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Facile Engineering of Xeno-Free Microcarriers
for the Scalable Cultivation of Human Pluripotent
Stem Cells in Stirred Suspension

Yongjia Fan, MS," Michael Hsiung, MS,' Chong Cheng, PhD," and Emmanuel S. Tzanakakis, PhD'™

A prerequisite for the realization of human pluripotent stem cell (hPSC) therapies is the development of
bioprocesses for generating clinically relevant quantities of undifferentiated hPSCs and their derivatives under
xeno-free conditions. Microcarrier stirred-suspension bioreactors are an appealing modality for the scalable
expansion and directed differentiation of hPSCs. Comparative analyses of commercially available micro-
carriers clearly show the need for developing synthetic substrates supporting the adhesion and growth of
hPSCs in three-dimensional cultures under agitation-induced shear. Moreover, the low seeding efficiencies
during microcarrier loading with hPSC clusters poses a significant process bottleneck. To that end, a novel
protocol was developed increasing hPSC seeding efficiency from 30% to over 80% and substantially shortening
the duration of microcarrier loading. Importantly, this method was combined with the engineering of poly-
styrene microcarriers by surface conjugation of a vitronectin-derived peptide, which was previously shown to
support the growth of human embryonic stem cells. Cells proliferated on peptide-conjugated beads in static
culture but widespread detachment was observed after exposure to stirring. This prompted additional
treatment of the microcarriers with a synthetic polymer commonly used to enhance cell adhesion. hPSCs were
successfully cultivated on these microcarriers in stirred suspension vessels for multiple consecutive passages
with attachment efficiencies close to 40%. Cultured cells exhibited on average a 24-fold increase in concen-
tration per 6-day passage, over 85% viability, and maintained a normal karyotype and the expression of
pluripotency markers such as Nanog, Oct4, and SSEA4. When subjected to spontaneous differentiation in
embryoid body cultures or directed differentiation to the three embryonic germ layers, the cells adopted
respective fates displaying relevant markers. Lastly, engineered microcarriers were successfully utilized for
the expansion and differentiation of hPSCs to mesoderm progeny in stirred suspension vessels. Hence, we
demonstrate a strategy for the facile engineering of xeno-free microcarriers for stirred-suspension cultivation
of hPSCs. Our findings support the use of microcarrier bioreactors for the scalable, xeno-free propagation and
differentiation of human stem cells intended for therapies.

Introduction controlled operation, and widespread use in commercial

production. hPSCs in these reactors can be grown as aggre-

HUMAN PLURIPOTENT STEM CELLS (hPSCs), embryonic
stem cells (ESCs), and induced pluripotent stem cells
(iPSCs) are promising sources of cellular material for re-
generative medicine and tissue engineering applications.
Before the therapeutic potential of hPSCs can be realized
however, their large-scale generation in a reproducible
manner will be essential. Stirred-suspension bioreactors
(SSBs)'? are an appealing culture modality for hPSC prop-
agation and commitment given their scalability, robustly

gates,l'4 after encapsulation5 or on microcarriers.®” In par-
ticular, microcarrier systems afford high surface-to-volume
ratio, homogenous environment, simple operation and con-
tinuous monitoring, and control of the culture environment.
hPSCs have been successfully expanded and differentiated to
definitive endoderm, cardiomyocytes, and neural progenitor
cells®*? in stirred-suspension microcarrier vessels.

Despite success in cultivating hPSCs in microcarrier SSBs,
the beads utilized in most studies are coated with animal-
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derived matrices such as Matrigel®™" or collagen'? barring

the applicability of this culture method from clinical settings.
Similarly, the proposed use of rodent and human feeder cells
for coating microcarriers'®'® raises issues with the down-
stream separation of multiple cell types and beads in addi-
tion to the expression of nonhuman immunogens by hPSC
derivatives.'* Considerable progress has been noted in de-
veloping chemically defined, xeno-free media for hPSC cul-
ture’® some of which are commercially available.**2
Nonetheless, research on three-dimensional (3D) substrates
free of xenogeneic factors is still to bear simple solutions for
the long-term culture of hPSCs at a reasonable cost. The
disparate and sometimes conflicting results from compara-
tive analyses of commercially available microcarrier
types,”*® which are suitable for the culture of non-hPSC lines
(e.g., CHO cells, Vero cells, etc.), make increasingly clear that
these microcarriers are not optimal for the culture of hPSCs.
Recent studies on the cultivation of hPSCs on two-
dimensional (2D) xeno-free surfaces featuring recombinant ex-
tracellular matrix (ECM) proteins like fibronectin,'” laminin,*%*
vitronectin,”?* and synthetic polymer- or peptide-conjugated
surfaces” ' have garnered optimism for the scalable cultiva-
tion of stem cells and their progeny. Nonetheless, the funda-
mental differences between 2D and 3D surfaces (e.g., substrate
curvature and elasticity affecting stem cell shape, spreading,
and eventually commitmentﬂ’ﬂ), and static versus stirred-
suspension cultures (e.g., agitation-induced shear in SSBs)
hinder the direct translation of these findings to the hPSC
expansion/ differentiation in microcarrier SSBs.

