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Advances in stem cell biology have afforded promising results for the generation of various cell types for
therapies against devastating diseases. However, a prerequisite for realizing the therapeutic potential of stem
cells is the development of bioprocesses for the production of stem cell progeny in quantities that satisfy clinical
demands. Recent reports on the expansion and directed differentiation of human embryonic stem cells (hESCs)
in scalable stirred-suspension bioreactors (SSBs) demonstrated that large-scale production of therapeutically
useful hESC progeny is feasible with current state-of-the-art culture technologies. Stem cells have been cultured
in SSBs as aggregates, in microcarrier suspension and after encapsulation. The various modes in which SSBs can
be employed for the cultivation of hESCs and human induced pluripotent stem cells (hiPSCs) are described. To
that end, this is the first account of hiPSC cultivation in a microcarrier stirred-suspension system. Given that
cultured stem cells and their differentiated progeny are the actual products used in tissue engineering and cell
therapies, the impact of bioreactor’s operating conditions on stem cell self-renewal and commitment should be
considered. The effects of variables specific to SSB operation on stem cell physiology are discussed. Finally,
major challenges are presented which remain to be addressed before the mainstream use of SSBs for the large-

scale culture of hESCs and hiPSCs.

Introduction

RECENT ADVANCES IN STEM CELL BIOLOGY and biotech-
nology have sparked hope that stem/progenitor-based
therapies will soon be available for devastating maladies
such as Parkinson, cardiovascular diseases, and diabetes.
Two distinctive attributes underlying the stem cells’ thera-
peutic potential are their ability for multilineage differentia-
tion and their extensive proliferative capacity. Taking
advantage of these attributes will require the elucidation
of mechanisms underlying the processes of stem cell self-
renewal and commitment. Equally important is the devel-
opment of bioprocesses for the robust production of stem
cells and their progeny in clinically relevant quantities.

The number of cells utilized in cell therapy protocols in-
cluding those involving the use of engineered tissues, falls
in the range of a few tens of millions to a few billion.! For
example, 1x10° to 2x10° cardiomyocytes are required to
replace damaged cardiac tissue after myocardial infarction.?
Moreover, ~9000islets/kgweight®* or 1.3x10° insulin-
producing B-cells per 70-kg patient* are needed for insulin
independence after islet transplantation. A bioartificial liver
device with ~ 1010 hepatocytes (10-20% of native liver cells)
can support a patient with fulminant hepatic failure.

The production of such quantities of cells can be achieved
with the use of bioreactors. Different designs have been
employed for the culture of stem/progenitor cells, including
bioreactors with fibrous matrices,® flat-bed chambers with
grooves,” and fixed-bed culture vessels.® Other features (e.g.,
electromechanical stimulation’) may also be incorporated in
bioreactors for the culture of tissue constructs.

A broader overview of issues pertaining to bioprocess
fundamentals for the production of stem/progenitor cells and
their derivatives has been provided in recent reports.!0-12
Here, we concentrated on the use of stirred-suspension bio-
reactors (SSBs) which offer distinct advantages for the ex-
pansion and directed differentiation of human embryonic
stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs) (i.e., human pluripotent stem cells) in clinically
relevant amounts although the majority of the issues dis-
cussed pertain to most types of progenitor cells (e.g., hema-
topoietic, neuronal). In conventional stirred-suspension
vessels, concentrations of 10°-107 mammalian cells/mL are
common. The production of 1x10° to 10x10° stem cell-
derived cells for clinical use would require SSBs with
working volumes of a few hundred milliliters to a few liters,
although issues related to the respective efficiencies of dif-
ferentiation and downstream processing (e.g., selection of a
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specific cell type) should be considered as well. SSBs also
have a simple design, can be scaled-up, and allow for online
monitoring and control of the culture variables affecting the
self-renewal and directed differentiation of stem cells. Fur-
ther, these bioreactors provide the operator with the flexi-
bility of various modes including the culture of cells as
aggregates, on microcarriers, or in scaffolds. Most impor-
tantly, SSBs are heavily utilized in the biotechnology indus-
try. Hence, stem cell systems developed around this
bioreactor type may be easier to translate to a commercial
production setting than entirely novel designs.

In current embodiments of the SSB culture technology,
cells are the means for the synthesis of products such as
antibodies, enzymes, vaccines, and viruses. In the context of
stem cell cultivation, the cells are the actual product.!® This
spurs additional considerations regarding the selection of
culture conditions and their effects on the self-renewal and
differentiation state of cultured stem cells. In this article, we
review advances in the use of SSBs for the scalable expansion
and commitment of ESCs. Most importantly, our recent
findings on the expansion of hESCs and hiPSCs in SSBs are
presented. We further discuss challenges that must be
overcome before such systems find widespread application
in the generation of stem cell derivatives. Our results and
recent reports from other groups on the propagation and
differentiation of ESCs in SSBs point to the important role
that this culture modality will play in the development of
bioprocesses for the generation of therapeutically useful stem
cells including hESCs, hiPSCs, adult progenitor cells, and
their derivatives.

Modes of Human Pluripotent Stem Cell
Culture in SSBs

Human ESCs are propagated as colonies on flat substrata,
whereas the culture of hESCs in a three-dimensional (3D)
configuration (e.g., embryoid bodies [EBs]) is typically as-
sociated with their differentiation. Depending on the desired
progeny, stem cells may be cultured as monolayers (e.g., for
obtaining pancreatic islet precursors!4) or aggregates (e.g.,
cardiomyocyte differentiation!®), or in scaffolds (e.g., hema-
topoietic commitment!®). As discussed below, SSBs accom-
modate various such configurations while allowing for the
dynamic adjustment of the culture microenvironment.

SSB culture of pluripotent stem cells as aggregates

Early attempts to grow ESCs in scalable suspension cul-
tures capitalized on the tendency of undifferentiated stem
cells to form aggregates or EBs. We and others!”~*° have
reported the expansion of mouse ESCs (mESCs) as aggregates
in stirred-suspension vessels. In the presence of leukemia
inhibitory factor (LIF), mESCs proliferate as aggregates
without significant loss of viability (typically >85%) and
with doubling times comparable to those of mESCs cultured
in dishes. More importantly, the cells maintain their expres-
sion of pluripotency markers such as SSEA-1, Oct3/4A, and
Nanog, even after multiple, successive passages.'”?° Besides
propagation, SSBs have been used for differentiating mESCs
to a particular progeny. Aggregates of mESCs carrying a
neomycin phosphotransferase gene (conferring resistance to
G418) flanked by the a-myosin heavy chain (¢-MHC) pro-
moter were coaxed to become cardiomyocytes in 250-mL
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spinner flasks equipped with a paddle-type impeller.?! The
cells were cultured in fetal bovine serum-supplemented
medium and 1 nM all-trans retinoic acid was added on day 9.
At the same time, G418 was included for the selection of
cardiomyocyte-like cells. By day 18, ~1.9x107 cells were
present and 71% of these was MF20". A scaled-up version of
the same system with a fully automated 2-L bioreactor fea-
turing a pitched-blade impeller was reported later.?? Im-
plementation of a similar differentiation/selection protocol
led to the production of 1.28x10° ventricular- and atrial- or
pacemaker-like cells after 18 days. The overall cardiomyo-
cyte purity was greater than 99.99% as judged by immuno-
staining for o-MHC. Although these studies were performed
with mESCs, they demonstrated that SSBs are promising
vehicles for the large-scale expansion and differentiation of
human pluripotent stem cells.

