
www.insights.bio

613

CELL & GENE THERAPY INSIGHTS

EXPERT INSIGHT

Benefits of automation for  
pluripotent stem cell therapies,  
disease modeling & drug discovery
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Pluripotent stem cells show much promise for cellular therapies, drug dis-
covery and disease modeling. There are a number of challenges involved 
in the culture of pluripotent stem cells to increase the scale of stem cell 
culture for such applications. Automated processes may prove benefi-
cial in improving consistency and scalability of culture systems for better 
therapeutic and disease modeling outcomes.  
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AUTOMATION OF CELL AND GENE  
THERAPY MANUFACTURING: FROM  
VEIN TO VEIN

PLURIPOTENT STEM CELL 
THERAPY
The first report demonstrating the 
derivation of pluripotent human 
embryonic stem cells (hESCs) was 
published in 1998 [1]. This along 
with a subsequent study showed 
that hESCs could be maintained 
indefinitely and differentiated into 
the three germ layers that give rise 
to all cells found in the human 
body [2]. Essentially, the ability to 
have a limitless source of cells for 

transplantation brought with it the 
hope that hESCs would ultimately 
be of benefit for transplantation and 
the repair or replacement of dam-
aged or diseased tissues. However, 
the subsequent findings by Shinya 
Yamanaka, which led to the gener-
ation of induced pluripotent stem 
cells (iPSCs) from adult somatic 
cells, meant that potentially patients 
could be treated with autologous 
cells [3]. The translation of plurip-
otent stem cells from the bench to 

clinical use is in its infancy and has 
been a slow yet cautious process. 
This is largely due to careful consid-
eration of the potential for undiffer-
entiated stem cells to form teratomas 
in vivo [2] and lack of efficient dif-
ferentiation/purification strategies 
for many cell types. However, there 
are several published clinical trials 
[4–8] and others underway listed at 
clinicaltrials.gov that have generat-
ed much excitement and the field as 
a whole is  watching with the hope 
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that the cell transplantations do not 
exacerbate disease pathologies, and/
or cause adverse effects particularly, 
teratomas.

In order to be utilized for cellular 
therapies, the stem cells need to be 
maintained at the utmost high qual-
ity with rigorous characterization 
and preferably the use of fully de-
fined and xeno-free components to 
maximize control of culture systems 
and minimize risk for patients. Al-
ready good manufacturing process 
(GMP) compliant pluripotent stem 
cell lines have been derived [9–12], 
a critical step towards human thera-
pies. Aside from the other regulato-
ry requirements under GMP frame-
work, the most important aspects of 
any attempts towards use of hESCs 
or iPSCs therapeutically are:

ff Using non-integrating tech
nologies for iPSC generation, 
maintenance of undifferentiated 
cells

ff Controlled and robust differ
entiation to achieve the desired 
cell types for transplant

ff Purification of differentiated 
cells/removal of residual pluri
potent cells to avoid risk of 
teratoma formation

ff Maintenance of a normal karyotype

The basis for such character-
ization is available through the 
protocols implemented by Lan-
za and colleagues for hESC-de-
rived retinal pigment epithelial 
(RPE) cells [5–7] and Takahashi 
and colleagues, who have recent-
ly reported the first safe human 
transplantation of autologous iP-
SC-derived cells, again RPE cells 
[4]. So far only small patient num-
bers have been assessed in clinical 
trials and the question remains of 
how to scale the cell culture sys-
tems to supply the demand for the 
potential millions needing such 
treatments.

