
Pluripotent Stem Cells

Impact of Feeding Strategies on the Scalable
Expansion of Human Pluripotent Stem Cells in
Single-Use Stirred Tank Bioreactors

CHRISTINA KROPP,a,b HENNING KEMPF,a,b CAROLINE HALLOIN,a,b DIANA ROBLES-DIAZ,a,b

ANNIKA FRANKE,a,b THOMAS SCHEPER,c KATHARINA KINAST,d THOMAS KNORPP,e THOMAS O. JOOS,e

AXEL HAVERICH,a,b ULRICH MARTIN,a,b ROBERT ZWEIGERDT,a,b,* RUTH OLMER
a,b,*

Key Words. Human pluripotent stem cell expansion x Induced pluripotent stem cells x Perfusion x
Three-dimensional suspension culture x Single-use stirred tank bioreactors x
Metabolism

ABSTRACT

Theroutineapplicationofhumanpluripotentstemcells (hPSCs)andtheirderivatives inbiomedicineanddrug
discoverywill require the constant supply of high-quality cells by defined processes. Culturing hPSCs as cell-
only aggregates in (three-dimensional [3D]) suspensionhas thepotential to overcomenumerous limitations
of conventional surface-adherent (two-dimensional [2D]) cultivation. Utilizing single-use instrumented
stirred-tank bioreactors, we showed that perfusion resulted in a more homogeneous culture environment
andenabled superior cell densities of 2.853 106 cells permilliliter and 47%higher cell yields comparedwith
conventional repeatedbatch cultures. Flow cytometry, quantitative reverse-transcriptase polymerase chain
reaction, and global gene expression analysis revealed a high similarity across 3D suspension and 2D precul-
tures, underscoring thatmatrix-freehPSC culture efficiently supportsmaintenanceof pluripotency. Interest-
ingly, physiological data and gene expression assessment indicated distinct changes of the cells’ energy
metabolism, suggestingaculture-inducedswitch fromglycolysis tooxidativephosphorylation in theabsence
ofhPSCdifferentiation.Ourdatahighlight theplasticityofhPSCs’energymetabolismandprovideclearphys-
iological and molecular targets for process monitoring and further development. This study paves the way
towardmoreefficientGMP-compliant cell production andunderscores theenormousprocess development
potential of hPSCs in suspension culture. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1289–1301

SIGNIFICANCE

Human pluripotent stem cells (hPSCs) are a unique source for the, in principle, unlimited production
of functional human cell types in vitro, which are of high value for therapeutic and industrial appli-
cations. This study applied single-use, clinically compliant bioreactor technology to develop ad-
vanced, matrix-free, and more efficient culture conditions for the mass production of hPSCs in
scalable suspension culture. Using extensive analytical tools to compare established conditions with
this novel culture strategy, unexpected physiological features of hPSCs were discovered. These data
allow amore rational process development, providing significant progress in the field of translational
stem cell research and medicine.

INTRODUCTION

Thescope for theapplicationofhumanpluripotent
stemcell (hPSC)-derivedprogenies ranges fromre-

generative medicine to in vitro disease modeling,

safety pharmacology, and innovative drug discov-

ery [1].Aprerequisite for all applications is the sup-

ply of cells in meaningful quantities and constant

quality [2, 3]. Standard cultivation methods for

the expansion of hPSCs at the pluripotent state

conventionally rely on adherence to culture sub-

strates (two-dimensional [2D])—either on feeder

cells or on cell-free matrices—and often deploy

passaging of semidissociated cell clumps, hamper-
ing process inoculation by exact cell numbers [4].
Moreover, 2D culture in typical dishes and flasks
allowsvery restrictedmonitoringofcultureparam-
eters, thereby limiting systematic process control
and optimization [3].

In industry, using common mammalian cell
lines such as 293T or CHO cells for the production
of vaccines or recombinant proteins, respectively,
parallel stirred-tank bioreactor systems are widely
used for multifactorial process development in rel-
atively small suspension culture (three-dimensional
[3D]) scale [5].Thesesystemssupport linearprocess
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upscaling employing equivalent bioreactor design in larger dimen-
sions. Stirred-tank bioreactors ensure homogeneous distribution
of cells, nutrients, and gases; allow tight monitoring and control
of key process parameters such as pH and dissolved oxygen (DO);
and support flexible, automated feeding strategies [3].

Recently,weandothers established single-cell inoculatedhPSCs
expansion as cell-only aggregates in static and dynamic suspension
culture [6–11]. The approach overcomes the need for matrices re-
quired in feeder-free 2D cultures or microcarrier-based suspension
culture [12, 13], thereby reducing the number of culture compo-
nents and supporting GMP compliance. Transfer to stirred-tank bio-
reactors with final cell densities of ∼23 106 cells per milliliter was
readily achieved via the aggregatemethod [9, 14, 15], yielding∼23
108 pluripotent hPSCs in a 100-ml scale bioreactor run [15]. But es-
timated cell requirements for heart and liver repair aswell as diabe-
tes treatment amount to 109–1010 hPSC-derived progenies per
patient [3]. This implies that significant process improvement is re-
quired in addition to further scale-up.

Previous studies on hPSC suspension culture mainly focused
on repeated batch processes, i.e., exchanging the entire culture
medium in 24-hour intervals [7–9, 11, 15, 16]. However, despite
themodulation of inoculation parameters and stirring conditions,
growth kinetics revealed linear rather than the desired exponen-
tial cell expansion.

