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SUMMARY

Efficient translation of human induced pluripotent stem cells (hiPSCs) requires scalable cell manufacturing strategies for optimal self-
renewal and functional differentiation. Traditional manual cell culture is variable and labor intensive, posing challenges for high-
throughput applications. Here, we established a robotic platform and automated all essential steps of hiPSC culture and differentiation
under chemically defined conditions. This approach allowed rapid and standardized manufacturing of billions of hiPSCs that can be pro-
duced in parallel from up to 90 different patient- and disease-specific cell lines. Moreover, we established automated multi-lineage differ-
entiation and generated functional neurons, cardiomyocytes, and hepatocytes. To validate our approach, we compared robotic and
manual cell culture operations and performed comprehensive molecular and cellular characterizations (e.g., single-cell transcriptomics,
mass cytometry, metabolism, electrophysiology) to benchmark industrial-scale cell culture operations toward building an integrated plat-

form for efficient cell manufacturing for disease modeling, drug screening, and cell therapy.

INTRODUCTION

Human pluripotent stem cells (hPSCs) are characterized by
extensive self-renewal capacity and differentiation into all
somatic cell types, enabling novel approaches to model, di-
agnose, and treat human diseases (Kimbrel and Lanza,
2020; Sato et al., 2019; Sharma et al., 2020). However,
several important challenges remain to be addressed for
their efficient and safe utilization. These challenges include
technical and biological variability, lack of standardization,
laborious differentiation protocols, limited methods for
scale up, and inefficient manufacturing of functional cell
types representing the diversity of human tissues. Since
isolation of the first human embryonic stem cells (hESCs)
(Thomson et al., 1998), significant progress has been
made in improving cell culture conditions, including the
development of new reagents, coating substrates, medium
formulations, and passaging tools (Chen et al., 2011; Kuo
et al., 2020; Ludwig et al., 2006; Rodin et al., 2014). Despite
these advances, manual cell culture of hPSCs remains time
consuming, laborious, and subject to human bias or error
(e.g., risk of contamination, medium change at different in-
tervals). Other inherent challenges are due to variability in
handling cells and reagents across laboratories, use of
different reprogramming methods, and cell-line-to-cell-
line variability (Cahan and Daley, 2013; Niepel et al.,
2019; Osafune et al., 2008; Panopoulos et al., 2017).
Automated cell culture has several practical and scientific
characteristics designed to improve quality control, increase

3076 Stem Cell Reports | Vol. 16 | 3076—3092 | December 14, 2021 |

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

productivity, implement standard operating procedures
(SOPs), and develop commercial cellular products (Aijaz
et al., 2018; Daniszewski et al., 2018). These advantages
ensure scale-up of cell manufacturing, standardization of
liquid handling, control of incubation times, minimization
of batch-to-batch variability, reduction of human error, and
seamless documentation of operations. Automated cell re-
programming by using liquid handlers can increase effi-
ciency and reproducibility of new induced pluripotent
stem cell (iPSC) line generation (Paull et al., 2015). Previous
studies used various two- and three-dimensional (2D, 3D)
systems to either automate or scale-up some aspects of
hPSC culture (Archibald et al., 2016; Hookway et al., 2016;
Konagaya et al., 2015; Liu et al,, 2014; McLaren et al.,
2013; Rigamonti etal., 2016; Schwedhelm etal., 2019; Soares
et al., 2014a; Thomas et al., 2009). However, a comprehen-
sive automation strategy for biomanufacturing of hPSCs
under flexible scale-up and scale-down conditions and
compatibility with 2D and 3D culture (e.g., embryoid bodies,
neurospheres, monolayer differentiation) has not been es-
tablished so far. Here we present and characterize a versatile
robotic cell culture platform that can be utilized for scale-up
and multi-lineage differentiation of human induced plurip-
otent stem cells (hiPSCs). We performed a functional anal-
ysis of neurons, cardiomyocytes, and hepatocytes and
demonstrate their utility for high-throughput screening
and Zika virus experiments. We envision that automation
will help to overcome technical and economic challenges
and leverage the full translational potential of hiPSCs.
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RESULTS

Automated and scalable culture of hPSCs

The CompacT SelecT (CTST) platform is a modular robotic
system that integrates a full range of cell culture procedures
under sterile conditions that mimic the manual cell culture
process (Figure 1). These procedures include automated
handling of different cell culture vessels, pipetting large
and small volumes at adjustable speeds, cell counting,
cell viability analysis, cell density assessment, microscopic
imaging, cell passaging, cell harvest, and medium changes.
Moreover, two independent incubator carousels (humidi-
fied 37°C, 5% CO,) enable culturing cells in various cell
culture vessels (T75 and T175 flasks and 6-, 24-, 96-, or
384-well formats). Notably, the CTST system has the capac-
ity to simultaneously culture up to 280 assay-ready plates
and up to 90 different hiPSC lines in large T175 flasks
(Figures 1 and 2A, Video S1, and full movie: https://
youtu.be/-GSsTSO-WCM). Moreover, as CTST is handling
different cell lines and protocols, scientists may remotely
access, control, and monitor ongoing experiments without
the need to physically enter the laboratory. Hence, the sys-
tem allows non-stop cell culture operations with minimal
manual intervention.

