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Abstract

To facilitate analysis and understanding of biological systems, large-scale data are often integrated into models using
a variety of mathematical and computational approaches. Such models describe the dynamics of the biological system and
can be used to study the changes in the state of the system over time. For many model classes, such as discrete or
continuous dynamical systems, there exist appropriate frameworks and tools for analyzing system dynamics. However, the
heterogeneous information that encodes and bridges molecular and cellular dynamics, inherent to fine-grained molecular
simulation models, presents significant challenges to the study of system dynamics. In this paper, we present an algorithmic
information theory based approach for the analysis and interpretation of the dynamics of such executable models of
biological systems. We apply a normalized compression distance (NCD) analysis to the state representations of a model that
simulates the immune decision making and immune cell behavior. We show that this analysis successfully captures the
essential information in the dynamics of the system, which results from a variety of events including proliferation,
differentiation, or perturbations such as gene knock-outs. We demonstrate that this approach can be used for the analysis of
executable models, regardless of the modeling framework, and for making experimentally quantifiable predictions.
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Introduction further analysis and systems-level understanding, this information
is often integrated into large scale models using a variety of
mathematical and computational approaches. A general class of
models are so-called executable models [3]. Such a model defines
how, given certain events, the system transitions from one state to
another. State-based formalisms can be used to construct
computational models that describe the complex dynamics of
reactive systems, including biological systems. Such models are
typically highly nonlinear and nondeterministic, and can simulate
very large systems [3]. There are a variety of model classes and
approaches that can serve as the basis of executable models of
biological systems, among which are Boolean networks, Petri nets,
statecharts and process calculi [4-24].

Any given model class, be it a Boolean network or a system of
stochastic  differential equations, comes furnished with the
appropriate framework and tools for analyzing system dynamics.
For instance, to assess the sensitivity of a continuous dynamical
system to small perturbations, we may compute the Lyapunov
exponent based on Fuclidean distance as a measure of state
similarity [25]; but for a Boolean network, an appropriate distance
metric may be the Hamming distance [26]. Even for a more
esoteric model class, say a multilevel discrete dynamical system (of
which a Boolean network would be a special case, with every

Biological systems are remarkable examples of complex
dynamical systems. The dynamics of these systems involve extreme
concurrency and interactions across multiple scales of biological
organization. For example, the states of individual cells are
determined by internal molecular processes governed by molec-
ular interaction systems. These cellular states influence cell-cell
interactions, which collectively give rise to macroscopic behavior,
but the ensuing macroscopic state of the system, such as
establishment of cellular structures (e.g., blood vessels) or non-
homogeneous distributions of diffusible molecules, also feeds back
on the “lower” intracellular molecular systems and their states.
The complexity of biological systems is further compounded by
the fact that they are open and react to time-varying input
received from their environment. A reactive system must respond
to each stimulus as it occurs, often needing to respond to many
stimuli concurrently [1,2]. The structure of the system is also
typically dynamic, with its components being repeatedly created
and destroyed during the system’s lifespan, adding yet another
level of complexity.

Over the last decade, systems biology research has yielded
a plethora of data pertaining to biological systems. To facilitate
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element in the system restricted to being binary-valued), it is
possible to come up with a reasonable distance metric that would
quantify state similarity. Although each modeling formalism
provides avenues for simulation and analysis of system dynamics,
general “model independent” approaches for analysis of dynam-
ical behavior are lacking.

The problem becomes greatly compounded once we start
moving away from abstract models that entail significant
assumptions and reductions of scale; for instance, a system of
ordinary differential equations that models a genetic network
assumes a well-mixed homogeneous system of cells (all assumed to
be in the same state) to allow for molecular concentrations to be
used in the model, since on a single cell level, such a model is not
appropriate due to low molecular counts. Fine-grained models that
incorporate and bridge molecular (both intracellular and diffusible
extracellular) and cellular information present a significant chal-
lenge to the study of system dynamics. Although a state
(“snapshot”) of the system can be defined, encompassing in-
formation such as spatially varying molecular concentrations, cell
types and positions of cells, or activation status and other
functional states of individual cells, it is far less clear how to study
the dynamics of the system that incorporates all this information.
Loosely speaking, if we consider the collective information
embodied in a state of the system, then system dynamics amounts
to information flow; the information in a given state is related to
the information in a predecessor state.

Classical Shannon information theory is based on modeling the
distribution of symbols that need to be fixed in advance [27].
Algorithmic information theory, on the other hand, allows the
quantification of the information content of any object that can be
represented on a computer, without prior assumptions of the
symbols or their distributions [28]. Instead, the relevant sub-
sequences and their relationships within the objects are de-
termined on the fly by the data compression model. This makes
algorithmic information theory a powerful foundation for model
independent analysis of dynamics. The main practical benefit of
this concept is that it can easily be applied to real life data using
a computable approximation of the theoretical information
distance called the normalized compression distance (NCD) [29].
We have previously applied the NCD to study the dynamical
behavior of discrete network models [30-32]. The NCD based
analysis corroborated and generalized results obtained with
model-specific tools. Here, we show that the NCD based analysis
of system dynamics can also be applied to general executable
models.

