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Abstract

Despite rapid advances in the field of stem/progenitor cells through experimental studies, relevant
modeling approaches have not progressed with a similar pace. Various models have focused on
particular aspects of stem cell physiology including gene regulatory networks, gene expression
noise and signaling cascades activated by exogenous factors. However, the self-renewal and
differentiation of stem cells is driven by the coordinated regulation of events at the subcellular,
intercellular and milieu levels. Such events also span multiple time domains from the fast
molecular reactions governing gene expression to the slower cell cycle and division. Thus, the
development of multiscale computational frameworks for stem cell populations is highly
desirable. Multiscale models are expected to aid the design of efficient differentiation strategies
and bioprocesses for the generation of therapeutically useful stem cell progeny. Yet, challenges in
making these models tractable and pairing those to sufficient experimental data prevent their wide
adoption by the stem cell community. Here, we review modeling approaches reported for stem cell
populations and associated hurdles.
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Introduction

Recent advances in stem cell biology and engineering have sparked hope that stem cell-
based therapeutics will be soon available for maladies such as Parkinson, diabetes, and heart
diseases. Human pluripotent stem cells (hPSCs) encompassing blastocyst-derived embryonic
stem cells (hESCs) and induced pluripotent stem cells (hiPSCs) exhibit prolonged self-
renewal and the potential to differentiate to all somatic cell types [1-3]. Therefore, hPSCs
hold tremendous prospects for use in regenerative medicine and as tools for gaining deeper
insights in developmental biology. Such prospects have fueled efforts to establish high-
efficiency differentiation methods for the generation of progeny such as neural cells,
hepatocytes, cardiomyocytes and pancreatic islet cells. The results are encouraging as
remarkable successes have been noted on this front.

Yet, the development of quantitative frameworks is lagging for describing stem cell
populations and predicting their behavior in a variety of environments with stimuli for self-
renewal/differentiation (e.g. growth factors, extracellular matrix molecules) and/or other cell
types (e.g. progenitor cells). Computational models linking the physiological state of stem
cells to their niche is essential not only for identifying appropriate cultivation conditions for
efficient propagation and commitment into functional progeny but also for the design,
optimization and robust control of bioprocesses intended for the production of stem cell
therapeutics. In this review, we summarize reports on different modeling approaches applied
to stem cell systems. Furthermore, findings from several studies and the vistas they offer on
stem cell self-renewal and differentiation are discussed. Finally, challenges are presented
laying ahead for the development of computational frameworks, which will facilitate
bringing stem cells closer to clinical reality.

Attributes of stem cells and computational modeling

Stem cells share common properties with other cell types (e.g. proliferation, death, cell cycle
phases etc.) but also exhibit unique characteristics, which should be considered during the
construction of a mathematical model. Unlike most phenotypically stable cell types, stem
cells have the propensity to exit self-renewal and adopt multiple cell fates, depending on
several factors including the presence of exogenous differentiation agents and cell-cell and/
or cell-niche signals. The result is the emergence of inhomogeneous populations. Even self-
renewing stem cells in vivo or in vitro exhibit variable levels of pluripotency markers such
as POUSF1 (Oct4), SSEA-1, SSEA-3, NANOG and Stella [4-9]. The biological
ramifications of heterogeneity, which may also be attributed to stochastic processes such as
the expression of genes modulating cell specification, is still the subject of intense research
efforts. From a modeling perspective, the prediction of stem cell responses should be
considered in conjunction with the different cell subpopulations (e.g. undifferentiated and
committed progenies) present and their respective ratios. Stem cells are also metastable
undergoing dynamic fluctuations between particular states dictated by their environment.
This calls for temporally dependent rather than time-invariant models.

