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Process development and
scale-up of pluripotent stem cell
manufacturing
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Danylo Sirskyj, Ming Gong, Anne-Marie Lavoie & Gary M Pigeau

Human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs), together
human pluripotent stem cells (PSCs), have tremendous potential for production of cellular
therapies for regenerative medicine. The final therapeutic dose of differentiated PSCs var-
ies according to application; however, most indications have production requirements that
cannot be met by traditional static tissue culture methods. Stirred-tank reactor expansion of
PSCs represents a scalable solution to meet this developing demand. Here we present the
process development of a 10 L single-use stirred tank bioreactor platform with the ability to
generate > 10'° PSCs per production run and its applicability across both hESC and hiPSC
cell lines. Manufacturing advancements are also presented. High-density seed bank inocula-
tion of the process is demonstrated to decouple the adherent tissue culture requirement and
normalize the cellular process input, as well as shorten the time requirement of the suspen-
sion seed train. Process correlations of pH and dissolved oxygen to viable cell densities are
presented to remove or minimize the sampling requirements during expansion. Automated
downstream processing, with volume reduction and washing, is demonstrated with 80-90%
cell recovery and >94% viability. Together, these works represent seminal steps in the devel-
opment of a controlled, automated and defined manufacturing process for PSCs.
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INTRODUCTION

Human pluripotent stem cells (PSCs) have
the capacity to become the source of many
cell therapies in the regenerative medicine
space due to their unique characteristics of
unlimited self-renewal and differentiation
potential to repair and regenerate diseased or
damaged cells, organs and tissues [22,25,26].
The possible applications for these cells are
extensive, and their therapeutic potential is
being investigated for use in a wide array of
clinical areas, including those associated with
high morbidity and mortality rates on a glob-
al scale, such as heart failure [8,13], Parkin-
son’s disease [7] and type I diabetes [6,10].

Currently, PSC-based clinical trials have
been initiated for therapies targeting age-re-
lated macular degeneration of the retina,
spinal cord injury, type I diabetes and myo-
cardial infarction, among others [27,28]. Yet,
despite a large and ever-growing body of
preclinical research supporting the regener-
ative potential of PSCs, most clinical trials
remain small-scale and run through aca-
demic groups [14]. While clinical trials us-
ing human embryonic stem cells (hESC) to
treat ocular degenerative diseases have pro-
ceeded with cell dosage numbers in the 1 x
10° cell range, it is estimated that most pro-
posed PSC-based cell therapies, including
those targeting some of the leading causes
of morbidity and mortality—heart disease,
type I diabetes and Parkinson’s disease for
example—could require as many as 2 x 10’
PSCs per patient dose [9,29]. Given the large
cell numbers required, traditional strategies
of PSC propagation, which rely on 2D ad-
herent culture, are neither practical nor cost
efficient enough to meet the cell numbers
required for PSC-based therapies.

To enable translation of these therapies into
the clinic and to attract the interest of busi-
ness partners willing to fund the emerging
cell therapy industry, the field must meet the
challenge of large-scale production, manufac-
turing and commercialization of these cells at
clinically relevant titers [14]. As such, one of
the limitations facing the implementation of
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these powerful cells as a tool to fight disease
is the development and standardization of a
robust, scalable and cost-effective production
solution able to meet good manufacturing
practices (GMP) and regulatory approval
guidelines [27,28].

Historically, cell scale-up and manufac-
turing efforts have employed stirred tank
reactors (STRs) to maximize cell expansion
by ensuring optimal mixing of gasses, nutri-
ents and growth factors, while allowing for
tight control and monitoring of key culture
parameters and minimizing costs associated
with production [3,29]. Based on previous
work done with murine embryonic stem
cells (ESCs), studies have shown that human
PSCs are amenable to suspension culture
under defined and growth factor-support-
ed conditions, maintaining key phenotypic
markers, pluripotency and proliferative abil-
ities required for stem cell identity. These
studies saw cell concentrations in the 0.5-2 x
10° cells/mL range in spinner or shake flasks
at the 5-25 mL scale, through cell aggregate
formation [1,2,17,19]. Since this important
early work, the process has been optimized
by moving PSC cultures into stirred tank re-
actor vessels with pH and dissolved oxygen
(DO) control abilities, allowing for scale-up
and the production of up to 2 x 10° cells
in a 100 mL volume (2 x 10° cell/mL) [18].
The addition of an effective perfusion system
with cell retention capabilities compatible
with these cells allowed for even higher cell
concentrations, in the 3 x 10° cell/mL range
at the same volume scale [11].

While these cell titers show great promise
in the scalability of pluripotent cultures, final
scale-up of this process will entail culture of
these cells at much larger volumes, requiring
new optimization and control of parameters
to overcome large scale-specific challenges
such as oxygen and nutrient transport, ho-
mogeneity of cell aggregate sizing and shear
sensitivity [11].

Recently, Kwok and colleagues have
demonstrated a suspension culture for PSC
propagation using single-use bioreactors,

able to produce 2 x 10° PSCs with full




pluripotency retention, for the first time
establishing the scalability of PSC culture
to clinically relevant cell numbers [12]. Yet,
while this study demonstrated the produc-
tion of cell numbers sufficient to meet the
needs of a single patient dose, new research
is driving the field towards the possibility of
allogeneic PSC therapies, introducing the
need for a PSC culture process able to pro-
duce enough cells to treat hundreds or even
thousands of patients at a manufacturing
scale [4,23]. As such, the field still requires
process intensification and optimization to
(1) continue the scale-up of these PSC cul-
tures towards clinical manufacturing vol-
umes and (2) achieve large-scale PSC man-
ufacture that meets regulatory specifications
and is compatible with GMP manufacture
and clinical use.

In the present study, we demonstrate
a reproducible protocol for the scaled-up
expansion of pluripotent stem cells in 10
L single-use stirred tank bioreactors. This
could lend itself to further scale-up, as the
platform has a demonstrated, incremental
path to 2000 L in traditional bioprocess
applications (i.e. monoclonal antibody pro-
duction). Here, we detail the process de-
velopment approach taken to develop this
protocol and scale these cultures to produce
>10" cells per batch, providing clinically
and industrially relevant quantities towards
their use in therapeutic regenerative medi-
cine applications. With attention to future
GMP compliance and regulatory consider-
ations for clinical manufacture, our use of
detailed monitoring of in-process parame-
ters and closed processing protocols allowed
for minimal in-process sampling, which will
lend itself to future automation and reduced
contamination risk. Finally, we have demon-
strated a downstream processing approach
for volume reduction and washing of the
final PSC product and present cases where
this product was successfully used either
directly, or as a cryopreserved high-density
seed bank (HDSB), as inoculum for further
stirred tank bioreactor expansion and a sus-
pension-based downstream differentiation.
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The high-density cryopreservation of PSCs
provides a consistent inoculum to the man-
ufacturing process. These HDSBs remove
the need for upstream adherent tissue cul-
ture, normalize the manufacturing process
input and reduce the overall time required
to produce a 10 L batch. Direct inoculation
of suspension-based differentiation serves
as a game-changer in process development
and eventual clinical manufacturing by de-
coupling the expansion and differentiation
processes.