As a proof of principle, we apply the NCD based analysis on
a statecharts based executable model of immune decision making
and immune cell behavior [33,34] (Figure la). The model
describes in a simplified fashion the capacity of regulatory T cells
(Tregs) to suppress inflammatory T cell effector functions and the
dependence of this suppression on Cytotoxic T-Lymphocyte
Antigen 4 (CTLA-4), Interleukin-10 (IL-10) and interferon-gamma
(IFN-v) levels (Figure 1a) [33,34]. The model was generated using
GemCell, a statecharts based generic modeling tool that facilitates
detailed simulations of dynamics of multi-cellular biological
systems [35]. Execution of models built using GemCell produce
result files containing a detailed description of the state of the
system at any given time point (Figure 1b). The modeling
framework enabled us to run the model not only under so called
“normal”, or wild type initial conditions, but also allowed us to
generate predicted dynamics of the system under various
experimental initial conditions, such as knock-outs and changes
in the ratios of the different cell populations.
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We present a proof-of-concept methodology for analyzing the
dynamics of complex biological models by building on and
generalizing a previously published methodology demonstrated on
Boolean network models and gene expression data [30,31]. We
show that this extended approach can be successfully applied to
complex models containing multiple types of interactions and
dynamics. To demonstrate this approach, we apply it to
a simplified example of a fine-grained molecular simulation
model, in which there is a low-level representation of the
molecular processes in addition to complex cellular level
simulation. This approach can be easily applied as-is to more
detailed and highly complex multiscale models and is, therefore,
independent of the modeling framework.

Methods

The Simulation Framework

To show the feasibility of our methodology, we applied it on the
output of an executable model that simulates the effect of heat
shock protein (HSP60) on the interactions between two popula-
tions of T cells - Tregs and nTh cells, and the results of these
mnteractions [33,34]. This model was created using GemCell, an
agent-based generic modeling platform [35]. GemCell has three
components that continually interact during model execution: 1) A
computational module created in statecharts [36,37] that describes
the generic rules of cellular behavior; 2) database of biological
specifics (DBS) - a MySQL database that contains the biological
data pertaining to the specific system being modeled, and 3) output
in the form of animation and result files [35].

The database that contains the data for the model holds several
types of information - the number and types of cells and molecules
in the system, numerical discrete parameters, such as concentra-
tions and affinity levels, and general rules such as which cells
express which receptors, which molecules can potentially bind and
interact, and the emergent cellular behavior of these interactions.
The database is constructed in a way that the data in it can be
casily changed, and the user can create different sets of initial
parameters for the execution of the model, or different sets of
interaction rules [35].

The spatial conformation of the model is a 20x20 2D grid.
There are no limits on the number of cells that can be present on
each grid location at any given time point, and there can also be
several types of molecules with different concentrations on the
same grid location. We started each execution with a total of 100
cells dispersed randomly across the grid.

The model is synchronous and simulates the changes in the
dynamics of the system over 30 hours with time resolution of one
hour. Thus, in our analysis 7€{0,1,...,30}. Model execution
produces a set of detailed result files that contain information
about the state of the system at each time point. An overview of
the format of the result files and the information they contain is
shown in Figure 1b. The state of the system is defined by these text
files that include the number, type and state of cells and the
number, type and concentration of molecules at each time point.
The dynamical behavior of the model refers to changes over time
of the entire state of the system.

We executed the model under several different initial condi-
tions: wild type, knock-outs of three major molecular components -
IL-10, IFN-y and CTLA-4, and different ratios of cell quantities of
the two initial cell populations. We also generated a random
model, in which the numerical parameters we used were random,
but the interaction rules remained the same as in the wild type
model. For each initial condition we generated 50 runs
riie{1,2,..,50} of the model to allow for statistical analysis.
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Figure 1. Representation of the simulated biological system. A) A cartoon diagram of the simplified biological system underlying the
modeling. HSP60 and aCD3 serve as activators of the Treg and nTh populations by binding TLR2 and CD3 respectively. The activated Tregs feature
two effector molecules that communicate inhibitory signals to other effector T cells, thereby suppressing proliferation and inflammatory cytokine
secretion (IFN-y and TNF-a). CTLA-4 is a membrane bound inhibitory signal that binds B7 molecules on effector T cells, thus requiring direct cell
contact between Tregs and effector T cells. IL-10 is a secreted molecule that binds IL-10 receptor on effector T cells and thus has spatial influence on
the population. IFN-y acts as an activator of the effector T cells [42-47]. TNF-a secretion was measured, but its pro-inflammatory activity was not
simulated in this simplified model. B) Structure of the state files. The files are tab delimited text files. There is a separate file for each time point of the
model execution period. Each line in a file corresponds to a specific grid location, and contains the information of all the cells and molecules that are
present on that grid location at the time point represented by that file. The first segment of information in the line shows the cells (see green
segment in the figure). For each cell on that grid location there are its specific details: its index in the database, its name and remaining life span, and
its behavioral state. In addition, for each cell there is a list of the receptors it expresses (purple segment). For each receptor, there are its specific
details: its name and its expression level. The last information segment in the line is the diffused molecules information (blue segment). For each
molecule there are its name and concentration on that specific grid location.

