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Abstract. This paper presents an agent-based framework for the modeling and simula-
tion of stem cell behavior. It covers a simplified cell life cycle model and stem cell pro-
liferation and differentiation process. We instantiated the framework for the neurons
cell differentiation process. We believe that in silico stem cell therapy is an important
step for in vitro stem cell therapy research, reducing costs and avoiding some ethical
issues.
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Resumo. Este artigo apresenta um framework para a modelagem e simulacdo do com-
portamento de células-tronco. Ele cobre um modelo do ciclo de vida celular simplifi-
cado e dos processos de proliferacdo e diferenciagao. Acredita-se que a terapia in silico
de células tronco é um importante passo para a pesquisa de terapia in vitro, reduzindo
custos e evitando questdes éticas.
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l. Introduction

The systems biology community is building increasingly complex models and simula-
tions of cells and other biological entities. This community is beginning to look at alter-
natives to traditional representations, such as those provided by ordinary differential
equations (ODE). Stem cells play a prominent role in biology and life sciences. Their
importance is growing more and more, not only in basic research fields such as cell or
developmental biology, but also in medicine and clinical research. The main reason un-
derlying this broad interest in stem cells is their capacity to reconstitute functional tis-
sues after disturbance or injury. They are able to produce a huge number of differenti-
ated, functional cells and, at the same time, they maintain or even re-establish their own
population.

A stem cell is a primitive cell that can either self-renew (reproduce itself) or give rise
to more specialized cell types. The new perspective on stem cell systems as networks of
different cell types and their interactions implies that stem ness should not be treated as
an explicit cellular property, but as the result of a dynamic self-organization process.
The microenvironment interactions and their specific effects on proliferation and differ-
entiation have to be embedded in the concept.

Nowadays, stem cells are cultivated in the lab in order to differentiate into a specific
mature cell. Today it is hard to predict the stem cell behavior under some substances.
Moreover, all the infrastructure necessary to maintain a stem cell culture is very expen-
sive and many stem cells are wasted if the injected substance does not lead the culture
to the desired mature cell. Thus, stem cell simulation is a powerful tool for reducing su-
ch costs and accelerating the stem cell therapy process.

There have been several attempts to build formal models (for instance, ordinary dif-
ferential equations [5] and cellular automata [6] so that predictions can be made about
how and why stem cells behave either individually or collectively. Moreover, the mo-
del has to consistently explain the broad variety of experimental observations. It is in-
tended to link these macroscopic phenomena to underlying (latent) microscopic me-
chanisms. To include experimental observations, which describe individual cell behav-
ior, into the analysis, the model must be able to describe single cell as well as cell popu-
lation behavior.

With regard to the medicine point of view, if the model is sufficiently detailed and
accurate, it serves as a reference, a guide for interpreting experimental results and a
powerful means of suggesting new hypotheses. Moreover, the simulation lets physi-
cians test experimentally unfeasible scenarios and can potentially reduce experimental
costs and time (experiments in vitro can last weeks; the same experiments can take just
a few minutes if they are done in silico). Besides, such a technique avoids ethical prob-
lems about the use of embryonic stem cells.

Models are simplifications, abstractions. They are a crucial means of relating theory
to reality and there is wide agreement that we must at least dimension them to relate to
that reality and the theory on which they are based. On the other hand, agent-based
models (ABM) or multi-agent models (MASs) usually deal with objects that demon-
strate some sort of dynamic behavior.



Usually agents or objects react either passively to their environment or to other a-
gents, or actively to their environment or other agents. In this sense, agents usually mo-
ve in spatial systems like cities, which means motion or movement. Usually, there are
many agents — not one or two but n. When there are many agents, they react to each
other through time and their collective behavior can be unpredictable, surprising, hence
novel and emergent. In this way, this style of modeling is quite consistent with the sci-
ences of complexity.

An AB simulation is a simulation with many intelligent agents interacting among
themselves and with the environment. In a typical AB simulation of social behavior, the
agents are the individuals that take rational decisions based on their neighbors’ deci-
sions. Very interesting social phenomena have been recently investigated, such as, for
example, cooperation [7], social instability [8], and crowd modeling [9].