MATERIALS AND METHODS

Maintenance of human PSCs in
2D culture

ESI-017 (hESCs, ESI BIO, Alameda, CA,
USA) and NCRM1 (iPSCs, National Insti-
tutes of Health, Bethesda, Maryland, USA)
were cultured at 37°C, 5% (v/v) CO, and
maintained in mTeSR™1 medium (STEM-
CELL Technologies, Vancouver, BC, Can-
ada) on Matrigel® - coated (Corning, New
York, NY, USA) flasks. Cells were cultured
in T-75 flasks (BD Falcon, Fisher Scientific,
Carlsbad, CA, USA), in a 12 mL volume. The
medium was refreshed daily. When reaching
approximately 75% confluence, cells were
washed with PBS (Gibco, Grand Island, NY,
USA) and dissociated in Gentle Cell Disso-
ciation Reagent (GCDR, STEMCELL Tech-
nologies) for 6-8 min. Cell colonies were
then detached by scraping with a cell scraper.
A uniform suspension of cell aggregates was
obtained by carefully pipetting the mixture
up and down. The cell aggregate suspension
was plated at a density of 20,000 cells/cm? (or
1.5 x 10° cells/flask) on the pre-coated flasks
with Matrigel and maintained in mTeSR1.

Expansion of PSCs in stirred
tank bioreactors

PSCs were cultured adherently on Matri-
gel-coated flasks as described above. When
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they reached -75% confluence in flasks,
cells were harvested by treatment with
TrypLE™ Select 1X (Thermo Fisher Scien-
tific) for 5 min at 37°C. Dissociated cells
were quenched with DMEM/F12 (Thermo
Fisher Scientific) and centrifuged at 300 x
g for 5 min at room temperature. The cell
pellet was gently resuspended in 40 mL
mTeSR1. The cell suspension was strained
through a 70 pm cell strainer (Thermo
Fisher Scientific) to remove undissociated
clumps. Cells were counted and viability
was determined using a NC-200™ Nucle-
oCounter™ (Chemometec, Allerod, Den-
mark) and inoculated at a cell density of
2.5x 10° cells/mL into a 250 mL DASbox™
vessel (Eppendorf, Hamburg, Germany).
Cells were grown in mTeSR1, supplement-
ed with 10uM rho-associated protein ki-
nase inhibitor Y27632 (Tocris Bioscience,
Bristol, United Kingdom), for the first 24
hours of batch suspension culture. The bio-
reactor was maintained at 37°C, pH 7.2,
50% DO, stirred at the optimized dynamic
agitation profile (specified in results), and
supplied with sterile-filtered air and CO,
via an overlay. Perfusion was initiated 24
hours post-inoculation with either a fixed
perfusion rate or enhanced perfusion rate
(see Results section for detailed perfusion
protocols), via a stock micro-sparger used
in reverse orientation. Process control and
continuous data acquisition were executed
by DASGIP™ software (Eppendorf). Dai-
ly sampling included cell counts, aggregate
sizing by Multisizer 4e (Beckman Coulter,
Brea, CA, USA) and metabolite (glucose,
lactate) analysis by Vi-Cell™ Metaflex Bio-
analyzer (Beckman Coulter). After count-
ing, cells from each sample were fixed for
flow cytometric analysis as described.

Stirred suspension culture of PSCs

When viable cell density reached between
1.0-2.0x 10 cells/mL in either the DASbox
or BioFlo™ 320 (Eppendorf) platforms, cells
were harvested, dissociated to a single-cell
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suspension and passaged to the next larger
vessel (BioFlo 320 or Xcellerex™ XDR-10
single-use bioreactor (Cytiva, Marlborough,
MA, USA)). This cell density range was cho-
sen to align with our aggregate size limit of
approximately 300 um and was typically
achieved by day 5 of suspension culture. A
single cell passaging method, described be-
low, was used. After dissociation, cells were
counted and inoculated at a density of 2.5
x 10° cells/mL in either the BioFlo 320 or
XDR-10. Cells were grown in mTeSRI,
supplemented with 10 uM rho-associated
protein kinase inhibitor Y27632, for the
first 24 hours of suspension culture without
perfusion. The reactors were maintained at
37°C, pH 7.2, dissolved oxygen (DO) 50%,
stirred at the optimized dynamic agitation
profile, and supplied with sterile-filtered air,
O, and CO, through an overlay. 100% DO
calibration was performed relative to atmo-
spheric levels. Perfusion started at 24 hours
post-inoculation with either fixed perfusion
rate (50% medium refreshment per day)
or enhanced perfusion, depending on the
growth of cells. Perfusion in the BioFlo 320
and XDR-10 platforms was performed by a
separate acoustic mini-BioSep system (Ap-
plikon Biotechnology, Delft, Netherlands).
Daily sampling was performed as previously

described.

Cell passaging

To passage cells between reactor vessels, ag-
gregates were dissociated into a single cell
suspension. The passaging process required
five cell bags. An identical procedure was
used to passage between the various bioreac-
tor platforms (DASbox into BioFlo 320, and
BioFlo 320 into XDR-10). For passage from
DASBox to the BioFlo 320 we used five 600
mL bags (Baxter, Fisher Scientific) and for
passage from the BioFlo 320 to the XDR-
10 we used five 2 L bags (Sartorius Stedim
North America, Toronto, Canada). Dissoci-
ation occurred inside of each respective bio-
reactor vessel. Cells destined for downstream




processing were grown and then dissociated
inside of the XDR-10 vessel.

Bioreactor controls such as agitation, heat
and gas flow were turned off, and cell ag-
gregates were collected into a cell collection
bag, Bag #1 using air delivered through the
sterile filtered exhaust line to slightly pres-
surize the reactor vessels. After the cells were
collected, Bag #2 containing PBS (80 mL for
the DASbox, 800 mL for the BioFlo 320)
was sterile-welded to an input line and grav-
ity-fed into the vessel to rinse and collect any
remaining aggregates. This rinse was then
added to the cell collection bag (Bag #1).
The cell collection bag was then removed
and brought into a biosafety cabinet. The
cell suspension was then transferred into a
250 mL conical tube and the aggregates were
centrifuged at 100 x g for 5 minutes. After
centrifugation the supernatant was careful-
ly decanted and the cells were washed with
250 mL of pre-warmed PBS and centrifuged
again. During this time Bag #3 containing
TrypLE (50 mL for DASbox, 500 mL for
BioFlo 320) + 1% DNase I (v/v) (Milli-
pore Merck KGaA Darmstadt, Germany),
was infused into the reactor via sterile weld.
Temperature control (37°C) was restarted
and agitation was set to 80 RPM. Next, the
supernatant from the centrifuged cells was
removed, cells were resuspended in 50mL of
PBS + 1% DNase, and loaded back into Bag
#2, and infused back into the reactor. Bag #2
was left attached to the reactor vessel during
this time. The reactor was operated for 10
minutes at 80 RPM to begin dissociating the
aggregates. After the initial dissolution the
reactor agitation was set to 100 RPM for 1
minute to completely dissociate any remain-
ing clumps. The single-cell suspension was
then collected back into the attached Bag
#2 using positive pressure from air through
the sterile-filtered exhaust line. Next, Bag
#4 containing DMEM (150 mL for DAS-
box, 1L for BioFlo 320) + 1% DNase was
infused into the reactor and allowed to rinse
the vessel for 1 minute. The cell suspension
in Bag #2 was then infused back into the
reactor vessel and the contents allowed to
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mix to quench the dissociation reaction. The
quenched cell suspension was then collected
back into Bag #2, brought into the biosafety
cabinet, and transferred into a fresh 250 mL
conical tube. The single cell suspension was
then centrifuged at 300 x ¢ for 5 minutes.
During centrifugation Bag #5 of mTeSR1
(400 mL for BioFlo 320, 2 L for XDR-10)
with 10 uM rho-associated protein kinase
inhibitor Y27632 was welded on to the re-
cipient reactor vessel, and the media was
infused to begin warming with agitation at
75 RPM. The centrifuged cells were resus-
pended mTeSR1 media (40 mL for BioFlo
320, 300 mL for XDR-10). Next, the cell
suspension was passed through a 70-micron
strainer to remove any residual clumps. A
cell count was performed as described. Us-
ing the procedures outlined here, cells were
sequentially passaged from the DASbox into
a BioFlo 320 vessel and then from the Bio-
Flo 320 into an XDR-10 bag (thus forming
a complete seed train). An inoculation den-
sity of 2.5 x 10° cells/mL was targeted across
all vessels. For the first 24 hours, mTeSR1
supplemented with 10 pM rho-associated
protein kinase inhibitor Y27632 comprised
the media system. After 24 hours, cells were
expanded in suspension using mTeSR1 only.

