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Preface 

In the last 10 years our understanding of inflammation has increased 
dramatically. As with most other areas of medical science, this has in large 
part been due to the impact of molecular biology and to our ability to identi
fy and clone the genes for many important intercellular mediators. It is evi
dent that inflammation is a complex and concerted response of the organism 
to foreign bodies or tissue damage. Many cell types from the classical inflam
matory cells to tissue cells are involved and they communicate via a multi
tude of different systems. The study of inflammation can be approached from 
many directions and it is the purpose of this book to bring together ideas 
from a number of different bichemical disciplines which are frequently not 
integrated. The first chapter describes visually the main issues addressed 
within the book and will, we hope, prove valuable as an overview of this 
complex subject. The remaining chapters have been organized into three 
themes: the affector molecules, the regulatory components and the processes 
of inflammation itself. 

The affector molecules are epitomized by the complement system, now 
regarded as playing an essential role in inflammation, and from a biochemical 
standpoint one of the best understood mediator systems. The kinins, long 
known to induce vascular permeability in inflammation, have now become 
recognized as key effector molecules with the realization that they may be 
produced by kallikreins both in the plasma and from tissue cells, notably the 
polymorphonuclear leukocyte. This brings them into the family of mediators 
directly produced by the activity of inflammatory cells. A number of the 
mediator systems of inflammation such as complement and coagulation are 
comprised of cascades of proteolytic enzymes. They are thus highly suscep
tible to activation by proteases released from cells. These are present in the 
lysosomes and also in a complex array of granules in some inflammatory cell 
types. Much of the damage produced by inflammation and the remodelling 
which follows is dependent upon the release of proteolytic enzymes from both 
inflammatory cells and tissue cells. In addition, there is increasing evidence 
that proteases contribute to various intracellular control mechanisms. Not 
surprisingly in such a complex situation a bewildering array of inhibitors 
exists. The importance of these complex systems is only now beginning to be 
appreciated. The importance of locally produced prostaglandins in inflamma-

ix 
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tion has been well recognized for many years and indeed has been the basis 
for much of the pharmacological intervention in the processes of inflamma
tion. Recently, it has become clear that besides these classic mediators a 
number of other extremely important products of arachidonic acid meta
bolism, especially platelet activity factor, playa part in inflammation. Produc
tion of reactive oxygen species is the key process in the development of 
inflammatory damage. These molecules are necessary for bacteriological 
activity of phagocytic cells; however it is now recognized that oxygen-derived 
products, particularly in the joint, may be key mediators in the chronic dam
age which follows inflammation. 

While many of the mediators and affector molecules of inflammation have 
been known about and investigated for many years, the regulatory molecules 
are only now being unravelled. It is clear that glucocorticoids, previously 
thought of as simple immunosupressive hormones, are intricately involved in 
the normal control mechanisms regulating inflammation and the response to 
trauma. Not only is the secretion of these hormones controlled by inflamma
tory products, such as interleukin 1 and interleukin 6, but they have complex 
functions in regulating the activity of immune and inflammatory cells. Platelet 
activating factor is a powerful endogenous mediator which not only behaves 
locally as an inflammatory mediator in a manner analogous to kinins and 
prostaglandins but also is increasingly being shown to act systematically with 
functions analogous to the cytokines. The cytokines primarily involved in 
inflammation, interleukin 1, tumour necrosis factor and interleukin 6, have 
both local effects in the control of inflammatory cells and post-inflammatory 
remodelling, and important systemic effects on the vascular, nervous and 
endocrine systems adjusting the 'milieu interieur' of the organism and opti
mizing the inflammatory process. 

The last two chapters describe the process of inflammation. Whilst inflam
mation may be thought of as an essentially local process it is clear that sys
temic effects (often called the acute phase response) occur. These effects, 
including changes in body temperature, vascular permeability, circulating 
hormones, acute phase protein synthesis and leukocytosis, are considered in 
the penultimate chapter. All these processes alter local inflammation in a 
complex way but have probably evolved to optimize its function or more 
provocatively to minimize inflammatory damage. At the local level inflamma
tion is based on complex patterns of cell recruitment and activation. This 
important basis of the local inflammatory response is described in the final 
chapter. 

x 
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1 
An overview of the inflammatory response 
s. w. EVANS and J. T. WHICHER 

INTRODUCTION 

Inflammation comprises a complex array of adaptive responses to tissue 
injury which are both local and systemic (Figure 1.1). The local responses 
result in recruitment of phagocytic cells and removal of endogenous or foreign 
material. The systemic responses may alter the 'milieu interior' to allow these 
processes to occur more efficiently. While such an overview is apparently 
extremely simple and attractive it belies the complexity of the biochemistry 
which underlies it. Perhaps because of the importance of inflammation to 
the survival of the organism there seems to be a great replication of functions 
amongst the biochemical mediators and regulators of this response, though 
they act through only a small number of cell types. A major challenge to the 
medical scientist is to unravel the relative importance ofthe different mediator 
systems so that therapeutic intervention can be achieved. The cellular 
processes of inflammation fall into four major groups: changes in blood flow 
caused by changes in smooth muscle cell function causing vasodilatation, 
alterations in vascular permeability engendered by cytoskeletal contraction 
in endothelial cells, migration of phagocytic leukocytes to the site of 
inflammation, and phagocytosis. 

The molecules participating in the biochemical process can generally be 
considered to fall into one of three categories: mediators, inhibitors and 
regulatory molecules. Thus the chemical mediator systems such as complement 
and prostaglandins produce molecules which initiate pro-inflammatory 
cellular events. Inhibitory elements such as protease inhibitors may block 
the mediator system themselves or 'mop up' pro-inflammatory molecules 
such as proteinases released from leukocytes. Regulation may be achieved 
by molecules produced locally at the site of inflammation and which modulate 
cell function, such as TNF, or produced at a distant site such as 
glucocorticosteroids. 



BIOCHEMISTRY OF INFLAMMATION 

Inflammation may be initiated in very different ways and through different 
pathways. Simple trauma activates mast cells which release mediators which 
cause vasodilatation, vascular leakage and possibly proteolytic activation of 
biochemical mediator systems such as complement. Immune complexes may 
activate complement and interact directly with phagocytic cells. Bacterial 
products may activate macrophages to produce proteases. However 
inflammation is induced, the kinin, complement and clotting systems are all 
recruited and interact in what Oscar Ratnof called a 'tangled web'. Eicosan
oids are also released from phagocytic and tumour cells. The response is thus 
stereotyped despite different mechanisms of initiation of acute inflammation. 
It is in the field of cytokine regulation, however, that fascinating clues 
suggesting possible mechanisms for curtailment or prolongation of inflammation 
are to be found. The progression of inflammation into the chronic phase is 
important, as it is this which damages the host tissues through the production 
of proteases and oxygen radicals from phagocytes. 

In this chapter the biochemical systems discussed later in this book are 
brought together as a series of figures which summarize their key components. 

2 



OVERVIEW OF INFLAMMATORY RESPONSE 
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Figure 1.1 An overview of inflammation. 

Legend for Figures 1.1 to 1.13 
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Figure 1.2 The majority of complement components are produced by the liver, although 
significant local production by macrophages also occurs. Control of hepatocyte-derived 
components is regulated in part by macrophage-derived cytokines. Inactive components are 
proteolytically activated in a cascade system to generate a number of key mediators. Three 
products of the activation cascade, C5a, C3a and C4a, mediate mast cell release of a variety of 
bioactive molecules including histamine which results in increased vascular permeability. C5a, 
and possibly C3a and C4a, also stimulate polymorphonuclear cells to release eicosanoids which 
in turn act to increase vasodilation (PGE2), vascular permeability (LTD4) and to induce 
expression of adhesion molecules involved in leukocyte-endothelial cell interaction. In addition 
PMN also release oxygen radicals and lysosomal enzymes following stimulation with C5a or 
certain microbial components and immune complexes incorporating C3b. C3a, C4a, C5a and 
C567 are also chemotactic for leukocytes. C3b receptors on phagocytes and other cell types 
mediate phagocytosis of bacteria, cell debris or immune complexes coated with C3b. Components 
5a to 9 form the membrane attack complex responsible for cell lysis and platelet derived 
pro-coagulant activity. 
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Figure 1.3 Kinins are generated from precursor molecules synthesized in the liver by a family 
of serine proteases called kallikreins. Kallikreins themselves are derived from PMN and damaged 
tissue cells (tissue kallikreins) and from blood (plasma kallikreins). Kinins have many potential 
activities associated with inflammation. Direct effects of kinins on the vascular system are 
mediated by receptors found on endothelial cells (vasodilatation, increased capillary permeability 
and endothelium-derived relaxing factor (EDRF) production) and smooth muscle cells 
(venoconstriction). Kinins stimulate fibroblasts to proliferate and to synthesize collagen and 
macrophages to produce cytokines such as IL I. Many cells also produce eicosanoids when 
stimulated with kinins. The plasma kallikreins also playa role in blood clotting, cleaving plasmin 
and activating Hageman factor to trigger coagulation. 
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OVERVIEW OF INFLAMMATORY RESPONSE 

Cytokine~ 

vasodilatation 

hyperalgesia 

Figure 1.5 The Iipid·derived eicosanoids are manufactured from arachidonic acid by a variety 
of different cells including: macrophages, PMN, mast cells, fibroblasts, eosinophils and 
endothelial cells. The importance of each cell in terms of eicosanoid production at a site of 
inflammation is not clear; however, some cells appear better at producing particular eicosanoids 
than others. Macrophages produce PGE2, PGI2 , TXA2 , LTB4 and to a lesser extent LTC4; 
PMN produce TXA 2 and L TB4 ; fibroblasts and chondrocytes produce PGE2 and possibly 
PGI2 while mast cells produce PGD2 and LTC4. Important pro·inflammatory activities of the 
eicosanoids include: stimulating vasodilatation (PGE 2, PGI 2 and PGD2), increasing vascular 
permeability (L TC4, LTD 4) and stimulating PMN mobility and adhesion (L TB4)' The 
eicosanoids also exhibit some anti· inflammatory activities; in particular PGE2 and PGI 2 inhibit 
cytokine production by macrophages and inhibit T H cell proliferation and cytokine production. 
A third property of some eicosanoids (PGE2 ) is the ability to mediate pain, hyperalgesia. 

Figure 1.4 (Opposite) Proteinases are released by many cells resident in or arriving at a site 
of inflammation. The PMN and the macrophage are important examples of cells which produce 
a variety of proteinases. In the PMN they are released from different granules including: PMN 
elastase, cathepsin G (Cap G), cathepsin B (Cap B) and cathepsin D (Cap D) from azurophilic 
granules (AZG), collagenase (CGS) from specific granules (SPG), and gelatinase type IV and 
type V (GT·IV, GT·V) from C particles (CP). PMN elastase and Cap G are thought to act as 
antimicrobial proteinases, while Cap B, Cap D, CGS, GT ·IV and GT· V act to facilitate migration 
of PMN through the tissue. Macrophages produce many of the same proteinases as PMN, Cap 
Band D, CGS, GT·IV and GT· V. In addition they produce a set of poorly defined proteinases 
utilized in the cytolytic process. Macrophages also produce a distinct elastase, M.p·elastase. A 
number of proteinase inhibitors have been described: <x 2·macroglobulin (<x 2·M) is a wide·spectrum 
relatively non·specific inhibitor produced by the liver and by macrophages; <x, ·proteinase 
inhibitor (<XcPI) and <x,-antichymotrypsin (<xcAC) show more restricted specificity, inhibiting 
different subsets of serine proteinases, important substrates being PMN·elastase and Cap G 
respectively. GT ·IV and GT· V are inhibited by highly specific, tissue inhibitors of metaUoproteinase 
(TIMP) produced by macrophages and TIMp·2 by other tissue cells. 
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Figure 1.6 Toxic oxygen species are produced by two main pathways: (1) uncoupling of the 
xanthine dehydrogenase enzyme system in ischaemic tissue (endothelial cells) and (2) the linked 
NADPH oxidase and myeloperoxidase systems (respiratory burst) of PMN" The major toxic 
oxygen species generated by both pathways is the superoxide anion radical (O~-)" O~- is rapidly 
converted into H20 2, a powerful oxidant, and the highly reactive "OH radical. Toxic oxygen 
species have been shown to act on a number of important cellular and extracellular targets 
including: giucose-3-phosphate (G-3-P) dehydrogenase, DNA, IgG, ai-antitrypsin (AAT), 
cartilage and low-density lipoprotein (LDL)" 
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Figure 1.7 (a) One of the major responses to trauma is the production by the adrenal cortex 
of glucocorticosteroids. The actions of glucocorticosteroids are anti-inflammatory and include: 
(1) inhibition of oedema by stimulating vasoconstriction of small blood vessels and inhibiting 
the production of vasodilatory prostaglandins; (2) inhibiting the recruitment and activity of 
PMN, mast cells lymphocytes and monocytes; (3) IL 6 receptor induction on fibroblasts and 
hepatocytes. (b) Glucocorticosteroids (CS) bind to a cytosolic receptor after displacement of the 
90kD heat shock protein (HSP). Receptor bound CS is translocated to the nucleus where it 
associates with specific regions of DNA inducing the transcription of certain species of mRNA, 
including that coding for Iipocortin, and inhibiting synthesis of others, especially for cytokines. 
One function of the translated lipocortin is to antagonize the action of TNF by inhibiting 
phospholipase A2 (PLA2) activity inhibiting the production of eicosanoids and platelet activating 
factor (PAF). 
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Figure 1.8 Platelet activating factor (PAF) is a phospholipid produced in a variety of cells, 
especially at the site of an inflammatory reaction, damaged by lysosomal enzymes, toxic oxygen 
species and the major basic protein (MBP). Endothelial cells and undamaged tissue cells in the 
vicinity of the inflammation can also be stimulated to release P AF by eicosanoids IL 1 and 
TNF. In a potential amplification loop PAF itself stimulates the production of IL 1 and TNF 
by macrophages. Other activities of PAF include activation of eosinophils and PMN enhancing 
their cytokine responsiveness. PAF may also inhibit or stimulate proliferation and IL 2 
production by T lymphocytes. 
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Figure 1.9 Interaction of the neurological, endocrine and immune systems has a potentially 
important role in the regulation of inflammation. The hypothalamic-pituitary-adrenal axis 
forms the basis of much ofthis interaction. Cytokine induction of corticotrophin releasing factor 
(CRF) by the hypothalamus mediates ACTH release. ACTH, together with cytokines such as 
IL-l and IL-6, stimulates corticosteroid release by adrenal cells. Corticosteroids have a major 
anti-inflammatory action, inhibiting macrophage PMN and lymphocyte function. Other 
pituitary hormones, such as growth hormone and prolactin, may also have an important role 
in stimulating T lymphocyte development and differentiation. Peripheral nerves in traumatized 
tissue release a number of mediators with potential regulatory roles in inflammation. Substance 
P and substance K appear to be pro-inflammatory, stimulating macrophage and PMN activity. 
p-Endorphin, on the other hand, appears to act as an anti-inflammatory cytokine, possibly 
inhibiting macrophage function 
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Figure 1.10 IL toe and IL IfJ are distinct molecules which act on the same receptors. Important 
pro-inflammatory activities of IL I include: induction of fever, activation of PMN, activation 
of epithelial cells leading to increased adhesion molecule expression and eicosanoid synthesis, 
stimulation of cytokine production by T lymphocytes and production of IL I itself, by a variety 
of cells including monocytes. Other biological activities associated with IL t are the stimulation 
of proteinases by tissue resident macrophages and chondrocytes, the activation of osteoblasts 
leading to bone resorption, and the induction of acute phase protein synthesis by the liver. 

12 



OVERVIEW OF INFLAMMATORY RESPONSE 

FEVER 

Figure 1.11 TNF(X and TNFP are distinct molecules, preferentially produced by different cells 
(TNF(X by monocytes and TNFP by lymphocytes) but which, in vitro at least, are biologically 
indistinguishable. Virtually all nucleated eukaryotic cells express receptors for TNF and these 
cytokines have a wide variety of biological activities in vitro; stimulation of acute phase protein 
synthesis, release of free fatty acids from adipose cells, enhanced expression of endothelial cell 
and PMN adhesion molecules, activation of PMN. Together with IFNl', TNF enhances MHC 
class I antigen expression on a variety of cells, and is also cytotoxic for many cells expressing 
TNF receptors. In vivo TNF has been reported to mediate fever, cachexia and acute phase 
protein synthesis. 
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ACUTE PHASE RESPONSE 

FEVER Acute phase 'It ", '-~~_"Old' 
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thrombo- stem cell 
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HAEMOPOEISIS IMMUNE RESPONSE 

Figure 1.12 Interleukin 6 is a cytokine produced by many different cell types, although 
macrophages and fibroblasts are major sources of this cytokine. Important biological activities 
associated with the down-regulation of inflammation mediated by IL 6 include stimulation of 
acute phase protein synthesis by the liver, g1ucocorticosteroid release by the adrenal cortex and 
possibly the induction of fever. IL 6 also acts on the haemopoietic and immune systems. It 
stimulates thrombopoiesis and stem cell differentiation to replace cells utilized in the inflammatory 
response and activates lymphocytes to produce effector molecules such as cytokines and 
immunoglobulins or effector functions such as cytotoxicity. 
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OVERVIEW OF INFLAMMATORY RESPONSE 
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Acute phase proteins 
Figure 1.13 The acute phase proteins are a family of liver-derived plasma proteins which 
function in inflammation as mediators, as inhibitors of mediator pathways, as inhibitors of 
proteases released from phagocytosing leukocytes and as scavengers of the molecular debris of 
tissue damage. The response may serve to replenish proteins utilized performing their function 
in inflammation. A variety of cytokines induce synthesis of these proteins by the hepatocyte. 
Glucocorticosteroids which may themselves be induced by some of the same cytokines are 
necessary for maximum synthesis, though they have a negative feedback on cytokine synthesis 
by the macrophage. Endothelial cells, fibroblasts and macrophages produce the acute phase 
protein-inducing cytokines which may in some cases potentiate each others' production. 
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The complement system and inflammation 
A. R. McPHADEN and K. WHALEY 

THE COMPLEMENT SYSTEM 

Introduction 

The complement system comprises a group of about 20 distinct plasma 
proteins which have a key role to play in host defence against infection and 
in helping to mediate inflammation. 

Historically the bactericidal activity of the complement system, termed 
alexin, was observed in the late nineteenth century!. Subsequently it became 
obvious that this bacteriolyis was dependent upon two distinct factors, namely 
alexin and a second, heat-stable, factor now known to be antibody2. At that 
stage it was thought that alexin itself was a single factor; however, work 
which took place in the early years of the twentieth century demonstrated 
that alexin, or complement as it is now called, was not a single plasma protein. 
Initially four factors were identified3 , but as the complexity of the system 
unfolded and improved methods of protein purification and fractionation 
became available and all 20 components have now been isolated and 
characterized4 . These proteins can be divided into four main groups, namely 
the classical pathway components, the alternative pathway components, the 
terminal components and the control proteins (Table 2.1). The reaction 
mechanisms that occur between the different components are fairly well 
understood, although the fine details of certain of the molecular interactions 
still remain unresolved. 

Complement activation 

Activation of the complement system occurs in a cascade fashion similar to 
that observed for the coagulation and kinin mediator systems. At several 
points in the activation sequence an inactive precursor molecule or zymogen 
is activated, with the zymogen acquiring proteolytic activity specific for its 
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substrate. This substrate is in turn activated ready to carry out its role in 
the cascade. One of the main consequences of such a cascade system is that 
stepwise amplification can occur at each activation step, since the newly 
generated proteolytic enzyme is able to activate a number of substrate 
molecules. For this reason tight control of the cascade has to be maintained. 

The system can be activated by either the classical or alternative pathways. 
Classical pathway activation usually follows binding of antigen to antibody; 
however, alternative pathway activation is independent of antibody. The 
alternative pathway exists in a low-grade activated state which only becomes 
fully activated in the presence of a suitable activating substance or surface, 
as will be described later. Phylogenetically the alternative pathway probably 
represents a more ancient activation pathway which is independent of a 
specific immune response, namely antibody. In addition, because it is antibody
independent, it is able to react very quickly as a form of host defence. 

Activation by either pathway results in the generation of target-cell bound 
enzymes which cleave and activate C3 and C5 (C3 convertase and C5 
convertase respectively). Subsequent formation of the multimolecular membrane 
attack complex (MAC) from the terminal components C5-9 can then occur. 
The MAC can act to lyse the target cells or bacteria. In addition a number 

Table 2.1 The complement system of proteins 

Component Serum concentration 
(Ilgjml) 

Classical pathway 
C1q 250 
C1r 100 
Cis 80 
C4 430 
C2 20 

Alternative pathway 
B 150 
D 2 
P 30 
C3 1300 

Terminal sequence 
C3 1300 
C5 75 
C6 60 
C7 60 
C8 80 
C9 50 

Control proteins 
C1 inhibitor 180 
C4 binding protein 250 
I (C3bjC4b in activator) 50 
H (plH globulin) 300 
S Protein 150 
Carboxypeptidase N ? 
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Polypeptide chain 
structure 
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1 
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of biologically active peptides not necessary for perpetuating the cascade are 
released during the activation sequence. A number ofthese peptides are active 
as inflammatory mediators and as such will be described later in detail. 

Classical pathway 

The classical pathway consists of six components, Cl, C4, C2, Cl inhibitor 
(Chnh), C4 binding protein (C4bp) and C3b/C4b inactivator (I) which are 
necessary for the formation and regulation of the classical pathway C3 
convertase C4b2a (Figure 2.1). The initial activation step in vivo is the 
interaction of C1 with antigen-antibody complexes which contain IgM or 
IgG antibody classes5 , Cl itself is a calcium-dependent macromolecule 
comprising three glycoproteins, Clq, Clr and CIs, as two reversibly 
interacting subunits6 Clq and Clr 2S2' It is the Clq moiety which interacts 
with the immunoglobulin Fc region. Multivalent Clq attachment is required 
for Clq activation, meaning that one cell surface bound molecule of IgM is 
sufficient for activation, whereas two adjacent molecules of IgG are needed7• 

Immune complex interaction with Clq is not the only mechanism of classical 
pathway activation. A number of other substances such as the lipid A moiety 
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Figure 2.1 Activation pathways of the complement system. 
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of endotoxin, mitochondrial membranes, certain Gram-negative bacteria and 
complexes of C-reactive protein with pneumococcal polysaccharide can also 
produce CI activation8. The relative importance of such activation in vivo 
is, however, unclear. 

On binding to an activator of Cl a conformational change occurs in Clq 
which allows the autocatalytic activation of Clr. Clr produces a single 
proteolytic cleavage in CIs, its only natural substrate, to generate the active 
form of Cls9 . CIs as part of the CI macromolecule can then carry out 
proteolytic cleavage and activation of C4 and C2. C4 is cleaved into C4b 
and C4a with the small peptide C4a being released as one ofthe anaphylatoxins lO• 

Newly generated C4b has two important abilities. Firstly it is able to bind 
to immune complexes or other acceptor molecules on the surface of activating 
surfaces, this being a very short-lived ability, and secondly it possesses a 
stable magnesium ion-dependent binding site for C2 or more specifically the 
C2b fragment of C211 . C2 can therefore become bound to C4b to form the 
proconvertase C4bC2 which is activated by CIs cleaving C2 into C2a and 
C2b12. Thereafter C2a remains held to C2b only by non-covalent bonding. 
It is this C2a fragment which possesses the enzymatic site of the classical 
pathway C3 convertase C4b2a 13.14. This C3 convertase is, however, inherently 
unstable, with C2a rapidly decaying off the complex, although it can be 
reconstituted with fresh cleavage of C2 by Clsll. This inherent instability 
helps prevent the generation of excessive classical pathway C3 convertase activity. 

Rigid control of classical pathway activation is largely maintained by 
Clinh, C4bp and I. Activated CI has a half-life of only 13 seconds, since CI 
inhibitor covalently binds to the CIs moiety of CI abrogating its enzymatic 
activity and so preventing Cl cleavage of C4 and C215. CI inhibitor also 
interacts with activated Clr leading to the release of two molecules of Clr 
CIs (Clinh)2 from the activated Cl complex16, 17. C4bp and I control the 
availability of C4b and so control assembly of the classical pathway C3 
convertase C4b2a. I achieves this by degrading C4b in the presence of its 
co-factor C4bp 18. Spontaneous decay/dissociation of C4b2a also appears to 
be enhanced by C4bp19. 

Alternative pathway 

Six components, namely C3, factor B (B), factor D (D), properdin (P), fJIH 
globulin (H) and I are involved in the initiation, generation and maintenance 
of the alternative pathway C3 and C5 convertases C3bBbP and C3bBbC3bP 
respectively. The activation mechanisms are complex and are summarized 
in Figure 2.1. 

Initiation occurs through low-grade hydrolysis of fluid phase C3 to give 
C3(H20fo. In the presence of magnesium ions C3(H20) can bind B which 
is then cleaved by D which is normally present in plasma in its activated 
form. Ba is released leaving C3(H20)Bb as the initial C3 convertase21 . This 
convertase is, however, confined to the fluid phase and has only a weak C3 
cleaving activity. The initial C3 convertase now functions to cleave C3 into 
C3a, an anaphylatoxin, and metastable C3b, the latter being deposited on 
and covalently binding to the surfaces of surrounding particles 22. The 
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C3b-dependent positive feedback or amplification loop can now operate 
(Figure 2.1) since each newly generated C3b molecule has the potential to 
form the more efficient C3 convertase C3bBb in the presence of B, D and 
magnesium ions, both in the fluid phase and on the surface of nearby particles. 
Properdin has a stabilizing effect on C3bBb since it retards the decay of Bb 
from C3bBb and hence prolongs the half-life of the alternative pathway C3 
convertase23• 

Control of alternative pathway amplification is carried out by H and I 
both in the fluid phase and on non-activating surfaces. I in the presence of 
H as a co-factor degrades C3b to iC3b which can no longer bind B to generate 
the C3 convertase18. In addition H alone acts both to restrict the formation 
of, and also to accelerate the rate of decay of, C3bBb24. It is worth mentioning 
at this point that certain widely distributed cell-associated proteins serve a 
regulatory role. Decay acceleration factor (DAF), membrane co-factor protein 
(MCP) and complement receptor type I (CRl) are thought to be important25 • 

DAF prevents C3 convertase assembly and mediates convertase dissociation, 
an effect which is also observed for the classical pathway C3 convertase. 
MCP has co-factor activity for I-mediated degradation of C3b to iC3b. CRt 
has both DAF and MCP activity. 

Overall it is thought that prevention of C3b deposition on host cells by 
the actions of these proteins stops damage occurring to host tissues during 
episodes of complement activation25 . This tight regulation of alternative 
pathway activation is certainly valid for fluid phase and non-activating 
surfaces. However, substances which activate the alternative pathway do so 
through the fact that their surfaces provide a sanctuary for the C3b generated 
by C3(H20)Bb. This surface bound C3b is protected from the control proteins 
H and I but is still able to bind Band P to form C3bBbp26 . 27. Alternative 
pathway activators therefore allow a shift from low-grade fluid phase 
activation to efficient solid phase turnover. Such activators have surfaces 
which are low in sialic acid28,29, the net effect of which appears to be to 
reduce the number of regulatory protein binding sites on C3b without 
affecting factor B binding sites 30. 

Terminal sequence 
The common pathway that leads to completion of the complement activation 
cascade irrespective of whether initial activation occurs via the classical or 
alternative pathways is the terminal sequence (Figure 2.1). One molecule of 
C5, C6, C7 and C8 plus up to 18 C9 molecules constitute the terminal 
sequence proteins whose highly ordered interactions result in the formation 
of the membrane attack complex (MAC) C5b- 9. When assembled this 
macromolecular complex has a hydrophobic outer layer which allows 
insertion into biological membranes and a hydrophilic core that creates a 
transmembrane channel through which water and ions can pass. Insertion 
of sufficient numbers of MACs into a target cell membrane can therefore 
lead to the membrane becoming 'leaky' with resulting osmotic lysis and target 
cell death. The terminal sequence represents a mechanism by which the 
complement system can mediate cell injury or lyse susceptible bacteria. 
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Activation of the terminal sequence follows formation of C5 convertase 
activity. This is dependent upon covalent binding of C3b immediately 
adjacent to the cell surface or activating surface bound classical and 
alternative pathway C3 convertases C4b2a and C3bBb respectively31. Each 
of the C5 convertases is therefore designated C4b2a3b and C3bBbC3b. This 
newly bound C3b acts as a binding site for native C5 and renders it susceptible 
to cleavage into C5a and C5b by the C2a or Bb moiety of each convertase. 
Each C3 convertase therefore generates the C3b necessary to convert its 
specificity to a C5 convertase. 

Assembly of the membrane attack complex follows C5 cleavage. C5a, the 
third anaphylatoxin, is released leaving C5b which has a metastable binding 
site for C6. Bimolecular C5b6 remains loosely bound to C3b on the target 
cell surface until interaction with C7 occurs, at which time the C5b67 complex 
undergoes a hydrophilic-amphiphilic transition and binds to lipid membranes 
in its immediate vicinity32. The lipid membranes may belong to nucleated 
cells, erythrocytes, bacteria or viruses and the insertion event commits MAC 
assembly to a specific site. The inserted C5b67 now acts as a membrane-bound 
C8 'receptor', C8 binds and the C5q,- 8 complex penetrates deeper into the 
hydrophobic bilayer creating a 30 A diameter transmembrane channeP3. 
Subsequent binding of C9 occurs, initially as a single C9 molecule; however, 
as increasing numbers are incorpor~ted (C9 polymerization) the channel 
structure increases its size up to a 100 A diameter pore in the membrane34,35. 
Significant water and ion fluxes can then occur with possible lysis of the 
target36. Not surprisingly inhibitors of MAC channel formation exist as a 
defence measure against bystander host cell lysis at sites of complement 
activation. Plasma S protein and very low-density lipoprotein (VLDL) inhibit 
the binding of C5b-7 complexes to membranes 37• In addition S protein 
prevents C9 polymerization38. Two widely distributed plasma membrane
associated C8 and C9 binding glycoproteins also exist and act to inhibit 
MAC-mediated pore formation 39•4o. Their importance is demonstrated by 
the fact that deficiency states can lead to inappropriate red cell lysis and the 
disease paroxysmal nocturnal haemoglobinuria41 . There will be further 
discussion of the role of these proteins, later in this chapter. 

Complement biosynthesis 

Brief mention will be made of this topic in order to highlight features relevant 
to a discussion of complement and inflammation. Two main cell types appear 
to be responsible for the synthesis of the vast majority of the complement 
components in most animals including humans, namely hepatocytes and 
mononuclear phagocytes (monocytes, macro ph ages and Kupffer cells)42. The 
hepatocyte is responsible for maintaining the plasma levels of most components, 
as shown by studies in those patients who have undergone orthotopic liver 
transplantation and a change in component allotype43.44. As such the liver 
is therefore the largest producer of complement proteins in the body. 
Mononuclear phagocytes, however, also have a very important role to play. 
They are present in virtually all tissues where they act as a local source of 
components45 .46. In the tissues the concentration of complement components 
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is likely to be relatively low compared with plasma, so local synthesis is 
essential to the host in order to ensure that the vital role played by complement 
in mediating early host defence, including mounting an effective inflammatory 
response, is maintained47. In vivo confirmation of this is provided by studies 
of patients with rheumatoid arthritis, where it has been shown that up to 
50% of the C3 in inflamed joints is synthesized locally48. Also of importance 
is the fact that recruitment of substantial numbers of mononuclear phagocytes 
into the tissues can occur fairly rapidly, so markedly increasing local 
complement component biosynthetic capacity when needed for the maintenance 
of effective host defences at that site. Further overall biosynthetic versatility 
results from the fact that both hepatocyte and mononuclear phagocyte 
complement production can be up-regulated or down-regulated depending 
on the stimulus. Indeed the production of individual components can be 
differentially modulated by a single stimulus. Experimentally these stimuli 
have been shown to include gamma-interferon, immune complexes, 
prostaglandin E2 , the anaphylatoxins and interleukin 1, all agents which are 
often found in inflammatory exudates. Overall the maintenance of an 
appropriate supply of complement components to the tissues is assured, 
thereby allowing the host to cope with the wide spectrum of physiological 
and potentially pathological events encountered in vivo. 

A rapid and marked increase in plasma C3 concentration by up to 50% 
is seen as a response to a number of stimuli such as infection by bacteria, 
viruses or parasites, chemical or physical insult, radiation or neoplasia. C3 
is therefore included among a group of plasma proteins collectively called 
the acute phase reactants (APRs)49. Also included are C-reactive protein, 
fibrinogen, alpha-1-antitrypsin, alpha-2-macroglobulin and serum amyloid 
A protein, all of which increase by variable amounts under the influence of 
identical stimuli to those described for C3. The biological functions of these 
APRs are varied, but overall their actions appear to be directed towards the 
modulation of the inflammatory response, limiting tissue damage and possibly 
promoting the restoration of tissue homeostasis after inflammatory and 
immune reactions. 

In the foregoing description the main emphasis was placed on describing 
the individual components, their activation and their subsequent role in 
generating and maintaining the macromolecular enzymes which are essential 
to the complement activation cascade. At a number of the activation steps 
small peptides or fragments such as the anaphylatoxins C4a, C3a and C5a 
are released. It is these peptides which are now known to be central to the 
contribution that the complement system makes to the inflammatory 
response. The remainder of this chapter is therefore devoted to a detailed 
description of this contribution. 

THE COMPLEMENT SYSTEM AND INFLAMMATION 

Introduction 

The role of the complement system as an inflammatory mediator is complex, 
with a number of the interactions at a biochemical level being as yet only 
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partly understood. Despite this there are defined areas in which the 
complement system makes a significant contribution as follows: (1) increasing 
blood vessel permeability; (2) producing vasodilatation; (3) promoting oedema 
formation; (4) increasing neutrophil adhesiveness; (5) stimulating inflammatory 
cell chemotaxis; (6) inducing release of toxic oxygen species and lysosomal 
enzymes from phagocytic cells; (7) MAC-induced ion fluxes and inflammation. 

As each of these effects is described in detail below it will become apparent 
that no unique single biological event is produced by a particular complement 
component or peptide fragment. A fair degree of overlap exists, with the 
relative potency of producing a certain effect often being the important 
observation. This reflects the fact that the inflammatory response is not a 
set of individual, temporally well-defined events, rather it is a complex 
interplay of changes whose occurrence can be simultaneous and whose 
separation into a set of separate events is often inappropriate. In this chapter 
such a division will be made for ease of description; however, the simultaneous 
and sometimes mutually interdependent nature of a number of the changes 
will become obvious. It is important to remember at this point that although 
the complement system is one of the most potent mediator systems in vivo 
that promotes and perpetuates inflammation, it is not the only one. Discussion 
of the other systems such as the kinin system, cyclooxygenase/lipoxygenase 
products and the coagulation system is outwith the scope of this chapter; 
however, where important interactions exist these will be mentioned. 

Vascular changes 

It is convenient to group together blood vessel permeability, vasodilatation 
and oedema formation under the heading of vascular changes. The main 
complement peptides which mediate these changes are the anaphylatoxins 
C4a, C3a and C5a. In Figure 2.1 it can be seen that these represent cleavage 
products of C4, C3 and C5 respectively. They do not form part of the 
activation cascade convertases but are released into the fluid phase to mediate 
other effector functions. 

Experimentally it was initially shown that C4a, C3a and C5a can increase 
vascular permeability with C5a being the most potent and C4a the least 
effectiveso. Mediation of this effect appeared to be through the binding of 
these pep tides to specific surface receptors on mast cells which thus stimulated 
released histamine, the histamine then producing much of the increase in 
vascular permeabilitySl. Evidence is now accumulating, however, indicating 
that this is an oversimplification, and that the vascular changes occurring at 
sites of complement-induced inflammation have a more complex pathogenesis. 
Histamine-dependent mechanisms may make a more significant contribution 
to the immediate and often shorter-lived vascular alterations seen following 
mild physical trauma or in classical type I hypersensitivity reactions, but this 
does not seem to be the case for the more prolonged vascular responses in 
many complement-induced inflammatory situations 52 . It is now recognized 
that increased vascular permeability and vasodilatation are two separately 
controlled components of the inflammatory response with synergism being 
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needed between them to produce significant and prolonged tissue oedema 53.54. 

Experiments using intradermal injection ofC5a as the inflammatory challenge, 
and producing a classical wheal-and-flare reaction, have shown that often 
within as little as 2 minutes of its administration there is an increased 
adherence of neutrophils to the endothelium of small blood vessels in the 
area of the C5a injection site. This accumulation of neutrophils seems to be 
a pivotal occurrence for subsequent alterations in blood vessel permeability, 
vasodilatation and oedema formation 55 . It is proposed that the neutrophils 
induce increased blood vessel permeability by direct production of, as yet, 
poorly defined 'permeability factors', or else induce the endothelial cells to 
which they are attached to elicit such factors 56; leukotrienes, D series 
prostaglandins and toxic oxygen radicals have all been implicated. Vasodilatation 
appears to be mediated by prostaglandins which are produced by the 
neutrophils or endothelial cells with prostaglandin E2 being one of the best 
characterized and studied. Induction of vasodilatation alone by the 
administration of prostaglandin E2 is insufficient to produce tissue oedema 53; 

neutrophil margination and vessel permeability alterations are essential. 
Support for the central role played by the neutrophil in regulating the 
inflammatory vascular changes was obtained by studying patients with 
neutropenia due to bone marrow failure 56. These patients have a very much 
reduced vascular response to an inflammatory challenge with C5a, a response 
which virtually returned to normal when an infusion of neutrophils was given. 
In these same individuals mast cell degranulation and histamine release are 
normal, so underlining the relatively minor role that histamine plays in this 
form of complement induced inflammation. Indeed in normal individuals 
challenged with C5a, antihistamines have little effect in abrogating the 
vascular inflammatory reactions that occur. The use of prostaglandin 
synthetase and lipoxygenase inhibitors supports a role for prostaglandins as 
chemical mediators of complement-induced vascular responses; however, 
uncertainty still exists regarding their exact sites of action and relative 
potency. Certain leukotrienes such as B4 may also have a role to play in 
helping to mediate neutrophil adherence to endothelial cells, although this 
is, as yet, rather less well defined57 . 

In most of the experimental systems used to study the inflammatory 
reactions induced by C5a very low doses of around 1 ng of C5a were effective 
at producing a marked response58. This amount is thought to be physiologically 
attainable at sites of complement activation, and therefore gains in vivo 
credibility. Furthermore, repeated exposure to it appeared not to produce 
significant desensitization. The relative effectiveness of C3a and particularly 
C4a need greater study before their in vivo contribution can be better assessed. 

At this stage mention has to be made of the specific degradation that the 
anaphylatoxins undergo in vivo. They are all acted upon by plasma 
carboxypeptidase N 59, originally called anaphylatoxin inactivator, which 
removes the C-terminal arginine residue from each of them, giving C4 des-Arg, 
C3a des-Arg and C5a des-Arg60. The relevance ofthis event is that it proceeds 
very rapidly to completion, particularly for C3a, with the newly generated 
des-Arg products actually mediating the in vivo biological effects6 1 . It is now 
widely accepted that the des-Arg derivatives of all the anaphylatoxins produce 
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no histamine release from mast cells 60. When injected into the skin, however, 
they trigger an inflammatory wheal-and-flare reaction, macroscopically and 
microscopically indistinguishable from the one caused by the native 
anaphylatoxin58. This evidence therefore lends further support to the fact 
that histamine has little role to play in anaphylatoxin-induced inflammatory 
reactions in vivo. Attention will be drawn where relevant to important 
differences in the degree of biological effectiveness of des-Arg products in 
subsequent sections of this chapter. 

Neutrophil adhesiveness 

As described earlier, the neutrophil is now considered to playa crucial role 
in achieving an optimal vascular inflammatory response, a vital prerequisite 
for which is adhesion to vascular endothelium at sites of developing 
inflammation. The concept of modulation of neutrophil adhesiveness therefore 
becomes a critical issue. In vitro studies using purified C5a showed that 
binding to the neutrophil C5a receptor promotes the ability of neutrophils 
to bind to endothelial cells but not to smooth muscle cells or fibroblasts62• 

Both C5a and C5a des-Arg seem equipotent in this respect. In addition, 
neutrophil aggregation and up-regulation of cell surface C3 receptor numbers 
is induced63 ,64. The relevance of the latter finding to adhesiveness becomes 
obvious when it is realized that certain neutrophil surface adhesion molecules 
called MACl and pl50, 95 appear to be identical to CR3 and CR4 
respectively, both of which are types of neutrophil cell surface C3 receptors 
whose production is enhanced by CSa/CSa des_Arg64,65. No alterations in 
endothelial 'stickiness' have been detected after exposure to C5a or C5a 
des-Argo The situation is now created whereby complement-induced changes 
have promoted neutrophil margination so facilitating subsequent vasodilatation 
as described above. Vascular stasis resultant upon vasodilatation will then 
encourage neutrophil aggregation and further margination; a positive feedback 
situation has been created. 

Chemotaxis 

One of the best-known biological and pro-inflammatory activities mediated 
by the complement system is chemotaxis. Measurable chemotactic responses 
are seen for neutrophils, basophils, eosinophils and monocytes with CSa 
being the most potent chemotactic agent66 .67. In experimental systems C5a 
is up to tOOO times more potent than C3a, with C4a being less active than 
C3a61 . In vitro comparisons of C5a versus C5a des-Arg chemotactic activity 
for neutrophils have shown on average a to-fold greater potency in favour 
of C5a. Doubt exists, however, as to whether this is a genuine reflection of 
the situation in vivo. Evidence exists suggesting that C5a des-Arg may be at 
least as chemotactically active in vivo as C5a68. In the rabbit it has been 
shown that aerosol administration of human CSa des-Arg produces a more 
marked intrapulmonary accumulation of neutrophils compared with an equal 
dose of CSa. Since C5a des-Arg is the predominant species present in vivo, 
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due to the action of carboxypeptidase N, this potency of action compared 
with the in vitro situation is not totally unexpected. Possible origins for the 
in vitro/in vivo discrepancy may be as follows: 

1. Evidence exists for there being a greater resistance of C5a des-Arg 
compared with C5a to further proteolytic degradation61 . The des-Arg 
species therefore displays enhanced biological availability and effect in an 
in vivo model where the route of administration, such as by aerosol, limits 
carboxypeptidase N access to the C5a. 

2. More importantly, the full expression of human C5a des-Arg chemotactic 
activity requires the presence of a plasma co-factor or co-chemotaxin, a 
factor which is not necessary for C5a to achieve its full potentia169. 

In vitro experimentation may therefore be an inaccurate representation of 
the in vivo situation should it be deficient in this co-factor if, for example, 
the culture conditions lack serum or contain too Iowa serum concentration. 
Inclusion of whole serum at an optimal concentration for in vitro chemotactic 
assay mixes is now part of most standard experimental protocols. The 
proposed mechanism of action of the co-factor is interesting. Human C5a 
and C5a des-Arg have an oligosaccharide moiety attached to them. The 
plasma co-factor has strong carbohydrate binding properties so it is thought 
that the co-factor is acting to overcome any possible inhibitory steric or 
charge effects caused by the oligosaccharide during receptor binding by the 
C5a des-Arg7o. Native C5a, however, binds so avidly to its receptor that the 
oligosaccharide moiety has little inhibitory effect and a co-factor is therefore 
unnecessary. Comparison with porcine C5a des-Arg which lacks the 
oligosaccharide unit shows that no co-factor is required for it to elicit a 
chemotactic response. Indeed it has been shown that removal of the 
carbohydrate from human C5a des-Arg increases its chemotactic activity 
markedly. No similar increase is seen for C5a following identical treatment. 

The importance ofC5a and C5a des-Arg as potent inflammatory mediators 
is emphasized by a recent study from the field of microbiology. It showed 
that group B streptococci, when present in the tissues of a host, produced a 
minimal acute inflammatory reaction and little in the way of neutrophil 
accumulation. This phenomenon seems to be due to the fact that this group 
of streptococci produce a specific enzyme which degrades C5a and C5a 
des-Arg, thereby abrogating their biological actions 71. For the bacterial 
species it represents a virulence factor; for the complementologist it demonstrates 
the important role C5a and C5a des-Arg play in the inflammatory response. 
Group A streptococci appear to produce a not-dissimilar factor. 

As stated above, mononuclear phagocytes, namely monocytes and 
macrophages, are chemotactically responsive to the anaphylatoxins. For 
macro phages it appears that the degree of responsiveness is closely tied in 
with their tissue of origin. This is demonstrated by the fact that alveolar-derived 
macro phages are poorly responsive to C5a whereas peritoneal macrophages 
are very responsive61 . The cellular mechanism operating to create this 
differential reactivity is unclear; however, it may reflect important differences 
in expected function of the two cell populations. Monocytes, the precursors 
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of tissue macro phages, seem uniformly chemotactically responsive, indicating 
that the programming occurs after arrival at the 'end-organ'. 

Chemotaxis in vivo involves the directed migration of cells into the tissues 
from the intravascular compartment. Maintenance of a good supply of these 
cells is therefore of vital importance, and complement-derived peptides appear 
to have a role to play for neutrophils in this capacity. These peptides are 
derived from C3, namely C3e and C3d-K 7 2. 73. They both induce a leukocytosis 
by causing the release of neutrophils from the bone marrow into the peripheral 
blood ready for use at sites of inflammation. The exact molecular mechanisms 
which govern the neutrophil release are, however, unclear. 

Toxic oxygen radical and lysosomal enzyme release from 
phagocytic cells 

It is thought that a significant pro-inflammatory contribution may be made 
by neutrophils releasing toxic oxygen radicals and lysosomal enzymes into 
their immediate environment. In vitro and in vivo studies of the former have 
shown that a number of biological stimuli, including C5a treatment of 
neutrophils, induce the production and release of significant amounts of the 
toxic oxygen species superoxide anion and hydrogen peroxide 74. Thereafter, 
despite defence measures in the form of the enzymes superoxide dismutase 
and catalase, damage particularly to endothelial cells can occur with resulting 
increased permeability and leakage of a protein-rich oedema fluid75• These 
oxygen species may therefore represent one of the neutrophil-derived 
permeability factors mentioned earlier. More work is required before the 
importance of their contribution is fully understood. 

At sites of inflammation the release of lysosomal enzymes by phagocytic 
cells probably directly contributes to the tissue damage which occurs 76. In 
addition to this lysosomal enzymes are also known to be able to activate Cl 
and factor B in vitro, so potentially increasing the level of complement 
activation. Again a positive feedback loop could operate; it is not known, 
however, if this actually occurs in vivo. The enzyme release is stimulated by 
C5a, C5a des-Arg, C3e and by crosslinking of CRl (complement receptor 
type 1) on the surface of phagocytic cells 77-79. This crosslinking is likely at 
sites of complement activation where C3b becomes bound to the activating 
surface such as microorganisms and antigen- antibody complexes, and is 
then able to crosslink the CRt receptors. Interestingly, recent work has shown 
that not all immune complexes with incorporated C3b are equally effective 
at inducing enzyme release. Complexes containing IgG induce lysosomal 
enzyme release from neutrophils; however, IgM-containing complexes produce 
only a very small effect 80. 

Membrane aHack complex involvement in inflammation 

It was formerly thought that the vast majority of complement system-derived 
pro-inflammatory mediation was through the actions of the ana phyla toxins 
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and C3b, as described in the preceding pages. Recent work has shown, 
however, that the membrane attack complex C5b- 9 may have a role to play 
in certain situations. Seeger et al., in a rabbit model of complement-induced 
inflammatory lung disease, showed that terminal complement activation in 
the lungs led to local prostanoid generation and an increase in permeability 
of the small pulmonary blood vessels81 . They suggested that MAC formation 
in cell membranes at the site of complement activation led to calcium ion 
influx through the transmembrane pore that was formed. This ion influx 
then triggered the arachidonate cascade. Inhibition of these biological effects 
by calcium ion antagonists helped to support this theory. Care must be taken 
when interpreting these results, since it may represent a species-specific 
reaction. Confirmation in other animal models is required. 

Also of relevance to MAC-mediated events that can occur at inflammatory 
sites is the platelet release reaction. It has been shown that treating platelets 
with C5b- 9 leads to alpha granule and dense body release reactions82. In 
addition the platelets release micro vesicles which are coated with C5b- 9 and 
which have membrane receptor sites for coagulation factor Va. Again calcium 
ion influx with secondary activation of platelet protein kinases is thought to 
be responsible for the C5b-9 effects. Overall, therefore, C5b-9 is generating 
platelet-derived pro-coagulant activity, and is possibly helping to explain 
why activation ofthe coagulation system is a not-uncommon accompaniment 
of certain acute inflammatory states. 

Human neutrophils also show the phenomenon of micro vesicle shedding. 
It has been shown that when treated with purified MACs these cells protect 
themselves by aggregating the MACs then releasing them on the surface of 
microvesicles83. In addition, a degree of specific MAC protein degradation 
by the neutrophil has been observbed. 

Overall, therefore, terminal sequence activation with MAC formation and 
membrane insertion can represent a lethal cell lytic event, or else may result 
in specific alterations of cell function, some of which appear to be 
pro-inflammatory. The in vivo MAC control measures described above, and 
the C8 and C9 binding glycoproteins mentioned earlier, act to ensure the 
maintenance of a balanced state by not only minimizing potentially damaging 
bystander cell lysis but at the same time facilitating the more biologically 
beneficial effects. It is likely that this subtle balance will be disrupted in 
certain disease states or during episodes of intense complement activation 
such that important, sometimes detrimental, effects on the host will result. 

THE COMPLEMENT SYSTEM AND DISEASE 

The complement system is now known to play an important role in the 
pathogenesis of a number of human diseases. Many of these diseases have 
a prominent inflammatory component, the creation of which is often strongly 
associated with complement activation. Immune complex diseases, certain 
complement deficiency syndromes and the adult respiratory distress syndrome 
(ARDS) will be examined in turn to illustrate this concept. 
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Complement and immune complex disease 

Antigen-antibody complexes or immune complexes are constantly being 
formed in the body as the end-result of the specific humoral immune response. 
In most situations their formation produces no detrimental effects on the 
host, and indeed is often beneficial in that it 'neutralizes' the antigen. It is 
now widely accepted, however, that the deposition or formation of immune 
complexes in the tissues can be associated with tissue damage and immune 
complex disease in certain situations84. Complement can playa major role 
in the generation of such diseases by virtue of the fact that the complexes, 
once formed, cause activation of the system with resultant inflammation and 
oedema formation as described in the preceding pages. Human diseases where 
this mechanism occurs include: 

1. Extrinsic allergic alveolitis where acute respiratory problems and even 
respiratory failure follows inhalation of an antigen in a presensitized host. 
Good examples of this condition include farmer's lung, pigeon-fancier's 
lung or mushroom-picker's lung. 

2. Rheumatoid arthritis, where a marked inflammatory reaction occurs in 
the synovial lining of many joints due to the formation of antigen-antibody 
complexes at these sites. 

3. The Jarisch-Herxheimer reaction which follows penicillin treatment of 
syphilitics who have high specific antibody levels. The resultant antigen 
release from the killed causative treponemes allows marked antigen -antibody 
interaction. 

4. Glomerulonephritis, where in certain types there seems to be intraglomerular 
formation or trapping of antigen-antibody complexes with resultant 
glomerular inflammation, dysfunction and renal impairment. 

Interestingly, the result of complement activation by immune complexes 
in vivo is not purely detrimental to the host. In addition to significantly 
contributing to the pathogenesis of the disease states described above, 
complement activation can also have an important protective role to play. 
It is now known that complement activation acts to prevent both the 
formation and persistence of large insoluble immune complexes in the 
circulation and tissues. These actions, which are principally mediated by the 
classical pathway and alternative pathway respectively, help to prevent the 
development of, and reduce the severity of, the injurious effects of immune 
complexes in the tissues. Complement activation can tperefore have divergent 
or differing effects with the exact outcome being dependent upon the nature 
of the immune complex, its location, the rate of formation and the degree 
and type of complement activation produced. Much work is required before 
it will be possible to predict and hopefully modulate the biological consequences 
of the presence of immune complexes in certain disease states. 

Inherited complement deficiency syndromes and disease 

Inherited human complement deficiency states are not common conditions; 
however, they provide an informative insight into the important biological 
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functions carried out by, or significantly contributed to by, the complement 
system in vivo. Inherited deficiency states of the majority of the complement 
components have now been documented with certain shared biological effects 
and disease states being seen85 . The commonest clinical abnormalities 
associated with homozygous genetic deficiency states are: (a) immune complex 
diseases including glomerulonephritis, various arthritides and systemic lupus 
erythematosus; and (b) recurrent, sometimes life-threatening infections, 
particularly respiratory infections and neisserial infections including meningitis. 

This emphasizes the vital role played by the complement system in ensuring 
both proper handling of immune complexes by the host as described earlier, 
and in facilitating opsonization, phagocytosis and lysis of potentially pathogenic 
bacteria. It is important to remember to test for complement deficiency states 
in patients with recurrent infections or immune complex diseases when the 
more common aetiologies have been excluded. 

An interesting form of inflammatory reaction is seen in hereditary C 1 
inhibitor deficiency (hereditary angioedema, HAE)86. In this disease there is 
a genetically determined deficiency or dysfunction of the Cl inhibitor protein 
due, it is now known, to structural abnormalities in the patient's Cl inhibitor 
gene. The net effect is to allow excessive activation of Cl and so excessive 
activation of the classical complement pathway with depletion of C4 and C2. 
Clinically the patient experiences distressing episodes of acute tissue swelling 
or oedema affecting particularly the hands, feet, face and gastrointestinal 
tract. If the larynx is affected then stridor and asphyxiation can result, a 
mode of death which formerly befell up to one-third of HAE patients before 
the advent of modern therapy. Microscopic examination of the oedema to us 
tissues shows capillary and venular dilatation with marked extracellular 
oedema due to increased vascular permeability. A rather surprising finding 
which is, as yet, poorly understood is an almost complete lack of an acute 
inflammatory cell infiltrate in the affected tissues. In this disease oedema 
formation is therefore entirely independent of neutrophil involvement. 
Defining the chemical mediators responsible for these tissue changes has 
been difficult and controversial. Initially a peptide, C2-kinin, released from 
C2 by the action of CIs, was blamed. Opinion, however, changed, with 
bradykinin becoming the front-runner. New evidence has now brought the 
investigation full circle with a C2-derived peptide again being favoured 87. 

Complement and the adult respiratory distress syndrome (ARDS) 

This syndrome is a well-characterized and potentially lethal complication of 
clinical shock, the initial shocked state being most often due to sepsis, severe 
trauma or acute pancreatitis88. Indeed ARDS is often called 'shock lung'. It 
has been shown that complement activation with anaphylatoxin generation, 
particularly C5a/C5a des-Arg, is a critical factor in the development of 
ARDS89. Examination of lungs from patients with the condition reveals 
microvascular leukostasis and plugging, along with leakage of a protein-rich 
oedema fluid from the small blood vessels, all changes which have been tied 
in to the effects of the anaphylatoxins described earlier in this chapter. In 
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animal models complement or neutrophil depletion prevents the development 
of ARDS, so adding to the evidence that supports an interdependent role 
for complement and neutrophils in the pathogenesis of this condition. 
Currently high doses of corticosteroids, if administered early enough, are 
effective at preventing the development of ARDS in 'at-risk' patients88. Their 
action appears to be due to their ability to significantly reduce neutrophil 
aggregation and accumulation in the lungs, so abrogating the subseqeunt 
release of toxic metabolites by these cells therein. 

CONCLUSIONS 

The inflammatory response is one of the most universal and essential 
biological responses encountered in most species. The complement system 
of proteins, in addition to its many other roles, contributes significantly to 
the development and maintenance of the inflammatory response in a large 
number of animals, including humans. Most important amongst the 
pro-inflammatory mediators are the anaphylatoxins, with C5a and C5a 
des-Arg having the greatest diversity of biological action and potency of 
effect. Vascular inflammatory changes, neutrophil adhesion, chemotaxis and 
release of toxic ions and enzymes from inflammatory cells are included in 
the range of complement-induced inflammatory effects. 

Recognition of the important role that the complement system plays in 
the inflammatory response, a response which can sometimes be detrimental 
to the host, has stimulated a search for specific inhibitors of complement 
activation. Formerly general protease inhibitors were available; however, 
their range of enzyme inhibition was wide and so they were highly toxic to 
the host if administered in vivo. Recently a far more specific inhibitor called 
rosmarinic acid has been isolated from the bacterium Melissa officinalis. Its 
successful use in vivo to inhibit complement-induced inflammatory reactions 
has now been documented90. This possibly heralds the advent of more specific 
therapy for inflammatory diseases such as immune complex diseases and the 
adult respiratory distress syndrome whose molecular pathogenesis is so 
closely linked to complement activation. 
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3 
The kinin system: current concepts and 
perspectives 
D. REGOL!, N.-E. RHALEB, G. DRAPEAU and S. DION 

INTRODUCTION 

The participation of kinins in the initiation and maintenance of the 
inflammatory process has been repeatedly affirmed and analysed 1,2 , Indeed, 
generation of kinins is increased in the initial phase of the inflammatory 
process both in experimental animals3,4 and in humans 5, Despite their rapid 
inactivation by a variety of peptidases, a local generation of kinins may be 
maintained during the subacute and chronic phase of inflammation by the 
continuous release of kallikreins from neutrophils and other blood cells6 ,7 . 

Thus, the initial activation of local kallikreins is followed by a multiplicative 
cascade of events which accentuate the release of other endogenous mediators 
such as histamine, prostaglandins and the sensory neuropeptides which take 
part in the inflammatory reaction. No wonder that various groups of scientists 
are working towards the identification and development of inhibitors of 
kallikreins or antagonists of kinin receptors, since these agents could moderate 
the excessive reaction of animal tissues to noxious stimuli. 

THE KALLIKREIN-KININ SYSTEM 

The various components of the kallikrein-kinin system are illustrated in 
Figure 3.1. Kinins (bradykinin and kallidin) are derived from larger proteins, 
the kininogens, which are synthesized primarily in the liver and possibly in 
other tissues. Kininogens have been intensively studied in recent years and 
their genetics, structure and functions have been identified and carefully 
reviewed by Miiller-Ester! et al. B• Two types ofkininogens, the high molecular 
weight kininogen (H-kininogen 88000-1140000) and the low molecular 
weight kininogen (L-kininogen 50000-68000 D) have been found to: 
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Figure 3.1 The kallikrein-kinin system and the primary structures of the kin ins. 

1. provide substrates for kallikreins, 
2. inhibit cystein proteinases, 
3. bind to subendothelial surfaces and then attract coagulation proenzymes 

for initiating the contact phase of coagulation8 .9 . 

H-kininogen has all three functions and possesses a histidine-reach region 
which allows for binding to subendothelial surfaces (Figure 3.2), while 
L-kininogen has only functions (1) and (2). The general structures of human 
kininogens and the various functional domains are illustrated in Figure 3.2. 
According to Muller-Ester! et a/. B 'only one kininogen gene is present in the 
human genome ... the high molecular weight and low molecular weight 
kininogen mRNAs are encoded by a single gene, and the use of different 
polyadenylation sites in combination with alternative RNA splicing is 
responsible for the generation of two distinct types of mRNA'. 

A special type of kininogen, the T -kininogen, has been identified in the 
rat. T-kininogen has a molecular weight of 68000 and it is a substrate for 
trypsin and cathepsin C, but not for kallikreins. The T-kininogen has been 
found to increase during peripheral inflammation induced experimentally in 
the rat lO: T-kininogen contains the sequence of T-kinin, the undecapeptide 
Ile-Ser-bradykinin. 

H- and L-kininogens are hydrolysed by a group of trypsin-like enzymes, 
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(a) (b) 

Figure 3.2 The general structure of human kininogens is represented as comprising multiple 
domains. Assignment of the domains is based on structural, functional and evolutionary evidence, 
the boundaries between the single domains are somewhat arbitrary. (a) HMW kininogen has 
six domains (DI-D6) and (b) LMW kininogens has five (DI- DS). *, Putative reactive site: 0, 
potential disulfide loop; , carbohydrate attachment site; EB , histidine-rich region; L cleavage 
site for kallikrein. Similar domain structures are found for bovine and rat kinonogens including 
T-kininogen. Reproduced from Miiller-Ester! et a/.s with permission. 

the kallikreins, which act on two basic amino acid residues within the 
kininogen molecules to release bradykinin or kallidin, whose primary 
structures are shown in Figure 3.1. 

Kallikreins are present in plasma and in various organs (the kidney, some 
exocrine glands) and in various cell types, such as human polymorphonuclear 
leukocytes6 ,7. The kallikreins are divided into two main groups: tissue and 
plasma kallikreins, which differ in the molecular weight, isoelectric point, 
substrate specificity and type of kinin released. The kallikrein gene family is 
composed of closely related units, with genes varying greatly in number 
among different mammalian species. Humans have 24 genes, the rat 10- 17 
and the hamster 3 or 411 . These genes encode homologous trypsin-like 
serine proteases with a variety of natural substrates. Members of the kallikrein 
gene family include epidermal growth factor binding proteins A, Band C 
which convert epidermal growth factor precursor to the active form, and a 
subunit of nerve growth factor with protease activity responsible for cleavage 
and activation of another subunit of the molecule 12. 

The role of these kallikreins in conversion of kininogens is uncertain. On 
the other hand plasma kallikrein would appear to be of major importance 
as a physiological kininogase. It is synthesized in the liver, it circulates as 
an inactive molecule in the plasma and is activated by Hageman factor. The 
activation of the plasma kallikrein system thus depends on contact with 
negatively charged Hageman factor. Activated kallikrein converts plasminogen 
to plasmin, and may be involved in the auto activation of the Hageman factor. 
It is thus important in the clotting and fibrinolysis system in addition to 
generating kinins. Other roles in inflammation such as chemotaxis for 
plasmatic polymorphonuclear leukocytes may be important (see ref. 71). In 
plasma and tissues, kallikreins are generally present as large inactive 
precursors constituted of the active kallikrein moiety and of a short 
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heptapeptide, Ala-Pro-Pro-Ile-Gln-Ser-Arg13. According to McDonald et 
a/Y, 'the activation process of tissue kallikreins may be similar to that of 
other serine-proteases, such as chymotrypsin, where the newly formed 
N-terminal Ile+ 1 links up via an ionic bond with Asp 19414, altering the 
three dimensional structure to expose the active site'12. Activation of 
kallikreins under pathological conditions is brought about by a variety of 
stimuli such as extremes of temperature, strong acids and bases, all kind of 
pro-inflammatory agents as well as a variety of proteolytic enzymes including 
trypsin, kallikreins themselves (autocatalysis) and products of bacteria, such 
as thermolysin 13 . 

Activation ofkallikreins leads to release of kin ins, which are rapidly broken 
down by a variety of proteolytic enzymes, acting at the kinin C-terminal or 
somewhere in the middle of the peptide sequence. The most important 
peptidases involved in this process are (a) carboxypeptidase N (EC 3.4.17.3), 
(b) a carboxydipeptidase called kininase II (EC 3.4.15.1 ), (c) some chymotrypsin
like enzymes that may be present in blood and biological fluids l5, including 
the recently identified neutral endopeptidase (EC 3.4.24.11)16. Aminopeptidase 
N (EC 3.4.11.2) removes the first residue (Lys) from kallidin and thus releases 
bradykininl5. The nonapeptide bradykinin and the decapeptide kallidin 
(Lys-bradykinin) are converted into des-Arg9-BK and des-Argl0-KD by 
kininase I and into des-phe8-des-Arg9-BK and des-phe9-des-Arg I O-KD by 
kininase II (see Figure 3.1). The products of the degradation by kininase I 
maintain some biological activities (see below), while those of kininase II 
appear to be completely inactive. Both these pairs of peptides are further 
broken down to inactive fragments by a variety of peptidases which are 
present in blood and tissues. 

The most important sites of kinin degradation are the lung and the kidney; 
90- 95% of bradykinin is inactivated in a single passage through the lung17 
by kininase II, which is abundant in the pulmonary endothelium. The kinins 
that pass through the glomerular filter into the urine are rapidly inactivated 
by the kininase II and other enzymes of the brush border of the renal 
convoluted tubule l8.19 and by the newly identified neutral endopeptidase16. 
Inactivation of kinins may also occur rapidly in the extracellular fluid and 
in inflamed tissues. Because of rapid inactivation by the lung and the tissues, 
the concentration of kinins in circulating blood is very low, in the order of 
pg (see review article by Regoli and Barabe20). Kinins are therefore present 
in concentrations large enough to exert biological effects only in the proximity 
of the site of release: they should therefore be considered as autacoids. 
Bradykinin, kallidin and some oftheir metabolites exert a variety of biological 
effects through the activation of at least two different receptor types, and 
possibly by non-receptor mechanisms. 

KININ RECEPTORS: PHARMACOLOGICAL CHARACTERIZATION 

The existence of specific receptors for kinins has been demonstrated with 
pharmacological and biochemical assays. 
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Pharmacological assays on kinins have been performed in a variety of 
isolated organs. Such studies began in 1949, when Rocha e Silva et aFt 
identified a new activity in the snake venom which induced a slow (compared 
to that of histamine) contraction of the guinea pig ileum. Because of such 
an effect the principle was named bradykinin. This preparation has been 
extensively used, even recently by Vavrek and Stewart22. Assays were also 
performed on the rat uterus22.23 and the rat duodenum, a preparation in 
which kinins induce relaxation24. Other tissues, used for measuring the in 
vitro biological effects of kin ins until 1976, have been reviewed by Bertaccini25 . 

During the past 15 years a few isolated vessels that appear to be suitable for 
pharmacological studies on kinins have been used in our laboratory, including 
the rabbit aorta and jugular vein26.27 and dog carotid and renal arteries2B.29. 
Examples of tracings obtained in the four preparations are shown in Figure 
3.3. The rabbit's tissues respond to kinins by contraction, while the dog's 
tissues respond by relaxation. Rabbit aorta is particularly sensitive to 
des-Arg9-BK, while the other three vessels show high sensitivity to BK and 
the dog renal artery also to des-Arg9-BK. The effects of kinins in the four 
vessels appear to be due to activation of specific receptors, and two types of 
receptors have been characterized using agonists and antagonists29.3o. Data 
obtained with nine peptides related to bradykinin or kallidin, namely the 
two naturally occuring kinins, their metabolites released by kininase J, the 
metabolites of kininase II and 3 analogues designed to improve the affinity 
and selectivity for the B2 receptor types, are shown in Table 3.1. 

In the two vessels of the dog, bradykinin and kallidin are more active than 
their metabolites; des-Arg9-BK and des-ArglO-KD. Both des-Arg9-BK and 
des-ArglO-BK are inactive on the dog carotid artery, but maintain 4-5% of 
their activity on the dog renal artery. Metabolites released by kininase II are 
inactive on both vessels. The three shown at the bottom of Table 3.1 are 
very active in both vessels. 

In the other two preparations, the rabbit jugular vein and the rabbit aorta, 
different patterns of biological activities are observed. Bradykinin, kallidin 
and the three analogues (bottom of Table 3.1) show very high activities on 
the rabbit jugular vein while the kinin metabolites are inactive. On the 
contrary, some metabolites, des-Arg9-BK and des-ArglO-KD are potent 
stimulants of the rabbit aorta, being more active than the kinins. [Tyr(Me)B]-BK 
and [Hyp3,Tyr(Me)B]-BK are inactive. 

Based on these data, two orders of potency of kinins have been described 
as follows: 

on the rabbit jugular vein: 
[Hyp3,Tyr(Me)8]-BK> [Tyr(Me)8]-BK > BK > des-Arg9 -BK= des-ArgIO-KD 

on the rabbit aorta: 
des-ArglO-KD > des-Arg9-BK > BK ~ [Tyr(Me)8]-BK = [Hyp3,Tyr(Me)8]-BK. 

Thus, [Tyr(Me)8]-BK and [Hyp3,Tyr(Me)8]-BK are pure B2 receptor agonists, 
active on the rabbit jugular vein and inactive in the rabbit aorta, while 
des-Arg9-BK has the opposite effect - it is active on the rabbit aorta and 
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Figure3.3 Tracings showing the effects of kin ins (bradykinin (BK) and des-Arg9-BK) on isolated 
vessels. RJ.V.: rabbit jugular vein (B 2 ); R.A.: rabbit aorta (B I); D.C.A.: dog carotid artery (B2 ), 

D.R.A.: dog renal artery (B 2 , B2 , BI). Peptide concentrations: R.J.V. BK 4.0 x 10- 10 mol/ L and 
2.0x 1O - 9 mol/L; des-Arg9-BK 1.0 x lO-smol/L; R.A. BK 1.0 x lO-smol/L; des-Arg9-BK 
8.6x 1O - 9 mol/ L and 2.1 x lO -7 mol/L. D.C.A. NA2.0 x lO-smol/L. BK2.0x 10 - 9 moI/L, 
des-Arg9-BK 1.0 x lO -s mol/L. D.R.A. NA2.0 x lO -8 mol/L. BK 4.0 x lO - IO mol/L, des-Arg9 -

BK4.3x lO -8 mol/L. Abscissa: time. Ordinate: tension in g. 
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Table 3.1 Pharmacological characterization of kinin receptors. Order of potency of agonists 

Compound Preparation 

Dog carotid Dog renal Rabbit Rabbit aorta 
artery artery jugular vein 

pDl RA pDl RA pDl RA pDl RA 

Bradykinin (BK) 8.64 100 9.85 100 8.48 100 6.22 9 

Kallidin (KD) 8.44 63 9.70 71 8.63 141 7.27 95 
des-Arg9 -BK <0.01 8.41 4 <0.1 7.29 100 
des-Arg!O-KD <0.01 8.57 5 <0.1 8.60 2042 
des-PheB,des-Arg9-BK Inac. <0.01 <0.1 
des-Phe9,des-Arg!O-KD 5.32 0.05 4.78 0.02 <0.1 

[Tyr(Me)8]-BK 8.64 100 9.89 110 8.59 129 (nac. 
[Hyp3]-BK 8.63 98 10.14 195 8.88 254 6.17 8 
[Hyp3,Tyr(Me)B]-BK 9.07 270 10.22 234 8.56 120 (nac. 

pDl: -log of the concentration of agonist producing 50% of the maximum effect. RA: apparent 
affinity expressed as a percentage of that of the reference agonist, BK for D.C.A., R.J.V. and 
D.RA. and des-Arg9 -BK for RA. 
Inac.: inactive at 10 - 5 mol/L. 

inactive on the rabbit jugular vein. The receptor of the rabbit aorta, the first 
to be characterized26, was named Bl and that of the rabbit jugular vein was 
named B220. The other two vessels from the dog, when used with intact 
endothelium as in the experiments reported in Table 3.1, appear to contain 
B2 receptors since they show the same order of potency of agonist as the 
rabbit jugular vein. Because of the residual activities by des-Arg9 -BK and 
des-Arg1°-KD, the dog renal artery was further investigated and the effects 
of bradykinin and its kininase I metabolite were measured in arteries without 
endothelium and after treatment with either B2 or Bl receptor antagonists. 
As shown in Table 3.2, des-Arg9-BK is more potent than BK: moreover, the 
effect of bradykinin is blocked by a B2 receptor antagonist, [Thi5,8,D-Phe 7]-BK, 
while that of des-Arg9-BK is prevented by the Bl receptor antagonist 

Table 3.2 Pharmacological activities of bradykinin and analogues on the dog renal artery 
without endothelium 

Peptide 

BK 8.25 
des-Arg9-BK 8.60 
[Thi5•8 ,D-Phe 7]-BK 
[Leu8]des-Arg9-BK 
Indomethacin (7.0 x 10 - 6 mol/L) -

pOl: RA. as in Table I. 

