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Introduction 

Activation of the complement system has been implicated as one of the pos
sible mechanisms involved in the extremely complex pathophysiology of 
septic shock. Bacteria and their products like endotoxin can activate this sy
stem even in the absence of antibodies [1]. Complement activation results in 
the generation of several peptides which have strong biological properties 
and are called anaphylatoxins [2]. Hypotension, leukopenia and increased 
pulmonary permeability are features of systemic complement activation 
which are also observed in human septic shock. In this chapter, we will re
view the available evidence for the role of activation of the complement sy
stem in severe sepsis, and some of its sequelae. 

The Complement System 

The complement system consists of at least 18 factors comprising about 4% 
of the total amount of plasma proteins. The complement system can be acti
vated in two ways: by the classical pathway and by an alternative pathway 
(Fig. 1). 
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Classical Pat/nvay 

This pathway is activated mainly by antigen-antibody complexes containing 
IgG (except IgG4) or IgM, but also by aggregated IgG, some microorga
nisms and poly anions. The components of the complement system circulate 
as inactive precursors until they are activated sequently. In many steps, this 
process involves limited proteolytic cleavage with formation of two frag
ments of unequal size. The larger fragment continues the sequence of com
plement reactions while the smaller fragment often contributes to the 
inflammatory response. Activation starts with recognition of the antibodies 
by Cl, which consists of 3 components (Clq, Clr, CIs), held together by 
calcium and the subsequent binding of C lq to the Fc fragment of the antibo
dy in the immune complex on the cell surface. Binding of C lq results in the 
activation of subunit Clr which in turn leads to activation of CIs (CIs = CI 
esterase). CIs cleaves C4 into C4a and C4b. The latter larger fragment forms 
(in the presence of Mg++) a complex with C2. which in turn is split by Cis 
into C2a and C2b. C2a leaves the complex that now consists of C4b2b, the 
classical C3-convertase which activates C3. Several naturally circulating in
hibitors of this pathway are known: CI esterase inhibitor (binds to Clr and 
Cis). C4 binding protein (may dissociate C4b2b complex) and factor I 
which further degrades C4b bound to C4 binding protein. 

Alternative Pat/m'm' 

A number of factors (B, D and P) are involved in another pathway which le
ads to activation of C3. Under physiological conditions, a continuous inter
action takes place between factors B, D. P and C3. Factor B binds in the 
presence of Mg++ to C3. This C3 is different from native C3 in that sense 
that its thio-ester is hydrolyzed. This hydrolyzed form of C3 is continuously 
formed from native C3 at low rate. Factor D subsequently cleaves B into Bb 
and Ba resulting in a C3Bb complex, the C3-convertase of the alternative 
pathway. This complex is stabilized by factor P. C3-convertase cleaves C3 
into C3a and C3b. Once C3b is formed (this can also be generated via the 
classical path\vay). a process of amplification is startet: C3b reacts with fac
tor B (C3bB complex) which is transformed by factor D into C3bBb, a pro
tein complex with C3-convertase activity, and stabilized by factor P. In the 
fluid phase. factor I together with factor H can inactivate this complex by 
degrading C3b. Thus, the inhibitors I and H prevent a continuous activation 
of the alternative pathway in a normal organism, an as a result activation of 
amplification is limited under normal conditions. So-called activators of the 
alternative pathway fix some C3b formed by the continuous but low-grade 
activation and amplification of the alternative pathway. However, by hampe
ring factors H and I to exert their inhibitory functions on the C3b fixed, they 
allow a strong amplification which then proceeds to activation of C5 and 
further complement factors. Among the alternative pathway activators are: 
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lipopolysaccharides (LPS) from bacterial cell walls, immune complexes 
(lgG, IgA, IgM), virus particles. yeast, cobra venom factor, and others. 

The Final Steps of Complement Activation 

C3b formed via the classical pathway binds to the C4b2b complex resulting 
in the C4b2b3b complex (C5-convertase). In a similar way C3b produced via 
the alternative route (and by amplification) binds to the C3bBb complex re
sulting in another C5-convertase: C3b(n)Bb complex. Both convertases clea
ve C5 into a smaller fragment C5a and a larger fragment C5b. The latter one 
reacts with C6 and C7 to form C5b67. This stabilized complex can dissociate 
from the cell membrane and attack other cells. With the help of C8 and seve
ral C9 molecules, C5b6789 is formed (terminal complement complex, TeC) 
which makes "holes" in the cell membrane resulting in lysis of the cell. 

Several complement factors such as C3 are degraded. After cleavage of 
C3 into C3a and C3b, C3b may bind covalently to cells and immune comple
xes (labile), and also to C3b-receptors (stabile) which are present on granu
locytes, monocytes, macrophages and B-Iymphocytes. Subsequently, C3b is 
cleaved by factor I (together with factor H) to form C3bi which is further 
cleaved into C3c (large fragment) and C3dg (small fragment) by proteolytic 
enzymes. 

Biological Effects of Complement Activation 

Activation of the complement system induces a variety of biochemical pro
cesses that contribute to host defense against microorganisms. 