Downstream processing

To concentrate and wash dissociated sin-
gle cells, we harvested an XDR-10 using a
closed, single-use, continuous centrifugation
instrument, (Sefia™ Cell Processing System,
Cytiva). First, aggregates were digested into
a single-cell suspension within the XDR-10
as described for cell passaging. PBS was used
throughout the downstream process to wash
the cells. As a proof of concept, two separate
runs with single cell suspension aliquots be-
tween 2-3 L (targeting 7 x 107 cells total)
were processed using the FlexCell protocol
and CT-800.1 consumable kit, washed and
volume reduced to approximately 250 mL.
Initially, approximately 120 mL of cell sus-
pension was loaded into the chamber at 100
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mL/min. This was reduced to 60 mL at 300
x g for 2-3 minutes. The chamber was then
filled to 200 mL, spinning at 300 x g at a
feed rate of 100 mL/min and the culture was
concentrated for a period of 45 minutes.
Once the entire input volume was concen-
trated, the chamber volume was reduced to
50 mL. A wash of 150 mL of PBS was added
and the cells were spun at 300 x ¢ for 10
minutes. This PBS wash and spin was repeat-
ed one additional time. Once cell washing
was complete, the concentrated cells were
harvested, and an additional 50 mL of PBS
was used to wash the chamber for a total fi-
nal volume of 250 mL.

Metabolite analysis

Cell aggregate samples were collected from
culture vessels at the same time interval
(every 24 hours) without interrupting the
cultures and perfusion. Samples were centri-
fuged at 100 x ¢ for 3 min at room tempera-
ture to remove single cells and debris. The
glucose and lactate concentrations of the su-
pernatant were analyzed with the Vi-CELL
MetaFLEX™ Bioanalyzer.

Mean aggregate diameter sizing

Aggregate sizing was performed on a Mul-
tisizer 4e particle analyzer. Samples of ag-
gregates were collected daily. Sizing was
performed using a 560 pm aperture on
days 1-3 of bioreactor culture, and then
on a 1000 pm aperture on days 4-7 of
bioreactor culture, utilizing 3 mm Hg of
vacuum pressure for the 560 pm aperture,
and 6 mm Hg of vacuum pressure for the
1000 pm aperture. Briefly, 2 mL of sample
was added to 200 mL of Isoton II solution
(Beckman Coulter) in the sample chalice.
Sizing data were collected over a 40 second
run time. Sizing data were exported from
the supplied software as the mean of all
measured events +/- standard deviation. A
total of 200-1000 events were captured. A

DOI: 10.18609/cgti.2020.141

time course of mean aggregate size versus
time was generated and a linear fit was ap-
plied to determine the rate of mean aggre-
gate size increase in mm/day.

High-density seed bank preparation
and application

To shorten the length of time required to
carry out the 10 L PSC seed train, high-den-
sity seed banks (HDSBs) were prepared that
could be used to directly seed a stirred tank
reactor at the 700 mL — 1 L scale. To accom-
plish this, we carried out our seed train pro-
cess beginning in static culture and moving
through the 100 mL to 1 L and ending up
at the 10 L scale. The vessel agitation was
turned off, the aggregates were allowed to
settle, and media was aspirated out of the
vessel via a dip tube. The aggregates were
then dissociated to single cells as previously
described. Dissociated single cells were re-
moved from the bioreactor into a cell bag
using positive pressure from air through
the sterile-filtered exhaust line, then trans-
ferred to 500 mL conical bottles for centrif-
ugation at 300 x g for 5 minutes. The su-
pernatant was removed, and the cells were
resuspended in 7 mL of CryoStor™ CS-10
(STEMCELL Technologies) cryoprotectant
at 25 x10° cells/mL, which was sufficient for
direct seeding of a 700 mL volume at 2.5
x 10° cells/mL. Individual 10 mL cryovials
(Fisher Scientific) were manually filled and
the vials were frozen at -80 °C overnight in
a CoolCell SV10 (VWR, Toronto, Canada)
to ensure controlled-rate freezing. Frozen vi-
als were subsequently placed in vapor-phase
liquid nitrogen for long-term storage. Cell
pluripotency was verified by flow cytometry
as described. A validation expansion run was
performed after the banking was completed,
whereby a vial was used to directly seed a
BioFlo 320 at a 700 mL volume. The tar-
get initial cell density of 2.5 x 10° cells/mL
was achieved, with growth and aggregate
size kinetics as expected. Cell pluripotency
was verified at the end of the run by flow




cytometry and a sample was prepared for
karyotype analysis as described.

For the application runs in Figure 6C, a
frozen vial of the HDSB was thawed and
inoculated at a cell density of approximately
2.5 x 10° cells/mL into a 1 L Minibio biore-
actor (Applikon Biotechnology, Delft, Neth-
erlands) with a 750 mL working volume.
Cells were expanded as described previously,
although maintained at 90% DO with 100
RPM. On the third day of the expansion,
the stirrer speed was increased to 120 RPM
until the end of the culture. Perfusion was
performed with a mini-Biosep acoustic cell
retention system (Applikon Biotechnology)
and was initiated 24 hours post-inoculation
with a continuous fixed perfusion rate of
50% media exchange per day, as this work
was performed in parallel to determination of
the dynamic perfusion strategy.

Flow cytometry

PSC pluripotency was evaluated by flow cy-
tometry. All wash steps were performed us-
ing wash buffer (2% FBS, (Thermo Fisher
Scientific) and 2 mM EDTA (Life Technol-
ogies, Carlsbad, CA) in Hank’s Balanced Salt
Solution (HBSS, Life Technologies)). For
PSC pluripotency, aggregates were collected,
digested into a single-cell suspension with
TrypLE, and fixed in 2% paraformaldehyde
(PFA, Electron Microscopy Sciences, Hat-
field, PA) for 10 min at room temperature.
Samples were then washed in wash buffer
(filter sterilized 2% FBS-HBSS with 2 mM
ETDA) and stored at 4°C until stained. For
the evaluation of cell-surface and intracellu-
lar pluripotency markers, 2 x 10° cells were
prepared in V-bottom plates and permeabi-
lized with a 0.1% (v/v) solution of wash buf-
fer with Triton™-X 100 (Sigma Aldrich, St.
Louis, MO, USA) by incubating for 5 min at
room temperature. For evaluating PSC plu-
ripotency, cells were next stained with anti-
bodies against Nanog, Oct3/4, Sox2, SSEA-4
(BD Biosciences, San Jose, CA, USA), and
Tra-160 (Biolegend, San Diego, CA, USA)

Cell & Gene Therapy Insights - ISSN: 2059-7800

EXPERT INSIGHT

diluted in permeabilization buffer (filter ster-
ilized 2% FBS-HBSS with 2 mM ETDA and
0.1% v/v Triton X-100).