R.A. 

100 
224 

pAl 
against BK 

6.63 
Inac. 
Inh. 

pAl 
against des-Arg9-BK 

Inac. 
7.81 
Inh. 

pAl: -log of the concentration of antagonist that reduces the effect of a double dose of agonist 
to that of a single dose3 !. 
Inac.: inactive; Inh.: inhibition. 
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[Leu8]des-Arg9 -BK. These results indicate that, in the absence of endothelium, 
kinins are still able to relax the dog renal artery by activating B2 or B j 

receptors, presumably localized on the smooth muscle membrane. Both 
receptors appear to act by promoting the release of prostaglandins, since the 
effects of kin ins are abolished by indomethacin29. It is also worthy of mention 
that the dog renal artery without endothelium shows high sensitivity to 
des-Arg9-BK from the beginning of the in vitro incubation, and does not 
manifest the progressive increase of sensitivity that is found in the rabbit 
aorta26. It therefore appears that the Bl receptor of the dog renal artery is 
a stable component of the plasma membrane29. 

Kinin receptors were further characterized with antagonists, by evaluating 
the pA2 (see definition at the bottom of Table 3.2) of several compounds, as 
shown in Table 3.3. The first two compounds are active on the rabbit aorta 
and inactive on the rabbit jugular vein: they are potent selective and specific 
Bl receptor antagonists. The other two compounds ([Thi5•8,D-Phe 7]-BK and 
[Thi6.9,D-Phe8]-KD are active on both preparations and show slightly higher 
affinity on the rabbit jugular vein than on the rabbit aorta. They are therefore 
weak, non-selective antagonists which show affinities for the two receptors 
at least one log unit lower than the respective agonists. 

Some recent results obtained with other kinin antagonists are summarized 
in the second part of Table 3.3. [D-Phe 7]-BK is an agonist on the rabbit 
jugular vein and a weak antagonist on the rabbit aorta. Antagonist activity 
on B2 receptor identified and analysed with [Thi5 •8,D-Phe 7]-BK is increased 
by the addition of a Hyp in position 3: the compound (no. 6 of Table 3.3) is 
more selective for B2 receptors than [Thi5•8,D-Phe 7]-BK, since it maintains 
a good affinity on the B2 but is less active on the Bl receptor. Antagonist 
affinity is further increased by the extension of the chain at the N -terminal 

Table 3.3 Apparent affinities (pAz) of kinin antagonists in the rabbit jugular vein (R.J.V.) and 
the rabbit aorta (R.A.) 

Compound R.J. V. R.A. 

pAz Aclivity* pAz Activity 

[Leu8 ]des-Arg9 -BK Inac. 7.3 
[Leu9]des-Arg 1O-KD Inac. 8.4 
[This.B,o-Phe 7]_BK 6.7 + 6.2 
[Thi6 •9 ,o-Phe8]-KD 6.9 + 6.4 

[o-Phe ']-BK Inac. + 5.9 
[Hyp3,Thi s.B,o_Phe ']-BK 7.0 + 5.6 
o-Arg[Hyp3.Thi 5•8,o-Phe' ]-BK 7.9 + 6.2 
N.Ac-o-Arg[Hyp3,This.B ,o-Phe ']-BK 7.5 5.5 

o-Arg[Hyp3,o-Phe ' ]-BK 8.0 + 6.4 
o-Arg[Phe2,Hyp3,o-Phe 7]_BK 6.9 + 5.4 
[o-Phe2 •7]-BK 5.7 <5.0 
[o-Phe7,HypB]-BK 6.1 <5.0 

* Residual agonistic activity, + , present, - , absent. 
Inac.: the compound is not an antagonist. 
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with a D-Arg: however, this change brings back activity on the B1 receptor. 
Recent findings by Devillier et al. 32 (1988) have shown that B2 receptor 
antagonists are potent histamine releasers, more active even than bradykinin. 
Histamine release by kinins can be prevented by acetylation ofthe N-terminal 
NH2. Whenacetylated, D-Arg[Hyp3,Thi5•8,D-Phe7]-BK was found to maintain 
a fairly good affinity for the B2 receptor and to be less active on the B1 receptor. N
acetyl-D-Arg[Hyp3,Thi5•8,D-Phe 7]-BK is almost inactive as histamine releasers 
and appears to be a fairly selective B2 receptor antagonist. 

Since Thi is an expensive and unnatural amino acid with potential toxic 
effects22, some compounds not containing Thi33 were prepared and tested: 
D-Arg[Hyp3,D-Phe 7]-BK was found to be very active as an antagonist of 
B2, while maintaining a fairly good affinity also on the B 1 receptor. Further 
modifications such as the replacement of Pro2 with Phe or the elimination 
of D-Arg and Hyp3 as in [D_Phe2.7]-BK33 were accompanied by drastic 
reductions of affinities on both B2 and B1 receptors. The last compound, 
[D-Phe 7,Hyp8]-BK 33, was also found to be weak on both receptor systems. 
These compounds did not show any selectivity, when tested in vivo and in 
other preparations such as the guinea pig ileum, in contrast with recent 
reports by Stewart and Vavrek33. 

The results detailed above indicate that fairly active B2 receptor antagonists, 
showing pA2 around 8.0, can be obtained by replacing Pro 7 with D-Phe and 
by improving the affinity for the B2 receptors with a Hyp in position 3 and 
an extension of the chain at the N-terminal with a D-Arg. D-Arg[Hyp3,D
Phe7]-BK can be acetylated to reduce or eliminate the histamine-releasing 
activity; moreover, the peptide bond between Phe8 and Arg9 can be replaced 
by CH2- NH in order to protect the antagonist from degradation by 
kininases34: in this way a fairly selective B2 receptor antagonist is obtained. 
Thus the data summarized in Table 3.3 indicate that pure antagonist for B1 
and B2 receptors have been found and shown to be active only on their 
respective receptor, thus providing the best evidence for the existence and 
differentiation of two receptors for the kinins. 

Pure B1 antagonists were tested against angiotensin and noradrenaline on 
the rabbit aorta and against neurokinin on the rabbit pulmonary artery. 
When the effects of the various agents were blocked by the respective 
antagonists, namely [Sar1,Leu8]ATn, prazosin and R.396, a NK-2 antagonist 
recently identified in our laboratory (Regoli, Drapeau, Dion, Rhaleb, Rouissi, 
unpublished), these agents had no effect on the responses of the preparations 
to des-Arg9-BK. On the other hand, [Leu8]-des-Arg9-BK reduced the effect 
of des-Arg9-BK without having any influence on the myotropic effects of 
ATn and NA on the rabbit aorta, and the effect of NKA on the rabbit 
pulmonary artery. Similarly, a B2 selective receptor antagonist gave identical 
results, when tested against BK, SP and acetylcholine in the dog carotid 
artery. The antagonist was found to be active only against BK. Atropine and 
a neurokinin receptor antagonists [D_Pro4 ,D_Trp7.9]SP (4-11) blocked 
respectively the effects of Ach and SP without modifying that of BK. Together 
with a definite proof of the existence of two different receptors for the kinins, 
the results described provide the essential tools for receptor characterization 
in terms of pure B1 and B2 receptor agonists and antagonists. 
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KININ RECEPTORS: BIOCHEMICAL STUDIES 

Binding assays with kinins have been performed on a variety of preparations. 
Data obtained in various studies are summarized in Table 3.4. Both tritiated 
BK and iodinated analogues of BK, ([Tyrl ]-KD, [Tyr8]-BK) have been used. 
Specific binding of BK to plasma membranes of rat uterus was reported by 
Reissman et al. 35, with tritiated BK. Three years later, Odya et al. 36 measured 
specific binding of BK on bovine uterus using various iodinated pep tides, of 
which the most suitable was [ 125I_Tyr1]-KD. In the two studies, only the 
association constant was estimated and found to be around to- 10M. A few 
years later, Fredrick et al. 37 estimated the Kd of [ 125I_Tyr 1]-KD to be 

Table 3.4 Kinin pharmacology: radioreceptor assays 

Tissue Label Kassoc Ie 50 Kd B"",x Reference 
(specific activity) (mol/WI (nmol/l) (nmol/l) (fmol/mg 

protein) 

Rat uterus eH]BK 3.6 x 109 35 
(2Cijmmol) 2.2 x 1010 

Bovine myometrium [,25J]Tyr l _KD 1010 160 36 

Human fibroblasts 
(l - 2Ci/ llmol) 
eH]BK 4.6 230 38 
(52Ci/nmol) 

Bovine myometrium 
solubilized [,25I]Tyr l -KD 0.16 37 

(1-2CifIlmol) 
Kidney 

medulla [3H]BK 59.4 39 
cortex (42 Ci/mmol) 13.3 39 

CCT 8.9 68 39 
Renomedullary 

interstitial cells [ 125J]Tyr l _KD 1.3 x 109 40 
(1- 2 Ci/ Ilmol) 

Guinea pig ileum [3H]BK 1.9 5.0 25 41 
(l2.2 Ci/mmol) 

Rabbit mesenteric 
vein [3H]des-Arg9-BK 104 0.06* 42 

(lOCi/mmol) 
Rat jejunum 

(epithelial 
membranes) [I 25IJ-[Tyr8J-BK 0.69 332.8 44 

(1.8 Ci/ Ilg) 
Bovine pulmonary 

artery (endothelial 
cells) [3H]BK 

(61.7 Ci/mmol) 1.28 111.1 46 
Calf pulmonary artery [3H]BK 
(endothelial cells) (55 Ci/mmol) 2.1 47.9t 47 
(smooth muscle cells) 4.9 17.3t 47 
(adventitia fibroblasts) 7.9 26.3t 47 
Rat brain [I 25I]-Tyr-BK 0.5 72 43 
(cells in culture) (500-800 Ci/mmol) 21 1193 
Guinea pig brain [3H]-BK 0.1 8.4 45 
(synaptosomes) (61.7 bi/mmol) 

* pmol/g of wet tissue. 
t fmol/106 cells. 

46 



THE KININ SYSTEM 

approximately 0.16 nmol/L using a similar preparation. Using human fibroblasts, 
Roscher et al. 38 estimated at 4.6nmoljL the Kd of [3H]-BK and at 
230 fmol/mg of protein the number of binding sites. Roscher et al.3s also 
demonstrated the existence of a good correlation between the relative potency 
of several BK analogues to compete with [3H]-BK for the binding and release 
of prostacyclin from human fibroblasts. A good correlation between binding 

and biological activities (on the rat uterus) has also been demonstrated by 
other authors37. Intense binding of [3HJ-BK to cortical and outer medullary 
collecting tubules of the rabbit kidney was demonstrated by Tomita and 
Pisan039. BK binding correlated fairly well with the concentration of 
kallikreins. Specific binding sites for bradykinin were also found by Fredrick 
et al.40 in a particular fraction from cultured renal medullary interstitial cells 
of the rat. The characterization of kinin receptor using binding assays and 
agonists was attempted by Innis et al.41 using [3H]BK on guinea pig ileum 
membranes. The following order of potency for displacing [3H]-BK was 
determined: BK> [This,s]-BK> KD> [Hyp3]-BK ~des-Arg9-BK, the last 
compound being very weak. The authors suggested that the ileum binding 
sites have the characteristics of a B2 receptor type. 

Bl receptor sites were studied by Barabe et al.42 using eH]-des-Arg9-BK 
on strips of the rabbit mesenteric vein. A dissociation constant of 104 nM 
which corresponded to the EDso of the biological assays was measured after 
6 h of incubation in vitro. The number of sites (Bm.x) could not be estimated, 
since it increases continuously because of the novel formation of receptors26. 

In the first study describing the binding of [ 1251]-Tyr-BK to rat brain cell 
in a primary culture, the presence of two high-affinity binding sites was 
recognized having dissociation constants of 0.5 nM and 21 nM, and with Bmax 
of 1193 and 72 fmol/mg of protein, respectively43. By comparing the potency 
of various kinins the authors came to the conclusion that the sites have the 
characteristics of the B2 receptor type. Binding of kinins in rat intestine, 
jejunum and descending colon (epithelia) were investigated by Cox et al.44 

using [12SI_Tyrs]-BK. Kd values lower than 1 nmol were found, and the 
relative affinities of various kinins were compatible with the presence of a 
B2 receptor site. In another study, Fujimara et al.4s found a high-affinity site 
for [3H]-BK on membranes of guinea pig brain: this site showed a Kd of 
0.1 nM and a Bm • x of 8.4fmol/mg of proteins. [3H]-BK was well displaced 
by [D-Phe 7]-BK, a B2 antagonist, while low displacement was observed with 
Illmol of [Leus]-des-Arg9-BK, the selective Bl receptor antagonist. 

A very recent study by Sung et a1.46, performed with [3H]-BK on 
endothelial cells of bovine pulmonary arteries maintained in culture, has 
resulted in the identification of two different binding sites with Kd of 
approximately 1 nmoljL and O.5llmol/L. Using agonists and antagonists, the 
high affinity site showed the typical characteristics of a B2 receptor site, while 
the low affinity sites showed high affinity for des-Arg9-BK and [LeuS]des
Arg9-BK, suggesting that it might be a Bl receptor site. The same year, a 
study on endothelial cells, smooth muscle cells and adventitia fibroblasts of 
calf pulmonary artery demonstrated Kd values of 2.1- 7.9 nmoljL and Bmax 
of 17.3 and 47.9 nmol/L for [3H]-BK and no displacement was seen with 
des-Arg9-BK and [Leu8]-des-Arg9-BK. Cahill et al.47 have reported that BK 
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and des-Arg9-BK stimulate prostacyclin production, suggesting again that 
Bl and B2 receptors may be present on endothelial cells in culture. 

KININ RECEPTOR FUNCTIONS 

Kinins exert a variety of biological effects both in vivo and in vitro. From in 
vivo studies it is known that kinins are potent hypotensive agents, that increase 
plasma extravasation and produce pain48 •20. These effects have been attributed 
to activation of receptors which bring about the stimulation of various cell 
functions that can be evaluated and measured by in vitro assays. Some of 
these effects are summarized in Table 3.5. The most relevant pharmacological 
effects of kinins are on the cardiovascular system, and in particular on 
peripheral vessels. First of all, kinins act on endothelia promoting the release 
of endothelium-derived relaxing factor(s) (EDRF) and prostacyclin, two 
potent vasodilators which relax the arterial smooth muscles. In some 
peripheral vessels, for instance in the kidney, kinins act directly on the arterial 
smooth muscles and promote the release of prostaglandins that inhibit 
smooth muscle tone. Both Bl and B2 receptors are involved in renal arterial 
relaxation and appear to act by the same mechanism19. Thus, kinins induce 
relaxation of arterial vessels and lead to an increase of peripheral blood flow 
through indirect (via EDRF, PI1, PGs) or direct mechanisms (via smooth 
muscle receptors). Kinins are active also on the capillary endothelium, where 
they reduce the size of the endothelial cells and open holes in the capillary 
waIl49.50. In this way kinins increase capillary permeability and favour 
extravasation of fluid from the blood to the intestinal fluid, through a B2 
receptor mechanism. Kinins also act directly on venous smooth muscle. 
Rabbit jugular veins contract in response to kinins even if the endothelium 
is removed. Venoconstriction may contribute to increase intracapillary 
pressure and plasma extravasation and may be brought about by either Bl 
or Bl receptors (Table 3.5). Kinins are the most active endogenous agents 
for producing pain, by acting on peripheral nerve endings of sensory fibres48• 

This action is mediated by Bl receptors and is inhibited by Bl antagonists 
in various animal models 51 ,52. Any Bl receptor participation in pain 
induction should be excluded, since Bl receptor antagonists are inactive in 

Table 3.5 Physiological actions of kinins and their receptors 

Action 

Vasodilatation 
Capillary permeability 
Venoconstriction 
Pain 
Release of histamine 
Release of catecholamines 
Release of prostaglandins 
Release of EDRF 
Synthesis of collagen 
Cell multiplication 

* Non-receptor mechanism. 

TIssue (cel Q 

Endothelium, smooth muscle 
Endothelium 
Smooth muscle 
Sensory fibres 
Mastocytes 
Sympathetic terminals 
Various tissues 
Endothelia 
Fibroblasts 
Fibroblasts 

48 
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preventing pain evoked by kinins52. 
Similar to other peptides, kinins are potent releasers of endogenous agents, 

including histamine, catecholamines, prostaglandins, EDRF and leuko
trienes 5 3-56. These actions are extremely important in considering the possible 
contribution of kinins to the initiation and maintenance of the various phases 
of the inflammatory process. In fact, the activation of local kallikreins and 
the continuous supply ofkallikreins from blood cells (e.g. polymorphonuclear 
neutrophils) generate large amounts of kinins in inflamed tissues3 ,4 which 
persist for hours or days, because ofthe relatively long half-life ofkallikreins57 
and the large supply of kininogens. Kinins act on their own (see Table 3.5) 
or by other intermediary endogenous agents (histamine, prostaglandins, 
leukotrienes), all of which contribute to the basic symptoms of inflammation. 
In this way a potent, persistent and multiplicative circle is established that 
can maintain the various phases of inflammation and continue to act also 
during the tissue repair phase. Indeed, kinins appear to be involved in the 
activation of fibroblasts, in cell multiplication and collagen secretion, 
according to Goldstein and Wall 58. Both Bl and B2 receptors appear to be 
involved in this tissue repairing process. 

MECHANISM OF ACTION OF KIN INS AT THE CELLULAR LEVEL 

Kinin biological effects are determined by their interactions with various 
components of plasma membranes such as peptidases, receptors and possibly 
post-receptor proteins (for instance G proteins, phospholipases and 
protein-kinases). Through such interactions, kinins may induce changes of 
smooth muscle tone, or promote the release of hormones, neurotransmitters 
and autacoids, or stimulate ion transport in excitable tissues, including 
epithelia. Indirect actions are obtained through mediators (EDRF, prostag
landins, histamine, noradrenaline, etc.), while the direct ones, occurring in 
the same cell as the kinin receptors, are brought about by second messengers, 
as shown in Table 3.6. 

Thus, some excitatory phenomena produced by bradykinin, such as the 
mobilization of Ca2 + and the activation of cGMP, observed in PC12 cells59, 

the stimulation ofCl transport in rat colon60, some effects (still not precisely 
identified) that may occur in rat fibroblasts 61 and possibly the contraction 
of the rabbit jugular vein and of other smooth muscle62, as well as the 
potentiation of the electrical stimulation in the rat vas deferens63, are 
presumably obtained by the following sequence of events: 

[BK-receptor]-----*G-protein-----*PI 3-----*Ca 2 + mobilization 

Worthy of notice is the fact that all these biological effects are mediated by 
B2 receptors. 

Some inhibitory effects of the kinins, such as the relaxation of the dog 
carotid artery, the dog renal artery, or the guinea pig trachea are indirect, 
since they are produced by mediators such as EDRF (dog carotid artery), 
prostacyc1in and/or prostaglandins (dog renal artery) or by prostaglandins 
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Table 3.6 

Tissue/cell Receptor Biological effect Mediator Second Reference 
messenger 

Neuroblastoma B2 Ca2+ prj 59 
Fibroblast (mice) B2 ? prj 61 
Rabbit jugular vein B2 Contraction PI 3 27 
Rat colon B2 CI-transport PI 3 60 
Rat vas deferens B2 Noradrenaline NA PI3 63 

release 
Dog carotid artery B2 Relaxation EDRF cGMP 28 
Dog renal artery Bl Relaxation PGs cAMP 29 
Rat duodenum Bl Relaxation cAMP 64 
Guinea pig trachea ? Relaxation PGs ? 65 
Rat fibroblast B2 Release of PGs pGs cAMP 66 
Sensory fibres Bl Stimulation 48 
(a, b, c) Bl Stimulation ? 67 

Rabbit aorta B, Contraction PI J 26 
Dog renal artery B, Relaxation PGs cAMP 29 
Fibroblasts (man) B, Collagen synthesis ? 58 
Endothelial cells B, EDRF, PGI2 EDRF, PGI 2 46 

release 68 

Mastocytes (rat) ? Histamine release Hist 32,53 

(guinea pig trachea), while the relaxation of the rat duodenum appears to 
be due to a direct action mediated by B2 receptors via cAMp64. These 
inhibitory effects, including the release of prostaglandins from rat mastocytes64, 
appear to be mediated also by B2 receptors61 with the following mechanism, 
exemplified for prostaglandins: 

[BK -receptor]-Phospholipase A 2-Arachidonic acid-prostaglandins 

B2 receptors are therefore able to utilize a variety of mechanisms, both in 
terms of mediators (EDRF, PG" NA, etc.) or of second messengers (cAMP, 
cGMP, PI3, ions). Because of this complex situation, classification of receptors 
should be based on classical pharmacological criteria such as the determination 
of the order of potency of agonists and the estimation of the apparent affinity 
of antagonists, two parameters that can be easily measured with biochemical 
and pharmacological assays. 

A similar situation (multiple second messengers activated by the same 
receptor) appears to exist for B1 receptors that mediate (a) the contractions 
of arterial and venous smooth muscle26 (possibly through PI 3 ), and (b) the 
relaxation of arterial smooth muscle by the intermediary of prostaglandins29. 
B1 receptors in limited numbers have been identified in endothelial cells in 
culture46 .47, and appear to promote the release of EDRF and prostacyclin. 

B1 receptors appear also to be involved in slow processes, such as collagen 
synthesis by fibroblasts and cell multiplication, as well as the release of 
interleukin 1 by macrophages58.69. Nothing is known, however, about the 
second messengers involved in these effects. 

Not all effects of kinins appear to be mediated by specific receptors: for 
instance the release of histamine from rat peritoneal mast cells and the 

50 



THE KININ SYSTEM 

relaxation of the guinea pig trachea remain to be characterized: in fact, in 
both systems, BK, KD and some B2 selective agonists are more active than 
des-Arg9-BK: the order of potency of agonists therefore shows a typical B2 
receptor pattern. However, B2 receptor antagonists are inactive on the 
trachea65 or they act as full agonists (even more active than the kinins) on 
the rat peritoneal mast cells. Similar findings have been interpreted by Farmer 
et aCQ as indicative of the existence of a B3 receptor: Rhaleb et al.65 have 
instead suggested that kinins may interact directly with phosphoJipases and 
promote the release of prostaglandins through a non-receptor mechanism. 
A similar interpretation has also been contemplated by Devillier et al.32, 

when they suggested that BK stimulates the release of histamine from the 
rat peritoneal mast cells by interacting directly with protein kinase C. Future 
studies are needed to substantiate either the existence of a B3 receptor type 
or the direct interaction by the kinins with post-receptor proteins. 

PERSPECTIVES 

A body of evidence supports the interpretation that the kallikrein-kinin 
system plays a major role in the inflammatory process. In fact, large amounts 
of kinins appear to be produced during the acute and chronic phases of 
inflammation. Kinins may be the only endogenous system which is continuously 
present and active at the site of inflammation. Indeed, kinins may undergo 
a prolonged release because of the continuous and consistent local liberation 
of active kallikreins (from neutrophils) which, in the inflammatory exudate, 
find perhaps the most favourable environment for remaining in active form. 
After intensive work, the methods for estimating kinins in biological fluid 
have become reliable and precise: numerous recent reports have established 
that kinin concentrations in circulating blood are extremely low, while they 
are high in inflammatory exudates. These peptides may therefore be considered 
as autacoids. At the concentrations found in inflammatory exudates, kinins 
are able to promote a complex and multiplicative cascade of biological effects 
which contribute to the rapid, exaggerated and prolonged inflammatory 
reaction. The contribution of the kallikrein-kinin system can be schematically 
presented as shown below. 

Blood cells Kallikreins 

Kininogens Plasma extravasation 
Local production of kinins 

~Km~ 
PG, PGI~ Hi, Ach NA SP, NKA 
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Once released, kinins exert indirect and direct effects: the former by the 
intermediary of other endogenous agents and the latter through direct actions 
on specific receptors. It does appear that kinins may playa key role in the 
inflammatory process, and prevention of their effects could provide an efficient 
means to reduce inflammatory reactions. In fact, the inhibition of kallikreins 
or the antagonism of kinin receptors will probably interrupt the vicious circle 
which initiates and maintains the activation of the numerous endogenous 
agents participating in the inflammatory reaction. Until now, antagonists of 
prostaglandins, leukotrienes, histamine, acetylcholine and neurokinins have 
failed to provide efficient anti-inflammatory agents, probably because the 
inactivation of one system is easily overcome by the others. It is hoped that 
the blocking of kallikreins or of kinin receptors will be more efficient because 
it might inactivate the 'primum movens' of the inflammatory process. 
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4 
Role of cellular proteinases and their 
protein inhibitors in inflammation 
J. F. WOESSNER, Jr 

INTRODUCTION 

If immunological events are the trigger for inflammation, then proteinases 
provide the resultant explosions. The classic signs of inflammation: dolor, 
rubor, calor, and turgor are all dependent for their production on the action 
of proteolytic enzymes. There is no possibility of reviewing all of the 
proteinases involved in inflammation in a single chapter. There are literally 
scores of enzymes that would have to be considered. In order to reduce the 
number of proteases to a manageable size the following have been omitted 
in their entirety: all blood clotting factors, all complement factors (covered 
in Chapter 2 of this volume), the clot lysing system including plasmin and 
plasminogen activators, and all proteases that function intracellularly and 
do not escape to the exterior during inflammation. This latter group includes 
most membrane-bound proteases and cytoplasmic enzymes such as the cal pains. 

I propose, then, to consider chiefly those proteinases found within granules 
of inflammatory cells. The inflammatory cells to be considered, each in a 
separate section, will be the polymorphonuclear leukocyte, the macro
phage/monocyte, the mast cell and the lymphocyte. Fibroblasts, which play 
an important repair function in inflammation, will not be treated. With 
respect to proteinase inhibitors, only those which are protein in nature and 
which are found at the site of inflammation will be considered. These will 
include the protein inhibitors of the plasma, those of the tissue or tissue 
secretions, and those produced by the inflammatory cells themselves. An 
excellent review of such inhibitors may be found in various chapters in the 
monograph on proteinase inhibitors 1 . 
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Proteinases and proteases 

It has been proposed by Barrett and McDonald2 that the term 'protease' be 
applied to all hydrolytic enzymes that cleave the peptide bond, regardless of 
the position of the bond within the peptide. This large group can then be 
divided into endopeptidases (proteinases) that cleave internally, at least three 
residues away from either end of large polypeptides, and exopeptidases that 
cleave at or close to the C- or N-terminal residues. In this review only 
endopeptidases will be considered. Common usage in the field is to use the 
terms 'proteinase' and 'protease' interchangeably for the endopeptidases, and 
that will be the practice here. 

The proteinases can be conveniently divided into four classes:3 the serine, 
cysteine, aspartic and metalloproteinases. This division is based on the nature 
of the key catalytic group at the active centre. Thus, in the serine proteinases, 
a covalent bond is formed between a serine residue at the active site of the 
enzyme and the peptide to be cleaved. The Enzyme Commission has assigned 
numbers to each of the well-characterized proteinases based on the specificity 
of the bonds they cleave4 ,5. These will be indicated in the text for each 
enzyme, when available. A useful glossary, giving a brief description of each 
proteinase, is provided by Barrett and McDonald6 . 

Proteinase substrates 

The proteinases released by inflammatory cells must, by definition, act on 
substrates in the extracellular space. The major proteins that will be 
encountered there will be the components of the extracellular matrix, the 
connective tissue macromolecules. In addition there will be many proteins 
that have diffused in from the blood, including clotting factors, hormones, 
and protease inhibitors. Finally, there will be components on the exterior 
surfaces of cells and even cell receptors for some of the proteinases. 

The connective tissue matrix components have not received as much 
attention as they deserve with respect to their role in inflammation, due in 
part to the fact that a great number of these components have been 
characterized only in the past few years. The major component of the matrix 
is the fibrous protein collagen. Currently, the famiiy of collagens comprises 
at least 13 members derived from more than 20 distinct genes. Full details 
of current knowledge of the collagens may be found in the book of Mayne 
and Burgeson 7. The interstitial collagens (types I, II and III) form long thin 
fibrils whose individual molecules have uninterrupted triple helical structures 
(Figure 4.1). These molecules are most difficult to digest, and require the 
action of interstitial collagenases8 . The collagenases typically produce only 
a single cleavage in the molecule about one-quarter of the way in from the 
C-terminus. The resultant fragments undergo denaturation at body temperature 
to form gelatin, which is further digested by gelatinases (Figure 4.1). The 
basement membrane contains type IV collagen, which is a more complex 
molecule with non-helical domains that are less resistant to proteolysis. 
Gelatinases can attack this molecule, as well as type V collagen, a pericellular 
form 9 . The collagens numbered VI-XIII have not been studied in detail with 
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respect to damage during inflammation, in part because they are present in 
relatively small amounts. This does not mean that they are unimportant, 
however. Thus, type IX collagen is found to coat interstitial collagen fibres 
of type II, and is postulated to regulate fibre size and interactions 10. When 
inflammatory cells move to sites of inflammation they typically must degrade 
basement membranes and interstitial collagens to reach the site of action 11 . 

This degradation may not be totally controlled, so that excessive damage 
results, producing swollen tissue, infiltrated with blood and containing 
chemotactic and immunogenic peptides. 

Elastin is a globular protein that is assembled into a fibrous meshwork 
by covalent crosslinks, the desmosines (Figure 4.1)12.13. The hydrophobic 
nature of elastin and the high density of crosslinks renders this protein also 
quite difficult to digest, but elastases can hydrolyse it readily. Elastases are 
not so specific as the collagenases, and are not, as their name might suggest, 
limited to digesting elastin; rather, they can attack a wide variety of other proteins. 

There are many different proteoglycans in the matrix. Current knowledge 
is summarized in Wight and Mecham l4• The best-characterized proteoglycan 
is that of articular cartilage (Figure 4.1). This proteoglycan is a very large 
molecule of Mr 2500000, having a core protein of about Mr 220000 and 
about 250 glycosaminoglycan and carbohydrate side-chains. Other proteog
lycans include dermatan sulphate and, on the cell surface, heparan sulphate. 
Most of these are readily susceptible to proteolytic degradation by a wide 
variety of non-specific proteases. The carbohydrate portions are more 
resistant, and are usually degraded intracellularly in the lysosomal compartment. 

Finally, a great many glycoproteins have been described in recent years; 
those of the cartilage and bone alone fill a sizeable table l5 . Fibronectin16 

has often been considered in relation to inflammatory changes, and it is likely 
that many more glycoproteins will be also involved. Fibronectin (Figure 4.1) 
can form bridges between the fibrous framework of the matrix and the cells 
due to binding domains with specificity for collagen, heparan sulphate and 
cell receptors (integrins). Other glycoproteins are involved in attachment of 
cells to other matrix components and to one another. Disruption of these 
interactions by proteolysis leads to disorganization of the tissue and release 
of cells from their site of anchorage within the tissue. 

The consequences of the action of proteinases on the connective matrix 
will be manifold. The basement membrane and vessel wall will be disrupted, 
resulting in redness, swelling and extravasation of blood products such as 
clotting factors and kinins. Collagen fibrils will be disrupted, leading to tissue 
swelling, distortion and loss of mechanical function. Finally, the various 
degradation products and denatured matrix molecules may act as immunogens 
and chemotactic agents. 

POLYMORPHONUCLEAR LEUKOCYTES 

Role of the PMN cells 

The neutrophil defends the body against invading pathogens. In response to 
invasion these cells become activated and pass through the capillary walls 
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and along chemotactic gradients to the foreign material. This material is then 
phagocytosed and degraded intracellularly by a combination of oxidants and 
hydrolytic enzymes. The PMN cells are the first to arrive at sites of acute 
inflammation; indeed, these cells serve as a histological indicator of an 
inflammatory response1? These cells have a powerful battery of proteolytic 
enzymes able to digest a wide variety of substrates. Since these cells are not 
very active in protein synthesis, most of their proteinases are synthesized 
prior to terminal differentiation and stored in cytoplasmic granules17. A 
listing of these enzymes is given in Table 4.1. 

The enzyme-containing granules are of several types (azurophil, specific 
and C-particle) which may be important for the selective release of different 
activities. The primary granules (azurophilic) are analogous to lysosomes, 
but contain neutral proteases and myeloperoxidase in addition to acid 
hydrolases. The secondary granules (specific) are formed at intermediate 
stages of neutrophil maturation and are more readily exocytosed. 17 These 
contain the metalloproteinases, which are released to enable the cells to 
penetrate the capillary walls and the intervening connective tissue matrix on 
the way to their targets. Some of the most powerful proteases, elastase and 
cathepsin G, degrade ingested materials, but part of this activity is released, 
perhaps only incidentally, during the phagocytic events. The various released 
proteases appear to be important in inflammation. A brief review of the role 
of human neutrophil proteases in inflammation is found in Rest18. 

Leukocyte elastase 

Discussion of neutrophil proteinases will be limited to those of the human, 
unless otherwise noted. Leukocyte elastase (EC 3.4.21.37) is similar to the 

Table 4.1 Polymorphonuclear leukocyte granule proteinases 

Granule 

Azurophil 

Specific 

C-particIe 
? 

Proteinase 

Leukocyte elastase 
Cathepsin G 
Proteinase 3 
Cathepsin B 
Cathepsin D 

Collagenase 

Gelatinase, 72 kD 
Gelatinase, 92 kD 

Class 

Serine 
Serine 
Serine 
Cysteine 
Aspartic 

Metallo 

Metallo 
Metallo 

Figure 4.1 (Opposite) Macromolecules of the connective tissue matrix. Collagen: two molecules 
joined by a covalent crosslink represent the fibrillar structure. Telopeptidase would solubilize 
the fibril without cutting the helix. Collagenase cuts the helix into two fragments, which become 
denatured and susceptible to gelatinase attack. Proteoglycans: CS, KS and HS refer to chondroitin 
sulphate, keratan sulphate and heparan sulphate. Y, N-linked oligosaccharides; ., O-Iinked 
oligosaccharides. Fibronectin: binding domains are indicated together with their ligands. The A 
chain contains corresponding domains. Elastin: large helices represent putative beta-coils, 
small helices represent alpha-helices, hexagons represent desmosine crosslinks. 
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well-known elastase of the pancreas (EC 3.4.21.36), but it is a different gene 
product with distinctive properties of its own. The enzyme was first clearly 
identified by Janoff and Schererl9. It is a serine proteinase of M r 27 000- 31 000; 
as many as five isozyme forms may be found in one preparation due to 
variable carbohydrate content. The pH optimum for elastin digestion is 8.5, 
but extensive activity remains at physiological pH. In addition to elastin, a 
variety of matrix components is cleaved including proteoglycan20, type I 
collagen of tendon21, type III collagen22, type IV collagen23, fibronectin 24 
and telopeptides of type I collagen25. Elastase has been localized to the 
azurophil granule by density gradient centrifugationl6. Damiano et al.27 are 
able to distinguish azurophil granules containing myeloperoxidase from those 
containing elastase: of 1500 granules/cell, only 400 contain elastase. 

Recently, the cDNA sequence and gene structure of human elastase has 
been described28. The initially synthesized protein has 267 amino acid residues 
of whith 27 and 20 are ultimately cleaved from the N- and C-termini, 
respectively~ A further two residues are cleaved from the amino-end in a final 
activation step that yields a 218-residue active enzyme. The mRNA for elastase 
is not found in neutrophils or blood monocytes, but only in progenitor cells 
in the bone marrow29• This indicates that elastase must be synthesized and 
stored before the final step of cell p:1aturation. The X-ray crystal structure of 
eiastase30 has been resolved at 2.3 A; it is similar to that of pancreatic elastase. 

Elastase appears to playa central role in contributing to inflammatory 
reactions. In addition to the matrix substrates listed above, it has been noted 
to degrade fibrinogen3l, complement factors 32, IgG33, kininogen (to give a 
bradykinin-like peptide)34, clotting factors VIII, XII, XIII35 and IXa and 
Xa36, and apolipoprotein A237. Elastase also produces met-enkephalin38, 
activates prorenin to renin39 and destroys clot-promoting activity of high 
Mr kininogen4o. The release of elastase from the leukocyte is triggered by 
many reactions. Cells that phagocytose zymosan particles or immune 
complexes release up to 25% of their elastase4l . Antigen -antibody complexes, 
lipopolysaccharide and concanavalin A all stimulate release of elastase but 
not of cathepsin42. 

In view of the extensive degradative abilities of elastase, one would expect 
multiple inhibitors to regulate its activity (see Table 4.2 for a listing of 
proteinase inhibitors). The PMN cells themselves produce a cytosolic 
inhibitor of Mr 4200043. This is a member of the serpin (serine proteinase 
inhibitor) family that binds covalently to the enzyme. The presumed function 
of this inhibitor is to protect the cell from any enzyme that may escape 
internally from the granules. Two inhibitors are found in plasma. Alphaz-
macroglobulin is an inhibitor of M r 760000 that acts by physically and 
covalently entrapping elastase after it has produced a proteolytic cleavage 
at a specific peptide bond in the bait region of tX2-macroglobulin44. The 
plasma also contains the inhibitor tXl-proteinase inhibitor (tXl-PI), also 
commonly known as tXl-antitrypsin (tXl-AT). This is a powerful inhibitor of 
elastase of Mr 52 000 that is also a member ofthe serpin family. Both inhibitors 
are of similar efficacy, but the concentration of tX l-PI makes it quantitatively 
more important45 . Close contact of PMN cells with their substrate may 
physically exclude tXl-PI and tXl-macroglobulin, preventing inhibition24. The 
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PMN cells secrete hypochlorous acid and chloramines that oxidize the 
methionine at the inhibitory center of ocl-PI, thereby protecting secreted 
elastase in the vicinity of the cell from inhibition by occPI46. However, this 
protection is not complete, since the circulating levels of elastase-ocl-PI 
complexes provide a good index ofinflammation4 7. Elastase cleaves oc2-plasmin 
inhibitor, CI inhibitor48, and antithrombin 1II49, so these plasma components 
are not inhibitory. However, the inter-oc-trypsin inhibitor can block elastaseso. 

The bronchi, salivary glands, etc. contain a leukoproteinase inhibitor of 
Mr 11 OOOSI. lXI-PI will compete against this inhibitor and can even cause 
dissociation of the elastase-Ieukoproteinase inhibitor complexs2. The amino 
acid sequence of this inhibitor shows two domains of 54 residues each, the 
C-domain binds elastase and the N-domain binds trypsin and cathepsin G S3 • 

Again, myeloperoxidase can destroy this inhibitor so that elastase can 
continue its action in the vicinity of the cells4. Yet another way of inactivating 
elastase is accomplished by macrophages, which bind elastase to surface 
receptors and internalize itss. 

There is an extensive literature on the role of leukocyte elastase in 
inflammatory reactions. Its role in emphysema is summarized in Taylor and 
Mittmans6 and Traviss7. The absence of lXI-PI in certain individuals (PjZZ 
homozygotes) shows the importance of elastase-inhibitor balance in preventing 
tissue damage. Elastase is also implicated in rheumatoid arthritisS8 and adult 
respiratory distress syndromes9. 

Table 4.2 Protein inhibitors of proteinases: a listing of inhibitors discussed in this chapter 

Source 

Plasma 

Tissues 

Leukocyte 

Macrophage 

Mast cell 

T-Iymphocyte 

Name 

(X2-Macroglobulin 
(Xl -Proteinase inhibitor 
(X I-Anti chymotrypsin 
Antithrombin III 

Leukoproteinase inhibitor 
TIMP, Tissue inhibitor of 

metalloproteinases 
TIMP-2 
Aprotinin, pancreatic trypsin 

inhibitor 
Cystatin 

PMN cytosolic inhibitor 

(Xl-Proteinase inhibitor 
(X2-Macroglobulin 
TIMP 

Trypstatin 
Aprotinin 

Lymphocyte proteinase inhibitor 1 
(X 1-Proteinase inhibitor 
Cystatin 
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Class inhibited 

All 
Serine 
Serine 
Serine 

Serine 

Metallo 
Metallo 

Serine 
Cysteine 

Serine 

Serine 
All 
Metallo 

Serine 
Serine 

Serine 
Serine 
Cysteine 
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Cathepsin G 

Cathepsin G (EC 3.4.21.20) is a chymotrypsin-like enzyme reported in human 
PMN granules by Schmidt and Havemann60 and given its name by Starkey 
and Barrett61 . Its M, is 30000 and its pH optimum is 7.5. The cDNA sequence 
of cathepsin G is only 36% identical to that of leukocyte elastase, but is 47% 
identical to that of rat mast cell protease II, and 56% to mouse cytotoxic T 
lymphocytic protease62• Although no specific function has been assigned to 
cathepsin G to date, it no doubt acts together with elastase in the killing 
and digestion of engulfed microbes. However, inactivated enzyme also is 
bactericidal, apparently due to the extremely basic nature of the protein 
(pI = 10)63. Cathepsin G may be important in the generation and control of 
inflammation, and in the accompanying remodelling of the connective 
tissues62 . Kruse-Jarres and Kinzelmann64 review its role in inflammation: 
cathepsin G and elastase appear to work peripherally where blood flow is 
good, whereas acid cathepsins are limited to the oxygen-poor centre. Many 
of the factors that cause cells to release elastase also cause the release of 
cathepsin G. 

This inflammatory role is due in part to the ability of cathepsin G to 
degrade various substrates such as cartilage proteoglycan65, link protein66, 

telopeptides of collagen67, fibrinogen68, fibronectin69, IgG and IgM33, 

prothrombin 70 and complement factors 3 and 571 . Further contributions to 
inflammation may be caused by the enzyme's ability to activate latent 
leukocyte collagenase 72 and to convert angiotensinogen 73 or angiotensin I 
to angiotensin 1174. Cathepsin G also has limited action on elastin 75 but 
does not cause emphysema when instilled in guinea pig lungs 76. 

Among the plasma proteinase inhibitors, the most effective are 1X2-

macroglobulin and 1X 1-antichymotrypsin (a glycoprotein of M, 68000 which 
binds with 1:1 stoichiometry)77. lXI-PI is less effective; in fact, much of the 
inhibitor is enzymatically modified to a 50 kD inactive form 78. The tissue 
leukoproteinase inhibitor is also effective, as mentioned in the previous 
section. Cathepsin G, like elastase, can be cleared from inflamed tissues by 
binding tightly to receptors of low specificity on macro phages and being 
internalized 7 9. 

Leukocyte collagenase (EC 3.4.24.34) 

In addition to the serine proteinases of the azurophil granule, the PMN cells 
also contain a battery of metalloproteinases in the specific granules and 
C-particles. The first of these to be discovered was leukocyte collagenase8o, 

a latent enzyme of M, 70000 shown to be in specific granules81 . The latent 
enzyme can be activated by trypsin or organomercurials82, and by cathepsin 
G 72. In distinction to other collegenases, the leukocyte proenzyme can also 
be activated by sulphydryl-binding reagents83, disulphide exchange84 and 
hypochlorous acid ll . This is currently interpreted as pointing to a cysteine 
residue that binds to the zinc of the active centre; various reactions of this 
cysteine cause it to be dislodged, thereby exposing the active centre85 . The 
leukocyte enzyme is immunologically distinct from tissue collagenases86. A 
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76 000 kD serine 'collagenase' was reported by Ohlsson, but was later found 
to lack action on intact collagen molecules87 • 

Various agents such as phorbol esters and chemotactic pep tides cause 
release of collagenase from the specific granules88. The enzyme is elevated 
in synovial fluid from rheumatoid arthritis patients89 and in osteoarthritic 
cartilage90. Once released from the cells the enzyme may do extensive damage 
to the interstitial collagens. Its relative efficacy in degrading collagens of 
types I, II and III has been reviewed by Hasty et al.91 • 

Gelatinases (EC 3.4.24.35 and 3.4.24.24) 

In addition to collagenase, PMN cells contain two gelatinases of 92 and 
72 kD mass8. These have been variously described as type IV collagenases 
(both species) and type V collagenase (92 kD), since they degrade native 
collagen of these types (basement membrane and pericellular) as well as 
gelatins of many collagen types. Sopata and Dancewicz noted the latent 
72 kD form in 197492; it has no action on casein, elastin, haemoglobin or 
histone. This enzyme is localized to the C-particles93. This gelatinase degrades 
type IV collagen and basement membrane94. The 92-kD gelatinase also 
digests type V collagen, but has only low activity on casein and albumin95. 
It is not always possible to tell in a given reference which gelatinase is being 
considered, since the molecular weight determinations are variable due to 
aggregation and combination with other proteins. SDS-PAGE is required 
for accurate determination. 

It is found that the 92-kD gelatinase occurs as a complex with TIMP, the 
tissue inhibitor of metalloproteinases, and the 72 kD gelatinase, as a complex 
with TIMP-2. These inhibitor molecules are bound stoichiometrically to the 
enzymes, but apparently not directly at the active centre which is still in the 
proenzyme (or concealed) form95. When the enzymes are activated they can 
be further inhibited by adding additional TIMP. Activation by trypsin is 
generally poor. However, PMN cells generate hypochlorous acid which is a 
good activator96• Thus, the cells can directly regulate the enzyme activity. 
In the rat, mast cell protease can also activate latent gelatinase97. 

The collagenases and gelatinases are readily inhibited by 0(2-macroglobulin 98. 
This is surprising in that collagenase has a very circumscribed specificity. 
Nonetheless, there is a sequence in the bait region of 0(2-macroglobulin that 
is readily susceptible to collagenase cleavage, followed by conformational 
change and trapping of the enzyme. In addition, most tissues contain TIMP. 
This is a glycoprotein of Mr 28 500 that is stable to heat and acid, but sensitive 
to reduction and alkylation99.1oo. It forms a 1:1 complex with the 
metalloproteinases (or 2:1 in case of 92kD gelatinase). However, the 
mechanism of inhibition is not yet clear. In osteoarthritic cartilage the tissue 
levels of TIMP are not high; elevated metalloproteinase activity may 
overcome inhibition and produce tissue damage101. 

Weiss and Peppin11 believe that the metalloproteinases are not important 
in killing microbes, due to their unusual specificities. Rather, they may be 
important in the movement of PMN cells to the site of an inflammatory 
stimulus. The circulating neutrophil must leave the vessel, penetrate through 
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the interstitial matrix and ingest the microbe. The types IV and V collagenases 
would be useful in penetrating the endothelial cells and basement membrane, 
whereas the collagenase of interstitial type would be needed to get through 
the matrix containing types I and III (or type II in cartilage) collagen. It is 
important that these enzymes be released by separate mechanisms. The 
response of PMN cells to chemotaxins has been measured in vitro. At low 
concentrations the cells release only gelatinase, but then at higher levels, as 
would be found when cells near their target, both gelatinase and collagenase 
are released 88. 1 02. The azurophil enzymes would not be released during these 
steps. When the cells arrive at their target, phagocytosis of microbes will 
release further amounts of metalloproteinases. These have the potential for 
causing extensive damage to the extracellular matrix, as in fulminating arthritis. 

Other proteinases 

The PMN azurophil granules contain lysosomal proteases such as cathepsins 
B (EC 3.4.22.1) and D (EC 3.4.23.5). Cathepsin D has been purified to 
homogeneity from PMN cells103. The digestion of prot eo glycan by cathepsin 
Band D is much poorer than that by cathepsin 104. The role of acid cathepsins 
in inflammation was reviewed by the present authorlOS in 1979, and there 
has been little activity in this field since that time. 

A third serine enzyme of the leukocyte was recognized by Baggliolini et 
al. in 1978106 and named proteinase 3. This enzyme was recently purified 
and was shown to produce emphysema when introduced into the trachea of 
guinea pigs107. 

MACROPHAGE 

Role of the macrophage 

By 'macrophage' is meant the mononuclear phagocyte system, with particular 
reference to the monocytes and macrophages. Unanue and Allen 108 have 
reviewed the functions of this system. Macrophages are involved in phagocytosis 
of extracellular proteins and polysaccharides, including those still attached 
to infectious and foreign agents. They interact with the T lymphocytes as 
part of the cellular immune response. They are activated by lymphokines, 
particularly interferon-gamma, to become microbicidal and tumoricidal. In 
other words, they are involved in the infectious process, immune regulation 
and inflammation. 

Proteolytic activity is implicated in each of these functions (see Table 4.3 
for a listing of macrophage proteases). When phagocytosis occurs there is 
some release (10- 25%) of the lysosomal enzymes to the exterior of the cell; 
certain agents such as zymosan and asbestos cause much greater release109• 

Particles that cause selective release of lysosomal enzymes lead to chronic 
inflammation 1 09. The phagocytosed materials are digested internally, but 
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part is salvaged from degradation and made accessible to T cells by 
presentation on the macrophage surface. The lysosomal system is presumably 
important in preparing these denatured and partly digested antigens 1 08. 
When monocytes leave the blood and pass into the tissue to become 
macro phages, they must penetrate the basement membrane109, by a process 
that involves several proteases. When macrophages are stimulated by 
interferon-gamma from T cells or other factors, they develop cytotoxicity 
which involves a series of complex reactions involving secretion of cytotoxic 
proteases 11 0. Activation also results in increased secretion of collagenase, 
acid hydroiases, and plasminogen activator, but decreased release of elastase 1 10. 

Such proteases may also be important in removing tissue debris and in wound 
repair. 

Cytotoxic protease(s) 

The macrophage has important microbicidal and tumoricidal functions, 
which follow its activation by T cells. It is necessary that the macrophage 
be in physical contact with the target cells to initiate a cytotoxic event. 
However, once contact is made, soluble factors are released that possess a 
direct cytotoxic effect 111. Thus, mouse peritoneal macrophages are activated 
by bacillus BeG and then release neutral proteases that lyse sarcoma target 
cells1l2.1l3. Bovine pancreatic trypsin inhibitor blocks lysis; this indicates 
that a serine protease is involved. Inflammatory macrophages treated with 
concanavalin A do not produce lysis, but they do produce lysis when 
stimulated with lipopolysaccharidel12.1l3. Johnson and PiZZ0114 distinguish 
three proteases secreted by mouse macrophages: plasminogen activator, 
neutral caseinase and cytolytic protease. If complexes of proteases and 
tX 2-macroglobulin bind to cell receptors, secretion of all three proteases is 
suppressed. The cytolytic protease(s) are inhibited by soybean trypsin 
inhibitor115, elastatinal and chymostatin 116. These results are consistent with 
the action of a chymotrypsin-like protease, perhaps of the type described by 
Rojas-Espinosa et aU 17, but no definitive purification appears to have been 
carried out to date. 

Table 4.3 Macrophage proteinases 

Proteinase 

Cytolytic protease(s) 
Plasminogen activator 

Cathepsin B 
Cathepsin H 
Cathepsin L 

Cathepsin D 

Collagenase 
Gelatinase, 72 kD 
Gelatinase. 92 kD 
Macrophage elastase 
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Class 

Serine 
Serine 

Cysteine 
Cysteine 
Cysteine 

Aspartic 

Metallo 
Metallo 
Metallo 
Metallo 
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Lysosomal protease 

The macrophage contains a rich complement of lysosomal proteases of the 
aspartic and cysteine classes. In the rat the thiol cathepsins B (Ee 3.4.22.1), 
H (Ee 3.4.22.16), and L (Ee 3.4.22.15) are synthesized and processed to 
one-chain and two-chain active forms; the cell releases 40% of procathepsins 
Band L, and 10% of H without processing118. The rat macrophage has 
about 5 times more cathepsin B than L, and its level of L is 5 times that of 
the neutrophil and 10 times that of the lymphocytel19. However, cathepsin 
D (Ee 3.4.23.5) is still more prominent120. The transformation of monocytes 
to macrophages is accompanied by a considerable increase in lysosomal 
proteases. Thus, in the rat the increase is 25-fold in cathepsin D121 and 8-fold 
in cathepsin Bl22. In humans, cathepsin L is not detected in monocytes, but 
is prominent in alveolar macrophages123. The lysosomal system is of 
particular importance in digesting phagocytosed materials including proteins, 
polysaccharides and lipids. This system may also be important, due to its 
acid pH, in denaturing proteins preparatory to presenting them as antigens 
to the T cells. 

In addition to their role in intracellular digestion, the lysosomal proteases 
will also be released both during processing, as mentioned above, and 
accompanying phagocytosis124. It is often postulated that such released 
enzymes may damage the extracellular matrix; for example, cathepsins Band 
L may be implicated in elastin degradation in human emphysema 125,126. 
However, Werb et al. 127 do not find degradation of elastin and collagen
containing matrices by lysosomal proteases unless the pH is around 5. A 
simple spillage of the enzymes may not be deleterious to the highly resistant 
proteins such as collagen and elastin, but there are other matrix components 
that would be more readily attacked, such as proteoglycans and glycoproteins. 
However, the macrophage lysosomes may have an important role in matrix 
degradation in cases where the cell comes in direct contact with the substrate. 
Thus Roberts and Dean128 find that macrophages degrade cartilage matrix, 
but only ifin direct contact with the cartilage fragment. Silver et al. 129 showed 
by means of microelectrodes that the pH beneath adherent macrophages, 
especially beneath cell clumps, may fall as low as 3.7. They postulate a role 
in collagen degradation for such macrophages, which may release lysosomal 
cysteine cathepsins into this confined space between the cell and the matrix. 
Loss of enzyme and acidifying molecules, and entry of inhibitors, would be 
limited by the relative impermeability of the matrix. 

Macrophage metalloproteinases 

The macrophage possesses a battery of proteases of the metalloproteinase 
class, specifically designed to digest the various components of the extracellular 
matrix. One point where such enzymes may come into play is during the 
penetration of the basement membrane and the underlying extracellular 
matrix when the monocyte leaves the blood vessel to take up residence in 
the tissue. The first member of this class of proteinases to be discovered was 
interstitial collagenase (Ee 3.4.24.7), i.e. collagenase that digests types I, II 
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and III collagens. Collagenase was first shown to be elaborated by guinea 
pig macrophages stimulated with endotoxin 130. There is a complex array of 
signalling factors that regulate the macrophage production of collagenase; 
these have been reviewed recently by Wahp31. Endotoxins and lymphokines 
initiate a chain of reactions involving prostaglandins, cyclic AMP, putrescine, 
etc. that leads to collagenase synthesis and secretion. Inhibitors of this 
sequence include indomethacin, colchicine, retinoic acid, and dexamethasone. 
Macrophages are prominent in chronic inflammatory lesions such as rheumatoid 
arthritis and periodontitis; collagenase may play an important role in tissue 
destruction that accompanies such inflammation. It is frequently concluded 
that the major role of macro phages in matrix breakdown is to produce 
cytokines in order to stimulate fibroblasts to release large amounts of 
collagenase, which then accomplishes most of the digestion. However, Cury 
et al. 132 show that with proper stimulus human alveolar macrophages secrete 
as much as 20% of the amount of collagenase that fibroblasts produce. 
Monocytes and U-93? cells also secrete collagenase, although not as much 
as do macrophages l33. All three cells also secrete a collagenase inhibitor, 
TIMp133. 

In 1980, Mainardi et al.134 reported a new type of collagenase, Type V 
collagenase, from rabbit alveolar macrophages. This enzyme cuts type V 
collagen into three fragments and also digests gelatins prepared from collagens 
oftype I and V. More recent study shows a similar enzyme in human alveolar 
macrophages with Mr 92000. The enzyme crossreacts with an antibody to 
the 72 kD gelatinase of macrophages; this points to the presence of some 
common epitopes 135. Welgus et al.136 showed that human mononuclear cells 
can produce both 72 kD gelatinase, sometimes referred to as type IV 
collagenase, and 92 kD gelatinase (type V collagenase), in addition to 
interstitial collagenase and the proteoglycan-degrading metalloprotease, 
stromelysin. Lipopolysaccharide stimulates the production of all of these 
metalloenzymes. U-93? cells and monocytes produce only 92 kD gelatinase 
and collagenase, whereas alveolar macrophages produce all four enzymes. 
Various reports of proteoglycan-digesting activity in macro phages have 
appeared since the early work of Hauser and Vaes l37; however, there has 
been insufficient purification to determine the exact nature of these activities. 
Some reports may have been occasioned by elastase activity (see below); but 
most likely stromelysin is the responsible enzyme, as suggested by the finding 
of Welgus et al. 136. 

Macrophage elastase 

Although this enzyme is a metalloproteinase, it is not clear whether it is to 
be classified with the matrix metalloproteinases discussed in the previous 
section. It has not been shown to occur in latent form, and it has not yet 
been identified with any of the matrix metalloproteinases for which the cDNA 
sequence is known. Macrophage elastase was first described in detail by 
Banda and Werb l38, who purified the enzyme from mouse macrophages. 
Three isozymes were noted with Mr 22000. The enzyme was clearly a 
metalloproteinase that required both calcium ions (extrinsic) and zinc ions 
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(intrinsic) for activity. No latent form was found, although activity increased 
800% during the purification process. The enzyme was not inhibited by 
TIMP, but was inhibited by serum and by a2-macroglobulin. Secretion of 
this enzyme is modulated by IgG receptors on the macrophage surface139. 
Macrophage elastase readily cleaves and inactivates a c PI at the Pro 3 5 7 - Met 3 58 
bond. Cleavage cannot occur if the methionine is first oxidized 140. The 
carboxy-terminal peptide released serves as a powerful chemoattractant for 
neutrophils141. This metalloproteinase is found in rat, mouse and human 
macro phages. Whether the digestion of elastin is a major function remains 
moot. Its secretion during phagocytosis suggests a broader role. The enzyme 
also digests IgG, fibronectin, myelin basic protein and other substrates142. 

The metal-dependent elastase makes its appearance in mature macrophages. 
In human monocytes it is found that 90% of the cell protease is a serine 
elastase of Mr 30000 that crossreacts with an antibody to neutrophil 
elastase143. This enzyme is also expressed on the cell surface144; but upon 
transformation to the macrophage there is a shift from the serine elastase to 
the metalloelastasel45. The human metalloelastase is inhibited by TIMP and 
an antibody to TIMP prevents this inhibition146. The presence in the 
macrophage of collagenase, gelatinases, stromelysin and elastase means that 
this cell is able to digest all major components of the extracellular matrix. 
This would be of importance when the cell enters the tissue from the vessels 
and penetrates through the tissue to sites of inflammation or foreign cells. 

Proteinase inhibitors of the macrophage 

Three distinct types of inhibitor have been reported for macro phages. White 
et al.147 noted that cultured rat macrophages secreted aI-PI. This inhibitor 
has also been found in guinea pig148 and humanI49 macro phages, although 
it does not appear to make a major contribution to the serum level of this 
inhibitor. Elastases (of the serine type) stimulate human mononuclear 
phagocytes to produce aI-PI; lipopolysaccharide has a similar effect150. The 
role of this inhibitor in regulating any proteinases ofthe macrophage is not clear. 

The human macrophage is reported to produce both a2-macroglobulin 
and TIMP, the tissue inhibitor of metalloproteinases146. Both inhibitors 
would be expected to block interstitial collagenase, type IV and type V 
collagenases, and stromelysin - all products of the macrophage. In addition, 
both are shown to inhibit the macrophage metalloelastase146. TIMP production 
is quite high in unstimulated monocytes, whereas these cells produce little 
collagenase133. 

MAST CELL 

Role of the mast cell 

The mast cell is involved in the allergic immediate hypersensitivity reaction, 
the inflammatory response and defence against nematodes 151 . In the rat the 
mast cells can be divided into two types l52. One is the connective tissue mast 
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cell (CTMC) which is widely distributed in various tissues of the body and 
can be isolated from the peritoneal fluid. The other is the 'atypical' mucosal 
mast cell (MMC) found in the lamina propria of the intestinal mucosa. The 
mast cells are identified by dense membrane-bound secretory granules about 
0.1-0.5 11m in diameter. These granules contain heparin in CTMC or 
chondroitin sulphate E in MMe, which give the granules their basophilic 
character. Various agents stimulate the release of granule contents. These 
include antigen bound to specific IgE antibody on the cell surface receptors, 
anaphylatoxins such as C3a and C5a, endotoxin, etc.152 In the human, two 
types of mast cells can also be differentiated, the T type containing tryptase 
and the TC type containing tryptase and chymase.153 

Graziano 154 tabulates the mediators that are released from mast cell 
granules. These can be divided into three groups: preformed mediators that 
are rapidly released from the granule include histamine, serotonin, superoxide 
dismutase, tryptase and factors chemotactic for neutrophils and eosinophils. 
Factors that remain firmly associated with the granule, which is everted and 
becomes part of the cell membrane, include heparin proteoglycan, peroxidase 
and the chymases. Finally, there are mediators that are generated after the 
mast cells become activated. These include prostaglandins, leukotrienes, 
thromboxanes and platelet-activating factor. 

Proteases of the mast cell 

The rat mast cell has been the major tissue source for early work on the 
purification and characterization of chymotrypsin-like proteases. The two 
types of rat mast cells produce two distinct enzymes: the connective tissue 
cell CTMC contains RMCP I (EC 3.4.21.39), and the mucosal cell MMC, 
or atypical mast cell, produces RMCP II. A current review of our knowledge 
of these two proteases may be found in Woodbury et al.152 and in Table 4.4 

Table 4.4 Mast cell serine proteases 

Species Cell type Protease name M, Specificity Sequence 
reference 

Rat CTMC Cbymase,RMCP I 25000 Arg-X 155 
Rat MMC GSP, RMCP II 24700 Leu-X 151, 156 
Rat MMC RMPLl ? Chymotrypsin-

like 156 
Rat CTMC Tryptase 120000 Arg-X 
Mouse MMC MMMCP II 24900 Leu-X 157 
Human T,TC Tryptase 135000 Arg-X 
Human TC Chymase 28000 Leu-X 
Dog Mastocytoma Tryptase 132000* Arg-X 158 
Dog Mastocytoma DMP 27800 Trypsin-like 158 

* Tetramer comprising four subunits of M, 27157 with varying degrees of glycosylation. Enzymes 
in bold are those that have been most extensively characterized. Where the amino acid sequence 
is known, the reference is given. 
Abbreviations (Cell types are given in the text): RMCP. rat mast cell protease; GSP. group 
specific protease; MMMCP. mouse mucosal mast cell protease; DMP. dog mastocytoma protein; 
RMPL, rat mast-cell protease-like. 
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The specificity of the two enzymes is similar, but both are distinct from 
chymotrypsin and cathepsin G. The amino acid in a protein substrate that 
contributes the carboxy group to the scissile peptide bond is denominated 
P 1 and the neighbouring residues to the amino side of P 1 are designated P 2' 
P 3' etc. The chymases prefer Leu at P 1 and hydrophobic amino acids at 
P 2and P 3' as well. The ocrystal structure of RCMP II has been elucidated 159 
at a resolution of 1.9 A and shows similarities to chymotrypsin, but with 
significant differences at the active centre that would be reflected in different 
specificities. Chymase has also been purified from human skin16o,161. A 
further chymotrypsin-like protease has been identified in rat MMC by its 
partial cDNA sequence151 . 

A second type of proteolytic activity, a trypsin-like one, has been found 
in rat CTMC162,163. However, most of our knowledge of tryptase has come 
from study of the human enzyme. Schwartz et al. 164 purified this enzyme 
from human pulmonary mast cells. They showed that the active enzyme had 
Mr 140000 and was made up of four subunits, each with an active centre. 
Antibody studies show that in the lung 93% of the mast cells are of the T 
type, which contain only tryptase, and 7% are TC, which contain chymase 
as well. Skin has about 12% TC153. A comparative study of purified skin 
tryptase and lung tryptase by Tanaka et al. 165 indicated that the best 
substrates are those in which there are two basic groups together, e.g. 
Lys-Arg-X, where Arg-X is the scissile bond. The tryptases are sensitive to 
salt; 1 M NaCI raises the Km for peptide substrates about l00-fold 166. During 
studies of the cDNA for dog mastocytoma tryptase, a second trypsin-like 
DNA was found 158. The corresponding enzyme has not yet been identified. 

Thus, the major proteolytic complement of the granules of various types 
of mast cells consists of trypsin-like and chymotrypsin-like serine proteases. 
These can be differentiated not only on the basis of their substrate specificity, 
but also by the use of selective inhibitors as tabulated in ref. 167. Chymases 
are completely blocked in vitro by chymostatin (a small inhibitor produced 
by microorganisms) and the protein inhibitors a1-antichymotrypsin and 
Bowman-Birk soybean trypsin inhibitor. Tryptase, on the other hand, is 
insensitive to these three compounds, but is blocked by anti pain and leupeptin 
(additional microbial inhibitors), and by a mast cell protein, trypstatin. 
Inhibitors such as Kunitz soybean trypsin inhibitor and a1-antitrypsin give 
only partial inhibition. 

The mast cells appear to produce two protease inhibitors. Rat CTMC 
produces trypstatin, an inhibitor of tryptase. This inhibitor has 70% identity 
with inter-a-trypsin inhibitor168. The mast cells in bovine lung and liver are 
a principal source of aprotinin (Trasylol)169 which, however, has little effect 
on either type of granule protease. 

Biological role of chymase and tryptase 

It must be admitted that, although these proteases constitute a major fraction 
of the mast cell protein, their function is not understood. Their role in allergic 
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inflammation has been reviewed recently by Katunuma17o. Granule release 
by mast cells is mediated by IgE-binding to receptors and bridging through 
antigen. The release of histamine is blocked by chymase inhibitors but not 
by tryptase inhibitors. These inhibitors act inside the granules. Metalloproteases 
are also involved in granule release, as shown by this group and by Mundy 
and Strittmatter1 71 . When the granules are released from the cells the chymase 
tends to remain bound to the everted granule on the cell surface through 
interaction with heparin proteoglycan, whereas tryptase is released 1 72. 

Chymase action outside the cell is restricted by this barrier to the approach 
of large protein substrates. There is a relative paucity of inhibitors of the 
two proteases outside the cell. Both are relatively insensitive to tX1-antitrypsin. 
Chymase is inhibited by tX 1-antichymotrypsin and tryptase is inhibited by 
trypstatin that is released simultaneously from rat granules. 

Purified free chymase can stimulate other mast cells to degranulate173; it 
acts as a trigger to an induction phase but not the secretion phase. Rat 
chymase can generate a chemotactic factor for neutrophils by its action on 
IgG167. The RMCP II is readily released from granules of the mucosa and 
enters the gut lumen or blood stream. Human tryptase acts on a number of 
extracellular proteins. It degrades high molecular weight kininogen174, 
cleaves complement factor C3 to the anaphylactic protein C3a17 5, and 
degrades factor XII176. It thus has a general anticoagulant effect. In contrast, 
rat tryptase activates prothrombin to thrombin l77. The rat granules also 
release the protein trypstatin which inhibits this action of tryptase on 
prothrombin. Tryptase would presumably become denatured shortly after 
leaving the cell, since its association with the stabilizing heparin is 
concentration-dependent178. The production of anaphylatoxin C3a by tryptase 
stimulates human PMN to secrete lysosomal enzymes, guinea pig macrophages 
to release thromboxane, guinea pig platelets to release serotonin and rat 
mast cells to degranulate179. However, when C3a binds to rat mast cells it 
is rapidly degraded by chymase179. 

Dog tryptase cleaves vasoactive intestinal peptide, but not substance P, 
whereas chymase cleaves both 180. A role for tryptase in lung bronchospasm 
and skin neurogenic inflammation is postulated. RMCP I cleaves angiotensin 
I, substance P, neurotensin, somatostatin, vasoactive intestinal peptide, 
gastric inhibitory peptide, human pancreatic peptide, human Von Wille brand 
factor peptide and histone 4; its action appears to be limited to pep tides of 
mass up to about 15 kD as long as the protease remains associated with the 
granules 181. Human lung chymase shows angiotensin II converting activity 182. 

King et al. 183 have made the interesting observation that if worm antigen 
is administered intravenously to rats infected with the intestinal nematode 
Nippostrongylus, anaphylactic shock ensues, lesions are seen in the gut and 
RMCP II appears in gut secretions. Corticosteroids can abolish this response, 
if given prior to antigen, by depleting the MMCs from the gut. CTMCs 
remain unaffected by these procedures. An observation of considerable 
importance has recently been made by MacQueen et al. 184• Injection of egg 
albumin antigen into rats causes mucosal mast cells to secrete RMCP n. 
The injection is combined with an audiovisual stimulus so that a Pavlovian 
response develops in which protease is released without any albumin injection. 
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This is a potential means whereby the central nervous system can be an 
effector of mast cell function in allergic states! 