Current protocols also rely on seeding hPSCs as clumps on
microcarriers for SSB cultivation. This is due to the dramatic
decrease in cell viability when hPSC colonies are completely
dissociated into single cells. Cluster seeding, however, cre-
ates a bottleneck in the process due to the inefficient at-
tachment of cells and the uneven colonization of the
microcarriers. To that end, we set out to investigate the
seeding of single dispersed hPSCs on microcarriers thereby
boosting the attachment efficiency and the initial number of
cells available for cultivation. Enhanced cell survival during
the microcarrier “loading” phase was maintained with the
use of a Rho-associated kinase (ROCK) inhibitor.>®

More importantly, we demonstrate here the propagation
of hPSCs over multiple successive passages and their di-
rected differentiation on xeno-free microcarriers in stirred-
suspension cultures with defined media. For this purpose,
compact microcarriers were engineered by surface conjuga-
tion of a synthetic peptide derived from vitronectin. This
peptide was previously shown to support the long-term self-
renewal of human ESCs (hESCs) and their cardiogenic dif-
ferentiation on flat surfaces.”® Our analysis revealed that
peptide-conjugated microcarriers supported the growth of
hPSCs in static cultures but extensive cell detachment was
observed when the beads were suspended in spinner flasks.
This was ameliorated upon treatment of peptide-conjugated
microcarriers with poly-L-lysine (pLL), a synthetic polymer
promoting cell attachment onto surfaces. hPSCs on those
microcarriers consistently proliferated over multiple pas-
sages without loss of their pluripotency and normal karyo-
type. Additionally, cells on microcarriers were successfully
subjected to differentiation toward mesoderm. These find-
ings evidence the feasibility of cultivating hPSCs in xeno-free
microcarrier systems and further support the use of such
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systems for the scalable generation of therapeutically useful
progeny.

Materials and Methods
hPSC culture

hESCs [H9(WAQ9); passages 30-50] and human iPSCs
[iPSC(IMR90)-4 thereafter IMR90; passages 30—40] were ob-
tained from the WiCell Research Institute and their use was
approved by the Committee for Stem Cell Research Oversight
at SUNY-Buffalo. Cells cultured in dishes coated with Matrigel
(BD Biosciences) and in mTeSR1 or TeSR2 medium (StemCell
Technologies) were maintained in 5% CO,/95% air at 37°C.
While both mTeSR1 and TeSR2 are chemically defined media,
mTeSR1 contains bovine serum albumin (BSA) while TeSR2 is
free of animal proteins. Medium was replaced every day, and
the cells were passaged every 5-6 days by enzymatic dissoci-
ation with collagenase type IV (Life Technologies).

Viable cells were counted in a hemocytometer after Try-
pan Blue staining (Sigma-Aldrich). Alternatively, cells were
stained with 20 mg/mL fluorescein diacetate (FDA-live cells;
Sigma-Aldrich) in phosphate-buffered saline (PBS) for 5 min
and after being washed twice with PBS, they were analyzed
by fluorescence microscopy or flow cytometry (see below).

Lactate dehydrogenase (LDH) activity was determined in
culture samples with an LDH cytotoxicity detection assay
(Roche) according to the manufacturer’s instructions as de-
scribed.®>°

Microcarrier seeding and passaging

Collagen-coated polystyrene microcarriers (SoloHill) were
processed as described.® Briefly, beads were equilibrated in
PBS for 30 min, autoclaved, and coated with Matrigel at room
temperature for 1h. Coated microcarriers were equilibrated
in culture medium supplemented with 10 pM ROCK inhibitor
(Y-27632; Enzo Biochem) for 1h before cell seeding. Beads at
0.5g (~180 cm? surface area)/50 mL medium were used.

Microcarriers subjected to peptide conjugation (see below)
were equilibrated in medium (TeSR2 or mTeSR1) or PBS as
noted for 30 min before use. The amount of peptide-conjugated
microcarriers was adjusted to maintain a constant ratio of bead
surface area-to-medium volume among experiments.

For initial seeding on beads, stem cells on Matrigel-coated
dishes were treated with 10 uM Y-27632 for 1h and colonies
were dissociated into single cells with Accutase (Innovative
Cell Technologies). Dispersed hPSCs were transferred with
microcarriers (cell-to-bead ratios as stated) to Petri dishes and
placed in 5% CO,/95% air at 37°C for the period as noted.

Subsequently, the cell-laden beads were transferred to Pro-
Culture spinner flasks (Corning), the total medium volume
supplemented with Y-27632 was brought to 50mL, and the
agitation rate was set to 60 rpm for the duration of each run
after the removal of floating cells. After the first day, the me-
dium was replaced by medium without Y-27632. Subsequent
medium changes were performed at half-volume every day.
The cultures were maintained at 37°C in 5% CO,/95% air.

