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Introduction 

The bactericidal effect of blood has been known 
for more than 100 years [1, 2]. As early as the late 
nineteenth century it was demonstrated that serum 
contains factors that mediate lysis of bacteria and 
antibody sensitized cells [3]. Complement is an 
essential system for protection against invading 
microorganisms like virus and bacteria. Split prod­
ucts of this cascade will enhance phagocytosis, 
bacterial killing and promote leukocytosis [4, 5]. 
Lysis of foreign invaders by complement requires 
components C5b-C9 from the terminal part of the 
complement cascade. This complex is also called 
the membrane attack complex [6]. Individuals with 
different hereditary complement protein defects 
suffer from recurrent and sometimes life threaten­
ing infections [7 - 9]. 

Formation of anaphylatoxins may initiate 
pathophysiological events that lead to the develop­
ment of adult respiratory distress syndrome 
(ARDS) or multisystem organ failure (MOF). 
Trauma and other ethiologies behind circulatory 
shock are associated with activation of the comple­
ment system and with ARDS or MOF development 
[10-15]. As an end product of complement activa­
tion, the terminal C5b-9 complement complex is 
formed [16]. This complex exists in one form which 
is found in plasma and in another as a membrane­
bound form. The complex which can be found in 
plasma has no known biological effects while the 

other form triggers different pathophysiological 
reactions. It will lead to lysis of erythrocytes and 
activation of leukocytes and platelets [17 - 20]. It 
has for example been demonstrated that the 
terminal C5b-9 complex may be deposited on 
erythrocytes and leukocytes in association with 
activation of the complement cascade [21]. 

Activators of Complement 

Classical Activation 

The complement cascade can be activated via the 
classical pathway or the alternative pathway 
(Fig. 1). 

Bacteria, virus, immune complexes, and hepa­
rin-protamine complex are known activators of the 
classical pathway [22 - 27]. Polysaccharide com­
ponents from the cell walls of gram-negative bacte­
ria activate the cascade non-specifically while the 
lipid A is able to initiate the classical pathway [23]. 
The Hageman factor and immunoglobulin G and 
immunoglobulin M are also known to activate the 
classical pathway of complement [28]. 

Alternative Activation 

Foreign material (zymosan, cobra venom factor, 
nylon, acrylate, cellophane), gram-negative and 
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gram-positive bacteria, and tissue changed by 
trauma or heat are possible activators of the alter­
native pathway [29 - 32]. Activation of complement 
with the release of anaphylatoxins and terminal 
C5b-9 complement complexes occur in many 
categories of patients [33 - 36]. The most profound 
degree of activation has, except for patients with 
septic shock, been observed in association with 
multiple injuries, acute pancreatitis, and in patients 
undergoing cardio-pulmonary bypass [37 - 39]. 

Biological Effects of Complement Activation 

Vascular Effects 

When the complement system is activated, poly­
peptides with inflammatory properties are released 
(Fig. 1) [40]. The anaphylatoxins (C3a and C5a) in­
crease smooth muscle contraction, and enhance 
vascular permeability [41, 42]. They also constrict 
smooth muscles in the bronchial tree and the gas­
trointestinal tract [43, 44]. Studies indicate that 
C3a induces tachycardia, impairs cardiac function 
and induces coronary vasoconstriction [45]. A 
study by Yancey and coworkers indicate that C5a 
will induce wheal and flare reactions in humans 
even in nanogram doses. The study also demon­
strates that C5a is a more potent mediator of wheal 
and flare reactions than histamine and C3a [46]. 
Human C3a promotes a histamine-mediated con­
traction of guinea-pig ileal tissue at a concentration 
of 10-9 molll. The vascular permeability of 
human skin vessels is increased at a concentration 
of 10- 10 molll. 

Cellular Effects 

C5a is highly chemotactic for neutrophils, causing 
aggregation. It also stimulates the oxidative 
metabolism [47]. Once formed in the blood, the 
C3a and C5a molecules are converted to spasmo­
genically inactive C3adesArginine and C5adesArgmme 

derivates [48]. The desArginine form of C5a retains 
part of its ability to induce neutrophil chemotaxis 
[47, 48]. Human neutrophils bind released C5a 
with great avidity. The neutrophils internalize re­
ceptor-bound C5a. These processes explain why 
C5a is not found free in plasma until the total 
neutrophil binding capacity is exceeded [48]. C5a 
induces secretion of lysosomal enzymes from mac­
rophages and neutrophils and cause non-specific 
deactivation of granulocytes. C5a may also induce 
interleukin and prostaglandin production from 
macrophages [49- 52]. Release of C5a will lead to 
increased expression of the receptors CR1 and CR3 
by neutrophils [53, 54]. 