Effects of mast cell protease on the extracellular matrix 

Rat chymase can digest both soluble and matrix fibronectins 185. It also 
cleaves type VIII collagen of endothelial origin186. According to Seppa187 
chymase has no action on elastin, but does cleave fibrin clots. It plays a role 
in inflammatory vasopermeability. RMCP II is reported to digest type IV 
collagen188. Tryptase has no action on proteoglycan core protein or on type 
I collagen 189. 

There are various reports on the activation of matrix metalloproteinases 
by mast cell enzymes. Birkedal-Hansen et a[,l90 noted that dog mast cell 
granules could activate human procollagenase and could also prevent serum 
inhibition of active collagenase. Human skin chymase can activate skin 
procollagenase191. Sopata et al. 192 found that rat chymase can activate 
human PMN gelatinase. However, there is conflicting evidence with respect 
to human tryptase: Johnson and Cawston189 could not produce any 
activation of pro collagenase with human tryptase, whereas Gruber et al. 193 

claimed to observe such activation. 

lYMPHOCYTE 

Cytotoxic T lymphocytes (CTl) and natural killer cells (NK) 

CTLs bind to cells bearing foreign antigens and cause such cells to lyse. 
Various lines of evidence point to a role of cytoplasmic granules in such 
lysis194.195. After antigens bind to cells there is transmembrane signalling. 
CTL granules then fuse to the CTL cytoplasmic membrane and transfer their 
contents into the pocket formed between it and the target cell. This process 
involves calcium and energy. The target cell is exposed to a high concentration 
of granular proteins. Perforin is present and is believed to behave like the 
C9 component of complement to produce transmembrane channels. The 
target cell develops membrane lesions and undergoes lysis. 

Serine granzymes of the mouse CTl 

The granules of CTL and NK cells contain as many as six distinct serine 
esterases/proteinases (Table 4.5). Ester substrates provide a convenient assay 
for proteinases; however, not every esterase is capable of digesting protein 
substrates. Pasternack and Eisen196 showed the presence of a serine esterase 
in T cells that was low in B cells and non-cytotoxic T cells. Activity was 
blocked by diisopropyl fluorophosphate (DFP) but not by tosyl-Iysyl
chloromethyl ketone (TLCK, a trypsin inhibitor). In 1986 the first cDNA 
clones for serine esterases were sequenced197-199, and by 1988 all six 
sequences had been completed. mRNA transcripts of such genes were found 
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Table 4.5 Equivalencies of CTL serine proteinases 

Mouse enzymes Related names Amino acid 
sequence 

Human enzymes cDN A sequence 

Granzyme A HF, CTLA-3, 
TSP-I 197* HuHF, HuTSP 200, 201 

Granzyme B CCP1, CTLA-l 198, 199 HLP 211 
Granzyme C CCP2 198,203 
Granzyme D 194,207 
Granzyme E CCP3, MCSP-2 204,207 
Granzyme F CCP4, MCSP-3 204,207 
Granzyme G Glycosylated 

form of B 
Granzyme H Glycosylated 

form of B 
MCSP-l 204 

* Sequence, based on eDNA, given in the reference with this number. 
Abbreviations: CCP, cytotoxic cell proteinase; CTLA, cytotoxic T-cell lymphocyte A; HF, 
Hanukah factor; HLP, human lymphocyte proteinase; MCSP, mouse cytotoxic serine proteinase; 
TSP, T-cell serine proteinase. 

in CTL, nude mouse spleen, and 2 or 8 T-helper clones, but not in normal 
spleen or in tumours of B or T cells198. Concurrent with work on cloning 
the genes for these putative enzymes, work was in progress on isolating 
corresponding proteins from CTL. Simon et at.205 isolated a serine protease 
of Mr 60000 from CTL that was not found in resting T cells. Upon reduction 
one monomeric subunit of Mr 30000 was obtained, indicating that this 
enzyme (TSP-l) is a dimer. Hydrolytic activity was demonstrated on 
D-Pro-Phe-Arg-nitroanalide. Masson and Tschopp206 review their work in 
describing the protein granzymes A-F; G and H proved to be glycosylated 
forms of B. The enzymes are closely related in immunological properties. 
Antibodies against granzyme B crossreact with A, and those against D 
recognize C, E and F. Partial sequence analyses have permitted the 
identification of the isolated proteins with the cDNA clones. Immunoelectron 
microscopic studies have demonstrated that granzymes D, E and Fare 
localized to the same cytoplasmic granules of CTL that contain perforin207. 
The other granzymes are similarly localized. 

The sequences of HF (granzyme A) and CCPl (granzyme B) have been 
used to construct putative three-dimensional models of these enzymes based 
on X-ray crystallographic structures oftrypsin and rat mast cell proteinase-11208. 
It is concluded that HF should display trypsin-like specificity, while CCPl , 
although closely related to the chymotrypsins, should bind Glu or Asp at 
the active centre. No enzymatic activity has yet been demonstrated for this 
second enzyme. 

Serine granzymes of the human CTL and NK 

The number of such enzymes in the human appears to be smaller than in 
the mouse; only two have been characterized in detail. Hatcher et al. 209 were 
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apparently the first to isolate an enzyme of this class from human peripheral 
blood lymphocytes. The enzyme, isolated by soybean trypsin inhibitor affinity 
chromatography, had M r 30000. It was inhibited by Q: 1-AT and Q:2-
macroglobulin, but not by aprotinin or tosyl-phenylalanyl chloromethylketone 
(TPCK, a chymotrypsin inhibitor). It proved to be highly cytotoxic to human 
bladder carcinoma cells. Fruth et al.210 obtained a purified preparation of 
HuTSP of M r 50000 that dissociated to a monomeric subunit of 25-30kD 
upon reduction. This enzyme cleaves Tosyl-Gly-Pro-Arg-p-nitroanilide. It is 
induced by lectin and released from effector cells upon ligand binding to 
CD3 - T-cell receptor complex. Krahenbuhl et al. 211 purified two enzymes 
from human CD8 + CTL. N-terminal amino acid sequences showed that the 
larger enzyme, a homodimer, is the Hanukah factor corresponding to mouse 
granzyme A, and that the smaller, monomeric enzyme corresponds to HLP 
or granzyme B. The sequences of HF and HLP have been deduced from 
eDNA as referenced in Table 4.1 . 

Although Krahenbuhl et al. 211 did not detect further granzymes, it is likely 
that the list must be lengthened. Hameed et al. 212 distinguish three serine 
esterases in NK cells. Granzymes 1 and 2 correspond to mouse A and B. 
However, there is a monomeric granzyme 3 that acts on the same substrate 
as granzyme 1, i.e. it is trypsin-like. Poe et a1. 213 have purified a dime ric 
tryptase, similar to HF. However, it differs in its N-terminal sequence. A 
large table of natural and synthetic inhibitors and synthetic substrates is 
presented for this enzyme. Finally, Hudig et al.214 demonstrated a protease 
of chymotrypsin-like specificity in NK cells. 

Natural inhibitors of ell proteinases 

The granzymes appear to be of two general types: tryptase or trypsin-like 
and chymase or chymotrypsin-like. General inhibition of both should be 
produced by Q: 1-A T. The trypsin-like enzymes should be inhibited by aprotinin 
and antithrombin 111215 ,216 and the chymotrypsin-like enzymes, by 
Q:1-antichymotrypsin; but there have not been extensive systematic studies 
of the various granzymes and these inhibitors. The synthetic inhibitors TLCK, 
useful for the trypsin-like proteinases and TPCK, for the chymotrypsin type, 
have not been found to be particularly effective in blocking the granzymes. 

Ganea et al.217 show that the human T cell line C91/ PL produces a 
proteinase inhibitor (LPI 1) that blocks trypsin and kallikrein, but not 
thrombin, plasmin, chymotrypsin or pancreatic elastase. It is comparable to 
the rabbit inhibitor. This cell line is a T4line that has been transformed with 
HTL V 1 virus; other T 4 cells do not produce the inhibitor. An immunoregulatory 
role is assigned to this inhibitor, but it is not known if it inhibits any of the 
lymphocytic enzymes. The human lymphocyte is able to synthesize Q:1_AT218. 

Role of serine proteinases in cell lysis 

It must first be noted that, while all the granzymes are esterases, not all 
possess proteolytic activity. Thus, in the mouse only granzyme A has been 
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shown to digest proteins and extracellular matrix219. Granzyme D also has 
esterase activity at lysine and arginine bonds. These two enzymes react 
strongly with diisopropyl fluorophosphate (DFP), whereas Band C react 
weakly, and E and F not at all. This, of course, does not exclude their being 
serine enzymes: tonin, from rat submaxillary glands, is a good example of a 
serine protease that reacts extremely slowly with DFP220. The absence of 
general peptide cleavage could be due to the possibility that these enzymes 
have extreme specificity and are designed to digest only certain (unknown) 
protein substrates. Chymotrypsin-like specificity of peptide cleavage has been 
noted for mouse, rat and human enzymes221 ,222, but no correspondence with 
known granzymes has been established. 

What is the role of the granzymes in the cytotoxic action of eTL? In fact, 
this remains a mystery. Certainly the granzymes are found almost exclusively 
in the CTU96. The enzymes are not detected in cell assays until after the 
post-bonding events; this indicates that the granules have been released223 . 

Treatment of CTL with lXI-PI has no effect on binding, but does inhibit the 
subsequent lysis223. HuTSP is released from cell upon ligand binding to the 
CD3- T-cell receptorcomplex210. Arakawa et al.224 use the guanidinobenzoate 
compound Camostat mesilate to block lysis of target cells. The chymotrypsin 
inhibitor CBZ-Phe-Pro-Arg-chloromethylketone has been shown222 to block 
cytolysis by the rat CTL, as do inhibitors of trypsin. Thus, serine proteases 
are essential to cytolysis. But how do they participate? 

Brogan and Targan225 suggest three possible roles for serine enzymes in 
human NK: trigger, amplification cascade and cytolytic complex. TPCK does 
not affect cell proliferation or binding to target cells but does inhibit cytolysis. 
If one dissociates the NK cell from the target after initiation of event, lysis 
continues, and this lysis is blocked by p-chloromercuribenzoate, pointing to 
thiol protease involvement. With respect to an amplification cascade it must 
be noted that there is no objective evidence for one of these enzymes activating 
another with an amplifying effect. With respect to cytolysis, it must be noted 
that there is only a single instance in which cytotoxicity has been demonstrated. 
Hatcher et al. 209 showed that a 30000 D proteinase purified from human T 
cells had high cytotoxic activity. Cytolysis is generally explained on the basis 
of the release of perforin from the granule226• The blocking of cytolysis by 
protease inhibitors does not prove a direct role in membrane or cell 
breakdown, since the role could be at steps 1 or 2. 

What about the concept that the granzymes act as triggers? This idea 
receives support from the work of Utsunomiya and Nakanishi227, who 
showed by fluorescent techniques that early changes within 1 s of cell binding 
include increased membrane fluidity and influx of calcium ions. These early 
steps are blocked by inhibitors of trypsin- and chymotrypsin-like proteases. 
It is postulated that a cell-surface protease is responsible, not a granzyme. 
If CTL are treated with reversible inhibitors then washed, no effects are 
noted; but if irreversible inhibitors are used, cytolysis is blocked224. This 
would support the trigger hypothesis, since granzymes would not be exposed 
at this stage. One candidate cell-surface enzyme has been described earlier 
by Tokes228 . 

Other possible roles for granzymes have been suggested. They may serve 
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to stimulate B cell proliferation205 . They degrade extracellular matrix by 
digesting heparan sulphate proteoglycan and thus allow cells to pass through 
the blood vessel walls229. They can also degrade fibronectin 230 . Finally, they 
may enter the target cell after membrane breakdown and lead to the release 
of nuclear DNA, as illustrated by the experiments of Munger et a1. 231 . The 
preparation of large amounts of proteases in the near future should help to 
clarify the role of these enzymes. 

Other lymphocyte proteinases 

There appear to be several cell surface proteinases on lymphocytes. A serine 
enzyme is reported by Bata et al. 232 . Depleting the lymphocyte population 
of T cells leaves a population enriched in this enzyme. The T cell surface 
enzyme of Tokes228 is not stimulated by mitogen. Thymocytes contain the 
metalloproteinase 24.11 (EC 3.4.24.11) on their surface; possibly this acts to 
inactivate interleukin 1233. An insulin-degrading enzyme is found on the 
surface of cultured human lymphocytes, but has not been further character
ized234. 

With respect to secreted metalloproteinases, the mouse T lymphocyte has 
been reported235 to produce a proteoglycan-degrading metalloproteinase 
(perhaps stromelysin). It is released in latent form and is not stimulated by 
antigen or mitogen. The high level of T lymphocytes in the rheumatoid 
synovium suggests a possible role for this enzyme. Collagenase is also found 
in the human lymphocyte at levels about one-third of those found in PMN 
cells236• Simpson et al. 237 separated Band T cells, and found that the former 
produced high collagenase activity. 

Lysosomal cathepsins are also found in lymphocytes. Cathepsin D in 
human lymphocytes238 is not stimulated by phytohaemagglutinin239. Rat 
lymphocytes appear to contain a unique heavy form of cathepsin D of Mr 
9500024°. The thiol cathepsins B, Hand L are found in human peripheral 
blood lymphocytes241 and decrease in specific activity after PHA stimulation. 
Kominami et al. 242 find lymphocyte Band H similar to neutrophil content 
and much lower than macrophage in the rat. The lymphocytes contain a 
cystatin similar in amount to the amount of cathepsins. Cathepsin L in the 
rat lymphocyte is only 10% ofthe amount found in resident macrophages l19. 
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5 
Eicosanoids (prostaglandins and 
leukotrienes) 
E. R. PElTIPHER, G. A. HIGGS and J. A. SALMON 

INTRODUCTION 

The importance oflocally produced prostaglandins (PGs) in the inflammatory 
response has been well recognized since the observation by Vane and 
colleagues that aspirin and other non-steroidal anti-inflammatory drugs 
(NSAIDs) inhibit PG synthesis l - 3 . More recently, it has been suggested that 
other products of arachidonic acid metabolism, such as leukotrienes, are also 
mediators of allergic and inflammatory reactions. Inhibitors of leukotriene 
synthesis and antagonists of their action have recently been developed and 
are presently undergoing clinical evaluation; the exact role and importance 
of these mediators in human disease will be clarified only when the outcome 
of these clinical studies is known. In this review we will describe the 
pharmacological effects of selective lip oxygenase inhibitors in tests conducted 
in animals, and will discuss the possible relevance to humans. 

Although the prostaglandins have pro-inflammatory effects, it is also clear 
that prostaglandins (particularly PGE2 and prostacyclin, PGI2) can 
down-regulate the inflammatory response, probably by suppression of the 
activity of a range of leukocytes including neutrophils, lymphocytes and 
macro phages. For example, there is some evidence that PGE 2 and PGI 2 

inhibit the generation from macro phages of cytokines such as interleukin 1 
(IL 1) and tumour necrosis factor a (TNF-a), cytokines which may playa 
central role in chronic inflammation4 • Therefore, in this review we will also 
discuss the importance of interactions of eicosanoids with cytokines and the 
cells involved in chronic inflammation. 

PATHWAYS OF EICOSANOID BIOSYNTHESIS 

The important pathways of eicosanoid synthesis are shown in Figure 5.1. 
The unsaturated fatty acid, arachidonic acid, is the precursor for the synthesis 
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EICOSANOIDS (PROSTAGLANDINS AND LEUKOTRIENES) 

of the major classes of both prostaglandins and leukotrienes. The level of 
free arachidonic acid in cells is very low, but it is stored in an esterified form 
in membrane phospholipids. The arachidonyl moiety is located almost 
exclusively at the 2-acyl position of the phospholipids and consequently the 
action of phospholipase A2 causes the liberation of arachidonic acid. 
Lipocortin I and II, which are proteins synthesized by macro phages and 
possibly other cell types in response to glucocorticoids, inhibit phospholipase 
A2 (see FlowerS). The inhibition of phospholipase A2 activity by these 
polypeptides is due to substrate sequestration rather than to a direct 
enzyme-inhibitor interaction6 . Recombinant lipocortin I (or calpactin II) 
inhibits eicosanoid synthesis in guinea-pig lung 7 but not in murine macrophages8, 

which suggests that phospholipase A2 may be responsible for the mobilization 
of arachidonic acid in some cell types but not in others. Arachidonic acid 
can also be liberated from phospholipids in some systems by the sequential 
action of phospholipase C and a diacylglycerol lipase9 . Whatever the 
mechanism that initiates eicosanoid synthesis, it can occur extremely rapidly: 
for example, in platelets 75-80% of liberated arachidonic acid is converted 
to eicosanoids with lOs of stimulation9. 

Arachidonic acid is often found esterified in the 2 position of the 
ether-linked phosphatide which is also the substrate for the formation of 
platelet-activating factor (PAF)10. Consequently, cleavage by phospholipase 
will lead to the liberation of arachidonic acid and lyso-PAF, the precursor 
substrates for eicosanoid and PAF synthesis respectively. The pathways of 
PAF synthesis are discussed in more detail in Chapter 9. 

Free arachidonic acid can be converted to a variety of metabolites 
('eicosanoids'). Two major groups (cyclooxygenase and lipoxygenase products) 
can be formed, and these are classified according to the enzyme reaction 
which initiates their synthesis. The biosynthetic pathways leading to the 
formation of cyclooxygenase and lipoxygenase products are complex (see 
Figure 5.1) and are described only briefly here; readers are referred to more 
detailed reviews for further information 11-13. The cyclooxygenase enzyme 
complex is present in the 'microsomal' fraction of most mammalian cells and 
converts arachidonic acid to the cyclic endoperoxides, PGG2 and PGH 2• 

Prostaglandin G 2 and H2 can degrade non-enzymatically to the primary 
prostaglandins PGD2, PGE2 and PGF 2.' However, there are distinct 
isomerases which catalyse the conversion of endoperoxides to PGD2 and 
PGE2· Also, the reduction of the endoperoxides to PGF 2", may be catalysed 
by aldoketoreductases14. Some cell types (e.g. mast cells) produce PGD2, but 
not PGEz, which suggests that the relative distribution of these isomerases 
is important in determining which prostaglandin is formed. 

In endothelial cells, prostacyclin (PGI 2) is enzymatically produced from 
the endoperoxides by the action of the enzyme prostacyclin synthase. 
Prostacyclin is unstable under physiological conditions and is rapidly 
hydrolysed to 6-keto-PGF 1",' 

Thromboxane Az (TXA2) is produced from the endoperoxides in platelets, 
PMNs, macro phages and some other cell types, by an enzyme termed 
thromboxane synthase. Thromboxane A2 is also very unstable and decomposes 
rapidly to TXB2• 

93 



BIOCHEMISTRY OF INFLAMMATION 

There are several enzymes which can catalyse the formation of positional 
isomers of hydroperoxy analogues of arachidonic acid (or hydroperoxyeico
satetraenoic acids; HPETEs). The most extensively studied reaction is the 
conversion of arachidonic acid to 15-HPETE by soybean lipoxygenase 1S . 

The first reports of a mammalian lipoxygenase was of the enzyme 
present in blood platelets which catalysed the formation of 12_HPETE16•17. 

However, the most important enzyme in this class is probably the 5-lipoxy
genase because it controls the initial step in the biosynthesis of the 
leukotrienes. 

The 5-lipoxygenase is not so widely distributed as the cyclooxygenase, 
it appears to be restricted mainly to neutrophils, eosinophils, 
monocyte/macrophages and mast cells. The enzyme introduces a molecule 
of oxygen at the 5-position of arachidonic acid to produce 5-HPETE. This 
hydroperoxy acid can then be reduced enzymatically to 5-hydroxyeicosatet
raenoic acid (5-HETE) or dehydrated to leukotriene A4 (LT A4). The latter 
can be converted to the peptido-Ieukotrienes, LTC4, LTD4 and LTE4. 
Leukotriene A4 can also be enzymatically hydrolysed to the potent chemotactic 
lipid, LTB4. 

Although the metabolites described above are considered to be the most 
biologically important, arachidonic acid can be metabolized to many other 
derivatives. The lipoxins, which are formed via the 15- and 5-lipoxygenase 
pathways, are reported to have potent biological activities 18, but it has not 
yet been confirmed that they are formed in vivo and consequently their 
relevance to pathophysiological processes is uncertain. A 12-HETE was 
detected in the involved skin of patients with psoriasis19 but an investigation 
ofthe stereochemistry of the hydroxy acid revealed that it was the R-enantiomer20 

whereas 12-lipoxygenase action yields 12(S)-HETE. Therefore, a different 
enzyme system is probably involved in the biosynthesis of the product 
observed in psoriasis. Since 12(R)-HETE has more marked inflammatory 
properties than the S-enantiomer21 the identification ofthe enzyme responsible 
for the formation of 12(R)-HETE is important. Other investigators have 
detected 12(R)-HETE in incubations of arachidonic acid with kidney 
homogenates, and evidence was presented indicating that the reaction was 
catalysed by a cytochrome P-450 hydroxylase22. Cytochrome P-450 enzymes 
have also been implicated in the synthesis of epoxide derivatives of arachidonic 
acid23• 

The above discussion has focused on arachidonic acid, but some other 
unsaturated fatty acids may also be substrates for the cyclooxgenase and 
lipoxygenase enzymes. Although it is not as good a substrate as arachidonic 
acid, dihomogammalinoleic acid is converted by the cyclooxygenase to 
monoenoic prostaglandins. In contrast, eicosapentaenoic acid (EPA) is a 
poor substrate for the cyclooxygenase but can be metabolized efficiently by 
the 5-lipoxygenase to produce the pentaenoic leukotrienes24.25. The efficiency 
of the formation of the peptido-Ieukotrienes from EPA is similar to that for 
synthesis from arachidonic acid, but conversion of EPA to LTBs is relatively 
inefficient24.25. The use of EPA in the treatment of inflammatory disorders 
will be considered later. 
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CELLULAR SOURCES OF EICOSANOIDS IN INFLAMMATION 

Cyclooxygenase products 

Elevated levels of cyclooxygenase products including PGE2, PGF 2a' PGD2, 

6-keto-PGF la and TXB 2 have been found in experimental models of 
inflammation and in human diseases. Prostaglandins E2 and TXB2 have 
been detected in carrageenan-induced inflammatory exudate in rats26, and 
PGE2 has been detected in the inflamed joints of rabbits with antigen-induced 
arthritis27 •28• The inflamed synovial lining from arthritic rabbits produces 
PGE2, TXB2 and 6-keto-PGF la ex vivo27 •28 . Synovial effusions from both 
rheumatoid and osteoarthritic patients contain high concentrations of PGE2 

but lower levels of PGF 2a' TXB2 and 6-keto-PGF la (see Higgs29). Synovial 
tissues from rheumatoid patients produce elevated levels ofPGE2, 6-keto-PGF la 

and TXB 230 . In most inflammatory lesions PGE2 appears to be the most 
abundant cyclooxygenase product but in systemic mastocytosis very high 
levels of PGD2 and/or its metabolites have been detected in plasma and urine31 . 

Although it is clear that cyclooxygenase products are abundant in inflamed 
tissues and exudate, it is not always clear which cell type(s) is responsible for 
the production of a particular eicosanoid. The capacity of various cell types 
to produce cyclooxygenase products is shown in Table 5.1, but this 
information does not always indicate the contribution of each cell type in 
vivo. For example, in inflammatory reactions is the thromboxane detected 
in inflammatory exudate produced by platelets or neutrophils? Does PGE2 

originate from infiltrating leukocytes or from resident connective tissue cells? 
Attempts have been made to determine the source of cyclooxygenase products 
in inflammatory responses by depleting various types of cell in animal models 
of inflammation. In rats which were made thrombocytopenic with antiplatelet 
serum the TXB 2 generated in clotted blood was markedly inhibited, but the 
levels of cyclooxygenase products, including TXB2 , in the inflammatory 
exudate were not reduced compared to control32 • In contrast, when rats were 
rendered neutropenic by prior treatment with methotrexate, or when leukocyte 
migration was prevented by the administration of colchicine, the level of 
TXB2 in the exudate was reduced by > 95% compared to control. These 
results strongly suggest that neutrophils, rather than platelets, are the source 
ofTXB2 in this model of irritant-induced inflammation. Neutrophil depletion 
also prevented the rise in the levels of PGE2 by some 60-70%. This is 

Table 5.1 Cellular sources of cyc100xygenase products 

Cell type 

Platelet 
Neutrophil 
Endothelial cell 
Mast cell 
Fibroblast 
Chondrocyte 
Monocyte/macrophage 

Major cyclooxygenase product 

TXA2 

TXA2 

PGl2 >PGE2 

PGD2 

PGE2 

PGE2 > PGl2 

TXA2• PGE2• PGI2 
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surprising since PMN produce little PGE2 compared to resident fibroblasts. 
However, this result could indicate that PMNs are indirectly responsible for 
PGE2 synthesis by producing factors such as lysosomal phospholipase A2 
which initiate eicosanoid synthesis in the resident tissue. Similar results have 
been obtained in immune arthritis in the rabbit; neutropenia inhibited the 
rise in PGE2 levels in the synovial fluid after antigen challenge33. Also, in a 
rabbit model of myocardial infarction neutropenia significantly suppressed 
the generation of PGE2 and 6-keto-PGF 1. by infarcted tissue ex ViV0 34. 

However, it should be noted that under some experimental conditions the 
rise in PGE2 is independent of PMN migration26. 

In summary, it is suggested that migrating PMN, rather than platelets, 
are responsible for TXA2 synthesis in inflammation, and PGE2 is produced 
by the resident tissue in response to the presence of activated PMN. 

Lipoxygenase products 

The cell types that can produce leukotrienes are more limited in number 
than those that can produce cyclooxygenase products. Neutrophils produce 
large amounts of LTB4 and this chemotactic lipid is present in neutrophil-rich 
exudates in experimental models26 ,28 and in human diseases such as 
arthritis35 and psoriasis36. Human alveolar macrophages also produce LTB4 
(but little L TC4), and this is probably responsible for their PMN chemotactic 
activity37,38. In contrast, peripheral human monocytes produce similar 
amounts of LTB4 and L TC4 in response to stimulation with the calcium 
ionophore A23187, or the bacterial tripeptide, F-Met-Leu-Phe39.40 . Human 
eosinophils produce LTC4 but little LTB/1.42. Leukotriene C4 is also the 
predominant lipoxygenase product of purified human mast cells43. However, 
when human lung fragments or unpurified dispersed cells are stimulated, 
LTD 4 and L TE4 are also detected44, which suggests that L TC4 released from 
the mast cell is metabolized to LTD 4 and L TE4 by the other cells present45. 
As mentioned previously, 12(R)-hydroxyeicosatetraenoic acid is now recognized 
as a major chemotactic lipid present in psoriatic scale20. 

ROLE OF EICOSANOIDS IN ACUTE INFLAMMATORY RESPONSES 

Vasodilatation 

Prostaglandin E2 and PGI2 cause dilatation of the microcirculation; effects 
are observed at doses of O.l-lOng. When injected into human skin, both 
PGEz and PGI2 induce erythema46,47. Prostaglandin D2 also induces 
erythema in human skin, although it is less potent than PGE248. Blood flow 
changes induced by PGs in rabbit skin have been measured directly using 
133xenon clearance; it was found that PGEz and PGI2 were potent 
vasodilators whereas PGF 2. and PGD2 were effective only at high doses49. 
The relative contribution of different PGs to hyperaemia may depend on the 
species, the tissues involved and on the nature of the inflammatory/allergic 
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response. The effects of PGE2 and/or PGI2 probably predominate in most 
instances. However, in conditions where mast cell degranulation is central 
to the pathology, PG02 may play an important role because PG02 is the 
main cyclooxygenase product produced by mast cells. In general aspirin-like 
drugs reduce erythema in a variety of inflammatory responses in experimental 
animals and in humans; this beneficial effect can be explained by the ability 
of this class of therapeutic agents to inhibit the synthesis of cyclooxygenase 
products, thereby confirming the role of prostaglandins in mediating 
erythematous responses in inflammation. 

The role of lipoxygenase products in the control of vascular tone is less 
clear. This, in part, is due to the fact that marked species and tissue differences 
have been reported. Leukotrienes C4 and 0 4 are potent vasoconstrictors in 
some in vivo preparations such as guinea pig skin50 and in the exposed cheek 
pouch of the hamster51 . In human skin, LTC4, LT04 and LTE4 induce rapid 
onset wheal-and-flare responses52 ,53 with evidence of increased blood flow 
rather than vasoconstriction 54. The pallor associated with the wheal response 
is believed to be indirect due to constriction of the vasculature caused by 
the increased volume of extravascular fluid, rather than by direct vasocon
striction55. Leukotriene 0 4 also increases blood flow in human nasal mucosa, 
which may contribute to the symptoms of rhinitis56. 

Vascular permeability and leukocyte emigration 

Prostaglandins are only weak inducers of vascular permeability in vivo. Early 
studies indicated that PGEs injected at doses greater than 0.1 J,lg could induce 
oedema in rat skin, and this effect was mediated by the release of histamine 
and 5_HT57. Later studies in the guinea-pig and rabbit indicated that PGEs 
had little effect on vascular permeability directly, but could dramatically 
enhance the effects ofhistmaine or bradykinin by increasing blood flOW 58- 60. 
In human skin, PGE2 can enhance oedema caused by other mediators, such 
as bradykinin, without having any overt effects itsel[61. Prostaglandin E2 
also enhances oedema in response to chemotactic factors such as C5a or 
LTB4 which increase vascular permeability by a PMN-dependent mechanism62. 

Prostaglandins are generally weak inducers of leukocyte accumulation. 
However, as in the case of oedema formation, local injections of PGE2 or 
PGI2 can enhance leukocyte accumulation induced by chemotactic factors, 
presumably by increasing the supply of blood to the inflamed site63 .64. This 
may be particularly important for tissues with low basal blood flow, but in 
other circumstances the contribution of endogenous PGs to leukocyte 
emigration is less clear, since doses of NSAIOs which prevent the generation 
of PGE2 do not inhibit leukocyte accumulation65 ,66. Furthermore, in 
response to the irritant, carrageenan, indomethacin enhanced leukocyte 
accumulation65. Since infiltrating leukocytes may contribute to the pathogenesis 
of chronic inflammation by releasing toxic oxygen radicals and lysosomal 
enzymes, the observation that NSAIOs may increase cell influx suggests that 
these drugs could exacerbate some symptoms of chronic inflammation: the 
clinical implications of this possibility are considered later. 
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The peptido-leukotrienes can induce vascular permeability directly. 
Leukotrienes C4 and D4 induce plasma leakage from postcapiIIary venules 
in the hasmster cheek pouch at low doses; L TC4 is slightly more potent than 
LTD 451 . These LTs are at least 1000 times more potent than histamine in 
eliciting this response, but L TE4 is equipotent with histamine in inducing 
vessel 'leakiness' in guinea pig skin67. However, the peptido-leukotrienes do 
not cause neutrophil chemotaxis or adhesion. In contrast, L TB4 potently 
stimulates neutrophil motility and adhesion to endothelial cells in vitro68,69. 

Although LTB4 causes chemokinesis and chemotaxis by a direct action on 
PMN, the stimulation of adhesion by L TB4 may be mediated by an action 
on the endothelial ce1l70. This is similar to the effects of the cytokine, IL_171, 
but, interestingly, differs from other chemotactic factors such as FMLP or 
C5a, which effect neutrophil adhesion to the endothelium by stimulating the 
neutrophil72• Leukotriene B4 also causes neutrophil adhesion to the endothelium 
of postcapiIIary venules of the hamster cheek pouch 51 and causes neutrophil 
infiltration when injected into the rabbit eye 73 and rabbit skin63.74. 

Since the leukotrienes appear to be important mediators of inflammatory 
and allergic reactions, much effort has been directed towards developing 
selective inhibitors of their generation. A series of acetohydroxamic acids 
inhibit 5-lipoxygenase in vitro and ex vivo 75, and these have been used as 
experimental tools to explore the role ofleukotrienes in mediating inflammatory 
processes. The acetohydroxamic acids BW A4C and BW A 797C did not 
suppress leukocyte-dependent oedema in response to carrageenan in the rat 
at doses which blocked LTB4 generation 76: this suggests that LTB4 may not 
be an important mediator of the oedema to us response. However, at high 
doses these acetohydroxamic acids did suppress leukocyte accumulation in 
a sponge-implant model. Similarly, selective inhibition ofleukotriene generation 
did not suppress the oedema associated with a delayed-type hypersensitivity 
response in the mouse 77. Furthermore, eicosanoids do not seem to be involved 
in the inflammatory responses stimulated by the cytokine, IL 1: inhibition 
of leukotriene generation did not affect leukocyte accumulation in response 
to IL 1 in the rabbit 78 or the mouse 79. Selective lipoxygenase inhibitors need 
to be tested in a range of animal models, and ultimately in humans, before 
firm conclusions about the role of leukotrienes in inflammation can be made. 
For example, leukotrienes may be important mediators of pulmonary oedema 
in asthma since the peptido-leukotriene antagonist, FPL 55712, inhibited 
plasma leakage in guinea pig lungs after antigen challenge80. 

Pain and hyperalgesia 

Prostaglandins do not cause overt pain, but can sensitize pain receptors to 
the effects of other mediators such as histamine or bradykinin81. The PGs 
can also sensitize pain receptors to mechanical stimuli so that a normally 
non-painful stimulus becomes painful; for example the rubbing of clothes on 
sunburnt skin. The hyperalgesic effect of PGE2 is cumulative and long-lasting 
whereas prostacyclin, which is a more potent hyperalgesic agent, has a 
short-lasting action82.83. Direct evidence supporting a role for PGs in 
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mediating the pain of the joint was obtained from experiments performed in 
dogs84. Infusions of bradykinin into the dog knee produced a reflex 
nociceptive response which manifested itself as a rise in blood pressure: the 
response became more intense with time or when PGE1 or PGE2 was 
co-infused. Aspirin or indomethacin reduced the time-dependent increase in 
nociceptive activity but not that produced by the injection of exogenous 
prostaglandins. These experiments suggest that endogenous prostaglandins 
are responsible for hyperalgesia, and this can be reduced by aspirin-like drugs. 

Leukotriene B4, but not LTD 4' can induce hyperalgesia by a PMN-dependent 
mechanism85. However, inhibition ofLTB4 production by selective lipoxygenase 
inhibitors did not inhibit pain responses induced by the irritant, carrageenan, 
whereas cyclooxygenase inhibitors greatly reduced the response 76. 

In summary, the anti-inflammatory and analgesic actions of NSAIDs can 
be accounted for by inhibition of PG synthesis, but it is not clear whether 
inhibition of L T generation will lead to an improvement in anti-inflammatory 
thereapy. 

ROLE OF EICOSANOIDS IN CHRONIC INFLAMMATION: 
INTERACTIONS WITH CYTOKINES 

Anti-Inflammatory/ immunosuppressive action of prostaglandins 

Prostaglandins of the E series and PGI2, when given systemically, can 
suppress acute and chronic inflammatory reactions. Early experiments 
indicated that high systemic doses of PGE1 or PGE2 could suppress adjuvant 
arthritis in rats86.87. Although it could be interpreted that these effects were 
due to a non-specific reduction in blood pressure, recent evidence indicates 
that leukocyte-dependent oedema in the rabbit can be suppressed by 
15-methyl PGE (a synthetic analogue of PGE1) or PGI 2 at doses which are 
not hypotensive~8. The latter data are consistent with the finding that PGEs 
and PGI2 suppress neutrophil responses to a range of stimuli in vitro89. 

However, much lower doses of PGE2 are required to inhibit the proliferation 
of lymphocytes90 and the production of lymphokines91 than required to 
suppress neutrophil function. Therefore, inhibition of lymphocyte function 
by PGEs in vivo may be a more likely explanation for the effect of these 
prostanoids on adjuvant arthritis. Also, the finding that PGE treatment 
suppressed cartilage degradation92, as well as joint swelling, suggests that 
the prostanoids exert an effect in addition to suppressing neutrophil function, 
because cartilage damage in arthritis is probably not due to infiltrating 
neutrophils33. It is clear that PGEs and PGI 2 reduce neutrophil-dependent 
inflammatory responses in vivo such as the tissue injury that occurs in models 
of myocardial infarction93. Prostaglandin E2 also suppresses other autoimmune 
diseases such as murine nephritis, and · this correlates with inhibition of T 
cell function rather than inhibition of immune complex formation94. 

Prostaglandins El and E2 and PGI 2 also decrease macrophage activation. 
In particular, there are many reports that PGE2 reduces the production of 
IL 195.96 which is a potent inducer of arthritic changes in the joint 78. However, 
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recent evidence suggests that PGEs may not affect IL 1 production directly, 
but that they interfere with the ability of responder thymocytes to detect 
IL 1 produced by macrophages97• On the other hand, PGE2 may inhibit the 
secretion of mature IL 1 protein rather than inhibit the production of IL 1 
in some systems98. The effect of PGE2 on the production of TNF-()( 
from macrophages appears to be more clear-cut; it inhibits the production 
of mature TNF-IX protein activity99 and down-regulates the level of TNF-IX 
mRNA 100 in macrophages. Tumour necrosis factor IX is a less potent 
inflammatory agent than IL 1, although it can dramatically enhance leukocyte 
infiltration in response to IL 1 after intra-articular injection 101 . 

Treatment of arthritic rabbits with indomethacin leads to an enhancement 
of lymphocyte infiltration in the synovial tissue and accelerated cartilage 
damage 102 (see Figures 5.2 and 5.3). Clearly, the findings that PGs can 
suppress lymphocyte and macrophage function may have serious implications 
for patients treated with NSAIDs, such as those with chronic arthritis. 
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Figure 5.2 The effect of indomethacin on the cellular content of synovial tissues from rabbits 
with antigen-induced arthritis. The numbers of total cells (upper panel) and lymphocytes (lower 
panel) counted in 10 bands of synovial membrane (250f.1m wide) taken from arthritic joints of 
untreated (open columns) and indomethacin-treated (hatched columns) rabbits 14 days after 
the induction of arthritis. Each column represents the mean±SEM of data from the six to 19 
animals (* p < 0.05 compared to control). 
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Figure 5.3 The effect ofindomethacin on degradation of cartilage in rabbits with antigen-induced 
arthritis. Proteoglycan depletion from the articular cartilage from arthritic joints of untreated 
(0) and indomethacin-treated (.) rabbits. Each point is the mean ± SEM of data from five to 
18 animals (*p < 0.05 compared to control). 

Leukotrienes as immunomodulators 

The first indication that lipoxygenase products may participate in immune 
responses came from experiments using non-selective cyc
looxygenasejlipoxygenase inhibitors, such as BW 755C, in vitro. These 
compounds inhibited thymocyte replication in response to IL 1103 and 
suppressed the production of IL I-like activity from macrophages104. 
However, it is not yet known whether selective inhibitors of the 5-lipoxygenase 
also suppress the activity of these immunocompetent cells. 

Other studies examined the effects of exogenous leukotrienes on macrophage 
and lymphocyte function. Addition of L TB4 to cultures of human monocytes 
enhanced IL 1 production in response to a range of stimuli including 
lipopolysaccharide and zymosan105. Leukotriene D4 was less effective at 
eliciting this response. Leukotriene B4 can also augment TNF -(J. production 1 06. 

At low concentrations, LTB4 induces suppressor cell activity in human 
lymphocyte culturesl07.108. Separation ofT cells into subtypes revealed that 
LTB4 inhibited the proliferation of helper cells (CD4 positive cells) but 
stimulated the proliferation of suppressor cells (CD8 positive cells)109. 
Furthermore, LTB4 induced the expression of the CD8 antigen on a 
proportion of CD4-positive lymphocytes 1 10. It is not clear whether the ability 
of non-selective lipoxygenase inhibitors to inhibit thymocyte replication can 
be explained by interference with any of the above L T -dependent activities. 
Clearly, there is a need to investigate the effect of specific lipoxygenase 
inhibitors on the responses of different lymphocyte subsets in order to 
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establish whether L Ts do indeed play a significant role in modulating 
lymphocyte function. 

The effects of selective lipoxygenase inhibitors on cell-mediated immune 
responses in vivo have not yet been evaluated fully. The selective lipoxygenase 
inhibitor, L-551 ,896, when given alone or in combination with indomethacin, 
did not modify oxazalone-induced delayed hypersensitivity in the mouse, 
despite inhibiting the production of LTB477. Dietary manipulation of L TB4 
production by feeding fish oil (rich in EPA) has been attempted in models 
of autoimmune diseases. Prickett et al. III found that the incidence, but not 
the severity, of collagen-induced arthritis in rats was increased by EPA-feeding. 
This was attributed to the reduced production of PGE2 which has 
immunosuppressant activity. However, collagen-induced arthritis in mice was 
suppressed by EPA when given prophylactically or therapeutically112.1l3. 
Similarly, EPA suppresses murine lupus114. Some symptomatic benefit has 
been observed in rheumatoid patients fed fish oiII15-117. Although EPA-feeding 
does reduce the generation of LTB4 from neutrophils and monocytes118 it 
is not clear if this is the mechanism underlying the observed clinical effects 
of fish oil. A fish oil diet has also been shown to give moderate improvement 
in psoriatic patients, and the degree of improvement correlated with the level 
of incorporation of EPA and docosahexaenoic acid into the epidermis 119. A 
fish oil diet given to healthy volunteers also reduced the generation of IL 1 
and TNF-a from mononuclear cells ex vivo I20 . 

SUMMARY 

Locally produced PGs, particularly PGE2 and PGI2, participate in acute 
inflammatory responses by increasing the flow of blood to the site of injury 
and by sensitizing pain receptors to chemical and mechanical stimuli. Indeed, 
the anti-inflammatory activity of NSAIDs correlates with their ability to 
inhibit PG synthesis. However, there is some evidence that PGs may serve 
to downregulate the chronic inflammatory response by inhibiting lymphocyte 
activation and possibly by inhibiting the production of cytokines, such as 
IL 1 and TNF -a, from macrophages. This view is sllPported by the observation 
that NSAIDs may exacerbate some aspects of chronic inflammatory diseases. 
Therefore, there is a need for improved anti-inflammatory therapy. Recently 
developed lipoxygenase inhibitors could represent a new class of anti
inflammatory drug. However, selective lipoxygenase inhibitors do not appear 
to be very effective in the models of acute inflammation in which they have 
so far been tested. The compounds have not yet been thoroughly tested in 
models of chronic inflammation; nor have they been subjected to clinical 
evaluation. It is possible that, when given in combination with conventional 
NSAIDs, they could offer improved anti-inflammatory activity compared to 
NSAIDs alone. It is also possible that selective lipoxygenase inhibitors may 
prevent the exacerbation of tissue damage seen with NSAID therapy. 
Therefore, the outcome of the clinical trials being conducted presently with 
several 5-lipoxygenase inhibitors and L T antagonists is awaited with interest. 
Dietary manipulation, for example by the increased intake of EPA, may also 
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offer a modest symptomatic improvement for patients suffering from 
inflammatory disorders, but further placebo-controlled, double-blind clinical 
trials are required to confirm the earlier interesting observations. 
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6 
The role of toxic oxygen species in 
inflammation with special reference to 
DNA damage 
P. G. WlNYARD, D. PERRETT, G. HARRIS and D. R. BLAKE 

Paradoxically, oxygen is both necessary for aerobic life and a toxic hazard 
at higher than atmospheric concentrations. In mammalian systems the 
controlled reduction of oxygen is essential for the production of energy. The 
quantum chemistry of oxygen (see below) provides for this molecule to 
undergo univalent reduction more readily than divalent reduction. Mammalian 
cells control this process by virtue of an array of enzymes - the mitochrondrial 
respiratory chain - which supplies electrons to O 2 singly. This system is 
imperfect and up to 5% of the electrons 'leak' out, forming toxic O~- radicals. 
Furthermore, other enzymes have the specific function of releasing toxic 
oxygen species under certain conditions. For example the bactericidal 
capacity of neutrophils is, in part, dependent on the generation of toxic 
oxygen species by a membrane NADPH oxidase. Thus, in some circumstances, 
the production of oxygen free radicals may be desirable. However, protective 
mechanisms normally deal effectively with toxic oxygen species when they 
escape their intended sphere of action. These 'antioxidant defences' consist 
of both enzymes and low-molecular-weight compounds which may either 
'scavenge' oxygen radicals or 'repair' oxidative damage to biomolecules. 
Recent evidence suggests that many inflammatory disorders may be linked 
to an increase in the production of oxygen radicals and/or deficiencies of 
antioxidant defence systems. 

Chronic inflammatory diseases may be characterized by populations of 
cells with altered regulation and function. This might be explained by several 
different free-radical-mediated processes. First, oxygen radicals might be 
selectively toxic to certain susceptible cell types and/or certain subpopulations 
within a given cell type. This could involve alterations in the energy charge 
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state of the cell, and here oxidative DNA damage is likely to playa critical 
role'·2. Secondly, cell disorder might occur without cytotoxicity or cell killing 
by alteration of important cell surface structures (e.g. receptors) by oxidants3. 

(However, it seems unlikely that doses of oxygen radicals sufficient to cause 
loss of cell surface receptor function would not be toxic.) Finally, oxidative 
DNA damage to target cells might give rise to mutations, the so-called 
'somatic mutation theory' put forward by F. M. Burnet (reviewed in ref. 4). 
The possible roles of these processes will be considered below. 

THE CHEMISTRY OF OXYGEN RADICALS 

A free radical may be defined as an atom or molecule with one or more 
unpaired electrons, capable of an independent existence. They may be 
positively charged, negatively charged or neutral. Examples include the 
ground state diatomic oxygen molecule, the hydrogen atom and most 
transition metals. The unpaired electron(s) that characterizes an oxygen free 
radical, which may be denoted by a superscripted dot (e.g. 'OH denotes the 
hydroxyl radical), confers on the molecule a high level of instability and thus 
a high chemical reactivity. 

While oxygen is clearly essential for aerobic life, it is toxic when supplied 
at concentrations greater than those in the atmosphere. Its toxicity relates 
to its almost unique electronic configuration. Molecular oxygen possesses 
two unpaired electrons each located in a n* antibonding orbital. The two 
unpaired electrons have a parallel spin (the same spin quantum number). 
This we depict as (j) (j). Consider the case where oxygen oxidizes another 
atom or molecule by accepting a pair of electrons from it. A pair of incoming 
electrons with the more usual configuration (j) (!) would fit into both vacant 
spaces only if one electron inverted its spin (!) (!). This imposes a 'spin 
restriction' on oxygen's ability to take up electrons simultaneously, and hence 
it has a tendency to accept electrons singly (j) (j !), generating a free radical 
species - O~- (the superoxide anion radical). Superoxide is capable of 
undergoing further one electron reductions to produce other oxygen free 
radicals and these reactions are given in equations (1) to (4). 

02+e+H+-+HO~+-+O~- +H+ (1) 
perhydroxyl radical in equilibrium with ,uperoxide radical (pK. =4.8) 

HO~+e+H+-+HzOz (2) 
hydrogen peroxide 

HZ0 2 +e+H+-+'OH+HzO (3) 
hydroxyl radical 

(4) 
water 
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Clearly, hydrogen peroxide is not a free radical as it has no unpaired electrons. 
However, it is an oxidant with a good diffusion ability and is classified as a 
reactive oxygen species (ROS), a collective term that also encompasses oxygen 
free radicals. Since ROS are short-lived they are difficult to detect directly 
in biological systems and usually the characteristic products of oxygen radical 
reactions with biomolecules are detected. For example, the technique of 
electron spin resonance (ESR) may be used, which is an unequivocal means 
of detecting the unpaired electrons of radical species. ESR can be applied to 
the study of radical generation (e.g. O~- or 'OH) in biological samples, using 
a non-radical substance (e.g. nitrone or nitroso compound) to perform 'spin 
trapping' experiments. In this system an oxygen radical reacts with a 
non-radical substance, with the transfer of a single electron and the formation 
of a further radical - in this case a more stable and easily detectable species. 
This principle illustrates the propensity of oxygen radicals to produce radical 
chain reactions. 

FREE RADICAL THEORIES OF OXYGEN TOXICITY 

The superoxide theory of oxygen toxicity 

In 1954, Daniel Gilbert and Rebecca Gerschman formulated the theory that 
most of the toxic effects of oxygen were attributable to the formation of 
oxygen radicals. The discovery in aerobic cells of superoxide dismutase (SOD), 
an enzyme which specifically scavenges O~-, led Irwin Fridovich to refine 
this idea into the 'superoxide theory of oxygen toxicity' (reviewed in ref. 5). 
In aqueous media at neutral pH, the main reaction of O~- is a relatively 
slow spontaneous dismutation to H20 2 and 02: 

(5) 

SOD increases the rate of this reaction almost as far as the diffusion-controlled 
limit. It was found that SOD activity was a requirement for life in the presence 
of oxygen; the involvement of superoxide in causing damage to many different 
biomolecules was inferred by virtue of the ability of SOD to inhibit the 
damaging reaction. However, subsequent studies suggest that most of the 
damaging effects of superoxide in aqueous media are not mediated directly 
by this species, but rather by another oxidant derived from O~ - . 

The Haber-Weiss reaction 

Superoxide will react with H20 2 (formed by the dismutation of O~-) to give 
highly reactive 'OH, which will oxidize virtually all biomolecules. 

O~- +HZ0 2-+02 +OH- + 'OH 
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This reaction, known as the Haber-Weiss reaction, has a rate constant of 
virtually zero in aqueous solution6. However, a modification ofthe Haber-Weiss 
reaction, in which a transition metal (e.g. iron or copper) acts as a redox 
catalyst, allows the reaction to proceed at a much faster rate. This is known 
as the 'iron catalysed Haber-Weiss reaction'. Thus, superoxide reduces any 
iron complexes present to the Fe2+ valency state: 

(7) 

Jron(n) ions and HzOz react to generate 'OH by the Fenton reaction: 

H20 2 +Fe2 +-+'OH+OH- +Fe3 + (8) 

The sum of reactions (5), (7) and (8) is reaction (6). 
The high reactivity of 'OH means that it has a very short lifetime and a 

diffusion radius of only 2.3 nm. Thus 'OH produced in a Haber- Weiss 
reaction catalysed by iron or copper bound to protein or DNA, will react 
close to its site offormation. This is a 'site-specific' mechanism of 'OH attack 7. 

MECHANISMS OF OXYGEN RADICAL PRODUCTION IN 
INFLAMMATION 

There is no doubt that oxygen radicals are formed in inflammatory diseases 
such as rheumatoid arthritis (RA). A wide variety of oxidized biomolecules, 
known to be specific products of free radical reactions, have been detected 
in extracellular fluids from patients with inflammatory conditions (see below). 
Whether such damage is a primary aetiological event or contributes to the 
development/persistence of chronic inflammation still remains to be established. 
However, the discussion below indicates our reasons for believing that radical 
damage could be involved in aetiology and act as mediators and modulators 
of inflammatory reactions. 

It has now become clear that, in mammalian systems, oxygen can be 
reduced to ROS by a wide variety of both enzymic and non-enzymic pathways, 
as a result of normal metabolic processes. It is also thought that in a variety 
of diseases, including many which involve acute or chronic inflammation, 
one pathogenetic factor might be a disruption of the normal metabolic balance 
between production and removal of oxygen radicals, leading to cell damage. 
Some of the pathways by which oxidants may be produced are listed below. 

Activation of NADPH oxidase and myeloperoxidase systems 

Polymorphonuclear leukocytes (PMNs) are sequestered at sites of inflammation 
and are stimulated by immune complexes or bacteria to undergo a 'respiratory 
burst', so called because it involves a sharp increase in the consumption of 
oxygen by these cells. This phenomenon is responsible for the killing of 
microbial pathogens. 
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The mechanism involves the generation of oxidant species by two separate 
enzyme systems8 . First, a plasma membrane-bound NADPH oxidase system 
containing cytochrome b _ 245. This enzyme catalyses the univalent reduction 
of molecular oxygen to generate O~-. Secondly, myeloperoxidase, a 
haemoprotein located within the azurophilic granules, which catalyses the 
production of the oxidant hypochlorous acid: 

(9) 

In the inherited syndrome of chronic granulomatous disease (CGD), cytochrome 
b _ 245 is absent and consequently the respiratory burst cannot take place9. 

Persistent, but selective, bacterial infections are seen in these patients. 
NADPH oxidase is useful as part of a controlled acute inflammatory response 
to bacterial invasion, but excessive activity of this enzyme might lead to 
tissue destruction. In addition to PMNs, other inflammatory cell types, e.g. 
lymphocytes and macrophages, possess a membrane NADPH oxidase! 0. 

ROS production by these latter cell types may form a part of intercellular 
communication pathways important in the inflammatory response!! and 
perhaps an absence of this cell-signalling route in CGD patients is linked to 
the development of chronic granulomata in these patients. Interestingly, 
myeloperoxidase deficiency is not associated with disease. 

Uncoupling of the xanthine dehydrogenase system 

The cytosolic enzyme xanthine dehydrogenase catalyses the oxidation of 
hypoxanthine and xanthine to uric acid. It is thought to be located 
predominantly in the liver, small intestine and capillary endothelium in 
humans!2. However, the distribution is different in other species. In healthy 
tissue most of the enzyme is present as the '0 form', which transfers electons 
to NAD+: 

However, about 10% of the enzyme is present as an oxidase ('type 0') form, 
which transfers electrons to molecular oxygen to form O~- or H 20 2: 

Both reactions are inhibited by oxipurinol, the principal metabolite of 
allopurinol and a xanthine oxidase/dehydrogenase inhibitor. In ischaemic 
conditions the enzyme is converted from the dehydrogenase form to the 
oxidase form, probably by the action of a Ca2 + -dependent protease activated 
during the ischaemia-induced influx of Ca2+ ions into the cell 13. The rate 
of conversion from the '0' to '0' form is highly variable, ranging from minutes 
to days and, again, is species- and tissue-dependent. On restoration of blood 
supply the substrate of the oxidase form, molecular oxygen, is supplied and 
there is a burst ofO~- and H20 2 (see below). The concept of radical-promoted 

113 



BIOCHEMISTRY OF INFLAMMATION 

hypoxic reperfusion injury has been applied to many disease states, including 
regional intestinal ischaemia, myocardial ischaemia, cerebral ischaemia and 
ischaemic acute renal failure, as well as organ transplantation. Interestingly, 
xanthine oxidase also appears to contribute to hyperoxia-induced acute 
oedematous lung injury14. 

Recently, we 15,16 have provided evidence that hypoxic reperfusion injury 
occurs in the inflamed human joint. Joint movement in patients with 
rheumatoid arthritis (RA) produces intra-articular pressures in excess of the 
synovial capillary perfusion pressure. This phenomenon does not occur in 
normal joints, where the pressure remains subatmospheric throughout a 
movement cycle. During exercise of the inflamed joint, the intra-articular 
pressure is transmitted directly to the synovial membrane vasculature, 
producing occlusion of the superficial synovial capillary bed and ischaemia. 
Reperfusion of the synovial membrane occurs when exercise is stopped. 
Recently, ESR spectroscopy with spin trapping was employed to demon
strate that synovial membrane tissue from a patient with RA generated 
ROS following a transient hypoxic challenge 1 7. Furthermore, exercise
induced oxidative damage to lipids and immunoglobulin G (IgG) has been 
demonstrated in the knee joint of patients with inflammatory synovitis15 
(Figure 6.1). 
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Figure 6,1 Hypoxic reperfusion injury. Reproduced with permission of the Arthritis and 
Rheumatism Council for Research, Topical Reviews, July 1990, no. 5. 
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Uncoupling of mitochondrial and endoplasmic reticulum electron 
transport chains 

Most of the oxygen consumed by mammalian cells is converted to water via 
the mitochondrial electron transport system, in which electrons flow from 
NADH to sequentially reduce flavoproteins, ubiquinone (coenzyme Q), 
mitochondrial cytochromes and finally molecular oxygen. The final reaction 
of this respiratory chain, catalysed by cytochrome oxidase, consists of the 
donation of four electrons to each O2 molecule to form water. Although 
cytochrome oxidase probably donates the four electrons to oxygen by 
sequential one-electron transfer, the radical intermediates are bound to the 
active site, so that no oxygen radicals 'leak out' into free solutionis. However, 
up to about 5% of the electrons entering the electron transport chain do 
become uncoupled from it at several other points, especially ubiquinone 19, 

and singly leak out onto 02 to form O~ -. Recent studies on the generation 
ofROS in isolated perfused rat liver after hypoxic injury20 identified xanthine 
oxidase as a temporary souce at the beginning of the reoxygenation period. 
However, damaged mitochondria represented the continuous and quantitatively 
dominating source of ROS in the injured liver. 

The endoplasmic reticulum electron transport system (NADPH-cytochrome 
P-450 reductase)2i can also generate O~-. This system, which is often 
responsible for the metabolism offoreign compounds, is selectively distributed 
in a wide variety of cell types. Its presence in hepatocytes is particularly 
important, since drugs are often metabolized at this site. In this system a 
single electron is transferred from reduced flavin to a cytochrome 
P-450-substrate complex. A second electron is then transferred through this 
complex to 02' Production of O~- may occur through autoxidation of the 
partially reduced flavin cofactor or because of uncoupling of electrons from 
the enzyme-substrate complex22 to 02' 

The ability of the endoplasmic reticulum electron transport system to 
metabolize certain drugs is decreased in carrageenan-induced granulomatous 
inflammation in the rat2 3. It is conceivable that such changes are linked to 
increased uncoupling of this electron transport chain, with consequent ROS 
production leading to the observed hepatic dysfunction of certain inflammatory 
diseases. The metabolism of some carcinogens24 also involves the generation 
of O~-. 

Non-enzymatic reactions 

Many biologically relevant molecules, such as thiol compounds, haemoglobin, 
flavins, quinones and catechols, will undergo autoxidation by molecular 
oxygen, thereby generating O~ -. These autoxidation reactions are often 
stimulated by transition metal cations such as Fe2+ and Cu2+ and by O~
generating systems. Adrenochrome, the oxidation product of the catechol 
adrenaline, has been detected in rheumatoid synovial fluid25. ROS are also 
the active agents of DNA damage produced by ionizing radiation24. 
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PROTECTION AGAINST EXCESS OXYGEN RADICAL PRODUCTION 

A number of intracellular enzymes protect the cell from the damaging effects 
of oxygen radicals by scavenging reactive oxygen species. These include SOD, 
which catalyses the dismutation of O~- to H 20 2 (equation 5); catalase, which 
catalyses the reduction of H 20 2 to water; glutathione peroxidase, which 
catalyses the removal of H 20 2 at the expense of glutathione oxidation; and 
glutathione lipoperoxidase, which likewise catalyses the removal of lipid 
peroxides. 

A set of intracellular proteins, known as stress proteins or heat shock 
proteins, show increased synthesis in vitro in cells exposed to elevated 
temperatures. However, stress proteins are clearly necessary in helping cells 
survive other types of physiological stress, since they are induced by oxygen 
radicals, inhibitors of energy metabolism, ischaemia, hypoxic reperfusion, 
heavy metals such as copper and thiol-reactive agents26. In view of the nature 
of these inducers, it has been suggested that stress proteins may have 
antioxidant effects27 . 

The stress proteins are divided into subsets or 'families' according to their 
molecular weight. The best studied family is the 70 kD family, which in 
humans consists of five structurally and immunologically related proteins; 
90 kD, 60 kD and 20 kD families have also been identified. Enhanced stress 
protein synthesis occurs in the peripheral blood mononuclear cells from 
patients with systemic lupus erythematosus (SLE), and raised levels of serum 
antibodies to human 70 kD stress proteins have been detected in patients 
with RA (reviewed in ref. 28). 

The modes of action of some of the stress proteins are now becoming 
clearer. For example, the major 32 kD stress protein (categorized into the 
20 kD family) produced by a human skin fibroblast cell line, following 
ultraviolet irradiation or exposure to H 20 2, has identity with the enzyme 
haem oxygenase29. This enzyme catalyses the cleavage of haem to form 
biliverdin, which is subsequently converted to bilirubin. Bilirubin, whether 
unconjugated or albumin-bound, is an efficient free radical scavenger. 

In the mammalian extracellular environment, extracellular SOD (EC SOD) 
and caeruloplasmin serve as antioxidant enzymes. EC-SOD is a tetrameric 
glycoprotein containing four Cu atoms and possibly also four Zn atoms. The 
major part ofEC SOD in the vasculature appears to be located on endothelial 
cell surfaces. EC SOD has an affinity for negatively charged heparin via the 
C-terminal end, which is hydrophilic and contains nine positively charged 
amino acid residues. It is believed that EC SOD binds to the vasculature via 
specific glycosaminoglycans - probably heparin sulphate on the endothelium. 
It can be released in humans by intravenous heparin injections3o. The 
association of EC SOD with endothelial cell surfaces may indicate a 
cell-specific protective role. 

Caeruloplasmin is the major copper-containing protein of human serum 
and is an acute phase reactant, being synthesized in increased amounts by 
the liver in inflammation31 . Several groups suggested that the pool of 
non-caeruloplasmin-bound copper, capable of catalysing oxidative reactions, 
was elevated in rheumatoid extracellular fluids 32 •33 . However, these reports 
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are likely to be artifactual, since caeruloplasmin readily loses its copper during 
storage-induced oxidation/proteolysis 7.34.. 

In addition to the presence of extracellular antioxidant enzymes there 
appears to be a further strategy for protection against damaging oxygen 
radical reactions outside the cell. This involves the chelation of iron in a 
'non-catalytic' form by transferrin, which has an extremely high affinity for 
iron. In normal human serum the concentration of low-molecular-weight 
chelates of iron, capable of catalysing the Haber-Weiss reaction (equation 
6), is effectively zero. However, it has been shown that the intravenous infusion 
of iron-dextran into a rheumatoid patient results in the saturation of 
transferrin iron-binding capacity and the appearance of 'catalytic' iron. These 
changes correspond closely to an exacerbation of rheumatoid synovitis35. 

Small molecules which simply scavenge oxygen radicals have also been 
suggested to be important antioxidants, e.g. thiols, ascorbic acid and uric acid. 

CONSEQUENCES OF UNCONTROLLED OXYGEN RADICAL 
PRODUCTION IN INFLAMMATION 

Both oxygen radicals and proteases are thought to be involved in the tissue 
destruction of chronic inflammatory diseases. Interest in the tissue-destroying 
power of oxygen radicals was stimulated by McCord's observation36 that 
free radicals would degrade hyaluronic acid, leading to a loss in its viscosity 
similar to that seen in rheumatoid synovial fluid. This appeared to explain 
the paradox of the low viscosity of rheumatoid synovial fluid in the absence 
of any detectable hyaluronidase. It is now known that the fibroblasts of the 
rheumatoid synovial membrane secrete short-chain hyaluronic acid polymers37, 

so it is not clear what contribution oxygen radicals make to the depolymerization 
process. Nonetheless, McCord's hypothesis provided an impetus to begin a 
search for free-radical-oxidized biomolecules in inflammatory fluids. One 
important consequence of ROS production in extreme excess is cell death, 
giving rise to loss of intracellular contents such as ROS-damaged intracellular 
molecules. 

Lipid peroxidation 

All biological systems contain polyunsaturated lipids, which are present in 
membranes, in lipoproteins (e.g. low-density lipoprotein and high-density 
lipoprotein) and bound to albumin. The methylene-interrupted double bond 
of polyunsaturated lipids is particularly prone to hydrogen abstraction by 
'OH, resulting in the formation of a relatively stable lipid free radical. The 
rearrangement of the methylene-interrupted double bonds to alternate single 
and double bonds gives rise to a so-called 'diene conjugated' structure. In 
the presence of oxygen, diene conjugated lipids undergo an autocatalytic 
reaction to produce lipid peroxides. 

The most common methods for measuring lipid peroxidation are the 'diene 
conjugation (DC) test', which involves the measurement of UV absorbance 
in chloroform extracts of biological fluids at around 234 nrn, and the 
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'thiobarbituric acid (TBA) test', which relies on the heating of a sample with 
TBA under acidic conditions. The resulting TBA-lipid peroxide adduct can 
be measured by its absorbance at 532 nm. TBA-reactive material is present 
in the synovial fluid from rheumatoid patients, consistent with lipid peroxidation 
occurring locally, and the amount ofTBA-detectable material correlates with 
clinical indices of inflammation38. Using both the conventional DC/TBA 
tests and modified tests, which employed second derivative spectrophotometry 
to give improved specificity, it was demonstrated that exercise of the inflamed 
human knee promotes lipid peroxidation within the joint39. 

Endothelial cells are capable of modifying low-density lipoprotein (LDL) 
to a form which can undergo uptake into macrophages, via a so-called 
'scavenger' receptor. This process involves the production of oxygen radicals 
by endothelial cells, leading to the peroxidation of lipids present within the 
LDL molecule. It is thought that the macrophage uptake of oxidatively 
modified LDL is involved in the generation of lipid-laden 'foam' cells which 
accumulate in early atherosclerotic lesions40. Interestingly, such foam cells 
are relatively common in rheumatoid synovia, but scarce in normal synovia 
(c. J. Morris, personal communication). 

Protein oxidation 

In vitro, free radical generating systems will damage a large variety of 
connective tissue and plasma proteins that are of importance in inflammation. 
Amongst the many proteins that have been studied in this context are: 
collagen41 , proteoglycans41 •42 , immunoglobulin G43, caeruloplasmin 7, 

low-density lipoprotein4 4, albumin42, glyceraldehyde-3-phosphate dehyd
rogenase45•46, and alpha-I-antitrypsin (AAT). The case of AAT is a 
well-documented example of the role of ROS-mediated protein inactivation 
in the inflammatory process and this will be discussed in detail below. 

AA T is the major protease inhibitor of human serum, limiting tissue damage 
by the leukocyte protease, elastase47. AAT forms a stable 1:1 complex with 
elastase, in which form the protease is inactive. Elastase has a very broad 
substrate specificity, acting upon elastin, fibrinogen, proteoglycans, structural 
collagen, complement and immunoglobulins. Congenital AA T deficiency is 
associated with pulmonary emphysema48 and some groups have suggested 
that severe rheumatoid arthritis is also associated with an abnormal AAT 
phenotype49•5o• 

Cigarette smoking is associated with pulmonary emphysema in normal 
individuals, as well as those deficient in AA T. In these patients, though 
absolute levels of AA T are normal, elastase inhibitory activity is depressed 51 . 

There is strong evidence that this is due to the oxidation of a critical 
methionine residue (Met 358) to methionine sulphoxide52• Likewise, a large 
proportion of AAT is also inactivated in the rheumatoid joint cavity53.54. 

Again, methionine sulphoxide has been detected in AA T isolated from 
rheumatoid synovial fluid 55. Because free elastase activity is not normally 
detectable in rheumatoid synovial fluid, it has been suggested that elastase 
is not important in joint destruction. This assumption neglects the effect of 
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the microenvironment of the cartilage surface. In contrast to the 'bulk phase' 
synovial fluid, cartilage interferes with the interaction between AA T and 
elastase56, probably because of the relative inability of alpha-I-antitrypsin 
to diffuse into the cartilage (charge and molecular weight considerations). 

Using free radicals produced in a Fenton system (H 20 2/Cu), Dean et ai. 57 

have shown that human neutrophil elastase is just as susceptible to 
inactivation as AA T. However, the oxidant species which is most likely to 
be important in inactivating AA T in vivo is hypochlorous acid, a product of 
the neutrophil myeloperoxidase-H20 2-CI- system58. Furthermore, the 
equal inactivation of elastase and its inhibitor was demonstrated using a high 
dose of H20 2 (5 mmol/l) - a possible differential effect at lower doses was 
not tested. 

It has recently been demonstrated that a contribution to AA T inactivation 
might be made by a metalloproteinase released from neutrophils59.6o, 

although the activation of the metalloproteinase is itself dependent on 
myeloperoxidase-catalysed HOCl generation59. The above observations 
indicate that AAT may be inactivated, either directly or indirectly, as a result 
of oxygen radical generation. 

These observations have provided a stimulus for pharmacological intervention: 
the normal human AAT cDNA has been used to transform yeast to produce 
AAT, known as 'Metserpin'61. A mutant of AAT ('Valserpin') has also been 
produced, where valine is substituted for the active site methionine (358 
Met_Val)61. In vitro, this mutant is resistant to oxidative inactivation by 
neutrophils, whilst maintaining its antiprotease activity62. Unfortunately, the 
recombinant AAT molecules lack carbohydrates; consequently their plasma 
half-life is markedly reduced, obviating the intravenous route for their 
administration in inflammatory diseases such as emphysema51 . On the other 
hand, in vitro studies63 have shown that some anti-inflammatory drugs - e.g. 
penicillamine, gold sodium thiomalate, phenylbutazone and primaquine -
will inhibit H OCI-mediated inactivation of AA T at physiological concentrations, 
suggesting that rapid scavenging of HOCI might contribute to their 
anti-inflammatory effects. However, sutiable in vivo studies to substantiate 
this interesting hypothesis are needed. 

DNA oxidation 

Single- and double-strand scission of DNA, together with hydroxylation of 
constituent bases, are changes characteristic of oxygen radical attack on 
DNA. An important mechanism is site-specific hydroxyl radical generation, 
catalysed by iron bound to cellular DNA 64. For example, the reaction of the 
hydroxyl radical with the DNA nucleoside deoxyguanosine results in the 
formation of 8-hydroxydeoxyguanosine (8-0HdG)65. This adduct causes an 
increase in the frequency of misincorporation of DNA bases both at the 
damaged base and at the bases adjacent to it66, suggesting that it is a mutagen. 

