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Introduction
Induced pluripotent stem cells (iPSCs), derived from 
numerous sources such as primary fibroblasts or 
hematopoietic stem cells (HSCs), are rapidly becoming 
the gold standard model system for drug development, 
as well as a scalable source for cell-based therapies.  
Characterization of iPSCs to ensure quality and cell fate 
are key to their use.  Advanced flow cytometry methods 
are an instrumental part of the characterization process, 
able to accurately and efficiently phenotype cells 
during different stages of derivation and expansion.

In this article collection, we highlight four recent 
publications that illustrate not only the use of pluripotent 
stem cells for cell-based therapies but how flow cytometry 
can be utilized to measure cell parameters.  First, Vladimira 
and Bojanić (2021) discuss the current state of advanced 
flow cytometry for the evaluation of cellular therapies 
based on (HSCs) from several sources.  The authors provide 
a review of the use of flow cytometry, validation methods, 
and the principles of evaluating the quality and viability 
of HSC.  Next, Du et al (2022) details the derivation of 
natural killer (NK) cells from a source of HSCs, in this 
case cryopreserved human cord blood. Flow cytometry 
for markers such as CD34, CD45 and NKp46 was used 
to examine phenotypic changes during the derivation 
process to characterize the differentiated cells.  Correct 
evaluation of the state of the iPSC-derived cells by advanced 
flow cytometry is a crucial step in creation of cellular 
therapies for quality control and cell line establishment.

Generation of large-scale iPSC culture requires careful 
maintenance and regulation of processes such as cell 
division and metabolism to confirm pluripotency and to 
eventually ensure the culture differentiates towards the 
target cell type.  Kim et al (2022) introduces a novel method 
for synchronizing iPSC cultures by application of botulinum 
hemagglutinin (HA) to block the activity of E-cadherin, which 
impacts both cytoskeletal activity and stem cell pluripotency.  
The authors employed flow cytometry to evaluate the degree 
of cellular synchronicity induced by the HA treatment.  
Finally, in the production of iPSC cultures, a key parameter 
in promoting high quality, on-target cell fate derivation is the 
size of the cell aggregates.  This is even more critical in the 
use of large-scale cultures required for cell-based therapies.  

Torizal et al (2021) explores the use of a ring-shaped culture 
vessel for iPSC culture expansion as an alternate to large 
scale suspension cultures.  They found that cell aggregates 
formed and expanded in a manner that produced multiple 
dermal lineages based on aggregate size and produced 
improved metabolic and pluripotency states, using flow 
cytometry assays to measure stage-specific markers.

We hope that readers of this article collection will 
gain a deeper appreciation for the utility and role 
of advanced flow cytometry in the production, 
characterization and expansion of induced pluripotent 
stem cells for clinically relevant applications.
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Abstract

Cellular therapy nowadays includes various products from haematopoietic stem cells

(HSC) collected from bone marrow, peripheral blood, and umbilical cord blood to

more complex adoptive immune therapy for the treatment of malignant diseases, and

gene therapy for inherited immune deficiencies. Broader utilization of cellular therapy

requires extensive quality testing of these products that should fulfil the same

requirements regarding composition, purity, and potency nevertheless they are man-

ufactured in various centres. Technical improvements of the flow cytometers accom-

panied by the increased number of available reagents and fluorochromes used to

conjugate monoclonal antibodies, enable detailed and precise insight into the func-

tion of the immune system and other areas of cell biology, and allows cell evaluation

based on size, shape, and morphology or assessment of cell surface markers, as well

as cell purity and viability, which greatly contributes to the development and progress

of the cell therapy. The aim of this paper is to give an overview of the current use

and challenges of flow cytometry analysis in quality assessment of cellular therapy

products, with regard to basic principles of determining HSC and leukocyte subpopu-

lation, assessment of cells viability and quality of thawed cryopreserved HSC as well

as the importance of validation and quality control of flow cytometry methods

according to good laboratory practice.

K E YWORD S

cellular therapy, flow cytometry, haematopoietic stem cell transplantation

1 | INTRODUCTION

The field of cellular therapy has been constantly evolving since the

first bone marrow (BM) transplantation in the 1950s, and currently

has been successfully implemented as a treatment for patients with

malignant, congenital, or acquired diseases of the haematopoietic sys-

tem.1 Cellular therapies that initiated with haematopoietic stem cell

(HSC) transplantation, now are becoming more complex including

adoptive immune therapy for malignant diseases and gene therapy for

the treatment of inherited immune deficiencies.2 The novel promising

cellular therapies are immune effector cells (IECs), such as gene-

modified T cells and natural killer (NK) cells.3 Broader utilization of cel-

lular therapy requires extensive quality testing of these products that

should fulfil the same requirements regarding composition, purity, and

potency nevertheless they are manufactured in various centres.4 In

order for cellular therapy products to be exported from one centre to

another for further clinical use, it is critical to have mechanisms in

place to ensure that the cell collection and processing procedures

yield safe, effective, and comparable products at all centres.

Initially, the evaluation of the quality of BM graft was limited to

enumeration of total nucleated cells and colony forming unit (CFU)

testing, while nowadays various assays have been used for assessing

the quality of cellular therapy products. The assessment of the cell

type may involve evaluations based on cell size, shape, and morphol-

ogy, or the evaluation of cell surface markers by flow cytometry. The

purity of the cells is also often evaluated by flow cytometry, as well as
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cell viability measured by dye exclusion assays. Flow cytometry has

applications in various fields such as immunology, cellular biology,

bacteriology, virology, cancer biology and infectious disease monitor-

ing. It has seen dramatic advances over the last 30 years, allowing

detailed and precise insight into the function of the immune system

and other areas of cell biology.5 This paper aims to give an overview

of the current use and challenges of flow cytometry analysis in the

quality assessment of cellular therapy products used in HSC trans-

plantation setting.

2 | FLOW CYTOMETRY: PRINCIPLES,
INSTRUMENTS, REAGENTS

Flow cytometry is a technique utilized in many different settings,

both in the routine laboratory and in research facilities. With the

advancement of technology, the field of flow cytometry is also

evolving, so today special types of instruments have been designed

for specific purposes, for example, system that combines microscopy

and flow cytometry or flow cytometry with mass spectrometry. This

technique allows simultaneous analysis of cell characteristics of

mixed cell population from peripheral blood (PB) and BM as well as

solid tissues that can be dissociated into single cells, with cell

sorting for further analysis, which is one of the main application of

flow cytometry.5

Technical improvements of the flow cytometer are accompanied

by an increase in the number of available reagents and fluorochromes

used to conjugate monoclonal antibodies which results in the com-

plexity of the analysis and requires the use of newer cluster data anal-

ysis algorithms. All that improves methods of data mining allow useful

information to be extracted from the high-dimensional data now avail-

able from flow cytometry.5

In addition to immunophenotyping, which is the most used appli-

cation in flow cytometry, apoptosis analysis, cell cycle analysis and cell

sorting are also used in the quality assessment of cellular therapy

products.5–8

3 | ENUMERATION OF HAEMATOPOIETIC
STEM CELL

HSC sources currently used for transplantation are BM, mobilized PB

and umbilical cord blood (UCB).9 Each type of HSC graft requires a

different method of collection and processing, and has its advantages

and disadvantages. BM has been almost completely replaced as a

source of HSC with peripheral blood stem cells (PBSC), due to easier

collection with leukapheresis procedure without the need for general

anaesthesia and more rapid haematopoietic reconstitution after trans-

plantation.10,11 HSCs from UCB have a high clonogenic potential and

because they are immunologically naive and immature, can be

transplanted with only partial histocompatibility. But due to their lim-

ited volume, UCB is mainly applicable in transplantation of paediatric

patients.9

Regardless of the source of HSCs, haematopoietic stem and pro-

genitor cells appear morphologically as either small lymphocytes in

the case of the earliest stem cells or in the case of maturing progeni-

tors, as blast forms. Therefore, they can be identified only by func-

tional assays or by immunophenotypic surface marker analysis.

Phenotype of HSC is CD34+/CD45dim/SSClow/FSClow and intermediate.12

Later progenitors may be functionally assayed in soft agar culture

systems. When supported by the proper growth factors, they form

colonies of their progeny that can be enumerated and expressed as a

particular number of CFUs per total number of cells plated. Functional

assays for enumerating different species of HSCs require several

weeks of sterile culture incubation. Therefore, these assays have

some disadvantages, and the most significant being poor intra- and

inter-laboratory reproducibility, non-standardization, and long turn-

around time.13,14 Hence, functional haematopoietic cell assays in

transplantation clinical practice are generally limited to quality-control

procedures of cryopreserved cells and are rarely used in routine labo-

ratory testing.

The measurement of CD34+ cells by flow cytometry has, how-

ever, become the universal assay for measuring the potency of HSC

products. The evaluation of absolute CD34+ cell count in patient PB

is also important for the decision of optimal timing to start the

leukapheresis procedure. According to the Joint Accreditation Com-

mittee of International Society of Cellular Therapy (JACIE) standards,

enumeration of viable CD34+ cells must be performed in fresh PBSC

products to access the graft quality.15 Minimal CD34+ cell count for

one transplantation is ≥2 � 106 CD34+ cells/kg of recipient's body

weight, while the optimal is 5 � 106 CD34+ cells/kg of body weight,

which is associated with faster recovery of neutrophil and platelet

count after transplantation.16,17

Although laboratories for quality control in transplant centres use

different protocols for determining CD34+ cells, the protocol of Inter-

national Society of Hemotherapy and Graft Engineering (ISHAGE) is

the most commonly used (Figure 1).18 This protocol has been continu-

ously updated, by introducing counting beads and including viability

dyes.12 However, there are still differences between laboratories

using the ISHAGE protocol: some use single platform method, while

others dual platform.19 The benefit of the single platform is the simul-

taneous determination of the percentage and absolute count of

CD34+ cells using fluorescent microspheres (beads), which can be in

liquid phase or in lyophilized form. The main advantage of lyophilized

beads is that the tube contains an exact number of beads which

allows the calculation of the absolute cell count. Furthermore, there is

a difference in the cell labelling protocol which depends on whether

the single or dual platform method is used. Some laboratories use

lyse-wash method (dual platform), while others use lyse-no wash

method (single platform) which lasts shorter and potential cell loss is

prevented. Although the ISHAGE protocol for CD34+ cell determina-

tion is used in many laboratories, the mentioned differences indicate

that standardization is necessary.

Although according to EBMT guidelines, CD34+ evaluation is not

mandatory for the assessment of BM many centres include it in qual-

ity testing.20 If the laboratory performs determination of viable
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CD34+ cells in BM samples, it is necessary to carefully set up proto-

cols and templates for cells analysis on flow cytometer. Compared to

CD34+ cells enumeration in PB or in PBSC graft, the analysis of BM

samples is challenging because they contain high red blood cell count

and may contain fat, cell clumps which all complicate the analysis.

Therefore, the settings on the flow cytometer must be adjusted to

reduce debris and allow a more accurate determination of the popula-

tion of CD34+ cells.

4 | ASSESSMENT OF CELLS VIABILITY

The viability of cells was firstly evaluated using the dye exclusion

tests, based on the principle that live cells possess intact cell mem-

branes that exclude certain dyes, whereas dead cells do not. The cell

suspension is mixed with dye and then visually examined to determine

whether cells take up or exclude dye. The most common dyes used

for performing dye exclusion tests are trypan blue, eosin Y, acridine

orange, or propidium iodide. Dye exclusion is a simple and rapid tech-

nique, but the limitation of the method is that viability is determined

indirectly from the assessment of cell membrane integrity. It is impor-

tant that the test be performed accurately because a small amount of

dye uptake indicative of cell injury may go unnoticed.21,22

As already mentioned, in addition to the number of CD34+ cells,

according to the JACIE standards it is necessary to determine the via-

bility of collected and processed/cryopreserved cells. In the assess-

ment of CD34+ cells viability, the most commonly used dye is

7-aminoactinomicin D (7-AAD), which binds to GC region of the cell

DNA, and allows the determination of necrotic cells and those in late

apoptosis (7-AAD positive) using flow cytometer.22 Besides 7-AAD,

some laboratories still used dye excluding tests in routine work, but

because 7-AAD has become a standard part of the ISHAGE protocol,

F IGURE 1 Gating strategy for analysis of CD34+ cells haematopoietic stem cells for single platform using modified ISHAGE protocol.
ISHAGE, International Society of Hemotherapy and Graft Engineering
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most laboratories use it to determine the viability of CD34+ cells.21

The main disadvantage of the method with 7-AAD, as well as the pre-

viously mentioned dye exclusion tests, is a failure to detect cells in

early apoptosis, which may lead to overestimation of graft cell viabil-

ity.23 Several studies have shown that the method using Annexin V

(Ann V) is suitable for detection of cells in early apoptosis.14,24

Annexin V is a protein that has a high affinity for negatively charged

phospholipids, such as phosphatidylserine, which are characteristic of

the cytoplasmic side of the viable cell membrane. But in early apopto-

sis phosphatidylserine becomes exposed on the cell surface due to cell

membrane asymmetry and can be detected using a reagents con-

taining Ann V protein and Ann V binding buffer with calcium, which

allows binding Ann V to negatively charged phospholipids. It may be

useful to evaluate the apoptotic status of progenitor cells before

beginning ex vivo manipulation procedures such as stem cell expan-

sion or gene therapy.25 Other assays for the determination of apopto-

tic cells that are used in research settings are method with DNA

binding dye Syto 16, method for detecting activation of caspases,

TUNEL (TdT dUTP Nick End Labeling) assay for detection of endonu-

clease digestion of DNA, and method for detection of mitochondrial

apoptosis using dyes that determine mitochondrial membrane poten-

tial and chromation condensation in the nucleus using method with

specific dye.5,26

5 | ASSESSMENT OF QUALITY OF
THAWED CRYOPRESERVED HSC

Fresh HSCs, once harvested, are only viable for several hours to a few

days, limiting their use and geographical reach. Currently, HSCs and

other cell therapies are cryopreserved using the same techniques with

cryoprotectant dimethyl sulfoxide (DMSO) at a slow cooling rate.27

Cryopreservation of HSCs allows their transportation from the site of

processing to the site of clinical use, creates a larger window of time

in which cells can be administered to patients, and enables sufficient

time for quality control and regulatory testing. Despite these

benefits, during processing, cells are exposed to some factors

(e.g., centrifugation, condition of storage, and thawing process) that

can lead to the reduction of the cell count in graft, but also to a

decline in cell viability after thawing.27

The gold standard for cryopreservation for HSCs is still DMSO.

The timing of cell exposure to DMSO is very important because

DMSO can directly impact cellular function by affecting metabolism,

enzyme activity, apoptosis, and cell cycle. In addition, the effect of

DMSO depends on the type of cells, the stage of cell differentiation,

the duration of exposure, and DMSO concentration.28 Since DMSO

has the toxic effect on the cells in thawed graft and could also cause

adverse reactions during the infusion, in some transplant centres it is

removed from thawed HSCs before transplantation.27 However, the

question is how many cells are lost and damaged by this process,

because it is known that the number of viable CD34+ cells in a

thawed product is actually a real number transplanted to the

patient.11,29 In addition to the DMSO, some other factors affect the

recovery of the cells after cryopreservation, such as cell concentra-

tion, pre-freeze storage conditions, freezing rate, and storage temper-

ature, which also affect cell viability.27

It is well known that ‘single platform’ method in combination with

7-AAD represents the reference method for determining the count of

viable CD34+ cells in fresh samples. However, for analysing thawed

cryopreserved samples modification of the method is necessary. It is

recommended to adjust the gates Side scatter versus Forward scatter

and CD45 versus SSC in order to allow the acquisition of a higher

number of dead and live cells. Therefore, analysis of thawed samples

requires the adaption of gatting strategy and acquisition settings for

the purpose of more precise and accurate analysis of HSC.11,30

According to NetCord – Foundation for the Accreditation of Cel-

lular therapy (FACT) standards for Cord Blood Banks the post-thaw

CD34+ cell viability should be ≥70%.31 There are no such recommen-

dations for minimal CD34+ cell post-thaw viability of PBSCs, and it is

only required that the viability of nucleated cells should be >50% after

freezing and thawing of apheresis product.32 It is therefore question-

able how to perform the quality control of the PBSC graft after

thawing and which assays and methods should be used. Although

some studies evaluated the methods for post-thaw viability of PBSC

and CB, as well as attempted to standardize process from sample

preparation to acquisition on flow cytometer, still there are no guide-

lines defining each step in the process after thawing of cryopreserved

samples, for example, exact conditions of sample thawing, is it neces-

sary to wash cells, dilute the samples and remove cryoprotectant

before labelling, and acquisition on flow cytometer.33,34

In quality specifications for UCB, post-thaw CFU is still one of the

requirements, but due to the before mentioned disadvantages of CFU

assay, in routine work it would be desirable to use assay with higher

reproducibility and a shorter turnaround time for faster assessment of

graft quality.35,36 Although 7-AAD is the most commonly used dye for

the determination of cell viability on flow cytometer in HSC trans-

plants, the lack of a test is that it cannot determine cells in early apo-

ptosis. Since it is known that in early apoptosis the functioning of the

cell is impaired, the question is whether such damaged cells

have the possibility of proliferation. Thus, it would be useful to deter-

mine the viability of cells, in addition to the method with 7-AAD use

the method for determining cells in early apoptosis, such as the

method with annexin V. Few studies showed that for UCB samples,

assay using 7-AAD and Ann V was a feasible method for prediction of

CFU results.14,24 Duggleby and coworkers24 showed that significant

numbers of CD34+ AnnV+ events were found within the 7AAD-

gated population on their custom protocol for determining viable

CD34+ cells. In their study, the measured results indicated a good

correlation between nonapoptotic cells (CD34+ AnnV�) and CFU

results, so they confirmed the fact that the current standard enumera-

tion of CD34+ viable cells does not fully reflect potency after

-thawing because standard enumeration with 7-AAD does not mea-

sure the early apoptotic cell. Radke and coworkers14 in their study

presented that in comparison to the standard ISHAGE protocol, the

method with AnnV resulted in similar good correlations between CFU

and CD34+ cells seeded, which leads to an improved conformability

RIMAC AND BOJANI�C
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with the theoretically expected colony formation. The results of these

studies were especially important because the Ann V method can be

used in the case the number of viable cells needs to be determined as

soon as possible before transplantation.

6 | ASSESSMENT OF LEUKOCYTE
SUBPOPULATION

In addition to CD34+ cell determination, the quality assessment of

allogenic HSC graf must include enumeration of other leukocyte sub-

population, especially CD3+ T cells. Besides T cells, for different types

of cell therapy it is necessary to determine leukocytes subpopulation

in the graft. Nowadays, flow cytometers used in laboratory work

enable the detection of several cell markers at once, depending on the

laser and detector configuration of flow cytometer (e.g., 10-colour

flow cytometer with three lasers [violet 405 nm, blue 488 nm, and red

638 nm]). Therefore, it is possible to determine leukocytes subpopula-

tions using monoclonal antibodies (mAb) in one test tube, reducing

the price and time to test results. Leukocyte subpopulations are usu-

ally detected using anti-CD 19 mAb for B-cells, anti-CD 16 and anti-

CD 56 for NK cells, anti-CD3, anti-CD 4 and anti-CD8 mAb for sub-

population of T-cells and anti-CD 14 and anti-CD16 for monocytes

(Table 1).