Factors Bound to Activators: An important function of the activated com
plement system is to kill cells by lysis (C5b. C6, C7, C8, C9). Activation 
may be brought about by these cells as such. but also by activators such as 
immune complexes in their neighbourhood (innocent bystander). During 
complement activation, a number of factors (C3b, C3d. C3bi, C4b) may fix 
to the activator (opsonization) via which the latter becomes subsequently 
bound to receptors on phagocytes that are specific for these complement fac
tors (immune adherence). In this process, the activator will ultimately be re
moved by phagocytosis. 

Small Peptides Split Off during Activation: The most important group is 
formed by the anaphylatoxins C3a, C4a and C5a (Table 1). These peptides 
increase vascular permeability and induce smooth muscle contraction. Both 
C3a and C5a can interact with mast cells and basophilic granulocytes, and 
induce degranulation and release of histamine and other vascular (vasodila
ting) mediators. Anaphylatoxins like C3a in particular may directly activate 
platelets with subsequent release of vasoactive mediators. The release of pla-
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Table 1. Biological effects of anaphylatoxins (CSa) 

I. chemotactic for neutrophils and monocytes 
2. aggregation and degranulation of neutophils 
3. stimulation of generation of: 

01free radicals 
leukotrielles (LTB4) 
prostaglalldills 
proteases (e.g. elastase) 
PAF 
lyso:omal ell~Vllles 

4. stimulation of monocytes: TNF. IL-1, IL-6 
S. degranulation of mast cells: izistamine 
6. expression of tissue factor 
7. increase vascular permeability 
8. hypotension (peripheral vasodilation? 

pulmonary vasoconstriction'l ) 

telet activating factor (P AF) is among others induced by C5a, Activated 
complement components also mobilize leukocytes from the bone m"arrow 
(C3e), and promote adherence and aggregation of granulocytes to the vascu
lar endothelium (C5a). Also, C5a attracts phagocytic leukocytes (granulocy
tes, monocytes) and macrophages to the site of microbial invasion 
(chemotaxis) and stimulates killing mechanisms of the phagocyte, such as 
the generation of oxygen free radicals and the release of enzymes from lyso
somal granules [3]. Activated complement components stimulate the genera
tion of products of the arachidonic cascade. Recently, it has been 
demonstrated that natural C3a and C5a can induce IL-l and TNF production 
by human monocytes in a dose-dependent fashion [4,5], and enhance release 
of these cytokines induced by endotoxin [5]. Also recombinant C5a acts syn
ergistically with endotoxin in this respect [5]. Natural and recombinant C5a 
are also potent inducers of the synthesis and release of IL-6 [6]. Anaphylato
xins are apparently potent stimulators of mononuclear secretion of various 
cytokines that are involved in the pathogenesis of septic shock. TNF is on 
the other hand able to increase complement receptor expression on human 
neutrophils [7]. Moreover, complement activation products such as C5a and 
the terminal complement complex (TCC) promote coagulation by inducing 
expression of tissue factor [8,9]. 

Complement Activation in Human Sepsis 

The complement system can be activated by bacteria in the presence and 
even in the absence of antibodies. Therefore, and because of the biological 
effects of complement activation (see above), the system has long been su
spected to be involved in the pathogenesis of sepsis. In one of the first pub-
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lished series on the role of complement in sepsis, C3 levels were measured 
in blood of patients with gram-negative bacteremia at the onset of fever [10]. 
Bacteremic patients essentially had the same mean C3 levels as a control 
group of non-infected patients, but with a considerably wider range. How
ever, patients suffering from shock and those dying had markedly decreased 
C3 levels. These studies were extended to include measurements of additio
nal complement factors, again at the onset of fever, in another group of pa
tients with gram-negative bacteremia [11]. Patients who developed shock, 
had significantly lower levels of factors Band P and C3, C5, C6 and C9 
when compared with those with uncomplicated bacteremia. No difference in 
mean levels of C 1, C2 and C4 were found between the two groups. This stu
dy suggested a preferential activation of the alternative pathway in patients 
who progressed into shock. Similar findings were published by others [12]. 
Subsequently, several series have been published in which patients were stu
died in established or late septic shock, and these included measurement of 
levels of a variable number of complement factors [13-16]. In essence, these 
studies confirmed that the levels of most complement factors were lowered 
in septic shock and this was considered as evidence for increased consump
tion of these factors. 

In one study, C3 levels in patients admitted for hemorrhagic shock or mul
tisystem trauma were completely unaffected when severe sepsis with or wit
hout shock supervened [17]. Complement activation is a very dynamic 
process, and plasma levels of native factors reflect both synthesis (acute pha
se reaction) and consumption, while hemodilution (by volume loading as 
part of the treatment) and leakage to the extravascular space due to capillary 
damage lower plasma levels. Measurement of native factors may, therefore, 
not be such a sensitive index of complement activation. Later studies have 
confirmed that complement activation occurs in sepsis by demonstrating that 
the levels of activated products of complement are increased. Elevated levels 
of C3 activation products [18], C3a-desarg [19-27], C4a-desarg [19.25,27]. 
C5a-desarg [19-21.25,26], C5a-like activity [28,29], and TCC [18,25.30,31] 
have been found in septic patients. 

