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a  b  s  t  r  a  c  t

Quantifying  the  effect  of  exogenous  parameters  regulating  megakaryopoiesis  would  enhance  the  design
of robust  and  efficient  protocols  to  produce  platelets.  We  developed  a  computational  model  based  on
time-dependent  ordinary  differential  equations  (ODEs)  which  decoupled  expansion  and  differentia-
tion  kinetics  of  cells  using  a subpopulation  dynamic  model.  The  model  described  umbilical  cord  blood
(UCB)-derived  cell’s  behavior  in  response  to the  external  stimuli  during  expansion  and  megakaryocytic
differentiation  ex vivo.  We observed  that the  rate  of  expansion  of  Mk  progenitors  and  production  of
mature  Mks  were  higher  when  TPO  was  included  in  the expansion  cytokine  cocktail  and  TPO  and  IL-3
mbilical cord blood
omputational modeling
egakaryocyte

latelet

were  added  during  differentiation  stage.  Our  computational  approach  suggests  that  the  Mk  progenitors
were  an  important  intermediate  population  that  their  dynamic  should  be optimized  in  order  to  establish
an  efficient  protocol.  This model  provides  important  insights  into  dynamics  of cell  subpopulations  dur-
ing  megakaryopoiesis  process  and  could  potentially  contribute  towards  the rational  design  of  cell-based
therapy  bioprocesses.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Megakaryopoiesis is a process by which mature megakaryocytes
Mks) develop from hematopoietic stem/progenitor cell (HSC/HPC).
his complex process occurs in vivo in the adult bone marrow (BM)
iche and includes HSC/HPC commitment, proliferation and dif-

erentiation of megakaryocytic progenitors and final maturation of
egakaryocytic cells for production of functional platelets (Reems

t al., 2010). Platelets play important roles in blood hemostasis and
oagulation, angiogenesis, tumor metastasis and immune defense
Leslie, 2010; Rondina et al., 2013). Platelet transfusion is a vital

ntervention to treat many hematological diseases and it is rou-
inely used in cancer patients under chemotherapy (Stroncek and
ebulla, 2007). Despite arduous efforts to establish an efficient pro-
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tocol for in vitro production of platelets from different sources,
these attempts have not been translated to the clinical application
(Thon et al., 2015). One of the reasons, among others, is the inabil-
ity to quantify the effect of different endogenous and exogenous
stimuli on the fate of cells during production of platelets in vitro.
Computational models have demonstrated to be powerful tools for
identification of parameters that could be manipulated to achieve
consistent and robust cell-response outputs (Viswanathan et al.,
2005; Viswanathan and Zandstra, 2003).

In vivo, the fate of HSC/HPC is tightly regulated by the cross-
talk between HSC/HPC, stromal cells and niche-secreted factors
(Boulais and Frenette, 2015; Morrison and Scadden, 2014). Despite
great advances in understanding the blood cell production process,
the precise mechanism for the commitment of HSC/HPC towards
the lymphoid and myeloid lineages is poorly understood (Lai and
Kondo, 2006; Laiosa et al., 2006; Seita and Weissman, 2010). The
basic assumption that the HSC/HPC commits to each lineage by an
irreversible decision process is still under debate (Ceredig et al.,
2009; Laiosa et al., 2006; Naik et al., 2013). The classical view of

hematopoiesis is a hierarchical tree system where HSC/HPC dif-
ferentiates to either myeloid or lymphoid lineage (Bryder et al.,
2006; Kawamoto et al., 2010). This process is assumed to be uni-
directional and the multipotent cells differentiate to progenitor
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nd mature cells by step-wise lineage restriction in which they
radually lose certain lineage differentiation potential and self-
enewal ability as they move along the hierarchical system (Kondo,
010). Though this view has been recently challenged (Notta et al.,
016), it is supported by the observation that the differentiation
nd lineage commitment is preceded by lowering the level of lin-
age specific antigen expression in early progenitor cells (Akashi
t al., 2003; Cross and Enver, 1997). The development of compu-
ational models to describe the hematopoiesis has been driven, in
he last three decades, by the clinical importance of HSC/HPC in
one marrow transplantation and its significance as model for sys-
em biology studies (Loeffler and Wichmann, 1980; Manesso et al.,
013; Roeder, 2006). The successful use of mathematical modeling
nd computer simulations, relevant to the clinical application of the
ematopoietic system, revealed the power of those computational
ools (Whichard et al., 2010). For example, mathematical modeling
nd model-driven patient data analysis identified the importance
f kinetics of leukemia stem-like cells on the clinical outcome of
cute myeloid leukemia for individual patients (Stiehl et al., 2015).

Many of the current lab protocols are designed to commit
SC/HPC toward specific cell lineage using micro-environmental

ues. Such cues, including soluble growth factors/cytokines, extra-
ellular matrix components, mechanical forces, cell-cell contact or
ombination of these factors, should be added to the system in

 specific time-dependent manner (Kirouac and Zandstra, 2008;
iswanathan and Zandstra, 2003). Cellular, sub-cellular, popula-

ion dynamics and hybrid models are examples of computational
odels that have been developed to predict the fate of cells in

he hematopoiesis system as function of such cues (Glauche et al.,
007). Cell population models were used to describe the behavior
f stem and progenitor cells in vitro and in vivo (reviewed else-
here (Viswanathan and Zandstra, 2003)). Generally, these models

ink the cellular responses to the exogenous stimuli by fitting the
ell population parameters to the experimental results. For exam-
le, age structured differential equation-based models have been
sed to simulate hematopoiesis in vitro (Caldwell et al., 2015;
resnowati et al., 2011; Peng et al., 1996; Roeder, 2006). A par-

