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Abstract
Background aims. Platelet transfusion can be a life-saving procedure in different medical settings. Thus, there is an increasing
demand for platelets, of which shelf-life is only 5 days. The efficient ex vivo biomanufacturing of platelets would allow
overcoming the shortages of donated platelets. Methods. We exploited a two-stage culture protocol aiming to study the effect
of different parameters on the megakaryo/thrombopoiesis ex vivo. In the expansion stage, human umbilical cord blood
(UCB)-derived CD34þ-enriched cells were expanded in co-culture with human bone marrow mesenchymal stromal cells
(BM-MSCs). The megakaryocytic commitment and platelet generation were studied, considering the impact of exogenous
addition of thrombopoietin (TPO) in the expansion stage and a cytokine cocktail (Cyt) including TPO and interleukin-3 in
the differentiation stage, with the use of different culture medium formulations, and in the presence/absence of BM-MSCs
(direct versus non-direct cell-cell contact). Results. Our results suggest that an early megakaryocytic commitment, driven by
TPO addition during the expansion stage, further enhanced megakaryopoiesis. Importantly, the results suggest that co-
culture with BM-MSCs under serum-free conditions combined with Cyt addition, in the differentiation stage, signifi-
cantly improved the efficiency yield of megakaryo/thrombopoiesis as well as increasing %CD41, %CD42b and polyploid
content; in particular, direct contact of expanded cells with BM-MSCs, in the differentiation stage, enhanced the efficiency
yield of megakaryo/thrombopoiesis, despite inhibiting their maturation. Conclusions. The present study established an in vitro
model for the hematopoietic niche that combines different biological factors, namely, the presence of stromal/accessory cells
and biochemical cues, which mimics the BM niche and enhances an efficient megakaryo/thrombopoiesis process ex vivo.
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Introduction

Platelet transfusion demand is dramatically increasing
because of its essential role in the treatment of cancer,
hematological malignancies and marrow failure,
including hematopoietic cell transplantation, as well
as solid organ transplantation [1]. In the United
States only, more than 2 million voluntary-donated
platelet units are transfused annually [2]. However,
despite persistent platelet shortages, up to 31% of
collected platelets are currently wasted because
platelets do not tolerate refrigeration, have a shelf-life
of 5 to 7 days and should be kept in stringent
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conditions [1e3]. Ex vivo production of platelets
from hematopoietic stem/progenitor cells (HSC/
HPC), namely CD34þ cells, was previously accom-
plished with the use of umbilical cord blood (UCB),
bone marrow (BM) and mobilized peripheral blood
(mPB) cells [3e5]. Recent reports highlighted the
potential use of human embryonic stem cells and
induced pluripotent stem cells for the clinical-scale
production of platelets [6e8]. However, despite sig-
nificant progress achieved in understanding the
mechanisms underlying platelet production, the
platelet yield achieved so far has not been sufficient
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for adult transfusion (3.0e6.0 � 1011 platelets/adult)
[2,3,9].

Megakaryocytes (Mks) are large cells that reside in
the BM niche and derive from lineage commitment of
HSC/HPC in vivo. Platelets are enucleated fragments
of Mks that are formed and released into the vascular
sinusoids by terminal differentiation of mature Mks
[10]. This process, thrombopoiesis, involves endo-
mitosis, with cytoplasmic enlargement, significantly
increasing in size and DNA contents (polyploidy) of
Mks [4]. The final step of thrombopoiesis includes
pro-platelet formation from the cytoplasm of Mks by a
network of specialized membranes, the so-called
demarcation membrane system (Dm); nascent plate-
lets are then released from pro-platelet fragments [4].
Thrombopoietin (TPO) is a key regulator of mega-
karyo/thrombopoiesis involved in early Mk develop-
ment, proliferation and maturation, as well as
supporting survival and proliferation of primitive cells/
progenitors [11]. However, it was shown that other
cytokines such as interleukin (IL)-3, IL-6 and IL-11
are needed, in combination with TPO, for Mk
development and maturation [12].

The interactions between HSC/HPC and
mesenchymal stromal cells (MSC) or/and MSC-
derived cells, residing in the BM niche, can take
place through cell-cell cross-talk or by produced
soluble factors. Such interactions have a pronounced
impact on HSC/HPC self-renewal, proliferation and
differentiation [13e15]. The significant role of BM
stromal/accessory cells on promoting the prolifera-
tion/maintenance of HSC/HPC, while preserving its
engraftment ability, has been previously reported
using an in vivo model [16]. The results of our group
demonstrated successful expansion of UCB-derived
CD34þ cells in co-culture with BM-MSC with the
use of serum-free medium supplemented with
growth factors ex vivo [17e19]. In particular, direct
contact with a BM-MSC feeder layer boosted pro-
liferation of UCB-derived CD34þ cells [13]. The
BM niche is a complex system that involves a 3D
structure in which different factors, such as the
extracellular matrix components, cell-cell in-
teractions and extrinsic cues provided by accessory/
stromal cells, modulate Mk development and matu-
ration [20,21]. It was also shown that signaling
molecules secreted by stromal cells, as well as cell-
cell interactions in the BM niche, are elementary
modulators of the megakaryo/thrombopoiesis pro-
cess [15,22]. For example, besides providing physical
support for HSC/HPC, BM-MSC secrete cytokines,
such as granulocyte-macrophage colony-stimulating
factor, IL-6 and stem cell factor (SCF), which
regulate megakaryopoiesis [15,23,24].

