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ABSTRACT

Platelet transfusionhasbeenwidelyused inpatientsundergoingchemotherapyorradiotherapy;however,
the shortageof theplatelet supply limits the careofpatients.Althoughderivationof clinical-scaleplatelets
in vitro could provide a new source for transfusion, the devices and procedures for deriving scalable plate-
lets for clinical applications have not been established. In the present study, we found that a rotary cell
culture system (RCCS) canpotentiatemegakaryopoiesis and significantly improve theefficiencyofplatelet
generation.Whenusedwith chemical compounds and growth factors identified via small-scale screening,
theRCCS improvedplateletgenerationefficiencybyasmuchas∼3.7-foldcomparedwithstatic conditions.
Shear force, simulated microgravity, and better diffusion of nutrients and oxygen from the RCCS, alto-
gether,might account for the improvedefficient platelet generation. The cost-effectiveandhighly control-
lable strategy and methodology represent an important step toward large-scale platelet production for
future biomedical and clinical applications. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1–11

SIGNIFICANCE

Platelets transfusion has been widely used in patients undergoing chemotherapy or radiotherapy;
however, the shortage of platelet supply limits the care of patients. Thus, derivation of clinical-
scale platelets in vitrowould provide a new source for transfusion. In the present study, we evaluated
a rotary suspension cell culture systemthatwas able topotentiatemegakaryopoiesis and significantly
improved the efficiency of platelet generation. When used with chemical compounds and growth
factors identified via small-scale screening, the three-dimensional system improved platelet gener-
ation efficiency compared with the static condition. The three-dimensional device and the strategy
developed in the present study should markedly improve the generation of large-scale platelets for
use in future biomedical and clinical settings.

INTRODUCTION

Platelets, progeny of adult megakaryocytes (MKs),
play essential roles in hemostasis and thrombosis.
Platelet transfusion is often required to prevent
and treat thrombocytopenia occurring during
hematological diseases, chemotherapy, and/or
radiotherapy. The platelets used for transfusion
are all donated by volunteers, need to be stored
at room temperature when isolated, and have a
shelf life varying from 3 to 7 days [1]. These factors,
together, cause a frequently insufficient supply
of platelets with otherwise increasing demands.
Thus, the production of functional platelets in
clinical-scalequantity invitrocouldbeanalternative
strategy to resolve this issue. The generation of
platelets in vitro has been described as three major
sequential steps: cultivation of hematopoietic stem

cells (self-renewal), amplification and differentia-
tion of megakaryocyte progenitor cells (megakar-
yopoiesis), and the generation and release of
platelets (thrombopoiesis) [2]. Accordingly, opti-
mization of each of these steps might eventually
increase the efficiency of platelet generation and
the final yield of platelets.

Megakaryopoiesis and thrombopoiesis have
been shown to be governed by a complex network
of growth factorsandcytokines, including thrombo-
poietin (TPO), stem cell factor (SCF), interleukin-3
(IL-3), interleukin-11 (IL-11), human growth hor-
mone, and others. These extracellular factors exert
their effects by regulating multiple signaling path-
ways [3–5]. As such, the proper use of biochemical
stimuli should enable platelet generation in vitro.
Recent studies have demonstrated that biophysical
force that better mimics in vivo physical conditions
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can also enhance these processes, especially for thrombopoiesis.
Dunois-Lardé et al. demonstrated that a particular type of biome-
chanical force, namely fluid shear stress, has the capability to accel-
erate platelet production [6]. CD34+ cord blood cells grown in
surgical grade woven polyester fabric or three-dimensional (3D)
hydrogel scaffolds can increase platelet output [7]. Pallotta et al.
developed a 3D system based on silk-based vascular tubes that
models the microenvironment of bone marrow and found that it can
enhance platelet generation from human pluripotent stem cells
(hPSCs) [8]. Two flows indifferent directions canpromoteplatelet
production by as much as 3.6-fold compared with static cultures
[9]. The results from all these studies suggest the feasibility of estab-
lishing a highly efficient culture system by integrating multiple bio-
chemical and biophysical signals to generate platelets on a large
scale. Despite the feasibility, reliable devices and procedures to in-
tegrate those factors to produce platelets efficiently and on a large
scale for clinical purposes have not yet been established.

The rotary cell culture system (RCCS) has been recommended
by theNational Aeronautics andSpaceAdministration as aneffec-
tive tool to simulatemicrogravity. This 3Ddynamic culture system
has a number of advantages over classic static cultures, including
prevention of sedimentation, promotion of cell-cell interactions,
and better diffusion of nutrients and oxygen, which might im-
prove cell viability and proliferation [10, 11]. Furthermore, the
fluid shear stresses and hydrodynamic force generated might
strengthen tissue development and organogenesis [12]. In keep-
ing with these results, we recently reported that the RCCS can
stimulate the proliferation of human epidermal stem cells and
subsequent formation of 3D structures. We have also demon-
strated that the RCCS enhances mesendoderm differentiation
of mouse embryonic stem cells by modulation of Wnt/b-catenin
signaling [13, 14].

Megakaryopoiesis occurs in a 3D microenvironment in bone
marrow, and thrombopoiesis can be largely boosted by mechan-
ical force [15]. These facts led us to hypothesize that the RCCS
might affect the generation of megakaryocytes and platelets in
vitro. In the present study, we tested the effect of using the RCCS
on megakaryopoiesis and thrombopoiesis of hematopoietic pro-
genitor cells (HPCs) and discovered that it can enhance both
processes, albeit with minimal effect on cell proliferation. More
importantly, simultaneous exposure of cells to a subset of chem-
ical compounds and growth factors synergistically promoted the
generationof functional platelets in vitro. Becauseof its simplicity
and capacity for large-scale production, our method should have
the potential to generate platelets in large numbers for clinical
applications.