Interestingly, stem cell population events transpire at multiple spatiotemporal levels lending
themselves to multiscale modeling. Processes at the subcellular (e.g. regulation of
pluripotent/differentiation marker expression, signaling pathways), intercellular (e.g.
secretion/degradation of extracellular soluble and insoluble (matrix) factors) and population-
wide levels (e.g. cross-talk among subpopulations with different phenotypes) should be
viewed simultaneously as they are innate to the stem cell niche and major determinants of
stem cell fate decisions. Such processes occur over distinctly different time scales (Figure
1). For instance, DNA transcription/translation through the action of transcription factors
(e.g. Nanog, Oct4) happens in seconds to minutes (if not faster) whereas cells divide every
10-30 hours (e.g. the doubling time tyq for hESCs is 24-36 hours). Thus, modeling modalities
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capable of coping with multiple scales are essential for quantitative description of stem cell
populations.

Deterministic and stochastic approaches for stem cell systems

Stem cell models are broadly categorized as deterministic, stochastic, and hybrid.
Deterministic models are largely based on the notion that stem cells exhibit a deterministic
behavior given their response to differentiation stimuli in a dose-dependent manner. For
instance, graded nodal/activin signaling promotes three distinct cell fate decisions in mouse
ESCs [10]. Endogenous signaling is permissive to the maintenance of pluripotency whereas
an increase or decrease in signaling leads to the induction of mesendoderm or
trophoectoderm fates, respectively. In deterministic theorizations of fate selection, the
experimentally observed randomness and heterogeneity of cell ensembles is attributed
largely to fluctuations in the culture or tissue environment and the non-synchronous nature
of the population. Deterministic models are generally more tractable from the standpoint of
numerical computations than stochastic or even hybrid models. In many instances, systems
of ordinary (ODEs) or partial differential equations (PDEs) —especially time-dependent—
form the basis of deterministic frameworks for stem cells. In turn, the whole population or
single cells always trace the same trajectory for a given set of initial/boundary conditions. A
simple model is shown in Figure 2 with stem cells divided into three subpopulations: 1)
Self-renewing cells, 2) cells undergoing apoptosis, and 3) differentiating cells. Cells in each
pool proliferate and die according to first-order Kinetics. The set of differential equations can
be easily modified or extended to include distinct kinetics and constraints. Because the
results portray the whole population rather than individual stem cells, traditional methods of
cell analysis are suitable for experiments coupled to this class of models.

In deterministic models, the population outcome is typically attributed to a variable of the
physiological state vector of the cell influenced by selected environmental stimuli. Wang et
al. [11] modeled the commitment of human mesenchymal progenitor cells as dependent on
the accumulation of an (unspecified) intracellular ‘lineage factor’ (e.g. transcription
factor(s), signaling or epigenetic events). The cells exhibit an ‘all-or-none’ response to
BMP2 undergoing osteogenic or myogenic differentiation. The temporal change in the
concentration of the ‘lineage factor” was linked to the BMP2 concentration via an ODE. The
equation featured a positive-feedback loop with Hill type kinetics generating bistability.
Upon parameter estimation, the model correlated well with experimental data. Such
approaches provide testable insights on how the outcome of stem cell differentiation varies
with changes in environmental stimuli but reveal less about the molecular participants in the
underlying differentiation programs.

Chang et al. [12] also observed a bistable expression pattern of stem cell antigen-1 (Sca-1;
also known as Ly6a) in mouse HSCs. The presence of Sca-1"9" and Sca-1'°W cells was
demonstrated to be only a one-dimensional projection of transcriptome-wide heterogeneity.
The interaction between Sca-1'°" and Sca-1M9" populations was described by an ODE
model taking into account the proliferation and transition kinetics between the two states. A
bimodal distribution of HSCs based on Sca-1 expression was shown although the molecular
programs engaged in the generation and maintenance of the observed heterogeneity in Sca-1
expression remain to be elucidated.

