CELL & GENE THERAPY INSIGHTS

CELL & GENE THERAPY
MANUFACTURING PATHWAY

FUTURE LEADER PERSPECTIVE

Key considerations in optimizing
pluripotent stem cell bioprocessing

Iwan Roberts

In the same paper in which the first successful derivation of human plu-
ripotent stem cells was reported, they were already being postulated as a
potentially unlimited source of cell transplantation material [1]. In the fol-
lowing years, an entire research field has evolved to seek ways to control
and harness the complexity of pluripotent stem cells, which has resulted
in a slow but steady progression towards the clinic. Now it is the turn of
bioprocess development to adapt existing tools and technologies, or de-
velop totally novel approaches, to ensure the promise of these therapies
can finally be delivered in a safe, efficacious and affordable manner.

PLURIPOTENT STEM
CELLS’ COMPLEX MoA
MEANS COMPLEX
PROCESSING

Cell therapies have long held prom-
ise to deliver transformative clinical
benefits by administrating a prod-
uct capable of complex mechanisms
of action. However, to achieve such
feats in a safe and efficacious manner
requires an understanding of how to
control the target phenotype. This is-
sue is critical for pluripotent stem cells

(PSCs) where the plasticity which

enables them to transform into a huge
range of potentially therapeutic cells
types, also makes it very hard to mea-
sure and control the critical quality
attributes (CQAs). Actually defining
the CQAs is further complicated by
the lack of clinical experience that
is mirrored in regulatory uncertain-
ty. There was disappointment in the
field when Geron (California, USA),
abandoned its trial in 2011 after sig-
nificant investment. But now there
is cause for cautious optimism. For

instance Asterias (California, USA)

picked up Geron’s lead candidate for
spinal cord injury and began enroll-
ing a new trial in 2015. In addition
Ocata Therapeutics (Massachusetts,
USA), Healios KK/Riken (Tokyo,
Japan), and Pete Coffey (UCL, Lon-
don, UK) have all now implanted ret-
inal pigment epithelium cells to treat
blindness. In light of this it is perti-
nent that process development presses
ahead even under an environment of
many “unknown, unkowns” to ensure
this initial momentum in the clinic is
not derailed.
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SAFETY CONCERNS OF
PSC-DERIVED THERAPIES

The main safety concerns of PSCs
are that they have a transient and
often highly heterogonous pheno-
type during differentiation. This
heterogeneity means the safety of
a PSC therapy will be dependent
on a processs proven ability to de-
liver only the intended cell type to
patients, being free of potentially
harmful contaminant cells. Cellular
contaminants can be put into three
broad categories:

1. Non-tumorigenic cells
2. Undifferentiated PSC

3. Proliferative cells

The presence of these cells, or mass-
es they can form, could cause harm
from either their metabolic activity
and/or physical presence, particu-
larly in anatomically sensitive areas
such as the brain.

NON-TUMORIGENIC
CELLS (CONTAMINATION
FROM SPONTANEQUS
DIFFERENTIATION)

During  differentiation  proto-
cols the PSC population not only
changes into the intended thera-
peutic cell but also differentiates
into a multitude of other cell types.
Differentiation yields can be very
low, for example Klimanskaya ez a/
reported <1% spontaneous differ-
entiation of RPE from embryoid
bodies after 6 weeks [2]. With op-
timization this same differentiation
can be dramatically increased up to
80% through a complex regime of
defined factors at specific timings
[3]. However, this still leaves a sub-
stantial amount of contaminant

“non RPE” cells (20%).
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Such contaminants can cause is-
sues with the regulators, for exam-
ple Geron had their subsequently
abandoned PSC clinical trial put on
temporary hold when it was discov-
ered that a certain unwanted cellu-
lar contaminant led to the forma-
tion of non-proliferative cysts [4].
This potential risk is termed “graft
overgrowth” where limited benign
in vivo proliferation of stem cells or
their progeny could cause clinical
harm [5]. Another example of this
is where an autologous olfactory
stem cell transplant into the spine
at a Portuguese hospital had to be
removed due to patient pain [6]. On
removal the growth was determined
to be non-cancerous containing
nerve branches, bone and was se-
creting mucosal material. Therefore
the manufacturing process needs to
either have a purification stage to
separate out just the desired popu-
lation or be able to reproducibly de-
liver a defined heterogeneous popu-
lation with pre-clinical assurances as
to its safety [7].

