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ABSTRACT

cell clones after reprogramming or gene editing.

Human Pluripotent Stem Cells (hPSCs) constitute a unique tool for disease modeling and functional genomics.
Such applications require the generation of cell clones established by repetitive cycles of tissue growth, dissociation,
and re-seeding. These cloning cycles are time-consuming and increase the likelihood of genetic instability. We
defined feederfree culture conditions on Matrigel in Stem-Flex medium to establish a single-cell cloning workflow
using Fluorescent Activated Cell Sorting (FACS). The workflow relies on the Stem-Flex medium supplemented
with a conditioned medium and allows the efficient cloning of newly reprogramed and established human induced
pluripotent stem cells lines. This workflow is an efficient and cost-effective method for the rapid derivation of stem
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INTRODUCTION

Human Pluripotent Stem Cells (hPSCs), either of Human
Embryonic Origin Cells (hESCs) or reprogrammed from mature/
differentiated human adult cells into induced Pluripotent Stem
Cells (hiPSCs), are of great interest for research and clinical
applications [1]. The generation and differentiation of patient-
derived hiPSCs are one of few approaches for modeling diseases of
cells that would otherwise be difficult or impossible to isolate from
patients, such as neurons or cardiomyocytes. Despite tremendous
progress in reprogramming cells with numerous non-integrative,
feederfree methods, the laborintensive cloning process of deriving
iPSCs is the limiting step [2]. The expansion of hPSCs relies on
passaging cells as “small colonies” or “clumps” to maintain their
undifferentiated state, avoid cell death, and prevent the selection
of subpopulations [3]. In addition to being a disease model of
inaccessible differentiated cells, hiPSCs and hESCs are at the
center of disease modeling by personalized gene editing with
systems such as Clustered Regularly Interspaced Short Palindromic
Repeat (CRISPR) and CRISPR associated 9 (Cas9) endonuclease.
Genome editing allows the reversion, or introduction, of mutations
suspected to be responsible for a given phenotype while keeping
the remainder of the genomic background unaffected, therefore,
allowing the isolation and the investigation of the physiological
consequences of a given mutation. In “normal” hiPSCs, the
introduction of mutations potentially associated with a disease

removes the need for systematically deriving hiPSCs from affected
patients. Finally, genome editing can be used to tag endogenous
proteins with reporter genes, creating lines [4], which maintain
the physiological expression of the tagged proteins under their
endogenous promoter. In any case, these gene-editing systems
require the cloning and the expansion of modified clones.
This process rapidly becomes tedious and extremely expensive

depending on the CRISPR/Cas9 edition efficiency.

Single-cell dissociation of Human Pluripotent Stem Cells (hPSCs)
drives genomic instability and drastically affects cell viability [5].
The use of Rho-Associated Protein Kinase (ROCK) inhibitors, a
cocktail of small molecules (small molecule cocktail of 4 inhibitors:
SMCH4 cocktail), and rapamycin mitigate this problem [6,7]. In
most cases, repetitive manual colony picking and re-expansion over
long periods are performed, and these solutions remain inefficient
in some cell lines [8]. Newly developed culture methods, media,
and matrixes have improved single-cell viability in culture [6,9].
Specifically, in the last few years, introducing “stabilized” BFGF
has done away with the need for daily spiking of culture media
with BFGF to maintain the exposition of hPSCs to this factor.
These new stabilized media allow for a more stable and constant
cell-culture condition [10]. The method of passage in small clumps
highlights the need for a “herd effect”, reflecting the necessity of
cell-cell interactions and the exchange of soluble factors such as
cytokines and Microvesicles (MVs) for cell survival and stability.
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MVs are lipid vesicles with a diameter ranging from 30nm to 1
uM. They are released by all cell types and contain microRNA,
mRNA, protein, and lipids. hPSCs are no exception; they release
MVs [11,12].

An alternative to the repetition of the culture cycle expansion-
dissociation-reseeding to clone stem cells after many cycles
would be the physical sorting and plating of individual hPSCs.
Unfortunately, the poor resistance to mechanical stress and
isolation remains a barrier for the single-cell sorting of hPSCs. A
recent publication demonstrated that iPSCs could be sorted with
acceptable survival while maintaining pluripotency and genomic
integrity using a newly developed matrix and medium [4,13]. This
approach, demonstrated on well-established cell lines (passage 20-
30), has a variable efficiency between cell lines.