When the laboratory defines the protocol for detecting cells of

interest, it is necessary to choose the antibodies (Abs) and

fluorochromes which will allow accurate cell identification. This is

especially important when performing multiple analysis in one step

(e.g., enumeration of lymphocytes subpopulation). In addition to indi-

vidual Ab, there are commercial kits that contain predefined Abs

labelled with fluorochromes and reagents for determining cells of

interest, for example, for determining HSC or lymphocyte subpopula-

tions.16,37,38 The advantage of these kits is that they contain

pre-assembled Ab panels, which facilitates the creation and imple-

mentation of protocols in laboratories that have no experience with

setting up in-house methods. Furthermore, some manufacturers offer

software for acquisition and analysis which have an auto-gating algo-

rithm for isolation of the cells of interest, which also contributes to

more user-friendly cell analysis, for example, BD FACSCanto Clinical

software (BD Bioscience, San Jose, CA).39

Transplantation of allogeneic HSC is sometimes followed with

additional administration of donor lymphocytes, for example, donor

lymphocyte infusion (DLI). Lymphocytes for DLI could be collected

during allo-HSC collection procedure or from unstimulated PB, and

cryopreserved as a simple and effective therapeutic option for

patients in case of disease relapse.40,41 The purpose of DLI is to

enhance donor T-cells potency against leukaemic cells (graft-vs.-

tumour effect), that is, to treat disease relapse and improve immune

recovery.42

In the fresh apheresis products which will be cryopreserved for

DLI, CD3+ cells are determined on flow cytometer. Since there are

only a few reports on how this cell population tolerates the cryopres-

ervation and thaw process, and because of difference among labora-

tories in cryopreservation protocols, each centre should determine

the viability of CD3+ cells in the thawed sample before infusion.38

In the case of partial HLA matching, the HSC graft could be

manipulated before administration in order to remove unwanted cells.

The transplantation of HSC graft obtained from haploidentical donors

carries an increased risk of developing graft-versus host disease

(GvHD). In order to avoid that potential complication after transplan-

tation, immunomagnetic techniques can be used prior to the infusion

of the graft: indirect T cell depletion by the enrichment of CD34+

cells or the depletion of unwanted CD3+ T cells and CD19+ B

cells.43–45 The method of enrichment of target CD34+ cells is based

on magnetic isolation technique using anti-CD 34 mAb conjugated to

superparamagnetic iron dextran particles and magnetic cell separa-

tor.45 After selection, the number of viable CD34+ and CD3+ cells is

determined using flow cytometer. The challenge in the analysis is to

determine the count of CD3+ cells in the positive fraction after selec-

tion. The residual number of CD3+ cells is usually less than 1% and

for analysis is needed special protocol for the rare number of T cells.

In addition, multigating strategy protocol should be implemented.46

Nowadays, two different T-cell depletions are used in haploidentical

HSC transplantation: in vitro T-cell depletion of PBSC and post-

transplantation cyclophosphamide for in vivo T-cell depletion.47

Immunological techniques for depletion of T-cell receptor alpha/beta

and CD19+ cells is even more demanding than enrichment tech-

niques. After the depletion process, very few residual TCRαβ+ and

CD19+ cells must be determined using flow cytometry.48 For the

analysis of the products obtained using immunological techniques, it

is very important to devise gating strategies, set up a protocol on flow

cytometer and then accurately analyse the cells of interest, because

regardless of their very small number in the product, the effect of the

procedure is assessed according to result from flow cytometer.

7 | IMMUNE EFFECTOR CELLS

Adoptive cellular therapy with IECs is an exciting and rapidly develop-

ing field that is evolving from a clinical manufacturing model, generally

occurring in academic institutions, to an industry model with central-

ized manufacturing. Immune effector cells currently comprise

cells that express broad cytotoxicity against tumours or targeted

TABLE 1 The antibodies most commonly used in the evaluation
of the cellular therapy products intended for haematopoietic stem cell
transplantation

Antibody Cell line References

Anti-CD34 Haematopoietic

stem cells

[14,17,18,23,24,33,34,37,39,

43,45,47,48,54–56]

Anti-CD3 T cells [38,40,45,47,48,50,52]

Anti-CD19

Anti-CD20

B cells [38,40,43,45,47,48,50,52]

Anti-CD14 Monocytes [50]

Anti-CD56/CD16 NK cells [38,40,48,50]
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cytotoxicity against tumour-associated antigens, as well as the cells

that induce tolerance by suppressing inflammatory responses or

enhancing immune recognition. Their identity, enumeration, and via-

bility are critical information for initiating manipulation and releasing

the products for infusion.49,50

Despite rapid development, IECs therapy still faces several chal-

lenges such as manufacturing processes, logistic and coordination

aspects and toxicity profiles. Therefore, the Immune Effector Cell Task

Force was created the standards and accreditation program for IEC.51

The standards clearly state that relevant and validated assay should

be employed to evaluate cellular therapy products undergoing manip-

ulation that alters the function of the target cell population, where

multi-colour flow cytometry is the technology of choice for cell sur-

face marker detection, viability and enumeration. Accurate quantifica-

tion of viable absolute numbers of cells is a prerequisite for several

activities: standardization of input cellular material for CAR-

transduced T or NK cell manufacturing, cell selection, in-process qual-

ity controls and dosing of IEC.50,51

CAR-T cell therapy is increasingly applied in clinical practice, in

which genetic modification optimizes the T cells to actively proliferate

and recognize cancer cells.49 As with CD34+ cells collection for HSC

transplantation, obtaining a sufficient concentration of T-cells is a crit-

ical part of the collection process. It is therefore important to perform

quality control of leukapheresis products using anti-CD3 mAb,

because quality of the final product depends on the quality of the

starting material used in CAR-T cells manufacturing.42,52 After the

manufacturing process, a sample of the CAR-T cell product is taken

for quality control, which includes, among other things, phenotyping,

viability and purity of effector cell population.42

In addition to the determination of the quality of the

leukapheresis product, flow cytometry is used in the monitoring of

expansion and persistence of the therapeutic cells after the infusion

and in the evaluation of treatment response in patients who received

graft with CAR-T cells.53

8 | QUALITY CONTROL AND VALIDATION
OF FLOW CYTOMETRY METHODS

Before the introduction of new methods in routine work, it is neces-

sary to perform validation that usually includes assessment of preci-

sion and accuracy, linearity, limit of quantification, method

comparison between two or more flow cytometers and carryover, and

sometimes a sample stability study.37,39,50

8.1 | Stability of the cellular therapy product
samples

Sample stability study is an important part of validation of the proto-

col used for quality assessment, especially when implementing a new

type of cell therapy product. Several studies have examined the stabil-

ity of fresh leukapheresis samples and thawed cryopreserved UCB

samples.37,39,54,55 The results showed that fresh leukapheresis sam-

ples were stable up to 24 h stored at 4�C.37,39 The results of stability

studies of thawed UCB samples were conflicting. Lee et al.54 in their

study showed that thawed UCB samples were stable up to 6 h after

thawing, regardless of whether samples were stored at room tempera-

ture or at 4�C. On the other hand, Huang and colleagues reported that

CD34+ cell viability decreased significantly after only 20 min when

thawed UCB samples were stored at RT.55 Krasna et al.56 evaluated

the stability of the HSC products after immunoselection and reported

that CD34+ cells after selection were less stable than CD34+ cells in

leukapheresis product during refrigerated storage up to 6 days. Since

the results of the studies conducted so far have varied depending on

the type of cellular therapy products and storage conditions, each lab-

oratory should perform a sample stability study as part of the valida-

tion protocol.

Before performing validation, it is necessary to optimize the set-

tings of clones combined with the best possible fluorochromes and

also antibody concentration to minimize nonspecific background

fluorescence.

In routine work, after initialization and start up procedure, lasers

on flow cytometer need to be adjusted and commercial reagents (fluo-

rescent beads) are most commonly used for this purpose. If necessary,

spectar overlap compensation can be performed.57

8.2 | Internal and external quality control

According to good laboratory practice, it is necessary to provide qual-

ity control for the methods used in routine laboratory work. Internal

quality control should be performed every day before routine work,

for which commercial controls are used, usually from the same manu-

facturer as the reagents. Beside internal control, it is also important to

participate in external quality assessment (EQA). Samples for EQA are

usually analysed several times per year, and laboratories decide in

which scheme will participate (e.g., for CD34 count, or for lymphocyte

immunofentoyping). Laboratories that are part of HSC transplantation

program usually participate in the UK NEQAS quality scheme and/or

in national schemes.58,59 It is very important that samples from EQA

are processed in the same way as routine samples, because the exter-

nal control allows periodic verification of the method, and at the same

time checks the technical performance of the test. Validation and veri-

fication of the methods, internal and EQA are part of the accreditation

procedure.60 If the laboratory wants to meet the requirements for

accreditation, it is necessary to implement the mentioned procedures.

9 | CONCLUSION

Flow cytometry methods nowadays open new views and insights into

the quality of various cellular products used in the field of HSC trans-

plantation which greatly contributes to the development and progress

of cell therapy. They are now in routine use in clinical as well as in

research laboratory work, and application of good laboratory practice,
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constant education and training are needed for the implementation

and maintenance of the methods in this fast-growing field of labora-

tory testing.
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Abstract

Cellular homeostasis is assumed to be regulated by the coordination of dynamic

behaviors. Lack of efficient methods for synchronizing large quantities of cells makes

studying cell culture strategies for bioprocess development challenging. Here, we

demonstrate a novel application of botulinum hemagglutinin (HA), an E‐cadherin

function‐blocking agent, to synchronize behavior‐driven mechanical memory in

human induced pluripotent stem cell (hiPSC) cultures. Application of HA to hiPSCs

resulted in a decrease in actin bundling and disruption of colony formation

in a concentration‐and time‐dependent manner. Interestingly, cytoskeleton

rearrangement in cells with prolonged exposure to HA resulted in mechanical

memory synchronization with Yes‐associated protein, which increased pluripotent

cell homogeneity. Synchronized hiPSCs have higher capability to differentiate into

functional hepatocytes than unsynchronized hiPSCs, resulting in improved efficiency

and robustness of hepatocyte differentiation. Thus, our strategy for cell behavior

synchronization before differentiation induction provides an approach against the

instability of differentiation of pluripotent cells.

K E YWORD S

botulinum hemagglutinin, cell behavior, hepatocyte differentiation, human induced pluripotent
stem cells, mechanical memory, synchronization

1 | INTRODUCTION

Human pluripotent stem cells (hPSCs), including embryonic stem cells

(hESCs) and induced pluripotent stem cells (hiPSCs), have promising

clinical and industrial applications, including disease modeling, drug

discovery, and the development of cell therapies, due to their

capacity to self‐renew and differentiate into specialized cell types

(Takahashi & Yamanaka, 2006; Thomson et al., 1998). However, the

development of cell culture strategies for bioprocessing remains

challenging owing to the lack of efficient methods for synchronizing

cell behavior in large numbers of cultured cells. The behavioral

alteration of cells in growing colonies and their interaction with other

colonies lead to a spontaneous emergence of mechanical heteroge-

neity during hPSC expansion (Adewumi et al., 2007; Rosowski

et al., 2015; Shuzui, Kim, & Kino‐oka, et al., 2019; Wang, Qin,

et al., 2016). It has recently been demonstrated that cell mechanical

properties and the associated forces in the intracellular cytoskeleton

are critical elements in mechanochemical signaling pathways, which

play a major role in regulating stem cell self‐renewal as well as lineage

specification (Lian et al., 2010; Smith et al., 2018). In hPSC cultures,

cells adhere to their neighbors through intercellular adhesion

complexes, and the intercellular adhesion is accompanied with the
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activity of actomyosin cytoskeleton (M.‐H. Kim et al., 2021; Li

et al., 2010; Thanuthanakhun et al., 2021). Mechanical forces

generated by the actomyosin cytoskeleton are transmitted to the

nucleus through specialized proteins that comprise the linker

between the nucleus and the cytoskeleton complex (Hoffman

et al., 2020; Ingber, 2006; Li et al., 2010). Mechanical signals can

be transferred directly to chromatin through this direct connection

(Uhler & Shivashankar, 2017). The chromatin undergoes epigenetic

modifications and physical deformation of the nuclear envelope due

to contractile forces, resulting in alterations in gene expression

(Alisafaei et al., 2019; Bar‐Nur et al., 2011; Price et al., 2021). Recent

evidence suggests that mechanical and biochemical signals originated

from cell–cell adhesion are critical for stem cell fate determination

within cultures (Y. Kim et al., 2022; Yang et al., 2014; Zhang

et al., 2021). Mechanical transduction may lead to the activation of

key signaling pathways and trigger cell behavioral changes, poten-

tially affecting cultured cell properties. Yes‐associated protein (YAP),

an important transcription factor downstream of the cytoskeletal

signaling pathway, is known to play a vital role in cell mechan-

otransduction (Driscoll et al., 2015; Dupont et al., 2011; Halder

et al., 2012). There is compelling evidence for the role of activated

YAP mechano‐regulated proteins as a mediator in the effect of

environmental mechanical cues on the fate of human mesenchymal

stem cells (hMSCs) toward adipogenic and osteogenic differentiation

(Yang et al., 2014; Zhang et al., 2021). This phenomenon is often

termed “mechanical memory” in hMSCs via nuclear YAP localization.

The mechanical memory is erased by the HAVDI adhesive motif of N‐

cadherin (Zhang et al., 2021). Furthermore, this suggests that in cell‐

cell interactions, N‐cadherin induces a mechanical erasing effect in

hMSCs by restoring YAP to the cytoplasm. The mechanisms driving

such complex spatiotemporal mechano‐responses clearly affect YAP

localization, but have not been studied in the context of “behavior‐

driven mechanical memory” following culture.

E‐cadherin‐mediated cell‐cell adhesion has been shown to play an

important role in collective cell migration because cell‐cell junctions

allow close coupling of physical forces and mechanical signaling

between cells (Li et al., 2010; Rosowski et al., 2015; Soncin &

Ward, 2011). Regulating E‐cadherin‐mediated adhesion at cell‐cell

junctions has attracted attention in several studies, with potential

implications for improving paracellular delivery across biological

barriers (intestinal mucosa and blood‐brain barrier) and understanding

the mechanisms of cadherin‐mediated interactions at intercellular

junctions (Lee et al., 2014; Sugawara et al., 2014). E‐cadherin has also

been shown to play an important role in regulating stem cell

pluripotency and the processes of early differentiation (Soncin &

Ward, 2011; Sun et al., 2012). Botulinum hemagglutinin (HA) is a

component of the large botulinum neurotoxin complex, and its

significance in disrupting E‐cadherin‐mediated adhesion junctions has

become clear (Lee et al., 2014; Sugawara et al., 2014). HA is

functionally and structurally separable into two parts: HA1, which

recognizes cell‐surface carbohydrates; and HA2–HA3, which disrupts

the paracellular barrier through E‐cadherin binding. It has been

established that HA binds to E‐cadherin with high specificity, involving

extensive intermolecular interactions, as well as cell‐surface carbohy-

drates, and that these interactions disrupt E‐cadherin‐mediated

cell–cell adhesion (Lee et al., 2014; Sugawara et al., 2014). Based on

previous studies, we developed a culture strategy for expanding

hiPSCs using HA‐mediated regulation of cell behavior (M.‐H. Kim

et al., 2017, 2018; Shuzui, Kim, Azuma, et al., 2019). Although it has

long been postulated that cell behaviors influence a variety of cellular

functions (M.‐H. Kim & Kino‐oka, 2015; M.‐H. Kim et al., 2014),

designing efficient synchronization tools could be a useful culture

strategy for improving robust and reproducible cell production. In this

study, we established a simple method for achieving the synchroniza-

tion of cell behavior‐driven mechanical memory derived from hiPSC

culture, which in turn promotes trilineage differentiation potential as

well as functional differentiation. We also demonstrated how the

synchronization strategy provides more uniform differentiation and

improved efficacy than differentiation medium alone. To the best of

our knowledge, this is the first report of the synchronization of

behavior‐driven mechanical memory with targeted differentiation. We

anticipate that this method can greatly improve the mechanical

homogeneity of many cell culture systems to better regulate stem cell

self‐renewal as well as lineage specification.

2 | MATERIALS AND METHODS

2.1 | Culture of hiPSCs

The hiPSC line, 1383D2, was provided by the Center for iPS Cell

Research and Application, Kyoto University. Cells were routinely cultured

in chemically defined and animal component‐free medium (StemFit

AK02N; Ajinomoto Co, Inc) on laminin 511‐E8‐coated dishes (iMatrix‐

511; Nippi, Inc) according to previously published protocols for hiPSC

culture (Nakagawa et al., 2015). Cells were cultured at 37°C in a

humidified atmosphere containing 5% CO2. Cells were passaged as single

cells every 4 days using TrypLE™ Select. Cells were seeded at a density

of 7.5 × 103 cells/cm2 in the presence of a Rho‐associated coiled‐coil

containing protein kinase (ROCK) inhibitor (Y‐27632; Fujifilm Wako

Chemical Corporation) at 10µM. The medium was replaced every 24 h

post‐seeding with fresh medium without ROCK inhibitor.

2.2 | Reconstitution of the functional HA complex

The production and characterization of the functional HA complex

have previously been described (Sugawara et al., 2014). Briefly, each

HA subcomponent (HA1, HA2, and HA3) was expressed separately in

Escherichia coli and purified. For reconstitution of the HA complex,

purified recombinant HA1, HA2, and HA3 of serotype B were mixed

and incubated at 37°C. Consequently, a large molecular HA complex

was formed spontaneously. Purified proteins were dialyzed against

phosphate‐buffered saline (PBS) at pH 7.4. Protein concentration was

determined using the bicinchoninic acid (BCA) protein assay reagent

(Thermo Fisher Scientific).
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2.3 | Synchronization of cells using HA and
hepatocyte differentiation

For cell synchronization, hiPSCs were seeded at a cell density of

2.5 × 103 cells/cm2 in plates coated with iMatrix‐511 (0.25 μg/cm2) in

StemFit AK02N medium supplemented with 10 μM ROCK inhibitor,

and the cells were exposed to different concentrations of HA (0, 1, 5,

and 10 nM) once a day for 3 consecutive days before the end of the

5‐day culture period.

Hepatocyte differentiation was performed as previously described

(Kajiwara et al., 2012), with minor modifications. On the first day of

differentiation, synchronized hiPSCs were induced to differentiate

without passaging by directly replacing the StemFit AK02N medium

with RPMI1640 medium (Nacalai Tesque) containing 1 ×B27 supple-

ment (Thermo Fisher Scientific), 100 ng/ml activin A, and 50 ng/ml

Wnt3a (R&D Systems), and maintained for 3 days. The culture medium

was supplemented with 0.5mM NaB (Sigma) on Days 2 and 3 of

differentiation. In stage 2, hepatic specification was stimulated by

switching the medium to knock‐out DMEM containing 20% knockout

serum replacement, 1 mM L‐glutamine, 1% nonessential amino acids,

0.1mM 2‐mercaptoethanol (Invitrogen), and 1% DMSO (Sigma) for

7 days. In stage 3, the cells were cultured in hepatocyte culture medium

(Lonza) supplemented with 20 ng/ml hepatocyte growth factor and

20 ng/mL oncostatin M (PeproTech) for another 7 days. The medium

was changed daily during differentiation.

2.4 | Time‐lapse observation

To monitor the expansion and differentiation of hiPSCs in the monolayer

culture, we used a phase‐contrast time‐lapse observation incubator

(BioStudio T, Nikon) equipped with a camera for video imaging.

2.5 | Immunofluorescence staining

The immunofluorescence staining procedure was similar to that

previously described (M. ‐H. Kim et al., 2017; Thanuthanakhun

et al., 2021). The cells were rinsed with PBS and fixed for 10min at

room temperature with 4% paraformaldehyde (Fujifilm Wako Chemical

Corporation). After washing with PBS, cells were permeabilized for 5min

at room temperature with 0.25% Triton X‐100. The specimens were

then blocked with Block Ace (Dainippon Sumitomo Pharma Co, Ltd) for

1 h at room temperature, followed by overnight incubation with primary

antibodies at 4°C. The primary and secondary antibodies used in this

study are listed in Supporting Information: Table S1. The cells were

washed with Tris‐buffered saline (TBS) and probed with Alexa Fluor 488‐

conjugated goat anti‐rabbit or Alexa Fluor 594‐conjugated goat anti‐

mouse IgG secondary antibodies (Life Technologies) for 1 h at room

temperature. Nuclei were stained with 4,6‐diamidino‐2‐phenylindole

(DAPI; Life Technologies). Images were obtained using an IN Cell

Analyzer (6000; GE Healthcare Life Sciences) and confocal laser scanning

microscope (FV‐1000; Olympus).

