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Abstract
The cytokines regulate a number of cellular effects which give rise to a coordinated
immune response. Many of these effects are an indirect consequence of the ability of
most cytokines to regulate the production of other cytokines. This thesis approaches
the problem of trying to understand how the network of interactions between the three
inflammation-related cytokines interleukins (IL s)-l and -10 and tumour necrosis factor
(T N F ) determines their dynamical behaviour.
Dynamical behaviours such as multistability and periodicity depend upon the topol
ogy of the cytokine network, and previous theoretical work based on the current under
standing of the topology among TNF, IL-1 and IL-10 has suggested that such behaviours
may arise in the in vitro monocyte system (Henderson et al., 1998; Seymour & Hen
derson, 2001). Topological results are presented from experiments in which cells were
stimulated with recombinant cytokine, and response measured by intracellular staining
and ELISA, which largely confirm the current picture of this network. However, evidence
is also presented demonstrating that the topology of the network changes substantially
within the time frame over which a typical experiment is conducted, limiting its utility
as a model system in which to study dynamical network behaviours.
Ultrasensitivity in the dose-response relationships between cytokines is another critical
feature determining the existence of dynamical behaviours such as multistability and
periodicity.

This thesis presents novel measurements of the sensitivity of a number

of the dose-response relationships in the T N F /IL -l/IL -1 0 network, and finds most of
them to have non-ultrasensitive, hyperbolic relationships, providing further evidence that
this experimental system is not a suitable model for investigating multistability and
periodicity. The parameters of the response functions measured may be of use in future
attempts to model networks involving these cytokines.
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Chapter 1
Introduction

Inflammation is the first step of an immune response. For example, damage to the skin,
allowing entry of potentially pathogenic organisms, results in a localised area in which
cells become activated, ready to destroy or isolate any successful microbial invasion that
occurs while tissue repair processes are in progress. Any invaders that do make it past
this first line of defence can spread all over the body via the circulation. In order to deal
with this contingency, a systemic inflammatory response exists in which defensive acute
phase proteins are synthesised by the liver, antibody is synthesised by plasma cells, and
other central immune processes become activated, such as the formation of germinal
centres and the affinity maturation of B cells.
Activation of these various local and systemic processes is controlled by the cytokines.
An array of cellular and serum receptors exist (for example, antibodies, complement,
T-cell receptors, pattern-recognition receptors) which bind to characteristic bacterial
molecules and activate cells at the site of infection. One of the first things an activated
cell does is to start secreting cytokines, which regulate the cellular processes of the
inflammatory response via specific, high-affinity interactions with cell-surface receptors.
Various cell types express receptors for various combinations of cytokines, and responsive
cells are stimulated to proliferate, differentiate or migrate in a fashion coordinated to
combat the infection. For example, circulating neutrophils are attracted to inflammatory
sites by cytokines known as chemokines, where their battery of antibacterial chemicals
can slow or halt an invasion; cells in the vicinity of a viral infection are prevented from the
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normal proliferation that may spread the virus by cytokines known as interferons (IFNs);
monocytes in an area of infection are encouraged to differentiate into larger phagocytic
macrophages by cytokines known as colony-stimulating factors (CSFs).
In addition to their immediate effects on cellular immune function, most cytokines
are able to indirectly affect other aspects of the immune response by virtue of their ability
to modify the rate of secretion of other cytokines by activated cells. For example, IL-1
induces T-cell proliferation indirectly by first inducing the cells to secrete IL-2 (Smith
et al., 1980); transforming growth factor (TGF)-/? induces fibroblast proliferation in
directly by first inducing platelet-derived growth factor (PDGF) secretion (Loef et al.,
1986); IL-10 inhibits a number of inflammatory mechanisms by virtue of its ability to
inhibit synthesis of cytokines such as IFN- 7 , IL-1, IL-2, IL-6 and tumour necrosis fac
tor (TN F) (Fiorentino et al., 1989; De Waal Malefyt et al., 1991). The production of
each cytokine may be influenced by extracellular levels of several other cytokines (re
dundancy), and in turn, extracellular levels of each cytokine may induce the production
of several others (pleiotropy). A collection of cytokines interacting in such a fashion is
known as a cytokine network (Balkwill, 2000).
Cytokines secreted into the extracellular space at an inflammatory site become mixed
with the other cytokines at that site. The existence of a single spatial compartment
containing a number of interacting chemical species is a characteristic feature of a form of
mathematical model that has been studied in various guises, and will be referred to in this
thesis as a biochemical network. Examples include networks of metabolic enzymes and
their substrates (Kacser et al., 1995), networks of signal transduction molecules (Ferrell,
1996, 1999; Ferrell & Machleder, 1998; Bhalla & Iyengar, 1999, 2001), and networks of
(usually bacterial) gene regulatory molecules (Ackers et al., 1982; McAdams & Arkin,
1997; Arkin et al., 1998).

A body of mathematical theory and principles has begun

to emerge from studies of such biochemical networks (Kacser et al., 1995; Chock &
Stadtman, 1977; Goldbeter & Koshland, 1981; MestI et al., 1995; Berg et al., 2000;
Kholodenko, 2000; Ferrell & Xiong, 2001; Thomas & Kaufman, 2001). It is a hypothesis
of this thesis that inflammatory cytokine networks can be understood and modelled as
a type of biochemical network.
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GM-CSF

G-CSF

M-CSF

IL-3

TGF

TNF

IL-1

Figure 1.1: Example diagram o f a network o f haematopoietic cytokines, adapted from Sachs
and Lotem (1994).

The specific network investigated in this thesis is the network consisting of the 3
cytokines IL-1, IL-10 and TNF. All of these cytokines have been found to be produced
by the monocyte, an important cell type in regulating ongoing local inflammatory re
sponses. Previous work has suggested that in monocytes alone, T N F and IL-1 may be
able to induce their own, and each others' production, and that both may induce the
production of, and be inhibited by, IL-10. The possible consequences of the known in
teractions between these cytokines have been investigated by mathematical modelling
by Henderson et al. (1998) and Seymour and Henderson (2001), but their predictions of
various dynamical phenomena have not previously been put to the empirical test.

1.1

Cytokine Networks as B iochem ical N etworks

Network diagrams such as figure 1.1 are commonly used in the review literature to illus
trate the complexity of the many cytokine interactions relevant to a particular biological
system (for example, Bogdan et al., 1993; Langermans & Furth, 1994; Van Furth et al.,
1996), but what are their consequences for the function of the cytokines that consti
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tute them? One of the first points to note is that although the concentrations of each
cytokine can, in principle, take on any value, in practice, only certain combinations of
values are dynamically stable.
This point is illustrated in the three example networks of figure 1.2 . Consider, for
example, the model network in the top row of figure 1.2. In this model of the cytokine
concentrations at a local inflammatory site, TN F is able to induce cells to produce
IL-1, and IL-1 is able to induce the production of TN F (Dinarello et a!., 1986; Philip
& Epstein, 1986). These relationships result in the network diagram as illustrated in
the figure; this is known as the topology of the network. When both cytokines are at
a concentration of 0 , the system is in a stable state - that is, the cytokines will remain
at that concentration indefinitely in the absence of any external stimulus. The two time
course graphs to the right of the network illustrate the effect of an external stimulus
which transiently increases the concentration of TN F (a perturbation). When a small
or a large amount of TN F is added to this system, levels of both cytokines are intially
increased, but the increased levels are not stable, and soon fall back to the stable state
with no cytokine present.
The model network in the middle row of figure 1.2 behaves differently. The topology
for this model is exactly the same as that of the previous example, with IL-1 and TN F
mutually inducing one another’s production. As before, the state with zero concentration
of each cytokine is stable. When the system is perturbed by the addition of a small
amount of TNF, the disturbance is transient, and the system rapidly returns to its stable
state of zero levels of each cytokine. However, when TN F levels are perturbed by a larger
amount, the system is knocked out of this inactive state, and develops into a state with
nonzero levels of TN F and IL-1. This state is stable in that further small perturbations
will result in the system returning to the same nonzero levels. This behaviour, in which
a system can stably occupy one of several states is known as multistability.
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There is no difference between the topology of the model networks in the top and
middle rows of figure 1.2. The different behaviours (monostability and multistability)
arise from quantitative differences in the nature of the dose-response relationships be
tween the two cytokines, indicated by the equations used to describe the networks. In the
first model, the rate of production of TN F is a hyperbolic function of the concentration
of IL-1. In contrast, in the second model, production of TN F is a sigmoidal function
of the concentration of IL-1. These two types of dose response curve are illustrated in
the top two panels of figure 1.4. The sigmoid-shaped response curve is an example of
an ultrasensitive response (Goldbeter & Koshland, 1981). The importance of ultrasen
sitive response functions, and the mechanisms by which they arise, are the subjects of
sections 1.1.5 and 1.3.
Another type of dynamical behaviour is illustrated in the bottom row of figure 1.2.
The network in this example has a different topology from the previous two. The two
cytokines concerned are now T N F and IL-10. TN F is able to induce its own production
as well as that of IL-10, and IL-10 is able to inhibit production of TN F (Philip &
Epstein, 1986; Wanidworanun & Strober, 1993; De Waal Malefyt et al., 1991). In this
example, the network has nonzero levels of TN F and IL-10 which are stable under small
perturbations. However, when the system is exposed transiently to a large amount of
TNF, levels of TN F and IL-10 begin to oscillate. These oscillations continue indefinitely they constitute a stable limit cycle. Just as was the case for multistability, the existence
of the stable limit cycle depends critically upon the ultrasensitive form of one of the
response relationships in the network.

1.1.1

B iochem ical N etw orks

Cytokines are not the only biological chemicals for which network diagrams such as
figure 1.1 are commonly drawn - the earliest examples of such diagrams are probably those
of the pathways of metabolic enzymes and their substrates. One of the first attempts
to provide a unifying theory describing the overall behaviour of such networks was the
Metabolic Control Analysis of Kacser and Burns (1973). This described how changes
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in the flux through a metabolic pathway depended upon the response characteristics
of each individual enzyme in the pathway, as well as the contribution of the reaction
they catalysed to the overall flux. An important assumption of the theory was that all
metabolites and enzymes were free to intermix in a single biochemical compartment.
Signalling chemicals such as hormones and cytokines affect cellular function by bind
ing to cell-surface receptors. Changes in gene transcription and protein expression are
effected by these surface receptors via a number of intermediate intracellular signal trans
duction molecules. It is now clear that many of these intracellular molecules interact
with one another in a complicated network (for example, see section 1.2.1). The study of
transduction networks activated by eukaryotic cells in response to extracellular stimuli is
complemented by the study of gene regulatory networks activated by prokaryotic cells in
response to changes in the intra- and extra-cellular environments. Certain themes arise
in all these network types, which might be generically defined by the term biochemical
network'. A biochemical network consists of:
• a number of chemical species i = I . . .n, each of which can be in various activation
states j = 1 . . . m at concentrations X f .
• a number of interactions between the species - each X f can affect the rate of
activation or deactivation of one or more of the other species.
• mass-action kinetics - all reactions take place in a single biochemical compartment,
and occur at high enough concentrations of the reactants, and in large enough
volumes, that stochastic effects can be ignored.
While much of the current knowledge of metabolic, signal transduction, and gene
regulatory networks is purely topological (Koshland, 1998), a number of authors have
begun to make use of measurements of the parameters of binding and catalysis by
purified components, and of physiological concentrations, to try to understand how whole
networks will behave (Ackers et al., 1982; Ferrell, 1996, 1999; Bhalla & Iyengar, 1999,
2001). Mathematical models of a similar kind have been utilised to try and understand
the behaviour of networks of cytokines (Henderson et al., 1998; Chan et al., 1999; Callard
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et al., 1999; Yates et al., 2000; Bergmann et al., 2001; Seymour & Henderson, 2001).
The hypothesis explored in this thesis is that models of the biochemical network type
can be applied to the cytokine network arising among the three inflammation-related
cytokines TN F, IIL-1 and IL-10.

1.1.2

N etw ork N o ta tio n

How are the equations in figure 1.2 related to their network topologies? A first step
toward making a network graph into a more quantitative model is to use a graphical
notation that explicitly represents the stoichiometric processes involved and differentiates
them from the interaction effects (see, for example, Kohn, 2001).

For example, the

secretion of cytokine is a process in which the level of intracellular cytokine decreases by
the same amount that the extracellular level increases. This is denoted by drawing an
arrow between two nodes, one of which represents the quantity of intracellular cytokine,
the other, the quantity of extracellular cytokine. In contrast, stimulation of secretion
of one cytokine by another is an interaction effect. This process must be denoted by
an arrow of a different kind as there is no stoichiometric conservation between the two
cytokines.
For each species in a network (i.e.

each cytokine) there are usually at least two

stoichiometric processes occurring - production and destruction. Production processes
are often also referred to as birth processes and destruction processes are variously
known as death processes, decay processes, or consumption processes.

Graphically,

stoichiometric processes will be denoted by an open-headed arrow in the direction of
the transformation; the special case of birth and death processes, in which a species is
created from, or returned to, a chemical form not relevant to the model will be denoted
by an arrow coming from, or going to, the null symbol 0 . For example, \ L - lp exists in
two forms - a 35kDa pro-form, and a 17kDa mature form, derived from the former by
the stoichiometric process of proteolysis. Pro-IL-1^ can be created by the cell's protein
synthesis machinery, and both pro- and mature IL-1/3 can be destroyed - i.e. broken
down into their constituent amino acids - by various means. These processes would be
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denoted graphically as:

death

0

proteolysis

pro-IL-1/^ — >

death

mature IL-1/? — > 0

birth

Network interactions can now be denoted by closed arrowheads pointing to the precise
process they affect. For example, the network of two cytokines, TN F and IL-10, in which
TN F affects IL-10 production, and IL-10 affects TNF production would look something
like the illustration in figure 1.3.

TN F

^

^

0

"^LP S (l)

IL-10

—

0

Figure 1.3: A two cytokine network consisting o f an inflammatory cytokine (T N F ) and an
anti-inflammatory cytokine (IL-10).

In this case, a further notational refinement has been used. The closed arrowhead
denotes that one species stimulates production of the other, and the circle denotes that
one species inhibits the production of the other.
There is a direct correspondence between this notation and the mathematical repre
sentation of the concentration of a cytokine in terms of its rate of change. Each cytokine
(or form of cytokine) in the network can be described by a rate equation which is a sum
of each of the stoichiometric processes in its network diagram.

For example, for the

TNF, IL-10 network, we could define the rate of change of TNF, dT/dt, and the rate of
change of IL-10, d l / d t by the equations:
production term

-1 =

I

al

6T

consumption term s

—cT
-d /

(1.1)
(1.2)
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This is a linear system, and relatively easy to analyse. There is a single stable state at
T =

I =

and given any starting values for T and I , they will eventually

end up at this stable state. However, this system is unrealistic for two main reasons:
• individual cytokines act through receptors and intracellular signal transduction
pathways to affect one another’s production. The simple linear forms of production
in equations 1. 1- 1.2 thus tend to be more realistically modelled by nonlinear
saturating functions.
• two cytokines rarely combine to induce production of a third in the simple addi
tive manner that IL-10 and lipopolysaccharide (LPS) combine to form the TNF
production term in equation 1. 1.
A more realistic formulation of the network of figure 1.3 that takes into account
these considerations might be:

f

= " 2^

“

(1-4)

Here, the linear production term for IL-10 has been replaced by a nonlinear saturating
term

T /(T -h Kc) representing the fact that TNF is inducing IL-10 by binding to a cell

surface receptor which is present in limited quantities (relative to the concentration of
TN F). The hyperbolic shape of this production term is illustrated in the first panel of
figure 1.4, and is typical of cytokine-induced responses (for example. Dower et al., 1986;
Dinarello et al., 1987; Burke et al., 1997). A similar form for the decay term for TNF
is drawn from the assumption that TNF is cleared from the site of inflammation by
receptor-mediated endocytosis. TN F production is induced by an inflammatory stim
ulus a (assumed constant for the purposes of the model), and the magnitude of this
production rate is decreased by multiplying by a factor 1 /(7 + Ka) = 1 — 7 /(7 + Ka),
which tends to zero as IL-10 concentration increases. The shape of this factor again
represents the assumption that IL-10 acts through a surface receptor, and the assump
tion that clearance of the cytokine is mediated by endocytosis is reflected in the IL-10
consumption term.
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M ultistability in Inflam m ation, Im m unity and Cell
B iology

Multistability is a precise technical term for a phenomenon that corresponds with a con
cept usually known as memory - that is, the ability of a transient stimulus to permanently
change the behaviour of an organism, organ system, or cell. Chan et al. (1999) found
this effect occurred in their model of the network interactions between TN F and an
inhibitor such as IL-10. Their model took the form illustrated by the equations in the
bottom panel of figure 1.2. Under certain values of the parameters (different from those
used in the figure) two stable levels of TN F existed: a state with low levels of TN F the 'o ff state - and a state with high levels of the cytokine - the 'on' state. Starting
with the system in an off state, a certain threshold level of antigenic stimulation was
necessary to switch the system on to produce high levels of TNF. Once switched on,
however, antigen levels could fall well below the threshold level required for activation
without causing the high TN F levels to switch off - the autoinducing TN F was able to
maintain its own production.
In fact, multistability has been proposed to be the mechanism accounting for the
maintainance of phenotypic differences between the (mostly) genetically homogenous
somatic cells of a multicellular organism (Monod & Jacob, 1961; Laurent & Kellershohn, 1999; Thomas & Kaufman, 2001).

In this interpretation, each cell phenotype

corresponds to a stable state in some network of intracellular and extracellular signalling
molecules.

In the presence of the appropriate growth factors, cells 'remember' their

phenotype when cultured ex vivo. The relation of differentiation and multistability in
a cellular biochemical network has been examined by Ferrell and Machleder (1998) and
Bagowski and Ferrell (2001). These authors showed that the stimulation of Xenopus
laevis oocytes with progesterone, a treatment which causes their maturation, resulted in
a switching on of the intracellular signalling molecules Erk and SAPK. The switching of
SARK was bistable in that removal of the progesterone did not result in its switching off
- the cells remembered their new phenotype, part of which was an activated complement
of Erk and SAPK.
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Yates et al. (2000) discovered multistability in their model of the numbers of T h i and
Th 2 types of helper T-cell. The two cell types are mutually inhibitory by virtue of the
different cytokines they produce. In this case, the two stable states were a state with high
T h i, low Th 2 cell numbers, and one with low T h i, high Th 2 numbers. The two types of
T h

cell are functionally distinct; intracellular pathogens are better dealt with by a

T h i-

dominated immune response, and extracellular pathogens by a Tn 2-dominated response.
How the immune system decides which response type to mount against an infectious
agent is still a matter of immunological debate, but is an important question since a
number of diseases seem to exist in which the wrong type of response is mounted and
damage is caused to the host without clearing the pathogen (for example, lepromatous
leprosy, legionellosis, leishmaniasis).
In an extension of the model, Bergmann et al. (2001) suggested the existence of
bistability was a possible means by which the immune system could decide between
one or the other response.

A default response path favouring a Thi state would be

initiated on encountering a pathogen. If antigen levels began to rise rapidly, as would
be expected to happen if the default Thi response were ineffective, then the immune
system would switch to a path leading to the Tn 2-dominated steady state. Otherwise,
it would eventually end up in the Tni-dominated state. The possibility of understanding
disease conditions as the occupation of an inappropriate state of a multistable system is
one of the motivations for attempting to mathematically model cytokine networks.
Multistability has also been conjectured to be a mechanism behind the maintainance
of clonal immune memory (reviewed by Perelson & Weisbuch, 1997). Animals that have
previously encountered a pathogen, or that have been vaccinated with antigens from
that pathogen, show elevated levels of lymphocytes specific for those antigens long after
the pathogen has been cleared. Since lymphocytes are constantly being destroyed and
replaced with clones of novel specificity, in the absence of maintained stimulation from
antigen, one would expect an animal's pool of cells specific to these recall antigens to
rapidly fall to the same levels as those of other, naive lymphocyte clones.
One model for why this does not happen is the idiotype network theory, originally
proposed by Jerne (1974, cited by Segel, 1998). According to this, when a lymphocyte
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specific for antigen A undergoes antigen-induced proliferation, one or more lymphocytes
that recognise the antigens specific to the first lymphocyte type (anti-idiotype cells) are
also stimulated to undergo proliferation. When antigen is cleared, the mutual stimula
tion provided between the anti-A lymphocytes and the anti-idiotype cells provides the
stimulation necessary to maintain the anti-A (and anti-idiotype) population in greater
numbers than other naive lymphocyte clones. In mathematical models of this mecha
nism (Perelson & Weisbuch, 1997; Segel, 1998), numbers of anti-A and anti-idiotype
cells are the two variables. The immune state of elevated numbers of anti-A cells arises
as one of several stable states which include the naive state - low numbers of anti-A
and anti-idiotype cells - and a tolerant state - high numbers of anti-idiotype cells and
intermediate numbers of anti-A cells.

1.1.4

O scillations in Inflam m atory Networks

Another possible dynamical outcome in a biochemical network is the existence of one
or more stable limit cycles.

A biochemical network in a limit cycle exhibits regular

oscillations in the levels of the chemical species in the network.
Oscillating inflammatory cytokine levels have been observed in the eyes of rabbits
undergoing corneal allotransplantation, and in the aseptic fever of patients with juvenile
systemic chronic arthritis

(Rayner et al., 2000; Rooney et al., 1995).

Mathematical

models of a cytokine able to induce its own production, such as TNF, as well as that of
an inhibitor, such as IL-10, were able to reproduce this oscillating behaviour (Henderson
et al., 1998; Chan et al., 1999; Seymour & Henderson, 2001). These models, one of
which is illustrated in the bottom row of figure 1.2 , arose from a network of interactions
involving only two cytokine species. This suggests that, at least in principle, a relatively
simple cytokine network could underlie these pathological behaviours.

1.1.5

R equirem ents for M ultistab ility and O scillation

One of the requirements for a biochemical network to exhibit multistability is that one or
more of the components of the network exhibit positive feedback - that is, that increases
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in the concentration of a species (cytokine) in the network are able to increase the rate
of production, or decrease the rate of decay of that same species (Thomas & Kaufman,
2001). Positive feedback is also known as autoinduction. A number of cytokines have
been reported to be capable of stimulating their own production when administered to
cells, including the pro-inflammatory cytokines IL-1 and TNF, and the anti-inflammatory
cytokine, JGlFp (Dinarello et al., 1987; Philip & Epstein, 1986; Flanders et al., 1995).
Autoinduction of a proinflammatory cytokine was incorporated as a feature of the
models of Chan et al. (1999) and Seymour and Henderson (2001), both of which ex
hibited multistability. Cytokines such as IL-2 and IL-4 which stimulate proliferation in
the cells that produce them (i.e.

autocrine growth factors) effectively increase their

own production by increasing the numbers of cytokine-producing cells. This proliferative
autoinduction was one of the sources of positive feedback in the model of the T h i/T h 2
cytokine network of Yates et al. (2000). Finally, if chemicals A and B are arranged in a
network so that A inhibits B, and B inhibits A, then the net result is positive feedback.
The model of Yates et al. also included this form of positive feedback - Thi cytokines
inhibit Th 2 cytokines, and vice-versa.
Limit cycles, in contrast to multistability, require negative feedback regulation in the
network (Thomas & Kaufman, 2001).

The models of Henderson et al., Chan et al.

and Seymour and Henderson included negative feedback regulation of an inflammatory
cytokine (T N F or IL-1) which induced an anti-inflammatory cytokine, which in turn,
inhibited production of the inflammatory cytokine.
Positive feedback alone is not sufficient to guarantee that a network will exhibit
multistability, and nor is negative feedback sufficient for limit cycle dynamics to occur.
The models of Chan et al.

and Seymour and Henderson found that the nature of

the response functions between cytokines was critical for the existence of multistability
and/or limit cycles.

The response function used in the equations in the top row of

figure 1.2 for IL-l-induced TN F production was the simple hyperbolic function:

"

“7

^

This function is illustrated in the top panel of figure 1.4. Chan et al. modelled TNF-
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Figure 1.4: Four possible cytokine response functions, and some o f the mechanisms which can
give rise to each.
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induced TN F production with a slightly different form of this equation:

This is known as the Hill equation. When n = 1, the Hill equation is exactly the same
as the hyperbolic equation. Chan et al. found that limit cycles and multistability did not
occur in their network unless n > 1.5. A Hill equation with n > 1 takes on a distinctly
different shape from the hyperbolic equation (c.f. first and second panels of figure 1.4) a shape known biochemically as ultrasensitivity (Goldbeter & Koshland, 1981; Koshland,
1998). As n increases, the slope of the response curve becomes steeper. Seymour and
Henderson used slightly different forms of response function, but came to similar con
clusions regarding the importance of the slope - for responses with effectively hyperbolic
response curves, neither multistability nor limit cycles occurred.

With an ultrasensi

tive autoinduction response curve, multistability was possible, and with ultrasensitive
responses mediating the negative feedback, limit cycles were possible.
Ultrasensitive cytokine-induced cytokine responses have not previously been doc
umented.

However, various ultrasensitive processes may occur in intracellular signal

transduction networks, and these have the potential to pass their ultrasensitivity on to
the cytokines that signal through them. The following sections examine the signal trans
duction processes involved in cytokine-regulated cytokine production, and discuss their
potential for giving rise to ultrasensitive cytokine-induced cytokine responses.

1.2

Signal Transduction Processes in
Inflam m atory C ytokine R egulated C ytokine
P roduction

While a complete picture is still some way off, their central role in disease processes
has resulted in TN F and IL-1 signal transduction pathways being among the most well
studied. In this section, some of the molecular details of these processes (their topol
ogy) are presented, in the context of considering how they could affect production and
secretion of other cytokines. In the following section, these details will be used to ad
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dress the question of how cytokine-regulated cytokine responses could possibly exhibit
ultrasensitivity.
An outline scheme for the possible mechanisms by which one cytokine, S (for Stim
ulant) can regulate production of another cytokine, R (for Response), is illustrated in
figure 1.5. After binding to its receptor, S activates various intracellular molecules which
can affect the rate of production of R by acting at various points in the process of pro
duction of extracellular R protein - transcription, translation, and secretion. A common
process in signal transduction is the activation of a molecule by phosphorylation. The
enzymes responsible for such phosphorylation are called kinases.

Kinases themselves

often require phosphorylation by another kinase in order to activate their own catalytic
activity. Transcription factors are signal transduction molecules which, upon activation,
translocate to the nucleus and bind to a specific sequence of DNA. The existence of such
sequences in the promoter region of a gene allows the transcription factor to regulate
the rate of transcription of that gene.

1.2.1

Signal Transduction M echanism s A ctivated by IL-1,
IL-10 and T N F R eceptor Ligation

IL-1 consists of two isoforms - IL -la and IL-1/) - as well as a third antagonist ligand,
IL-lRa (see, for example, Dinarello, 1997). All three ligands bind to two cell surface
receptors - IL-IRI and IL-IR II. Only IL -la :IL -lR I and IL-1/):IL-1RI complexes are capable
of transducing a cellular signal, however. Binding induces formation of a multimolecular
complex including ligand and receptor, IL-1 receptor accessory protein (IL-lRAcP), and
IL-1 receptor associated kinase (IRAK). IRAK in turn activates the adaptor molecule
TNF-receptor associated factor (TR A F )-6 (e.g. O'Neill & Dinarello, 2000).
TN F binds to two receptors - TNFRI and TNFRII, both of which are capable of
transducing a cellular signal (e.g. Wallach et al., 1999). The trimeric ligand appears to
function by inducing formation of a homotrimeric receptor complex. Signalling then pro
ceeds by recruitment of a number of molecules to the receptor-ligand complex, including
TRADD and RIP, which in turn activate TRAF2.
The TRAP molecules appear to represent a convergence point in the signalling path-
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Figure 1.5: Schematic illustration o f possible mechanisms whereby cytokine 5 can regulate the
production rate o f cytokine R.

ways of IL-1 and TNF. TRAF2 and TRAF6 both activate the transcription factor nuclear
factor kappa B (N F- k B) via the kinase NIK (M alinin et al., 1997), as well as triggering
the sequences o f kinases leading to activation o f the mitogen-activated protein kinases
(M APKs) stress-activated protein kinase (SAPK) and p38 MAPK (Liu et al., 1996; Carpentier et al., 1998; Yuasa et al., 1998; Lomaga et al., 1999). SAPK and p38 M APK
in turn activate the transcription factor AP I (Karin et al., 1997), and p38 M APK may
also be able to activate NF-K.B (Carpentier et al., 1998). AP-1 and NF-^B both bind
to sequences found in the promoter regions o f a number of inflammation-related genes,
including TNF, IL -la and IL -IT (Hiscott et al., 1993; Bailly et al., 1996), thus providing
the first mechanism by which TN F and IL-1 could (potentially) regulate production of
themselves, of each other, and of IL-10.
As well as activating transcription factors, SAPK and p38 MAPK are known to
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Figure 1.6: Some o f the core signal transduction pathways activated by TNF, IL-1 and IL-10.

be capable o f affecting the translation rates o f a number o f inflammation-related gene
products, including cyclooxygenase 2, IL-2 and TN F (Dean et al., 1999; Chen et al.,
1998; Swantek et a!., 1997). Although the molecular entities involved in this process
are not currently well characterised, one mechanism seems to involve a sequence (or
sequences) found in the untranslated regions of many cytokine mRNAs, including TNF,
IL -la , IL-1/3 and IL-10 (Han et al., 1990; Gorospe & Baglioni, 1994; Asson-Batres
et al., 1994; Powell et al., 2000). These AU-rich elements appear to mark an mRNA out
for rapid breakdown by cellular nucleases. Extracellular signals, including cytokines, can
both increase and decrease the rate of translation (Carballo et al., 1998; Liu et al., 2000)
by activating proteins which bind to the AU-elements, and either protect the message
against, or enhance binding of, cellular ribonucleases (Chen et al., 2001).
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Regulation of the number of cytokine producing cells is another mechanism by which
cytokines can regulate one another's production rate. Both IL-1 and TN F pathways may
be able to induce a signal which results in the programmed death of the cell, and hence
affect cell numbers. The TNFRI complex recruits an adaptor molecule called FADD,
which in turn seems to be capable of activating the latent protease caspase-8 (Boldin
et al., 1996).

Caspase-8 (a.k.a.

M ACH/FLICE) is a member of a family of death-

inducing cysteine-protea ses, and its activation activates other members of the family,
including caspase-3 (reviewed by Cryns & Yuan, 1998). Another means of death induc
tion involves prolonged activation of SAPK (Guo et al., 1998). Both FADD/caspase-8
and SAPK-induced cell death can be prevented by a number of products of NF-/tBregulated genes (Beg

Baltimore, 1996; Wang et al., 1998; De Smaele et al., 2001;

Tang et al., 2001).The inhibition may be mutual as caspase-3 can in turn inhibit acti
vation of NF- k B (Tang et al., 2001). In principle, SAPK-mediated cell death could be
activated by either TN F or IL-1, but Tang et al. failed to find evidence that IL-1 could
induce the prolonged SAPK activation necessary. In spite of this, there are many reports
of both cytoprotective and cytotoxic effects of IL-1 in various experimental systems (e.g.
Strijbos

Rothwell, 1995; Fratelli et al., 1995; Friedlander et al., 1996).

IL-10 signal transduction is initiated by binding of the IL-10 dimer to a molecule of
IL-IORI and IL-IORII (reviewed by Moore et al., 2001). This activates the membrane
kinases Jakl and Tyk2, which in turn activate the transcription factor STAT3. STAT3
dinners then translocate to the nucleus where they regulate transcription of genes con
taining their consensus binding sequence.

IL-lO's ability to inhibit lipopolysaccharide

(LPS)-induced IL-1 and TN F does not seem to require STAT3-mediated gene tran
scription, as dominant-negative STAT3 mutants exhibit no deficiency in IL-lO-regulated
cytokine su pression (O'Farrell et al., 1998).

However, complete knockout of STAT3

does abolish IL-lO's inhibitory effects (Riley et al., 1999), a finding Moore et al. inter
preted as suggesting that STAT3 may play a role in signal transduction other than as a
transcription factor. IL-10 is able to inhibit NF-zcB activation and DNA-binding activ
ity (Schottelius et al., 1999); exactly what signal transduction processes are involved in
this is presently unclear . IL-10 may also be able to interact with the death signalling
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pathways activated by other cytokines, by virtue of its ability to induce the cytoprotective
factor Bcl-2 in a number of cell types (Weber-Nordt et al., 1996; Cohen et al., 1997).
The signal transduction processes discussed in this section are summarised in fig
ure 1 .6 .