Most studies have been performed in gram-negative sepsis 
(10,11.15,16,32]. In those studies in which both gram-negative and gram-po
sitive septic patients were evaluated, in general no differences between these 
groups were observed with respect to the levels of (lowered) native [13,14] 
or (elevated) activated complement [20,27], although in one study slightly 
higher levels of C5a-like activity were found in gram-negative sepsis [29]. 
Patients clinically judged as suffering from septic shock but without positive 
blood cultures have similar [20] or lower [29] levels of activated comple
ment factors than patients with positive blood cultures. 

There has been some debate whether activation takes place through the 
classical [13,32], the alternative [11,16] or both pathways [12.14,15] in pa
tients with septic shock. It has been suggested that this disagreement could 
be attributed to differences in the time elapsed between the onset of shock 
and the time of measurement [14]. Complement activation through the alter-
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Fig. 2 Levels ofC3a and C4a in 37 patients with sepsis (n",14, and septic shock (n",23): in 
'" initial values on admission : hi '" highest value during course of disease: low = lowest va
lue. '", p <0.05 . Upper limit of normal value for C3a '" 5 nmollJ; for C4a '" 21 nmolll 

native pathway seems to be an early event in sepsis and can take place befo
re hemodynamic alterations are observed [12-14]. It is suggested that activa
tion of the classical pathway would occur later [13,14] . Therefore, both 
pathways seem to be activated, albeit in varying proportions in the various 
stages of septic shock . In a recent study measuring C4d and Bb, and Ba le
vels, it was concluded that the majority of patients had activation of both 
pathways [31]. 

Earlier studies in which native complement factors were measured, the lo
west values were found in patients who ultimately died [10.12,14,33]. These 
levels may therefore have prognostic significance, although Leon et al. [13] 
did not find differences between survivors and nonsurvivors. In this series, 
initial low values of complement factors returned to normal in survivors. Se
rial studies may thus be better related to outcome than single measurements. 

In our studies. we demonstrated that C3a-desarg levels are almost uni 
formly elevated in patients with sepsis [27]. Levels of this activated comple
ment factor fluctuated significantly during the day and during the course of 
disease. Levels of C4a-desarg closely paralleled the levels of C3a-desarg in
dicating that in these patients activation had mainly followed the classical 
pathway. Initial, highest and lowest levels of C3a-desarg observed during 
the disease period were all significantly higher in patients with shock com
pared to normotensive septic patients (Fig. 2). Also, these levels were signi
ficantly higher in nonsurvivors than in survivors (Fig. 3). Mortality 
increased with increasing C3a-desarg levels which therefore have prognostic 
value . We found a significant inverse correlation between C3a-desarg and 
C4a-desarg levels on the one hand. and leukocyte and platelet count on the 
other (Fig. 4). This may indicate that complement activation is involved in 
aggregation of these elements in the microcirculation. 

Excessive activation of the complement system can be induced by exces
sive amounts of activator but probably also by insufficient activity of natural 
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Fig. 3 lnitial mean levels of C3a and C4a on admission (adm) in patients with sepsis (n=14) 
and septic shock (n=23). S = survivors, NS = nonsurvivors, . = p <0.05 . .. = P <0.01, 
... = P <0.005 

inhibitors. Factor H and factor I are natural inhibitors of the alternative path
way. Levels of these factors have been found lower in patients in shock and 
nonsurviving patients, than in those with uncomplicated sepsis [15]. 

Activation of the classical pathway is regulated by C I-esterase inhibitor 
(C l-Inh). a protein that belongs to the superfamily of serine protease inhibi
tors . CI-Inh is not only the main inhibitor of activated Cl, but also that of 
the contact system proteases factor XIIa and kallikrein. Thus, C l-Inh is the 
main inhibitor of two plasma cascade systems that share the property of ge
nerating very potent vasoactive peptides (anaphylatoxins and bradykinin). 
Intravascular activation of complement and contact system is potentially 
harmful. Presumably for this reason, plasma levels of C I-Inh increase during 
acute phase reactions. During uncomplicated sepsis. plasma levels of CI-Inh 
indeed rise [33] but are often found lowered in patients in (fatal) shock 
[15,33]. Recently, we analyzed the state of CI-Inh in sepsis [34]. We found 
that in most patients, and in particular those with lethal complications, 
functional levels of this inhibitor were normal or even decreased in spite of 
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Fig. 4 Relationship between C3a plasma le\'els and platelet counts in 37 individual patients 
with sepsis and septic shock. 
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its acute phase properties. In addition, antigenic levels were higher than 
functional levels indicating the presence of non-functional CI-Inh. This may 
be due to binding of C1-Inh to Cl-esterase, factor XIIa or kallikrein, or to 
inactivation of C1-Inh by proteolysis. Complexes of factor XIIa-Cl-Inh, Cl
C 1-Inh, and kallikrein-C 1-Inh were however elevated in only a minority of 
the patients [35]. In contrast, levels of proteolytic ally inactivated C1-Inh 
(iCl-Inh) were markedly elevated in the majority of patients [34]. Levels of 
iCl-Inh were significantly higher in patients in shock than in normotensive 
patients and also higher in non survivors than in survivors. Calculation of the 
contribution of iC 1-Inh and the various inhibitor complexes to the total 
amount of nonfunctional C1-Inh revealed that iCI-Inh was by far the most 
important. The cause of this proteolytical degradation is not known, but 
among the possibilities are elastase released by activated neutrophils or a 
strong activation of the contact system. 