Single-stained compensation beads (BD
Biosciences) were prepared in parallel. Com-
pensation controls and stained samples were
incubated for 30 min at room temperature, in
the dark. Unstained cell samples were incu-
bated with permeabilization buffer alone. Af-
ter staining, sample plates were centrifuged at
500 x g to pellet the cells, and the supernatant
was removed. Samples were washed twice
in wash buffer and then analyzed on a Cy-
toFlex™ flow cytometer (Beckman Coulter).
Flow cytometry data were analyzed by Flow-
Jo™ software (BD Biosciences).

Karyotyping analysis

Cell lines were routinely subjected to karyo-
type analysis at the end of the suspension
expansion protocols. Cells were prepared ac-
cording to the requirements of the Cambridge
University Hospital Cytogenetics Laboratory
(Cambridge, UK). Briefly, at the end of the
seed train, cell aggregates were dissociated as
previously described and plated onto Matri-
gel-coated 6-well tissue culture plates. Cells
were cultured as previously described with
daily media exchange (see maintenance of
PSCin 2D culture) until 50 — 70% confluent.
At this point, KaryoMAX™ Colcemid in PBS
(Thermo Fisher Scientific) was added to the
growth media to make a final concentration
of 100 ng/mL, and the plate was incubated
for 1 hour under normal culture conditions.
After incubation, the culture supernatant was
collected, the cell monolayer was washed with
PBS, and the wash was collected with the su-
pernatant. Cells were then detached from the
wells using 1 mL TrypLE Select per well and
incubation for 4 minutes at 37°C. Cells were
triturated into a single cell suspension, and
the dissociation reaction was quenched with
mTeSR1 media. After centrifuging at 200 x g
for 5 minutes and aspirating off the superna-
tant, the cell pellet was resuspended in 300 pL
of fresh media. Next, 10 mL of 0.075 M KCl
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solution (KaryoMAX KClI solution, Thermo
Fisher Scientific) was added dropwise to the
cell suspension while vortexing. The cells
were then incubated at room temperature for
20 min to allow swelling. After this incuba-
tion, cells were centrifuged at 200 x ¢ for 5
minutes, and the KCl solution was aspirated.
A 3:1 solution of methanol (Thermo Fisher
Scientific) and glacial acetic acid (Thermo
Fisher Scientific) was made in-house and
used to fix the cells. The fixative was added
dropwise to the test tube with simultaneous
vortexing. The cells were centrifuged again,
and the fixative removed. The cells were then
resuspended in 2 mL of fresh fixative solution
and stored at -20°C until analyzed. Samples
were sent to Addenbrooke’s Hospital, Cam-
bridge University Hospital Cytogenetics Lab-
oratory, for analysis.

RESULTS & DISCUSSION

Parameter optimization fora 10 L
seed train

We set out to develop a cell expansion pro-
tocol, or seed train, to generate > 10" hu-
man pluripotent stem cells (hPSC) in the
Xcellerex 10 L single-use stirred bioreactor
(XDR-10), as this platform has a scalable,
incremental path to 2000 L and a history
of GMP manufacturing. We performed a
survey of small-scale (<10 L), single-use
platforms suitable for GMP manufacturing
[20,21] and selected the Eppendorf DASbox
(60 - 250 mL) and BioFlo 320 (400 — 1000
mL) as the intermediate steps to the 10 L
scale, with the DASbox acting as the small
volume, de-risking platform.

The seed train was developed starting with
the DASbox bioreactor at 160 mL, passag-
ing to the BioFlo 320 platform at the 1 L
scale, which generated enough cells to seed
the XDR-10 at an 8 L operational volume.
To ensure successful expansion at each scale,
set points for fundamental process parameters
for PSC suspension culture were determined,
using studies performed in small volume
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DASbox bioreactors and with a commercially
available hESC line (ESI-017) as a model. In
these initial experiments, agitation, DO, and
perfusion feeding strategy were investigated,
and enabling profiles for each parameter were
specified.

With single-use, GMP use as the driver
for platform selection, we encountered dif-
ferences in vessel geometry/aspect ratio, vol-
ume turndown ratios and impeller design.
Traditional bioprocess scale-up parameters
such as mixing time, power input per vol-
ume (P/V), oxygen mass transfer (kLa), tip
speed (V, ), impeller to reactor diameter
ratio (D/Tv) were calculated and reviewed
to guide the process development. Howev-
er, these were not always directly applica-
ble due to the platform differences and the
unique constraints and characteristics of cul-
turing PSCs in stirred tanks (for example,
aggregate size limitations, shear sensitivity,
quality concerns, downstream differentia-
tion ability). Therefore, rational experimen-
tal designs to explore the operational space
were utilized as required in the small volume
de-risking platform.

Agitation rate was first investigated in the
DASbox bioreactors. Initial experiments were
performed to determine the minimum en-
abling agitation rate, sufficient to maintain
a suspension culture. This was achieved by
testing increasing agitation rates of 30, 45, 65
and 80 RPM. It was demonstrated that a rate
greater than 65 RPM was required to main-
tain the PSC aggregates in suspension cul-
ture. Agitation rates of less than 65 RPM re-
sulted in aggregate settling (data not shown).
A second study with agitation setpoints of 75,
80, and 85 RPM as well as with a dynam-
ic strategy of increasing agitation at 75, 80,
and 85 RPM on days 0, 1, and 2, respectively,
was performed to determine if a fixed or dy-
namic stirring strategy would be more suit-
able. In this experiment, cells were cultured
in the DASbox bioreactor system at 160 mL,
with one vessel for each of the four agitation
conditions, for five days per passage. Data
from the first passage were not included, as
the cells were adapted to suspension culture.




Data from passages 2—5 were collected and
are depicted in Figure 1. When determining
growth rate, an exponential fit was applied to
determine the maximum specific growth rate.

It was hypothesized that a dynamic mix-
ing strategy would be most beneficial for PSC
suspension culture because a lower agitation
rate at the beginning of the culture would
promote aggregation and enhance cell surviv-
al during the initial stages of the culture, and
an increase would be beneficial to maintain
suspension as cell aggregates grew in size. We
also sought to use agitation to control aggre-
gate size as the culture expanded. In order to
maintain adequate and biologically relevant
oxygen availability to PSCs in aggregates, we
referred to suggested oxygen diffusion limits
from blood vessels of approximately 100-200
pm [5]. With this in mind, we aimed to de-
velop an agitation scheme able to control the
mean aggregate diameters to below 300 pm
on the day of cell harvest. These experiments
demonstrated that PSC cellular growth rate
(Figure 1A) may be affected along with the rate
of aggregate size increase at 85 RPM and in
the dynamic agitation profile (Figure 1B).

