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GMP-compliant, stable, and efficient expansion
of pluripotent stem cells in a closed cultivation system

Introduction

Human pluripotent stem cells (hPSCs) hold great promise for clinical
use and cell therapy applications. To ensure highest quality and
consistency of the resulting cellular products, suitable hPSC lines have
to be maintained under standardized cultivation conditions and
procedures. We developed a xeno-free iPS-Brew GMP Medium
following the recommendations of USP <1043> on ancillary materials,
thus enabling expansion of hPSCs for clinical research use. iPSCs
were expanded using a pilot lot of this medium. Resulting cells were
highly pluripotent, displayed a normal karyotype, and could be
easily differentiated into cells of all three germ layers.

Results

To increase the level of process standardization and product
consistency we developed a procedure for hPSC cultivation using the
integrated cell-processing platform CliniMACS Prodigy®. PSCs could
be expanded by a factor of 25 to 60 in a single passage using
automated coating, feeding, and harvesting procedures in a closed,
single-use tubing set under adherent culture conditions.

Subsequently, these cells could be replated and differentiated into
neuroectodermal cells within the closed system, illustrating the
feasibility of automated cell production for future clinical cell
manufacture.

1 iPS-Brew GMP Medium enables stable and efficient hPSC expansion
and supports fast culture re-initiation after cryopreservation

In order to qualify the iPS-Brew GMP Medium and analyze the
robustness of the culture conditions, two PSC lines (clone 1 and 2)
were cultivated on recombinant Laminin-521. We used two different
culture techniques: i) cell-cluster passaging with StemMACS™
Passaging Solution XF (A) and ii) single-cell passaging using TrypLE™
(B). Both iPSC clones showed a homogenous morphology over 20
passages regardless of the passaging technique used (A and B, clonel)
and had a stable doubling time of 18-24 h (depending on the PSC
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clone) as assessed for single-cell passaging during long-term
cultivation (C). Split ratios of 1:15 and up to 1:20 were suitable for long-
term cell-cluster passaging for both clones. Furthermore, cryo-stocks
were prepared using StemMACS Cryo-Brew to estimate their
recovery after a freeze-thaw cycle. Cells rapidly recovered after
thawing (n = 3), almost immediately reaching the standard doubling
times (D) and displaying a normal morphology already in p1 after
thawing (E).
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Cells cultivated in iPS-Brew GMP Medium stay

highly pluripotent and retain a normal karyotype

To determine the quality of the cells cultivated in iPS-Brew GMP
Medium, cells were checked for their marker expression profile using
multicolor flow cytometry'. Both PSC clones showed a high and robust
expression of the pluripotency markers TRA-1-60, SSEA-4, SSEA-5,
and Oct-4 with >98% positive cells and almost no expression (<14%
positive cells) of the differentiation marker SSEA-1 during long-term
cultivation regardless of the passaging technique used (A, clone 1,
and B). The genomic stability of the cells was analyzed by karyotyping.

No abnormalities could be identified after 20 passages (C, clone 1; p20
of cell-cluster passaging). Moreover, the differentiation potential of
each clone, cultivated for at least 10 passages in iPS-Brew GMP
Medium, was examined. Standard in vitro differentiation assays were
used to differentiate the cells into: i) CXCR-4*FoxA2*Sox17*
definitive endoderm cells (endoderm), ii) Sox2*Pax6*PSA-NCAM*
neuroectoderm cells (ectoderm) and iii) CD144* endothelial precursors
and CD140b™* vascular smooth muscle cells (mesoderm) (D).
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Workflow for GMP-compliant hPSC expansion and differentiation

within the closed cultivation system CliniMACS Prodigy®

The CliniMACS Prodigy® provides the possibility of setting up

complex protocols for cell manufacturing in a closed system (fig.3). To
increase the level of process standardization and product consistency,
a prototype program for hPSC cultivation and differentiation was
developed using the TS 730 tubing set, which provides eight
connections for media, buffer, and coating solutions as well as the
possibility to pre-warm media during transfer from an external 4 °C
storage compartment into the cultivation and centrifugation unit (CCU).
At day -1 media and solutions or external tissue culture ware are
connected sterilely before installing the tubing set on the instrument.
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Bags with cell suspensions or cultivation media are connected via
sterile welding just before use at day 0. Typically, 1x10° hPSCs are
inoculated into the CCU and cultivated over the next days, with
automated daily media exchange, until cells are automatically
harvested on day 5 yielding 25-60x10° hPSCs depending on the cell
line used. The harvested hPSCs can subsequently be used for further
differentiation purposes, e.g., using sterilely connected external
large-area tissue culture (TC) ware (Corning® CellSTACK®) kept in an
adjacent incubator.
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Efficient hPSC expansion and neuroectodermal

