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Stirred suspension bioreactors maintain naïve
pluripotency of human pluripotent stem cells
Leili Rohani1, Breanna S. Borys2,3, Golsa Razian1, Pooyan Naghsh1, Shiying Liu1, Adiv A. Johnson4,

Pranav Machiraju 5, Heidrun Holland6, Ian A. Lewis7, Ryan A. Groves7, Derek Toms 8, Paul M. K. Gordon9,

Joyce W. Li1, Tania So2,3, Tiffany Dang2,3, Michael S. Kallos2,3 & Derrick E. Rancourt 1✉

Due to their ability to standardize key physiological parameters, stirred suspension bior-

eactors can potentially scale the production of quality-controlled pluripotent stem cells

(PSCs) for cell therapy application. Because of differences in bioreactor expansion efficiency

between mouse (m) and human (h) PSCs, we investigated if conversion of hPSCs, from the

conventional “primed” pluripotent state towards the “naïve” state prevalent in mPSCs, could

be used to enhance hPSC production. Through transcriptomic enrichment of mechano-

sensing signaling, the expression of epigenetic regulators, metabolomics, and cell-surface

protein marker analyses, we show that the stirred suspension bioreactor environment helps

maintain a naïve-like pluripotent state. Our research corroborates that converting hPSCs

towards a naïve state enhances hPSC manufacturing and indicates a potentially important

role for the stirred suspension bioreactor’s mechanical environment in maintaining naïve-like

pluripotency.
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Human pluripotent stem cells (hPSCs) harbor enormous
potential for regenerative medicine and offer a unique
opportunity to advance the development of cell-based

therapies1. The development of hPSC biobanks1, clinical trials2,
drug screening3, and disease modeling4 all demand robust stem
cell manufacturing and expansion. Although the hPSC manu-
facturing field is evolving rapidly, a bottleneck is throttling clin-
ical application: existing technologies are limited in their ability to
efficiently scale production of clinically-viable stem cells5.

Previous work suggests that expanding hPSCs as aggregates in
stirred suspension bioreactors offers significant production
advantages compared to static cell culture6,7. Key physiological
parameters can be controlled and standardized in these platforms,
allowing high-quality batches with large cell numbers8. Although
we8–10 and others11 have demonstrated that murine (m) PSCs are
expanded robustly in suspension bioreactors, hPSC expansion in
these systems have resulted in lower fold-expansion and yields12

and high costs13–15. Compared to mPSCs, the manufacturing of
conventional hPSCs in stirred suspension bioreactors has proven
more difficult and has resulted in significantly lower fold-
expansion14,16.

Mouse and human PSCs exhibit distinctive epigenetic features,
self-renewal signaling requirements, and differentiation potential.
Conventional hPSCs display a “primed” state of pluripotency
similar to mouse epiblast stem cells derived from the post-
implantation epiblast17. Conversely, mPSCs reside in the so-
called “naïve” pluripotent state resembling the pre-implantation
epiblast18. Prior reports have shown that specific culture condi-
tions can either generate naïve hPSCs directly from embryos or
convert primed hPSCs to the naïve state19. Compared to the
primed state, naïve hPSCs have advantageous bioprocessing
properties, including a higher single-cell cloning efficiency20, an
enhanced differentiation potential21, an advanced adherent
growth rate19,22, bivalent metabolic activity22,23, an altered tran-
scriptome, and a hypomethylated epigenome20,22,24,25. Currently,
the field has a limited understanding of how the hPSC state
influences bioprocessing and whether this can resolve existing cell
manufacturing gaps.

Recently, Lipsitz et al. reported that the conversion of hPSCs to
an alternative pluripotent state enhanced suspension culture
yield26. However, pluripotency maintenance of this “high-sus-
pension-yield” state was dependant on ERK inhibitory cytokine
withdrawal from suspension culture. This suggests that the cell’s
interaction with its mechanical environment and media compo-
nents plays a critical role in maintaining naïve-like pluripotency
within the bioreactor.

Considering that study26, the robust expansion of mPSCs in
bioreactors8–11,16, and knowing that naïve hPSCs resemble
mPSCs, we report here that cell-state conversion significantly
enhances hPSC bioprocessing in stirred suspension culture. Since
naïve hPSCs are metastable27, we sought to assess the relationship
between naïve pluripotency and bioreactors. Specifically, we
aimed to identify whether or not the bioreactor mechanical
environment influences the naïve pluripotency state. Through
transcriptomics, assessing the expression of epigenetic regulators,
metabolomics, and cell-surface protein marker analyses, we show
that the bioreactor environment helps maintain the naïve plur-
ipotent state. We observed enrichment of the mechano-sensing
HIPPO signalling in the stirred suspension bioreactor, supporting
the hypothesis that a mechanical environment plays an important
role in maintaining naïve pluripotency. This observed positive
influence of the bioreactor environment on naïve pluripotency
indicates it may be possible to revert to naïve pluripotency in the
bioreactor. Further optimization could enhance hPSC biomanu-
facturing for both clinical and research applications.

Results
Cell-state conversion enhances hPSC bioprocessing. Previous
reports have exploited combinations of small molecules, inhibi-
tors, and genetic manipulation20–22,28,29 to convert hPSCs from
primed-to-naïve pluripotency. In our study, the conversion was
achieved using commercial RSeTTM medium. This is a defined
media based on a bFGF- and TGFβ-free version of NHSM20.
Conversion in static culture produced robust cultures with naïve
hPSC features, including tightly packed, domed colonies with
refractive edges (Fig. 1). Resulting naïve hPSC colonies were
maintained on inactivated mouse embryonic fibroblasts (iMEFs)
in RSeT medium for several passages (Fig. 1). From passage (P)
four onwards, the resulting established naïve hPSC colonies from
static culture (P4) showed high expression levels of naïve plur-
ipotency markers and the disappearance of XIST gene expression
(Supplementary Fig. 1a), the latter being a hallmark of naïve
pluripotency30.

We have previously shown significant interaction effects
between inoculation density and agitation rate for hPSCs in
stirred suspension culture31. Here, we applied different inocula-
tion cell densities and agitation rates for naïve hPSC in stirred
suspension cultures. We found that uniform-sized aggregates
formed at inoculation densities of 1E4, 2.5E4, and 5E4 cells/mL in
the bioreactor (Supplementary Fig. 1b). We also observed that an
agitation rate of 100 RPM (maximum fluid shear 6 dynes/cm2)
facilitated the formation of aggregates with a healthy morphology
and an average diameter below levels where we would expect
necrosis to occur32. We increased seeding densities of naïve
hPSCs in suspension culture through agitated well plate systems.
Naïve hPSCs were cultured in 24- and 6-well shaken suspension
plates at seeding densities of 1E5 and 2E5 cells/mL for five days,
and cultures underwent a single 60% media exchange on day 3.
Unlike bioreactor-cultured, naïve hPSCs, shaken suspension
culture in well-plates resulted in less uniform aggregate sizes
with dark centers that may represent partly necrotic or apoptotic
cores (Supplementary Fig. 1c).

Having identified a successful combination of inoculation cell
density and agitation rate in stirred suspension bioreactors, we
assessed growth kinetics and aggregate formation characteristics
in both naïve and primed hPSCs. To evaluate each cell type’s
growth kinetics in stirred suspension culture, newly-converted
naïve hPSCs (P0 from static culture), established naïve hPSCs (P4
from static culture), and equivalent primed hPSCs, were each
inoculated into separate 100 mL stirred suspension bioreactors
agitated at 100 rpm. Naïve hPSCs were then counted at passages
one (P1) and five (P5), respectively. Batch conditions were used to
determine growth kinetics for five days post-inoculation without
the effect of a feeding regime. Here, growth rates and multi-
plication ratios were significantly greater, while exponential
doubling times were significantly shorter for both P1 and P5
naïve hPSCs compared to their primed counterparts (Fig. 2a,
Supplementary Fig. 2a). The exponential growth rates for P1
naïve hPSCs) and P5 naïve hPSCs were 1.5X greater than those
observed in primed hPSCs.

In agreement with previous studies, primed hPSCs experienced
extensive cell death upon inoculation and an extended lag period
in bioreactor culture12,26,33. By contrast, naïve hPSCs recovered
and expanded in unoptimized batch culture conditions with fold-
increases of 4.09 ± 0.09 (P1) to 6.90 ± 0.03 (P5) within five days
(Fig. 2a and Supplementary Fig. 2a). Exponential growth rates
were comparable between P1 and P5 naïve hPSCs, but the fold-
increase was greater for P5 (Fig. 2a). The difference in fold-
increase between P1 and P5 was concomitant with the
disappearance of XIST gene expression with subsequent passages
(Supplementary Fig. 1a).
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To evaluate the effect of feeding regime on growth kinetics in
stirred suspension culture, established naïve (P4 from static
culture) and equivalent primed hPSCs were inoculated into
bioreactors under batch and fed-batch conditions (Fig. 2b). We
used established naïve hPSCs (P4 from static culture) as they
demonstrated a superior fold-increase compared to newly-formed

naïve hPSCs (P0 from static culture) (Fig. 2a). Based on our
previous work31, we examined the effect of a 60% media exchange
48 h after cell inoculation. For both primed and naïve hPSCs,
there was no significant difference in cell expansion or growth
kinetics between batch and fed-batch conditions. This indicates
that nutrient limitations or buildup of metabolites and waste
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Fig. 1 Experimental design. Conversion from a primed to naïve state of pluripotency. Schematic representation of experimental design and morphological
changes during transition from primed (flat) towards naïve (dome-shaped) hPSC colonies in static culture (upper panel). Conversion from the primed to
naïve pluripotent state was done using RSeT media. Naïve hPSC colonies are shown at several passages (P0–P4) on iMEFs following conversion (upper
panel). The arrowheads under the static culture dishes indicate the inoculation of cells from static culture into static suspension and stirred suspension
culture for each naïve (P0 and P4) and primed hPSC sample. Following inoculation, naïve hPSCs were counted as passages one and five, respectively.
Aliquots of static-cultured cells from naïve (P4) and primed hPSC samples were collected for downstream analyses before inoculation. Batch and fed-batch
conditions were used for suspension culture in bioreactors. A fed-batch condition was used for the static suspension culture condition. Sample images of
aggregate morphology for naïve and primed hPSCs at days 1 and 5 post-inoculation under batch and fed-batch are shown. The bars below the images of an
aggregate’s morphology demonstrate the number of days post-inoculation. Static suspension and stirred suspension bioreactor sample collections for
various analyses are shown by different coloured-bullets in the lower-most panel. The days of sample collections for different analyses are shown by the
coloured-bullets under the bar. For the fed-batch condition, the media change and feeding were done on day 2 post-inoculation (60% media change, 48-h
post-inoculation). Scale bars= 200 µm. iMEFs inactivated mouse embryonic fibroblasts.
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products were likely not limiting factors for cell growth. Under
both batch and fed-batch conditions, bioreactor-cultured, naïve
hPSCs showed significantly superior growth kinetics compared to
their primed equivalent (Fig. 2b). Both H1 and H9 naïve hPSC
lines showed comparable average fold-expansion (7.88 and 8.37,
respectively) following five days of fed-batch stirred suspension
culture (Fig. 2c).

Naïve hPSCs seeded at higher densities in shaken suspension
well-plates (1E5 and 2E5 cells/mL) exhibited similar day 3 fold-
expansions (1.78 and 2.73-fold, respectively) to the bioreactor
culture seeded at the lower density of 5E4 cells/mL (2.47-fold).
After day 3, however, cell growth in the shaken suspension well-
plates plateaued (Supplementary Fig. 2b). The expansion plateau

at this point could be due to the feeding strategy and might
indicate that more nutrients may be required for continued
expansion of naïve hPSCs seeded at higher densities in the shaken
suspension well-plates.

We next evaluated the aggregate formation characteristics of
naïve and primed hPSCs in suspension culture, as aggregate size
is an important bioprocessing variable that has implications on
cell health and differentiation32. We assessed aggregate growth by
measuring the average aggregate size for five days post-
inoculation in samples from naïve (P5) and equivalent primed
hPSCs in stirred suspension culture. Naïve hPSC aggregates
showed significantly greater growth compared to their primed
counterparts at all time points (Fig. 2d). Primed hPSC aggregates
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Fig. 2 Bioreactor growth kinetics of naïve and primed hPSCs. a Growth kinetics of naïve and primed hPSCs at different days (D0–D5) post-inoculation
under batch condition. Statically cultured, naïve hPSCs were inoculated into bioreactors at passages zero and four following primed to naïve conversion in
static culture wherein, they were counted as passages one and five, respectively. b Growth kinetics of naïve and primed hPSCs at different days (D0–D5)
post-inoculation under batch and fed-batch (60% media change, 48-h post-inoculation) conditions. Static-cultured, naïve hPSCs were inoculated into
bioreactors at passage four following conversion in static culture, wherein they were counted as passage five. c Growth kinetics of naïve hPSCs from H1 and
H9 hESC lines at different days (D0–D5) post-inoculation under fed-batch (60% media change, 48-h post-inoculation) conditions. Static-cultured, naïve
hPSCs for both cell lines were inoculated into bioreactors at passage four following conversion in static culture, wherein they were counted as passage five.
d Bioreactor-cultured aggregate growth. Average aggregate size was measured on days 1–5 post-inoculation to detect bioreactor-cultured aggregate
growth in naïve (P5) and primed hPSC samples. e Size distribution of bioreactor-cultured aggregates. Distribution of bioreactor-cultured, naïve (P5) and
primed hPSC aggregates were measured on day 5 post-inoculation using the Beckman Coulter Multisizer III. It was defined as multi-cellular spheroids with
a mean diameter greater than 50 μm. f Aggregate growth morphology. Representative images show naïve and primed hPSC aggregate morphology at
different days (D1, D3, and D5) post-inoculation. The data presented are generated from inoculation density of 50,000 cells/mL. The data are represented
as mean ± SEM (n= 4). ****=Adj-P < 0.0001 using GraphPad Prism. Scale bars= 200 µm.