In a recent study incubation of heparinized 
whole blood and incubation of leukocytes with 
recombinant human C5a was performed [55]. An 
incubation time of 30 min was chosen for 
heparinized whole blood and for the cell suspen­
sion. Zymosan was used as a positive control. 
Whole blood was drawn from six healthy in­
dividuals and incubated with recombinant human 
C5a in different concentrations. Polymorphonucle­
ar leukocytes from six healthy normal donors were 
isolated using a discontinuous two-step Percoll gra­
dient according to Dwenger et al. [56]. The isolated 
cells were resuspended to a concentration of 6 - 8 
X 106 cells/ml. Different concentrations of recom-



binant C5a were added to whole blood for incuba­
tion for 30 min at 37°C. The release of PMN 
elastase, interleukin 1fJ, and interleukin 6 by dif­
ferent concentrations of recombinant C5a showed 
a dose-dependent formation (Figs. 2-4). A suspen­
sion of isolated human neutrophils was incubated 
with different concentrations of recombinant C5a, 
and with zymosan. The release of PMN elastase in­
duced by recombinant C5a showed a dose-response 
relationship (Fig. 5). 

Interactions 

Activation of the coagulation and the fibrinolytic 
system, of the kinin-kallikrein system and of the 
complement system have been proposed as impor­
tant etiological mechanisms behind development of 
the adult respiratory distress syndrome and of 
multisystem organ failure. Activation of one system 
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Fig. 2. PMN elastase release after incubation of human 
heparinized whole blood with a ng (l), lang (2), 100 ng 
(3), and 1000 ng (4) of recombinant C5a and with 
zymosan (5) 3.5 mg/m!. Mean±SEM (n = 6) 

4000 

E - 3000 C) 
c.. 

2000 
~ 
T-

I 1000 

0 
2 3 4 5 

Fig. 3. Interleukin 1 f3 release after incubation of human 
heparinized whole blood with a ng (1), 10 ng (2), 100 ng 
(3), and 1000 ng (4) of recombinant C5a and with 
zymosan (5), 3.5 mg/m!. Mean±SEM are given 
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will influence the other. Important interactions are 
known among the complement, prostanoid, 
coagulation, and fibrinolytic systems [57 - 62]. For 
example it is known that C3a, C5a, and terminal 
C5b-9 complement complexes stimulate biosyn­
thesis of different arachidonic products [63 - 65]. 

Clinical Relevance 
of Complement Activation 

1rauma and Shock 

Hypoperfusion and ischemia induce activation of 
complement. Ischemic tissue is a source of this 
activation. Patients with ischemic limbs have been 
studied [66]. It was then demonstrated that high 
plasma levels of anaphylatoxins occurred in cir­
culating blood before amputation of the ischemic 
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Fig. 4. Interleukin 6 release after incubation of human 
heparinized whole blood with a ng (l), 10 ng (2), 100 ng 
(3), and 1000 ng (4) of recombinant C5a and with 
zymosan (5) 3.5 mg/m!. Mean±SEM are given 
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Fig. S. PMN elastase release after incubation of a human 
neutrophil suspension with a ng (l), 10 ng (2), 100 ng 
(3), and 1000 ng (4) of recombinant C5a and with 
zymosan (5) 3.5 mg/m!. Mean±SEM are given (n = 6) 
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limb. The plasma levels of the anaphylatoxins 
returned to the normal range within 1 week after 
resection of ischemic tissue. Numerous studies also 
indicate that trauma activates the complement 
cascade. 