2.6 | YAP nuclear‐to‐cytoplasmic ratio
quantification

The ratio of nuclear‐to‐cytoplasmic YAP intensity was computed

using image analysis software (CellProfiler) to measure the levels

of nuclear‐to‐cytoplasmic YAP localization, as previously

described (Wang, Sinnett‐Smith, et al., 2016). Single slices of

confocal images of YAP and DAPI were used for the analysis.

DAPI was used to determine the nuclear area. The cytoplasmic

area was defined as the perinuclear region of a 5‐pixel‐wide ring,

adjacent to the nuclear border. The mean fluorescence intensity

of YAP inside the nuclear and cytoplasmic areas was assessed

individually in each cell to estimate the nuclear to cytoplasmic

YAP ratio.

2.7 | Western blot analysis

The procedure used for western blot analysis was similar to that

previously described (M.‐H. Kim et al., 2021). Whole‐cell proteins

were isolated using RIPA lysis buffer (Sigma‐Aldrich) supplemented

with a protease and phosphatase inhibitor cocktail (Thermo Fisher

Scientific). Nuclear and cytoplasmic proteins were isolated according

to the manufacturer's instructions using a nuclear extraction kit

(Abcam). Total protein concentration was measured using the BCA

protein assay reagent (Thermo Fisher Scientific, USA). Protein lysates

were separated by sodium dodecyl sulfate‐polyacrylamide gel

electrophoresis and transferred onto a polyvinylidene difluoride

membrane. The membranes were blocked using TBS containing 5%

milk powder for 1 h at room temperature and then incubated with

primary antibodies overnight at 4°C. The primary and secondary

antibodies used in this study are listed in Supporting Information:

Table S1. After washing withTBS containing 0.1% Tween‐20 (TBS‐T),

the blots were incubated with the secondary antibodies DyLight 800

and StarBright 700 (BioRad) for 1 h at room temperature and then

washed with TBS‐T. Protein bands were detected and quantified

using ChemiDocTouch MP (Bio‐Rad). β‐actin was used as the internal

loading control.

2.8 | Quantitative reverse
transcription‐polymerase chain reaction (qRT‐PCR)

The expression levels of stem cell‐specific and lineage‐specific

transcripts were analyzed using qRT‐PCR. Total RNA was extracted

from cells using an RNeasy Mini Kit (Qiagen) according to the

manufacturer's instructions. Reverse transcription was conducted

using a PrimeScript RT reagent kit (Takara Bio Inc), and real‐time PCR

was performed using TB Green Premix Ex Taq (Takara Bio Inc) on a

7300 real‐time PCR system (Applied Biosystems). Primer sequences

are listed in Supporting Information: Table S2. Data were analyzed

according to the comparative Ct method and normalized to β‐actin

expression level within each sample. The relative expression levels of
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the target genes, following normalization to an endogenous

sequence, were calculated using 2−ΔΔCt.

2.9 | Albumin and urea secretion assays

The cell culture supernatants were collected at the Days 17 and 21

of the differentiation and stored at −80°C until used for assaying.

The albumin (ALB) level was measured using a human albumin

enzyme‐linked immunosorbent assay (ELISA) quantitation kit (R&D

Systems) according to the manufacturer's instructions. The urea

concentration was measured using the QuantiChrom Urea

Assay Kit (Bioassay Systems) according to the manufacturer's

instructions. Wells without cells were used as blank controls. Flow

cytometry was used to assess albumin secretion, which was

standardized to the amount of albumin‐positive cells in the

respective wells.

2.10 | Flow cytometry

The cells were harvested and dissociated using trypsin for

10–15 min at 37°C. Dissociated single cells were fixed and

permeabilized with BD Cytofix/Cytoperm solution (BD Bios-

ciences) for 30 min at 4°C. The cell suspension was then incubated

with fluorescence‐conjugated antibodies for 30 min at 4°C in the

dark. The antibodies used in this study were PE anti‐ALB and Alexa

Fluor 488 anti‐alpha‐fetoprotein (AFP) (R&D Systems). The stained

cells were washed and resuspended in PBS containing 2% fetal

bovine serum (FBS). Flow cytometry was performed using the

Partec Cyflow Cube 6 (Sysmex). The data was analyzed using

FlowLogic version 7.3.

2.11 | Analysis of intra‐run and inter‐run variability

The intra‐ and inter‐run variations were evaluated using the

coefficient of variation (CV%; standard deviation divided by the

mean). The intra‐run variation was determined from 10 culture wells

in a single experimental run by calculating the mean, standard

deviation (SD), and CV%. The inter‐run variation, on the other hand,

was calculated from three experimental runs by calculating the mean,

SD, and CV%.

2.12 | Statistical analysis

All experimental data is expressed as mean ± SD. For comparisons

between multiple groups, significant differences were determined

using one‐way analysis of variance (one‐way analysis of variance

[ANOVA]) followed by post‐hoc testing withTukey's test. Student's t‐

test was used for comparisons between groups. The significance

thresholds were **p < 0.01 and *p < 0.05.

3 | RESULTS

3.1 | HA can be used to improve homogeneity of
pluripotent stem cells

To understand how HA affects the cell morphology and colony

behavior of hiPSCs, we cultured hiPSCs in maintenance media for

2 days before adding 10 nM HA (Figure 1a). Time‐lapse observation

revealed that the cell and colony morphologies were drastically

changed with the addition of HA compared to the control (Supporting

Information: Movie S1 and Figure 1b). In the unexposed (control)

culture, most cells started to adhere to the surface and formed

colonies within a minimum of 2 days after cell seeding. As the culture

proceeded, the colonies grew larger, more densely packed and

expanded. As the culture became denser, some colonies merged into

a monolayer. These observations revealed significant spatial hetero-

geneity in the culture vessel at the end of 5‐day culture.

For single HA exposure, the 2‐day cultured cells were exposed

to HA once for 24 h and changed with fresh medium that did not

contain HA to remove them from the medium. HA treatment

induced random cell migration; cells could move individually,

establish transient contacts with other cells, or migrate as a group

(Supporting Information: Movie S1 and Figure 1b). They exhibited

scattering morphology in individual cells and were dispersed

through migration, forming loosely populated colonies. Following

routine medium change after 24 h, the intercellular spaces within

the culture vessel were filled with dividing neighboring cells and

subsequently formed a tight monolayer after prolonged incubation,

suggesting that the cells' adhesive activity could be recovered over

time. For repeated HA exposure, the cells were exposed to HA

every day from 2 to 5 days of culture. As a result of HA exposure,

the colonies were scattered in a confluent monolayer, and

behavioral changes occurred repeatedly (Supporting Information:

Movie S1 and Figure 1b,c). Cells reformed adhesions with

neighboring cells, continually grew as the culture progressed, and

reached confluency faster within 5 days of culture.

Next, we assessed the pluripotency and differentiation potential of

cultured hiPSCs under both culture conditions using RT‐PCR analysis. We

found that the expression of pluripotency‐specific genes as well as

endoderm‐, mesoderm‐, and ectoderm‐specific genes was maintained or

upregulated in HA‐exposed cells compared to the control. These cells

were also positively stained with PAX6, Brachyury, and SOX17, which

represent the expression of ectoderm, mesoderm, and endoderm

markers, respectively (Supporting Information: Figure S1). Additionally,

flow cytometry analysis was performed to determine the percentage of

cells that expressed pluripotency‐associated markers OCT3/4 and SSEA4

(Figure 1c,d). Given the similar yields of total cells (Figure 1f), the

percentage of OCT3/4/SSEA4‐double positive cells in culture after

repeated HA exposure appeared to be of high purity (>98%) and was

found slightly higher than that in the control culture (Figure 1e). Taken

together, these data suggest that modifying behavioral patterns during

hiPSC expansion using HA can improve the production of homogeneous

cells without losing pluripotency.
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3.2 | Temporal disruption of E‐cadherin adhesion
induces actin cytoskeleton rearrangement

To verify whether HA exposure alters E‐cadherin‐mediated

cell–cell adhesion and cytoskeletal formation in hiPSCs, we

performed immunofluorescence staining of cells grown under the

same conditions as shown in Figure 1a. Time‐course observation of

F‐actin and E‐cadherin revealed E‐cadherin localization with

F‐actin at cell‐cell contacts at 3 days of culture (at Day −2) as

cells grew as small clusters, and E‐cadherin was strongly enriched

at cell–cell contact sites at the end of culture (at Day 0) when the

cells reached confluence. The actin belt was disrupted locally by

HA treatment, but the majority of the belt remained intact at

cell–cell boundaries (Figure 2a). Intriguingly, E‐cadherin displayed

reduced expression at cell‐cell contacts, and actin rings formed and

colocalized with weakening E‐cadherin in hiPSCs. For a single

exposure to HA, only a transient effect was observed which allows

the rescue of E‐cadherin at cell‐cell junctions, and the actin‐

formed ring‐like structures visibly recovered. Repeated HA

exposure maintained structural changes in E‐cadherin and actin

filaments at cell‐cell contact sites by the end of culture (at Day 0).

Representative immunostaining images from the control culture,

labeled with elapsed time, indicated that the distribution and

deformation of nuclei in the horizontal images increased, and

tightly packed nuclei were observed in cross‐sectional images

during hiPSC culture (Figure 2b). Cell nuclei in the confluent

monolayer partially overlapped at the end of the culture period (at

Day 0). In comparison to the control, cells treated with HA had

flatter nuclear morphologies and a more uniform distribution of

cells.

Subsequently, we used western blot analysis to investigate the

changes in the mechanical behavioral properties of cell‐cell and cell‐

substrate adhesion molecules, E‐cadherin and integrin β1. E‐cadherin

protein levels remained constant over time, whereas integrin β1

levels increased over time (Figure 2c). Changes in E‐cadherin and

integrin β1 were found at similar levels in hiPSC cultures regardless of

HA exposure. These results suggest that HA regulates the actin

cytoskeleton and E‐cadherin‐based adhesion junctions of hiPSCs but

has no effect on protein abundance. Together with the effects of HA

on the actin cytoskeleton, we conclude that HA modulates the

disruption of cadherin‐dependent cell–cell adhesions and cell spatial

distribution through cytoskeletal rearrangement.

F IGURE 1 HA‐mediated regulation of cell behaviors improves the homogeneity in hiPSC pluripotency. (a) Experimental scheme to examine
the impact of single and repeated HA exposure in hiPSC culture. Cells were seeded and cultured for 5 days in stem cell maintenance medium,
without HA exposure, with 10 nM HA exposure once on Day −3 (single exposure), or with HA exposure once a day for 3 consecutive days from
Day −3 to Day 0 (repeated exposure). (b) Morphological characteristics of hiPSCs following single and repeated HA exposure. Scale bar, 200 μm.
(c) Flow cytometry analysis of pluripotency markers (OCT3/4 and SSEA4) of hiPSCs measured at Day 0 following single and repeated HA
exposure. (d) Percentage of OCT3/4/SSEA4 double‐positive cells measured at Day 0 following single and repeated HA exposure. (e) Cell density
measured at Day 0 following single and repeated exposure to HA. Data in (c) and (e) is presented as the mean ± SD (n = 10). Significance was
determined using one‐way analysis of variance with Tukey's test (*p < 0.01, compared to control). HA, hemagglutinin; n.s., non‐significant.
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3.3 | Actomyosin cytoskeleton rearrangement
synchronizes mechanical memory with YAP acting

To test whether HA‐mediated actomyosin cytoskeleton

rearrangement affects mechanical memory with YAP activity, we

used immunofluorescence staining to examine the cellular localiza-

tion of YAP. After 3 days of culture (at Day −2), as cells grew as small

clusters, YAP was mainly distributed in the nucleus, but mainly

accumulated in the nucleus with a lesser cytoplasmic presence by the

end of culture (at Day 0), when the cells reached confluence

(Figure 3a). Interestingly, YAP was translocated into the cytoplasm

region following HA exposure. After repeated exposure to HA, YAP

was found distributed in both cytoplasmic and nuclear regions at Day

0. Quantitative analysis of the nuclear‐to‐cytoplasmic (N/C) ratio of

YAP showed its apparent decrease over time in all culture conditions

(Figure 3b). In the control culture, the range of distribution of theYAP

N/C ratio increased gradually with cell density, resulting in

heterogeneity in mechanical memory via YAP location. HA treatment

significantly reduced the YAP N/C ratio over time and became close

to 0 at the end of culture (Figure 3c). In addition, the distribution of

theYAP N/C ratio had a narrow range compared to that in the control

culture. These results indicate that the synchronization effect of HA

on YAP localization increased in cells with repeated exposure to HA.

YAP activity is regulated by nuclear‐cytoplasmic shuttling

through phosphorylation‐dependent manner (Wang, Sinnett‐Smith,

et al., 2016). Western blot analysis demonstrated that HA treatment

resulted in increased YAP phosphorylation (Figure 3d). Furthermore,

YAP phosphorylation expression levels in hiPSCs were positively

correlated with HA exposure duration, but YAP phosphorylation

decreased on Day 0, when the cells reached confluence.

To further investigate whether the rearrangement of the

actin cytoskeleton and E‐cadherin‐based adhesion junction of

hiPSCs by HA exposure correlates with cytoskeletal contraction,

we investigated the phosphorylation of the myosin light chain

F IGURE 2 HA‐mediated regulation of cell‐cell adhesion induces rearrangement of actin cytoskeleton in an exposure duration‐dependent
manner. (a) Fluorescence staining images in the XY plane showing F‐actin and E‐cadherin in hiPSCs following single and repeated exposure to
10 nM HA. Scale bar, 50 μm. (b) Reconstruction images (XZ plane) showing the F‐actin (red) and E‐cadherin (green) at the location of the yellow
dashed line shown in each XY image in (a). Nuclei (blue) were stained with DAPI. Arrowheads indicate partially overlapped nuclei. Scale bar,
50 μm. (c) Western blot analysis showing levels of E‐cadherin and integrin β1 in hiPSC culture with or without HA exposure. β‐actin was used as
a loading control. The HA was repeatedly exposed to cells from Day −3 to Day 0. DAPI, 4,6‐diamidino‐2‐phenylindole; HA, hemagglutinin;
hiPSCs, human induced pluripotent stem cell.
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F IGURE 3 Repeated HA exposure efficiently synchronizes the nuclear‐cytoplasmic translocation of YAP. (a) Immunofluorescence staining
images of YAP in hiPSCs following single and repeated exposure to HA. Single‐section images in the XY and XZ planes were displayed in the top
and bottom panels, respectively. A white dashed line indicates the location of the XZ image plane; conversely, a green solid line indicates the
location of the XY image plane. Nuclei (red) were stained with DAPI. Scale bar, 50 μm. (b) Boxplot (with whiskers showing the minimum and
maximum values) of YAP nuclear‐to‐cytoplasmic (N/C) ratio (log2) corresponding to quantification of (a) (n = 206–355 cells per conditions).
Significance was determined by one‐way analysis of variance with Tukey's test (**p < 0.01, compared to control). A YAP N/C ratio (log2) of 0
indicates that the intensity of the YAP signal in the nucleus and cytoplasm is the same. When the YAP N/C ratio (log2) is >0, YAP is
predominantly nuclear. (c) Frequency of cells showing YAP N/C ratio (log2) at Day 0 of hiPSC cultures with or without HA exposure
corresponding to quantification of (b). The HA was repeatedly exposed to cells from Day −3 to Day 0. (d) Western blot analysis showing levels of
phosphorylated YAP and total YAP in hiPSC cultures with or without HA exposure. β‐actin was used as a loading control. The HA was repeatedly
exposed to cells from Day −3 to Day 0. (e) Western blot analysis showing levels of phosphorylated MLC and total MLC in hiPSC culture with or
without HA exposure. β‐actin was used as a loading control. The HA was repeatedly exposed to cells from Day −3 to Day 0. (f) Schematic
drawing our hypothesis on the mechanism by which HA induces the synchronization of mechanical memory in hiPSC culture. DAPI, 4,6‐
diamidino‐2‐phenylindole; HA, hemagglutinin; hiPSCs, human induced pluripotent stem cells; MLC, myosin light chain.
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(MLC), which is the main regulatory event leading to actomyosin

contractility, by western blot analysis. We found that the levels

of MLC phosphorylation were significantly higher after 3 days of

culture (at Day −2), and that they were sustained at the end of

culture (at Day 0) (Figure 3e). MLC phosphorylation on the other

hand, was suppressed during repeated HA exposure. Taken

together, these results indicate that cells with repeated HA

exposure effectively synchronized mechanical memory via YAP

localization. In a YAP phosphorylation‐dependent manner, HA

induces cytoplasmic YAP translocation (Figure 3f).

3.4 | Synchronized mechanical memory enhances
hepatocytes differentiation stability

HiPSCs were treated with different concentrations of HA for 3 days

before culturing for 21 days in hepatocyte differentiation medium to

test the functional role of synchronized mechanical memory withYAP

in regulating cell differentiation (Figure 4a). When the cell colonies

were treated with HA, they scattered through migration within the

culture vessel compared with the control (Supporting Information:

Movie S2 and Figure 4b). Cells showed loosening of cell‐cell adhesion

and colony compaction in a concentration‐dependent manner. The

majority of cells in these colonies expressed the pluripotency marker

OCT3/4, indicating the undifferentiated state of hiPSCs at the start

of differentiation (Figure 5).

To induce direct differentiation of hiPSCs into hepatocytes, we

adopted a modified protocol from a previous study (Kajiwara

et al., 2012). Hepatocyte differentiation shown by the results of

immunofluorescence staining was also confirmed by quantitative RT‐

PCR analysis of various stage‐specific genes. After Day 1 in the

control culture, heterogeneous cells with different morphologies

were observed (Supporting Information: Movie S2), followed by the

formation of a definite endoderm after 3 days (Figures 4c and 5).

These cells began to express the definitive endodermal marker

SOX17 while decreasing the pluripotency marker SOX2. From Day 3

to Day 10, hepatocyte‐like morphology was observed in the second

and third stages of differentiation (Supporting Information: Movie S2).

However, the swelling area increased from Day 10 and changed into

a cystic‐like structure, which mostly tended to maintain swelling at

various sizes. This structure was also persistently maintained until the

end of differentiation. We found that the cells were able to

differentiate into hepatocyte‐like cells that expressed HNF4a, as

well as cholangiocyte‐like cells that formed cystic‐like structures and

expressed SOX9, indicating that the differentiation into hepatocytes

was not uniform.

Synchronized hiPSCs treated with HA rapidly acquired cuboidal

morphology from Day 3 to Day 21 (Supporting Information:

Movie S2). At higher HA concentrations, SOX9 was weakly

expressed, whereas HNF4a was strongly expressed in most cells

forming cuboidal monolayers (Figure 5). Compared with the control,

synchronized hiPSCs with HA showed significantly higher expression

of definitive endodermal‐specific genes, such as SOX17, at Day 3

(Figure 4c). At Day 21, although insignificant, the expression of

hepatocyte‐associated genes (AFP, ALB, A1AT, HNF4α, CYP3A4, and

CYP2C9) was increased in the synchronized hiPSCs with HA at

10 nM, compared with the control culture. Conversely, the expres-

sion of cholangiocyte‐related genes (SOX9 and CK19) was signifi-

cantly downregulated in a concentration‐dependent manner by HA.