differentiation with the CliniMACS Prodigy®

We assessed the feasibility of an automated iPSC expansion and
subsequent neuroectodermal differentiation. First, iPS clone 2 was
expanded within the CCU using iPS-Brew GMP Medium. Cells
grew comparably to iPSCs cultivated on Laminin-521-coated standard
6-well TC plates in iPS-Brew GMP Medium (A) and displayed typical
hPSC morphology during expansion (B). After five days of closed-
system expansion an in-process control (IPC) was conducted on a cell
sample obtained from a sampling pouch, using multicolor flow
cytometry. The cells expressed the pluripotency markers at a high
level (>91% positive cells), with almost no expression of the
differentiation marker (<4% positive cells) (C). Of the 5.9x10” harvested

iPSCs, 2.5x10” cells were transferred into a sterilely connected
single-layer CellSTACK (636 cm? and compared to a standard
6-well plate differentiation culture. A larger number of 2.23x10°
neuroectodermal cells (3.5x10° cells/cm?) could be generated in
the closed-system cultivation compared to only 1.32x10’
neuroectodermal cells (2.3x10° cells/cm?) in the standard 6-well
plate (D), demonstrating the successful upscaling for generating
differentiated cells. Cells showed the normal neuroectodermal
morphology during differentiation in the closed system (E) and
expressed the expected markers Sox2, Pax6, and PSA-NCAM
comparably to cells differentiated in a 6-well plate (F).
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Conclusion

Here we developed a xeno-free cultivation medium for hPSCs,
following the recommendations of USP <1043> on ancillary materials,
which:

. allows the maintenance and stable expansion of hPSCs on
standard cell attachment matrices like recombinant Laminin-521,

. supports rapid culture initiation after cryopreservation,
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keeps hPSCs highly pluripotent for more than 20 passages while
retaining a normal karyotype and the capacity to differentiate into
cells of all three germ layers.

iPS-Brew GMP Medium can be used with the CliniMACS Prodigy for
hPSC cultivation in a closed system offering the perspective of an
automated GMP-compliant cell manufacture.

1. Miltenyi Biotec (2016) Multicolor flow cytometry analysis of human pluripotent stem cell cultures. http://www.miltenyibiotec.com/~/media/Files/Navigation/Cell%20analysis/resources/AppNote_Flow_cytometry_of PSC_

cultures.ashx)

Unless otherwise specifically indicated, Miltenyi Biotec products and services are for research use only and not for therapeutic or diagnostic use. The CliniMACS® System components, including Reagents, Tubing Sets,
Instruments, and PBS/EDTA Buffer, are manufactured and controlled under an ISO 13485-certified quality system. In the EU, the CliniMACS System components are available as CE-marked medical devices. In the US, the
CliniMACS CD34 Reagent System, including the CliniMACS Plus Instrument, CliniMACS CD34 Reagent, CliniMACS Tubing Sets TS and LS, and the CliniMACS PBS/EDTA Buffer, is FDA approved; all other products of the CliniMACS
Product Line are available for use only under an approved Investigational New Drug (IND) application or Investigational Device Exemption (IDE). CliniMACS MicroBeads are for research use only and not for human therapeutic

or diagnostic use.

MACS® GMP Products are for research use and ex vivo cell culture processing only, and are not intended for human in vivo applications. For regulatory status in the USA, please contact your local representative. MACS GMP
Products are manufactured and tested under a quality management system (ISO 13485) and are in compliance with relevant GMP guidelines. They are designed following the recommendations of USP <1043> on ancillary
materials. No animal- or human-derived materials were used for manufacture of these products, unless otherwise stated on the Certificate of Origin.

CliniMACS, CliniMACS Prodigy, MACS, the MACS logo, StemMACS, Vio, VioBlue, and VioGreen are registered trademarks or trademarks of Miltenyi Biotec GmbH. All other trademarks mentioned in this document are the

property of their respective owners and are used for identification purposes only.