Even elective surgery leads to consumption of 
C3 [67,68]. Kapur and coworkers showed a positive 
correlation between the severity of injury or the ex­
tent of the surgical procedure and the degree of 
complement activation. They also showed that the 
C3 concentrations returned to the normal range in 
uncomplicated cases. However, these levels re­
mained low in patients with septic complications. 
There are, however, very few studies indicating that 
anaphylatoxins or terminal C5b-9 complement 
complexes are released in association with elective 
surgery or trauma not involving the thoracic cavity. 
Fosse and coworkers have shown that patients with 
multiple injuries and thoracic involvement already 
have elevated concentrations of terminal C5b-9 
complement complexes and C3d levels on hospital 
arrival [69, 70]. Activation of complement has also 
been demonstrated in elective vascular surgery [71]. 
It seems, however, that the aortic clamping pro­
cedure is the etiology behind complement activa­
tion in this situation. Tissue hypoperfusion leading 
to hypoxic cell injury may be the primary activating 
factor. Heideman and coworkers have shown that 
injured and hypoperfused tissue initiates the com­
plement cascade [72]. Hansson and coworkers have 
in recent studies shown that intermediate filaments 
from injured cells bind to IgG when the interior of 
the cells comes in contact with the plasma proteins. 
The IgG binding to the cytoskeletal intermediate 
filaments then activates the complement cascade 
which leads to the release of C3a and C5a [73]. 
This process has been shown to be Ca2+, Mg2+ 
and C1q-dependent, indicating that it is acting via 
the classical pathway. 

Septic Shock 

The primary role of complement is to protect 
against infection. Patients with hereditary comple­
ment protein defects suffer from repeated and 
sometimes life-threatening infections. The effects on 
the complement cascade of sepsis and septic shock 
are discussed by Bengtsson et aI., pp 447 -458. 

Vascular Surgery 

Different studies indicate that complement is ac­
tivated and that anaphylatoxins are released during 

aortic reconstructive surgery. This has been studied 
in both elective and acute operations for aortic 
aneurysms [71]. CH50 activity will decrease during 
the operation. Complement proteins (C3, C4, and 
C5) in plasma will decrease during the clamping 
period. In addition, during the clamping period it 
has been demonstrated that high levels of 
anaphylatoxins are formed. There is a positive cor­
relation between clamping time and the formation 
of anaphylatoxins. The highest C3a and C5a con­
centrations have been determined in patients 
undergoing operation for acute aneurysms. It has 
also been demonstrated that patients developing 
ARDS or MOF after aortic surgery have higher 
plasma C3a and C5a compared to patients with 
uneventful postoperative courses. Elevated C3a and 
C5a concentration has been observed as early as 1 
day after the operation. This will occur before 
other clinical variables can distinguish patients 
who will develop MOF from those who will not. 

Extracorporeal Circulation 

Different forms of extracorporeal circulation lead 
to activation of the complement system. High con­
centrations of anaphylatoxins and terminal C5b-9 
complement complexes have been determined in 
association with cardiopulmonary bypass, hemodi­
alysis, liver and limb perfusion due to malignan­
cy, and autotransfusion of homologous blood 
[74-79]. Complement activation with release of 
anaphylatoxins has been discussed as being one 
etiology behind the postperfusion syndrome, not 
seldom seen in association with the cardio­
pulmonary bypass procedure. This syndrome is 
characterized by intravascular hemolysis, leuko­
penia, and coagulopathy. It has been demonstrated 
that the probability of postoperative complications 
can be predicted by determination of the degree of 
complement activation. High C3a concentrations 
3 h after the operation were paralleled by a high 
risk of cardiac, pulmonary, and renal dysfunction 
postoperatively [80, 81]. These authors were also 
able to correlate the cardiopulmonary bypass time 
with anaphylatoxin release and with postoperative 
cardiac dysfunction. 

Liver perfusion with cytostatic-containing per­
fusate for cancer therapy is a kind of treatment in­
troduced 30 years ago. It has been shown to induce 
regression of liver metastases from colorectal 
cancer [82, 83]. Procedures for isolation and hyper­
thermic perfusion of the liver have been developed 
[84, 85]. The perfusate is circulated by an extracor-



poreal procedure. It is known that extracorporeal 
circulation during coronary bypass surgery and 
during hemodialysis will activate the complement 
cascade. Recent studies have demonstrated that 
anaphylatoxins (C3a and C5a) as well as terminal 
C5b-9 complement complexes are released in asso­
ciation with liver and limb perfusion with hyper­
thermic and cytostatic-containing perfusates [86, 
87]. 