All evidence discussed above indicates a greater turnover of both classical 
and alternative pathways during septic shock periods than during periods 
without shock, and that episodes which end fatally have more intense activa
tion of these pathways than episodes which are survived. This could mean 
that complement derived products play an important pathogenic role in sep
tic shock. Moreover, plasma levels of the functionally active regulatory pro
teins may be important in dictating the turnover of the complement system 
in septic shock. Alternatively, these findings may simply reflect increased 
utilization of both complement components and control proteins during 
shock and fatally ending episodes in an attempt to detoxify circulating endo
toxins [15]. 

Complement Activation and Shock 

Several observations indicate that complement activation may be involved in 
the pathogenesis of the circulatory disturbances of septic shock. The shock 
syndrome develops in about 40% of patients with sepsis and this largely con
tributes to the mortality of sepsis. Levels of native complement factors are 
almost uniformly lowest in septic patients with (fatal) shock [10-13,32.33]. 
Also. concentrations of activated complement factors C3a-desarg [21,27]. 
C3a activity [18]. C4a-desarg [27], C5a-desarg [20], and TCC [18] are usu
ally higher in patients in shock than in septic patients without clinical signs 
of shock. This may suggest a relationship between excessive complement ac
tivation and the development of shock. but both may also simply reflect the 
seriousness of the septic insult. 

Several studies have shown that endotoxin is a powerful complement acti
vator in the animal model [36-40]. Also in vitro incubation of E. coli in 
fresh serum produces a dose related formation of C3a and C5a [26] and TCC 
[30]. Recently, it has been shown that also gram-positive microorganisms 
can induce complement activation and produce similar effects as E. coli in 
the animal model [41]. In these models hypotension is a uniform feature and 
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Table 2. Complement activation induced hypotension in sepsis 

EI'idence 
- C5a induces hypotension in various models 
- Decomplimentation abolishes the hypotensive response to endotoxin 
- anti-C5a antibodies attenuate hypotension in sepsis 

Possible mechanisms 
- periphal vasodilation (prostacyclin'?l 
- splanchnic pooling with decline of venous return 
- pulmonary vasoconstriction (thromboxane A2?) 
- direct effects on the heart 

it has been suggested that activated complement factors may contribute to its 
development [40] (Table 2). 

The anaphylatoxin C5a has hypotensive effects in various animal models 
[40.42-44] and decomplementation abolishes the hypotensive response to en
dotoxin [38]. 

It has been shown that low doses of TNF and endotoxin act synergistically 
on complement activation and that the acute development of shock and tis
sue injury in response to low doses of TNF with endotoxin depends on an in
tact complement system [45]. Several mechanisms have been proposed for 
this hypotensive reaction to C5a. Peripheral vasodilation might be such a 
mechanism. as C5a may act on the peripheral resistance vessels by inducing 
(local) production of prostacyclin [46-48]. and a causal relationship between 
prostacyclin formation and arterial hypotension has been suggested [48]. In
travenous administration of zymosan in the rat produces a hyperdynamic cir
culation with a low vascular resistance and a high cardiac output with a 
decrease in total hemolytic complement (CH50) [49]. At high doses of zy
mosan. however. cardiac output declines. systemic vascular resistance in
creases and blood pressure drops. The high correlation between zymosan 
dose and degree of complement activation suggests a causal relationship be
tween complement activation and the observed hemodynamic changes. The 
pattern of these hemodynamic alterations is remarkably similar to that obser
ved in human septic shock. In patients \vith septic shock, a significant inver
se correlation benveen initial plasma C5a-like activity and both systemic 
vascular resistance and mean arterial blood pressure has been found [29]. No 
statistically significant correlation was observed with either cardiac output 
or left ventricular ejection fraction. In our study in septic patients no signifi
cant correlation was found between C3a-desarg levels and systemic vascular 
resistance for the group as a whole [27]. However. in individual patients in 
whom more than six data points were available, such an inverse correlation 
was also found [50]. In another study, C3a-desarg concentration inversely 
correlated with mean arterial pressure in patients \vith septic shock in whom 
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also prostacyclin levels were significantly elevated [21]. These observations 
suggest that complement activation may produce or contribute to peripheral 
vascular alterations in human septic shock and this may be related to forma
tion of prostaglandins. 

Another mechanism which may explain complement-induced hypotension 
is portal venous pooling followed by a decrease in venous return and cardiac 
output [43], but this might be a typical response in the dog. 

