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Pluripotent stem cells have the capacity to self renew and to differentiate to cells of the three so-
matic germ layers that comprise an organism. Embryonic stem cells are the most studied pluripo-
tent stem cells. Pluripotent stem cells have also been derived from adult tissues. Both embryonic
and adult stem cells represent valuable sources of cells for applications in cell therapy, drug
screening and tissue engineering. While expanding stem cells in culture, it is critical to maintain
their self-renewal and differentiation capacity. In generating particular cell types for specific ap-
plications, it is important to direct their differentiation to the desired lineage. Challenges in ex-
pansion of undifferentiated stem cells for clinical applications include the removal of feeder layers
and non-defined components in the culture medium. Our limited basic knowledge on the require-
ments for maintaining pluripotency of adult pluripotent stem cells and the lack of appropriate
markers associated with pluripotency hinders the progress toward their wide spread application.
In vitro differentiation of stem cells usually produces a mixed population of different cell lineages
with the desired cell type present only at a small proportion. Use of growth factors that promote
differentiation, expansion or survival of specific cell types is key in controlling the differentiation
towards specific cell lineages. A variety of bioreactors for cell cultivation exist and can be readily
adapted for stem cell cultivation and differentiation. They provide a well-controlled environment
for studying the process of stem cell propagation and differentiation. Their wide use will facilitate

the development of processes for stem cell application.
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Stem cells, with their extensive regeneration potential and
functional multilineage differentiation capacity, are highly
attractive for many applications in tissue engineering, cellu-
lar therapies and drug screening. Implementation of tech-
nologies based on these cells requires a readily available
source of stem cells and/or their differentiated derivatives
outside a living body. Such a requirement poses a challenge
in their cultivation. Unlike many traditional processes which
use cell’s capabilities to produce a protein product or virus
this new technology aims to generate the cells itself as the
product. Some of those target applications will benefit from
expansion of stem cells (for example, hematopoietic stem
cell transplantation), whereas others will require the produc-
tion of a specific differentiated cell type with defined char-
acteristics either by controlling the differentiation in a very
specific path or by elimination of undesirable cell types that
could arise during the production (differentiation) process.

Stem cells are classified according to their differentiation
capability. Pluripotent stem cells are capable to differentiate
into the three somatic germ layers that comprise an organ-
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ism: mesoderm (muscle, bone, etc.), ectoderm (neurons, skin,
etc.) and endoderm (hepatocytes, pancreatic beta cells, etc.),
whereas multipotent cells can differentiate only into cells of
one tissue or germ layer. In this review, we will address the
issues related to expanding undifferentiated pluripotent stem
cells and the strategy of controlling or modulating their dif-
ferentiation from a cell bioprocessing perspective.

STEM CELL TYPES

It is now well accepted that a stem cell must fulfill three
criteria (1): First, it must be capable of self-renewal, i.e.,
undergoing symmetric or asymmetric divisions through
which the stem cell population is maintained. Symmetric di-
vision implies that both the daughter cells retain full stem
cell characteristics, whereas asymmetric division refers to
only one of the two daughter cells remains a stem cell while
the other continues on a differentiation pathway. Second, a
single cell must be capable of multilineage differentiation.
In other words, the ability to differentiate to multiple lin-
eages must not be due to the presence of a mixture of cells
having different differentiation potential. The third criteria
is in vivo functional reconstitution of a given tissue. Cells
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FIG. 1. Embryonic stem cells are isolated from the inner cell mass

of the blastocyst. Upon injection into a blastocyst, ES cells contribute
to cells of the different cell lineages in the mouse. Specification of cul-
tured ES cells towards cells of the different cell lineages with pheno-
typical and in some cases functional characteristics of specific cell
types have been shown in vitro.

derived from many different sources have been shown to
fulfill those criteria and are considered stem cells including
embryonic stem cells and adult stem cells from different tis-
sues.

Embryonic stem cells  Embryonic stem (ES) cells have
unlimited self-renewal and differentiation potential. They
are capable of giving rise to cells of the three somatic germ
layers that constitute an organism: mesoderm, ectoderm and
endoderm, so they are pluripotent. These cells are derived
from the inner cell mass of the blastocyst (Fig. 1). They
were first derived from mice and more recently from non-
human primates and humans (2-5). One remarkable aspect
of mouse embryonic stem cells is that, even after extended
propagation and manipulation in vitro, they are capable of
re-entering embryogenesis when injected into a pre-implan-
tation embryo, producing functional differentiated progeny
in all tissues and organs (6). In principle, human ES (hES)
cells should be able to produce the same results; however,
for ethical reasons, this cannot be demonstrated. It has been
shown that when transplanted into post-natal animals, mouse
and hES cells generate tumors consisting of different types
of tissue, as of skin, hair, and muscle that are called terato-
mas (7, 8). The presence of cells of the three germ layers in
these tumors demonstrates their pluripotency. This property
however posses a challenge on ES cell application for clini-
cal therapies because of the need to eliminate undifferenti-
ated cells to avoid teratoma formation after transplantation.
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ES cells have been differentiated in vitro to cells of the
three somatic cell lineages (ectoderm, endoderm and meso-
derm) as well as germ cells (Fig. 1). The in vitro differentia-
tion usually renders a mixture of cells with some percentage
of these cells showing specification towards different lin-
eages (e.g., hepatocytes, hematopoietic cells, neurons); how-
ever, whole organs or tissues have not been obtained in
vitro. Transplantation of these cells has been utilized to
prove functional differentiation or maturation of the cells.

Adult stem cells  Adult stem cells also fulfill the crite-
ria for stem cells outlined before. However, their degree of
self-renewal and differentiation potential is more restricted
when compared to ES cells. Although they differentiate into
multiple lineages, adult stem cells are not pluripotent. The
most extensively studied adult stem cell is the hematopoi-
etic stem cell (HSC) (9, 10). The HSC undergoes self-re-
newal, differentiates into many different blood-forming units
at the single cell level, and when transplanted functionally
repopulates the hematopoietic system of an ablated recipi-
ent. A hierarchical description of the hematopoietic system
is known with well-characterized cell surface markers for
the progenitors and the eight types of differentiated blood
cells. A number of other adult stem cells have been studied
although they are not as well characterized as HSC. Neural
stem cells (NSC) give rise to neurons, astrocytes, and oligo-
dendrocytes (11). Mesenchymal stem cells (MSC) differen-
tiate into fibroblasts, osteoblasts, chondroblasts, adipocytes,
and skeletal muscle (12—14). Other stem cells have been
identified, including gastrointestinal stem cells (15), epider-
mal stem cells (16), and hepatic stem cells (also called oval
cells) (17).

Until recently, adult stem cells derived from a particular
lineage are believed to be capable of differentiating into
cells of that same lineage. Recent observations indicate that
greater differential potential might persist in post-natal adult
stem cells than previously thought. This phenomenon is
generally referred to as stem cell plasticity. Some important
observations of stem cell plasticity include bone marrow de-
rived stem cells giving rise to hepatocytes in vivo (18). HSC
contribution to tissues outside of the hematopoietic lineage
when transplanted into animals has been challenged by dif-
ferent studies and needs to be further revisited (19, 20).
Neuronal stem cells have been reported to differentiate to
hematopoietic cells after being injected into lethally irradi-
ated mice (21). There are reports of in vitro differentiation
of cells isolated as MSC into neurons and hepatocytes (22,
23). These findings are still highly controversial and the
mechanism by which the cross lineage differentiations occur
may not be stem cell plasticity. For example, since the gen-
eral protocol for isolating MSCs relies on cell attachment to
a culture surface, it is possible that different non-mesen-
chymal progenitors or pluripotent stem cells existing in bone
marrow were co-isolated and expanded. Another mecha-
nism that may lead to the observation of stem cell plasticity
is cell fusion, for example, bone marrow cells fusing with
hepatocytes (24). The issue of stem cell plasticity will not
be discussed here. For a recent review, see Lakshmipathy
and Verfaillie (25).