Twelve patients with nonresectable secondary 
liver cancer were studied. Liver perfusion with 
hyperthermic and cytostatic-containing perfusate 
was performed. Cisplatin and melphalan were used 
as cytostatic agents. The perfusion was continued 
for 60 min after administration of melphalan. 
Cisplatin was added to the perfusate as a bolus in­
jection 40 min after perfusion with melphalan. 
Arterial blood samples for terminal C5b-9 comple­
ment complexes were drawn before perfusion and 
after anesthesia was instituted, 1 min before start 
of perfusion, 1, 2, and 3 h after start of perfusion, 
and 24 h after start of the operation. Concentra­
tions of terminal C5b-9 complement complexes in 
the perfusate were determined 1 h after the start of 
the perfusion procedure. The plasma concentra­
tions of terminal C5b-9 complement complexes 
were increased 1, 2, and 3 h after the start of perfu­
sion in both patients undergoing liver as well as 
limb perfusion compared to the levels found 
preoperatively and 1 min prior to the start of perfu­
sion (p < 0.05). Patients undergoing liver perfusion 
had significantly higher terminal C5b-9 comple­
ment complex levels compared to those undergoing 
limb perfusion 60, 120, and 180 min after start of 
perfusion (p < 0.05). Twenty-four hours later the 
levels were within the normal in both groups. The 
concentrations of terminal C5b-9 complement 
complex in the perfusate were increased compared 
to the levels simultaneously found in systemic 
blood (p<0.001). The concentrations of terminal 
C5b-9 complement complex in the perfusate did 
not significantly differ between perfusate from 
liver or limb perfusion. 

Different techniques for reinfusion of wound 
drainage blood have been developed during the last 
decades. Reinfusion of erythrocyte concentrates 
and of whole blood have been used. Several studies 
have, however, demonstrated changes in the 
transfused blood. Transmission of different types 
of infections and immunological reactions from 
homologous blood transfusions have led to devel­
opment of different techniques for autologous 
transfusions [88, 89]. Whole blood and erythrocyte 
concentrate have been used for reinfusion of 
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wound drainage blood [90, 91]. During the last 20 
years, autologous transfusions have been tried in 
different types of acute and elective surgery [92, 
93]. The coagUlation and the fibrinolytic systems as 
well as the complement system will be activated 
during this procedure. Other investigators have 
demonstrated that complications like hemolysis 
and air embolization and formation of microag­
gregates may occur during reinfusion of wound 
drainage blood [94, 95]. There are different com­
mercially available techniques for reinfusion of 
erythrocyte concentrates [96, 97]. The goal is to 
recover shed blood and mix the blood with an an­
ticoagulant and then remove unwanted tissue. The 
red cells are concentrated and the erythrocytes are 
washed. This means that the major part of the 
plasma is removed. This technique has a smaller ef­
fect on cascade systems than methods with reinfu­
sion of whole blood. It has been demonstrated that 
there is less activation of the coagulation and the 
fibrinolytic systems from reinfusion of erythrocyte 
concentrate than from whole blood. In addition, 
our own studies indicate that a smaller amount of 
complement split products is infused when the shed 
blood has been washed and centrifugated. 

We have recently evaluated the formation of 
complement-derived anaphylatoxins (C3a and C5a) 
and terminal C5b-9 complement complexes by rein­
fusion of wound drainage blood. Eighteen patients 
undergoing hip or knee arthroplasty were studied. 
Blood samples from the patients were drawn prior 
to transfusion of autologous blood, 15 min after 
start of retransfusion and 15 min after completed 
retransfusion. Samples were also taken from the in­
fusion bag and distal to the microporous filter just 
prior to the infusion. A drainage suction equip­
ment allowing reinfusion of aspirated wound blood 
was used (Soleotrans, Soleo Basle Ltd., UK). No 
significant changes in plasma C3a, C5a, and ter­
minal C5b-9 complement complexes could be ob­
served during reinfusion of the wound drainage 
blood. In wound drainage blood, the concentra­
tions of C3a, C5a, and terminal C5b-9 complement 
complexes were markedly increased compared to 
levels found in venous blood. 