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01218-3

4 COMMUNICATIONS BIOLOGY |           (2020) 3:492 | https://doi.org/10.1038/s42003-020-01218-3 | www.nature.com/commsbio

www.nature.com/commsbio


that formed on day 1 had an average diameter of 38.8 ± 6.5 µm
and expanded minimally, reaching an average diameter of only
57.3 ± 13.7 µm by day 5. Aggregates of naïve hPSCs increased
from an average diameter of 54.0 ± 6.5 µm on day 1 to 134.4 ±
18.6 µm on day 5 (Fig. 2d). The naïve hPSC aggregates had a
relatively uniform size distribution showing a single defined peak
at an average diameter of 130–200 µm only four days following
bioreactor seeding, which is an ideal aggregate size based on our
data and data from others31,34. By contrast, primed hPSC
aggregates had a larger standard deviation in diameter size in
the range of 50–90 µm (Fig. 2e). Primed hPSCs showed poor
aggregation and were smaller than naïve hPSC aggregates, which
showed few single cells one day post-inoculation, and further
formed larger uniform aggregates past days 3 and 5 in stirred
suspension bioreactors (Fig. 2f).

We further attempted to serial passage naïve hPSCs in 6-well
shaken suspension plates (seeded at 2E5 cells/mL, high density) in
addition to 100mL stirred suspension bioreactors (seeded at 5E4
cells/mL, low density). The cells were passaged every five days. In
both systems, following the first few days of passage two, the
aggregates began to fall apart (Supplementary Figs. 2c, d). In the
first three days of passaging, percent viability declined from 52 ±
1.65% on day 1 to 39 ± 2.2% on day 3 (Supplementary Fig. 2e).
Although aggregates still were able to form (Supplementary
Fig. 2f), the growth was reduced with each passage.

Bioreactors support a naïve pluripotency transcriptomic state.
In-line with previous naïve hPSC reports24–26,28,29,35, our RT-
qPCR analysis showed elevated expression levels of naïve hPSC-
associated genes (i.e., KLF2 and KLF5) in bioreactor-cultured,
naïve hPSCs (Fig. 3a). Consistent with previously published
findings24,25,35,36, we also observed significantly reduced expres-
sion of the primed hPSC-associated genes (i.e., OTX2, ZIC2, and
DUSP6) in bioreactor-cultured, naïve hPSCs (Fig. 3a, Supple-
mentary Fig. 3a).

Increased levels of naïve (i.e., KLF2, KLF4, and STELLA) and
decreased levels of primed (i.e., CD24) pluripotency genes were
observed in naïve hPSCs cultured in the bioreactor (Supplemen-
tary Fig. 3b). We also saw an intermediate level of KLF4
expression in bioreactor-cultured, naïve hPSCs, which is
consistent with previous reports showing that KLF4 is inter-
mediately expressed in naïve hPSCs converted by RSeT
medium35,36. Regardless, the expression level of KLF4 was high
in bioreactor-cultured, naïve hPSCs compared to their primed
counterparts (Supplementary Fig. 3b). Our finding that bior-
eactor-cultured, naïve hPSCs display strong KLF2 expression
(Supplementary Fig. 3b) corroborates previous data favoring an
essential role for KLF2 in hPSC conversion to the naïve
pluripotent state28.

We further examined the transcriptome with RNA-sequencing
(RNA-seq) to identify whether the bioreactor environment is
particularly involved in naïve pluripotency maintenance. For this
analysis, we designed experiments to compare naïve hPSCs
cultured under three different conditions: (1) static; (2) static
suspension; and (3) stirred suspension culture. Principal
component analysis (PCA) revealed that cells from each culture
condition clustered together as distinct groups separate from the
other conditions (Supplementary Fig. 3c). Moreover, PCA
revealed two major components: the first discriminating between
the cells from static suspension and stirred suspension culture
with 66% of the observed variance (PC1), and the second
discriminating between static suspension and static culture
conditions with 16% of the variance (PC2) (Supplementary
Fig. 3c). The cells from static suspension formed an intermediate
cluster, tended to be more like the static condition (PC2), and

preserved more distance from the stirred suspension culture
(PC1) (Supplementary Fig. 3c).

Transcriptomic comparison of naïve hPSCs cultured under
static suspension and static conditions revealed that 4,039
transcripts were differentially expressed (Supplementary Data 1).
We used Ingenuity Pathway Analysis (IPA) and its z-score
algorithm to identify enriched canonical pathways that were more
or less active (positive or negative z-score) according to the IPA
database. To enhance the stringency of our analysis, we
considered z-score ≥2 or ≤−2, and –log10(Benjamini–Hochberg
multiple testing corrected p value of differential expression) ≥2 as
the filter criteria for pathway enrichment significance. The results
of IPA showed enrichment of 9 canonical pathways in static
suspension compared to static condition (Supplementary Data 2).
We found negative enrichment (negative z-score, implying
downregulation) of the Mouse ESC Pluripotency pathway (z-
score: −2.302) in naïve hPSCs cultured in static suspension
culture, corroborating the decrease of pluripotency in these cells
(Fig. 3b, Supplementary Table 1). Furthermore, negative enrich-
ment of pathways related to cell–cell connection and adhesion
such as Actin Cytoskeleton and RhoA signalling were shown in
static suspension culture (Fig. 3b, Supplementary Table 1).
Positive enrichment (positive z-score, implying upregulation) of
AMPK signaling (Fig. 3b, Supplementary Table 1) matched our
observations that aggregates formed in static suspension condi-
tion demonstrated necrotic or apoptotic cores (Supplementary
Fig. 1c). Previous reports showed that AMPK is activated in
response to stressors such as ischemia and necrotic cores37.

Transcriptomic comparison of naïve hPSCs cultured under
stirred suspension and static culture revealed that 10,181
transcripts were differentially expressed (Supplementary Data 3).
IPA analysis showed enrichment of 31 canonical pathways in
stirred suspension compared to static culture (Supplementary
Data 4). Substantially, we found positive enrichment of the
mechano-sensing HIPPO signaling pathway in stirred suspension
culture (z-score: 3.162) (Fig. 4a, Supplementary Table 2). We also
found negative enrichment for several lineage specific pathways
with neural bias such as Synaptogenesis as well as primed
pluripotency related pathways such as Stearate Biosynthesis, in
stirred suspension culture (Fig. 4a, Supplementary Table 2). Like
static suspension culture, pathways related to cell–cell connection,
adhesion, and extracellular matrix (ECM) such as Integrin
exhibited negative enrichment in stirred suspension culture
(Fig. 4a, Supplementary Table 2). More enriched canonical
pathways are shown in Supplementary Data 4 and Supplementary
Table 2.

Finally, we compared the transcriptomes of naïve hPSCs
cultured under stirred suspension and static suspension culture
and found that 8,938 transcripts were differentially expressed
(Supplementary Data 5). IPA analysis showed enrichment of 34
canonical signalling pathways in stirred suspension compared to
static suspension culture (Supplementary Data 6). Positive
enrichment of the HIPPO signaling pathway in stirred suspension
culture (z-score: 2.186) was shown (similar to stirred suspension
and static culture pairwise comparison) (Fig. 4b, Supplementary
Table 3), suggesting the appearance of mechano-sensing HIPPO
signalling exclusively in stirred suspension culture. Interestingly,
we also found positive enrichment of germ cell-related PTEN
signaling pathway38 in stirred suspension (z-score: 3.457)
compared to static suspension culture (Fig. 4b, Supplementary
Table 3). Furthermore, negative enrichment of primed pluripo-
tency related pathways13,20–22,39–41, such as ERK-MAPK and
Cholesterol Biosynthesis was shown in stirred suspension culture.
Like stirred suspension versus static culture pairwise comparison,
we observed negative enrichment of multiple lineage and
differentiation related pathways in stirred suspension compared
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to static suspension culture (Fig. 4b, Supplementary Table 3).
Other enriched canonical pathways are detailed in Supplementary
Data 6 and Supplementary Table 3.

Gene ontology (GO) analysis for our transcriptomic compar-
isons revealed enrichment of GO biological process terms linked
to cellular component organization or biogenesis, cell–cell
adhesion, macromolecular complex subunit organization, and

metabolic process in all three pairwise comparisons (GO
accessions 0071840, 0098609, 0043933, and 0008152; Supple-
mentary Fig. 4). This suggests the restructuring of cells in static
suspension and stirred suspension relative to static culture. Cells
cultured under static suspension exhibited enrichment related to
the GO category “developmental processes” (GO:0032502),
suggesting a greater differentiation state20,24. This observation is

a
Naïve related genes

Primed related genes

b Static Suspension vs. Static
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concordant with IPA analysis showing downregulation of Mouse
Embryonic Stem Cell Pluripotency pathway in static suspension
culture (Supplementary Fig. 4 and Fig. 3b).

The cells cultured under stirred suspension condition (versus
both static and static suspension) were highly enriched for GO
terms linked to cellular localization, organelle organization, cell-
cycle process, biosynthetic process, ribonucleoprotein complex
biogenesis, mitochondrion organization, and several
transcription-translation machinery related terms, such as gene
expression, RNA processing, and ribosome biogenesis (Supple-
mentary Fig. 4.). Many of these terms, such as mitotic cell cycle,
RNA processing, and ribosome biogenesis, have already been
reported in other studies related to the naïve pluripotency
state24,42. Interestingly, the “cellular response to stress” term
showed higher enrichment in stirred suspension culture, while
enrichment of the term “intracellular transport” was only
observed in stirred suspension culture (Supplementary Fig. 4).
Additional GO terms from biological process (BP), cellular
component (CC) and molecular function (MF) categories from all
three pairwise comparisons are listed in Supplementary Data 7–9.

Expression of naïve-related epigenetic transcripts and X-
chromosome reactivation in bioreactors. Previous reports have
shown different patterns of expression for epigenetic regulatory
transcripts in naïve and primed hPSCs in static culture20,21,35,36.
We were interested to see what the expression level of the epi-
genetic regulatory transcripts would be in naïve and primed
hPSCs cultured in stirred suspension bioreactors (Fig. 5a). The
epigenetic regulatory transcripts, DNMT3L, MAGEB2, and
PRDM14, were all significantly elevated in bioreactor-cultured,
naïve hPSCs compared to their primed counterparts, while
DNMT1, TDG, and EP300 showed no significant expression
differences (Fig. 5a, Supplementary Fig. 5a). While, there was no
difference in the expression of DNMT3B between bioreactor-
cultured, naïve and primed hPSCs for H1, the expression of
DNMT3B was significantly upregulated in bioreactor-cultured,
naïve H9 hPSCs compared to statically cultured, primed H9
hPSCs (Supplementary Fig. 5b).

The presence of two active X-chromosomes in female hPSCs is
a hallmark of naïve pluripotency43. Conversely, primed hPSCs
show an inactive X (Xi) chromosome44. We analyzed the
intensity and distribution of H3K27me3, a marker of the Xi-
chromosome22, in the nuclei of bioreactor-cultured hPSC
aggregates (Fig. 5b and Supplementary Fig. 5c). H3K27me3 was

fainter in the nuclei of naïve hPSC aggregates compared to
primed hPSC aggregates (Fig. 5b and Supplementary Fig. 5c).
Accumulation of condensed H3K27me3 foci in the nucleus is a
classical sign of Xi-chromosome22,30,35 and, as predicted,
analyzed H3K27me3 foci (279 foci for naïve and 281 foci for
primed) showed greater condensed foci in the nuclei of primed
hPSC aggregates compared to their naïve counterparts (Fig. 5b).
Accordingly, the H3K27me3 distribution plot revealed higher
intensity and average percentage of condensed foci in the nuclei
of primed hPSC aggregates (48%) relative to the nuclei of their
naïve counterpart (0.3%) (Fig. 5b). The intensity and distribution
of more H3K27me3 foci on six more nuclei in bioreactor-
cultured, naïve and primed hPSC aggregates are illustrated in
Supplementary Fig 4b. Confocal Z-stack videos of the stained
aggregates for H3K27me3 are shown in Supplementary Movies 1–
2. These results suggest that bioreactor-cultured, primed hPSC
aggregates harbor an Xi-chromosome, while the X-chromosomes
in corresponding naïve hPSC aggregates are reactivated.

Robust production of naïve-related metabolites in bioreactors.
Naïve and primed hPSCs show distinct patterns of metabolism,
which influence their epigenetic and pluripotency state39,45,46.
We used high-resolution LC-MS semi-targeted metabolomics to
measure extracellular metabolites in the media of bioreactor-
cultured, naïve and primed hPSCs. Metabolites, such as α-
ketoglutarate (α-KG), L-alanine, aspartate, lactate, glutamate, and
malate, had distinguishable patterns between naïve and primed
hPSCs in the bioreactor (Supplementary Data 10).

We tracked metabolite dynamics during the primed to naïve
conversion of H1 hESCs in the bioreactor (Fig. 6). We gradually
switched from mTESR1 to RSeT media (i.e., primed-to-naïve)
over six days of culture (D2 to D6) and the media was collected
every day for analysis. The dynamics of metabolites showed a
gradual increase of α-KG and L-alanine from days 2 to 6 (Fig. 6).
Levels of aspartate, glutamate, and lactate dropped from day 2 to
3, and then gradually declined from days 3 to 6 (Fig. 6). In
contrast, malate showed a minor decrease from day 2 to 6 of
culture.