To establish standardized high-throughput protocols for
CTST, we focused on culturing hPSCs under feeder-free con-
ditions using Essential 8 (E8) medium, recombinant vitro-
nectin (VIN-N) as coating substrate, and EDTA for cell
passaging. Use of EDTA for non-enzymatic cell dissociation
was critical to minimize cellular stress and skip a manual
intervention step (offline centrifugation and removal of
enzymatic cell dissociation reagents). Under these chemi-
cally defined conditions, we were able to robustly culture,
expand, and cryopreserve various hESC and hiPSC lines
over the last 5 years (Figure S1A and Table S1). hPSCs main-
tained typical characteristics, such as growth in densely
packed colonies, high nucleus-to-cytoplasm ratio, expres-
sion of pluripotency-associated markers OCT4 and NANOG,
and normal karyotypes (Figures 2B-2E and S2A-S2C). En-
ergy production in hPSCs depends on high glycolytic rates
(Guetal., 2016; Zhang et al., 2016), and live-cell metabolic
analysis (Seahorse XF analyzer) confirmed expected meta-
bolic profiles in hESCs and hiPSCs when cultured manually
or robotically (Figures 2F, 2G, S2D, and S2E).

Because suboptimal conditions such as overgrowing cells
in high-cell-density cultures can lead to cellular stress and
impaired quality of hPSCs (Horiguchi et al., 2018; Jacobs
et al,, 2016; Paull et al.,, 2015), we sought to directly
compare manual with automated cell cultures. Medium
change intervals can be precisely controlled and docu-
mented by CTST, whereas manual cell culture is typically
investigator dependent and variable. To monitor manual
cell culture, we maintained hPSCs in live-cell imaging

systems (IncuCyte), which enable the monitoring of cell
growth and daily interventions by investigators. By
tracking the online use of our IncuCyte instruments, we
were able to capture the typical variability of medium
change intervals in our laboratory (Figure 2H), which is
likely to be representative for most laboratories culturing
hPSCs. In contrast, medium change intervals were tightly
controlled by using CTST (Figure 2H). To assess the conse-
quences of variable medium change intervals, we measured
the spent media of cultures maintained either manually or
robotically. Indeed, culturing hPSCs by CTST resulted in
less deviation from the mean in several measured end-
points such as oxygen concentration, pH fluctuations,
lactate levels, glucose concentration, and ionic milieu (cal-
cium, sodium, potassium) (Figures 2I-20 and S2F-S2L).

Process automation is of particular importance to produce
large quantities of cells in a standardized fashion for high-
throughput applications. One additional challenge for cell
manufacturing is the fact that hPSCs are sensitive to envi-
ronmental perturbations, and poor cell survival can be a
limiting factor (Archibald et al., 2016; Soares et al., 2014a;
Watanabe et al., 2007). Taking advantage of the newly devel-
oped CEPT small molecule, which promotes viability and cy-
toprotection during routine cell passaging (Chen et al.,
2021), we aimed at optimizing the expansion of hPSCs.
Combining CTST with the CEPT cocktail enabled consistent
cell passaging and cell growth (Figures 2P and S2M). Robotic
cell passaging was robust and predictable, resulting in mini-
mal cell death, and cultures were devoid of cellular debris at
24 h post-passaging in the presence of CEPT (Figure S1B).
The efficiency of this approach enabled rapid scale-up and
production of large quantities of hPSCs. For instance, using
the WAQ9 cell line and starting with one T175 flask contain-
ing 5.25 million cells and passaging at 70% to 80% conflu-
ency (~42 million cells per flask) in a 1:6 ratio every
3 days, we were able to generate a total of 9.07 billion hPSCs
in 12 days (Figure 2Q). To our knowledge, such dramatic
scale-up in a short period of time has not been reported pre-
viously and should be invaluable for biobanking of hPSCs or
CryoPause, an approach to increase experimental reproduc-
ibility by using the same batch of cryopreserved cells (Wong
etal., 2017). Furthermore, since CTST can operate in a virtu-
ally non-stop fashion and handle large flasks or assay-ready
plates, we compared these features with typical manual
cell culture performed during a typical 8 h workday. This
comparison demonstrated enormous advantages of robotic
cell culture for biomanufacturing large quantities of pluripo-
tent and differentiated cells (Table S2).