doi:10.1371/journal.pone.0059303.g001

More details of the model structure are available in the supporting information distance (NID) [38] measures the amount of shared
information (File S1). information between two objects. The normalized compression
distance (NCD) approximates the NID between two objects, as the

Analysis Tools NID is not computable. A detailed development of the NCD as
We used algorithmic information theory [28] to measure the a valid approximation of the NID is provided in [29]. In our case,
distance between two states of the system. The normalized the two objects are text files that contain the information about the

PLOS ONE | www.plosone.org 3 March 2013 | Volume 8 | Issue 3 | €59303



System Dynamics Analysis of a Biological Model

140 T T
@ R ommn s — Treg
S8 0Bl -wee-- —nTh
0 = ;
. @
83 80[---- activated Treg
= % supressed Th1
2o BOpra=sss ——— activated Th1
g2
$8 401 E— : : : .
g° : : : ' :
< 20 R RLE RRETRTE AREES AR) CCRRERSTY T /\ S AL TTTTEREE =
0 L I I I
0 5 10 15 20 25 30
4 Time (t
B .10 ime (1)
12 T T T T
° 0 S A
s ¥ — HSP60
= o
5 _§ gl ... a0 |
% % — IFNy : ; : :
§"7> B — 10 |- o w22 e 5 o e o 5 w2 s 2 § e o 5 gl e G 1 < e < i
o3 ——— TNFx ; : ‘ .
T (O s S S £ s
o8
23
s 2 i -----------------------------------------------------------------------------------------------
Z
O Il L | | |
0 5 10 15 20 25 30
C Time (1)
1 I I I
~ 0.9
x
=
g
0.8
0.7 | | | | 1
0 5 10 15 20 25 30
D Time (t)
1 | I |
\-:_:‘ .
a
o
F OB 7 s T R S S S R T S SRR RS T AR SIS R I R E R B A I A SRR S P SRR e R RS B =
06 I I i i I
0 5 10 15 20 25 30

Time (t)

PLOS ONE | www.plosone.org 4 March 2013 | Volume 8 | Issue 3 | €59303



System Dynamics Analysis of a Biological Model

Figure 2. Dynamics of the wild type (WT) simulation. a) Changes in the number of cells in each cell population over time, averaged over 50
simulations and b) changes in the concentration levels of the secreted molecules over time, also averaged over 50 simulations. In c) NCD over time
between two consecutive states of one simulation and d) changes over time in the NCD between the same state taken from two distinct simulations.
The average of 50 simulations is shown with the 5th percentile confidence interval. The major changes in NCD in (c) co-occur with the events in a)
and b). There is a clear trend of divergence in d) as the distances between trajectories from different runs increase over time.

doi:10.1371/journal.pone.0059303.g002

state of the system at two time points. The NCD is defined as:

NCD(x,y)= %‘W, where Cy is the compressed size of

the first object, Cy, is the compressed size of the second object, and
C,, is the compressed size of the concatenation of the two objects
(states). We used the LZMA2 compressor to compress the files that
encode the state of the system. We refer the reader to File S1 for
more details.

We used non-metric multidimensional scaling (MDS) to
visualize the state trajectories in a low dimensional space. The
non-metric MDS algorithm was initialized with the solution of the
classical multidimensional scaling algorithm. We used Kruskal’s
stress criterion as an objective function.

For MDS, we created a global NCD distance matrix between all
the states from each of the “setups”, the wild type, and the IL-10,
IFN-y and CTLA-4 knock-outs. For any two setups, the NCD
distance matrix has a size of (50 x31, 50 x31) = (1550,1550). For all
the four setups, the NCD distance matrix has a size of (4x1550,
4x1550)=(6200x6200). The overall computational cost of
building the NCD distance matrix is high, but can be mitigated
by the fact that the computation can be done in parallel (see File
S1).

To quantify the information flow within the system, we defined
the convergence or divergence of states based on whether the
distance between them increases or decreases over time. We
measured the distance between two states with the NCD. First, we
computed the NCD between two states (ri(t1),7(72)),
rie{1,2,..,50}, r;e{l,2,...,50} 11 €{0,1,...,29},
t,€{0,1,...,29},: NCD(ri(t1),rj(t2)). The NCD values were zero
when :=; and {; =¢. These values were eliminated from the
analysis. Next, we computed the NCD between the consecutive
states: NCD(ri(t; 4 1),rj(t2+1)). This was repeated for all possible
pairs (7(71),7j(2)). Due to computational constraints, we random-
ly selected twenty simulation runs and as a result, we obtained
a map of convergence and divergence of distances over time. For
this map, we computed the probability density function (pdf) of the
NCD points using two dimensional Gaussian kernel density
estimation with automatic bandwidth selection [39]. The grid size
for the kernel density estimation was 256 x 256.