EXPERT INSIGHT

Expansion kinetics (growth rate, Figure 1A)
decreased with increasing agitation rate, but
did not show statistical significance across the
fixed agitation conditions in our experiments.
However, the growth rate was significantly
lower for the 85 RPM condition as compared
to the dynamic condition (p < 0.05). Presum-
ably, 85 RPM imparted a higher shear during
the initial aggregation, which may have pre-
vented formation of aggregates and resulted in
slower growth. In general, a trend of decreasing
growth rate was observed as the agitation rate
was increased. The rate of aggregate growth was
significantly higher for the 80 RPM condition
(Figure 1B) as compared to all other conditions,
but interestingly, the rate of aggregate size in-
crease does not correlate with specific growth
rate. The 80 RPM condition stands alone and
in contrast to the three other conditions in this
respect. More experiments would be required
to elucidate the nature of the rate of aggregate
size change at the 80 RPM condition. Despite
differences in growth kinetics and aggregate
size, cells displayed high levels of viability and
pluripotency maker expression for all four mix-
ing conditions (Figure 1C). Greater than 91%

—» FIGURE 1
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Experiments were performed to assess the impact of different mixing strategies on various metrics of PSC growth and quality, using 160 mL
cultures in the Eppendorf DASbox mini bioreactor system. (A) Growth rate, (B) rate of aggregate size increase and (C) pluripotency via flow
cytometry (depicted as percent of total cell population 4-marker positive for Oct3/4, Sox2, SSEA-4 and Tra-1-60) were measured and are reported
here for passages 2-5. Bars represent values averaged over the four passages. Values for each of the individual passages are depicted with
individual dots. Data were analyzed for significant difference by one-way ANOVA, followed by post-hoc Tukey test. Significant differences are
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of the cell population was four-marker positive
(Oct3/4, Sox2, Tra- 1-60 and SSEA-4—as
assessed by flow cytometry) in all cases, and
the dynamic agitation strategy produced the
highest pluripotency data at 95% four-marker
positive. From the experiments completed, the
dynamic mixing strategy was carried forward
as it gave the highest growth rate, did not neg-
atively impact aggregate size increase, and cells
retained a high level of pluripotency marker
expression.

The second parameter investigated was
DO, which are related to the percent of oxy-
gen saturation at 37 °C and normal pressure.
DO has physiological [5], diffusional and cost
implications in large-scale suspension culture.
Thus, understanding the impact of DO and
identifying the minimum DO necessary to
maintain growth rate and pluripotency will
impact scaling strategy and may impact man-
ufacturing costs at scale. This is especially
important for cell types that are particularly
shear sensitive and consequently require ob-
ligate headspace gassing as opposed to sparg-
ing, such as PSCs [16].

In this experiment, a single DASbox
was cultured at 90% DO (passage 1). This

DASbox generated enough cells to split into
four DASboxes at DO settings of 10, 30, 50,
and 90%, respectively. Each DASbox was run
for three further passages. The first passage at
each DO condition (passage 2) was taken as
an adaptive one, and the final two passages
were used for comparative data analysis (pas-
sages 3 and 4). The cells from the DO study
were then pooled and used to seed a 1 L BioF-
lo 320 vessel, which was then passaged to the
first XDR-10 run (Seed Train 1).

Viable cell density (VCD) data from pas-
sages 3 and 4 (Figure 2A) both indicate that
the lower and higher DO set points of 10 and
90%, may negatively impact growth rate. Fur-
ther studies would be required to understand
if the apparent reduction in VCD is statisti-
cally significant. However, some reports [15,
24] support the possibility that lower and
higher DO conditions may negatively impact
stem cell growth. A DO setting of 50% ap-
pears to be most favorable of the conditions
tested. DO had little impact on the aggregate
diameter (data not shown) or day 6 pluripo-
tency (Figure 2B). A DO set point of 50% was
carried forward given that it appeared to be
beneficial from a growth perspective, did not

—» FIGURE 2
Impact of dissolved oxygen (DO) on growth and quality attributes of ESI-017.
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Cells from one DASbox run at 90% DO were split into four DASbox vessels, one at each of four DO conditions—10%, 30%, 50, and 90% and
passaged three further times. Data from passage 2 was not used as cells were equilibrating to the new DO conditions. (A) Viable cell density and
(B) pluripotency via flow cytometry are depicted. Passage 3 and 4 are respectively represented as dots and their average as bars.
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negatively impact pluripotency, would reduce
the oxygen requirement from the 90% start-
ing point and would be a reduced burden to
maintain in a headspace-aerated bioreactor.
The final parameter optimized was perfusion
feeding strategy. Perfusion was chosen as the
culture mode to continuously supply tempera-
ture-labile media components such as growth
factors and cytokines, and to wash out inhibi-
tory byproducts such as lactic acid. We exam-
ined the differences and effects of a fixed versus
dynamic/responsive perfusion strategy on PSC
growth and quality. Four DASbox reactors, two
with fixed perfusion rate and two with dynamic
perfusion, were run. Perfusion was initiated at
50% of the culture volume per day on day 1, on
the condition that aggregation was confirmed
microscopically for all bioreactors. From this
point, whenever referring to the perfusion rate,
it is a percentage of the culture volume per day
unless otherwise stated. The two reactors with
fixed perfusion conditions remained at 50% for
the remainder of the culture. For the two dy-
namically perfused bioreactors, we chose to in-
crease perfusion rate when pH decreased to 6.8

(typically day 3 or 4). When this pH drop was

EXPERT INSIGHT

reached, perfusion rate was manually increased
by 30% over the previous set point. From that
point forward, 30% increases from the pre-
vious set point were made daily (50%, 80%,
110%...etc). We did not optimize the point or
rate of perfusion increase further but suggest
there would be additional operational space to
examine. Figure 3A indicates that growth ap-
pears to increase in the dynamically perfused
DASboxes from day 4 onward. This difference
is made even clearer when observing the DO
output (DO.Out) signal from the probe (Fig-
ure 3B). The probe output is the signal the DO
probe sends to indicate the culture’s demand
for oxygen. From these data, we can see that the
higher growth in the dynamically perfused re-
actors corresponded with an increased demand
for oxygen. Perfusion strategy did not impact
pluripotency (Figure 3C).

In the fixed perfusion conditions, lactate
concentration reached 15 mM on day 4 and
continued to climb to 16 mM by day 6. Dy-
namic perfusion kept lactate concentration
below 15 mM (data not shown). In parallel,
glucose level dropped to 4.6 mM and then
2.7 mM, respectively in these reactors (data

—» FIGURE 3

Impact of perfusion strategy on growth and quality attributes of ESI-017.
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Two replicate DASboxes were run in each of two perfusion conditions; fixed perfusion (50% reactor volume/day starting on day 1) and dynamic
perfusion (50% reactor volume/day on day 1, increased by 30% reactor volume in response to culture first reaching pH 6.8 and increased by 30%
each day thereafter) strategies were tested. Data collected included (A) viable cell density of the cultures as well as (B) the culture’s demand for
oxygen as described by the output signal (DO.Out %) on the in-line DO probes and (C) pluripotency via flow cytometry.
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not shown). As high levels of inhibitors and
low levels of nutrients generally do not favor
PSC growth [11], it was hypothesized that
growth rate would improve if the perfusion
rate was increased throughout the expansion.
While levels of glucose and lactate may af-
fect expansion, there is insufficient data to
determine whether these alone are respon-
sible, due to provision of other growth fac-
tors, cytokines and nutrients and dilution
of other potentially inhibitory by products
as the perfusion rate is increased. Nonethe-
less, the higher rate of media exchange in the
dynamic perfusion strategy promoted better
cell expansion comparatively, which became
noticeable from day 4. On day 6, dynamic
perfusion led to an average 25% increase in
cell density compared to the fixed perfusion
rate bioreactors. Despite ample potential for
further optimization, we progressed with the
current perfusion strategy.

The influence of agitation, DO, and per-
fusion rate on the expansion of ESI-017 as
aggregates in process-controlled bioreactors
was studied. Based on these data, a protocol
for the expansion was developed. A set point
of 50% for DO, a dynamic agitation profile
starting at 75 RPM upon inoculation and in-
creasing by 5 RPM/day to 85 RPM on day
2, and a perfusion strategy starting at 50%/
day on day 1 with rate increases of 30% over
the set point every day once culture pH first
drops to 6.8 was specified. These parameters
were carried forward and formed the basis for
further scale-up work.

