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Biological Activities of Complement-Derived Peptides 
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1 Introduction 

This review deals with the biologic actions of  the complement peptides 
C3a, C4a, C5a, and their w-desArg derivatives. Other complement- 
derived split products such as C2b or Ba will not be discussed. 

Historically, at the beginning of  this century the first complement 
peptide was detected in immune complex-treated serum from guinea 
pigs. It was called "anaphylatoxin" since it produced anaphylactic shock- 
like symptoms after systemic application in the same animal species 
and was therefore regarded as the mediator of  anaphylaxis (Friedberger 
1910). This classical anaphylatoxin has recently been identified as C5a- 
desArg in the porcine system (Zimmermann et aI. 1980; Gerard and 
Hugli 1981). Generation of  further peptides from the third, fourth, 
and fifth components of complement (C3, C4, C5) was elucidated about 
50 years later (Osler et al. 1959; Jensen t967; Cochrane and Maller- 
Eberhard 1968; Lepow et al. 1969). Since then a wide array of  biological 
actions has been characterized forming a mosaic-like pattern of growing 
knowledge, which still has to be completed in many aspects. 

Complement peptides are generated in body fluids during cascading 
activations via two trigger pathways, the classical or the laternative, 
of  the complement system which is a humoral defense system consisting 
of about 20 different proteins. In addition, they can be cleaved off 
selectively from their parent components by certain proteases (reviewed 
by Vogt 1974, 1986; Hugli and Maller-Eberhard 1978). Assuming com- 
plete conversion of the precursors maximally attainable concentrations 
in blood fluids of  different mammalian species are 5 - 8 ×  10 -6 for 
C3 peptides, about 2× t0 -6 M for C4 peptides and 3 - 5 ×  10 -7 M for 
C5 peptides. By comparison, only about 20% can be reached in human 
lymph fluid (Vogt et al. 1986). 

In general, the peptides are formed locally after unspecific or specific 
immunologic tissue damage and act in their proximity. Therefore, they 
can be regarded as autacoids or local hormones. Functionally, they are 
inflammatory mediators, since they activate white blood cells, smooth 
muscle cells, basophils/mast cells, platelets, and endothelial cells. They 
are involved particularly in acute inflammatory processes by their 
effects on unspecific defense cells, in contrast to biogenic amines 
(histamine, serotonin) and prostanoids which act mainly on the vascular 
system. According to present knowledge, the peptides initiate activation 
of  cells by binding to specific cellular receptors. However, receptors have 
not  yet been shown on all target cells, such as on endothelial cells, and 
on the target cells for their spasmogenic action in different smooth 
muscle organs. Recently the C5a receptor with an apparent mol. wt. of  
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about 52000 daltons has been isolated from membranes of human 
granulocytes (Johnson and Chenoweth 1985). 

The peptides are cationic cleavage fragments with a mol. wt. of  about 
9000, they consist of  a single peptide chain and are stabilized intra- 
molecularly by three disulfide bridges. Human C5a contains an ad- 
ditional carbohydrate moiety with a mol. wt. of  approximately 3000 
(for reviews see Hugli and MtUler-Eberhard 1978; Hugli 1984). The 
primary peptides C3a, C4a, and C5a end with a C terminal arginyl 
residue which is cleaved off in vivo within seconds by ubiquitious 
monocarboxypeptidases, for instance of the N type in blood or of  the 
B type in pancreas (Mtiller-Eberhard et al. 1971; Vallota and Mtiller- 
Eberhard 1973). The secondary ~o-desArg derivatives, such as C3a- 
desArg, are reduced in or even devoid of biologic activities in most 
instances, but have much longer half-lives (several minutes) in Vivo. 
They are eliminated from the circulation in various highly vascularized 
organs. C5 peptides are removed predominantly by specific cellular 
mechanisms - presumably by binding to receptors and by subsequent 
receptor-mediated endocytosis - in polymorphomlclear (PMN)-leukocyte- 
dependent  (spleen) and PMN-independent (lung) ways (Glovsky et al. 
1978; Webster et al. 1982). 

Although chromatographic procedures to highly purify these agents 
have been developed (see for instance Vogt 1968; Vallota and Miiller- 
Eberhard 1973; Hugli et al. 1981 a; Manderino et al. 1982), unfractionated 
activated blood fluids containing complement peptides or partially 
purified peptide preparations have been used in numerous studies. 
I shall cite these studies only if they present important findings. 

2 Effects on Isolated Cells and Organs 

2.1 Polymorphonuclear Leukocytes 

Complement  peptides exert their main proinflammatory effects on PMN, 
which are the most important cells in acute inflammatory reactions. 
PMN usually play a beneficial role, but may also become deleterious 
when they participate in destructive diseases such as rheumatoid arthritis. 
Furthermore, the potential role and the pathophysiological consequences 
of  complement peptide/PMN interactions largely depend on their localiza- 
tion: upon intravascular formation, the peptides cause detrimental 
effects by inducing bulky margination and formation of PMN aggregates. 
These may occlude small blood vessels and subsequently damage endo- 
thelial cells. The emerging circulatory disturbances have been proposed 
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as contributing to the generation of  adult respiratory distress syndrome 
(ARDS), myocardial infarcts and Purtscher's disease (for reviews see 
Jacob et al. 1980; Vogt 1986). On the other hand, after extravascular 
formation PMN are activated to exert phlogistic functions. In the next 
chapters, the effects of  complement peptides on PMN are described in 
the chronological order of  the cell's life cycle, i.e., starting with possible 
influences on PMN mobilization from bone marrow, passing to stimula- 
tion in the blood stream (aggregation, margination/adhesion), and ending 
with the effector functions exocytosis, oxygen radical formation, and 
phagocytosis. 

2.1.1 Leukopoiesis and Mobilization from Bone Marrow 

Whether complement peptides affect leukopoiesis has not  yet been 
investigated, except for a study of  Czarnetzki and Pawelzik (1983). 
There, porcine C3 and C5 peptides had no effect on proliferation of 
eosinophils in guinea pig bone marrow cultures. On the other hand, 
they seem to stimulate mobilization of mature PMN from marrow in vivo: 
intravascular complement activation (McCall et al. 1 97 4 )o r  systemic 
application of  purified peptides (Damerau et al. 1978b; Bass et al. 1980; 
Webster et al. 1982) induce long-lasting rises in numbers of  circulating 
PMN after initial neutropenia. Since the changes are much higher than 
attainable solely by detachment of  marginating cells from vessel walls, 
mobilization from the bone marrow must be involved. 

2.1.2 Autoaggregation 

Intravascularly, C3 and C5 peptides evoke formation of  PMN aggregates 
which plug pulmonary blood vessels and may cause cardiopulmonary 
dysfunction (Craddock et al. 1977a, b; Hammerschmidt et al. 1978a, b, 
1981). The potential pathophysiologic role of PMN aggregation in 
disease states will be discussed in Sect. 4.2, the aggregation process itself 
has been recently reviewed in more detail by Damerau and Vogt (1982). 

In vitro, aggregation is measured with isolated PMN by nephelometric 
methods and the Coulter counter technique. Most leukoattractants 
(such as C3a, C5a, and synthetic N-formylated oligopeptides) have been 
found to produce this response, provided that the cells are suspended in 
sufficient concentrations of at least 5 X 10 6 particles per milliliter in 
medium containing Ca 2÷, Mg 2+ and heated close to normal body tem- 
perature; and provided that they are stirred continuously for cell contact 
(Craddock et al. 1977c; O'Flaherty et al. 1977b, c, 1979b; Damerau 
et al. 1980a). Chelation of the divalent cations with ethylenediamino- 
tetraacetate (EDTA) prevents aggregation and leads to decomposition 
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of already formed aggregates (Camussi et al. 1980; own unpublished 
observations). Aggregation is accompanied by increases of cell volume 
(O'Flaherty et al. 1977c, 1978b). Aggregates are rapidly formed after 
application of  the stimulus, reach maximal number and size (20-30 
PMN in vitro) after 2 - 4  min and may partly deaggregate thereafter 
(O'Flaherty et al. 1977c, 1978b; Craddock et al. 1979; Damerau et al. 
1980a). Beside PMN, monocytes but not lymphocytes and myeloblasts 
respond to complement peptides and other chemoattractants (Craddock 
et al. 1977c; O'Flaherty et al. 1978b). 

C3a and C5a elicit aggregation via specific receptors (O'Flaherty 
et al. I979a; Damerau et al. 1980a). Both, human and porcine C5 
peptides have been found to be active (Camussi et al. 1980; Damerau 
et al. 1980a, b). Porcine C5a is about three times as potent as its desArg 
derivative (thresholds of about 1 × 10 -9 M and 5 × 10 -9 M). For human 
C5 peptides quantitative data of their aggregating potency are lacking. 
C3a of human and porcine origin also causes aggregation but with much 
lower potency than the C5 peptides; porcine C3a is three orders of 
magnitude less active than C5a-desArg from the same species (O'Flaherty 
et al. 1977b; Kreutzer et al. 1978; Damerau et al. 1980a, b). Porcine 
C3a-desArg inconsistently causes aggregation of PMN with a threshold 
similar to that of C3a buth with much lower intrinsic activity (own 
unpublished observations). 

In contrast to pronounced influences on surface adhesion and 
chemotaxis, blood proteins do not significantly modify the aggregating 
effect of porcine C5a-desArg (Damerau and Keller 1983). Therefore, 
changes of the plasma membrane's physicochemical properties (e.g., 
charge density) appear not to affect aggregability. However, cytoskeleton 
structures are involved in the aggregation response. Like exocytosis 
and formation of oxygen-containing species, aggregation is markedly 
augmented by cytochalasin B which induces disintegration of micro- 
filaments, but is reduced by the antimicrotubule agent colchicine (Crad- 
dock et al. 1978; O'Flaherty et al. 1977b;Damerau et al. 1980a). Further- 
more, intracellular disulfide groups and trypsin/chymotrypsin-like 
proteases seem to participate in the aggregation response (Damerau et al. 
1980a, 1984). 

Although release of arachidonic acid and its conversion to biologically 
active products has been earlier postulated to mediate or facilitate PMN 
aggregation (O'Flaherty et al. 1979c, 1981a), lipoxygenase and cyclo- 
oxygenase products seem not to be required for the action of com- 
plement peptides on human PMN. Neither the lipoxygenase inhibitors 
BW 755C and nordihydro-guaiaretic acid (NDGA)(results with NDGA 
are to be published) nor the cyclooxygenase inhibitors indomethacin 
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and phenylbutazone reduce the effect of C3a, C5a, and C5a-desArg at 
drug concentrations which are specific for inhibition of the respective 
target enzymes (Damerau et al. 1982). In contrast to these findings, 
indomethacin and ETYA (5,8,11,14-eicosatetraynoic acid), a dual cyclo- 
oxygenase and lipoxygenase inhibitor, have been reported to impede 
aggregation (O'Flaherty et al. 1979d; Camussi et al. 1981a). However, 
since in the latter studies medium without serum albumin was used, 
the concentration of free, active drug should have been markedly higher 
than in our studies with medium containing 0.5% human serum albumin 
(HSA). Therefore, inhibition may have been due to unspecific drug 
effects. 

Beside lipoxygenase products, platelet activating factor (PAF) 
has been suggested as the final common mediator of aggregation (Camussi 
et al. 1981a). However, the observed concomitance of PMN aggregation 
and PAF release, as well as inhibition of these responses by the same 
drugs does not prove a causal relationship. Furthermore, lack of cross- 
deactivation in exocytosis points to independent actions of both agents 
(Shaw et al. 1980). 

In contrast to platelet aggregation, PMN aggregation seems to be 
relatively insensitive to many drugs. In my opinion, drugs which inhibit 
the Ca 2÷ ~dependent phase of PMN activation, such as calcium channel 
blockers and calmodulin antagonists, are possible candidates for ef- 
fective inhibition. Beyond this, drugs increasing intracellular levels of 
cyclic adenosine monophosphate (cAMP) (e.g., isoproterenol, prosta- 
glandin (PGE)I, prostacyclin (PGI)2, dibutyryl cAMP) have been 
claimed as impairing aggregation (Camussi et al. 1981a, b). Casting 
doubt on these findings, we have not been able to reduce aggregation 
of human PMN even by relatively high concentrations of a stable PGI2 
analogue (ZK 36374, tested up to 10 -6 M; unpublished observations). 

Aggregation due to different agents is diminished by certain corti- 
costeroids in very high concentrations (millimolar range) only. Hydro- 
cortisone and methylprednisolone are inhibitory in vitro and in vivo, 
whereas dexamethasone is much less active (O'Flaherty e t  al. 1977a; 
Hammerschmidt et al. 1979). 