For visualization, we chose contour levels for the estimated
density such that we had high resolution in the regions of small
probability values and low resolution in the regions of large
probability values (see File S1).

Results

The behavior of the simulated system under wild type
conditions, in terms of the different cells and molecules present
in the system, is shown in Figure 2a-b. These can be used to
quantify what is happening in the simulation over time. A more
detailed description of the model can be found in the supporting
information (File S1) and in [33,34]. The execution of the model
under wild type conditions begins with two populations of cells
ten T regulatory cells (Tregs) and 90 naive T cells (nTh) [40]. In
addition, there are two secreted agents diffused in the environment
(medium) — HSP60 and aCD3, which serve as activators of the two
cell populations (Figure la). There is no additional secretion of
these two agents, so, as execution time progresses, these molecules
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gradually disperse in the environment and interact with the cells,
and, thus, progressively disappear from the system (Figure 2b). By
time point 2, they both almost completely vanish from the model.
The activation of the Treg population by HSP60 and aCD3 causes
it to differentiate to a new population of cells — activated Tregs,
and the activation of the nTh population by aCD3 leads to its
differentiation to another new population of cells — Thl Cells
(Figure la). These two differentiation events occur around
simulation time points 10-11 (Figure 2a). At around time point
12-13, the new populations of cells start secreting molecules that
were not previously present in the environment— IL-10, IFN-y and
TNF-o (Figure la, Figure 2b). The interaction between the
activated Tregs and the Thl cells causes parts of the latter to go
through another differentiation event at around time point 15,
producing another new cell population — suppressed Thl cells
(Figure 1la, Figure 2a). This new population switches from
secreting IFN-y and TNF-a to secreting IL-10 (Figure la). At
around time point 18-19, the Thl population goes through
a proliferation event towards a new cell population, activated Thl
cells (Figure 2a), which in turn secretes higher levels of IFN-y and
TNF-a (Figure 1a). The activated Thl cells are also regulated by
the activated Tregs, and go through a differentiation event that
produces more suppressed Thl cells at around time point 22
(Figure 2a).

To see if the NCD is able to detect these events from the state
data, we first compared two consecutive states (Figure 2c). There is
a major change in the NCD at three time instants. The first event
t=1 corresponds to the depletion of HSP60 and aCD3 molecules
as discussed above. Consecutively, events at =11 and ¢=17
correspond to two differentiation events. This indicates that
relevant information about the system’s behavior can in fact be
extracted with the NCD. The comparison of distances between
two trajectories over time indicates a general diverging trend in the
dynamical behavior, due to the random movement of the
molecules in the system (Figure 2d). We present a more detailed
analysis of the states of the system in Figure S1, where we analyze
the cell populations and the secreted molecules separately. The
results are consistent with what we have presented in Figure 2c—d.

To study the behavior of the system in more detail, we
computed a distance matrix to measure the similarity of all the
pairs of states (see Methods). We applied the non-metric
multidimensional scaling algorithm to this distance matrix to
project the distances into three-dimensional space. We studied the
similarity of the trajectories given by different perturbations of the
system, by connecting the resulting data points in temporal order.
While a metric, the dynamic range of NCD is not linear. Thus, the
transformation to a more general rank based space allows the
objective comparison of distances in a scale independent manner.

Figure 3 shows the trajectories for the wild type as well as for IL-
10, IFN-y and CTLA-4 knock-out systems. It is clear that there is
a diverging trend of the trajectories. To quantify this divergence,
we computed the pair-wise Euclidean distance between each of the
trajectories of the perturbations and the wild type trajectory
(within the multidimensional scaling solution). Here we can see
that the effect of C'TLA-4 knock-out is smallest as the trajectory is
most similar to that of the wild type. IL-10 and IFN-y knock-outs
clearly cause more dramatic effects on the system’s dynamics in
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Figure 3. Non-metric multidimensional scaling of state trajectories. a) 3D state trajectories of wild type (WT), IL-10, IFN- y and CTLA-4 knock-
outs (KO); b) the Euclidean distance between the trajectories in relation to wild type, denoted as (d(-, WT)). Average of 50 simulations is shown.

doi:10.1371/journal.pone.0059303.9g003

comparison to the wild type. We can also observe that the
trajectories of IL-10 and C'TLA-4 are similar to each other, while
that of the IFN-vy is different. This corresponds to the similarities in
the inhibitory effects of IL-10 and CTLA-4 on the cell populations,
in contrast to the pro-inflammatory effect of IFN-y. We present
a similar analysis in Figure S2, where instead of knock-outs, we
alter the ratios of the cell populations of Tregs and nTh at the
beginning of the simulation.

