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Many mechanisms may be involved in the 
mediation of immunologically induced vascular 
injury. These mechanisms can be classified as 
humoral or cellular (Table 26.1). Humoral mech
anisms involve deposition or in situ formation 
of immune complexes and the intravascular acti
vation of complement. Cellular mechanisms lead 
to granulomatous reactions. This chapter will 
review the pathophysiology of vascular injury 
mediated by immune complexes, complement 
and specific and non-specific cellular effector 
mechanisms. Some of the functional and immu
nological characteristics of endothelial cells will 
also be considered, since the clinical features of 
inflammatory vascular injury depend to a large 
extent on the absence (as in post-capillary 
venules and glomerular capillaries) or presence 
(as in arteries) of an intact non-fenestrated con
tinuous layer of endothelial cells. 

Effector Mechanisms in 
Immunologically Mediated 
Vascular Damage 

Immune Complexes and Antibodies to 
Vascular Structures 

Immune complexes associated with vasculitis 
involve antigens of exogenous origin (e.g. bac
terial, viral, parasitic, fungal and tumour anti
gens and those induced by drugs or food 
allergens) or an endogenous auto-antigen, indi
cating the essential role of the Fc portion of 
complexed antibody in the mediation of tissue 
injury. Complexed antigens modulate effector 

Table 26.1. Immunological mechanisms of vascular damage 

Humoral immune mechanisms 
Deposition of circulating immune complexes 
In situ formation of immune complexes 

Structural vascular antigens 
Non-native "planted" antigens bound to vascular struc
tures 

Intravascular activation of complement 
Granulomatous vascular lesions 

Direct lymphocyte-mediated cytotoxicity (?) 

functions of antibodies in the immune complex 
by expressing variable epitopic density. These 
epitopes are recognized by antibodies of various 
affinities and by other microenvironmental 
characteristics such as their electric charge and 
size. Immune complexes may be: (a) soluble, 
circulating immune complexes; (b) soluble extra
vascular immune complexes in inflammatory 
exudates; (c) deposited or in situ tissue-bound 
immune complexes. 

The transient occurrence of circulating 
immune complexes must be regarded as a physio
logical phenomenon. Antigens are constantly 
removed and destroyed following formation of 
complexes with specific antibodies and clearance 
of the complexes by cells of the retic
uloendothelial system. Complexed antigens may 
also be transported to germinal centres oflymph 
nodes where they become trapped on the surface 
of follicular dendritic cells, a process that allows 
the antigen to escape from its catabolic fate and 
to be presented to lymphocytes for immune rec
ognition and generation of specific memory cells. 

When circulating or tissue-bound immune 
complexes are formed in response to exogenous 
or endogenous antigens, a dynamic relationship 
exists between antigen and antibody in free and 
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complexed fonn: Ag + Ab~[AgAb]. The status 
of this equilibrium is dependent on many factors 
including the relative concentrations of antigen 
and antibody available for immune complex for
mation, antigen valence, the class and avidity of 
specific antibodies for the antigen, the interaction 
of complexes with anti-com pie xed antibodies 
and complement and the rate at which immune 
complexes are cleared. 

Prolonged persistence of antigens following 
infection with weakly cytopathogenic viruses 
(e.g. hepatitis B virus) or entrapment of bacterial 
antigens in chronic inflammatory sites results in 
repeated stimulation of the immune response 
and chronic formation of immune complexes. 
Antigen excess in immune complexes results in 
saturation of antibody sites, so that cross-linking 
is prevented and only "simple" immune com
plexes are fonned regardless of the valence of 
antigen. In contrast, maximal cross-linking 
occurs in immune complexes formed at equiv
alence where the valence of the antigen becomes 
a major determinant of the size of the complexes. 
At equivalence and in antibody excess, multi
valent antigens fonn large soluble immune com
plexes or tend to precipitate, whereas oligo valent 
antigens will fonn small soluble immune com
plexes. Once formed, antigen-antibody com
plexes become the target of numerous humoral 
and cellular recognition systems which pro
foundly influence the composition and the fate 
of the nascent immune complexes (Fig. 26.1): 

I. The interaction of immune complexes with 
complement leads to ionic fixation of Clq to the 
CY2 domain of IgG or the C/14 domain of IgM, 
to covalent binding of C4b to the Fd region of 
the heavy chain and to covalent binding of C3b 
to amino acid residues of Fd (opsonization) (see 
below); 

2. Fibronectin may bind to immune com
plexes via the globular heads or the collagen-like 
domains of Clq. 

3. Rheumatoid factors and anti-idiotypic 
antibodies may bind to complexed antibody mol
ecules; rheumatoid factors react with the Fc 
portion of complexed IgG, whereas anti-idi
otypic antibodies recognize antigenic deter
minants in the variable region of antibodies. As 
seen in animal models of polyclonal B cell acti
vation and even in nonnal human sera, anti
idiotypic antibodies may form idiotype-anti-idi
otype antigen-antibody complexes with free 
antibody molecules. Each type of protein which 
binds to immune complexes significantly alters 
the size of the complexes and thus changes their 
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Fig. 26.1. Schematic representation of an antigen-antibody 
complex. The complexed antibody carries a number of comp
lement proteins. Clq is bound to the Cy2 domain of the 
heavy chain. C4b and C3b are covalently bound to the Fab; 
IgG-rheumatoid factor is also shown. Inset at lower right 
corner of figure: interaction with complement leads to for
mation of a number of complement activation products. 

complement-activating properties, mechanism 
and rate of clearance from the circulation and 
ultimate capacity to produce an inflammatory 
reaction in tissues [75]. 

Once immune complexes have interacted with 
complement and have been opsonized, their 
clearance from the circulation depends on their 
interaction with C3b receptors (CR1) on erythro
cytes and on the functional state of the retic
uloendothelial system (Table 26.2). Erythrocyte 
CRI is the major source of receptors in whole 
blood. CR I endows the cells with the capacity 
for repeated uptake and release of C3b-bearing 
immune complexes which allows the erythro
cytes to transport the complexes, deliver them to 
the sites of removal and, possibly, prevent their 
interaction with other structures such as vascular 
endothelium [33]. In vivo studies in monkeys 
demonstrated that injected preformed immune 
complexes bind to erythrocytes and that erythro
cyte-bound complexes are delivered through the 
portal circulation to the liver, where the com
plexes are stripped from the cells and transferred 
to Kupffer cells [19]. An impaired clearance of 
immune complexes in the liver has been found 
in hypocomplementaemic animals in whom com
plexes appear widely distributed throughout the 
body. 

Transfer of complexes to macro phages lining 
organs of the reticuloendothelial system is poss
ible because of the synergistic function of CRI 
and Fc receptors on these cells and because CRI 
serves as a co-factor for cleavage of immune
complex-bound C3b into C3bi and C3dg. The 
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Table 26.2. Systems involved in removal of antigen and immune complexes and potential consequences of their failure 

System Function Consequences of failure 

Lymphocytes 

Classical complement pathway 

Production of specific antibodies 

Binding of C3b and C4b to immune 
complexes; inhibition of 
immune complex precipitation 

Lack of efficient removal of antigen 

Defective clearance of immune 
complexes. Unprocessed 
complexes may form or be 
deposited in tissues 

Alternative complement pathway Binding of C3b to immune 
complexes; solubilization of pre
formed complexes 

Defective clearance of immune 
complexes. Large unprocessed 
immune complexes may form or 
be deposited in tissues 

Total mass of erythrocytes bearing 
C3b receptors (CRl) 

Transport of immune complexes in 
the circulation 

Defective clearance of immune 
complexes 

Reticuloendothelial system Removal of immune complexes Accumulation of immune 
complexes in the circulation 
favours deposition of complexes, 
vasculitis and tissues lesions 

latter C3 fragments can bind to CR3 and poss
ibly to another distinct type of C3 receptor on 
phagocytes (CR4) (Fig. 26.2). The number of 
CR 1 on erythrocytes is a phenotypic charac
teristic of each individual, and is decreased by 
approximately 40% in patients with systemic 
lupus erythematosus (SLE) because of both 
genetic and acquired factors, including comp
lement activation and anti-receptor auto-anti
bodies [115]. Expression of CR 1 is also decreased 
on neutrophils and B lymphocytes of patients 
with SLE and is lost on glomerular podocytes of 
patients with type IV SLE nephritis [58]. 
Expression ofCRI on erythrocytes is also defec
tive in patients with acquired immunodeficiency 
syndrome (AIDS) but is not altered in patients 

Fig. 26.2. Complement receptors for C3 fragments interact 
with immune complexes carrying C3b (lower left), C3bi 
(upper drawing) and C3dg (lower right). Co-factors for C3b 
modification on immune complexes are drawn near the 
arrows: I and H transform C3b into C3bi; CRI and I trans
form C3bi into C3dg. 

with certain immune complex diseases and hypo
complementaemia such as rheumatoid arthritis. 
It is likely that a reduced number of CRI on 
erythrocytes limits the capacity of the cells to 
transport and clear immune complexes from the 
circulation. Decreased clearance of immune 
complexes may also result from defective func
tion of cells belonging to the reticuloendothelial 
system (RES). Function of the RES can be inves
tigated in vivo by studying the clearance of auto
logous erythrocytes coated with anti-rhesus IgG 
(Fc receptor function of the spleen) or with anti
rhesus IgM and complement (C3 receptor func
tion of the liver) [37]. Using these assays, clear
ance of immune complexes was found to be 
decreased in patients with SLE and Sjogren's 
syndrome (Fc receptor function), primary biliary 
cirrhosis (C3 receptor function) and other 
diseases, and to be improved by plasma exchange 
therapy in several conditions. 

The route by which macromolecular and com
plexed IgA is cleared in humans is unknown. In 
rodents, a mechanism independent of retic
uloendothelial system macrophages has been 
described which involves the binding of. IgA to 
a secretory component expressed on the surface 
of hepatocytes and epithelial cells of the bile 
canaliculi and secretion of complexed IgA as 
secretory IgA in the bile. IgA-containing 
immune complexes which do not activate the 
classical pathway may bind relatively few C3b 
molecules and thus poorly interact with eryth
rocyte CRI or CR3 on liver cells. Ineffective 
clearance of macromolecular IgA in the presence 
of an intact complement system may be respon
sible for the accumulation of IgA aggregates in 
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the mesangium and for systemic IgA deposits 
occurring in a number of human systemic vascu
litides (Table 26.3). 

Table 26.3. Diseases involving macromolecular IgA 

Schiinlein-Henoch purpura 
Other systemic vasculitides with vascular IgA deposits 
Primary IgA nephropathy 
Liver disease 
Dermatitis herpetiformis 
Some cases of systemic lupus erythematosus with glomerular 

IgA deposits 
Some cases of rheumatoid arthritis with vascular IgA 

deposits 
Behcet's disease 

Besides the systemic factors that have just been 
discussed, a number of local factors will deter
mine whether circulating immune complexes will 
eventually deposit in vessels and tissues. Factors 
which determine trapping of circulating immune 
complexes in glomerular capillaries have been 
extensively studied in animal models [21]. Some 
of these factors are listed in Table 26.4. Such 
determinants are probably of critical importance 
for immune complex deposition since, although 
defective clearance increases availability of 
immune complexes for deposition, patients with 
high levels of circulating complexes do not 
necessarily have systemic deposits in vessels and 
tissues. The latter observation, as well as infor
mation obtained from experimental models, has 
suggested alternative ways in which insoluble 
immune complexes may form in tissues. These 
include in situ immune complex formation fol
lowing: (a) interaction of an inhaled or sub
cutaneously injected antigen with circulating 
antibody in a pre-sensitized host (Arthus reac
tion); (b) interaction of circulating antibody with 
intrinsic vascular structures [e.g. anti-glomerular 
basement membrane (GBM) disease]; and (c) 
interaction of circulating antibody with non
native "planted" antigens in vascular structures. 

Table 26.4. Factors which regulate deposition of circulating 
immune complexes in glomeruli (mesangial and/or suben
dothelial) 

Modification of circulating immune complexes: complement, 
anti-antibodies, erythrocyte CR I, function of phagocytic 
cells of the reticuloendothelial system 

Haemodynamic factors: renal blood flow, haemodynamic 
changes in glomeruli (e.g. changes in hydrostatic pressure 
and filtration fraction) 

Mesangial function 
Characteristics of immune complexes: size, antigen/antibody 

ratio, charge 

Diseases of the Arterial Wall 

The latter mechanism is considered operative 
predominantly in the formation of subepithelial 
immune complexes in glomeruli. 

The Arthus reaction, resulting in formation of 
insoluble immune complexes within the vessel 
wall at the site of antigen penetration, provides 
a model for hypersensitivity pneumonitis in "far
mer's lung" disease and for certain cutaneous 
necrotizing vasculitides [16]. Complement acti
vation by large immune aggregates at the site of 
their formation results in local deposition of 
C3b, release of chemotactic C5a, influx of acti
vated granulocytes and leucocyte-mediated 
tissue injury. 

Anti-GBM disease represents an example of 
an immune complex disease in which an anti
body reacts to a native (fixed) antigen on the 
capillary wall [114]. A direct role for antibodies 
targetted against vascular structures has also 
been suggested in the pathogenesis of vascular 
rejection in patients with renal transplants and 
of vasculitis in patients with systemic lupus 
erythematosus. Kidney transplant recipients 
may have circulating anti-endothelial cell anti
bodies that react with umbilical cord vein endo
thelial cells and endothelium of peri tubular 
capillaries, and which are not directed against 
class I or ABO blood group antigens [76]. IgG 
anti-endothelial antibodies have been found in 
sera from patients with active systemic lupus 
erythematosus. The sera may also contain IgG 
complexes that bind to endothelial cells. In vitro 
experiments demonstrated that binding of these 
antibodies to endothelial antigens triggers comp
lement activation, induces disruption of the mon
olayer in endothelial cell cultures and secretion 
of prostacyclin and causes platelet adherence. 
In patients with systemic lupus erythematosus, 
other types of anti-endothelial auto-antibodies 
may be found which induce endothelial damage 
by antibody-dependent cellular cytotoxicity. 
Finally, "activated" endothelial cells often 
express MHC class II antigens which can be the 
target for anti-II auto-antibodies that may be 
present in sera from patients with systemic lupus 
erythematosus. 