icular computational model was developed to describe the effect
f exogenously added cytokines on the expansion of human cord
lood CD133+ cells in an in vitro experimental setting (Gullo et al.,
015). This multiscale model included a set of ordinary differ-
ntial equations (ODEs) that relates the intracellular events with
ellular population behavior. In this study, the authors identified
he most important cytokines affecting survival, proliferation and
ifferentiation of CD133+CD34+ cells using their in silico model
Gullo et al., 2015). Another study established a stochastic model of
ematopoiesis that predicts the fate of HSCs as a result of cell-cell
ross-talk. This stochastic model provided novel insights into the
ole of intracellular signaling and cell-cell feedback as dominant
actors controlling stem cell growth (Kirouac et al., 2009).

To our best knowledge, there is no computational model
vailable in the literature that describes the effects of micro-
nvironmental factors on the cell fate in the megakaryopoiesis
rocess. We  previously developed a two-stage protocol for
n efficient expansion and differentiation of HSC/HPC, from
uman umbilical cord blood (UCB) cells, towards the megakary-
cytic lineage in a co-culture system with human mesenchymal
tem/stromal cells (MSC) (Hatami et al., 2015, 2014). The aim of
he present work was to develop a computational framework to
uantitatively represent such a complex and dynamic system of
egakaryopoiesis ex vivo. We  developed a system of ODEs that

escribes the temporal kinetic of the expansion and the differ-

ntiation of HSC/HPC. The unknown kinetic constants (cell fate
ate coefficients) were obtained by fitting the analytical solution
btained from ODEs to the average response of cell subpopulations
rom the ex vivo culture of HSC/HPC. This approach aims to provide
l Engineering 94 (2016) 117–127

a systematic understanding of the synergic effect of different bio-
logical and chemical agents present in the BM niche on the outcome
of megakaryopoiesis process.

2. Materials & methods

2.1. Cell isolation, expansion and differentiation

UCB isolation, expansion and differentiation were performed
according to our previous work (Hatami et al., 2015), which pro-
vided a superior protocol for the megakaryocytic differentiation of
HSC/HPC ex vivo. Briefly, UCB samples were obtained from healthy
donors and low-density mononuclear cells (MNC) were separated
by means of a Ficoll density gradient. Mitomycin C-treated bone
marrow (BM)-derived-MSCs (BM-MSCs) were used as a feeder layer
(Feeder) in co-culture (direct cell-cell contact) during the expansion
stage and on selected conditions during differentiation stage.

UCB CD34+-enriched cells were expanded at the initial density
of 3.0 × 104 cells/mL. QBSF-60 (Quality Biological Inc) was used as
a culture medium for both expansion and differentiation stages. A
pool of UCB MNC  (i.e. from different donors), enriched for CD34
expression by magnetic activated cell sorting (MACS), was  used in
co-culture with BM-MSC (direct cell-cell contact) for the expan-
sion stage. Two cytokine cocktails named Z9 and T0, optimized
in our previous works (Andrade et al., 2010; Hatami et al., 2015),
were supplemented to the culture medium in the expansion stage.
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) and T0 contains SCF
(60 ng/mL), Flt-3 (75 ng/mL) and b-FGF (5 ng/mL) (all from Pepro-
tech, supplied by Tebu-bio, Alges, Portugal).

For differentiation stage, cells were firstly expanded for 7 days
using Z9 cocktail and in co-culture with BM-MSC. Then, the
expanded cells were cultured for additional 10 days at the initial
density of 2.0 × 105 cells/mL. Three conditions were assessed in the
differentiation stage: (i) using a mitomycin-treated BM-MSC feeder
without any cytokine addition (Feeder); (ii) in culture medium
supplemented with IL-3 and TPO (both from Peprotech) at concen-
trations of 10 ng/mL and 100 ng/mL, respectively, without a feeder
layer co-culture (Cyt); and (iii) using both mitomycin-treated BM-
MSC  as the feeder layer with addition of cytokine IL-3 and TPO at the
previously mentioned concentrations (Cyt + Feeder). All the expan-
sion and differentiation experiments were performed at least in
triplicate.

2.2. Proliferative and phenotypic analysis

The Trypan blue (Gibco) dye exclusion method was used to
estimate cell numbers and viability. Flow cytometry (FACSCalibur
equipment, BD) was used for phenotypic analysis as previously
described (Hatami et al., 2015, 2014). Briefly, cells were labelled
with a panel of monoclonal antibodies including anti-CD34 (for
early HSC/HPC), CD41 (for megakaryocytic lineage) and CD42b (for
mature megakaryocytic cells). Total number of cells was multiplied
by the percentage of that specific subpopulation, obtained from
flow cytometry data, to estimate each subpopulation cell numbers.
Results are presented as a mean ± standard error of mean (SEM).

