
2 Biological Functions 

2.1 Role of Complement in the Induction 
of Antibody Responses * 

G. G. B. Klaus 

2.1.1 Introduction 

The principle function of complement is obviously as the effector and amplifica
tion arm of the humoral immune system. Although this has been recognized since 
the turn of the century, it is only within the last 15 years that it has also become 
evident that complement (in particular the pivotal component C3) plays an im
portant role in the inductive phase of antibody responses. Two lines of evidence 
have led to this concept, the first being the demonstration of receptors for com
plement components on lymphocytes and mononuclear phagocytes. Of the three 
major types of complement receptor (CR) which have been described on a variety 
of cell types, two are particularly relevant here, since they occur on essentially all 
B-Iymphocytes: CRl (which binds C3b and iC3b), and CR2 (specific for C3d, 
C3d.g and iC3b) [14]. Further evidence for the importance of C3 in immune in
duction has come from a variety of studies in which cobra venom factor (CVF) 
has been used to deplete animals of C3. These will be discussed in some detail. 
The picture that has emerged is that C3 is crucially involved in both antigen re
tention and in immunoregulation in vivo, and that CR (especially CR2) may have 
a role in B-cell activation. 

2.1.2 Role of Complement in Primary Antibody Responses 

2.1.2.1 In Vitro Studies 

In the early 1970s two distinct hypotheses postulated a role for activated C3 in 
B-cell activation to antibody synthesis. That put forward Dukor and Hartmann 
[9] proposed that C3b, bound to its receptors, delivers a second, nonspecific trig
gering signal to B cells, the first signal coming of course via the antigen receptors. 
T -helper cells were believed to activate C3 via release of proteases, and T -indepen-
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dent (TI) antigens were postulated to cleave C3 per se, via the alternative path
way. This concept was supported by the observation that human C3b was mito
genic for murine B cells [20], although this effect may have been due to 13lH, rather 
than to C3b [19]. It subsequently emerged, however, that not all TI antigens ac
tivate C3 [55]. Furthermore CVF, which is a powerful C3 activator, is a TD and 
not a TI antigen, as predicted from its protein nature [54]. 

The second hypothesis, propounded by Pepys, states that C3 is somehow re
quired for cell cooperation in the induction of TD antibody responses [51, 52]. 
This was supported not only by the results of in vivo experiments (Sect. 2.1.2.2), 
but also by in vitro studies which showed that anti-C3 antibodies inhibited TD, 
but not TI antibody responses [15]. Waldmann and Lachmann [66] succeeded in 
only partially reproducing these results, and hence concluded that C3 does not 
play an obligatory role in antibody formation in vitro. 

More recent data have provided support for this latter hypothesis. Essentially 
all mature human B cells carry high levels of CR1 and CR2. Both anti-CR1 and 
anti-CR2 antibodies have been shown to have stimulatory effects on human B 
cells, or to modulate their stimulation by conventional activators [8, 16,44, 70]. 
The effects of anti-CR2 antibodies are particularly relevant: CR2 receptors ap
pear to be restricted to B cells, and are also the receptors for Epstein-Barr virus, 
a well-recognized activator for human B cells. Several monoclonal anti-CR2 an
tibodies stimulate T -dependent B-cell proliferation and maturation to Ig secre
tion [44, 70]. Furthermore, cross-linked human C3b and C3d have been shown 
to act as B-cell growth factors for preactivated murine B cells [13, 41]. The pos
sible in vivo significance of these findings is discussed later. 

In contrast, a variety of studies have shown that soluble C3 inhibits both spe
cific antibody responses and polyclonallymphocyte activation [21, 43, 68, 69]. 
There seems little doubt that these immunosuppressive effects are mediated by the 
anaphylotoxic fragment C3a, generated during C3 cleavage, and indeed can be 
reproduced by the synthetic octapeptide C3a (70-77) [50]. It appears that the prin
ciple targets of C3a in these systems are T cells, including so-called suppressor
inducer cells [68]. At present the question of whether C3a plays a significant im
munomodulatory role in vivo remains open, expecially since serum contains an 
anaphylotoxin inhibitor [4]. 

The anaphylotoxic fragment of human C5 (C5a), on the other hand, enhances 
in vitro antibody responses and mixed lymphocyte reactions, and purified C5a is 
mitogenic for human lymphocytes [63, 68]. There is evidence that various comple
ment components are expressed on the surface of lymphocytes and mononuclear 
phagocytes, and Sundsmo [63] has suggested that this leukocyte complement sys
tem (comprising C5, C5a and/or C6 and C7) may be involved in lymphocyte ac
tivation. Again, there is no indication of how important C5 or other late compo
nents are in terms of regulating immune responses in vivo. Few detailed immuno
logical studies seem to have been performed on humans with late component 
deficiencies, although it should be noted that C5-deficient mouse strains, which 
are fairly common, display quite normal immune responses [17]. 
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2.1.2.2 In Vivo Studies 

Cobra venom factor (which is in fact cobra C3) is a potent complement activator, 
which interacts with factor B of the alternative pathway and forms a stable C3 
convertase. In mice a single dose of 1 ° /lg leads to rapid, essentially complete 
(>95%) depletion of circulating C3 which persists for several days. The initial 
observations of Pepys [51, 52] that CVF markedly suppresses primary in vivo 
antibody responses to TD antigens have been widely confirmed by others [30, 39, 
46]. In general, responses to TI antigens are much less affected [37, 52], although 
this has not been observed by all investigators [40, 54]. For example, Pryjma and 
Humphrey [54] found that CVF did not affect the response of mice to levan 
(which activates C3 per se), but partially suppressed antibody production to 
pneumococcal polysaccharide (which does not). The reasons for these discrepan
cies are not immediately apparent. 

In most experimental systems, primary IgG responses to TD antigens are 
more profoundly suppressed by CVF than IgM responses, in line with the greater 
T -dependence of the former [30, 52]. Similarly, CVF treatment also effectively 
suppresses production ofIgE and IgA antibodies [53]. There are, however, again 
unexplained exceptions to the above generalization. For example, Martinelli et 
al. [39] found that CVF suppressed both IgM and IgG antibody responses in 
mice, whilst in rabbits it had no effect on the primary wave of IgM or IgG anti
body-forming cells (AFC) to aggregated human gamma globulin (AHGG) ([57]; 
however, see Sect. 2.1.3.1). 

On the basis of such discrepant results, it has been suggested that the immu
nosuppressive effects of CVF are not due to C3 depletion alone, but may addi
tionally reflect complex effects of C3 cleavage products on macrophages [39, 40]. 
There seems to be no direct evidence in favour of this concept, and indeed it is 
improbable in the light of earlier results demonstrating that CVF does not sup
press a variety of T -cell-mediated responses, which are presumably highly macro
phage-dependent [52]. In addition, CVF does not affect the proportions, or hom
ing properties, of various lymphocyte subpopulations [52]. 

In conclusion, the weight of evidence is still in favour of C3 playing a more 
important role in the induction of TD, rather than TI antibody responses. This 
is in accord with evidence that C3-receptor-bearing (CR +) B cells are the ones 
that respond to TD antigens, while TI antigens preferentially address CR - B cells 
[1, 37]. 

2.1.3 Role of C3 in the Generation of Immunological Memory 

2.1.3.1 General Aspects 

In a normal animal the C3 depletion induced by CVF is relatively short-lived, and 
the individual becomes totally refractory to its effects after one treatment. This 
is because CVF is highly immunogenic, and its activity is neutralized by anti
bodies [54]. In consequence thymectomized, irradiated, B-cell-repopulated (T-) 
mice can be chronically depleted of C3 by repeated doses of CVF. We made use 
of this fact to study the role of C3 in B-cell priming by the TD antigen dinitro-
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phenylated keyhole limpet haemocyanin (DNP-KLH). This antigen primes B 
memory (B~ cells in T-, but not in athymic mice [30, 32]. Memory cells are de
fined here by their capacity to give a high-affinity IgG anti-DNP response when 
adoptively transferred to irradiated mice with appropriate carrier-primed helper 
cells, plus a small dose of aqueous antigen. 

We initially showed that T- mice treated with CVF from the time of immu
nisation with DNP-KLH fail to develop BM cells, thus indicating that an intact 
complement system is essential for the generation of memory [30]. Much support 
has emerged for this concept, not only from our own subsequent studies [25-29], 
but also from those of others, using different species of experimental animals. 
Thus, rabbits immunized with AHGG produce a cyclical AFC response [67]. If 
the animals were treated with CVF at the time of immunisation, this had no effect 
on the first wave of AFC, but markedly suppressed the second [57], which is due 
to the stimulation of memory cells by antigen persisting in lymphoid follicles [67]. 
Normal guinea pigs given phage 4>X174 produce a classical TD antibody re
sponse, with an early wave of IgM, which is rapidly superseded by IgG in the 
maintenance phase of the response. In marked contrast, C4-deficient animals 
only mount a primary-type, short-lived IgM response, after both primary and sec
ondary immunization [48]. 