2.1.3 Adhesion, Margination, Leukopenia 

In addition to autoaggregation, intravenous application of complement 
peptides causes massive PMN margination (i.e., sticking to vessel walls) 
particularly in lung circulation, whereas after their generation throughout 
the entire blood stream PMN marginate all over the microcirculation 
(O'Flaherty et al. 1978a). During the leukopenic reaction, which is due 
to aggregation plus margination, numbers of circulating neutrophils, 
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eosinophils, and monocytes,  but not  of  lymphocytes, are markedly 
decreased (McCall et al. 1974; Craddock et al. 1977b, c; O'Flaherty et at. 
1977c, d; Bass et al. 1980). Leukopenia and sequestration of  PMN in 
pulmonary vessels are transient: due to detachment of adhering cells, 
previous cell concentrations are reached again after 10 -20  min, except 
for prolonged falls in eosinophil numbers (Bass et al. 1980) or when 
the stimulus is continuously applied for longer time periods (Fehr and 
Jacob 1977; Gee et al. 1985). Fehr and Jacob (1977) were the first to 
postulate a functional relation between complement peptide-induced 
margination and PMN adhesion to artificial surfaces. The latter phenom- 
enon has often been used for studies on adhesion because of  its ex- 
perimental handiness. 

In vitro, PMN adhesion to glass is augmented by C5 peptides after 
short contact (Smith et al. 1979; Smith and Hollers 1980; Damerau 
et al. in preparation). After surface contact for more than 15 rain, 
spontaneous adhesion may attain or even surpass the stimulated response 
in which cells often adhere less firmly because of  enhanced migration 
(Damerau et al. in preparation). These time-dependent changes are most 
likely the reason for earlier negative findings for C5 peptides (Keller 
et al. 1981; Damerau and Keller 1983). In contrast to C5 peptides, 
porcine C3 peptides appear to inhibit the adhesion response (Damerau 
et al. in preparation). Furthermore, prior incubation of  suspended 
PMN with C3a, C5a, and FMLP (N-formyl-methionyl-lencyl-phenyl- 
alanine) produces sustained increases of  adhesiveness to artificial surfaces, 
even in the absence of  the conditioning agent (Smith et al. 1979; own 
unpublished observations), whereas it does not promote and even abolishes 
autoaggregation and adhesion to endothelium due to specific deac- 
tivation. A further difference between intercellular adhesion and at- 
tachment to artificial surfaces is that adhesion to glass is impeded by 
serum/plasma and by serum albumin,  whereas autoaggregation is not 
affected (Damerau and Keller 1983). In addition, adhesion to glass is 
not  as susceptible to inhibitory actions of  certain drugs as sticking to 
endothelium (Fricke et al. 1985b). Therefore, PMN attachment to 
different surfaces is regulated by different mechanisms. Fehr and Huber 
(1984) have recently denied a physiologic role of  C5 peptides in the 
adhesion response, at least to artificial surfaces. They have concluded 
from their experiments that activated human plasma evokes adhesion 
and exocytosis by principles other than CSa and C5a-desArg, presumably 
by components  of  the alternative complement pathway. 

To mimic margination in vivo more closely, interactions between 
PMN and endothelium have been extensively studied in recent years. 
C5 peptides, FMLP, and LTB4 stimulate PMN adhesion to cultured 
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endothelials cells (Hoover et al. 1980, 1984; Gimbrone et al. 1984; 
Tonnesen et al. 1984). However, responses have been measured under 
static, not floating conditions so that the spontaneous adhesion was 
unphysiologically high (3 -5  PMN per endothelial cell; Gimbrone et al. 
1984; Tonnesen et al. 1984). Furthermore, culturing in itself presents 
the danger of  altering relevant cell properties, e.g., PGI2 production. 

To avoid such disadvantages, guinea pig (and human) PMN have 
been superfused over freshly prepared autologous aortic strips (Fricke 
et al. 1985a). In this model, procine C3a, C5a, and their desArg deri- 
vatives increase adhesion markedly, C5a being most potent  with a 
threshold of  less than 10 -1 o M (in contrast to equal potency of  human 
C5a and C5a-desArg, found under static conditions by Tonnesen.et  al. 
1984). The other three agents are approximately 100 times less active 
(Otte et al. 1985). All peptides act primarily on PMN, since they, but 
not  the endothelium, are deactivated by pretreatment with C3a or C5a 
(Tonnesen et al. 1984; Fricke et al. 1985a; Otte and Damerau 1986). 
Surprisingly, pharmacologic analysis has revealed a complex biochemical 
cooperation between PMN and endothelium in the C5a-desArg-induced 
response (Fricke et al. 1985a): most likely, PMN upon stimulation 
express a lipoxygenase which is nonoperative in resting cells (in ac- 
cordance with the findings of Clancy et al. 1983), and then metabolize 
endothelium-derived arachidonic acid into a lipoxygenase product,  
presumably ETB4. This principle causes the final adhesion response. 
In concert with this concept, LTB4 has been found to augment PMN/ 
endothelial adhesion (Gimbrone et al. 1984; Hoover et al. 1984; Fricke 
et al. 1985a). Furthermore,  the induced response is suppressed by various 
lipoxygenase inhibitors (Fricke et al. 1985a; Damerau et al. 1986b). 
Accordingly, BW 755C (but not the cyclooxygenase inhibitor ibuprofen) 
has recently been shown to attenuate the neutropenic reaction in rabbits 
induced by C5a-desArg-containing activated plasma. In addition, the 
inhibitory effect of  BW 755C is considerably augmented by the calcium 
channel blockers verapamil and nifedipine, indicating that blockade of 
Ca 2+ influxes further impairs the cooperative mechanism required for 
margination (Issekutz et al. 1985). Increased liberation of  arachidonic 
acid from endothelium, one of the prerequisites for the proposed model, 
has already been demonstrated. Porcine CSa and C5a-desArg, but not 
C3 peptides from the same species, stimulate both release of  arachidonic 
acid and subsequent production of  PGIa from rabbit isolated aorta 
(Rampart et al. 1983). Substrate mobilization from endothelium may be 
further augmented upon contact wRh activated PMN via reactive oxygen 
derivatives (Rampart et al. 1985). Although porcine C3a and C3a- 
desArg do not enhance PGI~ production in aortic strips, they may also 
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utilize the tipoxygenase pathway, since their action is blocked by the 
lipoxygenase inhibitor gossypol .(Otte, in preparation). 

Endogeneous TxA2 and E/F-type prostaglandins seem not be involved 
in the response to the physiologically more important  C5 peptides. 
Inhibitors of the respective synthetases are virtually ineffective (Fricke 
et al. 1985a). However, PGI2 may modulate PMN/endothelial interaction, 
for endogenous endothelial PGI2 has been found to impede adhesion of  
unstimulated PMN (Zimmerman et al. 1985);exogeneous PGI~/-analogue 
diminishes spontaneous and induced responses in vitro (Fricke et al. 
1985a), as well as C5a-desArg-evoked neutropenia in vivo (Camussi et al. 
1981b). 

Since in the aforementioned response to C5 peptides simultaneous 
stimulation of  and close contact between both cellular reactants are 
required for the biochemical cooperation, this type of  margination may 
ensue only when the stimulus acts from the luminal side of  blood vessels, 
i.e., after systemic infusion or intravascular generation. Therefore, 
it may hold for widespread margination during acute teukopenic reac- 
tions, but not for local margination in inflammatory processes where 
chemoattractants which have been formed at extravascular sites are 
most likely diluted by the blood stream too rapidly in order to activate 
circulating PMN. The latter type of (inflammatory) adhesion has also 
been demonstrated with the superfusion model of  Fricke et al. (1985a): 
in the absence of  PMN, porcine C5 peptides substantially increase the 
adhesiveness of guina pig aortic endothelium within a few minutes, 
whereas C3a and C3a-desArg are inactive in this respect. Attachment 
of  unstimulated PMN is then augmented for at least 30 min at 37°C, 
even after removal o f  the stimulus (Otte et al. 1985). This endothelial 
conditioning seems to be caused by endogenous cyclooxygenase products 
(TxA~ ?), as it is prevented by prostaglandin synthetase inhibitors (Otte, 
in preparation). Selective conditioning of endothelium (Hoover et al. 
1984), of  PMN (Tonnesen et al. 1984) or of  both cell types (Hoover et 
al. 1980) has been reported to be produced by C5 peptides, LTB4, 
and FMLP. However, since in those studies adhesion has been assessed 
under nonphysiotogic circumstances (cultured endothelium, static condi- 
tions), some findings may be due to artifacts. For instance, priming of  
PMN which has been found in attachment to artificial surfaces (see 
above) may have occurred in cell cultures due to contact with the 
surface of  the culture dishes. 

Whether endothelial conditioning is sufficient to trigger PMN emigra- 
tion in vivo - without the need for a chemoattractant 's concentration 
gradient - cannot yet be answered. Support for such a comparatively 
simple mechanism comes from recent studies on the regulation of  acute 
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inflammatory processes in rabbit skin (Cotditz and Movat 1984a, b). 
These authors conclude from their data that PMN influx into lesions is 
not controlled solely by concentration gradients of chemoattractants 
but rather by the endothelial cells. 

2.1.4 Locomotion 

Complement peptides, predominantly C5a and C5a-desArg, evoke both 
directed (chemotactic) and undirected random (chemokinetic) migration 
of neutrophil, eosinophil, and basophil PMN, furthermore of monocytes/ 
macrophages and certain tumor cells (Kay et al. 1973; Lett-Brown et al. 
1976; Ogawa et at. 1981 ; details and references for the latter two groups 
of cells are given in chapter 2.2). (Chemotaxis means vectorial, directed 
migration of cells approaching the site of a chemoattractant's generation 
by moving up the concentration gradient, whereas chemokinesis means 
enhanced random migration). Albeit chemotaxis can be measured 
in vitro only, it has usually been assumed to be the main mechanism 
for leukocyte emigration from blood vessels and accumulation at local 
inflammatory sites in vivo. However, convincing evidence for this rela- 
tion has not yet been provided. 

As a further sign for activation of the locomotory apparatus, the 
peptides transform the normal spherical shape of PMN into an elongated 
polarized configuration. This response can be engendered in adhering 
as well as suspended cells. It is independent of extracellular Ca 2÷ and 
Mg 2÷, but is prevented by cytochalasin B (Smith et al. 1979; Showell 
et al. 1982b; Shields and Haston 1985). 

In brief, the history of identifying the complement peptides as 
physiologically important chemotactic agents startet with the design of a 
reliable and easy method to measure chemotaxis, the Boyden chamber, 
and the observation that strong chemotactic activity is generated in 
blood fluid under conditions which lead to complement activation, 
such as treatment with immune complexes (Boyden 1982). The forma- 
tion of such activity in plasma from several mammalian species indicated 
is general biologic significance (Keller and Sorkin 1965). Although the 
chemotactic effect was first erroneously ascribed to the C56 complex 
(Ward et al. 1965), it was later identified to be due to C3a and C5a 
anaphylatoxins (Cochrane and MfiUer-Eberhard 1968; Shin et al. 1968). 
C5 peptides, particularly C5a-desArg because of its much longer half4ife 
in vivo, have been suggested to be the main principles in activated 
plasma and serum (Chenoweth and Hugti t980). By contrast, data on 
their most relevant source in inflammatory lesions, namely the lymph 
fluid filling the extravascular space, are sparse: Vogt et al. (1986) have 
found that complement peptides are formed in lymph in much smaller 
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amounts than in blood, and that production is considerably augmented 
by stimulated leukocytes. 

Chemotactic actions on PMN have been unambiguously demonstrated 
for C5 peptides from various mammalian species such as man, pig, rabbit, 
and guinea pig (Shin et al. 1968; Snyderman et al. 1970; Fernandez et al. 
1978; Damerau et al. 1980b). Primary human and porcine C5a have 
thresholds of about 10 -1 o M and are usually 10-50 times more potent 
than C5a-desArg (Fernandez et al. 1978; Chenoweth and Hugli 1980; 
Damerau et al. 1980b; Webster et al. 1980a). Under certain conditions 
in vitro, human C5a-desArg may be devoid of chemotactic activity in the 
absence of a serum "helper factor" (Fernandez et al. 1978). 

In contrast to the well-documented activity of C5 peptides, that of 
C3 peptides is controversial. Activity is distinctly species-dependent: 
whereas human C3a has been found to be ineffective (Fernandez et al. 
1978), porcine C3a and C3a-desArg are active, but are about 100 times 
less potent than C5a-desArg from the same species. In contrast to C3a, 
C3a-desArg is only inconsistently chemotactic (Damerau et al. 1978a, 
1980a). In addition, human C4a (tested in concentrations up to 
5 X 10 -6 M) has been found to lack chemotactic activity (Gorski et al. 
1979). 

Further degradation by proteases leads to smaller fragments of the 
complement peptides and alters their biologic effectiveness. Hence, such 
proteases might play a regulatory role in certain pathologic processes. 
Destruction of their native conformations by trypsin- and chymotrypsin- 
like proteases has for long been known to abolish completely the intrinsic 
activity of C5 peptides but only to diminish that of C3a. Residual 
activity in the latter case is due to C terminal fragments. Furthermore, 
removal of a few amino acids from the C terminal region by carboxy- 
peptidases destroys the receptor-activating domain of complement 
peptides, also resulting in complete loss of activity (reviewed by Vogt 
1974, 1986; Hugli 1978, 1984). By contrast, shortening of the N terminal 
region, for instance by aminopeptidases, affects potencies differently, 
suggesting highly selective interactions of this with the C terminal 
region. As regards chemotactic activity, porcine C5a-desArg has to rely 
on an intact N terminal portion, much more than C3a and C5a from 
the same species (Darnerau et al. 1986a). 