The present work aims to further extend our
previous study [25] by investigating the influence of
several culture parameters on the effective mega-
karyo/thrombopoiesis process in the two-stage
cultivation protocol with the use of UCB-derived
CD34þ-enriched progenitors. Therefore, we used
our previously established cytokines cocktail [25]
containing only TPO and IL-3, which was demon-
strated to be a simple and effective protocol for
megakaryocytic differentiation of UCB cells. Overall,
TPO is used as a main driver of megakaryo/throm-
bopoiesis and IL-3 as a proliferative signal. The
impact of TPO inclusion in the expansion cocktail
was assessed, first in terms of expansion profile and
then in terms of effects on megakaryocytic differen-
tiation of UCB CD34þ-enriched cells. In the second
(differentiation) stage, combination and interaction
of biological factors and biochemical cues with
HSC/HPC, which recapitulate the BM niche, were
evaluated aiming to identify an efficient megakaryo/
thrombopoiesis process ex vivo. The three parame-
ters assessed at this stage, alone or in combination
with each other, included (i) exogenous addition of
cytokines (TPO and IL-3; 100 and 10 ng/mL,
respectively); (ii) co-culture of expanded HSC/HPC
with a BM-MSC feeder layer (in direct or non-direct
cell-cell contact), aiming to study the effect of the
feeder layer on megakaryo/thrombopoiesis either by
direct cell-cell contact interaction or caused by the
secreted trophic factors and/or in combination with
cytokines addition; and (iii) serum-containing versus
serum-free culture medium. In the current study,
two culture medium formulations were used in the
differentiation stage. A schematic representation of
different parameters explored in the current study is
presented in Figure 1.
Methods

UCB samples

UCB samples were obtained from healthy donors
after maternal donor-informed consent at Hospital
São Francisco Xavier, Centro Hospitalar Lisboa
Ocidental, E.P.E., Portugal. Low-density mono-
nuclear cells (MNC) were separated by means of a
Ficoll density gradient (1.077 g/mL; GE Healthcare)
according to the manufacturer’s protocol. UCB
MNC were either cryopreserved for further use or
processed directly.
Human BM-MSC cultures

BM-MSC were isolated from healthy donors after
informed consent was obtained as described
elsewhere [17,18] and kept cryopreserved in liquid/
vapor nitrogen. To establish the feeder layers,
BM-MSC were thawed and cultured (3.0 � 103
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cells/cm2) in Dulbecco’s modified essential medium
(Gibco) containing 10% fetal bovine serum (FBS)
(MSC-qualified; Gibco), supplemented with
streptomycin (0.025 mg/mL, Gibco) and penicillin
(0.025 U/mL, Gibco) at 37�C and 5% CO2 in a
humidified atmosphere with medium changed twice
per week. At near full confluence (80e90%), BM-
MSC were harvested from the flask by use of
Accutase (Sigma) [25]. BM-MSC were re-seeded at
3.0 � 103 cells/cm2 in T25 flasks or six-well plates
(BD) and cultured until confluence and then were
treated with mitomycin C (Sigma) (0.5 mg/mL in
Iscove’s modified Dulbecco’s media (IMDM) þ
10% FBS) to prevent feeder layer overgrowth
[13,19]. BM-MSC (passages 3 to 6) were then
washed twice with phosphate-buffered saline (PBS;
Gibco) for 5 min and used as a feeder layer within
the next 12 to 24 h.
Ex vivo expansion of UCB CD34þ-enriched cells (stage I)

When cryopreserved, UCB MNC were thawed at
37�C with the use of IMDM (Gibco) supplemented
with 20% FBS and 50 mg/mL deoxyribonuclease
(DNAse; Sigma) and were then centrifuged (1250
rpm, 7 min) and washed with PBS [25]. UCB
MNC (either thawed or fresh) were enriched
for CD34 expression by magnetic activated cell
sorting (MACS; Miltenyi Biotech) according to the
FI�CD34þ ¼ number of CD34þ cells ðat the end of expansion stageÞ
number of CD34þ cells ðseeded at day 0Þ Eq. 1
manufacturer’s instructions. CD34þ cell expansion
was carried out by use of a pool of the UCB
CD34þ-enriched cells (at least from two different
UCB units) in co-culture with BM-MSC (direct
cell-cell contact). Two cytokine cocktails, referred
to as Z9 and T0, were used. Z9 contains SCF (60
ng/mL), Flt-3 (55 ng/mL), TPO (50 ng/mL) and
basic fibroblast growth factor (b-FGF) (5 ng/mL)
(all from Peprotech) [19]. T0 contains SCF (60 ng/
mL), Flt-3 (75 ng/mL) and b-FGF (5 ng/mL). In
the current study, UCB CD34þ-enriched cells were
seeded to a T25 flask (BD) with the use of QBSF-
60 (Quality Biological Inc) as an expansion cul-
ture medium at the density of 3.0 � 104 cells/mL,
EY ¼ number of CD41þ cells ðat t
number of CD34þ
over a mitomycin Cetreated BM-MSC feeder
layer.
Ex vivo differentiation of expanded CD34þ-enriched cells
(stage II)

After 7 days of expansion, expanded cells were
cultured with the use of differentiation culture me-
dium, IMDM supplemented with 10% FBS or QBSF-
60, at a density of 2.0 � 105 cells/mL. Both culture
conditions were supplemented with streptomycin
(0.025 mg/mL) and penicillin (0.025 U/mL). When
indicated, expanded cells were co-cultured in direct
and non-direct contact with BM-MSC in combination
with/without cytokine addition (IL-3 and TPO; 10 ng/
mL and 100 ng/mL, respectively; both from Pepro-
tech). For co-cultures with no cell-cell contact, six-well
plates (BD) with an insert of 0.4-mm pore diameter
(BD) were used to avoid direct contact with the feeder
layer [13]. BM-MSC were previously inactivated with
mitomycin C through the use of the same protocol
described before. At days 3, 5 and 7 of the culture, half
of the volume of the exhausted medium was replaced
by addition of fresh medium.
Proliferative and phenotypic analysis

Cell numbers and viability were determined by use of
the trypan blue (Gibco) dye exclusion method. The
proliferation extent of CD34þ cells was assessed as
fold increase in CD34þ cell number (FI-CD34þ)
and calculated according to Equation 1.