2.1.3.2 Importance of Antigen Trapping in Lymphoid Follicles 

The precise function of C3 in B-cell priming is still unknown. What is clear, how
ever, is that C3 is required for long-term antigen retention in vivo. The existence 
of unique, highly specialized follicular dendritic cells (FDCs) in lymphoid follicles 
of spleen and lymph nodes has been recognized for some time (reviewed in refs. 
[38,47]). These cells, whose highly complex processes are in intimate contact with 
follicular B cells, are undoubtedly of major importance in presenting antigen to 
B-Iymphocytes. They are also quite distinct from the dendritic, interdigitating 
cells found in T-cell areas of lymphoid tissues [22]. 

Possible mechanisms of antigen trapping by FDCs are discussed in 
Sect. 2.1.3.3. For the present it is sufficient to say that these non-phagocytic cells 
bind antigen on their processes, in the form of antigen-antibody (Ag-Ab) com
plexes, and this trapping process is absolutely complement-dependent [30, 46, 49]. 
Indeed, it is clear that materials which activate C3 per se (such as levan and 
thorium dioxide) are rapidly trapped by FDCs in the absence of antibody (J. H. 
Humphrey, unpublished data). 

The dual effects of C3 depletion on B-cell priming and on Ag-Ab complex 
trapping therefore led us to postulate the following hypothesis, the evidence for 
which will not be detailed here ([25, 28, 30]; reviewed in [29, 33]). Following pri
mary immunization with a TD antigen Ag-Ab complexes are formed which fix 
activated C3, and consequently are trapped on FDCs. Here the antigen stimulates 
blastogenesis and proliferation of B cells, which is seen histologically as the ger
minal centre response. Germinal centres are thus envisaged as sites of clonal ex
pansion, and differentiation of BM cells. 

This scheme is supported by a body of earlier evidence implicating germinal 
centres in the induction ofimmunological memory [65]. However, various details 
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are still missing. Firstly, although C3 is undoubtedly required for the transport 
and/or trapping of Ag-Ab complexes in follicles, we do not know if it is also in
volved more directly in the germinal centre response. Thus, perhaps C3-split 
products could act as a "glue" to strengthen the bond between the epitopes of the 
antigen and Ig receptors on the B cells involved. Alternatively, they could act as 
B-cell growth factors (Sect. 2.1). Secondly, it is unclear what proportion of germi
nal centre blast cells are antigen-specific, i.e., if the response also encompasses a 
polyclonal element. This last possibility is suggested by evidence that Ag-Ab or 
Ab-Ab-C3 complexes, or anti-CR antibodies, can induce polyclonal B-cell activa
tion in vitro [3, 8, 16, 42, 44, 70]. 

A series of experiments indicated that preformed Ag-Ab complexes (provided 
they fix complement) are very effective immunogens for priming BM cells, and for 
inducing germinal centres. We initially concluded that mouse IgM was ineffective 
in this system [28], because it fixes mouse complement very inefficiently [34]. 
However, we then found that the capacity of this isotype to fix mouse comple
ment depends firstly on the mouse strain used as a source of complement [45], 
and, secondly, probably on the antibody as well. We now believe that some 
monoclonal IgM antibodies do fix mouse complement, while others do so poorly 
(F. Enriquez-Rincon and G. G. B. Klaus, unpublished data). On balance it thus 
appears that (early) IgM antibody can set the postulated chain of events in mo
tion, as one would predict. 

It is also clear that Ag-Ab complexes made with a particulate antigen (trini
trophenylated sheep red blood cells: TNP-SRBC) can be trapped on FDCs, and 
this too is C3 dependent [12]. There are, however, important and as yet unex
plained differences between the effects of anti-hapten antibodies on humoral re
sponses to soluble (DNP-KLH) versus particulate (TNP-RBC) antigens [10]. Pas
sively administered anti-DNP monoclonal antibodies of all isotypes had minimal 
effects on primary IgM responses, and markedly potentiated IgG responses to 
DNP-KLH. In contrast, most of the IgG antibodies tested markedly suppressed 
primary IgM and IgG responses to TNP-RBC. The potentiation of the "primary" 
IgG response to the soluble antigen could therefore reflect rapid priming of BM 
cells via FDC-bound Ag-Ab complexes. If so, we cannot explain why this does 
not also occur in the response to the particulate antigen, especially since B mem
ory cells can be demonstrated by adoptive transfer, or by in vitro culture of spleen 
cells from mice given TNP-SRBC (or SRBC) plus sufficient antibody to suppress 
the primary response [12, 62]. 

Nonetheless, taken together the available data suggest that the microenviron
ment of the follicle is instrumental in driving virgin B cells along the differenti
ation pathway towards memory cells, rather than to AFCs (since antibody pro
duction occurs largely outside follicles). We can only guess what microenviron
mental factors may be involved. However, one may be the paucity of T cells 
within follicles, (even though germinal centre formation and BM cell generation 
do not occur in nude mice). The second important feature may well be the pre
sentation of antigen to B cells as an Ag-Ab-C3 complex, rather than as native 
antigen. The evidence that CR(?2) receptors on B cells can have triggering func
tions (Sect. 2.1.2.1) suggests the following sequence of events. Resting B cells are 
activated by a combination of antigen and aT-cell signal: they then become re-
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ceptive to further signals delivered via the binding of, say C3d on immune com
plexes to CR2. If so, then it obviously remains to be determined why the latter 
induces memory cell generation, rather than the maturation of virgin B cells to 
AFCs (see [31] for further discussion of this concept). 

It is now clear that germinal centre B cells are a unique subpopulation, since 
they lack IgD, and bind much more peanut lectin (PNL) than small B cells in the 
follicular corona [7, 35, 61]. Recent studies have suggested that germinal centres 
are the sites where B cells switch surface immunoglobulin isotype - to a predom
inance ofIgA-bearing B cells in Peyer's patches, and to IgG-bearing cells in lymph 
nodes [7, 35]. This would agree with findings that the fraction B cells which bind 
high amounts of PNL also contains the majority of the BM cells (ref. [7 a]; DW 
Dongworth and GGB Klaus, unpublished data). 

Although we have focussed on the inductive role of Ag-Ab-C complexes in the 
establishment of memory, others have emphasized the feedback regulatory effects 
which Ag-Ab complexes on FDCs could exert on antibody production [64]. Ac
cording to this concept Ag-Ab complexes on FDCs will continue to stimulate 
antibody production until epitopes on the complex become masked by rising 
levels of antibody. Conversely, cessation of antibody synthesis again exposes epi
topes on the retained complexes, and a new wave of antibody production ensues. 
This hypothesis conveniently explains cyclical antibody responses, such as the one 
to AHGG in rabbits mentioned previously [67], and also various examples of 
"spontaneous" antibody responses which have been described in, for example, 
fragment cultures oflymphoid organs, from long-term immunized animals. There 
is little doubt that these phenomena reflect prolonged retention of undegraded 
antigen on FDCs. 

An extension of this scheme could involve the induction of anti-idiotypic im
munity by Ag-Ab complexes bound to FDCs [26, 27], since these can display both 
free epitopes, and antibody V -regions [56]. Similar principles seem to apply to the 
induction of anti-idiotypic memory by immune complexes as for the generation 
of conventional memory. However, as might be expected, complexes in antigen 
excess favour anti-epitopic antibody formation, while those in antibody excess 
are required to induce optimal anti-idiotypic immunity [26]. Thus, if the balance 
of idiotype-anti-idiotype interactions is a fundamental regulatory force within the 
immune system [24], then retained immune complexes, and by extrapolation 
bound C3, may represent central facets of the network system. 

2.1.3.3 Mechanisms of Follicular Trapping 

The follicular trapping mechanism represents the only known means by which 
small amounts of undegraded antigen can be preserved in the lymphoid system 
for extremely long periods. The trapping process in the spleen is C-dependent, al
though it is not known at what stage C3 is required. 1 Isolated murine FDCs are 
large, la-negative nonphagocytic cells: They carry both C3 and Fc receptors [22], 
either of which could bind immune complexes [60]. However, it appears that im
mune complex transport into follicles is mediated by a second cell type [58], most 

1 Curiously, however, C3 depletion has been reported to have far less effect on antigen localiza
tion in lymph nodes, especially in actively immunized animals [38]. 
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probably the B-Iymphocyte. Histoautoradiographic studies have shown that in 
the spleen most injected Ag-Ab complexes made with a soluble protein antigen 
are rapidly taken up (and presumably degraded) by macrophages in the marginal 
zone [59]. Within a few hours the remainder move centripetally to the follicle 
centre, so that by 24 h only label associated with FDCs remains. A similar se
quence of events occurs when mice are given TNP-RBC coated with antibody 
[12]. However, in this case we suspect (but have no proof) that the RBC complexes 
are first processed to soluble Ag-Ab complexes by marginal zone macrophages. 