In vitro, but presumably not in vivo (Colditz and Movat 1984b), 
C5 peptides are active in relatively narrow concentration ranges of about 
two orders of magnitude only. At supraoptimal stimulus intensity 
chemotaxis gradually declines to control levels (Fernandez et al. 1978; 
Chenoweth and Hugli 1980;Damerau et al. 1980b; Webster et al. 1980a). 
From this, bell-shaped dose-response curves result. The reason for the 
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"high-dose inhibition" is not definitely known: directed migration may 
be impeded by increased cell adhesiveness as suggested by Webster et al. 
(1980b), by impaired direction finding and/or by cellular deactivation 
(Keller et al. 1977). In contrast to C5 peptides, porcine C3a and C3a- 
desArg do not show this characteristic (Damerau et al. 1980a). Ac- 
cordingly, C3a does not render suspended rabbit PMN unresponsive to 
subsequent chemotactic stimulation with the same agent (own un- 
published observations). 

Tachyphylaxis to C5 peptides and other chemoattractants has been 
proposed as being a major regulatory mechanism by which "unneces- 
sary" or continuous cell stimulation at constant stimulus intensity is 
prevented (Meuer et al. 1982). Loss of responsiveness appears to be 
predominantly due to receptor down-regulation after ligand binding, 
which is especially firm with C5 peptides (Chenoweth and Hugti t978). 
Deactivation is therefore essentially stimulus specific but may become 
partially unspecific at high ligand concentrations (Donabedian and 
Gallin 1981). Furthermore, several external factors may modify the 
deactivation process, possibly by changing ligand-receptor interactions 
and subsequent receptor processing. For instance, PMN adhering to glass 
surfaces exhibit stimulated migration for long periods of time without 
any loss of reactivity, whereas suspended cells are rapidly deactivated 
by C5 peptides and FMLP (Damerau et al. 1985a). On the other hand, 
during inflammatory processes in vivo (sepsis, infectious, and non- 
infectious skin diseases) PMN dysfunctions have been ascribed to prior 
contact with C5 fragments (Solomkin et al. 1981), but selective un- 
responsiveness to C5a may also be induced or aggravated by other, not 
yet characterized, factors (Schr6der and Christophers 1985). 

Despite a considerable number of data on chemotaxis, the definitive 
identification of an individual complement peptide as a chemoattractant 
(and even more the assessment of its biologic significance for leukocyte 
accumulation in vivo) is hampered by the following difficulties: 

1. Different chemotaxis assays may give diverging results 
2. Proteins often added to suspension media may modify migration, 

mainly by changing cell adhesion to chemotaxis filters and other 
artificial surfaces used in the assays 

3. Certain complement peptides may require specific cofactors for 
optimal activity 

4. Chemotactic responses may be modified by different extents of 
binding of chemottractants to the surfaces on which cells move 

In the following section, these potential difficulties will be discussed in 
the same order. 
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First, sensitivity of  chemotaxis assays can vary markedly: Kreutzer 
et al. (1978) have found that in the under-agarose assay complement 
peptides are about 100 times less active than in the Boyden chamber 
assay. 

Secondly, for most assays in vitro proteins, e.g., serum albumin or 
gelatine, are essential; they lower cell adhesion to a level at which detach- 
ment  and hence migration become possible. These proteins already 
produce some chemokinetic migration (Keller et al. 1978; Hakansson 
and Venge t985) which may be enhanced by chemoattractants. In the 
absence of  a concentration gradient, complement peptides have been 
shown to act chemokinetically (Damerau et al. 1978a; Webster et al. 
1980a). Whether chemokinesis plays any role in PMN locomotion 
in vivo, is not  known. Nevertheless, it should be determined in order to 
quantify the chemotactic activity of  an agent as exactly as possible. 
However, at least in Boyden chamber assays complement peptides 
usually cannot be distributed evenly in the filters, a difficulty that is 
due to strong adsorption to the filter matrix (Damerau et al. 1983). 
Therefore, data on chemokinesis may be erroneous, in particular those 
obtained with the often-used checkerboard assay. 

Thirdly, beside unspecifically acting chemokinetic agents, other 
factors may selectively render certain complement peptides chemotactic 
or may facilitate their action. The in vivo significance of  these principles 
has not  been elucidated. The first-described cofactor ("cochemotaxin"),  
a cationic peptide purified from rat serum, was claimed to be necessary 
for the action of  C5a-desArg from pig, guinea pig and rat (Wissler et al. 
1972). In contrast to these findings, in our laboratory the chemotactic 
action of porcine C5a<lesArg does not  depend on any specific cofactor 
(Damerau et al. 1980b). From human plasma/serum a heat-stable, 
anionic polypeptide with a tool. wt. of approximately 60 000 has been 
isolated. This helper factor or cochemotaxin augments markedly the 
chemotactic effect of  human C5a-desArg, but has no activity on its own 
nor a facilitating influence on primary C5a (Fernandez et al. 1978; 
Perez et al. 1980, 1981). However, in another study human C5a-desArg 
has been found to be active in an environment completely free of  protein. 
This suggests that the helper factor is required under special technical 
conditions only (Chenoweth and Hugli 1980). As a further modifying 
agent, C1 inhibitor (C1 INH) has been reported to increase chemotaxis 
and, in addition, to prevent deactivation of  PMN by human C5 fragments 
(Patrick et al. 1980). On the other hand, natural inhibitors of  the 
chemotactic response have also been detected: a cationic protein, which 
is present in serum of patients with systemic lupus erythematodes and 
is immunologically related to the Bb fragment of complement  factor B 
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(Perez and Hooper 1986), inhibits selectively chemotactic - but not 
exocytotic or aggregating - effects of  human C5a-desArg. This factor 
does not affect actions of  other chemoattractants (Perez et al. 1978, 
1980). 

Fourthly,  quantitating interpretations of  data from chemotaxis assays 
may be complicated by strong adsorption of  complement peptides to the 
matrix of  chemotaxis filters (Webster et al. 1980b). Furthermore,  
(porcine) C3 and C5 peptides are bound to markedly different degrees 
(Damerau et al. 1983). As the adsorbed peptide material produces a 
normal chemotactic response, statements on active concentrations and 
shapes of  concentration gradients are difficult. They are certainly wrong 
if based on the prevailing diffusion models. Regarding the possible 
biologic role, Webster et al. (1980b) have proposed that PMN migration 
in vivo may be directed to a considerable extent by surface-bound 
chemoattractants. This should form concentration gradients which are 
more stable than those due to diffusion. However, evidence for this 
mechanism in vivo has not yet been presented. 

As regards biochemical and pharmacologic analysis of  chemotaxis, 
the great majority of studies have been performed with stimuli other 
than complement peptides, e.g., with synthetic N-formylated oligo- 
peptides. The data obtained are too numerous to be summarized here. 
As far as parameters of  synthetic and complement peptides have been 
directly compared, similar mechanisms have been found in signal transfer 
and cell activation (reviewed for instance by Snyderman and Pike 1984). 
Binding of  ligands to specific receptors triggers changes in transmem- 
brahe potential, ion fluxes, levels of  cyclic nucleotides, cytoskeleton 
structures, and in membrane lipids with release of arachidonic acid and 
subsequent formation of  cyclooxygenase/lipoxygenase products, as well 
as activation of  protein kinase C, transmethylation reactions, and increased 
phosphatidylinositot turnover. A model for the biochemical events has 
recently been proposed by Snyderman and Pike (1984). 

Specifically, the chemotactic action of  complement peptides has 
been shown to be optimal in the presence of  extracellular Ca 2÷, Mg 2+, 
K ÷, and Na ÷ (Becker and Showell 1972; Showell and Becker 1976). 
Since the facilitating effect of  external K ÷ is blocked by ouabain, an 
Na÷/K+-dependent ATPase may be involved (Showell and Becker 1976). 
Intracellular cAMP is transiently elevated after stimulation with chemo- 
attractants but does not  quantitatively correlate with the chemotactic 
response (Naef et al. 1982). Therefore, it may not be a second messenger 
in chemotaxis. On the other hand, drug-induced sustained rises of 
intraceltular cAMP diminish PMN responsiveness (Rivkin et al. 1975). 

Endogenous arachidonic acid metabolites seem to be negligible for 
the chemotactic response. Although Goetzl (1980) and Showell et al. 
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(1980) have reported that lipoxygenase inhibitors attenuate C5 peptide- 
induced chemotaxis, the concomitant decrease of  spontaneous random 
migration in the absence of a stimulus points to unspecific mechanisms. 
In concert with this conclusion, we have not  found BW 755C and NDGA 
to be inhibitory. These agents even augment C3a/C5a-evoked directed 
migration (Damerau et al. 1982). As indomethacin does not affect the 
response, cyclooxygenase products, also, seem not to be secondary 
mediators (Goetzt 1980; Damerau et al. 1982). 

2.1.5 Exocytosis 

Complement peptides induce release of  lysosomal enzymes (exocytosis) 
with preferential liberation of storage products from the secondary 
specific granules, e.g., of  lysozyme, lactoferrin, and vitamin B12 binding 
protein. Release from these granules ensues at a lower level of  stimula- 
t ion and reaches higher amounts than that from the primary lysosomes 
(Henson et al. 1978; Wright and GaUin 1979; ShoweU et al. 1982a; 
Naef et al. 1984). However, optimal exocytosis is achieved onls~ in the 
presence of cytochalasin B (Goldstein et al. 1973; Henson et al. 1978; 
Webster et al. 1980a; ShoweU et al. 1982a; Naef et al. 1984), or when 
either the stimulating agent or the cells adhere to a surface, for instance 
during migration into chemotaxis filters (Becket et aI. 1974; Wright 
and Gallin 1979). Without these prerequisites, lysosomal release is 
limited or even undetectable (Henson et al. 1978; Showell et al. 1982a; 
Naef et al. 1984). 

Special case of  exocytotic action may be C3a-induced secretion of 
mucous glycoprotein from human isolated airways. C3a-desArg is in- 
active in this respect. The secretory response seems to be independent 
from histamine and lipoxygenase products (Marom et al. 1985). The 
authors speculate on its probable role for bronchial asthma. However, 
it is quite unlikely that intact C3a can reach sufficient concentrations 
at this site, without  being inactivated by carboxypeptidases. 

Human C5 peptides are active on human and guinea pig neutrophils 
at concentrations similar to those in other biologic responses. Threshold 
of  C5a is about 10 -10 M, of  C5a-desArg about 10 -8 M (Henson et al. 
1978; Chenoweth and Hugli 1980; Webster et al. 1980a; Gerard et al. 
1981), whereas the thresholds of  porcine C5 peptides are about one 
order auf magnitude higher (Gerard et al. 1981). Human C5a seems to be 
ineffective on guinea pig eosinophils (Ogawa et al. 1981). Human C3a 
is about 100 times less active on human neutrophils than homologous 
C5a-desArg (ShoweU et al. 1982a). Casting doubt  on the exocytotic 
effect of  C5 peptides, Fehr and Huber (1984) have recently found only 
marginal release from suspended human PMN by C5a-desArg-containing 
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activated human plasma, even in the presence of  cytochalasin B. By 
contrast, adhering PMN liberate marked amounts of  secondary granule 
contents upon stimulation. However, the response is apparently due to 
a diisopropyt fluorophosphate (DFP)-inhibitable, heat-labile principle, 
rather than to C5a-desArg. This principle seems to originate from the 
alternative complement pathway and is presumably identical with 
factor Bb. Nevertheless, these results do not  necessarily hold for extra- 
vascular sites where complement peptides usually operate. 

The exocytotic response (reviewed by Becker and Henson 1973; 
Weissmann et al. 1980, 1981) is specific, energy requiring and non- 
cytolytic, not causing loss of lactate dehydrogenase (Goldstein et al. 
1973; Becker et al. 1974; Henson et al. 1978; Showell et al. 1982a). 
It utilizes extracellular as well as intracellular Ca 2÷ ions (Shaw et al. 
1982), whereas Mg 2÷ is without influence (Goldstein et al. 1975a). 
For an opthnal response, external K ÷ and Na ÷ are obligatory (Showelt 
et al. 1977). In contrast to a slow release by A 23187 and a phorbol 
ester, the response to complement peptides reaches its maximum after 
1 -2  min at 37°C in the presence of cytochalasin B (Goldstein et al. 
1973; Henson et al. t978; Webster et al. 1980a). It is considerably 
retarded if PMN adhere to chemotaxis filters (Becker et al. 1974).-  
Unlike the slow, prolonged enzyme release from rabbit alveolar macro- 
phages by C5 peptides, it does not require protein synthesis (McCarthy 
and Henson 1979; Henson et al. 1981b). PMN are rapidly deactivated 
when the stimulus is applied sufficiently long before cytochalasin B or 
Ca 2÷ and Mg ~÷. Deactivation is stimulus specific, indicating that only 
early steps - receptor occupation and possibly signal transfer - are 
affected (Henson et al. 1978), whereas partial cross-deactivation between 
C5a, FMLP, and a chemotactic bacterial lipid has also been found 
(Henson et al. 1981a). 