The culture of hESCs in suspension bioreactors was first
reported by Gerecht-Nir et al?® Preformed EBs of hESCs
were maintained in slow-turning lateral vessels (STLVs) and
high-aspect rotating vessels (HARVs) known for their low-
shear environment. (These rotating culture vessels may not
be considered strictly as SSBs.) Although massive agglom-
eration of EBs was observed in the HARYV, the cells grew 70-
fold in STLV, reaching 3.6x107 cells/mL after 28 days (Table
1). When compared with dish cultures of hESCs, the DNA
concentration and total protein content were threefold higher
in the STLV. The cells remained viable (despite an initial
decrease in viability) and gave rise to cells of the three germ
layers, suggesting that the bioreactor microenvironment did
not alter the initial developmental events. The same group
recently?® compared the cultivation of hESCs as EBs in
STLVs, spinner flasks with either double glass ball bulb-
shaped impeller or paddle impeller, Erlenmeyer flasks, and
Petri dishes. The authors examined how shear at seeding, cell
seeding concentration, and initial size of the hESC clumps
affect the culture outcome in these vessels. Cells in glass bulb
impeller-equipped spinner flasks (at 75rpm) reached the
highest concentration of 5x10° cells/mL or 6.4-fold expan-
sion in 10 days compared with only 1.2-fold expansion for
STLV cultures (rotated at 16 rpm). Human ESCs cultured in
spinner flasks with paddle-type impeller (operated at
105rpm) grew to 1.7x10° viable cells/mL (2.2-fold) over
the same period. The resulting EBs contained cells of all
germ layers, including beating cardiomyocyte-like cells,
a-fetoproteint cells, CD31" endothelial cells, and f3-
tubulin® neuroectoderm cells. Although it was unclear how
the agitation rate (and corresponding shear levels) for each
culture modality was selected, these findings illustrate the
impact of bioreactor’s operating conditions on the propaga-
tion of hESCs.

Cameron et al.25 also reported the culture of hESCs as EBs
in spinner flasks with medium containing serum. The cells
became mainly hematopoietic progenitors but cells that ex-
pressed ectoderm- and endoderm-specific genes were also
present. A 15-fold expansion was measured over 21 days of
bioreactor culture compared with only 4-fold in static cul-
tures.

Unlike mESCs, hESCs differentiate extensively when cul-
tured as aggregates in SSBs. The differences in the culture of
hESCs and mESCs hamper the direct translation of earlier
findings from mESC studies to the culture of hESCs in SSBs.
For example, we have demonstrated!” that mESCs can be
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EXPANSION AND DIFFERENTIATION OF HUMAN EMBRYONIC STEM CELLS

IN VARIOUS STIRRED-SUSPENSION BIOREACTORS

Culture mode Expansion

Differentiation Reference

Aggregate culture 15-fold in 21 days (spinner flask

with hanging magnetic stir bar)

70-fold in 28 days
(slow-turning lateral vessel)
1.2-fold in 10 days
(slow-turning lateral vessel)
6.4-fold in 10 days
(spinner flask with
glass ball impeller)
2.2-fold in 10 days
(spinner flask with
paddle impeller)
5.6-fold in 7 days
(spinner flask with
triangular impeller
and glass-etched baffles)

Microcarrier culture  34- to 45-fold® in 8 days

6.8-fold® in 14 days
4.2-fold® in 7 days
(5.8-fold® at day 5)

CD34+CD31* hematopoietic Cameron et al.?5
progenitors peaked (5-6%)
at 14 days

EB formation—no specific cell
lineage differentiation

EB formation—no specific cell
lineage differentiation

EB formation—no specific cell
lineage differentiation

Gerecht-Nir et al.3

Yirme et al.?*

EB formation—no specific cell
lineage differentiation

Aggregate formation—no specific cell
lineage differentiation

This study

Differentiation to definitive endoderm  Lock et al.®>
(FOXA2*/SOX17+) cells
with >80% efficiency

- Fernandes et al.®”

- Oh et al.%8

aBased on initial hESCs attached onto microcarriers.

PBased on hESCs inoculated for attachment to microcarriers. No information is available on the attachment efficiency of hESCs onto

microcarriers.
hESCs, human embryonic stem cells; EB, embryoid body.

adapted to defined serum-free medium containing LIF for
their expansion in dishes and spinner flasks. However, LIF is
not sufficient for the maintenance of hESC self-renewal.?62”
Elucidation of the mechanisms preventing the differentiation
of hESCs will clear the way for developing chemically de-
fined media for hESCs. Even so, multiple efforts on the de-
velopment of defined media for hESC culture have been
reported as discussed elsewhere in this article.

Current hESC methods also require that hESC colonies are
only partially dissociated into small clumps instead of single
cells to remain viable and self-renewing. In contrast, mESCs
can be passaged as single cells without loss of their pluripo-
tent status. Seeding-dispersed mESCs in a stirred-suspension
vessel favors a fairly narrow distribution of aggregate sizes
which can be controlled through adjustments in the agitation
rate.'”1° This in turn leads to a reduction in the uncontrolled
differentiation of ESCs as observed in oversized aggregates
in spinner flasks. Inoculation of hESCs as small clusters with
variable size results in an uneven distribution, and size dif-
ferences are further magnified by cell proliferation in the
bioreactor.

Hence, devising methods for the seeding of hESCs as single
cells may be advantageous for their propagation in suspen-
sion bioreactors. Watanabe et al.2® demonstrated that when
hESCs are treated with the selective Rho-associated kinase
(ROCK) inhibitor Y-27632, dissociation-induced apoptosis is
markedly diminished even in serum-free suspension cul-
tures. Cells treated with Y-27632 form floating aggregates in
low-adhesion dishes without loss of their viability. Moreover,
ectoderm differentiation of these cells was demonstrated.

Others have also shown that exposure to Y-27632 promotes
hESC self-renewal® even after cryopreservation,®® suggesting
that the observed effect is independent of the hESC line used.
Inhibition of the Rho-associated kinase in hESCs may be
combined with hESC colony dissociation methods which limit
the risk for unprompted differentiation. Bajpai et al.3! showed
that hESC colonies treated with accutase (a commercially
available enzyme mix with proteolytic and DNAse activities)
can be dissociated into single cells and passaged multiple
times without differentiation. Our group (Fig. 1) and others
are currently working toward adapting such protocols to the
culture of hESCs in stirred-suspension vessels and interesting
findings are anticipated in the near future.