Application of the optimized
parameters to the expansion of a
hiPSC line

Once the agitation, DO and perfusion
strategies and setpoints were specified, the
robustness of the process was evaluated us-
ing a second PSC line. The human induced
pluripotent stem cell (hiPSC) line NCRM1
was compared to the human embryon-
ic stem cell (hESC) line ESI-017 used pre-
viously. Both ESI-017 and NCRM1 were
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suspension-cultured in one DASbox each for
a single passage. Each cell line was then split
into two bioreactors. The cells were cultured
in DASbox bioreactors for three additional
passages. From this, a total of seven passage
datasets were collected. Datasets contained
growth, viability, metabolite, and aggregate
size kinetic data as well as pluripotency.

While we agree that passage-based data
is not a sufficient replacement for biological
replicates, this approach demonstrates the
stability of the process across the multiple pas-
sages required to scale the expansion process.
From these data, the two cell lines showed no
significant differences in growth rate, and no
metabolic differences were noted in terms of
lactate yield from glucose (Figure 4A and Fig-
ure 4B, respectively). Both cell lines averaged
>90% four marker-positive for pluripotency
at the end of each passage with no significant
difference between cell lines (Figure 4C), and
both cell lines showed no genotypic abnor-
malities upon karyotypic analysis following
the final passage (Figure 4F).

Aggregate formation appeared to be dif-
ferent between the two cell lines (Figure 4D
and Figure 4E). Aggregate size was signifi-
cantly different on day 1 with ESI-017 cells
forming aggregates with an average diame-
ter of 74.9 um and NCRMI1 cells forming
aggregates with an average diameter of 92.4
pm (p < 0.05). This size difference persisted
throughout the culture duration. When we
quantified the rate of aggregate size growth,
this difference narrowly missed achieving
significance at the a = 0.05 level (p = 0.062).
ESI-017 aggregates grew at an average rate
of 41 pm/day compared to NCRM1 at 48
pm/day. It is hypothesized that the differ-
ence in the initial aggregate formation could
be due to cell line differences in response to
the shear experienced on transition to sus-
pension culture.

Despite the small differences in the rate
of aggregate size increase, we proceeded with
the ESI-017- determined process parameters
for scale-up of NCRM1. For cell lines that
are not successful following this scale-up
protocol, we propose that day 1 aggregate




sizing may prove to be a key datapoint high-
lighting differences that could influence
process parameters such as agitation and
culture length due to the potential impact of
aggregate diameter on aggregate settling and
oxygen availability. With respect to process
robustness, aggregate formation and day 1
aggregate size may prove important sourc-
es of line-to-line variability and may be key
parameters when transferring additional cell
lines to this process.

EXPERT INSIGHT

As PSCs expand, they produce lactate and
consume oxygen and glucose. Correlations
between process values and outputs from in-
stalled pH and DO probes were investigated
with discrete sample data such as viable cell
density, lactate production and glucose con-
sumption. Any lactate and CO, produced
will acidify the medium, thereby lowering the
pH. As DO was being controlled, the rate of
change of the probe output signal (DO.Out),

which reflects the culture’s demand for oxy-

gen, was also investigated for correlation to
growth.

Growth data from the ESI-017 and
NCRM1 comparison study were plotted

Correlation of hPSC growth kinetics
with stirred tank bioreactor
process parameters

—» FIGURE 4

Comparison between embryonic (ESI-017) and induced (NCRM1) cells lines expanded using process developed in DASbox
platform.

against both pH and DO probe output
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Human embryonic stem cell line ESI-017 and human induced pluripotent stem cell line NCRM1 were each grown in one DASbox for a passage,
then passaged into two DASboxes each for three subsequent passages, generating 7 total passage datasets for each cell line. Passage data were
used to determine (A) specific growth rate for the exponential phase of each passage, (B) lactate yield from glucose, (C) pluripotency by flow
cytometry analysis, (D) aggregate size throughout the culture from their formation at day 1 through day 5. (E) Example aggregate images are
depicted for each cell line at the beginning and end of culture and (F) chromosome spreads from karyotype analysis.
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—» FIGURE 5

(Figure 5A and Figure 5B, respectively). Since
the perfusion rate was being increased in
response to the increase in cell density, the
pH did not decrease below 6.75 while cells
continued to expand in the bioreactor. There-
fore, to correlate pH with viable cell density,
we did not include the growth data after pH
plateaued. A relatively good linear correlation
was found between pH and the viable culture
density for both hPSC lines (Figure 5A). The
similar slopes derived from the linear trend-
lines also indicate that the viable culture den-
sity must be higher than 1 x 10° cells/mL to
drive down the pH value close to or below
7.0 with 50% daily medium exchange. Simi-
lar to the pH:VCD correlation, a good linear
relationship was also found for the dissolved
oxygen probe output (Figure 5B).

We additionally investigated if a good lin-
ear correlation could be found for the cells
cultured at different DO setpoints from those
used in the preliminary DO determination
study (Figure 5C). Among the different DO
conditions, DO90 had a shallower slope
compared to the low DO conditions, whose
slopes appeared essentially parallel. We do not
believe this to be a physiological response, but
rather it may be related to a reduction in driv-
ing force to dissolve oxygen as the saturation

point is approached at the higher setpoint;
whereas the parallel linear correlations at the
lower DO set points indicate that the oxygen
demand to cell density correlation in this sys-
tem is unaffected at < 50% DO.

Taken together, the correlation analyses
suggest that both pH and the oxygen demand
value from the online probes can be used to
estimate the hPSC growth condition in the
bioreactors. Though the pH correlation can
be linked to the viable culture density irre-
spective of the bioreactor geometry, it will be
impacted by how fast medium is exchanged
and the buffering capacity of the medium. On
the other hand, DO correlation is less influ-
enced by the perfusion rate and the medium
type, but will be influenced by the parame-
ters that will affect the oxygen transfer coefh-
cient. Interestingly, different DO conditions
are likely to impact the oxygen consumption
rate of the cells. Therefore, to have a more ac-
curate estimation of viable cell density in the
bioreactor, both pH and DO probe signals
should be considered and analyzed.

Since we have established a correlation be-
tween the bioreactor process parameters and
viable cell counts, we propose the dynamic
feeding regime could be cascade-controlled via
integration with the pH and DO continuous

Correlative analysis of online process parameters to discrete data to demonstrate automation of the expansion process.
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conditions the relationship appears to be skewed potentially due to DO saturation.
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process data [20,21]. This would enable met-
abolic feedback of the system to control feed
rates, providing a level of physiological control
and automation of the manufacturing process.
Additionally, with proxy measures of viable cell
density via pH and DO correlations, the need
to extract samples from the bioreactor during
manufacturing would be removed, reducing
labor and contamination risk.

Scale-up of suspension aggregate
culture to 1 L and 10 L reactors

Parallel to the DASbox process development
efforts, scale-up was also being performed at
the 1 L BioFlo 320 scale and the 10 L XDR-
10 scale. As process improvements were being
realized in the DASbox bioreactors, they were
being applied to the scale-up efforts occur-
ring in parallel. Numerous parameters were
evaluated in the scale-up activities including
agitation, DO and pH control strategies,
perfusion strategy, closing of the passaging
and harvest process, and demonstration of
scalability. We found that agitation, DO and
perfusion rates scaled nearly directly between
the DASbox and BioFlo 320 platforms, with
only a small decrease in agitation required to
maintain mixing time in the 1 L BioFlo 320.
Agitation rates to maintain mixing time in
the XDR-10 were reduced even more, due to
more significant differences in platform and
impeller design. A total of 9 expansion runs
at the 10 L scale were made. Two critical qual-
ity attributes (CQA) for passaging have been
identified, with aggregate size being primary
and cell number being secondary.