Advanced stirred-tank bioreactors can be equipped with cell
retention systems enabling perfusion [17–19]. This feeding strat-
egy is characterized by continuous medium replacement [17],
avoiding the drastic daily “nick” provoked in repeated batch cul-
tures. Work on mouse embryonic stem cells (ESCs) showed that
perfusion can indeed improve process efficiency [20, 21] but very
limited studies on human PSCs are yet available [12, 22].

Taking advantage of fully instrumented single-use bioreactors,
the aim of this study was to develop hPSC expansion in suspension
toward GMP compliance. By closely comparing alternative feeding
strategies, we shed light on physiological, cellular, and molecular
changes in response to process modification. In addition, we have
identified a switch in hPSCs’ energy metabolism from glycolysis to
oxidative phosphorylation in response to the culture environment
in the absence of hPSCdifferentiation,which is a key finding regard-
ing rational process development.

MATERIALS AND METHODS

Bioreactor System

The present study was performed using a DASbox Mini Biore-
actor System (Eppendorf AG, Hamburg, Germany, https://
www.eppendorf.com) for parallel operation of four or more
independently controllable BioBLU 0.3 Single-Use Vessels
(supplemental online Fig. 1A) equipped with an eight-blade im-
peller (60° pitch) optimized for hPSC expansion [15]. A magnet-
coupled overhead drive allowed smooth agitation. Sensors for
pH and DO monitoring as well as temperature control ensured
a tight monitoring and control of critical process parameters.
Pumps and sensor were calibrated as described previously [23].

Perfusionwas technically established by the incorporation of a
porous filter (20- to 40-mmpore size) as a cell retention device sim-
ilar to that in Weegman et al. [24]. The culture volume was kept
constant by applying the same flow rates for addition of fresh me-
dium (feed) via a head plate port and for the removal of depleted
medium(waste) via theoutflowfilter (supplementalonlineFig.1B).

Cell Culture

Experiments were performed utilizing the human induced pluripo-
tent stem cell (hiPSC) lines hCBiPS2 [25] and hHSC_F1285T_iPS2
[26] from cord blood-derived endothelial cells or hematopoietic
stem cells, respectively. Ahead of process inoculation hiPSCs were
expanded in feeder-freemonolayer cultureonGeltrex-coated (Invi-
trogen; ThermoFisher, Waltham, MA, http://www.thermofisher.
com ) flasks either in E8 for hHSC_F1285T_iPS2 cells or in mTeSR1
(STEMCELL Technologies, Vancouver, BC, Canada, http://www.
stemcell.com) or in KnockOUT-SR medium (Life Technologies,
ThermoFisher) conditioned with murine embryonic fibroblasts
(MEFs) for hCBiPS2 cells for at least four passages as described
in detail elsewhere [23]; monolayer cultures were started from
conventional MEF-based cultures as described elsewhere [23].
Precultures for bioreactor inoculation did not exceed eight pas-
sages in feeder-free monolayer culture.

Bioreactor Inoculation and Process Parameters

Bioreactorswere inoculatedwith a single-cell suspension to achieve
a viable cell density of 5 3 105 cells per milliliter in mTeSR1 for
hCBiPS2orE8 forhHSC_F1285T_iPS2cells+10mMY-27632(synthe-
sized as previously described [27]) in a final 125-ml culture volume
(62.5million cells per vessel) as previously described [23]. Cellswere
cultivated at 37°C, stirred at 60–70 revolutions per minute (rpm),
andaeratedwith3sl/hourof21%O2and5%CO2.Nomediachanges
were performed for 2 days after single-cell inoculation. Afterward,
for repeated batch processes 100 ml of culture medium was man-
ually replaced once every 24-hour interval, thereby excluding cell
loss. For perfusion, the culture medium was constantly replaced
at flow rates of 4.2 ml/hour, which is equivalent to �100 ml/day,
while cell aggregates are retained inside the bioreactor by the cell
retention device.

Sampling, Aggregate Analysis, and Cell Counting

Sampling from the bioreactors was performed without interrup-
tion of stirring as described earlier [23]. To prevent culture dilu-
tion, the sample volume was not replaced, resulting in culture
volume reduction from 125 ml to approximately 100 ml in the
7-day lasting processes.

To monitor aggregate formation and diameters (d), up to 10
independent light microscopic images were captured for each
sample (Axiovert A1; Zeiss, Thornwood, NY, http://www.zeiss.
com) followed by diameter analysis via Axiovision 8.4 software.
Mean diameters represent arithmetic averages of 240–1,480 sin-
gle aggregates. For an example of used images see supplemental
online Figure1C.Aggregate volumewas calculated asV= (4/3)pr3

with r = (1/2)d.
For cell counting and flow cytometry, aggregates were disso-

ciated into single cells with collagenase B as described earlier [8,
23]. Supernatant was stored at – 20°C for subsequent analyses
(supplemental online data).

Statistical Analysis

All bioreactor runs were performed in three or four independent
runs. Thereby, for every independent run, repeated-batch and
perfusion bioreactors were inoculated in parallel, applying cells
from the same 2D preculture-derived suspension. Statistical ana-
lyses were performed with GraphPad Prism6 after performing
block correctionusing thepreculture asblocking factor. Statistical
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significance was determined by ordinary one-way ANOVA or
two-way ANOVA followed by Bonferroni’s post-test. Thereby dif-
ferences were considered statistically significant at p , .05,
p, .01, and p, .001. Results are reported asmean and standard
error of mean (SEM).