Recently, a population of pluripotent stem cells termed
multipotent adult progenitor cells (MAPC) has been isolated
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from the bone marrow of post-natal human and rodents (26—
28). These cells can be expanded in vitro without senes-
cence. They show clonal in vitro differentiation potential to
cells of the three germ lineages. When injected into an early
blastocyst, single MAPC contribute to most tissues and on
transplantation into a non-irradiated host. MAPC engraft
and differentiate to the haematopoietic lineage, in addition
to the epithelium of liver, lung and gut. Enhanced engraft-
ment is seen in the hematopoietic and gastrointestinal sys-
tem when MAPC are infused in irradiated recipients (26).
Since then, different groups have reported isolation of pluri-
potent stem cells from human bone marrow (29, 30), um-
bilical cord blood (31), dermis and skeletal muscle (32).

Although classical MSCs have been shown to differenti-
ate to neurons and hepatocytes, those studies were not done
at the single cell level but with bulk populations. Neverthe-
less, MSCs will be discussed in this article as potential
pluripotent stem cells considering that the methods for iso-
lation of pluripotent stem cells from adult bone marrow are
based on protocols for isolating MSC by their adherence to
tissue culture surfaces.

STEM CELL ISOLATION, INITIAL CULTURE
SYSTEMS AND CHARACTERIZATION

The conditions for the isolation of stem cells differ for
different stem cell types as they tend to be isolated from dif-
ferent tissues. Even when isolated from the same tissue, dif-
ferent protocols aim to enrich different types of stem cells.
As expected, the cultivation conditions also differ for differ-
ent stem cell types. The cultivation of stem cells generally
aim to accomplish three objectives: sustaining the self re-
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generating stem cell properties, maintaining the capability
of differentiation, and enabling cryopreservation for main-
taining the established lines. The three aspects are some-
what related. The isolation of different stem cells and their
initial cultivation until the establishment of a line is very
specific for each type of stem cell. Various protocols exist
and are beyond the scope of this article. Readers are referred
to general reviews on this subject (33, 34). So are the proto-
cols for cryopreservation of pluripotent stem cells (35, 36).

In the following section, we will first discuss the cultiva-
tion method for sustaining the self-regenerating capability
of stem cells of different types. To sustain the self-regener-
ating capability, the first critical issue is the identification of
markers associated to the capability of self-regeneration.
Without such markers, the alternative will entail various dif-
ferentiation assays which are tedious and subject to time
delay in obtaining the results. We will thus discuss the avail-
ability of the markers for different cell types in addition to
describing the culture systems.

ES cell isolation, characterization and initial culture
systems  The mechanism by which ES cells can be ex-
panded while maintaining their tri-lineage differentiation
potential in culture (pluripotency) has not been elucidated.
Both mouse and hES cells were originally derived using
irradiated mouse embryonic fibroblasts (MEFs) as feeder
layers in serum-containing medium (2—4). They are also rou-
tinely cultivated in the presence of feeder layer after isola-
tion. The ES cells grow on the feeder layer as colonies, as
opposed to initially dispersed and then confluent monolayer
(Fig. 2). Passaging of mouse and hES cells are somewhat
different. Mouse ES cells are normally subcultivated every
2 to 3 d and the colonies are enzymatically dissociated with
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FIG. 2. (A, C) Mouse and human embryonic stem (ES) cells on mouse embryonic fibroblast (MEF) feeder layer. (B, D) Mouse and human

embryonic bodies (EBs).
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trypsin to obtain single cells which are then plated onto
MEFs, whereas hES cells are subcultured every 6—7 d and
they are most frequently passaged as small clumps of cells
as opposed to single cells. The formation of small hES cells
colonies to be passaged can be achieved by different meth-
ods including mechanical (manual) dissociation, or enzy-
matic dissociation using collagenase and trypsin. Mainte-
nance of pluripotency is normally assessed by morphology,
where ES cells form compact colonies of cells (Fig. 2) with
high nucleus to cytoplasm ratios. Expression of certain
markers such as the transcription factors oct-4, nanog and
rex-1 and the cell surface markers SSEA-1 in mouse and
SSEA-3, SSEA-4, TRA-1-60, TRA-1-81 in humans has also
been correlated with pluripotency (37, 38). The identifica-
tion of these markers has been important for monitoring and
quantifying pluripotency of ES cells when testing different
culture conditions.

The karyotypic stability of hES cell lines is a major con-
cern for clinical applications. There have been reports that
chromosomal abnormalities arise during long term culture
of ES cells (39, 40). However, it is still controversial whether
hES cells have inherent chromosomal instability over long
term culture since no frequent chromosomal abnormalities
after prolonged passaging was detected in another study
(41). Differences in culture methods among different labo-
ratories may account for the enrichment of cells with abnor-
mal kayotype. Culture conditions appear to play some role
as shown in a recent study comparing three passaging meth-
ods: manual mechanical dissociation, non-enzymatic cell
dissociation buffer and enzymatic dissociation (collage-
nase/trypsin). The mechanical dissociation allowed passag-
ing of chromosomally normal hES cell lines to a significant
higher passage number than the latter two methods (42). If
this report is corroborated by other laboratories using more
hES cell lines, it will present a challenge for scaling up of
undifferentiated hES cell cultures as mechanical dissocia-
tion demands intensive manual operation.

Adult stem cells isolation and characterization

Hematopoietic stem cells ~ Bone marrow transplantation
has been used for reconstitution of a patient’s hematopoietic
system after undergoing chemotherapy or radiotherapy to
treat cancer and diseases such as aplastic anemia, thalas-
semia, Gaucher’s disease, etc. HSC can be obtained from
bone marrow, peripheral blood and umbilical cord blood.
Ex-vivo expansion of undifferentiated HSCs and HSC that
have been directed toward certain speficic lineage of differ-
entiation can potentially shorten the time to repopulating the
patient blood and has been long desired. The human HSC
has been characterized for cell surface antigen expression
CD34" and CD38". Ex-vivo expansion of human hematopoi-
etic stem and progenitor cells has been described in stroma
or stromal free culture systems where limited expansion
over a short period of time is obtained mainly by manipu-
lation of the cytokines and growth factors present in the
media. For comprehensive reviews on ex-vivo expansion of
hematopoietic stem and progenitor cells covering bioproc-
essing aspects, see Mukhopadhyay et al. (43) and Noll ez al.
(44).

Mesenchymal stem cells  First reported in 1976,
Friedenstein showed that bone marrow contains MSC in ad-
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dition to HSC. MSCs were initially isolated as the plastic
adherent fraction of bone marrow (45). The general protocol
for isolating MSCs from bone marrow involves isolation of
the mononuclear cells (usually by gradient centrifugation)
and seeding these cells on tissue culture plates in medium
containing fetal bovine serum (FBS). After attachment of
the adherent cell fraction, the medium is removed to elimi-
nate non-adherent cells and the adherent cells are expanded
for a limited number of passages.