We also screened extracellular metabolites in the media of H9
primed and established naïve (P5) hPSCs in the bioreactor. Like
the H1 cells gradually converted in the bioreactor (above), high
levels of α-KG and L-alanine were shown in established naïve
(P5) compared to primed hPSCs cultured in the bioreactor
(Fig. 6). Although, the H1 gradually converted cells showed a

Fig. 3 Gene expression and transcriptomic analyses of naïve and primed hPSCs. a Depiction of naïve- (KLF2, KLF4, STELLA, and KLF5) and primed-
(CD24, OTX2, ZIC2, and DUSP6) hPSC-associated gene expression levels for H1 and H9 hESC lines analyzed by RT-qPCR. The aliquots of statically
cultured, cells for each naïve (P4) and primed hPSC sample were collected for gene expression analysis before inoculating them into stirred suspension
bioreactors. Those cells were counted as “NStat” and “PStat”. The aggregates of day 4 post-inoculation were collected for each naïve and primed hPSC
sample for gene expression analysis. Expression was quantified relative to the housekeeping gene GAPDH and was normalized to statically cultured,
primed hPSC (PStat) level (=1). All the cultures underwent fed-batch condition (60% media change, 48-h post-inoculation) for bioreactor cultures. The
data presented are generated from inoculation density of 50,000 cells/mL. The data are represented as mean ± SEM (n= 3). ****=Adj-P < 0.0001,
***=Adj-P= 0.0002 and 0.0004, **=Adj-P= 0.0021, *=Adj-P= 0.0291 using GraphPad Prism. Adj-P=Adjusted p value. RQ relative quantification.
PStat= primed hPSCs cultured under static condition. PBior= primed hPSCs cultured under stirred suspension bioreactor condition. NStat= naïve hPSCs
cultured under static condition. NBior= naïve hPSCs cultured under stirred suspension bioreactor condition. b RNA-sequencing analysis of naïve H9 hPSCs
cultured under static suspension and static conditions. The violin plots show the enriched canonical pathways in static suspension compared to static
culture (selected as a control reference) based on Ingenuity Pathway Analysis (IPA). The IPA z-score algorithm was used to identify enriched canonical
pathways that are more active (positive z-score) or less active (negative z-score) according to the IPA database and observed gene expression in our
RNA-seq dataset. Activated= genes expected to be upregulated (positive log2FC) if the pathway is activated according to IPA canonical pathway
database. Inactivated= genes expected to be downregulated (negative log2FC) if the pathway is activated according to IPA canonical pathway database.
No-expect= no direction of change expectation is available in the IPA canonical pathway database. Filter criteria for pathway enrichment significance was
expected direction of change Z-score≥ 2 or ≤−2, and –log10 (Benjamini–Hochberg multiple testing corrected p value of differential expression) ≥2. The
suspension culture underwent fed-batch condition (60% media change, 48-h post-inoculation). Aggregates of day 4 post-culture were collected for the
analysis. The data are representative of three replicates.
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decreasing pattern of glutamate from day 2 to 6, the level of
glutamate was greatly increased in established naïve hPSCs
compared to their primed counterpart (Fig. 6). Aspartate levels
underwent a significant drop in naïve hPSCs in the bioreactor,
while levels of lactate and malate were comparable in naïve and
primed hPSCs in the bioreactor, with a tendency for malate to be
increased in the media of naïve hPSCs (Fig. 6).

Naïve hPSCs downregulate primed-related surface markers.
Specific cell-surface proteins were previously utilized to track
the dynamics of hPSCs during primed-naïve conversions36,47,48,
allowing for the characterization of naïve hPSCs. Here, we
used a similar approach to characterize our bioreactor-
cultured, naïve and primed hPSCs. Using flow cytometry, we
tracked the expression of CD75/SUSD2 and CD90/CD24/CD317

Stirred Suspension vs. Static Suspension
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as naïve and primed hPSC-specific cell-surface markers,
respectively25,47–49. We observed no significant differences in the
expression of CD75 or SUSD2 between naïve and primed hPSCs
in the bioreactor (Fig. 7a–c), although histograms revealed a
separation in the fluorescence signal between naïve and primed
hPSCs in the bioreactor with wider distribution for bioreactor-
cultured, naïve hPSCs (Fig. 7c). Similarly, pairwise comparison
between bioreactor-cultured, naïve hPSCs and their statically
cultured, naïve counterparts showed no remarkable difference for
CD75 or SUSD2 expression, although this revealed a separation
in histograms (Supplementary Fig. 6a, c). There was no separa-
tion in fluorescent signal of CD75 or SUSD2 in the histogram
comparing bioreactor-cultured, primed hPSCs and their statically
cultured, primed counterparts (Supplementary Fig. 6b, d). We
also tracked the SUSD2 dynamics during primed to naïve con-
version in the bioreactor in a time-course (mentioned above for
metabolomics) where the cells were collected every day from day
2 to 6 for analysis. The results revealed that the expression
dynamic of SUSD2 remained stable without a significant shift in
six days of bioreactor culture (Fig. 7d).

Conversely, compared to their primed equivalents, bioreactor-
cultured, naïve hPSCs revealed reduced expression of all primed
hPSC-specific markers: CD90, CD24 and CD317. Likewise,
expression histograms indicated lower expression of those surface
markers in bioreactor-cultured, naïve hPSCs, with a wider
distribution particularly for CD317 (Fig. 8a–c, Supplementary
Fig. 7a). Pairwise comparison of naïve hPSCs cultured in static or
bioreactor revealed no distinctive expression of CD24 yet showed
a propensity for less expression of CD90 and CD317 in the
bioreactor with wider distribution particularly for CD317
(Supplementary Fig. 7b, d, e). No distinction was found for
CD90 and CD317 between primed hPSCs cultured statically or in
the bioreactor (Supplementary Fig. 7c, f). We also tracked the
expression dynamics of CD24 during primed to naïve conversion
in the bioreactor (Fig. 8d). Within six days of culture, CD24
expression exhibited a different dynamic compared to SUSD2,
which persisted until day 5 before undergoing downregulation on
day 6 (Fig. 8d). Analyses of CD75 and CD90 through
flow cytometry dot plots (including gating strategy) in both
bioreactor-cultured, naïve and primed hPSCs are summarized in
Supplementary Figs. 6e and 8.

Naïve hPSCs show multi-lineage potency and stable chromo-
somes. We further aimed to evaluate the expression and locali-
zation of pluripotency- and naïve-specific protein markers in
bioreactor-cultured, naïve and primed hPSC aggregates. As
expected, both bioreactor-cultured, naïve and primed hPSC
aggregates showed high nuclear expression of the pluripotency
marker OCT4 (Fig. 9). The expression of STELLA was similar in
both naïve and primed hPSC aggregates (Fig. 9). In line with
previous reports on the characteristics of the naïve pluripotent
state20,50, both TFE3 and KLF4 were translocated into the nuclei
of bioreactor-cultured, naïve hPSC aggregates (Fig. 9). By

contrast, bioreactor-cultured, primed hPSC aggregates showed
predominantly cytoplasmic localization of TFE3. However, some
nuclear translocation of TFE3 was observed in the outer layer of
bioreactor-cultured, primed hPSC aggregates (Supplementary
Fig. 9a). The outer layer of hPSC aggregates are directly exposed
to fluid shear stress within the bioreactor, this direct force might
help the nuclear translocation of TFE3 in the outer layer of
primed hPSC aggregates. Confocal Z-stack videos of the whole-
mount immuno-stained aggregates are shown in Supplementary
Movies 3–6.

We next investigated the differentiation potential of bioreactor-
cultured, naïve hPSCs by studying teratoma formation and
targeted in vitro differentiation. Bioreactor-cultured, H9 naïve
hPSCs formed teratomas after only 3 weeks post-transplantation
into SCID mice. In sharp contrast, primed hPSC counterparts
formed teratomas 8–12 weeks following transplantation. Cell
types related to all three germ layers were formed in teratomas
generated from both bioreactor-cultured, naïve and primed
hPSCs (Fig. 10a). Naïve hPSCs showed a higher propensity for
differentiation into the endoderm lineage and a reduced capacity
for mesoderm lineage differentiation (Supplementary Fig. 9b), as
has been previously reported29,51.

Bioreactor-cultured, naïve hPSCs from H1 hESC line could
also be directly differentiated into cells representing all
three germ layers: cardiomyocytes (mesoderm), hepatocytes
(endoderm), and neural rosettes (ectoderm) in vitro. This was
done using previously published protocols for each specific
differentiation26,52,53. Beating clusters of cardiomyocytes (Supple-
mentary Movie 7) were purified using a lactate-based metabolic
selection and, at day 20, mature cardiomyocytes showed robust
expression of TNNT2 with clear appearance of linear Z-disk
organocations (Fig. 10b). Hepatocytes derived from bioreactor-
cultured, naïve hPSCs exhibited nuclear expression of HNF4α and
cytoplasmic peri-nuclear expression of CYP3A4 (Fig. 10b).
Bioreactor-cultured, naïve hPSCs also efficiently differentiated
into ectodermal neural rosettes containing columnar cells
expressing nuclear PAX6 (Fig. 10b).

A major concern for the conversion of hPSCs into the naïve
state is the potential for selecting genetic aberrations or
chromosomal instability28,35,54,55. We used spectral karyotyping
(SKY) to assess, in detail, the genomic health of bioreactor-
cultured, naïve and primed hPSCs (Fig. 10c, Supplementary
Fig. 10a, b).

We found that naïve and primed hPSCs grown in bioreactors
had stable karyotypes without clonal occurrence of structural
chromosomal aberrations (Supplementary Fig. 10). No further
structural chromosomal aberrations were observed in bioreactor-
cultured, naïve hPSCs. However, bioreactor-cultured, primed
hPSCs revealed a structural chromosomal aberration as a single
event, as seen by an unbalanced nonreciprocal translocation
between chromosomes 19 and 20 (Supplementary Fig. 10a, b).
We also evaluated structural chromosomal aberrations in
bioreactor-cultured, naïve and primed hPSCs following recovery

Fig. 4 Transcriptomic analysis of naïve hPSCs cultured under static, static suspension, and stirred suspension culture. a RNA-sequencing analysis of
naïve H9 hPSCs cultured under stirred suspension and static culture. b RNA-sequencing analysis of naïve H9 hPSCs cultured under stirred suspension and
static suspension culture. The violin plots show the enriched canonical pathways in the stirred suspension compared to static and static suspension cultures
(selected as control references) based on ingenuity pathway analysis (IPA). The IPA z-score algorithm was used to identify enriched canonical pathways
that are more active (positive z-score) or less active (negative z-score) according to the IPA database and observed gene expression in our RNA-seq
dataset. Activated= genes expected to be upregulated (positive log2FC) if the pathway is activated according to IPA canonical pathway database.
Inactivated= genes expected to be downregulated (negative log2FC) if the pathway is activated according to IPA canonical pathway database. No-expect=
no direction of change expectation is available in the IPA canonical pathway database. Filter criteria for pathway enrichment significance was expected
direction of change Z-score ≥2 or ≤−2, and –log10 (Benjamini–Hochberg multiple testing corrected p value of differential expression) ≥2. All the suspension
cultures underwent fed-batch condition (60% media change, 48-h post-inoculation). Aggregates of day 4 post-cultures were collected for the analysis. The
data presented are generated from bioreactor inoculation density of 50,000 cells/mL. The data are representative of three replicates.
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on static condition compared to their original statically cultured
cells (Fig. 10c). A single event of structural chromosomal
aberration (only in one metaphase spread) was shown in the
original statically cultured, primed hPSCs, while there was no
clonal occurrence of structural chromosomal aberrations in
bioreactor-cultured, naïve and primed hPSCs following recovery
in static culture (Fig. 10c).

Discussion
The primary goal of this project was to investigate whether
converting cell-state from primed to naïve pluripotency influ-
ences bioprocessing and whether this can resolve current hPSC
manufacturing gaps.

Converted naïve hPSCs showed significantly greater growth
rates and multiplication ratios as well as shorter doubling times
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compared to their primed counterparts. Following inoculation
into stirred suspension bioreactors, naïve hPSCs recovered even
under unoptimized batch culture conditions. Furthermore,
primed hPSCs exhibited poor aggregation with many cells
remaining single, compared to naïve hPSCs. These results
demonstrate that compared to conventional hPSCs, naïve hPSCs
form aggregates more efficiently than their primed complement

and show a greater capacity for aggregate growth in stirred sus-
pension culture.