Culture of encapsulated stem cells
in stirred suspension

The excessive agglomeration of ESC aggregates or EBs
reduces cell yields®? and may be circumvented by cell en-
capsulation. Magyar et al.3® showed almost a decade ago that
mESCs forming EBs can be encapsulated in alginate mi-
crobeads. The alginate concentration affected the 3D orga-
nization of cells because cysts were observed within EBs in
1.1% (w/v) but not in 1.6% (w/v) alginate capsules. When
the encapsulated cells were seeded in gelatin-coated dishes,
spontaneously beating cardiomyocyte-like cells and smooth
muscle cells (in the presence of retinoic acid) emerged. More
recently, mESCs encapsulated in alginate beads were cul-
tured in 50 mL HARV bioreactors while being coaxed toward
osteogenic lineages.3
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FIG.1. Human embryonic stem A
cells (hESCs) propagated as ag- I
gregates in stirred-suspension £ 5
culture. (A) H1 hESC colonies ST
were dissociated into single cells e v
using accutase®! in the presence R i v 2
of the Rho-associated kinase 2 :
(ROCK) inhibitor Y-27632. Single
cells were incubated in mouse
embryonic fibroblast (mEF)-

®o

conditioned medium with 10% ®
Matrigel (to facilitate initial L f
aggregation) and 10 pM Y-27632
for 30 min. Subsequently, the cell

2.0

suspension was introduced into
spinner flasks with mEF-
conditioned medium and the
agitation rate was set to 60 rpm.
The cells formed stable aggre-
gates and grew as shown in the
micrographs from days0,2,3,to 7.
(B) Live cell concentration and
viability of H1 hESCs cultured

in a spinner flask with mEF-
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mented with Y-27632. The flask
was seeded with 6x10%

OCT3/4A

NANOG

hESCs/mL. The upper arrow points indicates that cell viability values for the curve right under it should be read on the
vertical axis on the right. Similarly, the lower arrow indicates that cell concentration values for the curve below this arrow are
found on the vertical axis on the left. (C) Quantitative polymerase chain reaction was employed to probe the expression of
pluripotency genes by hESCs cultured in the bioreactor (dark bars). White bars represent the expression of the correspond-
ing genes in hESCs maintained in Matrigel-coated dishes (control). Values are shown as mean =+ standard deviation (1 =3).
(D) Cells from the bioreactor were plated and immunostained for OCT4 (green) and SSEA-4 (red). Scale bars: (A) 200 pm,
(D) 50 um. Color images available online at www. liebertonline.com/ten.

Human ESC aggregates have also been encapsulated in
1.1% (w/v) alginate beads and cultured for up to 260 days
without any passaging or enzymatic/mechanical manipula-
tion.%® Approximately 5-7 hESC aggregates were encapsu-
lated in each alginate bead and grew to a maximum size of
400-500 pm without outgrowing the alginate matrix. The
cultured hESCs expressed pluripotency markers such as OCT-
4, SSEA-4, TRA-1-60, and TRA-1-81. After their prolonged
culture, these cells gave rise to cells of the three germ layers,
that is, chondrocyte-, neuronal-, and pneumocyte-like cells.
In addition to alginate, poly(lactic-co-glycolic acid)/poly
(t-lactic acid) scaffolds,® hydrogels of agarose,” synthetic
semiinterpenetrating polymers,® and hyaluronic acid®® have
been used for the encapsulation and culture of hESCs.

Most of these matrices have been shown to support self-
renewal and/or differentiation of hESCs in static cultures. In
principle, stem cells can be cultured in SSBs when seeded in
scaffolds with particular biochemical and mechanical fea-
tures. Scaffolds have been used in suspension bioreactor
cultures to enhance the formation of 3D tissues and the dif-
ferentiation of stem/progenitor cells to myocardium,?
bone* cartilage,*?43 pancreatic islets,** hematopoietic
cells,'® and vascular grafts.*> The scaffold environment can
be customized by embedding primordial tissue,* growth
factors,*” and small functional groups®® including moieties
for the binding of cells or controlled degradation of the
matrix*® (e.g., see Ref.5%). Thus, microenvironments can be
created within SSBs that are suitable for the self-renewal of
stem cells or for guiding their differentiation along with

promoting the organization of cells in 3D structures akin to
those of native tissues. Such encapsulated tissue constructs
are less susceptible to immunorejection by the host and their
delivery is better targeted as opposed to suspensions of stem
cell-derived cells.2 Moreover, the in vivo degradation kinetics
of the scaffold can be tuned permitting sufficient time for the
vascularization of the engineered tissue and its functional
integration with the host organ.

Microcarrier culture of pluripotent stem cells

Microcarrier bioreactors have been used for the culture of
several cell types,~3* including adult progenitor cells.5>5¢
Several attributes of the microcarrier SSB make it attractive for
hESC expansion and directed differentiation. First, micro-
carrier systems afford the flexibility of culturing cells either
within macroporous or on compact microcarriers. For exam-
ple, mESCs cultured on macroporous beads can be coaxed to
cardiomyocytes.*® Conversely, cells on the surface of compact
beads assume a configuration akin to that in monolayers—
unlike in EBs—and have direct exposure to the bulk medium.
This is important for preserving the self-renewal capacity of
hESCs or when efficient differentiation (e.g., to endoderm'4) is
hindered by the formation of EBs. Second, microcarrier cul-
tures are characterized by high surface-to-volume ratio,
thereby accommodating higher cell densities compared with
those in static cultures. More importantly, the available
area for cell growth can be adjusted easily by changing the
amount of microcarriers. Culture of hESCs on microcarriers—
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effectively at a lower local density—may limit the unregu-
lated loss of pluripotency observed in EBs. Third, high cell
concentrations are also facilitated by the tight control and
monitoring of the SSB microenvironment. Such control of the
culture is very important not only for the propagation of
uncommitted hESCs but also for their directed differentiation
upon treatment with multiple soluble agents added to/
removed from the medium in a particular sequence.

mESCs proliferate on microporous collagen-coated dex-
tran beads (Cytodex 3), glass microcarriers, and macro-
porous gelatin-based beads (Cultispher S) in spinner
flasks.195758 Under different inoculated cell densities and
microcarrier concentrations, mESCs on microcarriers in-
creased from ~70-fold (8 days) to ~190-fold (15 days). The
cultured mESCs expressed Oct4, Nanog, and SSEA-1, and
when dissociated from the beads, they formed EBs yielding
cells with markers such as Flk-1, CD34 and o-MHC (meso-
derm), HNF-3B'° (endoderm), and B3-tubulin®” (ectoderm).