3. Computational framework

In order to understand the evolution of different subpop-
ulations during the expansion and differentiation stages, we

developed a computational framework to decompose population-
averaged time-course information into subpopulation-specific rate
parameters. Our model conceptualized the lineage commitment
of HSC/HPC to megakaryocytic and non-megakaryocytic lineage
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ig. 1. Schematic representation of four cell states during HSC/HPC commitment to 

ell  states. Number of non-Mk lineage cells (T) were calculated based on subtraction
TCN)  at each time point (e.g. T = TCN-H-M-P). Expansion (E) and differentiation (D)

s schematically illustrated by Fig. 1. The multipotent HSC/HPC
ifferentiates into the progenitor and mature cells which this
rocess is assumed to be unidirectional. Four main elements
ere defined for the description of the system; HSC/HPC (H),
egakaryocytic progenitors (M), mature megakaryocytic cells (P)

nd non-megakaryocytic cells (T), which were determined by
he phenotypes CD34+CD41−, CD34+CD41+, CD42b+CD34− and
D34−CD41−CD42b−, respectively (Deutsch and Tomer, 2013;
ineault and Boisjoli, 2015; Psaila et al., 2016). The topology of our
odel was in agreement with other studies which demonstrated in

nfants Mk  cells are directly branched from multipotent stem cell
nd not from oligopotent progenitors-like CMP  (common myeloid
rogenitors)(Notta et al., 2016).

In this model, “E” and “D” are expansion and differentiation
ates, respectively (Fig. 1). The constant “E” is the net rate of prolif-
ration and death of each subpopulation. The description of all cell
ate rate coefficients is presented in Table 1. The following assump-
ions were considered in the computational model: (i) Coefficient
ates of proliferation and differentiation during the experimen-
al time frame were constant; (ii) HSC/HPCs were a multipotent
tem/progenitor cell population and therefore had (limited) self-
enewal and differentiation potential; (iii) Non-Mk cells included

 heterogeneous population of progenitors/precursors and mature
ells in lymphoid, as well as other cells in myeloid lineage that did
ot express specific cell surface markers of Mk  lineage (e.g. CD41−)
or had the potential to express the CD34 (e.g. CD34−), a marker for
tem and progenitor cells in the hematopoiesis system; (iv) there
as no trans-lineage differentiation between Mk  and other lineage;

nd (v) mature megakaryocytic cells (P) were not able to neither
roliferate nor differentiate.

We applied cell balance equations to our system considering
he number of cells in each state (Bartolini et al., 2015; da Silva
t al., 2003) to derive four ODEs (Fig. 2) and compute the number
f each subpopulations over time (da Silva et al., 2003). In the ODEs,
he time (t) dependent number of cells are H(t), M(t), T(t) and P(t),
epresenting the number of HSC/HPCs, megakaryocytic progeni-
ors/precursors, non-Mk cells and mature Mk  cells, respectively. In
his system, there are six coefficients rate (cell fate rate coefficients)
ncluding three expansions (Eh, Et, Em) and three differentiation

Dm, Dt, Dp) coefficient rates. These coefficients included as the
omponents of a cell fate vector, called “h”. Initial conditions are
epresented by H0, M0, T0 and P0, which define the number of
(t), M(t), T(t) and P(t) at the time zero, respectively (Fig. 2). Time
d non-Mk lineages. Cell surface markers were used to distinguish between different
e total number of cells in megakaryopoiesis pathway from the total number of cells

 are presented by black and white arrows, respectively.

zero corresponds to the begginig of the experiment for the expan-
sion stage. For the differentiation stage, time zero corresponds
to the date 7 of the expansion, when the expanded cells were
transferred to differentiation stage. In order to fully describe the
evolution of subpopulations (C(t) = (H(t),M(t),T(t),P(t))), the values
of “h” were estimated for each one of the ex vivo cultures using the
correspondent experimental data and boundary conditions. Fig. 2
represents a flowchart to obtain the vector ‘h’ values. Four explicit
time-dependent equations to calculate subpopulations cell num-
bers were obtained by the analytical solution of the established
ODEs (see Supplementary material for details):

H (t) = H0.e
X.t, assuming : X = Eh − Dt − Dm (1)

M (t) = Dm.H0

X − Y

(
eX.t − eY.t

)
+ M0.e

Y.t, assuming : Y = Em − Dp (2)

T (t) = Dt.H0

X − Et

(
eX.t − eEt .t

)
+ T0.e

Et .t (3)

P (t) = Dm.Dp.H0

X.Y

[
Y.eX.t − X.eY.t

X − Y
+ 1

]
+ Dp.M0

[
eY.t − 1
Y

]
+ P0 (4)

Vector “h” was estimated by minimization of the Least Square
error function. This function (err (h)) was obtained by calculating
the difference between subpopulation expressions (Eqs. (1)–(4))
and experimental average values for each one of the four subpop-
ulation cell numbers (Ci) at 5 different time instants (tj) according
to Eq. (5).

err (h) =
4∑
i=1

5∑
j=1

(
Ci

(
tj, h

)
− Cexp

i

(
tj
))2

(5)

In Eq. (5), Cexp
i

(
tj
)

represents the experimental data for the sub-
population i, at time tj , with j corresponding to the expansion or
the differentiation cultivation days. Expansion rate coefficients can
have positive or negative values, as they are the net of proliferation
and death rates of cells. However, differentiation rate coefficients,
by its definition, are always equal or higher than zero. With the dif-
ferent boundary limits, the resultant expansion and differentiation
coefficient rates were always in the interval [−1,1] and [0,1], respec-
tively. Therefore, to minimize the computation cost, we  selected the

intervals [−5,+5] and [0,+5] as boundary conditions for the expan-
sion and the differentiation coefficient rates, respectively.

Two  issues must be addressed in order to obtain the vector
“h”. The first refers to the non-linear dependence of Eqs. (1)–(4)
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Table 1
Description of cell fate rate coefficients.