TERATOMAS

(PSC CONTAMINATION)

A test for the pluripotency of PSCs
(ability to differentiate into the vast
multitude of cell types) is to inject
them into an immunodeficient
mouse, where they form what is
termed teratomas. These teratoma
masses are then removed and in-
terrogated for the three germ layers
that all cells types are derivatives of,
thus proving their pluripotency po-
tential. However these PSC-derived
teratoma-like masses do not meet
the classic definition of teratomas
which contain acquired genetic and
epigenetic alterations [8]. Although
benign this ectopic tissue either at




the therapeutic site of implantation,
or as a result of migration through
the body’s transport systems may
cause harm.

When the FDA first started ex-
ploring the potential regulation of
PSC therapies in 2008 a meeting
with industrial stakeholders was
held. Here the view was presented
that undifferentiated cells in the
final therapy were a safety concern
and that the further down the
pathway to specialization and ter-
minal differentiation the lower the
risk of “tumor” formation. Thus
it is a key part any PSC-derived
investigational new drug (IND)
filing to have accounted for the
issue of undifferentiated PSC con-
tamination. In a manufacturing
process this could mean tracking
and ultimately confirming the ab-
sence of PSC markers in the final
product.

GRAFT OVERGROWTH &
KARYOTYPE DRIFT

During prolonged cell culture and
adaptation to new methods PSCs
can experience karyotypic drift
(chromosomal changes) often re-
sulting in decreased population
doubling times which can lead to
tumor formation 7 vive due to
uncontrolled proliferation [9—11].
However, this has not precluded
the use of a karyotypically abnor-
mal cell line being used in therapy
for example Carpenter, Frey-Vas-
concells, and Rao reported that
the FDA approved the use of the
human embryonal carcinoma cell
line which has between 56 and 61
chromosomes for use in a clinical
trial [12]. Yet their inclusion would
still be undesirable as they present
a significant safety concern. This

FUTURE LEADER PERSPECTIVE

makes karyotype testing to prove
stability over a defined range of
passages a likely prerequisite for
the working cell bank used in
manufacture.

Another potential complication
arises from the use of induced plu-
ripotent stem cells, where genetic
engineering approaches can be used
to revert cells into a plastic state.
An inability to adequately control
the reprogramming could lead to
‘insertional mutagenesis’ resulting
in malignancies like those seen in
past gene therapy trials [13]. How-
ever, the presence of genetic muta-
tions after reprogramming does not
necessary mean that cells are tum-
origenic and therapy unsafe, as was
reported by those familiar with the
Riken iPSC trial — noting a lack of
consensus and guidelines [14].

IMPLICATIONS WITH
RESPECT TO PROCESS-
ING TECHNOLOGIES &
APPROACHES

Reducing contamination and en-
riching for the target phenotype
as part of bioprocess development
is severely hampered by a lack of
rapid or non-destructive analytical
assays available. This is a particular
issue as the cultures are scaled up
(or out) from simple flask culture
into suspension cultures or multi-
layer plastic systems as the quickest
analytical method of looking down
a microscope is lost.

Therefore the use proxy mea-
surements of media components,
or metabolic by-products to track
the process becomes vital as they
often represent some of the quick-
est analytical tests to perform.
This is exemplified in feasibility

work which we conducted scaling
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up PSC culture in a hollowfiber
bioreactor whereby through em-
pirical changes to the process-
ing parameters in an attempt to
maintain glucose and lactate levels
within those seen in flask culture
the bioreactor yield was doubled.
But this still represented a 4-fold
lower yield per cm” than standard
flask culture [15]. This highlights
the need to not just to be able to
measure the system but have au-
tomated control systems — in this
example it would be linking the
perfusion system to a media anal-
yser. For differentiation protocols
taking many weeks the validation
of proxy measures against the tar-
get phenotype will greatly improve
process understanding allowing
control. An example of this is work
by Stachelscheid ez a/ who tracked
a-fetoprotein  (AFP), B-human
chorionic gonadotropin (-hCG)
and activin in bioreactor cultures
[16]. If suitable analytical tests were
available to rapidly monitor PSC
processes such as those described
by Smith er al it would open the
possibility of applying the princi-
pals of process analytical technol-
ogies (PAT) [17]. The use of PAT
would enable the implementation
of dynamic control to adapt to real
time variation in the process to im-
prove the consistency of the prod-
uct quality [18]. Given the highly
variable and transient nature of the
PSC expansion and differentiation
process the use of PAT could be
key control of this complexity -
reducing the chances of expensive
batch failures where weeks worth
of processing time might be lost.
The use of statistical tools such
as Design of Experiments (DoE)
have long been applied to bio-
technology to understand com-
plicated interactions between key