Furthermore, we showed that the earliest distinction between E‐ and

N‐cadherin localization occurred during hepatocyte differentiation

(Figure 6). When monolayers of differentiated cells were organized at

Days 17 and 21, N‐cadherin was found to be prominently localized to

the cell–cell borders of the hexagonally packed, cuboidal monolayer,

and E‐cadherin was also detected at regions of cell–cell contact. The

localization of E‐cadherin to the cell–cell boundaries of differentiat-

ing hepatocytes in vitro occurred after that of N‐cadherin, indicating

that the differentiation progression of hiPSCs into hepatocyte‐like

cells is mediated by a sequential epithelial–mesenchymal–epithelial

transition.

The efficiency and reproducibility of hepatocyte differentiation

in relation to the synchronization of undifferentiated hiPSCs were

investigated at Days 17 and 21 of differentiation. Immuno-

fluorescence staining demonstrated that the control culture con-

tained a mixture of monolayered areas and proliferative regions

containing cystic‐like structures, while the synchronized cells with

HA formed monolayers without accumulation of cysts at Day 21

(Figure 7a). The cells showed homogeneous expression of ALB and

AFP, exhibiting a significant effect on hepatocyte differentiation at

higher HA concentrations (10 nM). Further flow cytometry analysis of

ALB and AFP expression showed that when HA‐synchronized hiPSCs

were differentiated, the percentage of ALB/AFP double‐positive cells

showed significantly higher efficiencies (Figure 7b,c). However, the

percentage of ALB/AFP double‐negative cells in synchronized hiPSCs

was significantly reduced, suggesting that alternative nonhepatocyte

differentiation pathways are suppressed.

Intra‐run and inter‐run variability were evaluated by the

percentage of ALB/AFP double‐positive cells by flow cytometry

and secreted ALB and urea levels by ELISA (Figure 7d,e). In control

culture, total cell numbers were significantly higher than that of

hiPSCs synchronized with HA on both Days 17 and 21. The

percentage of ALB/AFP double‐positive cells in control culture were

decreased from 38.1% to 11.5% at Day 21, suggesting that the rest

of the proliferative population was consisting of transit‐amplifying

cells. By contrast, the percentage of ALB/AFP double‐positive cells in

hiPSCs synchronized with HA appeared firstly at Day 17 to be 57.7%

and the level reached around 78.2% at Day 21. The percentage of

ALB/AFP double‐positive cells at Days 17 and 21 in the synchronized

cells was 1.52‐ and 6.79‐fold higher than that in the control culture,

respectively. In addition, from Day 17 to Day 21, the percentage of

ALB‐negative/AFP‐positive cells in synchronized cells was found not

increased, indicating that the HA treatment did not delay or limit the

hepatocyte differentiation progression. Albumin secretion in the

synchronized cells at Days 17 and 21 was 1.31‐ and 1.55‐fold higher

than that in the control culture. In addition, urea production in the

synchronized cells at Days 17 and 21 was 1.50‐ and 1.53‐fold higher
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F IGURE 4 HA‐mediated synchronization strategy enhances differentiation potential of hiPSCs into hepatocytes. (a) Experimental scheme of
cell synchronization using HA and hepatocyte differentiation. (b) Morphological observations of synchronized hiPSCs at different time points
during hepatocyte differentiation with different concentrations of HA (0, 1, 5, and 10 nM). The HA was repeatedly exposed from Day −3 to Day
0. Images are shown as the entire culture wells of a six‐well plate and enlarged views. Scale bar, 1 mm. (c) Relative mRNA expression of
endoderm‐associated gene (SOX17), hepatocyte‐associated genes (AFP, ALB, A1AT, HNF4α, CYP3A4, and CYP2C9), and cholangiocyte‐
associated genes (SOX9 and CK19) at Day 3 (open bars), Day 17 (light gray bars), and Day 21 (dark gray bars) during hepatocyte differentiation of
synchronized hiPSCs with different concentration of HA (0, 1, 5, and 10 nM). Data is presented as mean ± SD from three independent
experiments. Significance was determined by one‐way analysis of variance with Tukey's test (**p < 0.01, *p < 0.05, compared to control). HA,
hemagglutinin; hiPSCs, human induced pluripotent stem cells; n.s., non‐significant.
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F IGURE 5 HA‐mediated synchronization strategy induces highly synchronized hepatocyte differentiation. Immunofluorescence staining
images of stage‐specific markers during hepatocyte differentiation of synchronized hiPSCs with different concentrations of HA (0, 1, 5, and
10 nM). Stage‐specific markers included the pluripotency markers (OCT3/4 and SOX2), endoderm marker (SOX17), hepatocyte marker (HNF4α)
and cholangiocyte marker (SOX9). Nuclei were stained with DAPI. Images are shown as the entire culture wells of a six‐well plate and enlarged
views. Scale bar, 1 mm. DAPI, 4,6‐diamidino‐2‐phenylindole; HA, hemagglutinin; hiPSCs, human induced pluripotent stem cells.

F IGURE 6 Synchronized hiPSCs using HA induce the E‐cadherin and N‐cadherin switch in hepatocyte differentiation. Immunofluorescence
staining of E‐cadherin and N‐cadherin at different time points before and during hepatocyte differentiation of synchronized hiPSCs with
different concentrations of HA (0, 1, 5, and 10 nM). The HA were repeatedly exposed from Day −3 to Day 0. Images are shown as one‐quarter of
a six‐well plate and enlarged views. Scale bar, 1 mm. HA, hemagglutinin; hiPSCs, human induced pluripotent stem cells.
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F IGURE 7 HA‐mediated synchronization strategy enhances hepatocyte differentiation stability of hiPSCs. (a) Immunofluorescence staining
images of the hepatocyte‐specific markers (AFP and ALB) during hepatocyte differentiation of synchronized hiPSCs with HA exposure. Nuclei
were stained with DAPI. Scale bar, 1 mm. (b) Representative flow cytometry histograms of the hepatocyte‐specific markers (AFP and ALB) at
Day 21 after differentiation of synchronized hiPSCs with 10 nM HA exposure. (c) Percentage of four different cell populations marked with AFP
and ALB at Day 21 after differentiation of synchronized hiPSCs with 10 nM HA exposure. Data is presented as mean ± SD from 10 culture wells.
Significance was determined by Student's t‐test (n.s., non‐significant, **p < 0.01, compared to control). (d) Intra‐run evaluation of total cell
density, percentage of ALB/AFP double‐positive cells, and amount of albumin and urea secretion at Days 17 and 21 after differentiation of
synchronized hiPSCs with 10 nM HA exposure, from 10 culture wells in a single experimental run. Data is presented as mean ± SD (n = 10).
Significance was determined by one‐way analysis of variance (ANOVA) with Tukey's test (**p < 0.01, compared to control). (e) Inter‐run
evaluation of total cell density, percentage of ALB/AFP double‐positive cells, and amount of albumin and urea secretion at Days 17 and 21 after
differentiation of synchronized hiPSCs with 10 nM HA exposure, from three experimental runs. Data is presented as mean ± SD (n = 3).
Significance was determined by one‐way ANOVA with Tukey's test (**p < 0.01, *p < 0.05, compared to control). HA, hemagglutinin; hiPSCs,
human induced pluripotent stem cells.
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than that in the control culture. These results indicate a gradual

functional maturation from hiPSCs to hepatocyte‐like cells. Intra‐run

and inter‐run CV% values obtained in synchronized hiPSCs with HA

were lower than those in the control (Table 1). The intra‐run CV%

values for percentage of ALB/AFP double‐positive cells in synchro-

nized hiPSCs with HA were greatly declined from 17.18% to 6.19% at

Day 21, compared with that in control culture. The intra‐run CV%

values for albumin secretion in synchronized hiPSCs with HA were

reduced from 19.62% to 17.18%. Importantly, inter‐run CV% values

obtained in synchronized hiPSCs with HA were greatly reduced. All

inter‐run CV% values were below 10% at Day 21, resulting in more

stable and consistent differentiation across the runs. These results

indicate that hiPSC synchronization using HA is a potentially useful

culture strategy that is highly consistent in terms of differentiation

efficiency across different cultures and runs.

4 | DISCUSSION

In this study, we focused on the mechanisms underlying HA‐mediated

synchronization of mechanical memory that enhance the hepatocyte

differentiation from hiPSCs. We hypothesized that (i) HA‐mediated

temporal disruption of cell‐cell interactions causes spatial rearrangement

within cell culture, (ii) actomyosin cytoskeleton rearrangement syncs

mechanical memory with YAP acting, and (iii) synchronized mechanical

memory improves homogeneous pluripotent cell production. This can

enhance the homogeneity and stability of following hepatocyte

differentiation, which are associated with synchronization of behavior‐

driven mechanical memory. We found that loss of E‐cadherin and the

resulting suppression or weakening of cell–cell adhesion following HA

exposure is a crucial step in coordinating temporal and spatial

differences in actin filament structure between cells (Figure 2). HA‐

mediated cell‐cell junction relaxation inhibits changes in actomyosin‐

generating force and, subsequently, the synchronized mechanical

memory via YAP acting in hiPSC cultures (Figure 3). These changes

would be expected to inhibit abnormal deformation occurring at sites of

nucleus‐cytoskeletal linkage and cytoskeletal linkage to the ECM and to

the adjacent cell. These findings suggest that the importance of

synchronized behavior‐driven mechanical memory via YAP localization

in maintaining cellular homeostasis through active actin cytoskeleton

forces.

Furthermore, we demonstrated that synchronization techniques of

cell behaviors using HA can be used to improve the robustness of cell

cultures and enhance their further differentiation process (Figures 4

and 7). The HA‐mediated synchronization of cell behavior‐driven

mechanical memory allows higher efficiency and reproducibility of

hepatocyte differentiation observed at the end of the differentiation

phase (Figure 7). At Day 21, the percentage of ALB/AFP double‐positive

cells within a run was 6.22‐fold higher than those in the control

(Figure 7) and exhibited eliminated inconsistencies (intra‐run CV%

decreased from 17.18% to 6.19%, Table 1). The inter‐run CV% values

obtained in synchronized hiPSCs with HA were greatly reduced. The

inter‐run CV% values obtained were all below 10% at Day 21, resulting

in more stable and consistent differentiation across runs. The efficiency

of HA synchronization could be explained by its effect on homogeneous

mechanical memory resulting from changes in cellular behavior during

hiPSC culture. Because HA can synchronize cell behavior‐driven

mechanical memory within a culture, the cellular responses to growth

factors supplemented in the differentiation medium may be homoge-

nized, enhancing culture reproducibility.

Although many studies have focused on the fundamental mecha-

nisms underlying cell fate decision‐making during stem cell differentia-

tion, the formation of behavior‐driven mechanical memory of cultured

stem cells and its regulation have been relatively unexplored. Local cell

density influences cell fate decision‐making between hepatocytes and

cholangiocytes during hepatocyte differentiation, supporting previous

work suggesting that cell tension modifies cell behavior by altering the

context of cell signaling (Graffmann et al., 2018). It was shown that

cytoplasmic retention of YAP in high density cultures favors

cholangiocyte development, whereas YAP nuclear localization in low

seeding density cultures facilitates hepatocyte differentiation. In

accordance with previous reports (Graffmann et al., 2018; Zhao

et al., 2009), cells were detected in a highly heterogeneous mixed‐

cell population of hepatocyte‐like cells and cholangiocyte‐like cells after

differentiation induction utilizing nonsynchronized cells in control

culture. Consistently, our results indicate that YAP phosphorylation

decreased the expression levels of pluripotent markers and increased

the expression level of hepatocyte markers in hiPSCs, suggesting

TABLE 1 Comparison of intra‐run and inter‐run coefficient of variation values (CV%) between cultures without and with HA exposure

CV values

Without HA exposure With HA exposure

Total cell
density

Percentage of
ALB/AFP‐double
positive cells

Albumin
secretion

Urea
secretion

Total cell
density

Percentage of
ALB/AFP‐double
positive cells

Albumin
secretion

Urea
secretion

Intra‐run
CV%

Day 17 8.88 13.63 41.55 11.69 10.51 13.01 22.94 17.13

Day 21 8.54 17.18 19.62 64.92 7.85 6.19 17.18 17.60

Inter‐run
CV%

Day 17 17.80 6.89 11.70 0.33 7.00 1.56 13.15 15.92

Day 21 13.19 32.61 5.23 2.24 2.46 0.79 3.36 24.62

Note: The intra‐run and inter‐run CV% were calculated from data in Figure 5d,e, respectively. The intra‐run CV% is an expression of culture‐to‐culture
consistency calculated from 10 culture wells in a single experimental run. The inter‐run CV% is an expression of run‐to‐run consistency calculated from
the three experimental runs.
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synchronized mechanical memory compromises the cholangiocyte

differentiation of hiPSCs and induces their hepatocyte differentiation.

While cells change their mechanical properties in response to the

surrounding cells, YAP activity can be mechanically regulated down-

stream of actomyosin contractility, and its transcriptional activity is also

weakened due to YAP cytoplasmic translocation (Elosegui‐Artola

et al., 2017; Fernandez‐Gonzalez et al., 2009; Wang et al., 2016b).

The actomyosin cytoskeleton plays an important role in the regulation

of YAP phosphorylation and localization, and remodeling of the

cytoskeleton in association with cell‐cell adhesion status is likely a

key mechanism responsible for the YAP activity. This implies that the

changes in cell behavior during hiPSC culture, which could be explained

by several factors including altered cell‐substrate and cell‐cell adhesion,

as well as cell motility, mediate the regulation of YAP and possibly

involve the spatiotemporal emergence of cell functional heterogeneity.

As a result, our findings demonstrate and validate the utility of HA in

exploring the mechanisms by which synchronization of cell behavior‐

driven mechanical memory within a culture enhances early fate

decisions during differentiation. Although it has long been postulated

that distinct cell‐cell interaction and compression pressure generated

by local cell density influence an outcome variety of cellular functions,

designing efficient synchronization tools to regulate cell behaviors

would serve as a potentially useful strategy for controlling features of

cultured cells and improving a desired cell production. In this study,

effects of HA administration in dependence on exposure intervals and

concentrations indicate that optimization of treatment conditions is

prerequisite to ensure its capacity in controlling the cell synchronization

and following differentiation homogeneity. Tracking of differentiation

events should be taken into considerations when establishing culture

methods to verify that there is no disturbance in cell developmental

progression. In the synchronized cells with HA, the percentage of ALB/

AFP double‐positive cells, albumin production, and urea secretion were

found significantly improved following the differentiation. To further

recapitulate the in vivo hepatocyte development, a combination of

complex culture dimensionality and biochemical and biophysical

stimulation might be applied, and a high‐content analysis would be

required for characterizing critical features of mature hepatocytes, such

as downregulation of AFP, enzymatic activation of several CYP family

members, and formation of bile canaliculi, to ensure the functionality

and maturation progression. Overall, this study has revealed a novel

mechanism for the synchronization of cell behavior‐driven mechanical

memory in the expansion culture of hiPSCs; extracellular biophysical

signals arising from altered cell behavior by HA are translated into

biochemical signaling events in the nucleus through mechanotransduc-

tion, exerting a significant impact on differentiation efficiency and

reproducibility.

5 | CONCLUSION

In this proof‐of‐principle study, we explored the concept of

“synchronization” in the context of cell behavior‐driven mechani-

cal memory in hiPSC culture using HA as a culture tool to produce

a homogeneous population of differentiated cells. We showed

that temporal disruption of cell‐cell interactions by HA results in

spatial rearrangement of cells within the culture and the

synchronized mechanical memory by repeated HA exposure

improves homogeneous pluripotent cell production, suggesting

the maintenance of homeostatic mechanical properties in hiPSCs.

We were able to demonstrate how hiPSC differentiation protocols

may be optimized to control hepatocyte differentiation by

identifying molecular mechanisms through which HA synchroni-

zation of cell behavior‐driven mechanical memory leads to the

production of homogeneous hiPSCs. These characteristics

resulted in varying recoverability of YAP localization after

E‐cadherin disruption in undifferentiated hiPSCs and demon-

strated that E‐cadherin regulation was a fully reversible event.

The optimal combination of HA concentration and exposure time

was shown to effectively regulate mechanical memory while

preserving hiPSC pluripotency. The HA synchronization strategy

can expand cells while still allowing them to differentiate into all

three germ layers and aid in early lineage specificity, and that pre‐

preparation of cells can be used to support early differentiation

events. These results strongly suggest that improved differentia-

tion stability will necessitate not only controlling the spatio-

temporal coordination of cell behaviors, but may also provide

unique and powerful opportunities to develop a culture strategy

to manipulate stem cell fates.
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Natural killer (NK) cells play a key role in innate immunity and are

regarded as a promising candidate for cellular immunotherapy. Natural

killer cells may be generated from different sources, including induced

pluripotent stem cells (iPSCs); these stem cells produce an abundant amount

of NK cells to meet the needs of a wide range of clinical applications. Autol-

ogous iPSCs are expensive and labor-intensive to prepare, while allogeneic

iPSCs require human leukocyte antigen (HLA) matched cells to avoid the

risk of immune rejection. In the current study, we prepared HLA-matched

iPSCs using HLA common haplotype homozygous (HLAh) donors from

cryopreserved human cord blood (CB) sourced from the Tianjin Cord Blood

Public Bank. This approach was designed to generate a CB-derived iPSC

library from HLAh donors and use it to produce off-the-shelf NK cells.

Starting with readily available cryopreserved CB mononuclear cells

(cryoCBMCs), we produced cryoCBMC-derived iPSCs (cryoCB-iPSCs).

These cryoCB-iPSCs were induced to generate embryoid bodies (EBs) using

an improved 3D suspension culture method, and induced NK (iNK) cells

were differentiated from EBs. iNK cells expressed specific surface markers of

NK cells, exhibited cytotoxicity comparable with NK cells generated from

CB (CB-NK) and peripheral blood (PB-NK), and expressed lower levels of

KIRs and HLA-DR compared to CB-NK and PB-NK. Taken together, we

have shown that an iPSC library can be established from HLAh

cryoCBMCs, and cryoCB-iPSCs can be used to generate a large number of

‘universal’ NK cells for future clinical applications.

There have been many recent developments in

immune-cellular therapy targeting cancer, notably in

the field of chimeric antigen receptor T (CAR-T) cell

therapy. To date, five CAR-T products have been

approved by the Food and Drug Administration and

two CAR-T products have also been recently launched

in China [1]. Natural killer (NK) cells, a unique lym-

phocyte subgroup, are an important participant of
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innate immunity and exhibit the capacity to kill virally

infected cells and tumor cells. In addition, NK cells

exhibit potential value in tumor immunotherapy due

to their non-major histocompatibility complex (MHC)

restriction and extensive tumor recognition ability [2].

Natural killer cells can recognize and lyse mutated

cells with downregulated MHC-I molecules or overex-

pressed activated NK cell receptors [3,4]. Thus, NK

cells, not only in autologous but also allogenetic, can

be used to treat cancer without causing serious adverse

effects, such as graft-versus-host disease (GvHD),

holding promise for significantly broadening the avail-

ability of clinical application [5].

At present, there are many clinical studies on the

applications of NK cells in tumor therapy [3,5–7]. The
clinical application of NK cells usually requires large

and repeated doses to achieve therapeutic effects [8,9].

Thus, identifying sources that can be used to mass-

produce NK cells to meet clinical requirements has

been an active area of research. Indeed, various

sources have been tested to generate NK cells, includ-

ing NK cell lines, peripheral blood-derived NK cells

(PB-NK), and cord blood-derived NK cells (CB-NK)

[5,10]. Natural killer cell lines are unstable and require

irradiation before infusion, and the irradiated cells

only survive for 48 h [11]. Due to this limitation, NK

cell lines cannot achieve long-term therapeutic effects

[12]. PB-NK and CB-NK cells are limited for individ-

ual dosing, and generating PB-NK and CB-NK cells is

time-consuming and cost-inefficient [10]. Therefore,

there is an urgent need to identify an appropriate

source to produce a large number of allogeneic NK

cells.