MATERIALS AND METHODS

CD34+ Cell Preparation

Umbilical cordblood(CB)unitswereobtained fromhealthy full-term
neonates with informed consent from the parents and approved by
the ethics committee of the Institute of Hematology and Blood Dis-
eases Hospital, Chinese Academy of Medical Sciences. CD34+ cells
were isolated from CB using Ficoll-Hypaque density centrifugation
medium according to the manufacturer’s instructions (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com). In brief, the
mononuclear selection fraction was subject to two cycles of immu-
nomagnetic bead separation using a MiniMACS CD34+ isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany, http://www.

miltenyibiotec.com). The percentage of CD34+ cells was higher
than 95% when verified by flow cytometry (FACS Canto II, BD
Biosciences, San Diego, CA, http://www.bdbiosciences.com).

Cell Culture

Enriched CD34+ cells (cell density, 13 105 cells permilliliter)were
cultured in serum-freemedium (StemSpan SFEM, StemCell Tech-
nologies, Vancouver, BC, Canada, http://www.stemcell.com)
containing 1% penicillin/streptomycin, TPO (50 ng/ml), SCF
(20ng/ml), and IL-3 (20ng/ml). After 6 daysof expansion, the cells
were cultured using StemSpan medium (Stem Cell Technologies)
supplemented with TPO (50 ng/ml) and IL-11 (20 ng/ml) for the
next 9 days. The medium was replaced with fresh medium every
3 days. Different chemical compounds and growth factors and/or
cytokines (supplemental online Table 1) were added at different
times according to the requirements of the experiment.

For rotary suspension culture, the cells were inoculated into
10ml of the culture vessel of RCCS (supplemental online Video 1;
Synthecon Inc., Houston, TX, http://www.synthecon.com) at the
same density as for the static culture in 12-well culture plates
(Corning, Corning, NY, http://www.corning.com). The vessel
was installed onto the RCCS, rotating in a clockwise direction at
a speed of 20 rpm.

May-Grünwald-Giemsa Staining and Cell
Size Measurement

For staining, 23104 cellswere centrifuged onto slides using cyto-
spin (Thermo Shandon Inc., Pittsburgh, PA, http://www.thermo.
com) before stainingwithMay-Grünwald-Giemsa (MGG) staining
solution (Beyotime Institute of Biotechnology, Shanghai, China,
http://www.beyotime.com). The morphology was observed by
lightmicroscopy. Cell size wasmeasured using an in-house image
processingprogram(NIS-ElementsBR)or analyzedby flowcytom-
etry (FACS Canto II, BD Biosciences).

DNA Content Analysis

For DNA content analysis, 5 3 105 cells were collected and resus-
pendedwith 0.1% bovine serum albumin (BSA; Invitrogen, Carlsbad,
CA, http://www.invitrogen.com) and labeled with APC-CD41a for
30minutes indark.Next, thecellswerefixed in4%paraformaldehyde
(PFA) for 20 minutes at room temperature and permeabilized with
0.2% Triton-X 100 (Sigma-Aldrich) for 15 minutes. After treatment
with 100mg/ml RNase A for 30minutes at 37°C, the cells were incu-
batedwith40mg/mlpropidiumiodide(Sigma-Aldrich) for10minutes
in the dark. The cells in the CD41a+ gate were analyzed for ploidy.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated using an HP Total RNA Kit (Omega Bio-Tek,
Norcross, GA, http://www/omegabiotek.com) according to the
manufacturer’s instructions. First-strand cDNA was reverse tran-
scribed with oligo-dT as primer using a reverse transcription system
(Promega, Madison, WI, http://www.promega.com). Real-time po-
lymerase chain reaction (PCR) was performed using QuantiTech
SYBR Green PCR kit (Qiagen, Hilden, Germany, http://www.
qiagen.com). The primers specific for glyceraldehyde-3-phosphate
dehydrogenase, GATA1, RUNX-1, Fli-1, FOG-1, NF-E2, and ITGB3
genes are listed in supplemental online Table 2.

2 Biochemical Factors Promote PLT Yield in RCCS
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Flow Cytometry Analysis

The cells were collected and labeled with APC-CD34, APC-CD41a,
and phycoerythrin (PE)-CD42b antibodies (BD Biosciences) for
30 minutes at room temperature in dark and then analyzed using
a flowcytometer. Theplateletswere collected fromculture superna-
tant (1 ml) and stained with APC-CD41a and PE-CD42b or PE-CD62P
antibodies (BD Biosciences) at room temperature for 30 minutes.
For a-granule release analysis, the platelets were treated with 2 U/
ml of thrombin (Sigma-Aldrich) for 20 minutes at 37°C before incu-
bation with APC-CD41a and PE-CD62P antibodies. The treatment in
the control group was the same, except for the use of thrombin.

Immunofluorescence of MKs

After being centrifuged onto the slides, the cells were fixed with 4%
PFA for 15 minutes and permeabilized with 0.1% Triton-X-100. After
beingblockedwith1%BSAat37°Cfor1hour, thecellswere incubated
with primary antibodies at 4°C overnight. Fluorescence-labeled sec-
ondaryantibodieswereapplied for1hourat roomtemperature.After
washing inphosphate-bufferedsaline(PBS) threetimes, thecellswere
counterstained with 496-diamidino-2-phenylindole (DAPI). Fluores-
cent images were visualized using the confocal microscopy
(LSM710; Carl Zeiss, Jena, Germany, http://www.zeiss.com). The an-
tibodies used in the present study are listed in supplemental online
Table 3.