Our several attempts to serial passage naïve hPSCs in different
shaken suspension systems such as 6-well plates and 100 mL
stirred suspension bioreactors showed little success. In these
systems, following the first few days of passage two, the aggregates
began to fall apart. Since we were able to recover the naïve cells on

Fig. 5 Epigenetic characterization of naïve and primed hPSCs. a Expression of epigenetic regulators in naïve and primed hPSCs. Depiction of DNMT3L,
MAGEB2, PRDM14, DNMT1, TDG, and EP300 epigenetic regulator transcript levels for H1 and H9 hESC lines analyzed by RT-qPCR. The aliquots of
statically cultured, cells for each naïve (P4) and primed hPSC sample were collected for gene expression analysis before inoculating them into stirred
suspension bioreactors. Those cells were counted as “NStat” and “PStat”. The aggregates of day 4 post-inoculation were collected for each naïve and
primed hPSC sample for gene expression analysis. Expression was quantified relative to the housekeeping gene GAPDH and was normalized to statically
cultured, primed hPSC (PStat) level (=1). All the cultures underwent fed-batch condition (60% media change, 48-h post-inoculation) for bioreactor
cultures. The data presented are generated from inoculation density of 50,000 cells/mL. The data are represented as mean ± SEM (n= 3). ****=Adj-P <
0.0001, ***=Adj-P= 0.0002 and 0.0004, **=Adj-P= 0.0021, *=Adj-P= 0.0291 using GraphPad Prism. Adj-P= adjusted p value. RQ= relative
quantification. PStat= primed hPSCs cultured under static condition. PBior= primed hPSCs cultured under stirred suspension bioreactor condition.
NStat= naïve hPSCs cultured under static condition. NBior= naïve hPSCs cultured under stirred suspension bioreactor condition. b Intensity and
distribution of H3K27me3 foci in the nuclei of bioreactor-cultured, naïve and primed H9 hPSC aggregates. Representative confocal images were obtained
after whole-mount immunofluorescence for H3K27me3 on day 4 post-inoculated naïve and primed hPSC aggregates. Alexa Fluor 488 was used as
secondary antibody. Scale bars= 10 µm. Intensity and distribution of H3K27me3 foci were analyzed by Image J using Plot Profile analysis. Enlarged insets
from selected nuclei per naïve and primed hPSC aggregates are shown on the right side. A symmetric midline was applied in naïve and primed hPSC
aggregate’s nuclei (within the enlarged images) using Plot Profile analysis in Image J to measure H3K27me3 intensity and distribution foci along the
indicated midline. 279 foci for naïve hPSC nuclei and 281 foci for primed hPSC nuclei were analyzed along the midline. The H3K27me3 distribution graphs
show the intensities of foci along the midline within the enlarged images. The x-axis represents the position of analyzed foci along the midline and the
y-axis reflects the intensity value of the analyzed foci along the midline. The indicated numbers (%) within the black boxes show the percentage of dots
that are located above the indicated arbitrary red line (the percentage of dots located above 40).
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Fig. 6 Metabolomics of naïve and primed hPSCs in stirred suspension bioreactor. Depiction of metabolite intensity in the media of naïve and primed
hPSCs cultured in bioreactor analyzed by high-resolution LC-MS semi-targeted metabolomics. Extracellular metabolites in the media of H1 hESC line were
tracked from day 2 (H1 D2) to day 6 (H1 D6) of bioreactor culture as the media was changed gradually from mTESR1 to RSeT from day 2 to day 6. The
media was collected every day for LC-MS analysis. Extracellular metabolites in the media of established naïve (P5, already converted and passaged several
times on static condition before inoculation) (H9 N) and primed (H9 P) hPSCs from H9 hESC line were tracked at day 4 of bioreactor culture (the last two
columns of the graph). The data presented are generated from an inoculation density of 50,000 cells/mL.
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static MEFs following bioreactor culture (Supplementary Fig. 2g),
we believe that it is the extended exposure to suspension culture
that affects the ability of cells to proliferate, rather than the end of
the bioreactor passage procedure. Others have also been unsuc-
cessful in maintaining pluripotency when passaging naïve hPSCs
from bioreactor to bioreactor26. Lipsitz et al. carried out an

in-depth media investigation and alteration to successfully serial
passage alternative hPSCs in suspension well-plates, eventually
removing the ERK inhibitory cytokine PD26. In fact, the serial
passaging of alternative hPSCs in their suspension system was
dependent on the ERK inhibitory cytokine’s withdrawal from
suspension culture. We believe that converting cell state from
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primed to naïve pluripotency enhances hPSC bioprocessing
properties; however, the success of long-term, serial passaging of
naïve hPSC in bioreactors will require the development of spe-
cialized media. The RSeT naïve hPSC media used throughout
these experiments was not sufficient for long-term bioreactor
culturing and requires component optimization, similar to how
STEMCELL Technologies Inc. produced an mTeSR™3D media for
suspension culture of primed hPSCs.

Gene expression analysis demonstrated elevated naïve- and
diminished primed- pluripotency-associated transcripts in our
bioreactor-cultured, naïve hPSCs. We performed an extensive
transcriptomic analysis of naïve hPSCs in suspension by incor-
porating both static suspension and stirred suspension culture
into the RNA-seq study. Transcriptomic results comparing static,
static suspension, and stirred suspension culture showed that the
static suspension could not maintain naïve pluripotency, sug-
gesting that cell–cell connections alone are not sufficient to
maintain naïve pluripotency. Exclusive enrichment of the
mechano-sensing HIPPO signalling in the stirred suspension
culture suggests the importance of a mechanical environment for
maintaining naïve pluripotency in the bioreactor. HIPPO sig-
nalling is regulated by cell–cell contact and mechanical force56. Its
exclusive enrichment in stirred suspension culture implies that
three-dimensional cell–cell connections combined with fluid
shear stress may be required to maintain the naïve pluripotent
state. Compared to the static condition, both static suspension
and stirred suspension culture displayed downregulation of
pathways related to cell–cell connection, adhesion, and ECM.
This supports the hypothesis that common differentially expres-
sed genes in suspension culture are not the specific contributing
factors in maintaining naïve pluripotency in stirred suspension
bioreactor. Reduced expression of adhesion-related genes in
suspension culture (due to the cell’s lower dependence on
extracellular adhesion for survival) has been already shown11.
However, the loss of pluripotency that we observed in static
suspension suggests that cell–cell connections alone are not suf-
ficient to maintain naïve pluripotency. Higher enrichment of
terms related to cellular response to stress and intracellular
movement in stirred suspension bioreactor support the require-
ment of fluid shear stress to maintain the naïve pluripotent state.
These all support the positive influence of the bioreactor envir-
onment on naïve pluripotency and that the naïve pluripotency
state is maintained in response to mechanical forces in stirred
suspension culture.

Naïve hPSCs also revealed the expression of epigenetic reg-
ulatory transcripts associated with naïve pluripotency in stirred
suspension bioreactors. Bioreactor-cultured, naïve hPSCs showed
elevated expression of DNTMT3L, MAGEB2, PRDM14, and PTEN
signaling (in our RNA-seq data). In naïve hPSCs, these regulators
are mostly involved in DNA demethylation and primordial germ
cell (PGC) specification57–59, two functions which are hallmarks of
naïve pluripotency and have been observed before44,45,54,60–62.
High expression levels of these regulatory genes suggest that the
bioreactor may support naïve pluripotency maintenance.

Moreover, naïve hPSC aggregates exhibited hallmarks of X-
chromosome reactivation (less condensed H3K27me3 foci) in the
bioreactor. However, the epigenetic regulators DNMT1, TDG, and
EP300 demonstrated no difference between bioreactor-cultured,
naïve hPSCs and their primed equivalents. Albeit, there was a
discrepancy in the expression level of the de novo DNA methyl-
transferase DNMT3B in H1 and H9 naïve hPSCs in the bior-
eactor. There is controversial data surrounding the expression
levels of these epigenetic regulators according to various naïve
pluripotency media compositions20,21,35,36. For instance,
according to different naïve pluripotency conditions (e.g., NHSM,
RSeT, T2iLGO, and NJSM) and stages, the expression levels of
DNMT3L and DNMT1 were shown to be different20,35,36,54. RSeT
media used in this study has previously been shown to promote
naïve pluripotency features with intermediate expression of epi-
genetic regulatory transcripts (e.g., DNMT3L and DNMT3B)35.
Considering this, our data may support the hypothesis that the
bioreactor helps maintain naïve pluripotency. However, there
may be heterogeneous populations of naïve cells harboring dif-
ferent epigenetic and naïve pluripotency stages in the bioreactor.
This is also in line with our flow cytometry data that showed wide
distributions of naïve and primed surface markers in bioreactor-
cultured, naïve hPSCs. One possibility is that the cells at the
periphery of naïve hPSC aggregates are exposed to the greatest
fluid shear stress in the bioreactor and might show different
expression levels of naïve pluripotency (similar to nuclear loca-
lization of TFE3 in the outer layer of bioreactor-cultured, primed
hPSC aggregates). RSeT itself might be involved in generating
heterogeneous or intermediate naïve pluripotency in the bior-
eactor. However, truly exploring such possibility and the entity of
those heterogenous cells requires a more detailed investigation
with extensive high-throughput analyses, such as single-cell (sc)
RNA-seq (scRNA-seq)24 and Methyl-Seq target enrichment
bisulfite sequencing for differentially methylated regions36. A
deeper understanding of the specific epigenetic state of naïve
hPSCs in the bioreactor may be beneficial for long-term expan-
sion. For example, specific epigenetic modulators that maintain
an open chromatin state could be incorporated.

Dynamics of metabolites revealed robust production of the key
naïve pluripotency metabolites α-KG and glutamate45,46,62 in
converting and established naïve hPSCs. α-KG has been reported
to promote histone/DNA demethylation and promotes the
maintenance of naïve pluripotency45,46,62. In line with previous
studies45, aspartate levels dropped significantly in spent bior-
eactor media of established naïve hPSCs. In contrast, lactate and
malate remained comparable in the media of both established
naïve and primed hPSCs. Yet, malate showed a trend of
increasing in the media of established naïve hPSCs. The main
metabolite of naïve pluripotency, α-KG, exhibited robust pro-
duction in converting and established naïve hPSCs while the
dynamics of aspartate, glutamate, lactate, and malate were all
different in converting and established naïve hPSCs. The chan-
ging dynamics of these metabolites (e.g., glutamate and malate)
could reflect the difference in media change between gradually

Fig. 7 Expression of naïve pluripotency cell-surface protein markers in bioreactor-cultured, naïve and primed hPSCs. a Average percentages of CD75-
positive cells in bioreactor-cultured, naïve and primed H9 hPSCs. The data are represented as mean percentage of positive cells (n= 2). b Representative
immunofluorescent images showing CD75 expression in bioreactor-cultured, naïve and primed H9 hPSC aggregates. Alexa Fluor 555 was used as the
secondary antibody. Scale bars= 20 µm. c Histogram of flow cytometry analysis showing fluorescently labeled CD75, and SUSD2 in bioreactor-cultured,
naïve and primed H9 hPSCs. Gates were set based on an isotype control. Aggregates of day 4 post-inoculation were used for flow cytometry analysis and
for confocal imaging for both naïve and primed hPSCs. All the cultures underwent fed-batch condition (60% media change, 48-h post-inoculation) for
bioreactor cultures. The data presented are generated from an inoculation density of 50,000 cells/mL. d Expression dynamics of SUSD2 cell-surface
protein during primed to naïve pluripotency conversion in the stirred suspension bioreactor within six days of culture. The media was changed gradually
from mTESR1 to RSeT from day 2 to day 6 of culture in the bioreactor, and the cells were collected every day for analysis.
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analysis and for confocal imaging for both naïve and primed hPSCs. All the cultures underwent fed-batch condition (60% media change, 48-h post-
inoculation) for bioreactor cultures. The data presented are generated from inoculation density of 50,000 cells/mL. d Expression dynamics of CD24 cell-
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converting and established naïve hPSCs in the bioreactor. The
media for H1 was gradually changed from mTeSR1 to RSeT
(primed-to-naïve) from day 2 to 6 of culture in bioreactor, while
in established naïve (P5), the media used every day in the bior-
eactors was RSeT (naïve pluripotency media). This media change
might affect the homeostasis of glutamate and malate, (e.g., glu-
cose/glutamine-dependent glutamate and malate production),
leading to different patterns in converting and established naïve
hPSCs45,46,63,64. Furthermore, cell-state status in converting and
established naïve hPSCs in the bioreactor could affect metabolite
dynamics. The established naïve (H9 N) hPSCs were already
established in static culture using RSeT media (4–5 passages)
before inoculating into the bioreactor. While for H1, the media
gradually changed in the bioreactor from primed-to-naïve plur-
ipotency media to convert them toward a naïve state of plur-
ipotency. Although, we have fully established naïve hPSCs for H9,
we believe there might be a heterogeneous population of naïve-
primed hPSCs in gradually converting H1 condition (as they were
not fully established naïve hPSCs). Given that naïve and primed
hPSCs have distinct metabolic dynamics (oxidative phosphor-
ylation vs. glycolysis)65 and growth kinetics64,66 (Fig. 2), this
potential heterogeneous naïve-primed population might affect the
concentration of glutamate and malate in converting and estab-
lished naïve hPSCs. Alternatively, the media shift in the bior-
eactor in converting naïve hPSCs may have caused extracellular
stress. In this scenario, cellular adaptation in response to the

newly changed media might affect cell-state condition (e.g., cell
cycle) and contribute to a different pattern of glutamate and
malate64,67,68.

Taken together, our metabolomics data indicate that the
bioreactor environment alongside a specific media (RSeT in our
case) helps to maintain a naïve pluripotent state in hPSCs.
Optimizing metabolite level and feeding regime, developing
specific 3D naïve pluripotency media, and performing additional
metabolomic bioprocessing can further improve future bioma-
nufacturing of naïve hPSCs.

The discrimination of naïve and primed pluripotency cell-
surface markers has been controversial, and their expression
pattern can be different according to the various naïve plur-
ipotency protocols36,47. We tried to choose markers from recent
reports25,49 to characterize naïve and primed hPSCs in stirred
suspension culture. Our flow cytometry analysis did not show a
remarkable distinction of the naïve pluripotency surface markers
CD75 and SUSD2 between bioreactor-cultured, naïve and primed
hPSCs. Yet, naïve pluripotency surface markers revealed wider
distribution in bioreactor-cultured, naïve hPSCs. Expression
dynamic of SUSD2 also remained stable with no significant shift
within six days of bioreactor culture. However, all of the primed
pluripotency cell-surface markers CD90, CD24, and CD317
revealed significant downregulation in naïve hPSCs in the bior-
eactor. Of note, the expression dynamic of CD24 showed
downregulation on day 6 of bioreactor culture (persisted until
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day 5). This is in line with our transcriptomic data, which
revealed a downregulation of primed pluripotency biological
pathways. These all suggest that the bioreactor environment helps
maintain naïve pluripotency. More specifically, reduced primed
pluripotency hallmarks (transcripts, biological pathways, specific
cell-surface markers) are supportive of naïve pluripotency
maintenance in the bioreactor. Previous studies on naïve plur-
ipotency surface markers demonstrated that the cells cultured in

RSeT media represented an intermediate naïve human plur-
ipotency state35,36,47, displaying downregulation of primed plur-
ipotency surface markers (e.g., CD24 and CD90) but no
upregulation of naïve pluripotency surface markers (e.g., CD75)47

(similar to our results). Given that RSeT media generates inter-
mediate naïve hPSCs35,36,47, we believe this could be one of the
reasons there is no difference in the expression of naïve plur-
ipotency cell-surface markers in the bioreactor. Additionally, the
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wider distribution of our studied naïve and primed pluripotency
cell-surface markers in bioreactor-cultured, naïve hPSCs might
suggest the possibility of a heterogeneous population of naïve cells
in the bioreactor. This could account for our findings regarding
naïve hPSC surface markers in the bioreactor. Future studies are
warranted to explore this possibility.