Gas chromatography-mass spectrometry with selected ion monitoring has 
been applied to the analysis of the base products produced by exposure of 
DNA to the hypoxanthine/xanthine oxidase system in the presence of iron 
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ions67. The site specificity of ·OH generation could be altered by adding 
unchelated iron ions which bound to the DNA, leading to 'site-specific' ·OH 
generation, or by adding Fe3+ -EDTA, leading to ·OH generation in 'free' 
solution. Seven major products were quantitated67, but the relative proportions 
of these products were dependent on whether the system was set up for 
site-specific "OH generation. For example, for site-specific ·OH formation, 
8-0HdG was the major product with no marked increase in the level of 
2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua); for 'free' ·OH 
formation FapyGua was the major product, followed by 8-0HdG. Comparative 
measurement of these products might allow 'fingerprinting' of the extent to 
which site-specific ·OR-induced damage occurs. Within the cell nucleus, DNA 
exists in close association with histone and structural proteins. It is thought 
that copper atoms play an important role in the maintenance of this structure 
by linking threads of DNA to the structural proteins. Cramp et al. 68 have 
suggested that the DNA-copper-protein sites will be targets for site-specific 
·OH damage. 

High-performance liquid chromatography with electrochemical detection 
allows the determination of 8-0HdG in femtomole amounts69. Using this 
technique, Ames' group70 studied the oxidation state of the nuclear DNA 
and mitochondrial DNA of rat liver. 8-0HdG was present at a level of 1 
per 130000 bases in nuclear DNA and 1 per 8000 bases in mitochondrial 
DNA; it was therefore proposed that mitochondrial DNA is exposed to 
greater fluxes of oxygen radicals. Given our recent understanding of uncoupling 
events in the respiratory chain (see above) this is a plausible hypothesis. 

Levels of 8-0HdG have also been measured in human and rodent urine. 
Preliminary results indicate a trend towards lower levels in CGD patients 
than in normal control subjects 71. It is also reported that urinary 8-0HdG 
levels are higher in mice than in humans 72. However, it is not known if this 
product in urine is derived exclusively from DNA via repair enzyme processes: 
oxidation of free guanine, normal purine metabolism and/or dietary factors 
might contribute to urinary 8-0HdG. 

Isolated human granulocytes produce high levels of ROS after exposure 
to the tumour promoter tetradeconylphorbolacetate (TPA). Floyd et al.69 

showed that TPA-activated cells contained increased levels of 8-0HdG (about 
1 8-0HdG per 600 guanine bases in their DNA) compared with non-activated 
cells. This increase was prevented by the presence of SOD during exposure 
of the cells to TPA. This observation suggests that levels of 8-0HdG might 
be increased in the DNA of inflammatory cells from patients with various 
inflammatory diseases, making this DNA oxidation product a sensitive 
marker of cellular activation. Recently, Perrett's group 73 measured the rate 
of DNA unwinding (a measure of DNA strand breaks) in circulating 
mononuclear cells. They found that the rate of DNA unwinding was 
significantly increased in RA, compared with normal control cells and 
osteoarthritis cells. 

Many chemotherapeutic drugs, e.g. adriamycin and bleomycin, appear to 
exert their cytotoxic actions by virtue of their ability to redox cycle within 
tumour cells, thus catalysing DNA damage. Bleomycin forms a ternary 
complex with iron and DNA. The complex is then activated by the 
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cytochrome P-450 system to oxidize DNA in an oxygen-dependent reaction, 
possibly involving ·OH. The resulting DNA damage includes single
and double-strand breaks and release of bases 74. It has also been shown that 
bleomycin will catalyse the hydroxylation of deoxyguanosine in DNA to 
form 8-0HdG75. However, we have found that although both bleomycin 
and gamma-irradiation induce 8-0HdG formation in isolated DNA, no 
increase in 8-0HdG above control levels could be detected in intact 
human/rat hepatocytes exposed to bleomycin in vitro at 4°C or 3rc76 • 

Bleomycin does, however, induce unscheduled DNA synthesis in isolated, 
non-permeabilized hepatocytes ([3H]thymidine incorporation), implying that 
8-0HdG formation is not a major determinant of bleomycin-induced DNA 
repair77• 

Unfortunately, oxidant-generating chemotherapeutic drugs produce long-term 
side-effects, such as fibrosis, which may be related to extracellular generation 
of free radicals. Immediately following chemotherapy, patients have high 
plasma levels of catalytic iron, which might reflect ROS-mediated cell 
damage 78. In isolated rat nuclei, SOD inhibits bleomycin-induced membrane 
peroxidation, but has no effect on bleomycin-catalysed DNA scission 74. Thus, 
it may be possible to use iron chela tors to reduce the toxic extracellular 
side-effects of these drugs, whilst leaving the intracellular therapeutic mode 
of action unaltered. In fact, it has been demonstrated that the cardiotoxicity 
of adriamycin can be inhibited by the chelating agent ICRF-18778 . 

Relatively low levels of oxygen radicals stimulate fibroblast proliferation 
and collagen production 79, and may also playa role in the connective tissue 
disease scleroderma, which is characterized by excessive deposition of collagen 
and vascular damage. Several lines of evidence support this hypothesis: (1) 
a scleroderma-like condition can be produced in rats after repeated 
administration of bleomycin80; (2) the chromosomal aberrations seen in 
lymphocytes from scleroderma patients are suggested to be induced by 
oxygen-radical-mediated DNA damage8 1; (3) 97% of scleroderma patients 
have Raynaud's phenomenon (episodic digital ischaemia), a disease in which 
oxygen radical-mediated reperfusion injury has been implicated82; (4) the 
plasma concentration of the vascular endothelial cell-derived von Wille brand 
factor antigen is elevated in scleroderma, but this rise is not paralleled by 
an increase in von Willebrand factor functional activity83. A similar phenomenon 
has been noted in acute respiratory failure84, possibly reflecting the oxidative 
inactivation of von Willebrand factor during its release from injured 
endothelial cells, which are putative target cells in both diseases. 

Serum anti-DNA antibodies are a feature of several connective tissue 
diseases, including SLE. Preincubation of isolated DNA with a ROS-generating 
system resulted in a dose-dependent increase in binding of SLE anti-DNA 
antibodies85. This increased binding was inhibited by the ROS scavenger 
thiourea and the iron chelator desferrioxamine. It was suggested that 
oxidatively modified DNA is antigenic, stimulating the release of anti-DNA 
antibodies. This would be a process analogous to that proposed earlier for 
free-radical-modified IgG. Anti-IgG antibodies ('rheumatoid factor') are 
present in rheumatoid extracellular fluids and have been shown to react with 
free-radical-altered IgG produced in vitro. Oxidatively modified IgG has been 
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detected in rheumatoid synovial fluid43, indicating that this could be the 
antigenic stimulus for rheumatoid factor production. 

HYPOXIC-REPERFUSION-INDUCED DNA DAMAGE AND CELLULAR 
ENERGY CHARGE STATE IN INFLAMMATION 

The mechanism for the production of O~- in ischaemic tissues appears to 
involve changes in purine metabolism within ischaemic cells13. During 
temporary ischaemia low oxygen concentrations cause a decline in mitochondrial 
oxidative phosphorylation by decreasing the capacity of the respiratory chain 
for coupled electron transport. This increases the dependence of the cell on 
ATP production via anaerobic glycolysis. Anaerobic glycolysis is an inefficient 
means of ATP production from glucose, and leads to raised concentrations 
of adenosine and of its breakdown products, including hypoxanthine and 
xanthine, which are substrates for the xanthine dehydrogenase enzyme system. 

Cellular levels of ATP (i.e. the cell's 'energy currency') fall. It is no longer 
able to maintain proper ion gradients across its membranes, and this 
precipitates a redistribution of Ca2+ ions. The elevated cytosolic Ca2+ 
concentration activates a protease capable of catalysing the conversion of 
xanthine dehydrogenase to xanthine oxidase, in a process discussed earlier. 
Reperfusion of the temporarily ischaemic organ restores a supply of the 
remaining substrate required for xanthine oxidase activity, O 2, and O~ - is 
generated. The localization of xanthine oxidase within endothelial cells could 
make this cell type one of the targets for oxidant injury. Spragg et al. 86 have 
studied the effects of H20 2 on energy metabolism in bovine aortic endothelial 
cells as a model for the target cells during oxidant injury in many 
inflammatory conditions, e.g. adult respiratory distress syndrome. 

The reperfusion-induced intracellular production of oxygen radicals and 
H20 2 will result in a sharp increase in aSH consumption, since the 
glutathione peroxidase-catalysed reduction of H20 2 to water is coupled to 
the oxidation of aSH to aSSG. Thus the GSSa to GSH ratio is an index 
of intracellular oxidant stress. The glutathione redox cycle is coupled to the 
hexose monophosphate shunt by NADP, which is used by glutathione 
reductase. Thus within seconds of the oxygen radical flux the hexose 
monophosphate shunt will be triggered and glutathione will be regenerated. 
This redox cycling system is located within the cytosol and protects the cell 
against oxidative damage. aSH is also necessary for maintaining membrane 
integrity via the gamma-glutamyl cycle. 

As well as induction of the hexose monophosphate shunt, over a similar 
time-scale intracellular oxidant stress leads to the formation of DNA 
single-strand breaks2. Within minutes the enzyme poly(ADP-ribose) polymerase 
is activated as part ofthe DNA repair process. Poly(ADP-ribose) polymerase 
utilizes NAD+, and if the degree of DNA damage exceeds a critical level 
then the process of NAD + depletion, coupled with further A TP depletion, 
could become irreversible; the result is cell death. Carson et al. 1 have suggested 
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a role for DNA strand breakage and the programmed synthesis of 
poly(ADP-ribose) in the genesis oflymphocyte damage or killing induced by 
exposure to oxygen radicals. The latter workers have termed this process 
'NAD+ -dependent programmed cell death', and have suggested that this 
phenomenon represents a 'suicide response' of cells with extensively damaged 
DNA which might prevent the early emergence of somatic mutants with 
maligant potential. Although this concept is attractive, perhaps it should be 
stressed that at the moment a role for DNA strand breaks in cell killing has 
not been established. Cell killing might result from oxidative damage to other 
critical target(s), for example cell membranes. 

The fall in NAD+ is mirrored by a further, 'second phase', decline in the 
energy charge state of the cell. However, the fall in NAD+ is not the only 
factor thought to be involved. Two other contributory events are: (l) oxidative 
inactivation of the ATPase-synthase complex of mitochondria45; (2) oxidative 
inactivation of glyceraldehyde 3-phosphate dehydrogenase45 .46, the only 
enzyme of glycolysis which appears to be significantly altered by oxidants. 
Hyslop et al.45 found that, in addition to the direct inactivation of glyceraldehyde 
3-phosphate dehydrogenase, the inactivation of this step was also effected 
by a reduction in the intracellular concentration and redox potential of the 
enzyme's nicotinamide co-factors and a fall in cytosolic pH. 

The loss of energy charge state will also coincide with a further accumulation 
of hypoxanthine, a breakdown product of ATP. Herbert et al. 87 demonstrated 
an increased concentration of hypoxanthine in rheumatoid synovial fluid, 
presumably the result of A TP catabolism in senescent joint cells. 

The second phase loss of cellular energy charge is followed by a further 
increase in the free intracellular Ca2+ concentration, with consequent 
activation of Ca2+ -dependent endonucleases88 . In fact, it was suggested88 

that activation of Ca2+ -dependent endonucleases might be an important 
cause of DNA strand breakage. However, this seems unlikely, since a change 
in the Ca2+ ion concentration sufficient to activate endonucleases appears 
to take place after DNA strand breakage has occurred. Even later (1-2 h 
post-oxidant exposure) actin polymerization and plasma membrane blebbing 
can be observed, leading to loss of membrane integrity. 

In view ofthe above, Hyslop et al.45 suggested that cell types which produce 
ATP mainly via the glycolytic pathway, with only a small pool ofmitochrondria 
capable of increasing their compensatory rate of ADP phosphorylation, will 
be more susceptible to oxidant damage. It is therefore noteworthy that, in 
cartilage, entry of pyruvate into the citric acid cycle is possibly inhibited by 
acetyl-CoA derived from fat. Thus, in normal cartilage, most of the energy 
consumed would be produced by glycolysis89. Furthermore, bovine endothelial 
cells have a very high glycolytic activity under aerobic conditions 
(see ref. 45), suggesting that this cell type would also be susceptible to oxidant 
damage. 

The metabolic disturbances described above are reminiscent of those 
observed in cells cultured from the rheumatoid synovium, in which the 
intracellular redox potential is lowered relative to normal cells90. Since 
exchange reactions take place between intracellular proteins and small 
molecule thiols such as glutathione, the sulphydryl:disulphide (-SH:-S-S-) 
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redox couple of the tissue proteins will reflect the redox potential of the cell. 
Butcher et al.91 found that in control synoviocytes approximately 63% of 
the sulphur-containing amino acids were in the reduced form and 37% were 
in the oxidized state. This was significantly different from rheumatoid 
synoviocytes, in which approximately 88% of the sulphur-containing amino 
acids were reduced. 

The relative A TP-generating capacities of glycolysis and mitochondria 
and/or antioxidant levels may also playa role in the observed differential 
susceptibility to ROS-induced cell killing ofT and B lymphocytes. Using a glu
cose-glucose oxidase system to generate H 20 2 in cell cultures, Farber et al.92 

found that B lymphocytes were more susceptible than T lymphocytes, as asses
sed by a dye exclusion method. In contrast, when cells were exposed to culture 
medium containing ROS which had been generated by prior ultraviolet 
irradiation93, T cells were shown to be more susceptible than B cells. In the 
same study93, it was noted that suppressor cytotoxic T cells (CD8 +) were 
more susceptible to ROS than were helper T cells (CD4 +). Thus the 
observations that, in SLE and in the rheumatoid synovium, the CD4 + /CD8 + 
ratio is increased, might be accounted for by selective toxicity of ROS93. 

From the above it can be seen that DNA damage is an early event in cells 
killed by oxygen radicals. The capacity of endogenous intracellular antioxidants 
or of repair mechanisms for oxidative DNA damage might determine the 
susceptibility of different cell populations to either killing or mutation. Lawley 
et al.94 have demonstrated that circulating lymphocytes from patients with 
certain autoimmune diseases, e.g. RA, SLE and Behget's syndrome, show 
increased sensitivity to the toxic effects of the alkylating agent N
methyl-N-nitrosourea compared with normal subjects and patients with other 
disorders. The autoimmune disease cells are also relatively deficient in the 
DNA repair of 06-methylguanine. Furthermore, lymphocytes from patients 
with a wide variety of autoimmune inflammatory conditions (for example, 
RA, SLE) have a higher susceptibility to X-irradiation95. Such ionizing 
radiation can damage DNA by production of 'OH radicals formed in the 
aqueous surroundings of the target DNA. In view of these findings it is 
noteworthy that there is increasing evidence that oxygen radicals may play 
a part in mutation induced by a wide variety of agents96,97. We suggest that 
oxygen-radical-induced somatic mutation may playa role in the aetiology 
of certain autoimmune diseases, for example, by producing mutant cells 
displaying 'altered self antigenic determinants. 

Finally, attention should be drawn to the increased incidence of malignancy 
found at sites of chronic inflammation. It has been suggested that the link 
may be oxygen radicals, since these are thought to be involved in both 
processes2 •98. 
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7 
Glucocorticoids and Iipocor1in 
S. H. PEERS and R. J. FLOWER 

INTRODUCTION 

Glucocortlcolds and inflammation 

One of the responses of an animal to injury, infection or other stresses is the 
release from the adrenal cortex of glucocorticosteroids (GCs). In humans this 
is predominantly hydrocortisone (cortisol), but other animals may release 
different but related steroids. For a long while it was believed that steroids 
were in some way involved in the mounting of the response to stress (such 
as an inflammatory response), but it has only recently become clear that in 
fact steroids are actually part of the system which prevents our 'defence 
mechanisms' from running out of control and threatening homeostasis. 
Glucocorticosteroids are thus part of the normal regulation of the immune 
system, which explains why adrenalectomized animals tend to produce 
exaggerated responses to environmental trauma such as infection or injury. 

The glucocorticoids influence many systems within the body including the 
immune system, carbohydrate metabolizing enzymes and bone, leading to 
osteoporosis. Suppressive actions on the hypothalamus and pituitary may 
lead to adrenal insufficiency. The glucocorticoids are potent and effective 
anti-inflammatory agents, used in the treatment of a wide range of conditions, 
from skin irritation to asthma, multiple sclerosis and rheumatoid arthiritis. 

The glucocorticosteroids used clinically are naturally occurring steroids 
(hydrocortisone) or related synthetic analogues, and hence have a very similar 
wide range of biological activities. This means that when used as 
anti-inflammatory agents they possess the range of unwanted side-effects 
associated with over-production of endogenous corticosteroids seen in 
Cushing's syndrome. Much work has attempted to discover the mechanism 
by which steroids cause their various effects in the hope that it might be 
possible to develop analogues with specific, desirable actions and minimal 
side-effects. 
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Mechanism of action of GCs 

One of the most important findings in the study of GC action was the 
discovery of the steroid receptor and the elucidation of the mechanism by 
which occupation of the soluble receptor causes translocation of the 
steroid-receptor complex to the cell nucleus, interaction with certain sites 
on chromosomes ('hormone responsive elements' (HREs) of steroid-sensitive 
genes) and regulation of transcription of those genes. Most mammalian cells 
have up to 100000 glucocorticoid steroid receptors per cell. These receptors 
are members of a gene 'superfamily' whose products are ligand-sensitive 
transcription factors, and includes receptors for thyroid hormone, vitamin 
D and retinoic acid. The steroid receptors (and other members of the 
superfamily) are large proteins (MW 30-70 kD) organized structurally into 
functional domains. They have a variable N-terminal region (which modulates 
transactivation), a short and well-conserved central domain (responsible for 
DNA binding via so-called zinc fingers) next to a short sequence which 
appears to be partly responsible for intranuclear localization of the receptor. 
This region is also important for interaction with the 90 kD heat shock 
protein, which dissociates from the receptor upon steroid binding. The 
C-terminal domain is relatively well conserved and has complex functions 
since, as well as being involved in hormone binding and nuclear translocation, 
it may have transactivation and dimerization functions. For further information, 
see reviews by Beato! or Rousseau2. 

Interaction of the steroid hormone with the receptor leads to dissociation 
of the heat shock protein and a change in receptor conformation which 
allows it to bind to chromatin. The hormone-receptor complex binds to 
specific structures on certain genes (HREs) and stimulates transactivation by 
a mechanism not yet fully understood. Some genes are repressed by steroid 
hormones, and these have an HRE distinct from genes whose transcription 
is enhanced by steroids. The mechanism by which transcription is repressed 
has also yet to be described. 

Since steroid action requires mRNA and protein synthesis, drugs such as 
actinomycin D or cycloheximide can block steroid effects. The actions of 
steroids depend upon either induction or inhibition of protein synthesis, and 
it is these steroid-regulated proteins which mediate the actions of the drug 
or hormone. In some cases, for example interleukin 1, the actions of the 
protein are well known; in other cases the steroid-regulated protein may be 
an enzyme (e.g. tyrosine aminotransferase) and steroid action depends upon 
changes in enzyme activity. In other cases the protein which mediates steroid 
action may be as yet unidentified. 

ANTI-INFLAMMATORY ACTIONS OF STEROIDS 

Glucocorticoids inhibit both acute and chronic inflammation, caused by 
infection by pathogens, chemical or physical trauma, or by the immune 
response itself such as hypersensitivity reactions or autoimmune disease. In 
acute inflammation, steroids inhibit oedema development, partly due to a 
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vasoconstrictor effect on small blood vessels, and partly due to inhibition of 
synthesis of vasodilator prostaglandins. Corticosteroids also inhibit accumulation 
of neutrophils and monocytes, and this may be due to either an inhibition 
of synthesis of chemotactic factors such as leukotrienes, a direct effect upon 
the leukocytes themselves, or both. Corticosteroids cause a neutrophilia, due 
to increased release of neutrophils from bone marrow and reduced margination 
of circulating neutrophils, but a monocytopenia due to decreased monocyte 
release from bone marrow. 

Glucocorticoids also affect neutrophil and monocyte behaviour, for 
example inhibition of release of active oxygen species and hence reduced 
microbiocidal activity. This may be a direct effect, or may be due to a general 
reduction in leukocyte activation following inhibition of synthesis of certain 
cytokines. Steroids have so far been shown to inhibit synthesis of interferon 
y, interleukin 1 and interleukin 2, and various leukocyte-activating substances 
such as interluekins 6 and 8, and hence may have a wide-ranging and 
complicated mechanism of immune suppression. Glucocorticoids also affect 
cells of the immune system, causing lympholysis of T and B cells in 
'steroid-sensitive' species such as rabbits or rats, and decreased responsiveness 
of T and B cells in steroid-insensitive species such as humans or guinea pig. 
This may also be the result of inhibition of synthesis of cytokines such as 
the interleukins. 

LlPOCORTIN, A SECOND MESSENGER PROTEIN 

As mentioned above, some of the anti-inflammatory actions of the glucocorticoids 
may depend upon their inhibition of cytokine synthesis, with consequent 
effects depending upon this. A distinct 'second messenger' protein has been 
proposed to mediate the acute inhibition of prostaglandin, leukotriene and 
PAF synthesis by glucocorticoids, where corticosteroid action appears to 
result following inhibition of phospholipase A2 activity. Corticosteroids do 
not directly inhibit phospholipase A2, but their inhibitory action requires 
mRNA and protein synthesis. They induce synthesis and release of a protein 
which in turn inhibits phospholipase A2 activity. This protein has been named 
'lipocortin'. 

Lipocortin is a member of a family of glucocorticoid-inducible proteins 
with phospholipase A2 inhibitory activity originally purified from a variety 
of biological sources. One member of the family, lipocortin 1, has been 
produced using recombinant technology, and work has begun to charaCterize 
its biological activities. 

The lipocortin family 

Lipocortin 1 appears to be a member of a group of structurally related 
proteins whose exact function remain to be clarified. The lipocortin family 
(to date) is listed in Table 7.1. Some of the proteins classified here as lipocortin 
have been isolated and purified in contexts other than as potentially 
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Table 7.1 Members of the lipocortin family 

Name MW(kD) 

Lipocortin 1 38 

Lipocortin 2 38 

Lipocortins 3 & 4 35 

Lipocortin 5 35 

Lipocortin 6 68 

Data taken from Pepinsky et al. II 

Other names 

cal pactin II 
p35 
chromobindin 9 

calpactin I heavy chain 
p36 
chromobindin 8 
protein I 

chromobindin 4 
endonexin 
35 kD - calelectrin 
protein II 

renocortin 
chromobindin 5 
endonexin II 
anticoagulant protein (PAP) 

p68 
chromobindin - 20 
protein III 
67 kD - calcimedin 
67 kD - calelectrin 

anti-inflammatory proteins, and some of their alternative names are also 
listed. As yet, the complete sequences of all of the proteins have not been 
published, but it is clear that they have substantial structural similarities, 
and high sequence homologies. 

MW 

LlPOCORTIN I 37K 

LIPOCORTIN 2 37K 

LlPOCORTIN 5 35K 

Figure 7.1 Lipocortin structure. 

'core sequence' 

I 
70aa 

NH ~"&"'_-"--~_...Ji.-_...L. COOH 
2 

NH~ ..... _-,, __ ~_....Ii.-_...L. COOH 
2 

NH::--____ ...... __ L.-_...L. COOH 
2 
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A common feature of all the proteins is a 'core sequence' represented 
diagrammatically in Figure 7.1. This 'core sequence', which makes up the 
bulk of the protein, contains four repeating segments which have a high 
degree of homology with each other, and each begin with a 17-amino acid 
'consensus sequence' which is a characteristic of a group of Ca2+ -binding 
proteins. This core region appears to be responsible for the ability of the 
lipocortins to bind CaH and negatively charged phospholipids. The proteins 
so far sequenced (lipocortins 1, 2, 4, 5) all have unique N-termini, ranging 
from just a few amino acid residues in the case of lipocortin 5 to 30 or so 
in the case of lipocortin 1. It is this N-terminus which appears to confer 
different biological activities upon each protein. For example lipocortin 2 
(also known as calpactin 1 heavy chain) interacts with a smaller 10 kD protein 
(calpactin 1 light chain) via this N-terminus, and the resulting complex can 
then bind actin. However, the study of the molecular properties and functions 
of all these proteins is still in its infancy. 

The discovery of lipocortin 

It was discovered during the 1970s, by a group working with John Vane at 
the Wellcome Research Foundation, that the actions of non-steroidal 
anti-inflammatory drugs such as aspirin depend upon their inhibition of the 
enzyme cyclooxygenase and hence inhibition of prostaglandin synthesis. As 
mentioned above, glucocorticoids, although they have no direct action upon 
cyclooxygenase, were found also to inhibit prostaglandin, leukotriene and 
platelet activating factor synthesis in intact tissues. Their action depends on 
inhbition of the release of the substrates for eicosanoid or PAF generation, 
a step catalysed by the membrane-bound enzyme phospholipase A2; moreover, 
their effect required a time lag, and mRNA and protein synthesis. It was 
proposed that their action might depend upon the synthesis of a 'second 
messenger' protein which then inhibited phospholipase A2• The Wellcome 
group showed with elegant experiments illustrated in Figure 7.2 that if the 
guinea pig lung was perfused with a corticosteroid, then the effluent contained 
a protein which could inhibit generation of eicosanoids in a second perfused 
lung. While inhibition of eicosanoid generation by the first lung required a 
lag phase and could be inhibited by actinomycin D or cycloheximide, the 
protein from the perfusate from steroid-treated lungs had an immediate effect, 
and inhibitors of protein or RNA synthesis did not affect its action. The 
Wellcome group collaborated with a group working at Naples University, 
and discovered that a protein with the same effects and essentially similar 
properties could be obtained from the peritoneal lavage fluid of corticosteroid
treated rats. They named the protein 'macrocortin' in order to describe both 
its size (15 kD) and its probable source (the macrophage) as well as its 
corticosteroid-like effects. 

Around the same time, proteins with similar properties were isolated from 
corticosteroid-treated rabbit neutrophils ('lipomodulin') and rat renomedullary 
cells ('renocortin') by groups working respectively with Hirata at the NIH 
and with Russo-Marie at the Pasteur Institute, Paris. It was soon discovered 
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Figure 7.2 Serial perfusion experiments. In this experiment two guinea pig isolated lungs were 
perfused in series. The effluent from the first lung was reoxygenated and pumped into the second 
lung. Eicosanoids released by this lung in response to releasing factors or arachidonic acid were 
measured by bioassay using a rabbit aortic strip to detect thromboxane A2 . The second lung 
received a constant infusion of cycloheximide to render it insensitive to the direct actions of 
glucocorticoids infused either through the pulmonary circulation of the first lung (TL) or into 
the effluent draining the tissue (IE). If dexamethasone given TL induced a soluble inhibitor of 
phospholipase A2 activity, then it should pass from the first ('generator') lung to the second 
('targe!') lung and there inhibit eicosanoid release in response to phospholipase A2-dependent 
releasing factors but not to arachidonic acid. Dexamethasone given IE does not affect eicosanoid 
generation by the second lung because of the presence of cycloheximide. 

that these proteins, despite their different molecular weights, were similar to 
the extent that antibodies which recognized one protein would recognize the 
others. Table 7.2 describes various properties of these proteins. The proteins 
were renamed collectively 'lipocortins'. 'Macrocortin' from rat peritoneal 
lavage fluid was found to comprise at least four similar proteins. One of 
these was purified using gel, ion exchange and affinity (phospholipase A2) 

chromatography and a single protein of molecular weight approx 38 kD 
isolated. A group working at Biogen, USA, used this material to develop 
oligonucleotide probes, and these in turn were used to search for the human 
gene. A single gene was found which gave rise to a unique 37 kD protein 
which has been expressed in E. coU3 . It can be phosphorylated by several 
different kinases, as described later (for further information, see Flower4) . 

The molecule is now referred to as lipocortin 1, and is by definition analogous 
to the peptide I fraction of crude 'macrocortin', However, as it was apparent 
that 'macrocortin' itself was possibly a mixture of several closely related 
proteins, it has yet to be shown definitively whether lipocortin 1 is identical 
to lipomodulin or renocortin. Renocortin has been tentatively identified as 
lipocortin 5 (see Table 7.1). 
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Table 7.2 Properties of purified lipocortins 

Name MW(kD) 

Macrocortin 40 and 15 

Lipomodulin 40 

Renocortin 30 and 15 

Source 

rat peritoneal 
lavage fluid 

guinea-pig 
perfused lung 

rabbit neutrophils 

rat mesangial cells 

Biological actions of IIpocortin(s) 

Properties 

PLA2 inhibition 
inhibition of 

eiocosanoid and 
P AF generation 

anti-inflammatory 

PLA2 inhibition 
inhibition of 

chemotaxis 
inhibition of antibody 

production 

PLA2 inhibition 
inhibition of 

eiocosanoid 
generation 

This section will outline what is known concerning the biological activities 
of lipocortins, both the proteins purified from animal sources and the 
recombinant materiallipocortin 1 (r-LC1). Work is still underway to discover 
whether all the activities possessed by 'macrocortin', 'lipomodulin' and 
'renocortin' are represented by r-LCl. The 'biological' names (macrocortin, 
lipomodulin, etc.) will be used to refer to the purified natural proteins; so far 
only r-LC1 is available in recombinant form. In addition this section will 
attempt to link the relevance of the biological actions of lipocortin to the 
anti-inflammatory effects of corticosteroids. 

Steroid Induction of IIpocortin 

The proteins macrocortin, lipomodulin and renocortin were all initially 
purified from glucocorticoid-treated cells, and according to the 1984 statementS, 
lipocortins are by definition steroid-inducible proteins. It was soon discovered 
that macrocortin levels appeared to be tonically controlled by steroids: steroid 
injection caused macrocortin synthesis in control animals, and in addition 
adrenalectomized animals possessed little detectable macrocortin. Since 
adrenalectomized animals show greatly enhanced inflammatory responses 
associated with enhanced levels of eicosanoid synthesis, which can be 
normalized by corticosteroid injection, it was proposed that at least part of 
this was due to absence of 'tonic' levels of macrocortin. Hence macrocortin, 
as well as being of importance during inflammation, actually has a tonic role 
related to normal corticosteroid levels. Changes in macrocortin levels could 
also be detected in vitro (of course lipomodulin and renocortin were collected 
from cells treated with steroids in culture). Rat peritoneal macro phages release 
macrocortin following a time lag when treated with corticosteroids in vitro. 
Interestingly, it was found that, following the initial release of macrocortin 
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(associated with reduced eicosanoid generation by the cells), the cells showed 
a period of 'steroid resistance' which was associated with low macrocortin 
levels. It is possible that GCs have one action to quickly release macrocortin 
but then have a secondary effect when macrocortin is resynthesized by a 
slower process. These findings have yet to be confirmed using probes against 
recombinant LCI. The Wellcome group also made the very interesting 
observation that the actions of steroids to inhibit eicosanoid generation could 
be prevented by a neutralizing antibody against macrocortin. This suggested 
very strongly that macrocortin acted from the exterior of the cells, and could 
therefore act upon the cell which produced the material as well as upon other 
cells, confirming the action of a large molecular weight protein to act 
extracellularIy. A phospholipase A2 is believed to be located on the plasma 
membrane of cells, and presumably is accessible to extracellular lipocortin. 

When the gene for Iipocortin I was identified it was found to be 
steroid-sensitive, in that sites associated with steroid receptor binding were 
detected. Steroid treatment of the U937 cell line was also reported to cause 
a modest rise in Iipocortin I mRNA. However, only recently has the protein 
itself been shown unequivocally to be induced following steroid treatment. 
Increase in immunodetectable LCI has been shown in the rat and in the 
human. Steroid treatment in vivo causes an increase in levels of LCI in 
resident peritoneal macro phages of the rat as detected by SDS-PAGE and 
Western blotting. Dexamethasone and hydrocortisone are both effective, and 
moreover pretreatment of the animal with the steroid receptor antagonist 
RU 486 prevents steroid induction. Using antibodies raised against highly 
purified lipocortins 2 and 5, it has been shown that lipocortin 2 is 
steroid-inducible under the same conditions but, interestingly, that lipocortin 
is not. Lipocortin I synthesis has also been shown in the human circulating 
monocyte following hydrocortisone injection using an ELISA technique. An 
increase in serum LC was not detected 14• Other groups, however, have failed 
to detect increases in lipocortin I levels in other cell types, for example the 
endothelial cells, despite observing a decrease in eicosanoid generation 
following steroid treatment. These differences have yet to be reconciled, 
although the finding in Swiss 3T3 cells that only in the presence of fetal calf 
serum would the cells respond to GCs (and show Iipocortin I induction) may 
suggest some co-factor essential for steroid induction of Iipocortin(s). 

However, the increase in lipocortins following steroid injection, and the 
absence of lipocortin in adrenalectomized animals, suggests that lipocortins 
may have an important role to play in the control of inflammation, which 
is associated with an increase in circulating GC levels. 

PHOSPHOLIPASE Az 

Lipocortins were defined as a group of proteins which possess the ability to 
inhibit phospholipase A2 activity, and were originally discovered as the second 
messenger protein for steroids responsible for this action. Before continuing, 
however, it is necessary to briefly outline the nature of phospholipases A2, 
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and to explain the potential importance of these enzymes in inflammation. 
For a more in-depth survey of this huge topic the reader is referred to excellent 
reviews by Van den Bosch 7 and Vadas and Pruzanski8• 

Phospholipases A2 (PLA2) are defined as such on the basis of their ability 
to cleave the acyl linkage between the glyceryl backbone and the 2' position 
fatty acid of a phospholipid. They are a diverse group of enzymes, with 
different pH optima, different Ca2 + requirements, different preferred substrates 
and so on. The enzymes which have been most studied have been the soluble 
and readily obtainable forms found typically in pancreatic secretions or in 
the venom of the bee or various snakes. These enzymes typically have a 
molecular weight of 13-14kD, an alkaline optimum of pH 8-9 and require 
the presence of Ca2+ for activity. The activity of these enzymes is critically 
dependent upon the physical state of their phospholipid substrate which (as 
a broad generalization) must be in at least a partially disrupted state to allow 
the soluble enzyme first to bind at the water-lipid interface and then to lyse 
the substrate. 

These enzymes have been classified into two broad groups based upon 
distinct characteristics in their primary structure, apparently leading to 
differences in their mechanism of interaction with the substrate. Group I is 
typified by soluble pancreatic PLA2, and much is known concerning these 
enzymes. Group II PLA2s are those of the crotalid or vipera venom type, 
but secretory PLA 2s from inflammatory cells which have recently been 
isolated and purified appear also to be of this type. 

It is only very recently that information concerning the structure of 
mammalian phospholipases A2 has been obtained and, to date, examples 
have been found which seem to fall into both groups of PLA2. The important 
difference between PLA2s involved, for example, in generation of eicosanoids 
and enzymes from venoms of pancreatic juices is that in this former case the 
PLA2 is known to be membrane-bound, and hence in effect actually embedded 
within its substrate. Although this PLA2 is known to require Ca2 + for 
activation, it is not known how, or indeed if, the physical state of its substrate 
is important for its activity. PLA2s are secreted from inflammatory cells such 
as neutrophils, and identical enzymes have been isolated from inflammatory 
exudate. Thus PLA2s present in cell membrane may be important for 
eicosanoid and PAF generation, whereas enzymes released from cells may 
be important in causing damage to other cells. 

Inhibition of phospholipase A2 by IIpocortln 

Lipocortins are, by definition, inhibitors of phospholipase A2• Since they can 
be purified using PLA 2 affinity columns it was assumed that their activity 
in assays such as hydrolysis of phosphatidyl choline vesicles or autoclaved 
E. coli lipids was due to an interaction with the enzyme. This type of assay 
was used to show that rabbit neutrophil-derived lipomodulin could inhibit 
phospholipases A2 from porcine pancreas, bee and snake (Naja) venoms. 
Lipomodulin could also inhibit phospholipases C from bacterial sources, and 
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phospholipase D from cabbage, but was much less effective. Equilibrium 
dialysis showed that lipomodulin binds Ca 2 +, a possible explanation for its 
enzyme inhibitory action. Kinetic studies showed that lipomodulin reduced 
that Vmax of the reaction, but did not affect the Km for the substrate. It was 
suggested that a stoichiometric enzyme-lipomodulin complex is formed. 

This conclusion has been questioned since publication of the structure of 
the lipocortins; see Davidson and Dennis9 for some of the arguments. 

The ability of the highly purified or recombinant lipocortin to inhibit 
phospholipase A2 was tested by several groups including the authors: Peers 
et ai. 10, using a novel assay procedure, demonstrated that the recombinant 
lipocortin 1 molecule seemed to block the interaction of phospholipase A2 
with its substrate. Other groups examined further the mechanism of inhibition, 
concluding that the action of the protein was, in the case of the well-known 
E. coli assay, to inhibit phospholipase activity by a mechanism involving 
binding of the inhibitor to lipids on the E. coli membrane. An effect of 
substrate binding was also held to be accountable for the ability of the protein 
to inhibit hydrolysis in the micelle assay in which E. coli lipids were used as 
a substrate. The term 'substrate depletion' was coined to identify this type 
of inhibitory activity. Different assays using a variety of substrates appear 
to yield different results, and it is clear that the question of ' substrate depletion' 
req uires addTess. 

Whilst the balance of evidence at the moment suggests that the inhibition 
of phospholipase A2 by lipocortin in cell-free enzyme assays occurs by some 
type of interaction with the substrate it should not be construed as being 
'non-specific'. For example, Pepinsky et al. ii quote data in which inhibition 
by lipocortin of the pancreatic PLA2-catalyzed hydrolysis of 
deoxycholate-phosphatidylcholine mixed vesicles can occur at 1000-10 OOO-foid 
molar excess of lipid over lipcortin, and that in the same system the human 
platelet enzyme was completely unaffected. 

In summary, there is evidence to suggest that lipocortins bind weakly to 
(at least) one PLA2; that they bind strongly to some but not all phospholipid 
substrates and also that they bind calcium. It is clear that these proteins 
have the ability to complex or interact with all the components of the in 
vitro assay system, explaining why the results are so difficult to interpret. 
Nevertheless, despite the many vicissitudes ofthis type of assay, it has proved 
an immensely useful technique for following lipocortins through purification 
protocols and for screening samples for the protein, and is still widely used 
for this purpose by many investigators. 

Inhibition of mediator production in vitro 

The search for the lipocortins began with the discovery that corticosteroids 
could inhibit prostaglandin release from cells. Lipocortins - both purified 
macrocortin and recombinant lipocortin 1 - mimic this action of steroids, 
although of course without a lag phase, and without being affected by 
inhibitors of protein or RNA synthesis. Macrocortin was first identified due 
to its ability to inhibit generation of 'rabbit aorta contracting substance' 
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(TXAz) by the perfused guinea pig lung, as illustrated in Figure 7.2. 
Recombinant lipocortin 1 has been shown to have the same activity, inhibiting 
release of TXAz (as measured by bioassay) from the perfused guinea pig lung 
in response to histamine and LTC4 but not arachidonic acid1z. Interestingly 
r-LC mimicked the action of steroids completely, in that TXAz release in 
response to bradykinin was not affected. It is possible that bradykinin-induced 
eicosanoid release from the lung may involve a PLAz-independent pathway. 
Lipocortin 1 and the purified proteins inhibit release of other eicosanoids 
(e.g. PGIz, PGE2) and, as expected from an inhibitor of PLA2 activity, 
leukotriene and platelet-activating factor (PAF) release in response to various 
stimuli. It seems likely that this action of lipocortin occurs from the outside 
of the cell membrane. In the guinea pig perfused lung system, for example, 
inhibition of eicosanoid generation occurs very rapidly following infusion of 
lipocortin, and it seems unlikely that a large molecular weight protein could 
gain access to the cell interior so quickly. In addition, it was found that the 
neutralizing antibody Rm23 raised against 'macrocortin' could inhibit the 
action not only of purified macrocortin but also of hydrocortisone 13, 

suggesting that endogenous macrocortin is released from cells. Another 
antibody raised against lipomodulin has been shown to stain proteins on 
the surface of mouse thymocytes. More recently, the presence of saturable 
binding sites on the surface of circulating leukocytes (monocytes, neutrophils 
and thymocytes) has been shown using F ACS (fluorescence activated cell 
sorter) analysis6 . This finding has yet to be extended to discover the nature 
of these sites. 

Anti-Inflammatory activity in vivo 

If the inhibition of eicosanoid generation explains part ofthe anti-inflammatory 
activity of corticosteroids, then clearly the lipocortins should possess some 
anti-inflammatory activity in vivo. The purified proteins were tested on models 
such as carrageenan-induced rat paw oedema or pleurisy, and shown to be 
effective. In this model a suspension of carrageenan is injected into the paw 
or pleural cavity of the rat, and either paw volume measured plethysmog
raphically, or after a certain interval the animal is killed and the pleural 
cavity washed. The volume of exudate is calculated, and the number of 
infiltrating leukocytes (predominantly neutrophils after 4-6 h) counted. These 
models are sensitive to corticosteroid or indomethacin treatment, suggesting 
that prostaglandin synthesis is important for the inflammatory response. 
Recombinant lipocortin 1 mimics the steroids in that co-injection oflipocortin 
1 with carrageenan inhibits the development of paw oedema25. The effect is 
dose-dependent, but reaches a maximum at about 70% inhibition of the 
oedema. The authors conducted a series of experiments to discover whether 
lipocortin exerted its effects through actions on kinin generation inhibition, 
mast cell amine release or effects on neutrophils, but concluded that the most 
likely mechanism of action of lipocortin injected locally was through 
inhibition of eicosanoid generation, since co-treatment with the dual 
cyc1ooxygenase/lipoxygenase inhibitor BW755c masked inhibitory activity 
of lipocortin. 
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Systemically administered lipocortin from mouse thymus or lungs, identical 
to a lipocortin from human mononuclear cells, has been shown to inhibit 
neutrophil infiltration into polyacrylamide gel injected subcutaneously in the 
mouse l5• This was associated with reduced production of PGE2 and LTB4 
at the inflammatory sites. The authors suggested that lipocortin may inhibit 
neutrophil activation in vivo, since in vitro chemotaxis of neutrophils was 
inhibited by lipocortin, confirming previous findings with lipomodulin. 

There are, however, models of inflammation in which lipocortin does not 
mimic steroid effects. It was discovered that macrocortin did not inhibit 
pleurisy caused by dextran administration, and recombinant lipocortin 1 also 
lacks this activity. This model is dependent upon degranulation of mast cells, 
and a second 'steroid second messenger' was proposed to mediate this action 
of steroids. This mediator was named 'vasocortin', and we will return to this 
later. Recombinant lipocortin does not inhibit paw oedema induced by 
mediators such as PAF, bradykinin or 5-HT, although corticosteroids are 
effective, and it is possible in these cases that vasocortin or a different 
mechanism of action is involved. 

Clearly, more studies are required, testing the anti-inflammatory actions 
of the other lipocortins and vasocortin in order to assign 'second messenger' 
status for the various acute anti-inflammatory actions of steroids. Lipocortins 
have yet to be tested in more chronic models of inflammation, although 
recently it has been observed that rats with the model experimental allergic 
encephalomyelitis ('EAE') of the disease multiple sclerosis show increased 
levels of lipocortin 116. 

Another potential anti-inflammatory effect of lipocortins is their ability to 
inhibit active oxygen metabolite production by leukocytes. Leukocytes such 
as neutrophils, monocytes, macro phages and eosinophils are able to produce 
a range of active oxygen species such as superoxide ion or the hydroxyl 
radical which are involved in killing of ingested microorganisms, but have 
also been implicated in cell damage at sites of inflammation. Neutrophils 
from patients with chronic granulomatous disease show normal phagocytosis 
of bacteria, but are unable to kill them - neutrophils lack the ability to 
produce active oxygen metabolites. Corticosteroid treatment is also associated 
with reduced oxygen metabolite production, and this may at least in part 
explain the increased susceptibility to infection seen with steroid therapy. It 
has been found that recombinant lipocortin and lipocortin from mouse 
monocytes can inhibit oxygen metabolite production from human neutrophils 
and mouse bronchial macro phages respectivelyl7 , 18. Interestingly, both 
groups found that lipocortin inhibited oxygen metabolite production to 
certain stimuli only, suggesting that only some of the pathways of activation 
involve phospholipase A2 . 

AUTOANTIBODIES TO LIPOCORTIN ASSOCIATED WITH CHRONIC 
INFLAMMATORY DISEASE 

In some diseases, for example myasthenia gravis or insulin-dependent 
diabetes, autoantibodies for cell surface molecules are believed to be related 
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to the pathogenesis of the disease. In 1981, Hirata's group26 reported that 
sera from patients with the chronic inflammatory diseases rheumatoid 
arthritis and systemic lupus erythematosus contained IgM antibodies which 
inhibited the activity of lipomodulin, and which could precipitate the 
radiolabelled protein. They observed that sera from patients with active SLE 
contained higher tit res than that from patients with inactive disease, and also 
found that a strain of mice which spontaneously develop SLE-like illnesses 
also had anti-lipomodulin antibodies. 

These findings have been confirmed and extended using recombinant 
lipocortin 1 as antigen in an ELISA method 20. The group have shown that 
in rheumatoid arthritis (RA), the antibody titre is highest in patients who 
are classed clinically as 'steroid-resistant', i.e. who require high dose maintenance 
therapy with steroids, whereas in SLE, high antibody titre is associated with 
active disease. Both IgM and IgG levels are raised, although the former is 
more striking. Patients with polymyalgia rheumatica (PMR), even those 
receiving high-dose steroid treatment, did not show elevated antibody titres, 
suggesting that the nature of the autoimmune disorder is important in the 
generation of autoantibodies. 

The authors suggest that, in the case of RA, steroid therapy might be 
important in the generation of the antibodies, and speculate that chronic 
oral steroids and hence repetitive antigen (lipocortin) challenge in the gut 
may predispose to autoantibody generation. In SLE, however, high titres 
were found to be independent of steroid therapy but associated with active 
inflammatory disease. They suggest that the antibodies may actually playa 
role in the disease in this case. Clearly the involvement of lipocortin 
autoantibody formation in inflammatory diseases requires further study, 
especially since corticosteroids are widely used in the treatment of these diseases. 

PHOSPHORYLATION OF LlPOCORTIN 

An important discovery in the story of Iipocortin was the finding that 
lipomodulin (purified from rabbit neutrophils) could be phosphorylated by 
cAMP-dependent kinase (protein kinase A) and that this phosphorylation 
decreased its inhibitory activity on phospholipase A219. This might allow a 
finer control mechanism for PLA2 activity other than lipocortin synthesis -
namely phosphorylation-dephosphorylation associated with a change in its 
activity. Hirata also showed that, in rabbit neutrophil, chemoattractant 
peptides increased phosphorylation of lipomodulin when the cells were 
incubated with 32p. A similar finding was made with mouse thymocytes 
stimulated with concanavalin Z, Ca2+ ionophore or phorbol 12-myristoyl-
13-acetate. In the latter case Hirata suggested that protein kinase C might 
be responsible for the phosphorylation. 

Upon publication of the sequence of lipocortin 1 it was quickly realized 
that lipocortin 1 is identical to that protein which was phosphorylated by 
the epidermal growth factor (EGF) receptor/kinase in A431 cells. Lipocortin 
1 is phosphorylated by this kinase near its N-terminus, at Tyr-21. The same 
residue can be phosphorylated by several pp60v- src oncogene products. In 
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addition, protein kinase C phosphorylates lipocortin 1 near its N-terminus 
at ser-27 and Thr-41. cAMP-dependent kinase phosphorylates lipocortin 1 
at it C-terminus, at Thr-216. The significance of these multiple phosphorylations 
is unclear, although it has been reported that tyrosine phosphorylation 
reduces the Ca2+ requirement for association of lipocortin with membrane 
vesicles. This would not, however, explain the reported diminution of 
anti-phospholipase A2 activity by phosphorylation. 

Lipocortin 2 is also phosphorylated near its N-terminus at Tyr-23 by 
pp60v- srC, although little sequence similarity exists between lipocortin 1 and 
2 in this region. The N-terminus oflipocortin 2 is important for its association 
with plO, and its phosphorylation, as well as its affinity for Ca2+, may be 
influenced by the interaction with p1021 . 

OTHER ANTI-INFLAMMATORY STEROID 'SECOND MESSENGERS' 

Vasocortin 

As described above, lipocortin does not mediate all the anti-inflammatory 
actions of corticosteroids. Another steroid-inducible protein has been described, 
and named 'Vasocortin'22. This protein is distinct from the lipocortins - it 
has a molecular weight of approximately 100 kD, and different physical 
properties. It is released into the peritoneal cavity of rats following corticosteroid 
treatment, or by aortic rings following incubation with dexamethasone in 
vitro. Vasocortin mimics steroids in that it is effective against dextran-induced 
oedema development, a model in which lipocortin is without effect. Vasocortin 
inhibits mast cell degranulation in response to dextran or concanavalin A, 
but not in response to compound 48/80 or calcium ionophore A23187, and 
this may explain part of its anti-inflammatory action. 

The structure of vasocortin has yet to be described. 

Uteroglobin and antiflammins 

Uteroglobin is a small (16 kD) protein originally identified as being secreted 
from rabbit uterus in response to progesterone during early pregnancy. It 
has since been shown that in other tissues (rabbit trachea and bronchus) it 
may be induced by corticosteroids. The structure of uteroglobin is known, 
and it has been shown to consist of two identical subunits of 70 amino acids 
each, which show strong similarity to the third repeat of lipocortin 1. 
Uteroglobin inhibits phospholipase A2 activity in a macrophage line, and 
also inhibits rabbit neutrophil and monocyte chemotaxis. It is interesting to 
speculate upon the physiological function of this protein. For further 
information, see Miele et al.23 

The similarity between uteroglobin and lipocortin has been exploited to 
produce short peptides corresponding to the highest regions of similarity24. 
These peptides, the 'antiflammins', dose-dependently inhibit phospholipase 
A2, and have been reported to inhibit carrageenan paw oedema in the rat. 
We await further reports of their activity. 
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SUMMARY 

In this chapter we have attempted to review the 'history' of lipocortins, and 
to describe some of the areas of research which are of interest in the field of 
inflammation. The area has become an extraordinarily complex one, with 
many conflicting claims in the literature. However, there are enough 
interesting discoveries in the work already published to encourage further 
research into this family of membrane-associated regulatory molecues. Future 
research will no doubt clarify points which at present remain uncertain. 
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8 
Platelet activating fador and cytokine 
feedback regulation of endothelial integrity; 
implications for the treabnent of 
inflammatory disease 
D. HOSFORD, M. PAUBERT-BRAQUET and P. BRAQUET 

INTRODUCTION 

The inflammatory process is an essential response of the body to injury. 
Viewed very simply, inflammation confines tissue damage and assists in 
repair, while immune functions prevent invasion by foreign organisms. These 
two processes are closely linked as many of the same cells and molecules are 
operative in both. In a normal controlled response following injury, 
polymorphonuclear leukocytes (PMNL) leave the flowing blood and adhere 
to the endothelial cells lining the blood vessels. The endothelial cells undergo 
structural modification and PMNL infiltrate into the damaged tissue to 
destroy microbes that may be present in the wound. The PMNL are soon 
joined by macrophages and, concomitantly with the infiltration processes, 
thromboformation occurs to limit the insult and the inflammatory reaction. 
Lymphocyte activation occurs, controlling infection, and eventually connective 
tissue cells begin to effect repair mechanisms. Usually this response is strictly 
regulated; however, if the process becomes uncontrolled this normally 
beneficial local event may escalate into a wider malignant activity, characterized 
by endothelial injury, excessive cell infiltration and vascular leakage. Such a 
phenomenon may underlie the microcirculatory damage observed in pathologies 
such as shock, sepsis, asthma, ischaemia and graft rejection 1. 

It is clear even from this extremely brief synopsis of the inflammatory 
process that the crucial physiological event involved is an interaction or 
'cross-talk' between circulating cells and endothelial cells. Indeed, endothelial 
integrity is the key determinant of the degree of cellular traffic from the blood 
stream to the surrounding tissues, and thus of the extent and severity of the 
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inflammatory response. We feel that the importance of this process cannot 
be overemphasized as it constitutes the fundamental event which unifies a 
diverse range of immuno-inflammatory diseases, even though the cause and 
evolution of the various pathologies up to this point may be different. It also 
gives a focal point for the development of potential therapeutic agents for 
the treatment of inflammatory diseases such as those mentioned above. As 
we will discuss in this review, numerous drugs effective in the treatment of 
immuno-inflammatory conditions may basically act as stabilizers of endothelial 
integrity, although the actual mechanisms of action that lead to this end-result 
are diverse. 

Obviously, in order to develop drugs effective in counteracting inflammation 
it is essential to have an understanding of the vectors which regulate 
endothelialfblood cell cross-talk and immuno-inflammatory responses. Indeed, 
these processes are coordinated by a vast array of mediators. Generally these 
may be divided into two broad groups. Substances such as serotonin, 
histamine, kinins, leukotrienes, prostaglandins, thromboxane, neuropeptides, 
proteases, complement and other various chemotactic factors appear to be 
primarily involved in the early events of acute allergic and inflammatory 
reactions. A second group of mediators, which may also include some of the 
former but more importantly cytokines such as growth factors, tumour 
necrosis factor (TNF) and the interleukins, which are essential vectors in the 
cellular communication system, may be involved in long-term tissue alterations 
in inflammatory diseases. Platelet-activating factor (PAF) appears to be a 
member of both these groups, and in this review we will focus our attention 
on its relationship with the latter group of substances. 

PAF is a potent autacoid mediator implicated in a diverse range of human 
pathologies including asthma, shock, cardiac and systemic anaphylaxis, 
myocardial and cerebral ischaemia, immune and renal disorders and a variety 
of inflammatory conditions1.2. Originally isolated from antigen-stimulated 
rabbit basophils and characterized structurally as 1-0-alkyl-2(R)-acetyl
glycero-3-phosphocholine, the alkyl phospholipid is now known to be 
produced by, and act on, a variety of cell types including neutrophils (PMN), 
eosinophils, monocytes, macrophages, platelets and endothelial cells 1 •2. 
Pertinent to this review is the marked effect of PAF on the microcirculation, 
where the mediator induces an intensive leakage of plasma. This appears to 
result from both a direct PAF effect on the vessel wall and, by destabiliation 
of the endothelium by the generation and release ofleukotrienes, thromboxane, 
free radicals and other toxic products, from various blood cells stimulated 
by the agonist1 •3 • 

Studies on the pathophysiological role of PAF have been facilitated by a 
variety of compounds which can specifically inhibit the binding of PAF to 
its receptors in various cells and tissues4 •5. PAF antagonists can be broadly 
divided into two groups. Synthetic inhibitors include SRI 63-441 , SRI 63-119, 
CV-3988 and BN 52111, which are related to the PAF framework and 
compounds such as the triazolothienodiazepine, WEB 2086, which are 
unrelated to the PAF structure. Many natural compounds and their synthetic 
derivatives are also potent PAF antagonists 5. This group includes the 20 
carbon terpene, BN 52021, lignans such as kadsurenone and its synthetic 
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derivative L-652,731 and gliotoxin-related compounds produced by various 
fungi and bacteria. Indeed, studies with PAF antagonists have suggested an 
interaction between PAF release from various cell types and protease activity. 
PAF antagonists inhibit the increase in plasma trypsin-like activity induced 
by administration of PAF or endotoxin6 , while protease inhibitors reduce 
PAF production 7. 

Recently, we and other research groups have utilized PAF antagonists in 
an attempt to elucidate the relationship between PAF and various cytokines 
involved in immuno-inflammatory processes. These studies have led to a new 
understanding of the role of P AF in health and disease. As discussed in this 
review, it is becoming increasingly apparent that PAF is an important 
amplifier of biological processes, a role conferred on the mediator by its 
ability to 'prime' the responses of various cell types participating in allergic 
and inflammatory responses. It is also now clear that PAF occupies an 
important position in the cytokine network which usually safeguards the 
body against injury and infection, but which in some instances destroys the 
host it is designed to defend. 

In this chapter we will consider the importance of PAF and various 
cytokines in the mediation of the inflammatory process. We will focus 
particular attention on the role of PAF and cytokines as participants in 
feedback networks deleterious to endothelial integrity. In addition, starting 
from the theoretical considerations developed by ThomS and Zeeman9 , we 
will propose a model describing the control and dysfunction of immuno
inflammatory responses based on the 'singularity' of PAF and certain 
cytokines as expressed by their ability to elicit their autogeneration and the 
consequent 'catastrophic' microvascular events which occur when there is a 
loss of control of the feedback system. Finally, we will consider how PAF 
antagonists in combination with other drugs may constitute valuable 
therapeutic agents in the treatment of inflammatory conditions due to their 
ability to decouple the deleterious feedback cycles. Such beneficial effects 
may account for the protective effects of PAF antagonists against bronchial 
hyperreactivity, shock, myocardial and cerebral ischaemia, and graft rejection. 

PAF/CYTOKINE INTERACTIONS AND BLOOD CELLS 

PAF and IL 1 production 

Several recent studies have examined the relationship between PAF and the 
generation of interleukin 1 (IL 1). For example, P AF markedly altered in a 
dose-dependent fashion the IL 1 production by rat monocytes stimulated 
with lipopolysaccharide (LPS)10. When added at concentrations ranging from 
1 fmol/L to 1 nmol/L to LPS-stimulated adherent monocytes, PAF enhanced 
the release of IL 1, whereas concentrations above 10 nmol/L decreased it. 
These alterations in IL 1 release from monocytes by P AF were noted 
regardless of whether either phytohaemagglutinin (PHA) or concanavalin A 
(Con A) was used as the mitogenic agent in the proliferation assay on 
thymocytes. BN 52021 (10 J.lmol/L) reversed the increase in LPS-induced IL 
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1 release evoked by 1 pmol/L PAF by 95%. In addition, the decrease in IL 
1 release by 0.1 J..lmol/L PAF was markedly reduced in the presence of the 
antagonist at a concentration of 10 J..lmol/L, cell viability remaining unaffected. 

Similar data have been obtained with guinea pig keratinocytes 11. Although 
no effect of PAF on IL 1 production by guinea pig keratinocytes was observed, 
simultaneous addition of 1 pmolfL of the autacoid with 1 J..lg/ml LPS increased 
IL 1 production, compared to that observed with LPS alone. When 1 pmolfL 
PAF was added 1 h before or 1 h after LPS, no effect on IL 1 production by 
keratinocytes was noted. Addition of 10 fmol/L PAF to keratinocytes 1 h 
before stimulation with LPS induced a significant increase in IL 1 production. 
In contrast, when lOfmoljL of the autacoid was added simultaneously or 
after LPS, no significant alteration of IL 1 production was observed. 

Furthermore, Westwick and colleagues12•13 have demonstrated that (R) 
PAF and a less hydrolysable synthetic racemic analogue, PR1501, can induce 
IL I-like activity from LPS-stimulated and unstimulated human mono
cyte-macrophage cell cultures, as determined by the mouse thymocyte assay. 
This effect occurred in the dose range of 3 pmol/L to 30 nmolfL, with optimum 
production of IL I-like activity being observed at a concentration of 
30-300 pmolfL PAF. The effect of (R) PAF was stereospecific since the 
unnatural enantiomer (S) PAF and lyso (R) PAF in the same concentration 
range were inactive. PAF has also been demonstrated to increase IL 1 
production by human monocytes stimulated with muramyl dipeptide (MDP), 
higher concentrations of PAF inducing the maximum responses 14. 

Studies by Rola-Pleszczynski et alY also indicate a positive effect of PAF 
on IL 1 production by human monocytes stimulated with MDP or LPS. 
Using platelet-free, elutriated monocytes these workers found that PAF 
dose-dependently augmented IL 1 production characterized by two peaks, 
one at high (IOnmoljL-l J..lmol/L) and another at low (1-lOfmol/L) 
concentrations of PAF. Failure to remove platelets following isolation of 
monocytes by adherence resulted in varied responses to PAF, with predominant 
inhibition ofIL 1 production at higher concentrations. BN 52021 abrogated 
the PAF effects, mainly in the higher concentration range. It should be noted 
that PAF can also synergize with interferon gamma (IFN-y) or TNF to 
induce higher levels of IL 1 production by human monocytes 16. This may 
be part of an amplification loop since cytokines (IL 1, TNF, IFN-y) 
stimulate a biphasic synthesis of PAF by human monocytes 17. 

Finally, ex vivo experiments using minipumps loaded with PAF or solvent 
alone, placed under the back skin of rats and connected to the jugular vein, 
have shown that monocytes from animals receiving 1, 4.5, or 9 J..lg PAF for 
7 days exhibited increased capacity to produce IL 118. In contrast, with 28 J..lg 
PAF per day for 7 days, IL 1 production by the monocytes was markedly 
decreased. 

PAF and IL 2 production 

There is also considerable evidence indicating that PAF is a potent modulator 
oflymphocyte proliferation and interleukin 2 (IL 2) production19•2°. 1n vitro, 
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PAF has been shown to either inhibit 18,21 or stimulate22 both these processes. 
In either case the effect of PAF is reversed by various antagonists of the mediator. 

Pignol and colleagues18,21 measured the production of IL 2 by peripheral 
blood mononuclear leukocytes (PBML) following 24 h stimulation with PHA 
in the presence or absence of PAF. A concentration-dependent inhibition of 
IL 2 production was observed with an ICso of 10 pmol/ L. This suppressive 
effect was fully reversed by BN 52021. In this system PAF needed to be 
present in the first hour of the 24 h culture period for the inhibition to be 
detected. In contrast to these data, PAF and two non-hydrolysable PAF 
analogues have been shown to increase the proliferation of IL 2-stimulated 
human lymphoblasts, whereas some antagonists (CV-3988 and L-652,-731 , 
but not WEB 2086 and BN 52021) are inhibitory22. This effect of the 
antagonists was observed even when the drugs were added 48 h after the 
beginning of a 72 h culture period, suggesting interference with a late event 
in T cell activation. Furthermore, it is possible that endogenously produced 
PAF may be involved in some step(s) of IL 2-induced proliferation of T 
lymphoblasts. This is indicated by the inhibition of this process by the PAF 
synthesis inhibitor, L-648,611 22• 

An important corrobation of some of the in vitro observations outlined 
above has been provided by the in vivo instillation of PAF into rats via 
subcutaneously implanted osmotic mini pumps connected to the jugular 
vein23• In these experiments, using rats implanted for 7 days with mini pumps 
containing up to 9 Ilg PAF, lymphocytes, withdrawn from the animals and 
cultured, showed increased capacity to produce IL 2 compared to those from 
rats receiving solvent alone. Thus although the relationship between IL 2 
and PAF is poorly defined, an interaction between the two clearly exists. 

PAF and TNF production 

Apart from its ability to mimic the effects of endotoxic shock in a variety of 
species24, TNF is known to exert several specific immunomodulatory effects. 
For example, it can activate macrophages for the production of IL 1, 
granulocyte-monocyte colony stimulating factors (GM-CSF) and prosta
glandins and modulate generation of IFN-y by lymphocytes. The exposure 
of PMN to both TNF -ex and TNF -{J stimulates the production of superoxide 
radicals, induces a phagocytic response and enhances antibody-dependent 
cell cytotoxicity2s,2(!, 

However, while it appears that TNF possesses interesting properties per 
se, recent studies suggest that the relationship between TNF and PAF is of 
particular importance in mediating the inflammatory response. Recent 
investigations27 haveliemonstrated that PAF activates peripheral blood-derived 
monocytes to produce and secrete TNF as assessed by a sensitive radio
immunoassay. In these studies the addition of various concentrations of PAF 
(1-30 J!moljl) to monocyte cultures for 24 h initially resulted in a significant 
enhancement of cytotoxicity. The supernatant contained TNF in concentrations 
that were dependent on the dose of PAF added, and reached levels equivalent 
to those derived from IFN-y-stimulated monocytes. TNF was produced 
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within 2 h following exposure ofthe cells to PAF, an effect that was completely 
inhibited by BN 52021 27. 

Cytotoxic activity, as measured by the release of cytotoxic factors in the 
supernatant, was present initially but declined after 24 h. These results suggest 
that PAF induces TNF release from monocytes but that the cytotoxic activity 
is subsequently masked by the presence of an inhibitor or is partially 
denatured. Further experiments28,29 have also demonstrated that PAF at 
very low doses (1 pmol/L to lOnmolfL) significantly amplifies the IFN-y-, IL 
1-, MDP- or LPS-induced production of TNF, All these data suggest that 
priming of monocytes by PAF may constitute an important step in 
amplification of inflammatory and immune responses. 

This concept is further substantiated by the fact that human monocytes 
stimulated with IL-1P, TNF or IFN-y are able to produce PAF in a biphasic 
fashion 30. The autacoid in the early peak (1-2 h) is largely retained intracellularly, 
whereas the majority of PAF in the late peak (6-8 h), is released into the 
culture medium. In the following section we will consider more fully the role 
of PAF in priming and amplification processes, and their importance in 
endothelial/blood cell cross-talk. 

PAF and cytoklne priming of blood cell responses 

Effect of PAF and TNF on PMN and eosinophil function 

In the preceding discussion we have considered how PAF can directly induce 
the production of various cytokines from different circulating cell types. In 
this section we will review the evidence showing that extremely low 
concentrations of PAF and cytokines can 'prime' certain blood cells to 
respond in an enhanced manner to subsequent antagonistic stimuli that 
would otherwise be ineffectual. Firstly it is important to briefly consider the 
role of two of the most important circulating cell types in inflammation and 
their response to the mediators released in the inflammatory microenvironment. 

PMN appear to playa particularly important role in inflammation 3 1. 

During this process PMN become activated by various agonists, adhere to 
the endothelial surface and release lysosomal proteases. Activated PMN also 
undergo a 'respiratory burst', which results in the reduction of molecular 
oxygen to superoxide. This latter product is rapidly converted to hydrogen 
peroxide and toxic free radicals which damage the endothelium31 . 

PAF is a potent chemotactic agent for PMN, inducing superoxide release, 
aggregation and degranulation in this cell type!. In vivo the mediator evokes 
pulmonary sequestration of PMN, hypotension and bronchoconstriction, 
PAF is also one of the most active chemotactic factors for eosinophils, cells 
from which it elicits the release of major basic protein (MBP), free radicals 
and leukotriene C4 (LTC4 ), products extremely damaging to microvascular 
integrity 1,2. 

Eosinophils are another cell type intimately involved in inflammatory 
processes. PAF is now recognized as an important activator of eosinophil 
functions. Indeed, the autacoid is one of the most potent chemotactic agents 
for human eosinophils32. This effect is receptor-mediated and BN 52021 
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dose-dependently inhibits eosinophil locomotion 3,32. In experimental animals, 
PAF or antigen administration is associated with an extravascular recruitment 
of eosinophils and platelets in the airways32,34. For example, exposure of 
conscious guinea pigs to either an aerosol of PAF or ovalbumin in sensitized 
animals results in a selective accumulation of eosinophils as assessed by 
bronchoalveolar lavage after 24h. This eosinophil accumulation, in addition 
to the associated bronchial hyperreactivity, is reduced by pretreatment with 
BN 52021 or WEB 208634,35. Furthermore, recent evidence suggests that 
PAF enhances eosinophil IgE receptor expression and primes IgE-dependent 
cytotoxicity against schistosomula of Schistosoma mansoni and leukotriene 
generation36. 

Eosinophil infiltration is a crucial factor in microvascular damage and this 
cell type is a prominent feature of inflammatory lesions, particularly in asthma 
and graft rejection. The granules of these cells contain cationic proteins 
including MBP, which is released by marginated eosinophils and causes 
endothelialdamage37,38. LTC4 and o~-, two other toxic agents for endothelial 
integrity, are also generated by this cell type. In combination, these components 
are capable of causing severe impairment to the microvascular wall, and 
appear to be largely responsible for inflicting the pulmonary damage observed 
in asthmatic patients. With regard to the system of cellular 'cross-talk' in 
inflammatory processes, it is of particular interest to note that PAF induces 
release of both MBP (P. Braquet, unpublished), and LTC4 and oM -from 
eosinophils, these phenomena being inhibited by BN 52021 39. 

Similarly to PAF, TNF enhances neutrophil superoxide production and 
adherence4o. TNF may also indirectly regulate eosinophil cytotoxicity via 
its effect on the release of other cytokines and growth factors. 

PAF and TNF as priming agents 

At adequate concentrations both PAF and TNF can directly evoke these 
cellular responses; however, exposure of the cells to extremely low concentrations 
of these mediators, which are ineffective in their own right, produces enhanced 
responses to subsequent stimulation by agonists such as thrombin and 
chemotactic peptides. Vercelotti et al.41 have demonstrated that minuscule 
quantities of PAF (10- 12 moljl) markedly enhanced neutrophil responses to 
subsequent activation by the agonists N -formylmethionylleucyl phenylalanine 
(FMLP) and PMA. The primed neutrophil responses included respiratory 
burst as evidenced by enhanced superoxide release, degranulation as measured 
by elastase release, and adhesion as measured by adherence of PMN to 
human endothelium as well as PMN aggregation. Concomitantly, these 
PAF-primed neutrophils were excessively damaging to cultured endothelial 
cells. These PAF-primed PMN responses and subsequent PMN-mediated 
endothelial damage were completely inhibited by the PAF antagonists, BN 
52021, L-652,731 and kadsurenone. Similarly, TNF has also been shown to 
prime PMN to various agonists42. 

