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ABSTRACT

Remarkable progress in various fields of biology is leading in the
direction of a complete map of the building blocks of biological
systems. There is broad agreement among researchers that 21
century biology will focus on attempting to understand how
component parts collaborate to create a whole. It is also well
agreed that this transition of biology from identifying the building
blocks (analysis) to integrating the parts into a whole (synthesis)
should rely on the language of mathematics. In a recent
publication, we described the results of a first attempt at
confronting the above challenge using the visual formalism of
statecharts. We presented a detailed model for T cell activation
using statecharts within the general framework of object-oriented
modeling. In this work, we compare the statechart-based modeling
approach to a Boolean formalism presented by Thomas & D’ Ari.
This comparison was done by taking a model for T cell activation
and anergy, which was constructed by Kaufman et al. using such a
Boolean formalism, and translating it into the language of
statecharts. Comparing these two representations of the same
phenomena allows us to assess the advantages and disadvantages
of each modeling approach. We believe that the results of this
work, together with the results of our previous modeling work on
T cell activation, should encourage the use of visual formalisms
such as statecharts for modeling complex biological systems.

1. INTRODUCTION

There is broad agreement among researchers that biological
research must prepare for the transition from analysis (the
reduction of observations to elemental building blocks) to
synthesis (the integration of the parts into a whole) [1], and that
this transition should rely heavily on the language of mathematics
[2-4]. This is particularly needed in the field of immunology. Over
the last several decades there has been an explosion of
experimental data describing the cellular and molecular
components that are involved in the activity of the immune system.
“At the present time, however, there is an emerging need to
understand the system as it functions as a whole” [5].

An illustrative example for the current situation in immunological
research is the case of cytokine networks. Cytokines are small
protein or glycoprotein messenger molecules that convey
information from one cell to another. Various aspects of the
immune response are regulated by cytokine networks. More than
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200 cytokines have now been identified, and more than 12,000
papers on cytokines have been published in 1999 alone. Yet,
although many details of particular cytokine interactions have been
elucidated, “practically nothing is known about the behavior of the
network as a whole” [6].

In search for an appropriate mathematical language for modeling
biological systems, we examined formal modeling methods in
computers that were originally developed for system design.
Software and system engineers need formal models that faithfully
represent the system under design. Instead of constructing models
that represent only fragments of the system, which are useful for
investigating a limited number of questions, formal modeling
methods in computer science ecnable the construction of
comprehensive models for complex reactive systems'. Such
models are useful for investigating the behavior of the system
under many given scenarios (e.g., what will happen if button A is
pressed while signal X is still being processed, handle H is pulled
down and the temperature is 25°?), as well as for checking the
validity of various properties (e.g., verifying that under no
circumstances will the doors of an elevator open while the elevator
is between two floors).

In a previous paper [8], we presented a model for T cell activation,
using the visual formalism of statecharts [9], as implemented in
the general framework of object-oriented modeling [10-11]. We
aimed at constructing a model that will include essentially all the
relevant immunological data as presented in a standard textbook
[12] and some additional updated reviews. The model included
more than 20 distinct object classes, for which both static
properties and dynamic behavior were described in a diagrammatic
manner. Having such a formal model in hand, we were able to run
simulations of the model, using the Rhapsody tool [13]. The model
was executed for several different immunological scenarios [8]. By
and large, the behavior we encountered for most executions
followed our expectations, except of one case: we found that in
our model, the T cells could not reach a stable memory state. It
was found that this mismatch with experimental data was due to
some biological piece of information that did not appear in the
scientific literature on which the initial model was based. In this

! For the definition of reactive systems see [7]; its implications for
biological systems is discussed in [8].



specific case, we found the missing part of the puzzle after an
extensive search in the literature, and revised the model
accordingly. However, it may very well be the case that other such
mismatches will need new experimental work to be solved. This is
one of the major purposes of modeling: “one of the beauties of
mathematical modeling is that it raises questions that may not have
been addressed before” [6].