In preparation for passaging cells between spinner flasks, Y-
27632 was added to the culture at a final concentration of 10 uM
about 1h prior to harvesting. Then, cells on microcarriers were
collected from spinner flasks into centrifuge tubes, washed once
with PBS, and incubated with Accutase for 10-15min while
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gently mixing occasionally. Complete detachment from mi-
crocarriers as single cells was verified by microscopy. The cell/
bead suspension was passed through a 100-um mesh strainer
(BD Biosciences) and harvested cells were inoculated onto fresh
microcarriers as described for initial seeding above.

Preparation of microcarriers with peptide
conjugation and pLL treatment

Polystyrene beads featuring -COOH groups on their sur-
faces (Rapp-Polymere GmbH) were incubated for 30 min with
N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydrochlo-
ride (EDC) and N-hydroxysuccinimide (NHS) (4:1 molar ratio;
both from Thermo Scientific) in PBS for -COOH activation.
After aspirating the EDC/NHS solution, the microcarriers
were incubated with varying amounts of the synthetic peptide
AcKGGPQVTRGDVFTMP?! (GenScript) derived from vi-
tronectin in PBS for 2h. The microcarriers were then im-
mersed in ethanolamine (pH 8.5) for 1h to quench any
unreacted activated ester groups, washed thrice with PBS, and
stored in 75% (v/v) aqueous ethanol. Prior to cell culture,
peptide-conjugated microcarriers were washed thrice with
sterile deionized water to eliminate traces of ethanol. For pLL
coating, the beads were incubated with sterile 0.01% pLL so-
lution (Sigma-Aldrich) for 5min and dried.

The peptide density on the bead surface after conjugation and
the efficiency of the amidation reaction were quantified using
the FluoroProfile Protein Quantification assay (Sigma-Aldrich).
Supernatant samples containing unreacted peptide were loa-
ded in triplicates in black-wall 96-well plates (VWR) and fluo-
rescence intensity was measured on a Synergy 4 Hybrid
microplate reader (BioTek) with the Gen5 software (BioTek).

Reverse transcription—polymerase chain reaction
and quantitative polymerase chain reaction

Total RNA was isolated using TRIzol (Invitrogen) according
to the manufacturer’s instructions, and reverse transcription
was performed using the ImPromll reverse transcriptase
(Promega) as described.® Polymerase chain reaction (PCR)
runs were performed with the resulting cDNA for 35 cycles at
an annealing temperature of 58°C—60°C depending on the
primer set (Supplementary Table S1; Supplementary Data are
available online at www.liebertpub.com/tea).

Quantitative PCR (qPCR) was performed on a CFX96
Real-Time PCR machine (Bio-Rad) using the DyNAmo™
SYBR Green qPCR Kit (Thermo Scientific): denaturation and
polymerase activation at 95°C for 15 min; amplification for
40 cycles at 94°C for 10s, 58°C—60°C for 20s, and 72°C for
30s. All reactions were run in triplicates. Amplification
specificity was verified by the melting curve method and gel
electrophoresis. Relative gene expression was calculated
with the BioRad CFX software by normalizing to the en-
dogenous B-actin (ACTB) expression. The Cy for the house-
keeping gene did not vary under different experimental
conditions when equal amounts of RNA were used.

Flow cytometry

Cells were dissociated from microcarriers by incubation
with TrypLE, passed through 100 um mesh strainers (BD
Biosciences) for bead removal, and pelleted by centrifugation
at 200 g for 5min. Cells were then fixed in a 3.7% formal-
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dehyde solution (Sigma-Aldrich) for 10min, washed with
PBS, and permeabilized with Cytonin (Trevigen) for 30 min
before blocking with 3% normal donkey serum (NDS; Jack-
son Immunoresearch Laboratories) for 20 min. The samples
were subsequently incubated with primary antibodies includ-
ing rabbit anti-OCT4 (cat. no. sc-9081; Santa Cruz Biotechnol-
ogy), mouse anti-NANOG (cat. no. 560873; Millipore), and
mouse anti-SSEA4 (cat. no. MC813; AbCam) for 1h at room
temperature. After washing thrice with 1% NDS, cells were
incubated with appropriate DyLight secondary antibodies
(Jackson Immunoresearch Laboratories) for 1h at room tem-
perature. The samples were washed again thrice with PBS and
analyzed in a FACS Calibur flow cytometer with the CellQuest
software (Becton Dickinson). Data were further analyzed with
the FCS Express V4.0 suite (De Novo Software). Cells were
considered as positive for a particular antigen if their emitted
fluorescence level was higher than 99% of that of samples
stained only with the corresponding secondary antibodies.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (Sigma-Al-
drich) in PBS, permeabilized /blocked in PBS with 0.1% Triton
X-100 (Mallinckrodt Baker) and 1% BSA (Sigma-Aldrich) for
30min, and incubated overnight at 4°C with primary anti-
bodies: mouse anti-SSEA4 (cat no. MC813; AbCam), rabbit
anti-OCT4 (cat. no. sc-9081; Santa Cruz Biotechnology), goat
anti-SOX17 (cat. no. AF1924; R&D Systems), rabbit anti-
FOXA2 (cat. no. 3143S; Cell Signaling Technologies), rabbit
anti-MEOX1 (cat. no. NBP1-92134; Novus Biologicals), mouse
anti-KDR (cat. no. ab9530; AbCam), mouse anti-NESTIN (cat.
no. MAB1259; R&D Systems), and rabbit anti-TUBB3 (BIII-tu-
bulin, cat. no. T3952; Sigma-Aldrich). After three washes with
PBS, cells were incubated with DyLight secondary antibodies
(Jackson Immunoresearch Laboratories) for 1h at room tem-
perature. Nuclear DNA was stained with DAPI (Vectashield;
Vector Laboratories). Cells stained with antibodies against
differentiated cell markers (undifferentiated hPSCs) or SSEA4
and OCT4 (293 human embryonic kidney cells) served as
negative controls showing minimal or no immunoreactivity.
Images were acquired with an inverted microscope with epi-
fluorescence (Zeiss Axio Observer D1; Carl Zeiss) connected to
a digital camera (Zeiss AxioCam MRm).