Evidence that lymphocytes are involved in transport of complexes has 
emerged from various studies. The early experiments by Brown et al. [5] showed 
that when lymphocytes which had been incubated with AHGG in vitro were in
jected into mice the antigen could be demonstrated on FDCs. This suggested that 
circulating (B?) cells could transport complexes into follicles. This was made un
likely by the results of further experiments which demonstrated that irradiation 
abolishes follicular trapping, but not in animals where the spleen was shielded [6]. 
This implicates a resident radiosensitive cell in the process, since the FDC itself 
is quite radioresistant. 

This concept has recently received further support. Rats have pronounced 
marginal zones in their spleens, which consist largely of a non-recirculating IgM + 
IgD - B cell subpopulation [2]. Treatment with a low dose of cyclophosphamide 
selectively depletes marginal zone B cells, and also abolishes follicular trapping 
of AHGG [18]. These results therefore suggest that marginal zone B cells trans
port complexes into follicles: the fact that they carry CR1, CR2 and Fe receptors 
makes this an attractive possibility. 

The situation in the mouse is not as clear cut, presumably because this species 
does not have such a distinct marginal zone B-cell subpopulation. In recent ex
periments we have found that mice treated from birth with either anti-J-L or anti-b 
antibodies to suppress B-cell development show impaired follicular trapping [10]. 
Although the anti-b treatment did not cause as profound an effect as anti-J-L, the 
results nonetheless suggest that in the mouse IgM+IgD+ B cells playa significant 
role in transport of immune complexes in follicles. This, of course, assumes that 
these treatments did not affect the development of FDCs, which remains to be 
investigated. 

2.1.4 Concluding Remarks 

In this section I have attempted to give an overview of the role of complement 
in immune induction, with, admittedly, a heavy bias towards the function of C3 
in antigen localization, and hence in contributing towards the immunoregulatory 
processes which occur within germinal centres. There are obviously still many 
gaps in our understanding of the microenvironment of lymphoid follicles, in par
ticular of the role which C3 breakdown products play in B-cell activation: Nev
ertheless, I think it is now firmly established that this is the locus where C3 plays 
its most important part in immune induction. On the other hand, it remains to 
be seen how important the anaphylotoxic fragments C3a and C5a, and/or the late 
complement components are in immune response control. 
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Finally, one may question how these experimental findings relate to clinical 
experience in man. Here, the experiments of nature in the shape of genetically de
termined complement deficiencies are surprisingly uninformative. Many of these 
patients (insofar as they have been studied) seem immunologically normal, in
cluding individuals with deficiencies of C3 itself. However, as pointed out by 
Lachmann [36] it remains possible that once an individual has acquired IgG anti
body (e.g. from maternal sources) the need for complement may be less apparent 
for the inductive phase of immune responses, or the immune system may develop 
compensatory mechaninsms for bypassing the deficiency. The C4-deficient pa
tient studied by Jackson et al. [23] did, however, manifest humoral immuno
deficiency very similar to that described in C4D guinea pigs [48]. It would cer
tainly be of interest to have further detailed immunological data on such patients 
to attempt to resolve the apparent discrepancy between the experimental and the 
clinical observations. 
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2.2 Complement Interaction with Effector Cell Systems 
U. Hadding 

Regardless of some arbitrariness an effector cell is for the present context oper
ationally defined as a leukocyte endowed with complement receptors and taking 
part in the destruction of foreign material mainly of living cells such as for in
stance bacteria. 

This section is confined mainly to cellular responses, which comprise synthesis 
and/or release reactions, since all responses to complement stimuli leading to 
movements such as leukocyte mobilization, chemotaxis, or phagocytosis - the lat
ter viewed as membrane motion - are dealt with elsewhere in this book. 

2.2.1 Lysosomal Enzyme Release 

Applying purified human C5a, McCarthy and Henson investigated in vitro ef
fects on cultured rabbit alveolar macrophages [10]. Secretion of both acid and 
neutral proteases was found. Kinetic studies revealed that the onset of enzyme re
lease was 24 h after exposure to C5a. Of great importance seems the observation 
that C5a desarg was equally effective in triggering lysosomal enzyme release, 
which implies carboxypeptidases generating the desarg from not to be an efficient 
controlling system for this biological activity. Whether the stimulation of inter
leukin 1 release by C5a from macrophages, as reported by Goodman et al. [4], 
will take place simultaneously and parallel to the mentioned enzyme release, has 
not yet been clarified. 
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In a recent publication by Ghebrehiwet [3], an enzyme-releasing capacity was 
attributed to C3e (see Sect. 2.1.5). Cytochalasin B-treated human PMNs were in
cubated for 60 min at 37°C with various concentrations of C3e and the release 
of beta-glucuronidase, myeloperoxidase, and lysozyme was determined. While 
the release of the cytoplasmic enzyme lactate dehydrogenase remained within a 
4%-7% range, 25 Ilg C3e/ml induced release of 25% lysozyme, 20% beta-glu
curonidase, and 24% myeloperoxidase, amounts which were regarded to be sig
nificant. 

2.2.2 Stimulation of Arachidonate Metabolism and 
Prostanoid Liberation by C3b, C3a, and Factor H 

Since the macrophage is well equipped with complement receptors, the question 
arose whether besides pinocytosis or phagocytosis (see Sect. 2.1.8) the cell could 
mount an additional response. The first measurements were focused on the oxi
dative burst generating highly reactive oxygen species and derivatives as for in
stance superoxide anion and hydrogen peroxide. But exposing C. parvum-induced 
guinea pig peritoneal macrophages to regularly soluble C3b in concentrations up 
to 100 Ilg/ml, we were never able to observe elicitation of a respiratory burst [5]. 

As an additional measurement, the influence of C3b on a different metabolic 
pathway, namely the conversion of arachidonic acid to prostaglandin and throm
boxane, was followed. 

In a homologous system monolayers of purified guinea pig peritoneal macro
phages were cultured under serum-free conditions but in the presence of various 
amounts of C3b up to 18 h. At timed intervals cell-free supernates were collected 
and tested for the presence of prostaglandin E (PGE) and thromboxane B2 
(TXB2) by radioimmunoassay. TXB2 is the stable metabolite of thromboxane 
A2 · 

In a dose-dependent manner, C3b-induced release of both PGE and TXB2 at 
concentrations ranging from 15 to 18 Ilg/ml [7]. The steepest increase in PGE/ 
TXB2 release occurred during the first 6 h after challenge with C3b as evidenced 
by kinetic analysis. 

A number of control experiments were performed to prove that the observed 
prostanoid liberation is a specific effect of C3b. Monoclonal antibodies recogniz
ing determinants on C3b were coupled to an immunosorbent column [2]. A C3b 
preparation applied to that column was retained by more than 90% and the ef
fluent generated only small amounts of PGE and TXB2 release from macro
phages. Furthermore in a parallel experiment, C3b was passed over an anti-H col
umn to exclude a nonspecific C3b-absorption and the possibility that factor H, 
an often seen contaminant of C3 preparations, could have been responsible for 
PGE and TXB2 release. The passage over that anti-H column did not remove the 
stimulatory capacity of C3b. Mere protein effects and contamination of the ex
perimental system with endotoxins were also excluded. 

Our findings have recently been confirmed by Rutherford and Schenkein [12] 
using cultured human monocytes and C3b or iC3b as stimulus in a serum-free sys
tem. 
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After having attributed the novel synthesis inducing effect to the large cleav
age product of C3, we started to investigate a possible analogous effect of C3a 
on macrophages. Again in a homologous system guinea pig peritoneal macro
phages were challenged with C3a at concentrations of 1-4 J.Lgjml and TXB2 pro
duction was determined. Dose-dependently, TXB2 generation was induced, 
reaching values of about 70 ngj106 cells per 12 h [6]. This C3a-mediated effect was 
noncytotoxic as assessed with lactate dehydrogenase determination and could be 
blocked by indomethacin. Again the specificity of the observed effect was proven 
applying a monoclonal anti-guinea pig C3a IgG. When C3a was reacted with the 
Fab portion of this antibody prior to challenge of the macrophage monolayers, 
TXB2 release was drastically decreased. Since C3a was reported to playa role in 
the regulation ofT -cell-mediated immune responses we wanted to make sure that 
the arachidonic acid conversion induced by C3a was T-independent. Treatment 
of the monolayers with a cytotoxic monoclonal antibody directed against guinea 
pig T cells and rabbit complement did not alter the response. 

In contrast to C5a desarg, which retained its biological activity, C3a desarg 
caused only little TXB2 release from macrophages. Next we investigated whether 
a synthetic hexapeptide comprising the carboxy-terminal amino acids 72-77 of 
human C3a also stimulated TXB2 generation by macrophages. Obviously guinea 
pig C3a shares the functionally relevant amino acids at the C-terminus since hu
man C3a and hexapeptide 72-77 cross-desensitized efficiently for guinea pig C3a 
[11]. It was demonstrated with the hexapeptide that it shares with C3a the capac
ity to induce TXB2 release from macrophages but its activity was 3 logs below 
that of C3a, a ratio which had already been noted. Hexapeptide was then applied 
to study the time requirement of the stimulus to initiate TXB2 generation in the 
macrophage. Exposure of the mono layers to hexapeptide for a period as short as 
5 min sufficed to induce 80% of the release measured after 12 h of continuous 
presence [6]. While human factor H was reported to induce an oxidative burst in 
human monocytes [13], its guinea pig analog initiated production and release of 
prostanoid derivatives of arachidonic acid [8]. Considering the high concentra
tion of H in plasma a direct interaction of native monomeric H with cells seems 
unlikely. Obviously, some physical alteration or complex formation of the mol
ecule must occur creating binding capacity for the postulated H-receptor. 