Human MSC (hMSC) express CD105, SH3, Stro-1, and
CD13, are CD45™ and differentiate into limb bud mesoder-
mal cell lineages such as adipocytes, chondroblasts, fibro-
blasts, osteoblasts, and skeletal myoblasts both in vitro and
in vivo (14, 46—48). The molecular mechanisms that control
MSC self-renewal and differentiation are not understood in
part because of the great variability of the heterogeneous
initial population isolated which also vary among different
laboratories (34).

A clonal study of hMSCs showed that one third has
osteo-, chondro- and adipogenic potential, whereas 60-80%
has osteo- and chondrogenic potential. Practically all of the
clones displayed osteogenic potential. Upon culture the
clones gradually lost adipo- and chondrogenic potential
(49).

Bruder et al. (50) evaluated the growth kinetics and
osteogenic differentiation potential of hMSC for 15 pas-
sages, corresponding to 38 population doublings. In the
course of passaging, the cells showed marked diminished
proliferation potential and change in morphology, although
there was not observed effect in their osteogenic potential.
In a similar study, Banfi er al. (51) reports growth kinetics
of bulk and clonal hMSCs for five passages, corresponding
to 24 population doublings for the bulk population and 19—
23 population doublings for the clones. They found that the
doubling time increased from 1.3 d to 16 d during the course
of the experiment in the bulk population. They also ob-
served loss of mesenchymal differentiation potential.

The limited life-span of MSCs in vitro has been proposed
to be due to replicative senescence produced by their lack
of telomerase activity, which prevents shortening of telo-
meres and/or commitment to terminally differentiated cells.
A study showed that the telomere shortening in hMSCs dur-
ing in vitro expansion falls within the range of telomere
shortening for telomerase-negative somatic cells (50—100
bp/doubling) and the gene expression profile of late passage
MSCs revealed a commitment towards the osteogenic line-
age (52).

Different strategies have been used to improve isolation
and ex-vivo expansion of MSCs, including optimization of
initial plating density, initial selection of a more purified
and homogeneous MSC population based on cell surface
markers or cell size and expression of telomerase. Simmons
et al. first showed that the cell surface marker STRO-1 iden-
tifies a population of bone marrow cells that has clonal ca-
pacity of forming fibroblast colonies, gives rise to cells with
smooth muscle phenotype and has adipogenic and osteo-
genic potential (53, 54). Cell sorting of human bone marrow
mononuclear cells using the cell surface markers STRO-1
and vascular cell adhesion molecule 1 (VCAM-1) allowed
purification of a population of cells expressing telomerase
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that could be expanded for over 40 population doublings in
a serum free media with EGF, PDGF and using fibronectin
as extracellular matrix. These cells showed osteogenic,
chondrogenic and adipogenic potential. This population
showed a 50% cloning efficiency for fibroblast colony.
These clones could be expanded for about 20 population
doublings and display tri-lineage mesenchymal differentia-
tion potential in vitro but heterogenous differentiation ca-
pacity in vivo (55). The seeding cell density has been cor-
related with proliferation potential by maintenance of a pop-
ulation of small, rapidly proliferating cells at low cell den-
sities (1-3 cells/cm?) compared with higher densities (12
cells/cm?). Cells grown at low cell densities proliferate for
50 population doublings, whereas at higher densities they
proliferate only for 15 population doublings (56). Another
study examining seeding cell densities in a larger interval
(10-1000 cells/cm?) showed that the lowest density pro-
duced the highest fold increase in cell number. Changes in
morphology with different cell densities were correlated with
differentiation potential. Low density cultures favoured the
appearance of thin, spindle shaped cells (called RS-1A) that
differentiated into adipocytes. Plating them at higher cell
densities promote appearance of wider spindle-shaped cells
that could be differentiated into cartilage (57). The same
group recently showed that the content of rapidly self-re-
newing cells in MSCs can be assessed by light scattering
with a flow cytometer. The isolated cells showed 90% clo-
nogenic potential and the capacity to differentiate into min-
eralizing cells or adipocytes (58). Ectopic expression of telo-
merase allowed expansion of STRO-1 selected MSCs for
more that 80 population doublings. These cells showed in-
creased osteogenic and adipogenic potential at higher pas-
sages than non-telomerase expressing cells which senesced
after 32 population doublings (59). Using the same strategy,
a different group has been able to expand hMSC for more
than 260 population doublings while maintaining normal
differentiation potential (60). Baksh et al. (61) proposed a
strategy for expansion of MSCs that is not based on ad-
hesion properties. In fact, the cells are not isolated by their
adherence to cell culture surfaces but by culturing in stir-
red suspension bioreactors. The study shows expansion of
osteogenic progenitors in suspension cultures supplemented
with stem cell factor (SCF) and interleukin 3 (IL-3).

Interestingly, all the optimization studies mentioned above
use one or more mesenchymal lineage differentiation poten-
tial of the expanded population as objective function; none
of the studies has non-mesenchymal differentiation poten-
tial after the expansion of cells originally isolated as MSCs
has not been yet systematically evaluated.

Pluripotent bone marrow derived adult stem cells
MAPC were first isolated from human bone marrow in an
attempt to isolate MSCs and were believed to be mesoder-
mal progenitor cells (27) and subsequently were shown to
differentiate into neurons and hepatocytes (62, 63). Isolation
of MAPC was achieved by plating bone marrow mono-
nuclear cells depleted of CD45" and glycophorin-A-positive
(GlyA") in fibronectin coated surfaces and medium contain-
ing DMEM-MCDB 201 as basal media with 2% FBS or
IGF-1, EGF, PDGF-BB supplemented with dexamethasone,
ascorbic acid, insulin and transferrin. MAPC cultured at
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density between 2000-8000 cells/cm? were shown to ex-
pand for more than 50 population doublings, maintained
their telomere length and retained multilineage differentia-
tion potential. Plating at higher cell densities reduced their
proliferation and differentiation potential. This was corre-
lated with acquisition of high levels of CD44 and class I
HLA cell surface markers expression (27).

MAPC have also been isolated from mouse and rat in
similar culture conditions with the addition of leukemia in-
hibitory factor (LIF). Cultured at cell densities between
500—1500 cells/cm?, they were expanded for more than 120
population doublings maintaining unchanged telomere
length. Murine MAPC express the ES transcription factors
Oct-4 and Rex-1 and were shown to differentiate in vitro at
the single cell level to hepatocytes, neurons and endothelial
cells (26). The requirement for low cell densities to main-
tain MAPC pluripotency make their expansion for in vivo
animal studies and clinical applications a challenge (Fig. 3).
Gene expression profile comparison of cells maintained at
cell densities permissive and non-permissive of pluripotency
revealed that the Wnt, TGF-f3 and Notch signaling pathways
might be involved in the change of pluripotent capacity of
the cells (unpublished data).

Another population of pluripotent cells from human bone
marrow called marrow-isolated adult multilineage inducible
(MIAMI) cells has been reported (29). This population was
obtained by plating whole bone marrow cells initially in
media containing 5% FBS and subsequently maintained in
media containing 2% FBS in fibronectin coated dishes,
these cultures were maintained in hypoxic conditions (3%
oxygen) at cell densities between 1300-1400 cells/cm?.
MIAMI cells express telomerase and the transcription fac-
tors Oct-4 and Rex-1 and were expanded for more than 50
population doublings when expanded with 15% MIAMI
cells conditioned medium. They were shown to differentiate
into mesenchymal lineages as well as neural and pancreatic
lineages.