The use of multiple bead types in the above reports illus-
trates another advantage of the microcarrier culture of ESCs.
Microcarriers can be customized, for example, by attaching
various synthetic peptides® or extracellular matrix molecules,
to accommodate the adhesion needs of diverse cell types or
hESC lines. This is important considering that different ex-
tracellular matrix molecules support in varying degrees the
proliferation of pluripotent hESCs. Beads coated with mole-
cules such as collagen (a component of Matrigel) or fibro-
nectin (which also supports hESC growth®!) are commercially
available. In fact, different types of microcarriers were recently
tested with hESCs in low-adherence plates®>®® and mixed
results were shown. For example, Nie et al.®® reported that
Cytodex 3 beads appeared to promote better attachment and
viability of hESCs, whereas others® observed that hESCs on
these beads exhibited the poorest growth with little or no
recovery of viable cells after 48-72h. Such discrepancies may
be due to the different hESC lines used. Nonetheless, the ad-
hesion efficiency of hESCs increased when the beads were
coated with Matrigel or seeded with mouse embryonic fi-
broblasts (mEFs). Cells grew on beads at a comparable rate to
hESCs expanded in dishes, remained positive for pluripotency
markers (e.g., OCT4, TRA-1-81), and when induced they dif-
ferentiated to cells of the three germ layers. In fact, hESCs
cultured on microcarriers for multiple passages and cryopre-
served displayed a better recovery after thawing compared
with freely suspended hESCs.®

We demonstrated for the first time®46> that hESCs can be
cultured on microcarriers in a SSB. Human ESCs grew at
lower agitation rates (45 and 60 rpm) with a doubling time
comparable to that of hESCs maintained in static cultures
(~36h), whereas growth was severely retarded at a higher
stirring speed (80 rpm). Moreover, hESCs seeded at 5x10* to
20x10* cells/mL populated the Matrigel-coated beads with
23-30% efficiency compared with only ~7% observed in
dish cultures.®® The cells were positive for OCT3/4A, NA-
NOG, REX1, SSEA-4, and TRA-1-81 during their expansion,
whereas the expression of lineage-specific genes was either
minimal or absent. These findings show that propagation of
undifferentiated hESCs in microcarrier cultures is feasible
under appropriately selected operating conditions. Accord-
ingly, more recently, others®”-%® have also reported the ex-
pansion of hESCs on microcarriers in spinner flasks.
Interestingly enough, we have applied successfully the same
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methodology for the culture of B12-3 hiPSCs® on micro-
carriers in SSBs (Fig. 2).

In the same study,®® we directed hESCs in a microcarrier
bioreactor to definitive endoderm cells, which are precursors
of islets and hepatocytes. For this purpose, H1 and H9 hESCs
expanded on microbeads were treated with activin and
Wnt3a in a medium with 0-2% serum. Cells coexpressing
FOXA2 and SOX17 (signifying definitive endoderm cells)
emerged with efficiencies >80% (compared with ~63% in
dishes). The differentiating cells transitioned through a me-
sendoderm stage as reported previously for mESCs”® and
hESCs.14 Subsequent treatments of these cells with appro-
priate factors (e.g., KGF) yielded cells expressing posterior
foregut markers. Our results support the use of microcarrier
SSBs for the directed differentiation of hESCs en masse.

Even so, several issues should be addressed before micro-
carrier systems can be used for commercial hESC-based ap-
plications. For example, the hESC subcloning efficiency on
beads is low (although better than in static cultures). Coating
the microcarriers with Matrigel has proven effective in im-
proving the poor adhesion of hESCs but the compound’s
animal origin makes it unsuitable for the culture of cells for
therapies. The same is true about the use of mEFs to coat
beads®® for hESC culture although clinical-grade human
fibroblasts could be employed.”! The initial attachment of
cells to beads may be improved by functionalizing the beads
with animal product-free molecules, which enhances hESC
adhesion. The observed low subcloning efficiency of hESCs in
microcarrier cultures is also due to the seeding of hESCs as
clumps instead as single cells on beads. Methods for the dis-
persion of hESC colonies (see SSB culture of pluripotent stem
cells as aggregates) into single cells prior to seeding onto mi-
crocarriers may alleviate this issue. In addition, we observed a
decline in the hESC viability during switching from expansion
to differentiation conditions in the bioreactor. This coincided
with the withdrawal of serum replacement supplements used
during the expansion step. Cell death was also noted during
differentiation of ESCs in static cultures, suggesting that the
bioreactor environment per se is not the cause of this decline in
viability. However, alternative formulations of defined media
for optimal preservation of the viability of propagating/
differentiating stem cell populations will play a central role in
future implementations of such scalable culture systems (see
also Chemically defined media for stem cell culture).

Lastly, dissociating and separating large quantities of cells
from beads after expansion/differentiation and between
passages is challenging. Different separation methods have
been described, including low-speed density centrifugation”?
and tangential flow (but not dead-end) filtration.”® Effective
deployment of microcarrier-based bioprocesses for the
expansion/directed differentiation of hESCs will rely upon
the engineering of high-throughput strategies for efficient
cell-bead separation and cell retention.

Major Variables in the Culture of Stem Cells in SSBs

The physiology of stem cells in conventional static cultures
is affected largely by the global (bulk concentration) and
local availabilities (concentration gradients) of oxygen, nu-
trients, and growth factors. The outcome of ESC culture
depends on factors such as medium composition,!” pH,”*
and cell inoculation density.'® However, a distinct feature of
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FIG. 2. Expansion of human induced pluripotent stem cells (hiPSCs) in a microcarrier bioreactor. Human iPSCs (B12-3, see
Ref.®%) were seeded on Matrigel-coated beads and cultured in a spinner flask as described previously for the culture of hESCs
on microcarriers.®® (A) Temporal profiles of hiPSC concentration and viability for different seeding cell densities: solid line
with circles: 0.25x10° hiPSCs/mL; dashed line with squares: 0.5x10° hiPSCs/mL; dotted line with triangles: 1x10°
hiPSCs/mL. The cells were cultured at 45rpm. The efficiencies of initial attachment of hiPSCs on the beads for the above
seeding densities are shown in the table as mean =+ standard deviation. The upper arrow points indicates that cell viability
values for the curve right under it should be read on the vertical axis on the right. Similarly, the lower arrow indicates that cell
concentration values for the curve below this arrow are found on the vertical axis on the left. (B) hiPSCs on microcarriers
on day 6. (C) hiPSCs dissociated from beads on day 8 were plated and stained for OCT3/4A (green) and SSEA4 (red), or
(D) OCT3/4A (green) and TRA-1-60 (red). Scale bars: (B) 200 um, (C, D) 20 pm. Color images available online at www
Jiebertonline.com/ten.

the SSB culture is stirring, which creates a homogeneous but
dynamic environment. The agitation-induced shear and the
availability of dissolved oxygen are discussed in more detail
here. Besides their effects on viability, shear and dissolved
oxygen may alter the gene expression of ESCs and thus their
fate decision processes.