2.2.3 Reduction of Ia Antigens on Macropbages 

It is well established that I region-associated (Ia) antigens encoded by the major 
histocompatibility complex are critically involved in antigen presentation. Thus, 
the ability of macrophages to present antigen, and by that to activate T -lympho
cytes, is directly correlated to their display ofla antigens. la expression is sensitive 
to environmental regulation and thus a transient phenomenon leading to inter
conversion ofIa-positive and la-negative phenotypes [1]. Recently, it was shown 
that prostaglandins also function as modulators ofla expression. PGE 1 and PGE2 
markedly inhibited la expression on macrophages previously stimulated to en
hanced la expression by lymphokines [14]. Since our group provided evidence 
that C3b induces prostaglandin and thromboxane synthesis [7], it was tempting 
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to speculate that the capacity of C3b to stimulate macrophage arachidonic acid 
metabolism might in turn lead to a reduction in la expression on macrophages. 

The expression of la antigens on HSA-elicited guinea pig macrophages was 
examined in a fluorescence-activated cell sorter (F ACS) with monoclonal anti
body 27E7 specific for an la-determinant (Ab 27E7). With this antibody 80%-
90% of freshly harvested macrophages stained specifically as compared with 2% 
observed with control ascites. When macrophages were cultured in the continu
ous presence of C3b (80 Ilg/ml), the percentage of la-positive macrophages was 
reduced to about 20% (Fig. 1). This loss of la antigens required an incubation 
time of 48 h [9]. 

The reduction of macrophage la expression was dependent on the C3b dose 
applied. While 80 Ilg/ml induced the strongest reduction, 1 Ilg/ml was effective. 
The control experiments described above employing monoclonal antibodies were 
performed and the results ascertained that the observed la reduction is a specific 
effect of C3b. Furthermore, the time interval of interaction between C3b and 
macrophages required for the induction of la decrease was determined. Macro
phages were incubated with C3b for various periods of time between 5 and 60 min 
and thereafter fluid phase C3b was washed off. After 48 h cultivation the expre
sion of la antigens was again examined by F ACS analysis. Even a C3b challenge 
of the macrophages for 5 min only led to a marked la-reduction from 87% posi
tive cells of the untreated control to 42%. The continuous presence of C3b was 
most efficient in that after 48 h culture time only 25% of the macrophages were 
still la positive. 

Taking the results together, namely that C3b reduces the expression of la 
antigens on macro phages most likely via stimulating the synthesis of arachidonic 
acid metabolites, one must consider an influence ofC3b on the antigen-presenting 
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Fig. 1. FACS analysis of Ia expression on cultured macrophages. HSA-elicited PEC (70% 
macrophages) were cultured for 48 h in the absence or presence of C3b (80 Ilgjml). Subsequently 
the cells were collected, incubated with monoclonal Ab 27E7, and then stained with FITC
conjugated F(ab'h rabbit-anti-mouse Ig. During F ACS analysis the scatter windows were set to 
detect only macrophages. C3b had no influence on cell size. Identical FACS settings were used 
to analyze C3b-stimulated cells and cells cultured in the absence of C3b. 1, binding of control 
Ab to macrophages; 2, binding of Ab 27E7 to unstimulated macrophages; 3, binding of Ab 27E7 
to C3b-stimulated macrophages. [9] 
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function of macrophages. Complement thus might contribute to a physiological 
regulatory mechanism controlling the magnitude of an immune response. 

2.2.4 Deactivation of Macropbages 

As can be deduced from the activation mechanisms of the alternative pathway 
(see Sect. 1.2.2), a constant C3 turnover in vivo will take place. This low-level pro
cess is counteracted by a whole set of inhibitors (see Sect. 1.2.3), which will pre
vent an amplification reaction. For the emerging anaphylatoxins enzymatic inac
tivation generating the desarg forms is an inefficient control mechanism, since on 
the one hand C3a and C5a might very rapidly reach their corresponding receptors 
on target cells, thus escaping the action of carboxy peptidase, and on the other 
hand even the C5a desarg is biologically active. The organism seems to cope with 
this problem by a mechanism called stimulus-specific low-zone desensitization. 
That concept was exemplified in the guinea pig platelet system, where exposure 
of these cells to small nonactivating amounts of anaphylatoxins induced a state 
of specific unresponsiveness toward the action of the applied peptide even in high 
concentrations [11]. It was of special interest whether also macrophages could be
come specifically deactivated. Macrophages were exposed first to repeated low 
doses of hexapeptide (15 ~g/ml), which themselves did not cause increased TXB2 

synthesis; then they were exposed to a high dose ofhexapeptide (250 ~g/ml), fol
lowed by incubation for 12 h. As shown in Table 1, TXB2 release was reduced by 
a factor of 8 as compared with macrophages given one high dose of hexapeptide 
only. PMA, however, when added to the macrophages after threefold administra
tion of the nonreleasing doses of C3a 72-77, stimulated synthesis; and large 
amounts of TXB2 were found in culture supernatants [6]. It was concluded that 
macrophages had become specifically desensitized against the TXB2-releasing ac
tion of hexapeptide. 

Taking the large number of receptor-positive cells into account, the organism 
will be able to clear considerable amounts of active peptide out of the circulation 
by that specific and harmless absorption process. 

Table 1. Deactivation of macrophages' 

Stimulus 

Hexapeptidejhexapeptide 15 + 15 + 15 + 250 j.1g/ml 
HexapeptidejPMA 15 + 15 + 15 j.1g/ml + 0.1j.1g/ml PMA 
Hexapeptide 15+ 15 + 15 + 15j.1g/ml 
Hexapeptide (250 j.1g/ml) 
PMA (O.lj.1g/ml) 

Release of TXB2 

(ng/ml) 

2.05+0.5 
97.5±8.7 

2.4 ± 0.4 
33.5 ± 5.0 

125±10.1 

• Macrophages were exposed to repeatedly administered low doses of hexapeptide (15 j.1g/ml) at 
times 0, 5, and 10 min, followed by addition of a high dose of hexapeptide (250 j.1g/ml), a low one 
(15j.1g/ml), or an optimal dose of PMA (O.1j.1g/ml). TXB2 release after 12h of culture was 
determined by RIA. Results are given per 106 cells and represent means ±SDs of triplicate 
cultures. All doses are final concentrations [6]. 
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2.3 Complement-Dependent Neutralization of Viruses * 
N.R. Cooper 

2.3.1 Introduction 

Viruses are responsible for a number of acute and chronic infectious diseases of 
man. Host defense against viral infection is complex and includes specific and 
nonspecific mechanisms functioning at multiple levels. Immunological defense 
mechanisms operative on first exposure include the actions of phagocytic cells, 
natural killer cells, and other cytotoxic cells, natural or cross-reacting antibody 

* These studies were supported by NIH Grants AI17354 and CA14692 
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originally stimulated by other agents and the complement system. As viruses and 
virus-infected cells are immunogenic, on second infection the virus encounters a 
formidable array of humoral and cellular immunological defense mechanisms 
which act individually and collaboratively to neutralize and destroy the viruses 
and the virus-infected cells. Since viral infections are nevertheless common despite 
these defenses, much current study is devoted to the elucidation of the mecha
nisms by which viruses frequently elude such defenses and produce disease. In ad
dition, it has become apparent that a number of the symptoms and pathological 
changes attributed to virus disease result not from virus-induced damage to tis
sues but rather from the attempts of the host to combat the virus infection. This 
contribution focuses exclusively on the mechanisms by which the complement 
system functioning alone, or synergistically with antibody, inactivates viruses and 
destroys virus infected cells in vitro. In the in vivo situation, such mechanisms are 
also operative but function in an integrated, coordinate manner with cellular im
mune defense mechanisms. 

2.3.2 Natural and Induced Immunity to Viruses 
and Virus-Infected Cells 

Natural immunity may be of the humoral or cellular type. Natural or preexisting 
humoral immunity includes the actions of antibody originally stimulated by other 
viruses or agents which cross-react with viral structures. Natural cellular immu
nity includes the actions of monocytes, macrophages, natural killer cells, and 
polymorphonuclear leukocytes which may directly recognize virus-infected cells 
and perhaps viruses in the absence of antibody or complement. Viral and virus
related cellular surface structures elicit specific humoral and cellular immune re
sponses. The primary immunogens as well as the structures recognized by hu
moral immune defense mechanisms are the viral proteins which are projecting 
through or situated on the external surface of the lipid bilayer of enveloped pro
teins. Such proteins, which are frequently glycosylated, are also found on the por
tions of the cellular membrane overlying the viral nucleocapsids. In the case of 
a number of viruses, T-cell priming and stimulation as well as cytotoxic T-cell re
sponses require an as yet undefined intimate relationship between virus-specified 
structures and proteins encoded by the major histocompatibility complex. 