Multiple mechanisms which can lead to in 
situ immune complex formation with "planted" 
antigens have been identified. Some of these 
mechanisms which result in formation of 
immune complexes in glomeruli are listed in 
Table 26.5 [21]. Immune-complex-mediated 
damage following in situ complex formation 
occurs in a way similar to that which occurs 
in some drug-induced (e.g. penicillin) immune 
cytopenias. As mentioned above, in situ immune 
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Table 26.5. In situ formation of immune complexes with 
non-native "planted" antigens in glomeruli 

Subepithelial immune complex formation 
Charge-dependent mechanisms (e.g. cationic antigens or 

antibodies) 
Direct binding of antigen or of IgG to the capillary wall 

by undefined charge-independent mechanisms 
Subendothelial immune complex formation 

Charge-dependent mechanisms (e.g. large cationic anti
gens) 

Affinity of antigen for the glomerular basement membrane 
(e.g. DNA) 

Mesangial uptake of macromolecular antigens 
Secondary rearrangement of pre-formed complexes (inde

pendent of their localization) 
By interaction with rheumatoid factors, anti-idiotypic 

antibodies and complement proteins 

complex formation is likely to be of particular 
relevance in the pathogenesis of membranous 
nephritis and probably the predominant 
pathway for immune complex formation in 
human vasculitides with immune deposits. 
Analysis of immune complex and complement 
deposits in membranous nephritis revealed that 
local complement activation by immune com
plexes results in little C3 deposition and in no 
activation of the terminal complement sequence 
during the early phase of this disease and that 
complement activation is insufficient to prevent 
immune complex formation. A possible expla
nation for the latter phenomenon may be that 
classical pathway activation is more efficient at 
preventing immediate aggregation of immu
noglobulins, which occurs in the fluid phase by 
Fc-Fc interactions, than lattice formation, 
which follows "true" antigen-antibody reactions 
[94]. In situ immune complex formation may be 
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relevant to the pathogenesis of some forms of 
vasculitis and glomerulonephritis in patients 
with systemic lupus erythematosus. For 
example, DNA may bind directly to the glom
erular basement membrane by charge-inde
pendent mechanisms and initiate glomerular 
immune complex formation with trapped cir
culating anti-DNA antibodies [51]. Animal 
experiments have suggested that this mechanism 
may be operative in vivo. 

Whatever the primary mechanism of immune 
complex formation in a tissue may be, tissue
bound complexes can be secondarily rearranged 
and processed in a similar fashion to circulating 
immune complexes when they become accessible 
to plasma proteins [75]. In this respect, deposited 
or in situ formed immune complexes may them
selves become the target for in situ secondary 
immune complex formation by interaction of 
free antigen valences with circulating antibodies, 
free antibody valences with antigen or of immune 
complexes with anti-antibodies, e.g. rheumatoid 
factors and/or anti-idiotypes. As mentioned in 
the next section, activation of the complement 
system may at least partly resolubilize tissue
bound complexes at a time when it also initiates 
a local inflammatory reaction. 

Complement 

The complement system comprises 19 plasma 
proteins which represent 5% of the plasma 
protein content. Upon activation, complement 
components interact within distinct and finely 
regulated functional units (Fig. 26.3) [60]. The 
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Fig. 26.3. Complement activation. 
Cleavage of C3 may result from the 
assembly of the classical pathway C3 
convertase, the "priming" alternative 
pathway convertase or the amplification C3 
convertase. Generation of C3b triggers 
formation of C5 convertases and assembly 
of the C5b-9 effector sequence. 
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classical and the alternative pathways of acti
vation both form specific enzymatic complexes 
termed C3 convertases that cleave C3 and gen
erate the major cleavage fragment C3b. A single 
amplification pathway exists that augments C3 
cleavage once initial C3b has been generated and 
there is a common effector sequence comprised 
of C3b and components C5 to C9 that generates 
the opsonizing, vasoactive, leucocyte-attracting, 
immune regulatory and cytolytic activities of 
complement. The classical pathway of activation 
comprises the CI complex formed by one mol
ecule of Clq, two molecules of Clr and two mol
ecules of CIs, the component proteins C2 and C4 
and the regulatory proteins Cl inhibitor (Clinh), 
C4-binding protein (C4BP) and I. The alter
native and amplification pathways involve the 
components C3, Band D, and three regulatory 
proteins P, H and I. When not engaged in the 
assembly of a membrane-bound C5b-9 complex, 
components C5-C9 bind the serum S protein to 
form a fluid-phase cytolytically inactive SC5b-9 
complex. Phagocytic cells and lymphocytes 
express specific receptors for some complement 
proteins and their fragments, which upon inter
action with their ligands elicit the various cellular 
responses that result in the inflammatory process 
[33]. 

The interaction of immune complexes with 
complement occurs in the fluid phase, on cell 
surfaces and in the interstitial spaces. It may 
proceed via either the classical or alternative 
pathways. Classical pathway activation is 
initiated by binding of the Clq subunit of Cl to 
at least two closely positioned IgG molecules or 
to complexed IgM. The role of antigen in the 
antigen-antibody complex is to aggregate IgG 
molecules in order to facilitate multivalent 
binding of Clq. The binding of Clq is followed 
by auto-catalytic conversion of the Clr subunit 
to an active protease which then converts subunit 
CIs to an active enzyme. Auto-activation occurs 
because binding of Cl to immune complexes 
results in an escape of Cl from the inhibitory 
action of Clinh, which normally acts to prevent 
activation of fluid phase Cl [118]. Non-immune 
activators listed in Table 26.6 may directly bind 
and activate Cl in the absence of IgG. Activated 
CI cleaves C4 to generate the C4b fragment 
which can covalently attach to the antigen (e.g. 
cell membranes) or to the Fd portion of com
plexed IgG, close to the activated CI molecule. 
C2 then binds to C4b and is cleaved by the 
neighbouring activated Cl, yielding the C2a 
fragment that remains complexed with C4b to 
form the bimolecular C4b,2a classical pathway 

Diseases of the Arterial Wall 

Table 26.6. C I activators 

Fe portion of complexed immunoglobulins 
IgGI, IgG2, IgG3 
IgM 

Non-immune activators 
RNA viruses 
Some strains of Salmonella, E. coli and Neisseria 
Heparin-protamine complexes 
Heart mitochondrial membranes 
Monosodium urate crystals 

C3 convertase. The next step in complement acti
vation is the cleavage of C3 by the immune
complex-bound C3 convertase, which results in 
release of the anaphylatoxin C3a and generation 
of C3b. Like C4b, nascent C3b transiently ex
presses a reactive site that allows formation of 
a covalent bond with hydroxyl groups or amino 
groups on immune complexes and/or on 
bystander surfaces [65]. 

Binding of multiple C3b molecules to the acti
vating immune complex changes the specificity 
of the C3 convertase to a C5 convertase and 
triggers activation of the terminal sequence C5-
C9. Function of the classical pathway C3 and 
C5 convertase is controlled by the regulatory 
proteins C4BP and I. Complement activation by 
immunoglobulin in immune complexes may also 
occur through the alternative pathway as evi
denced by the capacity of aggregated immu
noglobulins, including IgA, to activate this 
pathway, and by the enhancing role of specific 
antibodies on alternative pathway activation by 
bacteria, parasites, fungi and virus-infected cells. 

A critical function of complement with regard 
to the pathogenesis of vasculitis is its ability to 
prevent immune complex precipitation and to 
prepare optimally solubilized complexes for their 
intravascular transport to the sites of removal in 
the reticuloendothelial system [94]. In the study 
of this function in vitro, it is of importance 
whether the immune complexes interact with 
complement at the time of their formation or 
whether complement is added to pre-formed 
insoluble (precipitated) complexes. In the for.mer 
case, classical pathway components bind to the 
immune complexes simultaneous to their for
mation and prevent their precipitation (inhi
bition of immune precipitation) (Fig. 26.4). In 
the latter case, activation of the alternative 
pathway results in disruption of the lattice and 
solubilization of pre-formed immune precipi
tates, a phenomenon which may be particularly 
relevant for the local rearrangement of immune 
complexes deposited in tissues. Complement-
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Fig. 26.4. Formation of insoluble immune complexes at equivalence is prevented in these experiments when antigen and 
antibody are reacted in the presence of fresh human serum rather than in heat-inactivated, complement-depleted serum. The 
abscissa shows increasing amounts of antigen [bovine serum albumin (BSA), tetanus toxoid and hepatitis B virus surface 
antigen] which were added to constant amounts of specific antibodies raised in rabbits. The ordinate indicates the percentage 
of radio labelled antigen precipitated. 

dependent inhibition of immune complex pre
cipitation is more effective in slight antibody 
excess, most probably because binding of C4b 
and a large number of molecules of C3b to IgG 
prevents Fc-Fc interactions. The Fc-Fc inter
actions are responsible for the immediate aggre
gation of complexes that precede formation of a 
stable lattice. Failure of classical-path way
dependent solubilization and opsonization of 
immune complexes probably accounts for the 
frequent association of C4, C2 and Cl deficien
cies with immune complex diseases and vasculitis 
(Table 26.7) [92,93]. 

Activation of the alternative pathway rep
resents a natural system of defence against infec
tion as it may occur in the absence of specific 
antibodies [59]. It is initiated by the binding to 
surfaces of C3b molecules that have been gen
erated in plasma. C3b molecules that are bound 

Table 26.7. Deficiencies of classical pathway complement 
components associated with immune complex diseases 
(adapted from Schifferli and Peters [92]) 

Deficient Disease % of patients with 
component immune disease 

among 
homozygous 
deficient patients 

Clq Glomerulonephritis, 94 
SLE-like syndrome 

Clr Glomerulonephritis 75 
CIs Glomerulonephritis, SLE 75 
C4 SLE 87 
C2 SLE 57 

Table 26.8. Activators of the alternative pathway 

Many strains of gram-negative and gram-positive bacteria 
LPS from gram-negative bacteria 
Fungi and yeast cell walls 
Some viruses; virus-infected cells 
Parasites 
Some tumour cells 
Cholesterol crystals 
Aggregated human IgG, IgA and IgE 

to "activating surfaces" (Table 26.8) interact 
with factors Band D to form the amplification 
C3 convertase which cleaves C3 and deposits 
C3b molecules on the target surface. Bound C3b 
is rapidly inactivated by membrane inhibitors, 
i.e. "decay accelerating factor" (DAF) and the 
C3b receptor (CRI), and by the plasma control 
proteins H and I when it is bound to membranes 
of autologous cells or to "non-activating" sur
faces of the alternative pathway. DAF, an intrin
sic membrane glycoprotein of molecular weight 
70000 [74] is present on endothelial cells, ery
throcytes and leucocytes and probably rep
resents the major protective factor on these cells 
for resisting complement activation and lytic 
damage [1]. 

Two membrane-associated families of mol
ecules, sialic acid [31] and sulphated muco
polysaccharides (e.g. heparan sulphate) [57] 
modulate the ability of cell surfaces to activate 
the alternative pathway by enhancing the inter
action between surface-bound C3b and the regu
latory protein H. On "activating" surfaces, the 
alternative pathway C3 convertase C3b, Bb may 
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be stabilized by properdin (P) which delays the 
spontaneous decay of the enzyme. Binding of 
multiple molecules of C3b to the activating 
surface changes the alternative pathway C3 con
vertase into a C5 convertase and initiates 
assembly of the C5b-9 effector sequences. Some 
patients with partial lipodystrophy or type I or 
II membranoproliferative glomerulonephritis, 
acquire an IgG auto-antibody to the C3b,Bb 
convertase, termed C3 nephritic factor (C3Nef), 
which effectively stabilizes the amplification con
vertase resulting in chronic systemic alternative 
pathway activation [24]. A classical pathway 
"counterpart" of C3Nef, termed C4Nef, which 
stabilizes the C4b,2a enzyme, has been described 
in certain patients with post-streptococcal glo
merulonephritis and in patients with SLE. 

Cleavage ofC5 by the classical and alternative 
pathway C5 convertases releases C5a and gen
erates C5b. Nascent C5b can form a stable 
bimolecular C5b,6 complex with C6. The C5b,6 
complex can reversibly bind to cell membranes. 
With the addition of C7-C9, it can lyse unsen
sitized bystander cells, a process known as reac
tive lysis. Several protective mechanisms 
contribute to the inhibition of autologous cell 
lysis by complement. These include: the mem
brane-associated factors which control function 
of C3 and C5 convertases on autologous cell 
surfaces (i.e. CRI and DAF); plasma high
density lipoproteins which inhibit insertion ofC9 
in cell membranes bearing C5b-8 complexes [85]; 
and a recently identified species-specific protein 
which prevents binding of C9 to homologous 
C5b-8 [45]. Furthermore, nucleated cells are rela
tively resistant to membrane attack by comp
lement because of cell membrane renewal and a 
shorter life span of the complement lytic chan
nels in membranes of nucleated cells [82]. Thus, 
the finding of C5b-9 neo-antigens in a patho
logical tissue does not necessarily mean that 
locally formed m(C5b-9) complexes are directly 
causing tissue lesions and cell death [7,22,49]. It 
is important to note that C5b-9 complexes also 
exert several biological effects at sublytic con
centrations, such as stimulation of arachidonic 
acid metabolism and release ofleukotrienes from 
leucocytes [97]. 

The anaphylatoxins C3a, C4a and C5a gen
erated after C3jC5 convertase formation [50] do 
not remain at the site of activation but are 
released into plasma and extracellular fluids. 
C5a, the most potent anaphylatoxin, induces a 
variety of biological effects which are important 
for the initiation of an inflammatory reaction, 
by reacting with specific receptors on leucocytes. 

Diseases of the Arterial Wall 

Approximately 1-3 x 105 high-affinity receptors 
(0.3-1 x 109 M- 1) have been demonstrated on 
human neutrophils [12]. Other cell types which 
respond to C5a are mast cells, basophils, eosino
phi Is and monocytes. 

The interaction between C5a and its receptor 
involves both the C-terminal part of the molecule 
and a separate site that is close to the N-terminal 
portion. Thus, the C-terminal arginine is import
ant for the induction of biological activities of 
C5a. Although C5a is quickly converted to the 
stable derivative C5adesArg by carboxy
peptidase N, C5adesArg may bind with low 
affinity to smooth-muscle cells resulting in their 
contraction and may bind with low affinity to 
leucocytes to induce chemotaxis, enhanced 
adhesiveness and lysosomal degranulation. C5a 
is chemotactic at nanomolar concentrations, 
causing directed migration of neutrophils, 
eosinophils, basophils and monocytes against 
the gradient of concentration which occurs when 
the peptide diffuses away from the site of comp
lement activation [34] (Table 26.9). Neutrophil 
stimulation by C5a leads to the respiratory burst 
and increased membrane expression of C3b 
receptors (CRl) which indirectly facilitates 
phagocytosis [32]. C5a enhances neutrophil turn
over of arachidonic acid and stimulates cellular 
production of the inflammatory mediators 5-
HETE and leukotriene B4. Both of these lipids 
are known to be neutrophil chemotactic factors 
themselves [100]. C5a and C5adesArg also 
enhance the adhesiveness of neutrophils to 
foreign surfaces and endothelial cells and rever
sibly aggregate neutrophils in vitro and in vivo 
[23,108]. The latter effect is secondary to 
enhanced expression of the adhesion-promoting 
molecule Mol [2]. It mediates intravascular 
aggregation of leucocytes and leucopenia in 
patients undergoing haemodialysis with com
plement-activating membranes or car-

Table 26.9. Effects of binding of C5a and C5adesArg to C5a 
receptors on neutrophils 

Chemotaxis 
Enhanced expression of C3b receptors (CRI) and enhanced 

phagocytic capacity 
Enhanced expression of Mol and enhanced adhesiveness; 

reversible aggregation of neutrophils; enhanced adhesion 
of neutrophils to endothelial cells 

Increased oxygen consumption 
Oxygen burst 
Stimulation of arachidonate metabolism (cellular pro

duction ofS-HETE and LTB4) 
Specific granule secretion 
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diopulmonary bypass [14,111]. This mechanism 
is probably essential in the pathogenesis of pul
monary endothelial cell damage in the adult res
piratory distress syndrome (ARDS) [84]. 
Experimental evidence for a pathogenic link 
between complement-mediated pulmonary 
sequestration of neutrophils and lung endo
thelial cell injury has been provided by the obser
vation that intravenous injection of CSa or 
complement-activated autologous plasma 
induces sequestration of neutrophils in the lung 
and that CSa causes neutrophils to bring about 
release of Cr from labelled umbilical vein endo
thelial cells in culture [90]. Recent data indicate 
that oxygen-derived free radicals (the iron-cata
lysed H20 2 conversion product OH-) released 
from complement-sequestered neutrophiIs play 
a major role in endothelial cell damage [107]. In 
addition, complement and neutrophils have been 
shown to exaggerate endothelial cell injury 
initiated by endotoxin. Lipopolysaccharide 
(LPS) appears to enhance neutrophil-mediated 
damage induced by CSa in the lungs of exper
imental animals in vivo and human endothelial 
cells in vitro. In as much as LPS can activate 
complement, large amounts of LPS might 
produce injury by a combination of direct effects 
on endothelial cells and indirect effects on neu
trophils activated by CSa. 