Karyotyping

Cells harvested from microcarrier cultures were replated
on T-75 flasks and allowed to grow until ~70% confluence
before treatment with 30ng/mL of KaryoMAX Colcemid
Solution (Gibco) for 4h at 37°C. Cells were then harvested,
transferred to 15mL conical tubes, centrifuged for 5min at
250 g, and gently resuspended in cell hypotonic solution
(CHS; 40 mM KCl, 20 mM HEPES, 0.5 mM EGTA, and 9mM
NaOH) for 1h of incubation at 37°C. After centrifugation of
the cell/CHS suspension at 250 g, the supernatant was re-
moved and the cells were fixed with 1:3 (v/v) acetic acid-
methanol solution. G-banding analysis was performed in the
SKY/FISH facility at the Roswell Park Cancer Institute.

Embryoid body formation

Single dispersed hPSCs were cultured in AggreWell plates
(StemCell Technologies) according to a manufacturer’s
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protocol to induce embryoid body (EB) formation. Harvested
EBs were transferred to Petri dishes and maintained in
Dulbecco’s modified Eagle’s medium/Ham’s F12 medium
(DMEM/F12) (Life Technologies), supplemented with 20%
FBS (PAA Laboratories). Medium was replenished every 2
days until analysis of the EBs.

Definitive endoderm, mesoderm, and neuroectoderm
differentiation

Cells harvested from microcarriers were replated on Ma-
trigel-coated dishes. For bioreactor differentiation, the me-
dium used for expansion of hPSCs was exchanged with
differentiation medium keeping the total working volume
constant. Differentiation to definitive endoderm, mesoderm,
and neuroectoderm were performed according to previous
reports.”®?”® Detailed protocols are provided in Supple-
mentary Materials and Methods section.

Statistical analysis

Data are expressed as mean=*SD unless stated otherwise.
ANOVA and the post hoc Tukey test were performed using
Minitab (Minitab, Inc.). p-Values less than 0.05 were con-
sidered as significant.

Results

Single dispersed hESC seeding on Matrigel-coated
microcarriers for stirred suspension culture

We previously reported that hESCs and hiPSCs seeded as
clusters on Matrigel-coated microcarriers can be cultured in
stirred-suspension vessels."® Although hPSCs in clusters
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exhibit improved survival, this seeding method results in
significant loss of viable cells and attachment efficiency of
only ~30%. Therefore, we investigated the seeding of dis-
persed hPSCs on microcarriers. hESCs were cultured with
10uM ROCK inhibitor (which limits dissociation-induced
apoptosis®) for 1h on Matrigel-coated plates before har-
vested as single cells and loaded on Matrigel-coated micro-
carriers at 25 cells/bead. In parallel, cells were inoculated on
Matrigel-coated beads as clusters at the same cell:bead ratio.’
Of the single hESCs, 77.0%+7.3% attached on the beads in
the presence of ROCK inhibitor within 4 h compared to only
30.5%*4.8% of cells inoculated as clusters (Fig. 1A, p <0.05).
The seeding efficiency was similar whether the cells were
incubated with microcarriers for 4h or overnight. Moreover,
97.2%+1.8% of beads were colonized with single cells versus
only 34.7%*8.5% after cell cluster seeding (Fig. 1B). The
distribution of hESCs seeded as dispersed cells on the beads
was also more even and no large aggregates were observed
after 6 days of culture compared to cultures of microcarriers
seeded with cell clumps (Fig. 1C, D). Although “bridging”
among beads was noted, the cells grew 25.1-fold (Fig. 1E,
solid curve). Similar results were obtained for single dis-
persed hiPSCs and hiPSC clumps seeded onto Matrigel-
coated microcarriers (Supplementary Fig. S1).

It should be noted that the above results were obtained
after cell treatment with the ROCK inhibitor overnight. In
contrast, when the inhibitor was removed after 4h of seed-
ing, cells exhibited a long lag phase and their concentration
did not increase substantially (2.8-fold) under the same
conditions (Fig. 1E, dashed curve). Keeping the cells with the
beads either for 4h or overnight during the loading phase
did not affect the seeding efficiency (Fig. 1A) and this was
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ruled out as contributing to the difference in the fold ex-
pansion of hESCs during their subsequent culture in spinner
flasks. When cells were seeded on Matrigel-coated beads
without ROCK inhibitor treatment, little or no cell attach-
ment on the beads was observed along with small clusters
occasionally and very low survival as expected (Supple-
mentary Fig. S2). We concluded therefore that overnight
treatment with ROCK inhibitor was essential for successful
expansion on microcarriers in stirred-suspension.