RESULTS

Differential hPSC Aggregate Size Is Induced by
Alternative Feeding Strategies

Cultures were inoculated with single-cell suspensions (schematic
in Fig. 1A) at 5 3 105 cells per milliliter in single-use vessels
(supplemental online Fig. 1A) and randomly attributed to re-
peated batch or perfusion on day 2. The medium throughput
was set to 100 ml/day at both conditions, adding up to 500
ml/process (feeding circuit schematic in supplemental online Fig.
1B). Assessing aggregate formation (Fig. 1B, 1C; supplemental
online Fig. 1C) revealed 58.3 6 4.1 mm average diameter on
day 2. Significant feeding-dependent differences became apparent
from day 5 onward, resulting in an average diameter of 123.0 6
10.1 mm (repeated batch) versus 133.9 6 9.8 mm (perfusion)
on day 7 (Fig. 1C). Volume calculation pronounced process-
dependent aggregate divergence that was increased by 33% in
perfusion on day 7 (Fig. 1D). Notably, no inadvertent cell loss,
e.g., due to the attachment of cells or aggregates to vessel or sen-
sors, was observed throughout the study.

Perfusion Results in 47% Higher Cell Yields

The expected drop of viable cell counts and viability at 24 hours
postinoculation (day 1, Fig. 2A) is in line with our previous study
[15] and was readily overcompensated at 48 hours, reflected by
the recovery of viability and thehighest specific growth rate (m) of
0.816 0.18 day21 on day 2 (Fig. 2B). Repeated batch resulted in
an average cell density of 1.946 0.163 106 cells per milliliter on
day 7, representing an approximately fourfold increase of inocu-
lated cell numbers. Perfused cultures reached a maximal density
of up to 3.63 106 cells permilliliter in individual runs (not shown)
and 2.856 0.343 106 cells permilliliter on average (Fig. 2A), rep-
resenting a significant increase of 47% over repeated batch and
an approximately sixfold expansion rate in the 7-day lasting bio-
reactor processes. Constant viability was observed on process
days 3–7 in perfusion whereas a slight drop was noted on days
6 and 7 in repeated batch cultures (Fig. 2A).

Repeated batch induced “zig-zag patterns”of glucose and lac-
tate levels in contrast to continuous progression at perfusion (Fig.
3A, 3B).Nomore than60%of theavailable glucosewas consumed
at any time and peak levels of lactate did not exceed 14 mM. The
corresponding yield coefficient of lactate from glucose (Y(qLac/
qGlc)) was ∼2 on day 2, thus integrating between values of 1.8
and 2.8 reported for hESCs in other platforms [14, 28, 29].
Y(qLac/qGlc) remained higher at perfusion on days 3 and 4. How-
ever, fromday 5 onward, Y(qLac/qGlc) decreases to∼1.6 for both
feeding strategies (Fig. 3C). For 2D precultures Y(qLac/qGlc) val-
ues integrate between 1.9 and 2.1 until day 3, that is, before cells
were used for bioreactor inoculation.

The daily medium exchange in repeated batch cultures resulted
in a sharp, transient restoration of pH and DO as well as osmolarity
levels whereas those parameters continuously progressed in per-
fused cultures (Fig. 3D–3F). Lowest pH values of ∼6.6 were notably
similar for both culture conditions (Fig. 3D).

Minor process-dependent differences in amino acids con-
sumption were detected (supplemental online Fig. 2) and none
were depleted including glutamine, known to be amajor energy
source and limiting factor in mammalian cell culture [30]. How-
ever, glutamate, alanine, and to some extent glycinewere found
to be accumulated, which was, by trend, more prominent at re-
peated batch conditions (supplemental online Fig. 2).

Slight Accumulation of Chemokine C-X-C Motif Ligand 5
in Supernatant From Perfusion

Multi-analyte profiling (MAP) of day 7 culture supernatants
revealed a significant accumulation of the chemokine C-X-C
motif ligand 5 (CXCL5) at perfusion, but no differences for basic
fibroblast growth factor (bFGF) levels were detected between
both feeding strategies. However, compared with fresh cultureme-
dium,an∼80%drop inbFGFconcentration in24hours (fromprocess
day6today7)wasnoted(supplementalonlineFig.3A). Investigating
recombinant CXCL1 and -5 supplementation revealed a slight
concentration-dependent proliferation support of CXCL5 in a static
suspension culture assay (supplemental online Fig. 3B). In contrast,
no effect of CXCL1 at concentrations previously shown to enhance
human ESC proliferation in monolayer was observed [31].

hPSCs’ Pluripotency and Differentiation Potential Is
Maintained at Both Feeding Conditions

Immunofluorescencestaining (Fig.4A) and flowcytometry (Fig. 4B)
of day 7 samples revealed that, regardless of feeding conditions,
themajority of cells (i.e., 90.0%–97.9%, respectively) were positive
for octamer binding transcription factor 4 (OCT4), NANOG, stage-
specific embryonic antigen4 (SSEA4), and stage-specific embryonic
antigen3 (SSEA3) equivalent to 2D precultures. Ki-67 staining on
sections underlined the proliferative state of cells within aggre-
gates harvested at process endpoint (Fig. 4A).

Undirected differentiation of day 7 aggregates resulted in cell
types representative of all three germ layers as evidenced by
immunofluorescence staining (Fig. 5A). Furthermore, directed
differentiation via chemical Wnt pathway modulators [23, 32]
supported cardiomyogenic differentiation as shown by flow
cytometry specific to sarcomeric actinin (SA) and myosin heavy
chain (MHC), with similar efficiencies for repeated batch- and
perfusion-derived aggregates (Fig. 5B).