Phenotypic analysis was performed by use of flow
cytometry (FACSCalibur equipment, BD), as
previouslydescribed [25].Briefly, cellswere labeledwith
a panel of monoclonal antibodies (fluorescein iso-
thiocyanateeconjugated or phycoerythrin-conjugated)
including anti-CD34 (for early HSC/HPC), CD33
and CD14 (both for myeloid lineage), CD41 and
CD42b (both for megakaryocytic lineage) and CD7
(myeloid and early lymphocytic lineage) (all from Bio-
Legend) [17]. The degree of megakaryocytic commit-
mentwas quantified by calculation of the efficiency yield
he end of dif ferentiation stageÞ
cells ðseeded at day 0Þ Eq. 2
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Figure 1. Schematic representation of the two-stage cultivation
protocol (HSC/HPC expansion, megakaryo/thrombopoiesis) and
the combination of the different parameters exploited in the cur-
rent study.
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(EY) according toEquation 2.CD34þ andCD41þ cells
were considered in this study as HSC/HPC and mega-
karyocytic cells, respectively.
Transmission electron microscopy analysis of Mks and
platelets

The internal structure of Mks and platelets was
observed by use of transmission electron microscopy
(TEM). UCB culture-derived cells and PB-derived
platelets were fixed in a solution containing 2.5 %
glutaraldehyde (Sigma) in 0.1 mol/L sodium
cacodylate buffer (pH 7.4; Sigma) for 1 h at room
temperature (22e25�C). After rinsing with cacody-
late buffer, cells were post-fixed with a 1% osmium
tetroxide (Sigma) in 0.1 mol/L cacodylate buffer for
Figure 2. (A) Proliferation extent of CD34þ cells, assessed as fold increa
expansion stage. (B) Phenotypic characterization of UCB CD34þ-enrich
population co-cultured with human BM-MSC in cytokine cocktails Z9
SEM. *P < 0.05, n � 4.
1 h at room temperature. Cells were then fixed with
uranyl acetate (0.5%; Sigma) in citrate-acetate acid
buffer (pH 5e6) and dehydrated by gradually
increasing ethanol (Sigma) concentration (70%, 95%
and 100% in distilled water). Finally, cell
populations were embedded in Epon (Momentive
Specialty Chemicals, Inc.), cut and Mks and platelets
ultrastructures were observed with the use of a
transmission electron microscope (Hitachi 8100,
Hitachi Instruments Inc).
Analysis of DNA ploidy

Mk ploidy was determined by means of a double-
staining technique with flow cytometry and the use
of the CellQuest Pro software (BD) by choosing
CD41þ events as a reference gate [25,26]. Briefly,
culture-derived cells were incubated 15 min with
anti-CD41 antibody (Biolegend) and then were fixed
by 70% cold ethanol (4�C). Cells were re-suspended
in a staining solution containing propidium iodide
(50 mg/mL; Sigma), sodium citrate (4 mol/L; Sigma),
RNase A (0.1 mg/mL; Sigma) and Triton X-100
(0.1%; Sigma) in pH 7.8 for 1 h before flow
cytometry analysis was performed.
Preparation of fresh UCB, PB and UCB culture-derived
platelets

For UCB culture-derived platelets, culture-derived
cells were collected at the end of differentiation
stage and centrifuged (750 rpm, 10 min) to remove
larger, nucleated cells. Supernatants, which display a
lighter platelet fraction, were collected and centri-
fuged again (3000 rpm, 5 min). The obtained pellets
were re-suspended in washing solution that con-
tained sodium citrate (200 mmol/L; Sigma) and
se in the number of CD34þ cells (FI-CD34þ) during 14 days of the
ed cells during 14 days of expansion in terms of %CD41 for cell
(black bars) and T0 (white bars). Results presented as average �
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chloride sodium (2 mmol/L, Sigma) in PBS and
distributed equally into two 15-mL Falcon tubes
(BD). For non-activated platelet analysis, the
content of one of the tubes was fixed in 2 mL of
paraformaldehyde (2% in PBS; Sigma) and kept at
room temperature. The content of the other tube was
used for the platelet activation assay; 2 mL of human
thrombin (2 U/L; Sigma) was added to the tube and
kept inside a humidified incubator (37�C) for 10
min. Afterward, 5 mL of washing solution was added
to each tube and centrifuged (3000 rpm, 5 min) and
was then re-suspended in PBS and labeled with anti-
CD41, anti-CD42b, anti-CD62p and anti-CD63
antibodies (Biolegend). Appropriate (fluorescein
isothiocyanateeconjugated or phycoerythrin-
conjugated) isotype controls were used for each
condition. Labeled cells were kept in a dark condi-
tion for 15 min (room temperature) and were then
washed with PBS, fixed with 500 mL para-
formaldehyde (2% in PBS) and analyzed by means of
flow cytometry.
Fresh UCB and PB-derived platelets

After the Ficoll density-gradient centrifugation of
fresh UCB cells, the upper supernatant layer, which
contained the platelet-rich plasma, was collected.
PB-derived platelets were kindly donated by Insti-
tuto Português do Sangue (Lisboa, Portugal). Both
fresh UCB and PB-derived platelets were processed
similarly to UCB culture-derived platelets, except for
the first centrifugation step (750 rpm, 10 min),
which was not performed. These platelets were used
for platelet functional assessment in the current
study.
Statistical analysis

Results are presented as a mean � standard error of
mean (SEM). Statistical analysis was performed by
use of IBM SPSS statistics (v. 20) with the use of
Mann-Whitney U analysis. Differences in results
were considered statistically significant at a value of
P < 0.05.
Results

Effect of TPO addition on the expansion profile of UCB
CD34þ-enriched cells (stage I)