The great advantage of this modeling technique is that the emergent phenomena can
be modeled through very simple rules governing the behavior of each agent. The global
effect resulting from the interaction of the individuals is often unpredictable. More spe-
cifically, an agent is a high-level software abstraction that provides a convenient and
powerful way to describe a complex software entity in terms of its behavior within a
contextual computational environment [10]. Furthermore, the dynamic structures pre-
sent in biological systems can be intuitively represented and efficiently implemented in
agent-oriented simulators [11] [12].

However, in order to achieve reuse we need a general framework for the modeling
and simulation of the intra-cellular processes and the stem cell proliferation and differ-
entiation, i.e., a set of classes, their relationships and common behavior that can be re-
used and which speed up the development of different cell and different cell differen-
tiation processes. This paper presents the first results achieved towards the construction
of this agent-based stem cell general framework.

Outline

This paper is organized as follow: Section 2 describes the domain analysis (detailing the
stem-cell self-organization, the processes, scope and the conceptual model developed).
Section 3 highlights the related work. Section 4 presents the description of the frame-
work developed with its hop spots and the instantiation. Section 5 describes the results
for the framework instance. And finally, Section 6 concludes the paper and presents fu-
ture work

Il. The Stem-Cell Self-Organization Description

An important entity with an active influence in the process is the Niche. The Niche is a
specialized cellular environment, which provides stem cells with the support needed
for self-renewal, and contains the cells and proteins that constitute the extra cellular en-
vironment. The Niche has regulatory mechanisms in order to save stem cells from de-
pletion and to protect the host from over-exuberant stem-cell proliferation [14]. The
niche is stem cells” habitat, as the environment is the agents” habitat.



To ensure self-renewal and differentiation, stem cells undergo two types of cell divi-
sion (Figure 1): symmetric division gives rise to two identical daughter cells, both en-
dowed with stem cell properties; asymmetric division, on the other hand, produces
only one stem cell, a progenitor cell and a precursor cell with limited self-renewal po-
tential [15] [16] [18]. Progenitors can go through several rounds of cell division before
terminally differentiating into a mature cell with no self-renewal potential [19].

ILi. The Cell Conceptual Model

In order to simplify the model we had to consider only the most active components dur-
ing the cell life-cycle and the mitosis division (which is the stem cell division during the
self renewal process). By active components we mean components that more directly
contribute and influence the cellular differentiation during the cycle.
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Fig. 1. Stem Cells Process Descprition

The Centrosome is a Microtubule Organizing Center (MTOC) that has a pair of Centri-
oles, and three kinds of Microtubules (Astral, Polar and Kinetochore). The microtubules
are nucleated structures capable of growing and shrinking in order to generate force,
segregate the chromosomes correctly during cell division and move organelles and cell
structures to new locations.

Before the start of the Mitosis phase, the genetic material in the nucleus is in a loosely
bundled coil called Chromatin. The Chromatin condenses together into the Chromo-
some. There are 46 Chromosomes, which condensate into two Chromatids during the
Mitosis phase.



Each Chromatid has a Centromere, which in turn has a Kinetochore (which is the po-
int where the kinetochore microtubules are attached to the chromosome).

Besides those elements, the cell modeled is composed of: cell membrane, nuclear
membrane, nuclei, substances, protein, and organelles. During the cell life cycle, many
proteins are synthesized, which determines if the cell may continue the division, or not.

Each cell can have one or more neighbor cells. The precursor cell and progenitor cell
are cells that can proliferate. For instance, a neuron is a type of cell with no potentiality
(i.e, not able to proliferate). The cells can go to 11 states; the state can be a phase of the
mitosis or cell life cycle process or a dead state.

ILii. The Cell Life Cycle Scope

During the cell life cycle, there is a mechanism called Checkpoint, which monitors the
cell. For each phase, Gap 0, Gap 1, Synthesis, Gap 2, and so on, the Checkpoint checks if
some events have been started or ended in order to prevent the cell from entering an
undesirable state of error.

Considering the cell life cycle, the cell may stay in the GO phase while it does not re-
ceive any signal for starting the cycle. The signal may be a protein, or any other sub-
stance. At the end of the cycle considering the mitosis division, there are two new cells
in the GO phase.