In this study, we minimized the cellsorting-induced mechanical
stress by using a large-bore sorting nozzle. Additionally, we
“mimicked” the herd effect using hPSCs “conditioned media” or
purified MVs. Combining both elements established a reliable
and efficient single cell sorting method of newly reprogrammed
hiPSCs and well-established cell lines. We demonstrate that media
conditioned by hPSCs can be used in combination with ROCK
inhibitor to enable the survival of single cell sorted hPSCs. This
phenomenon seems to depend on soluble factors that do not

involve MVs.
MATERIALS AND METHODS

Human pluripotent stem cells and culture

We obtained Embryonic stem cell lines ES4 and H1 hESCs from
WiCell, and the Human Episomal iPSC (HE iPSC) line from
Thermofisher scientific (#A18945). We generated other iPSCs as
described below. We maintained all hPSCs on Matrigel (Corning)
coated plate in Stem-Flex medium (ThermoFisher). Plates were
coated with BD Matrigel growth factor reduced (#354230) by
diluting Matrigel with cold (4°C) StemFlex media (1 in 24 ml)
and dispensing 2 ml per well of a 6-well plate or 200 pl per well
of 96-well plate. Matrigel was incubated overnight at 4°C prior to
polymerization at 37°C for 60 minutes. We rinsed excess Matrigel
with fresh prewarmed (37°C) media. We changed media every
day except otherwise stated. Cells were released from the culture
dishes by treatment with ReLesR (Stemcell technologies) for 3
min at 37°C. After ReLesR aspiration, cells clumps were further
dissociated using 1 ml of StemFlex media with a 1 ml pipette and
subsequently re-seeded on new Matrigel-coated plates. We carried

out all cultures at 37°C, 5% CO,, 95% humidity.

When indicated, we used Y-27632 (rock inhibitor) (R&D
system,#1254/1) at a final concentration of 10 pM,
StemBoost™  Reprogramming Cocktail, referred to as
SMC4 cocktail (Biovision,#S231) and Revitacell supplement
(Termofisher,#A2644501) at final dilution 1:100 according to

manufacturer recommendation.
IPS reprogramming

Blood samples were obtained under the IRB protocol#1702007608
and#1702007592 of Sidra Medicine or purchased from StemCell
technologies (#70025.1). Peripheral mononucleated cells (PBMCs)
were isolated using Ficollpaque (GE healthcare) as previously
described [14]. hiPSCs were derived from whole PBMCs by

transduction with Sendai viruses provided in the CytoTune
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iPS 2.0 Sendai Reprogramming Kit according to manufacturer
recommendation, using StemFlex medium instead of E8 medium.
Briefly, PBMCs were cultured in StemPro 34 complemented with
SCF (100 ng/ml), FLT-3 (100 ng/ml), IL-3 (20 ng/ml) and IL-6
(20 ng/ml) for four days prior to transduction. Three days after
transduction, cells were passed on Matrigel-coated dishes and
cultured in media without cytokines. At day 7 post-transduction,
the medium was changed progressively to StemFlex. The following
culture was performed as described above for hPSCs.

hPSCs staining and single-cell sorting

We performed surface marker analysis with the following antibodies:
SSEA4 conjugated with PhycoErythrin (Biolegend) and TRA-1-60
conjugated with Alexa Fluor 488 (Invitrogen). These two markers
are the best surface marker for selecting reprogrammed hIPSCs
[15,16]. While non-fully reprogrammed stem cells can express Tral-
60 on their surface in the early stages of reprogramming, Tral-
60 is the most robust marker of pluripotency from day 21 post-
reprogramming [15,17]. Fluorescent activated cell sorting (FACS)
was performed on a BD aria III cell sorter (Beckton Dickinson) as
previously published to accommodate hPSCs.

Briefly, we dissociated cells with RelLesR (Stemcell technologies)
for 5 min. After ReLesR aspiration, we further dissociated cell
clumps with 1 ml of Dulbecco’s phosphate-buffered saline (DPBS)
without Ca** and Mg” with a 1 ml pipette. Cells were counted
using a TC20 automated cell counter (Biorad). Cells were pelleted
by centrifugation at 120 g for 4 min with low brake. Pellets were
resuspended in 100 ul of DPBS without Ca* and Mg* and
stained with Zombie UV™ Fixable Viability dye (Biolegend)
according to manufacturer recommendation (1 ul per million
cells) followed by staining at room temperature for 15 min with
TRA-1-60 AF488 (dilution 1:50) and SSEA4-PE (dilution1:20).
Cells were then rinsed in 6 ml DPBS without Ca* and Mg*'
with centrifugation at 120 g for 4 min with low brake. Cells were
then resuspended in StemFlex Media prior to filtration on 40 pm
mesh (Becton Dickinson#352235). Cell sorting was performed
immediately. Data were acquired and processed with FACSDiva
6.3 software (BD Biosciences). We used a 100 pm nozzle to
sort the cells at a sheath pressure of 20 PSI. We established an
initial gate on forward and side light scatter (SSC-A x FSC-A),
we excluded doublets by forward and side scatter height vs. width
analysis (FSC-W x FSC-H and SSC-W x SSC-H). We excluded dead
cells based on their positive staining with Zombie UV Viability
dye (excitation 355 nm, filter 450/50). AlexaFluor 488 (AF488)
fluorescence was acquired with 488 nm blue laser excitation and
a 505 longpass filter followed by a 525/50 nm bandpass filter
(FITC). Phycoerythrine (PE) was acquired with a 514 nm green
laser excitation and a 586/15 nm filter emission (PE). Positivity
was defined based on unstained and Fluorescence Minus One
(FMO) samples. Newly reprogrammed hiPSCs gating was defined
based on the antigen expression level of an established cell line.
We show the gating strategy in Supplementary Figure 1. We sorted
cells with a single-cell sort purity mask directly in Matrigel-coated
96-well plates containing 200 pl of media (as indicated later). For
single-cell cloning, we cell sorted one cell per well (Figure 1).