1.2.2

Secretion M echanism s o f T N F and IL-1

As well as regulating gene transcription and translation rates of the response cytokine,
as discussed in the previous section, extracellular cytokines have the potential to regulate
the rate of secretion of a response cytokine. For many cytokines, translation and se
cretion appear to be directly coupled. Such proteins contain a hydrophobic sequence of
about 20 residues in their amino terminal domain, which becomes inserted into the mem
brane of the endoplasmic reticulum as the protein is synthesised (Rapoport, 1992). The
hydrophobic sequence is subsequently cleaved, and the proteins packaged into secretory
vesicles by the Golgi apparatus. These vesicles are then transported to the membrane,
and their contents released into the extracellular medium. This whole process seems to
be a common route by which many proteins get out of the cell, and is known as the clas
sical secretory pathway. Presumably, there is little potential for differential regulation of
protein secretion rates, and the release rate for proteins passing through this machinery
will be largely determined by the rate of synthesis.
The picture is slightly more complicated for TNF. Although this cytokine is pro
cessed through the classical secretory apparatus, it is initially synthesised as a 27kDa
'pro'-cytokine, which remains membrane anchored on arrival at the cytoplasmic mem
brane (Kriegler et al., 1988).

In order to secrete the cytokine, it must be processed

into its 17kDa form by proteolysis by the T N F converting enzyme, ADAM17 (RobacheGallea et al., 1997; Black et al., 1997). This protease can potentially be regulated by
signals from stimulus cytokines, and it has been suggested that TN F itself may be able
to regulate ADAM17 activity (Dri et al., 2000).
Like TNF, the two forms of IL-1 are initially synthesised as %35kDa pro-proteins (Auron et al., 1984). Unlike pro-TNF, pro-IL-lcv and pro-IL-1/? are not transported to the
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cell surface by the classical secretory apparatus, but appear to remain associated with the
cytoplasm immediately after synthesis (Singer et al., 1988). For IL- 1^ at least, release
from the cell appears to occur via a secretory mechanism reminiscent of neurotransmit
ter release, in which cytoplasmic pro-IL-1/) is packaged into late-endosome-like vesicles,
and then released in a burst of secretory activity (Andrei et al., 1999; MacKenzie et al.,
2001). it is not yet clear whether IL-lo; secretion follows a similar route, although release
of the two proteins from stimulated cells seems to follow a similar time course (Perregaux
& Gabel, 1998). Various extracellular factors are able to regulate IL-1/) vesicle release,
including ATP (Rubartelli et al., 1993).
IL -la and IL-1/) can also both be released from cells by lysis (Hogquist et al., 1991).
In the case of IL -la , whose pro-form is biologically active, this necrotic death process
releases active cytokine. The relationship between IL-1/) and cell death is slightly more
complicated. The general consensus is that pro-IL-1/) is biologically inactive due to an
inability to bind to IL-IRI (although cf Wewers et al., 1999). Cell lysis, which releases
only pro-IL-1/), is consequently not sufficient to release biologically active IL- 1/). The
active form of IL-1/) is a 17kDa proteolytic product generated from the pro-form by
the cellular protease caspase-1 (a.k.a. ICE, Black et al., 1989). During vesicle release,
this protease appears to become activated, allowing the release of active, mature IL-1/).
Caspase- 1 activity can be regulated by various extracellular stimuli, including LPS and
ATP (Schumann et al., 1998; Laliberte et al., 1999).

1.3

Sensitivity of B iochem ical M echanism s in
Signal Transduction Networks

Hill originally derived his ultrasensitive response equation to describe the cooperative
binding of oxygen to haemoglobin (see, e.g. Keener & Sneyd, 1998). The term co
operative binding’ refers to a particular mechanism in which binding of one molecule
of ligand/substrate to a receptor/enzyme enhances the binding affinity for subsequent
substrate molecules. Various elaborations upon Hill's original cooperative reaction mech
anism have subsequently been described (Monod et al., 1965; Koshland et al., 1966;
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Figure 1.7: Left: Stadtman & Chock type cyclic cascade in which a substrate R is activated
by one non-cooperative enzyme E, and inactivated by another F. The activities o f E and
F themselves depend upon the availability o f substrates e and f , and activation o f E is
enhanced by the stimulatory signal S. Right: example o f a cyclic cascade in TN F induced
inflammatory signal transduction. (IK K = I k B kinase, PP2A=protein phosphatase 2A). The
response curve arises by considering steady-state levels o f R* as a function o f S, and under
appropriate conditions, exhibits ultrasensitivity.

Acerenza & Mizraji, 1997). All of these mechanisms share the basic principle of the Hill
equation that the slope of the curve, as described by the parameter n, can generally be
no greater than the number of substrate molecules bound by the receptor/enzyme at
maximal occupancy.
When Stadtman and Chock (1977) analysed the theoretically possible response curves
resulting from two enzymes catalysing mutually opposed reactions (see figure 1.7), they
were surprised to find a high degree of ultrasensitivity could arise in the absence of any
cooperative binding mechanisms. Cyclic systems have since turned out to be a ubiqui
tous feature of cellular signal transduction processes. Perhaps the most well documented
example of this is the process of activation of a signalling substrate by phosphorylation.
Many such kinases have been documented (for example, see reviews in Heldin, 1996 and
by Robinson & Cobb, 1997), and their catalytic actions appear to be opposed by numer
ous constitutive and inducible phosphatases (for example, Tonks, 1996; Zolnierowicz &
Hemmings, 1996; Millward et al., 1999; Haneda et al., 1999).
This section aims to review some of the mechanisms by which intracellular signal
transduction networks could give rise to an ultrasensitive cytokine-regulated cytokine
response.
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1.3.1

Q uantifying S en sitivity

Sensitivity is defined by considering the nature of the steady-state dose-response rela
tionship between two chemicals S and R, one of which affects the concentration of the
other; specifically, by comparing the change in the level of S' as a proportion of its current
value with the resulting change in the level of jR as a proportion of its current value.
The ratio of these two values is known in metabolic control analysis as the response
coefficient (Kacser et al., 1995; Kholodenko et al., 1997):

The relationship between S and R is said to be ultrasensitive if the magnitude of the
response coefficient is greater than 1 for some value of S (Goldbeter & Koshland, 1981).
When S is the ligand for a receptor, and R the concentration of occupied receptor
complex, and binding is well described by the scheme:
S + F ^ R
(F = free receptor), the response relationship exhibits hyperbolic sensitivity. Hyperbolic
sensitivity also arises when R is the rate of reaction catalysis by an enzyme acting on
substrate S well described by the Michaelis-Menten scheme. In both cases, the steadystate response relationship between S and R is given by the hyperbolic equation:
S'
S -hFT
and the response coefficient is:
K
S-hTT
which lies somewhere in the range 0-1 for all values of S.
The response coefficient for an inhibitory function is negative.

For example, in

equation 1.3, LPS-induced T N F production was a decreasing (i.e. inhibitory) function
of IL-10 concentration, of the form:
S

S 4 -;{
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In this case,
S+ K
which will be between -1 and 0 .
Various mechanisms can give rise to ultrasensitivity, and each mechanism gives rise to
its own response equation. However, ultrasensitivity is often suspected of an empirically
observed response relationship without any idea as to the mechanism. In such cases, the
response curve is often compared to the Hill equation:
Sn

The response coefficient for the Hill equation is:
A:"

which has a maximum value of n. Hence the value of n gives some measure of the degree
of ultrasensitivity.

It is often referred to as the Hill coefficient. Table 1.1 lists some

empirically determined Hill coefficients for a number of signal transduction processes.
Another means of determining whether an empirically determined response curve has
hyperbolic sensitivity is the graphical representation known as the Eadie-Hofstee plot in
enzyme kinetics, or the Scatchard plot in ligand-binding analysis. For measured values of
Ri and Si, this involves plotting the Hi values against R i/S i. For a hyperbolic response,
the resulting sensitivity plot will be a straight line.

For ultrasensitive responses, the

resulting plot will be convex (for example, see figure 3.6, pp 92).

1.3.2

C ooperative, Zero-order and M u ltistep
U ltrasen sitivity

A multivalent receptor, from which signal transduction occurs only via the fully occupied
receptor complex, can give rise to an ultrasensitive response if binding of one molecule of
ligand increases the chances of binding of subsequent molecules. Similarly, a multivalent
enzyme which requires all sites to be occupied in order to facilitate catalysis, has an
ultrasensitive reaction rate if the first molecule of substrate bound facilitates the binding
of subsequent molecules (see, for example, Keener & Sneyd, 1998).
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Cooperative binding to their extracellular receptors does not appear to have been
documented for any cytokines. In particular, IL-1, IL-10 and TN F all bind to monovalent
receptors (although IL-10 binds as a dimer and T N F as a trimer). Cooperative binding
processes may occur between intracellular signalling molecules downstream of cytokinereceptor binding. One example of this is the binding of the cellular kinase c-src to the
intracellular domain of the EGF receptor (Lombardo et al., 1995). Cooperative binding
may also occur between some transcription factors and promoter regions containing
multiple copies of their binding sequence. However, for the vast majority of intracellular
signal molecules, it is simply not known whether they bind in a cooperative fashion. The
response characteristics of binding are only starting to be uncovered (Koshland, 1998).
Zero-order ultrasensitivity arises from a Stadtman & Chock type cyclic cascade (fig
ure 1.7) when the two enzymes catalysing mutually opposing reactions are operating on
a substrate which is at a saturating concentration (i.e. a concentration greater than
the Michaelis constant for either enzyme). A number of reversible covalent modifica
tions are known to occur to signal transducing substrates (phosphorylation, glycosylation, méthylation, myristoylation, adenylylation), with phosphorylation being particularly
widely used (an estimated 575 human genes are believed to contain a kinase domain.
International Human Genome Sequencing Consortium, 2001). However, ultrasensitivity
has been documented in only a few cases so far (see table 1.1). From considerations of
the approximate Michaelis constants for a number of kinases, and concentrations of their
substrates in various eukaryotic cells, Ferrell (1996) predicted the existence of zero-order
ultrasensitivity in a number of MAPKs.

Table 1.1: Sensitivity measured as H ill coefficients for various ultrasensitive reactions.

Reaction

Hill
Mechanism
Coefficient

System

Citation
o
§■

2.9

Cooperativity

H.sapiens
respiration

Bohr et al., 1904 cited by Koshland,
1998
=3

EGFR4-c-src;=^EGFR:c-src

2

Cooperativity

H.sapiens
proteins

Lombardo et al., 1995

Isocitrate dehydrogenase

2

Zero order
ultrasensitivity

E.coli proteins

La porte & Koshland, 1983

Multistep ultrasensitivity

Rat proteins

Hardie et al., 1999

Zero order
ultrasensitivity

Rabbit skeletal
muscle extracts

Meinke & Edstrom, 1991

Hb+402 ;=±Hb:(02)4

A M P ->A M P K
Phosphorylase kinase
—►Phosphorylase b

2.5

2

I
-

M os->M ekl ® ®

1.7

Zero order & multistep
ultrasensitivity

X. laevis oocyte
extracts

Huang & Ferrell, 1996

M o s -» -E R K 2 ® ®

4.2

Cascade amplification

X.laevis oocyte
extracts

Huang & Ferrell, 1996

M o s -^ E R K 2 ® ®

>35

Cascade amplification &
autoinduction

X.laevis intact
oocytes

Ferrell & Machleder, 1998

Progesterone—►ERK2 © ©

>42

Cascade amplification &
autoinduction

X. laevis intact
oocytes

Ferrell & Machleder, 1998

20

Cascade amplification &
autoinduction

X.laevis intact
oocytes

Bagowski & Ferrell, 2001

Sorbitol-^JNK © ©
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Figure 1.8: Recurring structures in signal transduction networks. For each structure (linear,
feedback), the left-hand panel denotes the canonical network structure in terms o f stimulus
S, intermediate I and response R, and the right-hand panel gives a particular example. The
effect o f each structure on the sensitivity o f R to changes in S is discussed in the text.

Multistep reactions regulated by the same signal transduction molecule at different
steps in the reaction can also exhibit ultrasensitivity - this is termed multistep ultrasensi
tivity (Koshland, Goldbeter, & Stock, 1982; Ferrell, 1996). Again, a number of examples
of multistep ultrasensitivity have been found in cellular signal transduction networks (see
table 1.1), although many potential sources remain untested. Ferrell and Bhatt (1997)
showed that the bisphosphorylation of the MAPK ERK (extracellular-signal regulated
kinase)2 occurred by two successive phosphorylation steps, each of which were catal
ysed by the MAPK kinase (M A P 2 K) M E K l. They suggested this could be a potential
source of the ultrasensitivity observed in signals transmitted via these enzymes in X.
laevis oocyte extracts (Fluang & Ferrell, 1996). Bisphosphorylation is required for acti
vation of all MAPKs and MAPKKs (Kyriakis & Avruch, 2001), which may indicate that
multistep ultrasensitivity is a common feature of this family of signal transducers.

1.3.3

E nzym e C ascades and S en sitivity A m plification

One common theme in biochemical networks is that of the linear cascade (see figure 1.8).
The family of kinases known as the MAPKs, which play an important role in TN F and
IL-l-induced signal transduction, are a good example of this: each MAPK is activated
by phosphorylation by a MAP2K and each MAP2K is in turn activated by a MAP2K
kinase (M AP3K) (see figure 1.6).
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Denoting the concentration of MAP3K by S, the concentration of active MAPK by
R, and the concentration of active MAP2K by I (for Intermediate), the sensitivity of
the whole cascade R = f { S ) can be calculated from the sensitivities of the individual
steps I = g{S) and R = h {I):
4 = 4 -e f
That is, the sensitivity of a signal transferred by the whole cascade is the product of the
sensitivities of the signals transferred at each step in the cascade. Unlike the mechanisms
discussed in the previous section, this is not a mechanism for creating ultrasensitivity
from scratch. However, if the individual components of the cascade already exhibit some
degree of ultrasensitivity, the cascade will amplify them. Ferrell (1996) suggested this
sensitivity amplification could be an important function of the MAPK cascades, and may
explain their conserved, three-tiered structure.
Sensitivity amplification in a transduction cascade can be further increased by positive
feedback in the cascade (Kholodenko et al., 1997; Ferrell, 1999). For example, in the
MAPK cascade consisting of the MAP3K MOS (Moloney murine sarcoma), and the
MAPK ERK2, not only does MOS activate ERK, but ERK increases the total amount of
MOS by stabilising the mRNA of the latter (Howard et al., 1999; Matten et al., 1996).
This positive feedback effect is only present in intact cells, and has been suggested to
account for the greater Hill coefficient observed in the MOS-induced ERK response in
X. laevis oocytes compared to that seen in cytoplasmic extracts (Ferrell & Machleder,
1998). In fact, the measured Hill coefficients of signals transduced via an autoinducing
cascade can be as much as an order of magnitude greater than those observed for other
biochemical processes (see table 1 .1).
As n gets larger and larger, the smooth, nonlinear Hill equation becomes more and
more switch-like. Formally, as n ^ oo, the Hill equation tends toward the step function:

S < K
[R m a x

d

,

( 1,5 )

O therw ise

This function is illustrated in the third panel of figure 1.4, and was used by Henderson
et al. (1998) to model the stimulated production of IL-10 by IL- 1.
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increasing ligand,
decreasing X-links

increasing ligand,
increasing X-links

:
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Figure 1.9: Increasing the concentration o f a bivalent ligand initially increases the concen
tration o f active, crosslinked receptor-ligand complexes. Increasing beyond a certain point,
however, leads to an increased concentration o f inactive receptor-ligand complex and a re
duced concentration o f crosslinked complexes.

All of the mechanisms of ultrasensitivity discussed in this section could, in principle,
apply to cytokine-regulated cytokine production. In particular, the central involvement
of the p38 M APK and SAPK cascades in IL-1 and TNF-induced signals, and their likely
role as sensitivity amplifiers, suggests th a t ultrasensitive responses may be a particular
feature of these two cytokines.

1.3.4

N onm onotonic U ltrasensitivity

Another mechanism that can give rise to ultrasensitivity is th a t o f receptor crosslinking.
The ultrasensitive response processes R = f { S) considered so far have all been mono
tonie - th a t is, f { S) is either an increasing function for all values o f S, or a decreasing
function for all values of S. A nonmonotonic response is one which is increasing for some
values of S, and decreasing for others. A signal transduced by a crosslinking receptor
can give rise to a nonmonotonic response curve such as the one illustrated in the bottom
panel o f figure 1.4 (Perelson & Weisbuch, 1997; Lauffenberger & Linderman, 1993).
Crosslinking occurs when one receptor molecule becomes activated by being bound
to another receptor molecule via a bivalent ligand. At low concentrations of ligand, in
creasing the ligand concentration increases the number of crosslinked complexes formed.
However, beyond a certain point, further increases in ligand concentration actually lead
to a reduction in crosslink complex concentration because o f the greater binding capacity
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of the monovalently-bound ligand-receptor complex, which does not transduce a signal
(see figure 1.9).
Perelson and Weisbuch (1997) suggested that the B-cell receptor may function by
this crosslinking mechanism. Of the cytokine receptors, signals can be induced through
TNFRI and Fas by crosslinking these receptors with antibodies (Engelmann et al., 1990;
Dhein et al., 1992), suggesting that their native ligands may also function by crosslinking.
The particular form of the crosslinking response for a bivalent ligand (see, for example,
Perelson & Weisbuch, 1997 for derivation) is a log-bell shaped function - that is, it takes
on a symmetrical, bell-shape when R is plotted against log5. It is well approximated
by an equation of the form:
R = a

(s + A:)2

which has a response coefficient:

( 6' T Æ )2
This varies between 1 (when 5 = 0 ) and -2 (as 5 —> oo) - that is, there is a region in the
descending part of the curve which is ultrasensitive. This nonmonotonic ultrasensitivity
can give rise to multistability in networks of which it is a part (Perelson & Weisbuch,
1997).

1.4

A im s and O bjectives

The aim of the work described in this thesis was to investigate the dynamical behaviour
of inflammatory networks containing the cytokines TNF, IL-1 and IL-10. All three of
these cytokines are produced by monocytes, and the existence of positive and negative
feedback effects among them makes this an interesting system with the potential to
exhibit nontrivial dynamical behaviours such as multistability and periodicity (Henderson
et al., 1998; Seymour & Henderson, 2001). Using recombinant cytokines to stimulate
cells, and antibodies to cytokines to inhibit them, the approach taken was to first establish
the topology of networks consisting of IL-1 alone (Chapter 3), IL-1 and TN F Chapter
4) and IL-1 , TN F and IL-10 (Chapter 5), and then to examine the sensitivity of any
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relationships found.
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Once a model system had been established which fulfilled the

topological and sensitivity requirements for multistability and/or periodicity, the aim
was then to demonstrate these dynamical behaviours directly, and explore the possibility
of using this system as an in vitro model of chronic inflammatory and cyclic inflammatory
disease conditions.

Chapter 2
Method Development
2.1

Introduction

The monocyte, and its differentiated form, the macrophage, is one of the key cell types
responsible for inflammatory cytokine production in response to bacterial antigens (Hen
derson et al., 1998). Methodologically, it has the advantage of being available in large
numbers in the form of the blood transfusion waste product, buffy coat.

Monocytes

can be purified from the other cellular components of blood and buffy coat by virtue of
their tendency to adhere to plastic surfaces (B 0yum, 1968). From the point of view of
a model system for studying inflammatory cytokine interactions, activated monocytes
are producers of IL- 1, IL-10 and TNF. Individual studies suggest that systems consisting
mostly of monocytes may be capable of manifesting a number of network interactions,
such as autoinduction by IL-1, and feedback inhibition by IL-10 (Dinarello et al., 1987;
De Waal Malefyt et al., 1991).
The wide availability of antibodies to human cytokines has led to the popularity of
the capture/detection enzyme-linked immunosorbent assay (ELISA) technique, in which
an immobilised capture antibody is used to separate cytokine from other supernatant
materials, and a labelled detection antibody is then used to determine how much cytokine
has been captured from the sample (see, for example, Yssel & Cottrez, 1998). With the
inclusion of recombinant cytokine standards, this technique presents a fully quantitative
means of measuring total cytokine levels in cell culture supernatants.
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The total level of cytokine detectable in supernatants at any point in time is a
function of its rate of production and its rate of consumption by processes such as
endocytosis and proteolysis. The method of intracellular cytokine staining, in which the
secretory mechanism of activated cells is pharmacologically blocked causing a buildup
of intracellular cytokine (see, e.g. Yssel & Cottrez, 1998), presents a potential tool for
separating cytokine production from cytokine consumption. Furthermore, in combination
with the analytical technique of flow cytometry, intracellular staining can shed light
on the distribution of cytokine-producing cells that are not detectable by techniques
such as ELISA. This approach has been used widely to discriminate different subsets of
activated T-cells (for example, Kemp et al., 1999; Caraher et al., 2000), but has not
(to this author's knowledge) been previously applied to the study of monocyte cytokine
production.
The final technique used in this thesis for determination of the mechanism of cytokine
production was that of reverse transcription and cDNA amplification by polymerase chain
reaction (RT-PCR) of cytokine-specific mRNA, and the details of the method used are
described in this chapter.
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2.2

M aterials and M ethods

2.2.1

A ntibodies, C ytokines and R eagents

All inorganic compounds were purchased from BDH, and all organic compounds, buffers
and media from Sigma, unless otherwise stated. The recombinant cytokines used as
ELISA standards were obtained from the National Institute of Biological Standards and
Control (NIBSC). All plasticware was purchased from Sarstedt. Primers were purchased
from Sigma Genosys.
Table 2.1: Cytokine-specific primers for polymerase chain reaction.

Target mRNA

Direction

Sequence

pro-IL-1/?

Forward

AAA GAG ATG AAG TGC TCC TTC GAG G

Reverse

TGG AGA ACA CCA CTT GTT GCT CCA

Forward

CGG GAG GTG GAG CTG GCC GAG GAG

Reverse

CAC GAG CTG GTT ATC TCT CAG CTC

pro-TNF

2.2.2

Product size (bp)

388

355

Ion exchange purification of antibody from goat
serum

Sera from goats immunised with recombinant human cytokines were obtained from
NIBSC, and stored at -70°C until purification of the IgG fraction by a previously optimised
anion exchange chromatographic method.
Protein was initially precipitated by adding sufficient ammonium sulphate to achieve
45% saturation of the mixture (0.27g/m l). 2mls of ammonium sulphate/serum mixture
was incubated at 4°C for several hours with continuous agitation, before being cen
trifuged at 30000N (3000x ç) for 18mins. The resulting pellet was reconstituted in 2mls
of 20mM triethanolamine (TEA ) pH 7.7 (wash buffer), dialysed in lOkDa cutoff dialysis
cassettes (Slide-a-lyzer, Pierce) against a total volume of 91 of wash buffer, and finally
clarified by filtration through a 2pm membrane.

Table 2.2: Summary o f antibodies used. Except for the FITC-conjugated secondary antibody, all antibodies were raised against
human proteins. A ll murine antibodies were monoclonal, and all caprine antibodies were polyclonal.

Specificity

Isotype

Usage

Covalent
attachment
ELISA

Supplier

Mouse IgGi

RPE

Direct

Serotec

CD14

Mouse IgGi

None

Primary

Purified from hybridoma supernatants

IL -la

Mouse lgG2A

None

Capture

Primary

R & D Systems

\L -la

Goat polyclonal IgGs

Biotin

Detection

\l-lp

Mouse IgGi

None/ FITC

Capture

IL-1/3

Goat IgGs

Biotin

Detection

Purified from sera from NIBSC

IL-10

Mouse lgG2B

None

Capture

R & D Systems

IL-10

Goat IgGs

Biotin

Detection

R & D Systems

MOPC-21

Mouse IgGi

MOPC-141

Mouse lgGi2B

None/ RPE

TNF

VMouse IgGi

TNF

Goat IgGs

Biotin

Mouse Igs

F(ab ')2 fragments
of goat polyclonal

FITC

I
3o

Staining

CD3

None/ RPE/
FITC
None

9
dj
TD
CD

R & D Systems
Primary

Sigma/ R & D Systems

Control

Sigma

Control

Sigma

Primary

R & D Systems

Capture &
Detection

Purified from sera from NIBSC
Secondary

Da ko
Cjn
4^
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Serum IgG was then purified on a 5ml DEAE anion-exchange column (plastic columns
purchased from Pierce), which had previously been primed with 30ml wash buffer con
taining IM NaCI, and a further 60ml wash buffer. Clarified, precipitated serum protein
was added to the column, and non-binding protein washed through by the addition of
SOmIs wash buffer. 30x1m l fractions of protein were then eluted from the column in
60mM NaCI in wash buffer. For each fraction, protein content was determined by mea
suring optical absorbance at 280nm in a spectrophotometer (Pharmacia).

Between 5

and 10 of the fractions containing the peak amount of protein were pooled, and dialysed
in lOkDa cassettes against a O.IM NaHCOg, O.IM NaCI storage buffer.

2.2.3

Covalent attachm ent of biotin group to goat
antibodies

Some of the antibodies purified as described in the previous section were covalently mod
ified by the addition of biotin group(s) for use as detection antibodies in ELISAs. IgG
concentration was estimated by measuring optical absorbance at 280nm and dividing this
value by the extinction coefficient for IgG (1.38 L/g/cm , path length for the spectropho
tometer was 1cm). To 2mls of purified antibody, lOOpl of lOmg/ml biotinamidocaproate
N-hydroxysuccinimide ester (BANHS) in dimethyl sulphoxide (D M SO ) was added per mg
of IgG. This mixture was left to react at room temperature for 2hrs, after which the
reaction was stopped by the addition of bp\ ethanolamine per ml of antibody/BANHS
mixture. Excess biotin was then removed, and the antibody buffer changed by dialy
sis against phosphate-buffered saline, Dulbecco's formulation (PBS) containing 0.01%
thimerosal. Bovine serum albumin (BSA) was added to the final antibody preparation
to a concentration of 1%, and the mixture was stored at - 20°C.

2.2.4

E xtraction o f prim ary hum an m on ocytes and plasm a

Human peripheral blood buffy coat and buffy coat residue were obtained from North
London Blood Transfusion Service, Colindale. Buffy coat is obtained after harvesting
of red cells and plasma from the %500ml of peripheral blood taken from a voluntary
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donor. Buffy coat residue is a byproduct that results when bufFy coats from 3 donors are
pooled with the plasma of one of those donors to create a platelet-rich plasma fraction
(which the blood service harvests for medical use). The blood transfusion service uses a
citrate-based anticoagulant.
Buffy coats were delivered the day after blood donation, and processed either on
the same day or the following morning, after storage at room temperature. A variation
of the method of B0yum (1968) was used to purify peripheral blood mononuclear cells
(PBM C). Buffy coat (or residue) was diluted 1:2 in PBS, thoroughly mixed, and incu
bated at 37°C for 30mins, after which 30mls of the mixture was floated onto ISmls of
a 1.077g/ml density gradient (Lymphoprep - a ficoll-hypaque mixture, Nycomed) in a
50ml polypropylene centrifuge tube. The blood gradient was then subject to a force of
3000N (300x ^ ) for 30mins by centrifugation in a swinging bucket rotor, which resulted
in separation into four layers - plasma, PBMC, density mixture, and erythrocytes and
granulocytes (top to bottom respectively). The plasma and PBMC layers were removed
to fresh tubes, mixed by pipetting, and pelleted by centrifugation for a further lOmins
after which the plasma was decanted and the cell pellet resuspended in 20mls PBS. On
some occasions, there was still substantial contamination of the PBMC mixture by ery
throcytes (as Judged by the colour of the mixture), and in these cases the mixture was
floated onto ISmls of density gradient for a second time, and subjected to centrifugation
for a further 15mins. PBMC and PBS were then removed to fresh tubes.
After separation from red cells and from plasma, PBMC were washed twice by sus
pending pellets in 20mls PBS, and subjecting to a 3000N force for lOmins by centrifu
gation. Cells were then suspended in Dulbecco’s modified Eagle medium (D M E M ) sup
plemented with penicillin/streptomycin and 2% heat-inactivated, pooled human plasma
(complete adherence medium). At this stage, cells were counted in a haemacytometer,
and diluted to 4 x 10^/ml in complete adherence medium.

Aliquots of this mixture

were then placed into polystyrene, tissue-culture grade plastic dishes - 3mls per well of
a 6-well plate for flow cytometry and RT-PCR experiments, 1ml per well of a 24-well
plate for ELISA experiments. Dishes were transferred to a humidified, 5% CO 2, 37°C
incubator for 30mins to allow the monocytes to adhere to the plastic.

Supernatants
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were then aspirated, and each well was washed with PBS, before replacing with RPMI
1640 medium supplemented with penicillin/streptomycin and 2% heat-inactivated hu
man plasma (assay medium).
Plasma, decanted from cells after the second centrifugation step, was retained and
stored at -20°C until a total of SOOmIs had been collected. At this point, plasmas from
several donors were pooled and incubated in a water bath at 56°C for SOmins in order
to ensure inactivation of complement. Pooled, heat-inactivated serum was then stored
at - 20°C until use in further cell preparations and experiments.

2.2.5

Enzym e-linked im m unosorbent assays for cytokines

Anti-cytokine capture antibody was diluted in PBS, and distributed into the wells of
a 96-well Maxisorp microtitre plate (Invitrogen) lOOpl per well.

The antibody was

allowed to adhere to the plastic by overnight incubation of the plate at 4°C. Unattached
antibody was washed off by filling and emptying wells several times with % 200/il each
of a buffer consisting of 0.5M NaCI, 2.5mM NaH 2P 0 4 , 7.5mM Na2HP 04 and 0.1% v/v
Tween 20 detergent (wash buffer). Samples and recombinant cytokine standards were
diluted in wash buffer, and placed in the wells of the plate, 100/xl per well. Samples for
determination of extracellular IL -la , \L-lj3 or IL-10 levels were diluted 1 :2 , samples for
determination TN F were diluted 1:5, and samples for determination of intracellular IL -la
and IL-1/3 were diluted 1:50. Samples and standards were left to bind to capture antibody
for 4hrs at room temperature, after which unbound material was washed off with wash
buffer, and replaced with 100/^1 of biotin-conjugated detection antibody, diluted in wash
buffer. This was left to bind at room temperature for Ihr before unbound antibody was
washed off, and replaced with 100^1 of avidin-conjugated horseradish peroxidase, diluted
1:4000 in wash buffer, as recommended by the manufacturer (D ako).

After another

15mins binding at room temperature, unbound enzyme was washed off and replaced
with 100/il per well of the colorimetric substrate mixture of OPD (0.5mg/m l) and H 2O 2
(2m M) in a buffer consisting of 34.7mM citric acid and 66.7mM Na2HP 0 4 , pH 5. Plates
were incubated for about 15mins, until the colour had visibly changed, and the reaction
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was stopped by the addition of 100/il per well of IM

H2 SO4 . Optical absorbance at

490nm (the colour of the reaction product of OPD and H 2O 2) was then measured in a
microtitre plate reader (M RXII attached to a PC running Revelation software, Dynex).
In order to determine the linear range of the assay, a range of concentrations of
recombinant standards of the appropriate cytokine was included on every plate. The
highest concentrations used were 20ng/ml for IL -la , IL-10 and T N F and 8 ng/ml for
IL-1/?, and six serial dilutions were made from this for each cytokine. These standard
concentrations were used to construct a standard curve by finding the best-fit parameters
a, b,c,d to the sigmoid e q u atio n /(x ) = {a —d)x^/ {x^-\-à ) -hd for Xi =concentration of
cytokine standard i, and f { xi ) =absorbance values of cytokine standard i. The standard
curve was used to calculate cytokine concentrations of experimental samples from their
measured absorbance values by the transformation [cytokine] =

(absorbance). All

curve fitting and transformation was performed by the Dynex Revelation software.