Agitation

Agitation is essential for ensuring that all cells in stirred tank
cultures are exposed to a medium with same composition, and
for keeping the aggregates or microcarriers suspended. Main-
tenance of stem cell self-renewal may require a homogeneous

environment considering that differentiation is associated with
the presence of concentration gradients of (e.g., growth) fac-
tors.”> Stirring, however, creates shear which may aid in con-
trolling the size of aggregates by avoiding the formation of
oversized clusters (as shown for mESCs!'”'® and other cell
types’®”7 cultured in spinner flasks) or the agglomeration of
cell-laden beads. The maximum mean aggregate size Do 1S
related to adjustable SSB culture variables such as the kine-
matic viscosity v of the medium and the viscous energy dis-
sipation per unit fluid mass € (see Eq. 9) as follows:

Dmux =ceVP )
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Values for the parameters c, o, and B can be estimated from
experimental data as shown for BHK cells’® and neural stem
cells” cultured in spinner flasks with ball and paddle im-
pellers.

However, it is the damage which shear can cause on the
cultured cells that makes essential the selection of an ap-
propriate agitation rate N. In addition, shear depends on the
geometric characteristics of the vessel and the impeller, the
presence of baffles, and the physical properties of the me-
dium. An estimate of the shear stress in an SSB is the inte-
grated shear factor 808%:

2nND;

ISF =
S DlliDlv

@

where D; and D, are the diameters of the impeller and the
vessel, respectively. Alternatively, a time-averaged shear rate
7 was proposed by Croughan et al.8%

. 112.8ND!8(D%2 — DY2)
’y =

D2 _D? ©)

The diameter of the vortex zone D, is given as

Re
D.=Dj— 4
©7 71000 + 1.6Re @
and the Reynolds number as
ND?

Re= sz )

with p and p being the density and dynamic viscosity of the
medium, respectively. The maximum time-averaged shear
rate

'51 = Ki 7ZND,‘ (6)

occurs in the jet off the impeller and depends on the impeller
type (K; ~ 04cm™! for flat-blade impeller). Then, the cor-
responding maximum shear stress is given as

Tinax = S (7)

Another expression for t,,, was later developed based on a
model flow-field assuming isotropic turbulence.®® Fluid
perturbations at the impeller region create a cascade of ed-
dies with decreasing size down to the viscous dissipation
range. The size 1 of the smallest (known as Kolmogorov
scale®*) eddies can be calculated as

n=>/e)'* ®)

and the viscous energy dissipation per unit fluid mass is
e=N,DN°/V, ©)

with N, and V, being the dimensionless power number and
the dissipation volume, respectively. The eddy size decreases
as the agitation speed increases. Kolmogorov-eddies with
sizes similar to those of microcarriers or aggregates are det-
rimental for cultured cells.328586 Bead-to-bead collisions can
also be a major source of cell damage although their effects
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are more difficult to model.# Single cells in suspension are
also damaged by similar-size eddies in the absence of bub-
bles®”88 (see also Dissolved oxygen) but the formation of such
small eddies requires impractically intense agitation. Thus,
suspended single cells are damaged at much higher agitation
rates compared with cells in aggregates or on microcarriers.
Under this model, the maximum shear stress®® which the
cells experience can be estimated from

Tax = 5.33p(er)/? (10)
Most reports on the effects of shear on cells focus on cell
damage and death. Shear stress at ~0.65Pa is sufficient to
remove human embryonic kidney cells cultured on sur-
faces,”® whereas significant damage ensues at 26 dyn/cm?.
Others® have suggested that shear stress at a range of
15-30dyn/em? reduces cell viability. Obviously, these
thresholds for shear stress are cell type-dependent and the
conditions can be chosen to lower the shear in the SSB to a
level that the cells can tolerate well. Cormier et al.'® suc-
cessfully expanded mESCs as aggregates in spinner flasks at
80-100 rpm which corresponds to a maximum shear stress
ranging between 4.5 and 6.1dyn/cm? However, extensive
mESC damage and no proliferation were noted when stirring
was increased to 120rpm or a maximum shear stress of
7.8dyn/cm?. For comparison, STLVs which have also been
used for ESC culture exhibit very low shear stress levels”!
(~1072 dyn/cm?).

The damaging effects of shear on cells cultured in SSBs
may be reduced with the use of additives (shear protectants).
Various additives have been studied for protecting animal
cells against agitation (and aeration) damage, including se-
rum, pluronic polyols, celluloses, and dextrans. These com-
pounds exert their effects by making cells more resistant to
shear (e.g., physical incorporation in the cell membrane) or
by decreasing the level of transmitted shear forces to the cells
(e.g., by varying the viscosity of the culture medium).”?
Protein-containing additives are less desirable not only be-
cause of their higher cost but also because of the complica-
tions they introduce in downstream processing and their
potential effects on stem cell physiological state. The impact
of various shear protectants on growth kinetics and viability
has been studied for different types of cells cultured in SSBs.
Recently, dextran (up to 50g/L) or carboxymethylcellulose
(up to 10 g/L) was used to modulate the viscosity of medium
for the culture of mouse neural progenitor cells as aggregates
in SSBs,”? and a correlation (using Eq. 1) was derived for
controlling the average size of mouse neural progenitor cell
aggregates. A similar methodology as described previously
for suspended cells (see Ref.”? and citations therein) and
microcarriers”® can be implemented for assessing the pro-
tective effects of a candidate additive on ESCs cultured in
SSBs. To our knowledge, however, a detailed analysis of the
effects of shear-protection additives on ESC proliferation,
viability, and pluripotency has not been carried out to date.

Even when the operating conditions are such so that the
maximum shear is kept well below that causing cell damage,
shear can have a significant impact on stem cell self-renewal.
The role of mechanical force transduction on ESC physiology
has not been fully elucidated. Human ESCs cultured under
cyclic strain retain their pluripotency®* most likely because of
the observed induction of transforming growth factor-B/



412

activin/nodal expression.”> mESCs exposed to 10dyn/cm?
raise their histone acetylase activity, resulting in remodeling
of their chromatin structure with concomitant increase in
cardiac- and vascular-specific markers.”® Even mESC-
derived Flk-1* cells subjected to a shear stress of 1.5-
10 dyn/em? exhibit increased proliferation and expression of
endothelial proteins (Flt-1, VE-cadherin, and PECAM-1).%” In
addition, preferential differentiation toward cardiac cells has
been noted for mESCs cultured in rotary orbital suspension
and spinner flasks.?%?8 Further research is warranted into the
signaling mechanisms triggered by shear and regulating the
fate decisions in stem cells.? Notably, efforts in this direction
have been intensified with the design and fabrication of
microfluidic devices which allow for close monitoring and
control of the stem cell microenvironment.!00-102

Dissolved oxygen

Stem cells in the developing embryo experience low oxy-
gen levels. Oxygen tension in the mammalian reproductive
tract is ~60 mmHg in hamsters and rabbits and decreases to
24 mmHg during blastocyst formation and implantation.!03
The uterus of rhesus monkeys is also characterized by low
oxygen levels of 11 mmHg. Although the reasons for such
low oxygen tension are unclear, this environment is hy-
pothesized to protect the ESCs from oxygen toxicity while
inducing the upregulation of an array of genes orchestrating
the earliest steps of development.