Induced pluripotent stem cells (iPSCs) are often

generated by the forced expression of relevant

pluripotent transcription factors in somatic cells [13].

iPSCs have strong self-renewal ability and exhibit

embryonic stem cell (ES)-like pluripotency to differ-

entiate into various functional cell lineages [14]. More

interestingly, iPSCs have been reported to have the

potential to become standard raw materials to pro-

duce a large number of NK cells [15,16]. Further,

human CB represents an attractive source of cells for

reprogramming iPSCs [17] due to its wide availability,

non-invasive acquisition, low risk of viral contamina-

tion and mutation, and it is typically already stored

in liquid nitrogen for transplantation. Moreover, the

most frequent HLA haplotype homozygous (HLAh)

CB selected from public CB bank is an optimal

source to produce ‘universal’ iPSCs for a wider range

of recipients [18].

In the present study, we designed a strategy to use

cryopreserved CB mononuclear cells (cryoCBMCs) to

generate iPSCs (cryoCB-iPSCs). We then improved a

method to mass-produce induced NK (iNK) cells

derived from cryoCB-iPSCs. We characterized iNK

cells by evaluating the expression of surface markers

of NK cells and cytotoxicity.

Materials and methods

CryoCB and cryoCBMC isolation

Human cryoCB was obtained from the Tianjin Cord Blood

Public Bank. The donors involved in the study were informed

and signed written informed consents. This study was con-

ducted in accordance with the Declaration of Helsinki for

experiments involving humans and was approved by the ethi-

cal advisory board of the Institute of Hematology and Blood

Diseases Hospital (YW2018001-EC-1). The CBMC and

cryoCBMCs were prepared from fresh and cryopreserved CB,

respectively, by Ficoll–Hypaque (G&E Healthcare, Chicago,

IL, USA; 17-1440-02) as previously described [19].

Episomal vectors

Oct4-e2a-Sox2 (OS), MYC (M), KLF4 (K), and Bcl-XL

(B) were inserted into an EV plasmid backbone, containing

Spleen focus-forming virus U3 (SFFV) promoter, Post-

transcriptional regulatory element (Wpre), Polyadenylation

signal from SV40 virus (SV40PolyA), EBV origin of repli-

cation (oriP), and Epstein–Barr nuclear antigen 1 (EBNA1)

elements as described previously [20]. All insertions of the

cloned vectors were verified by sequencing.

Reprogramming of cryoCBMC to pluripotency

The cryoCBMCs were cultured for 6 days in an erythroid

medium as previously described [19]. The 4 × 105 cells were

nucleofected with a 1 μL plasmid mixture (400 ng�μL−1 OS,

200 ng�μL−1�M, 200 ng�μL−1 K, and 100 ng�μL−1 B), and dis-

tributed to one well in a vitronectin-treated 6-well plate and

cultured for another 2 days. After 2 days, the culture medium

was changed to the induction medium (2 mL�well−1), which
contained Knockout™ DMEM/F12 (Gibco, Grand Island,

NY, USA; 12660012) with 50 ng�mL−1 basic fibroblast growth

factor (Peprotech, Rocky Hill, NJ, USA; 100-18C-10),

13 ng�mL−1 Insulin-Transferrin-Selenium (Gibco; 41400-045),

2 mM L-glutamine (Gibco; 25030081), and 50 mg�mL−1 ascor-

bic acid (Sigma, St. Louis, MO, USA; 49752-10G). The induc-

tion medium was replenished every 2 days, and on day 6, was

changed to another induction medium that contained 0.25 mM

sodium butyrate (Sigma; B5887-250MG), which was replen-

ished every 2 days until day 12. The resulting iPSCs were cul-

tured in vitro nectin-treated 6-well plates and refreshed with

mTeSR1 medium (Stemcell, Vancouver, BC, Canada; 85850)

every 2 days for long-term culture.
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Alkaline phosphate staining and

immunocytochemistry

Alkaline phosphatase (AP) staining was performed using an

Alkaline Phosphatase Staining Kit II (Stemgent, Cam-

bridge, MA, USA; 00-0055). For detection of pluripotent

stem cell marker antigens, cells were fixed with 4%

paraformaldehyde in PBS for 10 min at room temperature.

After washing with PBS, cells were incubated in 0.25% Tri-

ton X-100 (Sigma-Aldrich; X100-1L) for 10 min at room

temperature, and then blocked with 5% sheep or donkey

serum for 30 min at room temperature. Cells were then

incubated with the following primary antibodies SSEA-4

(1 : 100; Invitrogen, Carlsbad, CA, USA; MA1-021X),

TRA-1-60 (1 : 50; Invitrogen; MA1-023), Oct-4 (1 : 100;

Invitrogen; PA5-27438), SOX2 (1 : 100; Invitrogen; PA1-

094X), and Nanog (1 : 100; Invitrogen; 14-5768-82), over-

night at 4 °C. Cells were then incubated with appropriate

secondary antibodies corresponding to the primary anti-

body at room temperature for 1 h. The secondary antibod-

ies included Alexa Fluor 594 AffiniPure Donkey anti-mouse

IgG (1 : 250; Jackson, Bar Harbor, ME, USA; 715-585-

150), Alexa Fluor 488 AffiniPure Donkey anti-rabbit IgG

(1 : 250; Jackson; 711-545-152) and Alexa Fluor 594 Affini-

Pure goat anti-mouse anti-mouse IgG (1 : 250; Jackson;

115-585-075). The nuclei were stained with DAPI (1 : 10;

Vector Laboratories, Burlingame, CA, USA; H-1200).

Differentiation capacity of cryoCB-iPSCs in vitro

STEMdiff™ Trilineage Differentiation Kit (Stemcell; 5230)

was used to differentiate cryoCB-iPSCs into endoderm,

mesoderm, and ectoderm. Mesoderm and endoderm lin-

eages were formed on day 5, and ectoderm lineages were

formed on day 7. Immunofluorescence staining was used to

detect representative markers (AFP3 for mesoderm, 1A4

for endoderm and 10C2 for ectoderm) of cryoCB-iPSCs.

The Human Pluripotent Stem Cell Trilineage Differentia-

tion quantitative polymerase chain reaction (qPCR) Array

(Stemcell; 7515) was performed to characterize hPSCs and

their trilineage differentiation capacity. This qPCR array

was designed to detect the gene expression profile of undif-

ferentiated hPSCs and their trilineage derivatives following

in vitro directed or spontaneous differentiation. Genes were

selected based on their demonstrated differential expression

in ES and iPSCs compared with hPSC-derived ectodermal,

mesodermal, and endodermal lineage cells.

Teratoma formation assay and histological

analysis

Approximately 1 × 106 cryoCB-iPSC after 15 passages in

culture were harvested with Accutase (Stemcell; 07920) and

resuspended in 200 μL solution that was prepared with

Matrigel (Corning, Acton, MA, USA; 354277) and

DMEM/F12 medium (HyClone, Logan, UT, USA;

SH30243.01) at a ratio of 1 : 1. These cells were subcuta-

neously injected into the rear haunch of each NOD/SCID

immunodeficient mouse. Two months after implantation,

the formed teratomas were removed and sectioned at 7 μm
thickness for hematoxylin and eosin (H&E) staining.

NK cells induced from cryoCB-iPSCs

To produce NK cells from cryoCB-iPSCs, we developed a

method for EB formation from 3D cultured iPSCs. In brief,

cryoCB-iPSCs (8 × 105 cells�mL−1) were transferred and cul-

tured in non-tissue cultured (TC) treated six-well plates

(2 mL mTeSR™ 3D Medium (Stemcell; 03950) per well).

Cells were incubated on a shaking table with a rotation speed

of 70 r.p.m. at 37 °C, 5% CO2 for 4 days. Morphological

changes of cryoCB-iPSCs were monitored every day. On the

fourth day, EBs were approximately spherical with a diame-

ter of 150–250 nm. EBs were then transferred to non-TC

treated six-well plates at a density of 300–400 per well. Then

the classic two-step differentiation method was used to induce

NK (iNK) cells as previously described [16,21]. Single cells in

suspension culture were filtered out. EBs were transferred in

differentiation medium (APEL™ medium (Stemcell; 05275)

and PFHM-II at a proportion of 20 : 1, including VEGF

(20 ng�mL−1) and BMP4 (20 ng�mL−1), SCF (40 ng�mL−1)),

the density was adjusted to 40–60 EBs per well. EBs were then
incubated at 37 °C in a 5% CO2 incubator for 11 days.

Blastocyst-like EBs were generated and the APEL differentia-

tion medium was replaced with an AEL differentiation med-

ium (including IL-3 (5 ng�mL−1), IL-15(10 ng�mL−1), FLT3

(10 ng�mL−1), IL-7(20 ng�mL−1), and SCF (20 ng�mL−1)),

which led to lymphocyte differentiation. AEL differentiation

medium was replaced every week. After 4 weeks, iNK cells

were harvested in suspension (Fig. 1).

Flow cytometry

To investigate phenotypic changes during differentiation of

cryoCB-iPSCs, FACSCalibur flow cytometry (BD Bio-

sciences, San Diego, CA, USA) was used to characterize

cryoCB-iPSCs with antibodies against CD34 (catalog no.

Z6410008), CD45 (catalog no. Z6410006), CD3 (catalog no.

Z6410026), and CD16 (catalog no. Z6410070; Quantobio, Bei-

jing, China); CD56 (catalog no. 562794), NKp46 (catalog no.

557991), NKp44 (catalog no. 558563), NKpG2D (catalog no.

562064), and CD94 (catalog no. 559876; BD Biosciences). Iso-

type controls were used to eliminate background due to the

nonspecific binding of antibodies to cell surfaces.

Cytotoxicity assay of iNK cells

CD107a expression and intracellular IFN-γ and TNF-α
production determined by flow cytometry were used to

evaluate the cytotoxicity of iNK cells. In brief, iNK cells
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(i.e., effector cells) were co-cultured with K562 cells (i.e.,

target cells) at a ratio of 1 : 1. iNK cells that were not co-

cultured with target cells were used as a negative control.

iNK cells were collected after 5 h incubation and stained

with CD56-FITC (catalog no. 562794), CD107a-APC (cata-

log no.560664), IFN-γ-PE (catalog no. 559327; BD Bio-

sciences), and TNF-α-APC (catalog no. 502912; Biolegend,

San Diego, CA, USA). The expression of CD107A, IFN-γ,
and TNF-α was analyzed and compared in iNK cells

between the two groups.

To detect direct cytotoxicity of NK cells against target

cells, a flow cytometry-based method was used [10,12]. In

brief, 0.5 × 105 to 5 × 105 NK cells were cocultured with

5 × 104 carboxyfluorescein diacetate succinimidyl ester

(CFSE) – labeled cancer cells at various effector to target

(E : T) ratios for 4 h. Samples were then stained on ice

with 7-AAD for 10 min. After washing, target cell death

was assessed with a flow cytometer by the percentage of 7-

AAD-stained cells in the CFSE-positive population. To

inhibit the activity of the perforin/granzyme system in NK

cells, the co-culture killing assays were performed in the

presence of 5/3 mM EGTA/Mg++. Target cells (CFSE+)

were gated, and the percent of 7-AAD+ cells was used to

calculate NK cell cytotoxicity using the following equation:

(Experimental–Spontaneous dead cells/(100–Spontaneous
dead cells) × 100%.

Statistical analysis

All analyses were performed with SPSS 25.0 software (SPSS

Inc., Chicago, IL, USA). Data were expressed as mean � s-

tandard error of the mean (SEM). ANOVA was used for the

comparison of variables among multiple groups. Student t-test

was used for comparison of variables between two groups. A

P value < 0.05 was considered statistically significant.

Results

Characterization of cryoCB-iPSCs

The cryoCB-iPSCs were positive for AP staining

(Fig. 2A). The expression of pluripotency markers

SOX2, OCT3/4, and NANOG were markedly

increased in the cryoCB-iPSCs compared with the par-

ental CBMCs, and were comparable to expression in

H1 human ES cells as revealed by RT-qPCR (Fig. 2B).

Also, pluripotency markers TRA-1-60, SSEA4,

NANOG, OCT3/4, and SOX2 were markedly

expressed in the cryoCB-iPSCs as revealed by flow

cytometry (Fig. 2C). Consistent with the above obser-

vations, immunofluorescence staining showed that the

cryoCB-iPSCs were positive for typical ES cell markers

such as TRA-1-60, SSEA4, NANOG, OCT3/4, and

SOX2 (Fig. 2D).

Differentiation of cryoCB-iPSCs

We next examined the differentiation capability of

cryoCB-iPSCs using hPSC Trilineage Differentiation

qPCR Array, and found that cryoCB-iPSCs could

differentiate into ectoderm, mesoderm, and endo-

derm cells (Fig. 3A). Immunofluorescence staining

showed that representative markers, AFP3, 1A4, and

10C2, were positive for mesoderm, endoderm, and

ectoderm, respectively (Fig. 3B). We also subcuta-

neously injected cryoCB-iPSCs into immunosup-

pressed mice and examined the teratoma formation

after 2 months by H&E staining. H&E staining

showed that the teratoma contained three germ layer

tissues (Fig. 3C).

Fig. 1. Schematic representation showing a three-stage protocol for the generation of NK cells from iPSCs.
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Safety evaluation of cryoCB-iPSCs

We selected three cryoCB-iPSCs and analyzed the

changes in average copies of total plasmids. Zero

copies of the plasmid were detected in cells from pas-

sage 10 of the three cryoCB-iPSCs (Fig. 4A), suggest-

ing that plasmids were depleted from these cells.

Karyotype analysis was performed to evaluate the

genomic stability of cryoCB-iPSCs at passage 15, and

showed a normal karyotype (Fig. 4B), suggesting that

long-term cultured cryoCB-iPSCs did not exhibit

detectable chromosomal abnormalities.

HLAh CB in Tianjin Cord Blood Public Bank

To demonstrate the feasibility of generating a CB-

derived HLAh iPSC library, we investigated HLAh

CB from the Tianjin Cord Blood Public Bank. We

found that there were 16 homozygous CBs, including

HLA-A, -B, -C, -DR, and -DQ. The genotype fre-

quency of these 16 homozygous CBs was 6.5% in the

Chinese population, covering 11.3% of the total Chi-

nese population (Table 1) based on high-resolution

analyses of HLA-A, -B, -C, -DR, and -DQ frequencies

of 169 995 volunteers from the China Bone Marrow

Donor Registry Program [22].

Characteristics of iNK Cells

We first characterized iNK cells by examining the expres-

sion of surface markers. Compared to PB-NK and CB-

NK cells, iNK cells had the expression of

immunoglobulin-like receptors (KIRs), CD16, NKp46,

(A)

(C)

TRA-1-60 
96.9%

Sox2
99.4%

Nanog
93.6%

Oct3/4
99.0%

(D)

TRA-1-60/DAPI SOX2/DAPIOCT3/4/DAPINANOG/DAPISSEA4/DAPI

SSEA4 
97.9%

(B)

** **

**

**
**

**

Fig. 2. Characterization of cryoCB-iPSCs. (A) Alkaline phosphatase staining of cryoCB-iPSCs. Scale bar, 100 μm. (B) Comparison of expres-

sion of pluripotency gene, SOX2, OCT3/4, and NANOG, between cryoCB-iPSCs and CBMC-iPSCs and H1 human ES cells (n = 5). Data are

represented as the mean � SEM. **P < 0.01 vs. CBMC as determined by Student t-test. (C) Flow cytometry analysis of the expression of

pluripotency markers, TRA-1-60, SSEA4, NANOG, OCT3/4, and SOX2, on cryoCB-iPSCs. (D) Representative images of immunofluorescence

staining showing expression of typical ES cells markers TRA-1-60 (red), SSEA4 (red), NANOG (green), OCT3/4 (green), and SOX2 (green) on

cryoCB-iPSCs. Nuclei are stained with DAPI (blue). Scale bar, 100 μm.
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NKp44, CD94, NKG2D, and CD117 indicating that

iNK cells can be generated from cryoCB-iPSCs using our

EB differentiation method. In addition, we also found

that iNK cells expressed lower levels of KIRs and CD16,

compared to PB-NK and CB-NK cells (Fig. 5).

Immunogenicity of cryoCB-iPSC and iNK cells

We next examined the expression of HLA-I (A, B, C)

and HLA-II (DR) in cryoCB-iPSCs and iNK cells to

assess their immunogenicity. The cryoCB-iPSCs and

(A)

Endoderm

Mesoderm

Ectoderm

100μm

100μm

100μm

(C)

Endoderm

Mesoderm

Ectoderm

1A4/DAPI

10C2/DAPI

AFP3/DAPI

(B)

Fig. 3. Differentiation capability of cryoCB-iPSCs. (A) Trilineage differentiation quantitative PCR array of cryoCB-iPSCs. (B) Representative images

of immunofluorescence staining of markers of different lineage cells: AFP3 for mesoderm, 1A4 for endoderm, and 10C2 for ectoderm. Scale bar,

50 μm. (C) Representative images of H&E staining of teratomas containing endoderm, mesoderm, and ectoderm. Scale bar, 100 mm.

(B)(A)

Positive

P10

1 2 3

ACTB
108bp

EBNA1

244bp
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251bp

1 2 3 4 5

1176 8 9 10

14

12

13 15 16 17 18

19 20 21 22 X Y

Fig. 4. Safety evaluation of cryoCB-iPSCs. (A) PCR-based detection of vector sequence (EBNA1 and WPRE) was not found in the expanded

cryoCB-iPSCs after 10 passages. (B) A representative karyotyping image of a cryoCB-iPSC.
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ES-H1 had a comparable expression of HLA-I (A, B,

C) and HLA-II (DR; Fig. 6A). Compared to CB-NK

and PB-NK cells, iNK cells expressed comparable

levels of HLA-I (A, B, C) and lower levels of HLA-II

(DR) (Fig. 6B). These results demonstrate that iNK

cells have low immunogenicity and may become ‘uni-

versal’ NK cells.

Cytotoxicity of iNK cells against cancer cells

We investigated the cytotoxicity of the generated NK

cells by co-culturing three types of NK cells, iNK, PB-

NK, and CB-NK cells, with K562 cells (chronic myeloid

leukemia cell line) at a ratio of 1 : 1, respectively, fol-

lowed by flow cytometry analysis for staining of CD56-

FITC, CD107a-APC, and IFN-γ-PE. The NK cells cul-

tured without target cells were used as a control. Com-

pared to CB-NK and PB-NK cells, iNK cells expressed

higher levels of CD107a expression and TNF-α secre-

tion, and lower levels of IFN-γ secretion (Fig. 7A–C).
We also evaluated the direct cytotoxicity against

cancer cells by assessing cytotoxicity induced by NK

cells on K562, MB-MDA-231 (breast cancer cell line),

and Raji (lymphoma cell line). iNK cells were able to

efficiently kill K562 cells and MB-MDA-231. How-

ever, PB-NK cells induced the highest toxicity on Raji

cells compared with iNK or CB-NK cells (Fig. 7D).

To determine whether NK-induced cytotoxicity

depends on cytotoxic granule release, cytotoxicity was

measured in the presence or absence of the Ca++

chelator EGTA, which inhibits cytotoxic granule

release. EGTA completely blocked cytotoxicity, sug-

gesting that degranulation was required (Fig. 7E).

Discussion

Natural killer cells have marked potential value in

tumor immunotherapy due to characteristics such as

non-MHC restriction and extensive tumor recognition

[3,23]. However, the main problem hindering the clini-

cal application of NK cells is the production of large

numbers of NK cells required for therapeutic clinical

applications [24,25]. Therefore, there is an urgent need

for a method that can be used to mass-produce NK

cells [5,25]. To address this unmet need we designed an

approach to produce unlimited NK cells from cryoCB-

iPSCs. Using an improved EB formation protocol,

functional mature NK cells were produced from

cryoCB-iPSCs. These iNK cells expressed NK cell-

specific surface markers, exhibited cytotoxicity, but

had less KIRs and HLA-DR. Therefore, we believe

that this approach may be used to generate a large

Table 1. Genotypes and frequency of 16 HLAh cord blood from the Tianjin cord blood public bank.