In the present paper, we carry out a comparison between the
statechart-based modeling approach and an alternative modeling
approach, based on a Boolean formalism presented by Thomas &
D’Ari [14]. In this context, we examined a recent model for T cell
activation that was constructed by Kaufman et al. using such a
Boolean formalism [15] and constructed an analogous model using
the visual formalism of statecharts. In Sections 2 and 3 we
describe the logical model and the statechart-based model,
respectively. In Section 4 we compare the two modeling
approaches. Section 5 provides some concluding remarks.

2. THE BOOLEAN LOGIC MODEL

2.1 Biological background

The engagement of the T cell antigen receptor (TCR) with its
cognate ligand can lead either to T cell activation or to the
induction of a state of unresponsiveness termed anergy. A large
body of data indicates that several anergy induction pathways may
exist [16]. One of these pathways involves a transient T cell
activation that precedes the induction of unresponsiveness. In their
work [15], Kaufman et al aimed at exploring this form of
“activation-induced anergy”, placing special emphasis on
specifying the conditions leading to positive and negative signaling
of T cells: “Using a simple Boolean formalism developed by
Thomas and coworkers [14], we show how the timing of the
signaling events may affect decision making at branching pathways
and may determine the properties of receptor signaling and final
state of the system” [15].

The model suggested by Kaufman et al is based on several
experimental observations and assumptions (all quotations are
taken from [15]):

. “An important feature of the early events of the TCR
signaling cascade is the activation of protein tyrosine kinase
(PTK) enzymes, endowed with catalytic activity... we
assume here that after stimulation, the phosphorylative
activity of the receptor associated PTK’s increases and may
remain above background level after the ligands have been
removed”.

. “In addition to its positive role in T cell activation, we
postulate that tyrosine phosphorylation also mediates a
supressive effect on the signaling events, which results in the
inhibition of lymphokine secretion and cell proliferation. In
particular, residual PTK activity after ligand dissociation may
be responsible for a defective signal transduction capacity of
the TCR system”.

. Costimulation is required for proper T cell activation. “In the
present model, costimulation does not act to suppress the
negative signal but rather enhances and accelerates the
positive signaling process”.

“Positive signaling (i.e., IL-2 secretion and cell proliferation)
inhibits, through a yet undefined mechanism, the persistent
activity of the PTKs, thus reestablishing the signaling
capacities of the TCR system”.

2.2 Logical Description

The first stage of constructing the logical model was establishing
an interaction diagram, consisted of “a series of events, each
requiring a characteristic time to be realized”. The model shown in
Fig. 1 uses three graphical notations: rectangles represent events,
solid arrows marked with a plus sign represent interaction between
events (i.e., one event favors or activates the other) and dashed
arrows marked with a minus sign represent negative interactions
between events (i.e., one event suppresses the other). According to
this interaction diagram, the event of Free ligand (f) favors the
event of Bound TCRs (b) which by its own activates the PTK. PTK
activity (k) accelerates itself, activates the Inhibitory pathway (x)
and gets suppressed by Positive signaling (s). Positive signaling is
favored by PTK activity and Costimulation, and suppressed by the
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Figure 1: Schematic interaction diagram (adopted from [15])

Logical variables and logical equations:

Four logical variables, which represent four of the above described
events, define the state of the system. The variables are b, k, x and
s, representing Bound TCRs, PTK activity, Inhibitory pathway and
Positive signaling, respectively (Free ligand and Costimulation
are not accounted for explicitly). Assigning the value of 1 to a
variable means that the event that it represents is taking place.
Thus b=1 means that the TCR is bound to a ligand, otherwise b=0.
Similarly, x=1 means the Inhibitory pathway is active, otherwise
x=0.