While the MDS analysis provides a clear insight into the
system’s dynamics, it is based on a projection into a low
dimensional Euclidean space. This representation contains only
the most relevant information in terms of the minimized stress
criteria. To obtain an alternative, more quantitative view into the
dynamics, we study the information flow in the system over time
(see Methods). The resulting maps of convergence or divergence of
state trajectories are shown in Figure 4. Visually, it is clear that
cach experimental condition exhibits a high peak of the
probability density function approximately in the same region of
the NCD values, where most of the points lie. The differences
between the systems arise in isolated areas (islands) of pair-wise
distances between states. These events are much less frequent than
the events at the highest peak of the density, but are still clearly
established and consistent between different simulations.

In addition to the wild type and knock-out conditions, we also
analyzed the behavior of a random model (see Methods), to see the
effect of the constraints of the structure of the model on its
dynamical behavior (Figure 4a). This random model shows very
concentrated dynamical behavior as the distance between the
mitial and consecutive states remains approximately the same
(most points lie on the diagonal). In addition, the shape of the
distribution is quite similar to the main peak seen in the other
simulations. In comparison, the wild type simulation shows a wider
range of dynamical behavior, including islands where the in-
formation flow is constrained (Figure 4b). The conclusions
provided by this analysis are consistent with those drawn from
the multidimensional scaling study. Here as well, the CTLA-4
dynamical behavior (Figure 4¢) is more similar to wild type than
the other two perturbations, and CTLA-4 and IL-10 are more
similar to each other than to IFN-y. In terms of similarity to the
wild type, C'TLA-4 is followed by IL-10 and IFN-y (Figures 4c—d).

To assess the degree to which such global information-theoretic
analysis can reflect experimentally quantifiable phenomena, we
performed an additional simulation. So far, we have considered
perfect knock-outs of secreted molecules. In real biological systems
the knock-out is hardly ever perfect, but only lowers the expression
level of the target molecule to a certain degree. Such a partial
knock-out can be quantified by measuring the expression of the
molecule before and after the knock-out. Analogously, the effect of
the knock-out could be observed from the representation of
Figure 2b. However, this simple readout says nothing about the
effect on the dynamical behavior. Our analysis can be used to
understand the effect of knock-out efficiency on system dynamics.
To prove the concept, we simulated a knock-out of IL-10 at 25,
50, 75, and 100% efliciency (Figure 5). Here we clearly see that
25% knock-out has very little effect on the dynamics when
compared to the wild type. We, therefore, argue that higher
efficiency is needed to have a biological effect. The 50% and 75%
knock-outs clearly have a stronger effect on the dynamics, but they
are still far from the perfect knock-out. Thus, the observed
biological response would also be very different depending on the
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knock-out efficiency. The convergence-divergence maps for the
partial knock-out experiments show that the dynamics become
increasingly different with the knock-out efficiency (Figure S3).
However, major effects between knock-outs cannot be visually
observed from this analysis and thus the result presented in
Figure 5 is more informative as a visualization for analyzing partial
knock-outs.

Discussion

Common practice in complex systems analysis is to analyze
dynamical systems with model class specific tools. These are highly
informative and effective in revealing the specific properties of the
systems. However, as these methods are specially designed for each
model class, the comparison and generalization of results between
classes is challenging. In our previous work, we have successfully
applied algorithmic information theory to Boolean and ternary
network models [30,31]. In this study, we are extending our
previous approach to more fine-grained molecular models. This is
the first approach that has been developed and successtully applied
to the analysis of statecharts based systems. An algorithmic
information theory based approach was able to extract relevant
information from the highly complex state representation of the
model, which incorporated both molecular and cellular informa-
tion. The approach demonstrated here can be successfully applied
to the output description of the state of the system of any
executable model, independent of the modeling framework used.
A comparable analysis with a Shannon information based
approach would be difficult to apply in practice. In order to use
a distribution based distance measure, the files would need to be
encoded so that the alignment of the symbols is preserved. In
addition, the state structure can also change, e.g. when the number
of cells in the model increases due to cell division. In such cases,
devising a classical information measure to compare the states
before and after cell division requires an intimate knowledge of the
significance of the different parts in the state description. Our
NCD based approach was able to solve these problems
automatically by using sequence complexity instead of symbol
probabilities.

We used different data representation techniques that allowed
us to observe the informational dynamics of a model of immune
decision making and immune cell behavior. Multidimensional
scaling based analysis allowed the representation of state
trajectories in low dimensional space. Such representation will
allow, for instance to study the relationships and transitions
between attractors or steady states of the underlying system. With
partial knock-outs we presented an example of how this approach
can be used to produce experimentally quantifiable biological
predictions in addition to general theoretical insights on the basis
of system-level information dynamics.