Similar molecular signatures of hPSCs cultured
manually or robotically

Manual cell culture is the most widely used approach in the
stem cell field. In parallel to our automated platform and
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Figure 1. Overview of the automated CTST system

Features and components of CTST, including flask incubator, plate incubator, storage of large volumes of medium, cell counting, viability
analysis, microscopic imaging, and a sterile HEPA-filtered cabinet housing a robotic arm, various pipettes, and a chilling unit to store
temperature-sensitive reagents such as recombinant proteins.
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depending on experimental needs, we continue to carry
out significant amounts of cell culture work manually. To
perform a side-by-side comparison of cultures maintained
manually versus robotically, we performed a single-cell
analysis, including RNA sequencing (RNA-seq) and mass
cytometry. Deriving detailed information at single-cell res-
olution can aid in defining cell type identities and cellular
heterogeneity (Quadrato et al., 2017; Veres et al., 2019). We
randomly selected hESCs (WAO09) and hiPSCs (LiPSC-
GR1.1) that were cultured either manually or robotically
by different investigators in our laboratory, and samples
were processed for RNA-seq using the 10x Genomics plat-
form. Single-cell transcriptome libraries of 18,817 cells
derived from manual (5,573 cells for WAQ9; 4,835 cells
for LiPSC-GR1.1) and automated (4,485 cells for WAQ9;
3,922 cells for LiPSC-GR1.1) cultures were analyzed for dif-
ferential gene expression and comparison between both
culture conditions. t-Distributed stochastic neighbor
embedding (t-SNE) projection demonstrated that hiPSCs
and hESCs cultured either manually or robotically showed
a highly similar distribution (Figures 3A-3D). Thus, cells
cultured by CTST substantially mirrored manually cultured
hESCs and hiPSCs. Of 32,894 transcripts analyzed, there
were only 98 differentially expressed genes among manu-
ally and robotically cultured hiPSCs (Figure 3B and Table
S3). Similarly, there were only 15 differentially expressed
genes in the hESC line (Figure 3D and Table S3). A total
of only five genes (SFRP1, SLIRP, HNRNPAB, APOE, and
COPS9) were downregulated comparing automated with
manual cell cultures (Figure 3D and Table S3). Together, it
was striking to see that the transcriptomic profiles of manu-
ally and robotically cultured cells were largely overlapping
(Figure 3E).

Cytometry time-of-flight (CyTOF) is a new technology
that allows the simultaneous analysis of more than 30 pro-
teins in single cells by using metal-conjugated antibodies
(Qin et al., 2020; Zunder et al., 2015). We used a panel of

25 cell-surface cluster-of-differentiation (CD) antigens
and intracellular proteins, including phosphorylated pro-
teins (Table S4), to carefully compare markers of cell health
and pluripotency in hPSCs cultured either manually or
robotically. The expression of pluripotency-associated
transcription factors OCT4, NANOG, and SOX2 showed,
again, strikingly similar expression levels across different
samples (Figures 4A-4C). A total of 96,861 cells derived
from manual (11,898 cells from WAQ9; 19,217 cells from
LiPSC-GR1.1) and automated (32,889 hESCs; 32,857
hiPSCs) cell culture experiments were subjected to single-
cell mass cytometry. An analysis of an additional 22 pro-
teins covering diverse cellular mechanisms confirmed the
predominant similarity of cultures maintained either
manually or by automation (Figures 4B and 4C). Expres-
sion of the cell-surface marker and sialoglycoprotein
CD24 is regulated during cell reprogramming, and its
expression may indicate a more differentiated state
compared with naive pluripotency (Shakiba et al., 2015).
The hiPSC line displayed a population of cells (cluster 6)
that lacked CD24 expression and could be distinguished
from the main cluster (cluster 3, Figure 4B). Interestingly,
cluster 6 cells were more abundant in manually cultured
hiPSC samples (Figure 4B). However, the hESC line
(WA09) showed only a negligible percentage of CD24-
negative cells in both automated and manual cell culture
(Figure 4C).

Automated embryoid body formation

Cell differentiation is a dynamic process with cells pro-
gressing through developmental states, which can be
recapitulated in vitro by spontaneous or controlled differen-
tiation when appropriate factors and morphogens are
administered at defined time points. Spontaneous differen-
tiation of hPSCs by embryoid body (EB) formation is a
widely used assay for pluripotency assessment (i.e.,
capacity to differentiate into ectoderm, mesoderm, and

Figure 2. Characterization of hiPSCs (LiPSC-GR1.1) cultured by CTST

(A) Characteristics and advantages of automated cell culture.

(B) Representative hiPSCs growing in densely packed colonies at 3 days post-passaging. Scale bar, 500 pum.

(C) Colony of hiPSCs showing typical morphological features of human pluripotent cells at 3 days post-passaging. Scale bar, 250 um.
(D) hiPSCs immunostained for pluripotency-associated markers 0CT4 and NANOG. Scale bar, 100 pum.

