and Embryonic
Stem Cell Core and the UC Davis Immune Deficient Mouse
Core under an approved animal care protocol. The mice in-
jected with H9 hESCs were euthanized at 4 months with
prominent tumors at the site of injection. Necropsy con-
firmed the presence of a large subcutaneous tumor in each
mouse. After sectioning and H&E staining, endoderm, me-
soderm, and ectoderm were clearly visible (Fig. 3B-D). The
mice injected with H9-MSCs displayed no visible signs of
tumor at the site of injection at 4 months. As a precaution
they were euthanized at 6 months to allow for additional
time for tumor development, and a complete autopsy with
surveillance of all tissues was conducted as we have de-
scribed.® Upon necropsy there were no tumors found (data
not shown). These findings were confirmed by the UC Davis
Mutant Mouse Pathology Lab.

Osteogenic, chondrogenic, and adipogenic lineage differ-
entiation of H9-MSCs. H9-MSCs were cultured in the os-
teogenic differentiation medium for 21 days. The cells were
fixed in the plate and stained for mineralized plaques with
Alizarin Red. The control culture (Fig. 4A) showed no min-
eral deposits, whereas the culture in the supplemented dif-
ferentiation medium showed bright staining of mineralized
plaques (Figs. 4B1 and 4B2).

Additionally, H9-MSCs were cultured as pellets in the
chondrogenic medium for 21 days. The cell pellets were re-
moved, embedded in OCT, and sectioned. The sections were
stained with Alcian Blue for the presence of cartilaginous
substrate. The control pellet (Fig. 4C) stained only weakly, as
compared to the pellet grown in the chondrogenic medium
(Figs. 4D1 and 4D2), which showed bright staining and a
more compact morphology.

To further test their capacity for adipose lineage differ-
entiation, H9-MSCs were cultured in the adipogenic medium
for 21 days. The cells were fixed in their plate and stained for
the presence of fat vacuoles with oil red O. The control cul-
ture (Fig. 4E) showed no positive staining for fat vacuoles.
The culture maintained in the adipogenic differentiation
medium (Figs. 4F1 and 4F2) displayed positive staining for
the presence of fat vacuoles. These data confirm that
H9-MSCs can undergo lineage differentiation along the same
lineages as bone marrow and adipose-derived MSCs from
adult sources, as we have previously described.'®"”

Demonstration of hypoxia-induced migration
of H9-MSCs in culture

We have previously shown enhanced migration of MSCs
from adult sources (BM and adipose tissue) when cultured in
hypoxic conditions.*'® In the next set of experiments we
sought to determine whether the H9-MSCs would also dis-
play enhanced migration under hypoxia. H9-MSCs were
plated in a 10 cm tissue culture dish and allowed to grow to
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FIG. 2. Flow cytometry characterization of H9-MSCs. H9-MSCs were cultured in the complete medium, harvested, and
analyzed for the commonly accepted cell surface marker expression profile for MSCs. The presence of CD14, CD34, CD45,
and HLA-DR as well as the ESC markers SSEA-4 and Tra-1-81 was not observed (A-D). Additionally, the presence of CD73,

CD90, CD105, and CD146 was confirmed (E, F).

70%—-80% confluence. A cell scraper was used to remove the
cells in a 5 mm strip along a black line marked on the dish.
The cells were then incubated in normoxic or hypoxic con-
ditions (5.0% CO,, room air vs. 3.0% O, achieved by nitrogen
flush in hypoxic incubator) for 24 h. Cells cultured in nor-
moxia did not migrate significantly, as we have previously
described (Fig. 5A).%'® After 24h incubation in hypoxic
conditions, numerous H9-MSCs had migrated over the black
line into the area that had been cleared of cells (Fig. 5B).
These data are similar to those that we have previously
published for adult MSCs.>'® Based upon these data, we
sought to determine whether or not these ESC-derived cells
could migrate to areas of tissue injury, as we have demon-
strated for adult stem cells.®'*1820-22

Homing of H9-MSCs to areas of ischemic injury

We sought to determine whether the human H9-MSCs
could engraft in the ischemic muscle tissue of mice with
surgically induced hindlimb ischemia. The femoral arteries
of NOD/SCID MPSVII mice were ligated to cause the limb
to become ischemic, as we have described.®!¢*°