Measurements of MKs and Platelets

Quantification of MKs and Platelets was conducted as described
in a previous study [16]. In brief, the total nucleated cells (TNCs)
produced per seeded CD34+ cell were calculated as follows: cell
density at the day of analysis divided by the cell density at
day 0 multiplied by all cell dilutions. The MKs generated from
single CD34+ cells were calculated as follows: percentage of
CD41a+CD42b+ MKs multiplied by TNCs. The platelets produced
per CD34+ cell were calculated as follows: platelet-to-cell ratio
multiplied by the percentage of CD41a+CD42b+ platelets multi-
plied by TNCs. The platelet-to-cell ratio was derived using cytom-
etry data as the number of events belonging to the platelet region
divided by the number of events belonging to the cell region. The
platelets produced per MK were calculated according to the
amounts of MKs and platelets: platelet/cell ratio 3 percentage
of CD41a+CD42b+ platelets/percentage of CD41a+CD42b+ MKs.

Purification of Platelet-Like Particles

Purificationwasperformedbyperforminga spin (800g for10min-
utes). Platelet-like particles (PLPs) were resuspended in 2 ml
of CGS buffer (10 mM sodium citrate, 30 mM D-glucose, and
120 mMNaCl, adjusted to pH 6.5 with citric acid) in the presence
of 1 mM prostaglandin E1 (PGE1; Sigma-Aldrich) and spun (80g
for 10 minutes) over a BSA gradient (2%–12% prepared in PBS).
PLPs were collected in the upper layers ($5%) and mixed with
an equal volume of 1% BSA in PBS and 1 mM PGE1. After being
centrifuged at 800g for 10 minutes, the sample was suspended
in the culture medium and maintained at room temperature be-
fore morphologic and functional analysis.

Electron Microscopy

MKs and platelets were collected and fixed with 2.5% glutaralde-
hyde in PBS for 1 hour at 4°C. Afterwashingwith PBS, the samples
were fixed with 1% osmium tetroxide for 1 hour on ice. After

dehydration, the sampleswereembedded inepoxy resin.Approx-
imately 60–80-nMultrathin sectionswere stainedwith 2% uranyl
acetate in 70% methanol and observed under a transmission
electron microscope (H600; Hitachi, Tokyo, Japan, http://www.
hitachi.com) operating at 80 kV.

Platelet Characterization

Peripheral blood or culture-derived platelets were plated onto
poly-L-lysine (100mg/ml)-coatedcoverslipsat37°C for1hour.After
washing with PBS, the platelets were fixed with 4% PFA, permea-
bilizedwith0.2%TritonX-100 for 15minutes at roomtemperature,
and blocked with 1% BSA at 37°C for 30 minutes. Next, they were
incubated with mouse anti-b1-tubulin for 2 hours at 37°C. After
washing, the Alexa Fluor 488-conjugated goat anti-mouse IgG
was applied for 1 hour at room temperature. Fluorescent images
were visualized using the confocalmicroscopy (LSM710, Carl Zeiss,
Jena, Germany, http://www.zeiss.com). Plot profiles were gener-
ated using Velocity Software, version 4.0 (Velocity Software,
Mountain View, CA, http://www.velocitysoftware.com).

Using b-tubulin staining, high-content diameter measure-
ments of the platelets were performed in ImageJ using the line-
scan function. All samplesweremanually inspected, and platelets
outside the threshold were excluded.

Adhesion and Aggregation Test of Platelets

To measure the adhesion potential of the platelets, peripheral
blood or culture-derived PLPs suspended in the culture medium
were plated onto 100 mg/ml fibrinogen-coated coverslips in the
absence or presence of 2 U/ml thrombin at 37°C for 30 minutes.
The platelets were stained with mouse anti-CD41a and Alexa
Fluor 594-conjugated goat anti-mouse IgG. For F-actin compo-
nents, the platelets were incubated with fluorescein isothiocya-
nate 488-conjugated phalloidin. Fluorescent images were
visualized using a confocal laser scanning microscope.

To explore the aggregation potential of the platelets, human
blood platelets (2 3 107) were mixed with 2 mg/ml Calcein AM
(Invitrogen)-labeled blood platelets or PLPs (2 3 105) before
the assay. The mixed platelets and PLPs were plated onto
fibrinogen-coated coverslips in 24-well plates and centrifuged
for 5 minutes at 80g. After washing with PBS, 300 ml of culture
medium in the presence of fibrinogen (300 mg/ml), ADP
(20mM), and thrombin (0.5 U/ml) were added to eachmicrowell.
The plates were incubated at 37°C for 15 minutes with shaking.
Next, the aggregates were stained and observed with phalloidin.

Statistical Analysis

Unless stated otherwise, the mean values6 SEM are presented.
Statistical analysis was performed using SPSS, and significance
levels were determined using Student t tests. Differences were
regarded as significant when p, .05.