Priming human PMN for 18 h with various concentrations of PAF 
(0.1 fmoljL-1 f.1moljL) markedly enhances their subsequent TNF production 
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in response to IL 129. Maximum priming activity is observed at 
10 fmol/L-O.l nmol/L PAF, resulting in a 2-3-fold increase in TNF production. 
Furthermore, we have recently demonstrated that PAF can amplify 
TNF-induced superoxide generation by human PMN43,44. When PMN are 
incubated for 3 h at 37°C with various concentrations ofTNF (1-1000 ng/ml), 
a significant dose-dependent generation of superoxide is observed. The 
response is maximal with 10 ng/ml TNF and after 60-90 min of incubation, 
O~ - production declining after this time. PAF alone (0.1 pmol/L-O.l nmol/L) 
fails to elicit any superoxide production; however, when PAF is added for 
10 min to cells previously incubated for 50 min with 10 ng/ml TNF, superoxide 
production is enhanced relative to that induced by TNF alone. Maximum 
amplification ( + 30%) is obtained with 10 fmol/L PAF, and the enhancing 
effect of the mediator is completely abolished by four structurally unrelated 
PAF antagonists (BN 52021, kadsurenone, BN 52111 and WEB 2086), added 
either simultaneously with the TNF or the PAF. In addition, the PAF 
antagonists also decrease by 50% the superoxide production elicited solely 
by TNF, indicating that TNF-induced superoxide generation is partially 
mediated by a mechanism involving endogenous PAF. We have also recently 
established that a preincubation of the PMN for 30 min with a low 
concentration of LPS or TNF prior to stimulation with FMLP primed the 
cells so that superoxide production was increased by 120% and 180%, 
respectively, relative to that induced by FMLP alone45. 

GM-CSF and TNF prime PAF-induced responses 

In addition to their role in stem cell proliferation GM-CSF and TNF appear 
to play an important role in host defence by priming the functional activities 
of mature effector cells such as PMN, monocytes and eosinophils. GM-CSF, 
granulocyte-colony stimulating factor (G-CSF) and TNF are, by themselves, 
essentially devoid of detectable activity toward PMN46. However, pretreatment 
of PMN with GM-CSF enhances their chemotactic, phagocytic, cytotoxic 
and oxidative responses to various stimuli such as leukotriene B4 (LTB4) 
and the complement-derived C5a47. GM-CSF, which also augments 
phagocytosis by PMN48, increases expression of the major surface adhesive 
proteins49 and receptor expression50, primes eosinophils for enhanced killing 
of Schistosoma mansoni and enhanced synthesis and extracellular export51 

of LTC4. PMN pretreatment with GM-CSF also results in increased 
arachidonic acid release52 and LTB4 synthesis in response to FMLP, C5a 
and the calcium ionophore A 2318753. Similarly, pretreatment of human 
PMN with TNF enhances their superoxide production induced by FMLp42.54. 

With regard to PAF, recent studies have established that PAF/cytokine 
(GM-CSF, TN F) interactions appear to be vital in the enhancement of PMN 
responses to various stimuli: interestingly, in PMN where PAF per se at low 
doses is not able to produce superoxide generation, a preincubation of the 
cells with TNF43.44 or GM-CSF55 results in a significant amplification of 
free radical production. This phenomenon is inhibited by various PAF 
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antagonists such as BN 52021 or BN 50741, and appears to be impaired 
after thermal injury. Interestingly PAF antagonists also partially inhibited 
the TNF-induced superoxide production, suggesting that an endogenous 
production of the autacoid is involved in this process43,44. PMN priming 
by the two cytokines is not limited to superoxide production. Preincubation 
of PBML with recombinant human GM-CSF primes the cells so that PAF 
(1 J.l.mol/L)-induced LTB4 production is increased by lO-fold relative to 
non-primed cells. 56 Furthermore, leukotriene synthesis is induced by a PAF 
concentration of 10nmol/L in GM-CSF-primed cells, whereas in untreated 
cells the same concentration of PAF is unable to elicit a response. Similarly, 
TNF also induces significant leukotriene production, a phenomenon inhibited 
by PAF antagonists43. 

Putative function and mechanism of cytokine priming 

The physiological function and mechanism of action of GM-CSF and TNF 
in priming neutrophil responses to inflammatory stimuli remains unknown. 
Studies by English57 have demonstrated that priming results from an 
irreversible induction of temperature-dependent cellular processes, and that 
receptor expression on the surface of PMNL is markedly accelerated by 
cytokine priming. Receptor expression confers functional responsiveness on 
circulating 'end-stage' PMNL which may be hyporesponsive to metabolic 
antagonists. Deployment of surface receptors, which is accompanied by a 
dramatic increase in cell responsiveness, normally occurs after the cell has 
left the circulation, thus priming may be crucial for an efficient host defence 
system. 

With regard to the precise mechanism of GM-CSF and TNF priming, 
very recent data suggest that some pertussis toxin-sensitive G-proteins are 
probably involved in the process. Indeed, pretreatment of PMNL with the 
toxin abolishes the amplification of superoxide production induced by low 
doses of PAF in TNF-pretreated PMNL 43. GM-CSF has recently been 
shown to modulate the activity of guanylate and adenylate cyclases in human 
PMNL58, more specifically, the cytokine inhibits adenyl ate cyclase and 
stimulates guanylate cyclase. Furthermore, studies on human monocytes have 
demonstrated that GM-CSF-induced sodium influx involves activation of a 
pertussis toxin-sensitive GTP-binding proteins9. 

In addition, TNF induces an increase in GTP binding and GTPase activity 
in HL-60 pro myelocytic leukaemic cells, the latter of these processes being 
sensitive to pertussis toxin60. The toxin also inhibits the TNF-induced 
cytotoxicity in mouse L296 fibroblasts, suggesting the presence of a GTP-binding 
protein which couples TNF-induced signalling to the biological effect 60. 

In view of the inhibitory effect of increased levels of cAMP on human 
neutrophil responses61, one can speculate that a part of the effect of GM-CSF 
is mediated via this response. In addition, incubation of human PMNL with 
GM-CSF inhibits the alkalinization response to various stimuli including 
PAF, LTB4 and FMLp62, while preincubation with GM-CSF results in an 
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increase in the magnitude ofthe calcium transients that follows the stimulation 
of the cells with chemotactic factors62. Taken together these findings suggest 
that the priming phenomenon may result from: 

1. a modification of the functional state of certain pertussis toxin-sensitive 
G proteins; 

2. a decrease in calcium signal threshold; 
3. an uncoupling between the increase in calcium transient and the activation 

of Na + /H + anti port - the action site of the G proteins involved in the 
process may be located between the cytokine receptor and the mechanism 
activating the Na + /H + exchange. 

Similar priming phenomena have also been found with LPS63. Indeed, it has 
been shown that LPS primes PMNL for enhanced production of superoxide 
upon subsequent stimulation and that LPS priming induces a small but 
significant increase in intracellular PAF. Further stimulation of the primed 
PMN also produces a marked increase in cell-associated PAF as compared 
to non-LPS treated controls63• 

The pathophysiological importance ofthese priming processes by cytokines 
has also been assessed in vivo. Heuer and Letts64 have shown that pretreatment 
of mice with either S. typhosa endotoxin or TNF significantly enhanced the 
mortality induced by PAF. This effect occurred at doses at which PAF, 
endotoxin or TNF given alone did not significantly affect these parameters. 
Similar to the situation observed in vitro with PMN responses43,4\ the 
enhancing effect was not recorded when PAF was given prior to TNF. 

In addition, in studies where rats received an injection of TNF prior the 
injection of a low and non-active dose of PAF, a marked amplification of 
the vascular escape was recorded, mainly in the trachea, bronchi, lung 
parenchyma, pancreas, kidneys and duodenum65 . A similar potentiation of 
cytokine/PAF effects has also been observed in models of cartilage breakdown 
where the combination of non-active individual doses of TNF and PAF 
caused a significant loss of glycosaminoglycans66. 

Relationship between PAF and other cytokines 

The relationship between PAF and other cytokines apart from IL I,lL 2 
and TNF, is presently unknown, although it would seem likely that 
interactions occur considering the complex network of cellular growth signals 
required for proliferation of immuno-competent cells. For example, various 
synergistic and antagonistic effects have been noted between IL 3, IL 4 and 
IFN_y67,68 and between IL 3, IL 1, G-CSF and M_CSF69 on the growth of 
different cell lines. 

In addition to PAF, the newly described lymphokine, interleukin 5 (IL 5), 
which is generated by T helper lymphocytes, is a potent eosinophil activating 
agent70. Indeed, apart from influencing stem cell differentiation, IL 5 appears 
to exert a direct effect on preformed eosinophils and activate mature cells 71. 
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We have recently investigated the mechanisms of in vivo eosinophil activation 
by comparing the mobilization of this cell type induced by PAF or antigen 
injection in the peritoneal cavity of hypereosinophilic rats and the effects of 
the PAF antagonist, BN 52021, the somatostatin analogue, BIM 23014, and 
cyclosporin A (CsA) on this process72. PAF induced a significant increase 
of both peritoneal and circulating eosinophil count. CsA almost totally 
abrogated these variations, whereas BN 52021 reduced the peritoneal 
increase. Similarly to PAF, peritoneal antigen challenge in actively sensitized 
animals increased peritoneal and circulating eosinophil infiltration. BIM 
23014 reduced the circulating eosinophils and cell infiltration. In contrast, 
BN 52021 primarily decreased peritoneal eosinophil recruitment, while having 
little effect on circulating cells 72. 

This study indicates that the mechanism by which CsA and BIM 23014 
inhibit eosinophil mobilization appears to be different from that of the PAF 
antagonist. Both CsA and somatostatin are known to affect T cell proliferation 
which, via the production of IL 3, IL 5 and GM-CSF, is involved in the 
differentiation ofhaematopoietic cells into eosinophils 73. Thus CsA and BIM 
23014 probably decrease cell availability for recruitment. In contrast, the 
PAF antagonist appears primarily to act by inhibiting PAF -induced eosinophil 
chemotaxis. Thus control of eosinophil recruitment at inflammatory sites 
appears to be regulated by PAF and various cytokines, particularly IL 5. 

Interleukin 6 (IL 6) may be of particular importance in the inflammatory 
response. Initially thought to be derived from T cells, IL 6 is now known to 
be produced by various other cell types including monocytes, fibroblasts, 
hepatocytes, cardia myxoma and glial cells, and of particular interest, vascular 
endothelial cells 74. In addition to playing an essential role in B cell growth 
processes and regulating the proliferation of fibroblasts 75, thymocytes 76, 

lymph node T cells 77 and peripheral blood T lymphocytes 74, this lymphokine 
displays other interesting properties. IL 6 has been reported to be active 
against viruses 78 and is a major inducer of acute phase protein synthesis in 
cultured liver cells 79. 

Indeed, this lymphokine may play an important role in acute pathological 
responses such as those observed in shock, sepsis and ischaemia. Increases 
in IL 6 of up to a lOO-fold have been observed in serum from severe burn 
patients within hours following thermal injury8o. Levels of the lymphokine 
were closely correlated with body temperature and were maximal immediately 
prior to an increase in acute phase proteins, suggesting that the cytokine 
may act as an endogenous thermoregulator. Increased IL 6 activity has also 
been detected in the cerebrospinal fluid of patients suffering from acute viral, 
bacterial or tuberculous infections81 . Similarly, elevated levels of IL 6 have 
been observed in serum and urine of renal transplant recipients82, and various 
reports suggest that the cytokine may be associated with the pathology of 
rheumatoid arthritis83. 

Many of the biological properties currently being ascribed to IL 6 are 
similar to those exhibited by IL 1, and a close relationship appears to exist 
between these two cytokines. Indeed IL 1 is a potent inducer of IL 6 expression 
in many cell types84. As previously discussed, PAF can influence IL 1 synthesis 
and thus, via this effect, may modulate IL 6 activity. 
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PAFjCYTOKINE INTERACTIONS AND ENDOTHELIAL CELLS 

Effect of cytokines on PAF synthesis by the endothelium 

In the preceding section we have considered how PAF and various cytokines 
can prime, amplify and directly elicit the release of toxic products from 
circulating cells which can diminish endothelial integrity.We will now focus 
attention on the role of the endothelium in inflammatory processes. Indeed, 
this tissue cannot simply be considered as a passive victim of the damaging 
effects of blood cell responses provoked by PAF and cytokines. Numerous 
studies have shown that, under certain conditions, endothelial cells generate 
PAF and certain cytokines, and thus eventually contribute to their own 
destabilization. 

When vascular endothelial cells are exposed to perturbing stimuli a number 
of cellular haemostatic properties are altered, including increased synthesis 
of PAF, which is released into the medium. Initially, it was shown that both 
hormones (angiotension II and vasopressin) and antibodies reacting with 
antigens expressed on the surface of endothelial cells induced a rapid and 
transient release of PAF from cultured human umbilical vein endothelial 
cells85. Subsequent studies revealed that, although thrombin was unable to 
induce PAF release, it was capable of eliciting its synthesis, the PAF remaining 
associated with the cells and being partially expressed on the outer membrane86. 

Indeed, other investigations demonstrated that thrombin can induce an 
increase in both intracellular calcium and subsequent phosphatidylinositol 
(PI) turnover in human endothelial cell monolayers87. Associated with these 
perturbations, thrombin-treated endothelial cell monolayers increased 
superoxide generation by FMLP (O. ll!moljL)-stimulated PMN, this 
enhancement being completely inhibited by BN 52021. Thrombin stimulation 
of endothelial cells would seem, therefore, to initiate a sequence of events 
involving PMN/endothelial cell 'cross-talk' which leads to contact activation 
of marginated PMN by endothelial-derived PAF. In addition to thrombin, 
cultured endothelial cells produce PAF rapidly in response to diverse stimuli 
such as leukotrienes, histamine, hydrogen peroxide, ATP and bradykinin88- 90• 

Indeed, PAF production by endothelial cells appears to be a general 
phenomenon since endothelium derived from bovine aorta, pulmonary artery, 
coronary vasculature and inferior vena cava accumulates PAF in response 
to various stimuli91 • 

In contrast to the above-mentioned stimuli that cause a virtually immediate 
production of PAF, Bussolino and co-workers have recently elucidated a 
new pathway ofPAF production that requires protein synthesis and is primed 
by IL 1 and TNF91 - 94. Studies by this latter group have shown that human 
endothelial cells synthesize large amounts of PAF following 20 min treatment 
with recombinant TNF or IL 1. With TNF, synthesis ofPAF peaks at 4-6h, 
whereas in endothelial cells treated with IL 1 it peaks at 8-12 h. More than 
twice as much PAF is synthesized in response to optimal concentrations of 
TNF than in response to IL 1, although PAF synthesis is stimulated by 
lower concentrations of IL 1 than TNF. About 30% of PAF produced in 
response to either TNF or IL 1 is released into the medium, whereas 70% 
remains cell-associated. 
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In this experimental system92- 94, studies with labelled precursors 
demonstrated that PAF is synthesized de novo in response to TNF. This 
effect of TNF is inhibited by treating endothelial cells with inhibitors of 
protein or RNA synthesis such as cycloheximide or actinomycin D. This 
finding may be explained by the observation that, in endothelial cells, TNF 
induces an acetyltransferase required for PAF synthesis. The induction of 
this enzymatic activity precedes the peak of PAF synthesis in TNF-treated 
cells. After prolonged incubation with either TNF or IL 1, endothelial cells 
no longer respond to the same monokine, but are still capable of producing 
PAF when treated with the other monokine. The finding that these monokines 
do not show reciprocal tachyphylaxis in endothelial cells may be accounted 
for by their binding to different receptors. In cells treated simultaneously 
with different concentrations ofTNF and IL 1, PAF synthesis is stimulated 
in an additive rather than synergistic way, suggesting that PAF is synthesized 
by the same pathway in response to either of the two cytokines92- 94. Finally, 
very recent data indicate that lymphotoxin also induces PAF synthesis in a 
way similar to that of TNF95 . Other cytokines such as interleukins 1 to 6, 
interferons and colony-stimulating factors are inactive95•96. However, IFN-y 
primes endothelial cells to produce more PAF after challenge with TNF and 
IL 195. 

Relationship between protease activity and PAF synthesis by 
the endothelium 

In addition to the previously described mediators and cytokines that induce 
PAF synthesis by the endothelium, recent evidence suggests that in inflammation 
a close relationship exists between protease activity and PAF production. It 
has been widely demonstrated that serum inhibits PAF production even after 
inactivation of an acetylhydrolase that degrades PAF. In addition, PAF or 
endotoxin injection in the rat induces a rapid increase in serum protease 
activity and this increase is inhibited by BN 52021 6 • Phospholipase A2 can 
be activated by various proteases leading to PAF production, which in turn 
may induce increased protease activity. Part of the protective effects of PAF 
antagonists in inflammatory pathologies may be attributable to the inhibition 
of this deleterious feedback cycle. 

Recently, human plasma subjected to gel filtration chromatography has 
been shown to contain two inhibitory fractions, one containing PAF
acetylhydrolase activity and the other an cxcprotease inhibitor7. Low 
concentrations of this antiprotease and of human plasma cx1-antichymotrypsin 
inhibited TNF-induced PAF synthesis in PMN, macrophages and vascular 
endothelial cells. Both antiproteases also inhibited PAF production stimulated 
by phagocytosis in macrophages and induced with IL 1 in PMN or with 
TNF in vascular endothelial cells. These results suggest that a protease 
activated on the plasma membrane or secreted by these cells is involved in 
promoting PAF synthesis. 

Indeed, addition of elastase to macrophages, PMN and endothelial cells 
stimulated synthesis and relase of PAF much faster than TNF. A similar 
stimulation was observed in incubations with cathepsin G. To identify the 
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protease activated in TNF -treated cells, PMN and endothelial cells were 
incubated with specific chloromethyl ketone inhibitors of elastase and 
cathepsin G 7• Synthesis ofP AF was significantly inhibited by low concentrations 
of the cathepsin G inhibitor. The finding that antiproteases are inhibitory 
at concentrations lOO-fold lower than those present in plasma raises questions 
as to the ability of TNF and IL 1 to stimulate PMN in circulation or 
endothelial cells to synthesize PAF. Indeed, these results suggest that PAF 
production may be limited to zones of close contact between cells which 
exclude antiproteases. 

The biological significance of endothelial-derived PAF 

The importance of P AF released by endothelial cells is evident in several 
inflammatory conditions. For example, transplantation of a renal allograft 
into a rabbit presensitized with rabbit skin allograft results in immediate 
binding of antibodies and complement to glomerular and peri tubular 
capillary endothelium. PAF is detected within a few minutes in the venous 
effluent, which is followed by an influx of platelets and PMN97. In addition, 
the recent observation that PAF is produced during endotoxaemia98.99 and 
is released in the plasma of patients affected by sepsisloo suggests that the 
clinical manifestations of sepsis may be caused by the release of PAF by 
endothelial cells stimulated with TNF and IL 1. Furthermore, since PAF 
antagonists afford significant protection against various forms of ischaemia 1 0 1 

and graft rejection l, this suggests that PAF also plays an important role in 
these pathologies. 

As previously mentioned, the majority of PAF produced by the endothelium 
remains associated with the cells, where it could play an intracellular role, 
or in the outer plasma membrane where it may interact with circulating 
cells lo2. Indeed, in addition to PMN, PAF increases the adherence of other 
cell types such as leukocytes lo3, basophils lo4 and eosinophilslo5.lo6 to the 
endothelial surface. There is a marked similarity between the stimuli which 
induce neutrophil adhesion to the endothelium and those which induce 
synthesis of PAF by endothelial cells. Thrombin86 and leukotrienes C4 
(LTC4) and D4 (LTD4)88 make EC adhesive to PMN in a way which is 
compatible with the time-course and dose-dependency of PAF generation 
by these cells. In addition, PMN made refractory to PAF are less adherent 
to stimulated endothelial cells lo7. 

Apart from inducing PAF synthesis, both TNF and IL 1 exert direct effects 
on endothelial adhesive properties lo8 and induce procoagulant activityl09. 
Furthermore, IL 1 reduces the fibrinolytic activity of endothelial cells l10 and 
TNF suppresses the activity of a co-factor for the anticoagulant protein C1ll. 
These responses result in a change of the endothelial cell surface from 
anti thrombotic to thrombotic. Both monokines induce transient expression 
of specific antigens recognized by monoclonal antibodies raised against 
endothelial cells treated with IL 1, increase the expression of an intercellular 
adhesion moleculell2, and cause endothelial cells to become markedly 
adhesive for PMN, monocytes, and lymphocytesll3. The morphology of 
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endothelial cells is converted from epithelioid to fibroblastoid by treatment 
with TNF or IFN-y, singly or in combination, but not by IL 1 alone114• 

Recently, several investigators have studied the possibility that the 
endothelial changes induced by TNF and IL 1 may be partially mediated 
by PAF. In a recent study115, when four selective PAF antagonists (BN 52021, 
BN 53013, CV 3988 and RP 47130) were added to IL I-stimulated endothelial 
cells during the PMN adhesion assay, adhesion was reduced in a dose-dependent 
manner. Similarly, pretreatment of PMN with PAF before the adhesion assay 
induced desensitization to the phospholipid and reduced PMN adhesion to 
IL I-treated endothelial cells. However, comparing the time-course and the 
concentration-response curve of IL I-induced endothelial adhesivity and 
PAF synthesis, it was found that this increased adhesivity to PMN required 
a shorter incubation time and lower concentration of IL 1 than that needed 
for PAF production. When acetyl-CoA was added to endothelial cell cultures 
at a concentration that raised PAF synthesis by 60%, no significant increase 
in PMN adhesion was observed. In addition, after nine or 10 divisions the 
ability of endothelial cells to synthesize PAF decreased by 85-90%, while 
IL I-induced adhesivity to PMN was only slightly diminished. When IL 1 
(J. and {3 were tested on EC, both were equally active in promoting PMN 
adhesion to endothelial cells, but only the (J. form was able to stimulate PAF 
productionl16. 

These observations do not support the hypothesis that IL I-induced PAF 
production could completely mediate PMN adhesion and distinguish IL 1 
from other stimuli such as thrombin or LTs. However, the IL I-induced 
increase of PMN adhesion to the endothelium is partially inhibited by PAF 
antagonists and, similarly to that caused by thrombin and leukotrienes, by 
desensitization of PMN to PAF. Thus, the possibility was investigated that 
PMN themselves, and not endothelial cells, might be the source of PAF 
during the adhesion assay. When PMN were seeded on IL I-treated 
endothelial cells, increased amounts of PAF were detected in the total extract 
of the cells and PMN adhering to them. This was also the case when 
endothelial cells were fixed with paraformaldehyde after treatment with IL 
1 to block their ability to synthesize PAF during the adhesion assay. 

Increased amounts of PAF were detected only when PMN were seeded 
on IL I-treated endothelial cells. In contrast, PAF was undetectable when 
PMN were seeded on plastic dishes or on untreated cells 11 7. Thus, when 
PMN adhere to IL I-treated endothelial cells they seem to be activated to 
synthesize PAF, which in turn acts synergistically to promote more PMN 
adhesion and activation. This could explain the inhibitory activity of PAF 
antagonists and PAF desensitization on PMN adhesion to IL I-treated 
endothelial cells. 

IL 1 has been shown to induce expression of endothelial surface proteins 
not detectable in unstimulated cells118 . Some of these antigens have been 
characterized by monoclonal antibodies, and a complex of two glycoproteins 
of 120000 and 100000 MW has been described, which appears to be involved 
in leukocyte adhesion. Monoclonal antibodies to this complex inhibit PMN 
adhesion to IL i-stimulated endothelial cells119. An attractive hypothesis is 
that IL i-inducible endothelial cell membrane antigens could specifically 
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interact with PMN receptors and promote their adhesion and activation. 
Activation of PMN would then lead to synthesis of synergistic agonists such 
as PAF, which could then contribute to the PMN response llS. 

Recently, we have shown that adhesion ofPMN to TNF-treated endothelial 
cells was inhibited by up to 36% by three structurally unrelated PAF 
antagonists, BN 52021, BN 50741 and BN 50726116. This suggests that PAF 
may playa role in the TNF -induced adhesion process, but as with the case 
of IL I-induced cell adhesivity, the origin of PAF remains to be clarified. 

Effect of PAF and cytokines on microvascular integrity 

As emphasized in the introduction, the control of microvascular permeability 
is a crucial factor in the regulation of the inflammatory response. While 
limited cell infiltration is essential for efficient defence of the host, loss of 
control of endothelial integrity and PMNL traffic from the blood stream can 
lead to vascular collapse. The activity of PAF as an inducer of increased 
microvascular permeability has been widely documented 1. A direct agonistic 
activity of the mediator on endothelial cells has been suggested by experiments 
showing that PAF stimulates Ca 2 + influx -efflux in cultured human endothelial 
cells120• Indeed, in a recent studyl21, we have shown that PAF, but not its 
deacetylated and biologically inactive metabolite lyso-PAF, dose-dependently 
(0.1 to 10 nmoljL), induces cultured human endothelial cells to change their 
shape. In this study, when the endothelium was treated with PAF the cells 
retracted and tended to lose reciprocal contact, while the distribution of 
stress fibres was changed and the cells assumed a migratory phenotype. 
Further studies using endothelial cells grown on fibronectin-coated 
polycarbonate filters, which restrict the diffusion of [125JJ-albumin, revealed 
that PAF promoted C25I]-albumin diffusion with a dose-dependency similar 
to that observed for PAF-induced cytoskeleton changes. Three chemically 
unrelated PAF antagonists, CV-3988, BN 52021 and 48740 RP, prevented 
the alterations induced by PAF121. These findings, coupled with the lack of 
effect of (S) PAF, support the existence of a specific mechanism of PAF -induced 
activation of endothelial cells, most probably receptor-mediated. Thus these 
results may explain, at least in part, the mechanism by which PAF induces 
increased vascular permeability in vivo. 

Impairment of endothelial cells by PAF has also been observed in vivo. 
Following 5-10 min superfusion with the autacoid (10- 7 moljL) in the 
mesenteric bed of anaesthetized guinea pigs, retraction of endothelial cells 
occurred in the area corresponding to the site of application of PAFI22. This 
retraction resulted in exposure of the sub-intimal tissue to the blood stream 
and substantial thrombus formation involving platelets, monocytes and 
eosinophils, cell infiltration and diapedesis. Bleb formation and interstitial 
oedema clearly indicated that fluid penetrated the vascular wall as the result 
of the application of PAF. Administration of prostacylin, inhibitors of 
phospholipase A2 or acetyl transferase (ketotifene) or calcium-entry blockers 
disaggregated the thrombus; however, after discontinuing superfusion of these 
drugs, thrombus formation recurred immediately122. This was not the case 
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if specific PAF antagonists such as BN 52021, RP 48740, WEB 2086 or 
kadsurenone were injected 1 23; when these compounds were applied not only 
was the thrombus rapidly disaggregated but no new thromboformation was 
recorded. This very important finding suggests that exogenous mediator 
superfusion induces the generation of an endogenous PAF-like substance 
which in a positive-feedback mechanism perpetuates the thrombotic 
phenomenon and its related processes. 

Interestingly, in the same model, superfusion of TNF and subsequent 
injection of a low dose of PAF in the mesenteric bed dramatically enhanced 
thrombosis. This enhanced activity of PAF induced by pretreatment with 
TNF occurred at doses at which PAF and TNF given alone did not 

significantly affect thrombogenesis. BN 52021 or anti-TNF antibodies 
inhibited this synergism (R. Bourgain and P. Braquet, in preparation). This 
result suggests that TNF primes the effect of PAF on the endothelial cell 
wall. Furthermore, superfusion ofthe mesenteric bed with a non-thrombogenic 
dose of LPS, followed by injection of a low dose of PAF (which did not 
induce a thrombogenic effect per se) produced an extensive thrombus. PAF 
antagonists inhibited this synergism in a dose-dependent fashion (R. Bourgain 
and P. Braquet, in preparation). 

Such endothelial injury, excessive blood cell infiltration and bleb and 
oedema formation are characteristic of the microvascular alterations observed 
in diverse immuno-inflammatory pathologies such as ischaemia101, shock 
and sepsis124, graft rejection125 and asthma126. PAF influsion mimics these 
microvascular impairments and thus may be one of the important mediators 
involved in such conditions. 

While PAF, TNF and IL 1 induce direct effects on endothelial integrity, 
other cytokines may exert indirect effects. For example, in patients receiving 
immunotherapy with IL 2, this cytokine induces vascular leakage via indirect 
activation of endothelial cells127. As IL 2 fails to induce the same antigens 
on cultured endothelial cells, the latter authors speculated that IL 2 acts in 
vivo by inducing production of other cytokines such as lymphotoxin, IL 1, 
TNF, and IFN-y. As previously discussed, these three latter cytokines may 
in turn interact with PAF to produce amplified cell responses. It is known 
that in endothelial cells, expression of intercellular adhesion complexes, which 
may confer adhesivity for lymphocytes, is induced by IL 1, TNF, lymphotoxin 
and IFN_y128. It has been recently reported that IL 2 increases in vitro 
production of IFN_y129, TNF and lymphotoxin130, while, as previously 
mentioned, PAF can modulate the production of IL 2. Indeed, the notion 
that IL 2 indirectly induces vascular leak via the induction of other 
lymphokines and monokines is supported by the fact that, in mice, infusion 
ofIL 2 can elicit endothelial damage only in the presence ofT lymphocytes 131. 

APPLICATION OF THE CATASTROPHE THEORY TO 
PAF/CYTOKINE INTERACTIONS IN INFLAMMATION 

From the preceding discussion it seems that complex interactions may exist 
between PAF and various cytokines during inflammation. During this process 
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it appears that a 'cross-talk' becomes established between platelets, macrophages, 
PMN, eosinophils and endothelial cells, with PAF, proteases, TNF, IL I and 
other cytokines, thrombin and A TP serving as important vectors in this system. 

Some of the potential feedback processes that may arise can be illustrated 
by considering possible mediator interactions in the inflammatory microen
vironment. As discussed, PAF is a potent amplifier of platelet and leukocyte 
responses. At very low concentrations it not only primes the release of IL I 
and TNF by monocytes/macrophages activated by IFN-y, LPS, MDP, but 
also the production ofleukotrienes56 and free radicals41 from activated PMN. 
Furthermore, PAF induces platelets to form thrombin and ATP, which in 
turn, as IL I and TNF, may act on the endothelium to produce more PAF, 
resulting in increased PMN chemotaxis. These cells may then be primed by 
TNF for PAF-induced superoxide generation. In addition, PAF generated 
by endothelial cells may amplify the TNF- and IL I-activated production 
of GM-CSF and IL 6 from the endotheliuml32. GM-CSF, which is also 
produced by stimulated monocytes, potently enhances release of superoxide 
and LTC4 by eosinophilsl33. Furthermore, in combination with IL 3, it elicits 
monocyte cytotoxity by inducing TNF secretion from this cell type l34. 

The priming ability of these mediators indicates the extreme sensitivity of 
the inflammatory process and the rigid controls which must usually operate 
to stop excessive inflammatory responses. We propose that an equilibrium 
may exist between the mediators involved in the priming and feedback 
processes and internal mechanisms which down-regulate these loops. An 
important component of this regulatory system appears to include desensitization 
processes and endogenous suppressive factors which under normal conditions 
confine immuno-inflammatory reactions to a specific site; for example, the 
localized response to an antigen. 

An important component of this regulatory system appears to include 
desensitization mechanisms and endogenous suppressive factors which under 
normal conditions confine cytotoxic reactions to a specific site; for example 
the localized response to an antigen. Indeed, several inhibitors to the 
inflammatory vectors have been partially characterized. Lignans such as 
enterolactone and related compounds with PAF antagonistic activity135 have 
been identified in mammalian urine, with elevated levels being observed 
during early pregnancyl36. Endogenous lipid-like PAF inhibitors have been 
detected in rat hepatocyt~sl37 and uterus l38, and also in renal venous blood 
of patients suffering from renovascular hypotension 139. Furthermore, various 
endogenous protease inhibitors have been detected in humans 140, dogs and 
rats141. The concentration and activity of the endogenous protease inhibitor, 
alpha-l-antiprotease, has also been shown to be reduced in patients with 
adult respiratory distress syndrome l42. 

A considerable number of endogenous inhibitors of IL 1 and IL 2 have 
been reported. The neuropeptide, alpha-melanocyte-stimulating hormone143 
and catecholamines144 depress IL I activity. Suppressive factors have also 
been identified in PBML from patients with rheumatoid arthritis145 and in 
urine from patients with monocytic leukaemia 146. 

Various serum inhibitors of IL 2 which have identified have been recently 

164 



PAFjCYTOKINE INTERACTIONS AND INFLAMMATION 

reviewed 147. Several reports indicate that both human and murine serum 
contains a T cell-derived heat-labile protein (or protein-glycolipid complex) 
which acts in a homeostatic mechanism to restrict IL 2 action in the vicinity 
of the activated T cells. Changes in inhibitory activity have been found in 
various pathophysiological states such as during ontogeny, systemic lupus 
erythematosus, rheumatoid arthritis and systemic infections. There are also 
suggestions that some tumour cells generate IL 2 inhibitors which diminish 
killer cell activity against the tumour. Potential endogenous inhibitors of 
TNF are less well documented, although fibroblasts and monocytes have 

been reported to release factors which respectively either suppress the 
release27 or cytotoxicity148 of TNF. It has also been recently proposed that 
glucocorticoids may serve as modulators of TNF activity149. 

Under normal physiological conditions an equilibrium may be maintained 
between cytotoxic and inhibitory mechanisms, which would strictly control 
the inflammatory process and prevent endothelial cell injury. In contrast, if 
there is either an overloading of the system by excessive mediator production 
or a critical reduction in inhibitory factors, the feedback cycles would become 
unregulated and the toxicity would be converted into a systemic process, 
resulting in endothelial cell damage, cell infiltration, vascular leakage and 
microcirculatory collapse. Such a phenomenon may underlie the endothelial 
damage and vascular leakage observed in shock, asthma, sepsis, ischaemia 
and graft rejection. Indeed, endothelium that has been previously damaged 
may be particularly prone to such injury. Recently, it has been shown that 
the recovery of balloon-denuded pig endothelium is not complete as the cells 
lose the ability to produce endothelium-derived relaxing factor (EDRF) and 
possibly other relaxant agents 150. EDRF also reduces platelet aggregation, 
and the inability of previously damaged endothelial cells to produce such 
factors suppressive to the activity ofthe feedback mediators makes regenerated 
endothelium markedly more susceptible to further inflammatory injury. 

This fine balance between the protection and destruction of the processes 
maintaining life is reminiscent of the catastrophe theory proposed by Rene 
Thom8 and Christopher Zeeman9 in the early 1970s, which proposes a 
mathematical definition for the sudden changes that can occur in normally 
well-ordered and smooth-running systems. Such an event or 'catastrophe' 
can be defined as an abrupt change arising as a sudden response of a system 
to a smooth change in external conditions, and occurs as a result of the 
expression of a 'singularity' by the system. Defined mathematically as a point 
on a graphic curve where the direction or quality of curvature changes, 
expression of this characteristic can lead to a catastrophic change. The fact 
that PAF122,151 and certain cytokines152 possess the unique property of 
being able to induce their own production in vivo can be regarded as a 
singularity inherent to these mediators. In certain pathological conditions 
one can consider this phenomenon as the generation of a 'fold' in the feedback 
loops controlling the microvascular defence system, and thus an expression 
of the singularity characteristic of the catastrophe theory. We are currently 
examining this biological feedback system by mathematical modelling, in 
order to gain further insight into its relationship with the catastrophe hypothesis. 
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CONCLUSION: IMPLICATIONS OF PAF/CYTOKINE INTERACTIONS 
FOR THE TREATMENT OF INFLAMMATORY DISEASE 

The fact that the inflammatory response is a complex, multicomponent system 
has important implications for the treatment of diverse inflammatory 
disorders. In conditions such as shock, graft rejection and ischaemia where 
control of this system may be lost and has to be reinstated therapeutically, 
specific antagonists of the feedback vectors would be indicated and a mixture 
of different antagonists may be required depending on the complexity of the 
feedback network. However, if because of their priming ability, vectors such 
as PAF and TNF are initial loop generators which recruit and sustain other 
feedback components, then a combination of a PAF antagonist, anti pro tease 
and anti-TNF antibodies may be effective in preventing formation of the 
deleterious feedback circuit. Indeed, to some extent this has been demonstrated 
experimentally by studies showing that PAF antagonists can prevent 
TNF-induced bowel necrosis in the rat 153. Presumably a similar effect could 
also be obtained by treatments inducing enhanced release of suppressive 
factors, although these are currently unknown. 

In contrast, in certain pathologies such as cancer or AIDS, it may be 
advantageous to initiate this feedback network to assist specific immune 
processes. This could be achieved by reducing suppressor levels which may 
be elevated, or by increasing the concentration of a primary network 
component to levels high enough to activate the feedback loops. With regard 
to this it is of interest to note that in leukopenic patients with AIDS, GM-CSF 
has been successfully administered to increase the number of circulating 
leukocytes, PMN, eosinophils and monocytes154. In other pathologies such 
as cancer a more specific targeting of the feedback component may be 
required, for example to initiate tumour destruction. Indeed, TNF given 
systemically to patients with various types of cancer has yielded low response 
rates of less than 5%155. Higher rates of remission of up to 40%, however, 
have been reported after direct injection of TNF into the tumour156. 

In conclusion, it appears that there are complex interactions between PAF, 
proteases and cytokines in the control of the inflammatory response. The 
fact that PAF is part of a multi component system may explain why PAF 
antagonists, which inhibit both the direct and amplification effects of the 
mediator, are effective in diverse pathological models such as shock, airway 
hyperreactivity, graft rejection and ischaemic diseases. Indeed, PAF antagonists 
are currently being evaluated clinically and may constitute valuable drugs 
in asthma and other human diseases, where control of the inflammatory 
response has to be reinstated therapeutically. In common with the numerous 
other drugs already employed for the treatment of inflammation, the 
end-result ofPAF antagonist action is protection of vascular integrity. While 
PAF inhibitors probably achieve this result by inhibiting the priming, 
amplification and feedback processes described in this review, other 
anti-inflammatory or immunodepressant drugs may produce a similar 
vascular protection via their own individual mechanisms of action. 

However, it should be emphasized that PAF antagonists alone are only 
capable of blocking the pathological processes directly or indirectly dependent 
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on PAF, no matter how diverse these may be. The vast majority of other 
anti-inflammatory drugs also only act through inhibition of a single mediator, 
synthetic pathway or process. As proposed in this chapter, the complex 
multicomponent nature of the deleterious processes operating in inflammatory 
conditions suggests that more successful therapeutic regimes may consist of 
a combination of drugs, possibly including protease inhibitors, calcium 
antagonists, prostacyclin analogues, inhibitors of interleukins and growth 

factors, anti-TNF antibodies and PAF antagonists. 
The other possible pharamacological approach to the treatment of such 

conditions is the design of compounds which possess a dual or multi-inhibitory 
activity. Our laboratory is currently developing such drugs, and studies on 
animal models with compounds acting as PAF antagonists/antiproteases or 
PAF antagonists/5-lipoxygenase inhibitors have produced very encouraging 
results. Despite the technical difficulties of combining various inhibitory 
properties in one molecule, we believe that this approach offers great potential 
for the therapy of inflammatory disease. 
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9 
A role for neuropeptides in inflammation 
c. w. DENKO 

INTRODUCTION 

Inflammation, the process by which animal organisms combat noxious 
stimuli, is a complex cascade of events leading to homeostasis. Uncontrolled 
inflammation is undesirable because its reversible features, such as pain, 
redness, heat and swelling, are joined by a fifth and less transient feature, 
namely, loss of function of involved organs. Therefore, control of inflammation 
is sought to protect bodily function. Inflammation-inducing modalities 
include chemical and physical agents, immunological stimuli, as well as 
viruses, bacteria and neoplasms. Inflammation is initiated by blood-borne 
biochemicals, interactive cytokines and hormones, elaborated by diverse 
surveillance cells. These mediators, in turn, induce altered metabolic functions 
in other parts of the body such as the liver which produces acute-phase 
reactants, multi potent proteins with overlapping functions1.2. The list of 
active agents keeps growing as research continues. 

Experimental models of inflammation demonstrate numerous physiological 
changes that find a parallel in human disorders, especially in various forms 
of arthritis. These responses to inflammation include variation in temperature, 
leukocyte count, sedimentation rate and haematocrit. In addition, serum 
levels of acute-phase proteins are altered, including proteinases and carrier 
proteins such as transferrin, albumin, oc1-antitrypsin, oc1-acid glycoprotein, 
ceruloplasmin, fibrinogen, and the proteinase inhibitor, thiostatin, precursor 
of bradykinin3. Clinical studies of patients afflicted by one of several 
inflammatory disorders, such as rheumatoid arthritis, systemic lupus 
erythematosus, osteoarthritis, pseudogout and gout, show biochemical changes 
similar to those seen in experimental models involving acute-phase proteins4 . 

In addition to these changes, decreased levels of the regulatory neuropeptide, 
p-endorphin, have been noted 5. 
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MECHANISMS (PRO-INFLAMMOGENIC, ANTI-INFLAMMOGENIC) 

These variations in acute-phase proteins induced by regulatory cytokines, 
especially interleukin-6 (IL-6), are important protective mechanisms in 
mammalian systems1.2. Studies of the actions of individual acute-phase 
proteins elucidate their general response in inflammation. 1X 1-Antitrypsin6 

and ceruloplasmin 7 are shown to be antiphlogistic. Acid glycoprotein also 
exhibits anti-inflammatory actions. The carrier proteins, transferrin and 
albumin, on the other hand, are pro-inflammogens; therefore, inflammation 
improves when their levels decrease9. A study of patients with rheumatic 
disorders entailing concomitant assays of acute-phase reactants, immuno
globulins and p-endorphin, in serum and synovial fluid suggests that 
p-endorphin demonstrates anti-inflammatory properties 10. Obviously, the 
regulatory compounds must balance each other to maintain homeostasis. 
The studies herein reported are incomplete examples as research in inflammation 
continues. 

This hypothesis, that variations in acute-phase proteins are protective in 
the same way as are variations in the peptides3, was subjected to experimental 
evaluation in animal models of rheumatoid arthritis (adjuvant disease) and 
gout (urate crystal-induced inflammation). The findings demonstrated that 
regulatory neuropeptides, like the acute-phase proteins, are of two contrasting 
types, anti-inflammatory and pro-inflammogenic 11 • Previous reports document 
that growth hormone, prolactin, and substance P aggravate both inflammation 
and arthritis, while adrenocorticotropin and calcitonin inhibit inflammation 
and arthritis l2- 15 (Table 9.1). 

Growth hormone induces a form of arthritis with features of osteoarthritis 
and rheumatoid arthritis in rats l2. In patients treated for the human disorder, 
acromegaly, serum growth hormone levels correlate with manifestations of 
arthritis, especially joint pain and stiffness 1 6 . 1 7. When patients with arthritic 
symptoms received treatment that reduced serum levels of growth hormone, 
the arthritis was ameliorated. When blood levels of growth hormone showed 
no reduction with treatment arthritis symptoms did not improve. 

Interaction between peptides and prostaglandins (PG), both regulators of 
local physiological activity, demonstrates interrelated pharmacological actions, 

Table 9.1 Effects of neuropeptides in inflammation 

Action on inflammation 

No. of amino Anti- Pro-
Peptide acids inflammatory inflammatory Reference 

Growth hormone 191 + 12, 14 
Prolactin 199 + 14 
Adrenocorticotropin 39 + 14 
Calcitonin 32 + 13, 11 
p-Endorphin 31 + 11 
Somatostatin 14 + 11 
cx-MSH 13 + 11 
Neurotensin 13 + 11 
Substance P 11 + 11, 15 
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e.g. between bradykinin and several prostaglandins18. The phlogistic effects 
of several prostaglandins were established in an experimental model using 
urate-crystal-induced inflammation in a rat deficient in essential fatty acids 
(EFA), the nutritional precursors of prostaglandins19.2o. Assays of tissues 
from animals eating an EFA-deficient diet demonstrated 21 markedly reduced 
levels of PGE2• Rigid exclusion offat from the diet resulted in EF A-deficiency 
characterized by dermatitis of the feet and tail of the rat2z. This animal is 
sensitive to minute amounts of prostaglandins and serves as a sensitive model 
for inflammation evaluation. 

The optimal effective anti-inflammatory dose of p-endorphin in a study of 
urate-crystal inflammation was determined to be 1.5 ng. Too little (0.15 ng) 

or too much (15 ng) p-endorphin was ineffective. In similar experimental 
EF A-deficient rats, p-endorphin reduced inflammation, while PGE2 aggravated 
inflammation; when p-endorphin was given with PGEz, the pro-inflammogenic 
effect of prostaglandin was nullified23 (Table 9.2). 

In contrast to p-endorphin, substance P exerts a pro-inflammogenic 
effect 11. Elegant studies by Lotz and co-workers24 demonstrate substance P 
and substance K interacting with monocyte-derived cytokines in the neural 
regulation of immunological and inflammatory responses. The neuropeptides 
induce release of interleukin-l, tumour necrosis factor-a, and interleukin-6 
from human blood monocytes. Since monocyte-derived cytokines regulate 
multiple cellular functions in inflammation, neuropeptides should also 
demonstrate multiple cellular effects. They help repair the tissue damage of 
inflammation with new growth. In this way, neuropeptides exhibit growth
stimulating activity. 

Other data support the hypothesis that pep tides participate in an 
inflammation-healing-regeneration continuum. Obviously, many peptides 
interact in pro- and anti-inflammatory actions with the final or clinical result 
being the sum of the various effects. Sporn and co-workers, in wound-healing 
studies, found inflammatory cells which are known to be involved in 
physiological wound healing within wound chambersz5 . Substance P is 
reported to stimulate regeneration in the amphibian, N. viridescens26. 

Table 9.2 Footpad swelling (0.01 mm) in EFA-deficient rats after injections of monosodium 
urate (MSU), p-endorphin (ED) and MSU, prostaglandin (PGE 2 ) and MSU, and 
END + PGE2 + MSU 

Time (h) Control (saline) END (1.5ng) PGEz (50ng) 

1 43 ±20 25± 12 75±23 
2 69±31 5l± 17 119± 11 
3 112±22 85±29 150 ± 22 

Number 7 8 7 
Column* 1 2 3 

• Statistical comparison of treatment effects: 
Col. 1 cf col. 2: p = 0.02 at 1 h, 0.08 at 2 h, 0.Q3 at 3 h 
Col. 1 cf col. 3: p < 0.01 at 1, 2, 3 h 
Col. 1 cf col. 4: p = not significant at 1, 2 h; p < 0.02 at 3 h 
Col. 3 cf col. 4: p = not significant at 1 h; p < 0.01 at 2, 3 h 
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END (1.5ng) + 
PGEz(50ng) 

56±20 
54± 16 
83 ±24 

8 
4 



BIOCHEMISTRY OF INFLAMMATION 

Substance P, a pro-inflammogen, and /i-endorphin, an anti-inflammatory 
agent, both stimulate cartilage metabolism as measured by 35S-incorporation23 
(Tables 9.3 and 9.4). 

SUMMARY 

Pep tides play an important role in the inflammation-healing-regeneration 
continuum, beginning with response to the noxious environmental factor, its 
control, and repair of damaged tissue. 

Table 93 Incorporation of 3 5S by cartilage explants in semisynthetic media with added p-endorphin 

cpmjmg 
Number 
2P* 

Control (saline) 

438 ± 184 
IS 

* Significance of comparison to control mean ± SD 
NS = not significant 

p-Endorphin per ml 

(25 pg) 

607 ± 106 
IS 
0.005 

(12.5 pg) 

494± 110 
14 

NS 

Table 9.4 Incorporation of35S by cartilage explants in semisynthetic media with added substance P 

cpmjmg 
Number 
2P* 

Control (saline) 

294 ± 80 
7 

* Significance of comparison to control mean ± SD 
NS = not significant 
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Interleukin 1 as an inflammatory mediator 
J. A. SYMONS, J. A. EASTGATE and G. W. DUFF 

INTRODUCTION 

Interleukin 1 (IL 1) is a polypeptide hormone produced during infection, 
trauma and antigenic challenge. The original designation of IL 1 derived 
from the Second International Lymphokine Workshop held in Switzerland 
in 1979. However, the many biological activities of IL 1 had been previously 
studied for many years under different acronyms. 

Early characterization began with the demonstration of a protein factor 
in the blood stream of rabbits made febrile after the injection of bacteria, 
endotoxins or viruses 1. This circulating pyrogen, termed endogenous pyrogen 
(EP), was later found to be associated with all other known exogenous 
pyrogens and was thought to be a common mediator of fever. A few years 
later a phagocyte product termed leukocytic endogenous mediator (LEM) 
was proposed to mediate many of the features of the acute phase response2. 

It soon became clear that EP and LEM were either identical molecules or 
closely related. Initial characterization of EP/LEM revealed considerable size 
and charge heterogeneity with molecular weights of 38 kD and 15 kD and 
both neutral and acidic isoelectric points. While work on EP/LEM was in 
progress immunologists working on lymphocyte function discovered a factor 
that augmented thymocyte proliferation in response to plant lectins. This 
factor was termed lymphocyte activating factor (LAF)3 and further 
characterization revealed many similarities to EP /LEM. Other immunologists 
were also discovering the importance of soluble factors produced by activated 
mononuclear cells on in vitro cell culture systems. A factor that directly 
activated plasma cells, called B cell-activating factor (BAF)4, was demonstrated 
to have identical activities to LAF, as were other soluble factors such as 
thymocyte proliferation factor (TPF) and helper peak-l (HP-l). Other 
activities that have since been ascribed to IL 1 include osteoclast activating 
factorS, mononuclear cell factor (MCF) that causes prostaglandin and 
collagenase production from fibroblasts6 and cat abo lin, a factor that induces 
cartilage breakdown 7. Resolution of the debate of how many biological 
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activities attributed to IL-t were due to the action of a single molecule were 
largely resolved with the cloning of murine and human cDNAs coding for 
IL t and their expression as proteins. Many of the important biological 
activities attributed to IL 1 are shown in Table to.1. 

Table 10.1 Biological activities ofIL-l 

Cell type 

Immune system 
T cells 

B cells 

Monocytes 

NK cells 

Basophils 

Neutrophils 

Central nervous system 
Astrocytes 
Hypothalamic cells 

Liver 
Hepatocytes 

Musculoskeletal system 
Bone 

Cartilage 

Fibroblasts 

Synoviocytes 

Muscle 

In vitro 

Cytokine induction (IL 2, IL 4) 
IL 2 receptor expression 
Radioprotection 
Proliferative response 
Augment antibody production 
Chemotactic 
Prostaglandin production 
IL 1 induction 
Cytotoxic 
Chemotactic 
Synergise with IL2 in 

cytotoxic activity 

Degranulation and 
histamine release 

Chemotactic 
Adhesion to endothelial 

cells 
Degranulation, thromboxane 

synthesis, reactive oxygen 
production 

Proliferation 
Prostaglandin production 

Decreased albumin synthesis 
Increased synthesis of some 

acute phase proteins 

Resorption 
Osteoclast activation 
Osteoblast mitogenesis 
Resorption 
Decreased proteoglycan and 

collagen synthesis 
Proteoglycan release 
Proliferation 
Prostaglandin and collagenase 

production 
CSF induction 
Prostaglandin and collagenase 

production 
Proteolysis 
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In vivo 

Release from bone marow 

Fever induction 

Acute phase protein production 
Altered plasma metal levels 
Decreased cytochrome P-450 levels 

Bone marrow radioprotection 
Cytokine production in bone marrow 

Articular proteoglycan degradation 

Proteolysis 
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Table 10.1 (Contd) 

Cell type 

Vascular tissue 
Endothelial cells 

Vascular smooth 
muscle 

Other effects 
Cytotoxic/cytostatic 

In vitro 

Proliferation 
Prostaglandin production 
Procoagulant activity 
CSF induction 

IL I production in response 
to IL 1 

To pancreatic beta islet and 
some transformed cells 

Eosinophil degranulation 
Keratinocyte proliferation 

IL 1 GENES AND GENE REGULATION 

In vivo 

Increased insulin production 
Induces slow-wave sleep 
Causes hyoptension 
Increases steroid levels 
Increases survival in immune 

suppressed mice 
Suppresses appetite 
Increases sodium excretion 
Increases cardiac output 
Hypercalcaemia 

In 1984 the nucleotide sequence for a murine IL 1 cDNA was reported8 . 

This clone encoded a 270 amino acid polypeptide precursor lacking a signal 
peptide with a predicted molecular weight of 31 kD. This protein was 
processed to form a 17 kD acidic (pI 5.0) mature peptide. This was followed 
by the cloning of a human monocytic cDNA clone9 that encoded a 269 
amino acid (30.7 kD) precursor also lacking a signal sequence. Cleavage of 
this propeptide resulted in the formation of a biologically active 17 kD neutral 
(pI 7.0 peptide). The two nucleotide sequences revealed a 20% homology at 
the peptide level and 45% at the nucleotide level. A second human IL 1 gene 
was then cloned 10; this cDNA encoded a 271 amino acid (30.6 kD) propeptide 
which was proteolytically cleaved to give a 17.5 kD mature acidic (pI 5.0) 
molecule. This molecule was found to have a 62% homology to the mouse 
pI 5.0 IL 1, and was therefore given the name IL 1 alpha (IL la), the neutral 
form was called IL 1{3 (Table 10.2). 

IL la and beta have now been characterized at the gene level, and both 
genes are localized on the long arm of chromosome 2 in the same 

Table 10.2 Molecular characteristics of human IL 1 

Gene location 
Gene structure 
mRNA 
Propeptide 
Mature peptide 

IL lrx 

Chromosome 2 q 13 
12 kb, 7 exons 
2.2kb 
271aa, 30.6 kD 
159aa,17.5kD 
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IL IP 

Chromosome 2 q13-q21 
9.7 kb, 7 exons 
1.6kb 
269aa, 30.7 kD 
153aa, 17.3 kD 
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chromosomal region (q13_q21)11.12. The two genes have a similar overall 
structure with seven exons and six introns. The human IL la gene is 12 kb 
long13 and has a similar structural organization to the murine IL IP gene14. 
The human IL 1{3 gene15 spans a 7.5 kb region. Analysis of the two human 
genes shows that both have comparable exon length and splice site locations; 
it has therefore been proposed that the IL 1{3 gene arose by duplication 
(retrotransposition) of the IL IIX gene 1S. Analysis of the IL I genomic 
sequences identifies many potential regulatory regions; in addition, the 
conservation of intron structure between the two genes suggests that these 
may be involved in gene control. Interestingly, in the case of the IL IIX gene 
the typical T ATA box and CAA T box have not been found in the region 
immediately upstream from the transcription initiation site, but TAT A-like 
sequences can be found further upstream 13. A 16 bp sequence homologous 
to the adenovirus 2 major late promoter transcription factor (ML TF) binding 
site has been identified in the 5' region of the IL IIX gene; however, the 
significance of this homology is poorly understood. Other potential regulatory 
regions include a tandem repeat of a 46 bp sequence in the 6th intron of 
IL IIX. This repeat contains a glucocorticoid receptor binding site and the 
binding site of the transcription factor SPI, an enhancer element also found 
in the immunoglobulin tissue-specific enhancer. Interestingly, this region has 
been shown to be polymorphic16, and this may underlie the cause of variable 
IL-l production reported among human monocyte cultures17. 

In contrast, the human IL 1{3 gene has a well-defined TAT A box at position 
- 31 and CAAT boxes at positions -75 and -126, which may explain why 
IL 1/J is transcribed more efficiently than IL 11X. Other potential regulatory 
regions contained within the IL 1/J gene include several viral enhancer-like 
core sequences, a glucocorticoid regulatory element and a binding site for 
SPI-like transcription factors 15. Comparison of the two published IL 1{3 
genomic sequences reveals that they differ at eight separate sites in the 5' 
regulatory region 15.18, and work performed in our laboratory28 indicates 
that these sites show independent variability within the population. Other 
studies have shown abnormal IL 1{3 gene regulation associated with 
chromosomal rearrangements 19. 

Pro IL I/J cytoplasmic mRNA is rapidly induced in human peripheral 
blood monocytes or monocytic cell lines such as THP-l when stimulated 
with lipopolysaccharide or phorbol esters, e.g. PMA. Message levels peak at 
2-3 h, after which message rapidly falls to a low levepo. This decrease results 
from a specific transcriptional repression of the gene 2 h after stimulation, 
probably mediated by a newly synthesized protein as cycloheximide results 
in superinduction and stabilization of message levels. In addition to being 
transcriptionally regulated IL 1 gene expression is also controlled at a 
post-transcriptional level. Pro IL l/J mRNA is stabilized when cells are 
stimulated with PMA, whereas the message has a much shorter half-life when 
induced by LPS 21. In peripheral blood mononuclear cells IL 1/J gene 
transcription occurs at a greater rate than IL I1X 22; however, this is not true 
for all cell types, as in keratinocytes IL IIX transcription predominates23. 

Additionally, the high levels of IL 1{3 message seen in monocytic cells are 
probably also due to the greater stability of the mRNA22 that may be 
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conferred by small differences in the highly conserved AU-rich sequence 
common to the 3' untranslated region of cytokine genes24. 

In vivo, IL 1 gene transcription is probably regulated by complex feedback. 
IL 1 stimulates adrenocorticotrophic hormone (ACTH) production either by 
a direct action on the anterior pituitary or by stimulating the release of 
corticotrophin releasing factor from the hypothalamus. IL 1 can enhance the 
expression of pro-opiomelanocortin, the precursor of both ACTH and the 
neuropeptide alpha-melanocyte stimulating hormone (ex-MSH). Corticosteroids 
prevent IL 1 gene transcription when added to cells prior to stimulation; 
however, after transcription has taken place most of the down-regulatory 
effect of steroids occurs at the level of translation25 .26. Prostaglandins and 
prostacyclins seem to have no effect on IL 1 gene transcription, but do block 
translation27. The role of arachidonate derivatives in vivo is poorly understood 
as in vitro PGE metabolites accumulate while in vivo efficient mechanisms 
exist to remove them. PGE-induced suppression of IL I translation is 
mediated via the induction of cAMP, which acts by an unknown mechanism. 

IL 1 BIOCHEMISTRY 

The structures of the IL 1 proteins have been analysed by a number of 
groups. The initial crystal structure determination of the mature IL_lp29 
revealed a molecule composed of 12 p-strands interacting via a complex 
network of hydrogen bonds to form a barrel-like structure. The overall shape 
was described as a distorted tetrahedron, each face being triangular with 
hydrophobic side-chains filling the interior. A refinement of the model30 from 
studies at higher resolution confirmed the original structure and also 
described a high degree of conservation of amino acids located at the interior. 
There was little clustering of invariant surface amino acids and so the 
definition ofthe area involved in receptor recognition was not possible. Other 
groups31 showed a similar structural model with predominant p-strands and 
no ex-helix. To account for the high affinity of IL 1 for its receptor it is 
proposed that a region of large surface area, containing several peptide 
segments, is necessary for receptor interaction. 

The IL lex crystal structure has also been reported32 and shows a capped 
barrel-shaped molecule with similar topology to IL lp. The N-terminal 
regions, however, are positioned differently, possibly explaining why the 
additional pro peptide residues in the IL lP precursor interfere with receptor 
binding. IL lP propeptide has been examined using circular dichroism 
spectra 33; the data suggest that both mature and precursor forms have similar 
secondary structure, the latter, though, having some alpha helical regions. 
The IL IP propeptide may also have a more open tertiary structure, possibly 
accounting for its increased protease susceptibility in comparison to the 
mature form. 

Considerable effort has gone into defining the functional domains within 
the IL-l molecules. By introducing point mutations, various groups have 
shown that isolated amino acid changes may result in alterations in local 
protein structure, but in most cases overall folding and biological activity 
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remain unchanged34.3s. The histidine at position 30 of IL If336 is important 
in stabilizing part of the protein structure, while a mutation of Arg 127 to 
a glycine significantly reduces IL 1f3 bioactivity with a lesser disruption in 
receptor binding37. 

Muteins with enhanced activity have been produced38, these may be due 
to altered stability or differences in interactions with the receptor molecule. 
Other mutations that disrupt activity are probably due to disruption of 
tertiary structure30• Truncated IL 1 molecules tested for biological activity 
mostly show that the loss of a few N or C terminal amino acids considerably 
reduces the function of both IL III and IL 1/339-41 and this may be due to 
disruption of the barrel-like structure of the folded molecule3 !, as antibodies 
to the C terminal do not affect receptor binding42. Other studies show that 
monoclonal antibodies binding to regions 133-148 and 351-269 inhibit 
IL 1/3-mediated thymocyte proliferation and fibroblast prostaglandin 
production43. 

PRODUCTION AND PROCESSING OF IL 1 

IL III and IL 1/3 are both produced as 31 kD molecular weight precursors 
that are cleaved at specific sites to produce the mature molecules. Incorrect 
processing, leaving or deleting extra amino acids, results in reduced bioactivity44. 
Most work has focused on the cleavage of IL 1/3, as the pro peptide has little 
biological or receptor binding activity4s. The pro IL 1/3 molecule has 269 
amino acids and is processed to the 153 amino acid mature form at the Asp 
116-Ala 11746. Near the proteolytic site a short sequence of polybasic residues 
comparable to known processing sites on other pro hormones is present. The 
bond cleaved in the IL If3 precursor is an uncommon substrate for many 
proteolytic enzymes, being preceded by valine, histidine and aspartate44. As 
mature 17 kD IL If3 is rarely found intracellularly it has been suggested that 
a cell surface or secreted enzyme is responsible for proteolytic cleavage. 
However, attempts to isolate the processing enzyme have identified proteolytic 
activity in both membrane and cytosolic preparations47 ,44. The cytosolic 
processing activity results in the correct cleavage product as determined by 
N-terminal sequencing, and increases the bioactivity of the pro IL If3 
preparation. In inflammatory disease, enzymes present in exudate fluids may 
cleave pro IL If3 to a biologically active form48. The specificity of this 
processing activity was not determined, but enzymes such as elastase, 
collagenase and cathepsin G were all able to increase the level of processed IL 1 p. 

IL 1 intracellular bioactivity generally exceeds extracellular activity following 
LPS stimulation49. Studies concerning kinetics of IL 1 protein production 
and release demonstrate that IL lil is predominantly cell-associated, 95% 
being retained within the cell, 18 h after stimulation. IL IP, however, 
accumulates within the cell during the first 2 h of culture and is then released, 
resulting in high extracellular leveisso. Considerable cellular accumulation 
of IL 1 P immunoreactivity is often seen even when substantial secretion 
occurs; much of this may be the biologically inactive 31 kD propeptides1 . 
The presence of unprocessed 31 kD IL 1 in culture supernatants has 
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strengthened the notion that an enzyme responsible for cleavage is either 
located at the cell surface or is secreted by the ce1l44. 

Little is known about the mechanisms involved in the secretion of IL 1 
from the cell, as neither IL 1 molecule has a recognizable hydrophobic signal 
sequence10. It has been suggested that a 17-residue N-terminal hydrophobic 
region may substitute for this function 52. Various studies show that IL 1 
molecules are not present in the ER, Golgi or secretory vesicles 53, whereas 
fusion of a characteristic leader sequence onto the IL 1{3 molecule results in 
high levels of secreted, correctly processed IL 1{354. Other workers, however, 
have been unable to achieve secretion from E. coli even when a signal region 
was fused to the IL 1{3 molecule55. 

A number of secretory pathways for IL 1 have been proposed. The presence 
of membrane IL 1 has resulted in the theory that a membrane-linked 
intermediate may playa role in the release of IL la56; the mechanism of 
membrane association may involve a lectin-like interaction57. However, the 
existence of membrane IL 1 is controversial and may be due to leakage of 
IL 1 precursor molecules from the cell following insufficient paraformaldehyde 
fixation in these experiments58. Protein modification may playa role in IL 
1 secretion, and it has been shown that the IL 1 propeptides may be covalently 
linked to myristic acid59. Myristylation is thought to occur co-translationally, 
and directs proteins to the plasma membrane. Phosphorylation may also 
provide localization signals since LPS stimulation of macrophages results in 
increased phosphorylation of a number of proteins. IL 1 propeptide 
phosphorylation has been identified on residue Ser 90 in IL la which was 
phosphorylated to a lO-fold higher level than IL 1{360. Phosphate-labelled 
IL 1a may localize to the lysosomes and be cleaved and secreted from these 
organelles. The observed association of pro IL-l{3 with tubulin has led to 
the proposal that direct transport to the cell surface may be mediated by the 
microtubular network61. Evidence for a novel pathway for IL 1 secretion 
has been suggested62, proposing that IL 1 is selectively located within 
intracellular vesicles that are part of the endocytic pathway. These fuse with 
the plasma membrane in a temperature- and calcium-dependent manner and 
pro peptide molecules are cleaved upon release. A transporter mechanism 
that might direct IL 1{3 to this secretory pathway has yet to be defined. An 
involvement of calcium in IL 1 secretion has also been suggested63 after the 
finding that calcium ionophores enhance release and processing. 

CELLULAR SOURCES AND INDUCERS OF IL 1 

Many cell types have been shown to produce IL 1, the most studied being 
the peripheral blood monocyte. However, a wide range of more specialized 
cell types such as T and B lymphocytes, smooth muscle, endothelial and 
various brain cells are capable of synthesizing IL 1. The cellular sources and 
stimulants of IL 1 production are summarized in Tables 10.3 and 10.4. 

Interestingly, the amount of IL Ill( and IL 1{3 varies between different cell 
types. In blood monocytes stimulated with LPS, IL 1{3 mRNA is found to 
be 10-50 times more abundant than IL la mRNA 10. However, total IL la 
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Table 10.3 Cellular sources of IL 1 

Mononuclear phagocytes 
Blood monocytes 
Lung and peritoneal macrophages 
Synovial cells 
Kup/fer's cells 
Bone marrow macro phages 
Myelomonocytic leukemia cells 

Lymphocytes 
CD4 positive memory T cells 
B cells 
Natural killer cells 
Acute T cell leukaemia cells 

Vascular cells 
Endothelial cells 
Smooth muscle cells 

Table 10.4 Inducers of IL 1 production 

Microbial 
Viruses 
Bacteria 
Spirochetes 
Yeasts 
Endotoxins (Gram-negative bacteria) 
Exotoxins (staphylococci, streptococci) 
Peptidoglycans 

Non-infectious agents 
U rate crystals 
Silica 
Asbestos 
Bile saIts 

Skin cells 
Langerhans cells 
Keratinocytes 

Brain cells 
Astrocytes 
Microglia 

Other sources 
Corneal epithelial cells 
Gingival exudate cells 
Renal mesangial cells 
Fibroblasts 
Neutrophils 
Chondrocytes 
Dendritic cells 
Noradrenergic neural cells 

Plant lectins 
Concanavalin A 
Phytohaemagglutinin 

Cytokines 
IL 1 
GM-CSF 
TGF-fJ 
TNF-a 
IFN-a, IFN-fJ 

protein often exceeds that of IL Ip64 ,50, and this presumably reflects 
differential translational efficiency or protein stability. Acute T cell leukaemia 
(ATL) cell lines have also been shown to produce IL 165 ,66; however, the 
biological activity produced was only neutralized with anti-IL llX, and IL IP 
mRNA was undetectable. In keratinocytes, cells that make up 95% of the 
human epidermis, both IL llX and IL IP are produced after appropriate 
stimulation23.67; however, unlike blood monocytes, IL llX mRNA predominates 
and the protein is effectively translocated into the extracellular medium. 

IL 1 RECEPTORS 

The 80 kO IL 1 receptor 

The IL 1 receptor (IL lR) was first characterized on a murine T lymphoma68. 

The studies revealed an 80 kD protein with a ligand affinity of2 x 10-10 mol/L. 
Receptor number was estimated to be approximately 500 per cell, although 
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higher receptor levels were found on cells of the fibroblast lineage. Further 
work revealed that the molecule bound both 17 kD IL 1(.( and IL 1{3 with a 
similar affinity69,70, explaining the almost identical biological activities of 
the two molecules. Biochemical analysis of the receptor revealed the presence 
of considerable N -linked sugar residues, with N -glycanase treatment reducing 
the molecular weight to 62 kD 71 . Interestingly, the 80 kD IL 1 R binds the 
IL 1(.( propeptide but not the IL 1{3 propeptide72, explaining why the IL 1{3 
precursor has no biological activity. Subsequently the murine 80kD IL 1R 
was cloned by direct expression from a murine T cell thymoma cDNA 
library 73. The cDNA encodes a protein with a molecular weight of 64.6 kD, 

a similar size to that estimated following N -glycanase treatment. The 
N-terminal, extracellular domain is composed of 319 amino acids and has 
seven potential N -linked glycosylation sites and contains three immunoglobulin
like domains. The transmembrane region consists of 21 hydrophobic amino 
acids, while the cytoplasmic domain has 217 residues including a potential 
protein kinase C phosphorylation site. Purification of the IL 1 receptor 
protein and microsequencing of proteolytically generated fragments, confirmed 
the identity of the cloned molecule 73. Transfection of the IL 1 R cDNA into 
Chinese hamster ovary cells resulted in expression of IL 1 R that conferred 
functional responsiveness to IL 1. Additionally, deletion of the cytoplasmic 
domain led to expression of high-affinity binding sites for IL 1 but little 
biological activity 74. Expression of a cDNA clone encoding only the 
extracellular region of the receptor resulted in the production of a soluble 
IL 1R that retained binding activity indistinguishable from the full-length 
IL lR 75. The murine IL 1R cDNA was subsequently used to clone the human 
T cell IL 1R76. The human and mouse receptors show a high degree of 
sequence conservation with the mature molecules possessing a 69% amino 
acid homology and 75% nucleotide homology. In addition the IL 1R 
expressed in human fibroblasts was found to be identical to that expressed 
in T cells confirming the original finding of similarity between the two 
molecules 77. 