Via tail vein injection, 5.0%x10° H9-MSCs were trans-
planted 24 h after induction of the ischemia, using our pre-
viously described methods for bone marrow and adipose-
derived MSCs. A total of eight mice were transplanted with
the H9-MSCs. These mice were compared to four negative
controls for staining that had the hindlimb ischemia (HLI)
surgery but only PBS injection without cells. Control animals
that had the hindlimb ischemia surgery but did not have
cells injected were used to rule out any potential false-
positive antibody staining of apoptotic cells in damaged

tissues. For both MSCs and hESCs injected systemically,
clumping of cells can cause emboli. Since MSCs will rapidly
begin entering anoikis-death by detachment, when integrins
are dis-engaged from the culture plate, we worked very
quickly from the time of cell harvest to the injection. We also
ensured that no visible small cell clumps were injected. Pre-
filtration of cells before injection, using a syringe filter, can help
with this technique. In prior works using human MSCs, we
have performed intraventricular injection into the heart that
evades this problem.®'® In the current studies we sought to
evaluate the homing/lodgment of hESC-derived MSCs at the
site of injury in a short time-frame after intravenous injection,
which is the most clinically relevant route of administration.
Experimental and control mice were killed 24h postinjec-
tion and tissues were harvested, frozen in OCT cutting sub-
strate, and sectioned on a cryostat. The tissue sections were
stained for the presence of beta-glucuronidase, which is not
present in the tissues of NOD/SCID MPSVII mice, which are
null for the enzyme.”’zz’23 In the ischemic muscle tissue, the
H9-MSCs can be observed around a damaged vessel (Fig. 6A,
red enzymatic stain). The contralateral, nonischemic muscle
showed no signs of engraftment as verified by the absence of
the red substrate stain (Fig. 6B). Controls without cell injection
also showed no staining. Figure 6C shows a tissue section
obtained from the same model of hindlimb ischemia induced
in a NOD/SCID p-2-microglobulin knockout mouse. The
human cells were observed in the ischemic muscle using an-
tibody staining specific for human B-2-microglobulin (green).
Again MSCs were located in close proximity to blood vessels
in the ischemic tissue but were not observed in the contra-
lateral limb (data not shown). These data demonstrate that
hESC-derived MSCs can migrate in vivo and can home to or
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FIG. 3. H9-MSC karyotype and lack of teratoma formation. H9-MSCs were harvested and karyotyped. The karyotype
matched that of the H9 parental cell line, without obvious translocations, deletions, or rearrangements (A). Teratoma were
not formed from samples of H9-MSCs injected into NOD/SCID/ ILZRg_/ ~ mice (n=4) but the parental line robustly
generated teratoma with multilineage differentiation, as shown: (B) H9-derived endoderm; (C) H9-derived mesoderm; (D)

H9-derived ectoderm.

lodge in sites of ischemic injury, properties that are known to
be characteristic of adult MSCs.'%20**%

Discussion

The generation and characterization of MSCs from hESCs
has been previously demonstrated.'>?**” This report ex-
pands upon the above studies by simplifying the differenti-
ation process, providing teratoma and karyotype analysis for
biosafety, and by providing an assessment of the cells ability
to migrate under hypoxia in vitro and to areas of tissue
damage in vivo. As a possible tool for regenerative therapies,
the ability of MSCs to migrate to damaged tissue is a highly
important factor to consider. This migration makes it possi-
ble to deliver therapeutic effects, either innate or engineered,
to areas needing the most direct benefit in some injuries.
A previous study?® investigated the transplantation of hESC-
derived MSCs in a model of hindlimb ischemia. However,
their model utilized animals with immune suppression in-
duced by daily injections of cyclosporin A, a significant
disadvantage to utilizing animals that are genetically im-
mune deficient. Additionally, the investigators injected the

MSCs directly into the site of injury, foregoing the ability to
study their migratory properties in an in vivo model of hin-
dlimb ischemia. Thus, our study establishes for the first time
that MSCs generated from hESCs retain the migratory
properties of MSCs derived from adult tissues, and that they
recapitulate migratory properties that we have previously
reported for adult stem cells.®'*°