Endogenous lipoxygenase products may be involved in exocytosis, 
particularly in the response augmented by cytochalasin B (Showell et al. 
1982a), since it is reduced by lipoxygenase inhibitors such as ETYA, 
NDGA and quercetin (O'Flaherty et al. 1979d; Showell et al. 1980). 
Nevertheless, neither ETB4 nor PAF seem to be major mediators, 
as neither agent which induces selective deactivation renders human 
PMN unresponsive to C5a and other stimuli (O'Flaherty et al. 198 lb, c). 

However, sustained elevations of  intracellular cAMP may impede the 
exocytotic response (Goldstein et al. 1973). Currently, the idea of PMN 
activation by protein kinase C-dependent mechanisms is favored. In 
concert with such models (proposed for instance by Snyderman and 
Pike 1984) are findings that diacytglycerols, which can directly activate 
this enzyme, enhance C5a-evoked exocytosis (O'Flaherty et al. 1984), 
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but data raising doubts about an essential involvement of  protein kinase C 
in induction of  exocytosis and respiratory burst by complement peptides 
and N-formylated peptides have been recently published (Gerard et al. 
1986; Wright and Hoffman 1986). Possibly at a previous step, release and 
chemotaxis are blocked by pertussis toxin which seems to interact with a 
guanine nucleotide regulatory protein not  being related to adenylate 
cyclase (Verghese et al. 1985). 

Regarding its (patho)-physiologic role, lysosomal enzyme release 
from stimulated PMN has been proposed to be involved - e.g., by the 
action of lysosomal constituents (proteases, lipases, etc.) - in PMN 
chemotaxis (Gallin et al. 1978), in breaking up the migration path 
through basement membranes of  vessel walls (Henson et al. 1981b), 
in microbial killing, and in digestion of  foreign as well as host material. 
Tissue damage may essentially contribute to chronic inflammatory and 
degenerative processes, such as rheumatoid arthritis (Weissmann 1982), 
pulmonary emphysema, and ARDS (Baggiolini and Dewald 1985). 
Furthermore,  lysosomal proteases may also participate in regulation 
of  inflammatory processes by causing sequential generation of  C5a by 
a constituent of  specific granules and later its inactivation by a product  
from azurophil granules, presumably elastase (Wright and Gallin 1977) 

To elucidate the significance of  complement peptide-evoked exo- 
cytosis in vivo, the intensity and the functional consequences of  PMN 
contact to natural reactants have to be studied, since surface adhesion 
is the only known physiologic condition rendering this response pos- 
sible. In this respect, Henson et al. (1981b) did not  detect secretion from 
stimulated PMN in contact with cultured fibroblasts, endothelial, and 
smooth muscle cells, in contrast to marked exocytosis from PMN adhering 
to artificial surfaces. Therefore, appropriate conditions for release in 
vivo have still to be defined. 

2.1.6 Formation o f  Reactive Oxygen Derivatives and Phagocytosis 

Treatment of PMN with a variety of  stimulating agents, such as chemo- 
attractants, calcium ionophore A 23187, phorbol esters, concanavalin A 
and phagocytosable particles, causes a pronounced respiratory burst 
with highly increased oxygen consumption, activation of the hexose 
monophosphate  shunt and production of several oxygen-containing 
species. Among the latter compounds cytotoxic radicals, e.g., O; ,. OH, 
are formed via different oxygen-metabolizing enzyme systems (reviewed 
by Fantone and Ward 1982; Babior 1984; Floh~ et al. 1985). This forma- 
tion does not  depend on exocytosis, nor on phagocytosis (Goldstein 
et al. 1975b). 
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The enzyme being stimulated and triggering the chain of  enzymatic 
reactions is a membrane-associated nicotinamide adenine dinucleotide 
phosphate (NADPH)-dependent oxidase which metabolizes dioxygen 
into superoxide anion (O;) .  This oxidase is apparently activated via 
various transduction mechanisms, utilized by chemoattractants, A 23187, 
or phorbol esters (McPhail and Snyderman 1983; Gerard et al. 1986). 

The following complement peptides have also been found to elicit 
the respiratory burst: human C5a has a threshold of  10 -9 M for O~ 
generation; maximum is still not reached at more than 10 -7 M (Dahinden 
et al. 1983; McPhail and Snyderman 1983; Gerard et al. 1986). C5a- 
desArg from the same species is approximately 50 times less potent  
(Webster et al. 1980a). In addition, the activity of  human C5a is greatly 
enhanced in the presence of  a yet unidentified serum factor (protein?) 
(Maly et al. 1983). Its possible relation to other helper factors which 
have been described far chemotaxis (see chapter 2.1.4) is not known. 

Like exocytosis, formation of  oxygen species (O~, H2 02 ) becomes 
optimal either in the presence of  cytochalasin B or when the cells adhere 
firmly to surfaces (Goldstein et al. 1975b; Becket et al. 1979; Dahinden 
et al. 1983), whereas the effects of  A 23187 and a phorbol ester do not 
require cytochalasin B (McPhail and Snyderman 1983). In suspended 
PMN, C5 peptides and FMLP cause a rapid transient stimulation of  the 
oxidase which levels off after a few minutes (Webster et al. 1980a; 
McPhail and Snyderman 1983). The cause of the rapid fall of O; produc- 
tion is unknown; it seems not to be due to internalization of  the oxidase 
together with chemoattractant receptors. Events in the transduction 
pathway at the level of second messengers or in the membrane environ- 
ment  are more likely (Parkos et al. 1985). In contrast, adhering PMN 
respond with a sustained O~ production for at least 60 rain, correlating 
closely with the extent of  adhesion (Dahinden et al. 1983). On the 
other hand, A 23187 and phorbol ester elicit similarly long-lasting 
product ion even in suspended PMN (McPhail and Snyderman 1983). 

As in exocytosis, formation of  oxygen species depends on intra- 
cellular Ca 2÷ ions, whereas extracetlular Ca 2÷ enhances the response to an 
optimal level (Becker et al. 1979). Agents acting via specific receptors 
cause selective loss of responsiveness (Simchowitz et al. 1980). In ad- 
dition to receptor occupation, subsequent temperature-sensitive, con- 
verging steps may be involved in deactivation as cross-deactivation 
between a C5 peptide and FMLP has been demonstrated (English et al. 
1981 ). The authors propose that this nonselective deactivation may hold 
the potential for O; production until PMN have arrived at central parts 
of  inflamed areas. Though deactivated to soluble, chemotactic stimuli, 
the ceils retain normal or even acquire enhanced responsiveness to 
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phorbol esters and phagocytosable particles (English et al. 1981; 
Bender et al. 1983). Accordingly, the potential for production of 
oxygen species and for bactericidal activity can be markedly enhanced 
after prolonged prior contact with chemoattractants (Van Epps and 
Garcia 1980). The priming effect then lasts for several hours. This may 
be analogous to conditioning in PMN adhesiveness to artificial surfaces 
(see Sect. 2.1.3). 

Regarding the biologic signifiance, PMN-derived oxygen species 
appear to be essentially involved in microbial killing and in damage to 
host cells (Fantone and Ward 1982). Examples for detrimental effects 
are endothelial lesions, which aggravate certain shock states and lung 
inflammation (see Sects. 4.1, 4.2), and aggregation of IgG molecules, 
which has been assumed to support the self-perpetuating destructive 
process in rheumatoid arthritis (Lunec et al. 1985). In addition, oxygen 
species may amplify generation of C5-derived chemoattratants (Shingu 
and Nobunaga 1984) and can transform foreign compounds, such as 
drugs, into free radical intermediates which possibly contribute to local 
drug toxicity and to chemical carcinogenesis (Kalyanaraman and 
Sohnle 1985). Such reactions should be favored in inflammatory 
lesions because of the huge numbers of activated PMN. 

Data about the influence of complement peptides on phagocytosis 
are rare. It seems to be differently affected by C5a: when the peptide 
is adsorbed to latex particles, it promotes their engulfment (Henson 
et al. 1981b). In soluble form, C5a retards phagocytosis of sensitized 
sheep erythrocytes (Musson and Becker 1976). 

2.2 Monocytes/Macrophages and Tumor Cells 

Only a limited number of studies about the effects of complement 
peptides on monocytes and macrophages are available. The reason 
may lie in the traditional concept that both act primarily on different 
stages of defense reactions: the peptides mediating acute inflammation, 
the cells participating in longer4asting or chronic inflammatory and 
specific immune processes. However, views have changed remarkably. 
Complement peptides have recently been shown to modify primary 
immune responses partly via macrophages (see Sect. 2.3). Monocytes/ 
macrophages, on the other hand, secrete complement components 
(reviewed by Hartung and Hadding 1983), generate and inactivate 
complement peptides by their proteases (Snyderman et al. 1972; 
Kreuzpaintner et al. 1986), and are involved in regulation of acute 
inflammation. 
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In vitro, C5 peptides elicit polarization and directed migration of  
human peripheral blood monocytes. Both peptides from human origin 
are equieffective, although C5a binds more avidly to monocyte receptors 
than C5a-desArg. This finding is unusual, since a ligang with higher 
affinity is normally more potent ,  such as C5a in PMN chemotaxis 
and other actions. C5a and C5a-desArg have threshold of  about 10 -1 o M 
and are maximally active at 4× 10 -9 M. Furthermore, a helper factor 
seems not to be required for the action of  C5a-desArg (Marder et al. 
1985). Directed migration of  human monocytes is restricted to certain 
subpopulations. These respond largely to other chemoattractants 
(e.g., FMLP), too, and are specifically deactivated after prior contact 
with a stimulus (Falk and Leonard 1980). However, guinea pig alveolar 
macrophages show partial cross-deactivation between C5 fragments and 
FMLP in chemotaxis and O~ generation (Daughaday et al. 1985). 

In contrast to PMN which do not re-enter the blood stream after 
emigration, monocytes are much more mobile (and have a markedly 
longer life span). Therefore, they have to be at least transiently im- 
mobilized to fulfill local functions. In vitro, the spreading reaction to 
artificial surfaces is viewed as a model of  activation and immobilization. 
In this response, C5 peptides may be involved indirectly. They are 
presumably cleaved from membrane-associated C5 of  human mono- 
cytes by factor Bb (Sundsmo and G6tze 1981; Baumgarten et al. 
1985). A similar mechanism has been discussed for factor Bb-induced 
secretion of lysosomal hydrolases from mouse peritoneal macrophages 
(Hirani et al. 1985). However, the contradiction that in one case C5 
peptides stimulate and in the other case impede migration, cannot 
be resolved yet. Possibly, a concentration gradient of a C5 peptide 
leads to successive spreading, detachment and locomotion. 

Human C5a and C5 a-desArg, being equipotent,  also produce secretory 
responses in macrophages. In contrast to exocytosis from PMN, release 
of ~-D-galactosidase and N-acetyl-~-D-glucosaminidase from human 
and rabbit alveolar macrophages is not facilitated by cytochalasin B, 
but is blocked by cycloheximide. Release is very slow: it is enhanced 
three- to fivefold after after 72 h of incubation. In addition, C5 peptides 
stimulate pinocytosis of horseradish peroxidase and evoke release of  
proteolytic enzymes. Interestingly, production and release of a principle 
causing PMN chemotaxis is induced by C5a-desArg only, and not by 
C5a (McCarthy and Henson 1979). This may be the reason, why C5a 
has been found to be considerably less proinflammatory than C5a- 
desArg in rabbit lungs in vivo. 

Procine C3a does not stimulate secretion of N-acetyl-~-D-gluco- 
saminidase from elicited guinea pig peritoneal macrophages, but is itself 
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rapidly converted to C3a-desArg by a ceU-derived monocarboxypeptidase 
(Kreuzpaintner et al. 1986). On the other hand, secretory responses 
may be affected by C3 peptides, too. Human C3a-desArg has been 
shown to augment secretion of  interleukin 1 (Laude et al. 1985), 
whereas porcine C3 and C5 peptides inhibit C2 product ion by cultured 
human monocytes (Lappin et al. 1983). The functional significance of  
these findings is not yet  known. They are consistent with the idea that 
locally produced complement components/peptides may have regulatory 
functions in certain microenvironments. 

Production of oxygen species in murine peritoneal and guinea pig 
alveolar macrophages is stimulated by relatively high concentrations 
of  C5 peptides (Kunkel et at. 1982; Daughaday et at. 1985). Further- 
more, both C3a and C5a can release cyclooxygenase products such as 
TxA~, PGE1, and PGE2 from murine and guinea pig peritoneal macro- 
phages (Kunkel et al. 1982; Hartung et al. 1983). 

Primed monocytes/macrophages can be cytotoxic to other cells 
by mechanisms which are not yet completely elucidated. One of the 
proposed effector molecules has been C3a. It was claimed to kill 
various human and routine tumor  cells, guinea pig and murine macro- 
phages, as well as human lymphocytes (Ferluga et al. 1976, 1978). 
However, other authors did not  confirm this effect (Goodman et al. 
1980; Kreuzpaintner et al. 1986). 