THE 60 kO IL 1 RECEPTOR 

A lower molecule weight IL 1R was first described in a human Epstein-Barr 
virus (EBV) transformed B cell line 78. The molecular weight was estimated 
to be 60kD and although the receptor bound both IL 1(.( and IL 1{3, the 
affinity for IL 1(.( was significantly lower. Further reports have shown that 
this receptor may preferentially bind IL 1fJ; however, other reports show 
both high- and low-affinity receptors for IL 1(.( and B cells80. In general the 
60kD receptor appears to have a lower affinity for IL 1 than the 80kD 
receptor; this is probably due to a lower association and higher dissociation 
rate81 . 

The 60 kD IL 1 R is a distinct gene product from the 80 kD molecule as 
antibodies specific for the 80 kD receptor do not recognize the smaller 
molecule and the mRNA for the 80 kD receptor is not found in B cells either 
by Northern analysis or S1 nuclease protection assay82,83. Therefore, the 
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80kD IL 1R has been designated type I IL 1R, and the 60kD IL lR is 
known as type II IL 1 R. Type I IL 1 R are predominantly found on T cells 
and fibroblasts, whereas type II IL lR are found on B cells and monocytes, 
although some cells possess both receptor forms 84. 

The two receptors not only differ in their kinetics of binding but also 
exhibit differences in the internalization and intracellular processing ofIL 185. 
Cells possessing type II IL 1R internalize little of the bound IL 1 (-15%) 
and a large percentage of the internalized IL 1 is subsequently degraded. In 
contrast, type I receptor-bearing cells internalize much more of the bound 
IL 1 which remains intact85 . The degradation oflL 1 in type II receptor-bearing 
cells is inhibited in the presence of the lysomotropic agent, chloroquine. 
Therefore, the pathways for internalization, intracellular trafficking and 
processing of internalized IL 1 are different for the two receptors. This could 
obviously have consequences for subsequent IL 1 action and regulation of 
receptor levels on the cell surface. 

SOLUBLE IL 1 R 

Many cell surface cytokine receptors are known to exist in soluble form and 
release from the cell surface occurs by two distinct mechanisms. Alternative 
splicing of the primary RNA transcript can result in protein isoforms that 
lack transmembrane domains and are therefore secreted, e.g. IL 4R86. 
Proteolytic cleavage of the transmembrane molecule at the cell surface, e.g. 
IL 2R (p55)87, may also lead to receptor shedding. Other cytokine receptors 
that exist in soluble form include those for IL 2 (p75), IL 5, IL 6, IL 7, IFN, 
TNF (p55 and p75), epidermal growth factor (EGF) and M-CSF. 

We have recently described a soluble binding protein specific for IL 1/3 
present in normal human plasma88, serum, synovial inflammatory exudate, 
activated blood mononuclear cell supernatants89 and supernatants of the 
human B cell line, Raji, a cell that possesses type II IL 1R90. Release of this 
protein is increased by treatment of B cells with dexamethyasone, an agent 
that stimulates cell surface IL lR expression and by cholorquine which causes 
increased IL lR expression by preventing internalization. Conversely, culture 
of B cells with the serine protease inhibitor aprotinin, prevents release of the 
soluble binding protein and, at the same time, increases the level of cell 
surface IL 1R expression. 

Together our data indicate that the soluble IL 1/3 binding protein is 
probably a proteolytically cleaved form of a surface IL lR. 

Interestingly, not all cell lines possessing type II IL lR produce a soluble 
IL 1 binding protein. Cells possessing type II IL 1 R proteins that bind IL 
1a and IL 1/3 with equal affinity, e.g. the macrophage cell lines U937 and 
P388D 1 and the B cell line 70Z/3, do not release a slL 1R, whereas cells 
possessing a type II IL 1R that discriminates between IL la and IL 1/3, e.g. 
Raji and COS-7 (a monkey kidney fibroblast), release a 47 kD soluble 
receptor. This suggests that type II IL 1R may show some form of 
heterogeneity, or that a third type of IL-l R exists. 
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IL 1 SIGNAL TRANSDUCTION 

Despite the cloning of the type I IL lR, the mechanism whereby IL 1 
transduces a signal to the nucleus of responsive cells has remained poorly 
defined. A growing number of reports indicate that various second messengers 
can be induced by IL 1. Some type I IL lR-bound IL 1 appears to be 
translocated to the nucleus9 1, and IL 1 receptors have been found on nuclear 
membranes92• These receptors show similar binding kinetics to those of the 
plasma membrane receptor. Therefore internalization and nuclear localization 
ofIL 1 may playa role in the regulation oftarget gene transcription. However, 
the cellular response to IL 1 occurs within minutes of cell surface ligand 
receptor interaction. It would therefore seem likely that second messengers 
are involved. In a murine T lymphoma line, IL 1 does not cause translocation 
of protein kinase C or elevation of intracellular calcium93• In a human T 
cell line, IL 1 causes a rapid increase in diacylglycerol and phosphorylcholine 
levels, but no increase in inositol triphosphate94. In contrast IL 1 increases 
levels of diacylglycerol and phosphoryl ethanolamine rapidly in glomerular 
mesangial cells, but has no effect on levels of intracellular calcium, 
phosphorylcholine or inositol triphosphate95. Other groups have shown that 
IL 1 stimulates serine phosphorylation of a cytosolic 65 kD protein96. 

Saklatvala and co-workers97•98 have shown that IL 1 stimulates progressive 
serine/ threonine phosphorylation of a triad of 27 kD cytosolic heat shock 
proteins and the epidermal growth factor receptor, independently of protein 
kinase C. Recent studies of the type I IL lR reveal that phosphorylation of 
the receptor occurs within 1 min of ligand binding via the activation of a 
protein serine/threonine kinase99. Shirakawa et al. 100 have shown that cAMP 
accumulates in several cell types in response to IL 1, and this accumulation 
may be mediated by a G-protein101 . Similar results have been obtained with 
human fibroblasts 102• 

Type II IL lR have also been shown to be functional, as IL 1 mediates 
activation of kappa gene transcription and hence surface IgM expression in 
the pre-B cell line 70Z/3103 . IL I-induced kappa expression is associated 
with stimulation of Na + /H + exchange and activation of protein kinase C; 
however, these events are insufficient to trigger kappa expression and transient 
increases in cAMP may also play an important role I 04. Recently, the 
mechanism whereby IL 1 activates IL 2 gene transcription has been 
elucidated. This appears to involve induction of C.Jun with a subsequent 
cjun/cfos complex binding to an Ap-l-like binding site in 5/ flanking DNA 
of the IL2 gene l05 . Activation of NFkB-like factor by IL 1 has also been 
implicated in the IL 1 induction of acute phase protein target gene such as 
serum amyloid A 106. 

ROLE OF IL 1 AS AN INFLAMMATORY MEDIATOR 

Fever and the acute phase response 

Fever is most commonly associated with infection; however, non-infectious 
causes such as inflammation, neoplasia and immune-mediated disease may 
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also result in fever. Pyrogens, the substances that cause fever, may be derived 
from external sources, i.e. microbial products, toxins or intact microorganisms, 
or may be endogenous. IL 1 is now recognized as the likely major component 
of 'endogenous pyrogen' (EP). However, other cytokines such as the interferons, 
tumour necrosis factors and IL 6 also show pyrogenic activity 107. Pyrogenic 
cytokines are thought to cause fever by their ability to alter the function of 
the hypothalamic thermoregulatory centre, of which the synthesis of PGE2 

has been proposed as important. In this model the antipyretic effect of aspirin 
would derive from its ability to inhibit the synthesis of cytokine-induced 
prostaglandins in the hypothalamus. The interaction of IL 1 with the 
hypothalamus is poorly understood, but it is likely that the production of 
PGE2 is derived from the vascular endothelium in the capillaries surrounding 
the hypothalmus. In addition to PGE2 production IL 1 induces many other 
changes in endothelial cells, including expression of adhesion molecules such 
as ICAM-l and ELAM-l and secretion of soluble factors including 
colony-stimulating factors, platelet activating factor and factors inhibiting 
fibrinolysis. Systemic injection of IL 1 leads to changes similar to those seen 
on injection of microbial toxins. Intravenous administration of human 
recombinant IL 1 results in a decrease in circulating neutrophils after 5 min; 
lO min after injection core body temperature begins to rise, reaching a peak 
between 45 and 55 min after injection 108. Increases in slow-wave sleep parallel 
the fever course, but this is independent of the increase in body temperature. 
Four to six hours after injection, temperature and sleep patterns return to 
normal; however, an increase in circulating neutrophils is observed. When 
large amounts of IL-l (2I!g/kg) are administered a decrease in systemic 
arterial pressure, systemic vascular resistance and central venous pressure 
can be observed within lOminl09. 

With the advent of immunoassays for pyrogenic cytokines it has been 
possible to measure the levels of these factors in the plasma of febrile patients. 
In human volunteers injected with endotoxin, peak fever occurs after 4 h. 
Plasma IL If3 concentrations rise slowly, reaching their peak at 3h"°. In 
septic patients or patients receiving high-dose IL 2 therapy peak plasma IL 
1 levels also do not correlate with peak fever. These differences may reflect 
some of the technical difficulties that still exist in the measurement of plasma 
IL 1. IL 1 may bind to plasma proteins such as alpha2 macroglobulin I 11 or 
the soluble IL lR88 and these may mask immunoreactive epitopes. Also 
circulating IL 1 appears to be rapidly cleared from the circulation, either by 
cell surface receptors or by excretion in the urine. 

IL 1 and the acute phase response 

Factors leading to fever elicit a host response referred to as the 'acute phase 
response'. The most characteristic feature of this response is the change in 
hepatic protein synthesis which includes the clotting factors, complement 
components and fibrinogen. In addition, synthesis of a number of proteins 
not normally found in the healthy state occurs. Two such proteins, serum 
amyloid A (SAA) protein and C-reactive protein, are classical 'acute phase 
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reactants'. In addition, hepatic synthesis of albumin and transferrin decreases, 
and these are called negative acute phase reactants. Whereas fever is a very 
obvious sign of the acute phase response, these other components may be 
present without clinical manifestations. 

The evolutionary conservation of the acute phase response argues that, 
like fever, it plays a crucial role in survival. The acute phase proteins 
themselves are a heterogeneous group of inflammatory mediators, protease 
inhibitors and immunoregulatory molecules. The role of most acute phase 
proteins is unclear; however, C-reactive protein may opsonize pneumococci 
or bind serum lipids, whereas SAA is thought to be immunosuppressive. 
Others, such as ceruloplasmin, may scavenge oxygen free-radicals. 

Injection of IL 1 into mice results in the rapid increase in levels of SAA 112. 
Maximal SAA levels occur after 4-12 h, suggesting that IL I acts by direct 
interaction with hepatocytes. IL 1 has also been shown to increase the 
expression ofC3, factor B and alpha-acid glycoprotein in hepatocytes l13. IL 
1 also suppresses the synthesis of albumin in cultured hepatocytes. However, 
it would appear that IL 1 only induces a limited number of acute phase 
reactants and can even suppress the synthesis of acute phase proteins such 
as fibrinogen and alpha2-macroglobulinl14. Recent work has revealed that 
IL 1 is probably not the major regulator of acute phase protein synthesis. 
A factor previously known as interferon 132' hybridoma growth factor, 26kD 
protein and B cell-stimulating factor 2 and now known as IL 6115, appears 
to be the major acute phase protein inducer. Additionally, IL 1 and IL 6 
synergize in the induction of several acute phase reactants and, importantly, 
IL 1 is one of the most potent inducers of IL 6 production116. 

THE ROLE OF IL 1 IN CHRONIC INFLAMMATION 

Rheumatoid arthritis 

IL 1 has been implicated as an important mediator in a number of 
inflammatory diseases; however, particular attention has been directed at the 
role of IL 1 in inflammatory joint diseases such as rheumatoid arthritis. 
Rheumatoid arthritis (RA) can be defined as a chronic synovitis affecting 
predominantly non-axial joints. The disease has a prolonged course with 
intermittent acute exacerbations and remissions, accompanied by a general 
systemic inflammatory response. RA is characterized by swelling of the 
synovial membrane and periarticular soft tissues, subchondral osteoporosis, 
erosion of articular cartilage and bone, and wasting of associated muscles. 
There is a higher incidence in women and onset occurs from early childhood 
onwards. The presence of abnormal immunoglobulins in many patients -
autoantibodies (usually IgM) that bind IgG and form inflammatory immune 
complexes - has led to the idea that RA may be associated with an 
inappropriate response to exogenous or endogenous antigens. In addition a 
family history of the disease is often seen and well-documented association 
with the HLA-DR4 haplotype, indicating that a genetic component plays an 
important role in the disease. As yet no infectious agent has been consistently 
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demonstrated in RA, although there is growing circumstantial evidence that 
a microbial agent may be responsible for initiating the disease. The treatment 
ofRA is predominantly symptomatic; non-steroidal anti-inflammatory agents 
which suppress prostaglandin production being most commonly used. 
However, these agents fail to correct the underlying abnormality, and more 
potent non-specific, suppressive agents such as steroids, immunosuppressives, 
gold salts and antimalarials are often used. 

IL 1 and bone 
IL I is one of the most potent bone-resorbing agents, with much-documented 
activity on both neonatal murine calavarial and fetal rat long bones l17• 

Bone-resorbing agents initially cause osteoclast precursor cells to fuse, 
forming activated mature osteoclasts. These then form resorption pits on the 
bone surface. It is thought that IL 1 may stimulate osteoblasts to produce 
a soluble factor that is responsible for osteoclast activation 118• Osteoclasts 
degrade the bone by generating a low pH environment containing lysosomal 
proteinases. IL I-induced prostaglandins may also playa role in bone 
resorption 119; however, inhibition of prostaglandin synthesis only causes 
partial inhibition of IL-induced bone resorption 117, and it is likely that 
prostaglandins enhance bone resorption via actions on osteoblasts rather 
than osteoclasts. 

IL 1 and cartilage 

Cartilage consists of a single cell type (chondrocytes) embedded in a matrix 
of proteoglycans, collagen and water. By retaining water, proteoglycans exert 
a swelling pressure that enables the tissue to resist compression. The actions 
of IL 1 have been investigated predominantly in organ cultures where IL 1 
causes a dose-dependent release of proteoglycan that is dependent on the 
presence of live chondrocytes12o. IL 1 also inhibits the production of new 
cartilage proteoglycan via inhibition of protein synthesis. The mechanism of 
IL 1-induced proteoglycan breakdown is still uncertain; however, proteolytic 
enzymes are implicated, especially the secreted metalloproteinase stromelysin 
whose production is stimulated by IL 1120. Tumour necrosis factor is the 
only other cytokine able to stimulate proteoglycan breakdown; however, it 
is about 10-fold less potent than IL 1. 

IL 1 and fibrosis 

In contrast to its catabolic activities described above, IL 1 increases fibroblast 
proliferation 77 and collagen synthesis. IL 1 effects on cellular proliferation 
are influenced by prostaglandin production and large amounts of PGE2 

produced by some fibroblasts may inhibit proliferation. Indeed IL 1-induced 
fibroblast and smooth muscle cell proliferation is often unobservable unless 
cyclooxygenase inhibitors are present l21 . The characterization of IL 1 as a 
factor stimulating PGE2 production from synovial fibroblasts was first 
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described by Dayer and co_workersl22 ,123, The PGE2 produced by fibroblasts 
may have an important role in local joint inflammation observed in RA, 
causing local vasolidatation and enhancing the effect of pain mediators such 
as bradykinin and substance P. 

IL 1 also stimulates the synthesis ofmetalloproteinases such as collagenase, 
stromelysin and gelatinase from synovial fibroblasts. These enzymes are 
secreted as proenzymes that can be subsequently activated by proteinases 
such as trypsin. Besides causing increased secretion of metalloproteinases, 
IL 1 augments production of tissue inhibitor of metalloproteinases in the 
synovial joint and is associated with the extracellular degradation of matrix 
polymers such as proteoglycans and collagen. Collagen degradation may 
also be mediated by lysosomal proteinases but the relative contribution of 
each pathway in inflammation is poorly understood. 

Local effects of IL 1 in the joint 

The availability of highly purified recombinant IL 1 has allowed the 
evaluation of IL 1 as a mediator of inflammation in vivo. Human IL let and 
IL IP induced polymorphonuclear leukocyte (PMN) accumulation when 
injected into the rabbit knee joint124, and neutrophil accumulation is a 
common finding in RA synovial fluid. After a single injection of IL 1 into 
the joint cavity both PMN and monocytes accumulate, with the peak 
occurring 6 h after injection. Infiltration of the synovial membrane by 
monocytes also occurs. Although TNF was a weak stimulator of leukocyte 
infiltration, when co-administered with IL 1 a marked synergy was observed. 
Single injections of IL 1 result only in acute synovitis; however, repeated 
injections, especially in animals pretreated with streptococcal peptido
glycan-polysaccharide fragments, leads to pannus formation (chronic synovial 
proliferation) in 50% of animals 1 25. The mechanism of IL I-induced PMN 
accumulation appears not to involve changes in vascular permeability as 
rabbit knee joints injected with IL I exhibit no evidence of swelling or 
histological evidence of oedema. IL 1 probably causes leukocyte infiltration 
by its action on the endothelium inducing the expression of adhesion proteins 
and by induction of chemotactic peptides, of which IL 8 is a likely candidate, 
having been detected at high levels in some RA effusions l26. 

Prostaglandins are considered important mediators of pain (hyperalgesia) 
in the joint since they potentiate the pain-producing effects of histamine and 
bradykinin. Obviously, IL 1, with its potent effects on PGE2 production, 
probably contributes to this; however, it has been demonstrated that IL IP 
is also a potent PGE2-independent hyperalgesic agent when injected into 
the rat paw l27. IL let was also active but was 3000 times less potent. The 
IL I-induced hyperalgesia was only partially inhibited by cyclooxygenase 
inhibitors, and other studies have demonstrated no role for PGE2 in 
IL I-induced hyperalgesia 128. 

Intra-articular injection of IL 1 also causes proteoglycan degradation in 
rabbits l24. This cartilage damage occurred independently of leukocyte 
infiltration as proteoglycan degradation also occurred in leukopenic animals. 
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Cartilage ex plants from these animals produced large quantities of both 
collagenase and stromolysin. Infusions of IL lex also have been shown to 
induce osteoclast activation and bone resorption in the rat129. 

IL 1 IN RHEUMATOID ARTHRITIS 

Correlation of IL 1 concentration and inflammation 

Given the in-vivo and in-vitro activities of IL 1 it is not surprising that IL 1 
was implicated as a possible pathogenic mediator in RA. Initial reports of 
IL 1 bioactivity in synovial fluid appeared in the early 1980s; however, 
previously, in 1968, Bodel and Hollingsworth I 30 had detected EP activity in 
inflammatory synovial exudates, some of which would have been due to IL 
1. The early demonstrations of IL 1 in joint fluid required fractionation 
before the sample yielded reliable measurements 131 . It was, however, possible 
to demonstrate that mononuclear cells isolated either from the synovial 
fluid 132 or synovial membrane133 produced biologically active IL 1 in vitro. 
The bioassays were unable to distinguish between IL lex and IL 1/3, and were 
often inhibited by biological fluids, so it was not until the development of 
specific immunoassays that the measurement of ex-vivo IL 1 became possible. 
However, technical problems still occurred and it apears that IL 1 is carried 
in the circulation bound to a number of soluble binding proteins. These may 
mask the epitopes recognized by the antibodies used in the immunoassays. 
As noted previously, two proteins known to bind IL 1/3 in the plasma are 
ex2-macroglobulin 111 and the soluble IL 1 R 88. Due to the presence of these 
and other interfering substances a number of extraction procedures have 
been developed that probably exposed antibody recognition sites. Cannon 
et al.134 have developed a chloroform extraction procedure that results in 
the appearance of both bioactive and immunoreactive IL lex and IL 1/3 with 
a molecular weight below 30 kD. 

We used the Cannon extraction protocol on plasma samples, collected 
into EDT A with protease inhibitors, from patients with RA and from controls. 
The extracted samples were subsequently tested for IL lex and IL 1/3 using 
specific immunoassays. The mean plasma level of IL 1/3 was significantly 
higher in patients with RA than in healthy controls of similar age. Using 
standard clinical and laboratory measurements of disease activity, significant 
cross-sectional correlations were found between plasma IL 1/3 and pain score, 
joint tenderness, erythrocyte sedimentation rate and haemoglobin concen
tration135. No such correlations were found cross-sectionally in a group of 
RA patients tested for plasma IL lex 136. There were, however, significant 
correlations between the indices of inflammation and both forms of IL 1 
within individual patients with active disease who were tested at regular 
intervals over a 4- 5-week period136. Both forms oflL 1 have been identified 
in the synovial fluid (SF) of patients with rheumatic diseases137.138 using 
immunoassay, but significant correlations with disease activity were not 
found 138. To overcome this problem, SF from patients with symmetrical and 
asymmetrical knee joint inflammation were studied 139. In patients with 
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symmetrical joint involvement almost identical levels of IL IP were detected 
in the right and left knee joints. In contrast, in patients exhibiting asymmetrical 
knee joint involvement, IL IP levels in the inflamed joints were significantly 
higher than in the contralateral joints, indicating that inflammation in an 
individual joint is related to the local concentration of IL lp. 

IL 1 mRNA in the rheumatoid jOint 

To understand the pathogenic mechanisms of IL I in RA it is important to 
define the cellular source(s) of IL 1 within the joint. The absence of IL I 
mRNA in resting blood monocytes suggests that the gene is not constitutively 
expressed. However, following stimulation with endotoxin, IL 1 mRNA 
accumulates rapidly and IL I protein can be detected after 45 min 140. 

Confirmation that IL I is produced locally within rheumatoid joint tissue 
has come from mRNA studies using Northern blotting and in situ hybridization. 

Analysis of synovial tissue mRNA reveals a single 1.6 kb band that 
hybridizes an IL IP probe and a 2.2kb band hybridizing with an IL let 
probe141 (Wood, Dickens, Symons and Duff, submitted for publication), 
demonstrating that each gene expresses a single transcript within RA synovial 
tissues. Although IL IP is usually the predominant form in RA synovia, the 
ratio of P- to et-mRNA is reduced and sometimes reversed in some RA 
synovial extracts141 . By using the techniques of in situ hybridization we have 
found that IL IP mRNA-containing cells were more numero\ls than those 
expressing IL let in most RA synovial tissue sections142. Recently, using a 
concurrent in situ hybridization and cellular immunophenotyping technique 
we have demonstrated that the predominant cell type producing IL IP mRNA 
in RA synovium is the CD14-positive macrophage. Cells expressing the IL 
IP gene were especially frequent in the 'transitional' areas of the synovial 
membrane that contain macrophages, lymphocytes and plasma cells. 
Macrophages within the lining area also contained IL IP mRNA. Other 
workers have used in situ hybridization techniques on enzymatically dispersed 
synovial tissue, synovial fluid mononuclear cells143 and cultured primary 
synoviocytes144• The results revealed that IL IP probe hybridized with cells 
located in stromal areas remote from lymphocyte-rich follicles. In dispersed 
synovial tissue approximately 10% of cells expressed detectable message for 
IL IP, whereas IL IP probe did not significantly hybridize with synovial 
fluid mononuclear cells. Fractionation of synovial tissue cells confirmed that 
the majority of IL IP gene expressing cells were macrophages 143. 

IL 1 and Immune responses in the rheumatoid Joint 

In vitro experiments reveal that IL 1 plays an important role during the 
immune response. IL 1 augments the maturation and proliferation of both 
Band T cells and their differentiation into antibody-producing B cells or 
into lymphokine-producing T cells. IL I does not act as a direct growth 
factor for T cells, but enhances the production of the major T cell growth 
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factor (IL 2) as well as the expression of the IL 2 receptors145. Interestingly, 
studies of both IL 2 and IL 1 using immunoassays to measure levels in RA 
synovial fluid demonstrated a significant correlation (n = 31, r = 0.82, p < 0.001) 
between IL 1/3 and IL 2137. 

Human IL 2R are composed of two different polypeptide chains (p55 and 
p75) each capable of binding IL 2 with different affinity146. The p55 chain, 
also known as the Tac protein (CD2S) can be shed from the cell membrane 
and can be detected in sera, SF and culture supernatants by ELISA 147. 
Shedding of the soluble receptor occurs in proportion to its cell surface 
expression (i.e. immune cell activation) and therefore soluble IL 2 receptor 
(sIL 2R) concentration can be thought of as a measure of immune activation 
in vivo. In RA and many other inflammatory or immune-mediated diseases 
serum sIL 2R levels are raised compared to healthy controls148. Additionally 
SF levels of sIL 2R in RA correlate significantly (n = 30, r = 0.62, p < 0.001) 
with SF ILfJ concentrations. The association of IL 2R and IL IfJ is also 
found within the RA synovium. In situ localization of IL IfJ and IL 2R (p55) 
using monoclonal antibodies on RA synovia demonstrates that both are 
expressed in the same cellular aggregates 149. Taken together the evidence 
would suggest that IL 1, and particularly IL 1/3, may playa role in the 
potentiation of IL 2 and IL 2R production within the synovium, and thus 
lead to increased immune-mediated inflammation. 

IL 1 inhibitors and anti-inflammatory agents 

Manipulation of IL 1 can be achieved at three distinct levels: induction, 
synthesis and secretion, and receptor binding/signal transduction. As yet the 
signals inducing IL 1 gene transcription and mRNA translation are poorly 
understood, and therefore it has been impossible to design a rational approach 
to specific inhibition ofIL 1 gene transcription. However, inhibition ofIL 1/3 
protein production can be specifically inhibited by the use of antisense 
oligonucleotides 150. Using antisense phosphorothioate oligonucleotides 
complementary to the 5' un translated and exon 6 regions of the IL l/3 gene, 
IL lfJ protein production was inhibited by 98% without any reduction in 
overall protein synthesis. Levels of IL lO( and TNF alpha production were 
also reduced in the cells to which IL l/3 antisense oligonucleotides had been 
added, this may be related to IL 1/3 inhibition. This approach could have 
therapeutic potential assuming that correct delivery and stability of the 
antisense reagents can be achieved or, alternatively, they could be used to 
model bioavailable synthetic agents. 

Processing of IL l/3 activates it from an inactive precursor, and this takes 
place at the same time or shortly after secretion. Inhibition of this may 
therefore lead to down regulation of IL 1 activity. The proteolytic enzymes 
responsible for IL IfJ processing are currently being characterized44. A 
number of non-specific protease inhibitors have been shown to inhibit the 
in vitro processing of precursor IL l/3151; however, these are unlikely to be 
of therapeutic use. In our laboratory we have used synthetic peptides 
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(spanning the cleavage site) as competitors for the processing enzyme(s). 
However, although secreted processing activity was inhibited by the synthetic 
peptide, membrane-associated processing activity was unaffected and it is 
possible that the peptide does not share the epitopes required for binding of 
the membrane enzyme. Synthetic peptides have previously been used successfully 
to inhibit the processing activity of the HIV 1 protease152. 

Much of the work directed towards specific IL 1 inhibition has focused 
on the interaction ofIL 1 with its cell surface receptor, as this offers a specific 
target for pharmacological intervention. As yet there are no synthetic agents 
described that interfere with specific IL 1 binding. However, a number of 
natural products have been found that inhibit IL 1 receptor interaction. 

Inhibitory activity towards IL 1 was originally identified in supernatants 
from mononuclear cells153 and the urine of patients with monocytic leukemia 
andjuvenile RA 154, 155. The mechanism of action was shown to be competitive 
antagonism of the IL 1R 156. Subsequently, the IL 1 receptor antagonist (IL 1 
ra) was purified to homogeneityl57, sequenced and cloned 1 58. The gene 
encodes a 152 amino acid peptide that is glycosylated. The IL 1 ra exhibits 
26% homology to IL 1/3 and 19% homology to IL 1a. The IL 1 ra has 
similar affinity for type 1 IL 1R as IL 1a and IL 1/3, but it has no bioactivity 
and is therefore a pure receptor antagonist. The IL 1 ra does not appear to 
interact with type II IL 1R, and therefore only antagonizes IL 1 activities 
mediated via type I IL 1R found on T cells and fibroblasts. As well as 
antagonizing the in vitro activity of IL 1, for example, IL I-induced bone 
resorption 159, the IL 1 ra reduces the lethality of both IL 1 and endotoxin-induced 
shock in rabbits 160. As yet no human studies with the IL 1 ra have been 
reported, although they are in progress. 

Another potential mechanism for IL 1 inhibition is the use of soluble IL 
1 receptors that lack transmembrane and cytoplasmic domains. A soluble 
form of type I IL 1R has been constructed from a cDNA clone encoding the 
extracellular domain of type I IL 1 R 7 5. The soluble type I IL 1 R (sIL 1 R I) 
retains the binding properties of the full-length IL 1 R. In vitro studies 
demonstrated that slL lR I can inhibit IL I-induced B cell proliferation l61 , 

while in vivo administration of slL 1 R I inhibited the rejection of heterotopic 
heart allografts, with survival being prolonged from 12 days in controls to 
17 days in mice treated with slL 1R 1162. Inhibition was overcome by 
simultaneous administration of IL 1, indicating that the slL 1R I acts by 
neutralizing IL 1. 

Given the high affinity of the naturally occurring soluble IL 1 R (sIL 1 R 
II) for IL 1/3, the molecule may function as a specific inhibitor of IL 1/3 in 
vivo. To test this we performed binding studies using EL-4 NOB.1 , a T cell 
clone with a type I IL 1R and Raji cells that possess a type II IL lR. The 
results showed that the slL 1 R II inhibited IL 1/3 binding to both cell lines 
in a dose-dependent fashion; however, IL 1a binding to EL-4 NOB. 1 was 
not inhibitedl63 . Similar results have been reported by other authors164; 

therefore, the natural sIL 1R may be useful in modulating the actions of IL 
1/3 in vivo, especially where immunopathogenesis is associated specifically 
with IL 1{3 as seems to be the case, for example, with insulin secretion from 
pacreatic beta islets l65. 
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THE FUTURE 

Though much information is now available on the basic biochemistry and 
biology of IL 1 this has not, as yet, shed much light on its role in normal 
homeostasis or in the mediation of chronic inflammatory diseases. Such 
questions may be resolved in the future with the development of transgenic 
animal models including those with disrupted IL 1 genes. Current work on 
polymorphic sequences in regulatory areas of IL 1 genes may well elucidate 
genetically determined aspects of the inflammatory response and important 
mechanisms in viral patheogenesis. Future developments in IL 1 biology, 
though perhaps not so prolific as in the past, should be much more informative 
in terms of its physiological and pathological significance. 
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11 
Tumour necrosis fador (TNF) and 
inflammation 
P. J. McLAUGHLIN 

INTRODUCTION 

Adequate biological defences against infection by foreign organisms are 
essential to the survival of the host. A phylogenetically relatively primitive, 
but nevertheless essential, aspect of these defences is the inflammatory 
response. In contrast to the immune responses involving antibodies and 
effector T lymphocytes, inflammation is relatively non-specific, but it does 
provide a quick and usually effective anti-invasive response. The inflammatory 
response is mediated by host cells and their soluble products, the cytokines, 
and in general is beneficial to the host, limiting potentially lethal infections. 
However, inflammation may also be accompanied by local pathological effects 
leading to host tissue damage or to systemic deleterious effects such as shock 
and catabolic states. These inflammatory changes are orchestrated and 
mediated by cytokines. Tumour necrosis factor (TNF) is one of these soluble 
mediators and it appears to have a central role in the initiation, development 
and augmentation of inflammation, as well as in the tissue remodelling and 
healing events occurring after the response. 

TNF was originally identified as an endotoxin-induced serum factor 
causing necrosis of tumours in vivo and tumour cell cytotoxicity in vitrol. 
The protein responsible for this tumour necrotic effect was later shown to 
be the same molecule as cachectin, a factor producing wasting in 
trypanosome-infected rabbits2.3. The major source ofTNF is the macrophage4 , 

although other cell types may be induced to produce significant amounts of 
the TNF under mitogenic, cytokine or other stimulis- 7 . TNF usually occurs 
as a soluble product, but a macrophage membrane-bound form has been 
described8 which may provide one of the killing mechanisms of activated 
macrophages9 . It is a protein of molecular weight about 17 kD 10, but its 
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biologically most active form is probably a trimer 11 . The molecule is highly 
conserved between species12, but although its biological effects usually cross 
species barriers, it is often most effective in homologous systems6.13. 

TNF exerts its cellular effects through a receptor 14, and most cells and 
tissues including liver, kidney, muscle, placenta, adipocytes, endothelial cells, 
epithelial cells, monocytes, polymorphs, lymphocytes and haematopoietic 
cells express surface TNF receptor10.1S-Z0 and are thus potential targets for 
TNF-mediated effects. The cytotoxic signals and mechanisms following 
binding of TNF to its receptor appear to involve a GTP-binding protein, 
phospholipase A2 and products of arachidonic acid metabolism21 ,22. However, 
other effects such as cell stimulation may involve different pathways including 
up-regulation of cellular oncogenes23 and growth factor receptors24. TNF 
may have very specific effects on certain sensitive cell types. The wasting 
diathesis seen in conditions associated with systemic release of TNF2 may 
be due to its post-receptor-binding effects on adipocytes, inhibiting lipoprotein 
lipase activity 10 and so preventing access offree fatty acids into the circulation. 
The nature of these post-receptor-binding events may in some cases depend 
on the structure of the TNF receptor, and a 138 kD polypeptide has been 
described which appears to be associated with sensitivity to TNF-mediated 
cytotoxicity25. A related cytokine, lymphotoxin, also termed tumour necrosis 
factor-beta (TNF {3) (under this nomenclature tumour necrosis factor /cachectin 
is termed tumour necrosis factor-alpha, TN FIX) may act through the same 
receptor26, although post-receptor binding events may be different for this 
cytokine27. 

The most potent stimulus for TNF production seems to be endotoxin 1. 
However, many invasive stimuli including bacterial28, viral29, and parasitic30 
infections are known to induce TNF. In addition, other types of immune 
response may also be associated with TNF secretion, including autoimmunity31, 
graft versus host disease32, graft rejection33, inflammatory joint disease34 
and cancer35. TNF may act directly on a wide range of cell types, having 
diverse actions including cellular cytostasis and cytotoxicity or, in contrast, 
cell activation and proliferation. Recruitment of inflammatory cells may be 
brought about by TNF through its chemotactic action, and these cells may 
then be induced to produce other cytokines and soluble mediators which 
themselves have inflammatory actions, or may act to enhance the actions of 
TNF. Alternatively, TNF may act on the potential cellular targets of the 
inflammatory response, inducing cell surface interaction molecules to increase 
their accessibility to inflammatory cells. It is therefore clear that the net effect 
of TNF on a cell will depend on other co-factors which may affect the signal 
transduction pathways following TNF binding and thus act to modulate the 
intensity and diversity of the cellular actions of TNF (Table 11.1). 

CYTOTOXIC VERSUS PROLIFERATIVE ACTIONS OF TNF 

The definitive property ofTNF is its cytotoxicity for tumour cells36, and this 
is greatly enhanced by interferon gamma (lFNy)37. This effect has been 
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Table 11.1 Cellular actions of TNF 

Cell 

Tumour 

Endothelial 

Phagocyte 

Fibroblast 

Hypothamic neuron 
Adipocyte 
Hepatocyte 
Virus-infected 

Action 

Cytotoxicity jcytostasis 
Increased expression of MHC class I antigens 
Increased expression of other cell interaction 

molecules 

Cytotoxicityfcytostasis 
Increased expression of cell interaction 

molecules 
Induction of procoagulant activity 
Release of IL 1 and GM-CSF 
Proliferation 
Activation 
Chemotaxis 
Increased expression of MHC class II 

antigens 
Increased expression of other cell interaction 

molecules 
Release of IL I, TNF, CSF and 

prostaglandins 
Proliferation 
Cytotoxicity/cytostasis 
Release of IL 6 and GM-CSF 
Release oC-prostaglandins and IL I 
Inhibititn of lipoprotein lipase activity 
Release of acute reactants 
Cytotoxicity 

Involvement of other 
cytokines 

IFNy 

IFNy 

IFNy 

M-CSF 
IFNy, IL I 
IL I 

IFNy, IL I 

IFNy = interferon gamma, IL I = interleukin I, lL 6 = interleukin 6, GM-CSF = granulocyte/ 
macrophage colony stimulating factor, M-CSF = macrophage colony stimulating factor, 
TNF = tumour necrosis factor, MHC = major histocompatibility complex. 

observed repeatedly, more recently, using cells taken from fresh biopsy 
specimens of malignant neoplasms38 where picomolar concentrations ofTNF 
were cytotoxic for tumour cells, IFNy providing a strong synergistic stimulus. 
Other, non-transformed, cell types may be susceptible to TNF-induced 
cytotoxicity or cytostatic activity, particularly in the presence of IFNy, and 
these include normal epitheliaP9 and endothelial cells40. This clearly has 
implications in inflammatory processes involving skin and vasculature. TNF 
has a cytotoxic effect on virus-infected cells which is augmented by IFNy41. 
This contrasts with its antiviral effect, protecting cells from viral cytopathic 
effects, possibly mediated by TNF induction of cytokines ofthe IFN group42. 
Thus, the balance between TNF-mediated cytotoxicity and proliferation 
seems to be dependent on the presence of other cytokines. These may be 
produced by cells attracted to the vicinity of the inflammatory response or 
by the target cells themselves. There is evidence that potential target cells 
may protect themselves from TNF -mediated cytolysis by elaborating protective 
proteins43 which may act by altering pathways of signal transduction 
following binding of TNF to its receptor. The interaction of TNF with other 
factors is therefore clearly an important consideration in interpreting 
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experimental effects of TNF. For example, pure recombinant TNF inhibits 
in vitro angiogenesis, probably due to cytostatic and cytotoxic actions on 
vascular endothelium 40. In contrast, peritoneal macrophage products, containing 
similar concentrations of TNF, together with unknown other factors, 
stimulate angiogenesis both in vivo and in vitro44. Presumably, in this 
environment TNF is acting in cooperation with growth-stimulating factors. 
Recently many other observations of cytokines modulating the effects of 
TNF have been documented. For example, on its own, TNF is a mitogen 
for fibroblasts45 •46; however, it strongly synergizes with IFNy and interleukin 
1 (IL 1) to inhibit proliferation of normal fibroblasts, even though IL 1 itself 
is slightly stimulatory46. Similarly, in the presence of IFNy, TNF suppresses 
haematopoiesis47 •48 and reverses granulocyte/macrophage colony stimulating 
factor (GM-CSF)-driven proliferation of precursor cells49. In contrast, in the 
absence ofIFNy, TNF synergizes with macrophage colony stimulating factor 
(M-CSF) to enhance proliferation of macrophage precursors S0. This proliferative 
effect of TNF may also be mediated through other cytokines. For example, 
administration ofTNF to patients leads to release ofIL 6 into the circulation 51. 

It is possible that fibroblasts may be the source of these TNF -induced IL 6 
phosphoglycoproteins which may then act in an autocrine manner stimulating 
fibroblast proliferation 52. Endothelial cells may also be a source of growth 
stimulatory factors induced by TNFs3, and interaction of TNF and growth 
factors may have an important homeostatic role leading to the controlled 
cell proliferation of tissue repair, following inflammatory damage. TNF may 
also have proliferative effects on lymphocytes, acting as a growth factor for 
T cells in the thymus 54 and in in vitro culture l3 •55. This appears to be a 
direct effect, not mediated by other cytokines, and the observations that TNF 
may regulate the mixed lymphocyte reaction 56 and the generation of cytolytic 
T cells57 further indicates a central role of TNF in the development of T 
cell-mediated immune responses. An involvement of TNF-mediated prolif
eration/cytostatic control in clinical inflammatory disease is indicated by its 
action on bone and cartilage-derived cells. TNF induces osteoblast-like 
cells to proliferate58, and also stimulates DNA synthesis in cultured 
chondrocytes59. However, it may inhibit synthesis and stimulate resorption 
of proteoglycan in cartilageS 3.60, induce prostaglandin synthesis in osteoblasts58, 

and produce bone resorption in mice61 , suggesting an involvement in 
inflammatory disease of joints. Supporting this, TNF has been detected in 
synovial fluid taken from patients with rheumatoid arthritis62. 

It would therefore seem that the ultimate effect on TNF on cell growth 
depends on the presence of other cytokines in the vicinity. In particular, 
IFNy appears to lead to a cytostatic or cytotoxic response to TNF. In 
contrast, on its own, or in the presence of growth factors, TNF usually 
stimulates cell proliferation. These contrasting effects of TNF may be 
important during the course of the inflammatory response when, early on, 
there may be IFN production related to invasive stimuli, while later TNF 
may aid tissue repair after the infection/invasion has been effectively dealt 
with, and when many of the host cells at the site of the inflammatory lesion 
may be capable of producing growth factors, especially in the presence of 
TNF. Even in the absence of an inflammatory lesion, it has been suggested 
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that TNF may have natural role in turnover of senescent tissue proteins63. 

CHEMOTACTIC ACTIONS OF TNF 

Sites of inflammation are often associated with an apparent influx of 
phagocytic cells. This may be due to release of chemotactic factors attracting 
cells to, or preventing their migration away from, the inflammatory focus, 
effectively leading to a build-up of their numbers. It has been observed that 
TNF is chemotactic in vivo, causing an influx of polymorphonuclear 
neutrophils (PMN) when injected into the mouse peritoneal cavity64. In this 
action TNF appears to require accessory cells or cytokines to express 
chemotactic activity as it is not chemotactic for PMN or monocytes when 
used alone in an in vitro system65. It may act through endothelial cells, which 
produce a chemotactic factor on stimulation with TNF or IL 166, but optimal 
chemotactic effects may also require the presence of cytokines such as IL 167. 
It is likely that, in the initiation of an inflammatory response, TNF acts in 
synergy with other cells and their products, producing positive feedback and 
so expanding the infiltration of phagocytes. This is illustrated by its 
interactions with other chemotactic factors such as transforming growth 
factor beta (TGF{J) which is chemotactic for macrophages and may induce 
them to produce TNF68. This in turn is chemotactic in the presence of other 
macrophage products such as IL 1, causing an influx of PMN67. 

ACTIVATION OF CELLS BY TNF 

The major cellular targets of TNF-mediated activation appear to be the 
phagocytic cells for which it is chemotactic. Once these cells have been 
sequestered in the inflammatory site they may be activated for optimal 
phagocytosis and killing of invasive organisms; in this respect TNF increases 
neutrophil phagocytic activity for opsonised particIes69, and enhances 
cytotoxicity for Candida albicans 70. The increased phagocytic activity of 
TNF-treated neutrophils may be a result of increased expression of receptors 
for complement components C3b and C3bi71, enhancing neutrophil interaction 
with invasive stimuli which have activated the complement cascade. The 
enhanced killing of organisms subsequent to phagocytosis may be associated 
with TNF -induced superoxide anion 72 and lysozyme 73 release. In these effects 
TNF does not appear to act alone, but in concert with other activation 
signals either provided by cytokines such as IFNy and IL 174 or by other 
signals such as those provided by cell adhesion 72, or treatment with phorbol 
ester or chemotactic peptide 73. 

The ability of TNF to recruit, and then activate, phagocytic cells in an 
inflammatory site suggests a role for this factor in initiation and augmentation 
of the initial non-specific cellular response to invasion. Other factors such 
as activation of the complement cascade and production of cytokines by 
inflammatory cells may also be required for optimizing these TNF-mediated 
effects. 
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INDUCTION OF SOLUBLE MEDIATORS BY TNF 

TNF may act on a variety of cell types stimulating production of soluble 
mediators which may have inflammatory actions of their own, or which 
interact with TNF to modulate inflammatory responses. Administration of 
TNF in vivo gives rise to circulating detectable growth factors and cytokines 
including M-CSF, GM-CSF, IL 175 and IL 651 . The cellular source of these 
factors has been suggested by studies showing TNF may cause release of 
IL 1 from endotheliaF6 and mononuclear cells 77 and release of CSF and 
IL 6 from fibroblasts 52 ,78, endothelial cells 79 and monocytes80. The direct 
action of TNF in recruitment and activation of phagocytes may be further 
augmented by TNF -mediated enhancement of leukotriene production by 
these cells81 , which in turn may amplify the cellular or inflammatory response 
by their chemotactic action on phagocytes82 . Prostaglandin formation may 
be stimulated by TNF in cell populations found in joints58 and in kidney83, 

suggesting an involvement of TNF in inflammatory diseases of these organs 
and in renal graft rejection, where involvement of TNF is further implicated 
by the finding of circulating cytokine in association with rejection episodes34. 

TNF may also be involved in initiating the acute phase reaction by its action 
on liver cells enhancing serum amyloid A protein mRNA and factor B gene 
expression, and increasing C3 and caeruloplasmin biosynthesis84. These 
effects are also mediated by IL6, which in turn may be induced by TNF78. 

INDUCTION OF SURFACE MOLECULES BY TNF 

TNF is a potent inducer of cell surface membrane molecules which facilitate 
immune and inflammatory interactions between cells. It can act at both the 
target cell and immune effector cell level, increasing their mutual interaction. 
Some of the best-studied of these surface molecules are the major 
histocompatibility complex (MHC) antigens. The group termed MHC class 
I act as targets for attack by cytotoxic effector cells. TNF increases expression 
of MHC class I antigens on vascular endothelial cells85 ,86 and on tumour 
cells taken from fresh human malignant tissue87, and this TNF-induced 
expression of MHC class I increases target cell susceptibility to cytotoxic 
cell attacks7. This may be a factor in the antitumour effects of TNF in vivo. 
TNF also acts to increase MHC class II expression on macrophage-like 
cells88 which may augment the immune response by enhancing cell cooperation 
and antigen presentation. 

Another group of cell surface molecules which facilitate interaction between 
target and effector cells are the cell-adhesion related molecules. These may 
also be modulated by TNF, which induces expression of the cell adhesion 
molecule ICAM-l on endothelial89 and tumour cells90. These molecules may 
participate in adhesion of lymphocytes to TNF-treated endothelial cells91. 
Treatment of phagocytes or vascular endothelial cells with TNF increases 
their mutual adherence, associated with increased expression of the CD18 
leukocyte cell surface glycoproteins92 ,93. The action of TNF in increasing 
expression of cell interaction molecules clearly has an important role in 
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influencing direct effector-target cell interactions. However, its action in 
bringing together cells in close proximity also enhances the paracrine effects 
of other soluble mediators secreted by these cells. These actions of TNF allow 
for multiple sensitive and specific areas for interaction by cells or cytokines 
for the initiation, augmentation and resolution of the inflammatory response. 

INFLUENCE OF TNF ON COAGULATION 

Vascular endothelial cells appear to be the mediators through which TNF 
induces changes in local haemostatic activity. Exposure of endothelial cells 
to TNF induces procoagulant activity, enhances tissue factor-like coagulant 
activity and suppresses anti thrombotic mechanisms94. TNF also decreases 
expression ofthrombomodulin, by increasing internalization and degradation 
of the molecule95 and plasminogen activator inhibitor97.98. These changes 
in vascular endothelial procoagulant activity may contribute to the antitumour 
effects of TNF in vivo by causing endothelial deposition of fibrin and the 
formation of occlusive thrombi in the tumour vasculature99. This leads to 
ischaemic damage and ultimate necrosis of tumour tissue. These effects are 
not limited to tumours, and there may be a role for TNF in the induction 
of procoagulant activity in many immune and inflammatory conditions 
associated with microvascular injury. For example, it is likely that the 
thrombohaemorrhagic component of the Schwartzmann reaction may be 
initiated by the synergistic actions of TNF and IL 1 produced by 
endotoxin-activated macrophages lOO• Also, in this context, the thrombotic 
effects in rejecting renal grafts may be exacerbated by cyclosporin A, which 
acts to enhance TNF-induced thromboplastic activity in renal grafts 1 01. The 
action of TNF on endothelial cells, altering haemostatic and cell surface 
properties, may be an early event in producing the vascular responses 
associated with inflammation, including intravascular coagulation, adherence 
of blood cells to endothelium and increased vascular permeability leading 
to leakage of macromolecules into the tissue space. 

PYROGENIC ACTIVITY OF TNF 

The acute toxicity events following TNF administration to patients include 
rigors, chills and feverl02-103. This pyrogenic response may result from a 
direct effect ofTNF on the thermoregulatory centre, stimulating prostaglandin 
release from the hypothalamic neuronsl04.105. The mechanisms of the TNF 
and IL I-mediated pyrogenic effect are different, TNF having a direct central 
action, whereas IL 1 depends on release of other thermogenic factors 1 06. 
TNF has recently been implicated in producing the fever associated with 
antithymocyte globulin administration in renal allograft patients l07, and in 
the pyrogenic effect ofIL 2 administration in cancer patients 108. These reports 
indicate that TNF may act as an endogenous pyrogen for a variety of 
fever-producing stimuli. 

217 



BIOCHEMISTRY OF INFLAMMATION 

TNF: A PERSPECTIVE 

TNF provides an early non-specific mechanism for host protection against 
invasive stimuli. Its diverse actions on cells seem to depend on the cell type 
and also on the presence of other cytokines or growth factors (Table 10.1). 
Its cytotoxic action against target cells/organisms is usually greatly enhanced 
by other cytokines, particularly IFNy, which may also be released at the 
inflammatory site. Host phagocytic cells are recruited and activated in the 
inflammatory site, effector-target cell interactions are favoured and target 
cells sensitized by the various local actions of TNF. Systemic actions include 
pyrogenicity, which may inhibit the proliferation of many invading organisms, 
and mobilization of adipocyte energy reserves, which may serve to meet the 
metabolic demands of fever and inflammation. In the longer term when IFNy 
levels have fallen, TNF may stimulate the proliferation of fibroblasts, 
particularly in the presence of other growth factors. This may be important 
in tissue repair and remodelling after the acute inflammatory response has 
subsided. 

Thus, under normal circumstances, TNF is an essential mediator of the 
acute response to infection, but later on may have a role in wound healing. 
However, under circumstances resulting in rapid release of large amounts of 
TNF, 'or chronic long-term release of the cytokine, profound pathological 
effects may be encountered such as shock or chronic wasting conditions. 
TNF is clearly a powerful endogenous factor in host protection which is also 
capable of profound deleterious effects on the host. There is currently interest 
in investigating the multiple actions of TNF, so that its impressive array of 
actions may be better understood and ultimately manipulated to the benefit 
of patients. 
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12 
Interleukin 6: a consequence of 
inflammation 
S. W. EVANS 

INTRODUCTION 

Interleukin 6 (IL 6) is a polypeptide mediator with many different biological 
activities. The pleiotropic nature of this cytokine is reflected by its identification 
in a number of different guises: hepatocyte stimulating factor, hybrid
oma/plasmacytoma growth factor, interferon P2' 26 kD protein and B cell 
stimulatory factor 2. The molecular cloning of genes encoding proteins with 
these activities has established that the molecules responsible are identicaI1 - s. 
It is now clear that IL 6 is a cytokine with important roles in a wide variety 
of systems including regulation of the immune response, the acute phase 
reaction and haematopoiesis. 

BIOCHEMICAL AND MOLECULAR PROPERTIES OF IL 6 

Structure of IL 6 

Human IL 6 is a glycoprotein with an apparent molecular weight of between 
21 and 28kD as determined by SDS-PAGE. The molecule consists of 212 
amino acids which includes a 28 residue hydrophobic signal sequence, two 
potential N-linked and several potential O-linked glycosylation sites. The 
observed heterogeneity of natural IL6 has been attributed to different 
glycosylation, phosphorylation and acylation states of the molecule and to 
heterogeneity in signal peptide cleavage6:7• 

The gene for IL 6 has been located on chromosome 7 in humans and 5 in 
the mouse, occupying approximately 5 and 7 kb respectivelylO,ll. Both genes 
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consist of five exons and four introns, and closely resemble each other and 
those of growth hormone, prolactin, erythropoietin and G CSF8,12,13 
(Figure 12.1). Further investigation of the human IL 6 gene has located the 
gene to 7p21 and established that there are at least three polymorphic forms. 
MspI, BgiI and BstNI restriction sites reveal three, two and four allele 
polymorphism respectively (Table 12.1)14. The MspI and BgiI polymorphism 
appear to be due to base pair substitutions, MspI in the vicinity of the fifth 
exon and BgiI in the 5' flanking region. The BstNI polymorphism appears 
to be due to an insertion/deletion event 3' of the fifth exon. 

IL 6 gene regulation 

Many different cell types are able to synthesize IL 6 in response to a variety 
of different stimuli. Some of the major cellular sources of IL 6 include: B 

a 

b eOOH 

8g11 Mspl 8stNI ---. 

~ 5' 

44 50 73 83 
3' 

Translated region 

Figure 12.1 Molecular organization of the interleukin 6 molecule. (a) Proposed structure for 
IL 6 based on that determined for human growth hormone. Four a-helix domains A, B, C and 
D are connected by amino acid loops. Domain 0 is predicted to be involved in receptor 
recognition. (b) Map showing translated region of the IL 6 gene. Boxes represent amino acid 
coding regions (introns) solid boxes (A-D) correspond to the a-helix domains in (a). Proposed 
location of polymorphic regions (BgJI, MspI and BstNI), disulphide bridge loops (s-s) 
and potential N-linked glycosylation sites (CHO) are marked. 
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Table 12.1 Interleukin 6 gene polymorphism14 

Allele 

RFLP (kb) 
f (Caucasian) 

MspI 

8 7.5 4.0 
0.0 0.55 0.45 

Bg/II 

7.6 5.7 
0.04 0.96 

Table U.2 Some major cellular sources of interleukin 6 

Cell type Secretagogue 

Monocyte/macrophage Lipopolysaccharide 
Interleukin llX/P 
HIV virus 

Fibroblasts Interleukin llX/P 
poly(I). poly(C) 
Viruses 
Tumour necrosis factor IX 

Endothelial cells Interleukin llX/P 
Tumour necrosis factor IX 

Epidermal cells 
Chondrocytes 
Synoviocytes Interleukin IIX/P 

Tumour necrosis factor Il 
Endometrial cells Interleukin III 
Astrocytes Interleukin IIl/P 

Tumour necrosis factor Il 

Virus 
Microglia cells Virus 

BstNI 

1.6 1.5 1.44 1.37 
0.05 0 0.11 0.84 

Refs 

15-17 

18-20 

21 

22 
23 
24 

25 
26 

26 

cells, monocytes and non-lymphoid cells such as endothelial cells, keratinocytes 
and fibroblasts (Table 12.2). 

Relatively little is known about the mechanism of IL 6 gene expression. 
However, the variety of stimuli able to induce IL 6 synthesis and sequence 
analysis of the 5' flanking region of the IL 6 gene suggest that several different 
signal transduction pathways, induding both cAMP-dependent and protein 
kinase C-activating systems, have the potential to participate18,27. 

Several lines of evidence suggest that a c-fos-like, serum responsive element 
(SRE) contains important cis-acting regulatory elements (CRE) controlling 
IL 6 gene transcription. A c-fos SRE like sequence has been located 5' ( - 173 
to -145) to the IL 6 gene CRE28. Other regulatory sequences are located 
either side of the CRE region, 5'- two glucocorticoid response elements and 
an AP-1 binding sequence and 3' - one NF-kB binding site and one TATA 
box (Figure 12.2)29. Using Hela cells transfected with IL 6 promoter-CAT 
constructs, phorbol esters, IL 1 and virus were able to induce transcription 
which was dependent upon the intact c-fos-like SRE. Two overlapping 
transcription control elements have been identified within the c-fos SRE 
homology region, NF -IL 6 and the multiple response element (MRE)29.3o. 
Several glucocorticoid responsive elements are present in the 5' flanking 
region and it has been shown that dexamethasone inhibits IL6 production31 . 
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GRE AP-1 c-fos SRE like sequence 
CRE 

NF-kB TATA 

5'-DD-07h----CS- A 
-173 1 1-145 -73 -64 

MRE 

i 
Serum 
IL 1 
TNF 
PMA 
Forskolin 

NF-IL6 

i 
IL 1 
IL6 
TNF 
LPS 

NF-kB 

i 
IL 1 
TNF 

Figure 12.2 Molecular organization of the regulatory region 5' to the IL 6 coding region28 ,29, 

IL 6 receptors and signal transduction 

Specific receptors for IL 6 have been demonstrated on a variety of normal 
and transformed cell types (Table 12.3). Analysis by Scatchard plot has 
revealed high- and low-affinity forms of the IL 6 receptor on a human 
myeloma cell line32. A membrane-associated receptor for IL 6 has been 
identified and the gene encoding this protein cloned33, A single polypeptide 
chain constitutes the ligand binding site and the transmembrane region of 
the receptor. This 468 amino acid protein has an apparent molecular weight 
of 80 kD and has six potential N-Iinked glycosylation sites33• In contrast to 
IL 6, IL 6 receptor expression is increased by glucocorticoids34. At the 
molecular level the IL 6 receptor resembles the receptors for growth hormone, 
prolactin, erythropoietin and the p75 chain of the IL 2 receptor35. Sequence 
homology with immunoglobulin light chain, CD4, poly-Ig receptor and 
alB-glycoprotein suggest that the IL 6 receptor gene might be a member of 

Table 12.3 Cells expressing the interleukin 6 receptor32 - 34 

Cells 

Hepatocytes 
Hepatoma cell lines 

Activated B cells 
Resting B cells 
Myeloma cells (and lines) 
Resting T cells 

Myeloid cells 
Myeloid cell lines 
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-300 
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the immunoglobulin supergene family36. 

Binding of IL 6 to its receptor is thought to involve association of the 
receptor with an accessory protein gp13038. It is possible that gp130 plays 
a role in signal transduction, although the nature of that role is not known. 
It has been reported that extracellular calcium is required for IL 6-stimulated 
growth of plasmacytoma cells39 . An important role for calcium is also 
suggested by the ability of lead and cadmium, competitive inhibitors of 
calcium-dependent processes, to inhibit IL 6-stimulated proliferation of a 
hybridoma cellline40 and IL 6-stimulated synthesis of 1X1-antichymotrypsin 
(S. Evans and 1. Whicher, unpublished). Phorbol esters stimulate the 
accumulation of acute phase protein mRNA in hepatoma cells and protein 
kinase C 'burn-out' experiments ablate IL 6-stimulated accumulation of acute 
phase protein mRNA, suggesting but not establishing a role for the 
calcium-dependent protein kinase C in IL 6 signal transduction4 1.42. 

PLEIOTROPIC PROPERTIES OF IL 6; ROLE OF IL 61N INFLAMMATION 

IL 6 has a wide variety of different biological activities in vitro (Table 12.4). 
At least two distinct types of property can be discerned, differentiation and 
proliferation. The wide variety of cells which can be activated or which 
differentiate in response to IL 6 suggest an important in vivo regulatory role 
for this cytokine. In the following sections those activities of IL 6 which are 
most relevant to the inflammatory response are described. 

IL 6 as a mediator of acute phase protein synthesis 

One of the most apparent consequences of inflammation is the production 
of acute phase proteins (Chapter 13). A wide variety of molecules have been 
implicated in regulation of the synthesis of acute phase proteins. Speculation 
that IL 1 was the hepatocyte stimulating factor (HSF) followed the demonstration 
that this cytokine induced synthesis of murine serum amyloid A and 
haptoglobin in vivo and in vitro4s. Subsequently it was demonstrated that 
the major HSF activity and IL 1 could be separated, the HSF activity being 

Table 12.4 Some biological activities of interleukin 6 

Cell types 

Acute phase response 
Hepatocyte 
Adrenal cortex 

Immune response 
B cell 
Plasma cell 
T cell 

Haematopoieses and repair 
Stem cells 
Megakaryocyte 
PC12 

Effect of IL 6 

Acute phase protein synthesis 
Corticosterone release 

Differentiation 
Growth as plasmacytoma 
T c differentiation 
IL 2 receptor expression 

Differentiation 
Differentiation 
Neural differentiation 
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attributed to IL 61,49. Using a variety of different cells including primary 
hepatocytes and hepatoma cell lines, recombinant IL 6 and antibodies specific 
for IL 6, it has now been clearly established that this cytokine is one of the 
predominant mediators controlling acute phase protein production50. There 
is growing evidence that, while IL 6 is the main regulator of acute phase 
protein synthesis, other soluble mediators acting on hepatocytes can influence 
the pattern of acute phase protein production. In addition to IL 1 and IL 6, 
three other cytokines, TGFf3, TNFoc and IFNy, have been shown to playa 
role in regulation of some aspects of acute phase protein production, 
modulating the IL 6-stimulated synthesis of distinct groups of acute phase 
proteins51 ,52. More recently a third hepatocyte stimulating factor (HSF III), 
immunochemically distinct from IL 6 but biologically indistinguishable, has 
been described 53. Because of its biological identity with IL 6, this cytokine, 
also called leukaemia inhibitory factor (LIF), may have an important role 
in the regulation of acute phase protein synthesis. Two additional regulatory 
molecules which have attracted some attention are glucocorticoid hormones 
(dexamethasone) and insulin. It has recently been shown that both of these 
mediators can modulate some of the effects of IL 6S4. For instance, 
dexamethasone will increase synthesis of fibrinogen by IL 6-stimulated 
HepG2 cells, and insulin will inhibit synthesis of this protein but only in the 
presence of both dexamethasone and IL 6. 

IL 6 as a mediator of fever 

Fever is the regulated rise in body temperature which occurs as a response 
to infection, trauma or malignant disease. It has been recognized for many 
years that fever is one component of the acute phase response, and as such 
must be regulated by a mediator circulating in the blood, the endogenous 
pyrogen. A number of cytokines have been implicated as endogenous 
pyrogens including IL 1, TNFoc, IFNy, IFNoc, IL 8 and IL 6. Several laboratories 
have shown that these cytokines when injected peripherally will cause fever, 
with IL loc and IL If3 being the most potent endogenous pyrogens. Studies 
of the thermogenic action of cytokines injected directly into the brain suggest 
an order of potency IL 1 f3 > IL 6, IL 8 > IL loc > TNF oc 5 5 and inter-cerebroven
tricular injection of antibodies to IL 1 f3 or IL 6 inhibit fever and thermogenesis 56. 

As described below, a number of cytokines can act on the hypo
thalamic-pituitary-adrenal axis. One action of IL If3 is the stimulation of 
corticotrophin releasing factor (CRF), a molecule involved in many of the 
physiological responses to stress, including feverS? Pretreatment of animals 
with antibodies to CRF or with ibuprofen, an antagonist to CRF release, 
inhibits the thermogenic properties of either IL If3 or IL 6. 

Although IL If3 appears to be the most potent centrally acting endogenous 
pyrogen there is no good evidence that circulating concentrations of IL If3 
in infection or trauma patients are sufficient to account for the observed 
fever. Intra-cerebroventricular injection of IL 1, however, induces high 
concentrations of circulating IL 65, suggesting that IL If3 may act via 
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induction of IL 6. The available evidence then suggests that IL 6 is the best 
candidate for a circulating physiological mediator of fever 59. 

IL 6 interaction with hypothalamic-pituitary-adrenal axis 

An intriguing property of cytokines produced by inflammatory cells is their 
interaction with the hypothalamic-pituitary-adrenal axis. One consequence 
of this interaction is the induction of corticosteroid release by the adrenal 
gland. The anti-inflammatory role of corticosteroids is well described in 
Chapter 4. 

It has been shown that several monocyte-derived cytokines can act on the 
hypothalamic- pituitary- adrenal axis, stimulating adrenal cells to release 
corticosteroid hormones. Injection of IL 6 into rats results in an increase in 
concentrations of ACTH in the plasma60. This effect can be blocked by a 
previous injection of antiserum to corticotrophin-releasing factor, suggesting 
that IL 6 acts at the hypothalamic level or higher to induce ACTH 
production 60. IL 1 has been shown to stimulate the release of several 
hormones, including ACTH, by pituitary cells61 • More recently it has been 
shown that IL 1 and IL 6 can also act directly on the adrenal cells to induce 
corticosteroid release43,62,63. In humans, several days after trauma, there is 
a marked lack of correlation between concentrations of ACTH and cortisol, 
concentrations of cortisol remaining high in the presence of relatively low 
ACTH concentrations64.1t is therefore possible that one important physiological 
role of IL 6 is to act synergistically with relatively low concentrations of 
ACTH to increase corticosteroid concentrations. An important consequence 
of corticosteroid production is suppression of the inflammatory response 
(Chapter 4). 

Action of IL 6 on myeloid and lymphoid production 

A major requirement for the provision of efficeint defence systems is the 
replenishment by haematopoiesis of those cells utilized in the immune and 
inflammatory responses. Haematopoiesis is a complicated process regulated 
by a wide variety of cytokines. IL 6 interacts with many of these cytokines 
to enhance the growth of multi potent progenitor, erythroid, myeloid and 
megakaryocytic cells. 

IL 6 and IL 3 appear to act synergistically to support proliferation of 
multi potent progenitor cells in vitro45 ,65 and act synergistically with GM-CSF 
to support the production of granulocytes66• Differentiation ofM! and WEHI 
3B myeloid leukaemic cells is induced by IL 667 and the IL 6 gene is regulated 
by a variety of other agents that induce differentiation of myeloid leukemic 
cells68• Maturation of megakaryocytes in vitro and increased platelet count 
in vivo have been achieved using recombinant IL 6, suggesting that this 
cytokine acts as a thrombopoietic factor46,69,70. Further evidence that IL 6 
is a thrombopoietic factor comes from IL 6 transgenic mice which have 
increased numbers of megakaryocytes in their bone marrow 71 . 
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IL 6 and the immune response 

If the local defence mechanism fails to control an infection then an 
antigen-specific immune response is normally elicited. Cytokines produced 
by cells at the site of inflammation appear to play an important role in 
controlling the developing immune response. In particular IL 6 regulates 
some aspects of the developing immune response, stimulating differentiation 
events in both T and B lymphocytes. 

Effects on B lymphocytes 

IL 6 has been identified as an essential and late-acting factor in mitogen-activated 
immunoglobulin production, stimulating the synthesis of IgM, IgG and IgA 
and inhibiting B cell proliferation 72. 73. IL 6 has also been shown to act as 
a growth factor for plasmacytoma cells, myeloma cells, EBV transformed 
cells and B cell hybrid om a 73-75. Castleman's disease is a benign hyperplastic 
lymphadenopathy, characterized by large plasma cell-rich lymph node 
follicles and hypergammaglobulinaemia. Constitutive IL 6 production by 
cells in the germinal centre of affected lymph nodes has been reported 78. 

Other characteristics of this disease include fever and raised concentrations 
of acute phase proteins, events attributed to increased concentrations of 
plasma IL 6. 

Effects on T lymphocytes, natural killer cells and 
Iymphokine-activated killer cells; a possible role in the antltumour 
response 

Inflammation often occurs as a consequence of cancer. In particular the 
process of metastasis has been associated with local tissue damage and 
inflammation. It would not be surprising then if anti tumour defence systems 
responded to inflammatory mediators. IL 6, which has a well-defined 
endocrine function in the regulation of acute phase protein synthesis and 
which has a number of actions on T lymphocytes, natural killer (NK) and 
lymphokine-activated killer (LAK) cells, is an ideal candidate for such a 
tumour response mediator. 

Cytolytic T cells playa central role in the defence against virus induced 
tumors. However, there is no convincing evidence that they have any role 
in protection against 'spontaneous' or chemically induced tumours. The main 
defence against non virius induced tumours appears to be mediated by LAK 
cells, NK cells and macrophages. A number of reports suggest that IL 6 
plays a role in the generation and activation of each of these cell types 
(Table 12.5). IL 6 has also been shown to have an antitumour activity when 
injected in to mice 77. It has not been demonstrated that IL 6 has an in vivo 
role in the up-regulation of the antitumour response. However, it is an 
attractive hypothesis that IL 6, a cytokine which is produced at sites of 
inflammation, can activate cells involved in cell-mediated antitumour responses. 
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Table 12.S Interleukin 6 and the immune response to tumours 

Cell type 

Human NK cells 
Human LAK cells 
Human and murine cytotoxic T 

cells 
Tumour-associated macrophages and 

epithelial cells 

Action 

Activated by IL 6 in vitro 
Activated by IL 6 in vitro 
Differentiate in response to IL 6 

in vitro 

Produce IL 6 

Refs 

78 
79 
44,80,81 

82 

Does IL 6 play a role in the regulation of protein glycosylatlon? 

It has been recognized for some time that changes in protein gIycosylation 
occur in inflammation. Changes in the glycosylation patterns of immuno
globulins, acute phase proteins, salivary kallikriens and cell surface glycoproteins 
have all been described in individuals with inflammatory disease83- 85. To a 
large extent the physiological function of, and the mechanisms controlling, 
such changes in glycosylation are not known. 

Changes in protein glycosylation in inflammation 

In rheumatoid arthritis, Crohn's disease, tuberculosis and erythema nodosum 
leprosum (ENL), immunoglobulins appear to have a reduced galactosylation 
of terminal N-acetylglucosamine groups on some oligosaccaride chains83 •86• 

This change in immunoglobulin galactosylation is not seen in systemic lupus 
erythematosus (SLE) (unless accompanied by Sjogren's syndrome), osteoarthritis, 
sarcoidosis and lepromatous (except ENL) or tubercoloid leprosy. The change 
appears to be seen only in disease states associated with both an acute phase 
response and a major T cell involvement8 ? Some reports suggest that the 
observed change reflects a reduced galactosyltransferase activity in B cells88. 
Increased concentrations of haptoglobins and alpha-l-antichymotrypsin 
(ai-ACT) which bind to a fucose-specific lectin have also been reported in 
individuals with rheumatoid arthritis and cancer89,90. It is possible that this 
increased binding represents altered fucose content of carbohydrate side-chains 
or else that reduced terminal galactose groups change the affinity of the lectin 
for side-chain fucose groups. 