These findings prove that hPSCs can be loaded as single
cells on microcarriers with higher seeding efficiency and are
uniformly distributed in contrast to cluster seeding. More-
over, subsequent hPSC expansion in stirred-suspension mi-
crocarriers is dependent on the interval of hPSC treatment
with ROCK inhibitor during and after seeding.

Multi-passage suspension culture of hPSCs seeded
as dispersed cells on Matrigel-coated microcarriers

Next, we addressed the question of whether hPSCs seeded
as single cells on Matrigel-coated beads can be cultured for
multiple passages. Indeed, H9 hESCs were successfully cul-
tured for five 6-day passages on microcarriers. Cell prolif-
eration was consistent among passages with an average
increase of 20.7+4.0-fold to concentrations of 1.5-1.9x10°
cells/mL (Fig. 2A). Cumulative LDH activity in the medium
was kept at low levels (peak values <650 mU/mL) similar to
microcarrier cultures after hESC cluster seeding® (Fig. 2B).
After each passage, cells harvested from microcarriers were
probed for the expression of pluripotency markers by qPCR,
flow cytometry, and immunostaining. NANOG expression
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was the highest after the second passage and consistently
higher in all passages when compared with passage 1 (Fig.
2C). The low expression of NANOG after the initial passage
may be in part due to the adaptation of cells to the bioreactor
environment. When analyzed by flow cytometry, the ma-
jority of cells (>75%) also retained the expression of OCT4
and SSEA4 over successive passages (Fig. 2D). These results
are corroborated by immunostaining for the same markers of
cells harvested from the last passage (Fig. 2E). Taken to-
gether, our data indicate that hESCs seeded as single cells
with ROCK inhibitor can be propagated on microcarriers in a
stirred-suspension vessel without loss of pluripotency mar-
ker expression.

Culture of hPSCs on peptide-conjugated microcarriers

With an improved protocol in place for the efficient seeding
of beads with hPSCs, we proceeded to engineer the micro-
carrier surface by replacing the mouse sarcoma-derived Ma-
trigel matrix with synthetic substrates facilitating the adhesion
of hPSCs without affecting their pluripotency. For this purpose,
polystyrene microcarriers with surface -COOH groups were
decorated with an arginine—glycine-aspartic acid (RGD)-
containing vitronectin fragment shown to promote hESC ad-
hesion and growth in static cultures.’® The peptide was
conjugated to the -COOH groups via an EDC/NHS catalyzed
amidation reaction. The -COOH concentration was constant
(1.09 mmol/g beads) and the amounts of conjugated peptide
and peptide used (per gram of beads) in the coupling reaction
were proportional (Fig. 3A) allowing for control of the peptide
density on the bead surface. Carboxyl group activation by
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EDC/NHS was critical for the subsequent coupling reaction as
no peptide was detected on beads when the EDC/NHS treat-
ment was skipped.

Microcarriers with different peptide surface densities were
incubated with IMR90 hiPSCs in TeSR2 medium to evaluate
cell attachment. At or above 4 mg peptide/g bead used for
the amidation reaction there were no statistically significant
differences in seeding efficiency, which was at 30%-36% (Fig.
3B). At 0.5mg peptide/g bead the efficiency decreased to
19%. We therefore selected 4mg peptide/g bead (600ng
peptide/ cm?) as the concentration for engineering micro-
carriers in subsequent experiments. The cell-to-bead ratio
was set to 50 to keep the same number of attached cells on
peptide-conjugated and Matrigel-coated microcarriers.

IMR90 cells seeded on peptide-conjugated (CP) beads
were cultured in spinner flasks for 6 days. However, cells did
not spread on the beads and extensive aggregate formation
was observed (Fig. 3C). Hence, despite attachment on CP
microcarriers in static culture and in 2D surfaces coated with
same peptide,®’ the adhesion of cells was not sufficiently
strong to maintain them on the beads under stirring.

hPSC expansion on peptide-conjugated,
pLL-treated microcarriers

The extensive aggregation and loss of surface adhesion
observed for hiPSCs cultured on CP microcarriers in stirred-
suspension suggested the need for devising ways to
strengthen the cell-to-bead attachment. To that end, micro-
carriers were coated with pLL, which is a positively charged
synthetic polymer enhancing cell attachment,® and seeded
with hPSCs at 50 cells/bead in TeSR2 medium (Fig. 4A). The
highest seeding efficiency was measured on CP microcarriers
coated with pLL (CP+pLL) at 38.7%*6.6% compared to
32.7%+8.3% for peptide-conjugated microcarriers without
pLL (CP). Cells seeded on microcarriers coated with only
pLL (pLL) or a mixture of pLL and free peptide (without
EDC/NHS coupling reaction; FP+pLL), exhibited signifi-
cantly lower adhesion with efficiencies between 14.5% +3.8%
and 13.5%*0.9%. Further, microcarriers treated with only
EDC/NHS (untreated) displayed poor cell attachment indi-
cating that this step per se does not contribute to the adhe-
siveness of the bead surface. Interestingly enough, when
IMR90 hiPSC clusters were seeded onto CP+pLL beads at
the same cell-to-bead ratio, the seeding efficiency was

16.5%+3.2%, that is, significantly lower than inoculating
dispersed single cells. Moreover, minimal cell attachment
was observed in the absence of ROCK inhibitor as expected
(Supplementary Fig. S2). It should be also noted that equil-
ibration of microcarriers in TeSR2 or PBS had no effect on the
seeding efficiency of hPSCs (Supplementary Fig. S3).