RESULTS

3D Rotation Suspension Culture
Potentiates Megakaryopoiesis

In previous studies, we have shown that the RCCS can provide a
beneficial biophysical environment to enhance the proliferation
of human epidermal stem cells and mesendoderm differentiation
ofmouseembryonic stemcells [13, 14].Becausemegakaryopoiesis

Yang, Liu, Lei et al. 3
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and thrombopoiesis occur in a 3Denvironment and respond favor-
ably to stress stimulations, we hypothesized that the RCCS might
exert a positive effect on those differentiation processes. To test
this,we took advantage of the rotary suspension culturedevicede-
scribed in our previous study and developed a stepwise strategy
(Fig. 1A). The culture medium and cytokines were added at differ-
ent time points to promote CD34+ progenitor cell proliferation or
megakaryocytic differentiation and maturation, as described ear-
lier, with modifications [2]. Hematopoietic progenitor cells cul-
tured in the static culture (SC) condition were used in parallel as
a control. Comparedwith the SC group, the cells in the RCCS group
appeared larger on day 6, and the differences became more evi-
dent at later time points (Fig. 1B). Quantitative analysis with flow
cytometry confirmed the significant increase in cells with larger
sizes in the RCCS group (Fig. 1C). MGG staining indicated that
the larger cells were MKs at various stages of maturation (Fig.
1D). Thin-section electron microscopy showed that culture-
derived MKs were slightly smaller than bone marrow-derived
MKs. However, the ultrastructure was quite similar to that of
MKs derived in vivo, containing granules, a demarcation mem-
brane system, and lobulated nuclei (Fig. 1F). We further deter-
mined the DNA content of the cells cultured under different
conditions and found thatmoreMKswith a high level of polyploidy
were generated using the RCCS (MKs$8 N, 18.40% 6 0.50% vs.
11.92% 6 0.59%, p , .05; MKs $4 N, 45.13% 6 0.92% vs.
32.55% 6 1.40%, p , .05). In keeping with this, fewer diploid
MKs were discovered in cultures using the RCCS (Fig. 1E;
supplemental online Fig. 1). Together, the changes inmorphology,
cell size, andDNAcontent ledus to conclude that theRCCS remark-
ably potentiates megakaryopoiesis of CD34+ progenitor cells de-
rived from cord blood.

Rotary Suspension Culture Enhances Megakaryocyte-
Associated Gene Expression

To further explore whether the RCCS could enhance megakaryo-
poiesis at the molecular level, we examined the dynamic expres-
sion of megakaryocyte-associated genes during cultivation. We
found that the percentage of CD34+ cells decreased much faster
using the RCCS than with the control (Fig. 2A), indicating that the
hematopoietic progenitor cells differentiatedmore quickly in the
rotation suspension culture than in the static condition. Many
more CD41a+, CD42b+, and CD41a+CD42b+ cells had been pro-
duced with the RCCS at day 12 (CD41a+ cells, 89.97% 6 6.05%
vs. 67.23% 6 9.27%, p , .05; CD42b+ cells, 85.93% 6 5.75%
vs. 50.75% 6 7.59%, p , .05; CD41a+ CD42b+ cells, 85.93% 6
5.75% vs. 50.75% 6 7.59%, p , .05; Fig. 2A). In addition to
the surface markers, we also measured the expression of several
transcription factors associatedwithmegakaryopoiesis with real-
time PCR analysis. As expected, the levels of megakaryocytic-
associated transcription factors GATA1, RUNX1, Fli1, FOG1, and
NF-E2 and the surface marker CD61 (ITGB3) were much higher
in the cells cultured in the RCCS throughout differentiation (Fig.
2B). These results further confirmed that the rotary suspension
culture cannot only significantly accelerate the megakaryocytic
differentiation process but also increase the efficiency of mega-
karyocytic differentiation.

We also questioned whether the RCCS affected cell prolifer-
ation. We observed little difference in cell growth under these
two culture conditions (Fig. 2C). Furthermore, the percentage
of cells positive for Ki-67, a widely used marker for cell

proliferation, exhibited little difference between the two condi-
tions (supplemental online Fig. 2A, 2B). Thus, we concluded that
RCCS potentiates megakaryopoiesis without causing effects on
hematopoietic progenitor cell proliferation.

Rotary Suspension Culture Enhances Thrombopoiesis

To test whether the MKs generated via the 3D rotation culture
system were able to produce functional platelets, we docu-
mented the behavior of the MKs during the late stage of cultiva-
tion. Although the larger size MKs appeared in both the control
and the RCCS groups at day 12, the number of pro-platelets,
formed throughprofound rearrangement of the actin and tubulin
cytoskeleton before genuine platelets can be released, wasmuch
higher in the 3D rotation culture (Fig. 3A). Furthermore, we used
immunofluorescence of b-tubulin and CD41 and DAPI nuclear
staining to classify the various populations of MKs. Among them,
CD41 was expressed in almost all MKs. We defined the CD41 and
b-tubulin-positive polyploid cells (determined by DAPI staining)
as pro-platelet-forming MKs (Fig. 3B, left panel). Strikingly more
pro-platelet-forming MKs were found in the rotary suspension
culture (18.75%60.85%vs. 9.50%60.65%,p, .05; Fig. 3B, right
panel). Thus, the rotary suspension culture significantly increased
the number of platelet-producing cells.

To directly assess platelet production, we initially determined
the percentages of platelet-sized particles in culture supernatant
at day 12. To exclude the potential interference of cell debris in
the culture, platelets from human peripheral blood were used
to establish proper gating (supplemental online Fig. 3A, left top
panels). Much higher percentages of CD41a+ (68.46% 6 4.32%
vs. 54.39%6 2.55%; p, .05) and CD41a+CD42b+ PLPs (23.95%6
2.79% vs. 12.24%6 1.23%; p, .01) were generated in the sus-
pension culture comparedwith the percentage in the control (Fig.
3C, 3D). We also measured the dynamics of CD41a+CD42b+ MKs
and platelets during the late stage of cultivation (supplemental
online Fig. 3B) and determined the number of MKs and platelets
generated from a single CD34+ progenitor cell using previously
described methods [17, 18]. More mature CD41a+CD42b+ MKs
were produced in the rotary suspension culture (Fig. 3E, left
panel). The platelet yields in the RCCS group from days 11 to
13were also significantly higher than those in the static condition
(Fig. 3E, middle panel). Platelet generation increased gradually
from day 10 and had peaked at day 12 (Fig. 3E, right panel). To-
gether, these results have convincingly shown that many more
mature MKs and more platelets were produced per MK, leading
to much higher platelet yield in the RCCS.