Yoon et al. (30) reported the isolation of a pluripotent
stem cell (hBMSCs for human bone marrow-derived multi-
potent stem cells) from human bone marrow with the capac-
ity to differentiate into the three germ layers and regenerate
myocardium after myocardial infarction. These population
has been expanded for more than 140 population doublings
in media containing 17% FBS and maintained at cell den-
sitites ranging from 4000-8000 cells/cm?. These cells did
not express the transcription factor Oct-4 and showed un-
changed telomere length after 120 population doublings. Be-
sides differentiation into mesodermal lineages, they showed
in vitro differentiation potential to neural and endodermal
lineages by gene expression and immunocytochemistry.

The relationship between these pluripotent stem cells is
not clear neither it is known whether they exist in vivo or
they arise during culture. However, regardless of their ori-
gin, they are extremely valuable as a source of stem cells for
cell therapies, drug screening and models of differentiation.
They do not have the ethical concern that using hES cells
have raised. They show differences in transcription factors
and surface marker expression (see Table 1). Since these
populations have been just recently reported, there have not
been systematic studies to evaluate the effect of culture pa-
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FIG. 3. Undifferentiated MAPC (A), MAPC hepatocyte differentiation (B), MAPC neural differentiation (C), and MAPC endothelial differen-

tiation (D).

rameters (cell density, media components, oxygen concen-
tration, etc.) on the isolation and expansion of these cells
which will be required for large scale production for clinical
applications.

CULTIVATION METHODS FOR
STEM CELL EXPANSION

ES cell expansion and feeder layers As previously
mentioned, both mouse and hES cells were originally de-
rived using MEF feeder layers and serum-containing me-
dium (2—4). For mouse ES cells, LIF can substitute for the
feeder layer (64, 65). However, this cytokine is not suffi-
cient for maintenance of hES pluripotency (4, 66). The use
of MEF layer is not acceptable for clinical applications as

the use of mouse cells, albeit irradiated, in contact with cul-
tured human cells poses a risk of the transmission of ani-
mal-borne adventitious agents. Much effort has been made
in eliminating the use of mouse feeders by substitute them
with human derived feeder cells. Most of the studies have
tested maintenance of hES cells on human feeders derived
from fetal skin, fetal muscle, foreskin cells, adult skin fibro-
blasts and adult marrow cells (67—69). In addition to main-
tenance of hES cell lines previously established on MEF,
derivation of new hES cell lines using human feeders de-
rived from fetal muscle, fetal skin, adult fallopian tube epi-
thelial cells and uterine endometrial cells has also been
demonstrated (70-72).

Despite the progress in expanding hES without the use of
METF it is not clear whether all hES lines can be grown us-

TABLE 1. Characteristics of bone marrow derived pluripotent adult stem cells

Surface markers ES Clonin
Cell type B . transcription  Telomerase g Ref.
Negative Low High factors method
Human MAPC CD10, CD31, CD34, CD106, CD44,CD90w, CDI13,CD49b N/A Positive 10 cells/well 28
CDI117, CD36, HLA-DR, KDR, FIt1 retroviral marking
class  HLA
Mouse MAPC CD34, CD44, CD45,CDI117,  Flk-1, Sca-1, CD13 Oct-4, Rex-1 Positive 10 cells/well 26
MHC-I, MHC-II SSEA-1 retroviral marking
MIAMI cells CD34, CD36, CD45, CD54, Fltl, KDR CD10, CD29, Oct-4, Rex-1 Positive  Cloning ring 29
CD56,CD109, CD117, CD44, CD49e,
HLA-DR CDY%0, CD103,
c-met
hBMSC CD13, CD29, CD31, CD34, CD90, CD105, Oct-4 nega- Positive  Limiting dilution 30
CD44, CD45, CD49¢, CD73, CDI117 tive

CDI133, KDR, Tie2, HLA-DR,
class I HLA
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ing the same MEF free protocol. The need for continuous
derivation and propagation of feeders to support undifferen-
tiated hES cells poses a great obstacle for the large-scale
culture needed for clinical applications. hES cells can be
maintained without direct contact with MEF when plated on
extracellular matrices such as matrigel or laminin and using
MEF conditioned media (73). This media contains uniden-
tified factors that are secreted from the feeder layers. The
conditioned medium is highly variable and the requirement
for growing feeder cells is not completely alleviated.

Serum requirements and toward a defined chemical
environment for stem cell culture Both feeder layer
and the presence of FBS or other complex medium compo-
nents present difficulty in elucidating the molecular mecha-
nisms that control hES cell pluripotency. As a first step to
move into more defined media formulations, most laborato-
ries have replaced FBS with Serum Replacer, a serum free
proprietary formulation of GibcoBRL (Carlsbad, CA, USA)
(Patent WO 98/30679, 1998) which still contains animal de-
rived proteins and not fully defined. Amit ez al. (66) showed
that hES cells pluripotency is maintained in media contain-
ing Serum Replacer and fibroblast growth factor 2 in the
presence of MEF.

As mentioned before, the protocol for isolating MSCs
from bone marrow involves plating of the mononuclear
cells from bone marrow on tissue culture plates in medium
containing FBS. As is well known, subtle variations are in-
evitable in FBS obtained from different sources and at dif-
ferent time. Variations in FBS appear to have a major effect
on MSC culture, affecting the plating efficiency and subse-
quent expansion. Most of the studies report that selected lots
of FBS were used. MAPC isolation and expansion also de-
pends heavily on the FBS lot used and screening of different
FBS lots is necessary to achieve optimal results.

There have been efforts to formulate a defined media that
maintains pluripotency without the need for feeders or feeder
conditioned media. Sato ef al. (74) used cDNA microarrays
to investigate the signaling pathways involved in mainte-
nance of undifferentiated state in hES cells. Not surprisingly
FGF, Wnt and TGF-B pathways were found to be transcrip-
tionally active in undifferentiated ES cells. In a subsequent
study, the same group found that in the presence of low
concentrations of basic fibroblast growth factor (bFGF) (4
ng/ml), activation of the canonical Wnt pathway by using
a GSK-3 inhibitor is sufficient to maintain hES cells in the
undifferentiated state without feeders or feeder conditioned
media (75). The two branches of the TGF-[3 family of ligands
TGF-B/Activin/Nodal and BMP/GDF have been found to
have opposite effects on maintenance of undifferentiated
ES cells (76). TGF-B was found to promote maintenance of
undifferentiated ES cells (76, 77) whereas BMPs have been
shown to promote hES cell differentiation (76, 78, 79).

Two recent reports highlighted the need for high concen-
trations of bFGF to maintain hES cells in feeder free condi-
tions. Wang et al. used 2636 ng/ml of bFGF in media con-
taining serum replacement to maintain undifferentiated hES
cells over 30 passages (80). Xu et al. (81) showed that un-
conditioned media containing serum replacement activates
BMP signaling activity in hES cells and promotes differen-
tiation at greater extent than MEF conditioned media; this
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actitivity can be blocked by noggin (BMP inhibitor), high
concentrations of bFGF or both. The authors show mainte-
nance of undifferentiated hES cells lines for 18-32 passages
in unconditioned media supplemented with 0.5 pg/ml nog-
gin and 40 ng/ml bFGF. It is noteworthy that in all of these
studies, the starting ES cells were derived on MEFs and
subsequently withdrawn from feeders to test different con-
ditions. Demonstration that these media conditions support
derivation of new hES cell lines in feeder free conditions is
still necessary.