2.2.6

Staining for surface antigens and analysis by flow
cytom etry

Cells prepared according to section 2.2.4 were scraped from plastic dishes, using a cell
scraper, into 3m!s PBS and subjected to a centrifugal force of 3000N for lOmins. They
were then fixed by resuspending pellets in 200/il of 4% formaldehyde in PBS, and incu
bating at room temperature for 20 mins. Fixed cells were washed by adding 2mls of PBS
and centrifuging again at 3000N, after which they were stored at 4°C for up to 1 week
before staining.
At each step of the staining procedure, cells that had been incubated with one
reagent were transferred to the next reagent in the staining procedure by addition of 2mls
PBS containing 0.01% sodium azide (wash buffer), 3000N centrifugation, discard of the
supernatant, and resuspension of the cell pellet in lOOpl of the next reagent. Incubations
were performed at room temperature. When covalently attached fluorophore species of
antibody were available, the direct staining procedure was used in which fixed cells were
first blocked by incubation in 2% mouse serum in wash buffer, and then stained by
incubation for Ihr with fluorophore-conjugated antibody against the antigen of interest.
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When directly conjugated antibodies were not available, cells were blocked in 2% goat
serum in wash buffer, and stained with primary murine IgG antibody to the antigen of
interest by incubation for Ihr.

Cells were then labelled by SOmins incubation with a

1:20 dilution of fluorophore-conjugated secondary antibody (directed against murine IgG
antibodies) in wash buffer. After either direct or indirect labelling, cells were washed
in 2mls wash buffer, centrifuged again, supernatants were discarded, and cells were
resuspended in 100/il PBS.
After the final wash, cells were analysed in a flow cytometer (Becton Dickinson
FACScan attached to a Macintosh G4 running BD Cellquest software). The machine
was set up so that two distinct cell populations were visible on dotplots of size ver
sus granularity, and fluorescence, size and granularity measurements were collected for
50,000 events for each experimental condition analysed. Data analysis involved plotting
a frequency histogram of the number of events counted at each of a range of (logarith
mically distributed) fluorescence intensities using the WinMDI software (freely available
at http://facs.scripps.edu).

2.2.7

Staining for intracellular antigens

Cells to be stained intracellularly had bpg/m\ brefeldin A added to medium a number of
hours before the end of stimulation, in order to prevent secretion of cytokine (see, for
example Yssel & Cottrez, 1998). They were then fixed in 4% formaldehyde, as described
in the previous section. Staining was then performed with anti-cytokine antibodies in a
manner similar to that used for staining for surface antigens, except that the detergent
saponin was included in the buffer to allow antibody to enter the cell.
Again, two methods were used depending upon availability of fluorophore-conjugated
antibodies. In the direct labelling procedure, cells were blocked for Ihr in 2% mouse
serum in wash buffer, followed by incubation for 45mins in antibody in 200p\ of a
freshly prepared buffer consisting of 0.5% saponin and 0.01% sodium azide in PBS
(permeabilisation buffer). Cells were then washed once in 2mls of permeabilisation buffer
and once in 2mls of PBS, each wash step consisting of centrifugation of cells at 3000N,
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discard of supernatant, and resuspension of cell pellet. The indirect labelling procedure
was similar, except that goat serum was used as the blocking agent, and after 45mins
incubation with primary antibody in permeabilisation buffer, cells were washed in 2 mls
permeabilisation buffer and then incubated for a further SOmins in lOO^Lil of secondary
antibody, diluted 1:20 in permeabilisation buffer.
After the final wash, cells were resuspended in 100/xl of PBS, and analysed on a flow
cytometer as described in the previous section.

2.2.8

E xtraction o f cellular R N A

Total RNA was extracted from cells by a modification of the method of Chomczynski and
Sacchi (1987). Lysis solution consisting of 4M guanidium thiocyanate, 25mM citric acid
and 0.5% w /v N-lauroylsarcosine was prepared and stored at 4°C. Immediately before
use, /^-mercaptoethanol was added to the mixture to a final concentration of 0.75%.
Supernatants were removed and lysates prepared from cells in two wells of a 6-well plate
by adding 300/xl lysis solution to each well, and homogenising cells with a yellow pipette
tip. Lysates were transferred to 1.5ml eppendorf tubes, which were immediately placed
in storage at -70°C until ready to extract RNA.
To 600p\ cell lysate was added bOp\ 3M sodium acetate, pH 5, 500//I citrate-saturated
phenol, and 100^1 chloroform. This mixture was thoroughly mixed on a vortex mixer,
and incubated on ice for about lOmins before separation by centrifugation at 130,000N
(13,000x^) for lOmins in a fixed-angle rotor, resulting in an aqueous upper phase, an
interface layer, and a lower, phenolic phase. The aqueous phase containing RNA was
transferred to a fresh tube, and RNA was precipitated by the addition of an equal volume
of isopropanol, and incubation of the mixture at -20°C for 2hrs. An RNA pellet was re
covered by centrifugation of the mixture at 130,000N, 4°C, and washing in 200^1 of 70%
ethanol in diethylpyrocarbonate (DEPC)-treated water. After further centrifugation and
removal of ethanol, pellets were allowed to air dry for about 15mins. Finally, pellets were
resuspended in lbp\ DEPC-treated water, and RNA yield for the sample was determined
by measuring absorbance at 260nm in a spectrophotometer.

Samples were stored at
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-70°C before reverse transcription and amplification of cytokine mRNA.

2.2.9

R everse transcription and am plification by
polym erase chain reaction o f cytokine m R N A

Total cellular RNA, extracted as described in the previous section, was reverse transcribed
and amplified by polymerase chain reaction for specific cytokine mRNA content using a
single-tube system based on avian myeloblastosis virus (A M V) reverse transcriptase and
Thermus flavus (T fl) DNA polymerase (Access RT-PCR system, Promega). A master
mix consisting of the following components per reaction was prepared:
Reaction buffer ( 5 x )

5.0/il

dATP, dCTP, dGTP, dUTP (lOmM each)

0.5//I

MgCl2 (25m M)

l.Opl

Forward primer (lO/xM)

2.5/xl

Reverse primer (10/iM )

2.5p\

AM V reverse transcriptase (1 unit/^l)

0.5//I

Tfl DNA polymerase (1 unit/^l)

0.5/xl

DEPC-treated water

11.5//I

lp \ of each RNA sample was transferred to a 2b0p\ PCR tube, and the master mix
was added to bring the total mixture to a volume of 25/il. Samples were then placed on
a thermal cycler programmed to perform the following steps:
Ix

48°C 45mins

first strand cDNA synthesis

Ix

94°C

reverse transcriptase inactivation and initial dénaturation

30 X
Ix

5mins

94° C Imin

dénaturation

60°C

annealing & extension

2.5min

60°C Smins

final extension

The annealing and extension temperatures given are those used with the IL-1/?
primers. An annealing temperature of 70°C was used for the TNF primers. The first
strand synthesis temperature used is that recommended by the reverse transcriptase
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manufacturer (Promega), and the cDNA amplification programs were previously found
to be suitable for the primers in table 2.1 by Jung et al. (1995).
1% agarose gels were prepared by boiling 0.5g of agarose in SOmIs of a buffer con
taining 45mM tris, 45mM borate and Im M EDTA. 0.5/zg/ml ethidium bromide was also
added. After reverse transcription and amplification, DNA loading buffer was added to
PCR products, and lSp\ of the resulting mixture was subjected to electrophoresis in
each lane of an agarose gel submerged in the tris/borate/EDTA buffer, set to a voltage
of 50V. The results were visualised by transillumination with an ultraviolet lamp, and
photography with a CCD camera coupled to a computer running Alphaimager software.

2.2.10

D eterm ination of cell viability by trypan blue
exclusion and fluorescein diacetate hydrolysis

Adherent cells to be assessed for viability were scraped from tissue culture dishes with
a cell scraper, and resuspended in culture supernatant.

100/xl of cell suspension was

mixed with 100/il of 30% trypan blue solution for 5mins before being transferred to
a haemacytometer.

Numbers of cells taking up the dye, and total numbers of cells

were counted by microscopic examination, and viability calculated by dividing the former
count by the latter.
Viable cells contain enzymes capable of catalysing the hydrolysis of the membranepermeable, nonfluorescent ester fluorescein diacetate (FDA) to the fluorescent product
fluorescein, and this property can be used as the basis for an assay for cell viability (Pot
man & Papermaster, 1966). Supernatants were removed from cells to be assessed for
viability, and replaced with FDA diluted 1:100 from a 5mg/ml stock solution into PBS.
After SOmins incubation with the FDA solution, 100/61 of the supernatant from each
experimental treatment was transferred to a microtitre plate, and fluoresence levels were
determined in a multiwell fluorimeter (Ascent Fluoroskan, connected to a PC running
Ascent software), with an excitation filter wavelength of 485nm and an emission filter
wavelength of 538nm.
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2.3

R esults

2.3.1

D eterm ination o f an tibod y com binations and
concentrations for cytokine ELISAs
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Immunoassays were developed for the measurement of soluble levels of IL -la , IL- 1/^,
IL-10 and TNF, using the antibodies listed in table 2.2. IL-1/) and T N F polyclonal an
tibodies were purified from immunised goat sera according to an anion exchange chro
matographic method previously developed at NIBSC (section 2 .2 .2 ). Assays were based
on the solid phase capture/detection ELISA principle, in which saturating quantities of
a capture antibody are immobilised on a plastic surface, to which samples containing
unknown quantities of cytokine are allowed to bind. A second antibody, modified to
facilitate physical detection, is then bound to the captured cytokine, again in saturating
quantities.
The physical detection system used in the assays described here was the reaction
catalysed by the enzyme horseradish peroxidase, in which the colorless substrate OPD
is turned into a yellow-green product, detectable in an absorbance photometer. In order
to attach the enzyme, detection antibodies with an attached biotin group, and enzyme
with an attached avidin group were used (biotin and avidin bind noncovalently to one
another with high affinity). Detection antibodies for the TN F and IL- 1/) ELISAs were
attached to biotin according to the procedure described in section 2.2.3; other detection
antibodies were purchased in a biotin conjugated form.
In order to determine saturating concentrations of capture and detection antibodies
for each assay, plates were coated with a range of dilutions of the stock capture antibody,
and a fixed amount of cytokine standard was allowed to bind. A range of dilutions of the
stock detection antibody were then applied, and the color change reaction developed.
Figure 2.1 illustrates a typical 'chequerboard' experiment in which dilutions of capture
and detection anti-TNF antibody resulting in maximum color change at a fixed concen
tration of cytokine standard were determined to occur at dilutions of 1:1000 for both
antibodies.
For IL -la and IL-10 assays, the manufacturer recommended combinations of mon-
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Figure 2.1: Determination o f the saturating concentrations o f coating and detection antiTNF antibody for ELISA. Graphs show optical absorbances at 490nm after coating plates
sequentially with capture antibody, recombinant TNF, detection antibody and detection en
zyme, and allowing the OPD color-change-reaction to develop for ISmins. Anion exchange
chromatography-purified goat anti-TN F stock was diluted and used as capture antibody, with
a 10“ ^ dilution o f detection antibody (left), and biotin-conjugated goat anti-T N F stock was
diluted and used as detection antibody, with a 10“ ^ dilution o f capture antibody (right).
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Figure 2.2: Difference in cytokine levels detected by ELISA between cell supernatants and
cell lysates. Adherence-enriched PBM C were stimulated for 20hrs with lOOng/ml LPS (U )
after which supernatants were completely removed and frozen to -7CPC. Cell lysates were then
produced from each sample by resuspending cells in water and freezing to -7(TC. Lysates and
supernatants were then diluted 1:10 and cytokine content determined by I L - ljl (left panel) and
TNF (right panel) ELISA. Supernatants and lysates from unstimulated cells (M ) are included
for comparison.
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oclonal capture antibody and polyclonal detection antibody gave satisfactory results.
For the TN F assay, polyclonal antibodies from the same goat serum were used for both
capture and detection.

For the IL-1/3 assay, polyclonal antibodies from two different

goat sera were initially tried, but found to give low maximal levels of color change.
When modified to use a commercial monoclonal capture antibody in combination with
the in-house purified detection antibody, a vastly improved signal was obtained - when
the antibodies were compared, an ELISA based on the polyclonal goat capture antibody
acheived a maximal color change of <0.5 absorbance units, compared to a maximal color
change of >2 units with the monoclonal capture antibody.

2.3.2

A dherence-enriched P B M C contain an
im m unodetectable pool o f intracellular IL l

In the course of determining the appropriate dilution factor at which to add biological
samples to cytokine ELISAs, it was observed that greater quantities of IL-1 were de
tectable when cell lysates were added to the assay than when supernatants were used.
An experiment was performed to determine whether this was a feature unique to IL-1, or
whether immunodetectable levels of other cytokines could also be increased by producing
lysates.
Adherence-enriched PBMC were prepared as described in section 2.2.4, and stimu
lated with lOOng/ml LPS. After 20hrs, supernatants were completely removed, and cells
were resuspended in an equal volume of water. Supernatants and cell suspensions were
then transferred to a -70°C freezer for 24hrs before having IL-1/? and TN F levels de
termined by ELISA. The results, illustrated in figure 2 .2 , showed that lysates contained
more than 10 times as much IL-1/? as did supernatants from the same experimental
treatment. By comparison, lysates and supernatants contained almost identical levels of
TNF, as determined by ELISA.
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Figure 2.3: Morphological differences between purified PBMC and adherence-enriched mono
cytes. Density plots illustrate distribution o f cytometer events across 256 size x 256 granularity
regions. Apart from regions containing zero events, which are illustrated as white to clarify
boundary regions, the more events a region contains, the brighter it is shaded. Cells purified
from buffy coat residue and fixed immediately after purification (le ft) are compared to cells
further purified by adherence to tissue culture plastic (right) before fixation.

2.3.3

M on ocyte enrichm ent o f buffy coat-derived P B M C

The cellular component of human peripheral blood buffy coat consists of erythrocytes,
granulocytes, platelets and PBMC. Erythrocytes and granulocytes were separated from
platelets and PBMC by density gradient centrifugation - the former cell types are more
dense, and the latter types less dense than the 1.077g/ml ficoll-hypaque solution used
for this. Separation was often less than perfect, with erythrocytes frequently visible in
the cell suspension after centrifugation, and granulocytes sometimes detectable by flow
cytometry, which led to the incorporation of a second gradient centrifugation step in
cases where erythrocyte contamination was visible.

PBMC were further enriched for

monocytes by allowing cells to adhere to polystyrene for SOmins, and washing off all
nonadherent cells. At this stage, microscopic examination revealed two populations of
cells adhered to the plate - a flattened, adherent cell type (presumably the monocytes),
and a more rounded type.
The cellular constitutions of the two stages of the cell preparation were examined by
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Figure 2.4: Morphological characteristics o f CD3^ cells. Histograms illustrate distributions
o f fluorescence intensities o f cells stained with RPE-conjugated monoclonal CD3 antibody
(black histogram), or an RPE-conjugated, isotype-matched control antibody (grey histogram).
Horizontal bar denotes gate drawn to include only CD3^ events. The density plot (right hand
panel) is o f the CD3-stained cells, gated on CDS^ events.
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Figure 2.5: Morphological characteristics o f CD14^ cells. Histograms illustrate distributions
o f fluorescence intensities o f cells stained with either monoclonal CD14 antibody (black his
togram) or an isotype-matched control antibody (grey histogram), followed by a secondary,
FITC-conjugated antibody. Horizontal bar denotes gate drawn to include only CD14^ events.
The density plot (right hand panel) is o f the CD14-stained cells, gated on CD14T events.

Chapter 2: Methods

68

labelling of surface antigens, and flow cytometry. PBMC were fixed by resuspending in
4% formaldehyde, and adherence-enriched cells were fixed by scraping from plastic dishes
and then resuspending in formaldehyde for 20mins. Both cell types were then labelled
with the T-lymphocyte marker antibody CD3, and the monocyte marker antibody CD14,
according to the procedure of section 2.2.6, and analysed by flow cytometry. Typical
density plots of size against granularity (figure 2.3) revealed three distinct populations
- a large, granular population, an intermediate-sized, non granular population, and a
small, non-granular population. All three populations were present in both PBMC and
adherence-enriched cell populations. On some occasions, a fourth population was visible
of similar size to the large cells, but with greater granularity.
Figure 2.4, left panel, illustrates the results of staining adherence-enriched cells with
CD3 antibody compared to staining with an isotype-matched control antibody. A peak
of CD3^ cells is visible, and when this population of cells is selected, their morphological
characteristics place them in the intermediate-sized population (figure 2.4, right panel).
A similar analysis shows that CD14^ cells fall mostly in the large, granular population
(figure 2.5). In order to compare the proportion of monocytes in the adherence-enriched
preparation with that in the PBMC preparation, the proportion of cells expressing CD3
and CD14 antigens were calculated. Events in the third, small population were excluded
from the analysis on the assumption that these were mostly either debris, platelets, or
erythrocytes. The results are summarised in table 2.3, and show that the proportion of
CD3^ cells after adherence enrichment decreases by 46% of its value in PBMC, whereas
the proportion of CD14^ cells increases by 85% of its value in PBMC. The results also
show that the total number of cells staining positive for expression of either antigen
decreases by 18% of its value in PBMC.

2.3.4

Effect of a cytotoxic stim ulus on m orphology
assessed by flow cytom etry

In the course of experiments designed to optimise the concentration and time of expo
sure of cells to the protein synthesis inhibitor cycloheximide, a correlation was observed
between cell viability (as determined by trypan blue dye exclusion) and morphology as
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Table 2.3: Summary of experiment to measure CDS and CD14 antigen expression levels.
Numbers listed are proportions of cells falling in the CDS^ and CD 14^ populations, excluding
events in the small, nongranular population.
Preparation stage

CD3+ (% )

CD14+ (%)

Total (% )

PBMC

71

20

91

Adherence-enriched cells

38

37

75

determined by flow cytometry. Figure 2.6 illustrates an experiment in which adherenceenriched cells were treated for 20hrs with 50/ig/m l of cycloheximide. This treatment
regimen was sufficient to cause a substantial reduction in the proportion of cells able to
exclude trypan blue (63% viability in the presence of cycloheximide, compared to 88%
viability in its absence). The density plots of figure 2.6 illustrate that the proportion
of total events falling in the large, and in the medium-sized populations both decrease,
with more events being detected in the small (debris) population. However, the effect is
more pronounced in the large population, in which the proportion of total events drops
from 52% in the absence of cycloheximide to 18% in its presence, compared to a drop
from 30% to 24% in the medium-sized population.
These data are consistent with the suggestion that monocytes are more susceptible
to cycloheximide-induced cytotoxicity than lymphocytes. They also suggest that dying
cells tend to show a size change sufficient to move them out of the large population.

2.3.5

Inclusion o f brefeldin in m edium is necessary for th e
d etection o f T N F , but not XL-1/5 by intracellular
staining

Adherence-enriched cells stimulated with LPS showed detectable levels of TNF as mea
sured by intracellular staining only when brefeldin was included in the medium (fig
ure 2.7). Cells were incubated with O.lng/ml or Ing/m l LPS for 4hrs, with or without
5^g/m l brefeldin present for the last hour, before being fixed and stained with anti-TNF
antibody, according to the intracellular procedure of section 2.2.7. 28.5% of monocyte-
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Figure 2.6: Effect o f a cytotoxic stimulus on cell morphology. Adherence-enriched cells were
incubated for 20hrs with 5 0 p g /m l cycloheximide, before being fixed in 4% formaldehyde, and
analysed in a flow cytometer. Density plots represent distribution o f size and granularity o f
unstimulated control cells (left panel) and o f cycloheximide-treated cells (right panel).

gated cells were TNF^ in response to O.lng/ml LPS, and 39% TN F^ in response to
Ing/m l LPS when brefeldin was included, compared to 2.6% and 4.7% TN F^ respec
tively when brefeldin was omitted.
In contrast, the inclusion of brefeldin was not necessary for the detection of LPSinduced intracellular \L -lp (figure 2.8). Cells were incubated with O.lng/ml or Ing/m l
LPS for 24hrs, with or without 5//g/m l brefeldin present for the last 2hrs, before being
fixed and stained with anti-IL-1/3 antibody, according to the method of section 2.2.7. The
results in this case showed that 40% of monocyte-gated cells were

in response

to O.lng/ml LPS, and 80% were \L -lfj~ in response to Ing/m l LPS when brefeldin was
included, with similar values of 34% and 84% IL-l/3~ when brefeldin was omitted from
the procedure.
All subsequent experiments to measure \L -lp by intracellular staining omitted the
brefeldin incubation step from the procedure.
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Figure 2.7: Effect o f brefeldin on detection o f LPS-induced TNF by intracellular staining.
Adherence-enriched cells were stimulated for 4hrs with O .lng /m l or In g /m l LPS, and 5 p g /m l
brefeldin was added to the medium for the final hour o f the experiment. Cells were then fixed
and stained with RPE-conjugated anti-TN F antibody. Flistograms, gated on the monocyte
population, compare the effects o f the inclusion (red) or omission (grey) o f brefeldin from
medium for the last hour in unstimulated cells (top left), and cells stimulated with O .lng /m l
(top right) or In g /m l (bottom left) LPS.
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Figure 2.8: Effect o f brefeldin on detection o f LPS-induced !L-1(5 by intracellular staining.
Adherence-enriched cells were stimulated for 24hrs with O .lng/m l or In g /m l LPS, and 5 p g /m l
brefeldin was added to the medium for the final 2hrs o f the experiment. Cells were then
fixed and stained with a n ti-IL -ip antibody. Histograms, gated on the monocyte population,
compare the effects o f the inclusion (red) or omission (grey) o f brefeldin from medium for the
last 2hrs in unstimulated cells (top left), and cells stimulated with O .lng /m l (top right) or
In g /m l (bottom left) LPS.
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2.3.6

73

C alibration o f flow cytom eter

Because of the availability of recombinant protein standards, ELISAs provide a fully
quantitative means of assessing a cytokine-induced cytokine response. In order to quan
tify the amount of cytokine produced by cells by flow cytometry, it would be necessary
to have available a set of calibration cells, with known amounts of intracellular cytokine,
and similar permeabilisation and non-specific staining characteristics to the experimental
monocytes. To this author's knowledge, such standards do not exist. The possibility of
creating standard cells by cross-calibration of the flow cytometer with the ELISAs was
considered, but formaldehyde fixation was found to interfere with the detection of IL-1/?
by ELISA (figure 2.9), and the lifespan of formaldehyde-fixed monocytes was too short
to make this time-consuming procedure worthwhile.
Although standards were not available for the intracellular staining procedure, stan
dards for indirect staining of surface antigens were. These consisted of bead populations
with predetermined numbers of murine lgG2A binding sites (D ako). Beads were incubated
with FITC-la bel led secondary (anti-mIgG) antibody, and fluorescence levels measured by
flow cytometry with similar machine settings to those used for measurement of intra
cellular cytokine. The results showed that the peak fluorescence intensity for each bead
population is directly proportional to the number of binding sites on the surface of the
bead up to a fluorescence intensity of around 10^ units (figure 2 . 10).

2.3.7

T im e-dependent induction of IL-1/3 m R N A by LPS

The reverse-transcription/ polymerase chain reaction assay for IL-1/? message was tested
by stimulating cells with In g /m l LPS for 2 , 5 and 20hrs. At each time point, cell lysates
were prepared in RNA lysis solution, and stored at -70°C before the extraction of total
RNA by the acid/ phenol/ chloroform method of Chomczynski and Sacchi (1987), as
described (section 2.2.8). RNA samples were then subject to reverse-transcription and
PCR amplification using the primers in table 2 . 1. Figure 2.11 illustrates the detection
of bands in the PCR products of LPS-stimulated cells of %400bp - the predicted size of
PCR product from these primers is 388bp. This band had increased in intensity after
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Figure 2.9: Effect o f formaldehyde fixation on detection o f intracellular IL-1/3 by ELISA. Mono
cytes were stimulated with In g /m l LPS for 24hrs after which supernatants were removed and
cells scraped into test tubes containing either fixative (4% formaldehyde in PBS) or PBS. A fte r
SOmins fixation, cells were spun down to remove fixative, and lysed by resuspension in water,
transfer to -7CPC overnight, and subsequent thawing in a 37°C incubator. Bar chart shows
IL-lf3 levels in lysates o f unfixed (black M) and formaldehyde-fixed (grey M) cells, determined
by ELISA.
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Figure 2.10: Calibration o f indirect immunofluorescence staining procedure. Left panel: flu
orescence histogram o f FITC anti-mouse IgG stained calibration beads. Peaks correspond to
bead populations with 0, 4, 18, 60, 196 and 531 thousand binding sites per bead. Right panel:
scatter plot o f peak fluorescent intensities o f each bead population against number o f binding
sites per bead.
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20hrs exposure to LPS. By comparison, unstimulated cells only showed a detectable
band at the 2hr time point. Although the RNA preparation procedure may have resulted
in some contaminating DNA, both primers chosen span an exon splice boundary (Jung
et al., 1995) so that only first-strand cDNA from the reverse transcription should be
amplified by the polymerase. This was demonstrated by a reaction run with RNA from
LPS-stimulated cells, but no reverse transcriptase, which resulted in no detectable PCR
product (c.f. lanes 2 and 6 ).

2.3.8

U se of fluorescein d iacetate to determ ine cell
num bers

Trypan blue dye exclusion is a labour-intensive means of assessing cell viability, and
also has the disadvantage that adherent cells must be somehow removed from their
substrate, a process which can potentially affect their viability. With the availability of a
multiwell fluorimeter, an assay based on fluorescein diacetate hydrolysis was developed for
applications where a large number of samples were to be assessed for viability. Figure 2.12
illustrates an experiment designed to demonstrate the use of fluorescein diacetate as a
means of determining cell numbers. Serial dilutions of THP-1 cells in PBS were prepared,
and FDA was added to a final concentration of 50/xg/ml. After SOmins incubation, cells
were pelleted by centrifugation at 3000N, and supernatants were removed and analysed
in the fluorimeter. The results demonstrate the dependence of fluoresence intensity on
the number of cells.
Experiments were also performed in which fluorescein diacetate-treated cells were
examined by flow cytometry. However, the membrane-permeability of fluorescein meant
that cells only retained measurable amounts of fluorescence for a matter of minutes after
treatment with the stain, a logistical problem limiting the flexibility of the assay.
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Figure 2.11: Time-dependent induction o f IL-1/3 mRNA by LPS. Adherence-enriched cells
were stimulated with In g /m l LPS. A t the indicated times after stimulation, supernatants
were completely removed, and cell lysates were prepared in RNA lysis solution and stored at
-7CPC before extraction o f total RNA. RNA samples were then subject to reverse transcription
and polymerase chain reaction with IL-1(3 primers, according to the thermal cycling protocol
described in section 2.2.9. PCR products were visualised by ethidium bromide-stained, agarose
gel electrophoresis. Figure depicts part o f a photograph o f the gel, transilluminated with
ultraviolet light, taken with a CCD camera. Bands o f DNA ladder in lane 1 are (top to
bottom ) 600bp, 400bp and 200bp. The reaction whose product was run in lane 2 was a
negative control loaded with the same RNA as lane 6, but with the reverse transcriptase
om itted from the reaction mixture.
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Figure 2.12: Determination o f cell number by hydrolysis o f fluorescein diacetate. Cells were
prepared at various dilutions and incubated with FDA for 30mins before removal o f supernatants
and determination o f fluorescence, excitation 485nm, emission 538nm.
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D iscussion

Flow cytometry of cells labelled with the monocyte surface marker CD14, and the T
lymphocyte surface marker CD3, was used to assess the morphology and cellular compo
sition of PBMC and plastic-adherent PBMC extracted from buffy coat blood. CD3+ and
CD14+ cells were found to fall into morphologically distinct populations, as determined
by density plots of the size and granularity distributions, with the CD3^ population being
smaller and less granular than the CD14^ population. Adherence to plastic appeared to
increase the proportion of CD14^ cells from 20 to 37%, and decreased the proportion of
CD3+ cells from 71 to 38%, suggesting the adherence step was increasing the proportion
of monocytes in the preparation. The 37% figure is probably an underestimate of the
final proportion of monocytes as not all monocytes express levels of CD14 detectable by
the single labelling procedure used here (Graziani-Bowering et al., 1997). The fact that
the adherent cells had to be scraped to remove them from the substrate for flow cyto
metric analysis, but the PBMC did not, is also likely to contribute to an underestimate
of monocyte cell numbers as not all monocytes could be removed from the plastic. In
addition, many cells may have been lysed by the scraping process, as suggested by the
reduction in the total number of events detected in either CD3 or CD14 regions from
91% in PBMC to 75% in adherent cells.
An alternative means of counting monocytes involves leaving the adherent cells at
tached to their substrate, and labelling them either by a morphological staining procedure
or by other biochemical measures such as nonspecific esterase activity. Such alternative
counting procedures may account for the much higher (typically >90% ) figures reported
in the literature for monocyte purification by plastic adherence (for example Philip &.
Epstein, 1986; Imamura et al., 1987; Shimauchi et al., 1999; Penton-Rol et al., 1999).
However, it is notable that at least one of these groups repurified their cells by a second
adherence step (Imamura et al., 1987). The natural 'stickiness' of monocytes, and the
high density at which the cells in buffy coat are stored may account for the significant
numbers of T-cells found after adherence, as well as the occasional granulocyte and
erythrocyte contamination.
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The appearance of a smaller population of cells, and a reduction in the proportion of
cells falling in the CD14+/monocyte population coincided with treatment of cells with
cytotoxic concentrations of cycloheximide.

Previous reports have suggested that cell

death tends to cause the appearance of such a 'shrunken' population (Mangan et al.,
1991; Liu et al., 1996).
Two lines of evidence pointed to the existence of an intracellular pool of IL-l/S
in LPS-stimulated cells.

Lysates from stimulated cells typically contained around 10

times the amount of \L -ip detectable in supernatants by ELISA, and the intracellular
staining procedure routinely detected significant levels of \L-l/3 even in the absence of
the secretion inhibitor brefeldin. This contrasted with TNF, for which cell lysates and
supernatants contained similar levels of TN F as measured by ELISA, and for which
the inclusion of brefeldin was necessary in order to detect intracellular cytokine. These
findings are consistent with other reports in which lysates of stimulated PBMC were found
to contain higher levels of IL-1/3 activity or immunoreactivity than supernatants from
the same cells (Dinarello et al., 1987; Chin & Kostura, 1993), and with evidence that
IL-1/3 secretion occurs by an unconventional route, not involving the Golgi/ endoplasmic
reticular apparatus on which brefeldin acts (Singer et al., 1988; Andrei et al., 1999;
MacKenzie et al., 2001).
The results of flow cytometry when used to analyse expression of cell surface markers
are usually expressed as the proportion of positive-staining cells. However, in order to
measure dose-response relationships by this technique, it would be necessary to have
some measure of the amount of antigen expressed in each cell, and this is related to
the fluorescence intensity of the cell. Unfortunately, the response relationship between
antigen expression and fluorescence intensity for the intracellular staining procedure could
not be determined due to the lack of availability of 'standard' cells containing known
amounts of cytokine.

However, the surface-staining procedure was shown to yield a

fluorescence intensity directly proportional to the amount of surface antigen expressed
by lymphocyte-sized plastic bead standards, over a wide range of fluorescence intensities.
An RT-PCR-based assay was demonstrated to be an effective means of measuring
IL-1/3 message from LPS-stimulated cells. Unlike the ELISA and flow cytometry assays,
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no exploration of the response characteristics of the assay was made.

79

Consequently,

beyond the suggestion that a brighter band corresponds to samples containing more
message (a data type known statistically as interval data), RT-PCR experiments could
not be used for determination of dose-response relationships. A feature commonly seen
in experiments such as the one depicted in figure 2.11 was the detectable level of IL-1/3
message in unstimulated cells that had been sampled within a few hours of plastic
adherence.

This is consistent with other reports that the adherence process causes

monocyte activation (Haskill et al., 1988).
An assay based on the hydrolysis of fluorescein diacetate to fluorescein by cellular
enzymes was demonstrated to be an effective means of determining cell numbers. This
would be a useful alternative to cell counting by haemacytometer where large numbers
of samples needed to be handled.

Chapter 3
Dynamical behaviour arising from the
ability of IL-1 to induce its own production
3.1

Introduction

IL-l is an important cytokine involved in regulation of the inflammatory response. Its
systemic effects include the activation of T-cells, monocytes, macrophages, and the in
duction of fever. Chronic IL-1 production is believed to be a contributing factor to a
number of infectious and autoimmune diseases, and it is therefore important to under
stand how its synthesis and release is regulated.
A biochemical network consists of a well-mixed pool of 'activatable' chemical species,
the concentrations of which are affected by the active forms of one or more of the
other species.