It is possible to change this course depending on which signals the cell receives. Ba-
sically, during the G1 phase, the cell receives a signal to: start division, start specializa-
tion in the case of being a stem cell, or start differentiation in the case of being a special-
ized cell.

Furthermore, any cell (stem cell, specialized or differentiated) may go into apoptosis.
Basically, if any internal process leads the cell to a bad state, or if the niche is overpopu-
lated, the cell kills itself. Table 1 details all the events and the checkpoint monitoring
specified for each cell life cycle phase

Table 1. Cell Life-Cycle Phases, Events and Checkpoints

Phase Events Checkpoint
Gap O Start Cell Life-Cycle Check if the Chromatins are ok.
Gap 1 Synthesize Cyclin D Check if Cyclin D and E were syn-

thesized into the Nuclei, i.e, 1if

Synthesize Cyclin E
there are the cdk2-CycD and cdk2-

Synthesize Substances CycA complex.

Increase Cell Metabolic Rate Check if pRb protein 1is inactive
and E2F is active after cyc D,E
synthesis.

Check if the cell is prepared to:
divide or differentiate.

Synthesis Synthesize Cyclin A Check if Cyclin A was synthesized,
i.e, if there is the cdk2-cycA
Start Chromatin Replication complex in the nuclei.
Replicate Centrosome Check if there are Chromatins rep-

licated, if the Centrosome was
replicated and if the MFP is deac-—
tivated.

Gap 2 Finish Chromatin Replication Check if all the Chromatins were
replicated, if Cyclin M was syn-—




Destroy pRb protein and E2F

Synthesize Cyclin M (=B)

MPF is activated

Destroy cyclins: D, E, A

thesized and if MPF is activated
(cdk2-cycB) .

Chromatin

Constrict Cell Membrane
{
Miosina RLC fosforilada
Se cdk ativos:
Inibe ATPase ->
actina inativa —>
nao separa
Se cdk inativos
ATPase -> quebra ATP ->
Actina ativa -> contrai
membrana celular.

}

Create Abscission (division)

Create Nuclear Membranes

Reorganize and Disappear Non-—
Kinetochore Microtubules

Prophase Condense Chromatin into Chromosomes Check if all the Chromatins and
their replicas were condensate in-
Create Repulsive Forces (for Astral to Chromosomes.
and Polar Microtubules)
Destroy cyclin B
Prometaphase | Create Repulsive Forces (for Kineto- Check if all the Kinetochore Mi-
chore Microtubules) crotubules were attached to each
Dissolve Nuclear Membrane Chromosome, anq if the Nuclear
Membrane was dissolved.
Check 1if:
Attach Kinetochore To Microtubule APC inactive
MCC = MAD2/BUB1/Cdc20
Attach MAD2 to BUBL
Metaphase Move Chromosome To Equatorial Plane Check for each Chromosome its po-
Detach MAD2 to BUBL —> detach secur— | Siciop in the cell.
. . Check if APC is active.
ing from separase-securin complex
Anaphase Separate Chromatids (through the Check if all the Chromatids were
separase) separated.
Demount Mitotic Spindle
Telophase Shrinking Microtubules Check if the Nuclear Membranes we-—
re created, and if all the Chromo-
Create Nuclear Membranes somes were unfold back to Chroma-
tin
Check if all cdk are inactives.
Start unfold Chromosomes Back To
Chromatin
Cytokinesis Finish unfold Chromosomes Back To -

lll. The Agent-Oriented Framework

In this section we describe the agent-oriented framework developed for stem cell behav-
ior modeling and simulation. In cooperation with stem cell researchers, we developed
the conceptual model of the entities and processes described in Section 3 and consid-
ered it as first-order abstraction that simplifies the intracellular processes and stem cell

behavior.




We used some AUML Diagrams [2] to help us in the designing of some structures
and dynamics, such as the agent use case diagram, agent class diagram and agent inter-
action diagram. We developed our framework on top of MASON, which is a fast dis-
crete-event multi-agent simulation library core in Java, designed to be the foundation
for large custom-purpose Java simulations, and also to provide more than enough func-
tionality for many lightweight simulation needs. MASON contains both a model library
and an optional suite of visualization tools in 2D and 3D [3].