Half of the media was changed 48 h post sort in all conditions
and the following two days. Complete media was changed every
day after.
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Figure 1: A) Percentage of well where colonies were observed after two weeks following sort with a variable number of cells sorted per well (logarithmic
scale). (B) Percentage of colonies observed in different sort conditions: p values represent in the figure are the BH FDR corrected p values. Each group
was compared with all the other groups. The p-values of the comparisons between Stemflex, StemFlex + Y-27632 , and % conditioned media completed
with ¥4 fresh StemFlex media vs.either % conditioned media completed with V4 fresh StemFlex media + Y-27632, % conditioned media completed with
Y4 fresh StemFlex media + SMC4 , % conditioned media completed with ¥ fresh StemFlex media + revitacell were all below 0.0001 and represented

as an aggregate.

Media conditioning and MV isolation

Based on the increased stability of B-FGF in the StemFlex medium
(up to 72 h according to the manufacturer), we produced a
“conditioned” StemFlex medium by culturing HE iPSC Line at
40%-50% confluence for 24 h to avoid the complete depletion of
media components. This conditioned medium was centrifuged at
300 g for 10 min, followed by a 20 min centrifugation at 2000 g to
eliminate cells and cell debris [18]. After these two centrifugations,
the conditioned medium was stored for up to 2 weeks at 4°C and
labeled as “conditioned medium”. We isolated MVs from the
conditioned medium by ultracentrifugation for 90 min at 100.000
g using UltraClear Tubes (#344058, Beckman Coulter) and an
SW32Ti rotor k factor-204 (Beckman Coulter) in an Optima XPN-
80 ultracentrifuge. The supernatant of ultracentrifugation was
saved and labeled as MV-“depleted media”. We resuspended the
pelleted MVs in a minimal medium volume (up to 1.5 ml for 300
ml of conditioned media) and stored medium and MV:s for up to 2
weeks at 4°C prior to use. We recorded the volume of the original
conditioned (spent) medium and diluted purified MV in a volume
of fresh StemFlex medium equivalent to the volume of the original
spent culture medium.

Qualitative and quantitative flow cytometry analysis of
MVs

All media fractions and MVs prepared as described previously
were analyzed using a Cytek Aurora spectral flow cytometer set up
to optimally detect Apogee calibration beads (ApogeeMix#1493,
Apogee). A double threshold was applied on Side Scatter Height
(SSC-H) and fluorescence B2-H corresponding to 528/10 emission
from blue laser (488 nm) excitation (B2 channel).

IPS validation by scorecard

We investigated the stemness and pluripotency of iPS postsort
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using the TagMan hPSC Scorecard Panel (Life Technologies)
[19]. Briefly, undifferentiated cells were grown as described
above and processed according to the manufacturer’s manual
and published literature. For random differentiation into the
three primary tissue lineages, we generated embryoid bodies
(EBs) by 15 days of culture in low adherence 6-well plates in
DMEM/F12 (Gibco,#10565-018) complemented with 20%
KnockOut serum replacement (Gibco,#10828-010), MEM
non-essential amino acids (Gibco,#11140-050) (I mM) and
B-mercaptoethanol (Gibco,#21985-023). We extracted total RNA
from undifferentiated and differentiated cells using the TRIzol
Reagent and RNeasy MinElute kit (Qiagen). We used DNAse
I (Thermofisher) to remove contaminating DNA and used 1lpg
of purified RNA for reverse transcription using a high-capacity
cDNA reverse transcription kit (Thermofisher). We performed
Quantitative PCR on a 7500 fast Real-Time PCR system from
Applied Biosystems.

We analyzed data online on the proprietary software of Life
Technologies that calculates the relative score for iPSCs based on
comparing expression profiles to a reference standard [20].