Concanavalin A (Con A) binding forms of alpha-I-acid glycoprotein (AG P) 
have been reported to be decreased in individuals with rheumatoid arthritis 
or ankylosing spondylitis, remain unchanged in SLE and increased in 
recurrent infection or pregnancy91.92. Low pI forms of AGP have been 
described in cancer and rheumatoid arthritis9l ,93. It seems likely that these 
changes can be accounted for by increased N-terminal sialic acid groups. 
Tissue kallikreins in the saliva of individuals with connective tissue disease 
have also been reported to have a reduced pI, which has been attributed to 
increased sialation8? Similar changes have been observed in kallikreins from 
individuals with active but not inactive inflammatory bowel disease, suggesting 
that the change in glycosylation is a consequence of the inflammation4o. 
Sialyltransferase activity in the small intestine has been reported to increase 
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following thermal injury to rats, further supporting the idea that changes in 
glycosylation occur in response to inflammation94. 

The majority of membrane and secreted proteins involved in regulating 
the activity of cells of the immune and inflammatory systems are glycoproteins. 
The precise role of the carbohydrate moieties of these molecules is unknown; 
however, there is some evidence, especially for the membrane proteins, that 
they can contribute significantly to glycoprotein function. For instance, it 
has been reported that desialation of spleen cells leads to enhanced accessory 
cell activity, neuraminidase treatment of macrophages stimulates cytotoxic 
T cell responses and natural killer cell activity, and that abrogating the 
negative charge of heavily glycosylated surface molecules increases clustering 
of T cells around accessory cells95 - 97 . 

Role of IL 6 in the modulation of glycosylation 

Changes in the glycosylation of acute phase proteins has been studied in 
vitro using hepatocytes, hepatoma cell lines. In these in vitro systems IL 6 
stimulates synthesis of acute phase protein and changes in their glycosylation. 
These changes occur in parallel, and it is not yet clear to what extent regulation 
of glycosylation is independent of the regulation of protein synthesis and 
export. Conflicting results have been obtained using different cell lines. In 
Hep3B, IL 6 stimulated forms of alpha-I-proteinase inhibitor (aI-PI), 
caeruloplasm and a-fetoprotein with enhanced Con A binding, while in 
HepG2 IL 6 stimulated production of proteins with reduced Con A binding. 
Using primary human hepatocyte cultures IL 6 has been shown to stimulate 
synthesis of AGP with enhanced Con A binding. 

Changes in the glycosylation of serum proteins and cell surface molecules 
clearly occur in inflammation. These changes have the potential to affect the 
outcome of an inflammatory response, altering cell-cell interaction and 
changing the function and/or catabolism of serum proteins95- 99. It has been 
clearly shown that IL 6 can modulate glycosylation of acute phase proteins. 
Whether IL 6 is responsible for the glycosylation changes seen in other serum 
and cell surface molecules, which occur in inflammation, remains to be 
established. B cells have functional receptors for IL 6, and IL 6 stimulates 
immunoglobulin synthesis by activated B cells. It will be interesting to 
determine how IL 6 effects changes in the glycosylation of immunoglobulins. 
IL 6 is produced by many cells, but the major source in inflammation is 
thought to be the activated macrophage. Presumably any role for IL 6 in 
modulating glycosylation will depend on macrophage production of IL 6. 
However, it has been suggested that a T cell event is involved in the altered 
glycosylation of immunoglobulins seen in inflammatory diseases loo. The role 
of IL 6 in the regulation of immunoglobulin glycosylation and the nature of 
the proposed T cell event remain to be established. It is possible that changes 
in protein glycosylation play an important role in the regulation of inflammation, 
and that an inability to effect proper changes or 'abnormal' glycosylation is 
associated with aberrant T cell activity and inflammatory disease. 
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IL 6 IN INFLAMMATION 

Using both bioassay and immunoassay methods, IL 6 has been detected in 
the serum, plasma and urine of patients with a variety of different inflammatory 
conditions. IL 6 concentrations have been reported to increase before those 
of acute phase proteins in individuals suffering from severe burns, surgical 
trauma, transplant rejection or inflammatory bowel diseaselOl- 105. In 
individuals with serious burns or surgical trauma, plasma concentrations of 
IL 6 have been correlated with C-reactive protein concentrations and the 
degree off ever. In Crohn's disease, but not ulcerative colitis, IL 6 concentrations 
correlate well with the type and extent of disease105. Endotoxaemia and 
sepsis are frequent complications of bacterial infection and are associated 
with an acute phase response. IL 6 concentrations are elevated in both 
conditionslo6.107. Elevated concentrations of IL 6 have also been reported 
in the serum and synovial fluid of individuals with inflammatory joint disease, 
where IL 6 concentrations appear to correlate well with IgG concentra
tions108,109. The conclusion then is that circulating concentrations of IL 6 
correlate well with the extent of inflammation observed. 

IL 6 REGULATION OF THE INFLAMMATORY RESPONSE 

IL 6 is a pleiotropic cytokine which appears to have an important role in 
the regulation of the inflammatory response. Many of the biological activities 
of IL 6 can shown to be relevant to the down-regulation of inflammation. 
Thus in the normal course of events, transiently elevated concentrations of 
IL 6 might be considered a marker of the successful conclusion of an 
inflammatory episode (Figure 12.3). On the other hand, sustained periods of 
raised IL 6 concentrations suggest an underlying chronic inflammatory condition. 

DAMPENS INFLAMMATORY RESPONSE 
Stimulates acute phase protein synthesis 

Stimulates corticosteroid synthesis 

Mediates fever? 

POTENTIATES IMMUNE RESPONSE STIMULATES HAEMATOPOEISIS 
Induces B cell differentiation Stimulates stem cell differentiation 
Activates T cells 

Increases cel/-cell interaction? Induces maturation of megakaryocytes 

Figure 12.3 Role of interleukin 6 in controlling inflammation and the immune response. 
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13 
The acute phase response 
J. T. WHICHER and C.I. WESTACOTT 

INTRODUCTION 

Inflammation comprises a series of cellular changes which ultimately facilitate 
phagocytosis and either the killing of microorganisms or the digestion of cell 
debris. This is followed by proliferation of connective tissue cells and repair 
of the intercellular matrix. Both of these events require the complex control 
of various cell types at a local level. There is increasing evidence that, while 
many molecules may mediate effects such as vascular permeability and 
chemotaxis, cytokines exert control in a very sophisticated way with 
remarkable duplication of key elements and complex negative and positive 
interaction with each other and other hormones. 

The local processes of inflammation are facilitated by systemic metabolic 
changes that mobilize energy in the form of glucose and fatty acids and 
amino acid building blocks. Fever up-regulates several enzymatic reactions 
in inflammatory and tissue cells which, perhaps being potentially hazardous, 
operate at a suboptimal level at normal body temperature. Leukocytosis 
provides an increased supply of phagocytic cells. Counter-regulatory effects 
such as the release of cortisol come into play, and curtail the potentially 
destructive effects of inflammation. Liver production of acute phase proteins 
provides an increased tissue supply of certain inflammatory mediators and 
inhibitors. All these events are, in part, controlled by the same pleotropic 
cytokines which exert key local controls. 

The constellation of systemic responses which accompany trauma and 
inflammation, regardless of cause, are known as the acute phase response 1. 

The response is remarkably stereotyped regardless of the localized or systemic 
nature of the underlying inflammation. Many threads of evidence support 
the notion, put forward by several workers over the past 40 years, that this 
is an adaptive response conditioning the 'milieu interieur' so that inflammation 
and healing may progress optimally. 
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A complex array of hormones and cytokines induce and control the 
components of the response and it is rapidly becoming clear that these two 
systems and the nervous system are closely integrated (Figure 13.1). 

STlMULA TlON OF 
MACRO PHAGES, 
FIBROBLASTS, 

KERA TlNOCYTES, 
ENDOTHELIAL CELLS 

PRODUCTION AND RELEASE 
OF ACUTE PHASE CYTOKINES 

IL-l, TNF, IFN, IL-6 

- FEVER AND LEUKOCYTOSIS 
- COMPLEMENT ACTlV A TlON 

- INCREASED SERUM GLUCOCORTlCOIDS 
- DECREASED SERUM IRON AND ZINC 
- ENHANCED UPTAKE OF AMINO ACIDS 

- INDUCED SYNTHESIS OF ACUTE PHASE PROTEINS 

Triggering 
factors 

Primary 
cellular 
reaction 

Mediators 

Secondary 
systemic 
reaction 

Figure 13.1 Cascade of events and systemic responses of the acute phase response. 
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NEUROENDOCRINE COMPONENTS OF THE ACUTE PHASE 
RESPONSE 

Fever 

Experimentally it has been shown that increased temperature, within the 
physiological range of fever, greatly enhances a number of cellular functions 
integral to inflammation and host survival. Indeed it has been suggested that 
some aspects of the immune response and inflammation do not function 
optimally at normal body temperature in homeotherms. By optimizing these 
responses at temperatures reached only in 'disease' these powerful systems 
can be brought into play when their protective effect is required, thus 
minimizing the deleterious aspects of autoimmunity and host damage by 
inflammation2. 

Some examples of in vitro effects enhanced by temperatures at or above 
40°C serve to underline the potential power of this response. Incubation at 
40°C has been shown to enhance the bactericidal activity of human PMNL 
against certain Gram-negative bacteria and the antiviral effects of IFN3 • 

Temperatures corresponding to mild to moderate fevers in humans enhance 
and accelerate the proliferative response of T cells to mitogen, IL 1, and 
IL 24 , 5. B cell antibody production in response to T cell cytokines is also 
greatly enhanced6 . Thus phagocytosis, bacterial and viral killing and immune 
responses are potentiated. In addition, metabolic changes in other cells such 
as prostaglandin production, muscle proteolysis and oxygen radical production 
have shown enhancement in in vitro systems. 

In vivo many experiments have shown the beneficial effect of fever in 
poikilotherms and homeotherms against viral and bacterial infection. In 
lizards increased survival against bacterial infection 7 was shown to be due 
to more rapid recruitment of leukocytes to the site of infection and 
containment of spreads. If fever was abrogated by administration of sodium 
salicylate the mortality increased. Fever is characteristic of infected fish, and 
under these conditions survival was significantly enhanced9• In homeotherms 
enhanced survival to infection at increased body temperature has been shown 
for mice infected with herpes simplex and other viruses lO, puppies infected 
with herpes virus 11, piglets with gastroenteritis virus 12, rabbits with pneumococal 
pneumonia13, and humans with bacterial peritonitis14. 

In poikilotherms the genesis offever is behavioural, with the animal seeking 
hotter environments. In homeotherms the thermoregulatory centre in the 
hypothalamus controls temperature by a combination of peripheral 
vasoconstriction and increased muscle metabolism which, at its extreme, is 
manifested as shivering15 . 

A vast body of experimental work has shown that fever is mediated by 
peptides released from inflammatory cells, collectively known as endogenous 
pyrogen. The 'IL 1 boom' of the early 1980s rapidly defined this cytokine as 
a potent endogenous pyrogen and indeed it was soon seen as the pyrogen. 
However, since then other pyrogenic cytokines have been discovered, namely 
TNF and IL 6. Dinarello16, in attempting to identify the pyrogen in leukocyte 
supernatants, has concluded that activity is due to a mixture of all of them. 
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A 1°C fever in rabbits is induced by about 20ng/kg of IL 1, 200ng/kg of 
TNF and 1 J.lg/kg of IL 6. As all the molecules have a similar molecular 
weight IL 1 is more potent on a molar basis, and in fever IL 1 rises to 1 ng/ml 
in plasma, TNF to 3 ng/ml and IL 6 to 300 pg/ml. 

Studies on the injection of EP into the brain show that the sole site of 
action is the anterior hypothalamus. Certain prostaglandins, notably PGE 1, 

induce an immediate fever when injected into the same areas but are not 
blocked by PG synthetase inhibitors, such as aspirin, while EP is. This has 
led to the conclusion that PGE 1 is acting as the final common pathway in 
pyrogenesis. Some evidence suggests that several monoamines, including 
catecholamines and serotinin, may also be pyrogenic 17. 

Sleep and analgesia 

IL 1 acts on the brain to induce slow-wave sleep and analgesia. Injection 
into the cerebral ventricle of rats and rabbits enhances slow-wave sleep in 
the EEG which is not blocked by salicylates which prevent the concomitant 
fever 18•19. In human plasma IL 1 is greater during slow-wave sleep than in 
wakinglo. In addition IL 1 is secreted by astrocytes in response to bacterial 
products, probably explaining the sleep-inducing effects of endotoxin and 
muramyl dipeptide21 . 

Purified human IFN causes naloxone-reversible analgesia when injected 
into the cerebral ventricles of mice22 and when injected intra peri tonally in 
morphine-dependent rats13. Thus IFN seems to have opiate agonist effects. 
rH-IL loe and rH-IL 1 P have analgesic actions which are not naloxone-reversible 
but are partly prevented by intravenous injection of antibody against 
corticotrophin releasing factor, suggesting that opioid peptides may be 
induced. It is also interesting that virally infected or endotoxin-treated 
peripheral blood leukocytes can synthesize p-endorphin24. 

The pituitary adrenal axis and cortisol release 

Exposure to bacterial toxins has long been known to stimulate release of 
ACTH from the anterior pituitary. Indeed the administration of endotoxin 
was used as a clinical test of anterior pituitary function. Experiments with 
hypophysectomized animals show that the major part of the corticosterone 
release caused by endotoxin is mediated by ACTH but that a significant 
extrapituitary mechanism also exists. 

Besedovsky first showed in 198625 that rH-IL IP increased ACTH and 
cortisol levels in C3H/HeJ mice. Further studies of corticotrophic cells from 
pituitaries incubated with IL 1 confirm that it is a potent secretagogue for 
ACTH16. In vivo increases in ACTH and corticosterone were blocked by 
antibodies to CRF, implying a hypothalamic site of action, though indomethacin 
had no effect, implying a different mechanism from pyrogenicity17. 

It has also been reported that IL 1 is able to induce corticosterone release 
directly from adrenal gland cells19•30. More recently it has been shown that 
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rIL 6 is even more potent in this respect30 and that it synergizes with low 
concentrations of ACTH 31 . In addition it has been shown that virally infected 
human peripheral blood leukocytes can be induced by CRF32. 

Glucocorticoids have strong 'anti-shock' and 'anti-endotoxin' effects and 
critically ill patients who fail to manifest an appropriate response have a 
poor prognosis33• The immediate cortisol increase of trauma is undoubtedly 
mediated by neural pathways, CRF and ACTH; however, IL 1 may play an 
important role in CRF release sepsis. In addition, there is a marked lack of 
correlation between levels of ACTH and continuing high levels of corticosteroid 
several days after the onset of trauma. Interestingly the stimulatory effect of 
IL IP and IL 6 on adrenal cell steroid release was not present within the first 
12 h of culture but only at 24 h 30. Since serum levels of IL 1 and especially 
IL 6 have been shown to rise and remain elevated for several days following 
severe trauma these cytokines are strong candidates as factors controlling 
the long-term adrenal response. 

EFFECTS ON INTERMEDIARY METABOLISM 

Nitrogen balance 

It has been known since the turn of the century that sepsis is accompanied 
by excess urinary nitrogen excretion. In the 1930s Cuthbertson and others34 

showed that the increased nitrogen excretion was accompanied by potassium, 
sulphur, phosphorus and zinc, implying a cellular origin. It was correctly 
assumed that the major source was muscle, as loss of muscle mass is a 
common clinical observation in severe trauma and sepsis far exceeding that 
seen in starvation. 

It was thus of great interest when it was shown that stimulated leukocyte 
supernatants (EP) were able to induce muscle proteolysis by a prostaglandin
dependent mechanism35 • Further studies showed that this activity was present 
in purified IL 136 and a putative 4 kD fragment of it3 7 . However, despite 
these promising findings more recent studies with rH-IL 1 and other cytokines 
have completely failed to reproduce the effect. It is either only present in 
natural IL 1 or a contaminating factor was responsible. Whatever the 
mechanism, it is evident that amino acids released from muscle are used by 
the lymphoid tissue for cellular proliferation and antibody synthesis, and by 
the liver for acute phase protein synthesis. 

Energy metabolism 

Studies of the hyperlipidaemia accompanying parasitic infection have led to 
the observation that TNF, and to a lesser extent IL 1, inhibit lipoprotein 
lipase and enzymes responsible for the conversion of glucose to fatty acid3 7•38. 

Decreased glucose utilization for fat synthesis results in greater availability 
of glucose for metabolism by peripheral tissues and the unopposed action 
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offat cell lipase releases fatty acids from fat stores for similar use. The resulting 
weight loss and cachexia gives the name cachectin to TNF alpha. 

There is evidence for cytokine mediated effects on the hormones of 
intermediary metabolism in the acute phase response but it is conflicting. 
The early work showed the leukocyte supernatants caused insulin and 
glucagon release in the pancreas39, though more recently IL 1 appears to be 
cytotoxic for pancreatic islet cells40. Other work suggests that IL 1 may 
increase production of both insulin and glucagon41 . 

LEUKOCYTOSIS 

There is a well-known association between increased numbers of immature 
peripheral blood PMNLs and the acute response to infection, trauma and 
inflammation, such that this may be thought of as part of the acute phase 
response. PMNL enter the circulation from the marginal pool in response 
to many signals such as complement factors, catecholamines, prostaglandins 
and cytokines, while release from the bone marrow of immature cells and 
accelerated turnover are mediated by cytokines. 

IL 1 induces PMNL released from the marrow42, and in addition can 
induce production of specific granulocyte and macrophage replication factors 
(colony stimulating factors, CSFs) from various cell types43. IL6 can induce 
production of GM-CSF and expression of receptors for GM-CSF, IL 3 and 
G-CSF. 

METALS 

Inflammation is often associated with decreased levels of iron and zinc and 
increased levels of copper. The mechanisms of these effects are entirely 
different, as is suggested by their kinetics44. 

Plasma iron levels fall within the first hour following operative trauma, 
paralleling the rapid fall in transferrin to which all iron in plasma is bound. 
This initial response, which is observed for many proteins and protein-bound 
substances, is probably due to alteration in vascular permeability mediated 
by a multiplicity of factors44. Iron levels, however, continue to fall and 
transferrin saturation decreases, reaching a nadir of about an 80% reduction 
12 h following the onset of acute trauma. Iron is rapidly sequestered in 
damaged tissue, probably as a result of complexing to lactoferrin, an iron 
binding protein released from PMNL 45. The iron lactoferrin complex is thus 
sequestered in macro phages as haemosiderin, a complex with ferritin. This 
iron is in a dynamic state and will subsequently re-enter the transferrin-bound 
pool for participation in haemopoesis. 

Degranulation of neutrophils, releasing lactoferrin, can be induced by 
purified preparations of EP and the activity may well reside within IL 146. 

Iron is essential for bacterial growth and the rapid sequestration of iron at 
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inflammatory sites may serve as an antimicrobial mechanism and even the 
low plasma iron may confer a protective effect47 • 

Following acute trauma in humans, plasma zinc levels fall by about 40% 
during the first 8 h. The initial fall parallels that of albumin (the major zinc 
binding protein of plasma) which stops falling at about 2 h, whilst zinc 
continues, reducing the amount carried on the protein. As with iron the first 
phase is due to loss of albumin from the vascular to the extravascular 
compartment. 

The second phase of zinc reduction which persists for the duration of 
inflammation can be induced in vivo by EP administration48. In vitro rH-IL 6 
but not rH-IL 1 was found to increase hepatocyte levels ofmetalothionine49 . 

Under normal conditions metalothionine expression is transcriptionally 
regulated by dietary zinc. Induction of metalothionine synthesis by 
glucocorticoids, catecholamines, glucagon and IL 6 results in rapid transfer 
of zinc from plasma to the liver. The role of the response is unclear, although 

Table 13.1 The acute phase proteins of inflammation 

Protein 

Mediators 
C-reactive protein 
Complement components 
CIs, C2, C3, C4, C5, C9, 
Factor B 
Kininogenase (kallikrein) 
Kininogen 
Factor VIII 
Fibrinogen 
Prothrombin 
Plasminogen 

Inhibitors } 
Antithrombin III 
CI tNH 
Factor I, Factor H 
lXI-Antitrypsin 
IXI-Antichymotrypsin 
Haptoglobin 

Scavengers 
Haptoglobin 
Serum amyloid A protein 
Ceruloplasmin 

Immune regulation 
C-reactive protein 
Orosomucoid 

Repair and resolution 
Orosumucoid 
IX I-Antitrypsin } 
ex I-Anti chymotrypsin 
CIINH 

Function 

Ligand binding complement activation 
Opsonization, chemotaxis, mast cell degranulation 

Vascular permeability and dilatation 

Clotting formation of fibrin matrix for repair 

Proteolytic activation of complement and clotting 

Control of mediator pathways 

Collagenase, elastase 
Cathepsin G 
Cathepsins B, H, L 

Haemoglobin 
Cholesterol 
[O;]? 

Interactions with T and B cells. Expressed on 
lymphocyte surface, T cell inhibitor 

Promotes fibroblast growllJ, interacts with collagen 

Bound to surface of new elastic fibres 
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cytoprotection of liver cells from the toxic effects of carbon tetrachloride is 
enhanced by intracellular zinc accumulation. Zinc is also necessary for 
microbial growth. 

The increase in copper as seen in inflammation is a consequence of 
cytokine-induced expression and secretion from the liver into the plasma of 
the copper containing protein caruloplasmin (see below). 

ACUTE PHASE PROTEINS 

Acute phase proteins are a family of approximately 30 plasma proteins 
produced in increased amounts by the liver in inflammation. When classified 
according to function it is clear that they may all have roles to play in 
inflammation or the healing process which follows (Table 13.1). The rate of 
increase in their plasma concentration, and the incremental change which 
occurs following inflammation, varies considerably between the acute phase 
proteins and reflects their induction by different cytokines and their molecular 
size, volume of distribution and rate of catabolism, both in the circulation 
and at the site of inflammation. Inflammation complicated by other processes 
such as intravascular coagulation may thus induce a different pattern of 
serum acute phase proteins, though in simple acute inflammation it is very 
characteristic for a particular species of animal. 

Kushner50 has defined acute phase proteins as those whose concentration 
rises by 25% or more following inflammation, and has divided them into 
three groups51, on the basis of the magnitude of the increase (Table 13.2). 
The blood concentrations of several other proteins and enzymes, such as 
ferritin and serum alkaline phosphatase, frequently increase during inflammation, 

Table 13.2 Major human acute phase proteins 

Protein Normal plasma 
concentration 
(g/l) 

Group III, up to 1000 x increase 
C-reactive protein 0.00007 -0.008 
Serum amyloid A 0.00 1-0.030 

Group II, 2- 4 x increase 
IX I-Antichymotrypsin 0.3-0.8 
lXI-Antitrypsin 1.0-2.0 
lXI-Acid glycoprotein 0.5- 1.4 
Haptoglobin 1.0- 3.0 
Fibrinogen 2.0- 4.5 

Group I, about 50% increase 
Caeruloplasmin 0.15-0.6 
C3 0.55-1.2 
C4 0.2-0.5 

Adapted from ref. 51. 
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possibly by mechanisms which differ from those of the acute phase response, 
whilst others such as transport proteins decrease in concentration. This latter 
group, often termed negative acute phase reactants, include albumin, prealbumin, 
transferrin, (X2-HS glycoprotein and (X- and [i-lipoproteins. While the positive 
acute phase proteins almost certainly play important roles in inflammation, 
there is little evidence to suggest that the negative reactants play an active 
part in inflammation and may simply reflect redistribution into the extravascular 
space52 or cytokine-mediated decreases in gene transcription53 which may 
help to conserve hepatic metabolites for the production of essential acute 
phase proteins. 

Functions of acute phase proteins 

Mediators 

The acute phase proteins have a role in inflammation as mediators and 
inhibitors and also as scavengers of cell-derived products released from 
damaged tissue or macrophages. In addition some members of the family 
may influence the immune response which often accompanies inflammation 
and the release of autologous antigens. The acute phase protein response is 
thus a physiological mechanism providing increased serum and tissue levels 
of proteins modulating inflammation, and it is probable that it affects both 
the nature of the inflammatory lesion and the healing process which follows it. 

Inflammation may be thought of as a series of biochemical and cellular 
events resulting in the phagocytosis of foreign material or damaged host 
cells. It occurs directly as a result of trauma or invasion by microorganisms, 
or it may result from the immune response (Figure 13.2). 

The acute phase proteins responsible for the mediation of inflammation 
are shown in Table 13.1. A number of mechanisms are probably responsible 
for initiating the process. Trauma to tissue results in lysosomal enzyme release 
from damaged cells, in particular capillary endothelium, together with the 
production of cell membrane fragments and the exposure of capillary 
basement membrane collagen to plasma. Figure 13.2 shows the way in which 
these events activate the four proteolytic mediator systems of inflammation; 
the coagulation pathway, the complement system, the kallikrein kinin system 
and plasmin. This interacting network of proteases produces the complement 
effector molecules and kinins which result in the cellular events of inflammation 54. 

Infecting microorganisms are able to initiate inflammation directly as a 
result of activation of the alternative pathway of complement or due to the 
binding of C-reactive protein to cell surface phosphorylcholine or galactosamine 
(see below). 

Immune reactions result in complement activation by antibody complexed 
with antigen. IgG Fc results in macrophage adherence and phagocytosis. It 
is possible that cationic proteins, such as major basic protein, released by 
eosinophils, and heparin at sites of IgE-mediatcd mast cell degranulation 
may result in the binding of C-reactive protein. 

Phagocytosing macrophages and polymorphonuclear leukocytes release 
acid lysosomal proteases and neutral proteases which are very important in 
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Figure 13.2 The processes of inflammation and the role of the acute phase proteins (in italics). 

perpetuating inflammation by proteolytic activation of the mediators. They 
may also cause damage in the areas surrounding the inflammatory process. 
Other leukocytic products such as leukocytic cationic protein may bind 
C-reactive protein and thus activate complement. These 'feedback loops' are 
controlled by a number of inhibitory acute phase proteins (see below). 

It is clear from this outline that C-reactive protein (CRP) may be emerging 
as an important inflammatory mediator able to initiate complement activation 
in a number of circumstances. Although Tillet and Francis showed the binding 
of CRP to pneumococcal C-polysaccharide in 193055 it was not until the 
early 1970s that this was shown to be due to binding to phosphorylcholine56. 

This calcium-dependent binding specificity is probably of great importance 
as this protein may bind to a number of micro organisms such as streptococci, 
Proteus and Aspergillus57, and also to damaged autologous cell membranes 58. 

There is probably also calcium-dependent binding to galactosamine 59. 

Besides this CRP shows non-calcium-dependent binding to cationic molecules 
such as protamine, heparin, leukocytic cationic protein and histones6o• The 
importance of these binding specificities is in the ability of bound CRP to 
activate complement via Clq and thus to initiate inflammation and 
phagocytosis57. That these phenomena are likely to be important in vivo is 
supported by the findings of CRP deposited on damaged cells soon after 
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injury61 and CRP-mediated complement-dependent opsonic clearance in the 
mouse62 . Complexed CRP has also been shown to bind to T, B and null 
cells bearing IgG FcR 63 and also to platelets64, thus giving rise to speculation 
about further activities for this protein in inflammation. 

The inhibitors 

Plasma contains two important groups of protease inhibitors involved in 
inflammation. First the mediator pathways themselves are controlled by a 
number of inhibitors several of which have been shown to be acute phase 
proteins (Table 13.1). It is important that although antithrombin III does 
not show an increase in plasma concentration its synthesis is increased in 
inflammation, but this is counteracted by increased consumption65 . It is thus 
possible that other obvious candidates for acute phase behaviour, such as 
a-anti plasmin and a2-macroglobulin have their response masked in this way. 
The pathway inhibitors show a spectrum of specificity for their substrates, 
some of them acting at several places in the four mediator systems. For 
example, CI INH is a potent inhibitor of both CIs and kallikrein. 

The second group of protease inhibitors are primarily concerned with 
inhibiting the products of phagocytosing cells. Alphal-antitrypsin has a 
specificity for the neutral proteases released from leucocytic granules, 
collagenase and elastase. Alpha l-antichymotrypsin acts on the granule-derived 
cathepsin G. Haptoglobin has been shown to inhibit the lysosomal thiol 
proteases, cathepsins B, Hand L 66. Alpha2-macroglobulin is a broad-spectrum 
inhibitor which is probably able to accept proteases from aI-antitrypsin for 
clearance by receptor-mediated pinocytic uptake into macrophages. The 
ability of the neutral and acidic proteases to act on substrates within the 
mediator pathways make this group of protease inhibitors particularly 
important, not only in limiting proteolytic damage to surrounding tissues in 
inflammation but also in controlling the positive feedback effect. 

The sea vengers 

Several proteins are probably concerned with the clearance of the products 
of inflammation. Caeruloplasmin may act as both a scavenger of damaging 
superoxide radicals released during phagocytosis and also to prevent 
autoxidation of lipids in damaged cell membranes67 . Haptoglobin has an 
important role in conserving haemoglobin iron released as a result of 
microvascular damage and coagulation occurring during inflammation. 
Serum amyloid A protein (SAA) is an apolipoprotein present largely in HDL3, 

the subset of HDL particles with a particularly rapid clearance from the 
circulation68 . It is probable that SAA is acting as a recognition site for 
removal of HDL bound cholesterol from the circulation. Its acute phase 
behaviour may thus be related to the clearance of cholesterol from macro phages 
at the site of inflammation where cell membrane cholesterol accumulates as 
a result of phagocytosis of cell debris. 
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C-reactive protein, as already mentioned, binds to an FcR bearing subset 
of B, T and null cells, and although the role of this function is unknown it 
is tempting to speculate that it may exert a controlling influence on the 
immune reaction. Similarly orosomucoid (Cit-acid glycoprotein) has many 
characteristics implicating it as an immunodulatory protein. It shows 
sequence homology with the immunoglobulins; it is expressed on the 
lymphocyte cell membrane and the purified protein may inhibit T cells69. It 
is certainly clear that, quite apart from immune defence against invading 
organisms, the immune response may play a part in the clearance of 
autologous material from the sites of tissue damage by the formation of 
autoantibodies and its removal as immune complexes. Immune complexes 
are present in elevated concentrations in the blood in many acute and chronic 
inflammatory conditions, and may well form part of the physiological 
clearance mechanisms without necessarily having further pathogenic significance. 

Repair and resolution 

The biochemistry of repair and resolution following inflammation is little 
understood, but such evidence as there is strongly suggests that some of the 
acute phase proteins may have a role to play. Orosomucoid has been shown 
to promote fibroblast growth and to bind to collagen; Cit-antitrypsin, 
a1-antichymotrypsin and Cl INH have been shown to be deposited in a 
sequential fashion on the surface of newly formed elastic fibres, perhaps 
controlling the remodelling of connective tissue resulting from locally 
produced proteases 70. This is clearly an important area for further research. 

Other acute phase reactants 

Fibronectin and ferritin, both primarily tissue proteins, show acute phase 
behaviour under some circumstances. They differ, however, in having major 
sites of synthesis outside the liver, and are probably not induced in their 
hepatic synthesis by IL 1. It is probable that they do not form functional 
members of the true acute phase protein family. More puzzling, however, 
are the negative acute phase reactants, albumin, prealbumin, transferrin and 
retinol binding protein, the plasma levels of which fall in parallel with the 
acute phase response. The evidence suggests that their hepatic synthesis does 
in fact fall as a direct effect of IL 1. Is this of functional significance in the 
acute phase response, or does it merely reflect a switching of protein synthesis 
towards the acute phase reactants themselves? 

Interspecles differences 

The acute phase proteins have been studied most comprehensively in humans, 
rat and mouse, all of which have a-acid glycoprotein, haptoglobin and 
fibrinogen in common as acute phase reactants. Serum amyloid A protein 
(SA A), serum amyloid P protein (SAP), C-reactive protein (CRP) and 
cx 2-macroglobulin, however, show marked interspecies differences in acute 
phase response (Table 13.3). 
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Table 13.3 Subsets of acute phase proteins induced by different cytokines 

Type I - induced by IL 1/3, 
TNF and IL 6 

Type II - induced only 
only by IL 6 

Dependent on both 
IL 1/3 and IL 6 

Adapted from ref. 9. 

(Xl-acid glycoprotein 
Complement C3 

Complement factor B 

(X l-Protease inhibitor 
Ct l-Antichromotrypsin 

C(l -Macroglobulin 
Caeruloplasmin 

Synergy 
(Xl-Acid glycoprotein 
Complement C3 
Haptoglobin 

Haptoglobin 
SAA 

SAP? 

C-reactive protein 
Cysteine protease inhibitor 

Fibrinogen 
Haemopexin 

Inhibition 
Cysteine protease inhibitor 
Fibrinogen 
Fibrinogen 

CRP and SAP have been shown to possess substantial homology of amino 
acid sequence, subunit composition and calcium-dependent binding to 
specific ligands 71. 72. In humans the genes encoding them are both found on 
the long arm of chromosome 173 , suggesting ancestral gene duplication. 

When pentaxins (the term used to describe the common five-subunit 
composition) are isolated from the plasma of a wide variety of other species 
proteins resembling either human CRP or SAP or both may be present 74. 

In other species, although the pentaxins demonstrate an acute phase response 
to inflammation, the order of magnitude is not as great as CRP in humans, 
and either CRP or SAP respond. Therefore, the acute phase response of 
human, monkey, rabbit, rat and plaice involve CRP, whereas in the mouse 
SAP is the acute phase reactant. Molecules which resemble CRP or SAP 
have been identified from all vertebrates which have been studied, including 
the marine toad, flounder, dogfish, cow, donkey, goat, sheep, chicken, pig, 
dog and also from the horseshoe crab 7 5. In the Syrian hamster the pentaxin, 
known as female protein, is present in a high concentration in females. During 
the acute phase response the concentration in females decreases, and in males 
increases 76. 

In the mouse SAA is the most sensitive acute phase protein, though antisera 
are difficult to raise. SAP is therefore the measurement of choice as this 
protein is easily purified and now commercially available. The mouse shows 
a strong strain-dependency in endogenous plasma SAP concentration and 
acute phase responsiveness. The choice of strain for experiments utilizing the 
acute phase response is therefore extremely important 7 7.7 8. C57BL have been 
shown to exhibit the lowest baseline SAP levels with the largest incremental 
response to inflammation, DBA/2 the highest baseline and the least response, 
whereas Balb/c were intermediate in character as were C3H/He, the 
endotoxin-unresponsive mouse. The response is primarily influenced by the 
non-H-2 genotype and to a lesser extent by the H-2 haplotype of the strain, 
and possibly reflects the ability of macro phages to release SAP-inducing 
cytokines 79. 

Haptoglobin has also been used successfully to monitor inflamamtion in 
the mouse, although in humans it is not regarded as the ideal protein to 
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measure, due to the possibility of genetic defects and the low levels due to 
consumption which may occur during haemolysis. 

In rabbit CRP and SAA are the major acute phase proteins although 
(X2-macroglobulin and transferrin also demonstrate moderate increases. 

Kinetics of the acute phase response 

In humans, CRP and SAA show the greatest response to injury, although 
the rate of increase in plasma concentration and the incremental change 
achieved following the inflammatory stimulus varies considerbly between the 
acute phase proteins. These variations possibly reflect the differential sensitivity 
to induction of synthesis, although in a particular species the pattern of 
response to acute inflammation is constant80•81 . In chronic inflammation 
different patterns of response may be seen following different stimuli, in 
different inflammatory diseases, and following the same stimulus in different 
species or individuals of the same species. This complex situation may reflect 
alterations in the rate of synthesis of individual proteins in response to 
changes in regulating mediator patterns. Glibetic and Baumann82 showed 
that during the progression from acute (less than 24 h after injury) to chronic 
inflammation in the mouse, there was a switch from a predominant expression 
of the gene for (Xl -acid glycoprotein 1 to the gene for (Xl-acid glycoprotein 2. 
In addition, the concentration of albumin mRNA returned to normal levels 
after an initial reduction of 50%, whereas the mRNA for SAA, (Xl-acid 
glycoprotein, haptoglobin and fibrinogen was maximal at 24 h and decreased 
afterwards despite continuing inflammation. These findings afford some 
evidence that a change in regulation of protein synthesis for different proteins 
occurs during chronic inflammation. 

Sites of acute phase protein production 

The presence ofCxRP (now known as CRP) in necrotic myofibres at the 
injection site some 8- 10h after typhoid vaccination in rabbits led Kushner 
and co-workers6 1,83 to postulate that the protein was released into the 
circulation by dead and dying tissue. Gottleib84 suggested that a precursor 
which existed in tissue was converted into active CRP at the site of 
inflammation. However, work by Thorbecke et ai.8s and Asofsky et a1. 86 
demonstrated the presence of CRP only in liver tissue from animals stimulated 
to produce acute phase proteins. Later experiments by H urlimann, Thorbecke 
and Hochwald87 were able to demonstrate incorporation of radiolabelled 
amino acids into albumin, haptoglobin and transferrin as well as CRP, 
produced by cultured rabbit, monkey and human liver preparations. Further 
work using minced hepatic tissue and isolated animal liver preparations 
confirmed that CRP and many other acute phase proteins are produced by 
the liver88. 

The cellular source of CRP was investigated by Kushner and Feldman89• 

CRP was found to be contained within hepatocytes adjacent to portal areas 
24-38 h after administration of inflammatory stimulus, with successive 
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time-related recruitment of cells to protein production90.9l, thereby supporting 
the concept of circulating mediators of the acute phase response. 

Some evidence for extrahepatic synthesis of acute phase proteins also exists. 
Production of (Xl-antitrypsin protein has been shown by rat and human 
monocyte!macrophages92.93 and gene expression demonstrated in human 
monocytes94. NK effector cells have been shown to synthesize and express 
CRP on the cell surface95, whereas secretion of CRP from T cells has been 
reported to increase in the presence of supernatants from phorbol myristate 
acetate-stimulated monocytes96. Several groups have reported the production 
of complement components by monocytes97-l00 and C2 production was 
found to be enhanced by supernatants from antigen-stimulated lymphocytes 1 0 l, 
possibly due to interferon activity l02. 

Extrahepatic synthesis of SAA has also been demonstrated l03. Specific 
mRNAs have been detected in various mouse and hamster organs including 
spleen, lung, kidney and intestine, although the reason for production of this 
molecule at such diverse sites is not known. 

Whilst there is no comparison of the scale of production of these 
extrahepatic proteins with hepatic synthesis, it raises the interesting possibility 
of their production at sites of inflammation, perhaps in response to activated 
cell products. Cells at inflammatory foci may well form part of a front-line 
defence mechanism whereby acute phase proteins are released locally to limit 
the spread of inflammation and initiate tissue repair prior to the onset of 
the systemic acute phase response. 

Cytokines and the acute phase response in vivo 

Evidence of correlations between plasma IL 1 levels and acute phase reactants 
in humans are not apparent despite the recent availability of sensitive 
immunoassay detection methods. Using bioassay methods raised serum levels 
ofIL 6 have been detected in patients with burns l04, and following surgical 
procedures l05. Nijsten et at. 1 04 showed that IL 6 detected in plasma within 
hours after burn injuries was 2-100 times the normal level, while increases 
in CRP and (Xl AT followed more gradually. In postoperative patients IL 6 
was detectable in serum within 3 h, had reached a maximum at 24 hand 
levelled off by 48 h, whereas CRP could not be detected during the first 6 h 
but gradually increased over the next 48 h. Other acute phase proteins 
measured, haptoglobin, (Xl-antitrypsin and orosomucoid, increased gradually 
over a longer time course. 

IL 6 has also been reported in the serum and synovial fluid of patients 
with various rheumatic diseases l06. Synovial fluid levels of IL 6 were found 
to be lOOO-fold higher and to correlate positively with those in serum, 
suggesting localized production in the joint. Synovial fluid levels of IL 6 could 
also be correlated with articular index, a clinical measure oflocal inflammation, 
whereas serum IL 6 levels were positively correlated with CRP and negatively 
correlated with albumin in rheumatoid arthritis. Raised levels of IL 6 in 
serum, urine and CSF have also been reported in various other inflammatory 
conditions involving acute phase responsesl07-110. 
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Cytokine control of acute phase protein production 

Since the liver was discovered to be the major site of acute phase protein 
synthesis a vast amount of experimental work has been directed towards 
elicudation of the chemical messengers involved in synthesis and regulation. 
Although several cytokines have been implicated, the complexity of the acute 
phase response is only just becoming apparent, and it is likely that synergistic 
interaction takes place not only between cytokines, but also between 
cytokines, hormones and other molecules. 

IL 1 

In the I980s IL I was generally believed to be the major inducer of acute 
phase protein production. In vivo experiments using the newly available 
recombinant IL 1111 appeared to substantiate the role of IL 1 implied by 
experiments using purified materiaP12 and direct action on the liver was 
suggested 113. Although evidence pointed to similarities in inducibility of 
complement components and iX1AGP by rIL 1 in animal and human 
cells 53,114-119 IL I-induced SAA production could not be demonstrated in 
human hepatocytes120,121 and other discrepancies soon became clear due 
either to differences in cell systems or to gene responsiveness to different 
species. Lack of correlation between in vivo and in vitro activity has also 
become apparent. In vivo administration of purified or rH-IL 1 causes the 
induction of fibrinogen in all species tested 112,122 although fibrinogen 
expression is not induced by IL 1 at the mRNA or protein level in hepatocytes 
or hepatoma cells from either rat, mouse, rabbit or human117.123-125. It is 
now apparent that IL 1 can induce a limited number of acute phase protein 
genes, and it has also been shown to act in a negative manner by suppressing 
the induction of a number of acute phase proteins (including fibrinogen in 
rat and human as well as iX2M and cysteine proteinase inhibitor in the rat) 
caused by other mediators such as IL6117,123.126. Apart from suggestions 
of differential production of iX1 AGp l19 both the iX and /3 forms of IL 1, 
encoded by separate genes, are equipotent in their actions on hepatocytes, 
and their receptors on human and murine lymphocytes have been shown to 
be identicaP 27. 

TNFa 

In some circumstances TNFiX and IL 1/3, molecules with the same spectrum 
of activities at other cellular target sites, have similar acute phase protein 
inducing capabilities. In various rat hepatoma cell lines both molecules have 
been shown to increase synthesis of iX 1AGP, haptoglobin and C3 125, inhibit 
production of fibrinogen, thiostatin and iX2M128. 

In some cell systems and in vivo, rTNF is not as potent as rIL 1 on the 
induction of acute phase proteins 113,11 7,123, although it is generally thought 
that the same genes are affected. 

Attempts to elucidate the regulatory mechanisms used by IL 1 and/or 
TNFiX revealed that these cytokines could elicit only a partial acute phase 
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response in cultured liver cells compared to hepatocytes treated with crude 
supernatants from COLO 16 tumour cells1l7.123.129, and pointed to the 
existence of other mediators of the acute phase response. 

IL 6 

The monocyte-derived hepatocyte stimulating factor first described by Ritchie 
and Fuller130.131 and later by other groups123.132-134 proved to be identical 
to interferon-f32' hybridoma growth factor, 26 kD protein and B-cell stimulating 
factor 129, and synonymous with monocyte granulocyte inducer type 2 and 
ILHP-l, and subsequently named IL 6. This molecule has since been 
recognized as the major inducer of acute phase protein synthesis, and the 
hepatocyte thought to be the main physiological target of the molecule. 

Gauldie and others135 established that IL 6, in combination with IL 113 
and glucocorticoid, accounts for all the hepatic specific stimulation released 
by monocytes, and Baumann and co-workers have described an additive 
effect of IL 6, IL 1 and glucocorticoids on AGP and haptoglobin synthesis 
in rat hepatoma H-35 cells. In contrast, IL 1 was found to have a negative 
additive effect on IL 6 induction of fibrinogen in rat and human cells, and 
on thiostatin and (X2M in the rat 135 . These effects - the collated results using 
several cell lines - are summarized in Table 13.3, which shows the acute 
phase proteins as distinct subsets based on differential induction by combinations 
of cytokines. . 

IL 6 is known to be produced by a wide variety of cells including fibroblasts, 
synovial cells, endothelial cells and hepatocytes themselves 136, and reports 
of significant expression of IL 6 in normal human hepatocytes 137 and 
IL I-stimulated hepatoma cells104 suggests an autocrine mechanism may be 
involved in liver stimulation. However, IL 6 mRNA expression was not 
detected in the liver of normal rats or those undergoing an acute phase 
response138, which suggests the use of caution when interpreting data using 
isolated hepatocytes cultured under non-physiological conditions such as in 
the absence of corticosteroids. 

IFNJ' 

Conflicting evidence exists regarding the effect of IFNI' on the acute phase 
response and both lack of effect135 and inhibitory activity for some proteins 
and enhancement of others 1 39 have been reported in the HepG2 cell line. 
Although the genes of complement components appear to be sensitive to 
IFNI' when transfected into fibroblasts, the greatest contribution of IFNI' to 
the acute phase response is likely to be via modulation of macrophage 
production of IL 1 and TNF(X14o. 

Cytokine and hormone interactions 

Although the direct effects of IL 1, TNF(X and IFNI' on the liver appear to 
be rather limited these cytokines affect other cells involved in the acute phase 
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response, most notably endothelial cells and fibroblasts. IL 1 and TNFa have 
been shown to induce the production of IL 6 in fibroblasts 141, each is involved 
in the production of the other142.143 and IL 1 can also induce its own gene 
expression l44. In addition IL 1 acting directly on the pituitary to release 
adrenocorticotrophic hormone (ACTH), or indirectly through the hypothalamus 
to induce corticotrophin-releasing hormone, can cause the increase in 
glucocorticoid necessary for the hepatic responsesI45.25,146. 

The network of cytokines may well be viewed as an amplification system 
which conrols acute phase protein production. Although the pattern of 
proteins synthesized is genetically programmed it may be 'finely tuned' by 
the cytokines - IL 6 being the main signal - with other cytokines and 
hormones acting as accessory modulators (Figure 13.2). Proteins synthesized 
would therefore be determined by the sequence of exposure of the hepatocyte 
to the various regulating molecules. In this way the most effective homeostatic 
response to infection, inflammation or tissue damage may be achieved. 

Prostaglandins 

Although the interactions described above are generally believed to regulate 
the majority of acute phase proteins synthesized there is some evidence to 
suggest the involvement of prostaglandins (PG) in animal models of the acute 
phase responseI47-149. 

Whilst these observations are of interest, the mechanisms involved are not 
known and are likely to be complex. Arachidonic acid metabolites are 
produced by most cells involved in tissue repair, and serve to act as mediators 
of alterations in vascular permeability, oedema formation and fever 
production 150. However, direct action on hepatocytes seems unlikely in view 
of the observation that CRP synthesis in isolated rabbit hepatocytes was not 
affected by addition of prostaglandin, and that the acute phase reaction to 
turpentine in rabbits was not affected by indomethacin 151 . Direct induction 
of cytokine synthesis in macrophages is also unlikely, as prostaglandins 
increase intracellular cAMP which has been shown by Dinarello l52 to 
decrease translation oflL 1, and gene expression of TN Fa can be suppressed 
by PGE2153. However, prostaglandins are thought to be chemotactic for 
granulocytes I 40, of which neutrophils have been shown to be capable of IL 1 
production 154. 

Inhibitors of cytoklne activity 

Apparent defects in the acute phase response may in fact be due to the 
presence of cytokine inhibitors. Specific inhibitors of IL 1 activity have been 
reported in a variety of normal and pathological preparations in the presence 
or absence of various stimuli, and the subject is comprehensively reviewed 
by Seckinger et al. 15 5. Inhibitory molecules of various size have been 
described, and all have been shown to be inhibitory in the lymphocyte 
activating factor assay; two were also able to block IL I-induced collagenase 
production by human synovial cells and fibroblasts156.157. The I8-25kD 
inhibitor purified from the urine of patients with monocytic leukaemia 157 
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was also able to block fibroblast proliferation, was effective against both 
IL ItX and IL 1{3, and acted at the cell surface or at the receptor. 

More recent are reports of the existence of IL 1 receptor antagonists -
22kD molecule purified from human monocyte conditioned medium158.159 
and a similar 25 kD molecule purified from the cells of the human U937 
monocyte cell line. This latter antagonist has been found to bind selectively 
to the high-affinity IL 1 receptor on T lymphocytes and fibroblasts, but not 
to the receptor of slightly lower affinity on bone marrow granulocytes, pre-B 
cells and macrophages16o. In vitro the receptor antagonist has been shown 
to inhibit IL I-induced adhesion of neutrophils and eosinophils to endothelial 
cells in a concentration-dependent fashion and to inhibit both IL tel and 
IL lP activities in the LAF assay. In vivo the receptor antagonist has been 
found to suppress corticosterone release when injected subcutaneously into 
mouse hind paw together with IL let and IL tp. Soluble extracellular portions 
of the IL 1 receptor have also been demonstrated to neutralize in vivo IL 1 
activity in mice161. A 40-60 kD inhibitor specific for TNF has also been 
isolated from the urine of febrile patients155. 1t has been shown to be neither 
a precursor nor denatured TNF, and is non-species specific as it also acts 
on a murine cell line. The cellular source of the IL 1 and TNF inhibitors is 
postulated to be the monocyte, and it is likely that negative feedback 
regulators of other cytokines are waiting to be revealed. 

Defective acute phase responses in disease 

Anomalies in the acute phase protein response have been reported in vartious 
diseases. Studies in systemic lupus erythematosus, dermatomyositis, systemic 
sclerosis, mixed connective disease, ulcerative colitis, primary biliary cirrhosis 
and chronic active hepatitis have shown low acute phase protein responses 
for the amount of inflammatory activity present162. This may be due either 
to disease-related unresponsiveness or to 'down-regulation' of the acute phase 
response in chronic inflammation163.9o. Patients with systemic sclerosis did 
not mount an appreciable acute phase response to therapeutic infusion of 
PGE, compared with patients with atherosclerosis149. 

Unresponsiveness in scleroderma was later shown to be associated with 
disease duration164. Increased spontaneous IL 1 activity165 and production 
of an IL 1 inhibitor have been shown in patients with this disease166, although 
decreased monocyte IL 1 production has been observed in a number of 
chronic disease states such as cancer, leprosy and SLE167. Chellingsworth 
et al. 168 reported a 'normal' rapid increase in CRP levels in response to 
staphylococcal infection in a scleroderma patient despite low levels detected 
in active disease, whilst patients with osteoarthritis, SLE and scleroderma 
were found to respond to urate crystal injection in a manner comparable to 
that in controls169. 

Decreased monocyte production ofTNF also has been reported in SLE170, 
and decreased IL 6 production in patients with chronic lymphocytic leukaemia, 
whilst Yorston et aU71 showed that patients with recurrent iritis are 
progressively less likely to show acute phase responses with increasing 
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numbers of previous attacks. In some conditions the acute phase response 
mechanism may become refractory to certain stimuli, or it may be that a 
greater degree of stimulation is required in chronic disease. Defective host 
response to tissue damage or injury could therefore enhance or perpetuate 
inflammation. 
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14 
The role of leukocyte chemotaxis in 
inflammation 
A.ROT 

INTRODUCTION 

The movement of leukocytes from blood into the tissues in response to 
inflammatory stimuli was observed and described as early as 1891 by 
Metchnikoff1 and 1888 by Leber2; however, only within the past few decades 
has some light been shed on the cellular and molecular mechanisms involved 
in the process ofleukocyte emigration. During inflammation, blood leukocytes: 
(1) marginate and adhere to the endothelial cells of the postcapillary venules, 
(2) migrate across the endothelial cell layer and basal membrane, and (3) 
move in the tissues towards the source of inflammation where they fulfil their 
function in host defence. Whereas altered parameters of circulation and the 
expression of recently identified adhesion molecules by the leukocytes and 
endothelial cells are responsible for margination and adhesion, the chemotaxis 
of leukocytes (their capacity of directed movement along a concentration 
gradient of molecules referred to as chemotaxins or chemoattractants) is 
considered essential for leukocyte emigration and movement in extravascular 
tissues. 

Leukocyte chemotaxis is a complex process which includes receptor-mediated 
gradient perception, signal transduction via a second messenger pathway, 
conformational changes of cytoplasmic contractile elements leading to 
polarized behaviour, including development of morphological asymmetry, 
coordinated attachment to the surface at the leading edge and detachment 
at the back end resulting in continuous unidirectional movement. In spite 
of the rapidly growing body of knowledge on the biochemistry and cell 
biology of leukocyte chemotaxis, the molecular mechanism of none of the 
described steps is fully understood. 

During the past two decades numerous new leukocyte chemotaxins have 
been discovered. These include factors produced by microorganisms, generated 
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in the blood from serum proteins or by platelets, derived from extracellular 
matrix, produced by endothelial cells, smooth muscle cells, leukocytes, 
fibroblasts and the nervous system. The differences in the origin of chemotaxins, 
their potency and target cell population result in the variability and 
pleomorphic appearance of cellular exudate in different locations and in 
different stages of the inflammatory response. 

This chapter gives a brief overview of the methods used for studying 
leukocyte chemotaxis, molecular mechanisms involved in signal transduction 
and cell movement, factors influencing chemotaxis, differences and common 
features of chemoattractants, and the possible role of chemotaxis in the 
inflammatory processes. 

MEASUREMENT OF LEUKOCYTE CHEMOTAXIS 

The in vivo injection of a chemoattractant induces the accumulation of 
leukocytes at the site of the injection. Emigration of leukocytes in response 
to the chemoattractants can also be observed in vivo using either the Rebuck 
skin window technique3 or the blister chamber technique4 . Thus, chemo
attractants and chemotaxis can be studied in vivo, which would seem ideal 
since the response of mixed and physiologically proportionate leukocyte 
populations can be observed in their 'natural habitat' under the influence of 
the same factors as in health and disease. However, the factors influencing 
the leukocyte emigration in vivo are also related to phenomena other than 
leukocyte chemotaxis. Altered parameters of circulation, endothelial cell 
adhesion and vascular permeability can affect leukocyte emigration and the 
results of in vivo chemotaxis assays. A number of non-chemotactic molecules, 
e.g. endotoxin, interleukin 1 (IL 1), tumour necrosis factor alpha (TNFa), 
interferon-gamma (INFy), etc., will cause leukocyte emigration in vivo. It is 
likely that in vivo all such compounds induce the production of chemotactic 
cytokine(s) which in tum cause the emigration of leukocytes. In addition, 
the stimulation of responding or by standing cells with one chemotaxin can 
lead to the production and release of another chemotaxin with a different 
spectrum of activities. Thus, the criterion for chemotactic activity of the 
molecule must be its ability to induce the directed migration of leukocytes 
in vitro. In general, leukocyte migration and chemotaxis, like other phenomena, 
are better understood when studied separate from other biological processes, 
namely in vitro. 

The early investigators studied in vitro leukocyte chemotaxis with great 
devotion but lacked pure, well-defined attractants, pure responding cell 
populations and reproducible in vitro methods for measuring chemotaxis. 
Therefore, it is difficult to state in modem terms the results of their efforts, 
which are documented in a detailed review by H. Harriss. In the 1960s two 
papers signalled the beginning of the new age of in vitro leukocyte chemotaxis 
studies. A. Boyum described a simple leukocyte separation technique6 and 
s. Boyden a method to ascertain in vitro leukocyte chemotaxis using a device 
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of new design 7. Though several other methods for studying leukocyte 
chemotaxis in vitro have since been described (reviewed by P. C. Wilkinson8), 
including migration under agarose9, migration into three-dimensional gels 10, 

Zigmond chamber11 , time-lapse techniques 12,13, etc., the Boyden-type chamber 
technique remains the easiest, most reproducible and most widely used 
method for measuring cell migration in vitro. The chamber consists of 
cell-containing (upper) and attractant-containing (lower) compartments 
separated by a membrane. Upon assembly of the chamber, the gradient of 
chemoattractant becomes established across the membrane. Either thick 
membrane (a mesh of cellulose ester fibre 7 ) or thin membrane (a polycarbon
ate nuc1eopore sheet with uniform, randomly distributed pores14) can be 
used. In the case of a thick filter the distance which the cells migrated is 
defined either for the representative population of all the cells in the filter15,16 

or only for cells which moved the longest distance (leading front method17). 

In the case of a thin membrane the cells migrate through the pores and their 
number is defined by counting them on the lower surface of the filter or 
measuring in the lower compartment of the chamber the cell-associated 
radiologicaF8, physicochemicaF9 or biochemicaFo parameters. Numerous 
modifications of the Boyden chamber exist; the 48-well chamber21 is one of 
the most successful among them. Due to the small well volume the chamber's 
attractant and cell requirement is minimal and the fast assembly allows the 
simultaneous use of several chambers22. Both nucleopore and millipore23 

filters can be used for studying chemotaxis of all leukocyte types24,2 5 

(Figure 14.1) and other cells26,27. However, even the Boyden-type chamber 
is not ideal, either for simulation of the in vivo situation or for strict control 
of in vitro physicochemical and biological parameters28. 

LEUKOCYTE CHEMOATTRACTANTS 

The use ofthe Boyden-type chamber, the development of modern biochemistry 
and new separation techniques, and the recent advances in recombinant 
technology greatly facilitated· the discovery of a number of well-defined 
leukocyte chemoattractants. Table 14.1 lists only those most frequently 
studied. Few chemoattractants are specific for one leukocyte type; the 
majority ofthem attract more than one type, and some are capable of inducing 
chemotaxis of all the leukocyte types (panchemotaxins). Due to the differences 
in chemotaxin potency (concentration of chemotaxin causing optimal response) 
and efficacy (the magnitude of the response at the optimal concentration) for 
different leukocytes, even panchemotaxins at a given concentration 
predominantly attract only one or two types of leukocytes. The specificity 
of chemotaxins for a certain leukocyte type might be one of the causes of a 
differential appearance ofleukocytes in inflammatory exudates. The proportions 
of different leukocytes in blood can also have an impact on the composition 
of the cellular infiltrate. For example, the infiltrate induced by a hypothetical 
chemotaxin with identical potency and efficacy for neutrophils and lymphocytes 
in humans would, theoretically, contain twice as many neutrophils as 
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ROLE OF LEUKOCYTE CHEMOTAXIS IN INFLAMMATION 

Table 14.1 Leukocyte chemoattractants 

Exogenous 
Formyl peptides29 

Endogenous: plasma-derived 
C5a30 

Thrombin31 
Fibrinopeptide32 

Endogenous: Ieukocyte-derived 
Leukotriene B4 (L TB4)33 
Platelet activating factor (PAF)34 
Urate crystal-induced chemotactic factor (CCF)35 
Eosinophil chemotactic factor of anaphylaxis (ECF-A)36 
Neutrophil activating/attracting peptide (NAP_l/IL_8)370 41 
Monocyte chemotactic peptide (MCP_l)42 
Transforming growth factor P (TGFp)43 

Intercellular matrix proteins and tbeir fragments 
Collagen44 
Elastin fragments45 
Fibronectin fragments46 
Laminin47 

Neuropeptides and tbeir syntbetic analogues 
p-Endorphin and met-enkephalin48 
Bombesin49 

Benzodiazepines so 
Substance p51 

lymphocytes, whereas in the rat the lymphocytes would outnumber neutrophils 
50 to 1. 

The major event modifying the outcome of leukocyte chemotactic response 
in vivo is the requirement (and the differential ability) ofleukocytes to adhere 
to the endothelial cells prior to emigration. Thus, the induction of selective 
adherence between endothelial cells and different leukocyte types at the 
different stages of inflammation, a phenomenon unrelated to chemotaxis but 
promoted by a v~riety of cytokines52 and, possibly, chemotaxins, can also 
contribute to the pleomorphic appearance of the inflammatory cell infiltrate. 
Whereas several neutrophil- and monocyte-specific chemotaxins have been 
described31.32.37-41.42.48-s1, little is known about lymphocyte-, eosinophil-, 
and basophil-specific chemotaxins, although these almost certainly exist. This 
is partly due to the fact that basophils and eosinophils constitute only a 
small proportion of peripheral blood leukocytes and are difficult to purify 
in large numbers. The problems associated with studying lymphocyte 
chemotaxis include the use of a heterogeneous responding cell population, 
very low efficacy of lymphocyte chemotaxins, and slow speed of cell 
movementS 3. Formyl pep tides, C5a, and several not fully defined cytokines 
derived from different cells participating in chronic inflammation are amongst 
the factors thought to induce lymphocyte locomotions3. Eosinophils respond 
chemotactically to L TB4, formyl peptides, and C5a, but factors with 
preferential activity for eosinophils are also known. PAF is the most potent 
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among them. Others include ECF -A 36 and the recently identified chemotactic 
lipoxygenase product, eosinophil-derived eosinophil chemotactic lipid (ECL)54. 
Basophils appear rarely in human inflammatory infiltrates, e.g. occasionally 
in the late stages of acute hypersensitivity and in delayed-type hypersensitivity. 
Chemotaxins stimulating basophil migration include C5a and NAP-i, but 
no specific basophil chemotaxins are known. 

CHEMOKINESIS AND HAPTOTAXIS 

Chemotaxis can be distinguished from other defined and significant forms 
ofleukocyte movement. Unstimulated leukocytes exhibit spontaneous random 
migration. The higher-speed random movement of the cells caused by 
chemical substances is called chemokinesis. 

Chemokinesis can be studied by placing the tested substance with the 
responding cells in the top compartment or simultaneously in the top and 
bottom compartments of the Boyden-type chamber. Almost all known 
chemoattractants also have a chemokinetic effect. In some cases the contribution 
of chemokinesis to the overall cell locomotion could be overestimated due 
to the experimental artifact related to the capability of leukocytes to rapidly 
degrade and inactivate chemotaxins55.56. 

The gradient of a surface-bound substance can also cause directed 
movement of the cells. This phenomenon is called haptotaxis57. The role of 
haptotaxis is well documented in the case of tumour cell migration along 
the substrate-attached gradients of extracellular matrix components 58. Since 
the leukocytes, unlike bacteria, have to adhere to the surface in order to 
migrate, and chemoattractants, often being hydrophobic molecules, also tend 
to bind to the biological surfaces, it would be sensible if leukocytes could 
recognize the gradients of the substrate-bound ligand and migrate along 
them. The significance of haptotaxis in inflammation is not yet fully 
established, since most of the conventional methods for studying leukocyte 
migration do not permit the differentiation between directed migration in 
response to soluble and in solubilized gradients. Nevertheless, when using 
some attractants, e.g. C5a or casein, the phenomenon of leukocyte haptotaxis 
can be seen59.60 but when using others, e.g. formyl peptide, haptotaxis is not 
observed61. 

LEUKOCYTE ACTIVATION BY CHEMOATTRACTANTS 

Besides stimulating directed and random cell movement, chemoattractants 
also enhance phagocyte aggregation and adherence to foreign surfaces, initiate 
the release oflysosomal enzymes and the production and release of superoxide 
and hydrogen peroxide resulting, in turn, in chemiluminescence62- 65. For 
several chemoattractants the concentration required to elicit optimal metabolic 
burst and enzyme release was reported to be several-fold higher than the 
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concentration required for optimal chemotactic response63; therefore it was 
postulated that the production of oxygen radicals and degranulation in vivo 
does not begin until the leukocytes reach the area with the highest 
chemoattractant concentration. The in vitro chemotactic and secretory 
potencies of some attractants, e.g. NAP-I, are very similar, but no signs of 
either degranulation or endothelial cell damage can be observed in the process 
of massive emigration of neutrophils in response to an in vivo injection of 
NAP-l (Rot and Paku, unpublished). This suggests the existence of in vivo 
mechanisms or factors that suppress the leukocyte secretory functions while 
they are still in blood or migrating across the vessel wall. One such factor 
could be adenosine, which at physiological blood concentrations inhibits 
oxygen radical production in leukocytes but enhances chemotaxis66. Some 
chemotaxins, e.g. formyl peptides and C5a, are potent inducers of lysosomal 
enzyme and oxygen radical secretion; others, like LTB4 or PAF, in spite of 
being potent chemoattractants, are very weak inducers of secretory 
functions67- 7o. The chemotactic potency of different formyl peptides correlates 
well with their secretory potency63.68. In contrast to this, the chemotactic 
efficacy of the formyl peptides from the same series shows no correlation 
with their secretory efficacy68. Chemoattractant-induced enhanced leukocyte 
aggregation and adherence to substrate are probably achieved by up-regulation 
ofleukocyte adhesion molecule expression which also promotes the adherence 
of leukocytes to endothelial cells. 

CHEMOATTRACTANT RECEPTORS 

Chemoattractants exert their effect on leukocytes via specific cell surface 
receptors which have been described for most of the defined chemoattrac
tants69- 72 and constitute the subject of several reviews 73,74. Following ligand 
binding, receptors are aggregated and internalized75. Receptor internalization 
and possibly changes in receptor affinity result in the decrease of further 
chemotaxin binding 76.77 (receptor down-regulation). The internalized formyl 
peptide receptors are rapidly replaced, possibly from the intracellular 'reserve' 
pool which was initially thought to be present on the membrane of secondary 
granules 78. The recent discovery of a new cellular compartment, which can 
fuse with the cell membrane and cause the up-regulation of the formyl peptide 
receptor and Mac-I (a molecule also previously thought to be present 
exclusively in secondary granules), suggests an alternative site of intracellular 
storage for formyl peptide receptors 79. In contrast to formyl peptide receptors, 
C5a and LTB4 receptors probably have no intracellular storage pool and 
are re-expressed on the surface membrane more slowly by recycling, possibly 
via the Golgi complex80.81 . The neutrophil formyl peptide receptor was 
shown to have three different affinity states82. The interconvertible change 
from higher to lower affinity can be achieved by GTP and analogues83 which 
act via a guanine nucleotide-binding protein (G-protein). The receptor is 
shifted to its third, highest affinity (non-dissociable state) shortly after binding 

277 



BIOCHEMISTRY OF INFLAMMATION 

the chemotactic ligand82. This G-protein independent affinity shift is the first 
step of receptor internalization, and may involve interaction with the 
cytoskeleton since it is inhibited by cytochalasin B82. The interconversion 
of the receptor's affinity can play a role in leukocyte adaptation to the 
chemotactic stimulus (cells lose responsiveness to restimulation with the same 
concentration of a chemoattractant, whereas a higher concentration elicits 
the full response)13,84,85. Adaptation also allows the leukocytes to respond 
to chemotactic gradients in a wide range of attractant concentrations. Several 
factors, including the ubiquitous LPS, up-regulate the receptor number and 
decrease the affinity of chemoattractant receptors86. The mobilization of 
receptors, the conversion of their affinities before or during the receptor 
binding assay, different temperatures of cell isolation and assay, the use of 
different labelled ligands, and also the fact that some studies were done on 
intact cells and others on membrane preparations, can account for the wide 
variation in the published number of receptors per cell and their affinity 73, 74 
and also the results consistent with either one subset 72 ,87 or two affinity 
subsets of chemoattractant receptors88- 90. 

The notion that low concentrations of formyl pep tides stimulate leukocyte 
chemotaxis and high concentrations stimulate the metabolic burst prompted 
the development of two hypotheses attempting to explain the transduction 
of multiple cell function by formyl peptide receptors. According to one 
hypothesis the high-affinity chemotaxin receptors transduce locomotory 
signals, whereas low-affinity receptors transduce secretory signals (experimental 
evidence suggesting that dual receptor affinity reflects dual receptor function 
is reviewed in ref. 73). The alternative hypothesis 74 postulates that all receptors 
are capable of transducing all signals, and the elicited cellular response 
(locomotion or secretion) depends on the level of receptor occupancy 
determined by chemotaxin concentration. The ligand binding to 1% of a 
cell's total chemotaxin receptors stimulates chemotaxis; ligand binding to all 
receptors is required for induction of the metabolic burst. If either of these 
hypotheses is correct, one has to assume that additional factors regulate the 
differential signalling for various cellular functions in the case of chemotaxins 
with similar locomotory and secretory potencies (e.g. NAP-I). 

SIGNAL TRANSDUCTION AND CYTOSKELETAL ACTIVATION 

The transduction of the chemotactic signal to the contractile cytoskeletal 
elements probably happens via the G-protein coupled phosphatidylinositol 
pathway. According to the prevailing concept 74.91-94, the occupancy of a 
chemoattractant receptor will cause the binding of GTP to, and the release 
of GDP from, cholera and pertussis toxin-sensitive G-protein, resulting in 
its subsequent activation. The G-protein GTP complex activates inositol 
phospholipid specific phospholipase C (PLC) which hydrolyses phosphati
dylinositol-4,5-biphosphate (PIP 2) into inositol-l,4,5-triphosphate (IP 3) and 
1,2-diacylglycerol (DAG). IP 3 mobilizes intracellular calcium (Ca2+) which 
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promotes the influxes of extracellular Ca2+, whereas DAG can stimulate 
protein kinase C (PKC) which, in turn, activates NADPH oxidase and the 
respiratory burst. PIP 2-derived DAG was recently shown to be insufficient 
to fully activate PKC96, IP 3 metabolites may play a role97 in the further 
mobilization ofCa2 +, Free cytosolic Ca 2 + stimulates the additional production 
ofDAG from an alternative to the PIP 2 source, possibly phosphatidylcholine 
(PC), Methylation of phosphatidylethanolamine and generation of PC, a 
transduction pathway of several signals in a variety of cells98, has also been 
implicated in the transduction of chemotactic signals99 ,100, Phospholipase 
D, activated by PKC, Ca2 +, and also by an independent pathway, can amplify 
the chemoattractant-induced metabolic burst of the leukocytes by generation 
of phosphatidic acid which stimulates NADPH oxidase101, The involvement 
of phospholipase A2 in the transduction of locomotory signals, in addition 
to the generation ofLTB4 and PAF precursors, has also been suggested102, 

Two negative feedback loops can terminate the biological response: (a) the 
stimulation of PKC leads to the down,-:egulation of chemoattractant surface 
receptors103 and the inhibition of G-protein coupling to PLC104,105; and (b) 
the intracellular Ca 2 + induces an elevation of cAMP levels, leading to 
inactivation ofPLC probably via its phosphorylation by the cAMP-dependent 
protein kinase92 , No pieces are missing from the jigsaw puzzle picture of the 
transduction pathway leading from chemotaxin-receptor interaction to 
activation of metabolic burst, while the Ca2 + influx and PKC were identified 
as signals necessary for degranulation91, Conversely, it is not easy to pinpoint 
the mediators initiating leukocyte locomotion, Leukocyte movement is 
thought to be driven by the contractions of cytoskeletal elements which are 
induced, in turn, by rapid polymerization-depolymerization of actin106,107, 
The analogy with other contractile systems would suggest that Ca2+ can 
stimulate cytoskeletal protein polymerization directly or by acting via Ca2+ 
or calmodulin-dependent protein kinases, However, it has been shown that 
neither Ca2+ influx and the consequential cytoplasmic pH drop nor the 
oxidative burst playa signalling role in the initiation of actin polymerization 
elicited by chemoattractants108, Another possible mediator capable of 
initiating actin polymerization is PIP 2' a substrate rather than a product of 
the phosphoinositol pathway109, It was shown that PIP2 can induce in vitro 
actin polymerization by releasing actin from its complex with the actin binding 
protein profilin 11 0 and inhibiting the severing function of gels olin 111, In this 
respect it could be significant that besides the stimulation of PIP 2 hydrolysis 
by PLC, chemotaxins also induce very rapid activation of phosphatidylino
sitol-4-phosphate kinase (PIP kinase), the enzyme responsible for PIP 2 
synthesisl12, PKC could also influence actin polymerization by phosphorylating 
cytoskeletal proteins such as vimentin and myosin91 , The role of PKC in 
mediating leukocyte chemotaxis is emphasized by the fact that PKC inhibitors 
can selectively inhibit neutrophil chemotaxisl13, Also, DAG could be involved 
in locomotory signal transduction; DAG metabolites can alter the lipid 
composition of membranes leading to redistribution ofthe attached contractile 
elements91, DAG itself was found to be chemotacticfor human neutrophils l14, 
This means either that cell surface receptors and their adaptational changes 
are not required for gradient perception and chemotaxis or that DAG is not 
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chemotactic but stimulates the randomly migrated neutrophils to release a 
chemotactic factor. 