Subsections 4.1, 4.2 and 4.3 present the main framework diagrams and the frozen
spots, while subsection 4.4 describes the hot spots and how to instantiate the frame-
work. As already mentioned, we instantiated the framework to be able to generate ma-
ture neuron cells.

liLi. Use Case Diagram

Figure 2, placed at the end of this paper in order to save space, shows the AUML agent
use case. The actors are agents. The agents are the types of cell, the proteins, DNA and
complex. The cells can be a proliferative cell or non-proliferative cell. The stem, pro-
genitor and precursor cells are proliferative, while the neuron cells are non-
proliferative. CDK, Reitinoic Acid, Cyclin and LIF are proteins.

The Cdk-Cyc Complex is the join between a CDK and a Cyclin protein. The cells can
die or start a cell cycle phase. Each cell cycle phase may only be stated if some events
occurred. The DNA which is an adaptive agent interacts with the proteins during the
molecular pathways regulation.

liLii. Class Diagram

Figure 3, also placed at the end of this paper, shows the framework’s classes diagram.
This diagram does not show all attributes and methods in order to be comprehensive
regarding its structure. The classes inside the stipple line are Mason’s classes [3]. The
others classes are classes of the framework.

The framework uses four design patterns [4]. The pattern Prototype is used to im-
plement the stem cell’s substances because this facilitates the objects’ clone process. This
pattern is represented by the PrototypeSubstances class. The pattern State is used to im-
plement the states the cell can be in. The State class represents this pattern. The pattern
Strategy is used to implement the cell’s asymmetric division strategy. Each type of cell
has one distinct asymmetric division strategy and the class that represents this pattern
is AssimetricDivisionStrategy. The singleton is used to implement the niche, because the
niche is unique. The classes that represent this pattern are Nichelmpl and GuiNiche.

llLiii. How to instantiate the framework

In this section we describe the first framework’s instance developed for the neuron cells
differentiation process. There are other hot spots in the framework as the proteins and



so on, however we just describe the most important ones in this paper in order to have a
better idea of how instantiating it.

Hichelmpl
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- printStatus() : void  |——{> # otdstemCellint
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Fig. 4 - Niche Hot Spot

The first hot spot that must be implemented is the environment where the cells repre-
sented by the agents live, called a niche, as already mentioned. Figure 4 is shown in par-
tial view to save space. The Neuron class extended the Cell class and it was necessary to
implement the method step(). Each agent (cells and proteins) must implement this
method because it is handled by the simulator. Besides the main(), start() and populateN-
iche() methods, for instance, it is necessary to implement the regulateNiche() method,
which must contain the environment’s constraints according to the niche to be simu-
lated.

PrugeniturCeI‘ PrecursorCell
|
t_';\ |
Progenitoreuron PrecursorHeuron
+ step(state | SimState]) : void + steplstate : SimState) : void
+ simetricDivizion) ; woid + =imetricDivision) ; woid

Fig. 5. Progenitor and Precursor Hot Spots

Other important hot spots are the progenitor and precursor cells, which must be instan-
tiated depending on the process for a specific type of cell to be simulated. It is necessary
to add features and behaviors depending on the type of cells to be instantiated (figure
5).

The ProgenitorNeuron class extended the ProgenitorCell class and the PrecursorNeuron
class extended the PrecursorCell class. The methods step and simetricDivision needed to
be implemented for both classes extended.

The Division2ProgenitorNeuron, Division2PrecursorNeuron and Division2Neuron classes
are those, respectively, responsible for implementing the strategy for asymmetric divi-
sions from stem cells, progenitor neurons and precursor neurons cells and they instan-
tiate the AssimetricDivisionStrategy class. The abstract assimetricDivison() method needed
to be implemented for these classes.
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IV. The results

In order to execute the instantiation for the generation of neuron cells,a computer with
the following features was used: Intel(R) Core (TM) 2 CPU 6300@ 1.86 GHz, 2GB of
RAM.

Figure 6 shows the result of the simulation with the visualization module. In 4 min-
utes there were 153 stem cells, 661 progenitor cells, 1,539 precursor cells and 462 neu-
rons running in the simulator.