Studies on the effect of growth factors on MSC expansion
have been carried out mostly in FBS containing media. An
study on the effect of different growth factors on fibroblast
colony formation, proliferation and osteogenic differentia-
tion of hMSC grown in serum containing media concluded
that addition of FGF-2 had beneficial effect on proliferation
and bone differentiation (82). A more recent study con-
cluded that FGF-2 selects for a population of MSCs with
longer telomeres and these cells can be expanded for about
70 doublings in vitro while retaining chondrogenic potential
for more than 50 doublings (83). Serum free media was
used to isolate the STRO-1+ and STRO-1+ VCAM-1+ bone
marrow stromal stem cell populations previously described,
dexamethasone and L-ascorbate were found to be essential
for colony formation whereas EGF and PDGF supported
colony growth (53-55). Human MAPC have been isolated
in a serum free media containing dexamethasone, ascorbic
acid, EGF, PDGF and IGF-1 (27).

Moving towards feeder free and defined media condi-
tions for expansion of stem cells is necessary to avoid varia-
tions due to unknown factors produced by feeder cells as
well as variability on FBS composition. This will require a
thorough understanding of the different pathways involved
in maintenance of pluripotency, high throughput gene ex-
pression analysis have been used with some success in the
hES cell system and should be employed for studying other
pluripotent stem cells.

CULTURE METHODS FOR
STEM CELL DIFFERENTIATION

In the mouse system, ES cells spontaneously form three
dimensional aggregates and differentiate after withdrawal of
LIF and transferring to a non-adherent surface. These three
dimensional aggregates, called embryoid bodies (EBs), re-
capitulate early embryological development in the mouse
and allow derivatives of the three germ layers to form in
vitro (Fig.2). In hES cells spontaneous differentiation to-
wards ectoderm, endoderm and mesoderm has also been re-
ported when cultivated either as EB (84) or as a monolayer
at high cell density (8). EB formation in mouse ES cells is
normally achieved by dissociating colonies into single
cells and promoting agglomeration by seeding at high cell
densities in non-adherent petri dishes. Another way to form
EB is to suspend cells in small droplets hanging from the
underside of a culture plate, often referred to as the hanging
drop method (85). For hES cells, EB formation is promoted
by detaching small clumps of hES colonies by enzymatic
(collagenase/dispase) or chemical dissociation (EDTA), and
keeping them in suspension in non-adherent culture dishes.
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TABLE 2. Growth factors and FBS requirement for maintenance of undifferentiated stem cells and for their differentiation

Cell type Lineage FBS Growth factors Ref.
hES Undifferentiated None bFGF 4-40 ng/ml 66, 81
mES Undifferentiated 15% LIF 1000 units/ml 64, 65
hMAPC Undifferentiated 2% EGF 10 ng/ml, PDGF 10 ng/ml 27
mMAPC Undifferentiated 2% EGF 10 ng/ml, PDGF 10 ng/ml, LIF 1000 units/ml 26
hMSC Undifferentiated 10% bFGF 1 ng/ml 82
hMSC STRO1+ Undifferentiated None EGF 10 ng/ml, PDGF 10 ng/ml 53,54
hES Hematopoietic 20% SCF 300 ng/ml, F1t-3 300 ng/ml, IL-3 10 ng/ml, IL-6 10 ng/ml, 87
GCSF 50 ng/ml, BMP-4 50 ng/ml

hES Neural None bFGF 20 ng/ml 96
mES Hepatocytes 15% RA 10#M, aFGF 100 ng/ml, FGF-4 20 ng/ml, HGF 50 ng/ml 103
mMAPC Neural None bFGF 100 ng/ml, FGF-8 10 ng/ml, BDNF 10 ng/ml 26
hMAPC Endothelium None VEGF-B 10 ng/ml 27
hm MAPC Hepatocytes None FGF-4 10 ng/ml, HGF 10 ng/ml 62

h, Human; m, mouse.

Most of the applications for cell replacement therapy
using stem cells require the production of specific cell
types: e.g., B-cells for diabetes or dopaminergic neurons for
Parkinson’s disease. Spontaneous differentiation in mono-
layer or in the EB system is still uncontrolled yielding a
mixed population of different types of cells. Therapeutic ap-
plication of differentiated cell types will require reproduc-
ible processes where the differentiated cell type or the pro-
genitor of interest is considerably enriched. Furthermore,
the absence of undifferentiated ES cells which upon trans-
plantation may give rise to teratomas has to be assured.
Directing ES cell differentiation towards specific lineages is
a great challenge and it has been attempted mainly by the
use of growth factors that promote differentiation, prolifera-
tion or survival of specific cell types (Table 2). The use of
growth factors does enrich the desired population; however,
a mixed population of differentiated cells is still present.
Differentiation of adult pluripotent stem cells is normally
achieved by plating them in different extracellular matrices
and using growth factors to induce specific lineages. It is
most likely that large scale production of a homogeneous
differentiated cell population will have to rely on enrich-
ment of a cell type by growth factors in the culture media as
well as downstream purification; possibly by cell sorting us-
ing specific surface markers or tissue specific reporters, or
by selecting for antibiotic resistance genes driven by tissue
specific promoters. Selected differentiation processes will
be described in the following section.

Mesodermal cell types  Hematopoietic cells and car-
diomyocytes were among the first specific cell types to be
characterized from differentiating EBs formed from mouse
ES. In the human system hematopoietic, endothelial and
cardiomyocyte differentiation have been reported. Because
of the availability of surface markers, hematopoietic dif-
ferentiation can be tracked by flow cytometry in addition to
hematopoietic colony forming assays. The differentiated he-
matopoietic cells can also be sorted by using the same cell
surface markers. Hematopoietic differentiation has been
achieved by coculture of hES cells with a murine stromal
cell line or a yolk sac endothelial cell line in media contain-
ing 20% FBS without addition of cytokines, obtaining 1—
2% of CD34* CD45 cells (86). EB formation in media with
20% FBS and hematopoietic cytokines plus BMP4 yielded
20% of CD34* cells and 7% of CD34* CD45* cells (87). Se-

rum-free formulations with SCF, Flit-31, TPO, VEGF and
BMP-4 achieved 6% of CD34°CD45™ cells in the EB system
and SCF, TPO and Flt-31 were required for colony forming
cells from ES cells differentiated in stromal cell line with
serum-free media (88).

Cardiomyocytes were obtained by spontaneous differen-
tiation of hES cells as EBs in media containing 20% FBS
for 7-10 d. Upon subsequent plating of the EBs into gelatin
coated dishes 8% of the EBs contained clusters of beating
cells that expressed cardiac specific proteins (89). Xu et al.
reported enrichment to 70% of cells expressing cardiomyo-
cytes proteins (cardiac myosin heavy chain and c¢Tnl) by
Percoll gradient centrifugation after differentiation of hES
cells initiated as EBs and plated in poly-L-lysine coated
plates in 20% FBS media (90). In the mouse system, purity
of 99% cardiomyocytes has been achieved by driving neo-
mycin resistance under the control of the a-cardiac myosin
heavy chain (aMHC) promoter (91).

Cell surface markers for endothelial cells are also well
known and can be exploited to generate highly purified pop-
ulations of cells. Endothelial cells have been derived from
hES cells by EB formation. These cells were sorted by flow
cytometry using the endothelial marker PECAM-1. Two
percent of the cells expressed PECAM-1 at day 13 of EB
culture. After sorting and further passaging they were
shown to express mature endothelial markers such as von
Willebrand factor. They were able to uptake Dill-ac-LDL, to
form tube like structures in vitro and functional blood-carry-
ing microvessels in vivo (92).