Global Transcriptome Analysis Reveals Vast Similarities
but Vocal Platform- and Feeding-Dependent Differences

Quantitative reverse-transcriptase polymerase chain reaction
(qRT-PCR) of 3D bioreactor samples onday 7 versus 2Dprecultures
revealed equivalent expression of pluripotency-associated tran-
scription factors OCT4 and NANOG (Fig. 6A). This was confirmed
for numerous pluripotency and early differentiation-associated
markers by global gene expression arrays (Fig. 6B). Only for T a sig-
nificant but negligible difference was found between the different
process conditions.

The schematic in supplemental online Figure 4A displays the
entire range of samples compared by expression arrays: 2D pre-
cultures at day 3, static suspension culture at day 3, and stirred
(i.e., bioreactor-derived) repeated batch or perfusion suspension
culture at day 3 and day 7.

Principle component analysis (PCA) revealed close proximity
of day 3 static and stirred suspension irrespective of the feeding
strategy, suggesting minor impact only of stirring stress on gene
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Figure 1. Impact of feeding strategies on aggregate formation and size distribution. (A): Human induced pluripotent stem cells (hCBiPS2)
were detached from monolayer cultures and seeded as single-cell suspensions on day 0 to stirred tank bioreactors. During the first 48 h
cultures weremaintainedwithout anymedium exchange. On culture day 2 the first completemanualmedium exchange was performed for
the repeated batch cultures (repeated the following days [days 3–6]), and in parallel automated continuousmedium changewas started for
the perfusion cultures (4.2 ml/hour), resulting in equal medium throughput for both feeding strategies. On culture day 7 cells from both
processes were harvested and analyzed. (B):On process days 1 and 2 (prior to perfusion start and first manual medium change in repeated
batch bioreactors) aswell as days 3–7 aggregateswere assessedby lightmicroscopy as shown (scale bars = 200mm). (C):Applying AxioVision
LE (Zeiss) and GraphPad prism software, between 240 and 1,480 aggregates from four independent experiments were analyzed
(supplemental online Fig. 1C) from each time point and visualized as single squares. (D): The average aggregate volume calculated from
the mean aggregate volume of the individual runs is depicted as columns whereby each column represents the mean of four independent
bioreactor runs for each feeding strategy. Results are reported as mean6 SEM. Differences were considered statistically significant at p,
p , .05, pp, p , .01, and ppp, p , .001. Abbreviation: d, day.
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expression (Fig. 6C). In contrast, 2D precultures appearedmost dis-
tant to all suspension samples, apparently reflecting 2D to 3D tran-
sition including the lack of matrix supplementation in 3D [33].

Gene ontology (GO) analysis on more than twofold regu-
lated genes in 2D precultures versus day 7 bioreactor-derived
aggregates indeed revealed that the categories “cell and biolog-
ical adhesion” were among those with the highest enrichment
p values (supplemental online Fig. 4B, 4C). These categories in-
cluded the genes cell adhesion molecule 2 (CADM2), H-cadherin
(CDH13), cadherin 18 (CDH18), protocadherin 7 (PCDH7), and tight
junction-related claudin 11 (CLD11), confirming differences in cell–
cell and cell–matrix adhesion in 2D versus 3D [33].

PCA further showed that day 7 repeated batch and perfusion
samples appeared somewhat diverged from the tightly clustered
day 3 suspension cells, whereby day 7 perfusion appeared most
distant, suggesting a more pronounced impact of the feeding
strategy on gene expression at later process stages (Fig. 6C).

GO analyses on more than twofold-upregulated genes in
day 7 perfusion versus repeated batch aggregates showed an
enrichment in categories such as “regulationof growth” (including
the wingless-type MMTV integration site family [WNT10B],
insulin-like growth factor-binding protein 7 [IGFBP7], cluster of

differentiation 36 [CD36], and deiodinase iodothyronine type
III [DIO3]) and “ionotropic glutamate receptor signaling pathway”
(including glutamate ionotropic receptor NMDA type subunit 2A
[GRIN2A], glutamate receptor 2 [GRIA2], glutamate receptor ion-
otropic AMPA 4 [GRIA4] implicated in regulation of proliferation
in neural cells [34]) at perfusion conditions (supplemental online
Fig. 5A–5C, respectively).

Moreover, CXCL1 and -5, members of the CXCL family, were
found to be upregulated in perfusion (supplemental online Fig.
5A), confirming CXCL5 accumulation in supernatants found by
MAP (supplemental online Fig. 3A).

Gene Expression Assessment Indicates Distinct Process-
Dependent Changes of hPSCs’ Energy Metabolism

DistinctmandY(qLac/qGlc)profiles (Figs.2B,3C) suggestedprocess-
dependent shifts of the cells’metabolism over time, prompting us
to focus on respective GO categories. Array-based heat maps
revealed that changes in metabolic activity were indeed reflected
in gene expression patterns (Fig. 6D).

Genes in GO categories “glycolytic processes” and “regulation
of glycolytic processes” were expressed at relatively high levels
in the 2D precultures. These included the two rate-limiting factors
in glycolysis, that is, hexokinase (HK1) and phosphofructokinase
(PFKP), as well as the enzymes aldolase (ALDOC) and enolase
(ENO3; Fig. 6D), in linewith the notion that glycolysis is dominating
in hPSCs [35, 36]. Notably, reduced expression of these genes was
readily observed in day 3 suspension samples (repeated batch and
perfusion) andbecamemore pronounced in cells derived fromday
7 bioreactors, whereby some recovery of expressionwas observed
inday7perfusionsamplesonly (Fig. 6D).A reversedpattern, that is,
highest expression level in day 7 bioreactor samples,was found for
a panel of genes in the GO category “oxidative phosphorylation,”
including adenylate kinase 2 (AK2), and in particular for the large
family of NADH dehydrogenase (ubiquinone) 1a (NDUFA) and
1b (NDUFB) subcomplex-forming factorsannotated inGOcategory
“mitochondrial electron transport” (Fig. 6D).