Also pulmonary vasoconstriction is reported to occur after anaphylatoxin 
administration or complement activation [43] and this phenomenon may con
tribute to arterial hypotension. In rats. C5a induces systemic arterial hypo
tension coinciding with an increase in central venous pressure, a decline in 
cardiac output. neutropenia. and with an unchanged systemic vascular resi
stance, but with redistribution of total blood flow [44]. This hypotensive re
sponse is paralleled by an increase in plasma 6ketoPGFIa and TBX2 levels 
and is abolished by a cyclooxygenase inhibitor (without altering C5a-indu
ced neutropenia). and reduced by an H2-receptor blocker. Thromboxane syn
thetase inhibition does not prevent C5a-induced hypotension. but lowers 
central venous pressure and systemic vascular resistance. One might specu
late that the neutrophil is the prime target for C5a as receptors specific for 
C5a have been identified on its surface. and that activation of this cell con
tributes to the hemodynamic responses observed with C5a. However. neutro
penia as such does not prevent C5a-induced neutropenia whereas 
C5a-induced hypotension is markedly attenuated [40]. Thus. C5a-induced 
hypotension seems to be a neutrophil-independet reaction. It is suggested 
that hypotension is mediated through cyclooxygenase products and to some 
degree by histamine and that is appears to be (in this model) a secundary ef
fect of pulmonary vasoconstriction probably mediated by thromboxane A2 
[44]. 

Also direct effects of anaphylatoxins on the heart may contribute to hypo
tension. In a rabbit model. intracoronary administration of C3a causes tachy
cardia. impairment of atrioventricular conduction. left ventricular contractile 
failure. coronary vasoconstriction and histamine release [51 J. Histamine. 
leukotrienes and prostaglandins may mediate these various cardiac effects of 
C3a [51]. 

In primates. administration of a polyclonal antibody to C5a is able to only 
partially attenuate the hypotensive response to live E. coli infusion [52]. In a 
rat endotoxin model. similar effects have been observed \vith F(ab') 2 frag
ments of a polyclonal anti-C5a antibody [40]. Both studies show that neutra
lization of C5a not completely prevents hypotension in sepsis. suggesting 
that other mechanisms are also involved. However. it should be noted that 
the efficacy of antibodies to neutralize C5a activity in vivo may not be opti
mal, and therefore. some C5a induced effects may not have been blocked in 
both studies. In addition. in neither study the anti-C5a antibodies affected 
neutropenia suggesting that neutropenia in sepsis is not dependent on com
plement activation. In an extensive revie\v on the biological effects of endo
toxin in several animal models. Fine [39] concluded that the early transient 
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and relatively benign hypotensive response is related to complement activa
tion, whereas the later prolonged and potentially fatal hypotension is proba
bly not. 

Complement Activation and ARDS 

The adult respiratory distress syndrome (ARDS) is a common complication 
of septic shock and still carries an extremely high mortality. The incidence 
of ARDS following a severe septic insult varies between 18 and 38% 
[20,53,54]. Several observations in the literature suggest that compliment ac
tivation is involved in the pathogenesis of this sydrome. In particular C5a 
can mediate neutrophil adhesion, aggregation, activation, and subsequent 
pulmonary endothelial damage [55-58]. This sequence of events i.e. margi
nation and sequestration of neutrophils in the lung where they release toxic 
substances leading to endothelial cell injury, may be the primary pathogene
tic mechanism for the development of ARDS in septic shock. Among these 
toxic products are oxygen free radicals and proteases (e.g. elastase, trypsin, 
chymotrypsin and cathepsin G). Recent studies have shown that neutrophil
mediated injury of endothelial cells involves interactions of oxygen products 
and proteases [59]. 

The hypothesis that complement activation and neutrophil sequestration 
and activation in the pulmonary vasculature with subsequent pulmonary vas
cular injury is the underlying mechanism responsible for acute lung injury, 
originally stems from observations during hemodialysis [60]. During hemo
dialysis, activation of the complement system was demonstrated and this was 
associated with transient neutropenia and pulmonary dysfunction. It was 
shown that plasma passed over dialysis cellophane activated complement via 
the alternative pathway and that after reinfusion of activated, autologous 
plasma neutrophils became trapped in the microvasculature [60]. In addition, 
infusion in rabbits of autologous, cellophane-incubated plasma produced 
acute neutropenia and significant hypoxemia. with on histologic examination 
gross intravascular leukostasis with interstitial edema in the lung [60]. In 
sheep. this maneuvre was accompanied by a marked increase in pulmonary 
lymph flow. This syndrome could be prevented by pre-inactivation of com
plement and by prior induction of leukopenia. Also, enhanced clearance of 
neutrophils in the pulmonary vascular bed was demonstrated [60]. These ob
servations linked complement activation, pulmonary leukostasis and injury, 
acute leukopenia and pulmonary dysfunction. Subsequently, a number of ex
perimental studies in animals have provided evidence for the role of comple
ment in the pathogenesis of acute lung injury and ARDS which will be 
discussed later. Clinical studies in ARDS have shown that the early phase of 
acute lung injury is associated with the sequestration of large numbers of 
neutrophils in the lung. Transient leukopenia is sometimes also a feature of 
early septic shock and it has been suggested that a fall in leukocytes in the 
peripheral circulation heralds the onset of the development of ARDS [61]. In 
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Table 3. Complement activation and ARDS 