MECHANISM OF LEUKOCYTE LOCOMOTION 

The mechanism by which the contraction of cytoskeletal elements causes 
leukocyte migration is envisaged in several different models. According to 
the attractive hypothesis introduced by Bray and White l15, cortical tension 
created by actin-containing cytoskeletal elements relaxes at the front of the 
cell, creating a pseudopod, whereas the rest of the membrane-associated 
cytoskeletal apparatus contracts towards the back of the cell in a form of 
'constriction rings'. Transmembrane components of the rings are attached 
to the substratum and remain stationary in. respect to it, whereas the rest of 
the membrane and the cytoplasm float forward 'through' the constriction 
rings; the uropod periodically detaches from the substrate and retracts into 
the cell. As a result, directed migration of the cell is achieved. For prolonged 
movement the building blocks of the constriction rings (cytoskeletal elements, 
adhesion molecules) must recirculate forward. This happens either by 
cytoplasm flow or the recently demonstrated rapid forward transport of the 
molecules on the surface of a locomoting celP 16. According to an alternative 
theory of celllocomotion l17, the surface membrane of a moving cell moves 
backward, gets pinocytosed at the tail end, and recycled via cytoplasm to 
the front where the vesicles get inserted into the surface membrane. The 
driving force of the cell locomotion is the backwards movement of 
membrane-incorporated adhesion molecules which are attached to the 
substrate. Evidence against this 'retrograde lipid flow' theory of leukocyte 
locomotion recently came from two experimental studies. One used gold 
particle labelling and showed that some of the surface membrane-bound 
particles, and the glycoprotein molecules by which they attach, diffuse 
randomly, whereas only those attached to the cytoskeleton move rearwardsl18• 

The other study, using photobleaching and digital image processing, showed 
that the membrane lipid moves at the speed of cell locomotion forward and 
not backwardl19. 

A biophysical approach to the question of leukocyte locomotion resulted 
in the development of an 'osmotic pressure' theory120. According to this 
theory, cytoskeletal actin cannot be a source of protrusive force which moves 
the cell forward. Instead, osmotic pressure created by the appearance of 
osmotically active particles produces the protrusion, whereas actin polymer
ization only fills the protrusion up, preventing its collapse. 

GRADIENT PERCEPTION BY LEUKOCYTES 

Upon stimulation by a chemoattractant gradient, leukocytes undergo a 
characteristic shape change: they become elongated and develop a wide 
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pseudopod oriented in the direction of the gradient11 . This is accompanied 
by polarization of their ultrastructure, including actin filaments, centriole, 
microtubules and nucleus121. When the direction of the chemotactic gradient 
is changed, the leukocyte either retracts the pseudopod and develops a new 
one at its tail end12.122 or 'walks around' in a circle but continues to develop 
a pseudopod at its leading edge121.123.1t is noteworthy that the morphological 
polarity of leukocytes does not develop as a result of stimulation by a 
chemotactic gradient, but is probably a function of cell motility. Leukocytes 
moving in the absence of a chemotactic gradient also show polarized 
morphology and continue to extend pseudopods from their front end13. The 
polarized morphology could enhance the detection accuracy of a chemotactic 
gradient by the cell if, according to the prevailing 'spatial' hypothesis of 
gradient perception, leukocytes 'read' the chemotactic gradients by sensing 
the differences in chemoattractant receptor occupancy along their axes11 .124-. 

In contrast to this, bacteria compare their present 'after-the-move' 
chemoattractant receptor occupancy with the previous 'before-the-move' one 
('temporal' gradient sensing)125. As a result of this comparison the bacterial 
cell either tumbles and swims a short lap (direction: down the gradient) or 
suppresses tumbling and swims a long lap (direction: up the gradient). The 
essential part ofthis mechanism of gradient detection is bacteria's intermittent 
'trial-and-error' movement in all directions, which finally adds up in the 
migration along the gradient. The 'temporal' mechanism of gradient perception 
has also been postulated for leukocyte chemotaxis. Since the gradient 
detection by leukocytes does not require their movement 124, the morphological 
substrate for the 'temporal' gradient detection would be the pseudopod which 
acts as a probe by rapidly advancing in different directions123. Depending 
on the encountered concentration of chemotactic ligand, the receptors on 
the pseudopod would experience a different degree of saturation. The cell 
would follow the movement of the pseudopod along the gradient but would 
retract the pseudopod and would not move down the gradient. The 'temporal' 
mechanism of gradient-sensing by leukocytes would also be possible if the 
cells could detect impulse ('temporal') but not stable ('spatial') gradients of 
chemoattractants126. Experimental evidence is insufficient to decide between 
the 'spatial' and 'temporal' theories of gradient detection by leukocytes. 

FACTORS INFLUENCING LEUKOCYTE CHEMOTAXIS 

Leukocyte heterogeneity 

Not all leukocytes of one type are capable of migrating to the same 
chemotaxin. This is partly because leukocyte populations are not homogeneous 
in their chemotaxin receptor expression. Less than 10% oflymphocytes have 
receptors for C5a127 and NAP-I. Only about 60% of human monocytes 
have formyl-peptide receptors128 and 68% of them have receptors for C5a 127. 
The monocyte subpopulation with the receptors for one chemoattractant 
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also has a receptor for others, leaving the population without chemotactic 
receptors incapable of chemotactic response 1 29.130. However, it was recently 
demonstrated that some of the monocytes from a population previously 
shown to be devoid of chemotactic receptors may have C5a and formyl-peptide 
receptors but in very low numbers131. 

The presence of a cell surface receptor for a particular chemotaxin does 
not necessarily mean that the leukocyte will show a chemotactic response 
to it. Though almost all neutrophils have receptors for C5a, only a fraction 
of them migrate in response to this chemotaxin127.132. The high efficacy 
formyl methionyl peptides cause the migration of almost all the neutrophils 
and all the monocytes with the formyl peptide receptor68, whereas formyl 
tripeptide chemoattractants, though binding to the same receptors, stimulate 
the migration of only a fraction of the receptor-bearing cells128.132. Thus, 
the poor response of some leukocytes is not an experimental artifact related 
to an apparent inability of all leukocytes in the suspension to initiate their 
migration simultaneously28. Some receptor-bearing leukocytes do not migrate 
but respond only with respiratory burst and degranulation following stimulation 
with chemoattractant. For example, the binding of formylated peptide to its 
receptor on equine neutrophils and L TB4 to its receptor on rat neutrophils 
causes cell activation but not chemotaxisI33.134. These examples also reflect 
the profound species-specific differences in leukocyte responsiveness to 
different chemoattractants. Whereas formylated peptides are chemotactic for 
mouse, rat, rabbit and monkey neutrophils, they are not chemotactic for 
horse, cow, cat, dog, pig and goat neutrophils, chicken heterophils, mouse 
monocytes and macrophages135. 

Deactivation 

Pre-exposure of leukocytes to a chemoattractant can cause an inhibition of 
chemotaxis towards the same attractant. This deactivation is attractant-specific 
since other chemoattractants are able to elicit full chemotactic response, and 
is probably induced by down-regulation of the surface receptors. Pre-exposure 
ofleukocytes to high concentrations of an attractant abolishes the chemotactic 
responsiveness of the cells to all chemotaxins. This 'unspecific' deactivation 
is probably caused by exhaustion of a second messenger component common 
to all attractants, or by a negative feedback in signal transduction pathways, 
e.g. inhibition of PLC by PKC105. When leukocyte chemotaxis is studied in 
vitro, chemoattractants usually produce a bell-shaped dose-response curve 
(Figure 14.2). Rapid specific and, maybe, unspecific deactivation causes the 
low-level migration in response to high concentrations of chemoattractant. 
The practical consequence of this phenomenon is that in order to establish 
the chemotactic potency and efficacy of an attractant it is important to test 
its full concentration range. 

Besides the specific deactivation of the responding leukocytes by 
chemoattractants, specific in vivo deactivation of the inflammatory site has 
also been described. Injection of a chemoattractant into the skin site of 
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Figure 14.2 In vitro human neutrophil chemotaxis to NAP-I. Note the bell shape of the 
dose-response curve. The star marks the level of neutrophil migration to the buffer control. 

experimental rabbits was shown to deactivate the site for restimulation with 
the same attractant but not an alternative attractant 136,137. The failure of 
leukocytes to emigrate following the repeated injection of the same attractant 
into the identical site was not a result of either altered blood and lymph 
circulation or systemic desensitization ofneutrophils, but was possibly related 
to down-regulation of hypothetical receptors involved in the control of 
neutrophil extravasation and located on endothelial cells of postcapillary 
venules138. 

Inhibition 

In addition to the fast degradation or inactivation of chemotaxin by 
responding cells and environmental factors 55 •56, 139,140, the leukocyte 
chemotactic response can also be terminated by inhibitors of chemotactic 
movement. Physiological chemotactic inhibitors such as retroviral p15E and 
related proteins, which are also present in human tumour effusions141 and 
are produced by endothelial cells in response to IL 1 stimulation, possibly 
playa role in the termination of leukocyte emigration142 . A number of 
cytokines can inhibit leukocyte migration and/or chemotaxis. These include 
the first known cytokine, the recently cloned migration inhibitory factor 143, 

INFy 144, interleukin 4145, TNF 146 and granulocyte monocyte colony stimulating 
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factor 14 7. Pharmacological inhibitors of in vitro chemotaxis include antibiotics, 
sulphonamides, suI phones, bacterial toxins, various anti-inflammatory agents, 
lipoxygenase inhibitors, etc. 148. 

EXOGENOUS CHEMOATTRACTANTS 

The notion that exogenous factors, including bacteria, can be a source of 
chemoattractant comes from the founding fathers of leukocyte chemotaxis1•2. 

The application of modern protein chemistry and quantitative in vitro 
measurement of chemotaxis to this problem began with the work of Keller 
and Sorkin149 and also Ward, Lepow and Newman, who showed that a 
number of bacteria elaborated small peptides with chemoattractant activity 
for neutrophils150. E. Schiffmann and co-workers purified chemotactic 
activity from Escherichia coli (E. coli) culture supernatants and found that 
it is associated with several N-terminally blocked peptides151 • Unable to 
directly identify the structure of these peptides, Schiffmann postulated that 
these molecules must have characteristically prokaryotic markers which can 
be recognized by the eukaryotic host during infection. Since bacteria initiate 
their protein synthesis with formylmethionin (an amino acid in eukaryotes 
found only in mitochondria), the hypothesis was developed that chemotactic 
N-terminally blocked peptides in E. coli supernatants were formylmethionyl 
oligopeptides derived from N-terminal regions of bacterial proteins29. To 
test this hypothesis a series of N-formylmethionyl peptides was synthesized 
and found to be chemotactic for neutrophils and macrophages29. In a larger 
series of synthetic formylmethionyl tripeptides, tMLF was the most potent63 . 

The family of synthetic formyl peptides provided an ideal opportunity to 
study chemotaxin structure - biological activity correlations (reviewed by E. 
L. Becker152), whereas tMLF became the most commonly used experimental 
chemoattractant. Several recent attempts were made to separate and identify 
bacterial chemoattractants and thus directly prove Schiffmann's hypothesis. 
Since bacterial chemotaxins are present in culture filtrates in very small 
amounts, and the chemotactic potency of the filtrate is a sum of activities of 
multiple related but different peptides, all attempts to purify to homogeneity 
and sequence these chemotaxins have failed 153-155. Despite the failure to 
purify and sequence bacterial chemotactic peptides, one can conclude on the 
basis of an overwhelming body of indirect evidence that formyl oligopeptides 
are indeed the major bacterial chemoattractants. Their ability to attract cells 
as diverse as leukocytes, spermatozoa26 and tumour cells27 reflects the 
important role these pep tides played in the process of phylogenesis. 

Bacteria-derived chemoattractants other than formyl peptides also exist. 
It was recently shown that bacterial pheromones, small non-formyl pep tides, 
have chemotactic activity for leukocytes 156. These molecules are not very 
potent chemoattractants since they act via the formyl peptide receptor to 
which they show very low-affinity binding156. Lipid and glycopeptide 
molecules with chemotactic activity for neutrophils were also isolated from 
E. coli filtrates, but their structure was not defined 157• 
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Apart from producing leukocyte chemoattractants, bacteria initiate several 
mechanisms of endogenous chemoattractant production. Bacteria and LPS 
activate complement and cause the generation of chemotactic complement 
factor C5a 15 7; either the phagocytosis of bacteria or several bacterial products 
initiate LTB4 release from leukocytes158 ,159. Bacterial LPS also induces the 
production of chemotactic cytokines like NAP-lor MCP-l by several cell 
types160,161. Fungi also produce leukocyte chemotaxins162, but the attraction 
of leukocytes to the site of fungal infection can be achieved by alternative 
mechanisms involving either complement activation and generation of C5a 157 
or the release of L TB4 by monocytes following the stimulation of their 
p-glucan receptors163. 

COMPLEMENT -DERIVED CHEMOTACTIC ACTIVITY 

When S. Boyden introduced a new in vitro method for measuring leukocyte 
chemotaxis as an attractant he used antigen-antiserum mixtures 7. In 
retrospect it is likely that he was studying complement-derived chemotactic 
activity since antigen-antibody complexes are known to activate complement 
via the 'classical' pathway. The chemotactic activity of complement fragments 
was described by Ward et al. 30• Initially it was thought that both small 
anaphylatoxic complement fragments C5a and C3a have chemotactic activity 
for leukocytes; but it was shown later that only C5a has significant 
chemotactic activity164. In 'classical' and 'alternative' pathways of complement 
activation, C5a is generated via the proteolytic cleavage of native C5 by two 
different complexes of C3b. Different cellular enzymes can also cleave C5 
and generate C5a165. The leukocyte chemotactic activity attributed to two 
plasma-derived factors, kallikrein and plasminogen activator166,167, is possibly 
due to their ability to generate C5a168. The limited proteolysis of C5 can 
also result in the generation of a large molecular weight chemoattractant 
without the release of C5a169,170. C5a is a more potent anaphylatoxin than 
chemotaxin. At concentrations as low as 10 -15 molll it induces the release 
of histamine and other vasoactive mediators171 which, in turn, act via their 
receptors on the endothelial cells of postcapillary venules to induce the plasma 
leakage essential for further generation of C5a in the extravascular tissue. 
The anaphylatoxin activity of C5a is rapidly and completely abolished by 
carboxypeptidase N cleavage of C-terminal arginine, thus creating C5a 
des_Arg139. C5a des-Arg is 15 times less potent than C5a chemoattractant 
for neutrophils, but has the same chemotactic potency for monocytes as 
C5a 1 72. Chemotactic activity of C5a and C5a des-Arg is enhanced by a serum 
factor initially called 'cochemotaxin'173 and recently identified as a vitamin 
D-binding protein (group-specific component globulin, GcG)174,17S. Because 
the conversion of C5a to C5a des-Arg is almost instantaneous in the presence 
of serum, it is likely that all in vivo complement-derived chemotactic activity 
is due to C5a des-Arg+ GcG. In addition, the serum contains a protein, 
named chemotactic factor inactivator, which is capable of decreasing C5a-related 
chemotactic activity176. Initially it was thought to enzymatically cleave 
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chemotaxins 177, but recently was reported to bind to GcG and inhibit its 
cochemotaxin function 140. 

The complement cascade can be activated by a number of substances, such 
as immunoglobulin- antigen complexes, LPS, and polysaccharides, or by 
foreign surfaces, such as intact bacteria and fungi. Also, C5a can be cleaved 
directly from C5 by proteases. It is hard to imagine an inflammatory reaction 
to which C5a would not contribute. In contrast to C5a, C5a des-Arg is a 
more potent chemoattractant for monocytes than for neutrophils; therefore, 
the conversion of C5a to C5a des-Arg may contribute to the shift from 
neutrophil to monocyte emigration in the process of acute inflammation. 

LTB4 and PAF 

Leukotrienes are products oflipoxygenase-catalyzed oxygenation of arachidonic 
acid induced in leukocytes by a variety of stimuli, including chemoattractants. 
One of the major products of this pathway, LTB4, which is generated by 
hydrolysis of the unstable intermediate LT A4, is chemokinetic and chemotactic 
for neutrophils33.178.179. Besides activated leukocytes, resident macrophages, 
mast cells and endothelial cells can also release L TB4 following their 
activation by several stimuli. L TB4 can attract neutrophils, eosinophils and 
monocytes while its chemotactic activity for lymphocytes and basophils is 
not documented. In contrast to other potent chemotaxins, L TB4'S high in 
vitro chemotactic potency and efficacy is combined with its very low in vitro 
secretory potency and efficacy. This notion was utilized in recent studies 
which, by comparing the effects of LTB4 and formyl peptide, were an attempt 
to dissect signal transduction pathways responsible for chemotaxis and secretion. 

PAF was initially identified in supernatants ofIgE-challenged basophils180. 
Later its chemical structure was determined to be acetyl-alkylglyceryl 
phosphorylcholine181, and it was shown to be produced by endothelial cells 
and several types ofleukocytes 182.18 3. Besides stimulating platelet aggregation 
and secretion, and exerting half a dozen other pro-inflammatory activities 184, 
it was shown to be chemotactic for monocytes185, neutrophils34 and 
eosinophils186. Whereas PAF is a much less potent chemoattractant for 
human neutrophils than L TB4 or formyl peptides, its potency and efficacy 
for human eosinophils is higher than that of any known eosinophil 
chemoattractant186.187 and its chemotactic potency for the most dense 
eosinophils is higher than for any other leukocyte type 188. Since LTB4 and 
PAF are released from leukocytes upon stimulation with other chemoattractants, 
both could playa major role in amplification of in vivo leukocyte emigration 
and chemotactic response. 

NAP-1, MCP-1 AND RELATED CHEMOTACTIC CYTOKINES 

The ability of leukocytes to produce chemotactic cytokines was noted at the 
beginning of the cytokine era when the activity of several factors had been 
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described but their chemical structures were not identified53.189. It is likely 
that some of these factors are either identical or related to the chemotactic 
cytokines NAP-I (also referred to as interleukin 8) and MCP-I, which have 
been recently characterized by several research groups. Because six recent 
reviews160.161.190-193 discuss in detail the structure and activities of NAP-I, 
MCP-I and related peptides, only the most important chemical and biological 
features of these molecules are mentioned here. NAP-I is a member of a 
cytokine family which includes human molecules such as platelet factor-4 
(PF-4), p-thromboglobulin, IP-IO, connective tissue activating peptide-III 
(CTAP-III) and its derivative NAP-2, melanoma growth stimulating activity 
(also identified as GRO and NAP_3)194, and several animal cytokines, e.g. 
mouse macrophage inflammatory protein 2. The common 'family feature' is 
that the member molecules can be aligned according to the four cysteine 
residues which are in the same position relative to each other within every 
molecule. Since the first two cysteines have an amino acid between them, the 
NAP-I cytokine family is also called the 'C-X -C family'; whereas the MCP-I 
family, members of which have the first two cysteines adjacent to each other, 
is called the 'C-C family'. The 'C-C family' includes MCP-I, 1-309, ACT-2, 
RANTES and several animal cytokines such as mouse macrophage inflammatory 
protein I a and p and JE. The chemotactic members of the 'C-X-C' family, 
which are NAP-I, NAP-2 and NAP-3 (CTAP-III and PF-4 have very low 
chemotactic potency)195.196, utilize the same neutrophil surface receptor196. 

NAP-I, the most potent chemotaxin of the 'C-X-C family', has several 
different N-terminal variants. It is expressed as a 99 amino acid precursor 
and secreted upon cleavage of the signal peptide as the 79 amino acid variant 
(NAP-let); the 77 and 72 amino acid variants (NAP-IP and NAP-Iy) are 
generated by extracellular cleavage of NAP_Ia161 . NAP-Iy is relatively 
resistant to further proteolysis and is a more potent chemotaxin than NAP-IP 
and NAP_Ia197. Fibroblasts and endothelial cells produce mostly NAP-Ia 
and NAP_Ip197.198 and mononuclear cells produce predominantly NAP-Iy, 
which probably reflects the different proteolytic activity present. NAP-I is 
produced in monocytes (MONAP) and endothelial cells (ENAP) upon LPS, 
IL I or TNF stimulation; in lymphocytes (L YNAP) after PHA stimulation; 
in alveolar macrophages (AMNAP)199 after LPS stimulation; in fibroblasts 
(FINAP) and chondrocytes (CONAP)200 after IL lor TNF stimulation; and 
in keratinocytes (KENAP) after IL I stimulation161. NAP-2 is generated by 
truncation of CTAP-III and/or platelet basic protein195. NAP-3 is produced 
by monocytes194. Human MCP-I is generated by lymphocytes, endothelial 
cells and fibroblasts 160. While MCP-I was demonstrated to attract only 
monocytes, NAP-I initially was considered to be specific for neutrophils until 
it was also shown to attract lymphocytes201 and basophils25, but not 
monocytes or eosinophils25. However, chemotactic efficacy of NAP-I for 
lymphocytes and basophils is low compared to that for neutrophils, whereas 
its potency for these cells is similar. Therefore, one can conclude that in acute 
inflammation the primary action of NAP-I in humans can be only on 
neutrophils25, whereas in several chronic inflammatory diseases, where 
NAP-l possibly also plays a pathoethiological role (e.g. psoriasis, rheumatoid 
arthritis, idiopathic pulmonary fibrosis and different types of pneumoconiosis, 
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all characterized by the periodic appearance of neutrophil-rich exudate), it 
also can attract lymphocytes. Human NAP-I was shown to have a 
pro inflammatory effect in different experimental animal species. While 
neutrophils of 10 different species migrate in vitro in response to human 
NAP-I, its chemotactic potency varies in the range of three orders of 
magnitude; monkey neutrophils are the most, and rat neutrophils are the 
least, sensitive. 

The generation of NAP-I and MCP-I by cells infected with different 
viruses202.203 suggests that in viral infection either neutrophil and lymphocyte 
or monocyte infiltrate can be induced before the immune system is stimulated 
by viral antigens. Thus, both chemotactic cytokines may play an important 
role in aiding the afferent phase of the immune response to viruses. The 
secretion of NAP-3 (MGSA) and MCP-l by different types of tumour cells 
suggests that these cytokines can be responsible for infiltration of tumours 
by neutrophils and monocytes, respectively. 

OTHER LEUKOCYTE CHEMOATTRACTANTS 

Intercellular matrix proteins 

Several matrix proteins and their fragments were found to have chemotactic 
activity for neutrophils and monocytes44-47. In order to form soluble 
chemotactic gradients these proteins or their fragments have to be disattached, 
e.g. cleaved by proteolytic enzymes present at the site of inflammation. 
Alternatively, the leukocytes could recognize and move along a surface-attached 
chemotactic gradient which enzymatically modified matrix protein molecules 
are more likely to form. Tumour cells were shown to respond to the 
substrate-bound gradients of matrix proteins58 . Haptotaxis to matrix proteins 
would deserve a thorough exploration also in the case of leukocytes. 

Mitochondrial formyl peptides 

Similarly to bacteria, mitochondrial protein synthesis is initiated with 
formylmethionine; therefore, one can imagine that N-formylmethionyl peptides 
or proteins with chemotactic activity for leukocytes are also generated in 
mitochrondria. This hypothesis was tested and proven correct by H. Carp204; 
thus, mitochondria can be an additional source of chemotactic activity for 
leukocytes at the site of tissue damage. 

Crystal-induced chemotactic factor 

The ingestion of urate and other crystals by neutrophils and monocytes 
stimulates the release of chemotactic for neutrophils factor, which can play 
an important role in the induction of cellular infiltrate around tissue deposits 
of various crystals. Crystal-induced chemotactic factor (CCF) has been 
isolated and partially characterized 3 5, and its biological activities and receptor 

288 



ROLE OF LEUKOCYTE CHEMOTAXIS IN INFLAMMATION 

binding have been studied; however, recent findings suggest that leukocytes 
also generate NAP-l following the ingestion of crystals. In addition, 
anti-NAP-l antibodies almost completely neutralize the urate crystal-induced 
chemotactic activity released by monocytes (R. Terkeltaub, personal 
communication), suggesting that CCF and NAP-l could be related. 

Neuropeptides 

A series of neuropeptides and their synthetic derivatives were shown to 
possess chemotactic activity for monocytes4S- 51 . Whereas the role of these 
factors in different types of inflammation is only hypothetical, their activity 
hints that, in addition to regulation of inflammatory vascular responses, the 
nervous system can be directly involved in the generation of cellular exudate. 

Finally, several inflammatory cytokines have been featured in reports 
implying their chemotactic activity for leukocytes, and deserve to be 
mentioned. In spite of the fact that it was the recognition that IL 1 and TNF 
lack chemotactic activity for neutrophils205 and monocytes (Leonard and 
Rot, unpublished) which led to the discovery of NAP-l and MCP-I, several 
recent studies have reported the in vitro leukocyte chemotactic activity of 
natural and recombinant preparations of IL 1 and/or TNF. At the same time, 
reports from different laboratories acknowledged the lack of chemotactic 
activity of one or both of these cytokines (discussed in refs 146 and 206). It 
is puzzling why these two well-defined cytokines show such different 
behaviour in the hands of different investigators. The answer probably lies 
either in the differences of IL 1 and TNF preparations, or in the additional 
cellular responses these cytokines can elicit. It is well established that both 
IL 1 and TNF have potent in vivo leukocyte emigration-inducing activity207, 
which together with their ability to induce in vitro NAP-l and MCP-l 
production establishes both IL 1 and TNF as potent chemotaxinogens. It is 
likely that during the in vitro chemotaxis assay IL 1 and TNF can induce 
the release of LTB4 or chemotactic cytokines from leukocytes activated in 
the process of separation. The released chemotaxin can stimulate leukocyte 
chemotaxis and chemokinesis. In addition, even the highly purified natural 
cytokines can contain small amounts of contaminants with chemotactic 
activity, whereas recombinant cytokines expressed in bacteria may have 
formylated amino terminals which directly, or upon cleavage, can initiate 
leukocyte chemotaxis via the formyl peptide receptor. Thus, while IL 1 and 
TNF are most likely not chemotactic, the factors mentioned above can be 
responsible for the observations of leukocyte migration stimulated by these 
cytokines and also others, e.g. GM-CSF and PDGF, found to be either 
chemotactic or not chemotactic for leukocytes147.208. 

CHEMOTAXINS IN ACUTE AND CHRONIC INFLAMMATION 

The initiating event of acute inflammation is most often the tissue damage 
caused by physical, chemical or biological agents. Endothelial cell damage 
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initiates coagulation, clot formation and platelet aggregation which - together 
with infectious agents and their products, foreign objects, etc. - lead to 
complement activation via the 'alternative' pathway and generation of 
chemotactic C5a. C5a appears in extravascular tissues since tissue damage 
also results in an increase of vascular permeability due to disruption of 
vascular integrity or the release of vasoactive mediators from perivascular 
mast cells. Either the engulfment of microorganisms or stimulation by their 
products, such as LPS, leads to the immediate production and release of 
LTB4 by resident macrophages. In addition, L TB4 is also produced by 
endothelial and mast cells. Exogenous chemotaxins, like formyl peptides, can 
also be present at the early phases of acute inflammation induced by 
microorganisms. 

Clot formation and platelet aggregation provides an additional source of 
chemotactic activity for monocytes (attributable to thrombin31 ), and for 
neutrophils (attributable to fibrinogen derivatives32 and NAP_219S). Thus, 
panchemotaxins with the highest potency and efficacy for neutrophils and 
monocytes and specific neutrophil and monocyte chemotaxins are generated 
in the initial phase of acute inflammation. Conclusively, a mixed cellular 
infiltrate consisting of various proportions of neutrophils and monocytes is 
characteristic for most forms of acute inflammation. Neutrophils usually 
appear in the tissues first, and are followed by monocytes. This is possibly 
due to the slower speed of monocyte migration 14 and their reduced ability 
to traverse intercellular junctions209. The production and release of LTB4, 
and possibly PAF, by emigrated leukocytes in response to chemotaxins 
provides the possibility of amplification of phagocyte eggression. 

Another positive feedback loop involves the increase in vascular permeability 
caused by PAF or C5a (via degranulation of mast cells) resulting in plasma 
leakage and C5a generation in extravascular tissues. Neutrophil degranulation 
provides an additional source of chemotactic activity for leukocytes, since 
their granules contain chemotaxins210 and enzymes capable of forming 
chemotactic complexes with plasma proteins211 or cleaving chemotactic 
fragments of complement and extracellular matrix proteins. Chemotaxin-induced 
phagocyte oxygen radical production can cause further chemotaxin generation 
by activation of an unidentified plasma chemotactic factor112 or via tissue 
damage and possible stimulation of nerve endings which can lead to the 
release of neuromediators with chemotactic48- S1 or chemotaxis-potentiating 
activity. LPS induces the production of NAP-I by endothelial celis, macrophages, 
and MCP-I by macrophages; additional massive production of MONAP 
begins upon emigration of monocytes. LPS-induced ENAP and MONAP 
can initiate the second wave of neutrophil emigration, whereas MCP-I 
causes monocyte emigration. Inflammatory cytokines such as IL I and TNF 
can stimulate the additional production of NAP-l and MCP-I by fibroblasts 
and endothelial cells, but since two consecutive steps of protein synthesis are 
involved, IL 1 and TNF-induced ENAP, FINAP, and MCP-I generation 
reaches its peak days after the initiation of inflammation. In addition, ENAP 
and FINAP consist of the low-potency NAP-let and NAP-lP variants which, 
in order to achieve optimal chemotactic potency, require the presence of 
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proteolytic activity at the site of inflammation. Similarly, leukocyte enzymes 
can aid NAP-2 generation by cleaving it from chemotactically inactive 
precursors. 

Immune mechanisms also can initiate or contribute to the development 
of leukocyte emigration in acute inflammation. In the immediate-type 
hypersensitivity, which is characteristic for allergic reactions, IgE can induce 
mast cell and basophil degranulation leading to the release of vasoactive 
mediators and chemotaxins with the highest potency for eosinophils (PAF, 
ECF-A) or neutrophils (LTB4)' Emigrated eosinophils promote further 
eosinophil egress by releasing ECL. IgG and IgM antibodies binding to 
either infectious agents or normal host cell antigens can activate complement 
via its 'classical' pathway. This leads to target cell lysis and also C5a generation 
which results, in turn, in infiltrates dominated by monocytes and neutrophils. 
The circulating antibody-antigen complexes following their deposition in 
the walls of blood vessels or kidney glomeruli can also initiate complement 
activation and C5a generation with consequent tissue destruction and 
phagocyte accumulation exemplified by systemic vasculitis and glomeruloneph
ritis. IgG-antigen complexes also can bind to basophils or mast cells and 
stimulate PAF release, possibly resulting in eosinophil emigration characteristic 
for allergic angiitis. The amazing redundancy of chemotactic factors, and the 
variety of ways in which they can be generated, ensures continuous leukocyte 
chemotaxis to inflammatory sites. 

The above-described 'grand avalanche' of chemotactic factor generation 
and consequent leukocyte emigration can come to a halt and inflammation 
can end upon elimination of the initial cause or source of chemotactic activity, 
rapid destruction of released chemotaxins, deactivation of leukocytes and 
inflammatory sites and release of inhibitory mediators. Alternatively, acute 
inflammation can progress into chronic inflammation. This happens when 
the source of tissue damage either persists or recurs and prevents healing, 
the leukocytes are not able to eliminate either the infectious agent or foreign 
body, and cellular immune reactions are induced by the antigens present in 
the inflammatory lesion (delayed-type hypersensitivity). As much as neutrophil 
presence is a hallmark of acute inflammation, lymphocytes are the characteristic 
feature of chronic inflammatory infiltrate which can consist of widely differing 
proportions of all leukocyte types, as well as fibroblasts and proliferating 
endothelial cells. However, the predominant cell in chronic inflammatory 
infiltrates usually is a monocyte-derived macrophage, which can undergo 
profound morphological transformations (into epithelioid cells and giant 
cells) and also gain the ability to proliferate on site. Nevertheless, leukocyte 
recruitment from blood, especially by chemotactic cytokines, continues to 
play an important role in the development of cellular infiltrate. Produced by 
sensitized lymphocytes, MCP-l is thought to be responsible for the influx 
ofmonocytes; whereas NAP-l (MONAP, LYNAP, FINAP, ENAP) probably 
plays a role in the periodic recruitment of neutrophils, characteristic for 
several types of chronic inflammation. Lymphocytes are also likely to be 
attracted into the sites of chronic inflammation by chemotactic cytokines, 
including NAP-I. 
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MECHANISM OF LEUKOCYTE CHEMOTAXIS IN VIVO 

In the extravascular tissues, leukocyte chemotaxis probably happens the same 
way as it does in vitro, and is the only major mechanism of unidirectional 
leukocyte movement, although alternative mechanisms such as cell- and 
mediator-specific matrix-driven cell translocation have also been suggested 213. 
Conversely, in addition to chemotaxis, several processes contribute to 
leukocyte emigration from the blood vessels (reviewed by I. Colditz137). Since 
adherence is a prerequisite of leukocyte chemotaxis, in order to respond to 
the transendothelial chemotactic gradients, leukocytes have to marginate 
from the mainstream of circulation and adhere to endothelial cells. 

In the process of inflammation, and following the injection of chemotaxin, 
leukocytes selectively adhere to the endothelial cell lining of the postcapillary 
venules, small veins and, in some instances, small arteries (Figure 14.3). 
Chemoattractants can promote in vitro adherence ofleukocytes to endothelial 
cells214,215 by up-regulating the surface expression and activating the 
leukocyte integrin heterodimers COll/COI879,216. CDll/COI8 molecules 
are also involved in mediating leukocyte aggregation, another factor contributing 
to leukocyte retention in the microvasculature. Lack of neutrophil accumulation 
in the inflammatory sites of patients with leukocyte adherence deficiency, a 
human hereditary disease characterized by the absence of CD18 molecules 
from the leukocyte surface, indicates the significance of CD18 heterodimers 
in leukocyte emigration217. However, experimental evidence suggests that 
CD18 complex does not initiate endothelial adhesion in vivo under the 
influence of a lateral shear force similar to that created by the blood flOW 218. 
The binding of leukocyte COlt/COl8 to the endothelial counterligand 
ICAM-l can only secure the leukocyte adherence already established by 
selectins, adhesion molecules present on leukocytes (L-selectin or LAM-I) 
and endothelial cells (E-selectin or ELAM-l and P-selectin orGMP_l40)214,219. 
Selectins bind to carbohydrate counterligands, such as sialyl-Lewis X, and 
mediate leukocyte 'rolling' which in vivo, under the conditions of venous 
lateral shear stress, is the first step of the adhesion interaction between 
leukocytes and endothelial cells214,219. Chemoattractants cause shedding of 
L-selectin from the leukocyte surface and, therefore, can inhibit the initial 
adhesive interaction between leukocytes and the endothelium214. Thus, 
chemoattractants can either promote or inhibit the leukocyte adherence to 
the endothelium depending on them acting either on the leukocyte already 
adherent by selectin-dependent mechanism or the one still in circulation. 
Several cytokines, including IL land TNF, as well as LPS, up-regulate the 
expression of E-selectin and I CAM -Ion the surface of endothelial cells220,221. 
This provides the possibility of targeting leukocytes to the segments of blood 
vessel lining affected by inflammation; but since the expression of E-selectin 
and ICAM-l is protein synthesis-dependent and takes 2-4 h221, whereas 
neutrophils begin to adhere to the endothelium of postcapillary venules and 
small veins as early as minutes following the injection of a chemoattractant, 
one has to postulate the existence of an alternative mechanism of targeted 
endothelial cell-dependent leukocyte adherence. 

It was shown that thrombin, histamine, and non-chemotactic leukotrienes 
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Figure 14.3 Rabbit neutrophil margination and emigration from postcapillary venule (A) and 
small vein (8) in response to intradermal injection of NAP-I. A. The outline of the venule (V) 
is marked by a dashed line. The lumen contains several marginating neutrophils; a few of the 
neutrophils are in the process of traversing the vessel wall, while more of them have already 
emigrated. 8. Neutrophi\s are either in the process of emigrating across the wall of the small 
vein (V) or already infiltrating the connective tissue around the vessel. The small artery (A) 
contains marginating lymphocytes. 
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C4 and D4 can induce rapid endothelial cell-dependent neutrophil adherence 
either by stimulating the expression of endogenous PAF on the endothelial 
cell surface222 and by translocation of P-selectin from Weibel-Palade bodies 
of the endothelial cells onto their surface223. However, there is no indication 
that chemoattractants can initiate leukocyte adherence by the same mechanism. 
Complement activation and fixation by endothelial cells provides another 
possibility for rapid endothelial cell-dependent adherence of leukocytes via 
their type 3 complement receptor224. 

Once adherent to the endothelial cells, leukocytes have to perceive the 
chemoattractant gradient and migrate across the endothelium and basal 
membrane in response to it. Though the existence of soluble chemotaxin 
gradients across the vessel wall can be postulated, the limited rate of the 
passive diffusion of chemotaxin between endothelial cells and the very rapid 
dilution of it by blood225 suggests the involvement of additional mechanisms. 
These include the transendothelial active transport of chemotaxins as 
exemplified in the receptor-mediated uptake and subsequent release offormyl 
peptides by endothelial cells226 or the possibility of leukocyte haptotaxis in 
response to endothelial cell membrane-bound chemotaxins such as NAP-l 
and PAF222. The chemotaxin-induced site-specific, homologous desensitization 
suggests that chemotaxins can facilitate leukocyte emigration by a 
receptor-mediated interaction with either endothelial or other resident cells 137. 
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acetohydroxamic acids 98 
acetyl-CoA 161 
acetylhydrolase 159 
IXcacid glycoprotein (orosomucoid) 178, 249 

(table), 250 (table), 253, 254 
actinomycin D 132, 159 
acute phase protein 15 (fig.), 249-61 

cytokine control of production 177 -8,257-60 
cytokine hormone interactions 259-60 
interferon y 259 
interleukin 1 258 
interleukin 6 178, 259 
prostaglandins 260 
tumour necrosis factor IX 258 

functions 249-54 
inhibition 252-3 
mediation 251- 2 
repair 254 
resolution 254 
scavenging 253-4 

interspecies differences 254-5 
major human 250 (table) 
production site 256-7 

acute phase protein-inducing cytokines 15 (fig.) 
acute phase reactants 23 
acute phase response 194-5,243-61 

cytokines, in vivo 257 
defective, in disease 261 
energy metabolism 247 
kinetics 255-6 
leukocytosis 248 
metals 248-9 
neuroendocrine components 244-7 

analgesia 248 
cortisol release 246-7 
fever 244-5 
pituitary -adrenal axis 246-7 
sleep 246 

nitrogen response 247 
subsets, cytokines induced 255 (table) 

adenosine 277 
adrenochrome 115 
adrenocorticotrophic hormone (ACTH) 246-7, 

178, 259 
adriamycin 120 
adult respiratory distress syndrome (shock 

lung) 31-2, 122 
IX1-antiprotease reduction 170 
elastase 64 

AIDS 166 
albumin 118, 178,250, 254 
alexin 17 
allopurinol 113 
aminopeptidase N 40 
amyloid A protein 23 
anaphylatoxins 23 

C3a 23 
C4a 23 
CSa 23 
des-Arg derivates 25-6 

angiotensin I 74 
angiotensin II 74 
ankylosing spondilitis 233 
IX1-antichymotrypsin 60 (table), 159, 233, 249 

(table), 250 (table), 254 
plasma proteinase inhibitor 65 
protein inhibitor 73 

anti-DNA antibodies 121 
antiftammins 144 
antihistamines 25 
IXI-antiprotease 164 
antithrombin III 63 (table), 249 (table) 
lXI-antitrypsin (lXI-proteinase inhibitor) 6 (fig.), 

23, 63- 4, 73 
acute phase protein 177 -8, 249 (table), 250 

(table), 256 
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connective tissue remodelling 254 
deficiency 64, 118 
neutral proteases specificity 253 
protein oxidation 118-19 

aprotonin (Trasylol) 63 (table), 73 
arachidonate cascade 29 
arachidonic acid 91-4 
arthritis 99-100, 101 (fig.) 

fulminating 66 
rheumatoid see rheumatoid arthritis 

articular index 257 
aspirin 91, 99, 194, 246 
autacoids 40 
autoxidation 115 

basophils 276 
B cell-activating factor 183 
Beh<;:et's syndrome 124 
benzodiazepines 275 (table) 
biliary cirrhosis, primary 261 
bilirubin 116 
BIM-23014 156, 157 
bleomycin 120-1 
BN-52021 156, 157 
bombesin 275 (table) 
bradykinin 31, 37, 41 

analogues on dog renal artery without 
endothelium 43 (table), 44 

Ca2+ mobilization 49 
cGMP activation 49 
Ill-Ser- 38 
Lys- (decapeptide kallidin) 40 
metabolites 41 
nona peptide 40 
pharmacological activities 43 (table) 

bronchospasm 74 
bystander cell lysis 29 

cachectin 211, 247 see also tumour necrosis 
factor IX 

caeruloplasmin 116-17, 118, 178, 249 (table), 
250 (table), 253 

Cl INH 249 (table) 
calcitonin 178 
calcium 229, 279 
calcium ion antagonists 29 
Cam os tat mesilate 78 
cancer 166, 261 
carboxypeptidase kininase II 40 
carboxypeptidase N 25, 27, 40 
casein 276 
Castleman's disease 232 
catabolin 183 
catalase 28 
catastrophe theory 165 
catecholamines 164 
cathepsin(s), lysosomal cysteine 69 

cathepsin B 6 (fig.), 66, 67 (table), 68, 78 
cathepsin D 6 (fig.), 66, 67 (table), 68, 79 
cathepsin G 6 (fig.), 64-5, 188 

inhibitor 160 
cathepsin H 67 (table), 79 
cathepsin L 67 (table), 68, 69, 79 
'C-C family' 287 
C2-derived peptide 31 
cell-adhesion related molecules 216 
cell surface membrane molecules 216-17 
chemiluminescence 276 
chemokinesis 276 
chemotactic peptides 65 
chemotaxins 271, 272, 275 

exogenous 290 
chemotaxis 26- 8 
chemotherapeutic drugs 120-1 

fibrosis due to 121 
chondrocytes 287 
chronic granulomatous disease 113 
chymase, mast cells 72, 73-4 
chymostatin 68, 73 
chymotrypsin 40 
chymotrypsin-like enzymes 40 
coagulation factor Va 29 
colchicine 69 
collagens 58 

fibrous protein 58 
interstitial 58 
interstitial types 

I-V 58 
VI-XIII 58-9 

cigarette smoking 118 
coenzyme Q (ubiquinone) 115 
collagen lI8, 275 (table) 
collagenase 79, 188 

macrophage 67 (table) 
polymorphonuclear leukocytes 65, 66 
type IV gelatinase, 72 kD 67 (table), 70 
type V gelatinase, 92 kD 67 (table), 69-70 

complement 1, 4 (fig.), 17 -32 
activation 17-19,30 
alternative pathway components 17, 18 (table), 

20-1 
biosynthesis 22-3 
classical pathway components 17, 18 (table), 

19-20 
control proteins 17, 18 (table) 
diseases associated 29- 32 

adult respiratory distress syndrome 31-3 
immune complex disease 30 
inherited complement deficiency syn-

dromes/diseases 30-1 
inflammation see under inflammation 
proteins, system 18 (table) 
terminal sequence 17, 18 (table), 21-2 
Cis 249 (table) 
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C2 249 (table) 
C2a 22 
C3 18, 22, 23, 249 (table) 
C3a 4 (fig.), 24, 25 
C3a des-Arg 25 
C3b 4 (fig.), 22, 28 
C3e 28, 250 (table) 
C4 249 (table), 250 (table) 
C4a 4 (fig.), 24, 25 
C4 des-Arg 25 
C5 4 (fig.), 18, 22, 249 (table) 
C5a 4 (fig.), 22, 24, 25, 28, 275 (table), 276, 

277,285-6 
chemotactic activity 285, 289-91 
receptors 282 
vascular permeability increased 290 

C5a des-Arg 25, 26-7, 28 
C5b 22 
C6 4 (fig.), 22 
C7 4 (fig.) 
C822 
C9 22, 249 (table) 

complement-derived chemotactic activity 285-6 
complement receptor type 1 21, 28 
concanavalin A 68, 233, 234 
connective tissue activating peptide-III 287 
copper 249 
corticosteroids 11, 74 
corticosterone 246 
cortisol 246-7 
C-reactive protein 23, 194-5,249 (table), 250 

(table), 252, 253, 256-7 
cellular source 256-7 

Crohn's disease 233, 235 
Cushing's syndrome 131 
'C-X-C family' 287 
cyC\ohexamide 132, 159 
cyc\osporin A 156, 217 
cystatin 63 (table) 
cytochalasin B 278 
cytochrome b 113 
cytochrome oxidase 115 
cytochrome P-450 enzymes (system) 94, 121 
cytokines 11, 148-67, 179 

acute phase protein production control 57-60 
catastrophe theory in inflammation 165 
function 155-6 
inhibitors 260-1 
microvascular integrity effect 162 - 3 
platelet activating factor interactions in 

inflammation 163-5 
platelet activating factor synthesis by en-

dothelium 157-9 
priming mechanism 155-6 
soluble receptors 192 
see also platelet activating factor 

cytolysis 78 

cytotoxic T lymphocytes 75 
serine granzymes (mouse) 75-6 
serine proteinase equivalencies 75 (table) 

decay acceleration factor 21 
delayed-type hypersensitivity 291 
dense body release reactions 29 
dermatan sulphate 61 
dermatomyositis 261 
desferrioxamine 121 
dexamethasone 69 
2,6-diamino-4-hydroxy-5-formamidopyrimidine 

120 
diene conjugated structure 117 
diene conjugation rest 117-18 
DNA 8 (fig.), 120 

hypoxic-reperfusion-induced damage 122-4 
single-strand breaks 122-3 

eicosanoids 2, 5 (fig.), 7 (fig.), 91-103 
biosynthesis 91-4 
cellular sources in inflammation 95-6 
hyperalgesia associated 98 
leukocyte emigration 97-8 
pain associated 98-9 
vascular permeability 97-8 
vasodilatation 96-7 

eicosapentaenoic acid 94 
elastase 118, 188 

macrophages 67 (table), 70-1 
metal-dependent 70 
polymorphs 62-4 
serine 70, 71 

elastatinal 68 
elastin 59 

fragments 275 (table) 
emphysema 69, 118 
endopeptidases 58 
endothelial cell 287 

Weibel-Palade bodies 292 
endothelial cell-dependent leukocyte adherence 

292 
endothelial damage 165 
endothelium-derived relaxing factor EDRF 5 

(fig.), 48, 50, 165 
p-endorphin 11, 177-80,275 (table) 
endotoxins 69, 272 
enterolactone 164 
eosinophil 

platelet activating factor effect 152-3 
tumour necrosis factor effect 152- 3 

eosinophil chemotactic factor of anaphylaxis 
275 (table) 

eosinophil-derived eosinophil chemotactic lipid 
276 

epidermal growth factor binding proteins A,B,C 
39 
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erythema nodosum leprosum 233 
Escherichia coli 139-40, 284 
exopeptidases 58 
extrinsic allergic alveolitis 30 

factor B 249 (table) 
factor H 249 (table) 
factor I 249 (table) 
factor VIII 249 (table) 
farmer's lung 30 
Fenton system 118 
ferritin 254 
fever 244-6 
fibrinogen 23, 249 (table), 250 (table) 
fibrinopeptide 275 (table) 
fibrinonectin 59 (fig.), 61, 254 

fragments 275 (table) 
flavin 115 
flavoproteins 115 
foam cells 117 
N-formylmethionyl peptides 288 
formyl peptides 275 (table), 277, 278 

receptors 277 
free radical 11 0 

gastric inhibitory peptide 74 
gelatinase type V 6 (fig.) 
glomerulonephritis 30, 31, 291 
glucocorticosteroids 9 (fig.), 131-3, 246 

anti-inflammatory action 132-3 
neutrophilia due to 132 
receptors 132 

glucose-3-phosphate dehydrogenase 8 (fig.) 
glutathione redox cycle 122 
glyceraldehyde-3-phosphate dehydrogenase 118 
g1ycoproteins 61 
glycosaminoglycans 156 
gout, acute phase proteins in 178 
G protein 49, 277 -8, 278-9 
IX-granule 29 
granulocyte-colony stimulating factor (GCSF) 

154-5, 214 
granulocyte macrophage-colony stimulating 

factor (GM-CSF) 154-5 
granzymes see serine granzymes 
growth factor beta 215 
growth hormone, serum levels in arthritis 178 

Haber-Weiss reaction 111-12, 117 
haemosiderin 248 
Hageman factor 5 (fig.), 39 
haptoglobins 233, 249 (table), 250 (table), 253 
haptotaxis 276, 289 
heat shock proteins see stress proteins 
heparin sulphate 61, 116 
hepatitis, active chronic 261 
helper peak-I 183 
heptapeptide A10- Pro- Pro-lle-GJn-Ser-Arg 

40 
hereditary angioedema 31 
histamine 24, 26 

release 25 
histone-4 74 
hormone responsive elements 132 
human pancreatic peptide 74 
hyaluronic acid 117 
hydrocortisone 131 
hydroperoxyeicosatetraenoic acids (HPETEs) 94 
8-hydroxydeoxyguanosine 119-20 
hyperlipidaemia, parasite-associated 247 
hypersensitivity reaction type I 24-5 
hypoxanthine 113 

idiopathic pulmonary fibrosis 287 
immune complex disease 30 
immune complexes 23 
immunoglobulin G 8 (fig.), 118 

antigen complex 291 
Fc 252 
inflammatory synovitis 114 (fig.) 

indomethacin 69, 97, 99, 100, 101 (fig.) 
inflammation 251 (fig.) 

acute phase proteins role see acute phase 
proteins 

cellular energy charge state in 122-4 
chronic, malignancy at sites 124 
combined drug therapy 167 
complement system 23-9 

chemotaxis 26-8 
membrane attack complex 28-9 
neutrophil adhesiveness 26 
lysosomal enzyme release 28 
toxic oxygen radical 25, 28 
vascular changes 24-6 

overview 3 (fig.) 
platelet activating factor/cytokine interactions 

163-5 
treatment effect 166-7 

inherited complement deficiency syndrome 30-1 
inhibitors 1 
insulin 201 
insulin-degrading enzyme 78-9 
interferon y 13 (fig.), 23, 212-13, 214 

acute phase protein production 259 
leukocyte emigration 272 

interleukin 1 10 (fig.), 12 (fig.), 23, 99-102 
passim, 132, 157, 183-202 

acute phase protein production 258 
B cell maturation/proliferation 199 
biochemistry 187-8 
biological activities 184-5 (table) 
cellular sources 189-90 
endogenous inhibitors 164-5 
endothelial surface proteins expression 161-2 
genes/gene 185-7 
glucagon production 247 
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inflammatory mediator 193-5 
acute phase response 186-7 

fever 93-4 
inhibitors 200-1 
insulin production 247 
interleukin 6 production-induced 195 
leukocyte emigration 272 
metalloproteinases 197 
molecular characteristics 185 (table) 
pancreatic islet cell toxicity 247 
platelet activating factor related 149-50 
production/processing 188-9 
production inducers 190 (table) 
pyrogenic activity 217 
receptors 190-2 

60kD 191-2 
80kD 190-1 
soluble 192, 201 

rheumatoid arthritis role see rheumatoid 
arthritis 

secretion 189 
signal transduction 193 
T cell maturation/proliferation 199- 200 
vascular responses to large amounts 194 

in terleukin lil( 12 (fig.), 188 
gene 186 

interleukin If3 12 (fig.), 186-8 passim 
processing 200-1 
protein production inhibition 200 
pro IL cytoplasmic mRNA 186 

interleukin 2 10 (fig.), 163 
endogenous inhibitors 164-5 
inhibitors, tumour cell generated 165 
platelet activating factor related 150-1 

interleukin 5 156, 157 
interleukin 6 14 (fig.), 157, 195, 225-35 

acute phase protein production 178, 259 
acute phase protein synthesis mediator 

229-30 
anti tumour response 232 
B lymphocytes 232 
cellular sources 227 (table) 
fever mediator 230-1 
gene regulation 226-7, 228 (fig.) 
hypothalamic-pituitary-adrenal axis inter-

action 231 
immune response 232, 233 (table) 
inflammation role 235 
inflammatory response, regulation 235 
lymphoid production action 231 
lymphokine-activated killer cells effect 232 
myeloid production action 231 
natural killer cells effect 232 
pleiotropic properties 229-34 
protein glycosylation regulation 233-4 
receptors 228-9 
rheumatic diseases 257 
signal transduction 228-9 

structure 225-6 
synovial fluid level 257 
T lymphocytes effect 232 

iron 248 

Jarisch- Herxheimer reaction 30 

kallidin 37 
decapeptide (Lys-bradykinin) 40 
metabolites 41 

kallikreins 5 (fig.), 37-52, 233, 249 (table) 
gene family 39 
plasma 39 
tissue 39 

keratinocytes 287 
kinins 5 (fig.), 37-52 

action at cellular level 50- 2 
antagonists 44-5 
inhibitory effects 49-50 
pharmacological assays 41 
physiological actions 48 
primary structure 38 (fig.) 
radioreceptor assays 46 (table) 
receptors 40-8 

B, 45 
B2 45 
biochemistry 46-7 
functions 48-9 
pharmacological characteristics 43 (table) 

kininase I 40 
kininase II (carboxydipeptidase) 40 
kininogens 37-9, 62-3, 249 (table) 

H- 37-9 
L- 37-9 
T- 38 

Kupffer cells 22 

lactoferrin 248 
laminin 275 (table) 
leprosy 261 
leukaemia 

chronic lymphocytic 261 
monocytic 260 

leukocyte 271-94 
adherence 292-4 

deficiency 292 
chemoattractants 273-6 

activation by 276-7 
crystal-induced chemotactic factor 288 
exogenous 284-5 
intercellular matrix proteins 288 
mitochondrial formyl peptides 288 
neuropeptides 289 
receptors 277-8 

chemotaxins 271, 272, 275 
inflammatory, acute/chronic 289-91 

chemotaxis 271 - 94 
deactivation 282-3 
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inhibition 283 
leukocyte heterogeneity 281-2 
measurement 272- 3 
mechanism in vivo 291-4 

complement-derived chemotactic activity 
285-6 

cytoskeletal activation 276-7 
gradient perception 280- 1 
locomotion mechanism 280 
panchemotaxins 273, 290 
signal transduction 278-9 

leukocyte-dependent endothelial cell adherence 
292 

leukocytic cationic protein 252 
leukocytic endogenous mediator 183 
leukoproteinase inhibitors 63 (table), 64 
leukotrienes 25, 101-2 

8 4 7 (fig.), 98, 99, 101-2,286 
leukocyte chemoattractant 275 (table) 
neutrophil adherence mediation 25 

C4 7 (fig.), 96, 97, 98 
D4 7 (fig.), 97, 98, 100 
see also eicosanoids 

lignans 164 
lipid peroxidation 117-18 
lipocortins (lipomodulins) 133-8 

anti-inflammatory activity in vivo 141-42 
autoantibodies, chronic inflammatory disease 

associated 142-3 
biological actions 137 
discovery 135-6 
mediator production inhibition in vitro 140- 1 
phospholipase A2 inhibition 139-40 
phosphorylation 142-3 
properties 137 (table) 
steroid induction 137-8 
I-II 93, 133-5 
III-VI 134-5 

Iipomodulins see Iipocortins 
lipopolysaccharide 70 
Iipoxins 94 
5-lipoxygenase 94 
Iipoxygenase inhibitors 25 
Iipoxygenase products 96 
low-density lipoprotein 8 (fig.), 118 
lymphocyte 75-9, 124, 291 
lymphocyte activating factor 183 
Iymphokine 69 
Iymphokine-activated killer cells 232 

Mac-1277 
macrocortins see Iipocortins 
McCond's hypothesis 117 

!X2-macroglobulin 63, 65, 68, 71 
acute phase reactant 23 
protease inhibitor 253 

macrophage 6 (fig.), 7 (fig.), 67-71 
alveolar-derived 27 

rabbit 69-70 
collagenase 67 (table) 
cytotoxic proteases 68 
elastase 67 (table), 70-1 
gelatinase, 72 kD type IV collagenase 67 

(table), 70 
gelatinase, 92 kD type V collagenase 67 

(table), 69-70 
lysosomal protease 68-9 
metalloproteinases 69-70 
monocyte-derived 291 
peritoneal 27 

mouse 68 
proteinases 67 (table) 

inhibitors 71 
proteoglycan-digesting activity 70 

macrophage colony stimulating factor 214 
macrophage inflammatory protein-2 287 
macrophage-like cells 216 
major basic protein 10 (fig.) 
major histocompatibility complex antigens 216 
mast cells 2, 71-75 

atypical mucosal 71 
chymase 72, 73-4 
connective tissue 71-2 
degranulation 25, 73 
histamine release 51 
proteases 72-3 

effect on extracellular matrix 74-5 
tryptase 73-4 

mediators 1 
!Xl-melanocyte-stimulating hormone 164, 178, 

187 
melanoma growth stimulating activity 287 
Melissa officinalis 32 
membrane attack complex 18,28-9 
membrane co-factor protein 21 
meningitis 31 
metalloproteinase(s) 66, 73, 119, 197 

proteoglycan-degrading (stromelysin) 70 
metalloproteinase inhibitors 6 (fig.), 197 
met-enkephalin 62, 275 (table) 
methionine sulphoxide 118 
Metserpin 118 
mixed connective disease 261 
monocyte 27-8, 282 
monocyte chemotactic peptide 275 (table) 
monocyte chemoattractant protein-l 286- 8 
mononuclear cell factor 183 
mononuclear phagocytes 22-3 
mushroom-picker's lung 30 
myeloperoxidase 63, 113 

deficiency 113 
myristic acid 189 

NAD+ -dependent programmed cell death 123 
natural killer cells 75, 235, 256 
negative acute phase reactants 195, 250 
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neisserial infections 31 
neurominidase 234 
neuropeptides 177-9,289 
neurotensin 74, 178 
neutral endopeptidase 40 
neutrophil 25 

adhesiveness 26 
microvesicle shedding 29 

neutrophil activating/attracting peptide 275 
(table), 277 

Nippostrongylus 74 
non-steroidal anti-inflammatory drugs 

(NSAIDs) 91, 97, 99 

oedema 97 
leukocyte-dependent rabbit 99 

orosomucoid 249 (table), 280 (table), 253, 254 
osteoarthritis 261 

cartilage 65, 66 
osteoclast activating factor 183 
osteoporosis 131 
oxypurinol 113 
oxygen 8 (fig.), 109, 110 

spin restriction 110 
see also oxygen radicals, toxic oxygen species 

oxygen radicals 110-11 
production in inflammation 112-15 

endoplasmic reticulum electron transport 
chain 115 

excess, production against 116-17 
mitochondrial electron transport system 

115 
myeloperoxidase systems 112-13 
NADPH oxidase activation 112-13 
non-enzymatic reactions 115 
uncontrolled 117-22 

DNA oxidation 119-22 
lipid peroxidation 117-18 
protein oxidation 118- 19 

xanthine dehydrogenase system uncoupling 
113-19 

toxic 25,28, 109-10 
toxicity 111-12 

superoxide theory III 

paroxysmal nocturnal haemoglobinuria 22 
penicillamine 119 
pentaxins 254, 255 
peptides, complement-derived 28 
peptido-Ieukotrienes 98 
perforin 75 
periodontitis 69 
permeability factors 25 
pertussin toxin 155 
phagocytic cells, lysosomal enzyme release 28 
phenylbutazone 119 
phorbol esters 65 
phosphatidylcholine 279 

phosphatidylinositol-4,5-biphosphate 278, 279 
phosphatidylinositol-4-phosphate kinase 279 
phospholipase 49 

A2 9 (fig.), 93, 133, 138 -42 
inhibition by lipocortin 139-40 
platelet activating factor production 159 
signal transduction 279 

C 93 
D 279 

pigeon-Cancier's lung 30 
plasminogen 249 (table) 
plasminogen activator 67 (table) 
platelet activating factor (PAF) 9 (fig.), 10 (fig.), 

93, 147-67,286 
antagonists 148-9, 160, 161, 162-3, 166 
catastrophe theory in inflammation 165 
cell adherence 160 
chemoattractant 286 
cytokine interaction in inflammation 163-5 
cytokine priming of blood cell responses 

152-6 
endothelial-derived 160-2 
endothelial synthesis 

cytokines effect 157-9 
protease activity relationship 159-60 

endotoxaemia-produced 160 
interleukin I production 149-50, 161 
interleukin 2 production 150-1 
leukocyte chemoattractants 275 (table) 
lipid-like inhibitors 164 
microvascular integrity effect 162-3 
priming agents 153-4 
thrombosis induced by 163 
tumour necrosis factor production 151-2 
vascular permeability increase 290 
see also cytokines 

platelet factor-4 287 
platelet protein kinases 29 
pneumonoconiosis 287 
polymorphonuclear cytosolic inhibitor 62 (table) 
polymorphonuclear leukocytes 61-7, 96, 147 

chemotaxis 39 
collagenase 65, 66 
elastase 62-4 
enzyme-containing granules 61-2 
gelatinases 58, 59 (fig.), 65 

type IV 6 (fig.) 
platelet-activating factor effect 152-3 
respiratory burst 112, 152 
role 61-2 
tumour necrosis factor effect 152 - 3 

polymyalgia rheumatica 143 
poly ADP-ribase polymerase 122 
prealbumin 250, 246 
primaquine 119 
pro-coagulant activity, platelet-derived 29 
procollagenase 75 
prolactin 178 
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pro-opiomelanocortin 187 
properdin 21 
prostacyclin (prostaglandin 12) 7 (fig.), 48, 50, 

91- 102 passim 
prostaglandin{s) 1, 179, 197 

acute phase protein production 260 
anti-inflammatory/immunosuppressive ac-

tion 99-100 
D 25 
D 2 7 (fig.), 95, 96-7 
E t 99, 239-40 
E2 7 (fig.), 23, 25, 91-102 passim, 179 

F 2. 95, 96, 102 
12 prostacyclin 7 (fig.), 48, 50 
see also eicosanoids 

prostaglandin synthetase 25 
protease{s) 2, 58 

chymotrypsin-like 67 
cytolytic 66 (table), 67 
inhibitors 252-3 
mast cell 72-3 
platelet-activating factor relationship 159-60 

IXcprotease inhibitor 159 
proteinase(s) 6 (fig.), 57-79 

aspartic 58 
cysteine 58 
cytotoxic T lymphcytes, natural inhibitors 77 
metalloproteinases 58 
protein inhibitors 63 (table) 
serine 58 

cell lysis 6, 77-8 
substrates 58-61 
30000kD 78 

proteinase-3 67 
IXt-proteinase inhibitor see IXt-antitrypsin 
protein C 160 
protein-glycolipid complex (T cell-derived 

heat-labile protein) 165 
protein-kinase 49 

C 51,278 
proteoglycans 59- 61, 118 

articular cartilage 60- 2 
heparin 71, 73 

prothrombin 249 (table) 
psoriasis 94, 102, 287 
pyrogen, endogenous 177, 188, 245 

Raynaud's phenomenon 121 
reactive oxygen species 8 (fig.), 111, 120 
red cell lysis 22 
regulatory molecules 1 
renocortin see Iipocortins 
retinoic acid 69 
retinol binding protein 254 
rheumatoid arthritis 30, 112 

abnormallXcantitrypsin 118 
IXt-acid-glycoprotein 233 

acute phase proteins in 178-9 
C3 in joints 22 
elastase 64 
hypoxic reperfusion injury 114 
IgM antibodies 143 
immunoglobulin galactosylation 227 
interleukin 1 95-200 

bone 196 
cartilage 196 
concentration-inflammation correlation 

198-9 
fibrosis 196-7 
immune responses in joint 199-200 
mRNA in joint 199 
local effects in joint 191-2 

lymphocytes 124 
macrophages role 69 
neutrophil activating/attracting peptide 

195-6 
steroid-resistant patient 143 
synovial fluid 117 

hypoxanthine in 123 
leukocyte collagenase 65 
tumour necrosis factor 214 

synovitis 117 
rheumatoid factor 121-2 
rosmarinic acid 32 

Schwartzmann reaction 217 
scleroderma 121, 261 
second messenger protein 133 
selectins 292 
serine granzymes 75-8 

actions 78 
human cytotoxic T lymphocytes 76-7 
human natural killer cells 76- 7 
mouse cytotoxic T lymphocytes 75-6 
M, 30000 enzyme 76 
M, 50000 enzyme 76 
M, 95000 enzyme 79 

serpin family 63 
serum amyloid A protein 194-5, 249 (table), 

250 (table), 253-5 passim 
extrahepatic synthesis 257 

shock lung see adult respiratory distress 
syndrome 

sialytransferase 233-4 
sodium thiomalate 119 
somatic mutation theory 110 
somatostatin 74, 178 
soybean trypsin inhibitors 67, 72 
S protein 22 
streptococcus group AlB 27 
stress (heat shock) proteins 116 

20kD 116 
32kD 116 
60kD 116 
70kD 116 
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90kD 9 (fig.), 132 
stromelysin (proteoglycan-degrading metallo

protease) 70, 79, 196 
substance K 11, 179 
substance P 11, 74, 178-80, 275 (table) 

substrate depletion 140 
superoxide anion radical 110 
superoxide dismutase 28, 111 
synoviocytes 124 
systemic lupus erythematosus 31, 116, 143, 261 

lymphocytes 124 
Sjogren's syndrome associated 233 

systemic sclerosis 261 
systemic vasculitis 291 

T cell 234 
aberrant activity 234 
cell surface proteinases 78-9 
C-reactive protein secretion 256 
cytolitic 232 
proteoglycan-degrading metalloproteinase 79 

T cell-derived heat-labile protein (protein-
glycolipid complex) 165 

tetradeconylphorbolacetate 120 
thermolysin 40 
Thi amino acid 45 
thiobarbituric acid test 118 
thiourea 121 
thrombin 275 (table) 
thrombomodulin 217 
thromboxane 

A2 7 (fig.), 93 
8 2 93,95 

thymocyte 78 
thymocyte proliferation factor 183 
tissue inhibitor of metalloproteinases (TIMP 

(TIMP2) 63 (table), 66, 71 
tissue oedema 25 
toxic oxygen species 8 (fig.), 115-30 
transferrin 178, 250, 254 
transforming growth factor 275 (table) 
Trasylol (aprotonin) 63 (table), 73 
trypsin 40 
trypstatin 63 (table) 
tryptase, mast cells 73-4 
tuberculosis 232 
tumour necrosis factors 211-18 

cancer treatment 172 

cell, activation 215 
cellular actions 213 (table) 
chemotactic action 215 
cytotoxic vs proliferative actions 212-15 
coagulation effect 217 
haematopoiesis suppression 214 
mitogen for fibroblast 214 
osteoblast-like cell proliferation 214 
platelet activating factor-induced responses 

priming 154-5 
proteoglycan breakdown 196 
pyrogenic activity 217 
renal graft rejection 216 
soluble mediators induction 216 
surface molecules induction 216-17 
IX 13 (fig.), 91, 100, 212 

acute phase protein production 258 
leukocyte emigration 272 
platelet activating factor related 151-2 

P 13 (fig.) 
priming agents 153-4 
platelet activating factor related 151-2 

tyrosine aminotransferase 132 

Ubiquinone coenzyme Q 115 
ulcerative colitis 261 
urate crystal-induced chemotactic factor 295 

(table) 
uric acid 113 
uterogJobin 144 

Valserpin 168 
vasoactive intestinal peptide 74 
vasocortin 144 
very low-density lipoprotein 22 
vitamin D-binding protein 285 
Von Willebrand factor peptide (antigen)74, 121 

xanthine dehydrogenase 113-4 
xanthine oxidase 113, 122 

hyperoxia-induced acute oedematous lung 
injury 114 

zinc 248-9 
'zinc fingers' 132 
zymogen 17-18 
zymosan 63 
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