Intracellular biochemical networks have been studied in various guises

(for example, Kacser et al., 1995; Bhalla & Iyengar, 1999; McAdams & Arkin, 1997),
and some of the mathematical theory behind them has been previously used to model
networks of cytokines (Henderson et al., 1998; Chan et al., 1999; Callard et al., 1999;
Yates et al., 2000; Bergmann et al., 2001; Seymour & Henderson, 2001). However, novel
empirical data regarding cytokine network function have not previously been presented
in the context of such theory.
A recurring theme in biochemical networks is the ability of an active chemical to
enhance its own activity (for example, Matten et al., 1996; Laurent & Kellershohn,
1999; James et al., 2000).

This phenomenon is known as autoinduction.
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been shown to be capable of inducing its own production in PBMC and endothelial
cells (Dinarello et al., 1987; Warner et al., 1987). The full details of the mechanism are
not fully understood, although an increase in mRNA levels is known to be involved.
An important aspect affecting the behaviour of a biochemical network is the sen
sitivity of the response relationships between pairs of chemical species in the network.
When the steady-state activation rate of species R \s a particularly steep function of the
concentration of species S, the relationship is said to exhibit ultrasensitivity. Ultrasensi
tivity can arise by various mechanisms, perhaps the best known of which is cooperative
receptor binding (Koshland, 1998).
A species in a biochemical network which induces its own activation in an ultrasen
sitive fashion can lead the network to exhibit multistability (e.g. Ferrell & Xiong, 2001).
Multistability is the existence of two (or more) stable dynamical configurations of a net
work, and has been proposed to be the mechanism by which mammalian cells maintain
their phenotype (Monod & Jacob, 1961; Ferrell & Machleder, 1998), the immune sys
tem maintains clonal memory (Perelson & Weisbuch, 1997; Segel, 1998), and by which
diseased immune cells become chronically activated (Callard et al., 1999; Seymour &
Henderson, 2001).
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3.2
3.2.1

M aterials and M ethods
Cells and R eagents

General reagents and antibodies used were as described in section 2 .2 . 1. Recombinant,
Escherichia co//-expressed human IL -la and IL-1/? were purchased from R & D Systems.
Cells used were adherence-enriched primary human PBMC, prepared as described in
section 2.2.4. ’Aged' PBMC were prepared from adherence-enriched PBMC by further
incubation at 37°C in medium in a humidified, 5% CO 2 incubator for 20hrs prior to use.

3.2.2

C ytokine assays

Levels of IL -la and IL- 1^ in cell culture supernatants and cell lysates were determined
by ELISA as described in section 2.2.5. Intracellular IL-1/? levels were also determined
by intracellular staining and flow cytometry, as described in section 2.2.7. \L-l/3 mRNA
levels were determined by extraction of total cellular RNA and reverse transcription and
amplification of cDNA by PCR, as described in sections 2.2.8-2.2.9.

3.2.3

Sum m ary sta tistics for flow cytom etry histogram s

For each experimental treatment, one aliquot of fixed cells was stained with anti-cytokine
antibody, according to the intracellular procedure described, and one was stained with an
isotype-matched control antibody. Fluorescence analysis was restricted to a gate drawn
according to size and granularity on the monocyte population.
calculated for each experimental treatment.

Two statistics were

The proportion of cells staining positive

with the anti-cytokine antibody was determined by determining what proportion of anticytokine-stained cells fell into a segment of the histogram (a marker region) defined so as
to include all events as bright or brighter than the brightest 1% of events in the control
antibody-stained cells. The specific mean fluorescent intensity (SM FI) was determined
by calculating the (arithmetic) mean fluorescent intensity of the anti-cytokine stained
cells and subtracting from it the mean fluorescent intensity of the control antibody
stained cells (i.e. the fluorescence signal due to nonspecific binding). This SMFI was
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taken to be proportional to the amount of intracellular cytokine.

3.2.4

S en sitivity analysis, curve fitting, and statistical te sts

Dose-response relationships of cells stimulated with recombinant cytokine are illustrated
as scatter plots of the magnitude of the cellular response at each of a number of doses
of the stimulant cytokine.

For responses measured by ELISA, the mean response of

cell supernatants from three identically treated wells is plotted, together with error bars
calculated as the standard deviation of the triplicate data points. For responses measured
by intracellular staining and flow cytometry, the SMFI was used as the response measure.
A key feature of the dose-response relationships between two components R (the
concentration of response chemical) and S (the concentration of stimulus/dose chemical)
in a biochemical network is the sensitivity of the response curve, R = f { S) (see chapter

1). Sensitivity is defined with reference to a hyperbolic response curve, R = R^^S/{S-i-

K ) such as might arise from Michaelis-Menten enzyme kinetics, or monovalent ligandreceptor binding (Goldbeter & Koshland, 1981; Koshland, 1998). Consequently, the first
step taken in analysing each dose-response relationship was to calculate values of R^^^
and K that gave the best fit of this hyperbolic equation to the data.
The best fit procedure used was minimisation of the sum of squared errors. For a
response curve in which responses R °^ ,. . . , R°^ to doses S i , . .. ,Sn were measured, the
sum of squared errors was calculated as

~

where R^'{Si) was the

equation being fit. Microsoft Excel's Solver function (an implementation of the Simplex
algorithm) was then used to find the values of R„,^ and K resulting in the smallest sum
of squared errors.
Two graphical methods were used to determine how good this hyperbolic best-fit
was. A device known as the Eadie-Hofstee plot in enzyme kinetics, or the Scatchard plot
in receptor binding analysis involves a plot of values of R against R /S (see e.g. Stryer,
1988; Lauffenberger & Linderman, 1993).

If the response is well described by the

hyperbolic equation, the resulting plot will be a straight line; if not, the plot will be
curved (see figure 3.6). Such graphs were plotted for all response curves measured, and

84

Chapter 3: Autoinduction o f IL-1

used as a visual aid to determine whether a hyperbolic equation was a good fit to the
data. These graphs are referred to throughout the text as sensitivity plots.
Experiments in which the response curve had been measured by ELISA routinely
involved triplicate measurements of the response to each dose, and this allowed a more
rigourous statistical test of the fit between the theoretical curve and the observed data.
For each dose Si, the three observations of the magnitude of the response were grouped
together as R°^, and residual errors for the fit between the theoretical curve and the
data were calculated as E jf = FC \S i) —

. These residuals were then subject to an

analysis of variance to test the hypothesis that each group of observations had the same
mean. A p-value for the test was calculated using Mathworks Matlab software, with
p < 0.05 being taken to indicate significant differences among the group means, and
consequently, significant deviation of the data from the theoretical curve fit.
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3.3

R esults

3.3.1

E xogenous IL-1 induces IL-1 production

Initial experiments were designed to ascertain that IL-1 was indeed capable of inducing its
own production in primary human monocytes. Cells were incubated with lOOng/ml IL -la
or IL-1/3 for 24hrs after which cellular IL-1/3 was measured by staining fixed cells with
monoclonal anti-IL-1/3 antibody. An isotype-matched antibody of arbitrary specificity
was used to control for nonspecific staining.

Contamination of recombinant proteins

with bacterial endotoxin is often a problem, and this was controlled for by a condition in
which the LPS-binding antibiotic polymyxin B was included with the stimulant cytokines.
Treatment with IL -la resulted in 85% of the cells in the monocyte gate showing
significant levels of intracellular IL- 1^ (figure 3.1, top left panel). Similar results were
seen with IL-1/3 as stimulant (figure 3.1, top right panel).

Note the clear separation

of stimulated cells into an IL-1/3^ staining subpopulation and an IL-1/3" staining sub
population.

By comparison to the large number of activated monocytes, cells in the

lymphocyte gate showed no detectable increase in fluorescence when treated with either
stimulant (figure 3.1, bottom right panel).
A similar experiment was performed to investigate whether IL-1/3 was also able to
induce IL -la production.

Cells were stimulated with IL-1/3 (25ng/m l) for 24hrs be

fore staining with a monoclonal an ti-IL -la antibody, or an isotype-matched control of
arbitrary specificity.

86% of IL-l/3-stimulated monocytes showed increased levels of

fluorescence relative to unstimulated controls when stained with the an ti-IL -la anti
body (figure 3.2, left panel), but no shift was detected in the fluorescence histogram
of stimulated lymphocytes relative to their unstimulated counterparts.

Unlike IL-1/3,

unstimulated cells of both types showed an increased fluorescence signal when stained
with an ti-IL -la compared to that seen when the same cells were stained with the con
trol antibody. This background staining of unstimulated cells was not observed in other
experiments in which cells had been intracellularly stained with anti-IL-la, suggesting
this may have been an anomolous result caused by preparing the control antibody at the
wrong concentration.
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Figure 3.1: Effect o f recombinant IL -la and IL-lf3 on cellular IL-1/3 production. Histograms
in top panels and bottom left panel illustrate responses o f cells in the monocyte gate stim 
ulated with lOOng/ml IL -la , lOOng/ml IL-1/3, or In g /m l LPS. Red lines represent stimulant
alone, green lines represent stim ulant in the presence o f 2 0p g /m l polymyxin B, grey lines
represent unstimulated controls, and blue lines represent stimulated, control antibody-stained
cells. Bottom right hand panel illustrates fluorescence histograms o f anti-IL-lfl-stained cells
in the lymphocyte gate, stimulated with IL -la (red), IL-1(3 (green), LPS (blue) or nothing
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The effect of protein synthesis inhibition was investigated to rule out the possibility
that the IL-1/3 signal being detected was due to uptake of the stimulant protein. 50ng/ml
IL-1/3 was added to cells that had been incubated for 30 mins in the presence of the
protein synthesis inhibitor cycloheximide ( 10/ig/m l). Cells were incubated for a further
3hrs, then stained with anti-IL-1/3 or the isotype-matched control antibody. The early
time point was chosen so as to minimise the monocyte specific cytotoxic effects of
cycloheximide (see section 2.3.4). RNA was extracted from an identically treated set of
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Figure 3.2: Effect o f recombinant IL-1(3 on cellular IL -la production. Left panel: fluorescence
histograms o f cells in the monocyte gate stained with a n ti-IL -la after stimulation with either
25ng/m l IL-1(3 (red) or nothing (grey). Stimulated and unstimulated cells stained with con
trol antibody showed identical histograms (blue). Right panel: as left panel, but gated on
lymphocytes.
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Figure 3.3: Effect o f cycloheximide treatment on IL-1(3 autoinduction. Fluorescence histograms
o f cells exposed to 50ng/m l IL -ip for 3hrs with (green) or w ithout (red) lO p g /m l cyclohex
imide. Unstimulated control cells are included for comparison (grey). Inset: Ethidium-bromide
stained agarose gel o f cDNA developed by IL-1(3 RT-PCR from RNA o f cells in the same
experiment. Inclusion o f cycloheximide had no effect on levels o f PCR product from IL-1/3stimulated cells (c f lanes 5 and 7). By comparison, loading h alf as much RNA into the reverse
transcription reaction showed a clear reduction in product (c f lanes 5 and 6). Lane 1 is a DNA
ladder, lane 2, a negative control reaction om itting the reverse transcriptase (loaded with the
same sample as lane 5) and lane 3, a positive control reaction loaded with IL-1(3 cDNA.
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cells, and IL-1/? message reverse transcribed and amplified by PCR.
The results of this experiment showed that while inclusion of cycloheximide had no
detectable effect on the IL-l/?-induced mRNA, the mean intensity of the IL-l/?-induced
fluorescence signal was reduced by >70% in the presence of the protein synthesis inhibitor
(figure 3.3). This shows that the IL-l/?-induced fluorescence signal was due to de novo
protein synthesis, and not simply endocytosis of the recombinant protein. Figure 3.3
lane 4 also demonstrates that IL-1/? mRNA is detectable, at low levels, in unstimulated
cells.

3.3.2

A utoinduced IL-1 is released

The flow cytometry experiments of the previous section were able to measure newly
synthesised cellular IL-1/? without any interference from the exogenous IL-1 added to
cells.

However, in order to demonstrate that IL-1 autoinduction was physiologically

possible, it was also necessary to show that autoinduced protein was released from the
cell. In order to do this, immunoreactive IL-1 levels were measured in supernatants of
cells by ELISA. Since this approach would not be able to discriminate exogenous from
newly synthesised IL- 1, this experimental design was not used to measure the IL -la
response to recombinant IL -la , nor the IL- 1/? response to recombinant IL-1/?.
In these experiments, cells were exposed to IL -la at 20ng/ml for 2, 6 , 20 and 24hrs,
after which times IL-1/? levels were measured in cell supernatants. To determine what
proportion of IL-1/? was released, intracellular levels were also measured by lysing cells
in water (see section 2.3.2, page 65). As a positive control, cells were also treated with
Ing/m l LPS. Both IL -la and LPS induced a time-dependent IL- 1/? response in both
supernatants and lysates. In supernatants, immunoreactive IL-1/? was not detected until

6 hrs, after which its level continued to increase up to the 24hr time point (figure 3.4,
left panel). This trend was the same in response to both LPS and IL -la , although levels
of IL-1/? were more than twice as high in response to LPS.
IL-1/? was detectable earlier in lysates (within 2hrs) than in supernatants, and levels
of IL- 1/? in response to LPS were much closer to those resulting from exposure to IL -la
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(figure 3.4). While there was an increase in levels of IL- 1/? in response to IL -la between
each time point, LPS-induced levels increased up to 20hrs, and then began to decrease
again. An anomolously high signal from lysates of unstimulated cells was also seen at
24hrs in this experiment.
The results of direct comparison of the figures for IL-1/3 in supernatants with those in
lysates at each time point are summarised in table 3.1. According to these calculations,
amounts of released IL-1/3 were always a small proportion (< 7 % ) of the total amount
of IL-1/3 measured.
Table 3.1: Proportion o f total IL-1(3 accounted for by supernatants o f experiment in figure 3.4.
Percentages calculated as [IL-ip]e / ([IL-ll3]i + [IL-l(3]e)- n /c denotes results not calculable
due to zero denominator.

Stimulus

Proportion extracellular IL-1/3 (% )
2hrs

6 hrs

20 hrs

24hrs

None

n/c

0.0

n/c

0.0

Ing/m l LPS

0.0

0.5

1.9

6.2

20ng/ml IL -la

0.0

0.2

0.7

1.4

Once again, reciprocal experiments were performed in which IL-1/3 was administered
(at 25ng/ml), and IL -la measured (figure 3.5). Again, stimulation with either cytokine
or LPS resulted in measurable, time-dependent levels of immunoreactive IL -la , whereas
unstimulated cells showed almost no IL -la production.

IL -la levels in supernatants

showed a steady increase from 6 to 24hrs, and were similar in magnitude at these time
points in response to both stimuli. No response to LPS was detectable at 2 hrs, whereas
an anomalous early peak of IL -la was present in IL-1/3 treated cells at this time point.
In lysates, a similar increasing level of IL -la was seen in response to both stimuli up
to 20 hrs, after which levels began to stabilise (LPS) or decrease again (IL-1/3). Overall
levels were slightly lower in response to IL-1/3 than to LPS, but were again much greater
in lysates than in supernatants. A point-by-point comparison is summarised in table 3.2.
Again, supernatant IL -la levels never accounted for more than 7% of the total IL -la
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measurable at any point in time.
Table 3.2: Proportion o f total IL - la accounted for by supernatants o f experiment in figure 3.5.
Percentages calculated as [IL -la ]e / ([IL -la ]i -f [IL -la ]e ).

Proportion extracellular IL -la (%)

Stimulus

3.3.3

2hrs

6 hrs

20hrs

24hrs

None

n/c

n/c

0.0

0.0

Ing/m l LPS

0.0

1.2

0.7

0.9

25ng/ml IL-1/?

8.0

0.6

1.7

5.6

B istability o f IL-1 requires an ultrasensitive
autoinduction response

Autoinduction effects in biochemical networks are frequently a characteristic sign of
multistability, and it has been suggested that autoinduction is a necessary condition for
multistability (Thomas & Kaufman, 2001). However, autoinduction alone is frequently
not sufficient for multistability, and in this section, a simple model of the IL-1 system is
considered, and further qualitative features necessary for IL-1 levels to exhibit bistability
are considered.
Both IL -la and p bind to two distinct surface receptor types. One of these, IL-IR I, is
responsible for biological signal transduction, but the second serves as a 'decoy' receptor
which binds cytokine without transducing a signal. Both receptors undergo accelerated
endocytosis upon binding of ligand. Consequently, while IL-l-induced IL-1 production is
a function only of the concentration of occupied IL-IRI, R i, IL-1 consumption is me
diated by the concentration of both occupied receptor complexes, R \ -f- R 2 . Assuming
that recycling maintains receptor concentrations constant at Rf^^R!^^, and that bound
receptor dynamics are governed by mass-action binding of IL-1 (L ), ligand dissocia
tion, and endocytosis of bound ligand, gives dynamical equations for receptor complex
concentrations:

= a iL {R f^ — Ri) — diR i — CiRi
d t

(3.1)
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Figure 3.6: Ultrasensitive, but not hyperbolic, autoinduction can give rise to IL-1 bistability
when endocytosis is a hyperbolic function. Graphs plot the rate o f endocytosis (grey curves)
or autoinduction (black curves) as a function o f IL-1 concentration, L. Equilibria occur where
the two curves intersect )(illustrated by circles). Left: a hyperbolic autoinduction curve cannot
intersect the endocytosis curve at more than two points (one intersection o f illustrated). Inset:
linear sensitivity plot o f the hyperbolic response curve. Right: ultrasensitive autoinduction
curve with Hill coefficient n = 2 can intersect the endocytosis curve at three points, two
o f which give rise to stable (black circles) equilibria. Inset: convex sensitivity plot o f the
ultrasensitive response curve.

where a* is the association rate, di the dissociation rate, and

the endocytosis rate of

receptor type i. Assuming that complex formation is at steady state with respect to IL-1
production, these reduce to the algebraic equations:
tot
Ri = R\

L
L + Ki

(3.2)

where K i = (d% -I- e i)/a i.

Including a term for antigen-induced IL-1 production, w (for example, LPS), and one
for IL-1 autoinduction, <f>, the basic dynamical equation for IL-1 concentration L is given
by:
—

= uj

</>(-Ri) —
ie{i,2}

{aiL{R\°* — Ri) —d{Ri —eiRi)

(3.3)

Published values for di/ai suggest that, for IL-1/? at least, affinities of both receptors are
very similar (1.6nM for IL-1/? binding to IL-IRI and 2.1nM for \L-ip binding to IL-IRII
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Arend et al., 1994). Assuming the rate of endocytosis of each is also similar, K i % K 2 .
We can now reformulate equation 3.3 as:
+

- e lR f + R T ]

(3.4)

Any stable states of this system require ^ = 0, and this gives the implicit solution for
the steady-state level(s) of L:
4>{Ry) = e [ R f +

~ ^

(3.5)

In order for bistability to obtain, the autoinduction term described by the left hand
side of equation 3.5, and the endocytosis and antigen induction terms described by
the right hand side must intersect at 3 points. The right hand side is a (translated)
hyperbola, illustrated in figure 3.6. By considering biologically plausible forms for the
autoinduction response curve </>(i?i), it is possible to suggest what sort of properties are
necessary for the IL-1 system to be able to exhibit bistability.
The simplest suggestion is that

is a linear function of R i, and consequently, a

hyperbolic function of L:
4>{Ri) = f R i = fR T ^

^
L + K

In this case, the left and right hand sides of equation 3.5 have similar slopes, and it can
be shown that the curves can have at most two intersections - that is, the system cannot
exhibit bistability (see left panel of figure 3.6). On the other hand, it is possible that
intracellular signal transduction processes between receptor binding and IL-1 production
introduce some degree of ultrasensitivity into the autoinduction response, in which case:
< t> m ^

^

For sufficiently high n, an ultrasensitive autoinduction curve can intersect the endocytosis
curve at 3 points, and bistability can arise (right hand panel of figure 3.6).

3.3.4

IL-1/? induced IL-1 production has hyperbolic
sen sitivity

Initial experiments to measure 0 empirically were designed in which doses of recombinant
\L-1(5 were administered to cells, and the response was measured by intracellular staining
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Figure 3.7: Sensitivity o f the IL-l/3-induced cellular IL -ip response. Left panel: histograms o f
anti-IL-13-stained cells exposed to 0, 1, 4, 20, 100 and 500ng/m l IL-1(3 respectively (front to
back) for 3hrs. Right panel: scatter graph o f specific MFI, plotted against IL-lj3 dose (filled
circles*), with fitted Michaelis-Menten hyperbola (line), K =5.8±1.9ng/m l. Inset: sensitivity
p lot o f specific MFI versus MFI/dose.
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Figure 3.8: Sensitivity o f the IL-lj3-induced IL -la cellular response. Left panel (front to
back): representative histogram o f control antibody-stained cells and histograms o f a n ti-IL -la stained cells exposed to 3hrs o f IL-1/3 at 0, 1, 4, 20, 100 and 250ng/m l respectively. Right
panel: scatter graph o f specific M FI from anti-IL-la-stained histograms, plotted against IL-lf3
dose (filled circles •), with fitted Michaelis-Menten hyperbola (line) K—1.6±1.5ng/m l. Inset:
sensitivity plot o f response curve.
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and flow cytometry. This design had the advantage that IL-l/?-induced IL-1/3 could be
directly measured, and that a relatively early time point could be chosen, so as to
minimise potential interference from autoinduction by endogenously produced IL-1. A
time point of 3hrs was chosen, as figure 3.5 indicated that there was likely to be very
little detectable extracellular IL-1 at this time point.
Histograms of fluorescence intensities of cells stimulated with a range of doses of
IL-1/3, then fixed and stained with anti-IL-1/3 antibody are illustrated in the left hand
panel of figure 3.7. For each dose, the arithmetic mean fluorescence intensity (AM FI)
of the unstimulated histogram was subtracted from the AMFI of the histogram for that
dose, and the resulting specific MFI was plotted against IL-1/3 dose (right hand panel).
The sensitivity plot (right panel, inset) is linear, suggesting a dose-response relationship
of hyperbolic sensitivity.

Calculation of best-fit parameters for a hyperbolic equation

resulted in A7=5.8ng/ml=0.34nM.
A similar experiment was performed in which cells were stained with anti-IL-la anti
body, the histograms of which are illustrated in the left-hand panel of figure 3.8. Again
the sensitivity plot is suggestive of a hyperbolic response curve, and a best-fit hyperbolic
equation was found to have parameter AT=1.6ng/ml=0.09nM.
These data suggest that IL-1/3 induced cellular IL-1/3 does not have an ultrasensitive
response function, and that if (j> is ultrasensitive, that ultrasensitivity does not arise at
the level of cellular IL-1 production.

3.3.5

E xogenous IL-ly^ does not stim u late secretion of
LPS-induced IL -la

One possible means by which IL-l-induced IL-1 release could exhibit ultrasensitivity
in the face of a hyperbolic intracellular production response is by a multistep mecha
nism (Koshland et al., 1982). In particular, if IL-1 could regulate both its own production
and its own secretion, then the result would be an ultrasensitive extracellular IL-l-induced
IL-1 response (see figure 3.10).
An experiment was designed to examine the possibility that IL-1/3 was capable of
inducing the secretion of intracellular IL -la . Cells were stimulated for 3hrs with Ing/m l
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Figure 3.9: Effect o f iL-l(3 on secretion o f LPS-induced IL-la . Cells were stimulated for
3hrs with (U ) or without (H ) In g /m l LPS, which was then washed o ff and replaced with the
indicated dose o f IL-113, or 9mM ATP. After 2 further hours, supernatants (left bar chart) and
lysates (right bar chart) were taken for measurement o f IL -la levels by ELISA. Bars denote
means ±standard deviations o f triplicate experiments.

0

0

Figure 3.10: Network diagram illustrating IL-1 autoinduction processes. IL-1 is demonstrably
capable o f inducing production o f intracellular IL-1 (solid arrow). If the cytokine can also
induce its own secretion (dotted arrow), then this multistep regulation should give rise to an
ultrasensitive IL-l-induced IL-1 response.

LPS - a length of time sufficient to induce detectable levels of cellular IL-la.

LPS-

containing supernatants were then removed, and replaced with fresh medium, and cells
were stimulated for a further 2hrs with a range of doses of IL-1/3, or 9mM of the IL-1
secretion-inducing agent ATP (Perregaux & Gabel, 1998). At the end of the experiment,
supernatants and cell lysates were taken for measurement of IL -la by ELISA.
The results in figure 3.9 show that although IL-1/3 induced a slight, dose-dependent
increase in extracellular IL -la in LPS-primed cells, these increases were matched by
increases in the levels of IL -la in the lysates. By comparison, ATP induced an increase
in extracellular IL-la, and a decrease in lysate IL-la. The trend can be seen clearly when
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the results are presented as the proportion of IL -la which is extracellular at each dose
- the last column of table 3.3 shows that, at all doses of IL-1/?, around 1.6% of IL -la
detected was extracellular, whereas the figure was 5.4% for cells stimulated by ATP.
Table 3.3: Proportion o f total IL-la accounted for by supernatants o f experiment in figure 3.9.
Percentages calculated as [IL-la]e/([IL-la]i-h[IL-la]e).

Dose IL-1/?
(ng/ml)

3.3.6

Proportion extracellular IL -la (%)
No LPS

LPS primed

0

1.6

1.7

1

4.2

1.6

10

4.1

1.5

100

0.1

1.7

ATP

0.0

5.4

IL-l/?-induced IL-lct secretion has a nonm onotonic
response curve

A more direct experimental design to measure (j) would be to determine extracellular IL-1
levels in response to various doses of IL-1. This approach would only be able to measure
the response of IL -la or (3 to doses of the complementary isoform, and is potentially
open to interference from endogenous autoinduction. The earliest time point yielding
enough cytokine to measure was chosen in order to minimise these effects ( 6 hrs, see
figure 3.5).
Figure 3.11 illustrates typical results from one of these experiments, in which cells
were exposed to doses of IL-1/? from l-250ng/m l.

The plot of IL -la response levels

against doses of IL-1/? suggested a nonmonotonic relationship. This was tested statisti
cally by computing best-fit parameters for a hyperbolic function and for the nonmono
tonic function R = RmaxS/{S + K ^ , and measuring goodness-of-fit values for each.
Whereas p=0.01<0.05 for the hyperbolic equation, suggesting a significant deviation
from hyperbolicity, for the nonmonotonic equation, p=0.83>0.05, suggesting this
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Figure 3.11: Dose response curve o f !L-l(5-induced IL -la . Cells were incubated with doses o f re
combinant human IL -ip up to 250ng/m l for 5hrs, after which IL -la levels in supernatants were
determined by ELISA. Graph shows mean values o f triplicate experiments (points • ) -^standard
deviation, with best fit curve R — Firn Js +K)^ '
=30467, K = 5 5± 13 n g /m l= 3 .2 5 n M
(line — ).

latter was a good fit to the data with i^=55ng/m l=3.25nM .

3.3.7

Effect of endogenous IL-1 in L PS-initiated IL-1
production

Although it had been demonstrated that extracellular IL-1 is sufficient to induce mono
cytes to produce IL-1, these experiments do not show that this autoinduction effect
is necessary for IL-l-mediated inflammatory signals. Experiments in this section were
designed to examine the role of endogenously produced IL-1 in cells that had been stim
ulated with LPS, by blocking endogenous IL-1 with an ti-IL -la and (3 antibodies, and
measuring cellular IL-1/3 by flow cytometry.
Initial experiments suggested that coincubation of cells with Ing/m l LPS and 0.5/xg/ml
each of a nti-IL-la and anti-IL-1/3 monoclonal antibodies for 20hrs did not affect the lev
els of IL-1/3 seen in response to LPS alone. A second approach involved priming cells
with Ing/m l LPS for 2hrs, and subsequently washing it off and replacing it with fresh
medium containing the anti-IL-1 antibodies or isotype-matched controls.

Figure 3.12
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Figure 3.12: Effects o f inhibition o f endogenous IL-1 on LPS-induced IL-1(3 response. Cells
were stimulated with In g /m l LPS which was either included in supernatants for the 20hrs
duration o f the experiment (left panel), or administered by 'priming' cells for 2hrs after which
medium was replaced. A n ti-IL -la and anti-IL-lf5 antibodies at 0.5pg/m l each were added to
supernatants 2hrs after initiation o f stimulation, and after IShrs further incubation, cells were
fixed and stained for intracellular IL-1(3. Blue histograms indicate monocytes treated with LPS
and antibody, red histograms are monocytes which recieved only LPS. Grey histogram in right
hand panel is from mononcytes treated with LPS and isotype-matched control antibodies.

Table 3.4: Summary o f results o f experiment depicted in figure 3.12. The statistics calculated
from each histogram are the proportion o f IL-lf3^-staining cells, the specific MFI. Also listed is
the decrease in M FI caused by inclusion o f antibody as a proportion o f the MFI in the absence
o f antibody.

LPS exposure

Blocking
antibodies

Proportion of
monocytes
IL-l/?+ (%)

Specific MFI

Decrease
due to
antibody
(%)

constant

none

78

579

constant

anti-IL-1

78

567

transient

none

65

420

transient

anti-IL -1

54

249

40

transient

control

68

399

5

2
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Figure 3.13: Effects o f inhibition o f endogenous IL-1 on LPS-induced iL-l(3 response. Cells
were incubated for 20hrs with increasing doses o f LPS (red histograms) or doses o f LPS and
0.5pg/m l each o f a n ti-IL -la and p antibodies (green histograms), before being fixed and
stained for intracellular IL -ip . Doses o f LPS were 0.06ng/m l (top left panel), 0.17ng/m l (top
right panel) and 0.5ng/m l (bottom panel).

compares the effects of anti-IL-1 treatment in LPS-primed cells with its effects in LPScoincubated cells. Whereas the latter design detected no effect of the antibodies on
the proportion of IL-l/3”^-staining monocytes, or on their AMFI (see table 3.4), LPSprimed cells showed a decrease in r^AMFI of 40%, and a decrease from 65% to 54% of
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monocytes staining positive. These effects were specific to the anti-IL-1 antibodies, as
isotype-matched control antibodies had no effect (< 5 % inhibition).
One reason that anti-IL-1 antibodies may have been ineffective when coincubated
with LPS is that a large amount of the signal transduction machinery activated by LPS
via the TLR4 receptor is shared with the IL-IR I (O ’Neill & Dinarello, 2000). If the two
ligands were competing for signal transduction components, then submaximal concen
trations of LPS should reveal more of a dependency of LPS-induced IL- 1/? production
on endogenous IL-1. To test this, anti-IL-1 antibodies were coincubated for 20hrs with
submaximal doses of LPS, and cells were fixed and stained for intracellular IL-1/?. The
results, illustrated in figure 3.13 and summarised in table 3.5, confirm that the inhibitory
effects of IL-1 antibodies are maximal at 0.17ng/ml of LPS, and that increasing the dose
to 0.5ng/ml reduces the degree of inhibition from 79% to 32%.

Table 3.5: Summary of results in figure 3.13. For each histogram in the experiment, the
proportion of monocytes staining positive for IL-ip and the specific MFI were calculated. The
effects of anti-IL-la and /? antibodies are shown as the percentage inhibition of 6AM FI, relative
to cells stimulated with the same dose of LPS alone.

Treatment

0.06ng/ml LPS

4-anti-IL-l
0.17ng/ml LPS
“Lanti-IL-l
0.5ng/ml LPS
-fanti-IL-1

Proportion of
monocytes
IL-l/?+ (% )

Specific MFI

13

19

6

8

90

525

62

111

94

721

89

490

Inhibition
(% )

58

79

32
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Figure 3.14: Effect o f recombinant ii- l( 3 on IL-lj3 mRNA levels o f LPS-stimulated,
transcriptionally-inhibited cells. Ethidium bromide-stained agarose gel o f product o f H-l(3
RT-PCR performed on RNA o f cells stimulated with In g /m l LPS in conjunction with lO p g /m l
actinomycin D (lanes 8-11) or lO p g/m l actinomycin D and 40ng/m l IL - lfj (lanes 12-15) for
the indicated times. Lane 2 is a negative control reaction in which the reverse transcriptase
was omitted, (loaded with the same sample as lane 4) and lane 3, a positive control reaction
loaded with IL-13 cDNA.

3.3.8

E xogenous IL-1/3 reduces total levels of LPS-induced
IL-1/3 m R N A in transcriptionally inhibited cells

Autoinduction of IL-1/1 has previously been shown to involve an increase in the level
of IL-1/? message (Dinarello et al., 1987; Warner et al., 1987), and this effect can be
observed in the RT-PCR experiment depicted in figure 3.3, lane 5.

