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Overview

Douglas Lauffenburger

Systems biology is different things to differ-
ent people. One definition, from Lee Hood’s
Institute for Systems Biology [Ideker et al.,
2001], is: “Systems Biology does not investigate
individual genes or proteins one at a time, as
has been the highly successful mode of biology
for the past 30 years. Rather, it investigates the
behavior and relationships of all the elements
in a particular biological system while it is
functioning.” A second, from the US National
Institute of General Medical Sciences [NIH,
2006], is: “Systems biology is a new interdis-
ciplinary science that derives from biology,
mathematics, computer science, physics, engi-
neering, and other disciplines... Most biologi-
cal systems are too complex for even the most
powerful computational models to capture all
the system properties. A useful model, however,
should be able to accurately conceptualize the
system under study and provide reliable predic-
tive values. To accomplish this, a certain level
of abstraction may be required that focuses on
the system behaviors of interest while neglect-
ing some of the other details.” These two defini-
tions clearly recognize complementary aspects
of biological system complexity: the first
emphasizes the number of components under
consideration, while the second features the
quantitative predictive capability and concep-
tual abstraction of system components, proper-
ties and interactions. From where we sit, both of
these aspects are important, for biological sys-
tem complexity is multi-dimensional. To gain

predictive understanding of how phenotypic
behavior of cells, tissues, organs, and organ-
isms is dependent on molecular component
characteristics, scientists and engineers must
incorporate multiple interacting components
and quantitative information concerning their
properties into their studies. Moreover, this pre-
dictive understanding can most effectively be
raised beyond the confines of mere intuition by
constructing computational models of the com-
ponents and interactions, both for hypothesis
generation and hypothesis testing.

A third dimension of biological complexity
must also be considered for purposes of this
particular book, which is aimed at systems biol-
ogy applications to human medical concerns.
This dimension represents the need to move
from analysis of molecular processes in sim-
plified cell culture experimental systems, up
to tissue and organ physiological contexts, to
organisms (patients) and populations thereof.
Although genomics by itself is currently striv-
ing to connect gene sequence and expression
information directly to human pathophysiol-
ogy, there is no question that the most powerful
approach to this connection will be via com-
putational models that move information from
genome to proteome to molecular networks
governing cell functions, then propagate these
models to larger length-scales and time-scales
for eventual prediction of organism pathophysi-
ology in terms of molecular properties. The
notion of these three dimensions of biological
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Mechanistic complexity
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Systems complexity

Single gene

systems complexity is schematically illustrated
in the figure (originally developed by Peter
Sorger for the MIT Computational & Systems
Biology Initiative).

In this book, then, systems biomedicine can be
described as an emerging approach to biomedi-
cal science that seeks to integratively infer, anno-
tate, and quantify multi-variate complexity of the
molecular and cellular processes of living systems,
with ultimate aim of constructing formal algorith-
mic models for prediction of process outcomes
from component input. Systems approaches are
characterized by several key attributes:

1. A pursuit of quantitative and precise data;

2. The comprehensiveness and completeness of
the datasets used;

3. Afocus on interconnectivity and networks of
the component parts;

4. A willingness to define, measure, and
manipulate biological complexity;

5. An interest to computationally (and
therefore quantitatively) predict outcomes.

Certainly it can be said that all of biological
research historically could be characterized by
these descriptors. Any scientific endeavor seeks
to measure and systematize observations (quan-
tification) and, in finding underlying order
(model), would allow scientists to predict out-
come. However, there is an ongoing evolution of
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technologies and experimental approaches that
is changing the conduct of biological research.
The availability of whole genome sequences
provides the complete catalog of genetic knowl-
edge of an entire organism. Multiplex sensors
such as expression arrays and multi-channel
flow cytometry, and high throughput screening
maneuvers generate precise and comprehen-
sive data. Contemporary and developing com-
putational capabilities are sufficiently powerful
to envision capability for computing model-
based inferences and/or predictions even as
the magnitude of systems (in terms of number
of components and their interactions) and asso-
ciated data-sets continue increase. The differ-
ence between systems and reductionist biology
is in the objectivity with which we can analyze
complex data and the resolution afforded by the
completeness of the datasets.

Furthermore, systems biology does not
remain constant from year to year. Obsolescence
occurs in a matter of months. For this reason,
this book has been written and assembled as
a series of linked essays that convey strategies
and processes. The arguments are bolstered by
commissioned chapters on specific topics dis-
cussed in depth. These should be considered
as examples to clarify points and to stress con-
cepts rather than as an encyclopedia of past
knowledge. There will be more departures from
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an expected book on systems biology. Our dis-
cussion will extend from model systems to
human biology and pharmacology. We will
focus on applications of systems approaches
to medical problems and thus the title Systems
Biomedicine. Some would demand that true
systems approaches require precise mathemati-
cal models; however, in this book, because of
the experimental complexity in human sys-
tems, we wish to broaden the inclusion criteria
for systems biology to qualitative systems and
hypothesis generators.