Immunofluorescence and confocal microscopy imaging

We confirmed the pluripotency of undifferentiated cells using
the Pluripotent Stem Cell 4-Marker Immunocytochemistry
Kit (Thermofisher,#A24881) according to the manufacturer’s
recommendation. Briefly, cells were cultured on chamber slides
(Nunc™ Lab-Tek™ Chamber Slide System, Thermofisher) coated
with Matrigel and were fixed and permeabilized each for 15
minutes using the kit-provided buffers. Slides were then blocked
with the kit blocking solution for 30 minutes before incubation
with primary antibody for 3 h at 4°C. After rinsing with wash
buffer, we incubated cells with secondary antibody for 1 h at room
temperature and rinsed with the wash solution. We counterstained
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and mounted cells using Vectashield Antifade Mounting Medium
with DAPI.

We stained differentiated cells with Human Three Germ Layer
3.Color Immunocytochemistry Kit (R&D Systems) according to
the manufacturer’s recommendation. Briefly, we differentiated
hIPSCs cultured in chamber slides into each of the three germ
layers according to the protocol of the Human Pluripotent
Stem Cell Functional Identification Kit (R&D Systems®,
Catalog#SCO027B) [21]). We stained ectoderm differentiated cells
with Northern Lights™ (NL) 557-conjugated Otx-2 and NL493-
conjugated SOX1. We stained mesoderm differentiated cells with
NL557-conjugated Brachyury and NL637-conjugated HANDI.
We stained endoderm differentiated cells with NL637-conjugated
SOX17 and NL493-conjugated GATA-4. Counterstain was done
using VECTASHIELD Antifade Mounting Medium with DAPI
(Dako).

We analyzed immunostainings on Zeiss LSM 780 confocal
microscope (Carl Zeiss) using ZEN Black software for image
acquisition and analysis. We acquired all images with a pinhole
set at 1 airy unit (AU) with a digital gain of 0. Specific setup of
the confocal microscope is given for each picture in Supplementary
Table 1. We acquired pictures of undifferentiated cells with a 63X
oil immersion objective and pictures of differentiated cells with a
40X oil immersion objective.

We analyzed colonies with an EVOS FL auto microscope
(Thermofisher) using 4X and 10X objectives and phase-contrast
with a 10X objective.

Genomic stability analysis

DNA was

(Qiagen,#69506) according to the manufacturer’s recommendation

Genomic isolated using Qiagen DNeasy kit
and quantified on Nanodrop. 290 ng of each sample DNA was used
as a template to run the qPCR test on 7500 fast Real-Time PCR
system from Applied Biosystems according to the manufacturer’s
recommendation against a control DNA provided in the hPSC
Genetic Analysis Kit (StemCell Technologies,#07550).

IPS surface marker analysis using LEGENDScreen

BioLegend’s LEGENDScreen™ Human PE Kit, which contains
361 PE-conjugated lyophilized monoclonal antibodies specific for
human cell surface markers and their ten matched isotype controls,
was used according to manufacturer recommendation on the HE
iPSC line. Briefly, after antibodies reconstitution with water, cells
were detached with ReLesR (Stemcell technologies) for 5 min as
described above for single-cell sort. Cells were finally resuspended
in the staining solution and filtered through a 40 pm cell strainer.
3.105 cells were added to each well of the plates containing the
reconstituted antibodies and stained for 30min at 4°C. Cells were
washed twice with staining buffer, centrifuged at 500 g for 10min,
and rapidly flicked to remove liquid. Cells were then fixed using
the provided fixation buffer for 10min and washed two additional
times with staining buffer (Thermofisher). We acquired 100 pl
per well of stained cells with an Acea Novocyte flow cytometer.
We estimated the percentage of cells stained for a given marker
by comparing the fluorescence intensity of the antibody-stained
cells with that of matched isotype control. We analyzed data with
Novoexpress from Acea Bioscience (Supplementary Table 2).

Statistical analysis

We calculated the correlation between the number of cells seeded
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per well and colonies formation at 6 days postsorting by linear
regression. We calculated P with a two-tailed test from the correlation
coefficient score using all data. In order to compare differences
among groups we fitted a general ANOVA model adding contracts
between each group in comparison, and subsequently corrected the
significance level for multiple tests using Benjamini and Hochberg

(BH) False Discovery Rate (FDR).
RESULTS

Cell isolation seems to impair more single cell survival
than sort stress

We adjusted several parameters to reduce the stress induced by cell
sorting. First, we reduced the number of surface markers analyzed to
minimize any effects, such as receptor binding-induced activation.
To this end, we sought to define a minimal set of markers to define

IPSc.