Rate Constant Description

Eh Expansion coefficient rate of HSC/HPC (H)
Em Expansion coefficient rate of Mk progenitors (M)
Et Expansion coefficient rate of non-megakaryocytic cells (T)
Dm Differentiation coefficient rate of HSC/HPC (H) to Mk  progenitors (M)
Dt Differentiation coefficient rate of HSC/HPC (H) to non-megakaryocytic cells (T)
Dp Differentiation coefficient rate of Mk  progenitors (M)  to mature Mk  cells (P)
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ig. 2. Flowchart presenting four ordinary differentiation equations (ODEs), 6 co
ubpopulation states.

n the unknown vector of coefficient rates “h”, and the associated
oundary conditions. To tackle this issue, we used the sequen-
ial quadratic programming (SQP) solver provided by the MATLAB
unction “fmincon” as a nonlinear optimization algorithm to find
ll local minimums. The second issue refers to the fact that we
ave to find a global minimum for Eq. (5). This issue was  handled
y using the “Multistart” algorithm from MATLAB, associated to
QP solver. This optimization algorithm generated multiple start-
ng points (500 points in this case), within the established boundary
onditions. In this way, the algorithm was able to find the global
inimum solution for the problem.

. Results

.1. Effect of TPO addition on cell subpopulation dynamics during
he expansion stage

The result of this section is based on our experimental work
reviously reported (Hatami et al., 2015). UCB-derived CD34+ cells
ere expanded in co-culture with BM-MSCs using T0 or Z9 cock-

ail for 14 days. The concentrations of different cytokines in the
ocktails Z9 (i.e. TPO-containing cocktail) and T0 (i.e. TPO-free cock-
ail) are depicted in Fig. 3-D. Experimental and estimated results
ere illustrated to visualize the evolution of different subpopula-
ions during the expansion stage (Fig. 3). The higher number of cells
xpanded using Z9 cocktail emphasizes the enhancing effect of TPO
ddition to the expansion cocktail on the total number of cells and
ll subpopulations (Fig. 3).
s (cell fate rates), initial and boundary conditions that describe the evolution of

Normalized error (Nerr) for each subpopulation, calculated
according to Eq. (6), were in the range of 7–21% and 11–25% for the
cells expanded using the Z9 and T0 cytokine cocktail, respectively.

Nerri =
√

(err (h))√∑4
i=1

∑5
j=1

(
Cexp
i

(
tj
))2

× 100 (6)

4.2. Impact of the co-culture with BM-MSC and the addition of
cytokines on cell fate rates during differentiation stage

UCB CD34+-enriched cells expanded for 7 days, in co-culture
with BM-MSC using Z9 cytokine cocktail, were seeded to the dif-
ferentiation stage for additional 10 days. The result of the current
study demonstrated that the combination of co-culture with BM-
MSC  (Feeder) and addition of Cyt (TPO + IL-3) provided a synergic
effect to boost the total number of megakaryocytic progenitors (M)
and mature Mk  cells (P) in comparison to the conditions using only
Feeder co-culture or Cyt addition (Fig. 4). Addition of TPO + IL-3 (Cyt)
to the differentiation medium in the absence of a MSC  feeder layer
resulted in a higher number of Mk  progenitors (M)  and mature Mk
cells (P) and a lower number of non-Mk cells (T) in comparison
to the condition where expanded cells were differentiated in co-
culture with BM-MSC (Feeder) in the absence of TPO + IL-3, which
indicates the superiority of these cytokine-driven signaling for the

megakaryocytic differentiation.

Experimental and estimated results were outlined to visualize
the effect of Cyt addition and co-culture with the feeder layer dur-
ing the differentiation stage on the different subpopulations cell
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Fig. 3. A) Total number of HSC/HPC (H), B) Mk  progenitors (M), C) non-Mk lineage cells (T) and D) mature Mk cells (P) are presented as function of time (days) during 14 days
of  the expansion stage. This outcome was the result of expansion in co-culture with BM-MSC using the two cytokine cocktail Z9 and T0. D) The cytokine composition of Z9
and  T0 cocktails are presented in a table. The experimental data (Experiment) obtained using Z9 and T0, outlined as average ± SEM (n ≥ 3), are represented by red circles
and  blue crosses, respectively. Estimated curves (Model) fitted to the experimental data for Z9 and T0 conditions are sketched in red and blue dotted lines, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. A) Total number of HSC/HPCs (H), B) Mk  progenitors (M), C) non-Mk lineage cells (T), and D) mature Mk  cells (P) are presented as a function of time (days) during
10  days of the differentiation stage. This outcome was the result of 7 days expansion in co-culture with BM-MSC using the Z9 cocktail and then 10 days of differentiation
u color)
d el), fit
( erred 

n
E
t
a
p

sing  cytokine addition (Cyt-blue color) or in co-culture with BM-MSC (Feeder-red 

ata  (Experiment), presented as average ± SEM (n ≥ 3), and estimated curves (Mod
For  interpretation of the references to colour in this figure legend, the reader is ref

umbers (Fig. 4). The normalized errors, calculated according with

q. (6) for the cells expanded for 7 days using the Z9 cocktail and
hen differentiated in co-culture with a BM-MSC feeder layer with
ddition of cytokines (Feeder + Cyt), or differentiated only in the
resence of BM-MSC feeder layer (Feeder) or differentiated only by
 or combination of the two conditions (Cyt + Feeder- green color). The experimental
ted to the experimental data, are outlined as circles and dotted lines, respectively.
to the web version of this article.)

addition of cytokines (Cyt), were in the range of 7–37%, 5–9% and

2–20%, respectively. The computational model developed herein
underpredicted the number of cells in the Feeder + Cyt condition for
non-Mk and HSC/HPC populations (Fig. 4A & C-green dotted lines).
Moreover, for this particular set of data, the shape of the curve pre-
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Fig. 5. Cell Fate rates as the result of the expansion (labelled as T0 and Z9) and the
differentiation stage (labelled as Cyt, Feeder and Cyt + Feeder). Expansion stage was
performed for 14 days using Z9 and T0 conditions in co-culture with BM-MSC feeder
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Dp.M (t)
ayer. Cells expanded in Z9 for 7 days were differentiated for additional 10 days using
ytokines addition (Cyt) or in co-culture with BM-MSC (Feeder) or the combination
f the two conditions (Cyt + Feeder).

icted by the model was different compare to the experimental
ata.