Differentiation of pluripotent adult stem cells into meso-
dermal lineages has been reported with high percentage
differentiations. Human MAPC and MIAMI cells differenti-
ate to the mesenchymal lineages osteoblasts, chondroblasts,
adipocytes using protocols similar to the ones established
for MSCs (27, 29). Induction of MAPC differentiation was
achieved by plating the cells at high confluency (greater
than 20,000 cells/cm?) in the presence of specific growth
factors or differentiation agents (glycerophosphate, dexa-
methasone, TGF-f, horse serum). High percentage differen-
tiation was achieved (>80%). Smooth muscle cells were
also obtained from human MAPCs and BMSCs. MAPCs re-
quired EGF, PDGF-BB, and 5-azacytidine and BMSCs only
PDGF (27, 30). MAPC and BMSC also have differentiated
into endothelial cells by using VEGF in the culture media,
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differentiated MAPCs cells expressed mature endothelial
markers as well as functionality in vitro such as vascular
tube formation and LDL uptake (93).

Ectodermal cell types  High percentages (>50%) of
cells expressing neural progenitor markers can be obtained
from hES cells using growth factors that promote neural
fate survival and proliferation; however, the challenge of
obtaining specific subtypes of neural cells has proven more
difficult. The conditions usually involve multistep protocols
with or without EB formation and subsequent plating.
Schuldiner cultivated EBs for 21 d in serum replacement
media with retinoic acid treatment and subsequently plated
them into collagen coated dishes. Fifty percent of the cells
expressed neuronal marker neurofilament light chain mRNA
(NF-L) that could be increased to 76% after consecutive re-
platings (94). In another study, 4 d of EB formation with
RA, plating into poly-lysine/fibronectin coated plates with
N2/B27 media and growth factors yielded cultures with
65% and 56% of cells expressing the neural precursor cell
surface markers A2B5 and polysialylated neural cell adhe-
sion molecule (PS-NCAM) respectively. These neural pre-
cursors were further purified to 90% using magnetic cell
sorting (95). Zhang et al. (96) showed that by differential
adhesion and enzymatic dissociation with dispase, neural
tube-like rosettes with 96% of cells expressing the NSC
marker nestin and most of the expressing PS-NCAM and
Musashi-1 were obtained using media containing FGF-2,
insulin, transferrin, progesterone, putrescine, sodium sele-
nite and heparin. These neural precursor were expanded in
suspension culture using conditions similar to the ones used
to expand neurospheres and subsequently differentiated into
the three neural lineages: neurons, astrocytes and oligoden-
drocytes.

Spontaneous differentiation of hES cells in monolayer on
MEFs for 4 weeks results in a population of differentiated
ES cell colonies with 56% of them expressing N-CAM.
Manual isolation and further culture in serum free medium
with EGF and bFGF allowed expansion of neural progeni-
tors, reaching an almost pure population of cells expressing
N-CAM, nestin and A2B5 (99%, 97% and 90%, respec-
tively). These cells could also be differentiated into neurons,
astrocytes and oligodendrocytes (97). None of the above
reports show significant specific differentiation of the hES
derived precursor towards specific neuronal lineages such
as dopaminergic neurons (tyrosine hydroxylase positive)
which are lost during Parkinson’s disease.

Differentiation towards dopaminergic neurons was
achieved by co-culturing hES cells with stromal cells and
media containing glial-derived neurotrophic factor (GDNF)
(98). In another study, stromal cells and media containing
sonic hedgehog and FGFS8 yielded between 60—-80% of tyro-
sine hydroxylase/Tujl positive cells within the neuronal
population which comprised 30-50% of the cells (99). Dif-
ferentiated population with 75% of neurons (45% of cells)
tyrosine hydroxylase/B-III-Tubulin were obtained in, sus-
pension culture for 6 weeks in serum-free media containing
only DMEM and N2 supplement (100).

Mouse MAPC was reported to differentiate into cells
with phenotypic and morphological characteristics of astro-
cytes, oligodendrocytes and neurons with high differentia-
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tion efficiencies (>90%) in monolayer system with media
containing bFGF. A sequential protocol with bFGF, FGF-8
and brain derived neurotrophic factor (BDNF) allowed a
more mature phenotypes, including 30% of tyrosine hydrox-
ylase positive cells to be obtained (26). Coculture of the
neural differentiated MAPCs with astrocytes allowed differ-
entiation into cells with electrophysiological characteristics
similar to those of midbrain neurons (101). Similar proto-
cols were used to differentiate hBMSCs and MIAMI cells to
neural cells (29, 30).

Endodermal cell types  Directed differentiation of ES
cells towards cell types of the definitive endodermal lineage
such as hepatocytes and pancreatic beta cells has been chal-
lenging. The specification and patterning of endoderm in
the embryo is not well understood making it difficult to
choose growth factors to induce endoderm in vitro. Cell sur-
face markers for the different endodermal progenitors have
been lacking which impeding their isolation from the mixed
population normally obtained after stem cell differentiation.
During ES cell differentiation both embryonic and extraem-
bryonic endoderm lineages are seen while the latter also
expresses several definitive endoderm markers, it is not
known whether they can produce mature definitive endo-
derm cells. This uncertainty makes using endodermal sur-
face markers even more difficult.

The use of endoderm specific reporters will be helpful to
identify the progenitors and define their gene expression
profile. It may lead to the identification of useful markers
that can be used to purify these cells from a mixed culture.
In the mouse ES cell system, Kubo ef al. (102) used a
brachyury-GFP ES cell line to show that definitive endo-
derm is derived from a mesendoderm progenitor cell ex-
pressing brachyury; furthermore, the commitment towards
definitive endoderm lineage is dependent on factors con-
tained in FBS that can be replaced by high concentrations
(100 ng/ml) of activin A during the first stages of EB forma-
tion. Sorted brachyury positive cells could be further cul-
tured and induced towards hepatocyte-like cells expressing
mRNA for the mature hepatocyte enzymes tyrosine amino-
transferase (TAT) and carbamoyl phosphate synthase I. In a
recent report, Teratani ef al. (103) used a mouse ES cell line
with an albumin promoter driven GFP reporter to optimize
conditions for hepatocyte differentiation in monolayer cul-
ture, that comprises multiple steps with retinoic acid, HGF,
FGF-1, FGF-4 and oncostatin M. After 10 d in culture, 30%
of cells expressing GFP were obtained when combining the
growth factors with collagen as extracellular matrix. The
GFP positive cells could be furthered expanded to 80% with
subsequent culture in Williams E medium (103).

Hepatocyte differentiation from hES cells has been re-
ported by different groups. Four-day-old EBs formed in
presence of 20% of FBS were plated on matrigel as well as
a confluent monolayer system. Both cultures were treated
with DMSO and sodium butyrate to obtain cultures where
70-80% of cells in both cases express early hepatocyte
markers and show glycogen accumulation and inducible
cytochrome P450 activity (104). hES cells cultivated as EB
for 6d were plated into collagen I treated dishes using
IMDM medium containing dexamethasone, 20% FBS and
insulin. The differentiated cells expressed albumin mRNA
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at a level 1% of that in adult primary human hepatocytes
and produced urea (105).

The differentiation of hES cells towards pancreatic -cell
lineage is probably an even greater challenge. During spon-
taneous EB differentiation, 1-3% of cells in 60—70% of EBs
stained positive for insulin (106). Mouse ES cells were
shown to differentiate to insulin producing cells using the
ectodermal pathway (107). Segev et al. (108) differentiated
hES cells towards insulin producing cells by plating EBs in
insulin—transferrin—selenium—fibronectin medium, followed
by supplementing with N2, B27, and bFGF. Next, the glu-
cose concentration in the medium was reduced, bFGF was
withdrawn, and nicotinamide was added. Dissociation of
the cells and culturing them in suspension culture that pro-
motes cluster formation increased insulin secretion and the
number of insulin (70%), somatostatin (43%) or glucagon
(50%) positive cells. Importantly, these cells stained posi-
tive for c-peptide which is cleaved upon secretion of insulin
provides proofs that insulin was produced by the cells and
not uptaken up from the media.