(E) Long-term robotically cultured hiPSCs maintain a normal karyotype (passage 40).

(F) Seahorse XF glycolysis stress test profile comparison of glycolytic function in hiPSCs maintained by automated or manual cell culture.
Cells were treated with serial injections of metabolic modulators (glucose, oligomycin, 2-deoxyglucose [2-DG]).

(G) Seahorse XF mitochondrial stress test profile comparison of mitochondrial function in hiPSCs maintained by automated or manual cell
culture. Cells were treated with serial injections of metabolic modulators (oligomycin, FCCP, and rotenone/antimycin A [Rot/AA]).

(H) Comparison of medium change intervals during automated and manual cell culture of hiPSCs.

(I-0) Supernatants of cultures maintained manually or robotically were measured daily (Vi-Cell MetaFLEX Bioanalyte Analyzer). Boxplots
show the variation of spent medium from hiPSC cultures. (I) p0,, (J) pH, (K) cLac, (L) cGlu, (M) cCa®, (N) cNa*, (0) cK*.

(P) Image-based analysis comparing cell growth in hiPSC cultures expanded manually and robotically.

(Q) Automated cell expansion strategy showing massive scale-up in only 12 days. Data expressed as mean + SD, n > 3 biological replicates
using two independent cell lines (B-P). p = 0.0001 in (I), unpaired t test.
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(A and C) t-SNE plots illustrating (A) hiPSCs
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tained either manually or robotically show a
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(B and D) Venn diagrams showing overlap of
expressed genes in (B) hiPSCs (LiPSC GR1.1)
and (D) hESCs (WA09).

(E) Direct comparison of transcriptomes of
hiPSCs  (LiPSC-GR1.1) and hESCs (WA09)
cultured manually and robotically. Data from
n = 5,573, 4,835, 4,485, and 3,922 single
cells obtained from n = 4 independent ex-
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for hESC manual, hiPSC manual, hESC auto,
and hiPSC auto, respectively (A-E). Single-
cell RNA-seq data were analyzed in the Seurat
R package.
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version. However, we found that rinsing regular T175 flasks
with a commercially available anti-adherence solution
(STEMCELL Technologies) was sufficient to prevent un-
wanted cell attachment and, in combination with the
CEPT cocktail, enabled highly efficient formation of free-
floating EBs (Figures S1C and S1D). Again, enzyme-free
passaging with EDTA, which obviates an offline centrifuga-
tion step, was ideal for fully automated EB production. As
expected, EB formation from hESCs and hiPSCs and com-
parison of manual and automated cell culture by using
the standardized ScoreCard method (Tsankov et al., 2015)
showed multi-lineage differentiation potential (Figure S1E).
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Figure 4. Mass cytometry of hiPSCs and hESCs and comparison of manual and automated cell culture

(A) Uniform manifold approximation and projection (UMAP) plots showing subpopulations of cells within each group organized into eight
clusters identified by FlowSOM and ConsensusClusterPlus algorithms. Cluster 6 was prominent in hiPSCs (LiPSC-GR1.1) when cultured
manually and its representation was mitigated by automated culture. Core pluripotency markers 0CT4, NANOG, and SOX2 were expressed at

(legend continued on next page)
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Of note, a difference in spontaneous endoderm differenti-
ation was observed when comparing hiPSCs (LiPSC-
GR1.1) to hESCs (WAQ9). This difference is likely due to
the absence of endoderm-promoting factors in Essential 6
(E6) medium, which is known to favor differentiation
into ectoderm (Lippmann et al., 2014). Indeed, in adherent
cultures using a commercial kit for directed differentiation,
both cell lines efficiently produced endodermal cells (Fig-
ures 5 and S3).

Controlled multi-lineage differentiation in monolayer
cultures

While spontaneous EB differentiation is useful for certain
applications, directed differentiation under adherent
monolayer conditions is highly desirable for developing
scalable protocols for different lineages. Hence, we estab-
lished automated protocols for directed differentiation
into the three embryonic germ layers. For neural differenti-
ation, hPSCs were cultured in E6 medium containing the
bone morphogenetic protein (BMP) pathway inhibitor
LDN-193189 (100 nM) and the transforming growth factor
(TGF) B pathway inhibitor A83-01 (2 pM). Simultaneous in-
hibition of these pathways is typically referred to as dual-
SMAD inhibition (dASMADi) (Chambers et al., 2009; Singec
et al., 2016). For mesodermal and endodermal differentia-
tion, we utilized standardized Kkits from a commercial
vendor (experimental procedures). Stock solutions of
different reagents can be stored in the chilling unit of the
CTST (Figure 1), and the robotic arm can add fresh reagents
during daily medium changes. By using these protocols, we
were able to efficiently generate cultures with ectodermal
(PAX6), mesodermal (Brachyury), and endodermal
(SOX17) precursors as demonstrated by western blotting
and immunocytochemistry (Figures 5A, 5B, and S3A). To
confirm efficient automated multi-lineage differentiation,
we performed single-cell RNA-seq analysis of lineage-
committed precursor cells derived from either hiPSCs (Fig-
ures 5C and SD) or hESCs (Figures S3B and S3C). We
analyzed a total of 19,759 cells for the hiPSC line and a total
of 16,582 cells for the hESC line. For both independently
tested cell lines, comparison of transcriptomes by unsuper-
vised clustering revealed distinct signatures for pluripotent,
ectodermal, mesodermal, and endodermal cells (Figures 5C