- Zymosan (or CVF)" - induced complement activation causes neutropenia. hypoxemia, aggre
gation of neutrophils in the lung with edema, and increased pulmonary lymph flow 
- C5a causes similar abnormalities 
- Complement-deficient animals show less pulmonary injury during sepsis 
- Antibodies to C5a attenuate pulmonary injury in sepsis 
- Inconsistent correlation between levels of activated complement factors and development of 

humanARDS 

• CVF = cobra venom factor 

Table 3, the evidence for a role of complement activation in the develop
ment of ARDS is briefly summarized. This will be discussed in the follo
wing paragraphs. 

Animal Studies 

Infusion of endotoxin in the animal experiment has been used as a model of 
ARDS. In these experiments, the development of acute lung injury is prece
ded by neutrophil sequestration in the pulmonary vasculature as demonstra
ted in histologic sections [62-64]. This is followed by increased lung 
microvascular permeability and enhanced pulmonary lymph flow [62,63,65]. 
These_ changes are also associated with generalized neutropenia and can be 
abrogated by neutrophil depletion [62,63,65]. Thus, there is a significant bo
dy of evidence to support the premise that neutrophil sequestration in the 
microvasculature of the lung is an early event in endotoxemia that seems to 
be critical to the development of microvascular injury. 

Since endotoxin is able to activate both the alternative and the classical 
pathways [1,39], it has been postulated that complement activation might be 
an important mediator of these processes. Several investigators have indeed 
shown that complement activation as such can induce intravascular neutro
phil sequestration and have suggested that this results in damage to the mi
crovasculature in the lung. Zymosan-induced complement-activated plasma 
(alternative pathway) is able to cause early neutropenia. progressive hypoxe
mia, respiratory alkalosis and tachypnea in a rabbit model [66-68]. In sheep, 
zymosan-incubated plasma produces similar abnormalities together with a 
marked increase in pulmonary lymph flow [60]. Microscopy of the lungs re
veals aggregation and plugging of neutrophils in small vessels and capilla
ries of the lung. Electronmicroscopy shows degranulation and disintegration 
of neutrophils, interstitial edema and endothelial cell injury [66.68]. When 
the animals were rendered neutropenic, these changes did not occur [66]. 
The combination of hypoxia and systemic complement activation appears to 
aggravate this microvascular injury with the occurrence of protein rich al-
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veolar edema and hemorrhage in the lung [68]. Similarly, intravascular acti
vation of the complement system with cobra venom factor in rats causes acu
te lung injury as quantified by the increase in lung vascular permeability 
[69]. Also in this model, damage to the endothelial cell lining of lung alveo
lar capillaries and plugging of neutrophils that are in direct contact with the 
vascular basement membrane is observed. Lung injury can dramatically be 
attenuated by either prior depletion of neutrophils or by intravenous catalase 
or superoxide dismutase, supporting that complement-mediated neutrophil 
aggregation with subsequent production of oxygen free radicals is an impor
tant event in acute lung injury [69]. Infusion of a single activated comple
ment factor CSa can also produce increased permeability in the lung [70]. 
Studies using intravital microscopy have confirmed that neutrophil aggrega
tion and leukoembolization occur in the microcirculation upon administra
tion of CSa or zymosan-activated plasma [71]. Moreover, this phenomenon 
was accompanied by extravasation of plasma proteins in a pattern suggestive 
of endothelial damage. These studies have clearly shown that complement 
activation in several models can mimic abnormalities as present in ARDS. 

What evidence do we have that pulmonary injury caused by sepsis or en
dotoxemia is mediated by complement activation? In a study comparing the 
effects of caecal ligation and puncture-induced peritonitis in both CS-suffi
cient and CS-deficient mice, morphometric studies demonstrated a signifi
cant increase in intracapillary granulocrit and air-blood barrier thickness in 
CS-sufficient mice associated with a decline in Pa02, abnormalities that we
re not present in septic CS-deficient mice [72]. In an elegant study, Hosea et 
al. [70] demonstrated that complement-depleted and CS-deficient animals, 
unlike normal and C4-deficient animals, did not localize injected bacteria 
(ingested by neutrophils) to the lungs. This finding again suggests that CSa. 
a strong chemotactic factor. is critical in this process and is required for pul
monary edema formation. Further support for this hypothesis comes from 
studies in which the effects of a polyclonal antibody to CSa-desarg on the 
development of ARDS in septic primates was evaluated [S2]. In this model. 
infusion of live E. coli resulted in severe sepsis with a decline in systemic 
vascular resistance and blood pressure and development of ARDS. Anti-CSa 
antibodies could prevent hypoxemia and the increase in extravascular lung
water and markedly attenuated therefore signs of ARDS. Moreover, the peak 
levels of CSa were significantly less in the anti-CSa treated animals, but CS 
depletion was not prevented demonstrating that activation of the parent CS 
molecules \vas not prevented [73]. 