Simulation With Visualization ] ] ] .
Simulation Without Visualization
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Fig. 6. Number of cells living in the niche a) with the visualization layer, and b) without the
visualization layer

V. Related work

In order to support the claim that the agent approach is more suitable than other model-
ing approaches, existing approaches have been taken and recast in the agent-based
modeling and simulation framework, which has demonstrated a number of clear ad-
vantages of the agent approach over existing approaches [12].

To start with, mathematical models [6] [5] do not allow expressing partial informa-
tion about a system, i.e. to formally describe open systems, as an open MAS does.
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Moreover, depending on the system’s complexity, there would be an explosion of dif-
ferential equations to model it, with more than 50 equations to model a subsystem, for
example. Another drawback is the absence of an abstraction for the models. Physicians
have to deeply understand mathematical methods in order to model the system, while
MAS can provide the right level of abstraction for that.

Concerning the conceptual comparison, MASs are not just probabilistic dependent as
the Monte Carlo methods [20]. More than reproducing the emergent behavior, agent-
based simulation can provide advanced mechanisms, such as learning and adaptation
that, as far as we know, is not possible to implement through Monte Carlo simulation.
Those mechanisms not only make the model more complete but also allow the optimi-
zation of self-organization, for instance.

To date [21], [11], [12] have produced formal and mutually consistent specifications
of the leading of some predictive models of stem cell behavior within their agent
framework. They have also produced simulations and visualizations of these models. In
their approach, each stem cell is implemented as an agent. They modeled and simulated
stem cells in a dynamic environment with division and determined capabilities (stem
cells which have reached their cycle phase and which are surrounded by stem cells be-
come determined). However, the stem cell behavior modeled was too simple, unfeasible
and not adequate or evolvable to an adequate model for the physicians’ experiments.

Gatti et al. [1] developed a simplied stem cell conceptual based-agent model and a
stem cell behavior simulator based on a multi-agent system. It was possible visualize
the emergent behavior by means of a 2D visualization component. This prototype also
provided a 2D cell visualization in a higher level of detail(macro level) by clicking over
the cell. This system did not use any framework, middleware or agent-base platform.
The proposed solution overloaded the CPU even with small numbers of entities. The
visualization froze up many times as a result.

VI. Conclusions and future work

The stem cell researchers’ collaborators were very excited with the first results. Basi-
cally, they observed in the visualization of the neuron instance the first emergent phe-
nomenon that is similar to the emergent phenomenon in vitro: the differentiated cells
are located at the colony’s extremity while the specialized and stem cells are located at
the colony’s center. The great advantage of this modeling technique is that the emergent
phenomena can be modeled through very simple rules governing the behavior of each
agent, we can reuse all the modeled already developed and also can model learning,
adaptive behavior and open systems.

The number of cells running together and the time of execution in the simulation
were satisfactory. Of course we need to increase this number and to achieve this goal
we are distributing the framework and application in grid architecture with ten proces-
sors. If we have around 20,000 cells we can reach more refined self-organizing mecha-
nisms that might occurs in those kid of systems.

Moreover, the next steps are a review of a set of tests on the proposed model, intend-
ing to adjust it for the demand of the biomedical domain. Other activities are to produce
reports about Macro and Micro levels to support the comprehension of the information
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visualized during the simulation process, and identify with the specialists of the do-
main the trustworthiness of the results achieved through this first instance, in order to
allow an adaptation and bias adequate to the reality of the research of the domain.
Study of each protein and substances and how these relate must be carried out and re-
produced in this application.

Also, as a future work, we want to optimize the emerging behavior generated by the
self-organizing stem-cell represented by agents. The goal will be to define macros prop-
erties and, starting from local interactions, to integrate specialized online search planner
[22] to optimize the behavior so that the macros properties can be satisfied. Hence the
simulator will allow more specialists” interactions through the simulation environment
with more reliability regarding the in vitro process, and also increasing the tool usabil-
ity and dependability, as well as facilitating the validation process.

ACKNOWLEDGMENTS. We wish to acknowledge the team of collaborators in this
project, entitted LANDIC, which is the Neurogenesis and Cell Differentiation Lab, in-
cluded the stem cell researcher Stevens Rehen. The team helped us in the conceptual
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Figure 3 - Framework Diagram Class (partial view)