Dispersed hiPSCs were then seeded onto CP+pLL beads
and cultured in spinner flask with TeSR2 medium for 6 days.
In contrast to forming aggregates when cultured on CP
beads, cells cultured on CP+pLL beads attached and spread
and no floating EB-like clusters were observed (Fig. 4B). The
cells on CP+pLL microcarriers grew 18.8-fold in 6 days of
stirred suspension cultivation to 15.5x10° cells/mL with
viability over 90% (Fig. 4C). Cells examined after their cul-
ture expressed stem cell markers at similar levels as those
cells maintained in parallel in dishes (Fig. 4D). Over 85% of
the cells were positive for NANOG, OCT4, and SSEA4 by
flow cytometry (Fig. 4E) and these results were in line with
immunostaining data (Fig. 4F). Thus, the hiPSCs cultured on
CP+pLL beads in spinner flasks with TeSR2 medium were
successfully expanded without significant loss of plur-
ipotency marker expression.

Given the higher cost of the xeno-free TeSR2 medium, we
conducted a multi-passage culture experiment of hiPSCs on
CP+pLL beads in chemically defined mTeSR1. Cells were
continuously cultured for five 6-day passages. A 23.3+5.3-
fold increase in cell concentration peaking at 1.4-1.9x10°
cells/mL was noted per passage corresponding to a dou-
bling time of 31h compared with 34.3h for Matrigel-coated
dish cultures (Fig. 5A). Cells exhibited cumulative LDH re-
lease patterns similar to H9 cells cultured on Matrigel-coated
beads (Fig. 5B). Moreover, cells maintained the expression of
NANOG, POU5F1 (OCT4), and SSEA4 mRNA and corre-
sponding proteins at each passage (Fig. 5C, D). After five
passages, cells plated on Matrigel-coated dishes were posi-
tive for pluripotency markers (Fig. 5E). These cells were also
karyotypically normal based on G-banding analysis (Fig. 5F).

Formation of EBs is routinely employed to assess the po-
tential of hPSCs for spontaneous multi-lineage differentia-
tion. Cells propagated for five passages on CP+pLL
microcarriers in spinner flasks were then cultured as EBs.
RNA isolated from these EBs contained transcripts of genes
characteristic of the three germ layers: definitive endoderm
(SOX17, FOXA2),***" mesoderm (ISL1, MEOX1),***® and
ectoderm (PAX6, NES)*® (Fig. 6A).
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Cells cultured for five passages in CP+pLL microcarriers
were also transferred onto Matrigel-coated dishes and sub-
jected to directed differentiation to definitive endoderm
(DE), mesoderm (MS), and neuroectoderm (NE) by applying
previously established protocols.”***® Differentiation to
each lineage was evident by the expression of relevant
markers as assessed by qPCR (Fig. 6B-D) and immuno-
staining (Fig. 6E-G). Cells treated with the same basal media
but without differentiation agents served as controls.

These findings demonstrate that CP+pLL microcarriers
support the expansion of hPSCs without adversely affecting
their pluripotency and karyotype. Cells are subsequently
capable of multilineage commitment after application of ei-
ther spontaneous (EB) or directed differentiation protocols.

Directed differentiation of hPSCs on CP+ pLL
microcarriers in stirred-suspension culture

Our results showed that hPSCs seeded as dispersed cells
on CP+pLL beads can be propagated over multiple passages
in a xeno-free stirred suspension culture without loss of their
pluripotent state. Then, we questioned whether the same
system can be employed to integrate the expansion of hPSCs
with their differentiation in a single scalable process.

For this purpose, stem cells expanded on CP+pLL mi-
crocarriers in stirred-suspension were directly subjected to
MS differentiation in spinner flasks. In parallel experiments,

cells were also dissociated from beads, transferred to dishes,
and coaxed to MS. After 5 days of differentiation, MS
progeny emerged expressing relevant markers as evidenced
by qPCR and immunostaining (Fig. 7A, B). The fraction of
KDR" cells (indicating cardiovascular progenitors*) in each
culture modality was quantified by flow cytometry as a
measure of differentiation efficiency (Fig. 7C). Differentiation
in spinner flasks yielded 52%+8.8% KDR " cells compared to
41%+1.29% in dishes, whereas cells cultured in basal me-
dium without differentiation stimuli exhibited 12%+0.6%
KDR™* cells. It should be noted that the concentration of cells
significantly decreased during the first day of commitment
both in dish and spinner flask cultures (on average ~50%)
similar to our previous observations for DE commitment.®
Taken together, these data support that the xeno-free mi-
crocarrier system developed here can accommodate both the
expansion and directed differentiation of hPSCs.