Cell fate rate coefficients were calculated and are presented
n Fig. 5 to study (i) TPO inclusion in the cytokine cocktail sup-
lemented in the expansion stage (using T0 vs Z9 cocktails), (ii)
ddition of TPO and IL3 (Cyt) and (iii) co-culture with BM-MSC
Feeder), as well as combination of Cyt + Feeder in the differentiation
tage. The presence of the TPO in the Z9 cocktail, during expansion
tage, enhanced all 6 coefficient rates of the expansion and dif-
erentiation in comparison to the T0 cocktail (Fig. 5). The rate of
roduction of mature Mk  cells (Dp) was significantly higher when
PO was included in the expansion cocktail compared to the cells
xpanded using TPO-free condition (e.g. Dp,Z9/Dp,T0 = 160 1/day).

The non-specific signaling of BM-MSC, as a feeder layer, for Mk
ineage commitment in comparison to TPO + IL-3 (Cyt), resulted into
he lowest percentage and number of CD41+ cells observed in the
ifferentiation stage with lower expansion rates of Mk progenitors,

ower rates of differentiation of HSC/HPC to Mk  lineage and smaller
ates of differentiation of Mk  progenitors into mature Mk  cells (e.g.
m, Dm, Dp: Cyt > Feeder). This result supports our previous empir-

cal findings, that is, the supremacy of Cyt addition over Feeder
ignaling to have an efficient Mk  differentiation process (Hatami
t al., 2015). The synergic effect of Cyt + Feeder resulted in higher
ates of expansion of Mk  progenitors (Em) and higher rates of dif-
erentiation (Dm and Dp) compared to the condition where only
eeder was added to the differentiation protocol.

The TPO-free cytokine cocktail used during the expansion stage,
0, did not have any effect on the early steps of megakaryopoiesis
rocess; for example, when comparing the rates of HSC/HPC differ-
ntiation to the Mk  progenitors between T0 and Feeder condition,
o meaningful differences were found (Dm, T0 = Dm, Feeder).

The conditions that cytokines (including TPO) were supple-
ented during the full time length of the culture (Cyt + Feed, Cyt

nd Z9) resulted in higher rates of differentiation (Dm and Dp) and
xpansion (Em) associated with the Mk  lineage. This result shows
hat in order to have a higher commitment rate toward Mk  lineage
nd production of mature Mk  cells, the support of Feeder co-culture
lone, during the differentiation stage, is not enough and the pres-
nce of cytokines in culture medium is necessary. The lower rates
f differentiation (Dt) and expansion of non-Mk lineage (Et) and
SC/HPC (Eh) for conditions that had cytokines in comparison to

he Feeder condition also demonstrated that the cross-talk with

M-MSCs naturally favors development of primitive HSC/HPC and
on-Mk lineage cells. The values of Eh, Dt and Et were higher when
ells were continuously expanded using Z9 condition than when
ells pre-expanded 7 days using Z9 and then differentiated using
l Engineering 94 (2016) 117–127

Cyt (or Cyt + Feeder).  This might be due to the presence of SCF and
Flt-3 in Z9 cocktail that was previously described to promote mono-
cytic and granulocytic commitments (Case et al., 2006).

The ratio of Em and Dp between Cyt + Feeder (HSC/HPC pre-
expanded 7 days using Z9 cocktail and then differentiated using
Cyt + Feeder)  to condition Z9 (in which Z9 cocktail was continuously
supplemented during full expansion duration) were 2.4 and 1.7,
respectively. This result demonstrated the importance of using the
specific cytokines (e.g. TPO and IL-3) to promote the late stages of
megakaryopoiesis.

To summarize, addition of Cyt cocktail to the culture medium
during differentiation stage, favored higher values of the rate
of expansion and differentiation toward Mk  lineage, however
co-culture with BM-MSC feeder layer favored the expansion of
primitive HSC/HPC and non-Mk lineage. This result supports our
previous empirical findings, that is, the supremacy of Cyt addition
over Feeder signaling to have an efficient Mk  differentiation process
(Hatami et al., 2015).

4.3. Flux analysis and the impact of the expansion and
differentiation parameters

To gain insights about the evolution of subpopulations during
expansion and differentiation stages, we performed flux analyses
for each subpopulation.

4.3.1. Mk progenitor population (M)
The two  contributions to produce Mk  progenitor population

(M)  are the fluxes of (i) differentiation of HSC/HPC into the Mk
progenitor population (Dm × H(t)) and (ii) expansion of Mk  pro-
genitor population (Em × M(t)). The two  relative contributions of
fluxes during expansion (Fig. 6A) and differentiation (Fig. 6B) are
calculated as the ratios of Dm × H(t) and Em × M(t) to the sum of all
these parameters, Fm = Dm × H(t) + Em × M(t).