Comparable to previously reported work on naïve
pluripotency20,50, bioreactor-cultured, naïve hPSC aggregates
demonstrated nuclear expression and localization of TFE3 and
KLF4, and revealed efficiently targeted in vitro differentiation into
cardiomyocytes, hepatocytes and neural rosettes. Interestingly,
bioreactor-cultured, naïve hPSCs displayed more rapid teratoma
formation than their primed counterparts, comparable to the
kinetics of mouse PSC teratoma formation following bioreactor
culture8,69. Similar to our previous bioreactor inoculation data8,69

showing that naïve mouse PSCs do not display a lag phase fol-
lowing inoculation, this enhancement in teratoma formation
kinetics suggests that such a lag phase also does not occur upon
transplantation of naïve hPSCs. Bioreactor-cultured, naïve hPSCs
also showed other previously reported hallmarks of naïve
pluripotency29,51, such as a higher propensity for differentiation
into the endoderm lineage and a reduced capacity for mesoderm
lineage differentiation. Furthermore, our results showed no
occurrence of structural chromosomal aberrations in bioreactor-
cultured, naïve hPSCs post-recovery in static condition. More
detailed investigations are essential to effectively analyze the
genomic stability of naïve and primed hPSCs.

The apparent heterogeneity of our naïve hPSC population in
stirred suspension bioreactors, specifically based on the dis-
crepancy in the expression of epigenetic regulators and cell-specific
surface markers, raises the question as to whether these cells reside
in an alternative naïve-like pluripotent state rather than a fully
naïve one. Defining exact criteria for “full naïve” pluripotency of
hPSCs is an area of active research in the field19 . An optimal
standard condition for naïve pluripotency in static culture has
remained elusive19, and the field is even newer for dynamic sus-
pension bioreactors. As mentioned, assigning this status based on
cell-surface markers, and epigenetic regulator expression has been
controversial, and while our metabolomics analysis did show
changes during the conversion of H1 cells, some metabolites were
not consistent between statically established H9 naïve cells and our
converting H1 cells in the bioreactor. Furthermore, we used a
commercial media (RSeT) from STEMCELL Technologies Inc. that
has been shown extensively to be sufficient for reversion of primed
to an intermediate naïve-like state 35,36,47.

As others have done24,25,43,46,47, we used transcriptomic,
expression of epigenetic regulator, metabolomic, and specific cell-
state surface marker analyses to define naïve pluripotency. Our
results do support the case that our naïve hPSCs in bioreactor
recapitulate many features of naïve pluripotency, showing distinct
features compared to their primed counterparts, indicative of a
naïve pluripotent state. While we cannot say for certain that our
cells are “fully” naïve, we are confident they represent a naïve-like
state with properties amenable to scalable bioreactor production.

In summary, our data corroborate that the conversion of
hPSCs from a primed towards a naïve pluripotent state enhances
hPSC manufacturing in suspension culture. This provides
opportunities to pursue cell-state conversion as a potential
strategy to overcome limitations in manufacturing of hPSCs for
cell therapy approaches. Additionally, via transcriptomic, epige-
netic regulators expression, metabolomics, and cell-surface pro-
tein marker expression analyses, we demonstrate that the
bioreactor’s mechanical environment helps maintain naïve plur-
ipotency while suspension culture alone does not. This positive
influence of the bioreactor environment on maintaining naïve
pluripotency suggests it may be feasible to convert hPSCs to the
naïve pluripotent state in the bioreactor. Furthermore, we are
excited about the prospect of expanding naïve hPSCs in the
bioreactor using fewer cytokines, as we have done previously
using mPSCs70. Optimizations such as these can improve hPSC
manufacturing and make these cells a more viable option for the
clinic.

Future experiments should look at optimizing traditional bio-
process variables, including bioreactor geometry, inoculation
conditions, agitation rates, feeding regimes, growth factor con-
sumption, pH level, and dissolved oxygen concentrations. In
particular, we propose focusing on scaling-up production to
computer-controlled, on-line bioreactor systems, which can be
used to control the physicochemical environment (pH and dis-
solved gas), nutrient and metabolite concentrations, and growth
factors71. Computer-controlled bioreactors will be imperative for
translation to clinical applications and for establishing Good
Manufacturing Process (GMP)-compatible bioprocesses72.

Methods
Culturing of primed human embryonic stem cells (hESCs). H1 and H9 (WiCell)
hESCs were maintained in standard culture conditions (37 °C, 5% CO2) on
Corning®Matrigel® hESC qualified Matrix (BD Biosciences, BD354277)-coated 60-
mm tissue culture dishes with mTeSR™1 medium per the manufacturer’s recom-
mendations (Stem Cell Technologies, 85875). Primed hESC cultures were fed every
day with fresh mTeSR™1 medium, and the confluent cell cultures (usually 6–7 days)
were passaged either as small clumps via Dispase (1 U/mL) (Stem Cell Technol-
ogies, 7923) or as single cells via StemPro® Accutase® Cell Dissociation Reagent
(Thermo Fisher Scientific, A1110501) and were split at a ratio of 1:6. We have
complied with all relevant ethical regulations and obtained approval from human
ethics protocol and Canadian Institutes of Health Research’s stem cell oversight
committee.

Conversion of primed hESCs to a naïve state. The primed hESC lines (H1 and
H9) were converted to naïve pluripotency using RSeT™ Medium according to
manufacturer’s instructions (Stem Cell Technologies, 5970). Briefly, once the
primed hESCs reached to 70–80% confluency, they were passaged as small clumps
(approximately 50–200 µm in size) using Dispase (1 U/mL) (Stem Cell Technol-
ogies, 7923), and were transferred onto mitomycin C treated-mitotically inactivated
MEFs (iMEFs)-coated plates containing mTeSR™1 medium. The cells were incu-
bated at 37 °C for 24–36 h under normoxic conditions (20% O2, 5% CO2) in
mTeSR™1 medium. The mTeSR™1 medium was then replaced with RSeT™ medium
and a daily full medium change with RSeT™ was done during the reversion to naïve
hPSCs. Upon the appearance of domed-shaped and tightly packed colonies (after
3–4 days in RSeT™ Medium), the colonies were typically ready to be passaged. The
culture was passaged using StemPro® Accutase® Cell Dissociation Reagent
(Thermo Fisher Scientific, A1110501), and seeded on new iMEFs containing RSeT™
medium supplemented with Y-27632 (Stem Cell Technologies, 72304) to a final

Fig. 10 Teratoma formation, targeted in vitro differentiation, and chromosomal stability of bioreactor-cultured, naïve and primed hPSCs. a Teratomas
generated after the injection of naïve and primed H9 hPSCs subcutaneously into the hind legs of CB17 SCID mice. Representative images for each germ
layer are shown. Scale bars= 100 µm. b Representative confocal images are shown for cardiomyocytes (immuno-stained for TNNT2), hepatocytes
(immuno-stained for HNF4α), and neural rosettes (immuno-stained for PAX6) differentiated from bioreactor-cultured, naïve H1 hPSCs. Scale bars= 10 µm
and 50 µm. c Representative karyotypes of bioreactor-cultured, naïve and primed H1 hPSCs following recovery on static condition compared to their
original statically cultured cells, analyzed via spectral karyotyping. Tables summarizing the karyotype analyses (SKY) for structural chromosomal
aberrations in naïve and primed hPSCs are shown. The aggregates of day 4 post-inoculation were used for teratoma formation, targeted in vitro
differentiation, and karyotype analysis for both naïve and primed hPSC samples. All the cultures underwent fed-batch condition (60% media change, 48-h
post-inoculation) for bioreactor cultures. The data presented are generated from an inoculation density of 50,000 cells/mL.

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01218-3 ARTICLE

COMMUNICATIONS BIOLOGY |           (2020) 3:492 | https://doi.org/10.1038/s42003-020-01218-3 | www.nature.com/commsbio 17

www.nature.com/commsbio
www.nature.com/commsbio


concentration of 10 µM. During the first passages and reversion in RSeT™ condi-
tion, the cells were split at a ratio of 1:6. Once the culture was established, cells were
split at a ratio of 1:10 every three days. The newly formed (P0 from static culture)
and established (P4 from static culture) naïve hPSCs were collected and utilized for
inoculation into the stirred suspension bioreactors and suspension well-plates as
well as other downstream analyses.

Cell inoculation into stirred suspension bioreactors and static suspension
well-plates. Naïve and primed hESCs from static culture were inoculated into
100 mL stirred suspension bioreactors (NDS Technologies, Vinland, NJ, USA) at
5E4 cells/mL. To elucidate the effect of various inoculation cell densities, naïve
hPSCs were inoculated into 100 mL stirred suspension bioreactors at 1E4, 2.5E4,
and 5E4 cells/mL. Naïve hPSCs were cultured in 24 and 6-well shaken suspension
plates at seeding densities of 1E5 and 2E5 cells/mL, respectively, to examine higher
suspension seeding densities. For serial passaging, naïve hPSCs were inoculated
into 100 mL stirred suspension bioreactors at 5E4 cells/mL, and at 1E5 cells/mL
and 2E5 cells/mL into 24 and 6-well shaken suspension plates, respectively.

Confluent primed hESCs from the static culture were enzymatically dissociated
into single cells using StemPro® Accutase® Cell Dissociation Reagent and
mechanical pipetting. Four 50 µL samples were then taken for cell counts using a
trypan blue exclusion assay. The desired cell concentration was then added to 6-
well static suspension culture dishes (Greiner Bio-One, 657185) containing 2 mL of
complete mTeSR™1 medium supplemented with 10 µM Y-27632. Following 1 h of
static suspension, small cell clumps were observed in the culture wells. These
clumps were gently pipetted up and down several times and added to the 100 mL
bioreactors containing mTeSR™1 medium supplemented with 10 µM Y-27632 and
0.1 nM Rapamycin (Sigma–Aldrich, R8781) at an agitation rate of 100 rpm. A
similar procedure was used for the bioreactor inoculation of naïve hESCs, though
an additional step was required for iMEF removal. Following dissociation into
single cells, the naïve hESC and iMEF mixture were seeded onto gelatin
(Sigma–Aldrich, G1890) coated dishes with complete RSeT™ medium for a period
of 45 min–1 h. During this time, the iMEFs would adhere to the gelatin coated
dishes while the naïve hESCs remained suspended. The naïve hESC suspension was
aspirated from the dishes and centrifuged at 200 × g for 5 min. Like the primed
hESC culture, naïve hESCs were counted and seeded into suspension wells
supplemented with Y-27632 for a period of 1 h before being added to the 100 mL
stirred suspension bioreactors. Bioreactor naïve hESC culture medium was RSeT™
medium supplemented with 10 µM Y-27632 and 0.1 nM Rapamycin. The agitation
rate of 100 rpm were used for naïve hPSCs cultured in 100 mL stirred suspension
bioreactor, and an agitation rate of 100 rpm (orbital shaker) was used for naïve
hPSCs cultured in 24 and 6-well shaken suspension plates.

Naïve and primed hESCs were cultured in 100 mL bioreactors for a period of
five days under both batch and fed-batch conditions. For 24 and 6-well shaken
suspension plates, naïve hPSCs were cultured for five days under fed-batch
condition. The medium change was not performed for the cells cultured under
batch conditions. The cells cultured in fed-batch conditions underwent a 60%
medium change (only containing Rapamycin and no additional Y-27632) on day 2.

Analysis of cell growth kinetics. To analyze growth kinetics of cells in stirred
suspension bioreactor and shaken suspension well-plates, cell counts were per-
formed each day (D0–D5) post-inoculation. Aggregate collection was done at day
1–5 post-inoculation. For 100 mL stirred suspension bioreactors, two 5.0 mL
samples were obtained from each bioreactor (n= 4 per group, per time point; day
1–5 post-inoculation), and then centrifuged. After centrifugation, the pellet was
resuspended and incubated with 1.0 mL of StemPro® Accutase® Cell Dissociation
Reagent at 37 °C for 5 min to dissociate the aggregates. Medium was then added to
neutralize the reaction and cells were centrifuged and resuspended for counts. Cell
viabilities and densities were determined using a hemocytometer and a standard
trypan blue exclusion test. Each sample was dissociated and counted twice. For all
cells cultured in shaken suspension well-plates, two wells were harvested from each
condition each day for counts. Medium and cells were aspirated from each well
into respective conical tubes. Each well was then rinsed twice with medium that
was added to the respective conical tube. Aggregate dissociation and viability cell
counts were performed as described above. The results were used to generate viable
cell density growth curves. The multiplication ratio was defined as the final viable
cell density divided by the inoculation density. The exponential doubling time and
the exponential growth rate over the course of the passage were determined using
Eqs. (1) and (2):

X2 ¼ X1e
�μΔt ð1Þ

tD ¼ ln 2ð Þ=μ ð2Þ
where X is the viable cell density at a given time point (cells/mL), µ is the growth
rate (h−1), t is the time in hours, and td is the population doubling time (h).