DOI: 10.18609/cgti.2016.016

variables and outcomes [19,20].
Such approaches typically involve
an initial screening experiment
whereby multiple factors are var-
ied at maxima and minima in a
rationalized way, meaning that
not every permeation is run. This
allows identification of which key
factors impact the response whilst
minimizing the experimental re-
sources required. With the factors
having the largest impact on the
response identified these can then
be focused in on to increases res-
olution. This increased resolution
in the form of data points allows
a model to be generated that pre-
dicts the interactions between both
inputs and processing parameters
and CQAs to be elucidated. Such
statistical approaches have already
shown to be effective in developing
cell therapy processes, For exam-
ple Ratcliffe ez a/ and Hunt ez al
applied the approach to stem cell
bioreactor operation, and explored
key variables of PSC expansion
in an automated culture platform
[21,22]. We applied this statistical
approach to the differentiation of
PSCs into retinal pigment epithe-
lium cells [23]. A mixture of vari-
ables where explored to cover fac-
tors that would impact both the
process economics such as feed-
ing regime and use of expensive
growth factors. The model showed
that decreasing the amount of
media used had a positive impact
on differentiation and it identi-
fied initial seeding density, nico-
tinamide concentration and time
at which media times were made
were the most important factors
of the screen. The optimization
experiment modelled their inter-
action with statistical certainty to
predict an optimum process. How-
ever, the experimental effort to run




large multifactorial experimenters
over a 49 day differentiation pro-
tocol was considerable, and many
of the responses measured were
insignificant. This was most likely
due to the experimental noise from
a manual process being larger than
the signal produced by the effect.

TRANSLATIONAL INSIGHT

If PSC therapies are to be both clin-
ically and commercially successful it
is critical that the processes can both
optimize yield and control (or re-
move) the presence of unwanted cel-
lular contaminants. To achieve this an
information-lead approach is needed
that will require a combination of
quicker analytical tests that have been
validated against anticipated predic-
tors of efficacy in the clinic. Removal
of manual handling and implemen-
tation of automated systems will be
key to achieving the control needed
and validate a process that can pro-
duce a safe and efficacious product.
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Therefore there is a real opportunity
for new technological solutions to be
developed for this next generation of
cell therapy bioprocessing which will
be applicable to both PSC and other
classes of cell therapies such as CAR
T-cells.

FINANCIAL & COMPETING
INTERESTS DISCLOSURE
The author has no relevant financial in-
volvement with an organization or entity
with a financial interest in or financial
conflict with the subject matter or ma-
terials discussed in the manuscript. This
includes employment, consultancies, hon-
oraria, stock options or owners/]ip, expert
testimony, grants or patents received or
pending, or royalties.

No writing assistance was utilized in

the production of this manuscript.

@ @@@ This work is licensed under

a Creative Commons Attri-

bution — NonCommercial — NoDerivatives 4.0

International License

1. Thomson JA, Itskovitz-Eldor J, Shap-
iro SS et al. Embryonic stem cell lines
derived from human blastocysts. Sci-

ence 1998; 282(5391), 1145-7.

2. Klimanskaya I, Hipp J, Rezai KA,
West M, Atala A, Lanza R. Derivation
and comparative assessment of reti-
nal pigment epithelium from human
embryonic stem cells using transcrip-
tomics. Cloning Stem Cells 2004; 6(3),
217-45. doi: 10.1089/clo.2004.6.217

3. Buchholz DE, Pennington BO, Croze
RH, Hinman CR, Coffey PJ, Clegg
DO. Rapid and Efficient Directed
Differentiation of Human Pluripotent

Stem Cells Into Retinal Pigmented

Epithelium. Stem Cells Transl. Med.
2013; 2(5), 384-93.

4. Geron press release, accessed 11,12,14
http://ir.geron.com/phoenix.zht-
ml?c=67323&p=irol-newsArti-
cle&ID=1636138

5. Anisimov SV, Morizane A, Correia
AS. Risks and Mechanisms of On-
cological Disease Following Stem
Cell Transplantation. Stemz Cell Rev.
Reports 2010; 6(3), 411-424. doi:
10.1007/s12015-010-9134-5

6. New Scientist, accessed 14,07,14
hetp://www.newscientist.com/article/
dn25859-stem-cell-treatment-causes-

nasal-growth-in-womans-back.html#.