Complement fragments generated during 
complement activation and certain complement 
proteins bound to the targets of complement 
activation may interact with receptors on effector 
cells to trigger phagocytosis and/or other specific 
cellular responses which contribute to the 
inflammatory process [33]. These fragments 
include the C3b, C3bi, C3dg and C3d cleavage 
fragments of C3 (Fig. 26.S) and Clq and H. The 
binding specificities and cell distribution of the 

receptors CRl, CR2 and CR3, which bind the 
C3b, C3bi and C3dg/C3d fragments ofC3 coval
ently attached to surfaces, are summarized in 
Table 26.10. 

CR 1 is a polymorphic glycoprotein with a 
molecular weight of approximately 200 000. CR 1 
on erythrocytes transports opsonized immune 
complexes to the sites of their removal in the 
reticuloendothelial system. As mentioned earlier, 
the role of erythrocytic CRI in the clearance of 
immune complexes may provide an explanation 
for the association of certain immune complex 
diseases with deficiencies of CR 1. The main func
tion of CRI on neutrophils and monocytes is 
to enhance phagocytosis of IgG-coated particles 
and mediate internalization of small ligands 
bearing C3b. Binding offibronectin or other con
nective tissue components to C3b-coated par
ticles confers the ability to ingest the opsonized 
targets in the absence of antibody on both mon
ocytes and CSa-stimulated neutrophils [81]. 
Interaction of bound C3b with CRl has also 
been shown to induce enzyme release from neu
trophils and to trigger the oxidative metabolism 
in neutrophils and monocytes. A role for CRI 
on B lymphocytes in B cell differentiation has 
been suggested by the observations that F(ab')2 
anti-CR 1 enhanced polyclonal antibody 
secretion by peripheral blood mononuclear cells 
in the presence of pokeweed mitogen. 

The predominant or exclusive ligand of CR3 
is C3bi. The receptor is present on neutrophils, 
monocytes, large granular lymphocytes and fol
licular dendritic cells. The expression of CR3 is 
up-regulated by chemo-attractants and 
decreased by interferons. CR3 consists of two 
polypeptide chains, an alpha chain with a mol
ecular weight of 16S 000 that expresses the 
Mac1/0KMI and Mol determinants and a beta 
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Table 26.10. Human C3 receptors 

Receptor Ligand* 

CRI C3b, C4b,C3bi 

CR3 C3bi 

C3dg? 

CR2 C3dg 
C3d 
C3bi,C3b 

CR4(?) C3dg 

Molecular weight 

200000 
(polymorphic) 

Ct. chain: 
165000 

/3 chain: 
90 000 

145000 

? 

Monoclonal antibodies 
specific for epitopes on 
receptors 

Monoclonal antibodies 
raised against the purified 
molecule 

Anti-Macl, anti-Mol 

OKMI, OKMIO, Leul5 

Anti-B2, HB-5, OKB7 

Diseases of the Arterial Wall 

Cell distribution 

Erythrocytes, neutrophils, 
eosinophils, monocytes, B 
lymphocytes, some T 
(CD4 + ) lymphocytes, 
follicular dendritic cells, 
glomerular podocytes 

Neutrophils, eosinophils, 
monocytes, large granular 
lymphocytes, follicular 
dendritic cells 

B lymphocytes, follicular 
dendritic cells 

Neutrophils 

* The underlined ligand is that which binds to the receptor with highest affinity. 

chain of molecular weight 90000 that is shared 
with two other leucocyte membrane proteins, 
LFAI and p 150,95 [91]. Binding ofC3bi-coated 
particles to CR3 on phagocytes is considerably 
enhanced in the presence of divalent cations. 
CR3 is probably the most important C3 receptor 
for phagocytosis of opsonized bacteria, since 
C3b is rapidly converted in serum into C3bi. 
CR3 binds with high affinity to surface-bound 
C3bi; it also binds to unopsonized yeast and 
to some bacterial surfaces; and it can trigger 
phagocytosis ofC3bi-coated particles in the pres
ence or absence of IgG. The roles of CR3 in 
phagocytosis and of the Mol alpha chain in pro
moting adherence of neutrophils to surfaces 
explain the complex defects in neutrophil func
tions reported in patients with recurrent bacterial 
infections whose cells are deficient in the 
Macl/Mol antigen and/or in the common beta 
chain of the Macl-LFAI-pI50,95 family of mol
ecules [35]. 

CR2, the C3d and Epstein-Barr virus recep
tor, is present only on B lymphocytes and fol
licular dendritic cells. It plays an important role 
in antigen presentation and B cell proliferation. 
Thus C3 receptors are essential for phagocytosis 
and elimination of antigens, the clearance of 
immune complexes and immune regulation. As 
it has briefly been discussed above, both their 
acquired or genetic deficiency (e.g. CRI defi
ciency) and their enhanced expression (e.g. 
the Mol alpha chain of CR3) participate in the 
pathogenesis tissue damage. 

Experimental and in vivo evidence discussed 
above indicates that complement may mediate 

immunologically induced vascular inflammatory 
injury by either of the two following pathways: 

1. Complement may directly induce vascular 
damage without involvement of inflammatory 
cells by generating m(C5b-9) complexes and 
inserting them into lipid bilayers of target cell 
membranes. Evidence for this pathogenic mech
anism in human vasculitides is still indirect, 
based on the well-established cytolytic properties 
of m(C5b-9) and on the finding of C5b-9 neo
antigens in tissue lesions [7,22]. C5b-9 deposits 
are present in association with immune deposits 
along glomerular capillary walls and in the 
mesangium in a variety of glomerular diseases, 
including all forms of nephritis in systemic lupus 
erythematosus, membranous nephropathy, anti
GBM nephritis, acute post-streptococcal glo
merulonephritis, IgA glomerulonephritides and 
membranoproliferative nephritis [49]. C5b-9 
deposits are found in association with IgG and 
Cl at the dermal-epidermaljunction of involved 
skin in systemic lupus erythematosus [8] and in 
vessels with acute experimental endothelial 
injury induced by in situ formation of IgA-con
taining immune complexes in the lung [52]. It 
should be noted however, that C5b-9 neo-anti
gens in a tissue may represent either "true" 
m(C5b-9) complexes or passively absorbed non
cytolytic SC5b-9 complexes. Furthermore, 
m(C5b-9) may be pathogenic independently of 
its cytolytic capacity, by reversibly altering cell 
metabolism and inducing release of inflamm
atory mediators such as eicosanoids, interleukin-
1 and reactive oxygen species [6]. 
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2. Complement may induce vascular injury in 
an indirect fashion by generating chemotactic 
peptides which can activate leucocytes inducing 
their adherence to target tissues and the release 
of inflammatory mediators and toxic oxygen 
products. This mechanism may be initiated by 
local or systemic complement activation. It 
involves neutrophils when systemic complement 
activation or IgG-dependent activation are the 
initiating events. It predominantly involves 
monocytes/macrophages when the phlogistic 
complex contains IgA rather than IgG [30]. One 
of the differences between IgG- and IgA-con
taining immune complexes is that macro
molecular IgA only activates the alternative 
pathway and generates relatively less C5a than 
IgG-containing complexes. Generated C5a 
would then primarily stimulate local resident 
cells (i.e. macrophages) rather than diffuse away 
from the site of its generation so as to attract 
and activate circulating neutrophils as occurs 
when complement is activated by IgG-con
taining immune complexes. The relatively poor 
complement-activating capacity of IgA may 
account for the occurrence (e.g. in mesangial 
nephropathy) of IgA immune deposits and 
complement deposits without evidence of infilt
rating leucocytes. IgG immune complexes or 
immunoglobulin-independent systemic comp
lement activation generate large amounts of C5a 
which attracts neutrophils and stimulates their 
effector functions. 

In addition to C5a, C3 fragments and com
plexed immunoglobulins contribute to cell
mediated complement-dependent damage to 
tissues. For example, stimulation of CR3 and of 
Fc receptors induces degranulation of pro
staglandins, thromboxane and leukotrienes. 
Finally, as mentioned above, sublytic amounts 
ofC5b-9 may also activate neutrophils and mon
ocytes to release mediators of inflammation. 

Cellular Effector Mechanisms 

Effector cells of the immune system are involved 
in at least three different pathways of immu
nologically mediated damage of the vascular 
wall: (a) neutrophils and monocytes are recruited 
in the amplification and effector phase of 
immune-complex-mediated damage; (b) neu
trophils are primarily involved in vascular 
damage induced by systemic complement acti
vation; (c) cytotoxic effector subsets of lym
phocytes and monocytes/macrophages that have 
been activated by factors derived from specific-
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ally activated lymphocytes determine cell
mediated immunity reactions against allogeneic 
or other uncharacterized antigens. In all 
instances, a complex dynamic interplay between 
cells and soluble effector or regulatory molecules 
focuses effector mechanisms on the target(s) of 
immune recognition so as to optomize their 
removal or destruction and limit adverse reac
tions to the host. 

Monocytes 

Mononuclear phagocytes are found circulating 
in the blood (monocytes) and fixed in tissues 
(tissue macro ph ages) [43]. Circulating mon
ocytes originating from the bone marrow spend 
approximately 24 h in the bloodstream before 
emigrating to the extravascular pool. Giant cells 
and epithelial cells derive from tissue macro
phages. During inflammation, there is an 
increase in monocyte production, an increase in 
the influx and accumulation of monocytes at the 
site of the inflammatory reaction. Monocytes 
and macrophages may be triggered to become 
effector cells following the interaction of soluble 
or particulate ligands with specific receptors or 
"recognition units" on the cell membrane. These 
include receptors for the Fc part of immu
noglobulins, receptors for cleavage fragments of 
complement proteins, receptors for lympho
kines, receptors for several plasma proteins and 
"recognition units" for particles of defined bio
chemical composition (Table 26.11). 

Table 26.11. Ligands for surface receptors expressed by 
monocytes/macrophages 

Fc portion of immunoglobulins: 
IgG 
IgE 

Complement fragments: 
C3b (CRl) 
C3bi (CR3) 
C5a, C5adesArg 
C3a, C3adesArg 

Gamma interferon, other lymphokines (MIF) 
Colony-stimulating factor (CSF) 
Insulin 
Plasma proteins: 

transferrin, fibronectin, fibrinogen, lipoproteins, alpha-2 
macroglobulin-protease complexes 

Mannose (yeast cell wall) 
Activating surfaces of the alternative complement pathway 

Fc gamma receptors on human monocytes 
bind the Cy3 domain of complexed or aggregated 
IgG I or IgG3. The Cy2 domain and the hinge 
region of the immunoglobulin are required for 
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stable conformational binding. Interaction of Fc 
receptors with IgG molecules bound by their Fab 
arms to a foreign particle and the subsequent 
cross-linking of the receptors on the cell surface 
is the most potent signal for phagocytosis by 
monocytes. The IgG-coated particle that has 
adhered to the monocyte is surrounded by cyto
plasmic extensions of the cell, leading to for
mation of a vesicle (phagosome) that separates 
from the plasma membrane and fuses with 
primary and secondary lysosomes. Ingested 
organisms are killed and degraded in lysosomes. 
Fc receptors that have been cleared from the 
macrophage surface during formation of the 
phagosome may be recycled back to the plasma 
membrane of the cell. 

Although binding of IgG to Fc receptors is 
sufficient to trigger phagocytosis by monocytes, 
the process is usually facilitated by the fact that 
biological targets are co-opsonized with other 
molecules such as C3 fragments or fibronectin 
which enhance adhesion of the targets and/or 
trigger their ingestion. Fc gamma receptors on 
monocytes also mediate antibody-dependent 
cellular cytotoxicity (ADCC) by which IgG
bearing opsonized cells are killed by the Fc recep
tor-bearing effector cell; FCB receptors on mon
ocytes mediate ADCC against IgE-coated 
parasitic targets. 

Human monocytes express four complement 
receptors: CRl, CR3, C5a and C3a receptors. 
The interaction of CRI and CR3 with C3b and 
C3bi on opsonized targets will cause particles 
to adhere to monocytes. This interaction is not 
sufficient to trigger phagocytosis on its own 
unless CRI and CR3 have been "activated" by 
exposure of the monocytes to a chemotactic 
factor, to specific T cell-derived lymphokines, 
to phorbol esters or to fibronectin or laminin 
[42,80,116]. The enhancing effect of connective 
tissue proteins on phagocytosis may be par
ticularly relevant to the pathogenesis of vascular 
lesions where extracellular matrices become 
exposed. Surface-bound or soluble fibronectin 
induces phagocytosis of C3b-coated particles in 
the absence of fibronectin on the particle to be 
phagocytosed. CR 1 on monocytes also mediate 
absorbtive endocytosis by these cells. Absorbtive 
endocytosis differs from phagocytosis in that it 
involves receptor-mediated ingestion of soluble 
ligands and the formation of small-size clathrin
coated vesicles. Expression of CRI and of CR3 
on monocytes is enhanced by IL-l and by 
chemo-attractants including C5a and C5ade
sArg. As mentioned earlier, CR3 is a member 
of a family of three structurally related surface 
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glycoproteins, CR3, LF A 1 and p 150,95 which 
function in adhesion events. All three of these 
receptors recognize a fungal pathogen, Histo
plasma capsula tum CR3 mediates binding to 
monocytes of C3bi-coated particles and of unop
sonized zymosan, and may function as a receptor 
for beta glucans [86,87]. By enhancing expression 
of CR3 on monocytes, C5a and C5adesArg 
increase adhesiveness of the cells to surfaces of 
pathogens, to artificial surfaces and also to vas
cular endothelium [108]. 