Studies on mESCs have suggested that hypoxia promotes
differentiation through negative regulation of the LIF-STAT3
signaling by the hypoxia-inducible factor-1o gene.1% This is in
line with the observed increase in the efficiency of cardiogenic
differentiation of mESCs'%® and hESCs!% cultured under
hypoxic conditions (4% oxygen) in bioreactors. Moreover,
fewer spontaneous chromosomal aberrations have been ob-
served®® when hESCs are cultured at 2% versus 21% oxygen.
Comparison of gene expression between hESCs maintained
under 4% or 20% reveals the differential regulation of (mainly
hypoxia-inducible factor-controlled) genes encoding enzymes
for carbohydrate metabolism and cellular redox state, al-
though pluripotency markers such as OCT4 and NANOG
remained largely unaffected.'®” Moreover, hESCs cultured at
20% oxygen also show upregulation of genes associated with
lineage specification, suggesting that hypoxic conditions fa-
vor the maintenance of pluripotency. Nevertheless, the effects
of hypoxia on ESCs remain unsettled. For example, Chen
et al.198 showed that the culture of hESCs at 5% oxygen is not
advantageous for keeping the cells undifferentiated com-
pared with their culture at normoxia.

These observations point to the impact of oxygen regula-
tion on the outcome of ESC cultures in SSBs. Cells residing
within clusters experience oxygen transfer limitations with
increasing aggregate size. Oxygen diffusion models devel-
oped for multicellular spheroids or tumors'®-1!! can be ap-
plied to ESC clusters.!'> However, one should also take into
account the typically diverse ultrastructural attributes of ESC
aggregates. Stem cell clusters may undergo compaction as
observed in other cell types,!!® contain cysts, or form external
layers of extracellular matrix with variable thickness.!* The
transfer of oxygen from the bulk medium should be at least
equal to the specific oxygen consumption rate (OCR) of
ESCs. We have measured an OCR of 1.7x10~! mol oxygen/
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(cell)(s) for H9 hESCs cultured as aggregates (maximum size
of 400 um) in mEF-conditioned medium. Because of its strong
dependence on culture conditions, the OCR should be de-
termined experimentally for a particular system.

Besides the profile of oxygen inside ESC aggregates, the
transfer of oxygen in the bulk medium becomes particularly
important as the size of the culture vessel increases. Larger
vessels typically feature modules for forced oxygenation
(sparging) because headspace aeration is not sufficient to
maintain proper levels of dissolved oxygen. However, the
resulting bubbles contribute to the shear stress (due to agi-
tation) inside the bioreactor. The cell damage caused by cell-
to-bubble interactions in the bulk is not as significant!!® as
that induced by bubble coalescence and breakup close to the
air-medium interphase.34 This problem can be ameliorated
by adjusting the sparging gas flow rate and using surface
tension-lowering additives (e.g., pluronics). As already
mentioned, a detailed analysis of the effects of such additives
on ESC proliferation and pluripotency is not yet available.
mESCs cultured as EBs in a 2-L stirred tank with sparging
and in the presence of 0.0125% antifoam C retained their
viability and adopted a cardiomyocyte-like phenotype.??
Whether expansion of undifferentiated stem cells in a bio-
reactor with active aeration (as opposed to oxygen transfer
from the headspace) in the presence of surface active agents
is feasible remains an open question.

Large-Scale Bioreactor Culture of Human
Pluripotent Stem Cells: Challenges

Despite recent advances in the culture of human stem cells
in SSBs, multiple issues remain to be addressed before these
bioreactors can be utilized in clinical stem cell-based appli-
cations. Design rules and pertinent heuristics are well es-
tablished for the scale-up of SSBs for animal cell culture but
hESCs pose unique challenges. After extensive mitosis in the
bioreactor, hESCs may develop karyotypic abnormalities
associated with prolonged culture,'16-118 which render them
unfit for clinical use. Unfortunately, no methods exist for the
real-time probing of cultured hESCs for chromosomal aber-
rations. Similarly, methods are lacking for online monitoring
of the differentiation of hESCs to a particular progeny in
bioreactors. Although reporter genes with lineage-specific
promoters have been introduced to hESCs for optimization
of differentiation protocols, such genetic manipulations
should be avoided for stem cells intended for therapies.
Moreover, differentiation of hESCs typically results in het-
erogeneous populations and the presence of undifferentiated
cells can lead to tumor formation. Accordingly, new high-
fidelity technologies will be necessary for the sorting of
un/differentiated cells in medically relevant quantities based
on specific markers.

The design of large-scale bioprocesses should conform to
good manufacturing practices (GMPs) for the production of
clinical-grade stem cell derivatives. GMPs go beyond the
bioreactor and encompass automation for process monitor-
ing and control, maintenance of sterile conditions, and effi-
cient operation management. Stem cells used in the process
should also conform to GMPs mainly from a safety stand-
point. Unfortunately, most hESC lines which are available
today have been exposed to animal cells or proteins ren-
dering them unsuitable for therapies. For example, nonhu-
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man immunogenic molecules have been detected in hESCs
cultured on mEFs.!? Human ESCs exhibit low immunoge-
nicity, 120121 but the changes in immunocompatibility
brought about by their culture should be further elucidated.
Addressing these concerns will require the development of
new GMP-compliant hESC lines. Beyond the significant cost
of deriving and maintaining new hESC lines, nontrivial ethi-
cal issues stem from the use of human oocytes for the gener-
ation of these cells. However, alternative methods for deriving
hESCs122123 and the recent generation of hiPSCs!?+12> may
alleviate such concerns. The generation of hiPSCs from the
adult cells of a patient may also abolish the need for costly
generation and maintenance of numerous hESC lines with
diverse human leukocyte antigen (HLA) profiles.

As the bioreactor size for stem cell products increases, the
cost per unit product reduces (economy of scale). Yet, small-
scale production may be necessary to generate patient-
specific cells. If so, many of the scale-up issues for SSBs are
put at ease. As already mentioned, bioreactors with working
volumes of a few hundred milliliters to a few liters may be
sufficient to produce the cell quantities needed per patient.
However, the development of defined media for the culture
of human pluripotent stem cells and the modeling of stem
cell populations are deemed significant irrespective of the
scale of the process and are discussed below.