In the present study, UCB CD34þ-enriched cell
expansion was based on a previously established pro-
tocol. In this protocol [19], a mathematical model was
established,with the use of a factorial design approach,
targeting the optimization of cytokines concentrations
to maximize UCB CD34þ-enriched cell expansion in
co-culture with BM-MSC. The optimized cocktail Z9
that was obtained contained SCF (60 ng/mL), Flt-3
(55 ng/mL), TPO (50 ng/mL) and b-FGF (5 ng/
mL). To study the effect of TPO addition on the
expansion profile of UCB CD34þ-enriched cells, we
used the above-mentioned modeling approach,
imposing the limitation that the concentration of TPO
should be zero, and therefore a TPO-free cytokine
cocktail, referred to as T0, was identified. T0 contains
SCF (60 ng/mL), Flt-3 (75 ng/mL) and b-FGF (5 ng/
mL). The percentage of CD34þ cells in the starting
population submitted to the Z9 and T0 expansion
protocols was similar at values of 81% � 4.0% and
83% � 4.9%, respectively, without having significant
differences (n� 4,P> 0.05). Similarly, the percentage
of CD41þ cells in the starting population submitted to
the Z9 and T0 was similar, at values of 2.8� 0.60 and
2.0 � 0.50, respectively, without having significant
differences (n � 4, P > 0.05).

The predicted values of FI-CD34þ, for Z9 and
T0 condition, with the use of the mathematical
model, were 21 � 3.5 and 13 � 3.5, respectively,
after 7 days of expansion. These values are in
agreement with the FI-CD34þ obtained experimen-
tally, 16 � 3.0 (using Z9) and 12 � 3.4 (using T0),
for CD34þ cells expanded in co-culture with BM-
MSC after 7 days of expansion. However, consid-
ering 14 days of expansion, the values of FI-CD34þ

for the Z9 condition were significantly higher
compared with the T0 condition (P < 0.05 for days
10, 12 and 14 of expansion) (Figure 2A). Percentage
of CD34 decreased over the expansion stage, with no
significant differences observed between Z9 and T0
(data not shown) [19]. There was also no significant
difference between Z9 and T0 in terms of differ-
entiative potential, namely, %CD33, %CD14 and %
CD7 during 14 days of expansion (Table I). Never-
theless, phenotypic analysis revealed that the cell
population cultured in Z9 condition had significantly
higher %CD41 and %CD42b, compared with the
T0 condition, which suggests a superior early
megakaryocytic commitment during the Z9 expan-
sion condition (Figure 2B; Table I).
Impact of co-culture with BM-MSC, addition of
cytokines and medium formulation on megakaryocytic
differentiation of UCB CD34þ-enriched cells in the
differentiation stage (stage II)

UCB CD34þ-enriched cells expanded in co-culture
with BM-MSC, in Z9 or T0 cytokine cocktails,
were seeded to the differentiation stage for additional
7 days. The two-stage cultivation protocol to
generate megakaryocytic cells was recently estab-
lished in our lab with the use of IMDM supple-
mented with FBS 10% (IMDMþ10% FBS), TPO
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Table I. Phenotypic characterization of expansion of UCB CD34þ-enriched cells including %CD33, %CD14, %CD7 and %CD42b during
14 days of expansion for cell population co-cultured with human BM-MSC using cytokine cocktails Z9 and T0.

Expansion duration (days)

%CD33 %CD14 %CD7 %CD42b

Z9 T0 Z9 T0 Z9 T0 Z9 T0

0 44 � 10 40 � 12 6.5 � 1.3 7.0 � 3.5 8.2 � 1.6 8.5 � 3.2 2.5 � 1.1 2.0 � 0.9
7 96 � 1.0 80 � 8.5 17 � 5.5 16 � 4.2 37 � 7.1 32 � 5.3 7.5 � 2.5* 0.3 � 0.2*
10 90 � 1.5 76 � 3.9 24 � 4.9 14 � 3.2 40 � 7.6 39 � 6.0 7.6 � 2.0* 0.1 � 0.1*
12 84 � 3.1 78 � 6.1 28 � 4.0 19 � 3.5 35 � 10 39 � 4.6 7.2 � 1.1* 0*
14 86 � 3.5 91 � 2.5 27 � 4.3 17 � 0.0 47 � 7.1 44 � 0.0 8.4 � 1.5* 0*

Results are presented as average � SEM.
*P < 0.05 for each day, n � 4.
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(100 ng/ml) and IL-3 (10 ng/mL) [25]. Herein,
QBSF-60, a commercially available, serum-free
formulation, was tested against IMDMþ10% FBS.
Although several studies addressed the role of stro-
mal cells, including BM-MSC, on the proliferation
profile of HSC/HPC, few studies were focused on
the role of accessory/stromal cells, particularly
BM-MSC, on the megakaryocytic differentiation of
HSC/HPC populations. We investigated the effect of
the presence of a BM-MSC feeder layer (Feeder) in
the differentiation stage and the use of the cytokine
cocktail containing TPO (100 ng/mL) and IL-3 (10
ng/mL) (referred to as Cyt) on the megakaryocytic
differentiation of expanded cells. These two condi-
tions, Feeder and Cyt, were used alone or in com-
bination with each other.