The adherence of monocytes to the endo
thelium has been shown to be involved in exper
imentally induced atherosclerosis and in some 
animal models of immune-complex-mediated 
vascular injury involving macromolecular JgA. 
Further consequences of the binding of 
C5a/C5adesArg to C5a receptors on monocytes 
include chemotaxis and stimulation of the 
oxygen metabolism and degranulation. C5a
dependent migration of monocytes is enhanced 
by factors produced by fibroblasts and fragments 
of collagen (Table 26.12) and is inhibited by 
lymphokines (MIF) and the Bb fragment gen
erated from factor B during activation of the 
alternative complement pathway. Receptors for 
C3a have not yet been biochemically char
acterized on monocytes, although their existence 
is indicated by the observation that C3a and 
C3adesArg trigger IL-l secretion by human cul
tured monocytes [64]. 

Table 26.12. Chemotactic factors for human monocytes 

Complement fragments: C5a; C5adesArg; C5b,6, 7 
Lymphokines 
L TB4, 5-HETE 
Fragments of fibronectin 
FMLP 

Interaction of monocyte receptors with 
various ligands, irrespective of engaging phago
cytosis, triggers the respiratory burst which 
involves increased oxygen consumption by the 
cells and production of reactive oxygen species 
such as superoxide anion, hydrogen peroxide, 
hydroxyl radicals and singlet oxygen [3]. Extra
cellular and intraphagosomal superoxide anion 
derivatives are microbicidal. Their anti
microbial effects are augmented by halide ions 
in the presence of my eloper oxidase in monocytes 
and of catalase in mature macrophages. Reactive 
oxygen species contribute to tissue damage by 
oxidizing proteins, lipids and nucleic acids. 
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Secretory products of macrophages include 
enzymes, enzyme inhibitors, coagulation factors, 
fibronectin, plasma proteins, IL-I, tumour 
necrosis factor, growth-promoting factors and 
arachidonic acid derivatives (Table 26.13). 
Complement proteins are secreted by macro
phages at all stages of activation. Secretion of 
enzymes, neo-synthesis of arachidonic metab
olites and production of IL-I require engage
ment of specific membrane receptors or exposure 
of the cells to membrane-active pharmacological 
agents. Among the enzymes that are secreted 
by macrophages are acid hydro lases which are 
stored in primary and secondary Iysosomes. 
They may be released into the extracellular 
milieu following stimulation by immune com
plexes. Neutral proteases secreted by mon
ocytes/macrophages include plasminogen 
activator, elastase and collagenase, all of which 
are capable of degrading collagens, elastin and 
proteoglycans in connective tissue. Lysozyme 
present in lysosomal vesicles selectively degrades 
some bacterial cell walls and may contribute, 
in association with other enzymes, to the tissue 
damage produced by stimulated macro phages 
[43]. 

Macrophages produce large amounts of pro
staglandins and leukotrienes following stimu-

Table 26.13. Secretory products of macrophages 

Enzymes 
Acid hydro lases 

Proteases and peptidases 
Glycosidases 
Phosphatases 
Lipases 

Neutral proteases 
Collagenases (specific for collagens types I, II, III; spec
ific for collagen type V) 
Plasminogen activator 

Angiotensin-converting enzyme 
Enzyme inhibitors 

Alpha-2 micro globulin and other protease inhibitors 
Plasma proteins 

Fibronectin 
Complement components Cl, C4, C2, C3, C5, B, D, P, H 

and I 
Pro-coagulant proteins: tissue factor, factors V, VII, IX 

and X 
Reactive oxygen species 
Arachidonic acid metabolism derivatives 

Leukotrienes 
Prostaglandins, thromboxane B2 

Interleukins 
IL-J 
Interferon 

CSF 
And other factors promoting cell proliferation (including 

growth factors for fibroblasts, smooth-muscle cells and 
endothelial cells) 
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Table 26.14. Stimuli for IL·l release from monocytes 

Gram·negative bacteria, LPS, the polysaccharidic moiety of 
LPS 

Gram·positive bacteria, cell walls, muramyl dipeptide 
Yeast cell walls 
Viruses 
C5a, C5adesArg, C3adesArg, C3b 
Surface· bound IgG 
Activated T cells 
Phorbol myristate acetate 
Silica 
U ra te crystals 

lation of membrane phospholipase A2 and 
release of arachidonic acid. Prostaglandins 
(PGE2) affect macrophage function and exert 
suppressive effects on the immune response. 
Among the leukotrienes, L TB4 and SHETE are 
particularly relevant to the inflammatory process 
due to their potent chemotactic activity and 
aggregating effects on leucocytes. Recently ident
ified lipoxines favour lysosomal enzyme release 
and production of oxygen radicals by 
monocytes. Stimulated monocytes also release 
platelet-activating factor (PAF-acether), a 
potent mediator that attracts leucocytes, triggers 
the respiratory burst and induces a variety of 
systemic effects including hypotension and con
traction of smooth-muscle cells [66]. 

Monocytes/macrophages are the primary 
source of IL-I whose synthesis is induced by a 
wide variety of stimuli (Table 26.14) [26,28]. 
Little is known of the precise mechanisms by 
which monocytes react to IL-I inducers; 
however, ligand-receptor interactions are gen
erally involved, e.g. when cells are exposed to 
LPS or to CSa/CSadesArg. Following contact of 
the inducing agent with the monocyte 
membrane, activation of protein kinase C and 
phosphorylation of intracellular proteins take 
place which lead to gene activation and gen
eration of two different types of RNA specific 
for IL-l. mRNA specific for IL-I appears by 
2 h after stimulation. Two large IL-I precursor 
proteins (molecular weight approximately 
33000) are then cleaved into pep tides of mol
ecular weight 17 SOO prior to membrane 
expression and to extracellular release [68]. IL-l 
has a wide range of biological activities (Table 
26.IS) [26]. It is involved in the regulation of the 
immune response due to its ability to induce (a) 
secretion of the T cell growth factor interleukin-
2 (lL-2) and (b) the expression of IL-2 receptors 
by T cells. IL-I is involved in the initiation of 
the immune response since its membrane form 
participates with class II antigens in antigen pres-
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Table 26.15. In vivo effects of IL-l 

Fever 
Neutrophilia 
Synthesis of acute phase reactants 
Proliferation of fibroblasts 
Increased protein degradation 
Immune regulation 

entation by macrophages. Two different T cell
dependent pathways have been described for sti
mulating membrane IL-l expression in macro
phages. One involves cell-cell contact and the 
other involves a lymphokine secreted by acti
vated T cells. IL-l also behaves as a key mediator 
of the inflammatory reaction, acting as a chemo
attractant. It induces the synthesis of various 
proteins including collagen and proteinases, sup
porting the concept that it is involved in tissue 
injury and induction of sclerosis (e.g. in synovitis 
and in hepatic or pulmonary fibrosis) [95]. IL-I 
can act as a circulating hormone, generating 
fever and responsible for the production of 
acute-phase reactants by hepatocytes. Locally 
secreted IL-l may recruit and mediate monocyte 
adhesion to the endothelium by increasing the 
expression of specific leucocyte adherence mol
ecules on the surface of endothelial cells; IL-l is 
also secreted by injured or stimulated smooth
muscle cells so that a self-amplifying and per
petuating inflammatory process is triggered at 
the site of vascular injury. 

N eutrophils 

Neutrophils represent 50%-70% of the total 
number of leucocytes in peripheral blood. The 
cells do not circulate continually since part of 
the population is located along the margins of 
blood vessels. The half-life of neutrophils in the 
blood is about 7 h. As mentioned earlier, neu
trophils are the primary effector cells in IgG 
immune-complex-induced injury and in tissue 
injury initiated by systemic complement acti
vation. Specific receptors for chemotactic mol
ecules are present on the neutrophil cell 
membrane (Table 26.16). 

The most potent chemo-attractant for neu
trophils is C5a [100]. The relative importance of 

Table 26.16. Receptors for chemotactic factors on neutro
phils 

C5a: 80000 receptors/cell (Kd = 2 x 109 M- 1) 

FMLP: 70000 receptors/cell 
L TB4: 25---40000 receptors/cell 
Chemotactic lymphokines:? 
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Fig. 26.6. Electron photomicrograph of a neutrophil adher
ent toa cultured endothelial cell. 

C5a as a mediator of neutrophil influx has been 
shown in several experimental models. Serum 
from C5-deficient mice generates no chemotactic 
activity when treated with immune complexes 
and C5-deficient mice exhibit a delay or abro
gation of neutrophil accumulation in the pul
monary vasculature following intratracheal 
administration of pre-formed immune com
plexes [63]. Derivatives of the lipoxygenase 
pathway are also chemotactic for neutrophils. 
The most potent lipid mediator is L TB4 and the 
mono-RETE are less active. Most biologically 
active leukotrienes are rapidly inactivated so that 
their effects are temporally limited. Lym
phokines that are chemotactic for several types 
of leucocytes or specifically chemotactic for neu
trophils have recently been described. Activated 
neutrophils adhere to endothelial cells and 
usually migrate through the junctional com
plexes between the cells (Fig. 26.6). Erythrocytes 
and various soluble inflammatory mediators 
enhance neutrophil migration and adhesion of 
neutrophils to the endothelium. The two most 
prominent mechanisms by which neutrophils 
mediate tissue injury are release of granule-con
tained enzymes and the production of oxygen 
radicals. The cytoplasm of neutrophils contains 
a large number of granules of two types, primary 
(azurophil) granules, which are the lysosomes, 
and secondary (specific) granules which pre
dominantly contain alkaline phosphatase (Table 
26.17) [61]. 

Secretion of enzymes is induced by a variety 
of stimuli. During phagocytosis, intracellular 
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Table 26.17. Content of neutrophil granules 

Primary granules (lysosomes) 
Acid hydrolases: beta glucuronidase, arylsulphatase 

cathepsin ' 
Microbicidal enzymes: myeloperoxidase, lysozyme 
Neutral proteases: elastase, collagenase, proteases 

Secondary granules 
Microbicidal enzymes: lysozyme 
Neutral proteases: collagenase 
Lactoferrin 
Vitamin Bl2-binding protein 

granules fuse with the plasma membrane sur
rounding the phagosome and discharge their 
contents of enzymes into the phagocytic vacuole. 
The degranulation which follows phagocytosis 
in.v0lves the primary and secondary granules, 
WIth release of acid hydro lases, myeloperoxidase 
and lysozyme. Other stimuli or degranulation 
include interaction with IgG-coated or C3b- and 
C3bi-coated surfaces which have not been phag
ocytosed, and interaction with the same mol
ecules that induce chemotaxis. Many of the 
ly~o~omal enzymes are optimally active only at 
aCidic pH. Whether the pH in inflammatory 
lesions is sufficiently decreased to allow a sig
nificant contribution by the acid hydrolases 
re~ains unknown. Neutra~ proteases, which are 
active at neutral and alkahne pH, may be more 
important in tissue destruction [48]. These 
enzymes may also facilitate emigration of leu
cocytes through the basement membrane. In 
c~ntra~t, ~cid proteases would primarily func
tion wlthm lysosomes to digest phagocytosed 
microorganisms. The secretory function of neu
trophils is also important in controlling vascular 
pe~eabi1ity at in~ammatory sites and regu
latmg the cooperatIOn between neutrophils and 
other cells of inflammation. The effects of leu
~oc~t~ degra~ulation are inhibited by enzyme 
mhlbltors which are released simultaneously or 
are present in the extracellular fluid. 

Neutrophils respond to phagocytosable 
stimuli, to antigen-antibody complexes and to a 
number of soluble agents (including C5a) with a 
burst O! oxygen consumption. The oxygen con
sumed IS converted to a number of highly reac
tive oxygen derivatives: the superoxide anion 
(02-); hydrogen peroxide (H20 2); hydroxyl rad
icals (OH-); and singlet oxygen (Table 26.18) 
[62]. Reactive oxygen derivatives are either 
dependent on or independent of peroxidase. The 
neutrophil peroxidase (myeloperoxidase) is 
present in high concentrations in primary gran
ules. Myeloperoxidase can use the H20 2 gen
erated by the oxidative burst to oxidize halides 

Table 26.18. Oxygen radicals derived from neutrophils 

Peroxidase-dependent 
Peroxidase-independent 
Superoxide anion 
Hydrogen peroxide 
Hydroxyl radical 
Singlet oxygen 
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and form powerful toxic molecules [62]. Reactive 
species of the peroxidase system may attack cell 
surfaces by halogenation and oxidation. The role 
of peroxidase-dependent products in the extra
cellular toxicity of neutrophils is still debated. 
Peroxidase-independent products of the res
piratory burst may be released extracellularly: 
they include superoxide, hydrogen peroxide and 
hy~roxyl radicals. Of these products only OH- is 
tOXIC enough to kill bacteria. Superoxide anions 
may reduce metalloproteins which are critical for 
oxygen-dependent metabolism. Multiple factors 
~re involved in p~otection against injury by reac
tive oxygen species. Enzymatic detoxification of 
su~ero~ide and hydrogen peroxide by super
OXide dlsmutase and catalase is highly efficient. 

Eicosanoids and platelet-activating factor are 
synthesized de novo within neutrophils and 
released extracellularly when the cells are acti
vated. Other cells also produce these mediators 
including monocytes and basophils. Eicosanoids 
are metabolites of arachidonic acid which is 
deriv~d.from the degrad~tion of membrane pho
sp~oh~lds by phosphohpase A2 following cell 
activatIOn. The arachidonic acid may be con
verted into prostaglandins and thromboxanes 
via the cyclo-oxygenase pathway or into 
hydroxyperoxy (HETE) hydroxyeicosatetrahoic 
acids (HPETE) and leukotrienes B4, C4, D4 and 
C4(SRS-A) by lipoxygenase enzymes [25]. Some 
effects of representative lipid mediators are listed 
in Table 26.19. 