Controversy still persists about the production of insulin
secreting cells from ES cells by using the ectodermal path-
way. The observed insulin positive cells could be the result
of insulin uptake from the media; furthermore, many of the
cells that show insulin staining are apoptotic or necrotic
(109, 110). None of the papers published on hES cell differ-
entiation towards insulin producing cells report sorting of
the cells from the mixed population. From mouse ES cells,
B-cells specific promoters driving drug selection genes have
been used to produce highly purified populations of insulin
producing cells (111, 112).

Endodermal differentiation from adult pluripotent stem
cells has been achieved by the combination of growth fac-
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tors and extracellular matrices. MAPC have been shown to
differentiate into cells expressing mature hepatocyte mark-
ers and functional characteristics. FGF-4 and HGF in com-
bination with matrigel as extracellular matrix induce MAPC
differentiation into epithelioid cells that acquired functional
characteristics of hepatocytes: such as urea and albumin
secretion, phenobarbital inducibility of cytochrome p450,
LDL uptake, and stored glycogen storage. This protocol
yields 60% of cells differentiating into albumin, HNF-3f3
and CK18 expressing cells for mouse and rat MAPCs and
90% for human MAPC (62). hBMSCs were differentiated
into cells expressing hepatocyte markers by using a similar
protocol with addition of DMSO or sodium butyrate (30).
MIAMI cells were shown to differentiate into clusters of
cells expressing insulin and glucagon mRNA. The proce-
dure involved sequential steps with bFGF, exendin-4, HGF
and Activin A (29).

BIOREACTOR SYSTEMS FOR EXPANSION AND
DIFFERENTIATION OF STEM CELLS

The selection of bioreactor system for mammalian cell
cultivation beyond bench scale is largely dependent on
whether the cells are adherent, suspension grown as single
cells or aggregates as depicted in Fig. 4. The principles of
selecting bioreactors for stem cell cultivation and differenti-
ation are largely the same as those for mammalian cell cul-
ture processing, except that few stem cells grow in suspen-
sion other than some in hematopoietic lineage (113). Un-
differentiated pluripotent stem cells are anchorage depen-
dent, whereas EBs can be cultivated either stationarily or in
suspension. One of the simplest forms of cultivating adher-
ent cells in large quantities, namely roller bottle, is giving

Cell cultivation methods
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FIG. 4. Cell cultivation methods applicable for expansion and differentiation of stem cells.
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way to multiple parallel plates recently. A reasonably large
cultivation surface area can be attained with a multiple plate
vessel, reducing the labor requirement and the contamina-
tion risk significantly as compared to roller bottles. Simple
stirred vessels, like spinner flasks and fermentors, are easy
to operate and can be readily equipped with on-line moni-
toring instrumentation for environmental control. However,
their use for strictly anchorage dependent cells, such as MSC
or MAPC, will require microcarriers to provide attachment
surface (114).

Solid microcarriers made of cross-linked dextran, cellu-
lose or polystyrene support cell growth on their external
surface. Although those spherical beads have been used in
conventional cell culture for vaccine production, their use
for stem cell cultivation is still limited. Mechanical agitation
may cause subtle effect on cellular membrane and thus af-
fecting their properties. Since cells are directly exposed to
the bulk medium, the extensive mixing might decimate any
microenvironment that is normally formed by those cells
when grown on stationary surface. Macroporous microcarri-
ers, typically made of gelatin, collagen or other soft material
with relatively high oxygen diffusion characteristics, have
open pores in their interior to provide larger growth surface
area (115).

Contrary to common expectation, the rough external sur-
face of most macroporous mirocarriers actually generates
more microeddies on their surface than conventional solid
microcarriers which have a spherical shape and smooth sur-
face. Cells grown on the external surface are actually often
exposed to higher fluid shear force. However, once allowed
to enter and grown in the internal pores, cells are protected
from the mechanical force generated by fluid flow (116).
Macroporous microcarriers may also allow a microenviron-
ment in the vicinity of cell growth to be different from the
bulk of the culture vessel. They are not only used in grow-
ing adherent cells, but also for suspension cells and have
been used in hematopoietic cell cultivation which entails a
mixed population of adherent and suspension cells in he-
matopoietic system (117, 118). In addition to being sus-
pended in stirred vessels, macroporous microcarriers have
also been used in membrane bioreactors, either flat bed or in
other configurations (119, 120).

Most of the flat bed reactors used consist of membrane
separated compartments. In all configurations, a cell cham-
ber is separated by membrane from medium chamber. The
mode of oxygen supply, either through an additional gas
compartment in contact with the cell chamber, or through
the recirculation of medium, further classify the membrane
bioreactors into two major categories. In the case that no gas
compartment is used, medium becomes the means of oxy-
gen supply. The medium is recirculated at a high rate to pro-
vide sufficient supply of oxygen. Two further different oper-
ating modes are frequently used: (i) medium is allow to
permeate through the membrane from the recirculating loop
into the cell chamber and collect at the exit of cell chamber;
(1) nutrients and oxygen are supplied to the cell chamber
through diffusion, but not convective flow of medium,
across the membrane separating medium and cell chambers.
A further variation is one that a slow stream of high molecu-
lar weight components is directly supplied at a low rate to
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the cell chamber as their diffusion through the membrane is
rather slow. The inclusion of a gas compartment provides a
more uniform oxygen concentration across the cell cham-
ber. It also allows medium (supply of nutrients, autocrine
conditioning factors, etc.) and oxygen to be controlled sepa-
rately; one can operate the reactor at any oxygen concentra-
tion independent of medium flow rate.

Aggregates such as EBs, being larger particles than single
cells, require somewhat different agitation mechanism than
that for single cells. They require more liquid pumping for
suspension, thus large impellers and slower agitation rate.
However, the tendency of many cell aggregates to agglom-
erate to become very large particles (thus causing oxygen
transfer limitations and necrosis) also requires that suffi-
ciently high agitation rate be used. Because of their ten-
dency to agglomerate, in larger scale operations aggregates
are more likely to be cultivated in mixing vessels (stirred
vessel, bubble column, or other mixing mechanisms) rather
than under stationary conditions. If laid on large flat surface,
the fluid movement in the culture, caused by natural con-
vection or other environmental perturbation, will inevitably
cause aggregates to agglomerate. Since there is no mixing
to break apart the collided aggregates, the particles tend to
grow larger over time.

The bioreactors described above are all suitable for the
cultivation of stem cells for both propagation and differenti-
ation. However, their main advantage is not merely for gen-
erating larger quantity of cells. Their use allows for continu-
ous monitoring and control of the physical and chemical en-
vironment that might be crucial for stem cell cultivation.
The control is not limited to providing cells with constant
and uniform environment. Our ability to supply cells with
dynamic profiles of nutrients, oxygen and growth factors
over time may change the landscape of stem cell culture.
Furthermore, the creation of gradients of environmental
conditions is possible. This will allow the potential inter-
action of cells growing under different conditions in a spa-
tially distributed (e.g., a gradient of oxygen tension) envi-
ronment to be studied in a single culture. The selection of
bioreactors is affected by the cell type, the process and the
way the reactor is to be controlled. In the following section,
their relevance to stem cell proliferation and differentiation
will be described.