Certain C5a fragments may affect tumor cells, though in quite 
another way than suggested above for C3a. Treatment of  human C5 
with trypsin or postphagocytic PMN supernatants produces first a 
principle (= C5a) which attracts PMN but  not  tumor ceils; after its 
destruction a smaUer fragment is generated having a tool. wt. of about 
6000, which is chemotactic for tumor cells only (Orr et al. 1978, 
1979b). Incubation of C5a or C5a-desArg with the aforementioned 
protease preparations or with tumor cell extracts generates directly 
the latter fragment (Romualdez and Ward 1975; Romualdez et al. 
1976; Orr et al. 1979a). The authors have therefore proposed that 
this fragment may provoke immigration of  circulating tumor  cells 
into inflamed areas and hence induce metastatic settlement. Supporting 
this concept, endogenous C5-derived chemotactic activity for tumor 
cells has been detected in exudate fluids from glycogen-induced 
peritonitis in rats (Orr et at. 1982). Conversely, intraperitoneal injection 
of  this principle causes severe diffuse mesenteric metastasis of  systemi- 
cally applied Walker carcinosarcoma ceUs in the same species (Lam 
et al. 1981). 



172 B. Damerau 

2.3 Immune-Competent  Cells 

Both C3 and C5 peptides affect the primary immune response in vitro, 
but it is not  known whether they have similar effects in vivo. As mixed 
cell populations consisting of macrophages and different lymphocyte 
types were used in these studies, the detailed mechanisms are not yet 
completely elucidated. Mutual cooperation between different cell types 
further impedes analysis. 

In brief, C3a inhibits, whereas C5a and C5a-desArg enhance the 
primary immune response (Goodman et al. 1982a; Morgan et at. 1982). 
C3a suppresses production of  Fc fragment-induced, nonspecific as well 
as sheep erythrocyte-induced, specific antibodies. This effect can be 
elicited for up to 48 h after antigen application (Morgan et al. 1983a). 
It depends on a serum-free environment or on inhibition of serum 
carboxypeptidase, since the otherwise rapidly formed C3a-desArg 
is inactive in this respect. In the murine system, the specific antibody 
response is about 100 times less susceptible to the action of  C3a than 
in the human system, with 50% inhibition at 10 -6 M vs. 10 -s M C3a 
(Morgan et al. 1983a). The reason for the divergent sensitivities is not  
known. As regards the type of  target cells, C3a activates nonspecific 
OKT3 ÷ 8 + suppressor T lymphocytes in human peripheral blood lympho- 
cyte cultures. Furthermore, the response requires interaction of those 
with adherent ceUs (presumably monocytes). Maximal suppression is 
achieved already after 1 -2  h of treatment with C3a (Morgan et al. 
1985a). In the murine system, the effect of C3a is mediated through 
generation of nonspecific Lyt-2 + suppressor T ceils and requires coopera- 
tion with an adherent cell type, possibly macrophages. In contrast, 
the C3a-induced suppressor T cells seem not to operate by release of  
inhibitory lymphokines, nor do they inhibit helper cell activity or 
synthesis of  interleukin 2. On the other hand, interleukin 2-containing 
lymphokine preparations reverse the effect of C3a (Morgan et al. 
1985b). Like other biologic actions, immunosuppression is evoked by 
the C terminal part of C3a, since synthetic C3a(70-77)  is markedly 
inhibitory (Morgan et al. 1983b). As regards the biologic significance of 
these findings, Heideman and Hugli (1984) have recently proposed that 
enhanced generation of  C3a may contribute to lowered resistance 
to infections in multisystern, organ failure after extensive tissue injury. 

On the other hand, C3a does not prevent production of  antibodies 
to thymus-independent antigens. This is consistent with the proposed 
T lymphocyte-dependent action of  C3a (Hugli and Morgan 1984). 
Furthermore, C3a does not impede tetanus toxoid- or mitogen-induced 
proliferation of T cells in the human system as well as Fc fragment- 
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evoked B-cell proliferation in murine spleen cell cultures (Morgan et al. 
1982). Beside its influence on the primary immune response, C3a and its 
C terminal analogue C3a(70-77) have been found to impair lymphokine 
generation ("leukocyte inhibitory factor" which inhibits PMN migration) 
in cultures of mitogen- or antigen-stimulated human peripheral blood 
monocytes plus T cells. Both peptides act in relatively low concentra- 
tions with ICs~ of 10 "8 - 1 0  -7 M. In addition, C3a(70-77) diminishes 
mitogen-induced migration of T lymphocytes (Payan et al. 1982). 
C3a and C3a-desArg have been reported to inhibit in vitro cytotoxicity 
of natural killer cells, which are spontaneously cytotoxic lymphocytes 
with broad target specificity against tumor cells and virus-infected 
cell lines (Charriaut et al. 1982). 

C5a and C5a-desArg in physiologic concentrations (thresholds less 
than 10 "~ M) enhance Fc fragment-mediated, nonspecific and sheep 
erythrocyte-induced, specific antibody production in human and murine 
lymphocyte cultures (Goodman et al. 1982a; Morgan et al. 1983a). 
Both peptides apparently trigger early steps of the immune response. 
Primarily, C5a receptor-bearing macrophages seem to be stimulated 
to secret interleukin 1, whereas in the subsequent response 1 a" macro- 
phages, la + antigen-presenting accessory cells and OKT3+4 + helper 
T cells have to cooperate (Goodman et al. 1982a, b). In contrast to this 
model,. Hugli and Morgan (1984) have proposed an alternative activation 
mechanism which does not involve macrophages. Furthermore, C5a and 
C5a-desArg enhance antigen-induced T cell proliferation, but fail to 
influence mitogen-induced B and T cell proliferation (Morgan et al. 
1983a) and, like C3a, do not affect antibody production by thymus- 
independent antigens (Hugli and Morgan 1984). As regards lymphocyte 
migration, neither C3 nor C5 peptides seem to affect it considerably 
at physiologic concentrations (Wilkinson 1985; Pohajdak et al. 1986). 

2.4 Ptatelets 

Sudden falls in platelet numbers in guinea pigs have previously been 
observed after systemic infusions of activated, peptide-containing blood 
fluids, but could not be definitely attributed to the action of the com- 
plement peptides (earlier literature reviewed by Giertz and Hahn 1966). 
First evidence for their involvement was provided by studies of 
Schumacher et al. (1974) and Benner et al. (1975): in cats, dextran- 
activated serum and partially purified C5a-desArg from rats caused 
transient thrombocytopenia and sticking of platelet aggregates in lung 
vessels. In vitro tests revealed that only feline and guinea pig ptatelets 
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are aggregated, whereas cells from man, dog, rabbit, and rat do not 
react. Grossklaus et al. (1976) then definitely demonstrated activity for 
purified procine C5a-desArg with the same species dependency; in 
addition, platelets from pig and cattle were also resistant. They, further- 
more, showed that porcine C3a causes aggregation of  platelets from 
guinea pigs, but not from the other species. Negative results obtained 
with human and porcine C3a (Stimler et al. 1980) are most likely due to 
rapid inactivation of  C3a by carboxypeptidase N present in the platelet- 
rich plasma used. Human C3a and C5a (or C5a in accordance with 
Stimler et al. t980) elicit aggregation of  washed guinea pig platelets, 
whereas both desArg derivatives are inactive (own unpublished observa- 
tion). In contrast to earlier findings - and to present experimental 
evidence in our laboratory - human platelets have been claimed to be 
aggregated and to release serotonin upon stimulation with human C3a 
and even C3a-desArg (Polley and Nachman 1983). 

C3a and C5a liberate 3H-serotonin from guinea pig but not from 
human platelets (Becker et al. 1978b; Meuer et al. 1981 a). When serotonin 
reuptake into the cells is blocked by the antidepressant drug imipramine, 
release becomes optimal (Meuer et al. 1981a). It is inhibited by DFP 
(Becket et al. 1978b). Like most other biologic responses, aggregation 
and release are elicited by low peptide concentrations: thresholds of  C5a 
are less than 10 -9 M, those of C3a (and of  porcine C5a-desArg for 
aggregation) are 10-50  times higher (Grossklaus et al. 1976; Damerau 
et al. 1980b; Meuer et al. 1981a). At high concentrations, porcine C3a 
and C5a-desArg also liberate histamine from guinea pig platelets (own) 
unpublished observations). Likewise, human C4a, which acts via C3a 
receptors, shows weak secretory activity with a threshold of about 
10 -7 M (Meuer et al. 1981c). 

C3 and C5 peptides act via specific receptors. To elicit release, C3a 
has been shown to bind to high- and low-affinity sites. Its effect is 
diminished after occupation with C3a-desArg of the low-affinity receptors 
(Becker et al. t978a). By contrast, aggregation seems to be elicited via 
high-affinity binding only, as C3a-desArg is not  inhibitory (Damerau 
et al. 1986). As regards structure activity relations, the receptor-activat- 
ing domains apparently reside in the C terminal portions o fC3aand  C5a, 
but the N terminal parts essentially contribute to optimal potencies 
(Meuer et al. 1981b; Damerau et al. 1986a). 

Guinea pig platelets rapidly and selectively lose their responsiveness 
to C3a, C5 peptides, and ADP when incubated with one of  these agents 
under nonreactive conditions, i.e., in the absence of  external Ca ;+ or 
at low temperature (Grossklaus et al. 1976; Meuer et al. 198 la, b). The 
lack of  cross-deactivation between ADP and the complement peptides 
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indicates that endogenous ADP is not  a mediator for C3a/C5a. Further- 
more, in serotonin release cells are deactivated by subthreshold con- 
centrations of C3a and C5a (Meuer et al. 1982). However, this "low- 
zone desensitization" seems not to be the proposed, commonly opera- 
ting control mechanism preventing unnecessary cell activation as it does 
not occur in C3a-induced platelet aggregation and is completely absent 
in PMN aggregation (own unpublished observations). 

Aggregation and amine release are rapid, noncytolytic,  energy- 
dependent  processes. They are highly temperature sensitive, require 
extracellular Ca 2+ and glucose (Grossklaus et al. 1976; Becker et al. 
1978b). Pharmacologic experiments indicate that arachidonic acid 
metabolites (TxA2 ?) mediate the aggregation response (not studied for 
the release). However, since the action of C3a is inhibited at considerably 
lower concentrations of indomethacin and phenylbutazone than the 
response to C5a desArg, the composition and significance of  the putative 
mediators may be different for either peptide (Damerau et al. 1982). 

A biologic role of complement peptide-induced platelet activation 
seems to be restricted to a few, reactive animal species: only in cats and 
guinea pigs may it contribute to shock symptoms, after intravascular 
formation of complement peptides. In contrast to strong lethal effects 
of  the C5 peptides, C3a never kills guinea pigs after intravenous ad- 
ministration (Grossklaus et al. 1976; Stimler et al. 1980), unless inactiva- 
tion of C3a is prevented by a carboxypeptidase N inhibitor (Huey et al. 
1983). In vivo, platelets from normally resistent species such as man may 
also be activated, namely indirectly such as by PAF derived from stim- 
ulated PMN. 

2.5 Mast Cells and Basophils 

Mast cells occupy a pivotal position in immediate hypersensitivity. 
Upon antigenic challenge they release several bioactive substances, 
e.g., histamine, heparin, various enzymes, PAF, and leukotrienes. Most 
important for acute allergic reactions is histamine. This amine contracts 
smooth muscles in the alimentary and respiratory tract - leading for 
instance to bronchospasm - affects heart rate and rhythm, lowers blood 
pressure by vasodilatation, and increases vascular permeability. Mast 
cells are activated not only by immunologic stimuli but also by many 
cationic substances, among them drugs and complement peptides. 

Unfractionated and partially purified peptide preparations have 
earlier been reported to cause mast cell degranulation and histamine 
release (reviewed by Hugli and Mtiller-Eberhard 1978). Using purified 
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peptides, Johnson et al. (1975) could demonstrate that human and 
porcine C3a and C5a release histamine from rat peritoneal mast cells, 
whereas their desArg derivatives are inactive. However, in comparison with 
mast cells from other species (Regal et al. 1983a), those from rat are rela- 
tively insensitive: release requires high peptide doses and reaches only 30% 
of  total histamine content (Johnson et at. 1975). More sensitive are 
human basophils releasing up to 70% of their histamine (Peterson et al. 
1975; Glovsky et al. 1979). Although in most experiments unfract- 
ionated peripheral blood leukocytes, consisting of a few percent basophils 
only, were used, the action of  the peptides seems not to be affected by 
other cell types (Siraganian and Hook 1976). Human C5a has been found 
to have a threshold of about 5× 10 -9 M and to be approximately 50 
times as potent  as human C3a (Glovsky et al. 1979; Hartman and Glovsky 
1981). In comparison with human C5 a, porcine C5 a-desArg is less active 
by about one order of magnitude (Petersson et al. 1975). Activity 
cannot be ascribed to human C5a-desArg, with certainty, since only 
unfractionated activated human serum has been tested and found to 
release histamine (Hook et al. 1975;Grant et al. 1976). 