Assessment of average aggregate size and distribution. Each day (D1–D5
post-inoculation), 1.0 mL samples were taken from stirred suspension bioreactors
(naïve and primed hPSC cultures) to be imaged with a Ziess Axiovert 25 micro-
scope (Carl Zeiss AG, Oberkochen, Germany). Average aggregate diameters were

determined by measuring 60 aggregates from the microscope images using Axio-
Vision Rel. 4.8. Day 5 aggregate size distributions were measured using the
Beckman Coulter Multisizer III (Miami, FL, USA) with a 1000 µm aperture tube,
which has an effective particle-size range of 20–600 µm. Aggregate samples col-
lected from the bioreactors were resuspended in a solution containing an 80:20
(v/v) mixture of Isoton II (Beckman Coulter) and glycerol (Fisher Scientific). The
amplitude of the voltage pulse associated with each particle was converted to a
particle size based on a calibration coefficient using L90 Latex Particle Standard
beads (Beckman Coulter) with a nominal size of 90 µm, with the bin size set to 128,
and bin spacing on a log diameter. Following collection, data were analyzed to
assess aggregate size distributions.

RNA isolation, reverse transcription (RT) quantitative (q) polymerase chain
reaction (PCR) (RT-qPCR), and RT-PCR. Naïve and primed hPSCs from both
static and stirred suspension (on day 4 post-inoculation) cultures were collected
and used for RNA isolation. Total RNA was extracted using PureLink™ RNA Mini
Kit (Thermo Fisher Scientific, 12183018A) according to the manufacturers’ pro-
tocol, followed by DNAse I digestion using DNAse I Amplification Grade (Thermo
Fisher Scientific, 18068015), and then 500 ng RNA was used for cDNA synthesis
using Superscript® IV Reverse Transcriptase (Thermo Fisher Scientific, 18090010)
and Oligo(dT)20 Primer (50 µM) (Thermo Fisher Scientific, 18418020) according
to the manufacturers’ instructions. To quantitate transcripts, the subsequent RT-
qPCR gene expression analysis was performed on Applied Biosystems (Thermo
Fisher Scientific) using either Fast SYBR™ Green Master Mix (Thermo Fisher
Scientific, 4385612) or TaqMan™ Universal PCR Master Mix, no AmpErase™ UNG
(Thermo Fisher Scientific, 4324018). For each sample, relative mRNA expression
was quantified relative to the housekeeping gene GAPDH and was normalized to
statically cultured, primed hPSC level (=1). The relative quantification (RQ) was
done based on comparative CT (ΔΔCT) through 2–ΔΔCT method. The gene
expression results were shown as relative mRNA expression (RQ) to statically
cultured, primed hPSCs (RQ= 1). At least three technical and biological replicates
were assayed for all quantitative RT-PCR reactions. Naïve pluripotency-associated
genes; KLF2, KLF4, STELLA (DDPA3), and KLF5, and primed pluripotency-
associated genes; CD24, OTX2, ZIC2, and DUSP6, were used for RT-qPCR. Epi-
genetic regulator markers used for RT-qPCR were DNMT3L, MAGEB2, PRDM14,
DNMT1, TDG, EP300, and DNMT3B. We used TaqMan probes (TaqMan gene
expression assay, Thermo Fisher Scientific) for all markers except CD24, DNMT1,
TDG, and EP300. The TaqMan probes number and primer sequences for SYBR
Green probe are listed in Supplementary Data 11. The heatmaps of RT-qPCR were
plotted through GraphPad Prism based on the RQ gene expression levels for each
marker in each sample normalized to statically cultured, primed hPSC level (=1).

RT-PCR was carried out to evaluate the expression of pluripotency and naïve
associated transcripts in naïve hPSCs (passages zero, three, and four after
conversion) and primed hPSCs during several passages in static culture. Total RNA
was isolated and transcribed into cDNA using the above-mentioned protocol. PCR
amplification was performed in a final volume of 20 μl using Taq DNA Polymerase
recombinant (Thermo Fisher Scientific, 10342020) and consisted of the following
steps: 94 °C for 3 min, 94 °C for 30 s, 55 °C for 45 s and 72 °C for 1 min. Naïve
pluripotency-associated markers used for RT-PCR were XIST and KLF4.
Pluripotency related markers used for RT-PCR were Sox2 and Nanog. GAPDH was
used as a housekeeping gene. Primer sequences used in the amplification reactions
are listed in Supplementary Data 11. The PCR products were separated on 1–1.5%
agaroses, stained with ethidium bromide, and then visualized and photographed on
a UV transilluminator.

RNA-seq and data analysis. RNA-seq analysis was done in collaboration with the
Centre for Health Genomics and Informatics at the University of Calgary. Naïve
hPSCs from static, static suspension and stirred suspension cultures were collected
and the total RNA was extracted using PureLink™ RNA Mini Kit (Thermo Fisher
Scientific, 12183018A), according to the manufacturers’ protocol, including DNAse
I digestion using DNAse I Amplification Grade (Thermo Fisher Scientific,
18068015). Concentration and quality of the total extracted RNA was checked
using Qubit Fluorometer (QubitR RNA HS high sensitivity assay Thermo Fisher)
and TapeStation assay (Agilent 4200 TapeStation System), respectively. The total
RNA was depleted of ribosomal RNA using NEBNext® rRNA Depletion Kit
(Human/Mouse/Rat) (NEB, E6310L) and 500 ng of the remaining RNA was pur-
ified, fragmented, and used for cDNA synthesis and library preparation. The
Illumina sequencing library preparation was done using the NEBNext® Ultra™ II
Directional RNA Library Prep Kit for Illumina (NEB, E7760L) according to
manufacturer’s protocol. The constructed libraries were sequenced on an Illumina
NextSeq500 generated 75 bp, single-end reads. To process the samples, the quality
of raw sequenced reads was checked with FastQC v0.11.5 73. No adapter or very
highly overrepresented sequences were found, and the quality of sequencing was
very high. RNA-seq reads were pseudoaligned to the human Ensembl transcript
database; GRCh38 (latest Ensembl human transcript reference) using Kallisto
0.42.474. For the parametric analysis, DESeq (an R/Bioconductor package)75 was
used for differential gene expression using static/static suspension/stirred suspen-
sion bioreactor as the explanatory variable. DESeq results were filtered by Adj-p
(corrected p value) <0.01. The Ingenuity Pathway Analysis (IPA) z-score algorithm
(≥2 or ≤−2, and –log10(Benjamini–Hochberg multiple testing corrected p value of
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differential expression) ≥2) was used to identify enriched canonical pathways that
are more or less active (positive or negative z-score) according to the IPA database
and our RNA-seq data. PCA plots and violin plots of enriched pathways were
visualized using R 3.6.3.

Gene ontology visualization. Gene ontology analysis was performed using
DAVID Bioinformatics Resources v6.8. with significance threshold set at
FDR < 0.05. The values for GO visualization were based on –log10(p value). The
input gene dataset to DAVID was differentially expressed genes from each pairwise
condition comparison. GO visualization was performed using Microsoft Excel
(version 16.37).

Metabolomics. For H1 hESCs, the extracellular metabolite dynamics was analyzed
during primed to naïve conversion in the bioreactor. For this, the media of H1
hESCs in the bioreactor was gradually switched from mTESR1 to RSeT media
within six days of culture (D2–D6) and the media was collected every day for the
analysis. For H9 hESCs, the extracellular metabolites were analyzed in the spent
media of primed and established naïve (P5) hPSCs in the bioreactor, and the media
of each primed or naïve hPSCs was collected at day 4 of bioreactor culture. The
metabolite extraction was started using LC-MS or HPLC grade methanol
(Sigma–Aldrich, 1.06035). Briefly, a 950 μL of prechilled 50% MeOH/H2O was
added to a 50 μL of the bioreactor-collected media (making a D20 dilution), and
the samples were incubated on ice for 30 min to allow for full extraction. Mac-
romolecules were then pelleted by centrifugation at max speed (~18,000–21,000 ×
g) for 10 min in a bench top centrifuge (preferably chilled) to extract the super-
natant. Further, the extracted samples were stored in −80 °C prior to running
HPLC-MS. For the analysis, 200–400 μL of the extracted supernatant from each
sample was transferred into individual wells in 96-well plates and were run in
HPLC-MS. General metabolomics runs were performed on a Q Exactive™ Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher, IQLAAE-
GAAPFALGMAZR) coupled to a Vanquish™ Flex UHPLC System, Integrated
biocompatible system (Thermo Fisher, IQLAAAGABHFAPUMBHV). Chroma-
tographic separation was achieved on a Zorbax SB-C18 UHPLC column (2.1 mm ×
50mm × 1.8 um, Agilent, Part number 822700–902) using a binary solvent system
at a flow rate of 600 uL/min. Solvent A, 10 mM tributylamine, 10 mM acetate pH
7.5 in 97/3% (v/v) mass spectrometry grade water/methanol; Solvent B, mass
spectrometry grade acetonitrile. A sample injection volume of 2 uL was used. The
mass spectrometer was run in negative full scan mode at a resolution of
140,000 scanning from 70–1000m/z. Data were processed using MAVEN. Visual
representation of the data was done in R 3.6.3.

Flow cytometry. Naïve and primed hPSCs from both static and stirred suspension
cultures were dissociated into single cells using StemPro® Accutase® Cell Dis-
sociation Reagent (Thermo Fisher Scientific, A1110501). To track the dynamics of
SUSD2 and CD24 cell-surface markers during primed to naïve conversion, the
aggregates were collected from bioreactors every day from day 2 to day 6 of culture.
For all other cell-surface marker expression assessment, the aggregates of day 4
post-inoculation were collected. The aggregates were treated with Accutase for
10 min and pipetted to dissociate aggregates into single cells. The cells were washed
with cell-specific medium (naïve or primed PSC medium) and were centrifuged at
200 × g for 5 min. The cells were resuspended in 4% paraformaldehyde and were
incubated for 15 min at RT. The fixed cells were then washed three times in 4 mL of
PBS- (Thermo Fisher Scientific, 14190250) and were blocked in 10% BSA solution
(BlockerTM BSA (10X) in PBS-, Thermo Fisher Scientific, 37525) at 37 °C for
30 min. The primary antibodies were diluted in blocking solution and were added
to the cells and incubated for 60 min at 4 °C. The primary antibodies used for flow
cytometry were CD75 antibody (Abcam, ab77676, 1 µg for 1 × 106 cells), SUSD2-
PE conjugated antibody (BioLegend, 327406, 5 µl for 1 × 106 cells), CD90-PE
conjugated antibody (BD Pharmingen™, 561970, 1 µg for 1 × 106 cells), CD24-FITC
conjugated antibody (BioLegend, 311104, 5 µl for 1 × 106 cells), and CD317-APC
conjugated antibody (BioLegend, 348410, 5 µl for 1 × 106 cells). After washing the
cells with flow buffer containing 0.5% BlockerTM BSA (10X) in PBS-, the cells were
incubated with secondary antibody Alexa Fluor® 555 (Thermo Fisher Scientific, A-
21426, 1:1000) diluted in blocking solution for 60 min at 4 °C. All antibodies were
conjugated with fluorophores except CD75, therefore, the incubation time for the
secondary antibody was only done for the CD75 antibody. The cells were then
washed and resuspended in 200 µl flow buffer within a FACS tube and were
analyzed using a BD FACSVantage SE System at the University of Calgary Flow
Cytometry Facility. Gates were drawn based on isotype control. The gating strategy
for each marker expression is shown in Supplementary Figs. 6 and 8. The histo-
gram of flow cytometry analysis was generated by FlowJo V10.1.3 software. 10.1.3.

Whole-mount immunostaining and confocal imaging. Aliquots of bioreactor-
cultured, naïve and primed hPSC aggregates on day 4 post-inoculation were col-
lected into 15 mL conical tubes and were kept in 37 °C for 20–30 min to allow them
to settle down to the bottom of the tubes. The media were then removed, and the
aggregates were fixed with 2 mL of 4% paraformaldehyde for 30–40 min RT. The
aggregates were then washed three times with PBS- containing 0.1% Tween-20
(Sigma–Aldrich, P9416), and permeabilized using PBS- containing 0.25% Triton™

X-100 (Sigma–Aldrich, T8787) for 1 h in RT. Following the washing step, the
aggregates were blocked in PBS- solution containing 3% Blocker™ BSA (10X)
(Thermo Fisher Scientific, 37525) for 1 h RT. Then, primary antibodies were added
to the blocking solution and were incubated with aggregates overnight at 4 °C. The
primary antibodies used for whole-mount immunostaining of aggregates were
H3K27me3 antibody (Millipore, 07–449, 1:4000), CD75 antibody (Abcam,
ab77676, 1 µg for 1 × 106 cells), CD90-PE conjugated antibody (BD Pharmingen™,
561970, 1 µg for 1 × 106 cells), TFE3 antibody (Sigma–Aldrich, HPA023881, 1:500),
Oct-3/4 antibody (Santa Cruz Biotechnology, sc-5279, 1:200), KLF4 antibody
(Santa Cruz Biotechnology, sc-20691, 1:300), and Stella antibody (Millipore,
MAB4388, 1:200). After rinsing three times with PBS- containing 0.1% Tween-20,
the aggregates were incubated with secondary antibodies diluted in blocking
solution for 1 h RT. The secondary antibodies used for whole-mount immunos-
taining were Alexa Fluor® 488 (Thermo Fisher Scientific, A21206, 1:1000), Alexa
Fluor® 555 (Thermo Fisher Scientific, A-21426, 1:1000), and Alexa Fluor® 546
(Thermo Fisher Scientific, A10036, 1:1000). CD90 antibody was already conjugated
with R-phycoerythrin (R-PE) fluorophore, therefore, the incubation time for sec-
ondary antibody was only done for the other antibodies. After washing, the
aggregates were incubated with Hoechst 33342 (Immunochemistry Technologies,
LLC., #639, 1:500) diluted in PBS- for 15 min. Aggregates were washed and then
were analyzed by confocal microscopy (Zeiss LSM 880 Confocal Microscope with
AiryScan) using 493–630 µm (for H3K27me3, TFE3 and KLF4 coupled to Alexa
Fluor® 488), 545–697 µm (for CD75 coupled to Alexa Fluor® 555), 566–691 µm
(for CD90 coupled to R-PE), and 550–670 µm (for Oct-3/4 and Stella coupled to
Alexa Fluor® 546) filters. Zen Black (Carl Zeiss Microscopy) software was used for
Z-stack imaging.