Chemically defined media for stem cell culture

Human ESCs were first derived and cultured on layers of
mEFs or feeder cells'2¢ isolated from the nonvisceral tissue of
day E13.5 embryos. The feeder cells are mitotically in-
activated (chemically or by irradiation) to avoid the risk of
fast-growing strains overtaking the hESC culture. The inac-
tivation of feeder cells, however, does not eliminate the risk
for transmission of mEF-borne pathogens to stem cells. Hu-
man fibroblasts'?712° including commercially available fi-
broblast lines have been used as feeder cells for the
derivation and culture of hESCs for over 20-30 passages'®’ in
media supplemented with a serum replacer.’®! Even so,
many of these mEF surrogates are generally maintained in
fetal bovine serum, posing again an increased risk of xeno-
pathogen contamination. Therefore, research has been spur-
red into alternative, feeder-free systems for the maintenance
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of hESCs or their derivatives. The issue of eliminating the
use of feeder cells is accentuated if one considers the scal-
ability of bioprocesses for stem cell production.

A common practice is the cultivation of hESCs on
Matrigel-coated surfaces without mEFs but in mEF-
conditioned medium supplemented with basic fibroblast
growth factor'? and serum replacer. The bone morphoge-
netic protein suppressor Noggin appears to further limit
the aberrant differentiation of cultured hESCs.!3* Even basic
fibroblast growth factor alone was shown to support the
propagation of undifferentiated H9 and H7 hESCs for 15
passages without the use of conditioned medium.!** These
have been major steps toward abolishing the need for co-
culture of hESCs with xenogeneic feeder cells.

Nonetheless, hESCs on Matrigel tend to differentiate over
time despite the use of pro-self-renewal factors.!% With clini-
cal applications of stem cells in mind, these approaches still
do not address the possible zoonosis associated with the use
of Matrigel (a mixture of ECM molecules extracted from
mouse Engelbreth-Holm-Swarm tumors!3®) or feeder cell-
conditioned medium. To that end, Ludwig and coworkers!3”
showed that hESCs can be sustained for up to 6 months
without feeder cells in medium containing only recombinant
or human proteins. Yao et al.!38 also demonstrated the main-
tenance of hESCs and their directed differentiation in a chem-
ically defined medium with the B27 and N2 supplements.

Ultimately, media for the cultivation of pluripotent hESCs
and hiPSCs should be not only free of animal products but
also inexpensive, thereby making future bioprocesses eco-
nomically attractive. Given the high cost of growth factors,
attempts have been made to minimize their use, for example,
by including natural and synthetic small molecules that sup-
port the stem cell self-renewal or differentiation and can be
isolated /synthesized economically. Small molecules have
been shown to target signal transduction pathways such as
the Wnt, Hedgehog, retinoid, and NF-«B, which either alone
or in concert dictate the fate of stem cells (Table 2).139-147 Sato
et al.'*® demonstrated that mESCs and hESCs remain undif-
ferentiated in culture when treated with 6-bromoindirubin-3'-
oxime, which activates the canonical Wnt/B-catenin pathway
by selectively inhibiting GSK-3p. Another small molecule, IQ-
1, was shown to maintain mESC pluripotency by preventing
B-catenin from switching between transcriptional coactivators

TABLE 2. SMALL MOLECULES SUPPORTING THE SELF-RENEWAL AND/OR DIFFERENTIATION
ofF HumaN EMBRYONIC STEM CELLS

Molecule Concentration Reference

6-Bromoindirubin-3'-oxime—a Glycogen synthase kinase 3 (GSK-3) inhibitor; 2uM Sato et al.148
maintains ESC self-renewal

Stauprimide—downregulates the expression of c-Myc; increases the efficiency 1pM Zhu et al.146
of directed differentiation

5-Aza-2'-deoxycytidine—a DNA demethylation agent; promotes cardiac differentiation 1-10pM Xu et al.?®

Ascorbic acid—promotes cardiac differentiation 0.1 mM Passier et al.143

Dorsomorphin—a bone morphogenetic protein inhibitor; promotes neural differentiation =~ 200nM Wada et al.1#

Purmorphamine—an activator of Hedgehog pathway; induces neuronal differentiation 0.5-2uM Li et al.142

Rosiglitazone—a peroxisome proliferator-activated receptor gamma (PPARY) agonist; 1pM Xiong et al.145
promotes adipogenic differentiation

SAG—an agonist of Hedgehog signaling; enhances spinal neuron differentiation 0.01-1pM  Wada et al.14

SB203580—a p38 mitogen-activated protein kinase (MAPK) inhibitor; <10puM Graichen et al.'47

promotes cardiac differentiation
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CREB binding protein (CBP) and p300.14° Small molecules
targeting the Wnt or Hedgehog pathway also promote dif-
ferentiation of stem cells to cardiac,’® hematopoietic,'®!
neuronal, ' and bone!®® cell phenotypes. With the advent
of high-throughput screening technologies, small-molecule
libraries!® are analyzed to identify molecular interactions
leading to particular stem cell responses (see Refs.155:156),
Structural and functional information for such small mole-
cules can be found at the public database PubChem (http://
pubchem.ncbi.nlm.nih.gov/) established as part of the Mole-
cular Libraries Roadmap Initiative by the National Institutes
of Health.

Predictive models for stem cell populations

An important aspect of a stem cell bioprocess is the use of
models for predicting the number and fate of stem cells with
respect to adjustable culture variables. In turn, such models
form the basis for process control and optimization strategies
toward a desired outcome. Various deterministic, stochastic,
and hybrid quantitative frameworks have been reported
for stem cell populations and have been reviewed else-
where.157-160 Here, we discuss population balance equation
(PBE)-based approaches which have been applied to cells
cultured in bioreactors and can be extended to include fea-
tures pertinent to stem cells.