It has been shown that the culture of adult MSCs in a
hypoxic environment in vitro enhances their migratory prop-
erties in vivo.*'*** In the current study we demonstrate a
similar in vitro response to hypoxic culture conditions (3% O,)
by use of a simple scratch test assay of cell migration. Cells
grown in such conditions migrated into a cell-free area created
by a cell scraper when cultured in hypoxic conditions versus
cells in normoxic conditions (~21% O,), as shown in Figure 5.
The demonstration of this response in vitro reveals another
important characteristic of hESC-derived MSCs in that, at an
in vitro level, the cells have matured enough to demonstrate
characteristic migratory responsiveness to hypoxic conditions.
This response has been shown to play an important role in the
behavior of these cells in the in vivo models of injury. This
finding confirms that hESC-derived MSCs display a property
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FIG. 4. Trilineage differenti-
ation of H9-MSCs. H9-MSCs
were cultured in the osteo-
genic differentiation medium
for 21 days. The cells were
fixed in the plate and stained
for mineralized plaques with
Alizarin Red. The control cul-
ture (A) showed no mineral
deposits, whereas the culture
in the supplemented differen-
tiation medium showed
bright staining of mineralized
plaques (B1). (B2) provides a
higher magnification view of
(B1). Additionally, H9-MSCs
were cultured as pellets in the
chondrogenic medium for 21
days. The cell pellets were re-
moved, embedded in Optimal
Cutting Temperature (OCT)
compound, and sectioned.
The sections were stained
with Alcian Blue for the pres-
ence of cartilaginous sub-
strate. The control pellet (C)
displayed little dark staining
compared to the pellet grown
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in the chondrogenic medium (D1), which showed bright staining and a more compact morphology. (D2) provides a higher
magnification view of (D1) and highlights the more compact association of the cells. H9-MSCs were also cultured in the
adipogenic medium for 21 days. The cells were fixed in their plate and stained for the presence of fat vacuoles with oil red O.
The control culture showed no positive staining for fat vacuoles (E). The culture maintained in the adipogenic differentiation
medium displayed staining for the presence of lipids (F1). (F2) provides a higher magnification view of (F1).

that will be crucial when considering their potential in the
treatment of ischemic injuries.

The characterization of the H9-MSCs was based on pre-
viously described methods'* and demonstrated that the cells
derived from the differentiation protocol we used met the
criteria by which adult MSCs are commonly determined.
Their characterization also included an analysis for the ex-
pression of specific markers of hESC pluripotency. SSEA-4
and Tra-1-81 are expressed on hESCs and are known to be
indicators of pluripotency.!’ The hESC-derived MSCs
showed no significant expression of either marker (Fig. 2).
Although it has been previously reported that a subpopu-
lation of bone marrow-derived MSCs also express SSEA-4,%'
our study showed a marked lack of SSEA-4 expression in the
majority of cells in the expanded bone marrow-derived MSC
populations tested, and the H9-MSCs also lacked it. The
hESC-derived MSCs were also shown to differentiate into
each of the three lineages: adipocyte, chondrocyte, and os-
teoblast. The retention of these properties of adult tissue-
derived MSCs demonstrates that the cells generated through
the differentiation protocol that we have described here are
consistent with MSCs derived from adult tissues by the cri-
teria commonly accepted for their identification. In addition,
the H9-MSCs had the same karyotype as the parental H9 line
and lacked in vivo teratoma formation. We have previously
reported the lack of tumorigenicity from genetically en-
gineered human bone marrow-derived MSCs, through ex-
tensive testing, and in future studies will perform the same
high levels of preclinical testing for the H9-MSCs.® Our
current studies were done to establish methods and are not

an exhaustive biosafety study, as should be done before
considering cellular therapies. Additional biosafety measures
that will need to be explored in the future, among others, are
maintenance of normal karyotype through multiple pas-
sages, larger numbers of cells studied in teratoma assay, and
sensitive quantitative polymerase chain reaction to rule out
retention of any pluripotent stem cells. These and other
variables will be important data to be obtained before en-
visioning cellular therapy using hESC-derived MSCs.

In the studies presented in the current report we demon-
strate that not only can cells be generated from hESCs that
display the phenotype of MSCs in terms of the classically
established criteria for their identification, but also that these
cells retain the migratory properties and basic responsive-
ness to hypoxia that have been demonstrated in MSCs de-
rived from adult tissues. These factors, in previous works,
have been shown to be important to the responsiveness of
the cells as potential therapeutic agents. Our work forms a
useful foundation upon which can be based a more thorough
investigation of the clinically relevant properties of MSCs
derived from hESCs. The results of these studies suggest that
hESC-derived MSCs can display the same therapeutic
properties as have been observed in studies involving adult
tissue-derived MSCs and repair of ischemic damage. Whe-
ther the same properties can be achieved from human-
induced pluripotent stem cells is currently under investigation.