When analyzed at day 21 and 35 post reprogramming, we could
detect 40% of TRA1-60- SSEA4+ cells, 2,1% of cells were Tra-1-
60+ SSEA4+ and 24,5% of Tra-1-60+ SSEA4-. We performed
further staining’s and sorts by gating only on cells expressing Tra-
1-60, which we use as a marker of pluripotent cells. We limited
the lengths of the cell staining and sorting procedures to minimize
their impact on stem cells. We established on HE iPSC line that
for TRA-1-60 and SSEA4, 15-minute staining was as good as 1-hour
staining and performed all staining with an incubation time of 15
min (Supplementary Figure 1c).

We investigated how cell sorting affected the survival of cells
sorted from the well-established IPS line HE iPSC or the ESC
lines ES4 and H1 (Figure 1). For each cell line, we sorted 500,
100, and 10 cells per well into 8 wells, and 5, 3, and 1 cell per
well in 24 wells in a 96-well plate containing 200 pl of fresh media
complemented with Y-27632 (Figure 1la). Two weeks postsort,
the wells wermnj examined, and wells displaying cell colonies
were enumerated. Wells seeded with 500 or 100 cells per well
systematically succeeded at growing colonies in each well (8 out
of 8 wells displayed colonies for each cell line). Wells seeded with
10, 5, 3 or 1 cell, had significant decreased cell colonies counts at
each stepdown in number of seeded cells (66.66+/-5.8%, 54.16+/-
3.4%, 25+/-3.4% and 5.55+/-1.96% respectively). We assessed the
regression between the number of wells two weeks postsort and
the number of cells used to seed the wells between 10 and 1 cell
per well (we excluded 100 and 500 because they support 100%
cell growth) and found a linear regression (R=0.8439, P=2.43.10-5).
These results indicate that, in our conditions, the colony-forming
ability of sorted cells is around 5.5%.

Test of different sort-media to increase survival

Experiments described below were performed on well-established
cell lines and hiPSCs lines derived from reprogrammed PBMCs
35 days post-transduction. We produced a conditioned StemFlex
medium by culturing HE iPSC line at 40%-50% confluence for
24 h to avoid the depletion of media components. To ascertain
the presence of all components and sufficient BFGF, we used 4
conditioned media complemented with % of “fresh” media. Data
illustrated in Figure 1b and Supplementary Table 3 represent
results obtained for HE iPSC and two newly reprogrammed
hiPSCs lines (total three cell lines). We performed all sorts in
a 96-well plate with 95 wells seeded with only one cell and one
reference-well seeded with 100 cells. The analysis was done only in
the 95 wells seeded with one cell. Conditioned media alone was

4
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insufficient to improve cell survival and colony formation. We,
therefore, tested the use of Y-27632, SMC4 cocktail, and Revitacell
to complement the conditioned media. There were no statistical
differences in survival and colony formation for cells cultured with
the three supplements despite slightly better results using Y-27632
(p=0.0945 between Y-27632 and Revitacell) in our conditions (Figure 2).

The microscopic analysis of the colonies obtained after six days in

OPEN aACCESS Freely available online

wells seeded with a single cell clearly showed a better morphologic
aspect of the cells and colonies when we cultured sorted cells in
the presence of Y-27632 compared to the SMC4 cocktail (Figure
2A). In our setup, culturing single-cell sorted hiPSCs was most
efficient using % of conditioned media complemented with ¥4 of

fresh StemFlex media with Y-27632. We then investigated further

the role of the conditioned medium.

¥-27632

SMC4

Effect of different fraction of conditioned media
on single cell survial
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Figure 2: Note: A) Representative microscopic appearance of colonies sorted in % conditioned media completed with ¥4 fresh StemFlex media with
Y-27632 or SMC4 cocktail , scale bar represents 50pm. (B) Percentage of colonies observed in different sort conditions: StemFlex with Y-27632 , %
conditioned media completed with V4 fresh StemFlex media with Y-27632 , ¥ depleted media completed with ¥4 fresh StemFlex media with Y-27632,
MVs in fresh StemFlex media with Y-27632 . Pvalues represent in the figure are the BH FDR corrected p-values.
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Fraction of “conditioned media” leading to cell survival

Considering that hPSCs release a significant amount of MVs and
that MVs are involved in many aspects of cell-to-cell communication,
we investigated if secreted MVs were responsible for the survival
of single cells seeded in a conditioned medium. Therefore, to
isolate the effect of MVs, we generated a fresh culture medium
complemented with MVs isolated from conditioned media and
depleted MVs from conditioned media to isolate the effect of other
soluble factors.