This question of high scale culture 
was, in part, answered by Yamana-
ka and colleagues. Their work on 
human leukocyte antigens (HLA) 
across the Japanese population re-
vealed that 90% of the population 
could be treated with just 140 dif-
ferent HLA types and therefore 140 
different lines [13]. Strikingly, it was 
described that one donor could cov-
er almost 20% of the population. If 
similar trends are observed in other 
populations then the overall num-
ber of cell lines required to treat the 
majority of the global population 
will be substantially reduced. The 
establishment of PSC banks will 
be instrumental for both clinical 
and pre-clinical research across the 
wider scientific and medical com-
munity [14,15]. However, there are 
a number of characteristics of hu-
man PSCs, largely surrounding the 
heterogeneity of both the cells and 
technical procedures that will need 
to be controlled for in order to re-
liably produce end-stage products 
for transplantation. Incorporation 
of automated stem cell culture sys-
tems into workflows for production 
of clinical grade cell lines may be 
able to meet some of these needs. 
Daniszewski et al provides a de-
tailed review of all automated sys-
tems currently in use for stem cell 
culture [16].

REDUCING THE IMPACT 
OF PLURIPOTENT STEM 
CELL HETEROGENEITY 
WITH AUTOMATION
PSCs grow as colonies during in vi-
tro culture. The colonies have a de-
fined border and the cellular growth 
is largely even with cells showing 
a high nuclear-to-cytoplasmic ra-
tio. With each culture, there is a 
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heterogeneous mixture of cells with 
different growth and differentiation 
characteristics that can be identified 
by their surface marker expression  
levels [17]. Coupling these together 
with distinct genetic traits that af-
fect proliferation and differentiation 
efficiencies across cell lines [18], it is 
clear that a cost-effective method of 
consistently growing hESCs and iP-
SCs in a precise fashion will be diffi-
cult. Adding in operator variability,  
both in skill and experience will add 
further inconsistency to the undif-
ferentiated cultures and subsequent 
differentiation protocols. In order 
to control such processes, there are 
a number of systems currently avail-
able that are capable of culturing 
PSCs ([19–23], reviewed in [16]). If 
implemented across multiple nodes 
with careful control of reagents 
in use, at least operator variabili-
ty could theoretically be kept to a 
minimum.

Furthermore, automated imag-
ing systems and colony pickers may 
be useful in terms of determining 
passaging time points and colony 
selection in a more objective man-
ner [24,25], especially for gene ed-
iting applications where ability to 
automate clonal selection is crucial.

There can also be significant 
variation in stem cell differentia-
tion due to both the genetic back-
ground of the cells [18] and more 
simple aspects of cell culture such 
as methodologies used (suspension 
vs adherent, growth factor vs small 
molecule) or even the confluency 
of stem cell cultures. Here there are 
two options: one is to use a stan-
dard protocol for all lines and have a 
specified acceptable range for differ-
entiation efficiency or secondly use 
automated approaches to optimize 
conditions for each line to maxi-
mise the differentiation efficiency. 

Currently there is no consensus on 
which approach would be optimal , 
and the best approach will probably 
depend on the end cell-type. Careful 
consideration also needs to be made 
for purification of the desired cell 
types as no procedure exists which 
gives pure populations of cells, with-
out either genetic modification to 
include selectable markers (which 
would be undesirable for therapy) 
or further in vitro manipulations 
and/or cell sorting. In terms of RPE 
cells currently in trial, the differenti-
ated stem cell progenies were manu-
ally excised based upon their unique 
pigmented and cobblestone mor-
phology [4]. Additionally, RPE cells 
can be expanded in culture [26,27], 
which allows for generation of 
largely pure populations of cells for 
transplantation. Again these could 
be automated through image rec-
ognition and automated excision of 
desired cell morphologies. However, 
not all cell types will be amenable to 
such manipulations, which means 
that automated systems should also 
include some form of flow activated 
or magnetic cell sorting to select for 
differentiated cell surface markers 
and to remove cells still expressing 
PSC markers [28].