CD34þ-enriched cells expanded in the Z9 con-
dition had significantly higher EY and %CD41
compared with cells expanded in the T0 condition
(P < 0.05) with the same differentiation condition
(Figure 3). The EY and %CD41 obtained for con-
ditions that combine a BM-MSC feeder layer with
cytokine addition (FeederþCyt) were higher
(Figure 3) than the values obtained for conditions
Figure 3. Impact of TPO addition in the expansion stage, co-culture wit
(IMDMþ10% FBS and QBSF-60) and cytokines addition (Cyt) during
CD34þ-enriched cells. Results were evaluated in terms of EY and %C
cocktails used (Z9 and T0 cocktails, respectively) during the expansion
that used the BM-MSC feeder layer only (no cyto-
kines) or cytokines alone (no BM-MSC feeder layer)
in the differentiation stage (ie, EY: FeederþCyt >
Feeder>Cyt; %CD41: FeederþCyt>Cyt>Feeder;
P < 0.05), regardless the differentiation culture
medium used (QBSF-60 or IMDMþ10% FBS).
Namely, for UCB CD34þ-enriched cells expanded
in the Z9 condition and then differentiated with the
use of QBSF-60, EY values obtained were 202 � 34
(FeederþCyt), 75 � 4.9 (Feeder) and 57 � 7.8
(Cyt); %CD41 values obtained were 58 � 4.9
(FeederþCyt), 20 � 5.4 (Feeder) and 45 � 4.2
(Cyt). EY and %CD41 were significantly higher for
expanded CD34þ-enriched cells when those were
differentiated toward Mk lineage with the use of the
serum-free medium (QBSF-60) than when
IMDMþ10% FBS medium was used. The results
suggested that the cytokine cocktail used in the
expansion stage had a substantial impact on the
maturation level of Mks during the differentiation
stage. In fact, CD34þ cells expanded with the use of
Z9 cytokine cocktail and then differentiated toward
Mk lineage had a significantly higher content of
CD42bþ cells with higher polyploid content (DNA
h BM-MSC (Feeder), differentiation culture medium formulation
differentiation stage on the megakaryocytic differentiation of UCB
D41. Conditions on the right and left sides refer to the cytokine
stage (n � 3).
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Figure 4. Impact of TPO addition in the expansion stage, co-culture with BM-MSC (Feeder), differentiation culture medium formulation
(IMDMþ10% FBS and QBSF-60) and cytokines addition (Cyt) during differentiation stage on the megakaryocytic differentiation of UCB
CD34þ-enriched cells. Results were evaluated in terms of DNA content (>4N, %) and %CD42b. Conditions on the right and left sides refer
to the cytokine cocktails used (Z9 and T0 cocktail, respectively) during the expansion stage (n � 3).
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content >4N, %) than cells expanded in the T0
condition (P < 0.05), (Figure 4).

Ploidy analysis revealed that CD34þ-enriched
cells expanded in the same conditions and then
differentiated with the use of only Cyt addition
resulted in polyploid content (DNA content >4N,
%) at comparable levels of the ones obtained with
the use of the CytþFeeder condition (P > 0.05) but
with significantly higher polyploid content than with
the use of only the Feeder condition (P < 0.05).
The same tendency was observed when different
conditions were compared in terms of %CD42b (ie,
Cyt>Feeder and CytþFeeder>Feeder; P < 0.05).
For example, CD34þ cells expanded in the Z9
Figure 5. Impact of cell-cell contact on the megakaryocytic dif-
ferentiation of UCB CD34þ-enriched cells. Results are presented
in terms of EY, %CD41, %CD42b and DNA content (>4N, %).
CD34þ-enriched cells were expanded in Z9 cocktail in direct
contact (DC) with BM-MSC and were then differentiated with
the use of QBSF-60 supplemented with Cyt in DC and non-
direct contact (N-DC) with BM-MSC feeder layer or in Feeder-
free configuration (Feeder-free). Results are presented as average
� SEM (n � 3). *P < 0.05.
condition and then differentiated with the use of
QBSF-60 displayed a polyploid content of 32% �
2.5% (Cyt) and 11% � 1.8% (Feeder) and, with the
same trend, the values of %CD42b were 28% �
5.7% (Cyt) and 4.5% � 1.1% (Feeder) (both P <
0.05). The polyploid content (DNA content >4N,
%) and percentage of CD42bþ population were
lower (Figure 4) for expanded cells differentiated in
serum-containing medium (IMDMþ10% FBS)
compared with the ones differentiated in QBSF-60
(P < 0.05), although the CD34þ cells expanded
in the same expansion condition (Z9 or T0).

Potential data correlations within the set of
parameters of the differentiation stage (EY, %
CD41, %CD42b and content of polyploid cells)
were analyzed for monotonic (Spearman’s method)
and linear correlation (Pearson’s method)
(Supplementary Table S1). Average values of those
parameters were plotted against each other
(Supplementary Figure S1). Both methods revealed
positive correlation between each pair of the above-
mentioned parameters. The strongest significant
correlation was found between %CD42b and %
polyploid cells (>4N, %) (Pearson’s coefficient:
0.87; Spearman’s coefficient: 0.96; P < 0.001 for
both methods). A significant correlation was also
found between EY and %CD41þ cells (Pearson’s
coefficient: 0.82, P ¼ 0.001; Spearman’s coefficient:
0.80; P ¼ 0.001). There were significant correla-
tions between %CD42b and %CD41 and between
%CD41 and content of polyploid cells (>4N, %; all
P < 0.02). However, no significant correlation was
found between EY and content of polyploid cells
(P > 0.05) or significant monotonic correlation
between EY and %CD42bþ cells (P > 0.2).
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Impact of direct contact with the BM-MSC feeder layer
on the megakaryocytic differentiation of expanded UCB
CD34þ-enriched cells (stage II)

An additional set of experiments was performed to
further investigate the effect of the co-culture with
the BM-MSC feeder layer on the fate of the
expanded UCB CD34þ-enriched cells, namely, to
address the role of cell-cell contact between
hematopoietic and feeder cells as well as released
trophic factors on the megakaryocytic differentiation.
Therefore, UCB CD34þ-enriched cells were
expanded in Z9 cytokine cocktail in direct contact
with a BM-MSC feeder layer and were then differ-
entiated toward Mk lineage with the use of QBSF-60
culture medium supplemented with Cyt either (i) in
direct contact (DC) with the BM-MSC feeder layer
or (ii) in non-direct contact (N-DC) (ie, with the use
of a transwell insert with a porous membrane). As a
control, the result was compared with the feeder-free
configuration (no feeder layer, only Cyt). Cell pop-
ulations, in direct, non-direct contact and feeder-free
conditions, displayed high cell viabilities (>80%)
during the whole differentiation culture period
(7 days).