Image processing and analysis. Zen Blue (Carl Zeiss Microscopy) software was
used for image processing and generating Z-stack videos. Confocal Z-stack videos
of the stained aggregates are shown in Supplementary Movies 1–6. Intensity and
distribution of H3Kme3 foci in the nuclei of bioreactor-cultured, naïve and primed
hPSC aggregates were analyzed using Image J76. Six nuclei from each naïve and
primed hPSC aggregates were selected (at random) and the intensity and dis-
tribution of foci were analyzed by Image J through Plot Profile analysis. Briefly, a
symmetric midline was applied in naïve and primed hPSC aggregate’s nuclei and
the intensity and distribution of H3Kme3 foci were measured on the midline by
Plot Profile analysis. A two-dimensional graph was generated from the intensities
of foci on the midline displaying H3K27me3 distribution. An arbitrary line was
applied on the H3K27me3 distribution graph and the percentage of dots located
above that arbitrary line (the percentage of dots located above 40) was measured
for both naïve and primed hPSC aggregates.

Teratoma formation assay. CB17 SCID mice were purchased from Charles River
Company and housed in the animal facility in the Faculty of Medicine, University
of Calgary. Animal protocols were performed as approved by the Animal Care
Committee of the University of Calgary. The aggregates of naïve and primed hPSCs
were collected from bioreactors on day 4 post-inoculation and were dissociated
into single cells. Next, 1E6 cells in a total volume of 100 μL PBS- were sub-
cutaneously injected into the hind leg of CB17 SCID mice. At least three mice were
used to assess teratoma formation ability of bioreactor-cultured, naïve and primed
hPSCs. Naïve hPSCs formed tumors in mice after 3 weeks (~21d) of injections. The
mice, which were injected by naïve hPSCs, were killed and the tumors were dis-
sected and examined by histology. Primed hPSCs formed tumors 8–12 weeks after
injection into the mice. A similar approach was done for the histology sections
derived from naïve and primed hPSCs. Briefly, the tissue sections were fixed in 4%
paraformaldehyde overnight at 4 °C. After dehydration, the tissues were embedded
in paraffin (Thermo Fisher Scientific, 503002), and the sections were stained with
haematoxylin (Sigma–Aldrich, HHS32) and eosin (Thermo Fisher Scientific, E511)
(H&E). The tissues were then examined for different cell or tissue types by
transmitted light microscopy.

In vitro differentiation. Naïve hPSC aggregates were differentiated into cardio-
myocytes, hepatocytes and neural rosettes using the previously published
protocols26,52,53. The aggregates were collected on day 4 post-inoculation and were
either dissociated into single cells using StemPro® Accutase® Cell Dissociation
Reagent (Thermo Fisher Scientific, A1110501), or were directly used for in vitro
differentiation. For both cardiomyocyte and hepatocyte differentiation, naïve
hPSCs as single cells (at the density of 2E5 cells per plate)/or aggregates were
cultured on Matrigel® hESC qualified Matrix-coated FluoroDish Cell Culture Dish
plates (World Precision Instrument, FD35-100), containing mTeSR™1 or RSeT™
medium until they were 80–90% confluent, and then differentiation procedure was
performed using the previously published protocol52,53. Mature cardiomyocytes
and hepatocytes at day 20 of differentiation, were used for the analysis. For neural
rosette differentiation, naïve hPSC aggregates were cultured on Poly-L-Ornithine
(Sigma–Aldrich, A-004-C)-coated FluoroDish Cell Culture Dish plates (World
Precision Instrument, FD35-100) in DMEM/F12 medium supplemented with 5%
Knockout serum replacement (Thermo Fisher Scientific, 10828010), 0.1 mM non-
essential amino acids (Thermo Fisher Scientific, 11140050), 0.1 mM 2-
Mercaptoethanol (Thermo Fisher Scientific, 21985023), and 1% Penicillin-
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Streptomycin (Thermo Fisher Scientific, 15140122) for four days. Further, the
aggregates were transferred on to Matrigel-coated plates in Neurobasal™ Medium
(Thermo Fisher Scientific, 21103049) supplemented with B27 without Retinoic
Acid (Thermo Fisher Scientific, 12587010) and N2 supplement (Thermo Fisher
Scientific, 17502048), 0.005% bovine serum albumin (Thermo Fisher Scientific,
15260037), 1 mM sodium pyruvate (Thermo Fisher Scientific, 11360–070) for
additional five days before analysis. Differentiated cardiomyocytes and hepatocytes
were analyzed by whole-mount immunostaining and confocal imaging using
Cardiac Troponin T antibody (Thermo Fisher Scientific, MA5–12960, 5 µg/mL),
HNF4-alpha antibody (Abcam, ab92378, 1:100), and CYP3A4 antibody (Thermo
Fisher Scientific, MA5-17064, 1:200), respectively. Neural rosettes were analysed
using Pax6 antibody (BioLegend, PRB-278P, 1:100).

Karyotype analysis using spectral karyotyping (SKY). Naïve and primed hPSC
aggregates were collected on day 4 post-inoculation and were cultured for 24 h in
adherent conditions. For the comparison, statically cultured, naïve and primed
hPSC counterparts were used for the karyotype analysis. The cells were incubated
with 0.2 μg/mL KaryoMAX™ Colcemid™ Solution in HBSS (Thermo Fisher Scien-
tific, 15210040) in medium at 37 °C for 1 h and then dissociated and resuspended
in 2–3 mL of aqueous 0.068 M KCl (Fisher Scientific, P217) for 15 min at 37 °C. We
then fixed the cells with fresh 3:1 methanol: glacial acetic acid, followed by three
rinses with fixative solution. We dropped single cells on precleaned slides to spread
chromosomes and used the dried slides for SKY analysis. The analysis was per-
formed according to the manufacturer’s instructions (ASI, Edingen–Neckarhausen,
Baden-Württemberg, Germany) for karyotype analyses on chromosome spreads.
25 and 35 separate metaphase spreads were used for naïve and primed hPSCs
respectively to evaluate structural chromosomal aberrations (e.g., balanced/unba-
lanced translocations and complex rearrangements) in each sample. SKY-Paint
DNA-H10 probes (ASI, Edingen–Neckarhausen, Baden–Württemberg, Germany)
were used for SKY analysis.

Statistics and reproducibility. Exact n values for each experiment are defined and
described in the main text and figure legends. A one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test was used for statistical
analysis of data related to growth kinetics, RT-qPCR, and flow cytometry. The
significance was set at P < 0.05 using GraphPad Prism. Replicates are defined as
individual passages of naïve and primed hPSCs cultured in stirred suspension
bioreactors or under static culture condition. Data are represented as mean ± SEM.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study are available within
the article and its supplementary information files or from the corresponding author
upon reasonable request. For RNA-seq data, the raw fastq files and raw count table
containing the number of transcripts for each sample are available in GEO under
accession number GSE144656. Processed RNA-seq data are available in Supplementary
Data 1–9 including differentially expressed transcripts in suspension static vs. static
culture condition (Supplementary Data 1), enriched canonical pathways in suspension
static vs. static culture condition (Supplementary Data 2), differentially expressed
transcripts in stirred suspension vs. static culture condition (Supplementary Data 3),
enriched canonical pathways in stirred suspension vs. static culture condition
(Supplementary Data 4), differentially expressed transcripts in stirred suspension vs.
static suspension culture condition (Supplementary Data 5), enriched canonical
pathways in stirred suspension vs. static suspension culture condition (Supplementary
Data 6), enriched GO terms in static suspension vs. static culture condition
(Supplementary Data 7), enriched GO terms in stirred suspension vs. static culture
condition (Supplementary Data 8), and enriched GO terms in stirred suspension vs.
static suspension culture condition (Supplementary Data 9). Metabolomics raw data are
available at the NIH Common Fund’s National Metabolomics Data Repository (NMDR)
website and the Metabolomics Workbench77, where it has been assigned the Project ID
PR000942.The data can be accessed directly via it’s Project https://doi.org/10.21228/
M8XM5C. Processed Metabolomics data can be found in Supplementary Data 10

Received: 4 March 2019; Accepted: 3 August 2020;

References
1. Rohani, L. et al. Molecular cytogenetics and quality control: clinical guardians

for pluripotent stem cells. Stem Cells Transl. Med. 7, 867–875 (2018).
2. Trounson, A. & McDonald, C. Stem cell therapies in clinical trials: progress

and challenges. Cell Stem Cell 17, 11–22 (2015).

3. Avior, Y., Sagi, I. & Benvenisty, N. Pluripotent stem cells in disease modelling
and drug discovery. Nat. Rev. Mol. Cell Biol. 17, 170–182 (2016).

4. Johnson, A. A, Andrews-Pfannkoch, C., Nelson, T. J., Pulido, J. S. &
Marmorstein, A. D. Disease modeling studies using induced pluripotent stem
cells: are we using enough controls? Regen. Med. 12, 899–903 (2017).

5. Lipsitz, Y. Y., Timmins, N. E. & Zandstra, P. W. Quality cell therapy
manufacturing by design. Nat. Biotechnol. 34, 393–400 (2016).

6. Kehoe, D. E., Jing, D., Lock, L. T. & Tzanakakis, E. S. Scalable stirred-
suspension bioreactor culture of human pluripotent stem cells. Tissue Eng.
Part A 16, 405–421 (2010).

7. Krawetz, R. et al. Large-scale expansion of pluripotent human embryonic stem
cells in stirred-suspension bioreactors. Tissue Eng. Part C. Methods 16,
573–582 (2010).

8. Shafa, M. et al. Derivation of iPSCs in stirred suspension bioreactors. Nat.
Methods 9, 465–466 (2012).

9. zur Nieden, N. I., Cormier, J. T., Rancourt, D. E. & Kallos, M. S. Embryonic
stem cells remain highly pluripotent following long term expansion as
aggregates in suspension bioreactors. J. Biotechnol. 129, 421–432 (2007).

10. Cormier, J. T., zur Nieden, N. I., Rancourt, D. E. & Kallos, M. S. Expansion of
undifferentiated murine embryonic stem cells as aggregates in suspension
culture bioreactors. Tissue Eng. 12, 3233–3245 (2006).

11. Fluri, D. A. et al. Derivation, expansion and differentiation of induced
pluripotent stem cells in continuous suspension cultures. Nat. Methods 9,
509–516 (2012).

12. Zweigerdt, R., Olmer, R., Singh, H., Haverich, A. & Martin, U. Scalable
expansion of human pluripotent stem cells in suspension culture. Nat. Protoc.
6, 689–700 (2011).

13. Dakhore, S., Nayer, B. & Hasegawa, K. Human pluripotent stem cell culture:
current status, challenges, and advancement. Stem Cells Int. 2018, 7396905
(2018).

14. Meng, G., Liu, S., Poon, A. & Rancourt, D. E. Optimizing human induced
pluripotent stem cell expansion in stirred-suspension culture. Stem Cells Dev.
26, 1804–1817 (2017).

15. Lipsitz, Y. Y. & Zandstra, P. W. Human pluripotent stem cell process
parameter optimization in a small scale suspension bioreactor. BMC Proc. 9,
O10 (2015).

16. Borys, B. S. et al. Using computational fluid dynamics (CFD) modeling to
understand murine embryonic stem cell aggregate size and pluripotency
distributions in stirred suspension bioreactors. J. Biotechnol. 304, 16–27 (2019).

17. Tesar, P. J. et al. New cell lines from mouse epiblast share defining features
with human embryonic stem cells. Nature 448, 196–199 (2007).

18. Yamaji, M. et al. PRDM14 ensures naive pluripotency through dual regulation
of signaling and epigenetic pathways in mouse embryonic stem cells. Cell Stem
Cell 12, 368–382 (2013).

19. Ware, C. B. Concise review: lessons from naive human pluripotent cells. Stem
Cells 35, 35–41 (2017).

20. Gafni, O. et al. Derivation of novel human ground state naive pluripotent stem
cells. Nature 504, 282–286 (2013).

21. Warrier, S. et al. Direct comparison of distinct naive pluripotent states in
human embryonic stem cells. Nat. Commun. 8, 15055 (2017).

22. Takashima, Y. et al. Resetting transcription factor control circuitry toward
ground-state pluripotency in human. Cell 158, 1254–1269 (2014).

23. Gu, W. et al. Glycolytic metabolism plays a functional role in regulating
human pluripotent stem cell state. Cell Stem Cell 19, 476–490 (2016).

24. Messmer, T. et al. Transcriptional heterogeneity in naive and primed human
pluripotent stem cells at single-cell resolution. Cell Rep. 26, 815–824 e814
(2019).

25. Yang, P. et al. Multi-omic profiling reveals dynamics of the phased
progression of pluripotency. Cell Syst. 8, 427–445 e410 (2019).

26. Lipsitz, Y. Y., Woodford, C., Yin, T., Hanna, J. H. & Zandstra, P. W.
Modulating cell state to enhance suspension expansion of human pluripotent
stem cells. Proc. Natl Acad. Sci. USA 115, 6369–6374 (2018).

27. Hanna, J. et al. Human embryonic stem cells with biological and epigenetic
characteristics similar to those of mouse ESCs. Proc. Natl Acad. Sci. USA 107,
9222–9227 (2010).

28. Theunissen, T. W. et al. Systematic identification of culture conditions for
induction and maintenance of naive human pluripotency. Cell Stem Cell 15,
471–487 (2014).