We also studied the information flow in the systems. For this
type of systems the sampling of the whole state space is not feasible
and thus, we cannot build a complete map of the dynamical
behavior. However, using a randomized model as a background
and analyzing the range of observed dynamics in different knock-
outs we were able to establish clear differences in dynamical
behavior. We observed multiple domains where the information
flow was constrained in comparison to random or wild type
models. While we have shown that these observations can be
informative about system dynamics, further development of
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Figure 4. Quantification of the information flow in the random model, the wild type and perturbations. Information flow in a) random
model, b) wild type (WT), c) IL-10, d) IFN-y and e) CTLA-4 knock-outs (KO). While the information flow in the random model is focused in a narrow
area, the wild type and knock-out simulations are more diverse, with each system exhibiting characteristic dynamical behaviors.
doi:10.1371/journal.pone.0059303.9g004
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Figure 5. State trajectories for the IL-10 partial knock-outs (KO). Wild type IL-10 (WT) is compared with knock-outs at 25%, 50%, 75% and
100% efficiency. a) 3D representation of state trajectories. b) The Euclidean distance between wild type and knock-out trajectories is denoted as
d(-,WT)). While the knock-outs are performed in linear steps, the effect on the dynamical behavior is nonlinear. 25% knock-out has only a small effect
on dynamics while 50% and 75% show approximately equal effect, which is not as strong as with 100%. Data is shown as an average across 50

simulations.
doi:10.1371/journal.pone.0059303.g005

systems theory is needed before the characteristics of such a limited
sampling of state space can be tied to global dynamics of the
system. Any computational model is a significant simplification of
the real system. In this study, our model describes in a simplified
fashion the capacity of regulatory T cells (Tregs) to suppress
inflammatory T cell effector functions and it characterizes the
dependence of this suppression on Cytotoxic T-Lymphocyte
Antigen 4 (C'TLA-4), Interleukin-10 (IL-10) and interferon-gamma
(IFN- 7) levels. The goal of the model is to capture the interplay
between these molecules, which subsequently leads to the control
of cell proliferation and differentiation, analogously to the events
in real biological systems. Our analysis is able to identify
proliferation and differentiation events from the time series of
output files that contain the state of the entire system. The timing
of these events in the NCD analysis is consistent with what we
expect from the simulation of the model. The further analysis
where we compare the trajectories of the system in response to
different knock-outs provides more in-depth knowledge on how
the global behavior of the system is altered. Such system level
properties cannot be quantified directly from the model output or
from observing the biological system by any single experiment.
Predictions derived from the system level analysis can directly be
tested, such as the expression level needed to have an effective
knock-out of the molecules.

In recent years there has been a growth in the demand and the
corresponding development of multiscale models of biological
systems. These models capture multiple abstraction levels such as
genes, proteins, cells, tissues, organs and even whole organisms.
The dynamics of the biological systems captured by these models
are inherently highly complex. Studying the global dynamics of
biological systems has the potential to generate insights regarding
the general state of the system. For example, some aspect of the
global dynamics of a certain system may correspond to a shift that
system goes through from a healthy state towards a disease state.
Predictive models could be used to explore possible parameters
that cause the simulated system to shift towards such a dynamical
state of disease. These parameters could then potentially be
experimentally measured or even manipulated in the lab.
Similarly, parameter changes could be identified to trigger the
system to return to its normal healthy state. Even though the
model we used as a case study in this paper is a somewhat
simplistic example of a fine-grained simulation model, the
information theoretic approach we present offers a method of
understanding system dynamics and using it for optimization or
control.

In conclusion, we have shown that algorithmic information
theory provides a suitable framework for the analysis of fine
grained-molecular simulation models and arbitrary model classes,
making model comparison more straightforward. The methodol-
ogy based on this framework is applied to a state description of the
system, which is an output of a simulation of the model, and this is
model framework independent and can be successfully applied to
models at various abstraction levels. The analysis of the dynamics
of an immune system model also demonstrated the potential of this
approach to make experimentally quantifiable predictions. This
approach can be easily applied as-is to more detailed and highly
complex multiscale models. We believe that the proposed
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methodology is a step forward in understanding the dynamics of
complex multiscale biological models that represent the behavior
of the whole cell or even organism [41].

Supporting Information

Figure S1 Dynamics of the wild type (WT) simulation in
terms of molecular and cellular features. NCD over time
between two consecutive states of one simulation using only a), b)
molecular features and c), d) cellular features. In a),c) NCD over
time between two consecutive states of one simulation and b),d)
changes over time in the NCD between the same state taken from
two distinct simulations. While molecular features are more
consistent with the overall dynamics, both analyses, the one
presented in figure 2 of the main paper and the present one, give
consistent results. Average over 50 simulations and the 5 percentile
confidence interval are shown.

(TTFF)

Figure $2 Non-metric multidimensional scaling of state
trajectories. a) 3D state trajectories for simulations with different
ratios of initial cell types: 10-90 (wild type (W), 30_70 ratio,
50_50 ratio, 70_30 ratio, and 90_10 ratio; b) the Euclidean
distance between the trajectories in relation to wild type, denoted
as d(-,WT). Average of 50 simulations is shown. Each ratio system
leads to distinct state trajectories and thus the results are analogous
to different knock-out simulations.