Expanded CD34þ-enriched cells presented
significantly higher EY values when differentiated in
DC with the BM-MSC feeder layer than when
cultured in N-DC culture configuration (Figure 5,
P < 0.05). However, similar %CD41 was obtained
for different cell-cell contact configurations (DC and
N-DC). Co-culture with the feeder layer (DC and
N-DC) always resulted in a significantly higher EY
and %CD41þ population than feeder-free configu-
ration (Figure 5) (P < 0.05). Direct contact with the
feeder layer resulted in a significantly less %CD42bþ

and polyploid content (DNA content >4N, %) than
N-DC culture configuration (Figure 5) (P < 0.05).
This inhibition was so effective that the values of %
CD42b and polyploidy (DNA content >4N, %) for
the DC condition were significantly less than for the
feeder-free configuration (P < 0.05).
Cell characterization

Considering the efficient megakaryocytic differen-
tiation of UCB CD34þ-enriched cells observed in
DC configuration, UCB CD34þ-enriched cells,
expanded in the Z9 condition and then differenti-
ated with the use of QBSF-60 supplemented by Cyt
in DC with a BM-MSC feeder layer, were collected
for characterization. TEM images of culture-
derived Mks shows the normal features of a
mature Mk with the Dm, granules and adjacent
nucleus (Figure 6A). Such mature Mks were able to
produce long-branched pro-platelet particles, as
shown in an inverted microscopy image
(Figure 6B). TEM images confirm that the ex
vivoegenerated platelets produced by the current
two-stage protocol displayed the same size and
morphological features as in human PB-derived
platelets (Figure 6C,D).
Functional assessment of ex vivoegenerated platelets

Non-activated platelets from UCB culture-derived,
neonatal (fresh-UCB) and adult (PB) sources were
compared in terms of light-scattering properties
through the use of flow cytometry analysis (Figure 7).
Fresh UCB platelet populations had less debris
compared with PB-derived platelets (Figure 7A).
Therefore, a reference gate was set on the basis of the
forward (FSC) and side (SSC) scattering properties
of fresh UCB platelets. Logarithmic scale for FSC
and SSC of platelets was used, and the different
platelets were compared in terms of their geometric
mean fluorescence intensities (GMFI) [27]. Flow
cytometry analysis demonstrated that there were no
significant differences in GMFI values between fresh
UCB platelets (FSC: 26 � 3.7, SSC: 32 � 3.5) and
UCB culture-derived platelets (FSC: 23 � 2.5, SSC:
35 � 2.4) (P > 0.05, n � 3). Likewise, PB-derived
platelets have FSC and SSC GMFI values of 28
(n ¼ 1).

Platelets express both CD41 and CD42b surface
markers when non-activated. The expression of these
two markers in UCB-derived (fresh and culture-
derived) and PB-derived platelets was compared.
Histograms, including isotype and surface marker
expression, were plotted for each condition by the
use of flow cytometry (Figure 7C). All platelets
presented a high expression of both CD41 (>89%)
and CD42b (>86%) markers.

The activation state of the ex vivoegenerated
UCB-cultured platelets was compared with PB and
fresh UCB platelets in terms of CD62P (P-selectin)
and CD63 expression (Figure 8), with thrombin
used as an agonist. The results demonstrated that
the ex vivoeproduced platelets can be activated,
aggregating in the presence of thrombin and having
similar activation profiles compared with the other
sources. Moreover, no platelet aggregation in
the non-activated platelet condition was observed
by means of inverted microscopy (Supplementary
Figure S2C).
Discussion

The current study evaluated the combinatorial ef-
fects of different biological factors, such as stromal/
accessory cells and biochemical cues that mimic the
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Figure 6. (A) Representative TEM image of a UCB culture-derived Mk. Nucleus (N), demarcation membrane system (Dm; white arrows)
and granules (black arrows) are presented. (B) Inverted microscopy image of culture-derived cells. Pro-plateletebearing particles with
extended cytoplasmic branches are identified by white arrows. BM-MSC feeder layer (with spindle-shaped morphology) is presented in the
background of the image. TEM images of (C) an ex vivoegenerated UCB-derived platelet and (D) human PB-derived platelets. All culture-
derived images refer to the Mks generated from UCB CD34þ-enriched cells expanded with the Z9 cocktail and differentiated with the use of
QBSF-60 supplemented by TPO (100 ng/mL) and IL-3 (10 ng/mL) in the direct contact with BM-MSC.
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BM niche, on the megakaryocytic commitment of
UCB CD34þ-enriched cells to establish an efficient
megakaryo/thrombopoiesis process ex vivo. Different
parameters were systematically studied, namely, (i)
the impact of TPO addition in the expansion cock-
tail, (ii) the use of a serum-free medium rather than
an FBS-containing medium in the differentiation
stage and (iii) a co-culture system with a BM-MSC
feeder layer in the differentiation stage, either with
or without direct cell-cell contact, in combination
with exogenously addition of TPO and IL-3 on the
megakaryo/thrombopoiesis process of UCB CD34þ-
enriched cells.
We hypothesized that TPO inclusion in the
expansion cocktail could affect the extent of mega-
karyocytic commitment on the differentiation stage.
ThereforeT0, aTPO-free cytokine cocktail,was tested
against Z9 during the expansion stage. The FI-CD34þ

values obtained experimentally are in agreement with
the predicted values of the mathematical model. The
higher FI-CD34þ obtained with the use of the Z9
cocktail, compared with the T0 (Figure 2A), corrob-
orates the crucial role of TPO on the proliferation and
survival of CD34þ cells during the expansion stage.
TPO was shown not only to affect the differentiation
and maturation of megakaryocytic cells but also to
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Figure 7. UCB culture-derived platelets have similar light-scattering properties compared with the human PB and freshUCB platelets in non-
activated condition. (A) Representative light-scattering properties of platelets from fresh UCB, PB and UCB culture-derived platelets. (B)
Representative forward (FSC; B, top panel) and side scatter (SSC; B, bottom panel) properties of fresh UCB (background gray line), PB (solid
line) and UCB culture-derived platelets (solid line) are presented. (C) CD41 (solid line) and CD42b (dotted line) expression of non-activated
(Nact) platelets from freshUCB (left), PB (middle) andUCB culture-derived platelets (right). Isotypes are presented as background gray lines.
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increase the rate of Mk proliferation and expansion
[28]. In the current study,UCBCD34þ-enriched cells
expanded by means of the Z9 condition displayed a
significantly higher expression of CD41 and CD42b
compared with the T0 condition, highlighting a
determinant role of TPO as a major driving force for
megakaryocytic commitment in the expansion stage.
This result is consistent with the previous observations
that TPO is the primary regulator of megakaryo/
thrombopoiesis in vivo and a main non-redundant
contributor to the HSC/HPC proliferation, survival
and maintenance, especially when combined with
other cytokines such as IL-3 or SCF [29,30].