On both human basophils and rat mast cells combinations of C3a 
and C5a act synergistically (Johnson et al. 1975; Hartman and Glovsky 
198t). C terminal oligopeptides of  human C3a interact specifically with 
C3a receptors which may be a protease rapidly inactivating C3a (Gervasoni 
et al. 1986; Hugli 1986): the oligopeptides degranulate rat mast cells 
with concomitant release of  histamine and serotonin and cause selective 
deactivation. However, they are much less potent  than native C3a. 
Because of  their small molecular size, the response to C3a and its analogues 
seems not to depend on receptor cross4inking such as in IgE-elicited 
release (Hugli and Erickson 1977; Glovsky et al. 1979). Of course, C3a 
and the active C5 peptides specifically deactivate mast cells and basophils. 
Cross-deactivation with IgE-mediated release does not  occur (Petersson 
et al. 1975; Sh'aganian and Hook 1976). 

Peptide-induced histamine release is an energy-requiring and non- 
cytotoxic secretory process (Grant et al. 1976; Hook and Siraganian 
1977) and is highly dependent on temperature and extracellular Ca 2÷ 
(Johnson et al. t975;  Petersson et al. 1975; Siraganian and Hook 1976). 
In contrast to the slow release from sensitized cells after antigenic 
challenge, it proceeds rapidly and is complete after 1 -2  min (Petersson 
et al. 1975; Siraganian and Hook 1976; Glovsky et al. 1979). Data on 
its temperature dependence are contradictory: whereas release by 
C5a-desArg-containing, zymosan-activated serum has been found to be 
maximal between 25-30°C (Siraganian and Hook 1976), purified C3a 
has shown optimal activity at 37°C (Glovsky et al. 1979). Siraganian 
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and Hook (1976) proposed a concomitant inactivation process, bioche- 
mical or due to receptor occupation, which works more effectively 
at higher temperatures and thus counteracts the release process. 

Biochemical and pharmacologic analyses have revealed that com- 
plement peptide-induced responses are similar in several aspects to 
histamine liberation caused by IgE, phorbol esters and calcium ionophore 
A 23187; e.g., the release is enhanced by phosphatidylserine (Johnson 
et al. 1975). It is, on the other hand, inhibited by antimicrotubule 
agents and by drugs which augment the level of intracellular cAMP 
(Grant et al. 1976; Hook and Siraganian 1977). Furthermore, deuterium 
oxide (Dr O), which supports microtubule formation, appears to affect 
histamine release temperature dependently: at 37°C promotion pre- 
vails (Grant et al. 1977), whereas at lower temperature (25-32°C) 
inhibition becomes apparent (Hook and Siraganian 1977). C~tochalasin B, 
which disrupts microfilaments, markedly enhances liberation (Grant 
et al. 1977; Hook and Siraganian 1977). These findings suggest that 
the actual functional state of the microtubule system may affect peptide- 
induced release differently, whereas increases of the intracellular cAMP 
levels and intact microfilaments unambiguously hinder the reaction. 

C5 peptide-induced histamine release from human basophils is 
reduced by the nonspecific serine esterase and phospholipase A2 in- 
hibitor bromophenacyl bromide, several lipoxygenase inhibitors, and by 
indomethacin. In contrast to the other inhibitors, indomethacin does 
not affect anti-IgE-elicited secretion (Farnam et ai.1985). In accordance 
with IgE- and A 23187-induced release (Magro 1982), these findings 
suggest that lipoxygenase products - and less importantly, prostanoids - 
participate in peptide-elicited liberation. 

2.6 Smooth Muscle and Heart Muscle Cells 

Complement peptides contract several smooth muscle organs, namely 
blood vessels and tissues of the gastrointestinal and respiratory tracts. 
However, their characteristics differ profoundly from those of other 
spasmogens such as acetylcholine (ACh) and histamine: the peptides 
are generated de novo (no storage as preformed molecules), they 
induce rapid deactivation (tachyphylaxis) of target cells/organs and evoke 
release or formation of a flock of secondary mediators. The latter are 
often spasmogenically active themselves and may hence modulate 
or even cause the contractile response. Among these mediators, histamine, 
cyclooxygenase, and lipoxygenase products have been detected, but their 
actual significance for the contractile responses is often not fully under- 
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stood. Beside such indirect stimulation, direct actions have conclusively 
been demonstrated for C5a on toad stomach cells only (Scheid et al. 
1983). 

2.6.1 Smooth Muscles o f  the Gastrointestinal Tract 

In the gastrointestinal tract, C3a and C5a elicit contractile responses with 
pronounced species and organ dependence. Guinea pig intestines are 
much more sensitive than those from rat, rabbit, and hamster. Among 
guinea pig organs, the terminal ileum and uterus are most responsive 
(Friedberg et al. 1964; Kleine et al. 1970). Strips of isolated terminal 
ileum have therefore been used for many years to determine the biologic 
activity of complement peptides, and this has become the standard 
bioassay. 

Not all complement peptides with other biologic activities are 
spasmogenic. This effect is exhibited predominantly by the primary 
peptides C3a, C4a, and C5a from all mammalian species studied so far, 
e.g., man, pig, guinea pig, and rat (reviewed by Hugti and M~ler-Eberhard 
1978). Furthermore, C5a-desArg from pig, guinea pig, and rat is active, 
whereas human C5a-desArg is largely devoid of activity and C3a-/C4a- 
desArg from all species tested is completely so. The spasmogenic activity 
of human C5a-desArg is apparently blocked by its bulky carbohydrate 
portion which presumably disturbs or masks the receptor-activating 
domain (but not in C5a). Enzymatic removal of this portion augments 
the spasmogenic potency about ten fold, but still amounting to only 
1% of the activity of C5a (Gerard and Hugli 1981). For comparison, 
porcine C5a-desArg, which does not contain carbohydrates, is distinctly 
spasmogenic, being about half as potent as C5a (Damerau et al. 1980b; 
Gerard and Hugli 1981). 

The high sensitivity of the guinea pig ileum is documented by the 
low threshold levels: they are about 10 -I° M for human and porcine 
C5a, less than 10 -9 M for porcine C5a-desArg and about 2× 10 "8 M for 
C3a from either species (Vallota and Mfiller-Eberhard 1973; Damerau 
et al. 1980b; Gerard and Hugli 1981; Hugli et al. 1981b). By contrast, 
human C4a is considerably less potent with a threshold at 10 -6 M; it 
apparently binds to the C3a receptor. Its activity is abrogated by removal 
of the C terminal arginyl residue (Gorski et al. 1979). 

In isolated guinea pig ileum, the peptides induce rapid, self-limiting 
contractions reaching a maximal strength similar to those of ACh or 
histamine. Because of their short duration, they can be clearly distin- 
guished from the protracted responses to prostaglandins and peptide- 
containing leukotrienes LTC4, LTD4, and ETE4. Contraction is usually 
produced by C3a only once (occasionally also up to 2 - 3  times), but 
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C5 peptides produce several contractions. Responsiveness to C5a and 
C5a-desArg fades from application to application due to rapidly develop- 
ing deactivation (tachyphylaxis) (Friedberg et al. 1964, Vogt et al. 1969; 
Damerau et al. 1985b). 

Contractile responses and the loss of responsiveness are largely 
separate processes. Both are initiated by the binding of the agents to 
specific cellular receptors. Then, the spasmogenic action of C5 peptides 
is mediated in isolated guinea pig ileum at least partly by histamine liber- 
ated from subserosal mast cells (Bodammer and Vogt 1970a; Sorgenfrei et 
al. 1982), because C5a-desArg degranulates mast cells at low concentra- 
tions (Damerau et al. 1985b), produces histamine release sufficient for 
contractile effects, and is inhibited by H: antihistaminics (Sorgenfrei et al. 
1982). Additional mediation by Ach, serotonin, or PAF is unlikely 
(Vogt et al. 1969; Stimler et at. 1981 a), part of the effect may be direct 
(Bodammer and Vogt 1970a). On the other hand, the action of porcine 
C3a seems to be virtually histamine independent. Earlier findings show- 
ing mast cell degranulation by C3a are not really contradictory since 
they were obtained with other organs and with C3a concentrations 
which considerably exceeded spasmogenic doses (discussed by Sorgenfrei 
et al. 1982). 

Deactivation can be clearly distinguished from the contractile re- 
sponse: it develops under conditions (16°C, Ca2+-free medium), which 
block contraction and histamine release (Damerau et al. 1985b). In 
accordance with earlier conclusions (Friedberg et al. 1964; Bodammer 
and Vogt 1970a), it is therefore not due to the exhaustion of histamine 
stores. Since deactivation is specific for C3 and C5 peptides and develops 
at low temperatures, it seems not to involve any post-receptor process. 
Rather, it is due to occupation of peptide receptors only: with repeated 
applications of C5a-desArg, loss of responsiveness strongly correlates 
with the cumulative contact times and follows first-order kinetics 
(Damerau et al. 1985b). 

Deactivation is followed by recovery of the ileum strips within 
20-30  min at 37°C. Recovery is highly temperature sensitive, blocked 
by the lysosomotropic agent chloroquine and by antimicrotubule agents 
such as cholchicine and vinblastine, but not affected by cycloheximide 
and cytochalasin B (Damerau et al. 1985c). These findings suggest that 
recovery proceeds via intralysosomal processing of the occupied receptors, 
which are regenerated and then incorporated into the plasma membrane 
by microtubule-dependent and microfilament-independent mechanisms. 

Beside the specific, slowly reversible deactivation, a second type of 
unspecific deactivation has recently been discovered. This cross-de- 
activation is elicited by C3 and C5 peptides, and not by Ach or histamine. 
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Unlike specific deactivation, it depends on the contractile response of 
the ileum. It is .maximal after a few seconds and fades within 3 rain. 
Increases of intracellular cAMP in the direct target cells of C3a and C5a 
(subserosal mast cells?) may be causative as agents increasing cAMP 
levels promote whereas substances blocking cAMP elevations prevent it 
(Damerau et al. 1985d). This type of deactivation may serve as a negative 
feedback mechanism, which restrains stimulation of guinea pig ileum by 
complement peptides. 

In contrast to the detailed studies on the guinea pig ileum, data 
on other intestinal organs are sparse. Rat ileum, which does not respond 
to histamine, is considerably less sensitive to C5 peptides. Inhibitor 
experiments indicate that neither histamine nor serotonin acts as a 
secondary mediator (Vogt et al. 1969). In the rat stomach, the spasmo- 
genic effect of CSa-desArg (used as unfractionated activated rat serum) 
is inhibited by indomethacin. Therefore, cyclooxygenase products may 
be involved, whereas histamine, serotonin, and bradykinin do not mediate 
the contractile response (Damas 1982). 

2.6.2 Smooth Muscles o f  Lung and Trachea 

In recent years, actions of complement peptides on the respiratory 
system have regained considerable interest going far beyond the earlier 
analyses of shock-promoting effects in guinea pigs. Though performed 
with animal tissues, recent studies center on pathomechanisms of human 
pulmonary diseases (bronchial asthma, lung inflammations, and ARDS). 

In strip-like preparations of guinea pig trachea and lung, C3a and 
C5 peptides induce slowly increasing, prolonged contractions which 
become maximal after some minutes and fade within 10-40 min (Regal 
et al. 1980; Stimler et al. 198 lb). In lung strips the contractions can be 
completely removed by washing (Stimler et al. t981b). Sensitivity of 
both organs to the peptides is similar to that of the guinea pig ileum 
(see previous section). However, in contrast to its behavior in the ileum, 
in lung preparations C3a has much lower intrinsic activity than C5 
peptides. 

Upon repeated applications, both lung and trachea are rapidly 
rendered unresponsive to C5a (Regal et al. 1980; Stimler et al. 1981b, 
1982). Selective deactivation to C3 and C5 peptides has been observed 
in lung tissue (Stimler et al. 1981 b). In contrast, the synthetic C terminal 
fragment C3a(57-77), which is as potent as native C3a, does not cause 
deactivation, possibly due to different binding characteristics (Huey 
et al. 1984b). 

Pharmacologic experiments suggest that the peptides act via various 
secondary mediators which are as yet incompletely defined. Interpreta- 
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tion of the data is difficult, since the action of some mediators seems 
to be based on cooperative processes. Furthermore, for most inhibitors 
unspecific effects have not been thoroughly ruled out. 

Histamine appears to be of minor importance, since Ha antihistaminics 
are largely ineffective, except for inhibition of the onset of C5a-induced 
contractions of lung strips (Regal et al. 1980, 1983b; Stimler et al. 
1981b, 1982, 1983). In lung preparations, SRS-A (slow reacting sub- 
stance of anaphylaxis) may predominantly mediate the effect of  C5a. In 
addition, endogenous PGE1 and PGF1 a may either be involved directly 
in the contractile response (Stimler et al. 1982; Regal et al. 1983b) or 
may facilitate the action of SRS-A, since cyclooxygenase inhibitors 
impair the effects of LTC4 and LTD4 (Stimler 1984). Beside such 
functional evidence for their involvement, formation/release of SRS-A, 
prostaglandins, and histamine upon stimulation with C5 peptides has 
been reported (Stimler et al. 1982, 1983). The C3a-induced response, 
on the other hand, seems to be predominantly mediated by cyclooxy- 
genase products, because it is effectively reduced by aspirin and indo- 
methacin, but not by lipoxygenase inhibitors. Accordingly, C3a stimulates 
release of PGE2 and PGFI a, but not of SRS-A (Stimler et al. 1983). 