Culture systems for stem cell expansion The pur-
pose of stem cell cultivation is to expand stem cells and
sustain their pluripotent potential, the resulting cell popula-
tion needs to be harvested for differentiation or further ex-
pansion. This is unlike traditional cell culture processes in
which the secreted protein or virus is the product. There-
fore, for stem cell propagation, a cultivation method with a
readily available means of cell harvesting and passaging is
necessary. Furthermore, for stem cell cultivation, in addition
to increasing cell number, the retention of the self-regener-
ating and differentiation capabilities are critical. Therefore,
a means of readily examining those characteristics, either
basing on surface markers or morphology, is an important
consideration in reactor selection. These considerations
pose some constrain on the use of membrane reactors and
macroporous microcarriers. The long doubling time of un-
differentiated hES (~36 h) necessitates a large quantity of
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undifferentiated cells to be maintained to give rise to
enough cells for differentiation for clinical applications
(33). For other stem cells, such as MAPC, the need of main-
taining cells at very low density requires a rather frequent
passaging to avoid reaching a high density and losing stem
cell properties. This necessity certainly limits the choice of
reactors when large-scale propagation is needed for clinical
trials.

For hES cells, the cultivation is further constrained by the
use of feeder cells and the fact that they are passaged as col-
onies rather than single cells (66). Even if conditioned me-
dium is used (73), the large quantity of conditioned medium
needed would almost make the production of conditioned
medium a delicate process by itself. Unless the critical com-
ponents constituting conditioning factors are identified,
quality control of the conditioned medium product will be
of a great concern. The use of feeder layer or feeder cell
conditioned medium most likely will need to be eliminated
for large-scale culture. Unless cross-talk between hES and
feeder cells is needed (an unlikely event giving some suc-
cess of replacing feeder cells with conditioned medium),
one should be able to eliminate the use of feeder cells and
conditioned medium. Paracrines produced by feeder cells
and surface ligands of feeder cells that renders the culture
conditions permissive for stem cells can both be replaced by
defined molecules once they are identified. Until then, flat
surface cultivation of hES cells with a direct contact (i.e.,
growing on) feeder cells or in indirect contact (with com-
munication of diffusible molecules) through a membrane
separating the two cell populations is likely to be the choice.

The passaging methods of manually dissecting the colo-
nies will also need to be modified. Replacing them with
enzymatic dissociation that could be performed with less
labor, or even automated, will be a necessity. The scaled up
passaging method will have to be proved to maintain nor-
mal karyotype of the cells (42). So far, there has been no
report of large-scale expansion of undifferentiated hES cells
principally, because the basic biological knowledge of fac-
tors that maintain hES pluripotency is still being developed.

Systems for large-scale culture for undifferentiated pluri-
potent adult stem cells have not been described so far. Basic
knowledge on the mechanisms that maintain pluripotency in
this system will greatly facilitate the design of large-scale
cell culture systems for stem cell applications. These cells
have been isolated and expanded as attachment dependant
cells (some of them requiring low cell densities). Other
strategies such as the recent report from Baksh et al. (61),
about isolation of MSCs with osteogenic potential in stirred
suspension culture could alleviate this problem if the iso-
lated cells are proven to be pluripotent.

Culture systems for stem cell differentiation An
ideal differentiation system should be amenable to be scaled-
up and allow for environmental control (pH, oxygen, cyto-
kines, nutrients concentration). The differentiation of pluri-
potent stem cells is typically performed by culturing them
as adherent monolayer at high cell densities or by growing
them as EBs in the case of ES cells. In general terms, the
cell culture bioreactors appropriate for monolayer can be
applied to the differentiation processes employing mono-
layer culture, and those suitable for aggregate cultivation
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will likely also perform well for EB. The key in the cultiva-
tion of pluripotent stem cells for differentiation will thus re-
side in the control of inductive chemical and physical envi-
ronment.

The bottleneck in EB cultivation for differentiation is the
formation of EBs to start the differentiation process. Some
methods more amenable to scale up have been used in EB
culture for differentiation of embryonic stem cells. Zandstra
et al. (121) used spinner flasks to differentiate mouse em-
bryonic stem cells to cardiomyocytes using an ES cell line
carrying the neomycin resistance gene driven by the cardiac
specific marker aMHC. EBs were first formed in petri dishes
to prevent excessive agglomeration of ES cells followed by
18 d culture in spinner flask with 9 d of selection with G418.
This process yielded a population consisting of 70% cells
expressing sarcomeric myosyin heavy chain by flow cytom-
etry. The initial stages of EB formation in petri dishes pose
some challenges, as a high degree of EB agglomeration was
seen when the cells were seeded at high density. The result-
ing large aggregates quickly become necrotic. Formation of
excessively large EBs was alleviated by using methylcellu-
lose in the medium, using limited number of cells in small
hanging drops of medium, and by alginate entrapment (85,
122). Agarose encapsulation was used to control agglomer-
ation of mouse and hES cells in the initial stages of EB for-
mation, the encapsulated mouse ES cells were then trans-
ferred to stirred-cultures. The encapsulation system allowed
a 61-fold expansion in the number of cells which was the
same as the static control non-stirred culture but signifi-
cantly higher than stirred non-encapsulated system. Further-
more, the stirred culture system allowed oxygen tension and
pH to be controlled for evaluation of differentiation 4% and
20% oxygen concentration (123). Another approach for con-
trolling EB agglomeration employs rotating bioreactors. hES
cells were formed small aggregates in a slow turning lateral
turning lateral vessel (STLV) only a few large necrotic ag-
gregates formed in a high aspect rotating vessel (HARV).
The STLV allowed 70-fold cell number expansion after 28 d
of culture and the EBs obtained displayed spontaneous dif-
ferentiation patterns to the three germ layers (124).

The process of EB formation entails a transition from dis-
persed single cell stage to semi-organized three dimensional
structure. EB formation may take place on a non-adherent
surface or in suspension. The process of EB formation,
either on a surface or in suspension, is not unlike the forma-
tion of hepatocyte spheroids (125-127). In the early stage
dispersed cells migrate on surface and move toward each
other; the cluster of cells subsequently becomes a focus of
agglomeration to engulf other cells which come across its
path and establish contacts. In a suspension of cells, the
initial clusters are largely formed by collision of particles.
This initial cell aggregate later reorganize its structure and
establish the characteristic three-dimensional architecture.
Although the process has not been examined extensively in
EB, a similar process of hepatocyte spheroid formation may
hint that after the initial cell agglomeration extensive re-
organization of cytoskeleton and cell surface proteins occur
to give rise to well organized tissue like structure (128,
129). EBs are not merely an agglomeration of cells, but a
mass of cells with relatively regular shape. Many have been
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shown to be hollow in its interior (84), while others are solid
inside. From the similarity of EB to other three dimensional
tissue-resembling structures formed in vitro, there are thus
reasons to believe that mixing vessel will prove to be effi-
cient for large-scale EB formation and differentiation.

CONCLUDING REMARKS

Both embryonic and adult pluripotent stem cells hold
much promise for cell therapies and tissue engineering. The
fulfillment of the promise will require further advances in
our basic knowledge on the mechanisms that maintain pluri-
potency and direct differentiation. The inclusion of unde-
fined components in their cultivation for some types of stem
cells, such as feeder layers, FBS, pose additional challenges
for both clinical application and mechanistic studies. Recent
progress toward eliminating those feeder layer requirement
and development of better defined medium are encouraging.
A variety of culture systems amenable for better environ-
mental control are applicable for stem cell expansion and
differentiation. Their use for various biological investiga-
tions will greatly aid in the advances in unveiling the regu-
lation of pluripotency and differentiation in vitro and facili-
tate clinical applications.
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