Together, these patterns suggest progressive transition of
hPSCs’metabolism fromglycolysis (in 2Dmonolayer) toward oxida-
tive phosphorylation (oxphos; at later stages in 3D), which was re-
cently correlated with induction of hPSC differentiation [37]. Since
our data do not indicate any sign of differentiation in multiple as-
says, we have examined a panel of additional genes related to
the acetyl-CoAmetabolism,whichwas recently investigated to cor-
relate hPSCs’ differentiation status to metabolic activity [37].

We either find no culture-dependent changes in the expres-
sion of, for example, ATP citrate lyase (ACLY; regulating the level
of cytosolic Acetyl-CoA; supplemental online Fig. 5D) or have
identified the upregulation of uncoupling protein 2 (UCP2) and
in particular of acetyl-CoA synthetase (ACSS2) in day 7 bioreactor
samples compared with 2D preculture (Fig. 5D), whereas down-
regulation of these markers was found by Moussaieff et al. upon
transition to hPSC differentiation [37].

Perfusion Process Efficiency Is Cell Line Independent

Applying an independent hiPSC line (hHSC_F1285T_iPS2) and the
low-protein medium E8 [38, 39], the perfusion process’s validity
and robustness was underscored. Expansion rates were approx-
imately sixfold, achieving an average cell density of 3.01 6
0.213 106 cells per milliliter at process endpoint (Fig. 7A, 7B). The

Figure 2. Comparison of growth kinetics and viability during re-
peated batch and perfusion cultures, using hCBiPS2 cells. (A): Cells
were seeded at 0.5 3 106 cells per milliliter on day 0. Cell densities
(columns) and viability (solid circles) were determined daily (n = 4).
Up to 4.6-fold increase in repeated batch cultures and up to 6.7-fold
increase with perfusion could be achieved. Results are reported as
mean 6 SEM. Differences were considered statistically significant
at pp, p , .01 and ppp, p , .001. (B): Highest specific growth rates
m were observed on day 2 of cultivation (between 24 and 48 hours
after inoculation). Abbreviation: d, day.
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specificgrowth ratewashighestduring theearlyprocessphase (days
2 and 3) equivalent to hCBiPS2 cells and an even more pronounced
decrease of Y(qLac/qGlc) was observed over time (from 2.0 on day
1 to 1.5 on day 7; Fig. 7D). Maintenance of pluripotency of day
7-derived cells was corroborated by flow cytometry (Fig. 7E), qRT-
PCR (Fig. 7F), and microarray analysis for pluripotency-associated
genes and early differentiation markers (supplemental online Fig.
6A, 6B). Notably, microarray analysis confirmed the, by trend, indi-
cated progressive shift of hPSCs’ metabolism from glycolysis in 2D
precultures and at early process stages toward oxidative phosphor-
ylation in day 7 cells (Fig. 7G), whereby largely overlapping patterns
for both cell lines were observed (compare Fig. 6D with Fig. 7G). Fi-
nally, focusing on a panel of acetyl-CoA metabolism-related genes
whose drastic downregulation (that is, two- to fivefold)was recently
correlated with metabolic changes at early stages of differentiation
[37] revealed only minor or diverse expression changes along our
processes, confirmed by both cell lines tested (supplemental
online Figs. 5D, 6C).

DISCUSSION

Establishing efficient and economically viable production
of hPSCs is indispensable to fuel their envisioned routine ap-
plication in regenerative medicine and drug discovery [3]. The
field is now reaching consensus that stirred-tank bioreactor
technology is a potent approach to achieve this goal [40, 41].

Several recent studies have employed matrix-free hPSC aggre-
gate culture in stirred vessels, applying manual medium exchange
[10,11,15,16,41,42].Overall, applicabilityof thesuspensionculture
approach for hPSC mass production was underscored and mainte-
nance of pluripotency and karyotypic stability was confirmed.

Whereas approximately two- to fourfold expansion per pas-
sage was shown in some studies [10, 11, 15], substantially
higher rates were published by others [16, 42]. However, rela-
tively high expansion rates of up to ∼12-fold per passage seem
to result from low-density inoculation, e.g., at 0.23 105 cells per
milliliter [16], finally yielding 2.4 3 105 cells per milliliter at

Figure 3. Metabolic activity of hCBiPS2 cells in repeated batch and perfusion cultures. Perfusion was initiated after 48 hours of culture. In
parallel entire medium was replaced daily from day 2 onward in repeated batch cultures, keeping the daily and overall medium throughput
equal. (A, B): Feeding strategies result in respective concentration pattern for glucose (A) and lactate (B) (both n = 4). (C): The specific yield
coefficient of lactate from glucose Y(qLac/qGlc) is highest in the earlier process phase and decreases for both feeding strategies from process
day 4 onward. (D–F): In response to repeated batch, heterogeneous “zigzag-like” patterns for pH (D) and dissolved oxygen (DO) (E) as well as
culture osmolarity (n = 3) (F) in contrast to homogeneous progression at perfusionwere observed. To ensure clarity of illustration, pH levels and
dissolved oxygen are depicted for one bioreactor run of each feeding strategy. Samples for glucose, lactate, and osmolarity analysis were taken
every 24 hours of culture and additionally after medium exchange for repeated batch cultures.
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Figure 4. Pluripotency marker expression of hCBiPS2 cells after expansion with different feeding strategies. (A): Immunofluores-
cence of cryosections of aggregates harvested at process day 7 showed positive staining for the pluripotency-associated markers
TRA1-60, SSEA3, OCT4, and NANOG as well as the proliferation-associatedmarker Ki-67. Respective isotype controls confirmed spec-
ificity of staining (data not shown). Scale bars = 100 mm. (B): Flow cytometry revealed that the majority of repeated batch- and
perfusion-expanded cells expressed pluripotency-associated surface markers SSEA4 and SSEA3 as well as the transcription factors
NANOG and OCT4 comparable to monolayer precultures (isotype control shown in gray). Abbreviation: DAPI, 49,6-diamidino-2-
phenylindole.
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optimized conditions, which is a rather low value inapplicable
for therapeutic cell production.