The physiological state of cultured stem cells is affected by
multiple factors (e.g., cytokines, serum) including bioreactor-
specific parameters (e.g., agitation rate). Segregated PBE
models can be used to describe the diversity (e.g., stem cell
mass, age, and differentiation status) of stem cell ensembles
through frequency functions representing the probability
that a cell, picked at random, is in a particular state. Popu-
lation balance models have been employed in a wide range
of processes including aerosol dynamics, particle aggrega-
tion, crystallization, protein precipitation, and microbial and
animal cell population dynamics (in culture or in vivo).161-166
PBE-based approaches have been utilized to predict and
control the property distributions of cells cultured in biore-
actors.167/168 The number distribution function F(%,t) varies
with time ¢ as described by a general cell PBE:

% + Vi - [rx, OF(F, H)]

) J "G OpE, % O)FG, t)iz

—[D@&,C)+ ', C)+ O, O)F (%, £)

where F(x,t)dx represents the number of cells per unit of
culture volume that at time ¢ have physiological state repre-
sentation between x and X + dx. Each cell is characterized by a
set of variables (e.g., mass, protein) contained in the vector x,
and X, corresponds to the maximum values of these vari-
ables. The vector C encompasses the concentration of nutri-
ents, cytokines, and other factors that affect cell proliferation,
differentiation, and death. The distribution of birth state,
p(z, X, C), describes how the cellular material is partitioned
among daughter cells. The quantity r(¥,C) is the single-cell
growth rate'®” and the functions I'(¥, C) and ©(%, C) are the
cell division and death intensities, respectively. Cell differ-
entiation is represented by D(x, C). Additional terms can be
incorporated for conditions specific to each culture system
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(e.g., dilution rate for bioreactors with continuous operation).
The PBEs can be coupled to expressions describing the vari-
ation of the elements of C in the culture.

For systems of stem cells undergoing differentiation, PBEs
can be written for distinct cell types. Pisu et al.1® presented a
mass-structured PBE-based model for the differentiation of
mesenchymal stem cells into bone cells. The model included
equations for three density functions corresponding to undif-
ferentiated mesenchymal cells, chondrocytes, and osteoblasts.
These equations were coupled to temporal profiles of extra-
cellular matrix components (glycosaminoglycans, collagen)
and growth factors (bone morphogenetic proteins and other
transforming growth factor-p ligands). The choice of mass as
an independent variable of the PBE is advantageous because
the first moment of the population density function is the
biomass. In principle, the distribution of masses in a cell pop-
ulation can be determined by flow cytometry. Nonetheless, as
Pisu et al.1%° pointed out, there are no published data pertinent
to PBE modeling expressed in terms of stem cell size (or mass)
distribution in the literature to date. This may be because the
cell mass provides only limited information regarding the
differentiation state of stem cells or their progeny. In addition,
there are challenges in acquiring reliable mass-based distribu-
tions of stem/progenitor cell populations. For example, hESCs
tend to form clusters, making difficult to distinguish mitotic/
dividing cells based on their size by flow cytometry.

For stem cells cultured in bioreactors as aggregates, PBEs
can be used to describe the aggregate number distribution
(Fig. 3). Similar approaches have been implemented for the
aggregation of platelets and other cell types.1”%-172 We have
applied a mass-structured PBE model for the distribution of
mESC aggregate sizes in SSB cultures:

OF(m, t)
or

r F(mc, t)F(m’, )K(mc|m)dm’

- Jm F(m, F (', K (m|m)dm’ (12)

ar[?(m, S)F(m, )]
B om

where F(m,t)dm is the mean number of aggregates with mass
between m and m + dm in a unit volume of the culture at time f.
The first integral describes the formation of ESC aggregates
with mass m (m-aggregates) due to aggregation of clusters
with masses m’ < m and m,=m — m’ (m, refers to the mass of a
single cell). The last two terms represent the “loss” of ESC
m-clusters due to their aggregation with m'-clusters to form
larger aggregates and due to cell proliferation (r(im, S)), which
depends on the concentration of substrate S. The PBE can be
expanded to include other phenomena influencing the process
(e.g., aggregate breakage!”>'74). The kernel K(mlm'), which
captures the probability of adhesion between aggregates with
masses m and m’, was originally reported for spherical body
collisions in laminar shear'”® and various forms considered for
aggregation processes are reviewed elsewhere.176177 In gen-
eral, the aggregation kernel is in the form:

K(m|m’) = p(p)A(m, m") (13)
where B(p) encompasses the efficiency of collisions depen-
dent on multiple parameters described by the vector p (e.g.,
the masses m and n?/, time ¢, shear rate). The function A(m,m’)
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FIG. 3. Solution of a population balance equation for mouse ESCs (mESCs) cultured as aggregates in a 100 mL-spinner flask.
Approximately 2x10* mESCs/mL were seeded and cultured for 4 days at 60 rpm as described.!” Equation 12 was recast in
terms of the logarithm of the mESC aggregate diameter d (i.e., F(Ind, t) = (5% )F(m, 1)) instead of mass, assuming a spheri-
cal shape for single cells and aggregates. The von Smoluchowski kernel, K(m|m’) = jp(t)(m'/ +m'V %)3, was used and the
equation was solved as described before.!”? j is an average shear rate (Eq. 3) in the culture vessel. The collision efficiency
p(t)=p, was estimated in 12-h intervals based on distributions of mESC aggregate sizes determined by image analysis of
micrographs. (A) The first moment g(lnd,t) of the density function F(Ind,f) normalized to the total biomass (i.e.,
/ do:’ g(Ind, t)dInd, where d, is the diameter of a single mESC) is shown for mESC aggregates. (B) Temporal profile of the total
biomass. (C) Values for the average diameter of mESC aggregates at different times. Gray bars: simulation; black bars:

experimental data. Color images available online at www. liebertonline.com/ten.

is the kernel of orthokinetic aggregation of the m and /'
clusters. Moreover, the effect of nutrient/factor concentration
S and supplementation on the process is introduced via the
growth rate r(m, S).

Constraints on the aggregate size of stem cells cultured in
a SSB can be applied based, for example, on the transport of
oxygen or factors important for stem cell self-renewal (e.g.,
LIF for mESCs) or directed differentiation. Then, the above
PBE model can be used to predict an optimal distribution of
stem cell aggregate sizes dependent on the operating vari-
ables and time of SSBs.

To date, application of PBE models to bioreactor culture
systems for animal cells has been limited. First, the algorith-

mic complexity increases substantially as the vector of state
variables, ¥, is expanded. This adds significantly to the com-
putational requirements, although this concern is alleviated
considering the rapid increase in available computing power.
Second, there are no known general forms of the various
single-cell functions involved in PBEs (e.g., for differentiation
D(,C) or partition p(z, X, ()). Identification of such functions
requires measurements at a single-cell level. Rapid estimation
of parameters in distributions of single-cell properties!”® can
be achieved by flow cytometry. Thus far, flow cytometric
analysis in this context has yielded information about the
position of cells in the cell cycle in relation to their size (or
mass).}”%180 However, multiple-state variables besides the
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cell mass will be necessary to describe the populations of stem
cells in either culture or tissues. For example, subpopulations
of cells may be ascribed state variables representing the ex-
pression of markers typical of pluripotency (e.g., OCT3/4A,
NANOG) or of specific lineages. Assessing the distribution of
these state variables will necessitate the development of
highly specific antibodies and the engineering of stem cell
lines carrying reporter genes coupled to lineage-specific gene
promoters. As these tools become widely available, PBE-
based models will become more tractable for stem cell ap-
plications.
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