The dynamics of the system is governed by four logical functions,
B, K, X and S, attached to each of the four logical variables b, k, x
and s, respectively. These functions describe the transition rules
that reflect the “evolution of the state variables under the influence
of the signaling interactions”. A logical function gives, at any time,
the future value toward which its associated variable will tend as a
function of the present state of the system. For example, the
function B=0 implies that no matter what is the current value of the
variable b, at the next step it will receive the value 0. Similarly, the
function X=k implies that the future value of the variable x is
determined by the current value of the variable k.



The following logical functions were defined for the model (x
denotes NOT x, z.y denotes z AND y, and z + y denotes z OR y):

= +
State table:

Table 1. State table for Eqgs. 14
b k b'd s B K X S
© 0 0 0) 0 0 0 0
0 0 1 0 0 0 0
0 0 1 1 0 0 0 0
0 0 1 0 0 0 0 0
© 1 1 0) 0 1 1 0
0 1 1 1 0 0 1 0
0 1 i} i 0 0 1 0
0 1 i} 0 0 1 1 0
1 1 i} ] 0 1 1 1
1 1 [} 1 0 1 1 1
1 1 1 1 0 1 1 0
1 1 1 0 0 1 1 0
1 [ 1 0 0 1 0 0
1 i 1 T 0 1 0 0
1 [} 0 T 0 1 0 0
T [} 0 0 0 1 0 0

Equations 1-4 make it possible to compute a state table (Table 1)
that provides the values of the logical functions (right half of the
table) for each of the 2* possible combinations of the state
variables (left half of the table). For example, at the last line of the
table b=1, and k=x=s=0. The logical functions' values
corresponding to this state of the system are K=1, B=X=S=0. This
implies that at the next step two logical variables would be
commanded to change there values: b should shift from 1 to 0

(with time delay tE ), and k should shift from 0 to 1 (after a time
delay of ty).

Transition diagram:

From the state table one can derive all the possible temporal
sequences of logical states, starting from any initial state (Fig. 2)°.
Continuing with the last line of the table (marked in Fig. 2 as 'time
0"), the asynchronous updating strategy adopted for this model
implies that b and k will change their values one at a time.
Therefore, after these two variables are commanded to shift their
values, the system can transform in to one of two possible

% A plus or minus sign over a logical value indicates that that
variable is being driven upward (0 to 1) or downward (1 to 0),
respectively. Parentheses indicate a stable state.

3 An asterisk indicates stages corresponding to T cell activation

(s=1).

conformations: if £ <f, (ie, the time delay for ligand

dissociation is shorter than the time delay for PTK activation), the
system will adopt the steady state b=k=x=s=0 (path 1), since b
will change its value before k gets the chance of doing so. If

tZ > t, , the next state of the system will be 1100, from which the

dynamic behavior can drive the system through three different
branches. Following this kind of analysis, one can derive all
possible scenarios that may evolve in the system, starting from any
initial conditions. These scenarios are defined in terms of relations
between time delays that characterize the various transitions the
system can take.

ig re : Transition diagram ado ted rom

The model presented in this section is based on the same
assumptions that were presented by Kaufman et al 1 . Therefore,
no re-binding of ligands is assumed, and co-stimulation is not dealt
with explicitly.

The system, as described by Kaufman et al, consists of four ob ect
classes (Fig. ): s s and
Three different relationships are defined in the model:
1. and are components of the composite ob ect.
2. and are associated by the Bind relationship.
and are associated by the Interact relationship.
The attributes of each of the simple classes are also shown. These
attributes represent the characteristic time delays of each class:
binding and association delays in the case of igand and TCR, and
activation and inactivation delays in the case of PTK. Similarly,
the Tcell composite class carries with it attributes that represent
time delays having to do with the activation and suppression of the

* A detailed description of the modeling approach we used will
appear in eanwhile, such a description can be found at
1

Actually, the T cell does not appear explicitly either in the model
diagram (Fig. 1) or in the logical analysis. et, it is definitely
part of the system described by the model.
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