In contrast to deterministic models, stochastic approaches depict events such as
differentiation and proliferation by probability functions (Figure 3) [13]. In their pioneering
work, Till et al. [14] described a stochastic model for the proliferation of spleen colony-
forming cells (referred to as “colony-forming units’ or CFUS). The populations analyzed
were considered a mixture of a small number of new colony-forming cells (“birth” or self-
renewal) and a larger fraction of cells without colony-forming capacity (‘death’ or
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differentiation). The ensemble of cells forming spleen colonies was determined
experimentally and was found to follow a gamma distribution indicating that a random birth-
and-death model is suitable to describe the population. Monte Carlo (MC) calculations
carried out with a constant generation time and fixed probabilities for birth and death
yielded results, which were in good agreement with the experimental observations, further
justifying the selection of the model and associated assumptions. This study was the first to
illustrate the decision of stem cells to self-renew or differentiate as a stochastic process.

Subsequent studies particularly on hematopoietic stem cells (HSCs) [15-17] also supported
the stochasticity in cell fate determination. Roeder and colleagues [18] described a single
cell-based stochastic model for HSCs. The model coordinates of each HSC comprised its
cycling status and its affinity to reside in each of two growth environments: One supporting
nonproliferative cells and the other hosting proliferative cells. The study considered only
symmetric cell duplication but stochasticity arose from the modeling of the transition
between the two environments by transition intensities dependent on the affinity and cell
numbers in the system. Differentiation was considered but not to a particular cell type. A
lineage propensity variable was added to the model later [19] and conversion of cells to a
particular type was dictated by randomly upregulating one lineage propensity at the expense
of the others. Case studies included the comparative differentiation of paired daughter cells,
lineage contribution of single differentiating cells and lineage specification in differentiating
HSC cultures. The simulation results were compared with published experimental data. The
commitment of stem cells along different lineages was proposed by the model to be a
competing process between priming and the dominance of one lineage under the governance
of environmental stimuli.

Models of signaling and gene expression networks in stem cells

Induction of stem cell specification by extracellular factors depends on the activation of
intracellular pathways. Modeling of signal transduction provides insights of how stem cells
respond to soluble stimuli (Table 1). These models typically consist of ODE systems
depicting ligand binding to receptors, and the action of downstream secondary messengers
as a series of chemical reactions. For example, a model was developed for mESC self-
renewal in response to LIF and its analog hyper-interleukin-6 (HIL-6). HIL-6 is a fusion of
human IL-6 and a truncated soluble IL-6 receptor and is active at 102-103-fold lower
concentrations than regular 1L-6 and its receptor [20]. The model considered the interactions
of LIF and HIL-6 with the gp130 surface receptor complex [21] and predicted that LIF
supports mMESC self-renewal better than HIL-6 at the same concentration (e.g. 500 pM) due
to the difference in the stoichiometry for ligand binding to the receptor. In agreement with
this model, the fractions of SSEA-1*/E-cadherin* mESCs and the mean alkaline
phosphatase activity were higher in cells treated with LIF than those treated with the same
concentration of HIL-6. In a subsequent study [22], the model was extended covering the
entire Janus kinase/signal transducer and activator of transcription-3 (Jak/Stat3) pathway
from the interaction of the gp130 receptor with LIF to the activation of Stat3 and its target
SOCS3 (suppressor of cytokine signaling). Apart from global sensitivity analysis for
quantifying the relative effect of model parameters on Jak/Stat3 activation, the inability of
cells to respond to LIF (desensitization) was tested by manipulating the ligand stimulation
frequency. SOCS3, nuclear export of Stat3 and receptor turnover were among the principal
determinants controlling desensitization. Such models are useful for designing strategies for
stem cell cultivation by adjusting ligand concentration based on signaling kinetics. It will be
interesting if similar frameworks can be used to deconvolve synergistic effects from
multiple factors (e.g. bFGF and Nodal in hESCs). More details regarding the mathematical
models for signal transduction networks can be found elsewhere (e.g. [23,24]).
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In addition to signaling networks, gene regulatory networks (GRNSs) operating in stem cells
have garnered increased attention. GRNs have been modeled in various contexts by
implementing different approaches including ODEs, stochastic differential equations
(SDEs), Boolean and Bayesian networks. Among the GRNSs reported to influence stem cell
fate decision, those involving the pluripotency transcription factors Nanog, Oct4 and Sox2
have been studied extensively. Chickramane et al. [25] described this GRN via an ODE
system featuring several feedback loops. The loops give rise to a bistable (on/off) switch
depending on environmental signals. When the GRN is ‘on’, self-renewal but not
differentiation genes are expressed and vice versa. Interactions were included between this
GRN and Cdx2 and GATA-6 to describe stem cell commitment to the trophectoderm (high
Cdx-2 and GATA-6 levels) and endoderm lineages (high Oct4 and GATA-6 levels) [26].