Here, we have applied pre-established seeding of 53 105 cells
per milliliter, closely recapitulating former yields of ∼23 106 cells
per milliliter (approximately fourfold expansion) achieved in re-
peated batch processes [15]. This demonstrates high process re-
producibility and straightforward transition from previously used
glass to single-use vessels. Importantly, using the samemedium
throughput established for repeated batch (i.e., 13 process vol-
ume per day), perfusion enabled us to achieve significantly higher
cell line-independent cell densities of ∼33 106 cells per milliliter
on average (up to 3.63 106 cells per milliliter in individual runs),
representing approximately sixfold expansion per passage (Figs.
2A, 7A). Consequently, perfusion enabled∼43% lessmedium con-
sumption compared with conventional 2D culture (“process ef-
ficiency index” calculations in supplemental online Table 1). As
stirring conditions were identical at both feeding conditions
and, apparently, compatible with higher cell yields and with
the formation of larger aggregates in perfusion cultures (Fig.
1B–1D), it seems unlikely that the applied agitation restricts hPSC

proliferation and aggregate growth, in contrast to previous con-
cerns in an equivalent system [15]. Our calculations suggest that
the 47% higher cell yield at perfusion seems mainly mediated by
the concomitant increase of the aggregate volumeby 33%. To our
best knowledge, the achieved cell density and the overall yield
of∼33 108 cells per 100 ml in perfusion cultures is an unmet re-
sult for hPSCs grown as stirred cell-only aggregates. We acknowl-
edge, however, that Bardy et al. have published 6.13106 cells per
milliliter in a microcarrier-based approach [43].

Perfusion previously enabled a culture density of.23 107

cells per milliliter for mouse PSCs [20, 21, 44]. However, in addi-
tion to species inherent differences in proliferation kinetics, this
was achieved by mitogen-rich fetal calf serum-supplemented
media [44] or reflects high medium throughput, e.g., by consump-
tion of 53 process volumes per day [20, 21]. Initial studies
on human ESC grown as matrix-attached monolayer [22] or micro-
carrier culture [12] also indicated supportive effects of perfusion,
but the underlying mechanisms are not well understood.

Monitoring glucose, lactate, pH, and DO levels in our cul-
tures, we noted that the peak values of these process