This analysis indicated, for the expansion stage (Fig. 6A), that the
small production of Mk  progenitor using T0 is entirely limited to
the differentiation of HSC/HPC. Indeed, the cocktail used in T0 was
unable to sustain or increase in the population of Mk  progenitors
with negative values of Em associated to the death of Mk  progeni-
tor population. However, the number of Mk  progenitors increased
over the 14 days of expansion using Z9 condition. The flux anal-
ysis demonstrated that in the first 7 days of the expansion stage
such increase was  mainly due to the contribution of differentiation
of HSC/HPC to Mk  progenitors. Though, for the second half of the
expansion stage, with increase of the Mk  progenitor population
and decrease of HSC/HPC population, both contributions (i.e. dif-
ferentiation of HSC/HPC and expansion of Mk  progenitor) became
important.

The flux analysis for 10 days of differentiation (Fig. 6B) demon-
strated an increase in contribution of fluxes related with the
expansion of Mk progenitors soon after the cells cultured in the
differentiation conditions. Interestingly, when the Cyt cocktail
(TPO + IL3) was used (alone or in combination with Feeder layer),
the contribution of Mk  progenitor expansion was dominant earlier
in the culture.

4.3.2. Mature Mk cells (P)
In order to quantify the fraction of the Mk  progenitor popu-

lation produced that differentiated into mature Mk  cells (P), the
Zp parameter was  calculated according to Eq. (7) and presented in
Fig. 6C.
Zp (t) =
Dm.H (t) + Em.M (t)

(7)

All differentiation conditions and expansion using Z9 showed
the increasing ratio of fluxes related with production of mature
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Fig. 6. Flux analysis for Mk progenitor population. Percentages of fluxes contributing to increase in M population (measure as Fm(t) = Dm × H(t) + Em × M(t)) either due to
differentiation of H to M population or expansion of M population during (A) 14 days of expansion and (B) 10 days of differentiation stages are presented as red (Dm × H(t)/Fm(t))
and  blue (Em × M(t)/Fm(t)) bars, respectively. Only cells expanded for 7 days using Z9, in co-culture with BM-MSC, were used for differentiation stage. C) Flux of M population
differentiated to mature Mk  cells (P) was divided by the fluxes related with the production of M cells as the function of time to estimate Zp (i.e. Zp represents the balance
b n each
t

M
a
C

etween production of the M population and differentiation into the P population i
he  reader is referred to the web version of this article.)
k cells (Dp × M(t)) during experiment duration, with fractions
bove 0.5 found for the three cocktails that include TPO (Cyt,
yt + Feeder and Z9) on the later culture stages. Moreover, all the
 time instant). (For interpretation of the references to colour in this figure legend,
ratios were below 1, implying that the production of mature Mk
cells (P) was not limited for the lack of Mk  progenitor (M)  cells
supply.
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F SC/HPC to T (green bar) and M populations (red bar) and expansion of HSC/HPC (blue bar)
p entiation stages (labeled as Cyt, Feeder and Cyt + Feeder)  are presented. B) Ratio between
t k lineage population (Dt) is illustrated.
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Fig. 8. Sensitivity analysis for the differentiation stage calculated according to Eq.
(8). Maximum values of the sensitivities were calculated to estimate the 10% change
ig. 7. Flux analysis for HSC/HPC population. A) Ratio of fluxes of differentiation of H
opulation during 14 days of expansion (labeled as Z9 and T0) and 10 days of differ
he  rate of differentiation of HSC/HPC to Mk  progenitor population (Dm) and non-M

.3.3. HSC/HPC population (H)
The flux analysis performed for HSC/HPC population (Fig. 7A)

onsidered the fate of such population, to expand (yielding more
SC/HPC) or differentiate to Mk  progenitors (M population) or non-
k cell types (T population). Therefore, the ratio of fluxes of each

f these possible fates to the total flux output of HSC/HPCs, herein
alculated as Fh = Eh × H(t) + Dm × H(t) + Dt × H(t), were estimated
o analyze the contribution of each cell fates during experiment
uration. This time-independent result revealed that the ratio of
ux related with the expansion of HSC/HPC population was  dom-

nant among all expansion and differentiation conditions, which
ndicates that the HSC/HPCs in this culture are yet very prone
elf-renewing. This observation implies that the population of
D34+CD41− cells (H population) did not exhausted, which could
e positive for the long term culture as a source of cells for further
ifferentiation.

To understand the balance between differentiation fate of
SC/HPC to Mk lineage and non-Mk lineage, the ratio between Dm

nd Dt were illustrated in Fig. 7B. This result displayed that when
PO is always presented in the culture condition (Cyt, Cyt + Feeder
r Z9) the HSC/HPC cells are more differentiated toward Mk lineage
e.g. Dm/Dt > 1) compare to the TPO-free conditions (Feeder and T0).
he result also demonstrated that when co-culture with BM-MSC

ncluded in the experimental configuration; there was a tendency
o shift the differentiation of HSC/HPC toward Non-Mk lineage cells
e.g. Dm/Dt < 1).

.3.4. Non-Mk population (T)
Flux analysis for non-Mk population revealed the flux of expan-

ion of this population increased during expansion (Fig. S1A) and
ifferentiation (Fig. S1B) stages and had dominant role over flux of
ifferentiation of HSC/HPC to non-Mk population.