(TTIFF)

Figure 83 Quantification of the information flow in the
partial knock-outs (KO) of the IL-10 perturbation.
Information flow in the a) wild type IL-10 (WT), b) IL-10 KO
at 25% efficiency, c) IL-10 KO at 50% efficiency, d) IL-10 KO at
75% efficiency e) IL-10 KO at 100% efficiency. The partial knock-
out experiments show that the dynamics become increasingly
different with the knock-out efficiency.

(TIFF)

File S1 Supporting information. Additional information
regarding analysis methodologies and model description.
(DOC)

File S2 Knockout simulations. Data files used for knockout
simulation analysis.

(Z1P)

File 83 Cell population ratio simulations. Data files used
for cell population ratio analysis.

(Z1P)

File S4 Random meodel. Data files used to generate a random
model.
(Z1IP)

File S5 Partial knockout simulations. Data files used for
partial knockout simulation analysis.

(Z1P)

File S6 Cellular features. Data files used to analyze only the
cellular features.
(ZIP)
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File S7 Molecular features. Data files used to analyze only
the molecular features.

(Z1P)

File S8 Cellular and molecular data from the model.
Data files with information from the model used to generate
Figure 2.

References

1.

2.

21.

22.

23.

Harel D (2003) A Grand Challenge for Computing: Full Reactive Modeling of
a Multi-Cellular Animal. Bull Eur Assoc Theor Comput Sci 81: 226-235.
Harel D, Pnueli A (1985) On the Development of Reactive Systems. Logics and
Models of Concurrent Systems F: 477-498.

. Fisher J, Henzinger TA (2007) Executable cell biology. Nature biotechnology 25:

1239-1249.

. Albert R, Othmer HG (2003) The topology of the regulatory interactions

predicts the expression pattern of the segment polarity genes in Drosophila
melanogaster. Journal of theoretical biology 223: 1-18.

. Barjis J, Barjis I (1999) Formalization of the Protein Production by Means of

Petri Nets. Information Intelligence and Systems: 4-9.

. Calder M, Duguid A, Gilmore S, Hillston J. Stronger Computational Modelling

of Signalling Pathways Using Both Continous and Discrete-State Methods. In:
Priami C, editor; 2006; Trento, Italy. LNCS. 63-78.

. Chaouiya C (2007) Petri net modelling of biological networks. Briefings in

bioinformatics 8: 210-219.

. de Jong H (2002) Modeling and simulation of genectic regulatory systems:

a literature review. Journal of computational biology : a journal of computational
molecular cell biology 9: 67-103.

. D’Haeseleer P, Liang S, Somogyi R (2000) Genetic network inference: from co-

expression clustering to reverse engineering. Bioinformatics 16: 707-726.

. Efroni S, Harel D, Cohen IR (2007) Emergent dynamics of thymocyte

development and lineage determination. PLoS computational biology 3: e13.

. Tisher J, Piterman N, Hajnal A, Henzinger TA (2007) Predictive modeling of

signaling crosstalk during C. elegans vulval development. PLoS computational
biology 3: €92.

. Fisher J, Piterman N, Hubbard EJ, Stern MJ, Harel D (2005) Computational

insights into Caenorhabditis elegans vulval development. Proceedings of the
National Academy of Sciences of the United States of America 102: 1951-1956.

. Friedman N, Linial M, Nachman I, Pe’er D (2000) Using Bayesian networks to

analyze expression data. Journal of computational biology : a journal of

computational molecular cell biology 7: 601-620.

. Ideker TE, Thorsson V, Karp RM (2000) Discovery of regulatory interactions

through perturbation: inference and experimental design. Pacific Symposium on
Biocomputing Pacific Symposium on Biocomputing: 305-316.

. Kam N, Cohen IR, Harel D (2001) The Immune System as a Reactive System:

Modeling T Cell Activation with Statecharts. Proc Visual Languages and
Formal Methods: 5-7.

. Lakin MR, Loic P, Phillips A (2012) Stochastic Simulation of Multiple Process

Calculi for Biology. Theoretical Computer Science 431: 181-206.

. Li G, Ge QW, Nakata M, Matsuno H, Miyano S (2007) Modelling and

simulation of signal transductions in an apoptosis pathway by using timed Petri
nets. Journal of biosciences 32: 113-127.

. LiF, Long T, Lu Y, Ouyang Q, Tang C (2004) The yeast cell-cycle network is

robustly designed. Proceedings of the National Academy of Sciences of the
United States of America 101: 4781-4786.

. Priami C, Regev A, Shapiro EY, Silverman W (2001) Application of a Stochastic

Name-Passing Calculus to representation and Simulation of Molecular Pro-
cesses. Inf Process Lett 80: 25-31.

. Regev A, Silverman W, Shapiro E (2001) Representation and simulation of

biochemical processes using the pi-calculus process algebra. Pacific Symposium
on Biocomputing Pacific Symposium on Biocomputing: 459-470.

Sachs K, Perez O, Pe’er D, Lauffenburger DA, Nolan GP (2005) Causal protein-
signaling networks derived from multiparameter single-cell data. Science 308:
523-529.