Table 26.19. Role of representative lipid mediators in 
inflammation 

Leukotriene B4 
Chemotaxis of neutrophils; increase in vascular per

meability in the presence ofPGE2 

Leukotriene D4 
Smooth-muscle cell contraction; increase in vascular per

meability 
Prostaglandin E2 

Vaso~ila~ation; increase in vascular permeability when 
actmg m synergy with a chemotactic agent 

PAF 
Plate!et release reaction; neutrophil aggregation; stimu

lation ?f neutr~phil release and neutrophil respiratory 
burst; mcrease m vascular permeability 
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Effector Lymphocytes 

Effector lymphocytes include cytotoxic T cells 
and T cells involved in delayed-type hyper
sensitivity [83]. Cytotoxic T cells are generated 
in response to allo-antigens and in host defence 
against viruses. Activation of T cells by allo
antigens involves recognition of class II mol
ecules by CD4 + cells and their subsequent acti
vation in the presence of IL-l. Activated CD4 + 

cells then co-operate in the differentiation of a 
subset of cytotoxic CD8 + effector cells through 
generation oflL-2 and other as yet poorly ident
ified factors. Cytotoxic T cells recognize class I 
molecules on allografts. Effector T cells of 
delayed-type hypersensitivity are activated upon 
specific recognition of the antigen. They secrete 
a variety oflymphokines, some of which activate 
macro phages (Table 26.20). Most of the infilt
rating cells in granulomas are macrophages acti
vated by T cell products. The most important 
of these T cell-derived mediators include: (a) 
macrophage inhibitory factor (MIF) which pre
vents the macrophages from leaving the site of 
cellular immune reactions; (b) macrophage acti
vating factor; (c) chemotactic lymphokines; and 
(d) gamma interferon. In addition to its anti
viral effects, gamma interferon has a number of 
biological effects that may be relevant to tissue 
injury during granuloma formation and in graft 
rejection [109]. These include alterations in cell 
phenotype with enhanced expression of class II 
molecules and Fc receptors [102], inhibition of 
growth ofT and B cells, enhanced phagocytosis, 
the spreading and cytotoxic properties of macro
phages, enhanced expression of adhesion-pro
moting proteins on leucocytes, enhanced 
cytotoxicity of lymphocytes and positive feed
back production of interferon. 

Table 26.20. Properties of lymphokine-activated 
macrophages 

Attachment to surfaces 
Increased number of lysosomes 
Release of reactive oxygen radicals 
Release of neutral proteases 
Enhanced expression of surface Fc receptors 
Enhanced expression of class II molecules 

Endothelial Cells 

The endothelium participates in various hae
mostatic, metabolic and endocrine processes that 
have been discussed in Chap. 1. This section will 
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focus on immunological aspects of endothelial 
reactions such as expression of surface antigens 
by resting and stimulated endothelial cells and 
interactions of leucocytes with the endothelium. 

ABH blood group antigens are expressed on 
the endothelium throughout the vascular system. 
Endothelial cells also express class I antigens of 
the major histocompatibility complex (MHC). 
Antigenic expression of the three loci (A, Band 
C) coding for class I molecules is increased fol
lowing treatment of endothelial cells with 
gamma interferon. MHC class I antigens are 
targets for cytolytic T lymphocytes in allograft 
rejection. MHC class II antigens are encoded by 
three distinct loci in the HLA-D region, the DP, 
DQ and DR loci. These antigens stimulate allo
geneic T helper cells in graft rejection and are 
essential for the presentation of antigen in the 
induction of a normal immune response. Lym
phokines can promote expression of MHC class 
II antigens on antigen-presenting cells and 
induce synthesis and expression of MHC class 
II antigens by cells which do not express the 
molecules in their unstimulated state such as 
endothelial cells and fibroblasts [78]. 

Expression of class II antigens (but not of 
factor VIII-related antigen on skin, glomerular 
and peri tubular endothelial cells) in animals is 
suppressed when lymphokine release is sup
pressed in vivo by treatment with cyclosporin A. 
Gut and skin endothelium which are normally la 
negative express MHC class II molecules during 
local infections and graft versus host reactions 
[44]. Using sections of fresh-frozen tissue, class 
II antigens have been found on the endothelium 
of most capillary beds in man except for those 
of the brain and placenta. Expression in larger 
vessels varies depending on anatomical location 
and within a single tissue. It may be that small 
vessel endothelium exhibits a greater sensitivity 
to lymphokines and that basal circulating levels 
are sufficient to maintain expression of class II 
antigens, whereas arterial endothelium requires 
a local immunological reaction that would gen
erate larger amounts of lymphokines. 

In vitro, less than 1 % of the cells in human 
umbilical vein endothelial cell cultures are II 
positive, and these cells cannot be depleted with 
monoclonal antibodies directed against mon
ocytes. When cultured cells are stimulated with 
gamma interferon, HLA-DR antigens are ex
pressed on all cells, whereas HLA-DP antigens 
are expressed to a lesser degree and HLA-DQ 
antigens are only expressed on a minority of 
cells [79]. The finding that endothelial cells are 
capable of expressing la antigens substantiated 
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the hypothesis that this cell type may function as 
an antigen-presenting cell. Cultured endothelial 
cells may stimulate allogeneic T cell prolifer
ation, conversely, supernatants from endothelial 
and T cell co-cultures and conditioned medium 
from allo-antigen-stimulated T cells stimulate 
MHC class II antigen expression by endothelial 
cells. Endothelial cells can also substitute for 
monocytes in the proliferative response of pur
ified T cells to antigen and mitogen in reactions 
that are restricted by class II antigens [99]. Fur
thermore, as will be discussed later, endothelial 
cells can secrete IL-I which provides in addition 
to antigen and MHC class II determinants, the 
second signal by an antigen-presenting cell for 
the induction of T cell activation. 

The in vivo significance of these interactions 
is uncertain. It is conceivable that endothelial 
cells could present antigens from blood-borne 
pathogens to T cells, support a local T cell 
response in the vessel, promote T cell adherence, 
facilitate subsequent emigration of the cells into 
the vascular wall and form perivascular infilt
rates. Increased expression ofMHC class II anti
gens could also induce autoimmune responses 
against endothelial cell surface antigens that are 
not normally presented to T cells, i.e. in the 
context of MHC class II determinants, in a way 
similar to the induction of autoimmunity against 
thyroid epithelial cells and cells of the islets of 
Langerhans. Furthermore, MHC class II anti
gens may represent the target for anti-Ia auto
antibodies in some patients with systemic lupus 
erythematosus [15]. 

As discussed above, expression of MHC class 
I and class II antigens provides a stimulus for 
the activation and cytolytic functions of T cells 
in allogeneic transplantation. It has been noticed 
however, that recipients of renal transplants 
from related, HLA-identical living donors 
occasionally rejected their transplant hyper
acutely, suggesting that endothelial cells were the 
main target. This observation led to the dis
covery of a non-HLA-related system of endo
thelial cell antigens encoded by genes located on 
chromosome 6. At least some of these antigens 
are shared by monocytes. The presence of pre
formed antibodies to donor endothelial 
cell/monocyte antigens generally leads to graft 
rejection in HLA-identical combinations, 
whereas pre-formed antibodies to monocytic 
antigens alone appear to be benign. In a recent 
randomized prospective study, 7% of the recipi
ents of HLA-identical kidneys were found to 
have antibodies against monocytic determinants 
of the donor [11]. 
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Normal human endothelial cells in culture do 
not express Fc and C3 receptors. Indirect evi
dence suggests that they may express receptors 
for Clq. Cultured endothelial cells infected with 
Herpes simplex virus (HSV) type I exhibit Fc
and C3b-binding activities. Both the Fc and C3b 
receptors are viral glycoproteins. Simultaneous 
expression of both receptors occurs at 4 h post
infection, yet they are distinct receptors in that 
one ligand does not inhibit binding of the other. 
Passive adsorption of viral glycoproteins is not 
responsible since UV-inactivated virus, which is 
capable of adsorption but not of replication, 
had no receptor-inducing effects. Biochemical 
analysis of cell surface proteins revealed that the 
Fc receptor is HSV glycoprotein E and the C3b 
receptor, HSV glycoprotein C [98]. Thus, infec
tion with HSV I may lead in vivo to the 
expression of endothelial Fc- and C3b-binding 
molecules which could facilitate binding of cir
culating immune complexes to infected cells. 
Viral antigens have been detected in the vessel 
walls in vivo in several forms of vasculitis and 
HSV infection has been implicated in the 
development of erythema multiforme in some 
patients. Fixed immune complexes are sti
mulatory for leucocytes and could activate 
complement, two situations that are potentially 
harmful to the endothelium and which could 
represent mechanisms for viral-associated 
immune vascular injury. 

A number of other antigens associated with 
resting and/or stimulated endothelial cells are 
probably involved in various forms of immu
nologically mediated vasculitis. Of particular 
interest may be: (a) endothelial cell antigenic 
determinants, cross-reactive with alkaline phos
phatase of neutrophils, which are recognized by 
circulating auto-antibodies in patients with Weg
ener's granulomatosis and some patients with 
other forms of microscopic polyarteritis; (b) neo
antigenic determinants expressed on cultured 
endothelial cells stimulated with IL-I, which are 
formed in vivo in vessels of some patients with 
inflammatory systemic diseases. 

Interactions between leucocytes and endo
thelial cells are essential in the initiation of the 
inflammatory reaction since leucocytes must 
adhere to and emigrate through the endothelium 
in order to perform their effector functions at 
extravascular sites [46]. Neutrophils con
tinuously interact with endothelial cells phy
siologically. During their approximately 7-h life 
time in the circulation, neutrophils are in 
dynamic equilibrium between a freely circulating 
and a marginating pool. The marginating neu-
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trophils adhere to endothelial cells (mainly in 
small venules) and emigrate from the blood 
vessels, moving between the endothelial cells to 
reach the extravascular tissue. Associated with 
acute inflammatory states there is a characteristic 
rapid increase in neutrophil adhesion and emi
gration, apparently due to chemotactic agents 
which are generated extravascularly and diffuse 
across the vessel wall. Maximal neutrophil 
adherence occurs shortly after endothelial 
contact and is cation-dependent. Since both cell 
types exhibit a negative surface charge, cations 
may aid in reducing the electrostatic repulsion. 
A reduction in surface charge occurs after neu
trophil stimulation with chemotactic factors. 
Several molecules have been implicated in 
adhesion, including lactoferrin, members of the 
LFAl, MACI/Mol, GP 150,95 family and 
ICAM-l [96]. 

The LFAl, Macl/Mol, GP 150,95 family, 
also termed the CD 18 complex, is made up of 
glycoproteins defined by monoclonal antibodies 
and consists of a common beta subunit and a 
unique alpha subunit [91]. The alpha subunit 
appears to confer the adhesivity. Macl, which 
also functions as a CR3 receptor, is present on 
monocytes and granulocytes. The GP 150,95 
molecule may also bind iC3b (the ligand for 
CR3) and is found on granulocytes, while LF Al 
permits homotypic adhesion of lymphocytes. 
The expression of these molecules is modulated 
by LPS, IL-l, TNF and GM-CSF. In addition 
to their expression on cell surface, Mac 1 and GP 
150,95 are stored intracellularly and are rapidly 
mobilized to the surface under the influence of 
certain physiological triggers. The intercellular 
adhesion molecule (lCAM-l), also defined by 
monoclonal antibodies, appears to be widely dis
tributed, occurring on lymphocytes, endothelial 
cells and fibroblasts [89]. ICAM-l is hypo
thesized to be a ligand for LF A I and monoclonal 
antibodies to either can inhibit adhesivity. Inter
leukin-I and several other cytokines are sti
mulatory for ICAM-l expression. 

Several soluble molecules are stimulators of 
leucocyte-endothelial cell adhesion. Interleukin-
1, which can be synthesized by monocytes and 
endothelial cells in vitro, promotes monocyte 
and neutrophil adhesion to endothelial cells [4]. 
The stimulatory effect is maximal at 4-6 hand 
requires protein synthesis. In contrast, molecules 
such C5a and FMLP induce maximal adhesion 
within 5 min. Thrombin exhibits a similar time 
course for induction of adhesion. However, it 
appears that it does so via stimulation of platelet
activating factor (PAF) synthesis. PAF stimu-
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lation of endothelial cell is distinct from that 
brought about by C5a and FMLP since prior 
exposure to PAF does not desensitize the cells to 
C5a or FMLP and vice versa. Also, PAF remains 
associated with the endothelial cell surface, sug
gesting that it brings about an increase in endo
thelial cell stickiness, whereas C5a and FMLP 
appear to act on the neutrophil and monocyte. 
In this regard IL-l was reported to exert its 
effect(s) only on the endothelial cell. Leukotriene 
B4, an arachidonic acid metabolite of gra
nulocytes, can stimulate adhesion of gra
nulocytes to endothelial cells as well. Thus, it 
is apparent that many independent routes for 
leucocyte-endothelial cell adhesion are avail
able. 

Peripheral blood lymphocytes continually 
emigrate from the bloodstream to enter lymph
oid tissues. Tissue lymphocytes in turn emerge 
from these sites to re-enter the circulation (via 
the lymphatics and ultimately the thoracic duct), 
thus establishing a circuit which probably assists 
in immune surveillance. Lymphocytic emi
gration is regulated by recognition of specialized 
endothelium in post-capillary venules within sec
ondary lymphoid organs. The localization and 
morphology of this endothelium characterizes 
high endothelial venules (HEV). Compared to 
the thin flat endothelium found elsewhere in the 
microvasculature, endothelial cells of the HEV 
are large and columnar. Morphological and 
functional characteristics of HEV appear to be 
mediated by local T cell traffic since HEV flatten 
when T cells are congenitally absent or exper
imentally depleted, and regenerate when T cells 
are repleted. Furthermore, HEV are associated 
with the localized accumulation of lymphocytes 
at sites of chronic inflammation, suggesting that 
this phenotype is inductible. Specific membrane 
receptors are present on lymphocyte sub
populations which allow them to recognize 
determinants on HEV at different locations. 
Thus, for example, circulating B cells pre
ferentially bind to gut-associated Peyer's patch 
HEV while T lymphocytes exhibit a stronger 
affinity for peripheral node HEV. The ability 
of lymphocytes to recognize HEV is present in 
mature migratory phase cells but not their sessile 
precursors in the bone marrow and thymus. 

The interaction between endothelial cells and 
lymphocytes occurs by lymphocyte membrane 
attachments within the "pits" of the HEV mic
rovilli. It is an energy- and calcium-dependent 
process which requires the participation of mic
rofilaments in the lymphocytes. As with neu
trophils, emigration is believed to occur 
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predominantly via intercellular routes although 
intracellular passage has also been observed. At 
present, LPS, IL-I and gamma-interferon are 
known to increase binding of T and B cells to 
the endothelium. 

Following adhesion, leucocytes may be 
released back into the circulation or emigrate 
into the surrounding tissues. Since adhesion and 
emigration are events triggered by tissue injury 
or infection, molecules which stimulate adhesion 
may be involved in other functional responses 
such as chemotaxis, opsonization, lysosomal 
degranulation and superoxide anion production. 
Passage of leucocytes through the endothelium 
can proceed via cell junctions or transcellularly 
and does not necessarily in itself induce injury 
or increase permeability. However, it has been 
observed that neutrophil degranulation can 
induce endothelial cell detachment in vitro and 
that superoxide anion derivatives can produce 
endothelial cell functional changes as well as cell 
death. The p 150,95 adhesion molecule has been 
shown to be important in endothelial cell detach
ment in vitro after it has encountered activated 
neutrophils. Often, the soluble mediators of cell 
adhesion and emigration also participate directly 
or indirectly in increasing vascular permeability 
and stimulating lysosomal degranulation and 
superoxide anion production. Thus, leucocyte 
adhesion to endothelium may result in endo
thelial cell damage due to mediators exhibiting 
multiple stimulating effects. 