Trott et al. [27] examined the expression of eight genes involved in embryonic stem cell
pluripotency to create single-cell level GRNs. Heterogeneity was noted in the expression of
these genes, particularly Nanog and Fgf5, a differentiated cell marker. Each of these genes is
associated with specific regulatory subnetworks indicating that the co-emergence of
Nanogi9"/Fgf5!oW, Nanog'©W/Fgf5hidh and Nanog!oW/Fgf5'oW cells is potentially due to
variations in active transcription factors and access to the target DNA regions. These
findings support the view of GRNs as pivotal players in determining distinct fate trajectories
for individual stem cells within populations.

Frameworks linking self-renewal and differentiation states in stem cells can serve as
platforms for devising efficient methods for either reprogramming differentiated cells to a
stem cell state or guiding stem cells toward particular phenotypes. Bistable distributions and
switches between states result not only from feedback loops but also from noisy processes as
evidenced by SDE models of Nanog GRNs [28,29]. Construction of such models was
motivated by the bimodal distribution reported for mESCs engineered to express the green
fluorescent protein (GFP) from the NManog locus [5].

Cell ensemble models

Most GRN or signal transduction models refer to single cells and their solution is
generalized to the whole population assuming complete homogeneity and no cross-talk
among cells. Integrating individual stem cell responses to the population scale may be
achieved through cell ensemble modeling, originally applied to bacteria and yeast systems
[30,31]. Single-cell models comprising ODE (or SDE) systems depicting cellular activities
such as metabolism, intracellular signaling and gene expression are repeated for each cell in
the ensemble. Coupling between single cells may be through common effectors such as
extracellular growth factors or nutrients. Each equation set might differ in its initial
conditions and/or parameters. All equations are solved concurrently advancing the
population profile in the time domain. The model output can be contrasted against
experimental data for the cell population. Glauche et al. [29] simulated the Sox2-Oct4-
Nanog network operating in a stem cell based on an ODE for the Oct4-Sox2 complex and a
SDE (both time-depended) for Nanog. This equation set was solved simultaneously for a
virtual ensemble of 5,000 cells generating a temporal evolution of the population
distribution of Nanog. Another study [32] describing the clonal evolution of 1,000 mESCs
and their differentiated progeny was simulated by coupling model results to cell numbers
and Oct4™ fractions. The differentiation status of each cell was examined at the end of cell
cycle based on two criteria: The (probabilistically distributed) number of LIF signaling
complexes compared to a self-renewal threshold, and the level of Oct4 expression compared
to 50% of that of undifferentiated cells. Apoptosis was also considered as a possible
outcome. Heterogeneity was introduced by randomly setting the initial condition for each
cell and stochastically assigning LIF receptor numbers to newborn cells after division.
Although the model considered stem cell fate decision dependent both on fast molecular
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activities such as Oct4 expression and over several cell-cycle times, LIF signaling was
assumed to immediately achieve steady-state and remain constant until the next decision-
making point. Though cell ensemble models are straightforward to set up and
computationally efficient, incorporation of cellular-level activities and detailed GRNs is still
lacking. Inclusion of stem cell differentiation, division and death, which happen in a
timescale of hours to days, will increase the complexity of cell ensemble models but at the
benefit of enhanced prediction potential.

Population balance equation models

Population balance equation (PBE) models are inherently multiscale and have been applied
to diverse systems [33]. In cellular populations, these integro-differential equations link
attributes (e.g. levels of DNA, RNA, particular proteins etc.) of the physiological state
vector of individual cells to the population profile [34-36].