First, we analyzed the MVs released by the PSCs using the Cytek
Aurora flow cytometer. We set up the cytometer using ApogeeMix
reference beads, comprising silica beads of 180 nm, 240 nm, 300
nm, 590 nm, 880 nm, and 1300 nm in diameter, and latex green
fluorescent beads of 110 nm and 500 nm diameter (Supplementary
Figure 2a). The threshold cutoff of analysis was defined using 40
nm filtered water. Unlike PBS, which contained few detectable
particles, (81+/-8 events/ul, n=3), StemFlex contained more
detectable vesicles (18077+/-1410 events/pl, n=3) and conditioned
media contained the highest amount of detectable vesicles
(65694+/-10914 events/ul, n=9) reflecting the vesicles production
by cells in culture. Ultracentrifugation of the conditioned medium
depleted 91% of the microparticles, reducing their number to
5449+/-1339 events/ul (n=6). Pelleted MVs, when reconstituted
to their original volume, reached a concentration of 74450+/-8610
events/ul (n=8), a number not significantly different from their
original concentration (p=0,0006) (Supplementary Figure 2).

We tested the effect of different media fractions on the formation
of colonies from single-cell after cell sorting. We performed
this analysis on three “newly” reprogrammed cell lines 35 days
post-transduction and on HE iPSC line (4 cell lines total). We
performed all sorts in a 96-well plate with 95 wells seeded with
only 1 cell-per well and 1 well seeded with 100 cells as reference.
Conditioned media+Y-27632 and depleted media+Y-27632 gave
the highest number of well containing cell colonies 18.68+/-2.27%
and 14.73+/- 3%, respectively compared to StemFlex+Y-27632
(3.68+/-2.06% (p=0.0002 and p=0.0025). The number of colony-
positive wells was not different in cells cultured in MVs-containing
media+Y-27632 (8.94+/-4.15%) compared with cells cultured
StemFlex+Y-27632 (P=0.111) (Figure 2B and Supplementary Table
4). Altogether, those data indicate that the survival observed when
using conditioned media is mostly due to hPSCs-released soluble
factors that remain in the MVs-depleted fraction and are not
associated with MVs.

Stemness validation and genome stability

We ascertained the stemness of derived hiPSCs clones by
performing several validation assays on colonies obtained in
each sort condition (Figure 3). First, we used the TagMan hPSC scorecard
assay to verify that cells did express pluripotency RNAs and could
differentiate in all three germ layers (Figure 3a, Supplementary
Figure 3a and 3b). In all conditions, we validated at least one
clone by scorecards. We validated three different clones cultured
in conditioned media, one from an established cell line and two
from newly derived hiPSC. For MVs-depleted conditioned media,
we validated one clone derived from an established hiPSC line
and one from a freshly derived hiPSC. For supplemented culture
medium, we validated one clone from a newly derived hiPSC. All
clones were validated using scorecards. We further characterized
two conditioned-media-derived clones by immunocytofluorescence
staining (1 established cell line and one newly derived cell line).

Single Cell Biol, Vol. 12 Iss. 4No: 1000068

OPEN aACCESS Freely available online

As shown in Figure 3b, undifferentiated cells stained positively for
Oct4, Sox2, SSEA4, and Tral-60. Their differentiated counterparts
were stained positively for Otx2 and Sox1, Brachyury and Hand1
and Sox17 and Gata4 for ectoderm, mesoderm, and endoderm
differentiated cells, respectively (Figure 3c).

We tested the stability of the genome of sorted cells using a qPCR
that detects the eight most common karyotypic abnormalities
reported in hPSCs. Our results showed genome integrity in all
clones tested in all sort conditions (Figure 3d).
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Figure 3: NOTE: (A) Results of scorecard analysis of tested clones; (B)
Immunostaining of undifferentiated hiPSCs stained with OCT4-Alexa
Fluor® 555 ( @ ) and SSEA4-Alexa Fluor®488 (#) and DAPI (@),
scale bar of 20 pm; (C) Immunostaining of undifferentiated hiPSCs
stained with Sox2-Alexa Fluor ® 488 (#) and TRA1-60-Alexa Fluor®
555 (@) and DAPI (®); (D) Immunostaining of ectoderm differentiated
cells stained with NL557-Otx-2 (@), NL493- SOX1 (®) and DAPI
(®), mesoderm differentiated cells stained with NL557-conjugated
Brachyury (@), NL637-HANDI (@), and DAPI (®), endoderm
differentiated cells stained with NL637-SOX17 (@), NL493-conjugated
GATA-4 (®) and DAPI (@), scale bar of 20 um; (E) Representative
results of genetic analysis using hPSC Genetic Analysis Kit, scores
closer to 0 indicate comparable copy number between the iPS cell
line tested and the reference controls; scores>1 indicate upregulation;
scores<I] indicate downregulation; Control (#); SCT conditioned

(®); SCT depleted(®).
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Together those results show that in our setup, single-cell sorting
allows the cloning of cells that can form colonies of pluripotent
stem cells with no noticeable genome alteration.