The first attempt at the 10 L scale was
seeded from the cells generated as part of
the DASbox DO study. Cells from all four
DASboxes were pooled and used to inoculate
a single BioFlo 320. The BioFlo 320 was cul-
tured for 7 days generating enough cells to
seed an XDR-10 at 5.5 L at the target seed-
ing density of 2.5 x 10 cells/mL. A perfusion
technology solution had not been developed
at this point, so a combined fed-batch/perfu-
sion-based approach was used to enable the

Cell & Gene Therapy Insights - ISSN: 2059-7800
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culture. Despite not having an ideal culture
mode, a total of 7.75 billion cells were gen-
erated. Perfusion was required to maintain
low levels of inhibitory by-products, but the
Applikon BioSep used could only achieve
1500 mL/day, which is 28% volume/day at
the starting volume and 19% volume/day at
the final volume. It was demonstrated earlier
that 50% volume/day increases in perfusion
rates were required to maintain exponential
growth. To overcome this, mTeSR1 supple-
ment was bolus-fed into the XDR-10 on days
2, 3 and 5 using 500 mL for the first two
feeds and 1750 mL for the last feed, resulting
in a total volume of 8250 mL.

Seed trains 2, 3 and 4 were executed to
identify a perfusion solution for the XDR-10.
Seed train 2 used the dip tube in the XDR-10
Pro Plus bag as a gravity settling device. The
intent was to allow the heavier aggregates to
be retained while spent media was removed.
This was not successful as significant aggre-
gate loss was observed in the waste media col-
lection. Seed train 3 used the Applikon 10 L
BioSep, which has a larger capacity, which is
not an in-bag solution but rather a retrofit.
It is also more complicated and requires two
pumps to operate. The first is a higher flow-
rate pump to supply the BioSep with culture
and the second removes the waste. Despite
multiple attempts to configure the setup cor-
rectly, aggregates settled at various low points
in the setup. Additionally, continuously ex-
posing PSC aggregates to a peristaltic pump
head is not advisable, as significant viability
loss and growth impacts were observed (data
not shown). Seed train 4 utilized Repligen’s
ATF (alternating tangential flow filtration)
system. Based on in-house, single-pass shear
assessments of aggregates through hollow
fibers in a tangential flow filtration (TFF)
system, and recommendations made by the
vendor, a shear rate of 2700 1/s was used to
recirculate the culture and remove waste via
perfusion. This perfusion set-up was aban-
doned due to adverse impact on cell viabili-
ty and, like the high flow rates in seed train
2, was hypothesized to be too harsh for PSC
aggregates.
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To date, a commercially available, large-
scale, single-use solution for perfusion of PSC
aggregates has yet to be developed. As such,
a prototype perfusion device for PSC expan-
sion was developed and tested. PSCs grown
as aggregates in bioreactors have a reasonably
high settling velocity, but not quite enough
to resist removal through a dip tube. Based
on this, a perfusion device composed of spi-
ral tubing coupled with a top-mounted 20
pm filter was devised. Through inclusion of
a filter element and a pump having a flush-
back cycle, the aggregates are preferentially
returned to the bioreactor environment while
waste media is removed. To demonstrate the
device’s utility, NCRM1 cells, grown as part
of an iPSC experiment to demonstrate ro-
bustness of the expansion protocol, were pas-
saged to a 1 L BioFlo 320 retrofitted with this
settling device, twice (P2 and P3). Cells were
then passaged a fourth time (P4) in the Bio-
Flo 320 and in parallel, to an XDR-10 also
retrofitted with the same settling device.

The BioFlo 320 was seeded at 2.5 x 10° cells/
mL at 700 mL with an agitation setting of 70
RPM on day 05 culture volume was increased
to 1 L on day 1 and agitation rate increased
to 75 RPM once aggregation was confirmed.
Perfusion was started on day 1. On day 2 the
agitation rate was increased to 80 RPM.

To determine if NCRMI1 aggregate mor-
phology was impacted by use of the settling
device, it was run only intermittently during
the first passage in the BioFlo 320. Samples of
the culture were taken before and after use of
the device and were analyzed microscopically,
with no observable impact on aggregate mor-
phology. The culture was then passaged two
additional times (P2-P3) into the same BioF-
lo 320, now with the settling device running
in continuous mode for the entire expansion.
Pluripotency was examined via flow cytome-
try after each of P1, P2 and P3 and was found
to exceed our minimal requirements (97%,
94% and 93%, respectively). On the final
passage (P4), the 1 L culture was used to seed
the XDR-10 bioreactor (seed train 1). Plurip-
otency for the P4 expansion in the XDR-10
was 82% positive for the four-marker panel.
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We recognize the downward trend of plu-
ripotency seen for NCRM1 through these
passages, however we have not seen this for
ESI-017. Additionally, on previous, repeated
passaging of NCRM1 (Figure 4C) we did not
observe a linear decrease in potency through
P2-P4 in bioreactor culture (replicate 1: 93%,
93%, 92% and replicate 2: 88%, 93%, 97%).

The XDR-10 working volume was 8 L.
Agitation speed was 55 RPM on day 0, in-
creased to 60 RPM on day 1 and 65 RPM
on day 2 with perfusion starting on day 1. To
enable the back flush of the aggregates accu-
mulating in the settling filter, the waste pump
was placed under the control of the BioSep
controller. Enabling settings for the back-
flush time and overall cycle frequency were
identified to be 10 seconds and 7 minutes,
respectively. Masterflex L/S size 25 tubing
was used for the spiral settling tubing. For the
BioFlo 320 a single spiral tubing setup was
used while for the XDR-10 a double spiral
setup was applied. Masterflex L/S size 16 tub-
ing was used in the pump head for the BioFlo
320 expansions and Masterflex L/S size 25
tubing for the XDR-10 expansion. Figure 6A
illustrates how the culture grew with contin-
uous settling device perfusion in the BioFlo
320 (2 passages, P2 and P3) and in the XDR-
10 (1 passage, P4, seed train 5)

Scale-Up to the XDR-10

For the successful ESI-017 XDR-10 runs
(seed trains 1, 7 and 8), differences in growth
at increasing scale were observed; however,
this did not prevent growing over 10 billion
cells at the XDR-10 scale. Seed trains 7 and 8
exceeded our target (25 and 37 billion PSC'’s,
respectively); whereas the first, which did not
have a suitable perfusion solution, was slight-
ly short of our goal (7.7 billion PCSs). The
NCRM1 scale-up run, from development of
the large-scale perfusion device (seed train 5),
also exceeded our target by producing 15 bil-
lion PSCs. The four successful scale-up runs
in the XDR-10 (Figure 6B) maintained accept-
able pluripotency (86%, 82%, 81% and 97%
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for seed trains 1, 5, 7 and 8, respectively) with
no karyotypic abnormalities.

The cause of variability in final pluripoten-
cy from the 10 L runs is unknown. Certainly,
these scaled up expansions describe devel-
opmental work, and the standard operating
protocols for clinical manufacturing have not
been locked down. However, the state of an-
alytics (low cytometry and karyotype analy-
sis) and their suitability for application to cell
populations in the billions deserve some con-
sideration. Nonetheless, we considered these
runs successful as they were above our inter-
nal CQA for pluripotency (= 80% positive
for Oct3/4, Sox2, SSEA-4 and Tra-160) and
returned normal chromosome G-banding re-
sults compared to master cell banks.