Numbers Freq. (‰) HLA-A HLA-B HLA-C HLA-DR HLA-DQ

10 37.0023 30:01 30:01 13:02 13:02 06:02 06:02 07:01 07:01 02:02 02:02

4 24.6414 02:07 02:07 46:01 46:01 01:02 01:02 09:01 09:01 03:03 03:03

1 5.7905 02:03 02:03 38:02 38:02 07:02 07:02 16:02 16:02 05:02 05:02

1 3.6439 02:01 02:01 39:01 39:01 07:02 07:02 11:06 11:06 03:01 03:01

87
CD3
6.61

CD94CD16 NKp46

95.237.490.6

NKp44 KIR
84.5 84.9 99.4

NKG2D CD117
0.08

90.5 14.5 90.781.968.4 85 37.8 99.1

CD56

0.12

PB
-N
K

C
B-
N
K

90.6 0.82 80.590.312.2 79 9.5 91.2 5.44

FSC

iN
K

Fig. 5. Detection of surface markers, CD56, CD16, Nkp46, NKp44, CD94, KIR, NKG2D, and CD117, on PB-NK cells, CB-NK cells, and iNK

cells by flow cytometry.
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number of ‘universal’ functional NK cells, enabling

wider clinical application of tumor immunotherapy.

Currently, therapeutic NK cells are primarily

derived from NK cell lines, PB and CB. In recent

years, accumulating evidence has suggested that iPSCs

are a promising source of NK cells [13,26]. For exam-

ple, iPSC-derived NK cells have been used in several

clinical studies to treat tumors [27]. Further, a large

number of preclinical and clinical studies using autolo-

gous iPSCs-derived functional cells have been used to

treat various diseases in regenerative medicine [28].

Notably, autologous iPSCs have been used to produce

retinal pigment epithelial cells to treat age-related mac-

ular degeneration [29]. Unfortunately generating autol-

ogous iPSCs is expensive and labor-intensive which

has limited the therapeutic value of this approach.

An alternative strategy is to provide iPSC products

using universal HLAh donors. For this purpose, CB

represents an excellent source to produce iPSCs com-

pared with adult cells, such as PBMCs and skin fibrob-

lasts [17]. Previous results have shown that iPSCs

derived from adult tissues have higher levels of mito-

chondrial DNA mutations than those derived from

CBMCs [30], suggesting an advantage of using CB cells

to generate iPSCs. Moreover, the most common HLA

CB can be selected from a CB bank to produce iPSCs

for a wider range of applications. As previously

reported, high-resolution HLA CB has been used to

establish an iPSCs bank, and the 10 most common

homozygous iPSC lines, matching 41.07% of the Kor-

ean population, have been characterized [18]. Taylor et

al. [31] showed that 14 high-frequency homozygous

iPSC lines could provide HLA-matched donors for

58.11% of the UK population. We assayed HLAh CB

from the Tianjin Cord Blood Public Bank and found

that there were 16 homozygous CBs, including HLA-A,

-B, -C, -DR, and -DQ. The genotype frequency of the

16 homozygous CB was 6.5% in the Chinese popula-

tion, matching 11.3% of the Chinese population.

KIRs, also known as CD158, are a group of trans-

membrane glycoproteins that are universally expressed

on NK cells and are key regulators of NK cell cyto-

toxicity [32,33]. The levels of KIR expression on NK

cells mediate the cytotoxicity of NK cells, and target-

ing KIRs has been shown to be a therapeutic

approach to improve clinical outcomes. In addition, a
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Fig. 6. Immunogenicity of cryoCB-iPSCs and iNK cells. (A) Expression of HLA-I (A, B, C) and HLA-II (DR) in cryoCB-iPSCs and ES-H1 cells.

(B) Expression of HLA-I (A, B, C) and HLA-II (DR) in iNK, PB-NK, and CB-NK cells.
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KIR-HLA mismatch donor has to be selected for

patients to achieve optimal outcomes [34]. Previously,

iPSCs derived from PBMCs were shown to generate

KIR-negative NK cells, which may contribute to their

clinical efficacy [12]. Consistent with the observations

above, in the present study we also found that

cryoCB-iPSCs were able to produce KIRs-negative

iNK cells. In addition to the expression of low levels

Fig. 7. Functional characterization of iNK cells. (A) Expression of CD107a in iNK, PB-NK, and CB-NK cells (n = 3 for each group). Data are

represented as the mean � SEM. *P < 0.05 and **P < 0.01 as determined by ANOVA. (B) Expression of IFN-γ in iNK, PB-NK, and CB-NK

cells (n = 3). Data are represented as the mean � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 as determined by ANOVA. (C) Expres-

sion of TNF-α in iNK, PB-NK, and CB-NK cells (n = 3). Data are represented as the mean � SEM. *P < 0.05 and ***P < 0.001 as deter-

mined by ANOVA. (D) Cytotoxicity assay against K562, MDA-MB-231, and Raji (n = 3). Data are represented as the mean � SEM. * or

#P < 0.05; *: PB-NK vs. iNK; #: PB-NK vs. CB-NK as determined by ANOVA. iNK cells killed K562 cells and MDA-MB-231 cells with compa-

rable capacity as PB-NK and CB-NK cells. PB-NK cells killed Raji cells significantly better than iNK and CB-NK cells. (E) Cytotoxicity assay

against K562 (effector/target ratio = 5 : 1) in the presence of EGTA. Data are represented as mean � SEM (n = 3). Data are represented as

the mean � SEM. ***P < 0.001 as determined by Student t-test.
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of KIRs, these iNK cells all expressed typical NK cell

surface molecules. Therefore, we hypothesize that our

method of using croCB-iPSCs to generate a large num-

ber of iNK cells is a viable alternative to the tradi-

tional methods which will enable additional clinical

applications.

Inducing differentiation of iPSCs toward NK cells is

a key step in the application of NK cells. One method

is to produce CD34+ hematopoietic progenitor cells

from iPSCs, then promote CD34+ hematopoietic pro-

genitor cells to differentiate into NK cells [16,35]. That

protocol is complex and reduces the yield of NK cells

because of the exclusion of many other hematopoietic

progenitors [16,35]. Another method is to form EBs,

collect EBs, and then differentiate EBs into NK cells.

The traditional method to generate EBs is to inoculate

iPSCs with 3000 cells per well into a 96-well plate and

then rotate it under appropriate conditions [36]. The

generated EBs are then collected and distributed every

six spins in one well of a 24-well plate, and differenti-

ated into NK cells. Technically, this method is labor-

intensive and difficult to mass-produce NK cells for

clinical applications [36]. In the present study, we

established an improved protocol for EB formation by

transferring cryoCB-iPSCs at a density of

8 × 105 cells�mL−1 to non-TC treated six-well plates

with mTeSR™ 3D Medium. These cells were then

incubated on a shaking table with a rotation speed of

70 r.p.m. at 37 °C in a 5% CO2 incubator for 4 days.

Embryoid bodies were formed with approximately

spherical shapes with a diameter of 150_250 nm on the

fourth day. Embryoid bodies were then transferred to

non-TC treated six-well plates at a density of 300_400

per well for differentiation into hematopoietic cells.

This improved protocol is easy for large-scale produc-

tion of NK cells, which we believe will meet the needs

of various clinical applications.

Conclusion

We report a technique to generate NK cells, that is,

‘from cryoCB to iPSCs, then back to NK cells’, and

characterized the resulting NK cells. We found that

these iNK cells were similar to those generated from

other sources with regard to surface marker expression

and functions such as cytotoxicity. Our work demon-

strates that this technique is a viable approach to mass-

producing NK cells for various clinical applications.
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Abstract

Aggregate size is an important parameter that determines the cell fate and quality

of the resulting human‐induced pluripotent stem cells (hiPSCs). Nowadays, large‐
scale suspension culture is a common method for scaling‐up the bio-

manufacturing of hiPSCs to realize their practical application. However, this cul-

ture system exhibits a complex hydrodynamic condition resulting from the

different mixing conditions of culture media, which potentially produce non‐
uniform aggregates, which may decrease the quality of the cell yield. Here, we

performed expansion in a ring‐shaped culture vessel and compared it with three

other suspension‐based culture systems to evaluate the uniformity and charac-

teristics of hiPSC aggregates. Morphologically, the hiPSC aggregates formed and

expanded in the ring‐shaped culture vessel, resulting in small and uniform aggre-

gates compared to the other culture systems. This aggregate population showed a

decent mass transfer required for the exchange of biochemical substances, such as

nutrients, growth factors, oxygen, and waste metabolic products, inside the ag-

gregates. Thus, better metabolic performance and pluripotency markers were

achieved in this system. Interestingly, all culture systems used in this study showed

different tendencies in embryoid body differentiation. The smaller aggregates

produced by sphere ring and dish bag tended to differentiate toward ectodermal

and mesodermal lineages, while predominantly larger aggregates from the 6‐well
plates and spinner flask exhibited more potential for endodermal lineage. Our

study demonstrates the production of a decent homogenous aggregate population

by providing equal hydrodynamic force through the ring‐shaped culture vessel

design, which may be further upscaled to produce a large number of hiPSCs for

clinical applications.
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aggregates size, differentiation potential, hiPSCs, pluripotency, ring‐shaped culture vessel
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1 | INTRODUCTION

Human‐induced pluripotent stem cells (hiPSCs) exhibit potential for

various applications in regenerative medicine, such as trans-

plantation. To realize this application, a sufficient number of hiPSC‐
derived cells are required to regenerate large organs. For example,

6 � 108 beta cells are required for pancreatic islet transplantation

(Zweigerdt, 2009) and 6 � 1010 liver cells are required to regenerate

30% of the liver (Bianconi et al., 2013). To meet this demand,

suspension‐based large‐scale expansion of hiPSCs needs to be

performed.

Appropriate modulation of stem cell aggregation may offer

enormous potential for future applications in stem cell‐based ther-

apies. In addition to biological factors, culture vessel design may

affect the biomanufacturing process in hiPSC expansion. Currently,

several culture systems, such as stirred bioreactor (Fridley

et al., 2010; Olmer et al., 2012) or orbital rotary culture (Carpenedo

et al., 2007; Fridley et al., 2010; Sargent et al., 2010), have been

developed to establish a system that provides a decent culture

environment to achieve a large number of cell yields, sustain self‐
renewal properties, and maintain pluripotency during hiPSC expan-

sion. However, these culture systems often produce non‐uniform
aggregate populations. These non‐uniform aggregates may result in

heterogeneity among the cell yields due to a concentration gradient

that limits the transfer of nutrients and toxic metabolic products

inside different regions of the larger aggregates. To some extent, the

large diameter of aggregates may cause a necrotic core or sponta-

neous differentiation, which may not be appropriate for practical

applications.

The centrifugal force in the conventional orbital culture creates

a circular flow that causes the phenomenon of aggregate accumu-

lation in the central part of the culture vessel, known as “Einstein's

tea leaf paradox,” (Horiguchi et al., 2019; Yogananda & Ein-

stein, 2000) which causes inhomogeneous aggregation of the

hiPSCs. To address this problem, we developed a ring‐shaped cul-

ture bag that excludes the central area of the culture, avoiding

undesirable aggregate accumulation in the central part. This culture

design approach successfully created an equal hydrodynamic con-

dition to control the size of the aggregates and maintain their uni-

formity both in aggregate formation and during the expansion

period. Our study demonstrated the feasibility of producing ho-

mogenous hiPSC aggregates for various applications in regenerative

medicine.

2 | MATERIALS AND METHODS

2.1 | Monolayer cell culture

The hiPSC cell line, TkDN4‐M, was provided by Stem Cell Bank,

Center for Stem Cell Biology and Regenerative Medicine, The

University of Tokyo, Japan (Takayama et al., 2010). The cells were

cultured and maintained in a vitronectin‐coated tissue culture dish

using Essential 8 (E8) culture medium (Life Technologies) with daily

medium replacement.

2.2 | Observation of the movement of aggregates

HiPSCs in monolayer were harvested using 0.5 mM ethyl-

enediaminetetraacetic acid (EDTA) in phosphate‐buffered saline

(PBS) (FUJIFILM WAKO Pure Chemical) for 5–10 min of incubation,

followed by a gentle dissociation with E8 medium sprayed using a

micropipette. The single cells were then filtered through a 40 μm cell

strainer (Corning), and the filtered cells were resuspended in the

growth medium. The cell aggregates were produced by inoculating

5 � 105 cells/mL density (2 � 106 single‐cell suspension in 4 ml E8

medium (Life Technologies)) containing 10 μM Y27632 at day

0 (FUJIFILM WAKO Pure Chemical) per well in non‐treated 6‐well
plates (Iwaki). The cells were grown in 90 rpm suspension culture

for another 3 days with daily E8 medium replacement without

Y27632. The cell aggregates were fixed by replacing the culture

medium with 4 ml of 4% paraformaldehyde overnight, followed by

staining with 4 ml Quick‐CBB Plus (FUJIFILMWAKO Pure Chemical)

for 24 h. To observe the pattern of aggregate movement during

dynamic suspension culture operations, the stained aggregates

were suspended in Dulbecco's modified Eagle's medium (DMEM)/

Ham's F‐12 culture medium without phenol red (FUJIFILM Wako

Pure Chemical) and inserted into each dynamic culture system. Im-

ages and videos were recorded using a DSLR camera (Canon).

2.3 | Aggregates expansion in the suspension
culture vessel

The hiPSCs in monolayer were harvested using 0.5 mM EDTA in PBS

and incubated for 5–10 min following gentle dissociation with E8

medium spraying using a micropipette. Subsequently, the single‐cell
suspension was produced by passing the harvested cell suspension

through a 40 μm cell strainer. To generate the hiPSC aggregates,

2� 105 cells/mL were inoculated with 20 ml of E8 medium containing

2% free fatty acid‐bovine serum albumin (BSA‐FFA) (FUJIFILM

WAKO Pure Chemical) and 10 μM Y27632 (FUJIFILM WAKO Pure

Chemical) in each culture system with optimum rotational speed, as

shown in Figure 1a,b. Medium replacement was performed on days 2

and 4 with 20 ml of E8 medium, without BSA‐FFA and Y27632.

2.4 | Morphological observation

Each of the aggregate populations produced by the different culture

systems was moved into 12‐well plates under a light microscope. The
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image of the aggregate colony was taken using a microscope

(Olympus), and its diameter was analyzed using FIJI/ImageJ software

(Schindelin et al., 2012) (National Institutes of Health).

2.5 | Aggregates counting and size measurement of
aggregates population

The aggregate suspension was transferred into a 50 ml tube and

placed under static conditions until all of the aggregates were sedi-

mented at the bottom of the tube. The medium supernatant was

aspirated until it remained at approximately 5 ml. Afterward, the

remaining aggregate suspension was transferred into 6‐well plates
whichwere previouslymarkedwith 5mm�5mmsquare patterns by a

permanent marker on the outer transparent bottom surface, followed

by aggregate counting under a light microscope. The images of the

aggregates were captured using a light microscope and approximately

500 aggregates were measured by image analysis using FIJI/ImageJ

software (Schindelin et al., 2012) (National Institutes of Health).

2.6 | Determination of cell number

The aggregates were collected by centrifugation at 1000 rpm for 3–

5 min. The culture medium was aspirated, and the aggregates were

incubated with Accutase solution (Stemcell Technologies) for 30 min

at 37°C, followed by aggregate dissociation by gentle pipetting. The

cell number was determined using a hemocytometer (TATAI).

2.7 | Lactate dehydrogenase (LDH) assay

The culture medium was isolated every 24 h and analyzed using an

LDH assay kit (FUJIFILM WAKO Pure Chemical) according to the

manufacturer's instructions. The number of injured cells was cali-

brated using the serial number of diluted cells that were intentionally

injured by PBS‐Tween 20.

2.8 | Glucose and lactate measurement

The culture medium was isolated every 24 h, and the concentrations

of glucose and lactate were measured using an OSI BF‐48AS Bio-

analyzer (Oji Scientific Instrument).

2.9 | Hematoxylin‐eosin staining of cross‐sectioned
aggregates

Aggregate populations were collected and fixed with 4% para-

formaldehyde (FUJIFILM WAKO Pure Chemical) in PBS for 1 h at

room temperature, followed by incubation in 30% PBS‐sucrose

F I GUR E 1 Culture platform used in this study. (a) Expansion procedure in all of the culture systems; (b) Aggregates movement in different

culture systems. Red circle shows the gathered aggregates as a pattern of a non‐uniform hydrodynamic condition among the area inside each
of the culture vessels [Colour figure can be viewed at wileyonlinelibrary.com]
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solution (FUJIFILM WAKO Pure Chemical) at 4°C overnight. The

aggregates were placed in a cryomold and embedded with Tissue‐
Tek OCT compound (Sakura) at −80°C until hardening. Thin

sections (10 μm) were prepared using a cryostat (Leica Bio-

systems) and mounted onto glass slides for hematoxylin‐eosin
staining.

2.10 | Terminal deoxyribonucleotidyl transferase
(TDT)‐mediated dUTP nick‐end labeling (TUNEL)
assay

The TUNEL assay was performed on aggregates obtained from each

culture system. As a positive control, the aggregates were treated

with a daily medium containing 500 ng/ml doxorubicin hydrochloride

for 72 h to induce apoptosis. The aggregates were fixed with 4%

paraformaldehyde for at least 30 min. After washing with PBS, the

aggregates were permeabilized with 1 ml of 1% Triton X for 1 h in an

orbital shaker at room temperature. Then, triton x was removed and

washed with PBS, followed by incubation with ice‐cold 70% ethanol

for a minimum of 30 min at −20°C. Apoptotic cells were identified

using the in situ direct DNA fragmentation assay kit (Abcam). Then,

70% ethanol was removed, and the aggregates were washed twice

using 1 ml of the wash buffer. After washing, the aggregates were

incubated with the staining solution included in the kit (containing

100 μl TdT reaction buffer, 7.5 μl TdT enzyme, 80 μl fluorescein
isothiocyanate (FITC)‐dUTP, and 322.5 μl ddH2O) for 60–120 min at

37°C in a rotary shaker. The two times rinsing step was repeated

twice by adding 1 ml of rinse buffer to each tube, followed by 3 min

centrifugation at 100 rpm. The supernatant was removed by aspi-

ration. HiPSC aggregates were then incubated with propidium io-

dide/RNase A solution (0.5 ml) in the dark at room temperature for

30–60 min. Apoptotic cells inside the aggregates were analyzed by

fluorescence microscopy.

2.11 | FITC penetration assay

To evaluate the penetration capability of the molecules into the ag-

gregates, approximately 100 aggregates were isolated from each

culture system. These aggregates were cultured in each well of 6‐well
plates at 90 rpm in a rotary shaker using E8 medium containing

20 μg/ml of 4 kDa FITC dextran (Sigma Aldrich). Fluorescence im-

aging of FITC penetration was performed using an FV1200 confocal

microscope (Olympus) after 24 h.

2.12 | Alkaline phosphatase activity

To detect the activity of intracellular alkaline phosphatase, aggre-

gates were harvested and stained with an AP staining kit II (Stem-

gent), with several modifications for aggregate staining using gentle

rotational agitation. After washing with 1 � PBST, the aggregates

were incubated with 2 ml fixed solution in 6‐well plates at room

temperature for 30 min, washed with 1 � PBST, and incubated at

room temperature with 3 ml AP substrate solution in the dark for

90 min. The stained aggregates were washed with PBS and observed

under a light microscope (Olympus).

2.13 | Flow cytometry analysis

HiPSC aggregates were dissociated by 30 min of incubation in

Accutase solution (Stemcell Technologies) at 37°C. Afterward, the

aggregates were dissociated by gentle pipetting, and single‐cell sus-
pensions were obtained by physical dissociation using a 40 μm cell

strainer (Corning, New York, USA) and counted using a hemocy-

tometer. Cells (106) were fixed with 1 ml of 4% paraformaldehyde

and stained with Alexa Fluor conjugated‐stage‐specific embryonic

antigen (SSEA)‐4 antibody (Biolegend). Flow cytometry analysis was

performed using a Coulter Epics Flow Cytometer (Beckman Coulter).