It is known that

IL-1/? mRNA contains an AU-rich region of the kind that has been shown to be capable
of regulating the stability of mRNA products of other genes (see section 1.2.1, page 36)
in response to extracellular signals, and experiments were designed to test the possibility
that IL-l/?-induced IL-1/? mRNA was partly mediated by an ability o f IL-1/? to stabilise
its own message.
In order to induce substantially detectable levels of IL-1/? mRNA, cells were initially
stimulated for 3hrs with In g /m l LPS. LPS was washed off and replaced with fresh
medium, containing 10//g/m l of actinomycin D, in order to inhibit transcription. Cells
were incubated with actinomycin D for 30mins before IL-1/? was added at 40ng/m l
(w ithout replacing medium).

Cell lysates were taken at times 0, 1, 2 and 3hrs after

addition of IL-1/?. Purified RNA was then used as a template for reverse transcription
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Figure 3.15: The effect o f aging on human monocyte IL-1 signalling. Fresh monocytes (M)
were stimulated for 24hrs with In g /m l LPS or 25ng/m l IL-1(1. Aged monocytes, prepared from
the same batch o f blood, but incubated 24hrs in medium prior to stimulation, were stimulated
in an identical fashion (M). Levels o f IL-1 in lysates (top panels) and supernatants (bottom
panel) were determined by ELISA.

and amplification of IL-1/3 message, and the resulting PCR products were visualised by
agarose gel electrophoresis.
The results of this experiment (figure 3.14) were completely the opposite of what
would be expected if IL-1/? protein was stabilising its own message, as originally con
jectured. Whereas LPS-primed, unstimulated and actinomycin D treated cells showed
gradually decreasing levels of PCR product over the 3hr time course of the experiment
(lanes 4-11), treatment of cells with recombinant IL- 1/? induced a rapid decay of IL-1/?
message, to almost undetectable levels by the final time point (lanes 12-15).
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Figure 3.16: Effect o f aging on LPS-induced and autoinduced monocyte IL-1(3 production.
Cells were stimulated for 24hrs with In g /m i LPS (left panel) or 25ng/m l IL-lfd (right panel),
before staining with anti-IL-lf3 antibodies, and measuring fluorescence levels in a flow cytometer. Aged cells (blue histograms), which had been incubated in medium for 24hrs prior to
stimulation, are compared with cells stimulated immediately after purification (fresh cells, red
histograms), ffistogram o f unstimulated, aged cells (grey) is included for comparison.

3.3.9

A ged m onocytes lose the ability to produce and
respond to IL-1/3

In order for IL-1 levels to be capable of exhibiting bistability, it would be necessary for
the IL-1 autoinduction response to remain effective over the 24hr timescale on which
extracellular IL-1 responses were observed to be changing (figures 3.4 and 3.5).

Ex

periments were designed in which the IL-1/? response of freshly purified cells would be
compared to the IL-1/? responses of monocytes which had been incubated overnight in
the absence of stimulants ('aged' monocytes).
Freshly purified cells were stimulated with 50ng/ml IL- 1/? or Ing/m l LPS for 24hrs,
and IL -la levels in the supernatants, and IL-lo; and IL- 1/? levels in the lysates, were
determined by ELISA. Aged cells were purified from the same batch of blood as fresh
cells.

Medium was replaced after overnight incubation, and the aged cells were then

stimulated for a further 24hrs in medium containing LPS or IL- 1/?. Again, supernatants
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for IL -la and lysates for IL-lo: and IL-1/3 ELISAs were taken after 24hrs incubation with
stimulant.
The results of this experiment, illustrated in figure 3.15, show a dramatic loss of
the ability of aged cells to produce IL- 1 , relative to fresh cells, in response to both
LPS and IL- 1/?. Extracellular IL -lo levels were most significantly affected, dropping to
undetectable levels in response to either stimulus. Levels of IL -lo and IL-1/? in lysates
were similarly affected, dropping by more than a factor of 5 in both cases, for both
stimuli.
Table 3.6: Summary of the data in figure 3.16. For each histogram, the percentage of mono
cytes staining /L-l/?+, and the specific MFI was calculated. Reduction in the IL-lp response
due to aging is displayed as the reduction in MFI as a proportion of MFI in fresh cells.
Proportion of
monocytes
IL-l/?+ (% )

Stimulant

Cell type

LPS

fresh

86

639

LPS

aged

70

171

IL-1/?

fresh

83

433

IL-1/?

aged

18

32

Specific MFI

Reduction due
to aging (%)

73
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ELISA based experiments measure the overall level of IL-1 produced by a population
of cells, so one explanation for the results of the previous experiment was that the loss
of overall IL-1 responsiveness was simply due to a loss in the number of responsive
cells (for example, by death). If this were the sole cause of the loss, then intracellular
staining and flow cytometry experiments, which are able to separate non-responsive from
responsive cells, should show no reduction in the fluorescence intensity of responsive cells.
Experiments showed this not to be the case.
Figure 3.16 compares the histograms of fresh and aged monocytes, prepared and
stimulated as above, then stained with anti-IL-1/? antibody. The proportion of monocytes
staining IL- 1/?^ in each condition, and the AMFIs of the IL- 1/?" and IL-l/?"-staining
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subpopulations are summarised in table 3.6, and clearly show the > 50% reduction in
AMFI of stimulated aged monocytes compared to stimulated fresh monocytes.
These data suggest that individual cells show a substantial loss of ability to produce
IL-1/) when incubated for 24hrs without stimulation.
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D iscussion

The results presented in this chapter confirm and extend the previous findings of Dinarello
et al. (1987) to show that both a and P forms of the inflammatory cytokine IL-1 induce
their own, and one another's production in human PBMC. Direct observation of this
effect by intracellular staining and flow cytometry suggests that the cells responsible for
this are monocytes. Exogenous IL-1 is known to be internalised by cells (Curtis et al.,
1990) and there was some concern that the intracellular staining procedure may be
detecting internalised recombinant IL-1. Experiments with the protein synthesis inhibitor
cycloheximide demonstrated that de novo protein synthesis accounted for more than 70%
of the observed IL- 1/?-induced increase in intracellular fluorescence.
Autoinduced IL-1/? was also detected in supernatants in response to IL -la , and viceversa.

Comparison of the quantities of supernatant and lysate IL-1 from monocytes

stimulated with either LPS or IL-1 suggested that peak levels of extracellular IL-1 were
never more than a small fraction (<10% ) of peak levels of intracellular IL-1.

This

interpretation is slightly compromised by the different treatments of the two proteins supernatant I IL-1 was stored in complete medium, whereas lysate IL-1 was stored in HgO.
There may also have been differences in the form of intracellular and extracellular IL-1
- intracellular protein has been reported to consist largely of 35kDa pro-IL-1, whereas
secreted protein contains a proportion of 17kDa, mature IL-1 (Perregaux et al., 1996;
Perregaux & Gabel, 1998). The antibodies used for detection of IL-1 in this thesis were
raised against the mature forms of the cytokine, and may have a different affinity for
the pro-forms.

Chin and Kostura (1993) reported similarly low levels of secretion by

radioimmunoassay (<10% of total IL-1/? was found in monocyte supernatants).
The data reported by Wewers et al. (1999) present another possible explanation for
the discrepancy between intracellular and extracellular immunodetectable IL-1/3 levels.
In comparing IL-1/? isoforms detected by an antibody raised against mature IL-1/? with
one specific for pro-IL-1/?, these authors found that although the former antibody could
detect pro-IL-1/? extracted from cells by lysis, the pro-1 L-l/?-specific antibody detected
a form of pro-IL-1/? in cell culture supernatants that was not detectable by the first
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antibody. The ELISA antibodies used in this thesis were all raised against the 17kDa
mature form of lL-1/3, so the low detection of extracellular

may be due to an

inability to detect this secreted pro-form. Wewers et al. suggested that the secreted
pro-form was not biologically active on the basis that it did not bind to IL-IR II. Since
only biologically active forms of IL-1/? contribute to cytokine network interactions, any
failure to detect secreted pro-IL-1/? is not a serious shortcoming for the purposes of this
project.
Exposure of cells to doses of IL -la and /? that resulted in >75% of maximal produc
tion (see figures 3.7 and 3.8) led to levels of IL-1 in lysates similar to those induced by
a Ing/m l dose of LPS. However, whereas supernatant IL-l/?-induced IL -la levels were
similar to those induced by LPS IL-la-induced supernatant IL-1/? levels were much lower
than those induced by LPS after 20hrs exposure. This may suggest that LPS stimulates
distinct IL-1/? secretion processes which are not activated by the cytokine itself.
A mathematical model of the IL-1 network which assumed IL-1 consumption was
a hyperbolic function of IL-1 concentration due to clearance via receptor-media ted endocytosis, indicated that if IL-1 levels were to exhibit bistability, then the IL-l-induced
IL-1 response must be an ultrasensitive function. Experiments to investigate the IL-1/?
response to IL -la and IL- 1/? by intracellular staining and flow cytometry indicated that
the increase in fluorescence induced by both forms was well described by a hyperbolic
function, as determined by linear sensitivity plots. Best fit hyperbolic equations resulted
in 7^=0.34nM for IL-l/?-induced IL- 1/?, and AT=0.09nM for IL-l/?-induced IL -la . If any
ultrasensitive cellular signal transduction processes were involved in IL-1 autoinduction,
their ultrasensitivity was not manifest at the intracellular level.
IL-1 is released from the cell as a consequence of consecutive synthesis and secre
tion processes (figure 3.10). Both processes can be regulated by various extracellular
factors (Ferrari et al., 1997; Hamon et al., 1997; Andrei et al., 1999), and any extracel
lular factor affecting both steps could result in mulstistep ultrasensitivity. Experiments
designed to test the existence of such a mechanism for IL-l-induced IL-1 found that
extracellular IL-1/? did not affect the secretion of IL -la from LPS-primed cells indepen
dently of its effects on IL -la synthesis. Similar experiments could not be performed with
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IL -la as stimulant due to limited availability of this protein. The interpretation of such
experiments is compromised, however, by the fact that LPS shares many signal trans
duction components with IL-1 (O ’Neill & Dinarello, 2000), so that priming the cells may
have reduced the availability of components necessary to regulate the IL -la secretion
machinery. It would be preferable to perform these experiments in a monocytic cell sys
tem that can be induced to express IL-1 protein without activating the IL-lRI-associated
signal transduction machinery such as, for example, a cell line transfected with an IL-1
expression vector.
When the response curve of IL-l/?-induced extracellular IL -la was investigated, a
significant deviation from hyperbolicity was observed.

In fact, the data were well fit

to a log-bell shaped nonmonotonic equation R = R m S /{S + K ^ , with /L=3.25nM .
The log-bell-shaped equation can arise from signal transduction involving a crosslinking
receptor (Perelson & Weisbuch, 1997), although the fact that the intracellular IL-1/?induced IL -la response curve was not nonmonotonic suggested that the nonmonotonicity
was arising at some point in the signal transduction processes subsequent to IL -la
synthesis. The log-bell shaped equation is ultrasensitive in its descending, but not its
ascending, region (see section 1.3.4).
A ligand can induce a nonmonotonic response if it has both a stimulatory and an
inhibitory effect on the response cytokine. TNF, for example, not only stimulates cy
tokine synthesis, but also induces cell death (see section 1.2.1). IL-1, which activates
similar signals, may have a similar effect. If IL-1 induces IL-1 synthesis and cell death
independently, then the rate of IL-1 production by a population of cells can be given by:
prodn = number of cells x IL-1/3 prodn given cell survives x probability cell survives
Assuming cytokine production and cytotoxicity are both hyperbolic functions of IL-1
concentration, S, this becomes:
=

n

I

(l-

S - h K j \
= nRm.K'i

^

S + K2
S

{S + K ^ ){S + K2)
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which is a log-bell shaped, nonmonotonic function.
Nonmonotonic dose responses have been reported before - the data of Dinarello
et al. (1987) suggested that the IL-la-induced intracellular IL-1/? response was non
monotonic, but these cells had been incubated for 24hrs increasing the chances of inter
ference from processes such as autoinduction by endogenous IL-1 and endocytosis. The
significance of a nonmonotonic IL-1 autoinduction response is not clear. In the context
of hyperbolic endocytosis of IL-1 examined in this chapter, a log-bell shaped production
term cannot give rise to bistability, as such a function could only intersect a hyperbolic
endocytosis curve in at most two places. However, in more complicated networks of two
variables, each one inducing the other in a log-bell shaped fashion, multistability can
arise (Perelson & Weisbuch, 1997; Segel, 1998). The possibility that autoinduced IL-1
nonmonotonicity may have a functional role when other aspects of the inflammatory
network are taken into consideration consequently remains open.
The finding that IL-1/? accelerated the time-dependent reduction in the level of
IL-1/? message in LPS-stimulated, transcriptionally-inhibited cells also suggests that IL-1
is capable of delivering an IL-l-inhibitory signal under certain circumstances. This effect
could be explained by two possible mechanisms:
• IL-1 induces a factor which destabilises IL-1/? message
• IL-1 induces a cytotoxic signal which is normally inhibited by transcription-dependent
mechanisms
Both of these effects have been observed for TNF, which destabilises its own message
via the mRNA binding protein tristetraprolin (Carballo et al., 1998) and induces cell
death in a manner normally inhibited by NF-«B-dependent gene transcription (Beg &
Baltimore, 1996; De Smaele et al., 2001).
In order to demonstrate that IL-1 autoinduction played some functional role in the
monocyte response to antigen, experiments were performed in which cells were stimu
lated with LPS, and endogenous IL-1 was inhibited by blocking antibodies. Cells that
were constantly exposed to Ing/m l LPS were unaffected by IL-1 blockade, but when
LPS exposure time or dose was reduced, inhibitory effects became detectable (as much
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as 79% in cells treated with 0.17ng/ml LPS). These findings contrast with those of
Furse et al. (2001) who were able to inhibit 40% of the IL-1/? induced by lOng/ml LPS
by blocking IL-1 autoinduction with IL-lRa. However, this group were examining extra
cellular IL-1/?, and were performing their experiments on aged monocytes. The sharing
of signal transduction mechanisms implies that LPS and IL-1 combine to induce IL-1 in
a manner described in chapter 1 as redundant - that is, sufficiently large doses of the
antigen can obliterate any functional effects of autoinduction. This effect must be borne
in mind when designing experiments to test the predictions of models such as those of
Henderson et al. (1998) and Chan et al. (1999).
Having established that the IL-1 system in freshly purified monocytes exhibited ul
trasensitive autoinduction, the longer term dynamical properties of the system were
examined. Experiments showed that IL-1 levels were just beginning to reach a steady
state 24hrs after stimulation, and in order for this steady state to be a dynamic equilib
rium under the control of the autoinduction response, and not simply exhaustion of the
cells’ ability to secrete or endocytose any further IL-1, it would be necessary to demon
strate that after 24hrs, an IL-l-induced IL-1 response was still possible. Unfortunately,
it was found that not only was the overall IL-l/?-induced IL-1 response severely reduced
relative to fresh monocytes (with undetectable levels of IL-l/?-induced IL -la secretion),
but that this loss of responsiveness was manifest at the level of the individual cells.
The IL-1 system in freshly purified human monocytes could not exhibit any level of
dynamical stability (bistable or otherwise) as the cells were simply no longer capable
of producing or responding to the cytokine.

In inflammatory tissues in vivo, such an

exhaustion effect is less likely to occur as new monocytes are constantly recruited to the
site by chemokine release. Consequently, the demonstration that IL-1/? induced IL -la
release exhibits ultrasensitivity may still be relevant to the in vivo situation.

Chapter 4
Dynamical behaviour arising from the
network of interactions between T N F and
IL-1
4.1

Introduction

TNF has many biological effects in commone with IL-1. Production of these two cy
tokines is one of the first stages of an inflammatory response, occurring within minutes
of a cell encountering antigen. Inhibition of TN F with antibodies or soluble TN F recep
tors has been found to be an effective therapy for the chronic inflammatory conditions of
rheumatoid arthritis and inflammatory bowel disease (Feldmann & Maini, 2001). Its ef
fectiveness in ameliorating the inflammatory symptoms seems to be due to the cytokine’s
ability to regulate a number of other cytokines involved these diseases.
A number of reports have suggested that TN F may be able to induce its own pro
duction (Smith et al., 1990; Amiot et al., 1997). It has also been reported to be capable
of inducing, and of being induced by, IL-1 (Philip & Epstein, 1986; Smith et al., 1990;
Dinarello et al., 1986; Bondeson et al., 1999). The sensitivity of the dose-response rela
tionships between TN F and other inflammatory cytokines have not been previously char
acterised. Modelling work has suggested that if TN F autoinduction has an ultrasensitive
character, then cytokine networks of which it is a part may exhibit multistability (Chan
et al., 1999). The JNK and Erk MAPK cascades, which are responsible for transduction
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of signals from the TN F receptor, have previously been implicated in ultrasensitive signal
transduction (Huang & Ferrell, 1996; Bagowski & Ferrell, 2001), suggesting one possible
mechanism for ultrasensitivity in TNF-mediated responses.
The work described in this chapter set out to investigate the two possible autoin
duction effects (IL-1 and TN F), and the two possible pairwise induction effects (IL-1
induction of TN F and TN F induction of IL- 1) in the inflammatory network consisting of
these two cytokines. Any relationships discovered in this way could then be assessed for
sensitivity, and the implications for the dynamical behaviour of the network as a whole,
deduced.
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M aterials and M ethods
Cells and R eagents

General reagents and antibodies used were as described in section 2 .2 . 1. Recombinant,
E. co//-expressed human IL -la , IL-1/3 and TN F were purchased from R & D Systems.
Experiments were performed on adherence-enriched primary human PBMC, prepared as
described in section 2.2.4. 'Aged' PBMC were prepared from adherence-enriched cells
by further incubation at 37°C in medium in a humidified, 5% CO 2 incubator for 20hrs
prior to use.
The murine fibroblast cell line, L929, was obtained from the European Collection of
Cell Cultures, and used for assessment of TN F bioactivity. Cells were grown in 75cm^
filter-cap tissue culture flasks containing 20mls of growth medium (DM EM -f- 10%
foetal calf serum, purchased from HyClone), in a humidified 5% CO 2 incubator. Once
confluence was reached, cells were detached from the plastic substrate by incubating for
5 mins with 5mls trypsin/EDTA, and resuspended in lOOmIs growth medium. 20mls of
the cell suspension was then transferred to fresh tissue culture flasks, which were placed
in the incubator.

4.2.2

C ytokine assays

Levels of IL -la , IL- 1/? and TN F in cell culture supernatants and cell lysates were de
termined by ELISA as described in section 2.2.5. Intracellular cytokine levels were also
determined by intracellular staining and flow cytometry, as described in section 2.2.7.
TN F mRNA levels were determined by extraction of total cellular RNA and reverse
transcription and amplification of cDNA by PCR, as described in sections 2.2.8-2.2.9.
Bioactivity of recombinant TN F was assessed by determining its cytotoxicity towards
L929 cells (Wadhwa et al., 1991). Cells to be used in an assay were detached from tissue
culture flasks using 5mls trypsin/EDTA, and resuspended in growth medium to a density
of 2 X 10^/ml.

100/xl of this suspension was transferred to each well of a microtitre

plate, and cells were allowed to attach and grow in a humidified, 5% CO 2 incubator for
24hrs. The assay was performed by diluting samples of cytokine to be tested in growth
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medium containing 2pg/n\\ of the transcription inhibitor actinomycin D, and adding

100/il of these sample mixtures to the wells of the microtitre plate to which the cells
were adhered. After 24hrs further incubation, culture supernatants were decanted and
the number of cells remaining in each well was determined by the fluorescein diacetate
assay described in section 2 .2 .10.

4.2.3

S en sitivity analysis

Sensitivity analysis was performed as described in section 3.2.4.
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4.3

R esults

4.3.1

T N F does n ot induce its ow n production

Experiments were designed to determine whether T N F was capable of inducing its own
production in PBMC. In order to establish that the commercial preparations of recombi
nant T N F used were biologically active, batches were routinely screened for their ability
to induce cell death in the murine fibroblast cell line L929. Figure 4.1 shows a typical
result, with dose for half-maximal effect (ED 50) around 5ng/ml, or about O.lnM of TN F
trimer.
Intracellular staining and flow cytometry, which had proven an effective means of
measuring IL-1 autoinduction, was the first technique adapted to investigate TN F au
toinduction.

Unlike IL-1, newly synthesised T N F protein is normally shuttled to the

membrane and secreted, a factor which impedes its detection by intracellular staining.
Secretion can be prevented by stimulating cells in the presence of brefeldin A, which
inhibits trafficking through the cytoplasm, and causes build-up of newly synthesised
proteins within the cell (Yssel & Cottrez, 1998). Figure 4.2 depicts the results of an
experiment in which cells were stimulated with TN F (40ng/ml) with or without 5/xg/ml
brefeldin A, and then stained with either anti-TNF monoclonal antibody, or an isotypematched control antibody. Significant numbers of TNF^-staining cells were detected
neither with nor without brefeldin.

By comparison, more than 70% of the monocyte

population of cells stimulated with LPS and brefeldin stained positive for TNF.
Later experiments showed that the inclusion of brefeldin inhibited IL-l-induced IL-1
production (see section 4.3.2), and the possibility that it was also inhibiting a TN Finduced TN F response meant that the flow cytometry result could not be taken as
conclusive proof that TN F was unable to induce its own production.

Measuring ex

tracellular TN F levels by ELISA provides a less disruptive means of detecting cytokine,
although this approach is complicated by the fact that the assay will detect the ex
ogenous stimulant protein. In order to minimise this effect, cells were stimulated with
40ng/ml of cytokine for 2hrs, and stimulant protein was then removed by washing the
cells in 1ml PBS. After replacing the medium, supernatants were removed at various
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Figure 4.1: Biological activity o f recombinant TNF on murine L929 fibroblasts. Cells were stim
ulated with a range o f concentrations o f TNF in the presence o f Ip g /m l o f actinomycin D. A fte r
24hrs incubation, cell density was determined by incubating cells with fluorescein diacetate for
30 minutes, and measuring supernatant fluorescence levels (excitation filter \= 48 5 nm , emis
sion filter \ —538nm). Points represent mean and standard deviation o f triplicate dose treat
ments. Horizontal lines represent mean (solid) ± standard deviation (dotted) fluorescence
levels o f unstimulated controls.
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Figure 4.2: Effect o f recombinant TNF on cellular TNF measured by flow cytometry. Cells were
incubated with 40ng/m l TNF with (green histogram) or without (black histogram) 5p.g/ml
brefeldin for 4hrs, before intracellular staining with a nti-T N F antibody. Histograms o f un
stimulated (grey), and LPS (ln g /m l)-stim u late d (red) cells, which were also incubated with
brefeldin, are included for comparison, along with representative histogram o f isotype-matched
control antibody-stained cells (blue). Table summarising the number o f TNF'^-staining cells
in each condition, given as the percentage o f anti-TN F stained monocytes that fall within a
marker set to exclude all but 5% o f control-antibody-stained moncytes.
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times and stored at -70°C before determination of TN F levels by ELISA. The results of
figure 4.3 show that immunoreactive TN F levels of TNF-stimulated cells remained con
stant at around Ing/m l in culture supernatants taken 2, 20 and 24hrs after replacement
of medium. By comparison, supernatants from unstimulated cells showed <200pg/m l
at all time points. However, supernatants of cells which had been treated with Ing/m l
LPS for 2hrs exhibited an increasing level of TN F at each succesive time point. In light
of this positive control, the possibility that the unchanging levels of TN F detected in
the supernatants of TNF-stimulated cells were simply due to dissociation of cell-bound
recombinant TN F could not be ruled out.
The final experimental approach taken to investigate TN F autoinduction was to
measure TN F mRNA by RT-PCR. This design would be free from the intereference of
reagents such as brefeldin during stimulation, and would be able to discriminate the
stimulant chemical (TN F protein) from the assayed chemical (TN F mRNA). Cells were
stimulated with 50ng/ml TN F for 2, 6 or 20hrs. At each time point, lysates of stim
ulated cells were prepared and stored at -70°C until RNA extraction. TN F mRNA was
specifically reverse transcribed and amplified as described (section 2.2.9), and PCR prod
ucts visualised by agarose gel electrophoresis. For comparison, RNA was also processed
from cells which had been treated with LPS. No PCR product was detected from RNA
extracted from cells stimulated with TN F for any of the incubation times chosen (fig
ure 4.4, lanes 10-12). Cells which had been stimulated for 2hrs with LPS, on the other
hand, showed a detectable band of comparable size to control T N F PCR product (c.f.
lanes 3 and 7). This band was undetectable at later time points (lanes 8-9).
In summary, RT-PCR and flow cytometry based approaches were unable to detect any
effect of recombinant TN F on levels of TN F message or cellular TN F protein, in spite of
the biological activity of this preparation on murine L929 cells, and in spite of the ability
of the adherence-enriched PBMCs to respond to LPS stimulation. ELISA experiments
detected some degree of TN F in culture supernatants of cells stimulated with TNF, but
this signal did not show any change over the range of time points measured.
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Figure 4.3: Effect o f recombinant TNF on time course o f extracellular TNF levels measured
by ELISA. Cells were stimulated by incubation with In g /m l LPS ( ^ ) or 40ng/m l TNF (U )
for 2hrs, after which stimulants were washed o ff and medium replaced. A t times 2hrs, 20hrs
and 24hrs after this, supernatants were removed and TNF levels determined by ELISA. Also
included are supernatants from unstimulated cells (M).
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Figure 4.4: Effect o f recombinant TNF on TNF mRNA levels. Ethidium bromide-stained
agarose gel o f cDNA product developed by TNF RT-PCR from RNA o f cells stimulated with
In g /m l LPS (lanes 7-9) or 50ng/m l TNF (lanes 10-12) for 2, 6 or 20hrs. cDNA from unstim
ulated control cells included for comparison (lanes 4-6). Lane 2 is a negative control reaction
in which the reverse transcriptase was omitted, (loaded with the same sample as lane 7) and
lane 3, a positive control reaction loaded with TNF cDNA.
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E xogenous IL-1 induces T N F secretion

Having demonstrated autoinduction of IL-1 in the previous chapter, and having failed to
detect autoinduction of TN F in the previous section, all the possible reflexive relationships
in the two-cytokine network consisting of TN F and IL-1 had been tested. The next step
was to examine the possible pairwise interactions between the two cytokines, starting
with the effects of IL-1 on TNF.
Cells were incubated with IL -la (20ng/ml), IL-1/) (25ng/ml) or LPS (In g /m l) and
supernatants of separate cultures were taken at times 2, 6 , 20 and 24hrs after addition of
the stimulant for determination of TN F content by ELISA. All three stimulants induced
greater levels of TN F than were detectable in unstimulated cells at all time points
(figure 4.5), and this induction was time-dependent. Both isoforms of IL-1 induced a
similar time course of increasing TN F production up to 20hrs, with a final drop between
20 and 24hrs. In contrast, LPS-induced TN F very rapidly reached a maximum level at

6hrs, before beginning to fall for the remainder of the experiment.
To examine cellular TN F production, intracellular staining and flow cytometry exper
iments were performed. As before, LPS was used as a control stimulant to demonstrate
that cells were capable of producing measureable amounts of TN F. Cells were incubated
with 40ng/ml IL- 1/) or Ing/m l LPS for 5hrs in the presence of 5/zg/ml of brefeldin.
Fixed cells were permeabilised and stained with an RPE-conjugated anti-TNF antibody.
As a positive control to demonstrate that the IL- 1/) was able to stimulate the cells, IL-1/)
was measured simultaneously by staining with a FITC-conjugated anti-IL-1/) antibody.
Surprisingly, although cells showed a strong TN F response to LPS, with >70% of mono
cytes staining positive with RPE, the IL-l-stimulated cells were no more fluorescent than
unstimulated controls, with <5% of monocytes staining positive (figure 4.6, left panel).
An examination of the results of the IL-l/)-staining suggested this may not be evi
dence that IL-1 was unable to induce TNF production (figure 4.6, right panel) as the
IL-1/) induction effect of IL- 1^ was much weaker than expected. Whereas the propor
tion of monocytes staining IL- 1/)^ when stimulated with LPS was typically high (>80% ),
this proportion dropped to 14% when IL-1/) was the stimulus. Experiments of the pre-
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effect o f exogenous IL-lf3 on TNF. Supernatants o f monocyte-enriched PBMCs
20 or 24hrs with In g /m l LPS ("■), 20ng/m l IL -la (O ) or 25ng/m l IL-1/3 ( J ^ )
TNF levels by ELISA. Supernatants from unstimulated cells (M ) are included
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Figure 4.6: The effect o f exogenous IL-lf3 on TNF production measured by flow cytometry.
Cells were incubated in the presence o f 5 p g /m l brefeldin A with In g /m l LPS (red histograms)
or 40ng/m l IL-1/3 (blue histograms) for 5hrs, and were then fixed, permeabilised and stained
with RPE-conjugated anti-TN F antibody (left panel) and FITC-conjugated IL-1/3 antibody
(right panel). Histograms are gated on the monocyte population. Unstimulated cells are
included for comparison (grey).
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vious chapter, in which brefeldin had not been used, suggested that the proportion of
monocytes responding to IL-1/? was normally comparable to the proportion of monocytes
responding to LPS, so this control condition raised the question of whether the secretion
inhibitor might also be interfering with IL-l/?-induced cytokine production.
A further experiment was performed to investigate this possibility. Cells were incu
bated with In g /m l LPS or 50ng/ml IL- 1/?, and combinations of these two stimulants
with either 5/ig/m l brefeldin A or 2iig/m \ of monensin, another agent commonly used
to inhibit cytokine secretion. After 5hrs of stimulation, cells were fixed and stained with
anti-IL-1/? antibody. Flow cytometric analysis showed that whereas the inclusion of mo
nensin or brefeldin had no significant effect on LPS-induced IL- 1/? levels (figure 4.7, top
right panel), mean levels of IL-l/?-induced IL- 1/? were substantially reduced when the
cytokine was administered in combination with either reagent. Both secretion inhibitors
also had an inhibitory effect on the constitutive IL-1/? levels seen in this experiment in
unstimulated cells. These findings suggested that the low levels of TN F seen in figure 4.6
in response to IL-1 may have been a result of the inclusion of brefeldin, and that they
cannot be taken as evidence for a lack of an effect of IL-1 on TN F production.
The results of this experiment can also be expressed as a density plot showing levels
of coexpression of IL-1/? and TN F in response to LPS (figure 4.8). When displayed in
this format, the data show that most of the monocytes induced to produce TN F also
fall into the IL-1/?^ subpopulation - only 2% of all monocytes were TN F^ but IL- 1/?".
In contrast, 16% of monocytes fell into the T N F ", IL-l/?+ quadrant, and 65% clearly
produced both cytokines in response to LPS.
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Figure 4.7: The effect o f transport inhibitors on !L-1(5 production. Cells were stimulated with
nothing (top left panel and grey histograms), In g /m l LPS (top right panel) or 50ng/m l IL-1(3
(bottom left panel) for 5hrs in the presence o f 5 p g /m l brefeldin (blue histograms), 2 p g /m l
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Figure 4.8: Codistribution o f TNF and IL-1(3 producing cells in response to LPS stimulation.
Cells were stimulated with In g /m l LPS (right panel) for 5hrs in the presence o f the secretion
inhibitor brefeldin A at lO pg/m l, before being fixed and stained with a FITC-conjugated IL-1(3
antibody, and an RPE-conjugated TNF antibody. Quadrant markers were set so that <1% o f
monocytes stained with isotype- and fluorophore-matched control antibodies fell into each o f
the positive quadrants. Numbers in each quadrant denote the proportion o f monocytes falling
into that quadrant. Unstimulated control cells are included for comparison (left panel).

