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ABSTRACT 
The mammalian immune system is capable of highly sensitive 
and specific responses when challenged by pathogens. It is 
believed that the human immune repertoire -- the total number 
of distinct antigens that can be recognized - is between lo9 and 
IO”. The most specific responses are cell mediated and involve 
complex and subtle communications among the immune cells 
via small proteins known as cytokines. 

The details of host-pathogen response are exceedingly complex, 
involving both intracellular and extracellular mechanisms. 
These include the presentation of antigen by €3 cells to helper T 
cells and subsequent stimulation of signal transduction pathways 
and gene expression within both B and T-cell populations. 
These in turn lead to the secretion of cytokines and receptor 
expression. Intercellular cytokine signaling can trigger a host of 
immune responses including the proliferation and specialization 
of nayve immune cells and the marshaling of effector cells to 
combat infection. 

In the ever-evolving game of threat and countermeasure played 
out by pathogens and their intended hosts, there are direct 
assaults aimed at subverting the immune system’s ability to 
recognize antigens and respond effectively to challenge by 
pathogens. Staphylococcus is one of these. Staph. bacteria 
secrete a variety of toxins known generically as superantigens. 
Superantigen molecules bind simultaneously to the MHC 
receptors of antigen presenting cells and the TCR receptors of 
helper T cells (Figure I), locking them in place and leading to 
overstimulation. This strategy can effectively burn out the 
immune system in a matter of days. 

Figure 1. An antigen presenting B cell and helper T cell 
locked together by Staph. superantigen. 

Human immune response to Staphylococcus antigen is an 
interesting setting for studies in systems biology in several 
respects. First, there are three levels of dynamical system 
description of varying complexity that are possible, even in 
vitro: (I)  the populations of B and T cells in their various 
antigen binding states, (2) the network of cytokine 
communication pathways between individual B and T cells, and 
(3) the intracellular mechanisms of signal transduction, gene 
expression, and protein modification that lead to cytokine and 
receptor production. Secondly, given the current state of 
knowledge, this setting presents two very different types of 
modeling challenges: (1) extracellular processes that are largely 
observable and amenable to dynamical systems modeling, 
coupled with (2) intracellular processes that are largely hidden 
and therefore more suited to empirical machine-learning-based 
inference methods. Finally, the overall complexity of the 
problem is such that any item of information that can be found 
in the literature contributes substantially to the goal of building 
predictive models capable of providing insights into the process 
of immune response. Therefore, text mining becomes an integral 
part of the investigative process. 

In this paper we describe an in vitro study of B and T cell lines 
exposed to Staph. enterotoxin E (SEE). The aim of the study is 
to construct a dynamical model of cytokine-mediated cell 
signaling based on coupled simulation and machine learning 
methods. Model parameters are estimated from experimental 
data derived from enzyme-linked immunosorbent assays 
(ELISA) that monitor the time course of key cytokines and 
chemokines. The resulting model is then validated by additional 
experiments. Machine-learning-based representations of 
intracellular processes are constructed so as to reveal as much as 
possible the dependency of cytokine and receptor outputs of a 
given cell on cytokine-stimulated input signals. Thus the 
methodology described is a kind of bootstrapping process in 
which machine-learning methods are used to reveal hidden 
details that suggest critical experiments that subsequently allow 
more detail to be uncovered. 



Data for the model described in this paper was derived from 
observations of B and T cell mixtures (approximately 10,000 B 
cells to 1,000,000 'r cells) exposed to SEE at a density of 0.5 
pM. Fourteen key cytokines were monitored via ELISA. These 
were cytokines shown in preliminary studies to be differentially 
expressed only in the presence of SEE. Information regarding 
the expression of these cytokines by B and T cells, together with 
information about the expression of their associated receptor 
chain molecules [1,2 I allowed a putative signaling network to be 
constructed as shown in Figure 2. The diagram shows a number 
of autocrine and paracrine signaling channels connecting B and 
T cells. Solid arrows indicate cytokine production, while dashed 
arrows show which associated receptors are expressed on target 
cells. 

Figure 2. Putative cytokine network for 14 key cytokines 
differentially expressed only after exposure to SEE. 

Binding reactions connecting cytokines and their associated 
receptors are given in generic form by the equations below, 
where Xi is a cytokine and RT, is the total concentration of 
associated receptor molecule (bound and unbound forms). The 
source terms 0x1 and OR, represent the production of cytokine and 
receptor respectively by intracellular processes. A degradation 
factor v, is included for cytokines. An algebraic relation links 
the concentration of bound receptors with the concentrations of 
cytokines and receptors based on the dissociation constant ko,. 



The source terms are purely empirical, nonlinear relationships 
with unknown parameters estimated via machine learning. One 
of several functional forms under consideration is the S- 
system-style nonlinear flux expression [3] given in terms of 
bound-receptor input signals with respect to a given cell: 

where 0, may represent either cytokine or receptor sources, and 
the proportionality factors K and kinetic orders g are unknown 
parameters. Optimizing the choice of these parameters by fitting 
the simulated time profile of cytokines to the experimental time 
series yields a particular model realization. 

In this paper we present results from such a model and describe 
how the overall scope of the model may be enlarged in a 
bootstrapping process involving iterative model building and 

experimental design. This expanding scope may in principle 
include a range of additional assays intended to reveal 
intracellular process details such as gene expression via micro 
arrays. We will also discuss how the application of models such 
as these may lead to characterizations of cell signaling 
signatures that may be useful in detecting early-stage host 
exposure to dangerous pathogens, including those with the 
potential for use in bioterrorism. 
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