Figure 5. Repeated batch and perfusion bioreactor-expanded hCBiPS2 cells differentiate into derivatives of all three germ layers. (A): Immu-
nofluorescence analysis of day 7 bioreactor-derived aggregates from repeated batch as well as perfusion cultures induced for spontaneous
differentiation revealed expression of marker proteins representative of all three germ layers (positive staining in red or green): sarcomeric
actinin, cardiac Troponin T (mesoderm), a-fetoprotein (AFP) (endoderm), and b3 Tubulin (ectoderm). Nuclei were stained with 49,6-diamidino-
2-phenylindole (blue). Respective isotype controls confirmed specificity of stainings (data not shown). Scale bars = 100mm. (B): Furthermore,mod-
ulation of theWnt pathway by small molecules resulted in cardiac differentiation of cells from repeated batch as well as perfusion cultures.
Expression of cardiac-specific markers sarcomeric actinin and aMHC as well as bMHC could be detected by flow cytometry. Abbreviations:
MHC, major histocompatibility complex; sarc., sarcomeric.
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Figure 6. Expression analysis revealed high similarity between hCBiPS2 cells from 2D precultures and 3D suspension culture. (A):Quantitative
real-time analysis for transcription factorsOCT4 andNANOG showed no significant deviation in expression levels of expanded cells either under
repeated batch or under perfusion conditions and furthermore compared with 2D precultures (n = 3). Primers were defined to detect endog-
enous variant of the factor to exclude false positive results in induced pluripotent stem cells. (B): Expression levels of genes associated with
pluripotency and early differentiation for repeated batch and perfusion-based cultures displayed as absolute processed fluorescence intensity
(top) and comparedwith 2Dprecultures (bottom, n = 3). (C): Principle component analysis on global gene expression of hiPSC 2D precultures on
day3 (gray), static suspension cultures onday 3 (blue), dynamic suspension cultureswith either perfusion or repeated batchonday 3 (perfusion,
light green; repeated batch, orange), or process endpoint day 7 (perfusion, dark green; repeated batch, red). Visualization comprises .100
genes withs/smax, 0.255 and p, .001 in a group comparison. See also supplemental online Figure 4A for details of the experimental setup.
(D): Thehierarchically clusteredheatmapdisplays differentially expressed genes between 2Dprecultures, repeated batch (day 3 andday 7), and
perfusion (day 3 and day 7) samples of genes allocated to the GO categories “glycolytic process,” “regulation of glycolytic process,” “oxidative
phosphorylation,” and “mitochondrial electron transport” (multigroup comparison; p, .1). Themicroarray dataset presented in this figurewas
deposited inArray Expresswith accession no. E-MTAB-3898 (http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-3898). Abbreviation: d,
day.
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Figure 7. Characterization of perfusion cultures using hHSC_F1285T_iPS2 cells confirmed the robustness of the expansion process. (A): An
average viable cell density of 3.013 106 cells permilliliterwas obtained in 7-day lasting perfusion cultures representing anapproximately sixfold
hPSC expansion. Cell densities (columns) and viability (symbols) were determined daily (n = 3). (B):Representativemicroscopic images of aggregate
formation and progression (scale bars = 200mm). (C, D): Specific growth rate (C) and yield coefficient of lactate fromglucose Y(qLac/qGlc) (D)were
highest in earlier process phase for the independent second cell line as well (both n = 3). Results are reported as mean6 SEM. Differences were
considered statistically significant at p, p, .05. (E): Flow cytometry analysis revealed that themajority of cells harvested on day 7were positive for
pluripotency markers OCT4, NANOG, SSEA4, and TRA 1-60 (red; isotype in gray). (F): Quantitative real-time analysis for pluripotency transcription
factorsOCT4andNANOG revealedno significantdeviation inexpression levels for cells harvestedonday7 comparedwith2Dmonolayer precultures
(n=3). Primersweredefined todetectendogenous variantof thegeneonly. (G):Hierarchically clusteredheatmapdisplayingdifferentially expressed
genes between 2D preculture and perfusion (day 3 and day 7) samples allocated to the GO categories “glycolytic process,” “regulation of glycolytic
process,” “oxidative phosphorylation,” and “mitochondrial electron transport” (multigroup comparison: p, .1). Themicroarray dataset presented
in this figure was deposited in Array Express with accession no. E-MTAB-4149 (http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4149).
Abbreviation: d, day.
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parameters were essentially equivalent in both feeding condi-
tions (Fig. 3). Highest lactate concentrations, for example, did
not exceed 14 mM at both feeding conditions. Chen et al.
showed no negative effect of 11 mM lactate on hESC growth
whereas 22 mM induced substantial growth retardation [14],
suggesting that lactate concentrations did not affect cell pro-
liferation in our processes. The underlying process-dependent
differences seem rather to result from smooth progression of re-
spective parameters in perfusion in contrast to drastic oscillations
in repeatedbatch cultures. Amongother changes, repeatedbatch
induces drastic oscillation of pH patterns and some fluctuation of
medium osmolarity as well (Fig. 3D, 3F). Both pH dynamics and
osmotic stress are known to act detrimentally on somatic
cell viability and to trigger proliferation and metabolic changes
in tumor cells [45, 46] but their impact on hPSC culture and
differentiation is poorly studied [14, 47]. Notably, to ensure
meaningful side-by-side comparison of the alternative feeding
strategies, we focused on monitoring resulting changes of pH,
DO, and other process parameters but refrained from controlling
them, which, per se, is enabled by the applied bioreactor system.

However,whereas repeatedbatch“resets” theculturemedium
composition at every feed, perfusion may allow accumulation of
paracrine factors (Fig. 3). Supernatant analysis revealed increased
levels of CXCL5 in perfusion cultures (supplemental online Fig.
3A). CXCL5 supplementation showed some growth-promoting
tendency in control experiments (supplemental onlineFig. 3B), sug-
gesting that cell-born mitogens may, to some degree, mediate the
increased cell yield at perfusion. Interestingly, Krtolica et al. found
that hESCs express CXCR2, the receptor for CXCL5 and CXCL1. How-
ever, in our suspension culture approach using hiPSCs, we could
not confirm the proliferation-promoting effect of CXCL1 as de-
scribed in conventional 2D hESC culture [31].

Accumulation of glutamate, alanine, and to some degree gly-
cine was observed in our bioreactor processes in line with other
studies [14, 48, 49]. Although consumed in our study, asparagine,
isoleucine, histidine, and threonine have been described to be se-
creted by hESCs inmicrocarrier-based bioreactor approaches [14,
49], indicating cell line and/or process-dependent variability in
hPSCs’ amino acid metabolism. In CHO cells and other fast-
proliferating cells, glycine production has been associated with
high rates of serine metabolism whereas glutamate and alanine
accumulation was reported to indicate distinct glutaminemetab-
olism activity [50, 51]. Glutamate is known as an intermediate in
the catabolism of many amino acids before ultimately converted
toa-ketoglutarate, which is subsequently discharged into the tri-
carbon acid cycle (TCA). The reduced secretion of glutamate
at days 3–7 may hint toward a change in glutamine metabo-
lism in the second process phase (after days 3–4), especially
in perfusion cultures. In the transamination pathway of the glu-
tamine metabolism, glutamate is also reported to be converted
to a-ketoglutarate while generating alanine [50, 52, 53], which
might explain the accumulation of alanine observed by us. The,
by trend, reduced consumption rates for several amino acids—
e.g., isoleucine, leucine, methionine, phenylalanine—underscore
possible changes of cells’ metabolism over time as indicated by
our gene expression results.