A drop in viable cell density is observed
across all expansions regardless of scale or cul-
ture platform during the first 24—48 hours.
We hypothesize this is a result of multiple
stress factors as opposed to a dilution effect
associated with a volume change due to ini-
tiation of perfusion or bolus feed of media,
as both viable cell density and total cell num-
ber are shown to drop (Figure 6a). Harsh pas-
saging conditions (treatment with TrypLE,
tricuration, multiple centrifugation steps,
etc.), acclimatization to a new cell culture

EXPERT INSIGHT

environment, and efficiency of aggregate for-
mation (i.e. not all of the inoculated single
cells will form aggregates), may all contrib-
ute to loss of viable cell density in the initial
phase.

Perfusion was started in all cases on day
1, and rates were increased at 30%/day of
the previous set point, once the culture pH
dropped to our internal target of 6.9. The
pH did not drop below 6.8 throughout any
of the expansions. Lactate did not exceed 14
mM at any scale. The average growth rate
across the two ESI-017 seed train runs with
the prototype perfusion device (seed trains
7 and 8) was 0.761 + 0.131/day. Average
lactate yield was 1.533 + 0.162 mol lactate
produced/mol glucose consumed. The aver-
age rate of aggregate size increase was 32 +
12 pm/day.

As a final note on the last scale-up run
performed, this process was accomplished
completely closed, with in-reactor aggregate
dissociation and tube-welded transfers. The
intent was to demonstrate that large-scale
PSC expansion is possible in a complete-
ly closed system and to provide a potential
starting point for large-scale, clinically rel-
evant production of pluripotent stem cells.
We recognize there are many potential

Scaled up PSC growth.
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(A) Expansion kinetics from two BioFlo 320 1 L runs and the first 8 L XDR-10 run enabled by the large-scale perfusion device using cell line
NCRM1. Secondary axis depicts total viable cells for the XDR-10 run (B) Growth curves for the four successful XDR-10 runs, represented as
total viable cells. Seed trains 1, 7 and 8 were the embryonic cell line ESI-107 and seed train 5 the induced pluripotent cell line, NCRM1. (C)
Growth curves (n=7) of ESI-017 directly inoculated into 1 L suspension culture from the HDSB. Growth rates were calculated from day 1 and were
comparable across seven attempts with an average of 0.59 +/- 0.1 day™.
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opportunities to improve, and to contin-
ue scaling of this manufacturing workflow,
and by no means present a final commer-
cial-ready solution. However, we feel with
the scale achieved and approach taken, this
work represents the most advanced bioman-
ufacturing process for PSCs reported to date.

High-density seed bank for direct
inoculation of 1 L stirred tank
bioreactor

With success reaching > 10" cells pro-
duced in the 10 L Xcellerex platform, we
hypothesized these cells could be banked
at high density for use as an inoculum, as
in traditional bioprocesses. Cryogenically
preserved, high-density seed banks (HDSB)
were made to target the cell numbers re-
quired to directly inoculate a 1 L bioreactor
at 2.5 x 10° cells/mL. The HDSBs had a post
thaw viability of 89.1 +/- 1.9 % and were
successfully used to inoculate seven 1 L bio-
reactors, resulting in very consistent growth
rates with an average of 0.59 +/- 0.1 day”
(Figure 6C). These growth rates were not sig-
nificantly different (p = 0.569) than those in
the cell line comparison study for ESI-017
0f 0.66 +/- 0.1 day”'. However, both growth
rates were slightly lower than the average of
the two 10 L runs (0.633 day™), likely due
to differences in perfusion technologies and
overall reactor set-up and operation. Day
5 pluripotency in the HDSB expansions
averaged 87.6 +/- 12.6% positive for the
four-marker pluripotency flow cytometry
panel. While the average was above our tar-
get CQA of 80% positive, we noted one rep-
licate experiment was unusually low at only
64% positive. The cause of low pluripotency
from this run is not known and unexpected,
as the bioreactor run conditions were held
constant for all HDSB — 1 L expansions. On
removal of this outlier, the day 5 pluripoten-
cy averaged 91.8 +/- 6.4%. Whether or not
this data point was excluded, the HDSB plu-
ripotency was not significantly (p = 0.624 or

DOI: 10.18609/cgti.2020.141

0.578) different than that found in the cell
line comparison work at 90.4 +/- 3.5%.

We did note differences in the amount of
cell loss following inoculation. With the tis-
sue culture inoculated expansion, cell counts
reduced by 50% on day 1 compared to a
70% loss on day 1 in the HDSB inoculated
expansions. Operationally, we note that the
HDSB expansions were perfused at 50% per
day and were not fed with the dynamic per-
fusion regime developed herein. Together, as
a result, the day 5 cell counts for the cell line
comparison study were on the order of 105,
while the HDSB expansions only reached
10° in the same amount of time. Neverthe-
less, we feel that the maintenance of specific
growth rate and end-point pluripotency po-
sitions the use of HDSBs as an appropriate
replacement for tissue culture-based inocu-
lum for bioreactor PSC expansion.

The decoupling of adherent tissue culture
and small-scale (200 mL) stirred tank biore-
actor expansion from large-scale (1 L) stirred
tank bioreactor expansion is a significant ad-
vancement in the PSC manufacturing para-
digm. The manual, adherent tissue culture
process requires a high level of skill and con-
sistent technique. With the use of HDSB as
inocula, this source of process variability can
be eliminated through normalization of cel-
lular input. Additionally, for the 10 L scale
manufacturing process, this process im-
provement reduces the overall process time

by 50%.

Downstream volume reduction and
concentration

With demonstration of the XDR-10 scale-
up, we turned our attention to downstream
processing of the cells. In order to demon-
strate a closed and automated solution, we
subjected aliquots of 7 x 10 cells ( 2-3 L)
of a 10 L expansion to processing through
the Sefia™ Cell Processing System. We made
an initial attempt to process PCS aggre-
gates with the stock Sefia protocols. This
was unsuccessful and resulted in clogging or




fouling of the consumable kit, presumably
due to the density differences between ag-
gregates and single cells. Rather than explor-
ing the operational space that may enable
processing of cellular aggregates, we decided
to process a 10 pM rho-associated protein
kinase inhibitor Y27632-mediated,
gle-cell solution and disaggregated with our

sin-

passaging protocol as described. Originally
designed and marketed for processing sin-

EXPERT INSIGHT

240 mL in 1h 15min with 89% cell recov-
ery (6.48 x10° cells) and 94% viability. Run
#2 reduced 2.8 L (7.0 x10° cells) to 250 mL
in 1h 27min with 79% recovery (5.55 x 10°
cells) and 98% viability. These runs were not
optimized in any way, and we feel recoveries
could be further improved with additional
replicates and fine-tuning of the processing
protocol software by adjusting the opera-
tional parameters.

gle-cell blood cell products, we demonstrat-
ed the utility of Sefia in processing PSCs.

Run #1 reduced 2.0 L (7.39 x10° cells) to  Conclusions

—» FIGURE 7

Process overview.

High-density
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Current state of the art

Scale advantage

Images across the bottom depict the current state of the art in scaling up PSC expansion, from adherent flask growth to small and medium
bioreactors. The work described here offers a scale advantage of a 10 L platform. The time axis depicts the typical duration of each stage and
indicates which portions of the process require open manipulations in a biosafety cabinet. The use of high-density seed banks offers a direct route
to bioreactor expansion with normalized cellular input without highly skilled labour for adherent culture and reduces the overall process time by
50%. Data depicted are the total viable cells from the seed trains and from direct HDSB inoculation for NCRM1 (purple) and ESI-017 (dark blue).
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