AUTOMATION OF  
SUSPENSION  
BIOREACTORS FOR 
INCREASED SCALE & 
ORGANOID CULTURE 
SYSTEMS
While 2D cell culture systems have 
been used in the field of biomedical 
research for over a hundred years 
[29], they do not, however, truly re-
flect the architecture and function 
of a tissue in vivo [30]. These draw-
backs have shifted interest of the 
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scientific community towards 3D 
systems. Since the initial report of a 
3D model in 1956 [31], much prog-
ress has been made to improve the 
feasibility of generating organotypic 
structures. This has resulted in de-
velopment of several platforms that 
may be used in 3D research, includ-
ing: (I) scaffold-free approach; (II) 
synthetic scaffolds (e.g., [32]); (III) 
naturally derived matrices (e.g., 
[33]); (IV) hydrogels (reviewed in 
[34]); and (V) an emerging field 
of microfluidics (reviewed in [35]). 
The scaffold-free method relies on 
an intrinsic ability of cells to self-or-
ganize into aggregates, known as 
spheroids or organoids, while in 
scaffold-based methods, cells of in-
terest are seeded onto prepared scaf-
folds followed by aggregate forma-
tion. Both techniques hold much 
promise not only for improving our 
understanding of the physiological 
behavior of tissues under in vitro 
conditions, but also of the drug 
development process [36]. Never-
theless, several issues must be ad-
dressed before 3D culture systems 
can be widely implemented in the 
industry.

Firstly, organoids provide a fair 
approximation of cellular functions 
[37]. However, more accurate sim-
ulation of in vivo conditions will 
require incorporation of biome-
chanical cues like vibration [38,39] 
or shear force [40] in order to detect 
typical cellular responses, i.e., gene 
expression patterns characteristic 
for the tissue of interest. 

Secondly, early stages of organ-
oid formation require substantial 
manual manipulation of skilled per-
sonnel. This raise concerns about 
feasibility and reproducibility of the 
method at the same time precluding 
its use in a large-scale setting. With 
automation, it will be possible to 

uniformly generate and mature or-
ganoids indistinguishable in struc-
ture and cellular physiology. This 
is paramount for high-throughput 
screening to guarantee that observed 
differences are the consequence of 
drug activity and not culture con-
ditions. Moreover, adaptation of 
automated 3D approach by the 
pharmaceutical industry would sig-
nificantly reduce costs of drug de-
velopment. Using R&D productiv-
ity model, it is estimated that 66% 
and 30% of newly developed drugs 
attrite in Phase 2 and 3 clinical trials 
respectively, leading to major loss of 
time and resources [41]. Thus, de-
velopment of an automated system 
for efficacy and toxicity testing at 
early stages is highly desirable, as 
this would allow implementation 
of the ‘fail early, fail cheaply’ frame-
work [42]. This could also potential-
ly lead to a vital reduction of animal 
testing in preclinical studies [43]. 
Although several automated micro-
bioreactor- [44–46] and microtiter 
plate- based [47–49] platforms have 
been developed, they do require 
further optimization to meet indus-
trial requirements.

Thirdly, use of scaffolds may lead 
to another set of problems. Adop-
tion of human- or animal-derived 
scaffolds would force testing for 
infectious diseases to avoid contam-
ination of the culture. Moreover, re-
producibility of results may also be 
an issue, particularly when animal 
components are used [36]. Final-
ly, materials used for scaffold con-
struction may need further chemi-
cal modifications, so that cells can 
attach [50], while at the same time 
scaffolds may also interact with 
compounds added to the culture, 
for example new drugs [51]. Thus 
before the exact scaffold is used in 
3D culture, it would have to be 
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thoroughly tested to ensure com-
patibility with the application, what 
could ultimately lead to switching 
to scaffold-free systems [36]. 

Additionally, in terms of iPSC 
culture systems, there are many 
reports of scalable bioreactor and 
suspension culture systems in the 
literature. There is evidence that 
mathematical modeling could be 
used to further enhance the repro-
ducibility of said systems (reviewed 
in [52]). If modeling, monitoring 
and automated harvesting and cell 
maintenance/differentiation could 
be successfully combined and im-
plemented, those would be superior 
systems for stem cell manufactur-
ing. Furthermore, current trends 
towards organoid-based culture 
systems for generating tissues for 
disease modeling and potentially 
therapeutic applications should be 
readily amenable to suspension cul-
ture platforms. Though ultimate-
ly these processes would be more 
suited for bulk production of cells, 
rather than maintenance and differ-
entiation of high numbers of cell 
lines that can be achieved in auto-
mated 2D culture platforms.