Identification of receptors present on hPSCs potentially
responsible for improved survival.

We analyzed many surface markers expressed on hPSCs using the
LEGENDScreen assay (Supplementary Table 2). We intended to
identify a specific cell-surface receptor that could be responsive to
soluble factors released by hPSCs and could affect cell survival.
Several markers analyzed in the LegendScreen play a role in cell
survival, such as Cytokine-Cytokine receptor interaction and PI3K-
Akt signaling.

For instance, we could identify 9 receptors expressed (in more
than 20% of the cells) on the surface of the HE iPSC line that
are involved in the PI3K-akt pathway (CD29 (99,49%), CD49f
(98.05% of cells), CD49e (69,14%), EphA2 (52,86%), CD49b
(38,49%), CD49¢ (31,38%), CD49a (25,59%), CD221 (46,91%)
and CD51(71,47%) (Supplementary Table 2). 46.91% of HE iPSC
cells) expressed the insulin-like receptor 1 (IGFR1b, CD221 and
71.47% of cells expressed CD51.

DISCUSSION

Manual passaging techniques for Stem Cell colonies were
significantly improved by switching from traditional trypsin or
collagenase to new enzymatic digestion methods with dispase
and accutase [22,23]. More recently, non-enzymatic, EDTA-based
methods or proprietary methods have improved cell detachment
and passaging [24]. These new approaches have significantly
improved cell survival following cell digestion required for cell
passage. Manual selection of clones is highly subjective and
prone to maintaining the heterogeneity of colonies found in the
small aggregates that can contain un-reprogrammed or partially
reprogrammed cells. This time-consuming method is hardly
applicable to deriving many clones needed to screen genetically
modified cells. In that regard, single-cell sorting is the only method
that allows isolating “true” stem cell clones. One of the significant
challenges remaining for applying this method to hPSC is the
poor survival and colony formation of single-sorted cells. Previous
publications have reported improved methods for single-cell sorting
of cells culture on feeder layers of mouse embryonic fibroblasts
(MEFs) or improved conditions for well-established cell lines
[25-27]. Recent method employed microfluidic instruments for
efficient and reliable survival, but do not apply with conventional
flow cytometry [28]. Here we report a protocol that improves cell
survival and can be applied to well-established cell lines and newly
reprogrammed hiPSCs.

HPSCs are particularly sensitive to culture conditions [29].
Therefore, we decided to minimize the time between the cell’s
detachment and the reseeding of sorted cells. As maximum
staining was obtained with an antibody incubation time of only 15
minutes at 37°C, we could minimize the time between detachment
and re-seeding to 30 minutes. The Tra-1-60/ SSEA4 staining of
reprogrammed cells conforms to reported results [30]. Because Tra-
1-60 expression has been reported to be the best marker of cells
that will undergo entire reprogramming, cells were cloned solely
based on their expression of this marker [31].

Under these conditions, we sorted a various number of cells per
well, and in agreement with previous reports, demonstrated that
when multiple cells are sorted together, cell survival and colony
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growth are greatly improved [4]. This demonstrates that the single-
cell-dissociation and sortstress are not solely responsible for
increased death of hiPSCs postsort, but physical isolation plays
an essential role. One possible explanation for the improved
survival in cell-sorted as multiple cells that we referred to as “crowd
effect” was previously reported as a ‘neighbor model’ and “social
behavior”, where “hPSCs survive better with neighboring cells
than in isolation” [3,25]. These studies found that single-cell-
cloning efficiency can be significantly improved when MEFs are
present [25]. They refer to the work of Phadnis et al. to hypothesize
that these effects may stem from signals that may include the direct
sensing of neighboring cells or via cytokines/chemokines release

(3].

We, therefore, used “conditioned media” (complemented with
fresh media at a ratio of 3 to 1 to ensure the availability of fresh
nutrients) to improve the cell survival postsort. We demonstrate
that the addition of conditioned media alone was insufficient to
ensure cell survival. We, therefore, tested the addition of previously
reported molecules that improve the survival of hiPSCs isolated
as single cells [7]. Unlike previously published, in our conditions,
Y-27632 and SMC4 cocktail showed better results than Revitacell,
but Y-27632 treatment gave rise to colonies which, upon optical
microscopy evaluation, showed a morphology typical of healthy
and undifferentiated hPSCs colonies.