It appears that the complement system may function as a natural system of 
immunity in the case of certain viruses. This surveillance role for the complement 
system is supported by the observation that several viruses and virus-infected cells 
directly trigger the classical or the alternative complement pathways in the com
plete absence of antibody, leading to complement-mediated damage to the virus 
or the virus-infected cell. Antibody bound to viral proteins expressed on the sur
face of the virus or the infected cell may trigger the complement system leading 
to a complement-dependent reduction in viral infectivity or impairment of cell 
viability. 
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2.3.3 Direct and Antibody-Dependent Complement Activation 
by Viruses and Virus-Infected Cells 

Several viruses have been found to activate the complement system in the absence 
of antibody [4, 5]. Among these, purified retroviruses directly and very efficiently 
activate the first complement component in purified form or in serum [3]. Activa
tion is initiated by the binding of C1, via C1q, to the p15E envelope protein of 
retroviruses [1]. Although as yet not thoroughly studied, Sindbis [6] and New
castle disease [22] viruses probably also directly activate the classical complement 
pathway. The alternative complement pathway is activated in human serum lack
ing specific antibody by Epstein-Barr [13] and Sindbis [6] viruses. Studies with the 
purified proteins of the alternative pathway at physiological concentrations have 
confirmed this ability of purified Epstein-Barr virus [13]. 

Human cells and cell lines infected with measles virus activate the alternative 
complement pathway in the complete absence of antibody [19]. These studies uti
lized the six purified proteins of the alternative pathway at physiological concen
trations and activation was assessed by C3b deposition on the surface of the in
fected cell; there was no C3b binding to uninfected cells. A number of human lym
phoblastoid cell lines similarly activate the alternative pathway in human serum 
in the absence of antibody as assessed both by C3b binding to the cells and C3 
conversion in the serum [11,21]. This property has been observed to correlate with 
infection or transformation by Epstein-Barr virus [10, 13]. Although not carefully 
studied from the mechanistic standpoint, it is likely that alternative pathway ac
tivation by virus-infected cells is a general phenomenon since cells infected with 
multiple RNA and DNA viruses including measles, mumps, parainfluenza 1, 2, 
and 3, herpes simplex I and II, and influenza are lysed by the alternative comple
ment pathway in the presence of specific antiviral antibody [4, 7, 17]. It is likely 
that antibody is needed for the lytic step rather than the activation event as is the 
case in the carefully studied measles system [17,18,20]. 

Antibody potentiates complement activation via either the classical or the al
ternative pathway by viruses and by virus-infected cells [4]. In the case of IgG 
antibody, the repeating array of viral envelope glycoproteins probably facilitates 
the formation of the clusters of IgG molecules in close proximity required for ac
tivation of the classical pathway. Viruses in combination with either IgG ofIgM 
antibody form immune complexes which differ little in biological activity or prop
erties from comparable complexes formed with soluble proteins. Antibody in
volved in complement activation may be specific and elicited by a previous infec
tion or may be a cross-reacting antibody originally stimulated by another antigen. 
Examples of activation of the classical pathway by both elicited as well as cross
reacting antibody are plentiful [4]. Alternative pathway activation is similarly po
tentiated by the presence of antibody. Alternative pathway activation by several 
isolated viruses including influenza [2] only occurs in the presence of antibody. 
In the case of virus-infected cells, the antibody requirement for alternative path
way mediated lysis, as noted above, relates to an as yet unidentified role in the 
lytic phenomenon rather than the activation event. Nevertheless, antibody does 
potentiate alternative pathway activation in the measles virus infected cell system 
as manifested by an increased rate of C3b deposition [19]. This is akin to a similar 
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potentiation of alternative pathway activation by antibody in several non viral 
systems. 

2.3.4 Antibody and Complement-Dependent 
Viral Neutralization 

Three principal mechanisms of antibody and/or complement-dependent neutral
ization of isolated viruses have been identified. These include neutralization by 
aggregation, by envelopment with protein, or by lysis. The complement compo
nents required, the pathways, and certain distinguishing characteristics of each of 
these mechanisms will be briefly considered below. 

As enveloped and nonenveloped viruses have multiple copies of proteins on 
their surface, they may be aggregated by multivalent antibody molecules directed 
against such antigens. This has been observed for many viruses [4, 12]. Aggrega
tion reduces the net number of infectious units and thus produces a reduction in 
viral titer.-Very few antibody molecules are required to produce neutralization in 
this manner. Complement-dependent aggregation leading to neutralization is rel
atively uncommon but has been observed with polyoma virus, a nonenveloped 
DNA-containing virus [16] and probably also occurs with lymphocytic 
choriomeningitis virus [23]. 

The deposition of antibody and complement molecules on the surface of the 
virus may mask viral glycoproteins and other structures needed for the attach
ment of the virus particle to a potentially infectible cell and thus produce neutral
ization. Halos of antibody and complement protein are readily visualized by elec
tron microscopy (Fig. 1) on the surface of virus particles after interaction with 
antibody and complement. It is likely that envelopment is the predominant mech
anism of antibody and complement-dependent viral neutralization as noted be-

Fig. I. Demonstration of lysis of EBV by electron microscopy. EBV was examined alone (left) , 
after interaction with immune IgG antibody (center), or with immune IgG antibody and comple
ment (right) . In the center panel the halo of antibody protein surrounding the virus is readily vi
sualized. In the right panel visible complement-dependent lytic changes include separation of the 
thickened disrupted envelope from the nucleocapsid and various stages of disintegration of the 
viral nucleoid 
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low. Neutralization by envelopment with protein does not require completion of 
the reaction sequence. In those cases thus far examined in detail with either puri
fied complement components or with human serum lacking specific complement 
components, neutralization occurs with completion of either the C4 or C3 step. 
This has been found with influenza, Epstein-Barr, equine arteritis, Newcastle dis
ease virus, vesicular stomatitis, and vaccinia viruses [2, 4, 8, 9, 13,23]. Although 
several viruses have been found to active the alternative pathway including influ
enza [2] and Epstein-Barr virus [13] as described earlier, this pathway alone has 
not been observed to lead to viral neutralization. Thus, in all cases thus far stud
ied, complement reactivity leading to neutralization has been via activation of the 
classical pathway. 

Most and probably all enveloped viruses are susceptible to complement-de
pendent lysis. Antibody- and complement-mediated or nonimmune complement
mediated lysis of numerous viruses including corona-, myxo-, arena-, retro-, para
myxo-, and alphavirus has been documented [4]. The techniques used to demon
strate lysis include electron microscopy, which reveals the typical circular lesions 
characteristic of complement-mediated disruption oflipid bilayer membranes; in 
thin sections electron microscopy shows progressive separation of the envelope 
from the nucleocapsid and varying degrees of disintegration or expulsion of the 
viral nucleocapsid from the envelope (Fig. 1). Release of internal viral constitu
ents has also been employed to demonstrate viral lysis [3-5, 23]. Despite the abil
ity of the complement system to produce lysis, this is probably not a biologically 
important mechanism of viral neutralization in vivo for two reasons. First, as 
noted earlier, a number of viruses, all of which can be lysed by the complement 
system, are neutralized by antibody together with nonlytic combinations of com
plement components. Second, very high concentrations of antibody, which are 
probably difficult to achieve in vivo, are required to trigger the complement sys
tem sufficiently to produce lysis. In the case of retroviruses, however, lysis prob
ably does represent the primary pathway of neutralization [3]. In this system, the 
first complement component is activated in the absence of antibody by the p15E 
protein present on the retroviral surface [1] and neutralization occurs by lysis as 
a consequence of completion of the complement reaction sequence [3]. This sys
tem is also unusual in that only primate complement sources have the ability to 
neutralize and lyse such viruses. Since retroviruses are seldom isolated from man 
while they are frequently found associated with malignancies in other species hav
ing complement sources lacking this ability, it has been postulated that the human 
complement system provides a defense mechanism operative against retrovirus 
infection [3, 4]. Further study is needed to determine if this is the case. 

2.3.5 Complement-Dependent Effects on Virus-Infected Cells 

As noted earlier, cells infected with a number of RNA and DNA viruses are lysed 
by the complement system in the presence of specific antibody. In entirely homol
ogous systems consisting of human cells, human antibody, and the human com
plement system, lysis proceeds via triggering of the alternative complement path
way [4,5,17-19]. Only a single exception to this phenomenon has thus far been 
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found [15]. It appears from studies with measles virus, which behaves in an anal
ogous fashion, that antibody is not needed for activation, but rather somehow fa
cilitates lysis. In addition to the requirement for antibody, properdin is also ab
solutely essential for lysis. Further study is needed to determine the mechanism 
underlying these unusual dual requirements for IgG antibody and for properdin 
to produce lysis of virus-infected cells. 