This system could be useful for production of large
numbers of MSCs from ESCs or induced pluripotent stem
cells with safe harbor integration sites to deliver factors or to
correct a genetic deficiency. Using hESCs, which have almost
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Direction of migration into the cleared area of the plate

unlimited expansion capabilities, a vector’s integration site
can be characterized and clones with benign integration sites
can be greatly expanded and fully characterized. Homo-
logous recombination is also now feasible for hESCs or in-
duced pluripotent stem cells, due to increased efficiencies,
and clones with vectors targeted for gene correction can be
expanded. Therefore, to reduce risk from random insertion
of transgenes, further characterization, biosafety profiling,
and examination of the in vivo characteristics of hESC-
derived MSCs are warranted, even though MSCs are a cell
type that is easily expanded from somatic tissues.

Ischemic injuries comprise a significant subset of the in-
juries that could possibly be treated using MSCs. Cardiac,
bowel, brain, skin, kidney, and critical limb ischemia could
all benefit from the potential of MSCs to home to areas of
tissue damage and secrete paracrine factors to aid in angio-
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FIG. 5. A scratch test assay shows
hypoxia-induced migration of H9-MSCs in
culture. H9-MSCs were plated in a 10cm
tissue culture dish and allowed to grow to
70%-80% confluence. A cell scraper was
used to remove the cells in a 5mm strip
along a black line marked on the dish. The
cells were then incubated in normoxic
(5.0% CO,/ambient O,) versus hypoxic
conditions (5.0% CO,, 3.0% O,) for 24 h.
After 24 h of incubation, there was little
migration in normoxic conditions (A),
while in hypoxic conditions, numerous H9-
MSCs had migrated over the black line into
the area that had been cleared of cells (B).
Color images available online at www
Jliebertonline.com/tea

genesis and cellular repair. The generation of these cells,
especially in a mouse feeder-free culture system, is especially
important as more work is done using in vivo animal disease
models to investigate the potential of MSCs in the treatment
of various ischemic disorders. The ability to generate these
cells from hESCs and in the future from iPSC would provide
for a source of cells to make such therapies readily available
in nearly unlimited numbers.

Conclusion

MSCs were derived from the H9 hESC line and were
characterized based on the commonly accepted criteria for
defining MSCs. They displayed the cell surface phenotype
characteristic of MSCs derived from adult tissues as deter-
mined by flow cytometry. Additionally, these cells were

FIG. 6. H9-MSCs engraft in the
ischemic muscle tissue of a mouse
with a surgically induced ischemic
hindlimb. The femoral artery of a
NOD/SCID MPSVII mouse was li-
gated to cause the limb to become
ischemic. About 5.0 10° H9-MSCs
were injected via the tail vein 24 h
after induction of the ischemia. The
mouse was sacrificed 24 h postin-
jection and its tissues were har-
vested. The tissue was frozen and
sectioned on a cryostat. The tissue
sections were stained for the pres-
ence of beta-glucuronidase, which
is not present in the mouse tissue.
In the ischemic muscle tissue, the
H9-MSCs can be observed around a
damaged vessel (A, red enzymatic
stain). The contralateral, non-
ischemic muscle showed no signs of
engraftment (B). In a tissue section
obtained from the same model of
hindlimb ischemia induced in a
NOD/SCID B-2-microglobulin
knockout mouse (C), the human
cells were observed in the ischemic
muscle using antibody staining
specific for human B-2-micro-
globulin (green). Scale bar is 50 um.
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found to have a karyotype matching the known karyotype
for H9 hESCs. The in vivo assays done to determine potential
tumorigenesis from these expanded derivatives displayed no
generation of tumors or teratoma in immune-deficient mice,
although more extensive testing must be done before con-
sidering cellular therapies. The cells” potential utility for re-
generative medicine uses was found to be intact due to their
ability to form bone, cartilage, and fat. In addition, they were
found to be responsive to hypoxia through increased mi-
gration and were able to home to areas of ischemic damage.
Further investigation of these cells will more fully assess
their regenerative potential and in vivo biosafety.
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