VJ09XBuQR

Cell & Gene Therapy Insights - ISSN: 2059-7800

Weil B & Veraitch E Bioprocessing
Challenges Associated with the Purifi-
cation of Cellular Therapies. In: Stem
Cells and Cell Therapy; Al-Rubeai M
& Naciri M (Eds.), Springer Nether-
lands., 2014; Vol. 8, 129-56.

Lensch MW & Ince TA. The termi-
nology of teratocarcinomas and tera-
tomas. Nat. Biotechnol. 2007; 25(11),
1211-2.

Draper ]S, Smith K, Gokhale P ez al.
Recurrent gain of chromosomes 17q
and 12 in cultured human embryonic
stem cells. Nat. Biotech. 2004; 22(1),
53—4. www.nature.com/nbt/journal/

v22/n1/suppinfo/nbt922_S1.html

145




CELL & GENE THERAPY INSIGHTS

10.

11.

12.

13.

14.

15.

16.

146

Mitalipova MM, Rao RR, Hoyer DM
et al. Preserving the genetic integrity
of human embryonic stem cells. Naz.
Biotech. 2005; 23(1), 19-20. www.
nature.com/nbt/journal/v23/n1/

suppinfo/nbt0105-19_S1.heml

Pera, MF. Unnatural selection of cul-
tured human ES cells? Nat. Biotech.
2004; 22(1), 42—-43.

Carpenter MK, Frey-Vasconcells ],
Rao MS. Developing safe therapies
from human pluripotent stem cells.

Nat. Biotechnol. 2009; 27(7), 606—13.

Check E. Gene therapy: A tragic
setback. Nature 2002; 420(6912),
116-8.

Kagimoto H. Cell Gene Thera-
py Insights 2015; 1(1), 19-20. doi:
10.18609/cgti.2015.004

Roberts I, Baila S, Rice RB et 4l
Scale-up of human embryonic stem
cell culture using a hollow fibre
Biotechnol.  Lett. 2012;
doi:  10.1007/

bioreactor.
34(12), 2307-15.

s10529-012-1033-1
Stachelscheid H, Wulf-Goldenberg
A, Eckert K ez 2/ Teratoma formation
of human embryonic stem cells in

three-dimensional perfusion culture

17.

18.

19.

20.

21.

bioreactors. /. Tissue Eng. Regen. Med.
2012; 7(9), 729-41. doi: 10.1002/
term.1467

Smith D, Glen K, Thomas R. Auto-
mated image analysis with the poten-
tial for process quality control appli-
cations in stem cell maintenance and
differentiation. Biotechnology Progress
2016; 32(1), 215-23. doi: 10.1002/
btpr.2199

Rathore AS. QbD/PAT for biopro-
cessing: moving from theory to im-
plementation. Curr. Opin. Chemical
Eng. 2014; 6, 1-8. doi: 10.1016/j.
coche.2014.05.006

Haaland PD. Experimental Design
in Biotechnology: Taylor & Francis
1989

Adrion RE Siebert GR, Weck CJ,
Yen D, Manson R. Optimization of
in vivo monoclonal antibody produc-
tion using computer-assisted exper-
mental design. Proceedings of the First
Carolina Biomedical Engineering Con-
ference. North Carolina Biotechnology
Center 1984; 125—144.

Ratcliffe E, Hourd P, Guijarro-Leach
J, Rayment E, Williams D], Thomas

RJ. Application of response surface

DOI: 10.18609/cgti.2016.016

22.

23.

methodology to maximize the pro-
ductivity of scalable automated hu-
man embryonic stem cell manufac-
ture. Regen. Med. 2013; 8(1), 39-48.
doi: 10.2217/rme.12.109

Hunt M, Meng G, Rancourt D, Gates
ID, Kallos MS. Factorial Experimen-
tal Design for the Culture of Human
Embryonic Stem Cells as Aggregates
in Stirred Suspension Bioreactors Re-
veals the Potential for Interaction Ef-
fects Between Bioprocess Parameters.
Tissue Eng. Part C Methods 2013; doi:
10.1089/ten. TEC.2013.0040

Roberts IT. Scale-up of human plu-
ripotent stem cell-based therapies for
age-related macular  degeneration.
Doctoral thesis, University College

London, 2015.

AFFILIATION

Iwan Roberts

COO, Puridify Ltd,
Stevenage Bioscience Catalyst, Gunnels
Wood Road, Stevenage, Herts, SG1 2FX,

UK