and S3B). Similarly, a heatmap analysis for typical lineage-
specific markers demonstrated distinct molecular signa-
tures for pluripotent and differentiated germ layer cells
(Figures 5D and S3C). Comparison of cultures generated
either manually or robotically, showed similar quantitative
polymerase chain reaction (QPCR) expression profiles for
ectodermal, mesodermal, and endodermal markers (Fig-
ure S4). Interestingly, some genes, such as NES, TUBB3,
HES4, MAP2, Brachyury, VIM, NODAL, and ABCA4, were ex-
pressed at higher levels when cultures were differentiated
robotically versus manually (Figure S4). Last, comparing
automated hiPSCs and hESCs cultures with each other re-
vealed a high degree of similarity among pluripotent and
lineage-committed progeny (Figure SE). Together, the ro-
botic cell differentiation protocols established here gener-
ated primary embryonic germ layers with high efficiency
and reproducibility.

Scalable production of functional human neurons

The translation of hiPSCs depends on controlled and scal-
able differentiation into diverse cellular phenotypes that
can be used for disease modeling, drug screening, and cell
therapies. We asked if executing complex multi-step proto-
cols over several weeks could be performed by using robotic
cell culture in a fully automated “touch-and-go” fashion.
Hence, we developed a cost-efficient differentiation proto-
col that utilizes the dSMADi strategy followed by culturing
cells as neurospheres and then replating them for further
maturation and analysis (Figures 6A-6C). Most neuronal
cells (>90%) generated by using this simple protocol (Fig-
ure 6A) expressed neuronal markers B-III-tubulin (TUJ1)
and microtubule-associated protein 2 (MAP2) at day 30
(Figures 6D, 6E, and S5A). Expression of transcription fac-
tors CUX1 (a marker for cortical layers 2/3) and CTIP2 (a
marker for cortical layers 5/6) indicated the generation of
specific forebrain neurons (Figures 6D and 6E) that were
generated at higher numbers using automated versus
manual differentiation (Figure S5A). Moreover, specific
antibodies against vesicular glutamate transporter 1
(vGLUT1) and fy-aminobutyric acid (GABA) suggested
that cultures contained a mixed population of cells, with
the majority (>80%) representing glutamatergic neurons
(Figures 6F, 6G, and S5A).

similar levels across clusters. Surface-antigen CD24 was expressed at a considerably higher level in cluster 6 in hiPSCs cultured manually

(red arrow).

(B) Heatmaps comparing protein expression levels for each analyzed marker in individual clusters and the abundance of the clusters within
the hiPSC populations (LiPSC-GR1.1) cultured manually or by automation. Manual culture led to a large proportion of CD24-negative cells,

66% versus 11% in automated culture.

(C) Heatmaps of protein expression levels and cluster abundances in hESCs (WA09) after manual and automated cell culture. The abun-
dance of the major cluster 3 was similar in both culture conditions, and CD24-negative cluster 6 was represented at a negligible level. UMAP
plots were constructed from 8,000 single cells per sample (n =4 independent experiments) obtained from two independent cell lines (A-C).
CyTOF data were analyzed using a modified CyTOF workflow (Robinson et al., 2017).
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To demonstrate neuronal activity, we conducted electro-
physiological analysis using the robotic Maestro APEX
multi-electrode array (MEA) platform (Figure 6H). At day
30, cultures were dissociated into single cells and 140,000
neurons were seeded into a well with 16 electrodes in the
presence of the CEPT cocktail (applied for 24 h to improve
viability). At day 7 post-plating, an analysis of extracellular
field potentials revealed spontaneous activity in hiPSC-
derived neuronal cultures generated manually or roboti-
cally (Figure 6I). Similar spike shapes and amplitudes
were also detected 2 weeks later in both groups (Figures
6], S5B, and S5C). Moreover, comparing cultures generated
either manually or robotically by qPCR, both cultures ex-
pressed typical neuronal markers, SATB2, CUX1, GADI,
SLC6A1, BCL11B, and SLC17A7 (Figure S5D).