Thirteen patients undergoing hip arthroplasty 
or Harrington rod procedure were studied in regard 
to activation of complement during retransfusion 
of autologous erythrocyte concentrate. The pa­
tients received erythrocytes from an autotransfu­
sion system. The erythrocytes were concentrated by 
centrifugation and washed with saline. There were 
no significant differences regarding the comple­
ment variables (C3a, C5a, and terminal C5b-9 
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complement complexes) found in circulating blood 
after retransfusion compared to the concentrations 
found just before start of retransfusion. However, 
the C3a levels were slightly increased in the solution 
of transfused washed cells. The levels of C5a and 
terminal C5b-9 complement complexes were not 
higher in the transfused suspension of erythrocytes. 

In a recent study by Sieunarine et al. the release 
of PMN elastase in association with the use of a 
cell saver system was evaluated [88]. Sixteen pa­
tients undergoing aortic or orthopedic surgery were 
studied. They were given blood transfusions by an 
intraoperative cell saver system. Blood samples 
were drawn from the patients (arterial blood) and 
from the collected blood before and after washing. 
Elevated concentrations were found in the collected 
blood before washing. After washing, the PMN 
elastase levels were normalized. This study in­
dicates that the process of collecting wound blood 
leads to degranulation andlor destruction of leuko­
cytes. However, the washing procedure was effective 
in removing the enzymes. 

Studies demonstrating patients developing 
organ dysfunction in association with blood trans­
fusions have been published [89, 90]. Ketai et al. 
demonstrated development of ARDS or MOF after 
large transfusion of bank blood [89]. However, 
severe complications after retransfusion of 
homologous blood have also been published. Bull 
et al. described in a recent publication development 
of adult respiratory distress syndrome following 
administration of washed autologous red cells [90]. 
It is important to keep in mind that the reason why 
the patients receive blood transfusions may itself be 
an important factor behind activation of comple­
ment and leukocytes and the development of 
ARDS or MOF. 

PreeclampsialHELLP 

Recent studies indicate that complement activation 
and the release of anaphylatoxins (C3a and C5a) 
and terminal C5b-9 complement complex occur in 
pregnancy complications such as preeclampsia and 
the syndrome of hemolysis, elevated liver enzymes 
and low platelet count (HELLP syndrome) 
[93-95]. 

Fourteen consecutive pregnant women with 
severe preeclampsia were studied. All were nor­
motensive before and through their first 24 weeks 
of pregnancy. Their previous medical histories were 
normal. The criteria for severe preeclampsia were 
blood pressure > 160/110 mmHg and proteinuria 

> 0.3 gil or blood pressure > 140190 mmHg and 
proteinuria > 5.0 gil in a 24-h urine sample. Four­
teen consecutive normal pregnant women were 
studied as controls. Plasma samples were collected 
in association with delivery and 1 and 7 days after­
wards. None of the women had any signs of infec­
tion at the time of plasma sampling. The pre­
eclamptic women had higher blood pressure at de­
livery than the women with uncomplicated preg­
nancies. All preeclamptic women had proteinuria 
exceeding 0.3 gil. The hemoglobin levels and the 
platelet counts were lower in the preeclamptic 
women than in the normal pregnant women. The 
plasma levels of C5a were increased at delivery and 
1 and 7 days after delivery in preeclamptic women 
as compared to the uncomplicated pregnancies. 
Plasma levels of C5a were more elevated in the 
preeclamptic patients at the time of delivery as 
compared with the levels in the same group 7 days 
postpartum. Terminal C5b-9 complement complex 
levels in plasma were elevated in patients with 
preeclampsia compared to normals at delivery and 
1 day after delivery. The terminal C5b-9 comple­
ment complexes in the preeclamptic patients were 
elevated at delivery compared to 1 day and 7 days 
after delivery in the same group. 

Microvascular injury can be seen in different 
organs, e.g., lungs, liver, and kidneys in women 
with preeclampsia/HELLP. One possible explana­
tion of the microvascular injury may be comple­
ment activation with release of anaphylatoxins and 
the stimulation of neutrophils and macrophages 
with the release of biologically active inflammatory 
mediators. The most important of these mediators 
are the cytokines, lysosomal enzymes, free oxygen 
radicals, and prostaglandins. 