All antibodies used in this analysis are listed in Table S1.

2.14 | Immunocytochemistry

The aggregates were fixed with 4% paraformaldehyde overnight

at 4°C. The aggregates were then permeabilized with 1% Triton X

(Thermo Fisher Scientific) for 1 h, followed by 1 h incubation with

gelatin blocking buffer solution containing 1% PBS‐Tween (Nacalai

Tesque) at room temperature. To detect the protein targets, the

aggregates were moved into 48‐well plates and incubated with 1 μg/
ml primary antibodies for 4 days, followed by incubation with 1 μg/
ml secondary antibodies for 2 days. This incubation was performed

by shaking the plates with a rotary shaker at 4°C. The aggregates

were incubated with 1:1000 nuclear staining 40, 6‐diamidino‐2‐
phenylindole (DAPI) (Dojindo) and 1:1000 actin filament phalloidin

for 30–40 min before observation. Fluorescence imaging was per-

formed using an FV1200 confocal microscope (Olympus), and image‐
based quantification was performed using FIJI/ImageJ software

(Schindelin et al., 2012) (National Institutes of Health). All the anti-

bodies used in this analysis are described in Table S1 in supporting

information.

2.15 | Gene expression analysis by quantitative
polymerase chain reaction (qPCR)

Total RNA was isolated and purified using TRIzol reagent (Life

Technologies), followed by cDNA synthesis using ReverTra Ace qPCR

RT Master Mix (Toyobo). qPCR analysis was performed using Ste-

pOnePlus quantitative reverse transcription‐polymerase chain reac-

tion (qRT‐PCR) (Thermo Fisher Scientific) with Thunderbird SYBR

qPCR Mix (Toyobo), following the manufacturer's instructions. The

primer sequences used in this analysis are listed in Table S2 in sup-

porting information.
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2.16 | Spontaneous differentiation assay

Approximately 100 hiPSC aggregates were transferred into 6‐well
plates and the culture medium was replaced with DMEM/F12 (Life

Technologies) supplemented with 10% fetal calf serum (FUJIFILM

WAKO Pure Chemical) in static suspension culture for 7 days. The

gene expression levels of the three germ layer markers were

measured using qRT‐PCR. The primer sequences used in this analysis

are listed in Table S2 in supporting information.

2.17 | Analysis of the genetic abnormality

Genomic DNA was purified using the Genomic DNA Purification Kit

(StemCell Technologies). Genetic abnormalities were evaluated using

the hPSC Genetic Analysis kit (StemCell Technologies) according to

the manufacturer's instructions. Amplification and analysis were

performed using StepOnePlus qPCR (Thermo Fisher Scientific). Ge-

netic abnormalities could be detected when the copy number of Chr

1q–20q was less than 1.8 or more than 2.2 with a p‐value < 0.05.

2.18 | Statistical analysis

Statistical analysis was performed using GraphPad Prism software

v.8.3.0 (GraphPad Software). Statistical significance was determined

by one‐way analysis of variance with Tukey's multiple comparison

test. The results are presented as the mean � standard error (SE).

The value of p < 0.05 was considered to represent a statistically

significant difference.

3 | RESULTS

3.1 | The effect of hydrodynamic condition on the
morphology of aggregates

Based on the evaluation of the hydrodynamic condition by stained

aggregates, each culture system showed a different pattern of

aggregate movement in the culture vessel area. The localization of

the stained aggregate population during dynamic suspension

revealed an unequal distribution of the aggregate population among

the culture vessel area, which largely depended on the mixing

methods (Figure 1b; Video S1). Meanwhile, the sphere ring vessel

showed a well‐mixed distribution of the aggregates during rotational

culture (Figure 1b; Video S1).

In our study, BSA‐FFA was included in the first two days of

culture to control aggregation and reduce excess agglomeration in all

culture systems (Horiguchi & Sakai, 2016). A small and uniform

population of cell aggregates was better achieved during aggregate

formation in the sphere ring culture system (Figure 2a). This phe-

nomenon occurred because of the design that prevents the tendency

of aggregate accumulation in the center area of the culture vessel

during rotational culture, as shown in the dish bag and conventional

six well culture vessel. The tendency to gather at the center area of

the round vessel by the centrifugal force is also known as the Einstein

tea leaves phenomenon. In contrast, the spinner flask generated a

low number of non‐uniform populations of cell aggregates in size,

which consisted of predominantly darker large aggregates

(Figure 2a), which may be related to the hydrodynamic condition,

which shows a number of aggregate accumulations that are gathered

near the impeller axis (Video S1).

3.2 | Effect of different hydrodynamic conditions on
aggregates formation and cellular injury

A higher number of small and homogenous aggregate populations was

produced during the expansion period in the sphere ring (Figure 2a).

Exclusion of the central area in the sphere ring vessel caused the ag-

gregates to migrate through the intermediate and outer areas, which

have longer distances per rotational period. This condition creates a

dynamic culture environment that allows a higher number of aggre-

gates with a small and homogenous population compared to other

culture systems (Figure 2a,b). However, a lower number of viable cells

resulted in this system during initial aggregate formation. This con-

dition may be caused by the higher shear stress‐induced cell injury

compared to the other culture systems in this study (Figure 2c,d). This

culture system produced a lower fold expansion compared to the

other culture systems used in this group (Figure 2d). The impact of

shear stress was confirmed by higher cellular injury, as determined by

the amount of intracellular lactate dehydrogenase in the medium

leaking from the cell membrane rupture (Figure 3a).

3.3 | Cellular metabolism of hiPSCs during
expansion

Although the total glucose concentration in the culture medium was

depleted over time due to cellular consumption, its concentration

was still sufficient to support the feeding of the proliferated hiPSCs

until day four (Figure 3b). The total lactate concentration was

maintained at a concentration lower than 1.5 g/L, which was previ-

ously studied by Ouyang et al. (2006) as a critical concentration limit

that can disrupt cell viability and pluripotency in PSC spheroids by

decreasing the pH of the culture medium (Figure 3c). This condition

indicated that lactate stress did not interfere much in all culture

systems used in this study.

Lower cell number resulted from the aggregates formed in the

sphere ring culture bag. Nevertheless, they exhibit a relatively high

glucose consumption and even higher lactate secretion compared to

the aggregates produced in other culture systems (Figure 4d,e). The

higher production of lactate per unit glucose of hiPSCs expanded in

the sphere ring indicated a better cellular metabolism of hiPSC ag-

gregates (Figure 4f). The exchange of nutrients and toxic byproducts

may be better achieved in smaller aggregates than in larger ones.
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F I GUR E 2 Resulting aggregates morphology and growth pattern in different culture platforms. (a) Distribution of the size of aggregates
during aggregates formation (blue) and at the end of expansion (orange). The average and standard deviation was calculated from 500

aggregates from each individual culture system (Scale bar: 200 μm). (b) Post‐expansion aggregates density (c) Proliferation curve during
hiPSCs expansion (d) Fold expansion after 4 days of culture [Colour figure can be viewed at wileyonlinelibrary.com]
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3.4 | Mass transfer limitation in aggregates of
different sizes

Based on the histological analysis, staining, and apoptosis assays, the

aggregates expanded in all of the culture systems and did not show

any necrotic core or apoptotic cells (Figure 5a,b). Nevertheless,

further evaluation is necessary to characterize their capability to

transfer large molecules that are required for maintaining pluripo-

tency during the expansion period (Tchoryk et al., 2019). Accordingly,

we observed an increasing gradient concentration of 4 kDa FITC

during 24 h of culture, along with an increase in the aggregate

diameter. In larger aggregates resulting from the spinner flask, FITC

was deposited on the outer and middle layers of the aggregate

(Figure 5c). Additionally, the darker part shows the limitation of the

FITC penetration into the core of the large aggregate, which may

limit the penetration and exposure of large molecules, such as growth

factors, into the core of the aggregate. This result indicated a po-

tential mass transfer limitation of the relatively higher molecular

weight of macromolecule growth factors that were included in the

medium formulation in this study (Chen et al., 2011), such as insulin

(5.74 kDa), transferrin (80 kDa), TGFβ1 (25 kDa), and FGF2 (18 kDa).

3.5 | Pluripotency preservation, differentiation
potential, and genomic stability of resulting hiPSCs

In the expanded aggregates under all culture systems, we found a

similar activity of alkaline phosphatase as a basic marker for the

identification of the high metabolic activity of PSCs (Figure 5a).

Pluripotency markers, such as SSEA3/4, octamer‐binding transcrip-

tion factor (OCT)‐4, and SRY‐box transcription factor 2 (SOX2), were

highly expressed in the hiPSC aggregates expanded in the sphere ring

culture system (Figure 5b–d). We hypothesized that the higher

expression of pluripotency markers in sphere rings may be related to

the better mass transfer of nutrients, toxic metabolic byproducts, and

growth factors in smaller aggregates.

For further analysis, we performed immunocytochemistry of

actin filaments. The filament was upregulated in larger aggregates

F I GUR E 3 Shear‐stress‐induced cellular injury and kinetics of cellular metabolism. (a) Cellular injury relative to lactate dehydrogenase
(LDH) leakage. Concentration of (b) glucose and (c) lactate in the culture medium. Glucose concentration in E8 medium indicated by blue line

and critical lactate concentration limit described by Ouyang, et al. indicated by red line. To observe the metabolic activity, (d) glucose
consumption and (e) lactate secretion per cell during the expansion period were calculated. (f) Lactate production per unit glucose
consumption (N = 4 biological replicates). Mean � standard deviation are indicated in each graph. Statistical significance: ****p < 0.0001;

***p < 0.001; **p < 0.01; *p < 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]
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generated from the spinner flask, as shown in Figure 5c. This con-

dition may create strong adhesiveness between cells inside the ag-

gregates, which can increase the compactness of the aggregates.

Additionally, the proliferated area was reduced in the central parts of

these compact aggregates, which was likely triggered by their mass

transfer limitation. This condition was confirmed by the reduction of

the proliferation marker Ki67 and its localization in the peripheral

area of the aggregates (Figure 5e).

The differentiation capacity was evaluated by spontaneous dif-

ferentiation assays of embryoid bodies derived from hiPSCs from each

culture system after the expansion period (Figure 6a). The results

showed that the embryoid bodies derived from sphere rings and dish

bags tended to differentiate into ectodermal and endodermal lineages.

On the contrary, the larger embryoid bodies resulting from 6‐well
plates and spinner flask showed their tendency to differentiate into

endoderm lineage rather than ectodermal and mesodermal lineages.

To confirm the possible chromosomal abnormality that may be

affected by various culture conditions, genomic analysis was per-

formed on the aggregate population after the expansion period

(Figure 6b). The results showed that hiPSCs expanded in all culture

systems and were able to maintain genomic stability during the cul-

ture period.

4 | DISCUSSION

In this study, we successfully achieved decent aggregate uniformity

by modulating the homogenous hydrodynamic conditions in a ring‐
shaped culture vessel. To meet the ideal criteria for hiPSC bio-

manufacturing, a small and uniform aggregate population must be

generated at the initial expansion stage. The optimum hydrodynamic

exposure is required to support normal growth and produce

F I GUR E 4 Limitation of mass transfer inside the aggregates: (a) Hematoxylin‐eosin staining showing that there is no necrotic core in all of
the samples (Scale bar: 200 μm). (b) Apoptotic cells (green) were not detected in aggregates expanded in the culture systems after the culture
period, compared to the apoptosis‐induced aggregates by doxorubicin treatment used as the positive control. (c) The difference of 4 KDa

fluorescein isothiocyanate (FITC) molecule permeability showing an increasing limitation of molecule penetration into the core of large
aggregates. Highest FITC intensity showed in yellow, medium FITC intensity showed in red, and the lowest FITC intensity showed by the dark
area (Scale bar: 200 μm). DAPI, 6‐diamidino‐2‐phenylindole [Colour figure can be viewed at wileyonlinelibrary.com]
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undifferentiated hiPSCs for translational applications, as shown in

Figure 6c. This proper condition is very important for controlling the

size of the aggregates, mainly during the aggregate formation

period.

Several mixing conditions in various dynamic culture vessels

were introduced to reduce the concentration gradient of nutrients

or waste metabolic products in the culture area and enhance the

oxygen exchange in the culture medium. This condition can be

F I GUR E 5 Characterization of human‐induced pluripotent stem cells (hiPSCs) aggregates. (a) All aggregates showed a similar level of
alkaline phosphatase activity (Scale bar: 200 μm) (b) Flow cytometry assays for stage‐specific embryonic antigen 4 (SSEA4) and mean

fluorescence intensity. SSEA4 expression is shown in green (day 0) and blue (day 4). The mean fluorescence intensity � standard deviation are
indicated in the graph. (c) Immunocytochemistry of octamer‐binding transcription factor (OCT)‐3/4 and actin filament (Scale bar: 100 μm) (d)
Higher level of pluripotency marker OCT4 and SOX2 was observed in hiPSCs expanded in Sphere ring (N = 4 biological replicates). (e)
Expression of proliferation marker, Ki67. Mean � standard deviation are indicated in each graph. The percentage indicates the expression level

relative to nuclear staining with 40 , 6‐diamidino‐2‐phenylindole (DAPI). Statistical significance: ****p < 0.0001; ***p < 0.001; **p < 0.01;
*p < 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]
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achieved via internal agitation, using a spinner flask, or external

agitation, using a rotational‐based culture system. The hydrody-

namics within the culture vessel largely depend on the design of the

culture vessel and its volume (Kehoe et al., 2010; Kinney

et al., 2011; Sargent et al., 2010). In addition, this factor can be used

to control the aggregation. A lower hydrodynamic force may result

F I GUR E 6 Differentiation potential and genetic stability of resulting aggregates. (a) Heat map chart of pluripotency and three germ layer
marker gene expression levels after spontaneous differentiation relative to the undifferentiated hiPSCs (N = 3 biological replicates).
(b) Chromosomal abnormality was not detected from the hiPSCs expanded in all of the culture systems (N = 3 biological replicates). A copy

number <1.8 or >2.2 with a p‐value ≤ 0.05 (range showed by dotted line) indicates the presence of chromosomal abnormality in the culture.
The sex chromosome is shown by the copy number of one or two in Chr Xp. (c) Schematic illustration showing the possible detrimental effect
of improper hydrodynamic conditions in pluripotent stem cells (PSCs) suspension culture. The lack of hydrodynamic conditions may cause

excess agglomeration, which results in large aggregates. At some extent, these large aggregates tend to exhibit a mass transfer limitation of
nutrients, oxygen, and toxic metabolic products, causing a low growth rate and spontaneous differentiation. On the contrary, uniform small
aggregates were formed in ideal hydrodynamic conditions. This condition also supported normal growth without any mass transfer limitation
during the expansion period as well as division into smaller aggregates or single cells. The excess hydrodynamic condition may induce a higher

cellular death rate in the aggregates formation period [Colour figure can be viewed at wileyonlinelibrary.com]
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in excess aggregation, whereas a strong hydrodynamic force can

induce cellular damage. The excessive amount of both conditions

may lead to the spontaneous differentiation of hiPSC aggregates

(Leung et al., 2011) (Figure 6c).

Based on the results, the hiPSC aggregates formed by the spin-

ner flask showed a diverse aggregate diameter, which predominantly

consisted of large aggregates. Because internal agitation was ach-

ieved by an impeller, the formation of intense turbulence resulted in

a localized shear and non‐uniform distribution of the hydrodynamic

force in the different mixing areas during the initial aggregation

(Video S1). The horizontal impeller axis area could provide less hy-

drodynamic mixing, which potentially produces larger aggregates

compared to the peripheral area (Verma et al., 2019). These large

aggregates often result in the transfer limitation of small molecule

nutrients, toxic metabolic byproducts, and macromolecule growth

factors into their core (Nampe et al., 2017). Moreover, this non‐
uniform level of exposure between the aggregate regions may

cause heterogeneous cell properties, spontaneous differentiation, or

even necrotic cores within multicellular aggregates during the culture

period. As an alternative, a bioreactor with a vertical impeller axis,

such as a vertical wheel bioreactor (Borys et al., 2021) might be used

to generate more uniform aggregates. However, this culture system

may result in higher mechanical stress owing to the extensive friction

between the impeller and suspended aggregates.

The aggregates formed and expanded in the conventional

external agitation‐based culture vessel, such as culture dishes or well

plates in a rotary shaker, also showed a larger aggregate population

and variability in size. A previous study by Filipovic et al. (2016)

showed that the different mixing zones are distinct among different

regions of culture vessels, based on the distance from the central

area of this type of agitation, promoting aggregate heterogeneity

within a different area of culture vessel (Ozturk, 1996) during ag-

gregates formation and expansion. Additionally, these aggregates

tended to gather in the central area during rotary orbital culture, as

shown by the Einstein tea leaves effect.

In contrast, the aggregates generated and expanded in the

sphere ring showed a small and homogenous population of aggre-

gates. This ring‐shaped bag was able to hinder the effect of Einstein

tea leaves by blocking the central area, where the aggregates are

often accumulated. In addition, the exclusion of the central area

promoted an equal distribution of hydrodynamic force among culture

vessel areas. This control is important to avoid excessive agglomer-

ation, which may result in the complicated problem found in other

types of rotation‐based culture systems in this study.

The results show that the different aggregation control in various

types of culture systems in this study generally affected various

biological properties of hiPSCs. In general, small aggregates resulting

from the sphere ring show better pluripotency and enhanced meta-

bolism due to their equal exposure to nutrients, growth factors, and

toxic byproduct removal. In contrast, larger aggregates with darker

morphology exhibited more actin filaments. Despite the absence of a

necrotic core in all groups, pluripotency and proliferation can be

affected by the limited mass transfer of important molecules in large

aggregates (Bauwens et al., 2008; Torizal et al., 2019; Van Winkle

et al., 2012). Based on a previous study, the actin filament may

indicate the formation of strong matrix interactions that can increase

the cell‐cell adhesiveness and rigidity of the aggregates (Bayir

et al., 2019; Smyrek et al., 2019; Tsai et al., 2015). The increase in

their compactness may contribute to the additional barrier for the

penetration of several important molecules into the aggregate core,

which is required for pluripotency. As a result, the proliferation area

marked by Ki67 was limited to the outer layer of the large aggregates

due to a lack of nutrient supply in the central area. Different

aggregate sizes also displayed a tendency to differentiate. Our results

correspond with those of a previous study showing that large ag-

gregates may exhibit higher differentiation potential into the endo-

dermal lineage and its derivatives (Torizal et al., 2019).

Another important factor that influences the differentiation

tendency is the exposure to higher shear force, which may induce

differentiation into ectoderm and mesoderm lineages. Several studies

have reported that higher exposure to shear force may promote

differentiation into ectodermal and mesodermal lineages and repress

endodermal transcription factors (Vosough, 2013; Wolfe et al., 2012).

Additionally, the low stiffness indicated by fewer actin filaments may

promote ectodermal differentiation via the modulation of Yes‐
associated protein 1 (YAP1) (Kaitsuka & Hakim, 2021). Although

spontaneous differentiation may occur during expansion due to the

mass transfer limitation, high cellular adhesive affinity mediated by

actin can spontaneously induce differentiation and direct the differ-

entiation of PSCs into the endodermal lineage (Tse et al., 2021).