Endothelial cells under normal in vitro culture 
conditions are reported to secrete molecules with 
IL-I like activity and IL-I inhibitory activity 
simultaneously. Three agents identified to date 
which can stimulate endothelial cells to produce 
IL-I are lipopolysaccharide (LPS), tumour 
necrosis factor (TNF) and thrombin [69,72,103]. 
The synthesis of IL-I is blocked by cyclohex
imide and with LPS stimulation was shown to be 
enhanced by pre-treating endothelial cells with 
gamma interferon for 24-48 h. Maximal intra
cellular IL-l accumulation in stimulated endo
thelial cells in vitro occurs at 24 h but begins as 
early as 1 h after stimulation. 

Interleukin-l is now known to modulate the 
haemostatic state of endothelial cells. For 
example, it stimulates prostacyclin synthesis in 
endothelial cells which have been cultured for 
more than 6 h [88]. In contrast, other pro
stacyclin inducers, such as thrombin and arach
idonic acid, act within minutes. IL-l induces a 
decrease in tissue plasminogen activator and an 
increase in the inhibitor of plasminogen activator 
in vitro. These effects reach a plateau at about 
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24 h and persist for 72 h. IL-I also induces a pro
coagulant tissue factor activity in endothelial 
cells in vitro and in vivo within 3-5 h which 
returns to normal pre-stimulation values by24 h. 
Thus, IL-I mediates an early pro-coagulant state 
of the endothelium as well as a switch-over to a 
later anti-coagulant state [5, 73]. 

Endotoxin can also stimulate endothelial cell 
pro-coagulant activity and bring about a 
decrease in thrombomodulin, a cell surface gly
coprotein which when bound to thrombin acti
vates circulating protein C, which in turn acts as 
an anti-coagulant by degrading factor Va and 
factor VIlla [71]. The kinetics of this response 
are similar to those mediated by IL-l. Hence, 
clinical states of hypercoagulability related to 
immune or inflammation events may operate via 
mechanisms involving the endothelial cell and 
soluble mediators. 

Tumour necrosis factor (TN F) is a protein of 
molecular weight 17000, synthesized by acti
vated mononuclear phagocytes. It is directly 
cytotoxic for certain tumour cells in vitro and 
causes necrosis and regression of many solid 
tumours in vivo. When applied to endothelial 
cells in vitro, there is an increase in neutrophil 
adhesivity which is maximal at 4 h, requires 
protein and RNA synthesis and can result after 
only 5 min stimulation with TNF. Treatment of 
neutrophils with TNF likewise increases their 
adhesivity to endothelial cells (contrary to the 
situation with IL-l). However, the maximal 
response occurs at 5 min and does not require 
protein or RNA synthesis [39]. TNF increases 
the expression of HLA-A and B MHC class I 
antigens on cultured umbilical vein endothelial 
cells [18]. After TNF treatment, the expression 
of these antigens on endothelial cells, increases 
ninefold. This increase is time- and dose-depen
dent, is maximal at 4 d following administration 
and requires 7 d to return to baseline levels after 
TNF withdrawal. The increased expression of 
these antigens appears to result from an 
increased mRNA expression although this latter 
increase is proportionately greater than the 
increase of class I antigens on the cell surface 
(hence there may be storage of antigens). MHC 
class II antigens, which are normally absent on 
cultured human umbilical cord endothelial cells, 
were not induced by TNF treatment. 

The effects of TNF on class I antigen 
expression are similar to those produced by 
gamma interferon. Cycloheximide, when added 
at the same time as interferon, leads to super
induction of class I mRNA transcripts and to 
the appearance of class II mRNA antigens. 
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Cycloheximide by itself has no such effect nor 
does it modulate an increase in mRNA induced 
by type II interferon. On the other hand, 
cycloheximide blocks the increase in class I 
mRNA induced by TNF. Hence, TNF appears 
to act on MHC gene expression through a 
recently described synthesized protein inter
mediate. Modifications in endothelial cell mor
phology and function have been noted in post
capillary venules in delayed-type hypersensitivity 
reactions and in post-capillary HEV of lymph 
nodes after antigen stimulation. Crude lym
phokine preparations were shown to induce 
endothelial cell shape changes in vitro and TNF 
and gamma interferon incubations alone have 
been able to induce this response [104]. Under 
TNF and/or gamma interferon stimulation the 
cells assume a fibroblast-like growth pattern in 
which individual cells become elongated, a 
process which is discernible at 24 h and reaches 
a maximum at 72-96 h. It is thus clear that endo
thelial cells respond in a wide variety of ways 
(e.g. by HLA antigen expression, leucocyte 
adhesivity, IL-I and prostacyclin production, 
morphological changes and expression of factors 
involved in haemostasis) to a variety of soluble 
mediators in a defined temporal sequence. 
Recently, a monoclonal antibody was developed 
which recognizes a cell surface protein on endo
thelial cells stimulated by IL-I, LPS and TNF 
but not on unstimulated cells or cells stimulated 
by alpha, beta or gamma interferons. The 
expression of this protein is maximal 4-6 h after 
stimulation in vitro and declines to basal levels 
by 24 h. The monoclonal antibody also binds to 
human skin microvascular endothelium in 
delayed-type hypersensitivity reactions, further 
demonstrating the dynamic changes which endo
thelial cells are involved in during immune and 
inflammatory vascular reactions. 

Interactions Between Immunological 
Effectors and the Coagulation and 
Fibrinolytic Systems 

Leucocytes, immune complexes and complement 
directly or indirectly contribute to throm
bogenesis as was recognized in animal studies of 
the endotoxin-induced Shwartzman reaction. As 
was discussed in the previous section, cytokines 
from stimulated cells can induce both pro-coagu
lant and fibrinolytic activities on endothelial cells 
and thereby modulate the haemostatic state. 
Independent of the nature of the immunological 
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process that leads to vascular damage, exposure 
of sub endothelium and medial layers of the 
vessel wall results in platelet adhesion and acti
vation of blood coagulation and complement. 

Although platelets are predominantly 
involved in haemostasis they also express Fc
gamma receptors. Cross-linking of the receptor 
with complexed or aggregated IgG leads to shape 
change, aggregation and release of mediators 
from cytoplasmic granules, and may result in an 
active energy-dependent uptake of complexed 
IgG by the cells. Interactions between platelets 
and the complement system include: (a) binding 
of the collagen part of Clq to the platelet mem
brane; (b) specific interaction of platelets with 
C3a/C3adesArg; (c) modulation of thrombin
dependent activation by factor D since both pro
teases may compete for the same binding site on 
the platelet membrane; (d) enhancement of the 
thrombin-induced release reaction and platelet 
aggregation by uptake or assembly of C5b-9 
complexes on the platelet surface; and (e) modu
lation of convertase formation by DAF. Finally, 
human (primate) platelets do not express CRI 
whereas those from rabbit and guinea pig do. 
Platelets stimulated with immune complexes, 
thrombin or leucocyte-derived PAF release 
granule, contents, eicosanoids, serotonin and 
lysosomal enzymes. Platelet alpha granules 
contain Clinh which inhibits activation of Cl 
and kallikrein. Serotonin, a vasoactive amine, is 
also stored in alpha granules and metabolized by 
endothelial cells. Platelets also contain a well
defined growth factor, PDGF, which is mito
genic and chemotactic for vascular smooth
muscle cells. It may play an important role in 
vessel wall repair through its effects on smooth
muscle cells. Lipoxygenase-dependent arach
idonic acid metabolites released by platelets may 
be processed by leucocytes into leukotrienes. 
Several of the enzymes that may be released 
by platelets, such as collagenase, elastase and 
heparinase, act on vascular structures. Activated 
platelets express membrane-associated pro
coagulant activity and fibronectin which triggers 
adhesion of monocytes. 

Complex interactions occur between comp
lement and proteins of the coagulation and 
fibrinolytic systems, as recently reviewed by 
Sundsmo and Fair [lOS]. Many of these inter
actions have been studied in purified protein 
systems and in general only occur at relatively 
high concentrations, thus raising the question of 
physiological relevance. However, since bio
logical surfaces often provide catalytic sites for 
these reactions and since a local concentration of 
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plasma proteins may occur during inflammatory 
response, the possibility exists for local comp
lement-coagulation interactions in vivo. 

Hereditary angioneurotic oedema is a genetic 
disease in which afflicted individuals are CI
inhibitor (Clinh) deficient. Kallikrein is unregu
lated in this disease since its functioning is 
governed by the presence of Clinh. In vitro 
plasmin generation may directly act on CI to 
activate the complement system or inactivate 
Clinh, thereby releasing CI from inhibition. 
Whether this is the actual mode of the tissue
factor-induced complement activation in vivo is 
unknown. Plasmin can also cleave C3 and C5 
but in vitro this process is inefficient compared 
to the action of C3 convertase. Clot lysis and 
retraction are inhibited in blood de-comp
lemented by the alternative pathway, indicating 
a connection between complement and fibrin
olysis. This may involve kallikrein activation of 
factor B to produce Bb which may in turn acti
vate plasminogen. Kallikrein appears to cleave 
rabbit C5 and human C3 but its relative efficiency 
has not been reported. In most cases (e.g. throm
bin-mediated C3/C5 cleavage) the cleavage 
efficiency is very low compared to that normally 
obtained with physiological enzymes. 

The mechanisms by which leucocytes con
tribute to thrombogenesis are poorly under
stood. Tissue trauma and ischaemia may lead to 
release of agents which promote increased 
vascular permeability (e.g. kinins, prosta
glandins and histamine) and to exposure of 
factor XII to collagen. Activated factor XII pro
motes generation of chemotactic factors which 
can potentiate leucocyte aggregation, adhesion 
to endothelium and migration into the vessel wall 
and underlying tissues. One of these chemotactic 
factors, L TB4, enhances neutrophil adhesion 
and emigration both directly and through its 
ability to increase vascular permeability. Leu
cocytes may generate significant pro-coagulant 
activity following prolonged incubation in vitro. 
The activity is restricted to monocytes and 
macro phages which have been activated, for 
example by reaction with specifically sensitized 
lymphocytes [29]. In vitro stimulation of per
ipheral blood lymphocytes with LPS or immune 
complexes results in a T cell-dependent lym
phokine-mediated stimulation of tissue factor 
production by monocytes/macrophages. Tissue 
factor, a lipoprotein expressed on the cell 
surface, can initiate the extrinsic pathway of 
coagulation. Monocytes/macrophages also syn
thesize and assemble FVII/VIIa on their surface. 
FVII/VIIa binds to tissue factor in a calcium-
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dependent process to form a complex capable of 
converting factor X to its active form. 

Proteases from leucocytes may be the source 
of proteolytic activity which initiates intrinsic 
coagulation and cleavage of C3. Leucocyte syn
thesis of eicosanoids and release of lysosomal 
enzymes from activated polymorphs can both be 
stimulated or inhibited by different eicosanoids. 
Leukotrienes formed in the lipoxygenase 
pathway, prostaglandins and thromboxanes are 
powerful mediators of the inflammatory reaction 
and also interact with platelets. Sensitized baso
phils and macro phages can elaborate platelet
activating factor (PAF), which is a potent 
inflammatory agent [66]. 

Several mechanisms are probably responsible 
for limitation of thrombus growth by leucocytes. 
Activated neutrophils generate a variety of oxi
dative species which impair platelet aggregation. 
In addition, synthesis of prostaglandin El and 
inactivation of ADP by neutrophils inhibits 
platelet aggregation. Neutrophil proteases 
may inactivate coagulation factors and thus 
limit fibrin formation. During the later stages 
of thrombogenesis, neutrophils (and mono
cytes), through plasmin-dependent and plasmin
independent fibrinolysis, playa role in the resolu
tion of thrombi and in addition phagocytose 
fibrin strands, platelet aggregates and cell debris. 
Neutrophil granules are rich in highly charged 
cationic proteins, as well as glycosaminogly
cans which resemble chondroitin sulphate. 
These promote the formation of complexes of 
soluble fibrin monomers with fibrinogen or fibrin 
degradation products. Lastly, C3a and C5a can 
stimulate IL-I release from monocytes which 
can induce endothelial cell pro- and anti-coagu
latory activities. 

Experimental Models of 
Immunologically Mediated 
Vascular Lesions 

This section will review briefly experimental 
models of immune-complex-induced and com
plement-induced vascular injury. As mentioned 
earlier, mechanisms by which antigen-antibody 
complexes may form and/or deposit in the vas
cular wall include: (a) local tissue interaction 
between antigen and pre-formed antibody 
(Arthus reaction); (b) deposition of circulating 
immune complexes; and (c) interaction of cir-
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culating antibody with an antigen in situ, 
whether the antigen is a constitutive vascular 
wall antigen or whether it is an exogenous "plan
ted" antigens. 

The Arthus reaction was initially observed 
after intradermal injection of an antigen into 
appropriately sensitized animals, the result being 
a localized acute necrotizing vasculitis [16]. For 
induction of this type of vasculitis, relatively 
large amounts of antigen-antibody precipitates 
must form in the vessel wall and perivascular 
areas. One of the reactants, either antigen or 
antibody, circulates in the peripheral blood and 
is distributed in extravascular spaces. The other 
reactant is injected locally. Within a few hours, 
the injected antigen (active Arthus reaction) or 
the injected antibody (passive Arthus reaction) 
diffuses from the site of injection forming a 
decreasing concentration gradient. Within the 
area of diffusion, immune precipitates will form 
at the site where the antigen/antibody ratio is 
optimal. Locally formed immune complexes will 
react with complement and induce release of 
anaphylatoxins which enhance vascular per
meability and attract (via C5a, C5adesArg) poly
morphonuclear leucocytes to the site of lesions. 
Upon contact with the immune complexes, poly
morphonuclear leucocytes liberate lysosomal 
enzymes which contributes to necrosis at the site 
of their accumulation. 

Serum sickness reactions provide a model of 
vascular damage induced by deposition of cir
culating immune complexes [17,40]. Acute serum 
sickness is produced in rabbits by administration 
of a single large dose of heterologous protein 
(e.g. bovine serum albumin). The fate of the 
injected antigen may be followed by using a 
radiolabelled protein. Following an initial period 
in which the antigen equilibrates in extravascular 
spaces, a slow linear logarithmic decrease in 
antigen plasma concentration occurs due to the 
physiological catabolism of the protein. Then, an 
accelerated clearance of the antigen is observed 
coincident to the appearance of antibody. 
During this period, soluble antigen-antibody 
complexes form (because of antigen excess) 
which activate complement and localize within 
glomerular capillaries and other capillary beds 
producing vasculitis. The antigen and antibody 
can be detected within circulating complexes and 
in glomerular capillaries in association with C3 
fragments. The vasculitis is characterized by 
infiltration of neutrophils whereas glomerular 
deposits are primarily associated with a mono
nuclear cell infiltrate. After day 12, only free 
antibody is detected in the circulation coincident 
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to a transient increase in immunoglobulin and 
complement deposition in glomeruli. 