4.3.3

T N F induces IL-1 production

Two pairwise interactions are possible in a network of two cytokines, and experiments
were also carried out to test the second of these - the ability of TN F to induce IL-1.
As the most sensitive means of detecting LPS- and IL-l-induced IL- 1, measurement
of IL-1/3 by intracellular staining and flow cytometry was chosen to investigate the rela
tionship between TN F and IL-1. To begin with, cells were incubated with stimulant for

20hrs before fixation and staining, as this approach had resulted in the greatest level of
cellular IL-1 production in the experiments in chapter 3.
The results of stimulating cells with 20ng/ml TNF for 20hrs were highly variable.
Figure 4.9 illustrates an experiment in which the effects of lOng/ml TNF on IL-1/3
production were compared with those of Ing/m l LPS. The low levels of \L -lfj induced
by TN F in this experiment (30% of monocytes were IL-1/3^) were not substantially
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Figure 4.9: Effects o f TNF on IL-lf3 production by human monocytes. Cells were stimulated
with In g /m l LPS (left) or lO ng/m l TNF (right) for 20hrs before fixing and staining for IL-lf3
by indirect immunofluorescence. Histograms depict cells treated with stimulant (LPS or TNF)
alone (red), stim ulant in combination with 2 0p g /m l polymyxin B (blue), or unstimulated cells
(green). Stimulant treated, control-antibody stained cells are included for comparison (black).
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Figure 4.10: Effects o f costimulation o f monocytes with TNF and dbcAMP. Adherenceenriched cells were incubated with TNF (20ng/ml, black), dbcAMP (lOOpM, red) or both
(green) for 24hrs before fixing and direct staining for intracellular IL-lj3. LPS-treated cells
(In g /m l, blue) are included for comparison.
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blocked by co-administration of 20/zg/ml polymyxin B (with which 34% of monocytes
were IL-1/3'^). By comparison, over 80% of LPS-stimulated monocytes were IL-1/3^.
In general, the proportion of monocytes that showed an IL-1/) response to T N F stim
ulation showed large variation from one experiment to another. Table 4.1 summarises the
results of four different experiments, in which the proportion of IL- 1/)'^, TNF-stimulated
monocytes varies between 7 and 83%. By comparison, LPS-stimulated monocytes were
consistently responsive, with between 85 and 95% of these cells staining positive for
IL-1/).
Table 4.1: Summary of results of a number of experiments measuring TNF-induced IL-1 (3 by
flow cytometry. In all cases, cells were stimulated with indicated amounts of recombinant TNF
or LPS for 24hrs, before being fixed and stained with monoclonal anti-IL-lj3 antibody. Values
denote proportions of monocyte populations staining positive for IL-ip relative to unstimulated
control cells, n/d indicates not done.
Experiment

Stimulant
Ing/m l LPS

lOng/ml TN F

lOOng/ml TN F

1

85%

40%

n/d

2

86%

7%

n/d

3

86%

30%

n/d

4

95%

83%

91%

Lorenz et al. (1995) reported similar difficulties in inducing detectable IL-1/) with
recombinant TN F in human monocytes, but managed to induce a signal by costimulating with the cell-permeable, cyclic adenosine 3',5’-monophosphate (cAMP) analogue
dibutyryl cAMP (dbcAMP). In an experiment designed to examine the possibility that
dbcAMP might effect a strong TNF-inducible IL- 1/) signal, cells were stimulated for
20hrs with either TN F (20ng/ml), dbcAMP (lOO^M) or both together. dbcAMP alone
induced an IL-1/) response, although this was less (in terms of MFI) than the response
induced by Ing/m l LPS alone (figure 4.10). TN F alone induced very little detectable
IL-1/), and when combined with dbcAMP, seemed to inhibit, rather than potentiate, the
IL-1/) response.
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Figure 4.11: Effect o f time affixation on detection o f TNF-induced IL-lf3. Cells were stimulated
with lOOng/ml TN F for 4hrs (left panel) or 20hrs (right panel) before being fixed and stained
with a n ti-IL -ip antibody. Red histograms denote TNF-stimulated monocytes, grey histograms,
unstimulated controls.
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Figure 4.12: TNF does not reconstitute brefeldin’s inhibition o f the IL-ljS autoinduction effect.
Typical density p lot (left) o f adherence-enriched PBMCs showing monocyte gate used for
histogram analysis. Fluorescence histograms o f monocytes (right) which had been fixed and
stained for IL-1/3 by the indirect method, after 5hrs stimulation with IL-1(3 (25ng/m l) alone
(black), IL-1(3 plus brefeldin (5pg/m l, red) or H -l(3 plus brefeldin and TNF (25ng/ml, blue).
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An experiment was performed to investigate the possibility that an earlier time point
might be preferable for measurement of TNF-induced IL-1/?.

Cells were stimulated

with lOOng/ml TN F and fixed after either 4hrs or 20hrs incubation with the cytokine.
The results (figure 4.11) showed that at 4hrs, 30% of TNF-stimulated monocytes were
IL-l/?+, whereas after 20hrs, there was almost no detectable difference between the
fluorescence profiles of TNF-stimulated and unstimulated cells. These results suggested
that the earlier time point may be a more reliable means of detecting an effect of TN F
on IL-1/?.
TN F secretion is known to be blocked by brefeldin (see figure 5.2, page 154). One
possible explanation for brefeldin’s inhibition of IL-1/3 autoinduction (figure 4.7) was
that IL-1 autoinduction required the intermediate step of TN F secretion. In order to
directly test this hypothesis, recombinant TN F (25 ng/ml) was added in combination
with brefeldin (5//g/m l) to cells stimulated with IL-1/? (25 ng/ml). When cellular IL-1/?
levels were determined by indirect intracellular cytokine labelling of cells which had
been incubated with stimulants for 5hrs, TN F failed to increase cellular IL-1 levels of
brefeldin-t-IL-l/?-treated cells (figure 4.12).

4.3.4

Endogenous T N F does not p oten tiate L PS-induced
IL-1/5, but decreases th e proportion o f IL-1/?^
m onocytes

In order to determine whether TNF's ability to induce IL-1 secretion played any role in
regulating the inflammatory response of LPS-stimulated monocytes, experiments were
designed in which endogenous TN F production was blocked with anti-TNF antibodies.
Supernatant levels of IL-1/? were measured by ELISA. To check that the anti-TNF
antibody was effectively depleting supernatant TNF, TNF ELISAs were also carried out.
From the results of the previous section, which demonstrated an ability of TN F to
induce IL-1 production, it would be expected that knocking out LPS-induced TN F would
reduce levels of IL-1/?. However, figure 4.13 illustrates that if anything, LPS-induced
IL-1/3 levels were increased by inclusion of the blocking antibody (the increase was
not significant - when means were compared by two-tailed t-test, p=0.16). Supernatant
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Figure 4.13: The effect o f anti-TN F antibody on LPS-induced IL-1(3 secretion. Bars represent
levels o f IL-1(3 (M ) and TNF (M ) measured in supernatants o f cells stimulated for 24hrs with
LPS (0.5ng/m l), LPS and anti-TN F antibody ( Ip g /m l) or LPS and an isotype-mate bed control
antibody (Ip g /m l).
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Figure 4.14: Changes in the distribution o f IL-1 responsive cells with LPS exposure time. Cells
were stimulated with In g /m l LPS and fixed after 0 (grey histogram), 3 (red histogram) and
20hrs (blue histogram) before staining with anti-IL-lf3 antibody.
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Figure 4.15: Effect o f anti-TN F antibodies on LPS- and IL-l-induced IL -lfl. Cells were stim 
ulated with In g /m l LPS (left panel) or 20ng/m l IL - la (right panel) in the presence (blue
histograms) or absence (red histograms) o f Ip g /m l o f anti-TN F blocking antibody, or o f the
same concentration o f an isotype-matched control antibody (green histograms).

TNF levels were significantly, although not completely, reduced by the blocking antibody.
This partial inhibition may indicate that insufficient blocking antibody was included to
completely titrate endogenously produced cytokine, or it may be a result of different
specificities of the monoclonal blocking and the polyclonal ELISA antibodies (if some
of the polyclonal species bind to non-blocking epitopes on the TN F molecule, TN F will
still be detectable in the ELISA, but biologically inactive).
Observations of changes in the fluorescence distribution of anti-IL-l/?-stained mono
cytes at various times after LPS stimulation suggested that LPS was inducing the pro
duction of some factor which was either increasing the number of \L -lp ^ monocytes, or
decreasing the number of \L -lp ~ monocytes. Figure 4.14 demonstrates that when cells
stimulated with Ing/m l LPS were fixed after Shrs and stained with anti-IL-1/? antibody,
a greater proportion of monocytes were found in the IL-1/)" subpopulation (18%) than
when cells were fixed after 20hrs (3%).
The results of blocking LPS-induced endogenous TN F with antibodies suggested that
TNF might be capable of reducing the amount of LPS-induced IL-1/). The hypothesis
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was suggested that the cytotoxic effects of LPS-induced TN F were responsible for reduc
ing overall monocyte numbers, thus explaining this decrease; and that these cytotoxic
effects were particularly pronounced in IL-1/?" monocytes, accounting for the reduction
in size of the IL-1/?" subpopulation in LPS-stimulated cells.
To test this hypothesis, LPS-stimulated cells were incubated with anti-TNF antibody
for 20hrs, and cellular IL-1/? levels were determined by intracellular staining and flow
cytometry. The results (figure 4.15, left panel) demonstrate that inclusion of anti-TNF
antibody increased the size of the IL-1/?" monocyte subpopulation from 14% to 31%
of all monocytes, and that this was a specific effect of the antibody as inclusion of an
isotype-matched control had no effect (12% of monocytes in the IL-1/?" subpopulation).
It was further hypothesised that the ability of IL-1 to induce T N F may account, to
some degree, for the cytotoxic effects of IL-1 postulated in chapter 3. When IL-1/?treated cells were stimulated in conjunction with anti-TNF antibody, the size of the
IL-1/?" subpopulation was again increased from 17% in the absence of antibody to 39%
in its presence (figure 4.15, right panel). Although the isotype control antibody in this
experiment increased the mean fluorescence of the IL- 1/?^ subpopulation, it had no effect
on the size of the IL-1/?" subpopulation relative to cells recieving no antibody treatment.
In summary, the results of this section suggest that in spite of TNF's ability to induce
IL- 1/? in unstimulated cells, LPS- and IL-l/?-stimulated monocytes are susceptible to the
cytotoxic effects of endogenous TN F and that in the case of LPS, this effect can (slightly)
reduce levels of overall IL-1/?. These data also indicate that IL-1 induced IL-1 production
does not require intermediate TN F production.

4.3.5

Endogenous IL-1 m ediates L PS-induced T N F but
not LPS-induced IL-1/?

In order to determine whether the ability of IL-1 to induce TN F played a role in the
endogenous cytokine response to LPS, cells were treated with antibodies to IL -la and
IL-1/3 (0.5//g/m l of each) before stimulation with 0.5ng/ml LPS. After incubating for
24hrs, supernatants were taken for IL-1/? and TN F ELISA, and cells were fixed and
stained for IL-1/? by the indirect method. LPS-stimulated supernatant IL- 1/? was com-
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Figure 4.16: The role o f endogenous IL-1 in LPS-induced cytokine production. Adherenceenriched PBMCs were stimulated with LPS (0.5ng/m l), LPS and monoclonal antibodies to
IL -la and IL-1(3 (0 .5p g /m l each) or LPS and isotype-matched control antibodies (0 .5p g /m l
each). Cellular levels o f IL-lj3 were determined by indirect immunofluorescent staining o f
formaldehyde-fixed cells (left) stimulated with LPS alone (black), LPS and anti-IL-1 (red) or
LPS and control antibodies (blue). Supernatant levels (right) o f IL - ip (black) and TNF (grey)
were determined by ELISA. Asterisk denotes significant difference compared to isotype control
(by t-test, p<0.05).

pletely undetectable in the presence of anti-IL-1 antibodies^ but not isotype-matched
controls (figure 4.16, right). TNF levels from cells stimulated with LPS were significantly
reduced by the inclusion of anti-IL-1 (but not control) antibodies (p<0.05 by t-test).
Although LPS-induced TN F levels were reduced, they were not completely abrogated.
In spite of these effects, no change was detected in levels of LPS-induced intracellular
monocyte IL-1/3 (figure 4.16, left).
^These antibodies were the same as those used as capture antibody in the IL-1 ELISAs. They
had both been previously shown to block the proliferation-inducing effects of recombinant human
IL-1 on the D10.G4.1 cell line
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4.3.6

B istability can arise in th e T N F -IL -1 network if
either T N F -induced IL-1 or IL -l-in du ced T N F are
ultrasensitive responses

Having demonstrated that TN F was capable of inducing IL-1, and vice versa, the possi
ble consequences of the resulting network were investigated by formulation of a simple
model. The autoinduction effects of IL-1 are considered to arise, for the moment, from
the intermediate induction of TN F (although results of the previous section suggested
that IL-1 autoinduction also occurred via a TNF-independent route).

The model is

summarised by the scheme in figure 4.17.

IL-1

b
^
'a

0

,c

0

TN F
d

Figure 4.17: Network diagram illustrating the TNF/IL-1 network modelled in equations 4.14.2. Open arrows denote production and consumption reactions, and closed arrows denote
induction effects. 0 denotes consumption of cytokine by endocytosis.
Denoting the concentration of extracellular TN F by T , and of extracellular IL-1 by
I , the dynamical equations for each variable are:

<“ >

where TN F induction of IL-1 is modelled as an ultrasensitive response with parameters
a, K t and n, IL-1 induction of TN F is a hyperbolic response, with parameters c and
K i, and consumption for each cytokine is a hyperbolic process, with parameters b and
E j for IL-1, and d and E t for TNF.
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The isoclines for equations 4.1 and 4.2, ^ = 0 and ^ = 0 are, respectively:
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is the maximal rate of IL-1 production as a proportion of the maximal

rate of IL-1 consumption, and p = c/d is a similar dimensionless parameter for TNF.
Under certain values of the parameters (notably,

n must be > 1 ), these isoclines can

intersect in three points, giving rise to a phase-space diagram such as the one illustrated
in the top left panel of figure 4.18. One stable steady state, referred to as 0 , exists at
the point (0,0) - i.e. neither cytokine is present in cell supernatants. There is another
stablesteady state in which supernatant levels of TN F and IL-1 areboth
A infigure 4.18

>0, denoted

for’active’ state. The two stable steady states areseparated

by an

unstable steady state.
What happens when exogenous TN F is added to this system? The figure illustrates
that there should be a threshold effect. Adding TN F equates to putting the system into
a state somewhere on the (vertical) TN F axis - the more TN F added, the further up the
axis. The arrows on the figure are divided into two groups - those that lead to the O
state (black) and those that lead to the A state (grey). If the initial amount of TN F
added is not enough to place the system on a grey arrow - the 'basin of attraction’ for
the A state - then it will inevitably tend toward the 0 state, consuming all the stimulant
TN F in the process, and showing a transient rise in IL-1. Such a transient effect of TNF
on IL-1 was observed in the experiment of figure 4.11, where cells exposed to TN F for
4hrs showed a detectable IL-1 response, which had completely disappeared by 20hrs. If,
on the other hand, sufficient TN F is added to start the system on a grey arrow, it will
be attracted toward A, and will eventually settle to a stable state with nonzero levels of
TN F and IL-1.
The exact value of the threshold level of TN F that needs to be exceeded depends
upon the parameters. If there is some uncontrolled factor in the preparation of monocytes
that affects the parameters sufficiently, this could provide an explanation for the large
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Figure 4.18: Effect o f reducing the ratio o f TNF-producing cells to TNF-consuming cells in
the model o f equations 4.1- 4.2. Under appropriate values for the parameters, the mutual
induction o f TNF and IL-1 can result in bistability, depicted in the phase portrait top left.
Red line denotes d T / d t = 0 isocline, blue line denotes d l / d t — 0 isocline. There is a stable
steady state O, in which neither cytokine is present, and a stable steady state A, in which
both cytokines are present (•), separated by an unstable steady state (o). /\s (3, the ratio o f
TNF-producing to TNF-consuming cells, is decreased, the d T / d t isocline drops (right panel),
and the size o f the basin o f attraction for state A (grey arrows) shrinks, until eventually, at
low enough ft, A completely disappears.

variations seen between the experiments described in section 4.3.3 to measure TNFinduced IL-1 - that is, that in some of these experiments, the lOng/ml of TN F was
sufficient to push the cells into the basin of attraction that led to the A state after
24hrs, but in others, this dose resulted in the system's return to the inactive, 0 state.
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Figure 4.19: Effect o f density on the !L-1(3 response o f LPS- and IL-lf3-stimulated cells. PBMC
were purifed to 1 x 10^/ m l (green histograms) or 4 x 10^/ m l (red histograms), and incubated
for SOmins before non-adhered cells were washed off. Cells were then stimulated with either
In g /m l LPS (left panel) or 25ng/m l IL-1(3 (right panel) for 20hrs before being fixed and stained
with a n ti-IL -ld antibody.

Furthermore, the model suggests that changing this situation, so that stimulated cells
reach the A state, is not simply a matter of increasing the dose of TN F - if the parameter
values fall far enough, the A state vanishes altogether, and the system will always return,
eventually, to 0 (figure 4.18, bottom panel).

4.3.7

At lower cell densities, the proportion of ÏL-1/3'^
m onocytes is reduced

Observations over several experiments suggested that after the plastic adherence step,
the density of remaining cells varied greatly, in spite of the fact that the density at which
cells were plated out was saturating. Experiments were designed to investigate the effects
of controlled variation of the density of adherent cells on the ability to produce IL-1/3.
PBMC were purified in medium to 4 x 10^ and 1 x 10^/ml, and allowed to adhere
to plastic dishes at these concentrations in an incubator for SOmins.

After washing

and replacing medium, microscopic examination suggested there was indeed a difference
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in the density of cells adhered at these two different concentrations. Cells were then
stimulated for 20hrs with either In g /m l LPS or 25ng/ml IL-1/3, before fixing and staining
with an anti-IL-1/3 antibody. The results of this experiment (figure 4.19) showed that
the plating density affected both the proportion of IL -l/ 3^-staining monocytes, and the
intensity of staining in the IL- 1^^ population. When stimulated with LPS, 69% of the
monocytes from cells that had been plated at 1 x 10^/ml were IL-1/3^, compared to 87%
IL-1/3^ at the higher density. A similar effect was seen with IL-1/3 as stimulus, which
resulted in 73% of monocytes IL-1/3+ at 1 x 10^/ml, and 87% IL-1/3^ at 4 x 10^/ml.
In contrast, the effect of the two stimulants on fluorescence intensities of monocytes
were opposite to one another. Whereas the MFI of LPS-stimulated cells was higher in
those that had been plated at the higher cell density, the MFI of IL-l/3-stimulated cells
was reduced by plating at higher densities.
Assuming the levels of T N F and IL-1 receptor expression are similar in both IL-1/3"
and IL-1/3^ monocyte subpopulations allows us to suggest a mechanism by which varia
tions in the quality of the monocyte preparation procedure could affect the existence of
the stable active state A of the model of the previous section. If both subpopulations
express receptors for each cytokine, then both will contribute to cytokine clearance by
endocytosis. However, only the IL-1/3^ cells will contribute to IL-1/3 production. The
experiment presented in figure 4.8 suggests that most TN F producing cells fall within
the IL-1/3^ subpopulation, so the size of the IL-1/3^ population also gives an indication
of the number of cells contributing to TN F production. This argument suggests that
the ratio of cytokine production (due to IL-1/3^ cells) to cytokine consumption (due to
IL-1/3"^ and IL-1/3" cells) will decrease as the cell density, and consequently the IL-1/3^
proportion, decreases.
In terms of the model of the previous section, at lower densities, the parameters a
and /3 will be reduced. The effects of a gradual reduction in /3 are illustrated in the
successive panels of figure 4.18, and show that if the ratio becomes low enough, the
stable active state A disappears, and stimulation with TN F can only result in the system
being attracted toward the unresponsive state 0 .
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T N F induced IL-1 production and IL - ip induced
T N F responses have hyperbolic sen sitivity

Signals transduced by TN F activate the SAPK and Erk MARK cascades (Wallach et a!.,
1999), and findings in X. laevis oocytes that these cascades can exhibit ultrasensitivity
(Huang & Ferrell, 1996; Bagowski & Ferrell, 2001) suggested a possible mechanism
that might result in an ultrasensitive, TNF-induced cellular IL-1 production function.
As in the case of IL-1 autoinduction, the model of section 4.3.6 demonstrated that the
existence of such an ultrasensitive response could result in bistability in the TN F /IL -1
network, and experiments were performed to investigate the nature of the TNF-induced
IL-1 response by intracellular staining and flow cytometry.
Cells were incubated with doses of TNF from 0.4 to 250ng/ml for 5hrs before fixing
and staining with anti-IL-la and anti-IL-1/? antibodies. The response curves, illustrated
in figures 4.20 and 4.21, suggested a hyperbolic dependence of IL -la and IL-1/? response
levels on TNF dose, and linear sensitivity plots confirmed this. The data were fit to
hyperbolic curves with parameters K=0.39ng/m l=7.5pM of TN F trimer (IL -la ) and
K = 0.53n g/m l-10pM (IL-1/?).
Experiments were also performed to investigate the sensitivity of the response of
secreted TN F to recombinant IL-1/?. Cells were stimulated for 5hrs with various doses of
IL-1/?, after which time supernatants were taken and TN F levels determined by ELISA.
The results, illustrated in figure 4.22, demonstrated that IL-l/?-induced TN F levels were
well fit to a hyperbolic response curve with iC=10.4ng/m l=0.61nM (analysis of variance
showed no significant deviation of the residual errors from zero, p=0.34).

4.3.9

T N F and IL-1 com bine to induce IL-1/3 production
in a synergistic fashion

Another possible explanation for the variable ability of TN F to induce IL-1 production
was sought after the observation that, in some experiments, unstimulated monocytes
showed detectable levels of intracellular IL-1/?, and that IL-1/? message was detectable in
unstimulated cells several hours after purification (figures 2.11 pp 76 and 3.3 pp 87). The
possibility was suggested that on its own, TN F was not a sufficient stimulus to induce

139

Chapter 4: TNF and IL-1

30 -

f
Events

20 -

LL

M F I/T iM F dose

T N F dose
F IT C fluorescence'

(log)

-50

0

50

100

150

200

250

300

T N F dose (n g /m l)

Figure 4.20: Sensitivity o f the TNF-induced IL -la cellular response. Left panel (front to
back): representative histogram o f control antibody-stained cells and histograms o f anti-1Lla-stained cells exposed to 5hrs o f TNF at 0, 0.4, 2, 10, 50 and 250ng/m l respectively. Right
panel: scatter graph o f (arithmetic) mean fluorescence intensities from anti-IL-la-stained
histograms, plotted against TNF dose (filled circles»), with fitted Michaelis-Menten hyperbola
(line) K=0.39±1.25ng/m l. Inset: sensitivity plot.
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Figure 4.21: Sensitivity o f the TNF-induced IL-lj3 cellular response. Left panel (front to
back): representative histogram o f control antibody-stained cells and histograms o f anti-lLl(3-stained cells exposed to Shrs o f TNF at 0, 0.4, 2, 10, 50 and 250ng/m l respectively.
Right panel: scatter graph o f (arithmetic) mean fluorescence intensities from anti-IL-iP-stained
histograms, plotted against TNF dose (filled circles • ), with fitted Michaelis-Menten hyperbola
(line) K~0.533i5ng/m l. Inset: sensitivity plot.
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Figure 4.22: Sensitivity o f the IL-ll3-induced TNF response. Cells were stimulated for Shrs
with a range o f doses o f IL-1(3, after which TNF levels in culture supernatants were measured
by ELISA. Each dose was administered in triplicate, and scatter graph denotes mean TN F
levels ( • / i t standard deviation, together with best-fit hyperbola, K = 10.4±75ng/m l. Inset:
sensitivity plot o f mean TNF response versus mean TNF response/ IL-lj3 dose ( • ) as well as
individual measurements o f TNF response versus TNF response/ IL-lj3 dose ( x ) .

IL-1 production, but that in combination with a small amount of IL-1 from otherwise
unstimulated cells, a synergistic effect could give rise to a substantial IL-1 response.
The left hand panel of figure 4.23 demonstrates an experiment in which 20% of
monocytes exposed to 1.5ng/ml IL -la for 20hrs were found to be IL-l/?+ after fixing
and staining with anti-IL-1/? antibody, compared to 68% of monocytes that had been
exposed to the higher dose of 25ng/ml, showing that 1.5ng/ml was a submaximal dose
of IL -la . Stimulation of the same cells with 40ng/ml TN F resulted in no detectable
IL-l/?+ cells (< 1 % ) after 20hrs exposure. By comparison, costimulation with 1.5ng/ml
IL -la and 40ng/ml TNF resulted in a clearly detectable response - 64% of monocytes
fell into the IL-1/5+ subpopulation, more than in response to the same doses of either
cytokine alone.
These data indicate that IL-1/? is induced in a synergistic fashion by a combination
of IL-1 and TN F and suggest that IL-1 may be required for TN F to induce an IL-1
response.
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Figure 4.23: Synergy between IL -la and TNF in the induction o f IL-lf.3. Left panel: exposure
o f cells to 1.5ng/m l IL -la (red histogram) for 20hrs resulted in a submaximal IL-1[5 response,
as demonstrated by the green histogram o f cells stimulated with 25ng/m l IL -la for the same
period. Unstimulated controls (grey) are included for comparison. Right panel: cells exposed
to 40ng/m l TNF (black histogram) for 20hrs showing no detectable IL-113 when fixed and
stained with anti-IL-l(3 antibodies (unstimulated histogram om itted for clarity), compared to
cells stimulated with 1.5ng/m l IL -la (red) and cells stimulated with both cytokines at these
doses simultaneously (blue).

4.3.10

Aged m onocytes retain the ability to produce T N F
in response to LPS but not IL-1/?

Experiments described in the previous chapter comparing the IL-1 responses of cells that
had been aged by 24hrs incubation before stimulation with LPS and IL-1 suggested that
the IL-1 responses of these cells were severely reduced compared to those of freshly
purified cells. The TNF response of aged cells to LPS and \ L-i p was also investigated.
Aged cells, prepared as described, and fresh cells, were prepared from the same batch
of blood and stimulated with Ing/m l LPS or 25ng/ml IL-1/3 for 20hrs. Supernatants
were then taken for determination of IL -la and TNF levels by ELISA. As had been
the case for the IL -la response, the TN F response of aged cells to IL-1/3 was almost
completely undetectable by comparison to that of freshly isolated cells (figure 4.24).
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Figure 4.24: Effect o f aging on TNF compared to IL - la secretion. Fresh cells (M) were
stimulated for 24hrs with In g /m l LPS or 25ng/m l IL-lf3. Aged cells (M), prepared from the
same batch o f blood, but incubated 24hrs in medium prior to stimulation, were stimulated in
an identical fashion. Results are from the same experiment depicted in figure 3.15, page 103.

However, the LPS-induced TN F response was only partially reduced to about 70% of
the levels seen in freshly purified cells. These data demonstrate that, unlike IL- 1, the
ability of aged cells to produce a TN F response to LPS is largely undiminished.
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D iscussion

The experiments described in this chapter suggest that TN F is not able to induce produc
tion of its own message, production of further TN F protein, or secretion of T N F protein,
although there were methodological concerns with each of the experimental designs used
to test these effects. To detect TN F by flow cytometry, it is necessary to include a se
cretion inhibitor such as brefeldin, and the experiments of section 4.3.2 demonstrated
that such reagents can significantly impair the otherwise detectable IL-l/^-induced IL-1/3
response. Consequently, the negative result of this experiment may simply indicate that
TN F cannot induce its own production in the presence of brefeldin.
Measuring TN F autoinduction by ELISA is complicated by the fact that the recom
binant TN F is detectable in the assay. Nevertheless, time course experiments suggested
that a strong TN F response such as that induced by LPS should be detectable in spite
of this constant background, and the absence of such a change in T N F levels over time
suggests that if TN F is able to induce its own release from monocytes, this effect is
weaker than that of LPS. An alternative immunoassay format in which stimulant TN F
could be distinguished from de novo synthesised TN F (by, for example, utilising incorpo
ration of radioactively-labelled amino acids, or by using tagged recombinant TN F) could
be used to try and detect a weak autoinduction effect, although such techniques were
not available to this investigator.
Experiments to measure TNF-induced TN F mRNA by RT-PCR are perhaps the most
straightforward means of detecting an effect, not being subject to interference from a
secretion inhibitor, or from the exogenous stimulant. However, in these experiments,
the positive control condition of LPS stimulation gave only a very weak TN F signal.
Although great care was taken during the extraction of cellular RNA, it is possible that
this was due to the highly unstable nature of TN F mRNA, which is believed to arise
from a destabilising sequence in its 3'UTR (Han et al., 1990). Whatever the reason,
the possibility cannot be excluded that a weak autoinduction effect could have escaped
detection. Furthermore, since a pool of preformed, pre-secreted TN F is known to exist,
in a membrane-bound form, it is possible that TN F autoinduction does not require de
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novo synthesis of TN F protein, and in fact, it has been suggested that TN F is capable of
activating the enzyme responsible for its release from the membrane (Dri et al., 2000).
These findings contrast with a number of previous reports of TN F autoinduction (Philip
& Epstein, 1986; Smith et al., 1990; Spriggs et al., 1990; Amiot et al., 1997; Carballo
et al., 1998). Most of these reports have concerned experiments on macrophages or on
monocytic celll lines; only Epstein's group have used primary human monocytes. Philip
and Epstein used a two-phase experimental protocol to demonstrate T N F autoinduction
in monocytes purified by a similar method to that used in this thesis. Monocytes were
first primed with TN F for 18hrs, after which the cytokine was washed off, and then the
cytotoxic effects of the cells (against a different cell type) were measured. They found
that inclusion of anti-TNF antibodies in the second phase of the experiment was able
to block the cytotoxic effects of TNF-primed cells, and suggested that this could be
explained by a TN F autoinduction effect. In a follow-up study (Smith et al., 1990), this
group demonstrated the presence of TN F mRNA and increased levels of TN F protein in
monocytes stimulated with recombinant human TN F. However, the monocytes in this
second set of experiments were purified by countercurrent centrifugal élutriation. It is
possible that the higher purity of monocytes possible with this method is necessary in
order to be able to directly detect a TNF-induced T N F signal.
Exogenous IL-1 was found to induce detectable levels of extracellular TNF, confirm
ing other reports of such an effect in monocytes (Philip & Epstein, 1986). Attempts to
measure IL-l-induced TN F production by flow cytometry detected nothing, but interpre
tation of these findings is again compromised by the necessary inclusion of brefeldin. The
IL-l-induced TN F secretion effect was also observed to contribute to LPS-induced TN F
responses, as blockade of LPS-induced IL-1 by incubating cells with anti-IL-1 antibodies
partially reduced the level of LPS-induced TNF.
Inducing IL-1 production with exogenous TN F turned out to be possible, but pro
duced much more variable results than any of the other cytokine-induced cytokine re
sponses so far observed, with anything between 7 and 83% of monocytes being stimulated
to produce IL-1/3 after 20hrs exposure to lOng/ml of TNF. A simple model of TN F and
IL-1 levels, in which each cytokine is induced by the other, suggested the existence of a
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stable state of nonzero levels of TN F and IL-1 in such a network was critically depen
dent upon the ratio of cytokine-producing to cytokine-consuming cells. Experiments in
which cell density was varied, to mimic observed variations in the quality of monocyte
preparations, found that at lower monocyte densities, a larger proportion of LPS- and
IL-l-stimulated cells were IL-1/)", suggesting that the critical ratio of production to con
sumption could be much lower from a low-density preparation, and that TNF-induced
IL-1 would be all but undetectable in these circumstances.
This explanation for the variation in the TNF-induced IL-1 response was unsatisfac
tory in that it predicts that variations in the monocyte preparation affecting the existence
of a stable, nonzero TNF-induced IL-1 state should also affect the existence of a stable,
nonzero IL-l-induced IL-1 state.

However, there was never any difficulty in inducing

cells to produce substantial IL-1 in response to exogenous IL-lo; or /3. An alternative
explanation was that undetectable levels of extracellular IL-1, sometimes produced by
unstimulated cells, acted synergistically with TN F to give rise to an apparent ability of
the latter cytokine to induce the former.