29. Ware, C. B. et al. Derivation of naive human embryonic stem cells. Proc. Natl
Acad. Sci. USA 111, 4484–4489 (2014).

30. Sousa, E. J. et al. Exit from naive pluripotency induces a transient X
chromosome inactivation-like state in males. Cell Stem Cell 22, 919–928
(2018).

31. Hunt, M. M., Meng, G., Rancourt, D. E., Gates, I. D. & Kallos, M. S. Factorial
experimental design for the culture of human embryonic stem cells as
aggregates in stirred suspension bioreactors reveals the potential for
interaction effects between bioprocess parameters. Tissue Eng. Part C.
Methods 20, 76–89 (2014).

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01218-3

20 COMMUNICATIONS BIOLOGY |           (2020) 3:492 | https://doi.org/10.1038/s42003-020-01218-3 | www.nature.com/commsbio

https://doi.org/10.21228/M8XM5C
https://doi.org/10.21228/M8XM5C
www.nature.com/commsbio


32. Van Winkle, A. P., Gates, I. D. & Kallos, M. S. Mass transfer limitations in
embryoid bodies during human embryonic stem cell differentiation. Cells
Tissues Organs 196, 34–47 (2012).

33. Amit, M., Laevsky, I., Miropolsky, Y., Shariki, K., Peri, M. & Itskovitz-Eldor, J.
Dynamic suspension culture for scalable expansion of undifferentiated human
pluripotent stem cells. Nat. Protoc. 6, 572–579 (2011).

34. Olmer, R. et al. Suspension culture of human pluripotent stem cells in
controlled, stirred bioreactors. Tissue Eng. Part C. Methods 18, 772–784
(2012).

35. Kilens, S. et al. Parallel derivation of isogenic human primed and naive
induced pluripotent stem cells. Nat. Commun. 9, 360 (2018).

36. Liu, X. et al. Comprehensive characterization of distinct states of human naive
pluripotency generated by reprogramming. Nat. Methods 14, 1055–1062
(2017).

37. Canto, C. & Auwerx, J. AMP-activated protein kinase and its downstream
transcriptional pathways. Cell Mol. Life Sci. 67, 3407–3423 (2010).

38. Kimura, T. et al. Conditional loss of PTEN leads to testicular teratoma and
enhances embryonic germ cell production. Development 130, 1691–1700
(2003).

39. Sperber, H. et al. The metabolome regulates the epigenetic landscape during
naive-to-primed human embryonic stem cell transition. Nat. Cell Biol. 17,
1523–1535 (2015).

40. Teslaa, T. & Teitell, M. A. Pluripotent stem cell energy metabolism: an update.
EMBO J. 34, 138–153 (2015).

41. Jiapaer, Z. et al. LincU preserves naive pluripotency by restricting ERK activity
in embryonic stem cells. Stem Cell Rep. 11, 395–409 (2018).

42. Huang, K., Maruyama, T. & Fan, G. The naive state of human pluripotent
stem cells: a synthesis of stem cell and preimplantation embryo transcriptome
analyses. Cell Stem Cell 15, 410–415 (2014).

43. Takahashi, S., Kobayashi, S. & Hiratani, I. Epigenetic differences between
naive and primed pluripotent stem cells. Cell Mol. Life Sci. 75, 1191–1203
(2018).

44. Sahakyan, A. et al. Human naive pluripotent stem cells model X chromosome
dampening and X inactivation. Cell Stem Cell 20, 87–101 (2017).

45. Carey, B. W., Finley, L. W., Cross, J. R., Allis, C. D. & Thompson, C. B.
Intracellular alpha-ketoglutarate maintains the pluripotency of embryonic
stem cells. Nature 518, 413–416 (2015).

46. Chandrasekaran, S. et al. Comprehensive mapping of pluripotent stem cell
metabolism using dynamic genome-scale network modeling. Cell Rep. 21,
2965–2977 (2017).

47. Collier, A. J. et al. Comprehensive cell surface protein profiling identifies
specific markers of human naive and primed pluripotent states. Cell Stem Cell
20, 874–890 e877 (2017).

48. Shakiba, N. et al. CD24 tracks divergent pluripotent states in mouse and
human cells. Nat. Commun. 6, 7329 (2015).

49. Bredenkamp, N., Stirparo, G. G., Nichols, J., Smith, A. & Guo, G. The cell-
surface marker sushi containing domain 2 facilitates establishment of human
naive pluripotent stem cells. Stem Cell Rep. 12, 1212–1222 (2019).

50. Dhaliwal, N. K., Miri, K., Davidson, S., Tamim El Jarkass, H. & Mitchell, J. A.
KLF4 nuclear export requires ERK activation and initiates exit from naive
pluripotency. Stem Cell Rep. 10, 1308–1323 (2018).

51. Lee, J. H. et al. Lineage-specific differentiation is influenced by state of human
pluripotency. Cell Rep. 19, 20–35 (2017).

52. Rohani, L. et al. Reversible mitochondrial fragmentation in iPSC-derived
cardiomyocytes from children with DCMA, a mitochondrial cardiomyopathy.
Can. J. Cardiol. 36, 554–563 (2020).

53. Heidariyan, Z. et al. Efficient and cost-effective generation of hepatocyte-like
cells through microparticle-mediated delivery of growth factors in a 3D
culture of human pluripotent stem cells. Biomaterials 159, 174–188 (2018).

54. Pastor, W. A. et al. Naive human pluripotent cells feature a methylation
landscape devoid of blastocyst or germline memory. Cell Stem Cell 18,
323–329 (2016).

55. Guo, G. et al. Naive pluripotent stem cells derived directly from isolated cells
of the human inner cell mass. Stem Cell Rep. 6, 437–446 (2016).

56. Wada, K., Itoga, K., Okano, T., Yonemura, S. & Sasaki, H. Hippo pathway
regulation by cell morphology and stress fibers. Development 138, 3907–3914
(2011).

57. Canovas, S., Campos, R., Aguilar, E. & Cibelli, J. B. Progress towards human
primordial germ cell specification in vitro. Mol. Hum. Reprod. 23, 4–15
(2017).

58. Clark, A. T. et al. Primate primordial germ cells acquire transplantation
potential by carnegie stage 23. Stem Cell Rep. 9, 329–341 (2017).

59. Neri, F. et al. Dnmt3L antagonizes DNAmethylation at bivalent promoters and
favors DNA methylation at gene bodies in ESCs. Cell 155, 121–134 (2013).

60. Leitch, H. G. et al. Naive pluripotency is associated with global DNA
hypomethylation. Nat. Struct. Mol. Biol. 20, 311–316 (2013).

61. Theunissen, T. W. et al. Molecular criteria for defining the naive human
pluripotent state. Cell Stem Cell 19, 502–515 (2016).

62. TeSlaa, T. et al. alpha-ketoglutarate accelerates the initial differentiation of
primed human pluripotent stem cells. Cell Metab. 24, 485–493 (2016).

63. Madonna, R., Geng, Y. J., Shelat, H., Ferdinandy, P. & De Caterina, R. High
glucose-induced hyperosmolarity impacts proliferation, cytoskeleton
remodeling and migration of human induced pluripotent stem cells via
aquaporin-1. Biochim. Biophys. Acta 1842, 2266–2275 (2014).

64. Coloff, J. L. et al. Differential glutamate metabolism in proliferating and
quiescent mammary epithelial cells. Cell Metab. 23, 867–880 (2016).

65. Wu, J., Ocampo, A. & Belmonte, J. C. I. Cellular metabolism and induced
pluripotency. Cell 166, 1371–1385 (2016).

66. Scalise, M., Pochini, L., Galluccio, M., Console, L. & Indiveri, C. Glutamine
transport and mitochondrial metabolism in cancer cell growth. Front. Oncol.
7, 306 (2017).

67. Chen, Q. et al. Rewiring of glutamine metabolism is a bioenergetic adaptation
of human cells with mitochondrial DNA mutations. Cell Metab. 27,
1007–1025 e1005 (2018).

68. Vernardis, S. I., Terzoudis, K., Panoskaltsis, N. & Mantalaris, A. Human
embryonic and induced pluripotent stem cells maintain phenotype but alter
their metabolism after exposure to ROCK inhibitor. Sci. Rep. 7, 42138 (2017).

69. Shafa, M. et al. Expansion and long-term maintenance of induced pluripotent
stem cells in stirred suspension bioreactors. J. Tissue Eng. Regen. Med. 6,
462–472 (2012).

70. Gareau, T. et al. Shear stress influences the pluripotency of murine embryonic
stem cells in stirred suspension bioreactors. J. Tissue Eng. Regen. Med. 8,
268–278 (2014).

71. Placzek, M. R. et al. Stem cell bioprocessing: fundamentals and principles. J. R.
Soc. Interface 6, 209–232 (2009).

72. dos Santos, F. F., Andrade, P. Z., da Silva, C. L. & Cabral, J. M. Bioreactor
design for clinical-grade expansion of stem cells. Biotechnol. J. 8, 644–654
(2013).

73. Andrews, S. FastQC: a quality control tool for high throughput sequence data.
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (2010).

74. Bray, N. L., Pimentel, H., Melsted, P. & Pachter, L. Near-optimal probabilistic
RNA-seq quantification. Nat. Biotechnol. 34, 525–527 (2016).

75. Anders, S. & Huber, W. Differential expression analysis for sequence count
data. Genome Biol. 11, R106 (2010).

76. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25
years of image analysis. Nat. Methods 9, 671–675 (2012).

77. Sud, M. et al. Metabolomics Workbench: An international repository for
metabolomics data and metadata, metabolite standards, protocols, tutorials
and training, and analysis tools. Nucleic Acids Res. 44, D463–470 (2016).

Acknowledgements
We thank Dr. Anne Vaahtokari at the Arnie Charbonneau Cancer Institute, University of
Calgary, for her support with confocal imaging. We additionally thank Laurie Kennedy
and Yiping Liu at the Flow Cytometry Core Facility for their assistance. We are also
thankful to the University of Calgary Center for Health Genomic and Informatics for
their support with RNA sequencing. We thank Dr. Ian A. Lewis and Ryan A. Groves
from the Calgary Metabolomics Research Facility (CMRF) (supported by the Interna-
tional Microbiome Centre and the Canada Foundation for Innovation CFI-JELF 34986)
for their assistance for metabolomics data. I.A.L. is supported by an Alberta Innovates
Translational Health Chair. We further thank Dr. Minal Borkar at the Alberta Transplant
Institute for assistance with epigenomics data. This project was funded by The Canadian
Institutes of Health Research. Leili Rohani was funded by Eyes High Fellowship from the
University of Calgary. Breanna Borys was funded through a Vanier Canada Graduate
Scholarship. We thank the Stem Cell Network for their generous and continued support
in trainee development. The Metabolomic Workbench is supported by NIH grant U2C-
DK119886.

Author contributions
L.R. contributed to concept and design, collection, and assembly of data, data analysis
and interpretation, and manuscript writing. B.S.B. contributed to the manuscript’s
concept, collection and assembly of data, data analysis, interpretation, and manuscript
writing. G.R. contributed to collection, assembly of data, and data analysis. P.N. con-
tributed to image analysis, transcriptomic data analysis and interpretation, and heatmap
processing. S.L. contributed to cell culture, teratoma formation assay data, and tissue
sectioning. A.A.J. contributed to manuscript writing, reviewing, and editing. P.M. con-
tributed to confocal imaging and image analysis. H.H. contributed to authentication and
data relevant to the chromosomal stability of the cells used. I.A.L. and R.A.G. contributed
to the run and analysis of metabolomics. D.T. contributed to transcriptomic data
interpretation, manuscript review, and editing. P.G. contributed to transcriptomic data
analysis and interpretation, and IPA pathway analysis. J.W.L. contributed to collection
and assembly of data. T.S. contributed to collection and assembly of data. T.D. con-
tributed to collection and assembly of data. M.S.K. contributed to concept and design,
manuscript review, editing, and supervision. D.E.R. contributed to concept and design,
manuscript review, editing, and supervision.

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01218-3 ARTICLE

COMMUNICATIONS BIOLOGY |           (2020) 3:492 | https://doi.org/10.1038/s42003-020-01218-3 | www.nature.com/commsbio 21

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
www.nature.com/commsbio
www.nature.com/commsbio


Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42003-
020-01218-3.

Correspondence and requests for materials should be addressed to D.E.R.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01218-3

22 COMMUNICATIONS BIOLOGY |           (2020) 3:492 | https://doi.org/10.1038/s42003-020-01218-3 | www.nature.com/commsbio

https://doi.org/10.1038/s42003-020-01218-3
https://doi.org/10.1038/s42003-020-01218-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Stirred suspension bioreactors maintain naïve pluripotency of human pluripotent stem cells
	Results
	Cell-state conversion enhances hPSC bioprocessing
	Bioreactors support a naïve pluripotency transcriptomic state
	Expression of naïve-related epigenetic transcripts and X-chromosome reactivation in bioreactors
	Robust production of naïve-related metabolites in bioreactors
	Naïve hPSCs downregulate primed-related surface markers
	Naïve hPSCs show multi-lineage potency and stable chromosomes

	Discussion
	Methods
	Culturing of primed human embryonic stem cells (hESCs)
	Conversion of primed hESCs to a naïve state
	Cell inoculation into stirred suspension bioreactors and static suspension well-plates
	Analysis of cell growth kinetics
	Assessment of average aggregate size and distribution
	RNA isolation, reverse transcription (RT) quantitative (q) polymerase chain reaction (PCR) (RT-qPCR), and RT-PCR
	RNA-seq and data analysis
	Gene ontology visualization
	Metabolomics
	Flow cytometry
	Whole-mount immunostaining and confocal imaging
	Image processing and analysis
	Teratoma formation assay
	In vitro differentiation
	Karyotype analysis using spectral karyotyping (SKY)
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