Discussion

The development of scalable platforms for the propaga-
tion and differentiation of hPSCs is essential for stem
cell-based therapies to become a reality. Significant advance-
ments have been made toward culturing stem cells in envi-
ronments without xenogeneic substrates. The work herein
describes the facile engineering of xeno-free microcarriers
suitable for the expansion and directed differentiation of hPSCs.
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hESCs and hiPSCs on peptide/pLL-decorated beads prolifer-
ated in chemically defined medium at similar or higher levels
compared to those for hPSCs grown on commercially available
microcarriers coated with Matrigel. Expanded cells maintained
a normal karyotype, high viability, and the expression of
stemness markers. When subjected to differentiation either in
static culture or stirred-suspension culture, these cells promptly
committed to lineages of the three embryonic germ layers.
Defined substrates for supporting the growth of undiffer-
entiated stem cells have been explored in several studies (e.g.,
Refs.**?**!). Many of the proposed substrates mimic ECMs to
which cell adhesion is mediated via integrins.”*> ECM pro-
teins featuring the integrin-binding RGD motif,* such as la-
minin, fibronectin, collagen, and vitronectin, and derivative
peptides have been considered as candidate substrates for
hPSC culture. For instance, stem cells have been cultured on
RGD-containing ECM proteins/peptides, which were either
physically adsorbed or covalently conjugated on 2D sur-
faces. 101720222425 831 Hawever, information has been lim-
ited on synthetic 3D surfaces supporting hPSC expansion.
More importantly, most studies entail static cultures in which
the cells are dispensed from the shear due to agitation ex-
perienced in stirred vessels. Indeed, the vitronectin fragment
utilized here supports the propagation of undifferentiated
hESCs and their differentiation toward cardiac mesoderm on
static flat surfaces.>® We also observed that hPSCs attach and
spread well on CP beads in static culture. Yet, the cells come

off promptly and/or form aggregates when the beads are
placed in agitated suspension. In fact, others also observed
reduced hESC growth on (full-length) vitronectin-coated mi-
crocarriers compared with flat tissue culture plates layered
with the same protein.” Therefore, findings based on the
culture of cells on microcarriers in static culture do not readily
translate to a bioreactor environment.

This also raises caution when screening several micro-
carrier types in static cultures (e.g., Petri dishes, multi-well
plates) and may in part explain conflicting results reported
for commonly used microcarriers, which best accommodate
hPSCs in culture. For example, eight types of commercially
available microcarriers were recently tested in static culture.”®
Cytodex 1 beads were among those with the worst perfor-
mance based on the total amount of hESCs recovered after
72 h of culture. However, Chen ef al.” examined a cohort of 10
different microcarrier types and noted that hESCs attached
efficiently during seeding (attachment efficiency ~80% 2h
postseeding) and grew to ~7.7x10° cells/mL after at least
two consecutive passages when cultured on Cytodex 1 beads.
Coating the microcarriers with Matrigel or purified mouse
laminin resulted in higher concentrations of hESCs cultured
in mouse embryonic fibroblast-conditioned medium.

The expansion of hPSCs was supported on CP beads in
dishes but not in spinner flasks. Increasing the peptide
density on the microcarrier surface may strengthen the ad-
hesion and boost the retention of cells under shear but we
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FIG. 6. Differentiation potential of hPSCs after their propagation on CP + pLL microcarriers for five passages. (A) IMR90 hiPSCs
were subsequently cultured as embryoid bodies and expression of markers of the three embryonic germ layers was assessed. The
expression of undifferentiated IMR0 cells was used for normalization. Alternatively, propagated cells were plated and subjected
to directed differentiation toward (B, E) definitive endoderm (DE), (C, F) mesoderm, and (D, G) neuroectoderm. The expression
was evaluated by gPCR (B-D) and immunostaining (E-G). Gene expression was normalized to IMR90 cells differentiated in basal
medium without differentiation factors. Scale bars in (E-G): 50 um. Color images available online at www liebertpub.com/tea