Experiments demonstrated the existence of

such a synergistic effect. The procedure for purifying monocytes from peripheral blood
by adherence is well known to activate cells to produce message for a number of cy
tokines (e.g., Haskill et al., 1988), and even when an alternative means of purifying the
cells is available, experiments tend to be carried out in polystyrene dishes, to which the
cells will adhere and become activated.
Other attempts to measure TNF-induced IL-1 reported in the literature have had
varying degrees of success - Dinarello et al. (1986) found only very low levels of IL-1
bioactivity from cells that had been incubated with TN F for 48hrs; Lorenz et al. (1995)
found coadministration of dbcAMP was necessary to detect intracellular IL-1/) by im
munoassay; Bondeson et al. (1999) detected extracellular IL-1/) from TNF-stimulated,
high density monocytes that had been purified by countercurrent centrifugal élutriation.
Experiments reported here failed to replicate the costimulatory effects of dbcAMP. The
observed synergy between low doses of IL-1, which may arise from variations in the treat
ment of unstimulated cells, and TN F does provide a means of reconciling these reported
differences.
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Inhibition of LPS-induced T N F appeared to slightly increase LPS-induced extracel
lular IL-1/3 levels, a finding which appears initially to be at odds with the observation
that recombinant TN F could induce IL-1 production. However, the two findings can be
reconciled by a nonmonotonic model of stimulus-induced IL-1 responses - if LPS provides
a strong enough stimulus to bring the IL-1 response into the decreasing regions of the
curve, and if inhibiting LPS-induced TN F does not completely inhibit LPS-induced IL-1
responses, then an increased IL-1 response would be expected.
The most straightforward explanation for nonmonotonicity is a dose-dependent cy
totoxic effect of TNF. This cytotoxicity would account for the ability of anti-TNF anti
bodies to decrease the proportion of IL-1/3" monocytes when coadministered with LPS
or IL-1, observed in section 4.3.4. IL-l-induced TN F cytotoxicity could also account for
the nonmonotonic IL-l;0-induced IL -la response observed in experiments described in
the previous chapter. The significance of a nonmonotonic IL-1 response is not clear; it
may be that the significant aspect of TNF-induced cytotoxicity is not the resulting non
monotonic IL-1 response, but rather the increase in the proportion of IL-1/3^ monocytes
in the vicinity of an inflammatory site. The model of section 4.3.6 illustrated how this
could result in an increased stability of an active inflammatory state.
At the level of individual cells, the IL-1 response to TN F was not nonmonotonic,
nor ultrasensitive. As was the case for IL-1 autoinduction, if any ultrasensitivity does
arise in the TNF-induced IL-1 response, it is not manifest at the cellular level.

The

possibility remains that TNF-induced extracellular IL-1 responses are ultrasensitive; dif
ficulties in reliably measuring substantial extracellular IL-1 in response to TN F meant
that this possibility was not tested in this chapter. Neither was it possible to measure
the sensitivity of the IL-l-induced cellular TN F response by flow cytometry because, as
discussed above, TN F was not measurable by this approach.
Experiments with aged monocytes suggest that, while the ability to produce and
respond to IL-1 may be completely lost within 24hrs of culture, the TN F response to
LPS at least remains largely intact. Aged monocytes have begun to differentiate into
a more macrophage-like cell, and togther with reports that TN F autoinduction can be
directly observed in mouse macrophages (Carballo et al., 1998), this finding suggests
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that perhaps macrophages would present a more stable long-term experimental system
in which to study cytokine networks involving TNF.

Chapter 5
Dynamical behaviour arising from the
network of interactions between IL-10, T N F
and IL-1
5.1

Introduction

The inflammatory response initiated by antigenic challenge protects the host from an
invading pathogen by means of a number of highly destructive processes. In the short
term, this makes it difficult for a virus or bacterium to proliferate, but the cost is a
response which damages the host's own tissue.

At some point, the immune system

'decides' to deactivate the less discriminating aspects of the inflammatory response,
preferring the more specific mechanisms that become available as an infection progresses.
This involves reducing the levels and effects of inflammatory cytokines such as IL-1 and
TNF. IL-10 is a key regulator of this process by virtue of its ability to inhibit antigeninduced production of a broad range of cytokines and to induce production of antagonist
molecules such as IL-lRa and soluble TN F receptors (Moore et al., 2001).
Monocytes are one of the cells able to produce IL-10 in response to antigenic chal
lenge (De Waal Maiefyt et al., 1991). Administration of recombinant IL-10 to antigenstimulated monocytes results in inhibition of pro-inflammatory cytokine synthesis (in
cluding IL-1 and TN F) as well as inhibition of endogenous IL-10. This latter finding
led De Waal Maiefyt et al. to suggest that IL-10 was involved in a negative feedback
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loop. The demonstration that a substantial proportion of LPS-induced IL-10 was ac
tually a secondary product of LPS-induced TN F and IL-1 (Wanidworanun & Strober,
1993; Foey et al., 1998) led Henderson et al. (1998) to suggest that the mechanism of
negative feedback of IL-10 involved its ability to inhibit the synthesis of IL-1 and TNF.
Negative feedback, like autoinduction, is a recurring theme in biochemical networks,
and its presence is sometimes associated with oscillating levels of the species in the
network (Thomas & Kaufman, 2001).

Oscillating levels of TN F have been observed

in the anterior chamber of the eye of rabbits undergoing corneal allotransplantation,
and oscillating TN F and IL-6 levels have been found to occur in the aseptic fever of
patients with systemic juvenile chronic arthritis (Rayner et al., 2000; Rooney et al.,
1995). These two examples occur in the complex environment of a whole organism;
however, mathematical studies have suggested that the mechanisms necessary for such
oscillation may be relatively simple (Henderson et al., 1998; Chan et al., 1999; Seymour &
Henderson, 2001), requiring an autoinducing inflammatory cytokine which regulates, and
is regulated by, an anti-inflammatory cytokine such as IL-10. If the model of monocyte
cytokine production proposed by Henderson et al. is topologically correct, then the far
simpler experimental system of primary monocytes may also be capable of exhibiting
oscillating behaviour, and may present a useful experimental model for the study of
biological conditions involving oscillating inflammatory cytokines.
As for the relationship between autoinduction and multistability, negative feedback
alone is frequently not sufficient for oscillations to arise (see, for example, Kholodenko,
2000). Mathematical studies of cytokine networks have suggested that negative feedback
in a network which already contains an autoinducing cytokine can give rise to oscillating
cytokine levels (Henderson et al., 1998; Chan et al., 1999; Seymour & Henderson,
2001). Chan et al. found that ultrasensitivity in the autoinduction response could lead to
oscillations, and Seymour and Henderson found that when the full dynamics of cytokinereceptor interactions were taken into account, oscillations could arise from ultrasensitivity
in the IL-l-induced IL-10 production response, as well as from ultrasensitivity in the
degree of inhibition of IL-1 production in response to IL-10.
The work in this chapter set out to determine the topology of the network incorpo-
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rating the three cytokines IL-1, TN F and IL-10, and to investigate the sensitivity of the
relationships involved, and the implications for the dynamical behaviour of the network
as a whole.
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M aterials and M ethods
Cells and R eagents

General reagents and antibodies used were as described in section 2.2.1. Recombinant,
E. coli-expressed human IL -la , IL-1/?, IL-10 and TN F were purchased from R & D
Systems. Experiments were performed on adherence-enriched primary human PBMC,
prepared as described in section 2.2.4.

5.2.2

C ytokine assays

Levels of IL -la , IL-1/?, IL-10 and TN F in cell culture supernatants and cell lysates were
determined by ELISA as described in section 2.2.5. Intracellular cytokine levels were also
determined by intracellular staining and flow cytometry, as described in section 2.2.7.

5.2.3

S en sitivity analysis

Sensitivity analysis was performed as described in section 3.2.4.
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5.3

R esults

5.3.1

IL-10 cannot be d etected by flow cytom etry

Experiments were designed to attempt to establish a protocol for measuring LPS-induced
IL-10 by intracellular staining. IL-10, like TNF, is secreted from the cell immediately
following synthesis, so coincubation of stimulated cells with a secretion inhibitor is ex
pected to be necessary to facilitate detection.

Figure 5.1 illustrates the results of a

typical experiment, in which cells were stimulated for 20hrs with Ing/m l LPS, or LPS
in conjunction with 10/ig/m l brefeldin, or 2/ig/m l monensin, before fixing and staining
with anti-IL-10 antibody, or an isotype-matched control. Included for comparison are the
results of an experiment run in parallel in which supernatant levels of IL-10 in response to
Ing/m l LPS were determined by ELISA. Whereas LPS stimulation led to the detection
of %3ng/ml IL-10 in supernatants, neither LPS alone, nor in combination with brefeldin
nor monensin, led to significantly increased levels of fluorescence in anti-IL-lO-stained
cells, relative to isotype-matched antibody-stained controls, and relative to unstimulated,
anti-IL-10 stained controls.
The failure to detect IL-10 by flow cytometry could have been due to damage to the
epitope recognised by the antibody as a result of the staining procedure, or may have
been a result of the inclusion of secretion inhibitors during cell stimulation. In order to
test this latter hypothesis, experiments were performed in which cells were stimulated
for 20 hrs with LPS in the presence or absence of brefeldin, after which supernatant and
lysate levels of IL-10 and TN F were determined by ELISA. The results of the TN F ELISA
serve as a positive control to demonstrate the pattern of localisation of cytokine expected
if brefeldin were acting to inhibit secretion, but not production, of the cytokine: in the
absence of brefeldin, LPS-stimulated cells show more than 4 times as much TN F in
supernatants as in lysates, whereas in the presence of brefeldin, the pattern is reversed,
with 4 times as much TN F in lysates as in supernatants (figure 5.2). By comparison, the
inclusion of brefeldin actually decreased the levels of IL-10 detected in the lysates and
supernatants of stimulated cells, to a level not significantly different from unstimulated
control cells.
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Figure 5.1: Attem pts to detect LPS-induced IL-10 production by monocytes by flow cytom
etry. Cells were stimulated for 20hrs with In g /m l LPS (top left), LPS-f-lOpg/ml brefeldin A
(top right) or LPS+2fjLg/mi monensin (bottom left), before fixing and staining with FITCconjugated anti-IL-10 antibody (red histograms) or isotype- and fluorophore-matched control
antibody (blue histograms). Histogram o f unstimulated, anti-IL-lO-stained cells is included
in each panel for comparison (grey). Bottom right panel illustrates results o f IL-10 ELISA o f
supernatants o f adherence-enriched PBM C (M ) and PBMC (M ) incubated with In g /m l LPS
for 20hrs.
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Figure 5.2: Localisation o f TNF and IL-10 induced by LPS to the extra- and intra-cellular
compartments by costimulation with brefeldin. Cells were stimulated for 20hrs with In g /m l
LPS with or w ithout lO p g /m l brefeldin A. A fte r this time, supernatants were taken, and
lysates prepared for assay o f TNF and IL-10 levels in the extracellular (M ) and intracellular
) compartments.

These data suggest that LPS-induced monocyte IL-10 is not detectable by flow
cytometry as secretion inihibitors also inhibit the synthesis of this cytokine.

5.3.2

T im e course and dose-response o f LPS-induced IL-10

Experiments were performed to establish the time- and dose-dependence of IL-10 levels
from cells by ELISA. Cells were stimulated with Ing/m l LPS for various lengths of time,
after which supernatants were removed and IL-10 levels determined by ELISA. The
results (figure 5.3, left hand panel) show that IL-10 is present in supernatants at levels
significantly higher than that of supernatants of unstimulated control cells at times 6 ,

22 and 27hrs after initial stimulation with LPS, and that these levels continue rising
between each of these time points, with around twice as much IL-10 detectable at 22 hrs
as at 6hrs.
The response relationships of IL-10 and TNF to a range of doses of LPS were com
pared by exposing cells to LPS for 20hrs before removing supernatants and determining
TN F and IL-10 levels by ELISA. The results show that whereas Ing/m l LPS produced
82% of the maximal TN F response, this same dose resulted in an IL-10 response which
was %50% of the maximum possible for this cytokine, (figure 5.3, right hand panel).
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Figure 5.3: Time and dose-dependent effects o f LPS on IL-10 production. Left panel: su
pernatants o f cells stimulated with In g /m l LPS were taken for determination o f IL-10 levels
by ELISA at indicated times (M). Unstimulated controls included for comparison (M). Right
panel: supernatants o f cells exposed to various doses o f LPS were taken for determination o f
IL-10 ( • ) and TNF (o) levels after 20hrs incubation with stimulant.

Consequently, subsequent experiments in which the IL-10 response to LPS was measured
were based on the higher dose of lOOng/ml.

5.3.3

N either T N F nor IL-1 induce detectable levels of
IL-10, but an ti-T N F and anti-IL-1 antibodies inhibit
L PS-induced IL-10

Experiments were performed in order to investigate the relationship between IL-10 and
the two proinflammatory cytokines. Initially, this was done by exposing cells to recom
binant TN F (50ng/ml) and \L -ip (50ng/ml) for 20hrs, and measuring IL-10 levels in
supernatants by ELISA. These experiments failed to find any reproducible effect of TNF
or \L -lp on IL-10 production (figure 5.4).
As an alternative approach, cells were stimulated with lOOng/ml LPS and incubated
for 20hrs with or without blocking antibodies to either TNF (l//,g/m l), IL-1 (0.5//g/m l
each of anti-IL-la and anti-IL-1/3), or with an isotype-matched control antibody. When
supernatant levels of IL-10 were determined by ELISA, both antibodies were found to
reduce LPS-induced IL-10 levels to those of unstimulated control cells (figure 5.5). By
comparison, the isotype-matched controls had no effect on LPS-induced IL-10 levels.
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Figure 5.5: Effect o f anti-TN F and anti-IL-1 antibodies on LPS-induced IL-10 production.
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anti-TNF). A fte r 20hrs exposure, supernatants were removed and IL-10 levels determined by
ELISA.
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These findings suggest that both IL-1 and TN F are necessary to achieve the maximal
IL-10 response to LPS.

5.3.4

IL-10 does not induce IL-1/? or T N F as determ ined
by flow cytom etry

Although IL-10 is generally considered to be an anti- rather than a pro-inflammatory
cytokine, exhaustive testing of all the pairwise relationships in the 3-cytokine network
consisting of TNF, IL-1 and IL-10 required a test of IL-lO's ability to induce TN F and
IL-1. Experiments to do this were designed and executed by flow cytometry. Cells were
stimulated for 5hrs with 50ng/ml IL-10, or Ing/m l LPS before being fixed and stained
with anti-IL-1/? or anti-TNF antibody. Cells that were to be stained with anti-TNF were
stimulated in the presence of 5/ig/m l brefeldin.

To show that cells were capable of

responding to IL-10, a condition was included in which cells were stimulated first with
IL-10 (lOng/m l), and subsequently, with Ing/m l LPS.
The results show that stimulation with recombinant IL-10 does not increase fluo
rescence levels of cells stained with either anti-IL-1/? or anti-TNFantibodies relative to
unstimulated control cells (figure 5.6). By comparison, preincubating cells with IL-10
reduced the proportion of LPS-induced IL- 1/?^ monocytes from 81% to 58%, and de
creased the specific fluorescence intensity by about 70%.
These data suggest that IL-10 stimulates neither TN F nor IL-1/? production in mono
cytes that were otherwise responsive to the cytokine's inhibitory effects.

5.3.5

IL-10 inhibits b oth ÏL-1/3- and T N F -induced IL-1/?
production

Having tested all the pairwise relationships in the three-cytokine network, the next step
was to investigate the possible inhibitory relationships. Experiments were designed to
test whether exogenous IL-10 could inhibit IL-l/3-induced IL- 1/?, and whether it could
inhibit TNF-induced IL-1/?.
In separate experiments, cells were treated with 40ng/ml IL-10 Ih r before the addition
of either IL- 1/? or TN F(at 40ng/ml and 75ng/ml respectively).

After a further 5hrs
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Figure 5.6: Effect o f IL-10 on IL-1(3 production. Cells were stimulated for 5 hrs with In g /m l
LPS (red histogram), with In g /m l LPS in combination with 50ng/m l IL-10 (green histogram),
or with 50ng/m l IL-10 alone (blue histogram) before fixing and staining with anti-IL-l(3 anti
body (top panel) or anti-TN F antibody (bottom panel). Cells stimulated for determination o f
TNF levels were also treated with lO p g /m l brefeldin. Unstimulated control cells are included
for comparison (grey histograms).

incubation, cells were fixed and stained with anti-IL-1/3 antibody, and fluorescence levels
determined by flow cytometry.

The results, displayed in figure 5.7 and summarised

in table 5.1, showed that IL-10 reduced the level of IL-l/3-induced IL-1/3 fluorescence
by 70%, and reduced the level of TNF-induced IL-1/3 fluorescence by 27%.

In both
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experiments, unstimulated cells showed some degree of stimulation. The level of IL-1/)
fluorescence induced by the stimulant was different in each experiment, and for this
reason, the proportions of inhibition are not directly comparable.
These data suggest that IL-10 is capable of inhibiting both IL-l/)-induced and TN Finduced IL-1/), at the level of IL-1/) production.

5.3.6

Order of addition of IL-10 affects its inhibitory
p oten tial

An implicit assumption of the biochemical network paradigm is that the state cells are in
when they encounter a cytokine does not determine what effect that cytokine will have.
In the case of IL-10, this amounts to the requirement that the cytokine will inhibit the rate
of inflammatory cytokine production whether it is administered before the inflammatory
stimulus or after it. Experiments in this section were designed to address this point.
Cells were incubated with In g /m l LPS for a total of 20hrs. In one condition, 40ng/ml
IL-10 was added to cells Ih r before LPS was added, and in another, the same dose of
IL-10 was added 5hrs after LPS addition. At the end of the experiment, cells were fixed
and stained with anti-IL-1/) antibody, and supernatants were taken for determination of
extracellular IL- 1/) levels. The results showed that preincubation of LPS-stimulated cells
with IL-10 almost completely inhibited both production and release of IL- 1/), whereas
when IL-10 was administered after LPS, SMFI levels were 29%, and extracellular levels
%25% of those seen in cells receiving LPS alone (figure 5.8).
Other experiments had suggested that the 5hrs stimulation with LPS alone could give
rise to a substantial level of intracellular IL-1/). A possible explanation for the apparently
reduced inhibitory effectiveness of IL-10 posttreatment was that although the cytokine
was able to completely prevent any increases in the level of intracellular IL-1/), it was
unable to initiate a decrease. In this case, the IL-1/) which was detectable after 20hrs
exposure to LPS would be the level that had been reached in response to LPS by the
time IL-10 was added. An experiment was performed to investigate this possibility.
Cells were stimulated with LPS, and at times 0, 5 and 20hrs after the start of the
experiment, were fixed and stained with anti-IL-1/) antibody. At the 3hr time point, one
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Figure 5.7: Effect o f IL-10 on IL-IP - and TNF-induced IL - lfi production. Cells were incubated
with 40ng/m l IL-10 for Ih r prior to stimulation with either 40ng/m l IL-1(5 (left panel) or
75ng/m l TNF. A fte r 5hrs further incubation, cells were fixed and stained with anti-IL-l(3
antibody or an isotype-matched control (blue histograms). Histograms depict fluorescence
distributions o f cells receiving stimulant alone (red), IL-lO-hstimulant (green) or no stimulation
at all (grey).
Table 5.1: Summary o f results in figure 5.7. For each histogram in the experiment, the
proportion o f monocytes staining positive for IL -ip , and the specific mean fluorescent intensity
were calculated, as described in materials and methods. The degree o f inhibition is expressed as
the decrease in specific fluorescence caused by inclusion o f IL-10 as a proportion o f fluorescence
levels in cells stimulated with IL-1 or TNF alone.

Treatment

Proportion of
monocytes IL-1/?^ (%)

Specific mean
fluorescent intensity

Inhibition
(%)

IL-10 inhibition of autoinduced IL-1/?
Unstimulated

13

18

IL-1/?

60

40

IL-lO+IL-1/?

13

12

70

IL-10 inhibition of TNF-induced IL-1/?
Unstimulated

69

77

TNF

88

228

IL-IO +TN F

86

166

27

161
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Figure 5.8: Effect o f changing the order in which cells are stimulated with LPS and IL-10. Cells
in the pretreatment condition (green histogram) were treated with 40ng/m l IL-10, incubated
for Ihr, and then stimulated with In g /m l LPS for a further 20hrs. Cells in the posttreatment
condition (blue histogram) were incubated with In g /m l LPS for a total o f 20hrs, but IL-10 was
added to cells Shrs after LPS. Histograms o f unstimulated (grey) and LPS-stimulated (In g /m l
for 20hrs, red) cells are included for comparison. Bar chart shows mean±standard deviation
o f triplicate measures o f supernatant IL-lj3 levels from the same experiment.

Table 5.2: Summary o f results in figure 5.8 and 5.10. For each histogram in the experiment,
statistics calculated were the proportion o f monocytes staining positive for IL-lf3 and the
specific mean fluorescent intensity as described in materials and methods.

Treatment

Proportion of
monocytes \L-l/3^ (% )

Specific mean
fluorescent intensity

Inhibition
(%)

\1-1P
LPS

87

279

LPS, IL-10

78

197

29

IL-10, LPS

4

5

98

TN F
LPS

73

238

LPS, IL-10

36

61

74

IL-10, LPS

65

195

18
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Figure 5.9: Mechanism o f IL-10 inhibition o f LPS-induced IL -ip . Cells were stimulated with
LPS, and samples were fixed and stained with a n ti-IL -ip antibodies after 0, 5 and 20hrs incu
bation (grey, red and blue histograms respectively). One batch o f cells was further stimulated
with 40ng/m l IL-10 after 3hrs incubation, and fixed and stained after a further lYhrs (green
histogram).

Table 5.3: Summary o f results in figure 5.9.

Proportion of
monocytes IL-1/3^ (%)

Specific mean
fluorescent intensity

Stimulated
with

Fixation
time

N /A

Ohrs

27

73

LPS

3hrs

90

324

LPS

20 hrs

87

982

LPS+IL-10

20hrs

86

682
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Figure 5.10: Effect o f IL-10 on LPS-induced TNF. Cells in the pretreatment condition (green
histogram) were treated with 40ng/m l IL-10, incubated for Ihr, and then stimulated with
In g /m l LPS for a further Shrs. Cells in the posttreatm ent condition (blue histogram) were
incubated with In g /m l LPS for a total o f Shrs, but IL-10 was added to cells Ih r after LPS.
Histograms o f unstimulated (grey) and LPS-stimulated (In g /m l for 20hrs, red) cells are in
cluded for comparison. Bar chart shows mean±standard deviation o f triplicate measures o f
supernatant IL-lf3 levels from an experiment performed according to the same protocol with
a different batch o f cells.

batch of LPS-stimulated cells was further stimulated by the addition of IL-10 (40ng/ml).
These cells were then fixed and stained 20hrs after the initial LPS stimulus, together with
the other cells which hadn't recieved IL-10 treatment. The results of this experiment
(figure 5.9) showed that IL-1^ levels after 20hrs of cells recieving IL-10 treatment were
higher than IL-1/) levels of cells at the point IL-10 was added. This suggests that IL-10
did not initiate a decrease in IL-1/) levels, and that it did not completely prevent further
IL-1/) production (see summary of results in table 5.3).
Similar order-of-addition experiments were designed to investigate the effects of IL-10
on LPS-induced TN F by intracellular staining and ELISA. In these experiments, cells
recieving IL-10 after LPS were treated only Ih r after the stimulant, rather than the
5hrs after that had been done for IL-1/), since time course experiments (see figure 4.5,
pp 121) suggested that by 5hrs TN F levels were in decline, and little new cytokine was
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being synthesised.

Cells incubated with Ing/m l LPS were either prestimulated with

IL-10 for Ihr, or else recieved IL-10 Ihr after the addition of LPS. Cells in all conditions
were incubated with LPS for a total of 5hrs, and brefeldin A was included in medium
at bpg/m\. At the end of the experiment, cells were fixed and stained with anti-TNF
antibody. The results (figure 5.10, summarised in table 5.2) show that preincubation
of cells with IL-10 had remarkably little effect on TN F production relative to cells that
had been stimulated with LPS alone (18% inhibition of fluorescence). By comparison,
cells that had recieved IL-10 after LPS stimulation showed a much greater inhibition
of 74%. A similar experiment was performed in which, rather than fixing and staining
cells, supernatants were taken and TN F levels determined by ELISA. In this case, the
difference between preincubation and posttreatment of stimulated cells with IL-10 was
not detectable (figure 5.10), with both modes of administration causing an 85% inhibition
of LPS-induced TNF.

5.3.7

U ltrasensitive inhibitory feedback can result in
oscillating cytokine levels

The demonstration that IL-10 can inhibit IL-1 and TNF-induced IL- 1/? provides evidence
in support of a model of these cytokines originally proposed by Henderson et al. (1998),
and elaborated by Seymour and Henderson (2001).

In this model, concentrations of

IL -l/IL -1 receptor and IL-lO /IL-10 receptor complexes, R i and Rio, are modelled by
the equations:
dRi

dt

—

dRio

—

R i ) L i — {d\ 4- c i ) R i

~ -^io)-^io — {dio + 610) 7^10

( 5 . 1)

(5.2)

where R \, R\o are total concentrations (i.e. free -I- bound) of IL-1 and IL-10 receptor
respectively, and ai, di,

are association, dissociation and stimulated endocytosis rates

respectively. Free cytokine, L i and L\o are described by the dynamical equations:
= (w + u R i ) 9 { R i o )
- - y - = 0(7? i)

—a i [ R \ — R i ) L i 4- d \ R i

(5 .3 )

—ai o{R\ o ~ 7?io)Lio + di oRi o

(5 .4 )
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Figure 5.11: Network diagram illustrating the IL-l/IL-10 network modelled in equations 5.15.4.
This four dimensional ordinary differential equation (ODE) system can be summarised
by the network diagram of figure 5.11. The production term for IL-10 is a function of
the concentration of occupied IL-1 receptor, (f){Ri), as suggested by the experiments
described in section 5.3.3. IL-1 production depends upon a constant stimulus uj (rep
resenting either LPS, or T N F ) and upon occupation of the IL-1 receptor, uR i (i.e.
autoinduction), as suggested by the experiments described in chapter 3. IL-1 production
induced by LPS, TNF, and IL-1 autoinduction can be inhibited in a manner dependent
upon occupation of IL-10 receptors, as suggested by the experiments described in sec
tion 5.3.5. Inhibition is represented by the function 0{Rio), which can take values from

0 (total inhibition) to 1 (no inhibition).
Seymour and Henderson showed that the occurence of oscillations in such a network
depended upon the sensitivity of the IL-10 production function, 0, and the inhibition
function, 0. If either one of them was sufficiently ultrasensitive, under appropriate val
ues for the other parameters of the model, oscillating levels of IL-1 and IL-10 could
result.

Figure 5.12 illustrates the effect of changing 9 from a linear function of R iq

(corresponding to a hyperbolic function of Lio) to an ultrasensitive function of R iq . In
the left hand panel, with 9 = R \ q — R iq ,the time courses of IL-1 and IL-10 undergo
transient oscillations before reaching stable steady state levels.
9 =

R \q — R [qjs ^

q-^ s

,

By comparison, with

the right hand panel illustrates a situation in which the time

courses of IL-1 and IL-10 both tend to oscillate continuously. The lower panels of the
figure illustrate the same data, plotted

as

pairs of values of Ly against L iq - without
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Figure 5.12: Results o f numerical simulation o f the model described by equations 5.1- 5.4.
Values used for parameters were uj=1.2, d\=0.01, d\o=0.02, e i= 3 .1 , e io = l, a i = l , aio=0.8,
u = l, 0 =

Top panels: simulated time courses o f IL-1 (blue) and IL-10 (red) levels

with hyperbolic inhibition o f IL-1 production by IL-10, 0 — R\q — Riq (left); or with ul
trasensitive

0

=

R \q

—

^5 ^0 5 2 5

(dght).

Bottom panels show trajectories in the { L i, L io )

plane.

u ltrasensitivity (le ft), these values and up a t a fixed point; w ith u ltrasensitivity (rig h t),
th e y tend tow ards a cyclic trajecto ry. T h is tra je c to ry is a lim it cycle in th e sense th a t if
th e m odel is sim ulated w ith o th e r startin g values o f L \ and L \ q, in th e neighbourhood
o f th e cyclic trajectory, it w ill eventu ally end up in th a t same trajectory.
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Figure 5.13: Sensitivity o f IL-10 inhibition o f the IL-lfS autoinduction response (9). Left panel
(front to back): representative histogram o f control antibody-stained cells and histograms o f
anti-IL-ld-stained cells exposed to 0, 0.2, 1, 4, 20 and lOOng/ml IL-10 (respectively). A ll
cells were stimulated with 40ng/m l IL-1(3 Ih r after addition o f IL-10, and were incubated
for a further Shrs before fixation and staining. Right panel: scatter graph o f specific mean
fluorescence intensities from anti-IL-lfl-stained histograms, plotted against IL-10 dose (filled
circles •), with best fit hyperbola (line) I \ —2.12±2ng/m l. Inset: for each dose o f IL-10, the
change in specific MFI was calculated as 6SMFI = SMFI at that dose o f IL-10 - SMFI in the
absence o f IL-10. ÔSMFI values were then used to generate a sensitivity plot.

5.3.8

IL-10 inhibition of IL-1/?-induced intracellular IL-1/?
has hyperbolic sensitivity

The theoretical considerations of the previous section motivated the design of experi
ments to determine the sensitivity of 9. Intracellular staining experiments were performed
in which cells were treated with a range of doses of IL-10 Ih r prior to stimulation with
40ng/m l IL-1/3. After 5 further hours incubation, cells were fixed and stained with antiIL-1/? antibody, or an isotype-matched control antibody, and analysed by flow cytometry.
The results are depicted in figure 5.13 as a curve of the specific mean \L-lf3 fluorescence
response to IL-10 dose.
The negative slope of the curve indicates a dose-dependent inhibitory effect of IL-10
on IL-l/3-induced IL-1/?. Doses o f IL-10 resulting in maximal inhibition o f IL-1/? did not
reduce IL-1/? levels to those of isotype-stained controls, but resulted in levels of IL-1/?
fluorescence %90% of those of cells not recieving any IL-10 treatment.

A sensitivity
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Figure 5.14:
Sensitivity o f IL-10 inhibition o f the IL-1/3 autoinduction response (9) when
IL-10 is administered at the same time as IL -lp . Measurements were made as described in the
legend o f figure 5.13, except that cells were stimulated with IL -ip and IL-10 simultaneously,
and incubated for 5hrs before being fixed. Solid line shows best fit hyperbola, with parameter
K =3.17±8ng/m l. Dotted line shows the best fit H ill equation describing the data, with
parameters K = 2.74±3ng/m l, n=2.11.

plot of specific IL-1/9 fluorescence levels induced by each dose of IL-10 (SMFI) against
SM FI/IL-10 dose (inset) was linear, suggesting a hyperbolic equation could account for
the response curve.

Best-fit parameters for the hyperbolic equation R{x) =

woro found to be i?,^3,=114, I^,,,=0.S7 ,

—

=2.12ng/m l=0.058nM of IL-10

dimer.
Experiments in which the order of stimulation of cells with IL-10 and LPS was altered
suggested that this resulted in some differences in the strength of the inhibitory effect
of IL-10 (section 5.3.6).

In light of this, a condition was included in the experiment

described above in which the sensitivity of inhibition was examined in cells recieving IL-1/)
stimulation and IL-10 treatment simultaneously (rather than recieving the inhibitory
treatment Ihr prior to the stimulatory treatment).

As before, after Shrs incubation,

cells were fixed and stained with anti-IL-1/) antibody, or an isotype-matched control
antibody. The results are depicted in figure 5.14; plotted in the same way as described
for figure 5.13.
In this case, the sensitivity plot (inset) appeared to be convex, suggesting an ultrasen-
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sitive response. This result must be interpreted with caution, however, as the absence of
triplicate measurements means that the measurement error cannot be determined, and
that consequently, the fit cannot be tested for statistical significance. The best-fit hy
perbolic equation R{ x) =

had parameters i?„,3, = 122, 7max=0.74, and

i^=3.17ng/m l=0.086nM , and is illustrated in figure 5.14 as the thick line. The best-fit
hill-type equation R{ x) = TLax -

had parameters R^^=122, 7max=0.69,

Ar=2.74ng/m l=0.074nM and n=2.11, and is illustrated in figure 5.14 as a dotted line.
The results of this section demonstrate that the inhibition of IL-l/3-induced cellular
IL-1/3 by exogenous IL-10 seems to show hyperbolic sensitivity when IL-10 is administered
Ihr before IL-1/3. However, the data seem to suggest an ultrasensitive form for 9 when
IL-10 is administered after IL-1/3.
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D iscussion

Attempts to develop an assay to detect monocyte IL-10 production by intracellular stain
ing of secretion-inhibited, LPS-stimulated cells were unsuccesful, in spite of the fact that
IL-10 could be detected in culture supernatants by ELISA. In the case of brefeldin, it
was demonstrated by examining IL-10 levels in the lysates of LPS-stimulated cells that
inclusion of the secretion inhibitor had the effect of reducing IL-10 production to unde
tectable levels. An examination of the literature suggested similarly limited success with
detection of intracellular IL-10. Two reports were found, both examining IL-10 produc
tion by lymphocytes activated with phorbol myristate acetate (PM A ) and ionomycin,
and incubated for 4-6hrs with monensin or brefeldin (Kemp et al., 1999; Caraher et al.,
2000). Although both studies detected some IL-10^ cells, their frequency was very low
(<15% in all cases examined by Kemp et al., and %5% found by Caraher et al.), and
the IL-10^ cells did not form a population distinct from the IL -1 0 ' cells in the way they
observed for IFN 7 and IL-4, and as observed in this thesis for TN F and IL-1.
Neither TN F nor IL-1/? were able to induce detectable levels of IL-10 in cell super
natants. However, inhibition of the activity of LPS-induced TN F or IL-1 with antibodies
demonstrated that both cytokines were necessary for the full IL-10 response to be de
tectable.