2.3.6 Conclusions 

Numerous viruses and virus-infected cells activate the complement system. In 
many cases this occurs in the complete absence of antibody, while when present, 
antibody greatly potentiates the activation events. In the case of isolated viruses, 
the complement system functions alone or in a coordinate manner with antibody 
to neutralize viruses. This neutralization reaction occurs by aggregation, which 
reduces the effective number of virus particles, by envelopment with a coating of 
antibody or complement protein which interferes with attachment of the virus to 
a potentially infectible cell or by complement-dependent lysis. Of these neutral
ization by envelopment with a coating of protein appears to be the more impor
tant biologically. Virus-infected cells frequently trigger the complement system in 
the absence of antibody and again activation is augmented by its presence. All but 
one of the virus-infected cell model systems thus far examined have been found 
to interact with the complement system through the alternative complement path
way and to lead to complement-dependent destruction of the virus-infected cell. 
This reaction sequence in addition to its unusual mediation exclusively by the al
ternative pathway has absolute requirements for specific IgG antibody and for 
properdin. Activation of the complement system in addition to producing effects 
upon the isolated virus or virus-infected cell also may induce an acute inflamma
tory response. Such a response can retard the spread of the infection and thereby 
facilitate the destruction of the infectious agent. It is likely also that the attempts 
of the host to deal with virus infections damage normal tissues. For example, im
mune complex disease frequently accompanies many virus diseases. Normal tis
sues approximate to filtering membranes may be damaged as a result of trapping 
of such immune complexes. A number of the systemic symptoms characteristic 
of viral infections such as headaches, myalgia, and fever may result from comple
ment-dependent stimulation, through its cleavage products, of the pathways of 
arachadonic acid metabolism and of other cellular secretory processes in various 
cells. 
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Blood leukocytosis and infiltration of the inflamed tissue by leukocytes are fun
damental and constant features of the inflammatory process. While it has long 
been recognized that complement is most active in promoting the infiltration (see 
Sect. 2.5), data on the possible involvement of complement also in the recruitment 
oflarger numbers of the infiltrating cells, i.e., in their mobilization from their de
pots, were not available. A first indication that complement may be involved in 
the pathophysiology of the leukocytosis reaction was derived from experiments 
in rabbits deficient in the sixth component of complement [11, 13]. When eliciting 
a passive Arthus reaction, it was possible to limit the quantities of antigen and 
antibody in such a way that the inflammation became dependent on the amount 
of C6 added to the local site. In the absence of C6, no infiltration and consecutive 
tissue damage was seen, although these animals had responded with a typical leu
kocytosis reaction. The extent of the leukocytosis and the time course of the reac
tion was similar to that observed in fully Arthus-reactive normal rabbits. The con
clusion was that (1) the leukocytosis could not have been secondary to tissue dam
age and (2) the increase in the number of circulating leukocytes if mediated by 
complement must have been caused by an activity generated prior to the activa
tion of C6 as it occurs in normal rabbits [12, 14]. 

Since in vivo experimentation was impracticable, a bone marrow assay was 
developed and introduced as a model to facilitate further studies. Based on the 
assumption that the leukocyte release from the marrow (and possibly other de
pots) represents the primary mechanism operative in the immediate leukocytosis 
reaction, the bioassay was taken as reflecting the principal reactivity in the vivo 
situation. A rat femur was perfused with a suitable medium to which the test sub
stances were added. The number ofleukocytes in the perfusate then reflected the 
leukocyte-mobilizing activity of the test substances (Fig. 1). Since little is known 
on the mechanism of the release reaction and since there is also considerable un
certainty with respect to the reactivity and identity of similar (wholly or partially 
identical) factors, a more detailed discussion seems in place. It is stressed for the 
following that the definition of the leukocyte-mobilizing factor (LMF) rests on 
its reactivity in the bone marrow assay. 

To confirm that it was indeed the activation of complement which had caused 
the generation of the leukocytosis in the C6-deficient rabbits, normal rabbit 
serum was incubated with antigen/antibody complexes or with sensitized erythro
cytes (EA). When the activated serum was added to the perfusion medium, a 
massive release ofleukocytes was seen (Fig. 1), whereas the reactivity was absent 
when heat-inactivated serum was incubated with the immune complexes or when 
EDT A was present during the incubation period. The LMF could be generated 
in sera from guinea pigs, mice, rats, or man. It was active in guinea pig or in rat 
femura. The LMF was also found in activated sera from rabbits deficient in C6 
and from mice deficient in C5, indicating its origin from components reacting 
prior to C5, i.e., C1, C4, C2, or C3. Further analysis with purified components 
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Fig. I. Perfusion of a rat femur with medium. 
A constant level of leukocyte effiux is reached 
after approximately ten drops. The injection 
of normal serum did not increase the 
leukocyte count. LMF injection increased it 
fourfold 

2 h 3 

Fig. 2. The i.v. injection ofLMF of human origin into rabbits (left) or mice (right) induced a bi
phasic leukocytosis reaction 

then revealed that the LMF was associated with the activation of C3. LMF could 
be generated by cleavage of C3 via the classical convertase. The LMF was an 
acidic peptide with a molecular weight in the vicinity of 12 kd, migrating in elec
trophoresis as a prealbumin [14]. 

The factor was also active in vivo. Intravenous injection of minute amounts 
of a purified preparation into rabbits or mice caused a massive leukocytosis. The 
response was biphasic, with a first peak after approximately 20 or 30 min and a 
second peak approximately 1 or 2 h after injection (Fig. 2). The lag period preced
ing the second peak is still not explained [15]. 
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The data were in line with observations by Alper et al. [1] on an individual who 
was genetically deficient in C3. The patient was unable to mount a leukocytosis 
reaction during several episodes of severe systemic bacterial infections [1]. Vice 
versa, when rabbits were depleted of C3 by the Lv. injection of cobra venom factor 
(CVF), known to cleave C3, the animals reacted with a massive leukocytosis [3]. 
Similar findings in C6-deficient rabbits were reported by McCall et al. [8]. The 
intravascular alternative activation of the complement cascade by CVF or inulin 
produced an immediate neutropenia followed by a marked neutrophilia. The 
reaction was evoked by a factor of a melocular weight of less than 20 kd. In ret
rospect, the generation of LMF in the rabbits under these conditions seems a def
inite possibility. 

Leukocyte mobilization was not the only biological activity associated with 
the LMF peptide. When injected intradermally, it increased the vascular perme
ability as measured by Evans Blue extravasation. LMF was devoid of chemo
tactic activity [10]. An additional quite different function was seen by Feldbush 
et al. [4] when investigating the possible participation of the factor in the immune 
response. Isolated LMF turned out to be a potent inhibitor of blastogenesis and 
of the secondary immune response ofB cells. The LMF-induced inhibition of pro
liferation was seen upon stimulation by LPS plus dextran sulfate [5]. The data 
suggest the involvement of the LMF peptide in the regulation of B-cell activa
tion. 

The exact site of origin of the LMF from the C3 molecule is still uncertain and 
so is its possible identity or nonidentity with similarly active split products gen
erated from the oc-chain under different conditions. 

In 1978, Ghebrehiwet and Muller-Eberhard described a leukocytosis-induc
ing peptide [6]. It was generated by trypsin degradation of C3 or by simple incu
bation of C3 for 5 days at 37°C. The activity was associated with a peptide, des
ignated C3e, of a molecular weight between 10 and 12 kd and of a prealbumin 
electrophoretic mobility. Similarly, again, to LMF, C3e was endowed with leuko
cyte-mobilizing activity in the bone marrow assay as well as in rabbits. When 
compared with the LMF, a striking difference, however, was noted in the time 
course of reactivity in vivo. While the i.v. injection ofLMF was immediately fol
lowed by a biphasic massive increase in the number of circulating leukocytes with 
a first peak between 20 and 30 min (Fig. 2), only one peak reactivity was observed 
with C3e after a lag period of 90-120 min. As seen with the LMF, the intradermal 
injection also of C3e increased vascular permeability. A further function of C3e 
was its ability to induce lysosomal enzyme release from human polymorphonu
clear leukocytes [7]. With iodine-labelled C3e, preferential binding to polymor
phonuclear leukocytes was demonstrated. The activity was removed from the test 
solution by exposure to solid-phase bound anti-C3. Since anti-C3e reacted also 
with C3, C3b, and C3c, but not with C3a or C3d, it was concluded that C3e was 
cleaved from the C3c fragment [6]. 