To further explore whether differences were present be-
tween the platelets generated from the RCCS and those gener-
ated in vivo, we further characterized the structure of the
platelets derived from the RCCS. A typical discoid shape and a
smooth contour were observed (Fig. 4A, left panel). Normal
microtubule coils, which were larger than blood platelets on
average, were also observed (Fig. 4A, middle and right panels).
Moreover, the sizesof theplatelets generatedwith theRCCSwere
more homogeneous. In contrast to the platelets generated under
the static condition, they were highly reminiscent of the platelets
derived in vivo (peripheral blood, 2.84 6 0.07 mm, n = 60; SC,
5.37 6 0.27 mm, n = 40; RCCS, 3.25 6 0.15 mm, n = 40; Fig. 4B).
A significant proportion of PLPs contained a normal distribution
of the open canalicular system and a-granules, dense granules,
and mitochondria, nearly indistinguishable from human blood

4 Biochemical Factors Promote PLT Yield in RCCS
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platelets (Fig. 4C). Taken together, these analyses confirmed that
platelets cultured in the RCCS displayed the ultrastructural and
morphological characteristics of blood platelets.

We also determined the function of platelets by measuring
their capability of shape change and motility. We found that PLPs
generated in the suspension culture were able to undergo normal
shape change and to spread out as platelets fromperipheral blood
(Fig. 4D). Once incubated with thrombin, the platelets extended
lamellipodia, as demonstrated by F-actin staining. Thus, the
suspension-cultured PLPs respondedproperly to theaIIbb3 signal-
ing induced by glycoprotein Ib–IX, as previously described [19]. In
addition, the capacity of PLPs to aggregate was also evaluated. F-
actin staining of aggregates showed that blood and culture-derived
PLPs can interact and form large aggregates with one another after
stimulation by agonist (Fig. 4E). Induction of CD62P expression af-
ter agonist stimulation is another well-recognized parameter for
the functional integrity of platelets. The rotary suspension culture
elevated the expression of CD62P from a-granules to the surface of
PLPs in response to thrombin (Fig. 4F; supplemental online Fig. 4A).
Thus, the rotary suspension culture not only promotes megakaryo-
cytic differentiation and maturation but also augments the produc-
tion of viable and functional intact platelets. Because this device is
cost-effective and is easy to manipulate compared with previously

developed devices, it is highly suitable for large-scale in vitro plate-
let generation under clinical settings.

Pilot Screening to Identify Factors Improving
Platelet Generation

Chemicalapproachesareextremelypowerful formodulatingcell fate
and have been widely applied in regenerative medicine [20, 21]. To
identify the chemical compounds and/or soluble factors that can be
used to further augment platelet generation fromHPCs in combina-
tion with the rotary suspension culture system, we conducted
a small-scale screen of compounds and growth factors/cytokines
(supplemental online Table 1) during various stages, including HPC
proliferation, MK differentiation, and platelet generation/release.
Some of themolecules were chosen because of their known effects
onmegakaryocytic cells [22–26]. To assess the stage-specific effects,
the compounds and factors were provided at the stage of HPC pro-
liferation (days 3–6), megakaryocytic differentiation (days 6–9), or
platelet generation/release (days 9–12; Fig. 5A).

We found that among all chemical compounds and growth
factors/cytokines tested, activin A and all trans retinoic acid
(ATRA) consistently enhanced the proliferation of HPCs (1.15 6
0.08 fold for activin A, p , .05; 1.35 6 0.13 fold for ATRA,

Figure 1. Three-dimensional rotation suspension culture potentiates megakaryopoiesis. (A): Schematic representation of the experimental
procedure from hUCB-CD34+ cells to MKs and platelets. (B): Representative cell morphology at various stages of MK lineage-specific differen-
tiation (scale bar = 20 mm). Large MKs indicated by white arrows in both groups. (C): Size distribution of MKs formed under SC and RCCS mea-
sured by microscopy (top) and flow cytometry (bottom). (D):Morphology analysis of MKs at days 9 and 12 by May-Grünwald-Giemsa staining
(scale bar = 20 mm). (E): Ploidy distribution of MKs in both groups at day 12 analyzed by staining cellular DNA with propidium iodide (mean6
SEM, n = 3). Asterisks represent significant differences between SC and RCCS groups: p, p, .05; pp, p, .01. (F): Thin-section electron micro-
graphsof bonemarrow-derivedMK (left) and culture-derivedMK in SC (middle) andRCCS (right). Abbreviations: BM,bonemarrow; d, day;DMS,
demarcationmembrane system; FSC, fetal stem cell; G, granules; hUCB, human umbilical cord blood;MK,megakaryocyte; N, nuclei; PLT, plate-
let; RCCS, rotary cell culture system; SC, static culture.
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p, .01; Fig. 5B). In contrast, valproic acid (VPA)didnotenhancebut
instead suppressedHPC proliferation (0.876 0.06 fold, p, .05; Fig.
4B). All the other factors tested exerted minimal effects on cell ex-
pansion (Fig. 5B; supplemental online Fig. 5A).When applied on day
6, Y-27632 significantly increased the cell size, as described previ-
ously [25, 26], confirming the reliability of our strategy. In addition
to Y-27632, we found that two chemical compounds, SB431542
andATRA,wereableto increasethecell size (Fig.5C).Thepercentage
of CD41a+CD42b+ cells was higher after treatment with RSPO2 or
ATRA at day 12 (Fig. 5D). Although RSPO2 treatment increased
the expression of the megakaryocyte-associated surface markers,
it had little effect on cell size (Fig. 5C). The MKs produced via Y-
27632 treatment showed giant cell bodies, but the percentage of
CD41a+CD42b+cellswasactually lowerthanthat in thecontrolgroup
(Fig. 5D). We speculated that although the MKs induced with Y-
27632 treatment exhibited giant and hyperploid nuclei (Fig. 5C),
themorphological changes caused by endomitosismight not neces-
sarily lead to stable MK differentiation.