The concentration of Flt-3 is higher in T0
cocktail compared to the Z9 (75 versus 55 ng/mL),
which could offer another possible reason for the
lower megakaryocytic commitment observed in T0
compared with Z9. In fact, the addition of a high
concentration of Flt-3 (100 ng/mL) to cultures of
CD34þ-enriched mPB cells has been reported to
inhibit expansion and development of Mk
progenitors and favored monocytic and granulo-
cytic cell expansion [31e33]. On the other hand, it
has been reported that the addition of a limited
amount of Flt-3 (�10 ng/mL) to UCB CD34þ-
enriched cells cultured in a serum-free medium
supplemented with TPO and SCF resulted in a 15-
fold increase in the number of Mk cells [33].
Therefore, the precise effects of Flt-3 on the
megakaryocytic commitment in our culture condi-
tions must be further studied. The values obtained
in this study are consistent with the ones previously
reported [19] concerning myeloid and early lym-
phocytic populations for the UCB CD34þ-enriched
cells co-cultured with BM-MSC and expanded in
Z9 cocktail. Overall, in our culture conditions, the
differentiation potential of UCB CD34þ cells,
expanded by use of the Z9 cocktail, was shifted
toward myeloid lineage, as previously reported [19],
with significantly higher megakaryocytic content,
considerably affecting the differentiation stage.
Indeed, expanded cells in the Z9 condition
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Figure 8. Activation potential of UCB culture-derived platelets. Platelets were activated by addition of thrombin (2 U/L) or kept in a non-
activated condition without addition of thrombin (NAct) as a control. CD62p and CD63 expression in activated (Act; solid black line) and
non-activated (dotted black line) platelets was measured by means of flow cytometry. Marker expression from fresh UCB (A, D), PB (B, E)
and UCB culture-derived platelets (C, F) are presented. Isotype controls are shown for un-activated (filled gray) and activated (solid gray
line) platelets. Platelets are identified as CD41þ events that fell in the same scatter properties of fresh UCB platelets.
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generated cell populations with significantly higher
%CD41, %CD42b, EY and polyploid cells (DNA
content >4N, %) than in T0 conditions.

Although FBS has been widely used as a culture
medium supplement to support the growth and
proliferation of several animal cells, the development
of serum-free/animal originefree culture systems is
crucial to meet the requirements of the regulatory
agencies [34], improving the batch-to-batch consis-
tency and safety of cellular products [35]. In this
study, QBSF-60 was assessed as a medium for dif-
ferentiation stage, supplemented by Cyt and/or
Feeder conditions, resulting in a significantly higher
EY, %CD41 and %CD42b and higher polyploid
content (>4N, %) when compared with a non-
defined medium containing FBS (IMDMþ10%
FBS). FBS-supplemented (10%) medium contains
1.0 to 2.0 ng/mL of latent transforming growth factor
(TGF)-b [36,37]. An inhibitory effect of TGF-b on
the maturation and proliferation of Mk cells
[38e40], as well as an inhibition of the number and
polyploidy of rat Mks, were previously reported [41].
Animal serum is a source of platelet factor 4, which
also inhibited megakaryopoiesis and Mk maturation
in vitro and downregulated platelet count in vivo
[42,43]. Taken together, the presence of TGF-b and
platelet factor 4 in FBS are two possible factors that
contribute to an inferior megakaryopoiesis capacity
of FBS-containing medium observed in our studies.

Co-culture with feeder layers, including MSC
and endothelial cells, has been shown to enhance
HSC/HPC survival and expansion ex vivo
[13,17,44]. In particular, we have demonstrated the
benefit of BM-MSC co-culture for the expansion of
UCB CD34þ-enriched cells [18,19]. It was previ-
ously shown that accessory cells such as human MSC
from BM, UCB and human BM endothelial cells
regulate Mk development and differentiation in vitro
[15,45,46]. BM stromal cells provide physical sup-
port for HSC/HPC and secret several cytokines/
growth factors such as granulocyte-macrophage col-
ony-stimulating factor, IL-6 and SCF, which act
together with TPO to regulate megakaryocytic
commitment [15,23,24]. The results of the current
study demonstrated that the highest EY (202 � 34
Mks per seeded CD 34þ cells) and %CD41þ content
(58% � 4.9%) in the differentiation stage were ach-
ieved by combination of Cyt addition with Feeder
co-culture, with the use of a serum-free medium.
The observed increase in %CD41 can result from the
expansion of megakaryocytic progenitors and/or dif-
ferentiation from CD34þ stem/progenitor cells. A
significantly higher content of CD41þ and CD42bþ

cells with higher polyploid population (>4N, %) but
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lower EY were obtained for cell populations co-
cultured with Cyt (ie, only cytokines) compared
with the Feeder condition (ie, co-culture with BM-
MSC without exogenous addition of cytokines) in
the differentiation stage. The lower EY but higher %
CD42b and polyploid content observed in Cyt dif-
ferentiation cultures versus Feeder might be the
result of different roles of these conditions, with Cyt
configuration promoting the growth and maturation
of Mks and Mk progenitors, whereas the BM-MSC
feeder layer supports the proliferation of HSC/HPC
and Mk progenitors. Considering that the BM stro-
mal cells have been reported to ubiquitously syn-
thesize low levels of TPO messenger RNA at a
median value of 37 � 10�3 ng/mL [47], the higher
TPO concentration (100 ng/mL) in the Cyt condi-
tion must have provided a stronger signaling for
megakaryocytic commitment.