Chronic serum sickness is induced by repeated 
injections of a heterologous protein. The amount 
of injected antigen is calculated to ensure antigen 
excess. The site of immune complex deposition 
within the glomeruli depends on size, charge and 
other characteristics of the complexes. Thus; 
small antigen-antibody complexes tend to form 
subepithelial deposits in glomeruli whereas 
larger complexes tend to localize in mesangial 
areas. Chronic serum sickness is not associated 
with the occurrence of extraglomerular vascular 
deposits of immune complexes. Several animal 
models have been characterized in which the 
occurrence of glomerulonephritis and vasculitis 
is associated with circulating complexes in 
antigen excess. For example, infection of neo
natal mice with lymphochoriomeningitic virus 
induces a state of partial tolerance to the antigen, 
persistent viraemia, formation of viral-ant i-viral 
immune complexes and a chronic form of glo
merulonephritis in which specific anti-viral anti
bodies and viral antigen deposits are found. This 
model is in many ways similar to human post
viral systemic vasculitis seen in persistent infec
tion with HBV. The virus replicates continuously 
in hepatocytes where it exerts mild to no cyto
pathic effects because replication is strictly intra
cellular. Patients have systemic vasculitis with 
circulating immune complexes containing HBs 
antigen, IgM, IgG cryoprecipitating complexes 
and deposits ofHBs antigen anti-HBs antibodies 
in vessel walls [27]. 

Some strains of mice (female FI hybrids from 
NZB and NZW strains, male BXSB mice and 
MRL/I mice) spontaneously develop an auto
immune disease that shares many immu
nopathological features with human SLE, 
including hypergammaglobulinaemia, anti
nuclear antibodies, anti-T cell antibodies, hae
molytic anaemia, rheumatoid factors and occur
rence of glomerulonephritis and vasculitis (which 
is more severe in MRL/I animals) with extensive 
deposits ofIgG and fragments of C3 [106]. Cir
culating immune complexes containing DNA 
and anti-DNA antibodies, the viral antigen gp 70 
and anti-gp 70 antibodies can be detected in the 
circulation before immune complexes are found 
in glomeruli. The pathogenic role of circulating 
complexes in these animals is suggested by the 
finding of DNA, gp 70, anti-DNA and anti-gp 70 
antibodies in eluates from renal biopsies, and by 
the fact that administration of denatured DNA 
to young BW hybrids increases the severity 
of nephritis. Immune-complex-mediated glom-
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erular and vascular lesions similar to those found 
in autoimmune mice may be induced in animals 
given polyclonal B cell activators such as 
trypanosomes or LPS wherein auto-antibodies 
of various specificities develop [51]. The same 
mechanism operates in mice during expre
imentally induced graft versus host reaction 
obtained by injecting spleen cells from a parent 
to an FI hybrid. In the latter model, polyclonal 
activation of B cells is dependent on semi-allo
genicity ofT cells from the donor [41]. 

Animal models of in situ antigen-antibody 
complex formation have generally examined 
mechanisms of immune complex formation in 
glomerular capillaries rather than models of 
immune-complex-mediated systemic vasculitis. 
The lack of systemic vascular deposits in animals 
with chronic serum sickness suggests, however, 
that in situ immune complex formation is the 
major pathway by which immune deposits may 
form in systemic small vessel vasculitides. As 
discussed earlier, in situ immune complex for
mation may occur between circulating anti
bodies and insoluble antigens fixed in vessels 
(i.e. glomerular basement membrane) or between 
circulating antibodies and a variety of soluble 
endogenous and exogenous antigens that first 
become localized in their free form ("planted") 
in the capillary. 

The classical model of anti-GBM disease is 
that of heterologous anti-GBM nephritis 
oberved in rats injected with rabbit anti-rat 
glomerular basement membrane antibodies 
[114]. In the heterologous phase of the disease, 
rabbit antibodies rapidly bind to the glomerular 
basement membrane in the kidney and to the 
basement membrane in the lungs where they can 
be detected as linear deposits in association with 
C3 by indirect immunofluorescence. If sufficient 
amounts of antibody have been injected, pro
teinuria appears. The histological picture of 
glomerular lesions is that of a diffuse endo
capillary and extracapillary proliferative glo
merulonephritis. Neutrophils, and at a later 
stage, monocytes, accumulate in the capillaries. 
Complement is required for leucocyte infiltration 
and proteinuria to appear. The "autologous" 
phase of the disease occurs after 8-10 d, fol
lowing the binding of rat anti-rabbit immu
noglobulin antibodies to the fixed anti-GBM 
antibodies. Experimental models in which mice 
were injected with specific heterologous anti
laminin or anti-type IV collagen antibodies 
revealed morphological changes in the glom
erular basement membrane and the occurrence 
of proteinuria. Autoimmune models of anti-
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GBM disease are induced in sheep by immu
nizing the animals with heterologous glomerular 
basement membrane in adjuvant, which leads 
to production of anti-GBM antibodies and to 
severe anti-GBM nephritis [101]. Repeated injec
tions of HgCl2 or of D-penicillamine induce 
anti-GBM auto-antibodies in susceptible strains 
of rats, emphasizing the role of genetic factors 
in the susceptibility to autoimmune disease. 
Another model involving in situ immune 
complex formation is Heymann nephritis which 
occurs when rats are immunized with tubular 
brush border antigens (FxIA). Immu
nohistochemical analysis of diseased kidney 
demonstrates the presence of subepithelial IgG 
deposits. The disease was first believed to be 
mediated by circulating immune complexes until 
a passive model was developed in which rats 
were injected with heterologous antibodies to 
FxIA which bind to a cross-reacting antigen 
expressed on the basal part of glomerular epi
thelial cells [10]. Proteinuria in this model is com
plement-dependent but cell-independent, in that 
no inflammatory cells participate in the lesions. 

Several models have been developed in which 
subepithelial and subendothelial in situ for
mation of immune complexes in glomeruli can 
be triggered by initial localization of antigen or 
antibody or by trapping of pre-formed immune 
complexes: (a) subepithelial immune deposit for
mation may be induced by initial localization in 
the glomerular capillary wall of large cationic 
proteins, including BSA, IgG, ferritin and the 
native cationic protein lyzozyme [9,38,113]; (b) 
in situ immune complex formation can also 
occur with anionic antigens. Thus, free DNA 
may bind to the glomerular basement membrane 
and initiate in situ formation of immune com
plexes [51]. How anionic molecules deposit in 
the anionic glomerular capillary wall remains 
unclear. One possibility (as suggested in a model 
of SLE nephritis) is that a loss of anionic sites 
occurs in the capillaries, which precedes loca
lization of complexes. A variety of proteins 
involved in immune reactions, such as neutrophil 
cationic proteins or cationic products of comp
lement activation may have such charge-depen
dent effects. Alternatively, binding of cationic 
antibodies to anionic antigens could serve to 
localize the antigen in a vessel wall by a charge
dependent mechanism. This mechanism could 
account for subepithelial immune deposition 
observed after alternate infusion of BSA and 
anti-BSA antibodies in animals. It also suggests 
that pre-formed antibodies could initiate for
mation of immune complexes in an antibody 
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excess situation. Finally, as shown with cation
ized bovine gammaglobulin-anti-bovine gam
maglobulin complexes, initial trapping of 
immune complexes may be the primary event 
which triggers immune complex formation [36]. 
Subsequent interaction of complexes with 
antigen, antibodies, complement and/or anti
antibodies such as anti-idiotypes and rheu
matoid factors contributes to local rearrange
ment of the complexes and alterations in their 
phlogistic potential [75]. 

Although the primary causative antigen is 
unknown in most human vasculitides, these 
models are probably relevant for the patho
genesis of most human vasculitides and glo
merulonephritides with immune deposits. 

Immunologically Mediated 
Vascular Lesions in Man 

Within the spectrum of human vascular diseases, 
the following disorder categories may be con
sidered to be dependent on one or several of 
the immunological mechanisms described above: 
small vessel vasculitides, polyarteritis nodosa 
and related syndromes, pulmonary endothelial 
cell injury in adult respiratory distress syndrome 
(ARDS) and vascular rejection of transplants. 
Table 26.21 lists a number of clinical cir
cumstances in which evidence suggestive of 
immunologically mediated vascular damage is 
available. Such evidence may be direct or indirect 
and includes: 

1. Identification of a causative antigen and dem
onstration of a systemic and/or local specific 
immune response against the antigen. 

2. Clinical (chronological) association between 
the occurrence of the disease and exposure to 
infectious antigens or drugs. 

3. Clinical and histopathological similarity of 
the disease to experimental models of immu
nologically mediated vasculitis (e.g. serum 
sickness, immune complex vasculitis in 
animals with persistent viral infections, vascu
litis in autoimmune mice with SLE-like syn
dromes). 

4. Immunohistochemical evidence of immu
noglobulin deposits and/or deposition of 
complement proteins; presence of vascular 
and/or perivascular mononuclear cell infilt
rates. 
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Table 26.21. Immunologically mediated vascular lesions in 
humans 

Systemic small vessel vasculitides 
Immune-complex-mediated diseases 

Immune complex vasculitides (small vessel vasculitides) 
involving foreign antigens: 
Heterologous proteins: serum sickness 
Viruses: hepatitis B virus; cytomegalovirus; mononu

cleosis; rubella; mycoplasma 
Bacteria: bacterial endocarditis; shunt nephritis; 

leprosy 
Parasites: malaria 
Drugs: penicillamine; propylthiouracil; antibiotics 

Putative immune complex vasculitides (small vessel 
vasculitides): 
Systemic lupus erythematosus 
Rheumatoid arthritis 
Sjogren's syndrome 
Cryoglobulinaemia 
Hypocomplementemic vasculitis 

Diseases involving IgA-containing immune complexes 
and/or macromolecular IgA (small vessel vascu
litides): 
SchOnlein-Henoch purpura 
Systemic lupus erythematosus (some) 
Dermatitis herpetiformis 

Small vessel vasculitides with granulomatous changes 
with/without evidence for immune-complex-mediated 
damage: 
Wegener's granulomatosis 
Lymphoid granulomatosis 
Behcet's disease 

Systemic necrotizing vasculitides of the polyarteritis group 
Classic polyarteritis nodosa 
Churg and Strauss granulomatosis 

Giant cell arteritides 
Temporal arteritis and Takayashu's disease (immuno

logical mechanisms are only presumptive) 
Pulmonary endothelial cell injury mediated by intravascular 

complement activation 
Extracorporeal circulation 
Adult respiratory distress syndrome (ARDS) 

Vascular injury in transplant rejection 

5. Systemic immunological abnormalities in
cluding hypergammaglobulinaemia, cry
oglobulinaemia, rheumatoid factors, cir
culating immune complexes and acquired 
hypocomplementaemia. 

6. Clinical improvement of the disease associ
ated with plasma exchange, steroid and/or 
immunosuppressive therapy. 

The clinical spectrum of vasculitides is dis
cussed in Chaps. 27 and 28. Within this group, 
systemic small vessel vasculitides and medium
size vessel vasculitides of the polyarteritis group 
are heterogeneous disorders that are generally 
believed to be caused by immune complexes. 
Deposits of complement and immunoglobulins 
are often found at the site of vascular lesions. 
Circulating immune complexes may be found 
which relate to the activity of the disease. Small 
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vessel vasculitis may occur in an idiopathic form, 
in association with autoimmune diseases such as 
systemic lupus erythematosus, rheumatoid 
arthritis and cryoglobulinaemia, and in associ
ation with well-characterized bacterial, parasitic 
and viral diseases. In subacute bacterial endo
carditis, immune complexes have been found in 
patients with a disease oflong duration and with 
extravalvular vascular spread [55]. In men
ingococcal disease, vasculitis, iritis and neur
opathy are thought to be due to the formation 
and deposition of immune complexes in tissues. 
Complexes of antigen and specific antibodies are 
also found in patients with disseminated gon
ococcal infection. The erythematous skin rash 
observed in this condition is evidence of a tran
sient form of vasculitis. The vasculitis that may 
complicate acute rheumatic fever could also be 
due to type A beta-haemolytic streptococcus
containing immune complexes. Another well
documented form of immune complex vasculitis 
accompanying bacterial disease is Staphy
lococcus albus shunt nephritis [47]. 

In leprosy, the infective agent is relatively non
toxic (patients with early lepromatous leprosy 
may have many millions of bacilli per gram of 
skin tissue without overt clinical symptoms) so 
that the contribution of host factors appears to 
be of major importance in the evolution of this 
disease. Erythema nodosum leprosum (ENL), a 
reactive state which occurs usually towards the 
end of the 1 st year of treatment, is characterized 
by tender subcutaneous nodules, which are histo
logically characterized by polymorphonuclear 
leucocyte infiltration and deposits of IgG and 
complement. There is evidence of an immune 
complex involvement in the pathogenesis of 
ENL based on clinical and immunopathological 
tissue studies [110]. This type of lesion, which is 
sometimes accompanied by albuminuria, 
resembles an Arthus reaction. Immune com
plexes have most frequently been found in the 
circulation of patients with this particular phase 
of the disease. Incubation of certain immune
complex-containing sera with Mycobacterium 
leprae decreased the amount of 125I_C 1 q binding 
material to about half the control levels sug
gesting that M. leprae is an important antigen 
in these complexes. Antigen-antibody systems 
other than those involving mycobacterial anti
gens may also be present in leprosy sera. Mixed 
cryoglobulins with an IgM component and exhi
biting anti-IgG activity have been found in some 
sera. The finding of increased levels of C3d, a 
catabolic fragment of C3, in 70% of erythema 
nodosum leprosum plasma samples provides 
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additional evidence that complement is activated 
in vivo, possibly by circulating immune com
plexes. 

In parasitic disease, the most comprehensive 
data implicating immune complexes in the 
pathogenicity of vascular lesions relates to 
lesions in the glomerular tuft and the choroid 
plexus. A glomerulonephritis with immu
nohistopathological features similar to those 
occurring during acute serum sickness is 
observed during the course of acute Plasmodium 
Jalciparum infection. In man, deposits of immu
noglobulins, complement and P. malariae anti
gens are found in glomerular capillary walls. A 
study of antibodies eluted from renal biopsies 
demonstrated the presence of antibodies specific 
for P. malariae in the majority of cases. In human 
and murine malaria, circulating immune com
plexes have been detected by two different tech
niques. Evidence that such complexes could be 
deposited or formed in situ in tissues comes from 
the finding by immunofluorescence of IgG in 
choroid plexus. 