A PBE model was used to simulate mesenchymal stem cell differentiation [37]. The rate of
differentiation was linked to the concentration of extracellular growth factors inducing
commitment via Michaelis-Menten kinetics with the growth factor being the “substrate’. The
cell PBE was coupled to growth factor material balances. Model parameters were obtained
from studies unrelated to stem cells but this work illustrated that PBESs can be utilized for
gaining a better understanding of the effects of single-cell commitment kinetics and the
temporal profiles of differentiation agents on the overall population. Hoffmann et al. [38]
also employed a PBE model of stem cell differentiation. The state vector comprised a single
variable representing the differentiation status of promyelocytic precursor cells and
conforming to a Langevin equation. This work showed that the dynamics of stem cell and
progenitor populations can be effectively driven by state-specific noise but practical
methods for modulating noise in stem cells are still elusive.

PBE models are also amenable to the embedding of GRNSs operating in stem cells and their
differentiated progeny. Although GRN models can reveal the dynamics of phenotype change
for single stem cells exposed to particular signals, predictions at the cell population level are
challenging due to the intrinsic heterogeneity of stem cell ensembles. The formulation of
PBE models combined with GRN models may resolve this issue by linking stem cell GRNs
to major cellular events such as division and lineage specification. We reported the
development of a multi-scale stochastic PBE model for describing and predicting the Nanog
expression dynamics in self-renewing hESCs [39]. In conjunction with experiments, the
constructed model provided insights on how cell division and gene expression noise
influence the distribution of the Nanog protein. PBE models integrating GRNs present
challenges in large part due to the lack of suitable methods for accurate quantitative
measurements of GRN activity in real-time. Yet, such multiscale frameworks hold great
promise as tools for establishing more efficient differentiation methods. Moreover, PBE
models have been used for defining control strategies for bioreactors [40] indicating their
potential for the development and optimization of bioprocesses for the production of stem
cell progeny for clinical use.

The adoption of PBE models has been limited mainly due to the difficulties associated with
their numerical solution. The computational requirements increase concomitantly with the
dimensionality of the state vector. Numerical procedures for solving PBESs are based on
traditional finite discretization schemes [41,42], multi-level discretization [43] and MC
methods of stochastic simulation algorithms [44-46] facilitated by the increasingly available
computational power. PBE modeling of stem cells is also hindered by the lack of known
single-cell functions for processes such as agent-dependent lineage commitment and
division of self-renewing/differentiating cells. Flow cytometry can be used to measure the
distributions of cell properties such as DNA and protein content or cell size but require
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highly specific antibodies and obtaining data with adequate time resolution is practically
limited. This may be addressed with the development of sophisticated microfluidic
platforms for real-time acquisition of multiparametric data at single-cell resolution from
stem cell populations [47].

Conclusions

Quantitative models of stem cell populations offer advantages in the analysis and prediction
of stem cell activities in complex systems. Various mathematical approaches have been
employed —especially over the past decade— with each one providing distinct insights (as
summarized in Table 1). Signal transduction and GRN models can assist with defining
ranges of factor concentrations and duration of treatment promoting stem cell self-renewal
or lineage-specific differentiation. Quantification of the impact of subcellular processes such
as gene expression and signaling on the population level is afforded by multiscale ensemble
and PBE models. As such, these models are ideal for driving the design, optimization and
control of bioprocesses for the generation of clinically useful stem cell derivatives.