In addition to HPC expansion and megakaryocytic differenti-
ation, we also tested whether those chemical compounds and
growth factors/cytokines affected platelet generation/release.
PLPs were collected and analyzed at day 14, after the cells had
been treated with chemical compounds or growth factors added
at day 6 or day 9. Flow cytometry analysis revealed that both
RSPO2 and VPA improved the generation of CD41a+ PLPs when
added at day 6 (Fig. 5E). As expected, Y-27632 treatment also im-
proved platelet generation. In contrast, no effect was detected

with ATRA (Fig. 5E), and decitabine (DAC) at high concentrations
(.0.1 mM) caused severe cell death (data not shown). We next
measured the effect of treatment at day 9, using Y-27632 as a
control. We found that both DAC and VPA improved the genera-
tion of platelets (Fig. 5E). Consistently, we also observed more
pro-platelet formation after RSPO2, DAC, and VPA treatment
(supplemental online Fig. 5C). In particular, RSPO2 not only en-
hanced megakaryocytic differentiation, but also increased plate-
let generation/release at the late stage. By exploiting the strategy
of stage-specific screening, we identified chemical compounds
and growth factors capable of augmenting HPC expansion,
megakaryocytic differentiation, and platelet generation/release
(supplemental online Fig. 5D).

Stepwise Strategy for Highly Efficient Generation of
Functional Platelets

We next asked whether the factors screened out could further
enhance platelet generation in conjunction with the 3D rotary
culture system, leading to an improved method for high-
efficiency and large-scale generation of platelets in vitro. We
first testedwhether ATRAwas able to enhanceHPCproliferation
in rotary suspension culture. Surprisingly, ATRA failed to en-
hance cell proliferation in the rotary suspension culture (Fig.
6A). As described, no difference was observed in static or rotary
suspension culture (Fig. 2C; supplemental online Fig. 2).We thus
inferred that themajor contribution from this rotary suspension
culturemight be initiating and/or enhancing themegakaryocyte

Figure 2. Rotary suspension culture promotesmegakaryocytic gene expression. (A): Cell-surfacemarker (CD34, CD41a, and CD42b) analysis at var-
ious stages of MK differentiation culture (mean6 SEM, n = 3). (B): mRNA levels of megakaryocytic-associated transcription factors (GATA1, Fli-1,
RUNX1, NF-E2, ITGB3, and glycoprotein Ib/a) was assessed by real-time polymerase chain reaction at days 3, 6, and 9 (mean6 SEM, n = 3). Glycer-
aldehyde-3-phosphate dehydrogenasewas used as an internal control. All values were normalized to the level (= 1) ofmRNA in the cells at day 3. (C):
Cell countingwasperformedwithahemocytometerunderthemicroscope(mean6SEM,n=3).Asterisks representsignificantdifferencesbetweenSC
and RCCS groups: p, p, .05; pp, p, .01. Abbreviations: d, day; MK, megakaryocyte; RCCS, rotary cell culture system; SC, static culture.
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differentiation/maturation or platelet generation/release with-
out exerting an effect on cell proliferation. Thus, we began to
apply the suspension culture only from day 6, and HPC expan-
sion was still conducted under the static culture condition with
the addition of ATRA up to day 6, when the rotary suspension
culture was initiated (Fig. 6B). Y-27632, DAC, and RSPO2 were
added to the culture at day 6 or day 9 to maximize generation
according to our previous screening findings (Fig. 6B). As a con-
trol,wealso included the same chemical compounds andgrowth
factors in the static culture. To monitor the dynamics of throm-
bopoiesis, PLPswere collected daily fromdays 7 to 15.We found
that CD41a+ PLPs could be detected as early as day 7. However, a
drastic upregulation only occurred from day 11 and had gener-
ally peaked at day 13 (Fig. 6C). Although more PLPs were pro-
duced in both the suspension and the static culture after the
addition of chemical compounds and growth factors, more PLPs
were produced, as expected, in the suspension culture than
the static condition, with or without the addition of chemical
compounds. The highest yield of CD41a+ PLPs was produced in
the rotary suspension culture using the stepwise strategy
(Fig. 6B). Furthermore, we also measured the percentage of