Standardized production of functional

cardiomyocytes and hepatocytes

Derivation of large quantities of hiPSC-derived cardiomyo-
cytes and hepatocytes is important for drug development,
toxicology, and regenerative medicine (Kimbrel and Lanza,
2020; Sharma et al., 2020). To generate cardiomyocytes, we
adopted a kit-based protocol for automated differentiation
of hPSCs (Figure 7A). A western blot analysis of differenti-
ated hESCs and hiPSCs demonstrated strong induction of
TNNI3 (cardiac troponin) and transcription factor NKX2.5
at day 14 (Figure 7B). Immunocytochemistry and flow cy-
tometry showed that 80% to 90% of cells expressed cardio-
myocyte-specific markers TNNI3 and ACTC1 (a-cardiac
actin) irrespective of manual or robotic differentiation (Fig-
ures 7C, 7D, S6A, and S6B). Moreover, a comparison of
manually and robotically differentiated cultures (day 24)
indicated similar expression levels of typical cardiomyocyte
markers as measured by qPCR (Figure S6H). A functional
analysis confirmed that cardiomyocytes were active and
spontaneously beating as measured by MEA (Figures 7E
and S6C). An analysis of field potentials documented
spontaneous cardiomyocyte activity (Figures 7G and S6E).
Beat-to-beat variance analysis showed that cardiomyocytes

exhibited regular and consistent beat intervals, confirming
the presence of non-arrhythmic cardiomyocytes, field
potential durations, and conduction velocities that were
comparable in cultures generated by manual and automated
differentiation (Figures 7F, 7G, and S6D-S6G).

Next, we established an automated protocol for hepato-
cyte differentiation using the CTST platform. A 20-day pro-
tocol (Mallanna and Duncan, 2013) was adopted to generate
human hepatocytes entirely in scaled-down 384-well plates
compatible with high-throughput screening (Figure 7H).
Immunocytochemical analysis at day 10 showed that
>80% of cells, differentiated manually and robotically, ex-
pressed endodermal markers FOXA2 and HNF4A (Figure 71
and S7A-S7C). Comparison of cultures at day 10, generated
either manually or robotically, showed similar expression
levels for FOXA2, GATA4, and GATA6 as measured by qPCR
analysis (Figure S7F). By day 20, hepatocytes expressed
HNF4A, o-fetoprotein (AFP), and albumin (Figures 7], 7K,
S7D, and S7E). qPCR showed that cultures differentiated
manually or robotically exhibited similar levels of gene
expression for HNF4A, AFP, Albumin, APOA1, SLC10Al,
ASGR1, CYP3A4, CYP2D6, and CYP3A7 (Figure S7G).

Zika virus infection of robotically generated
cardiomyocytes and hepatocytes

To demonstrate the utility of robotically differentiated cells,
we performed translationally relevant assays. Human
cellular models provide unique opportunities to better un-
derstand Zika virus (ZIKV) pathobiology (Qian et al., 2016;
Tang et al., 2016; Zhou et al., 2017). Accordingly, we found
that robotically generated cardiomyocytes and hepatocytes
were susceptible to ZIKV infection after viral exposure for
24 h (Figures S8A and S8B). Moreover, since intrauterine
ZIKV infections can lead to microcephaly in the developing
human embryo by selectively damaging neural stem cells
(NSCs) (Martinot et al., 2018), in a separate study we roboti-
cally generated NSCs sufficient for 184 plates (384-well
format) and performed systematic genome-wide knock-
down screens to identify host factors that can protect from

Figure 5. Controlled multi-lineage differentiation of hPSCs by using CTST

(A) Western blot of hiPSCs (LiPSC-GR1.1) and hESCs (WAQ9) before (0CT4) and after differentiation into ectoderm (PAX6) at day 7,
mesoderm (Brachyury) at day 5, and endoderm (S0X17) at day 5. Tubulin was used as loading control.

(B) Immunocytochemical analysis of hiPSC (LiPSC-GR1.1)-derived ectoderm (PAX6) at day 7, endoderm (S0X17) at day 5, and mesoderm
(Brachyury) at day 5. Cultures were differentiated by CTST. Scale bar, 200 um.

(C) Single-cell RNA-seq of pluripotent and differentiated cultures (LiPSC-GR1.1).

(D) Heatmap showing the highly expressed genes for pluripotent cells (LiPSC-GR1.1) and differentiated cultures representing ectoderm
(day 7), endoderm (day 5), and mesoderm (day 5).

(E) Comparison of undifferentiated and differentiated hESCs (WAQ09) and hiPSCs (LiPSC-GR1.1) shows that gene expression signatures are
similar. Data are from n = 4 biological replicates using two independent cell lines (A and B). Data are from n=19,759 or 16,582 single cells
obtained from n = 4 independent experiments using two independent cell lines (C-E). Cell counts for hiPSCs: 4,772 pluripotent, 6,457
ectoderm, 4,160 endoderm, and 4,370 mesoderm. Cell counts for hESCs: 3,627 pluripotent, 5,062 ectoderm, 4,267 endoderm, and 3,626
mesoderm. Single-cell RNA-seq data were analyzed in the Seurat R package.
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ZIKV infection (data not shown). Collectively, these studies
showed that the automated production of different neural
and non-neural cell types can be established under standard-
ized scale-up and scale-down conditions (Table S5) enabling
high-throughput genetic and chemical screens.