Statistical tools have provided a deeper insight
into the megakaryo/thrombopoiesis process by
evaluating the relationship among a set of differen-
tiation parameters. For example, a highly significant
correlation between average values of polyploid
content (DNA content >4N, %) and %CD42b
presented in our culture conditions suggests the
existence of a linear relationship between the per-
centage of polyploid content and maturation level of
Mks, meaning that the higher content of polyploid
cells presented in the culture, the more likely that
the population expresses specific mature Mk
markers (ie, CD42b).

The interaction between stromal cells and HSC/
HPC, particularly direct cell-cell contact, is impor-
tant for the maintenance of the multipotential char-
acteristics of HSCs. For instances, we have
previously demonstrated that the DC between BM-
MSC and UCB CD34þ-enriched cells enhances
the expansion of CD34þ and CD34þ CD38þ cells
[13]. Zweegman et al. [48] studied the effect of DC
with an irradiated murine fibroblastic cell line on the
megakaryocytic differentiation of mPB-derived he-
matopoietic progenitors (from patients with hema-
tological malignancies). In agreement with our
results, these authors found that CD42b expression
was lower in DC cultures compared with non-direct
contact which indicates that direct cell-cell in-
teractions with the stromal layer inhibited Mk
maturation [48]. Production of trophic factors and
anchorage to the marrow niche have been suggested
to induce Mk proliferation and development.
Indeed, EY was significantly higher in direct contact
differentiation cultures, whereas there was no dif-
ference in terms of CD41 expression for both DC
and N-DC conditions. Consistent with other studies
[48,49] and in agreement with in vivo observations
that Mks take a journey from endosteal (direct
cell-cell contact) to vascular niches (non-direct cell-
cell contact) to complete the thrombopoiesis pro-
cess [50], direct cell-cell interaction in our ex vivo
model has resulted in a less mature Mk content.

In the current study, Mks were identified by the
analysis of the CD41 surface marker and ploidy level
in combination with morphological and ultrastructure
observations. After 7 days of differentiation in direct
cell-cell contact with BM-MSC, under serum-free
conditions supplemented with cytokines, 25% of
cells were polyploid (DNA content >4N) when cells
were previously expanded for 7 days with the use of
the Z9 cocktail. Consistent with this result, Liu et al.
[24] reported that approximately 25% of Mks (from
human UCB), co-cultured with BM-MSC, had
higher polyploid content (>4N) after 12 days in cul-
ture. UCB-derived Mks generated ex vivo in the
present study have shown extended Dm and abun-
dant presence of granules in the cytoplasm. These
were able to support pro-platelet formation as well as
production of functional platelets, as assessed by
means of TEM imaging and functional assessment of
platelets. On facing abnormality/injury in the vessels
wall, platelets are activated by translocation and
redistribution of a-granules to the platelet surface;
therefore CD62P (P-selectin) and CD63 are
expressed on the plasma membrane of activated
platelets [51]. Thrombin can induce platelet aggre-
gation by binding fibrinogen and von Willebrand
factor on platelet membrane receptors and cross-
linking with receptors from other platelets. Our re-
sults confirmed that fresh UCB, PB and UCB
culture-derived platelets have the ability to be acti-
vated and therefore aggregated in the presence of
thrombin. Fresh UCB and PB-derived platelets
showed a semi-activated state in the absence of any
agonists. This pre-activation state was also observed in
the small fraction of UCB culture-derived platelets
assessed by expression of CD62p (12% CD62pþ) and
CD63þ (6% CD63þ) markers, which might be due to
serial centrifugation and/or interaction with ancillary
materials during the experimental procedures
[27,52,53]. Pre-activation of platelets is observed in
many other studies in platelets produced in vitro from
human sources and also detected in platelet units
stored for adult transfusion, which may suggest that
the low levels of platelet pre-activation may not
significantly decrease the post-transfusion benefits
[27,54,55].

In summary, this study reveals that the early Mk
commitment mainly driven by TPO during the
expansion stage had a significant impact on the whole
process (including the differentiation stage) of
Mk development and platelet generation. Our
results suggest the existence of inhibitory effects of
FBS addition to the culture medium on the
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megakaryopoiesis ex vivo and provide insights on how
a BM-MSC feeder layer, used as accessory cells,
contribute either through direct cell-cell contact and/
or soluble factor signaling to modulate proliferation,
maturation and development ofMks as well as platelet
production from the expandedUCB progenitors. The
protocol developed benefits from the use of UCB
progenitors because these are readily available from
simple collection procedures, having less risk of pro-
voking graft-versus-host disease and a high prolifera-
tive rate in vitro compared with adult counterparts
[35]. This study provides evidence that UCBCD34þ-
enriched cells differentiated in the presence of a BM-
MSC feeder layer are able to generate polyploid Mks
(DNAcontent>4N) and finally to produce functional
platelets through the use of a serum-free system sup-
plemented by cytokines (TPO and IL-3). This work
establishes an in vitromodel that is able to recapitulate
the HSC niche by providing a suitable microenviron-
ment to support the efficient megakaryo/thrombo-
poiesis ex vivo. The results of the current study may
provide insights for a deeper understanding of
different biological factors modulating megakaryo/
thrombopoiesis and thus potentially contributing to
the establishment of different therapeutic strategies
such as transfusion of ex vivoeproduced platelets to
treat thrombocytopenia, co-transplantation of
HSC/HPC with culture-derived Mk progenitors or/
and mature megakaryocytic cells to avoid delayed
platelet recovery in the patients undergoing UCB
transplantation.
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