Attempts to investigate the possible partial or total identity of the LMF and 
the C3e peptides by immunochemical means were of limited success so far, pos
sibly because an epitope was exposed on the LMF that was not serologically ac
cessible in the native C3 molecule or in C3e. A monoclonal antibody raised 
against LMF of human origin recognized a preparation of human C3 in the 
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ELISA assay. The antibody also inhibited lysis of EAC4, 2, 3b by C5-C9. Vice 
versa, two polyclonal rabbit antibodies raised against denaturated human C3 rec
ognized the LMF in the ELISA assay, and antibody to zymosan-absorbed human 
C3 blocked the LMF activity in the bone marrow test. But none of a series of 
polyclonal or monoclonal antibodies to native C3 or its cleavage products C3a, 
C3c, C3d and especially to C3e recognized the LMF when tested in the ELISA 
assay. 

An at least partial nonidentity was also suggested by functional comparisons. 
In addition to the different kinetics of the leukocytosis reaction mentioned above, 
the in vivo reactivities could also be differentiated by their response to antibodies. 
Preincubation of the LMF with an antibody against the LMF abolished its activ
ities in vivo, i.e., the early as well as the late peak of leukocytosis failed to occur 
when the incubation mixture was injected Lv. in rabbits [15]. In line with this, the 
two rabbits which had produced the antibodies to LMF of human origin were un
responsive to the Lv. injection of the antigen. But when an antibody raised against 
zymosan-adsorbed C3 was employed, only the second peak of leukocytosis was 
missing. The missing peak mayor may not correspond to the reactivity observed 
upon injection of C3e. 

Yet another approach to study the biological functions of C3-derived peptides 
was chosen by Meuth et al. [9]. Cleavage of human iC3b by kallikrein of human 
plasma origin resulted in two fragments, C3c-k and C3d-k (k for kallikrein). 
While the larger fragment C3c-k had a molecular weight of approximately 
144 kd and a chemical structure analogous to that of C3c, the smaller fragment, 
C3d-k had a molecular weight of approximately 41 kd and contained the meta
stable binding site of C3. Besides some other biological functions, C3d-k was ca
pable of inducing leukocytosis in both mice and rabbits. Intravenous injection of 
C3d-k but not of C3, C3a, C3b, or C3c-k resulted in a two- to threefold increase 
in the number of circulating leukocytes. The kinetics of the response differed 
somewhat between the two species. Maximal leukocytosis in the mouse was ob
served 3 h postinjection, whereas maximal leukocytosis in the rabbit occurred 
after 2 h [9]. 

Finally, when C3 of human origin was subjected to limited proteolysis by fac
tor I, a peptid representing the C3dg part of the (X-chain (see Fig. 3) was generated. 
It was associated with a leukocytosis-promoting function when injected i.v. in 
rats. The peak number of circulating cells was noted 2 h after the injection. The 
active domain could not have been too close to the metastable binding site in the 
C3d part since the full activity was retained when the d part was removed by fur
ther digestion to leave intact only the C3g fragment [16]. 

Reviewing the various reports, then, we are dealing with peptides which have 
been generated by different means. They have in common the origin from C3 and 
the leukocytosis-promoting functions, though somewhat differing with respect to 
the kinetics. One might assume that repetitive functional domains may reside in 
the C3 molecule, all endowed with the capability to initiate a leukocytosis reac
tion, be it by similar or by different pathways. An alternative and perhaps more 
likely hypothesis would also be consistent with the available data. Since the pep
tide carriers of the activities all seem to originate from the (X-chain of C3, it was 
proposed that they may represent overlapping pieces from the region of C3dg, 
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Fig.3. A proposed model for the C3 molecule. The area of possible overlap of the different leu
kocytosis-inducing peptides (see text) is in the d-g region. SH=metastable thioester site 

that the leukocytosis-promoting function is located within the common part, and 
that the differences in function are expressions of the respective individual 
nonoverlapping regions (Fig. 3.) 
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2.5 Chemotactic Factors 
G.O. Till 

2.5.1 Introduction 

Directional movement or chemotaxis is a reaction by which the locomotion of 
cells or organisms is determined by substances (chemotactic factors, cytotaxins) 
in their environment. Chemotaxis is displayed by a variety of cells including leu
kocytes, fibroblasts, endothelial cells, tumor cells, smooth muscle cells, neuronal 
cells, bacteria, and cellular slime molds [49, 82]. The ability of phagocytic cells 
such as polymorphonuclear leukocytes (neutrophils) to recognize and respond to 
chemotactic factors is believed to be a basic function ofthe host's defense against 
invasion by pathogenic microorganisms. During immunologic or nonimmuno
logic inflammatory processes, a large variety of endogenous chemotactic sub
stances including complement-derived chemoattractants may be produced by the 
host in order effectively to orchestrate the recruitment of phagocytic cells into in
jured and/or infected tissues and organs. Chemotactic factors may increase the 
adherence of large numbers of neutrophils to the endothelium of blood vessels 
and cause migration of the phagocytes from the vessel through the junctions be
tween endothelial cells. Once the neutrophils have left the blood vessels and 
reached the area of injury or infection, they phagocytize (ingest) and destroy po
tentially harmful agents and cells. 

The German ophthalmologist Theodor Leber [39] was the first to observe and 
describe directional migration (chemotaxis) of leukocytes. After the injection of 
phlogogenic substances (extracts of Aspergillus and Staphylococcus aureus) into 
the cornea of rabbits, Leber observed an immigration and accumulation of leu
kocytes at the site of injection. Insertion into the anterior eye chamber of glass 
microcapillaries containing small amounts of phlogogenic substances caused leu
kocytes to migrate into and accumulate within the glass capillaries [39]. Since 
these first observations, numerous investigators using a variety of methods have 
observed chemotactic migration ofleukocytes in vivo as well as in vitro. Today, 
the micropore filter assay of Boyden [6] is the most widely used procedure to mea
sure chemotaxis of leukocytes and other cells in vitro. In fact, this technique has 
opened up a new era of extensive and successful research in the field ofleukocyte 
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chemotaxis. In the present communication we will concentrate on complement
derived chemotactic factors and briefly describe potential control mechanisms af
fecting chemotactic substances. Several recently published books and review ar
ticles on leukocyte chemotaxis have been included in the reference list [20, 24, 32, 
35,49,67, 73, 82]. 

2.5.2 Complement-Derived Chemotactic Factors 

The possibility that activation ofthe complement system may result in the gener
ation of chemotactic activity for neutrophil granulocytes was first suggested by 
Boyden [6]. Using his newly developed chemotaxis filter assay, Boyden showed 
that incubation (37°C) of fresh rabbit serum with immune complexes resulted in 
the appearance of chemotactic activity. Migration (chemotaxis) of rabbit perito
neal neutrophils through micropore filters was not seen when the serum was 
heated (56°C, 30 min) prior to incubation with immune complexes. However, 
once the factor was generated, heating of the serum did not abolish the chemo
tactic activity. In evaluating his results Boyden wrote: "The simplest interpreta
tion of the facts is that antibody and antigen combine to form a complex which 
interacts with a heat-labile substance (probably an enzyme, perhaps a component 
of complement), and that as a consequence of this interaction a heat-stable sub
stance is produced which has a direct chemotactic influence on the leukocytes." 
Soon thereafter, at the dawn of an exciting new era in complement research, stud
ies by P. A. Ward, R. Snyderman, and others led to the discovery of several dis
tinct complement-derived chemotactic factors, thus fully supporting Boyden's 
conclusions (Table 1). 

Table 1. Generation of complement-derived chemitactic activities 

Activity 

C3-derived 

C5-derived 

C567 

Mechanisms of formation 

C3 convertase 
Trypsin 
Plasmin 
Tissue proteinases 
Bacterial proteinases 
Leukocyte proteinases 

C5 convertase 
Trypsin 
Leukocyte proteinases 
Bacterial proteinases 
Kallikrein 

Immune complexes 
Zymosan 
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2.5.3 Trimolecular Complex of C567 

Experimental evidence that isolated complement components can display chemo
tactic activity was first reported by Ward et al. [76, 77]. These authors observed 
that incubation of fresh rabbit, guinea pig, or mouse serum in the presence of im
mune complexes, zymosan, or aggregated human gammaglobulin resulted in the 
generation of a serum activity that caused rabbit peritoneal neutrophils to mi
grate into micropore filters. Heat-inactivated or ETDA-treated sera, as well as 
mouse or rabbit sera genetically deficient in the fifth and sixth complement com
ponent, respectively, failed to show appearance of the chemotactic activity upon 
treatment. Addition of purified human or rabbit C6 to the deficient rabbit serum 
fully corrected for this defect. Further studies revealed that the chemotactic activ
ity resided in the activated and complexed fifth and sixth component of comple
ment. Dissociation of the bimolecular complex (C56) resulted in loss of the 
chemotactic activity which could be regenerated upon recombination of the pre
viously dissociated and isolated proteins of C5 and C6 [77]. Subsequent studies, 
using purified human complement components and sucrose density gradient ul
tracentrifugation, demonstrated a requirement for C7 and the formation of a 
chemotactically active trimolecular complex of C567 [76]. Further reports sup
ported the existence of the complement-derived chemotactic complex of C567 in 
vitro [1, 38, 63, 78] as well as in vivo [75]. Lachmann et al. [38], who generated 
C567 in vitro by incubating purified human C56 with purified C7, showed that 
the resulting activity was able to induce a chemotactic response in both human 
neutrophils and eosinophil granulocytes. It was also found that C56 preparations 
showed only trivial, nonsignificant amounts of chemotactic activity. Only when 
purified C7, which was completely devoid of chemotactic activity, had reacted 
with C56 to form the trimolecular complex, was full chemotactic activity ex
pressed [38]. Interestingly, when the interaction of C56 with C7 took place in the 
presence of erythrocytes, C567 was bound to these cells and its chemotactic activ
ity thus removed from the fluid phase [38]. The presence of cell membranes or 
other hydrophobic surfaces may thus limit the availability of C567 chemotactic 
activity in free solution, raising the possibility that its physiologic action may be 
rather transient. 