In tracheal preparations, aspirin does not affect, but indomethacin 
moderately curtails the response to C5a, whereas in combination with 
the H1 antihistaminic diphenhydramine both drugs evoke distinct 
inhibition. Therefore, Regal and Pickering (1983) have assumed that 
histamine and cyccloxygenase products evoke the response in mutual 
cooperation. However, PAF could also act as a secondary mediator 
in this response: it is formed in various cell types after stimulation 
with complement peptides, causes bronchoconstriction in guinea pigs, 
and is inhibited by combinations of the aforementioned drugs (Vargaftig 
et al. 1982). In addition to these putative mediators, leukotrienes 
(SRS-A) may be involved (Regal and Picketing 1981). 

2.6.3 Blood Vessels and Heart Muscle 

In the cardiovascular system, complement peptides evoke an array of 
pathologic changes which may aggravate disturbances in shock states by 
occlusion of blood vessels and by deranging cardiac functions (see Sect. 
3.2). These alterations are produced mainly by actions on vascular smooth 
muscle cells and heart muscle cells, as well as by intravascular formation 
of leukocyte and, in certain species, of platelet aggregates. 

In the guinea pig heart, C3a and C5a cause positive inotropic and 
chronotropic effects in spontaneously beating atria in Langendorff- 
perfused hearts (Greef et al. 1959; Huey et al. 1984a; Hachfeld del Balzo 
et al. 1985; Regal 1985) and in electrically stimulated papillary muscle 
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(Bernauer et al. 1971, 1972). By contrast, rat papillary muscle fails to 
respond to C5a-desArg (Bernauer et al. 1972). Quantitatively, the 
positive inotropic action on guinea pig atria is well in the physiologic 
range: thresholds are 10 -9 M for C5a and 4× 10 -9 M for C3a, the latter 
being surprisingly potent in comparison with other actions (Huey et al. 
1984a). 

At low stimulus intensity, repeated applications seem not to induce 
deactivation (Huey et al. 1984a), but at higher concentrations C5 peptides 
cause rapid loss of  reactivity (Regal 1985). The chronotropic response 
is partly inhibited by the H~ antihistaminics metiamide and cimetidine, 
indicating that endogenous histamine mediates the effect at least initially. 
In contrast, the action of  C3a on atria is virtually histamine-independent 
(Huey et al. 1984a). However, in Langendorff-perfused heart prepara- 
tions histamine is liberated by C3a and its amount  closely correlates 
with the positive chronotropic changes (Hachfeld del Balzo et al. 1985). 
Therefore, histamine seems to originate mainly from other cardiac 
regions. In atria, FPL 55712 inhibits both peptides, whereas indomethacin 
impedes the effect o f  C3a only, but  even slightly augments that of  C5a 
(Huey et al. 1984a). Therefore, the authors conclude that C3a responses 
are mediated by leukotrienes and prostaglandins, those to C5a by leuko- 
trienes and vasoactive amines. 

As indicated before, the effects on isolated Langendorff-perfused 
hearts are complex. Unlike atria, the ventricles respond with a decrease 
of  contractile force to C3a and  C5a (Bernauer et al. 1971; Hachfeld 
del Balzo et al. 1985). Furthermore, the peptides stimulate sinus rate, 
impair atrioventricular conduction, and induce coronary vasoconstric- 
tion. C3a-desArg is inactive. The negative inotropic effect may be caused 
by endogenous leukotrienes; they appear not to be due to the con- 
comitant coronary vasoconstriction. The coronary artieres are presumably 
constricted by endogenous thromboxane, which has been detected in 
measurable amounts after stimulation with C3a (Hachfeld del Balzo 
et al. 1985). 

Regarding the pathophysiologic implications of these findings, 
Hachfeld deI Balzo et al. (1985) suggest that in immediate hypersensitivity 
reactions complement peptides may contribute to cardiac dysfunctions 
such as tachycardia, arrhythmia, left ventricular contractile failure, 
and coronary vasoconstriction. This seems to be feasible - at least for 
disturbances mediated by histamine - since human hearts contain 
relatively large amounts of  this amine (for a survey see Levi et al. 1982). 

In vivo, systemic application of C5a-desArg causes a short fall and sub- 
sequently a longer-lasting rise of  peripheral arterial blood pressure in guinea 
pigs; in cats, only the hypotensive reaction is inducible (Bodammer 1969). 
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Similarly, infusion of human and porcine C5a into the renal artery of 
rats leads to increases in efferent arteriolar resistance resulting in de- 
creased nephron plasma flow (Pelayo et al. 1986). Experiments with 
strips of isolated blood vessels have shown that the reactions to the 
peptides are highly species dependent: whereas strips from guinea pig 
vessels are contracted by C3a and C5a with thresholds of 10 -9 M and 
10 -8 M (Regal 1982; Marceau and Hugli 1984), preparations from 
rabbits respond to C5a predominantly with relaxation (threshold about 
10 "9 M) and are resistant to C3a (Hugli and Marceau 1985). In both 
animal species, the sensitivity decreases from portal vein to pulmonary 
artery to aorta. Contractile responses to C3a or C5a last much shorter 
than those to other vascoconstrictors such as norepinephrine and 
histamine. With repeated applications deactivation develops rapidly. 
Analyses with various inhibitors indicate that the effects of C3a and C5a 
on vascular tissues are mediated by different endogenous agents. The 
responses of guinea pig vessel preparations seem to be evoked by prosta- 
glandin4ike substances (TxA2 ?), with additional participation of leuko- 
trienes in the case of C3a and of  histamine in the case of CSa (Regal 
1982; Marceau and Hugli 1984). The relaxing effect of C5a on rabbit 
vessels may be due to the vasodilatory prostaglandins PGE2 and PGI2 
(Hugli and Marceau 1985). Because of their short duration and the 
rapid deactivation, vascular actions of complement peptides seem to be 
of minor physiologic significance. 

3 Actions In Vivo 

3.1 Proinflammatory Effects 

When applied locally to extravascular sites in vivo, complement peptides 
produce acute inflammatory reactions with increases in vascular per- 
meability and accumulation of leukocytes. The models used range from 
injections into solid tissues (intradermal/subcutaneous sites) and body 
cavities (peritoneal/pleural cavity) to instillations into the respiratory 
tract (for references see below). Proinflammatory effects have been 
demonstrated with purified peptides in different mammals such as man, 
rabbit, guinea pig, and hamster. 

Depending on animal species, kind of peptide, and site of application, 
the data show some divergences, especially with respect to those on 
leukocyte accumulation. This effect is usually elicited by human, porcine, 
and guinea pig C5 peptides (Jensen et al. 1969; Damerau and Vogt 
1976; Fernandez et al. 1978; Larsen et al. 1980; Bj6rk et al. 1985; 
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Yancey et al. 1985), but could not be shown with human C3a (Fernandez 
et al. 1978; Bj6rk et al. 1985). In contrast to the human C3 peptide, 
porcine C3a and C3a-desArg induce leukocyte accumulation (Damerau 
et al. 1978b). The same species difference is seen in an in vitro model 
(Sykes-Moore chamber): here human C3a-desArg fails to stimulate 
undirected migration of  human PMN, while porcine C3a-desArg is active 
(own unpublished observations). Accordingly, porcine C3a and C3a- 
desArg but not human C3a evoke PMN chemotaxis (Damerau et al. 
1978a; Fernandez et al. 1978). An example of the influence of  the 
application site is the finding that intratracheal instillation in rabbits of  
human CSa shows no or only weak proinflammatory action, albeit 
that C5a<lesArg causes severe inflammation (Larsen et al. 1980; Stimler 
et al. 1980). Since in vitro (chemotaxis, exocytosis) C5a is more active 
than its desArg derivative, the authors suggest that in vivo the peptides 
may bind to different structures/cells or may be distributed differently. 
For  instance, primary C3a and C5a could be eliminated more rapidly 
from the site of  application, because they are more potent  histamine 
releasers. Furthermore, different cell types may respond differently 
to CSa and C5a<tesArg, or kinds/amounts of  mediators released from 
these cells may vary and lead to different synergistic effects (Huey 
et al. 1983). 

As a further speciality, vasodilators are sometimes required as 
additional mediators of  proinflammatory actions. This synergism with 
complement peptides and other chemoattractants (LTB4, FMLP) seems 
to be restricted to tissues with generally little blood supply, e.g., skin 
(Wedmore and Williams 1981), but  may not be required in regions 
with higher perfusion rates, such as the guinea pig pleural wall or hamster 
cheek pouch. Alternatively, in other regions endogenous vasodilators 
may be produced upon stimulation with complement peptides and thus 
facilitate the proinflammatory effects. For example, increased produc- 
tion of  PGI2 by C5a and C5a-desArg has been demonstrated in isolated 
aortic strips from rabbits (Rampart et al. 1983). 

In view of  such special requirements, it is not  surprising that pro- 
inflammatory potencies o f  complement peptides vary considerably 
in the different studies. Intradermal and subcutaneous injections seem to 
be most effective: permeability increases in human or guinea pig skin are 
evoked by doses as low as 10 pg - 1 ng C5a, 100 ng porcine C5a-desArg 
and 1 /~g human C5a-desArg (Vallota and Mtiller-Eberhard 1973; Hugli 
et al. 1981b; Stimter et al. 1981a; Yancey et al. 1985). In contrast, 
human C5a-desArg has been reported to be without effect in guinea pig 
skin (Webster et al. 1980a). C3a is active in the nanogram, C4a in the 
microgram range (Wuepper et al. 1972; Vallota and Mi~ler-Eberhard 
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1973; Gorski et al. 1979; Stimler et al. 1981a). Astonishingly, in the 
hamster cheek pouch C3a is about ten-fold as active as C5a (Bj6rk 
et al. 1985). When applied into body cavities, 100-1000 times higher 
peptide doses are required to increase permeability (Damerau and 
Vogt 1976; Damerau et al. 1978b; Fernandez et al. 1978). Comparing 
the leukocyte-accumulating potencies in rabbit skin on a molar basis, 
C5a-desArg has been found to be markedly more active than LTB4 
and PAF, but distinctly less potent  than Escherichia coli endotoxin 
(Colditz and Movat 1984b; Movat et al. 1984). 

A close correlation between leukocyte-accumulating and permeability- 
increasing effects has been observed for porcine C3 peptides as well as 
human and porcine C5 peptides (Damerau and Vogt 1976; Damerau 
et al. 1978b; Wedmore and Williams 1981; Bj6rk et al. 1985). This 
points to a causal relationship between both phenomena. Indeed, in 
certain systems complement peptides produce vascular leakage only in 
the presence of PMN. In leukopenic animals the peptides fail to augment 
permeability, while low molecular weight agents (histamine, bradykinin) 
exhibit direct, PMN-independent activity (Issekutz et al. 1980; Wedmore 
and Williams 1981). 

Mechanistically, PMN have been proposed to break junctions between 
adjacent endothelial cells and to damage the underlying basement 
membrane by their lysosomal proteases or cytotoxic oxygen species. 
Alternatively, stimulated PMN may secrete substances which cause 
contraction of endothelial cells and thus lead to permebility increases 
(Issekutz et al. 1980; Wedmore and Williams 1981). A major role for 
PMN-derived H2 02 in endothelial damage is suggested by the inhibitory 
action of catalase (Rampart and Williams 1985). On the other hand, 
neither endogenous LTB4 nor histamine appears to cooperate in the 
PMN-dependent effect of C3a and C5a, whereas elsewhere histamine may 
contribute to early leakage (Bodammer and Vogt 1970b; Forrest et al. 
1981 ; Bj6rk et al. 1985; Yancey et al. 1985). 

In addition to their PMN-dependent action, complement peptides 
may also increase permeability directly: porcine C3a-desArg has been 
found to affect vascular walls even when PMN accumulation is drastically 
reduced by concomitant systemic application of this peptide or by 
treatment with colchicine. As shown by inhibitor experiments, C3a- 
desArg acts independently of histamine and prostanoids (Damerau et al. 
1978b). 

Further insights into the regulation of proinflammatory activities 
were gained by studies on lung inflammation. Intravenous injection of 
C5a, though provoking massive PMN margination and trapping of ag- 
gregates in lung vessels, does not create inflammatory lesions (Henson 
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et al. 1979). Actual inflammatory response with increased permeability, 
fibrin formation, diapedesis of erythrocytes and sequential accumulation 
of PMN and monocytes is elicited only when the peptide is instilled 
extravascularly, into the airways (Kreutzer et al. 1979; Shaw et al. 
1980). Therefore, additonal factors are apparently needed for its initia- 
tion. One of  these may be a concentration gradient originating from the 
tissue space, by which the chemoattractant could attract PMN into the 
lesion. Specifically for the lung, alveolar macrophages have been 
demonstrated as releasing a PMN-attracting agent upon stimulation 
with C5 peptides (McCarthy and Henson 1979). Furthermore, PMN may 
damage endothelial cells during their transvascular migration only, for 
instance by generating oxygen radicals (Sacks et al. t978). Another 
facilitating factor may be the formation of prostanoids after "mild" 
insults to the lung (surgical procedures, transient hypoxia), as they work 
synergistically with C5 peptides (Larsen et al. 1985). 