Intravenous endotoxin administration in a rabbit model caused a marked 
dose dependent sequestration of radioactive labeled neutrophils in the pul
monary vasculature as detected by external quantitative scintigraphy and ul
trastructural autoradiography of the lungs [74]. Pretreatment ex l'il'O of 
neutrophils with endotoxin also caused a dose-dependent pulmonary seque
stration of these pretreated labeled neutrophils. but no generalized neutrope
nia. There was no evidence of complement activation on the surface of 
pretreated neutrophils suggesting that initiation of pulmonary sequestration 
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by low dose endotoxin is a complement-independet effect on the neutrophil 
rather than on the endothelium [74]. Thus, endotoxin may directly promote 
neutrophil sequestration. Indeed, some studies have suggested that comple
ment activation per se is unable to fully simulate the effects of endotoxin 
[64,67,75,76] 

Although the adherence of neutrophils to endothelium is likely to be the 
first step in neutrophil-mediated injury, the sequestration of neutrophils wit
hin the pulmonary vasculature itself appears insufficient to cause injury 
[67,75]. Small doses of endotoxin enhances injury to cultured endothelial 
cells mediated by stimulated neutrophils [77] and endotoxin may directly 
promote neutrophil sequestration in the lung [74]. Trace amounts of endoto
xin in combination with either a synthetic chemotactic peptide or chemotac
tic fragments of C5 were able to markedly increase pulmonary permeability, 
which did not occur with either of these compounds alone [76]. Neutrophil 
depletion completely abolished this phenomenon. Also, ultrastructural stu
dies revealed enhanced neutrophil sequestration and alterations in endotheli
al cells when combinations were administered [76]. Thus, endothelial cell 
injury seems to increase by the combination of small amounts of endotoxin 
and neutrophil chemotactic factors. 

In conclusion. there is much evidence in experimental models that com
plement activation with a predominant role for C5a, is involved in the patho
genesis of ARDS, but also that additional factors and/or mechanisms are 
necessary to fully express its effects. 

Human Studies 

In one of the first studies using a neutrophil aggregation technique to estima
te C5a (plasma C5a-like activity). a strong and highly significant correlation 
was found between the presence of C5a-like activity and the development of 
ARDS [28]. It \vas suggested that detection of an elevated C5a level could 
be a useful predictor of ARDS. Subsequent studies however have shown va
riable results. Using a similar technique, Duchateau et al. [78] found in 
(mainly nonseptic) patients at risk for ARDS evidence for early complement 
activation as detected by high C5a-like activity (and C3d/C3 ratios). How
ever, this activation correlated poorly with the actual development of ARDS. 
They suggested that additional factors may contribute to the evolution to a 
full-blown ARDS. Interestingly, it was shown that initial pulmonary clearan
ce of C5a-like activity was followed by release of C5a-like activity from the 
pulmonary circulation [78]. 

Total hemolytic complement (CH50) is usually lo\vered during sepsis, but 
this is not different between patients who will or will not develop ARDS or 
between patients with and without ARDS [25]. 

Initial C3a-desarg levels have been found to be significantly higher in pa
tients who developed or manifested signs of ARDS than in uncomplicated 
patients [24,79-81]. A weak but statistically significant correlation has been 
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observed between the level of C3a-desarg and pulmonary alveolo-capillary 
permeability [24]. However in most studies, no statistically significant diffe
rences have been found in initial levels of C3a-desarg and CSa-desarg be
tween patients who develop this syndrome and those who have an uneventful 
course [20,22.2S-27 ,29,30]. In addition, no correlation has been found be
tween levels of these anaphylatoxins and the initial severity of lung injury, 
nor did they predict development or worsening of associated acute lung inju
ry [20]. There are, however, some observations which suggest that persist
ently elevated or rising levels of C3a-desarg are associated with the 
development of ARDS [26,30]. Others have not found differences between 
septic patients with and without ARDS or changes in C3a-desarg or CSa-de
sarg levels when a clinical diagnosis of ARDS was made during the course 
of disease [2S]. In our own study of patients with sepsis and septic shock, in
itial as well as highest or lowest levels of C3a-desarg during the whole ob
servation period, were not different between patients with and without 
ARDS [27]. Possibly, local complement activation is more important for the 
development of ARDS. For example, measurement of the concentration of 
C3a-desarg in BAL fluid appeared to be a more sensitive parameter than 
plasma levels in patients with ARDS [23]. 