CD41a+CD42b+ double-positive PLPs, which have been recog-
nized as a more stringent standard for functional platelets than
CD41a alone [18]. A much higher percentage of CD41a+CD42b+

platelets was generated with the addition of chemical com-
pounds and growth factors (Fig. 6D). Consistently, the rotary
suspension culture condition generated the highest percentage.
Interestingly, the critical window for generating CD42b+ plate-
lets was from days 10 to 14, and a minimal amount of
CD41a+CD42b+ platelets was produced after day 14. This was dif-
ferent from the production of CD41a+ single-positive platelets
(Fig. 6C, 6D). These results indicated that subtle temporal win-
dows exist for the generation of platelets of the highest quantity
and quality. The underlying mechanism remains to be deter-
mined. Consistent with previous findings [18], the platelets with
the highest quality (i.e., positive for CD41a+/CD42b+ expression)
had the greatest potential to induce a-granule release after
thrombin stimulation (supplemental online Fig. 6A). Thus, to
further measure the efficiency of platelet generation in our
system, we quantified the total amount of platelets generated
from single CD34+ cells and found that our method produced
∼1,907.67 6 196.90 platelets per CD34+ cell (Fig. 6E), which was

Figure 3. Rotary suspension culture enhances thrombopoiesis. (A): Representative cell morphology of largeMKs (black arrows) at day 12 and
pro-platelets (white arrows) at day 15 during MK differentiation (scale bar = 20 mm). (B): Immunolocalization of CD41 (orange), b-tubulin
(green), and F-actin (green) in differentiated MKs was assessed by immunofluorescence staining at day 12 (scale bar = 20 mm; left). Cell nuclei
were stained with DAPI (blue). Polyploid and pro-platelet-formingMKs indicated bywhite arrows. Quantification of polyploid and pro-platelet-
forming MKs per 100 cells performed by immunofluorescence staining of CD41, b-tubulin, and DAPI (right). (C): Percentage of CD41a+ PLPs
identified by flow cytometry (right; mean 6 SEM; n = 3). (D): Percentage of CD41a+CD42b+ PLPs identified by flow cytometry (right; mean 6
SEM; n = 3). (E): Comparative kinetics of CD41a+CD42b+ MKs (left) and platelets (middle) per stem cell and platelets per MK (right; mean 6
SEM; n = 3). Asterisks represent significant differences between SC and RCCS groups: p, p , .05; pp, p , .01. Abbreviations: d, day; DAPI,
496-diamidino-2-phenylindole; MKs, megakaryocytes; PLP, platelet-like particle; RCCS, rotary cell culture system; SC, static culture.
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substantially higher than that with previously described meth-
ods (∼40–180) [18]. Furthermore, with the combination of
the rotary suspension culture and chemical addition, both
megakaryocytic differentiation efficiency and platelet genera-
tion were enhanced (Fig. 6F; supplemental online Fig. 6B) and
thus together resulted in an increase in total platelet yield. In-
terestingly, with the addition of chemical compounds, the rotary
suspension culture itself had a minimal effect on megakaryo-
cytic differentiation compared with the static condition (55.79 6
0.90 vs. 53.23 6 1.52, p = .24; supplemental online Fig. 6B).
This indicates that compensation might exist between chemical
compound treatment and rotary suspension cultivation in pro-
moting megakaryocyte differentiation. However, the detailed
mechanism remains to be determined.

Together, our results provide convincing evidence that the com-
bination of RCCS and biochemical factors significantly promotes
platelet production from CB-derived MKs. This strategy might be
highly promising for future large-scale platelet generation in vitro.

DISCUSSION

In the present study, we have successfully applied the rotary sus-
pensionculture systemtothederivationofplatelets invitro, result-
ing in dramatic improvement in megakaryocytic differentiation.
More importantly, when used in combination with chemical com-
poundsandgrowth factors identifiedbyus, the rotaryculturesystem
significantly increased the yield of platelet generation in vitro—
much higher than with the previously developed methods [16,
18]. Thus, the 3D device and the strategy we have developed in
the present study should markedly improve the generation of
large-scale platelets for future biomedical and clinical settings.

Why can the 3D rotary suspension culture significantly aug-
ment bothmegakaryopoiesis and thrombopoiesis comparedwith
the static culture? The rotary suspension culture has been shown
to be able to generate shear stress and simulate microgravity in
our and other studies [13, 14, 27, 28]. We speculated that the
shear stress generated in this system facilitates both platelet

Figure 4. Ultrastructural and functional characterization of culture-derived platelets. (A): Light (left) and immunofluorescence (middle) mi-
crographs of human blood and cultured platelets. Platelets were probed for b-tubulin (microtubule cytoskeleton, green). Representative line
function for highlighted platelet shown (inset). Scale bar = 2mm. (B):Distribution of themaximal longitudinal length of blood platelets and PLPs
quantified on immunofluorescencemicrographs. Themean sizes of the platelets are presented by abar. p,p, .05;ppp,p, .001, unpaired t test
withWelch’s correction. (C): Thin-section electronmicrographs of blood (left) and culture-derived platelets in SC (middle) and RCCS (right). (D):
CD41 (red) and F-actin filament (phalloidin A488; green) staining of blood platelets (top) or PLPs in SC (middle) and RCCS (bottom) bound to
immobilized fibrinogen in the absence or presence of 1 U/ml thrombin (scale bar = 5 mm). (E): Aggregates of a mixture of 23 105 calcein-AM
(green)-labeled blood (left) or cultured platelets (middle and right) and23 107 bloodplatelets. In red, F-actin staining of both populations. Scale
bar = 5 mm. (F): Percentage of P-selectin (CD62P)-positive events in gated SC-PLPs and RCCS-PLPs (mean 6 SEM; n = 3). Asterisks represent
significant differences between SC and RCCS groups: p, p, .05. Abbreviations: G, granules; Mt, mitochondria; OCS, open canalicular system;
PB, peripheral blood; PLP, platelet-like particle; PLT, platelet; RCCS, rotary cell culture system; SC, static culture.
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generation and release, as described previously, both in the bone
marrow [15] and under other in vitro conditions [6–9]. However,
the underlying mechanism underlying shear stress induction of
pro-platelet generation and platelet release remains to be iden-
tified. In addition to shear stress, the microgravity produced in
this systemmight also play an important role in promoting plate-
let generation. The microgravity generated by the rotary culture
system has been described in our previous study and other stud-
ies [13, 14, 29]. Meyers et al. has demonstrated that modeledmi-
crogravity by the RCCS can suppress RhoA activity during human
mesenchymal stem cell differentiation toward osteoblasts [30].
Inhibition of the r/ROCK pathway with Y-27632 has been shown
to facilitate platelet generation by inhibiting cytokinesis and con-
sequently promoting megakaryocyte polyploidization [25, 26].
Thus, the rotary suspension culture might also promote platelet
generationby suppressingRhoAviamicrogravity. Furthermore, in
addition to the shear force and simulatedmicrogravity, the better
diffusion of nutrients and oxygen in the rotary suspension culture
than in the traditional static culture might also facilitate cell sur-
vival, differentiation, and platelet generation and release. We
found that expression of pro-survival genes, such as BCL-XL and