DISCUSSION

Cell reprogramming has allowed the generation of
thousands of new hiPSC lines over the last decade. The
ever-increasing number of new cell lines, including
concerted efforts to generate, biobank, and distribute large
numbers of cell lines derived from ethnically diverse indi-
viduals and patients with genetic diseases (Soares et al.,
2014b), reinforces the need for implementing high-
throughput cell culture methods that can be used as
cost-efficient, standardized, and safe SOPs. It would be
ideal if the production and quality testing of new hiPSC
lines could be performed after employing the same re-
programming method (e.g., Sendai virus, episomal plas-
mids), consistently using the same chemically defined
media and reagents and performing the same cell culture
practices.

Currently, the culture and differentiation of hiPSC lines
pose significant technical and scientific challenges for
basic and translational research. Uniform and standardized
processing of multiple cell lines and manufacturing
various lineage-specific cell types in parallel are particularly
cumbersome and inefficient for large-scale projects.
Relying on a small number of cell lines for modeling
human diseases and studying gene effects (e.g., population
genetics) may lead to underpowered results (Cahan and
Daley, 2013; Sharma et al., 2020). Another challenge is
continuous passage of self-renewing hPSCs, while cell
differentiation experiments are initiated in parallel. There-
fore, to increase experimental reproducibility, the produc-
tion of large cell quantities at a given passage number
and establishing an original batch (CryoPause) was recom-
mended (Wong et al., 2017). Automation can help to over-
come these challenges, reduce the burden of manual hiPSC
culture, and contribute to improving overall experimental
reproducibility. Our daily experience using the CTST over
the last 5 years convinced us of the advantages and versa-
tility of automated cell culture. High-quality hPSCs can
be expanded, cryopreserved, differentiated, and utilized
on demand in large flasks or assay-ready microplates. In

contrast with previous studies that also used the CTST sys-
tem (Table S6), we were able to automate and characterize
all essential steps of hiPSC culture, including massive
cell expansion (Figure 2Q) and controlled multi-lineage
differentiation yielding functional cell types. Systematic
cell characterization experiments using complementary
methods demonstrated that cells cultured manually or
robotically were qualitatively similar, further supporting
the notion that industrial-scale culture of hiPSCs is feasible
and not limited by the availability, work schedule, and
manual labor of specially trained scientists.

The combined use of E8 medium, VIN-N coating,
enzyme-free cell passaging, and the CEPT cocktail was
optimal for automated cell culture. Previous studies also
reported improved culture of hPSCs in E8 medium
compared with traditional feeder-based methods (Wang
et al., 2013; Wong et al., 2017). In general, spontaneous
cell differentiation and contamination with unwanted
cells might be a challenge when culturing large quantities
of hPSCs in a high-throughput fashion. The advantage of
using CTST is that cells can be expanded as adherent cul-
tures, while other 3D methods and suspension cultures
(e.g., bioreactors, stirring tanks) will make metabolite
and oxygen exchange less controlled, expose cells to shear
stress, and lead to the merging of free-floating spheres
(Hookway et al., 2016; Liu et al.,, 2014; Schwedhelm
et al.,, 2019; Singec et al.,, 2006). However, spontaneous
differentiation may also occur in adherent cultures after
repeated enzymatic passaging (Barbaric et al., 2014; Gari-
taonandia et al., 2015; Wang et al., 2013), which can be
avoided by using enzyme-free approaches such as EDTA.
Based on our experience with growing cell lines in E8 me-
dium over several years, spontaneous differentiation has
not been a limiting factor for automated cell culture
described here. Indeed, it is possible that the use of E8 me-
dium, EDTA, and the cytoprotective CEPT cocktail may
help to minimize the risk of spontaneous differentiation.
Future work and data sharing across different laboratories
using automated cell culture will help to further establish
this notion. Last, all experiments in this study were car-
ried out using the CTST system in a preclinical research
setting (BSL-2). As other robotic cell culture systems
are becoming available (e.g., Celltrio), the next critical
step toward the development of clinical-grade cellular
products should be the establishment and testing of
automated systems that are compatible with good
manufacturing practice (GMP) guidelines.

(G) hiPSC-derived neuronal cells (day 40) showing immunoreactivity for inhibitory neurotransmitter GABA. Scale bar, 20 pum.

(H) Robotic MEA platform used for high-throughput electrophysiology and functional cell characterization.