Persistent viral infections occurring in a 
variety of hosts are associated with virus-induced 
immune complex deposits and disease. Since 
viruses are self-replicating agents, they provide 
an important supply of antigenic material which 
in most instances induces an immune response. 
After production of anti-viral antibodies by the 
host and liberation of infectious viral particles 
by the infected cells, immune complexes can be 
formed. Immune complexes are also formed on 
virus-infected cells when infections are caused by 
budding viruses such as measles, mumps and 
Herpes in man. As mentioned earlier, an example 
of chronic viral disease associated with immune 
complex vasculitis is persistent infection with 
hepatitis B virus (HBV) [67]. The association 
of persistent HB antigenaemia and generalized 
necrotizing vasculitis is now well recognized. 
Particular attention was drawn to this associ
ation by the discovery of HBsAg and of HBs
anti-HBs circulating immune complexes in the 
sera of patients with polyarteritis and the dem
onstration of HbsAg in vascular lesions of a 
patient who developed polyarteritis 3 weeks after 
transfusion of HbsAg-positive blood. Depo
sition or in situ formation of hepatitis B virus
containing immune complexes in the vessel walls 
of susceptible persons could lead to activation of 
complement and initiation of the inflammatory 
vascular response characteristic of polyarteritis 
nodosa. It is reasonable to suspect that cir
culating immune complexes of HBV-anti-HBV 
are pathogenic in this syndrome even though it 
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may be difficult, in a given patient, to detect 
directly such complexes due to their transient 
appearance. There is no apparent relationship, 
however, between onset and activity of vasculitis 
and onset and activity of liver disease. Thus, all 
combinations may be observed, including vascu
litis as the initial clinical illness and expression 
of severe vasculitis together with subclinical liver 
disease. 

Laboratory Assessment of 
Immunologically Mediated 
Vascular Lesions 
In Situ Analysis 

In situ analysis of immune components may 
provide direct evidence for the involvement of 
immune mechanisms in the pathogenesis of vas
cular lesions. Immunohistochemical techniques 
(i.e. immunofluorescence and immuno
peroxidase staining) allow the detection of 
antibodies, antigens and complement proteins, 
and the determination of phenotypic charac
teristics of infiltrating cells in the lesions. Thus, 
IgG deposits are usually found in vessel wall 
biopsies from patients with active SLE, and IgA 
deposits are found in biopsies from patients with 
Schonlein-Henoch purpura. Anti-light chain 
antibodies and antibodies against isotypic deter
minants may be evidence of monoclonal immu
noglobulin deposits in vasculitis associated with 
monoclonal B cell proliferation. The availability 
of anti-sera against C3 fragments and comp
lement activation products (e.g. neo-antigens 
expressed by the C5b-9 terminal complex of 
complement) allows direct assessment of in situ 
complement activation in tissue lesions (Table 
26.22) (Fig. 26.7) [49]. 

Using a combination of antibodies, in vivo 
cleavage of C3 could be demonstrated at the site 
of immune complex formation in the early stage 
of epimembranous nephritis with the finding of 
superimposable patterns of staining with anti
C3, anti-C3d and anti-H antibodies. No C5b-9 
neo-antigens were detected in C3 deposits indi
cating that in situ cleavage of C3 was effectively 
regulated by control proteins. However, at later 
stages of the disease, C3 cleavage products and 
C5b-9 neo-antigens were found in the same 
location in glomerular capillary walls indicating 
that secondary modifications of immune com
plexes had enhanced their complement-acti
vating potential thus circumventing regulatory 
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Table 26.22. Assessment of complement activation in tissues 
using antibodies to complement antigens 

No evidence C3 cleavage Activation 
for but no of the whole 
complement recruitment complement 
activation of terminal sequence 

sequence 

Anti-C3 + + 
(anti-C3c 
antigen) 

Anti-C3d + + 
Anti-C3g + -/+ 
Anti-H + -/+ 
Anti-(C5b-9) + 

neo-antigens 

mechanisms and allowing cleavage of C5 and 
activation of the terminal effector sequence. 
Complement deposits may also be found in 
vessels independently of the presence of immu
noglobulins. In large vessels, C5b-9 neo-antigens 
have been localized in fibrous plaques but not in 
atherosclerotic-free intimas, suggesting a patho
genic involvement of complement in the pro
gression of the atherosclerotic lesion [112]. 

The use of monoclonal antibodies has allowed 
precise identification of the surface phenotype of 
infiltrating cells in granulomas and perivasular 
infiltrates in some forms of vasculitis and vas
cular transplant rejection [77]. 

Cell surface antigens on the major subsets of 
infiltrating lymphocytes are listed in Table 26.23. 

Fig. 26.7. Nephritis during systemic lupus erythematosus. 
Staining of adjacent sections of the same glomerulus and 
artery with anti-(C5b-9)-neo-antigens. x 450 
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Table 26.23. Surface antigens of major mononuclear cell lines 

Cluster of cm CD4 CD8 
differentiation (OKT3-Leu4) (OKT3-Leu4) (OKT8-Leu2) 

CDl9 
(BR Leul2) 

CD16 
(Leu I I) 

CDllb 
(OKMl.MoJ) 

Helper T cell + + 
Suppressor T cell + 
Cytotoxic T cell + 
B cells 

NK cells 

Monocytes 

Assessment of Humoral Abnormalities 
Associated with Immunologically 
Mediated Vasculitis 

These assessments include the detection of 
soluble immune complexes, the detection of cry
oglobulins and the assessment of complement 
activation and of complement receptors on cir
culating cells (Table 26.24). Currently used 
immune complex assays are designed to detect 
an immunoglobulin or complement component 
in antigen-antibody complexes, but not the 
antigen itself [117]. Identification of specific anti
gens in complexes is therefore often impossible, 
except in a few cases when the antigen could 
be identified as the HBs antigen for example. 
Knowledge of the composition of circulating 
complexes would provide support for their 
pathogenic importance in those cases in which 
immune complexes of identical composition are 

Table 26.24. Laboratory assessment of the interaction of 
immune complexes with complement 

Principle 

Detection of immune 
complexes with 
complement reactants 

Simultaneous 
demonstration of 
complement activation: 
decreased levels of 
complement components 

Products generated by 
complement activation 

Capacity of patient's serum 
to process immune 
complexes 

Capacity of patient's cells to 
process immune 
complexes 

Assays 

Clq-binding assay 
Anti-C3 assays 
Conglutinin-binding assay 
Raji cell assay 

CH50 
C4 (immunochemical) 
C4. C2 (haemolytic) 

C3dg (immunochemical) 
C3a, SC5b-9 

(radioimmunoassa y) 

Inhibition of immune 
complex precipitation 

Clearance of antibody
coated autologous cells; 
enumeration of C3b 
receptors 

+ 
+ 

+ 
+ 

+ 

-/+ 

+ 

found in tissue deposits. Determination of the 
size and composition of complexes may be 
important since current evidence suggests dif
ferent mechanisms of clearance from the cir
culation for soluble complexes of different com
position or size. In most current assays however, 
the size of reacting material is not well known. 
The availability of assays capable of dis
criminating between large (> 21 S) and small 
( < 21 S) IgA-containing immune complexes in 
serum have allowed the detection of large IgA 
macromolecular complexes in patients with 
Schonlein-Henoch purpura [54]. 

Among the numerous assays that have been 
described for the detection of soluble immune 
complexes, those using complement as a rec
ognition system are of value for detecting com
plexes that could activate complement in vivo, 
for example the Clq-binding assay, the anti-C3 
assays, the conglutinin-binding assay and the 
Raji cell assay. Although the conglutinin-binding 
assay and the Raji cell assay are held to be tech
nically reliable, they detect C3bi deposited on 
immune complexes, which is only one of the 
breakdown products of C3 in the proteolytic C3 
degrading sequence. Hence, with a single type of 
immune complex assay only a selected popu
lation of complexes is revealed. The Clq-binding 
assay has proven its reliability in the follow-up 
of patients with SLE. The presence of circulating 
complexes cannot, however, be considered as a 
diagnostic criterion. The incidence of a positive 
Clq-binding assay in patients with renal lupus is 
higher than in patients without renal SLE, but 
the sensitivity and specificity of this finding is 
too low to be of predictive value in individual 
patients. Different glomerular lesions in lupus 
nephritis have been associated with different 
types of immune complexes, especially of dif
ferent sizes, but such findings in serum cannot 
replace histological examination of renal tissue. 

The simultaneous use of multiple assays for 
detecting immune complexes may be helpful in 
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differentiating between various forms of vascu
litis, such as cutaneous versus systemic and acute 
versus chronic or between different forms of sys
temic small vessel vasculitis [53]. In patients with 
Sch6nlein-Henoch purpura, IgA-containing 
immune complexes are present during the acute 
phase and absent during remission. Further
more, the Clq-binding assay is usually negative, 
whereas it is often positive in patients with other 
types of systemic small vessel vasculitis. Thus, 
the use of two immune complex assays may help 
to differentiate between various forms of small 
vessel vasculitis. In diseases such as Wegener's 
granulomatosis, periarteritis nodosa and giant 
cell arteritis the presence of circulating immune 
complexes does not have any diagnostic sig
nificance. 

Many studies have appeared concerning the 
relationship between the presence of soluble 
complexes and disease activity or the outcome 
of treatment (immunosuppressive and/or plasma 
exchange). At best the results of immune 
complex assays can be used in combination with 
other clinical parameters to monitor disease 
activity. It is important to note that several 
studies have shown that acute renal involvement 
in systemic small vessel vasculitis may initially 
be associated with the presence of circulating 
immune complexes. However, in patients in 
whom the renal manifestations of small vessel 
vasculitis led to progressive renal failure, cir
culating immune complexes were no longer 
detectable [56]. This suggests that soluble com
plexes are not involved in the later phase of 
glomerulonephritis. In patients with acute 
cutaneous vasculitis, circulating immune com
plexes are usually absent, in contrast to patients 
in whom the cutaneous manifestations are part 
of a systemic vasculitis disorder. 

Circulating immune complexes have been 
described in many bacterial, viral and parasitic 
infections. In patients with infective endocar
ditis, 63% will exhibit a positive Clq-binding 
assay [55]. This incidence is significantly higher 
than among patients with septicaemia without 
endocardial infection in whom the Clq-binding 
assay is usually negative. The use of the Clq
binding assay may therefore be relevant for the 
diagnosis of infective endocarditis. In infections 
with hepatitis B virus, circulating immune com
plexes have been demonstrated during the pro
dromal, acute and chronic phases. Several 
studies have shown the presence of hepatitis B 
antigen and antibody in circulating complexes as 
well as in tissue deposits suggesting an important 
pathogenic role for immune complexes. Their 
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presence is not however of diagnostic or prog
nostic importance. 

In parallel with the detection of soluble 
immune complexes, their complement-activating 
capacity may be readily assessed by measuring 
functional activity of individual complement 
components in serum [75]. However, normal 
levels of total complement or of single com
ponents do not rule out consumption of comp
lement components if such consumption is 
masked by hypersynthesis, which often occurs in 
chronic inflammatory diseases. Decreased comp
lement levels, for example of CH50 and C4, do 
not allow a distinction to be made between 
complement consumption or primary deficiency 
which can both be associated with immune 
complex disease. Therefore, assessment of break
down products generated during complement 
activation is used to obtain direct evidence for 
in vivo complement activation. Such tests 
include: (a) the immunochemical quantitation of 
ClrCls (CI inh)2 released from activated Cl 
on immune complexes following classical path
way activation: (b) the sensitive radioim
munochemical assessment of generated C3a 
anaphylatoxin [13]; (c) immunochemical quan
titation of the C3dg/C3d fragment in poly
ethyleneglycol-precipitated serum. Levels ofC3d 
were shown to correlate significantly with the 
presence of Clq-binding immune complexes in 
extracellular fluids of patients with systemic 
lupus erythematosus (Fig. 26.8); and (d) radioim
munochemical determination of SC5b-9 in pati
ent's plasma [70]. The latter assay may provide 
direct evidence for the capacity of circulating 
complexes to activate the terminal sequence, 
which most biological effects of activated comp
lement depend on. It is of interest that pre
liminary results indicate a relatively poor 
capacity of circulating complexes in patients with 
systemic lupus erythematosus to cleave C5 and 
generate SC5b-9. 

The capacity of patients' sera to keep immune 
complexes in solution can be assessed by eval
uating the capacity of the test serum to prevent 
precipitation of heterologous bovine serum 
albumin (BSA)-anti-BSA complexes or by eval
uating the capacity of such serum to solubilize 
immune complexes pre-formed in slight anti
body excess [93]. In patients with systemic lupus 
erythematosus the results of the latter test were 
shown to correlate significantly with the func
tional capacity of the alternative pathway and 
with levels of factor B. 

Survival studies of isoagglutinin-bearing and 
chromium-labelled erythrocytes can be used as 
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Fig.26.8. Correlation between Clq-binding assay (ordinate) 
and serum C3d levels (abscissa) in patients with systemic 
lupus erythematosus. Shadowed area indicates range found 
in 30 normal blood donors. 

a tool to investigate "C3b-receptor-mediated 
clearance" of immune complexes [37]. The clear
ance was found to be retarded in patients with 
primary biliary cirrhosis and in some patients 
with systemic lupus erythematosus, whereas it 
was normal in patients with other liver diseases 
and in patients having undergone splenectomy. 
Defective clearance of autologous erythrocytes 
sensitized with IgG ("Fc receptor function") was 
found in patients with systemic lupus erythem
atosus, in whom the clearance was improved 
following treatment with plasma exchange, and 
in patients with Sjogren's syndrome and DRW3 
individuals. 

The number of C3b receptors on erythrocytes 
can be measured using radiolabelled antibodies 
to CRI [115]. In normal blood donors, assuming 
the existence of two codominant alleles coding 
for the number of receptors per erythrocyte, 
approximately 54% of subjects are homozygous 
for the high receptor allele, 12% homozygous 
for the low number of receptors and 34% are 
heterozygous. In systemic lupus erythematosus, 
CRI numbers are decreased so that approxi
mately 60% of patients are homozygous for the 
low receptor number phenotype, and only 5% 
are homozygous for high CRI numbers. A role 
for inheritance in the decreased numbers ofCRI 
on erythrocytes of SLE patients has been sug
gested since healthy relatives of the patients also 
had low numbers of CR 1 on erythrocytes. 
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Acquired factors also contribute to decreased 
expression of CR I in SLE, as indicated by the 
following observations: (a) numbers of CRI on 
erythrocytes in some patients with systemic lupus 
erythematosus were lower than would have been 
predicted by inheritance; (b) no relationship 
between CRI numbers on erythrocytes was 
found between patients and offspring in some 
studies of the families of patients with SLE; (c) 
higher numbers of CR 1 sites on erythrocytes 
have been observed in patients with remission 
than in patients with active disease. No cor
relation was found however between CR I 
numbers on erythrocytes and the occurrence or 
immunohistopathological type and severity of 
lupus nephritis; and (d) three patients with SLE 
and low numbers of CRI on erythrocytes have 
been found to have antibodies to the receptor. 
Independent of the mechanism by which cellular 
expression of CRI may be decreased in SLE, 
the role of CR 1 in the processing of circulating 
immune complexes strongly suggests that a 
deficiency in CR 1 could predispose to impaired 
clearance of immune complexes and immune
complex-mediated vasculitis in SLE patients. 
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