.4. Sensitivity analysis

Sensitivity analysis was  performed on each individual cell fate
ate coefficient to assess how small changes in cell fate rate
oefficient could affect the production yield of megakaryocytic pro-
enitors (M)  and mature Mk  cells (P). We  were able to discriminate
etween high and low-impact cell fate coefficient rates on the
utcome of the megakaryopoiesis process. In Eq. (8), Sij (tk) is the

ensitivity of the desired output of i at time k on the cell fate coef-
cient rate j, dCi (tk) is the resulting change in an output i at given

ime k for the change in a cell fate rate coefficient j. hj is the current
alue of j, dhj is the change in a cell fate rate coefficient j, and Ci (tk)
in  each individual parameters to the resulting number of Mk progenitors (M,  left y
axis) and mature Mk  cells (P, right y axis) under three differentiation conditions:
Cyt,  Cyt + Feeder and Feeder.

is the present value of an output i at time k as previously described
(Selekman et al., 2013).

Sij (tk) = dCi (tk)
dhj

× hj
Ci (tk)

(8)

In the present work, the desired outputs (Ci (tk)) were the total
number of megakaryocytic progenitors (M)  and mature Mk  cells (P)
at the end of the differentiation stage. Our aim was  to evaluate the
impact of a 10% change in the individual parameters (cell fate coef-
ficient rates) on the sensitivity of the output parameters. Initially,
all cell fate coefficient rates were fixed and only made 10% change
in one of the cell fate coefficient rates, then that parameter was
returned to the original value and this process was repeated until
all parameters were assessed. Indeed, a random number with ±10%
of the initial value of each cell fate coefficient rates was selected and
the resulting outputs were calculated according to Eq. (8). This pro-
cess was repeated (i.e. 5000 times) for each cell fate coefficient rates
and maximum values of the sensitivity were presented in Fig. 8.
These values were calculated for a 10% change in cell fate coefficient
rates, for the last day of the differentiation stage, on the number
of megakaryocytic progenitors (M)  and mature Mk  cells (P). The
results demonstrated that the final yield of CD34+CD41+(M cells)
and CD34−CD41+ (P cells) are the most sensitive to small changes

in the proliferation rate of Mk  progenitors (Em) and differentiation
of these cells to mature Mk  cells (Dp) in all different differentiation
protocol (Fig. 8). Interestingly, when Cyt was  added to the differen-
tiation protocol, alone or in combination with the BM-MSC feeder
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ayer, the desired outputs (number of M and P cells) were much
ore sensitive to the changes in the value of Em and Dp than when

nly Feeder co-culture was used. For example, the numbers of Mk
rogenitors were 5 times more sensitive to 10% changes in the Dp

alues when Cyt was included in the protocol. Our analysis demon-
trated that 1% and 5% changes in the cell fate rate coefficients had
he same effect on the sensitivity of the desired outputs during the
ifferentiation stage.

. Discussion

In the present work we developed a computational framework
o explore the effect of different biological parameters such as
tromal/accessory cells and biochemical cues that mimic  the BM
iche on the cell fate during the megakaryopoiesis process ex vivo.
ur model elucidated the effect of the presence of Thrombopoi-
tin (TPO) in the expansion stage on the kinetics of cell expansion
nd differentiation. Then, the effect of a cross-talk between human
SC  and HSC/HPC, in the presence of differentiation cytokines

lone or in a synergic fashion, was revealed. Through this model
e computed the cell number of each subpopulation as a func-

ion of time using four ODEs. In our previous work (Hatami et al.,
015), we described distinct effects of biochemical cues and stro-
al/accessory cells on the megakaryo/thrombopoiesis process ex

ivo using UCB cells. However, we were not able to discriminate
nd quantify the effect of experimental parameters on the effi-
iency of megakaryopoiesis. In the current work, the computational
odel gave us a robust tool to quantify and analyze the role of each

ell fate coefficient rates on the fate of each population. In other
ords, we decoupled the kinetic of expansion and differentiation

ates using a subpopulation dynamic model. This allowed us to find
he most sensitive parameters to establish an efficient megakary-
poiesis process. Using sensitivity analysis, we  predicted the most

mportant parameters affecting the total number of Mk progenitors
nd mature Mk  cells in the differentiation stage.

One of the findings of the present work was  a quantitative
escription that step-wise culture of cells is important to have an
fficient megakaryopoiesis process. When cells were continuously
xpanded using Z9 condition, Dm was much higher and, at the same
ime, Em and Dp were much lower, in comparison to cells pre-
xpanded using Z9 for 7 day and then differentiated using Cyt or
yt + Feeder condition. Therefore, it was important firstly to culture
ells using Z9 cocktail to produce enough amount of Mk  progeni-
ors and then transfer these cells to the differentiation conditions
Cyt or Cyt + Feeder) to promote later stages of megakaryopoiesis
expansion of Mk progenitor and their differentiation to mature

k cells).
Upon expansion using the Z9 cocktail, regardless the conditions

sed during the differentiation stage (Cyt, Feeder or Cyt + Feeder),
he highest values of Em when compared to the values of other
oefficient rates, demonstrate the important role of Mk  progenitors
o have an efficient megakaryopoiesis process. The higher value of
m for the cells continuously expanded using Z9 condition, when
ompared to the differentiation using Cyt, demonstrated that addi-
ion of other cytokines, besides TPO, is necessary for early stage
f megakaryopoiesis. This observation was described before, when
roulx and collagenous reported that addition of a limited amount
f Flt-3 (≤10 ng/mL) to UCB CD34+-enriched cells cultured in a
erum-free medium supplemented with TPO and SCF resulted in