We expect that the development of computational frameworks will be accelerated as these
become integral of future advances in the fields of stem cell biology and engineering.
Obviously, efforts should also be directed toward interweaving stem cell models with state-
of-the-art methods, which yield abundant information with increasing temporal resolution at
the gene (genomics) and protein (proteomics) levels. The interconnected nature of possible
fates requires the dynamic examination of functions of multiple stem cell genes and factors
in the context of multi-lineage rather than single-lineage differentiation and models can help
to address germane fundamental questions including: Which mechanisms ensure the
transduction of signals and corresponding response(s) in stem cells with precision despite
fluctuations in gene transcription and translation? What is the contribution of noise from
different processes on the differentiation outcome? Can this noise be regulated to promote
particular phenotype change dynamics? How the heterogeneity observed in stem cell
populations modulate or possibly facilitate fate determination in different milieus? Despite
significant challenges remaining in model development and implementation, multiscale
modeling will play a pivotal role in moving from empirically developed differentiation
methods to rationally and systematically designed high-efficiency strategies for the
generation of stem cell therapeutics.
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Figure 1.

Stem cell processes span multiple time scales. Lineage commitment and reprogramming
events are observed at longer intervals (days), for instance, as indicated by the increase/
decrease of a target gene (lower left graph). Cell division and signal-regulated responses are
normally observed in hours to minutes. Stochastic gene expression and associated protein
translation can be resolved from relevant profiles spanning seconds to minutes.
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Figure 2.

A deterministic representation of stem cell activities. Each circle represents a subpopulation
of a specific cell type (‘1°, “2” or *3”). Cells within each circle can proliferate and die with
kinetic parameters k;; and kjg, respectively. Additionally, type ‘1’ cells can transition (e.g.
differentiate) to cells of type ‘2’ or *3” with kinetic parameters ki, and kq3. The ODE system
is also shown with F; being the number (or fraction) of ith type cells.
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Figure 3.
Stochastic model for stem cells. Possible fate decisions are shown for a stem cell “1”
including proliferation (“1’), apoptosis (‘2”), differentiation (to cell type ‘3”) and quiescence

4
(“4”). Each event has an associated probability (p1;) with a constraint that Zizlplz:l.
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Summary of major stem cell modeling approaches surveyed, the insights they provide and their pros and cons.

M odeling approach

Insights gained on:

Prosand cons

Signal transduction network
(typically single-cell) models

Ranges of ligand concentration and duration of stem
cell exposure to trigger a particular response (e.g.
self-renewal or differentiation).

Identifying network intermediates exerting more/less
control over stem cell response(s) to given signals.

Deconvolving synergistic effects from the action of
multiple factors.

Pros: Numerical treatment is typically
straightforward (systems of ODESs).

Cons: Require extensions of single-cell model to
reflect population behavior.

Gene regulatory network
(typically single-cell) models

Interactions among key genes influencing stem cell
fate decisions.

Kinetics of gene expression related to stem cell
phenotype adoption.

Pros: Multiple approaches are available (e.g.
Boolean, Bayesian, ODEs etc.) for GRN analysis.

Pertinent numerical methods are typically well-
defined.

Stochastic gene expression can be described.

Cons: Require extension of single-cell model to
reflect population-level behavior.

Source of stem cell heterogeneity is limited to noise
in gene expression.

Cell ensemble models

Effects of variability in gene expression and other
subcellular processes (e.g. signaling, metabolism
etc.) on stem cell population diversity.

Linking adjustable bioprocess variables (e.g. factor
and/or nutrient concentration) to property profiles of
the population.

Pros: Applicable numerical methods are
straightforward to implement.

High-dimensional state vectors can be
accommodated.
GRNs can be directly included.

Multiple scales can be modeled (typically with
steady-state assumptions).

Cons: Incorporation of cell division, differentiation
and apoptosis is demanding.

Population balance models

How processes at different scales (e.g. fluctuating
gene expression, stochastic partitioning of cellular
material at mitosis, etc.) synergize to bring about a
particular property distribution on the stem cell
population.

Describing stem cell population heterogeneity.
Linking adjustable bioprocess variables to desirable
state vector distributions.

Pros: Multiple scales can be accommodated.
Allow incorporation of GRNs with noise (stochastic
PBEs).

Cons: Achieving numerical solutions is not trivial
and computational complexity increases with the
state vector dimensionality.

Single-cell functions (especially agent-dependent) for
differentiation, death and growth under different
states (e.g. self-renewing or committed) are
challenging to obtain.
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