AUTOMATION FOR  
DISEASE MODELING & 
DRUG DISCOVERY
One of the major applications 
of PSC research with more 
short-to-medium term outcomes is 
using disease-specific cell lines for 
understanding disease pathophys-
iology and drug discovery. There 
are many examples in the literature 
whereby iPSCs are derived from 
those with genetic diseases, such as  
long QT syndrome [53]. It is now 
possible to derive cell-types affected 
in many diseases, creating in vitro 

disease models and using these to 
identify novel genes, pathways and 
pharmaceutical interventions. To-
gether the models and screening may 
allow for prevention or treatment of 
pathologies where transplantation 
of cells may not be suitable due to 
the destructive environment caused 
by the disease state. It is also feasi-
ble that pharmaceutical treatments 
identified through disease modeling 
may reduce the requirement for cell 
transplantation.

Multiple groups are already using 
automated platforms for such re-
search. This includes initiatives such 
as New York Stem Cell Foundation 
(NYSCF), I-Stem or AUTOSTEM 
consortiums that aim to utilize au-
tomation to facilitate generation of 
large repositories of human ESCs 
and iPSCs  but also high-through-
put screening processes for develop-
ment of new molecules that could 
potentially be used in clinical trials 
[54]. Moreover, numerous smaller 
groups are also employing robotics 
for differentiating stem cells into 
specific cell types, for example ret-
inal cells [21], neurons [55], cardio-
myocytes [56] or pancreatic islet 
cells [55]. 

The use of robotics gives the un-
precedented ability to significantly 
increase the number of samples pro-
cessed in parallel time without the 
need of employing a cohort of high-
ly trained and experienced staff. It 
also eliminates variation introduced 
by human error as samples undergo 
treatment the same way every time 
they are processed. Moreover, it 
may decrease the analysis time and 
the volume of reagents used to run 
the experiment that will undoubt-
edly have a positive impact on the 
cost–effectiveness of the process. 
Having reduced variation and high-
er throughput could also benefit 
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analyses of cells through next-gen-
eration sequencing and for studies 
of diseases with genetic risk factors 
where larger numbers of iPSC lines 
and their derivatives are required for 
analyses [57]. There is also the pros-
pect of integrating medium-to-high 
throughput functional assays in 
the automation workflow via sys-
tems, for example automated patch 
clamping [58,59], and ‘lab-on-a-
chip’ technologies [60,61] that could 
be useful for both drug assessment 
and identification of disease-related 
phenotypes.

TRANSLATION INSIGHT
Although transferring culture of hu-
man stem cells into automated sys-
tems opens up new possibilities for 
researchers and clinical translation, 
one needs to keep in mind that the 
process of transition is challeng-
ing. Firstly, considering cost of the 
robotic platform, purchasing one 
will generate a significant financial 
investment. Secondly, labware, for 
example conductive sterile tips and 
reagents, required to run the ex-
periments may be more expensive 
when compared to manual process-
es. Thirdly, maintenance contracts 
ensuring reliable operation of the 
equipment may also represent a 
financial constraint. Fourthly, ex-
penses and time required for train-
ing future operators and experiment 
optimisation cannot be omitted ei-
ther. Moving stem cell biology to-
wards automation is as exciting as 
challenging, however, ongoing tech-
nological progress will offer scien-
tists more flexible and user-friendly 
machines facilitating their research. 

Automation will most likely be-
come a necessity for stem cell thera-
pies at scale. It would be most ideal 
if the same system could be adopted 
globally to ensure reproducibility 
across multiple sites. However, due 
to various factors, including  com-
mercial and regional regulatory fac-
tors, it is more likely that separate 
systems will be adopted in different 
areas and within different networks. 
Therefore, it will be up to the broad-
er scientific and clinical communi-
ties to ensure minimum standards 
relating to pluripotent stem cell 
therapies are devised to maximize 
safety for patients.
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