It has been suggested that persistence of elevated C4a-desarg is associated 
with multiorgan system failure [19]. However, in a large prospective study, 
levels of this complement activation product were not different in septic pa
tients with and without ARDS, nor did the levels change at the time of a cli
nical diagnosis of ARDS [2S]. Also, measurement of Ba. Bb, C4d, iC3b and 
C3d failed to distinguish the patients at risk from the patients with ARDS 
[31]. Measurement of anaphylatoxin levels may, however, underestimate the 
extent of complement activation as both C3a and CSa are rapidly cleared 
from the circulation by complement receptors on the surface of phagocytic 
cells including neutrophils. This is illustrated by the study of Solomkin et al. 
[79] who demonstrated that in patients at risk for ARDS neutrophils showed 
signs of prior exposure to CSa without demonstrable elevated CSa levels in 
the peripheral blood. In contrast, the fluid phase terminal complement com
plex (sCSb-9, TCC) is a more stable complement activation byproduct and 
its presence in plasma indicates that the complement cascade has been acti
vated to completion [82]. Therefore, TCC levels may be a more consistent 
marker of complement activation than fragments of C3 and CS [25] although 
this has been questioned [31]. 

Langlois and Gawryl [2S] found that TCC levels were the only marker of 
complement activation that was higher in patients with ARDS than in non
ARDS septic patients. Moreover, in all septic patients who developed ARDS 
the TCC levels increased significantly two days prior to the clinical diagno
sis of ARDS. while these levels remained constant in patients in whom no 
acute lung injury developed. Thus, this complex could be a useful predictive 
marker of ARDS. In another study. a correlation was found between persist
ence of elevated TCC levels and the development of ARDS [30]. However, 
Parsons and Giclas [31] did not find a difference in Tce levels between pa-
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tients at risk for ARDS and ARDS patients. These authors also did not ob
serve a consistent pattern in plasma levels of this complex when ARDS actu
ally developed. 

In summary, the majority of reports indicate that measurement of activa
tion products of the complement system does not provide a clinically reliab
le predictor for the development and severity of ARDS. A possible 
exception could be the determination of terminal complement complexes but 
this needs further study. 

In a study in patients with acute illness including abdominal sepsis, C5a
desarg levels were not elevated. However. neutrophil migratory responses to 
FMLP (N-formyl-methionyl-leucyl-phenylalanine) and/or C5a were deacti
vated in those patients who developed ARDS [24.79). Neutrophils from the
se patients showed a fall in beta-glucuronidase and lysozyme levels. Both 
findings are consistent with prior exposure to C5a in vivo. C5a-exposure ill 
vitro was not able to reproduce migratory dysfunction and lysozyme loss of 
neutrophils, suggesting that ill vivo other stimuli are necessary to produce 
these effects [79]. Several studies have documented the occurrence of ARDS 
in severely neutropenic patients arguing for a heterogenous pathogenesis for 
this syndrome [83-85]. Complement activation may, therefore, be a necessa
ry but not sufficient pathogenetic mechanism in the evolution of ARDS. Ot
her additional factors necessary to produce significant acute lung injury 
could be hypoxia [68], cytokines, prostaglandins [75,80], and (trace amounts 
of) endotoxin [74,76] and other mediators. The role of cytokines is extensi
vely discussed elsewhere in this book. Small concentrations of endotoxin en
hance C5a-stimulated release of superoxide anions [86] and elastase [87] 
from neutrophils. It seems. therefore, that endotoxin can prime neutrophils 
for subsequent stimulation by C5a [74.76]. Even trace amounts of endotoxin 
in conjunction with intravascular complement fragments or other neutrophil 
stimuli can increase neutrophil sequestration in the capillaries and enhance a 
neutrophil-dependent increase in pulmonary vascular permeability [76]. Me
an endotoxin levels were significantly higher (and were persistently present) 
in patients with ARDS or in those who subsequently developed ARDS than 
in patients at risk [81]. In this study. the combination of activated comple
ment factors and endotoxin levels in plasma better discriminated between 
patient with full-blown ARDS and patients at risk than did the presence of 
activated complement factors (C3a, C5a) alone. Therefore, the combination 
of endotoxin and complement fragments may be one mechanism involved in 
the development of ARDS [81]. 

Conclusion 

There is no doubt that the complement system is activated in human sepsis 
and septic shock. The strong biological properties of some activated comple
ment factors, basically designed to localize and eliminate causative microor
ganisms. may, when produced in excessive amounts, turn against the body 
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itself. However. complement activation is just one mechanism amongst ma
ny others including an array of mediators such as TNF, IL-l. IL-6, IL-8, ara
chidonic acid metabolites, platelet activating factor, involved in the 
pathophysiology of sepsis. Besides. these various mediators show important 
interactions. Complement activation for example may stimulate release of 
TNF, IL-l and IL-6 production, histamine. serotonine. arachidonic acid pro
ducts, and oxygen free radicals by interactions with neutrophils, monocytes 
and platelets. Many of these complex interactions have not been fully eluci
dated. Complement activation in \'ivo provides one of the triggers for cytoki
ne production. It is therefore not surprising that. at this moment, it is 
impossible to appreciate the precise contribution of complement activation 
to the pathophysiology of human septic shock. Some experimental and clini
cal data have been presented which suggest a role for complement activa
tion. in particular in the early phase of sepsis. These data, however, also 
clearly indicate that other additional mechanisms are necessary to produce 
the clinical syndrome of sepsis and its major complications. shock and 
ARDS, as part of multiorgan system failure. 
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