We demonstrated that in the presence of ROCK inhibitors (Y-
27632), single-cell-sorted hPSCs had a higher survival rate in
StemFlex medium conditioned with HE iPSC line rather than
with fresh medium. This technique was used to derive clones
from well-established cell lines and from “newly” reprogrammed
hiPSCs. This provides significant advantages both for facilitating
and streamlining the hiPSCs derivation process and clonal
isolation of genetically engineered cells compared to the manual
isolation process. Despite the significance of our results, our tests
were performed on a limited number of cell lines, and those results
should be validated on a larger number of cell lines. Though it
is noteworthy to state that while we employed Matrigel in the
experiment shown in this manuscript, we successfully employed
this method with Geltrex (data not shown) which constitutes a
more reliable animal free substitute. These finding are consistent
with previous report on the topic [27]. Also, in the recent past
numerous commercial solutions were developed to improve single
stem cell survival and should be compared to our method.

To understand the mechanism underlying this “Crowd effect” and
the reason for this improved survival, we tested which elements in
the “conditioned media” enhance the survival. hPSCs release MVs
in vivo and in vitro. We isolated MVs from the conditioned media
by ultracentrifugation for 90 min at 100.000 g. We then tested
independently the fraction “depleted” of MVs and the purified
MVs (complemented with fresh media) separately [11,12]. Our data
demonstrate that most survival effect observed is conserved by
the “depleted” fraction, hinting that soluble factors are primarily
responsible for the effect (soluble proteins).

By screening for the cell surfaceome of hPSCs using the
LEGENDScreen assay, we tried to identify receptors that
conditioned media could activate. Our surface marker analysis
using LEGENDScreen agrees with previously reported studies, and
its results are typical of that of primed pluripotent state [32,33].

The activation of the PI3K Akt pathway is essential for the survival
of pluripotent stem cells, and we found the expression of 9 receptors
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expressed at the surface of our hPSCs involved in this pathway
[34]. Receptor CD49f, for example, is known to bind to LAMA,
LAMB, and LAMC and stimulate the expansion of stem cells [35].
EphA2 was found expressed on our cells, and Ephrin proteins and
receptors have also been shown to stimulate the growth of Stem cells
[36]. Multiple cytokines such as FGF19, SDF-1, and CFS-1 were
previously reported as expressed by hPSCs and implicated in cell
survival and even essential to mobilize hPSCs and maintain their
stemness [37-39]. We, therefore, expected to find the corresponding
receptors expressed on our cells. Surprisingly, our surface marker
analysis showed the expression of CD184 (CXCR4) (receptor of
SDEF-1a) in only 2.39% of cells and CXCR7 (alternative receptor
of SDF-1a) in only 1,38% of cells. These surprising results were
compatible with previously published data [33]. It is noteworthy that
the team of M. Roederer showed that flow cytometry chemokine
receptor staining on lymphocytes is strongly affected by the isolation
method and best achieved when staining is performed at 37°C and
not 4°C as recommended by Biolegend for LEGENDScreen [40].
Though using LEGENDScreen, other groups reported a stronger
expression of CXCR4 (38%) on embryonic stem cell lines [32].
Other investigations showed that hiPSC lines display little if any
expression of CXCR4 or CXCR7, while embryonic stem cell lines
tend to have higher expression. Those receptors were reported to
have an important role for differentiation when overexpressed, and
therefore a restricted expression is more in line with pluripotency
[41]. Other markers like CD51 (ITVGA) and IGFR1 were also
found to be expressed on the surface of hPSCs. All these receptors
were shown to be implicated in selfrenewal and pluripotency
maintenance [42]. In consequence, as we identified multiple
potential receptors that could be responsible for stem cell survival
and stemness maintenance, we hypothesize that the effect observed
with conditioned media does not rely on a single pathway or
cytokine-cytokine receptor interaction but, as previously proposed
on a finely balanced combination of multiple factors and signals
secreted by the HE iPSC line and their respective receptors [38].

CONCLUSION

In summary, this research challenges the notion that cellsorting
stress is the primary factor leading to decreased survival or genetic
instability in Human Pluripotent Stem Cells (hPSCs) post-sort.
This stress can be reduced by adjusting parameters during cell
sorting, including minimizing the number of surface markers
analyzed and optimizing staining procedures, to mitigate stress.
Notably, we introduced a “crowd effect” by sorting multiple cells
together, demonstrating a significant improvement in cell survival
and colony growth, countering the belief that single-cell sorting
stress is the main cause of reduced survival. The investigation of
conditioned media supplemented with various molecules revealed
that Y-27632 significantly enhanced survival and morphological
characteristics of sorted cells. Furthermore, the study delves into the
role of Microvesicles (MVs) in cell survival, suggesting that soluble
factors within the MVs-depleted fraction contribute significantly
to the observed effects. The identification of multiple receptors
associated with the PI3K-Akt pathway and other signaling pathways
further supports the hypothesis that the enhanced survival is a
result of a balanced combination of signals from various factors
secreted by hPSCs. Overall, the findings present a streamlined
protocol for improving cell survival during single-cell sorting,
offering affordable and valuable insights for advancing stem cell
research and applications.
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