MCL-1, is much higher in the suspension culture than in the static
culture (data not shown).

Chemical compounds have become powerful tools for mod-
ulating stem cell self-renewal, differentiation, and cellular re-
programming [20, 21]. In our study, we also applied chemical
compounds to the rotary suspension culture system to induce
maximal platelet production. By using a small-scale screen,
we found that ATRA, Y-27632, RSPO2, and DAC can synergisti-
cally induce the highest efficiency of functional platelet deri-
vation. The major role of ATRA appears to be to promote
cell proliferation, consistent with the previously reported
function in promoting the growth of colony-forming unit-
megakaryocyte [31]. Y-27632, a r/ROCK pathway inhibitor,
has been shown to enhance megakaryocytic polyploidization
[25, 26]. In our system, the ROCK inhibitor might cooperate syn-
ergistically with the simulated microgravity generated by the ro-
tary suspension culture, thus further suppressing the r/ROCK
pathway and achieving better efficiency than Y-27632 alone. In
addition to the r/ROCK pathway, canonical Wnt signaling is es-
sential for megakaryocyte proliferation and maturation [32,
33]. Activation of canonical Wnt signaling profoundly stimulates

Figure 5. Stage-specific pilot screening for factors to increase PLP generation. (A): Schematic illustration of stepwise screening of extrinsic factors
duringMKdifferentiation.Thecomplete listof factorsexamined is shown insupplementalonlineTable1. (B):Foldofcell expansionatday6counted
by hemocytometer with addition of extrinsic factors at day 3 (mean6 SEM; n = 4). All values were normalized to the level (= 1) of blank. Student t
testswereusedtocomparedatabetweencells treatedwithextrinsic factors versuscontrol cells. (C):Morphologyof largeMKs (whitearrows)atday
12 among every group (scale bar = 20mm). Chemical compounds and growth factors/cytokines were added from day 6. (D): Cell-surface marker
(CD41aandCD42b)analysis at day12ofMKdifferentiation culture amongevery group (mean6 SEM;n=5). All valueswerenormalized to the level
(= 1) of blank. Student t tests were used to compare data between cells treated with extrinsic factors versus control cells. (E): Quantification of
CD41a+PLPsamongeverygroup identifiedby flowcytometry (mean6 SEM;n=6). Extrinsic factorswere added fromday6orday9.All valueswere
normalized to the level (= 1) of blank. Student t tests were used to compare data between cells treated with extrinsic factors versus control cells.
Asterisks represent significant differences between SC and RCCS groups: p, p, .05; pp, p, .01. Abbreviations: ATRA, all trans retinoic acid; d, day;
DAC, decitabine; MKP, megakaryocyte progenitor; MKs, megakaryocytes; PLP, platelet-like particle; RSPO2, R-spondin2; VPA, valproic acid.
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pro-platelet formation [33].Wethus infer that the secretedactivator
of Wnt/b-catenin pathway RSPO2 might exert its effects in our sys-
tem by activating the Wnt signaling pathway [34]. The addition of
RSPO2 also enhanced the production of CD41a+CD42b+ MKs; how-
ever, the underlying mechanism needs to be explored further. We
also included DAC in our system, because it has been shown to in-
crease platelet generation both in vitro and in vivo [24, 35]. By using
chemical compounds, growth factors, and the rotary suspension cul-
ture,wehaveestablishedastepwisestrategy togenerate thehighest
plateletyield invitro.This suspensionculture leads to∼3.7-foldmore
total platelets and, most importantly, many more CD41a+CD42b+

functional platelets than with the static condition. To date, effective
strategies forplateletgeneration invitroare still lacking,and, as such,
adetailedcomparisonbetweendifferentstrategieswasnotpossible.
Nevertheless,ourmethodproduced∼1,907.676196.90PLPs,more
than10-foldhigher thaninapreviouslydescribedstudy (40–180PLPs
generated from one CD34+ cell) [18].

hPSCs have theoretically unlimited self-renewal capabilities
and provide a potentially inexhaustible source for generating var-
ious functional human cell types. Recently, successful derivation
of large-scale platelets from hPSCs has been reported by several
groups [36, 37]. Liu et al. reported efficient generation of mega-
karyocytes by using Food and Drug Administration-approved
pharmacological reagents [38]. Thus, it will be interesting to
investigate in the future whether large-scale, clinical-grade

platelets can be generated from hPSCs with the use of the rotary
suspension culture system.
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