 15-fold increase in the number of Mk  cells (Proulx et al., 2003).
It is essential to discuss the assumptions made in this study. We
ssumed a deterministic model of the megakaryopoiesis process,
hich predicts a similar outcome with different variations asso-

iated with random experimental errors. Our aim was not to find
he underlying mechanism of differentiation and self-renewal in
l Engineering 94 (2016) 117–127 125

terms of the stochastic or deterministic nature. However, our model
offers a descriptive tool to understand the effect of exogenous
signals on the kinetic of megakaryopoiesis and therefore to inter-
preting the cause-and-effect relationships during ex vivo culture of
HSC/HPCs. Using population dynamics approach, it was  possible
to estimate cell fate parameters of the specific cell subpopula-
tions presented in the culture without requiring an understanding
of underlying intracellular mechanisms (Prudhomme et al., 2004).
Another assumption made here was to consider that all kinetic rate
coefficients were independent of time. In fact, paracrine signaling
and cell-cell contact could possibly alter these kinetic rates coeffi-
cients. However, it should be noted that a prior knowledge of the
individual or synergic effects of such parameters as a function of
dynamical changes in subpopulation dynamics are not available
and so it is unrealistic to build a comprehensive model without
having that important information. The computational framework
outlined here is useful as a basis to add more complexity or refine-
ment for future inclusive models. We  have characterized non-Mk
lineage cells (T) with a single proliferation (Et) coefficient rate and
HSC/HPS population with a single proliferation (Eh) and two dif-
ferentiation (Dm and Dt) coefficient rates. It should be noted that
these populations were heterogeneous in their nature. Non-Mk
population was  defined as all the cells with CD34−CD41−CD42b−

phenotype. HSC/HPCs were also population of stem cells and pro-
genitors (CD34+ cells). Therefore, they were comprised by very
heterogenic population of cells, potentially contained subpopula-
tions with different proliferation and differentiation rates. As the
cell culture progress in time, different kinetic of subpopulations
becomes more stringent which resulted in a curve that is not any
longer properly described by one or two  kinetic parameters. Per-
haps that is the main reason our model underpredicted the number
of cells in these populations during the differentiation stage (Fig. 4A
& C). The outcome for better-defined and more homogeneous pop-
ulations, Mk  progenitor (M)  and mature Mk  populations (P), yet
resulted in a better experimental and model data fitting (Fig. 4B
& D). Our focus in this work was  to find the important factors
affecting the megakaryopoiesis process as a complement to our
experimental work and so in the light of this specific aim, a more
detailed subpopulation characterization is necessary to understand
the dynamical nature of non-Mk lineage population for future
studies. Our model did not incorporate the terms related with poly-
ploidy of Mks  because, according to our previous study (Hatami
et al., 2014) and report by others (Mattia et al., 2002), Mks  generated
from UCB had low ploidy level (mainly with DNA content ≤ 4N).
This phenomenon was previously studied, and though with low
level of ploidy, Mks  generated from UCB were fully functional and
able to produce platelets (Mattia et al., 2002).

Our computational model was able to deconvolute data from
cell number and flow cytometry to different subpopulation spe-
cific rates, describing self-renewal and differentiation. As a result
of the computational modeling performed here, we  found that the
expansion coefficient rate of Mk  progenitors (Em) and Differentia-
tion coefficient rate of Mk  progenitors to mature Mk cells (Dp) are
the two most important factors that should be considered to design
an efficient megakaryopoiesis process. This kind of approach has
also been previously performed to find an efficient protocol for the
differentiation of human pluripotent stem cells (Selekman et al.,
2013). The result of the current study could be useful in design-
ing a multi-stage protocol (such as commitment � proliferation �
maturation), in which the growth and maturation of Mks should
be optimized to achieve the highest yield of the megakaryopoiesis
process. In order to achieve the best yield for Mk  and platelet pro-

duction, one possible approach to manipulate Dm, Em and Dp is
to include the specific cytokines and signaling molecules in the
culture cocktail that were demonstrated to affect the proliferation
of Mk  progenitors (i.e. IL-3, IL-6, IL-11, SCF), their differentiation
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nd fully maturation of Mk  cells (i.e. TPO, SDF-1)(Avecilla et al.,
004; Burstein et al., 1992; Lazzari et al., 2000; Proulx et al., 2003;
illiams et al., 1998).
In order to build a comprehensive in silico model of BM niche

hat could explain the megakaryopoiesis process, prospect com-
utational models should consider relevant physio-chemical and
iological factors presented in the niche such as oxygen level,
eometry of the system (3D vs.  2D), polyploidy of Mks  and the
nteraction between different subset of niche (e.g. direct and indi-
ect cell-cell contact) (Fuentes-Gari et al., 2015; Roeder, 2006;
iswanathan and Zandstra, 2003).

. Conclusion

Developing descriptive-predictive computational models is
mportant for a rational design of experiments for high-level
creening of culture parameters (Kirouac and Zandstra, 2008). This
ould be implemented into the empirical models that describe the
ioprocess outputs as the multiple culture parameters. Ultimately,
his approach may  provide a means to find the most sensitive
ulture parameters and will offer a robust solution to establish
ptimized process settings (Audet et al., 2002). One of the crucial
hallenges in an in vitro production of platelets is to produce a stable
rogenitor intermediate or a self-renewing megakaryocyte progen-

tor population that can be quickly driven to maturation for platelet
roduction (Sim et al., 2016). Our computational approach offers a
uantitative way to measure the rate of differentiation of HSC/HPC
o Mk  progenitor (Dm) and subsequent differentiation to mature

k  cells (Dp). Therefore, it is possible to implement our computa-
ional model to design specefic experiments and to screen possible
andidates to enhance production of such important intermediate
opulation.
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