These results are similar to findings of Foey et al. (1998), and Bondeson

et al. (1999) suggesting a substantial proportion of LPS-induced IL-10 is a secondary
product of LPS-induced TN F and IL- 1. Brefeldin may affect this secondary IL -l/T N F induced IL-10 production in the same way it seems to inhibit IL-l-induced IL- 1, a possibil
ity which would account for the difficulties in measuring intracellular IL-10. Wanidworanun and Strober (1993) reported similar effects of blocking LPS-induced TNF, but were
also able to induce IL-10 production by stimulating cells with exogenous TNF. However,
these authors used PBMC which had been incubated for 24hrs prior to stimulation (i.e.
aged cells).
Flow cytometry experiments suggested that IL-10 could not induce production of
either IL-1/3 or TNF, although the apparent inability to induce TN F could be due to the
necessity of including brefeldin.
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One of the novel findings reported in this chapter is the demonstration that exogenous
IL-10 is capable of inhibiting IL-1/3- and TNF-induced monocyte IL-1/3 at the level of
protein production. Although these findings are unsurprising in light of the generally
held view of IL-10 as a cytokine synthesis inhibitory factor, they do not appear to have
been previously reported.

Both findings, in combination with evidence that IL-1 and

TN F can affect IL-10 production, provide evidence in support of a model of these 3
cytokines first described by Flenderson et al. (1998), in which IL-10 provides negative
feedback regulation of the IL-1 induced by the first two cytokines. Results are presented
of simulations of a form of this model, demonstrating the occurence of oscillating levels
of IL-1 and IL-10 when IL-10 inhibition of IL-1/3 production has an ultrasensitive response
characteristic (see Seymour & Henderson, 2001 for further details).
The possible consequences of ultrasensitive inhibition motivated experiments de
signed to test the sensitivity of the inhibition response. This was done by intracellular
staining and flow cytometry, measuring the change in mean intracellular IL-1/3 in re
sponse to a fixed dose of IL-1/3 administered to cells primed with a range of doses of
IL-10. The results suggested that the degree of inhibition of intracellular IL-1/3 had a
hyperbolic dependence upon the priming dose of IL-10. These findings do not rule out
the possibility that the inhibition response of extracellular IL-1/3 might be ultrasensitive,
but do put a limit on the possible mechanisms by which this could arise - any ultra
sensitivity in the extracellular IL-1/3 response could not be due to ultrasensitive signal
transduction processes upstream of IL-1/9 protein production. The model of Hender
son et al. (1998) assumed IL-10 was able to completely inhibit IL-1/3 production; the
measurements of the inhibition response reported here suggest a modification of this
assumption.

These experiments found that at maximally inhibiting concentrations of

IL-10, 87% of IL-l/3-induced IL-1/3 could be inhibited.
It is implicit in models of the biochemical network type that the effect a cytokine
has on the rate of production of other cytokines does not depend upon the state of
the producing cell; the rate of cytokine production must be a function only of the
concentration of extracellular cytokines. There is some evidence from animal models of
septic shock that IL-10 inhibits inflammatory cytokine production only when administered
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prior to the inflammatory stimulus (Pajkrt et al., 1997), so experiments were performed to
confirm that monocyte IL-1 and TN F production could still be inhibited after stimulation.
The effect of pretreating LPS-stimulated cells with IL-10 was compared with the
effect of adding IL-10 after LPS stimulation. When IL-1/3 was measured after 20hrs
stimulation, pretreating cells with IL-10 resulted in complete inhibition of intracellular
and secreted IL-1/3.

Addition of the same dose of IL-10 Shrs after stimulation with

LPS had less of an inhibitory effect (about 30% inhibition of intracellular and 60%
inhibition of extracellular levels). Examination of the time-course of intracellular IL-1/3
production in response to LPS suggested that IL-10 post-treatment was only able to
slow the increasing level of IL-1/3, rather than to bring it to a halt or reverse it.
Experiments in which TN F levels were measured by flow cytometry suggested an
opposite trend - cells pretreated with IL-10 showed very little inhibition in the level of
LPS-induced intracellular TNF, but those recieving IL-10 treatment Ih r after the LPS
showed a greater degree of inhibition.

However, this finding was not repeated when

extracellular levels of TN F were measured by ELISA. In this latter experimental design,
treating cells with IL-10 for Ih r prior to stimulation with LPS resulted in an almost
identical level to cells receiving IL-10 Ih r after LPS. Given the potential interfering
effects of brefeldin, which was included in the flow cytometry experiments, but not the
ELISA, the second experimental design may more acurately reflect the in vivo situation.
Finally, the effect of changing the time of administration of IL-10 on the sensitivity
of IL-10 inhibition of intracellular IL-1/3 was measured. Whereas cells that had been
pretreated with IL-10 for Ihr prior to stimulation with IL-1/3 had shown a hyperbolic
dependence of the magnitude of inhibition on IL-10 dose, when IL-10 was administered
simultaneously with the stimulant IL-1, the resulting sensitivity plot appeared to take on
the characteristic curvature of an ultrasensitive response. The best-fit Hill equation to
these data was found to have a Hill coefficient of n = 2 .
In conclusion, the findings of this chapter provide some support for the topology of
the biochemical network model of (Henderson et al., 1998) and (Seymour & Henderson,
2001) in which IL-1 induces its own production as well as that of IL-10, and IL-10
inhibits TNF- and antigen-induced production of IL-1.

However, although IL-1 was
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capable of regulating IL-10, as demonstrated by the effects of treating LPS-stimulated
cells with anti-IL-1 antibodies, recombinant IL-1 alone was not sufficient to induce IL-10
production. Although there appeared to be some ultrasensitivity in the IL-10 inhibition of
IL-1/3 response, this only became manifest when IL-10 was administered simultaneously
with the stimulant.

Such ultrasensitivity has the potential to give rise to dynamical

effects such as periodicity in vivo, but since the IL-1 response of monocytes becomes
lost in vitro within hours of purification, it is unlikely that any such effects could be
observed in the experimental monocyte system.

Chapter 6
General Discussion

Cytokines are important regulatory chemicals involved in cellular immune responses.
Experimental knowledge of the functions regulated by each cytokine comes from various
in vitro designs in which recombinant cytokines are able to initiate an immunological
effect, or biochemical inhibition or genetic knockout of particular cytokines inhibits some
immune function. It is not clear how many of these functions are the direct effect of a
particular cytokine, and how many are the indirect consequence of regulation of other
cytokines in the network. A number of therapies based on pharmacological agents which
target particular cytokines have been investigated, but many of those tested to date have
met with little clinical success (notably septic shock therapies (Cohen et al., 1995)). It
has been suggested that one reason for this is the failure to account for the complex
network of cytokine interactions that exists in vivo (Henderson et al., 1998).
A network of interactions among a collection of biochemicals is a feature which is not
unique to cytokine biology. Intracellular networks of metabolic, signal transducing, and
gene regulatory chemicals have been studied mathematically for some time, and have
been found to be capable of exhibiting dynamical phenomena such as multistability and
periodicity. The occurence of these phenomena depends in part upon certain topological
features of the network - in particular, multistability seems to require positive feedback,
and limit cycles appear to require negative feedback.

The topological features of a

number of experimental cytokine networks have been relatively well studied. A number of
positive and negative feedback effects have been directly demonstrated (Dinarello et al..
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1986; Flanders et al., 1995; De Waal Malefyt et al., 1991), and knowledge collected
from several different studies suggests that many more are possible in principle.
The existence of multistability and periodicity also depends upon quantitative features
of the dose-response relationships between pairs of cytokines in the network, and this area
of research has recieved much less attention than that of network topology (Koshland,
1998). In particular, the slope of a dose-response curve can determine whether a particu
lar network is capable of exhibiting multistable and limit cycle states. Steep, ultrasensitive
responses can be generated by a number of intracellular signal transduction mechanisms
involved in cytokine-regulated cytokine production. In spite of this, there is very little
experimental work detailing the sensitivity of cytokine-induced cytokine responses.
Multistability and limit cycle behaviour in intracellular biochemical networks have
been of interest to cell biologists trying to understand the phenomena of differentiation
and cell cycle regulation respectively. From the perspective of biomedical science, the
interest in mathematical modelling is motivated by the possibility that some disease
states may be understood as a result of a cytokine network which has settled to an
inappropriate stable state or cycle, and that such understanding might lead ultimately to
the rational design of cytokine-specific therapeutics. An example of this is the work of
Yates et al. (2000) and Bergmann et al. (2001), who have suggested that under certain
circumstances, Thi and TH 2-type immune response states might be bistable.

In this

case, chronic diseases such as lepromatous leprosy, which are believed to arise as a result
of mounting the wrong type of immune response, could be treated by encouraging a
shift in response type by the use of cytokine-specific drugs.
The three cytokines TNF, IL-1 and IL-10 are known to play important roles in the
regulation of inflammation.

Individual studies have suggested the existence of a net

work of interactions among them in which TN F and IL-1 are able to induce production
of themselves, each other, and IL-10, and IL-10 is able to inhibit production of IL- 1 ,
TN F and itself. This thesis has examined the topology of this network in detail in the
experimental system of the primary human monocyte, and has investigated the previ
ously unexplored issue of the sensitivity of the dose-response relationships between them.
Previous theoretical work has suggested that this particular cytokine network might pro-
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vide a model for studying a system capable of exhibiting multistable and limit cycle
behaviour (Henderson et al., 1998; Seymour & Henderson, 2001).

6.1
6.1.1

Sum m ary o f findings
E xistence o f stable sta tes arising from IL-1
autoinduction

Chapter 3 investigated the possibility that a network consisting of IL-1 alone could give
rise to a bistable system. This possibility was motivated by the premiss that IL-1 is able
to induce its own production.

Previous reports of such an autoinduction effect were

confirmed by detection of intracellular and extracellular IL-1 in response to stimulation
with recombinant IL-1, as well as by the partial inhibition of LPS-induced intracellular
IL-1 by administration of anti-IL-1 blocking antibodies.
Consideration of a mathematical model suggested that in order for bistability to be
possible in this single-cytokine system, IL-1 release would need to be an ultrasensitive
function of IL-1. Dose-response experiments to measure this sensitivity found that the
average level of intracellular I IL-1 produced was a hyperbolic function of extracellular
IL-1 levels, and that consequently, it was not ultrasensitive. IL-l/3-induced extracellular
IL-1 responses might have been ultrasensitive if the cytokine could regulate not only
its own production, but also its own secretion. Experiments in which IL-1 production
was initiated by priming cells with LPS found no evidence for such multistep regulation,
however.
When extracellular IL -la levels were measured directly in response to recombinant
IL-1/3, the resulting curve was well fit by a log-bell shaped function. This nonmono
tonic curve is ultrasensitive in its descending, region (see section 1.3.4). Although such
negative ultrasensitivity would not be sufficient for a network of a single cytokine to
exhibit multistability, when acting in a network of two mutually inducing biochemicals,
the log-bell shaped response function can give rise to multistability.
Experiments designed to investigate the possibility that IL-1 could post-transcriptionally
regulate levels of its own message found that the cytokine had the effect of downreg-
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ulating levels of IL-1/? message in LPS-primed, transcriptionally inhibited cells.

This

contrasted with the ability to increase levels of its own message in the absence of tran
scriptional inhibition. The ability to simultaneously deliver a stimulatory and an inhibitory
stimulus to the level of IL-1 message could explain the log-bell shape of the response
function.
Time course experiments demonstrated that extracellular IL-1 levels had only reached
something that looked like it might be a steady state after about 20hrs of stimulation. In
order for this level to be a truly dynamical stable state, and not simply due to exhaustion
of the cellular ability to produce further IL-1, it would be necessary for the cells to remain
responsive to IL-1 at this point in time. Experiments in which PBMC that had been
incubated for 20hrs were stimulated with IL-1/? indicated that the IL-1 autoinduction
response had been almost completely lost by these cells.
In summary, the work in this chapter found that although the single cytokine network
consisting of IL-1 exhibits the topological properties necessary for multistability (i.e. pos
itive feedback), the absence of (positive) ultrasensitivity in this autoinduction response,
and its almost complete loss from cells within hours of their preparation suggests that it
would be impossible for this experimental system to exhibit a dynamically stable state.

6.1.2

E xisten ce o f stable states arising from T N F
autoinduction and th e T N F / IL-1 network

IL-1 is not the only inflammatory cytokine reportedly capable of inducing its own pro
duction, and the work described in chapter 4 began by addressing the possibility that a
network containing TN F might present a more promising candidate for an experimental
system that exhibited bistability.

Although TN F has been reported to be capable of

inducing its own release/production by cells of the monocyte lineage, there have been
few reports in which direct measurements have been made of TN F levels in response
to stimulation with recombinant TNF. Intracellular staining and RT-PCR experiments
failed to find evidence of a TN F autoinduction effect.

Although ELISA data showed

a measurable level of TN F in cells stimulated transiently with recombinant cytokine,
this assay format could not distinguish newly synthesised from exogenous TN F. In fact,
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levels of TNF-induced TNF, as measured by this assay, did not vary over the course
of 20hrs, in contrast to the increasing levels of cytokine seen in response to LPS. This
data is consistent with the suggestion that TN F is capable of inducing release of a small
amount of preformed surface TNF, but could also result from the passive dissociation
of cell- and plastic-bound recombinant TNF.
It was not possible to perform further experiments along similar lines to those reported
in chapter 3 with TN F in place of IL-1 due to the lack of clear evidence for a TN F
autoinduction response.

The possibility remained, however, that the network arising

from the interactions between the two cytokines might exhibit bistability, and the rest
of the work described in this chapter was directed towards investigating the relationship
between I IL-1 and TNF.
Evidence was found in support of previous reports suggesting that IL-1 and T N F were
able to induce one another's release. Treatment of cells with recombinant IL-1 resulted
in release of detectable levels of TN F by ELISA, although this effect was not detectable
when TN F levels were measured by intracellular staining. This could indicate that IL-1
induces only secretion of preformed membrane TN F, and not de novo synthesis, but the
lack of a response could have been an artifact of the necessary inclusion of brefeldin.
Induction of IL-1/^ with recombinant TNF, although possible, was much more difficult
than the induction of TN F with IL-1. A large variation was seen in the proportion of
monocytes staining IL-l/?^ in response to TN F over the course of several experiments.
Measuring the response at an earlier time of 4hrs after stimulation led to a slightly
stronger signal. Inclusion of the cAMP analogue, dbcAMP, however, did not potentiate
the TNF-induced intracellular \L -ip levels, in contrast to the findings of Lorenz et al..
As in chapter 3, experiments were performed to confirm that the results of stimulation
with exogenous cytokine were repeatable in experiments in which endogenous cytokine
levels of LPS-stimulated cells were inhibited by blocking antibodies. The first surprise
here was that anti-TNF antibodies did not decrease LPS-induced levels of extracellular
IL-1/?, as would have been expected from the findings that TN F could induce IL-1/?
production. In fact, endogenous TN F seemed to be having the effect of increasing the
proportion of IL-1/?^ monocytes as time went on. Blocking the effects of endogenous
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TN F with antibodies stopped this increase. A similar effect was observed when IL-1/),
rather than LPS, was the stimulant.
When endogenous IL-1 was blocked, although the cellular production of IL-1/) was
unaffected, TN F levels were reduced by about 33%. This suggests that IL-1 activates
some signal transduction pathway not fully activated by LPS alone, and that this pathway
affects TNF, but not IL-1 production.
Two explanations were suggested for the difficulty in observing a strong TNF-induced
IL- 1/) signal. Variation was observed in the density of cells after the adherence step in
different PBMC preparations. When the density of a single PBMC preparation was varied
by changing the density at which the cells were allowed to adhere, differences were seen
in the fluorescence distribution of stimulated, anti-IL-l/)-stained monocytes. There was
a trend toward a higher proportion of IL -l/)+ monocytes at higher cell densities (possibly
due to increased concentrations of endogenous TN F). The effects of such a variation
in cell density on the stability of IL-1 and T N F levels was considered with a model in
which each cytokine was able to induce production of the other. It was found that such
a network could only exhibit bistability if the ratio of cytokine-producing to cytokine
consuming cells were high enough.

Consequently, the uncontrollable variation in cell

density between experiments could be an important factor affecting the magnitude and
existence of a stable, nonzero level of TNF.
The model also indicated that in order for bistability to obtain, either IL-l-induced
TNF, or TNF-induced IL-1 responses would need to be ultrasensitive. ELISA experiments
in which the extracellular TN F response to doses of IL-1/) was measured found that this
was a hyperbolic function. Experiments to investigate the IL- 1/) response to doses of
TN F by measuring the average intracellular fluorescence level of anti-IL-l/)-stained cells
found this was also a hyperbolic function. Direct measurement of extracellular IL- 1/)
levels in response to TN F was not performed due to the difficulty in getting enough IL-1/)
release to measure. However, it should be borne in mind that in principal, extracellular
IL-1/) levels could still be an ultrasensitive function of TN F if, for example, TN F could
regulate both IL-1 production and secretion.
TN F and IL -la were found to synergistically induce IL-1/) production by monocytes.
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Together with observations that low levels of IL-1 were produced by unstimulated cells
shortly after purification (believed to be a consequence of the adhesion process), this
finding presented an second explanation for the variable ability of TN F to induce IL-1/?.
If variation was occuring in an undetectable background level of secreted IL-1/? whose
presence was nonetheless necessary for TN F to induce IL-1/?, then that variation would
be passed on to the TNF-induced IL-1/? response.
Once again, in order for the T N F /IL -1 system to exhibit long term dynamical sta
bility, it would be necessary for cells to retain some degree of cytokine-induced cytokine
response over the period of several hours necessary for TN F levels to reach equilibrium.
The results of experiments in which the cytokine responses of aged cells were compared
to those of freshly isolated cells showed that the IL-l^-induced T N F response, like the
IL-l/?-induced IL- 1/? response, was lost by PBMC that had been incubated for 24hrs.
Consequently, the topology of the two-cytokine network of TN F and IL-1 would be
sufficiently disrupted in aged cells to prevent the formation of a multistable system.
Whereas the ability to produce and respond to IL-1 was completely lost by aged cells,
they retained an ability to produce TN F in response to LPS (70% of the level observed in
freshly purified cells). Bearing in mind that many of the reports in which TN F has been
shown to be able to induce production of its own message used macrophages - which
are essentially aged monocytes - this finding could suggest that TN F is more likely to
play a role in long-term maintainance of a dynamically stable state than is IL-1. It would
be interesting to repeat the experiments to test for TN F autoinduction in this further
differentiated cell type.
In conclusion, this chapter found evidence supporting the contention that TN F and
IL-1 are able to induce one another's production, but the lack of ultrasensitivity in either
response, together with the loss of the IL-l-induced TN F response as cells aged in vitro,
meant that a multistable system was unlikely to be a possibility. No substantial evidence
was found to support a TNF-induced TN F response, so that neither would this cytokine
on its own be able to support multistability.
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E xistence o f stable states arising from th e network
involving T N F , IL-1 and IL-10

The experiments described in chapter 5 were designed to investigate the relationship
of IL-10 to the two proinflammatory cytokines. Attempts to establish an intracellular
staining based assay for the measurement of IL-10 met with the problem that brefeldin
seemed to inhibit not only secretion, but also production of the cytokine in response to
LPS.
Neither TN F nor IL- 1/? induced detectable levels of IL-10 as measured by ELISA.
However, treatment of LPS-stimulated cells with either anti-IL-1 antibodies or antiTN F antibodies was able to block production of IL-10. This finding is suggestive of a
synergistic requirement for both TN F and IL-1 for IL-10 production.
Intracellular staining for IL-1/? showed that IL-10 does not induce production of IL-1/?,
and similar experiments in which cells were stained for TN F were consistent with the
suggestion that IL-10 does not induce production of TN F either. However, this latter
interpretation is compromised by the necessary inclusion of brefeldin in experiments
measuring intracellular TNF.
Intracellular staining experiments also demonstrated an ability of IL-10 to inhibit both
IL-1/?- and TNF-induced IL- 1/? production. These data provide evidence in support of
some of the assumptions of the model of Henderson et al. (1998).
Experiments in which the order of stimulation with IL-10 and LPS was changed
suggested that the inhibitory potential of the cytokine was greater when cells encountered
it prior to the inflammatory stimulus. In fact, in some experiments, pretreatment with
IL-10 was able to completely abrogate the IL- 1/? production induced by LPS. Further
investigation of the mechanism of IL-10 inhibition of LPS-induced IL- 1/? revealed that
when added after LPS, IL-10 had the effect of slowing down the average rate of increase
of cellular IL-1/?, rather than stopping or reversing it.
Differences in the order of addition of IL-10 and LPS on intracellular TN F production
appeared to be the opposite way round to those seen when IL-1/? was measured, with pre
treatment with IL-10 being less effective than posttreatment. However, the substantial
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differences seen in the intracellular staining assay were not reflected in measurements of
extracellular TN F by ELISA. The necessary inclusion of brefeldin in the former approach,
and its possible effects in interfering with cytokine-regulated cytokine production, could
account for this discrepancy.
Consideration of a mathematical model of the network of interactions between IL-1
and IL-10, as previously reported by Seymour and Henderson (2001) indicated that limit
cycle behaviour could arise in this system if an ultrasensitive dose-response relationship
existed in the inhibitory effect of IL-10 on IL-1, or in the induction effect of IL-1 on
IL-10 (or both).

In order to determine whether these oscillations might be possible

in vitro, experiments were performed to assess the sensitivity of the inhibitory effect.
When cells were pretreated with varying doses of IL-10, and the mean IL-1/? levels after
subsequent stimulation with LPS were determined by intracellular staining, the resulting
linear sensitivity plot suggested that the inhibitory response had hyperbolic sensitivity.
However, when IL-10 and LPS were added to cells simultaneously, the sensitivity plot
took on the characteristic shape of an ultrasensitive response, and a best-fit Hill equation
found 71 % 2. While this finding may have consequences for the in vivo dynamics of
cytokines regulated by IL-10, the experimental monocyte system would be unlikely to
manifest any such effects due to its loss of IL-1 autoinduction shortly after purification.

6.2

T he Biochem ical N etwork Paradigm and
C ytokine Networks

The underlying hypothesis explored by this thesis was the idea that the cytokine net
work consisting of IL-1, IL-10 and TN F could be understood as an example of what is
referred to here as a biochemical network. Cytokine networks differ from other types of
biochemical network studied to date in that active forms of the chemicals that constitute
the network interact in the extracellular, rather than the intracellular compartment.
The experimental system used in this thesis, chosen because it is one of the more
widely used models of inflammatory cytokine function, turned out to be an unsuitable
device for the investigation of the phenomena of dynamical stability among cytokines.
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Table 6.1: Summary of the cytokine-regulated cytokine dose-response relationships measured
in this thesis. Hyperbolic responses are described by the equation R = RmS/{S + K ),
log-bell shaped responses by the equation R = RmSI{S + K ^ , and the Hill equation is
R = R m S ' ^ / S u b s c r i p t i denotes an intracellular response measured by intracellular
staining and flow cytometry, and subscript e denotes an extracellular response measured by
ELISA, n/a denotes not applicable.
Relationship

Response shape

K (nM)

IL-1/9 induced IL-l/3i

hyperbolic

0.34

IL-1/? induced IL-la^

hyperbolic

0.09

IL- 1/? induced IL-lcKg

log-bell

3.25

IL-1/? induced T N F ,

hyperbolic

0.61

T N F induced IL-la^

hyperbolic

0.0075

T N F induced IL-1/?^

hyperbolic

0.010

IL-10 added before IL-1

hyperbolic

0.058

IL-10 & IL-1 added simultaneously

Hill equation {n = 2 )

0.074

IL-10 inhibition of autoinduced IL-1/?

One reason for this was that the topology of the network was not stable during the
period of several hours over which experiments were conducted, with aged monocytes
tending to lose their ability to produce and respond to IL-1. Interestingly, the ability
to produce TN F (at least in response to LPS) was not lost, and it may be that other
networks involving this cytokine would be more suitable as model systems.
IL-1 was found to be partitioned into two separate compartments - intracellular
and extracellular, with the majority of the cytokine in the former. Once production of
intracellular IL-1 had been initiated, it was remarkably resistant to being changed by
extracellular cytokines. In particular:
• IL-10 addition after IL-1 production had already been underway for 5hrs inhib
ited only 50% of the further increases in IL-1 levels that would occur over the
subsequent IShrs.
anti-TNF antibody treatment had very little effect on the peak level of IL-1/3
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fluorescence among LPS-stimulated monocytes, in spite of substantially changing
the proportion of IL-1/5+ cells, and in spite of the fact that recombinant TNF was
able to induce IL-1/3 production.
• anti-IL-1 antibodies only inhibited the effects of LPS on intracellular IL- 1/? levels
when cells received short or submaximal doses of stimulant.
While all of these effects could simply be due to saturation of the signal transduction
pathways by the strength of the stimulus from LPS, in light of the knowledge that intra
cellular signal transduction networks can also exhibit behaviours such as multistability,
the question that must be asked is whether these intracellular dynamical effects can be
ignored in the fashion necessary to make the behaviour of IL-1 fit into the biochemical
network paradigm. For example, if IL-1 production becomes switched on by an extra
cellular stimulus such as LPS (or IL-1), and that production remains on when the initial
stimulus is removed (as might occur if LPS triggered a switch in the stability of an
intracellular bistable network), then extracellular IL-1 levels will behave in a manner not
accountable for by the tenets enumerated in section 1.1.1, p 25. In fact, extracellular IL-1
levels will go on increasing in the absence of any other active cytokines. The implication,
if this suggestion is true, is that cytokine therapeutics designed to affect IL-1 production
need to be targeted toward chemicals in intracellular signal transduction networks, and
not toward other cytokines that appear to lie upstream of IL-1 in a cytokine network.

6.2.1

Effects o f P opulation Variance on th e D etectio n of
U ltrasensitivity

In chapters 3,4 and 5, experiments designed to investigate the sensitvity of the responses
of one cytokine to another by measuring the average level of cytokine production failed
to detect any ultrasensitivity. However, this approach of measuring the average response
fails to take into account the stochastic nature of a popultion of cells.

The overall

response curves plotted in such experiments are, in reality, the sum of a number of
response curves - one for each different cell. Even assuming every cell had the same
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degree of sensitivity (i.e. the same Hill coefficient), we would expect the ED 50S of the
individual curves to show some variation.
Ferrell and Machleder(1998) faced exactly this situation in their analysis of levels
of ERKl phosphorylation in response to doses of progesterone in a population of X.
laevis oocytes. Previous work had shown that when homogenised oocyte extracts were
used, this was an ultrasensitive response, but when the average level of phosphorylated
ERK was measured in a population of intact cells, a hyperbolic (non-ultrasensitive)
curve was obtained.

Using a model of the overall response as a sum of a number

of individual responses, Ferrell and Machleder assumed that individual response curves
were Hill shaped, and that all had the same Hill coefficient n, but that ED 50S were
distributed according to a bell-shaped distribution. With a sufficiently large variance,
such a distribution of ED 50S can mask ultrasensitivity in the individual response curves
resulting in an apparently hyperbolic average response.
The important aspect of Ferrell and Machleder's analysis was that as the level of
sensitivity of the individual response curves was varied from n< 1 , through n= 1, to
n> 1, the shape of the population response varied from a unimodal, bell-shape through
a uniform distribution, to a bimodal shape. When best-fit parameters were calculated
for their highly bimodal data, a very high Hill coefficient was obtained.
Intracellular IL-1/) levels in this thesis were observed to increase with increasing expo
sure time and with increasing doses of stimulant. Whereas the primary cause of increased
responses with exposure time appeared to be an increase in the average response level
of responsive cells (see, for example, figure 5.9, page 162), the increases due to dose
appeared to be more due to recruitment of cells from an inactive to an active mode (for
example, figure 3.7, page 94). The bimodal distributions characteristic of intracellular
IL-1/) levels are consequently consistent with a population of ultrasensitive cells whose
average response appears non-ultrasensitive due to individual variation in

ED50 levels.

Similar bimodal distributions in the levels of NF-«:B in response to IL-1/) stimulation
were observed in a (clonal) cell-line by Schooley et al.(2003). Future work should be
directed towards this possibility of ultrasensitivity at a single-cell level.
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Spatial Effects of A utocrine Signalling

Experiments were performed in chapters 3,4 and 5 to investigate the effects of endoge
nous (LPS-induced) IL-1 and TN F on production of other cytokines. On the assumption
that endogenous cytokine became instantly well-mixed in the extracellular compartment,
anti-ligand antibodies were utilised for this end.
Dose-response experiments showed that exogenous TN F was effective in inducing a
biological response (intracellular IL- 1/? production) at around the 0.5ng/ml level. LPS
induced levels of TN F as high as 4ng/ml (figure 4.5, page 121), which is consistent with
findings that inhibition of LPS-induced TN F by anti-ligand antibody had a detectable
biological effect (experiments in figures 4.15,p 130 and 5.5,p 156). However, the ED 50
for exogenous IL-1/? to induce intracellular IL-1/? was an order of magnitude higher at
5ng/ml, suggesting that the Ing/m l levels of IL-1/? produced by LPS-stimulated cells
(figure 3.4,page 89) would not be high enough to mediate further biological effects.
Contrary to this, experiments on pages 99, 100, 132 and 156 all indicated that inhibition
of these sub-threshold levels of endogenous IL-1 with anti-ligand antibody were effective
in inhibiting various LPS-induced responses. Work from Lauffenberger’s group concern
ing the spatial localisation of autocrine signalling factors such as IL-1 may explain this
apparent discrepancy.
Lauffenberger et al.(1998) studied the effects of antibody inhibition of a synthetic
autocrine system, consisting of a mouse fibroblast cell line transfected with expression
vectors for the Extracellular Growth Factor Receptor (EGFR) and (one of) its cognate
ligand(s), TG Fa.

They found that, in spite of similar affinities and binding kinetics,

anti-EGFR antibodies were 2 orders of magnitude more effective than were anti-TGFa
antibodies at inhibiting binding of ligand to receptor. They suggested the explanation
for this discrepancy was that endogenously produced TG Fa didn't have the chance to
diffuse into the extracellular space before being captured by a receptor on or near the cell
that produced it - the effective concentration of the autocrine ligand in the vicinity of the
cell membrane is much higher than the average concentration of that ligand throughout
the extracellular space. This issue of local concentration is compounded even further
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in the case of IL-1/? due to its vesicular delivery system - the cytokine is secreted in
vesicular packets (MacKenzie et al., 2001), and if these packets burst in the vicinity
of cell surface IL-1 receptors, the local concentration could be much higher than the
average concentration in the medium.
La uffen berger suggests that the dose-response curve, used throughout this thesis, is
not an appropriate tool for the analysis of the signalling effects of an autocrine ligand
(such as IL-1). From the point of view of this thesis, this behaviour of autocrine signalling
factors breaches the biochemical network hypothesis, which requires that all reactions
relevant to the network occur in a single, well-mixed compartment (leading to massaction kinetics). This adds further weight to the suggestion that IL-1 does not fit into
the cytokine network paradigm due to its autocrine nature, and raises the question of
whether a similar effect might apply to TNF.

6.3

Conclusions

The general conclusion of this thesis is that the network of IL-1, IL-10 and TN F in human
PBMC purified by adherence to plastic does not represent a suitable model system for
the study of the dynamical phenomena such as multistability and periodicity that could
arise in cytokine networks. Other cytokines, and perhaps other experimental systems,
may be more appropriate. The suitability of IL-1 in particular for inclusion in models of
the biochemical network paradigm is questionable, and requires further investigation. In
the course of investigating this particular experimental model, the quantitative nature
(i.e. the sensitivity) of a number of cytokine-regulated cytokine relationships has been
determined (summarised in table 6.1). This information may be of use in the formulation
of other models of networks involving these particular cytokines.
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