Research on somatic cell reprogramming recently stimulated
investigations on PSCs’metabolism along the transition to pluripo-
tency [54]. Oxphos, the typical energy metabolism in somatic cells
in the presence of oxygen, is specified by directing glucose-derived
pyruvate (catalyzed to acetyl-CoA) to the tricarbon acid cycle in

mitochondria, where stepwise electron transfer to oxygen is cata-
lyzed, resulting inefficientATPsynthesisand theproductionofCO2.
In contrast, PSCs, which have immature mitochondria, mainly rely
on glycolysis for ATP synthesis even if ample oxygen is available at
atmosphericconditions [55]. Thisphenomenon isknownas“anaer-
obic respiration” or the Warburg effect and is well established for
highly proliferative tumor cells [56] and at early stages of embryo-
genesis [36].

Although the impact of oxygen concentration on hPSC prolif-
eration and pluripotency remains controversially discussed [55],
recentwork substantiated that PSCs rely on glycolysis to generate
the required metabolic building blocks to fuel the synthesis of
DNA, protein, and the membrane component, whose availability
is a bottleneck in fast-proliferating cells [57].Moussaieff et al. fur-
therhighlighted that glycolysis fuels high cytosolic Acetyl-CoA lev-
els necessary to ensure chromatin acetylation in PSCs, thereby
stabilizing the pluripotent state [37].

Our study reveals intriguing results when aligning growth
kinetics, metabolic changes, and gene expression patterns. The
highest specific growth rate m of 0.81 day21, known for hPSCs
at optimal proliferation conditions [25, 58], was observed at
day 2; at this early stage Y(qLac/qGlc) was ∼2.0 for bioreactor
cultures, equivalent to values observed in the 2D precultures
(Figs. 3C, 7D), which is typical for glycolysis. Already between pro-
cess days 2 and3a relatively drastic dropofmwas observed with
m finally ranging from ∼0.2 to 0.3 day21 on days 4–7 for both
independent cell lines (Figs. 2B, 7C). Despite some perfusion-
induced delay, these data indicate a proliferation-confining envi-
ronment readily at early process stages although no obvious
nutrition limits were suggested, at least by the glucose and amino
acid concentrations as well as aggregate sizes; diffusion limits are
thought to occur at .300 mm diameter [59].

However, Y(qLac/qGlc) maintained at higher levels at perfu-
sion until day 5 but ultimately decreased to ∼1.6 at both process
strategies (Fig. 3C). Notably, this value is typical of oxphos in dif-
ferentiated, somatic cells where Y(qLac/qGlc) ranges from 1.5 to
1.7 [60]. Considering the concomitant changes in the expression
pattern of key metabolic marker genes, our data suggest that
hPSCs have indeed shifted their energy metabolism from glycol-
ysis more toward oxphos along our bioreactor processes, but no-
tably in the absence of differentiation, as fully confirmed by an
independent cell line (Figs. 4–7). Our findings are unexpected
in the light of a recent study showing that the metabolic switch
from glycolysis to oxphos is closely coupled to hPS cell differenti-
ation [37]; thus our data reveal a surprising level of “metabolic
plasticity” in hPSCs. This further suggests that the (yet subopti-
mal) environment in suspension culture (which is likely mediated
by numerous cues including paracrine factors, pH and DO drops,
and/or others) acts restrictively onhPSCproliferation and triggers
the metabolic shift toward oxphos. Recent studies utilizing
stirred-tank bioreactors showed that controlling oxygen at higher
levels improved hPSC expansion compared with lower, suppos-
edly hypoxic levels [11, 12]. Although the transient restoration
of high DO levels in the repeated-batch processes in our study
hadnoapparent positiveeffectonhPSCgrowth,wecannotexclude
that the overall drop in DO throughout both processes affects the
cell’s energy metabolism and growth kinetics and cell yield [61].
Thus, controlling this parameter will be crucial in future studies,
which can be more rigorously achieved in perfused processes.

“Protectivemechanisms” apparently avoid hPSC differenti-
ation in the later process phase. These mechanisms likely
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include the presence of bFGF and transforming growth factorb
in the culture medium, maintaining not only the expression of
typical pluripotency markers but eventually also that of meta-
bolic enzymes such as ACLY and ACSS, which, according to
Moussaieff et al. [37], stabilize hPSCs’ pluripotency by cata-
lyzing high cytosolic acetyl-CoA levels and thus chromatin
acetylation.

Applying repeated batch feeding of hESCs on matrix-coated
microcarriers in a stirred bioreactor, Silva et al. recently found el-
evated glycolysis in 3D suspension culture compared with 2D
static controls [49]. Since the same culture medium (mTeSR1)
was used, the study seemingly contradicted our results. However,
key differences include the maintained presence of a matrix and
an entirely different growth kinetic in the microcarrier approach,
i.e., a 4- to 5-day lag phasepostinoculation followedbyexponential
growthondays∼6–10. Theoppositionofboth studiesunderscores
the culture environment-dependent plasticity of hPSCs and high-
lights the value of metabolic and global transcriptome analysis
for process development.

CONCLUSION

To the best of our knowledge this study is the first to describe
the expansion of hPSCs in fully instrumented single-use
stirred-tank bioreactors and an in-depth parallel investigation
of alternative feeding strategies. By automated continuous
perfusion a more efficient and homogenous hPSC expansion
process yielding a superior cell density of up to 3.6 3 106

cells per milliliter was established. According to Wang et al.
[41], processing at higher cell density is advantageous for
large-scale production due to the higher conversion efficiency
of labor and media.

Further steps toward themass cultivation of hPSCs include
exceeding the current culture scale toward 1.000 ml and
beyond as well as the control of key process parameters.
Since repeated batch cultures cannot provide homogeneous
operating conditions fundamental for the control of DO
and pH, the establishment of an automated perfusion mode

represents a substantial step toward the controlled mass ex-
pansion of hPSCs.
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