Our attempt to describe systems medicine is
our final experiment. Often, the most rational
experimental strategy is to identify the simplest,
most definable model system to study and then
to construct a computational model around
data output from such systems; ergo, the use of
phage, microbial systems, and yeast. However,
such systems strategies can now be applied to
more complex mammalian systems and even
to study human disease. The experimental sys-
tems approaches to studying a human problem
will, by necessity, be different and potentially
less complete than attacking a question using
prokaryotes simply because the possible solu-
tion space is orders of magnitude greater.
Nevertheless, productive strategies have been
tried and the outcomes have proven useful even
in drug development.

We are attempting to organize this book in
a manner reflecting important distinguishing
characteristics of systems strategies in experi-
mental biology and medicine: comprehensive
(even though not exhaustive) and quantitative
measurement, using quantitative data to con-
struct a model of the system, and defining com-
plexity as an experimental dependent variable.
Finally, we explore the applications of these
principles to biomedical problems.

Rather than an assembly of independent
entries or chapters, we have composed this book
as a narrative. Whereas we cannot project how
this book will ultimately benefit our readers,
we suggest that it is best read in sequence as a

IX

narrative should be heard, starting with Chapter
1 (by Liu) which offers a conceptual introduc- -
tion to systems biomedicine.

The first section of the book lays experi-
mental groundwork. It begins with summa-
ries of experimental technologies in genomics
(Chapter 2, by Liu) and proteomics (Chapter 3,
by Hanash), to set a foundation for the observa-
tions and measurements which motivate, popu-
late, and test associated computational models.
Chapters 4 (by Lauffenburger and Liu along
with associated colleagues) and 5 (by Lim)
describe molecular networks regulating cell
functional responses to environmental inputs,
which form a basis for a wide variety of envi-
sioned models. These are followed by presenta-
tions of two particular manifestations of these
networks ~— cell/matrix adhesion networks
(Chapter 6, by Geiger and colleagues) and .net-
works regulating stem cell behavior (Chapter 7,
by Ng and colleagues).

The second section of the book focuses on
mathematical and computational methods for
modeling of these kinds of molecular networks
and consequent cell behaviors. Chapter 8 (by
Subramaniam and Maurya) starts by outlining
fundamental challenges for network modeling,
followed by three chapters describing differ-
ent modeling approaches. Chapter 9 (by Janes,
Woolf, and Peirce) focuses on “high level”
approaches, which emphasize relational and
logical operations of molecular and cellular
processes, whereas Chapters 10 (by Doyle and
Petzold and associates) and 11 (by Loew and
associates) focus on “low level” approaches in
which details of physico-chemical mechanism
are incorporated. This section is rounded out by
Chapter 12 (by Sauro and Bergmann) discussing
modeling software.

Finally, the third section offers some early
attempts at application of systems biology per-
spectives to particular biomedical science areas
and pharmaceutical industry challenges. With
respect to physiological areas, Chapter 13 (by
Hunter and Cooling) directs systems modeling



toward cardiac pathophysiology, Chapter 14
(by Asthagiri and Giurumescu) to develop-
mental regulation, and Chapter 15 (by Young
and colleagues) to immune system operation.
Important practical focus provides a climax to
this book, with Chapter 16 (by Liu and Qiang)
on pharmacological treatment of disease,
Chapter 17 (by Gaynor and associates at Eli
Lilly) on predictive systems analysis for cancer
drug discovery, and Chapter 18 (by Harrington
and Hodgson) on the applications of systems
concepts to clinical trials.

We close by noting that in each of these three
sections the field is only in its infancy. There
will be continuing acceleration of advance in
experimental methods for gaining increasingly
complete, accurate, and intensive information
of molecular and cellular processes nearing
genome-wide coverage in measurement and
manipulation. This progress will motivate more
diverse, sophisticated, and rigorous computa-
tional modeling algorithms, along with stronger

X OVERVIEW

insistence on dedicated test of model predic-
tions. Most importantly, the number of “success
stories” in which new insights and useful pre-
dictive understanding even of relatively small
and constrained systems are demonstrated
should at least slowly but surely increase. We
confidently anticipate that these successes will
motivate wider and stronger commitment of
resources, in academia and in biotech/ pharma
industry, for applying the systems biology per-
spective to the larger promise of rationally
informed therapeutics design.
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