(I and J) Comparison of (I) spontaneous neuronal spikes and (J) spike amplitudes in hiPSC-derived cultures after 6 weeks of manual or
robotic cell differentiation as measured by MEA. Representative data are expressed as mean + SD, n > 3 biological replicates (B-G, I, J).

p > 0.5, unpaired t test.
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EXPERIMENTAL PROCEDURES

Detailed descriptions of experimental procedures can be found in
the supplemental information.

Automated and manual cell culture

All hESC and hiPSC lines (Table S1) were maintained under feeder-
free conditions in E8 medium (Thermo Fisher) and VIN-N-coated
(Thermo Fisher) microplates or T175 flasks as described in the sup-
plemental information.

Cell culture medium analysis

Medium analyses were done using a Vi-Cell MetaFLEX Bioanalyte
analyzer (Beckman). Spent cell culture medium was analyzed and
evaluated for pH, pO,, pCOy, glucose, lactate, and electrolytes every
24 h.

Live-cell metabolic assays using the Seahorse XF
analyzer

The oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) were analyzed using a Seahorse XF-96 analyzer
(Agilent) according to the manufacturer’s protocol. OCR and
ECAR values were normalized to total cells per well.

MEA

Electrophysiology was performed on the Maestro APEX robotic plat-
form (Axion Biosystems) as described in the supplemental
information.

Mass CyTOF

Following single-cell dissociation, hESCs/iPSCs were stained and
labeled for CyTOF analysis using the Maxpar Human ES/iPS Phe-
notyping Panel Kit (Fluidigm) and other lanthanide metal-labeled
antibodies (Table S4).

Single-cell RNA library preparation and sequencing
hESCs, hiPSCs, and their derived cell types were single-cell dissoci-
ated, loaded on a Chromium Controller (10X Genomics) to
generate single-cell gel bead-in-emulsions (GEMs) and barcoding.
Libraries were sequenced on an Illumina HiSeq 3,000.

Analysis of single-cell RNA-seq
Details of the analysis procedure are described in the supplemental
information.

Automated and manual differentiation into
embryonic germ layers

Endoderm and mesoderm differentiations were induced using the
TeSR-E8 optimized STEMdiff Definitive Endoderm Kit (STEMCELL
Technologies) or STEMdiff Mesoderm Induction Medium
(STEMCELL Technologies). Endoderm and mesoderm cells were
analyzed on day 5. Ectoderm differentiation was induced using
E6 medium supplemented with LDN-193189 (100 nM, Tocris)
and A83-01 (2 pM, Tocris) and cells were analyzed on day 7. All
automated and manual protocols were performed in parallel as
described in the supplemental information.

Automated and manual neuronal differentiation
Neuronal differentiation is summarized (Figure 6A) and described
in the supplemental information.

Automated and manual cardiomyocyte

differentiation

Cardiomyocyte differentiation is summarized (Figure 7A) and
described in the supplemental information.

Automated and manual hepatocyte differentiation
Hepatocyte differentiation was performed as summarized (Fig-
ure 7H) and described in the supplemental information.

Data and code availability
Raw sequencing data generated in this study can be found in the
NCBI SRA database under the Bioproject accession number
PRINA657268.

Analysis code is available at https://github.com/cemalley/
Tristan_methods.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.11.004.

Figure 7. Characterization of cardiomyocytes and hepatocytes derived by automated cell culture

(A) Overview of cardiomyocyte differentiation protocol.

(B) Western blot showing induction of cardiac troponin and NKX2.5 in undifferentiated (abbreviated as U) and differentiated (abbreviated
as D) hESCs (WA09) and hiPSCs (LiPSC-GR1.1) at day 24. GAPDH was used as a loading control.
(Cand D) (C) Immunocytochemistry and (D) quantification shows that hiPSC-derived cardiomyocytes express cardiac troponin (day 24).

Scale bar, 75 um.

(E) Comparison of spontaneous spike amplitudes in hiPSC-derived cardiomyocytes differentiated manually or robotically (day 24).
(Fand G) Comparison of (F) beat periods and (G) field potential duration in cardiomyocyte cultures (LiPSC-GR1.1) differentiated manually

or robotically and measured by MEA (day 24).
(H) Overview of hepatocyte differentiation protocol.

(I) Immunocytochemistry at day 10 shows most hiPSC (LiPSC-GR1.1)-derived cells express FOXA2 and HNF4A. Scale bar, 200 pum.

(J) hiPSCs (LiPSC-GR1.1) differentiated into hepatocytes express a-fetoprotein (AFP) and HNF4A (day 20). Scale bar, 200 pm.

(K) Immunocytochemistry showing albumin-expressing hepatocytes robotically differentiated in a 384-well plate. Representative overview of
18 whole wells containing hepatocytes. Scale bar, 2 mm. Representative data are expressed as mean + SD, n > 3 biological replicates.

p > 0.5, unpaired t test.
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