The aggregation control of hiPSCs cultured in a spherical ring

showed a decent performance. However, the additional hydrody-

namic shear stress increased in this system compared to the other

culture systems. Consequently, the initial cell number resulting from

aggregate formation was relatively lower than that of other culture

systems due to additional cellular injury during the aggregate for-

mation period. To solve this problem, it may be necessary to add

agents, such as gellan gum, which can adjust the viscoelasticity of

the medium. In a previous study, this viscoelastic agent showed a

good effect in controlling the aggregation and creating a low shear

stress culture environment (Horiguchi et al., 2020; Otsuji

et al., 2014; Torizal et al., 2021). The synergistic combination of this

agent and sphere ring culture system can be potentially applied to

achieve uniform aggregates with minimum shear stress. Therefore,

this type of culture vessel design can be further expanded to up-

scale the production of homogenous hiPSC aggregates. Currently,

the 200 ml scale sphere ring was manufactured and showed a good

aggregate population for HEK293 cells. To obtain the optimum

conditions for its application in hiPSCs, the rotational speed needs

to be carefully optimized according to the diameter of the culture

vessel. For example, reduction of the rotational speed is necessary

when employing expansion with larger diameters of this culture

platform to provide a mild mixing of the cell suspension. These

improvements may provide a feasible solution for the production of

uniform hiPSC aggregates at a manufacturing scale for various

applications.
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5 | CONCLUSION

In this study, we successfully demonstrated a suitable culture design

approach for the mass production of homogenous hiPSC aggregates

with decent pluripotency. This culture vessel can also be enlarged to

accommodate a larger volume to produce a higher number of hiPSCs

for translational regenerative medicine.
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Introduction

In 2006, Japanese researchers published an important discovery outlining a method for creating induced pluripotent stem 
cells (iPSCs) from primary mouse fibroblasts by activating the expression of key transcription factors.1 Since this discovery, 
the field of stem cell biology has rapidly expanded and iPSCs form the basis of many new areas of research. They are 
intrinsically valuable due to their unique characteristics and the control they afford to researchers and clinicians over  
the building blocks of the body. The major benefits of the use of iPSCs are the number of different cell types that can be 
differentiated from them and their capacity for infinite expansion.2 This flexibility provides many opportunities for the 
development of specific cell and tissue models both in 2D and 3D for pharmacological testing,3 cancer research,4 organoid 
modeling of tissues,5 and neurodevelopmental biology.6 In addition, iPSCs are increasingly used in translational 
applications, targeting eventual use in the clinic via autologous cell therapies and for individualized medicine approaches.7 
Increasingly, there is a need to improve the culture and expansion methods of iPSCs away from 2D plate-based methods 
and towards more physiologically relevant methods such as 3D culture. In particular, 3D suspension cultures, such as cell 
aggregates and spheroids, can maintain greater cell-to-cell contact, produce endogenous extracellular matrix to promote 
growth conditions similar to in vivo, and are readily available for downstream applications.8 

Find out more: www.sartorius.com 
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1. Test Pluripotency
Test pluripotency markers on a single iPSC line using the 
iQue® and monitor morphology using the Incucyte®

2. Monitor 2D Growth
Culture iPSC cell line in 2D using different media formulations: 
� Image on the Incucyte® 
� Stain for surface markers on the iQue®

3. Monitor 3D Growth
Culture iPSC cell line in 3D over 21 days: 
� Image on the Incucyte® 
� Stain for surface markers 

on the iQue®

Figure 1
Schematic Highlighting the Combined iQue® and Incucyte® Workflow for iPSC Line Selection 
and Differentiation Monitoring

Note. Using a combination of two Sartorius instruments, researchers can test iPSC pluripotency 
and monitor iPSC growth both in 2D and 3D culture, as illustrated above. 

Some limitations are inherent in any system, however, 
and iPSCs are high maintenance, expensive, and require 
constant monitoring to ensure they maintain pluripotency, 
viability, and homogeneity.9 Long-term culture of iPSCs can 
result in genotypic and phenotypic heterogeneity, even in a 
cell line derived from a single source cell; therefore, it is vital 
that methods for monitoring, detecting, and reducing 
heterogeneity in iPSC lines are developed.10 

Increasing use of stem cells in both clinical and research 
settings necessitates fast, reliable, and relatively inexpensive 
solutions for the growth, characterization, and maintenance 
of this valuable biological resource. 

Conventional methods for monitoring iPSC characteristics 
during culture, such as traditional flow cytometry, can:
� Be labor-intensive and time-consuming, requiring 

multiple steps including fixation, staining, and washing
� Require large sample volumes, necessitating the use of 

more precious cells and expensive consumables
� Demand in-depth manual manipulation and analysis of 

raw data and require compensation optimization
� Often use low-throughput solutions, increasing the 

time to results 

This application note describes methods for the character-
ization, successful maintenance, scale up, and selection 
of ideal iPSCs in a combined workflow approach using 
real-time imaging on the Incucyte® Live-Cell Analysis 
System for easy morphological analysis and rapid 
expression profiling using minimal sample volumes  
(10 µL) on the iQue® Advanced Flow Cytometry platform.
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Methods

The following methods describe the processes used to 
characterize and monitor healthy, pluripotent iPSCs grown 
in 2D and 3D using a combined workflow for the Incucyte® 
Live-Cell Analysis System and the iQue® Advanced Flow 
Cytometry platform. Figure 1 outlines the key steps during 
this workflow.

Cell Culture and Maintenance
Control Cell Line Culture
THP-1 cells (human monocyte derived from an acute 
monocytic leukemia patient) were grown in suspension at a 
density of 1 x 105/mL. NCCIT cells (human developmentally 
pluripotent cell line derived from a mediastinal mixed germ 
cell tumor) were grown in 2D monolayers until 70–80% 
confluent before passaging and use in experiments. Both 
lines were grown in RPMI 1640 medium supplemented  
with 10% FBS, L-glutamine 2 mM, Penicillin/Streptomycin 
100 µg/mL.

Thawing and Culturing iPSC Lines (2D)
A single iPSC line (ATCC-DYS0100 cells derived from 
human foreskin fibroblasts) was thawed and plated onto 
Vitronectin XF™ (1:25 dilution in CellAdhere™ Dilution 
Buffer) precoated 6-well plates at a seeding density  
of 1 x 106/well in 1 mL growth medium (mTESR™ Plus) 
supplemented with Y-27632 (ROCK inhibitor, 10 µM)  
and incubated at 37 °C. iPSCs were monitored using the 
Incucyte® system to assess confluency, colony formation, 
and general cell morphology and health. The confluence of 
colonies was analyzed using the integrated Incucyte® AI 
confluence software algorithm. Passages were performed 
every 3–4 days at approximately 60–70% confluence using 
Gentle Cell Dissociation Reagent and replated at 1 x 105/
well. Medium changes were performed daily, with a two-day 
duration over weekends. For the non-optimized iPSC 
culture, cells were grown as above except for using RPMI 
1640 medium supplemented with 10% FBS, L-glutamine 
2 mM, Penicillin/Streptomycin 100 µg/mL.

Culturing iPSC Lines (3D)
Once healthy colonies had been established, iPSCs were 
transferred from 2D culture into 125 mL Erlenmeyer flasks 
at a density of 1.5 x 105/mL in 20 mL StemScale™ PSC 
Suspension Medium supplemented with Y-27632 (10 µM) 
and incubated at 37 °C on a shaker at 70 rpm. 3D spheroid 
size and shape were monitored at regular intervals by taking 
1 mL samples from the flask and plating into 24-well plates 
for analysis using the Incucyte®. Passaging was performed 

at least once a week using Accutase® once spheroid  
sizes reached a limit of 400 µm. Medium changes were 
performed every other day, with a two-day duration over 
the weekend. 

Characterization and Monitoring of Pluripotency
Pluripotency Characterization: iQue®

iPSCs were dissociated to single cells during passage and  
at specified timepoints using Gentle Cell Dissociation 
Reagent for 2D culture and Accutase® for 3D culture. 
Single-cell suspensions were stained with cell surface 
marker antibodies (in PBS + 2% FBS) for one non-
pluripotent marker, SSEA-1, and two pluripotency markers, 
SSEA-4 and TRA-1-60, in addition to the iQue® Membrane 
Integrity (B/Red) Dye, for viability analysis. Cells were 
seeded at 2 x 104/well in a V-bottom 96-well plate; they  
were stained with the cocktail of antibodies described, 
centrifuged (300 x g, 5 sec), briefly shaken using the iQue® 
plate station (2000 rpm, 20 sec), and incubated at RT in the 
dark for 30 min. PBS + 2% FBS (100 µl) was added to each 
well and centrifuged (300 x g, 5 min), supernatant was 
aspirated, plate shaken (3000 rpm, 60 sec), and the 
samples resuspended in PBS + 2% FBS (20 µL), prior to 
being analyzed on the iQue®. Analysis of data was 
performed using the iQue Forecyt® software after 
compensation had been optimized for each of the 
antibodies. 

Monitoring Pluripotency and Cell Health: Incucyte®

During the experiments, iPSCs were monitored for changes 
in morphology and confluency associated with pluripotency 
using the Incucyte® Live-Cell Analysis System. 2D-cultured 
iPSC lines were monitored by high definition (HD) phase 
contrast at 4-hour intervals using a repeating scan schedule 
at 10X. Nuclear to cytoplasmic ratios were calculated by 
staining iPSC nuclei using the Incucyte Nuclight® Rapid 
Red Reagent (1:1000) and measuring the cytoplasmic  
area (confluence mask) and the nuclear area (fluorescence 
mask) using basic masking on the Incucyte® Live-Cell 
Analysis System to quantify pluripotency/normal iPSC 
morphology. 

3D-cultured iPSC spheroids were sampled every day and 
plated into 24-well plates for analysis on the Incucyte® 
system using a one-off scan at 10X. Spheroid diameter was 
measured, and the circularity of each spheroid was analyzed 
as a morphological marker of pluripotency. 
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Figure 2
Evaluate Optimal Media Formulation to Retain Pluripotency in 2D-Cultured iPSCs

Note. iPSCs were grown in optimized (mTESR Plus) and 
non-optimized (RPMI) media to induce ‘differentiation’ 
for 2 and 4 days (± SEM, n = 4) (A). Prior to treatment with 
experimental growth conditions, iPSCs were grown under 
optimized conditions until medium-sized colonies formed 
at approximately 3–4 days from initial seeding at 100K cells 
per well of a 6-well plate. ‘Pluripotent’ are a population of 
SSEA-1 negative cells that are positive for both SSEA-4 
and TRA-1-60, representing pluripotent cells. (B) Dot plots 
showing the raw data collected by the iQue® system at 2 
days comparing the optimized and non-optimized iPSCs, 
note the shift in SSEA-1 expression in the non-optimized 
iPSCs and the subsequent losses in pluripotency marker 
expression (n = 4). (C) Percentage expression ‘heatmaps’ 
produced in the iQue Forecyt® software showing the 
changes in marker expres sion over 2 and 4 days of 
‘differentiation’ of iPSCs (n = 4). (D) iPSCs grown in 
optimized and non-optimized growth con ditions display 
distinct morphological differences linked to differentiation 
which can be imaged and analyzed effect ively using the 
Incucyte® (representative images taken at 10X 
magnification). Graphed quantification of the Nuclear/
Cytoplasm ratio analyzed in the Incucyte® from the repre-
sentative images, right. Scale bar indicates 400 μm. 
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Results

iPSCs require highly specific growth conditions to main-
tain pluripotency and viability. Determining optimal 
conditions for their growth and expansion in 2D and 3D 
during the development of new reagents, techniques,  
and experimental research can be time-consuming and 
cost-prohibitive. The data presented here showcase the 
benefits of using the Incucyte® Live-Cell Analysis platform 
in conjunction with the iQue® Advanced Flow Cytometry 
system to monitor the culture of iPSCs during optimiza-
tion of growth conditions for high levels of pluripotency. 

Optimization of Growth Conditions  
for Successful 2D iPSC Propagation
Using a single iPSC line grown in 2D, we tested the effects 
of a non-optimized growth condition on the phenotypic 
presentation of cell surface markers and morphology over 
the course of two timepoints, 2- and 4-days post-treatment. 
iPSCs were grown in their usual optimized conditions until 
colonies formed, at which point they were challenged by 
changing their medium from mTESR Plus (optimized) to 
RPMI 1640 with supplements (non-optimized). Control 
cells, THP-1 and NCCIT, represented a non-pluripotent 
control line and a line expressing pluripotent surface 
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markers, respectively. Cells were imaged using the 
Incucyte® Live-Cell Analysis System and surface markers 
were analyzed using the iQue® Advanced Flow Cytometry 
platform. 

Analysis shown in Figure 2 highlights the rapid loss of 
pluripotency in iPSCs when they are grown in non-
optimized conditions. This is illustrated by the increase in 
non-pluripotent marker SSEA-1 expression (57.5 ± 0.7%) 
as early as 2 days post-treatment (Figure 2A). Further, we 
observe decreases in the expression of pluripotency 
markers SSEA-4 (97.3 ± 0.8%), TRA-1-60 (89.8 ± 0.9%), and 
pluripotent population (34.6 ± 0.3%), with this decrease 
amplified after 4 days of treatment (SSEA-4 63.4 ± 2.9%, 
TRA-1-60 58.9 ± 2.9%, pluripotent population 19.3 ± 3.0%). 
When we compare this data to the optimized iPSCs, where 
we see no marked differences in expression profile over  
the time course of these studies (95 ± 0.4% for pluripotent 
markers and less than 1.8 ± 0.5% for SSEA-1, with one 
exception being the pluripotent marker at 4 days 89.6 ± 
0.6%), there is a clear deviation from the pluripotent profile, 
i.e. increased SSEA-1 and reduced SSEA-4, TRA-1-60, and 
combined pluripotency marker expression.

In Figure 2B, (dot plots taken directly from iQue Forecyt® 
software) there is a clear shift of the population from the 
Optimized 1.63 % SSEA-1 positive to the Non-optimized 
57.5 % SSEA-1 positive (top two dot plots). The lower plots 
further demonstrate the shift away from pluripotency 
marker expression in the Non-optimized conditions, where 
the Optimized iPSCs present a compact population in the 
upper right quadrant of the plot (SSEA-4+, TRA-1-60+), 
while the Non-optimized iPSCs present a much more 
spread population shifting into the TRA-1-60 negative 
portion of the plot. Heatmaps produced in iQue Forecyt® 
software present the same data for SSEA-1 and pluripotent 
expression for the two timepoints, highlighting the flexibility 
of this platform (Figure 2C). 

Incucyte® images of the iPSCs at Day 2, show a marked 
difference in morphology between the Optimized and 
Non-optimized conditions. iPSCs grown in Optimized 
conditions form tightly packed colonies with clearly defined 
edges, that ‘glow’ under phase images. By contrast, Non-
optimized iPSCs are much more spread out and no longer 
form colonies, they are beginning to resemble fibroblast 
cells (Figure 2D). Quantification of these morphological 
differences was performed using the adherent cell by cell 
scan at 10X magnification, and nuclear and cytoplasm area 
measurements were made using the Basic Analyzer and  
AI Confluence analysis using the following equation to 

provide a Nuclear/Cytoplasm ratio, a standard measure-
ment used when studying iPSCs.

The more iPSC-like, and thus pluripotent, a cell is, the 
higher the Nuclear/Cytoplasm ratio. The graph in Figure 2D 
illustrates the reduction in this ratio in the Non-optimized 
conditions, from 0.6 to 0.4. 

Optimization of Growth Conditions  
for Successful 3D iPSC Propagation
Scaling up iPSC culture requires changes to the conditions 
under which the cells are grown. Due to the relative 
flexibility of iPSCs, they can be grown in both 2D and 3D, 
facilitating scale-up in bioreactors of good quality iPSC 
lines for a range of downstream processes. 

Transferring the culture of the iPSC line used in the 2D 
experiments to a 3D culture, we investigated the effects of 
Non-optimized growth conditions on the expression of 
surface markers for pluripotency and the formation of 3D 
spheroids over 7 timepoints covering a total of 21 days. 
iPSCs were grown in 2D culture for at least 2 passages 
before transfer into 3D culture for at least 1 passage before 
they were seeded and subjected to Optimized (passaging 
at each timepoint) and Non-optimized (no passaging) 
conditions over the time course. Control cells, THP-1 and 
NCCIT represented a non-pluripotent control line and a 
line expressing pluripotent surface markers, respectively. 
Cells were imaged using the Incucyte® Live-Cell Analysis 
System and surface markers were analyzed using the iQue® 
Advanced Flow Cytometry platform. 

When iPSCs are grown as 3D spheroids, marker expression 
analysis, Figure 3A, shows that dramatic changes in 
phenotype only began to present on Day 11 in Non-
optimized conditions, where we saw an increase in SSEA-1 
expression (18.5 ± 0.39%) and a reduction in pluripotent 
marker expression, SSEA-4 (75.2 ± 1.2%), TRA-1-60 (40.5 ± 
0.5%), and pluripotent (32.9 ± 0.5%). This trend continued 
until the endpoint at Day 21 where we observed a final SSEA-
1 expression of 83.5 ± 0.7%, SSEA-4 at 20.7 ± 0.3%, TRA-1-60 
at 5.9 ± 0.1%, and the pluripotent population at 2.2 ± 0.1%. 
This data indicates a loss of pluripotency throughout the 
time course when we contrast the results with the expression 
profile of our Optimized iPSCs, which stay consistently 
pluripotent until Day 21. At this timepoint, we start to see an 
increase in SSEA-1 expression (12.4 ± 0.6%) and a decrease in 
the pluripotency markers, SSEA-4 (91.1 ± 1.8%), and the 
pluripotent population (76.5 ± 2.6%). Although there are 
fluctuations across the time course in the expression profile, 
Day 21 is increased over the observed variation, suggesting a 
21-day cut-off point for successful culture of 3D iPSC
spheroids in the system we used. 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡	𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛	𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡	𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛	𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎	𝑛𝑛𝑛𝑛𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐	𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 
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Advanced Flow cytometer (± SEM, n = 4). (A) 3D iPSC spheroids were 
grown in 125 mL shaker flasks at a density of 150k cells per mL in 20 mL 
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Heatmaps produced in iQue Forecyt® software present the 
same data for SSEA-1 and pluripotent expression for two 
representative timepoints at Day 1 and Day 18, providing a 
snapshot of the changes in expression during the experi-
ment (Figure 2C). 

3D iPSC spheroids were sampled at each timepoint, plated 
into a 24-well plate, and visualized in the Incucyte® Live-Cell 
Analysis System (Figure 3C). The images show the morpho-
logical differences after 18 days between the Optimized 
(top) and Non-optimized (bottom) culture conditions. 
When 3D iPSC spheroids are grown in Optimized condi-
tions, we observe a very distinct, compact spheroid with 
high levels of circularity, compared to the Non-optimized 
conditions, in which the spheroids are much larger, far less 
compact, and lack the circularity of the Optimized spher-
oids (0.59 vs 0.49 eccentricity, respectively, Figure 3D). 

Conclusions

iPSCs are a valuable resource in many areas of research and 
clinical development; however, they require highly specific 
conditions for optimal growth to maintain pluripotency, 
viability, and propagation potential. These requirements are 
often expensive and culture methods can be time intensive, 
requiring complicated techniques. We have shown that by 
using Sartorius platforms we can successfully characterize 
iPSCs and monitor their pluripotency with ease via surface 
marker expression and morphological status, both in 2D 
and 3D, using the iQue® Advanced Flow Cytometer and the 
Incucyte® Live-Cell Analysis platform. The key advantages 
of using this combined workflow over conventional 
methods are:

� Streamlined processes and data analysis save time and 
reagent costs to reduce attrition due to low-quality cell 
products

� Miniaturization reduces antibody reagent costs and saves 
sample for downstream expansion, characterization, and 
differentiation

� Low sample requirements provide greater resources for 
multiple replicates easily processed using a plate-based 
format

� Monitoring iPSC lines throughout the time course 
provide greater insights into morphology and 
pluripotency changes over time 

� Rapid protocols require no fixation in a single wash 
workflow for pluripotent surface markers 

The data presented here highlight the advantages of using a 
streamlined workflow combining multiple Sartorius systems 
for the characterization and optimization of iPSC culture in 
2D and 3D for several applications including drug develop-
ment, disease modeling, and clinical therapy research.
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