FIG. 7. Directed differentiation of
hPSCs cultured on CP+pLL mi-
crocarriers in a stirred-suspension
bioreactor. (A) Expression of MS
genes after IMRI0 hiPSC differen-
tiation in the bioreactor. Gene ex-
pression was normalized to hiPSCs
differentiated in basal medium
without factors. (B) Immunostain-
ing of differentiated cells on beads.
Stars denote the position of micro-
carriers. Scale bars: 100 pm. (C)
Flow cytometric analysis of KDR
expression. A flow cytometry graph
is shown from a representative ex-
periment. Curves correspond to
samples of negative control (black),
cells in dishes incubated in basal
media without differentiation fac-
tors (green; dish control), cells dif-
ferentiated in dishes (red) and cells
differentiated in microcarrier sus-
pension culture (blue). The gate
excludes 99% of the negative con-
trol cells. Results are summarized in
the bar graph (1=3) as mean+SD.
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ruled out this conjecture. First, the seeding efficiency did not
increase further with higher peptide densities (and
amounts; Fig. 3) on the surface of microcarriers. Second, the
density of 600ng/cm” is significantly higher than the
threshold density of 250ng absorbed vitronectin/cm” on
tissue culture plates to support the growth of undifferenti-
ated hESCs.*” For the static culture of hESCs on polystyrene
beads, a density of 450 ng vitronectin/cm” was reported*®
that is closer to the peptide density in our experiments. It
should be mentioned that the whole vitronectin molecule
(MW ~75kDa or 459 amino acid residues) was used in the
studies above in contrast to the smaller decapentapeptide
(MW ~1.6kDa) used here. Hence, the effective density of
binding sites was significantly higher than previous reports
but the CP beads still did not support cultured stem cells in
stirred suspension.

The seeding protocol described here yields higher frac-
tions of attached cells than the current practice of loading
hPSCs as clumps on microcarriers for culture. For instance,
hESCs are seeded on Matrigel-coated microcarriers as
clumps with ~30% efficiency versus almost 80% when see-
ded as single cells. Moreover, regular culture with the agi-
tation at a set rate can be commenced after 4 h of inoculating
the beads with cells. The nominal loss of cells during the
“loading phase” and the reduced preparation time are im-
portant from a bioprocess development standpoint. In fact,
the protocol timeframe is significantly shorter than a 3-day
seeding preparation reported for hESC clumps on cationic
microcarriers (Hillex II; SoloHill) with xeno-free medium in
spinner flasks.?® In that study, cells were cultured for a single
11-day passage and therefore the applicability of the method
could not be evaluated over longer-term cultivation entailing
successive passages. We also found that incubation with the
ROCK inhibitor for 24 h after seeding commences is neces-
sary for the long-term culture of hPSCs in stirred-suspension.
During this interval, the inhibitor may curtail apoptosis (e.g.,
from shear) as the cells adjust to the bioreactor environment.

The use of pLL with the vitronectin-derived RGD peptide
for decorating the surface of microcarriers supported the
adhesion of hPSCs and their growth under agitation. pLL is a
positively charged synthetic polymer used to facilitate cell
attachment while it also promotes the adsorption of ECM
proteins to culture surfaces. To our knowledge, there are no
reports of pLL alone supporting the maintenance of plurip-
otent hPSCs in culture. However, pLL enhances the attach-
ment and spreading of mesenchymal stem cells on tissues
culture flasks unlike other soluble polymers, which are
neutral or negatively charged.49 Correspondingly, micro-
carriers with positive surface charges are better suited for the
culture of hPSCs compared to beads with negative or no
outer charge.”*® We posit that the combination of pLL and
RGD peptide is effective because the former enhances hPSC
attachment by increasing the positive charge on the micro-
carrier surface while the latter provides proper binding sites
for integrin-mediated cell adhesion on beads.

The fraction of dispersed cells attached on CP+pLL mi-
crocarriers was almost 50% of that of cells seeded on Ma-
trigel-coated beads. A similar pattern was noted when
comparing the seeding efficiencies of hPSC clusters on the
two types of microcarriers. Although CP+pLL beads sup-
ported the proliferation and differentiation of IMR90 cells
over multiple passages, there is still space for improving the
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seeding efficiency. Matrigel is a complex protein mixture
primarily consisting of entactin, laminin, and collagen IV
providing sites for cell adhesion.*® Thus, using an assortment
of synthetic peptides featuring distinct cell adhesion sites
(e.g., RGD, IKVAV, and YIGSR) rather than a single se-
quence may enhance the attachment and spreading of hPSCs
on microcarriers for stirred-suspension cultivation.

The polystyrene microcarriers with surface COOH groups
were utilized in our study to show that 3D surfaces can be
engineered for the scalable culture of hPSCs by employing
relatively simple chemistry for peptide conjugation. Going
forward, however, other microcarriers may be utilized with
lower specific gravity or different architecture (e.g., macro-
porous) to minimize potential effects due to shear-induced
agitation. Moreover, use of biodegradable microcarriers will
be advantageous for direct implantation of stem cell progeny
reducing or eliminating steps of downstream separation of
cells from beads and thus decreasing the overall cost. For
instance, lactic/glycolic acid-based biomaterials featuring
chemical groups for attaching adhesion molecules may be
used to engineer such microcarriers. Lastly, nonspherical
microcarriers amenable to the same surface functionalization
can be considered as their use may confer advantages as
others have indicated.”

In conclusion, our study demonstrates the facile engi-
neering of microcarriers for long-term scalable culture of
hPSCs under defined xeno-free conditions. hPSCs were
successfully maintained on vitronectin peptide-conjugated/
pLL-treated microcarriers in stirred-suspension vessels for
multiple passages without compromising their pluripotency,
proliferation, and karyotype. The microcarrier culture system
described here is a step forward in the development of bio-
processes integrating expansion and directed differentiation
of human stem cells for the production of therapeutically
useful progeny.
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