Liver 1ranspiantation 

Liver transplantation is associated with periopera­
tive complications like hypotension and acute car­
diac insufficiency [96, 97]. During orthotopic liver 
transplantation significant hemodynamic changes 
occurs in about 30070 of transplanted patients im­
mediately following reperfusion of the grafted liver 
[98]. The etiology behind these complications are 
not fully understood. It is, however, known that hy­
poperfusion and tissue injury lead to activation of 
the complement cascade. 

Eleven patients with end stage liver disease 
undergoing orthotopic liver transplantation were 
included in the study. Transplantation was per­
formed because of end stage liver disease with a 



standard technique without the use of veno-venous 
bypass. The complement variables C3a, C5a, and 
terminal C5b-9 complement complex were deter­
mined before start of the operative procedure, 
1 min before start of anhepatic phase, 1 min before 
reperfusion of the grafted liver and 2, 15, and 
60 min after reperfusion of the grafted liver and 
24 h postoperatively. There were no significant 
alterations in the C3a levels before start of reperfu­
sion of the grafted liver. The plasma concentrations 
of C3a increased during reperfusion of the grafted 
liver. The plasma C3a concentrations were higher 
15 and 60 min after the start of reperfusion than 
the previous concentrations. The plasma concen­
trations of terminal C5b-9 complement complex in­
creased during the reperfusion period. The concen­
trations 1 h after start of reperfusion were higher 
than the previous concentrations. 

Orthotopic liver transplantation leads to activa­
tion of the complement cascade. This is evidenced 
by the formation of anaphylatoxins and terminal 
C5b-9 complement complexes after reperfusion of 
the grafted liver. 

Possible etiologies for activation of the comple­
ment cascade during the liver transplantation pro­
cedure are immunological incompatibility between 
the grafted liver and the host, hypoxically injured 
cells of the grafted liver, hypoperfusion during the 
operation, and the trauma itself. 

Ways to Modulate Complement Activation 

There are no known specific inactivators or in­
hibitors of the complement cascade or of split 
products of the cascade used in clinical practice. 
The most important therapeutic intervention is to 
remove the source of complement activation. 
Resection of nonviable tissue, adequate treatment 
of infections with antibiotics, and surgical drainage 
of abscesses lead to decreased levels of circulating 
anaphylatoxins and terminal C5b-9 complement 
complexes [98, 99]. The effects on the complement 
system by corticosteroids and specific anti-C5a 
antibodies are discussed in Bengtsson et aI., pp 
447-458. 

The anesthetic technique may influence the ac­
tivation of the complement cascade. Preoperative 
epidural blockade in association with aortic 
surgery will lead to a less pronounced increase of 
plasma C3a and C5a. Improved peripheral circula­
tion beyond vascular clamping due to efficient dila­
tion of collaterals by the blocking of sympathetic 
nerve activity may be one explanation why the 
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amount of hypoperfused ischemic tissue and 
thereby the degree of complement activation dur­
ing surgery is less pronounced with general 
anesthesia combined with an epidural block than 
with general anesthesia alone. Another explanation 
may be influence of the local anesthetic on the 
complement cascade. 

Conclusions 

Complement is activated and biologically active 
anaphylatoxins and terminal C5b-9 complement 
complexes are released in several groups of critical­
ly ill patients. 

Complement activation plays an important role 
in the development of ARDS and MOE The results 
are based on plasma analysis which is due to the ex­
istence of more and more specific complement 
assays for human plasma. Activation of leukocytes 
with the release of inflammatory mediators is also 
of importance for development of ARDS and MOF 
in critically ill patients. These complications occur, 
however, also in neutropenic patients. In addition 
to the effects on leukocytes, the anaphylatoxins 
have direct vascular effects that influence edema 
formation in areas remote from the initial injury. 

There are different possibilities to minimize the 
negative effects of complement activation. It is of 
the highest importance to optimize tissue perfusion 
in critically ill patients. The maintenance of ade­
quate peripheral circulation with acceptable tissue 
oxygenation is important for avoiding extensive 
formation of anaphylatoxins and terminal C5b-9 
complement complexes. Devitalized tissue must be 
removed as early as possible, and abscesses must be 
drained promptly. The use of epidural blockade in 
addition to general anesthesia during surgery will 
also diminish anaphylatoxin formation. 
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