Sadot A, Fisher J, Barak D, Admanit Y, Stern MJ, et al. (2008) Toward verified
biological models. IEEE/ACM transactions on computational biology and
bioinformatics/IEEE, ACM 5: 223-234.

Setty Y, Cohen IR, Dor Y, Harel D (2008) Four-dimensional realistic modeling
of pancreatic organogenesis. Proceedings of the National Academy of Sciences of
the United States of America 105: 20374-20379.

PLOS ONE | www.plosone.org

1

System Dynamics Analysis of a Biological Model

(Z1P)

Author Contributions

Conceived and designed the experiments: AS SS JK WZ MN IS.
Performed the experiments: AS SS. Analyzed the data: AS SS JK HAK
MN IS. Wrote the paper: AS SS JK MN IS.

24.

25.

26.

27.

28.

30.

31.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

Simao E, Remy E, Thieffry D, Chaouiya C (2005) Qualitative modelling of
regulated metabolic pathways: application to the tryptophan biosynthesis in
E.coli. Bioinformatics 21 Suppl 2: ii190-196.

Meiss JD (2007) Differential Dynamical Systems; Haberman R, editor.
Philadelphia: Society for Industrial and Applied Mathematics. 412 p.

Luque B, Sole V (2000) Lyapunov exponents in random Boolean networks.
Physica A: Statistical Mechanics and its Applications 284: 33-45.

Cover TM, Thomas JA (1991) Elements of Information Theory. Hoboken, New
Jersey: John Wiley and Sons, Inc.

Li M, Vitanyi P (2008) An Introduction to Kolmogorov Complexity and its
Applications: Springer Verlag.

. Cilibrasi R, Vitanyi PMB (2005) Clustering by Compression. IEEE Transactions

on Information Theory 51: 1523-1545.

Nykter M, Price ND, Aldana M, Ramsey SA, Kauffman SA, et al. (2008) Gene
expression dynamics in the macrophage exhibit criticality. Proceedings of the
National Academy of Sciences of the United States of America 105: 1897-1900.
Nykter M, Price ND, Larjo A, Aho T, Kauffman SA, et al. (2008) Ciritical
networks exhibit maximal information diversity in structure-dynamics relation-
ships. Physical review letters 100: 058702.

Galas DJ, Nykter M, Carter GW, Price ND, Shmulevich I (2010) Biological
Information as Set-Based Complexity. IEEE Transactions on Information
Theory 56: 667-677.

Amir-Kroll H, Sadot A, Zanin-Zhorov A, Cohen IR, Harel D, et al. (2012)
Analyzing Immune Decision Making and Immune Cell Behavior by a Generic
Cellular Interaction-Based Modeling Method (GemCell). Submitted.

Sadot A (2008) On Specific and Generic Modeling of Complex Biological
Systems. Rehovot: The Weizmann Institute for Science. 77 p. http://www.cs.
tut.fi/sgn/csb/execmodel.

. Amir-Kroll H, Sadot A, Cohen IR, Harel D (2008) GemCell: A generic Platform

for Modeling Multi-Cellular Biological Systems. Theoretical Computer Science
391: 276-290.

Harel D (1987) Statecharts: a visual formalism for complex systems. Science of
Computer Programming 8: 231-274.

IBM website. Available: http://www.ibm.com/software/awdtools/rhapsody/
Accssed 2013 Feb 13.

Li M, Chen X, Li X, Ma B, Vitanyi PMB (2004) The Similarity Metric. IEEE
Transactions on Information Theory 50: 3250-3264.

Botev ZI, Grotowski JF, Kroese DP (2010) Kernel Density Estimation via
Diffusion. The Annals of Statistics 38: 2916-2957.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M (2008) Regulatory T cells and
immune tolerance. Cell 133: 775-787.

Karr JR, Sanghvi JC, Macklin DN, Gutschow MV, Jacobs JM, et al. (2012) A
Whole-Cell Computational Model Predicts Phenotype from Genotype. Cell 150:
389-401.

Shevach EM (2009) Mechanisms of foxp3+ T regulatory cell-mediated
suppression. Immunity 30: 636-645.

von Boehmer H (2005) Mechanisms of suppression by suppressor T cells. Nature
immunology 6: 338-344.

Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, et al. (2008)
CTLA-4 control over Foxp3+ regulatory T cell function. Science 322: 271-275.

. Paust S, Lu L, McCarty N, Cantor H (2004) Engagement of B7 on effector T

cells by regulatory T cells prevents autoimmune disease. Proceedings of the
National Academy of Sciences of the United States of America 101: 10398—
10403.

Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, et al. (2008)
Regulatory T cell-derived interleukin-10 limits inflammation at environmental
interfaces. Immunity 28: 546-558.

Zanin-Zhorov A, Cahalon L, Tal G, Margalit R, Lider O, et al. (2006) Heat
shock protein 60 enhances CD4+ CD25+ regulatory T cell function via innate
TLR2 signaling. The Journal of clinical investigation 116: 2022-2032.

March 2013 | Volume 8 | Issue 3 | €59303