In contrast to the advancing analysis of additional factors, the 
mechanisms regulating intensity and duration of inflammatory reactions 
are just beginning to be understood. Until recently, it had been generally 
assumed that proinflammatory actions of complement peptides were 
terminated predominantly by (proteolytic) inactivation, receptor binding, 
and deactivation of the effector PMN (Gotdstein 1979; Meuer et al. 
1982). However, these mechanisms may be operative in the blood stream 
only. Here complement peptides actually diminish PMN responsiveness 
resulting in impaired emigration (Damerau et al. 1978b; Solomkin et al. 
1981). Recent studies in which chemoattractants were repeatedly ap- 
plied into rabbit skin suggest other local regulatory mechanisms: here, 
PMN emigration appears not to be solely controlled by concentration 
gradients (Colditz and Movat 1984b). In addition, it is a self-limiting 
process, but it is limited neither by deactivation of circulating PMN or 
by generation of unspecific migration inhibitors (Colditz and Movat 
1984a). Rather, it is terminated by deactivation of other targets, pre- 
sumably endothelial cells or cells remote from the vessel wall. Since 
deactivation in this model is essentially stimulus-specific (with partial 
cross-deactivation between LTB4, C5 fragments, and PAF), Colditz and 
Movat (1984a) conclude that PMN accumulation is terminated by down- 
regulation of a receptor-coupled mechanism which initially triggers the 
emigration response. 

In natural inflammatory processes, several PMN activators and 
additional amplification mechanisms, resulting in network4ike multistep 
reactions, are likely to work simultaneously, with different compositions 
of agents and cells. It is, therefore, very difficult to evaluate the patho- 
physiologic significance of C3 a or C5 a for individual diseases. Nevertheless, 
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complement peptides have been detected, partly in concentrations 
sufficient to evoke biologic actions, in various inflammatory fluids/ 
lesions, such as in joint fluids from rheumatoid arthritis, gouty arthritis, 
vasculitis-affected tissue, peritoneal exudates and cerebrospinal fluid 
during meningitis (reviewed by Vogt 1974, 1986; Hugli and Miiller- 
Eberhard 1978). Hence, complement peptides most likely contribute to 
symptoms in these diseases, but their actual significance is not known 
in most cases. 

3.2 Shock-Promoting Effects 

The original denomination of porcine, guinea pig and rat C5a-desArg 
as anaphylatoxin points to its acute life-threatening effects, most severe 
in guinea pigs, after systemic application. In the guinea pig the main 
symptoms are bronchospasm and cardiovascular disturbances. Intra- 
venous bolus injection of C5a-desArg causes a short-lasting tachypnoea 
which does not undergo deactivation at repeated challenges. It is, however, 
abolished by bilateral vagotomy, indicating that this response is produced 
by reflex mechanisms (Bodammer and Vogt 1967; Bodammer 1968). 
The initial stimulatory phase is soon followed by severe impairment of 
expiration leading to lung inflation and eventually to death. The underly- 
ing bronchospasm is reminiscent of that in human asthmatic attack. 
It seems to be induced by the combined spasmogenic actions of liberated 
histamine, serotonin, and of cholinergic stimulation since it is partly 
inhibited by each tripelennamine, methysergide, and atropine. Combina- 
tions of tripelennamine and atropine totally abolish it (Bodammer and 
Vogt 1967; Bodammer 1968). In cats, tachypnoea and bronchospasm are 
less pronounced; they seem to be mediated predominantly by histamine 
(Bodammer 1969). 

In guinea pigs, the changes in blood pressure are less severe than, and 
independent from the respiratory disturbances: systemic administration 
of porcine C5a-desArg produces first a transient fall (not subject to 
deactivation) and then a rise in peripheral arterial blood pressure, which 
rapidly becomes tachyphylactic upon restimulation. Both alterations 
disappear spontaneously after a few minutes. The initial hypotensive 
reaction is not mediated by histamine, serotonin, ACh, or catecholamines 
(Bodammer and Vogt 1967). Actually, it may be due to production of 
vasodilatory PGI2 and to obstruction of lung vessels by platelet and 
leukocyte aggregates (Grossktaus et al. 1976; Stimler et al. 1980). The 
latter changes presumably elevate the pulmonary artery pressure 
(determined in cats, but for technical reasons not in guinea pigs; Bodam- 
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mer 1969) and decrease cardiac output. As has been shown in sheep 
(McDonald et al. 1983), formation of TxA2 appears to contribute 
to the increased resistance in pulmonary circulation. In guinea pigs, 
the hypertensive response to C5a-desArg is presumably elicited by 
catecholamines as it is blocked by dihydroergotamine (Bodammer and 
Vogt 1967). In cats, both depressor and pressor response become rapidly 
tachyphylactic; they seem to be independent of histamine, serotonin, 
ACh, catecholamines, and prostanoids. Since the depressor response 
clearly predominates in this species (Bodammer 1969), the circulatory 
changes may be created by platelet and leukocyte aggregates obstructing 
pulmonary circulation. Similar symptoms, which are most likely due to 
the same pathomechanisms, have been observed in dogs and sheep 
(Pavek et al. 1979). 

In humans, complement peptides may also produce similar cardio- 
vascular disturbances. Their generation in the blood stream, which would 
preferably trigger such events, has been demonstrated, for instance, 
during hemodialysis, leukapheresis, cardiopulmonary bypass, ARDS, 
severe trauma, sepsis, and burn injury (Craddock et al. 1977a; Hammer- 
schmidt et al. t978a; Chenoweth et al. 1981; Solomkin et al. 198t; 
Heideman and Hugli 1984; review by Vogt 1986). Conversely, anti-C5a 
antibodies have been found to mitigate the respiratory distress elicited in 
primates (Macaca fascicularis) by intravenous infusion of E. coli (Stevens 
et al. 1986). Earlier, it had been assumed that major shock symptoms 
developing in these instances could be elicited directly by peptide- 
induced PMN stimulation, in particular by aggregate formation and 
subsequent occlusion of small blood vessels (Hammerschmidt et al. 
1978b; Jacob et at. 1980; Jacob 1981). However, the role of PMN 
aggregates had presumably been overestimated, since they disintegrate 
spontaneously in vivo. Therefore, PMN aggregation must be accompanied 
by other pathologic changes in order to disturb the microcirculation 
seriously. Some of these - largely putative - mechanisms have been 
discussed in previous chapters (hypoxemia, formation of TxA2 ; see for 
instance Gee et al. 1985); additionally, for sustained vascular damages 
platetet activation (via PMN-derived PAF?) (Tvedten et al. 1985), sec- 
ondary local activation of the coagulation system (Muhfelder et al. 
1979), priming of PMN for increased exocytosis (Fowler et al. 1984), 
prolonged complement activation, and formation of oxygen radicals 
(Till et al. 1982;Ward et al. 1985), as well as synergistic actions between 
complement peptides and bacterial lipopolysaccharides on PMN (Smedley 
et al. t986) may be required. 
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4 Conclusions 

The complement-derived peptides C3a, C4a, C5a, and their desArg 
derivatives are generated in vivo when either foreign materials/surfaces 
(bacteria, viruses, plastic/cellulose compounds) encounter the organism 
and activate the complement system, or when, after tissue damage cel- 
lular proteases are liberated and directly split them off from their parent 
components.  C5 peptides - and to a lesser extent C3 peptides - can be 
generated in vivo in sufficient amounts to exert biologic effects (about 
1% of  the maximally attainable peptide concentration can be sufficient). 

When locally formed in tissues, complement peptides usually act 
in their vicinity, predominantly as inflammatory mediators which 
activate PMN and increase vascular permeability. There, they may 
initiate/support beneficial defense reactions or may help to damage host 
tissues during self-perpetuating, chronic inflammatory processes. On the 
other hand, intravascular formation seems to be detrimental to the 
organism, namely by induction of cell aggregation, occlusion of  blood 
vessels, endothelial damage, and cardiovascular disturbances, e.g., by 
release of  histamine and formation of  vascoconstricting secondary 
mediators such as TxA~. 

As regards the biologic significance of  the individual peptides, only 
C5a-desArg is a species-independent effector molecule, having a much 
better stability in vivo than C5a and high biologic potency in comparison 
with that of  the C3 peptides. C3a and C3a-desArg may participate under 
certain conditions in inflammatory processes and shock-like events. 
However, the sensitivities of the organisms to and the potencies of the 
C3 peptides vary considerably from species to species. Furthermore, 
both peptides usually have a rather low potency relative to the concen- 
trations attainable in vivo. For C4a and C4a-desArg no significant role 
can be envisaged at present since they are inactive or of  low activity. 
In general, the primary peptides (C3a, etc.) can be assumed to be of  
minor relevance, as their life time in vivo is in the range of  seconds 
only before they are attacked by ubiquitiously occurring carboxy- 
peptidases. However, in certain microenvironments in which these 
enzymes may be absent or their activity is possibly blocked (such as in 
the acidic milieu in inflamed tissues) the primary peptides may play a 
more important role. 

The phlogistic effects of  C5 peptides - and of  C3 peptides from 
certain species - lead to acute inflammatory processes, including the 
whole array of  symptoms, and possibly triggering various effector 
systems. Of the latter, t h e i r  action on PMN is best documented and 
seems to be most important.  Physiologically, the peptides cause adhesion 
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and stimulate migration (chemotaxis) of PMN. Other induced PMN 
actions, such as exocytosis and formation of oxygen-containing radicals, 
have been demonstrated mainly in vitro, but their in vivo role can- 
not presently be evaluated; strong adhesion, which may not be reached 
in the organism, is indispensable for these responses. 

Vascular permeability is enhanced by all complement peptides, 
predominantly by C5a-desArg which on a molar basis, is more active 
than amines. This response is caused partly by direct effects on the 
vascular wall and partly by indirect actions involving activated marginat- 
ing PMN and vasodilators such as PGI2 and PGE1. The respective inter- 
actions of these mediators vary with animal species and site of applica- 
tion. 

Less certainly, complement peptides (C5-desArg) may propagate and 
regulate inflammatory processes by stimulating monocytes/macrophages 
and mast cells/basophils to release their granule constituents and to 
move. These actions point to a possible involvement of these agents in 
chronic inflammation and in acute allergic reactions. However, strict 
evidence for such functions is still missing. 

Of eminent biologic interest, albeit with the least ascertained observa- 
tions in vivo, are the antagonistic actions of C3a (inhibitory) and of both 
C5 peptides (stimulatory) on primary immune responses. The largely 
speculative, yet fascinating consequence of these in vitro findings lies 
in the assumption of an important regulatory function of complement 
peptides, namely shifting unspecific to specific, immunologic defense 
reactions and vice versa: in complement activations with C3, but not C5 
conversion (such as in the fluid phase by soluble activators which may 
usually be eliminated rapidly) unspecific inflammatory reactions with 
predominant vascular responses but with minor PMN involvement 
and without specific antibody production should develop. On the 
other hand, complete complement activation, including C5 cleavage 
which is induced by particulate materials exhibiting appropriate surface 
properties (for instance, certain carbohydrates or antibodies), would result 
in inflammatory reactions with stimulation of PMN and monocytes/ 
macrophages as well as triggering of the primary immune response as the 
second line of defense in the body. 

Further in vitro actions such as platelet activation and smooth muscle 
contraction are, in my opinion, of minor pathophysiologic relevance 
for the human organism, but seem to be more important in sensitive 
animal species such as in guinea pigs. In man, secondary desArg peptides 
may contribute to certain disease states (e.g., bronchial asthma, hemostatic 
disorders) by pathologic formation of secondary effector molecules such 
as leukotrienes and TxA2, but only when the underlying disease leads 
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to altered responsiveness of target cells and/or enhanced mediator 
formation. 

Beside the peptides' potencies and the responsiveness of indivi- 
dual target cells/organs, the binding properties of complement peptides 
(fast and strong binding to specific receptors) as well as the often rapid 
loss of cellular reactivity (due to receptor down-regulation, which 
may already develop at subthreshold concentrations) must be taken 
into account. These features curtail those reactions requirflag rapid cell 
stimulation (such as aggregatory and secretory responses in PMN, mast 
cells/basophils, platelets, and contractions of certain smooth muscle 
cells) and may thereby prevent unnecessary and excessive responses. 
By contrast, PMN/endothelial interaction, cell locomotion, and increases 
of vascular permeability are much less prone to such negative feedback 
regulation. Therefore, they can be triggered and proceed during slow 
and prolonged generation of complement peptides. 

Acknowledgment. I wish to sincerely thank Miss Y. Hailer for typing the long list 
of references. 
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