In contrast to these findings, studies in E. Sorkin's laboratory seemed to cast 
doubts on the role of complement in the formation of a chemotactic agent for 
polymorphonuclear leukocytes. Stecher and Sorkin [62] reported that heat-aggre
gated bovine IgG which had poor complement-fixing activity was fully able to 
generate chemotactic activity in serum. They further reported that incubation of 
C6-deficient rabbit or C5-deficient mouse sera with antigen-antibody complexes 
or endotoxin resulted in the appearance of chemotactic activity which was not dif
ferent from that generated under the same conditions in normal mouse or rabbit 
serum. On the other hand, Snyderman et al. [55] could not generate chemotactic 
activity from C5-deficient mouse serum activated with endotoxin, indicating that 
C5 was essential for chemotactic activation. Whereas the molecular weight of the 
chemotactic C567 complex was estimated to be in excess of 300000 [69], the mo
lecular weight of the chemotactic factor observed in endotoxin-treated serum was 
found to be in the range of 15000-30000 [55], suggesting that the latter activity 
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might be derived from activation of a single complement component. Soon it be
came clear that a low molecular weight C5-derived factor was the predominant 
chemotactic activity in complement-activated serum (see below). Nevertheless, 
chemotactic C567 activity has been implicated as an inflammatory mediator in 
experimental immune vasculitis [72] and was found in synovial fluids from pa
tients with rheumatoid arthritis [75]. 

2.5.4 C3-Derived Chemotactic Activity 

Taylor and Ward [63] reported that incubation of rabbit serum with plasmin (gen
erated by the interaction of plasminogen and streptokinase) resulted in the ap
pearance of chemotactic activity for rabbit neutrophils. This activity was clearly 
distinguished from the previously discovered chemotactic C567 complex by its 
heat lability, slow sedimentation in sucrose density gradient ultracentrifugation, 
permeation through dialysis memb~anes, and a nonrequirement of C6 for its gen
eration. In addition, treatment of C567 with plasmin resulted in dissociation of 
the complex and loss of its chemotactic activity. Employing partially purified rab
bit C3 or highly purified human C3, the plasmin-induced serum chemotactic ac
tivity could be identified as a split product of C3 [69]. Further studies by Bokisch 
et al. [5] revealed that the chemotactic activity of the plasmin split product ofhu
man C3 resided in C3a. The C3-derived chemotactic factor, having an approxi
mate molecular weight of 6000, induced chemotaxis of rabbit neutrophils in vitro 
and, following injection into rat skin, caused increases in vascular permeability 
and accumulation of neutrophils at the site of injection [69]. 

It soon became clear that proteinases of different origin were able to generate 
chemotactic activity upon interaction with serum complement. Based on observa
tions by Hurley [29, 30], who showed that tissue extracts can generate a heat-labile 
serum activity chemotactic for neutrophils, Hill and Ward [25] performed a series 
of experiments which identified the serum chemotactic activity as a product ofC3. 
These authors demonstrated that heart tissue from rat when incubated in homol
ogous serum generated a heat-labile chemotactic activity of which both its pro
duction and its chemotactic effect could be blocked by antibody to human C3. 
It was also shown that the generation of the C3-derived leukotactic activity was 
inhibited by the addition to the reaction mixture of trypsin inhibitor [25]. Further
more, incubation with rat heart tissue of purified human C3 also resulted in the 
generation of chemotactic activity [26]. Gel filtration studies and analyses by ul
tracentrifugation on sucrose density gradients indicated a molecular weight of ap
proximately 14000 for the leukotactic cleavage product of C3 [25]. These obser
vations suggested that a tissue-derived trypsin-like activity, presumably a serine 
esterase, generated the chemotactic cleavage product of C3. Accordingly, when 
purified human C3 was incubated with trypsin, a C3a-related chemotactic activity 
could be liberated [5, 74] which, once it was generated, appeared to be resistant 
to further trypsin digestion. Cleavage of C3 and generation of chemotactic activ
ity has also been demonstrated following incubation with bacterial or neutrophil
derived proteinases. Venge and Olsson [68] used chymotrypsin-like cationic pro
teins isolated from human neutrophils. Incubation of these proteins with serum 
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or functionally pure C3 resulted in generation of chemotactic activity which, how
ever, was abolished by prolonged incubation. Ward et al. [79] employed purified 
proteinases from culture filtrates of Serratia marcescens and group A, beta-hemo
lytic streptococcus to demonstrate cleavage of human C3 and generation ofa C3-
related chemotactic activity. In whole serum, only the Serratia proteinase pro
duced a C3-related leukotactic factor. The amount of chemotactic activity gener
ated from C3 was maximal after 20 min incubation at 37°C, was a function of 
the amount of enzyme used, and was reduced or abolished after prolonged incu
bation time. The chemotactic activity generated from purified C3 by the action 
of either of the proteinases was heterogeneous as demonstrated by ultracentrifu
gation analyses [79]. 

Although it is well accepted that enzymatic digestion of the third complement 
component can result in the generation of chemotactic activity, the question 
whether the C3 activation product, C3a, can also induce a chemotactic response 
in polymorphonuclear leukocytes remains controversial. Bokisch et al. [5] were 
the first to report that C3a cleaved from purified human C3 by the action of C3 
convertase, trypsin, or plasmin possessed anaphylatoxin (smooth muscle - con
tracting) activity and was chemotactic for rabbit neutrophils. The molecular 
weight ofC3a was determined to be 7000. Further treatment of the C3a molecule 
with trypsin or the serum anaphylatoxin inactivator abolished the anaphylatoxin 
but not the chemotactic activity. In comparison to C5-derived chemotactic activ
ity (see the following), much higher doses of C3a than C5a were needed to achieve 
comparable chemotactic responses and activation of the chemotaxis-related 
proesterase 1 of rabbit polymorphonuclear leukocytes [1]. In contrast to these 
findings, Fernandez et al. [17], who used purified human C3a, failed to detect 
chemotactic activity in preparations of C3a when tested over a concentration 
range from 8 x 10- 10 to 8 X 10- 6 M. This was also true for trypsin-treated hu
man C3. On the other hand, C5a exhibited abundant in vitro chemotactic activity 
at concentrations between 0.04 x 10- 8 and 1.7 x 10- 8 M. Accordingly, C5a but 
not C3a was found to induce chemoattraction of rabbit neutrophils in vivo when 
the skin window assay was employed [17]. The authors concluded that earlier re
ports of chemotactic activity for C3a were probably due to minor contaminations 
of the C3 with C5. Other investigators [53] suggested that neutrophils that are in 
contact with C3a in a micropore filter may release chemotactic or chemokinetic 
factors which in tum may cause increased numbers of neutrophils to penetrate 
the filter. This assumption is based on observations by Zigmond and Hirsch [88], 
who demonstrated that neutrophils that were stimulated by chemotactic factors 
or by contact with nonphagocytosable surfaces released factor(s) that were also 
chemotactic for neutrophils. Furthermore, purified human C3a has been shown 
to induce a dose-dependent (10-100 I!g/ml) secretion oflysosomal enzymes from 
human blood neutrophils [53]. 

Whereas Fernandez et al. [17] failed to find chemotactic activity in prepara
tions of human C3a, Damerau and colleagues have presented data which clearly 
demonstrate C3a-dependent chemotactic activity for purified hog C3a and C3a 
des Arg [13]. These authors showed that C3a or C3a des Arg isolated from hog 
serum were chemotactically and chemokinetically active for rabbit, guinea pig, 
and human neutrophils when tested in micropore filters and quantitatively as-
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sessed by checkerboard analysis [13, 14]. It should be noted, however, that these 
activities could be demonstrated only in the presence of proteins such as bovine 
serum albumin or heat-inactivated homologous serum. Significant increases in 
both chemotactic and chemokinetic activity were observed at C3a concentrations 
of SO ~g/ml. Furthermore, intrapleural injections of hog C3a or C3a des Arg (SO-
1S0 ~g) induced a dose-dependent accumulation of neutrophils in guinea pigs 
which could be inhibited by colchicine [14]. When hog C3a des Arg was injected 
intrapleurally (1S0 ~g) followed by repeated intravenous injections, the accumu
lation of leukocytes in the pleural cavity was markedly decreased [14]. The 
authors speculated that the inhibition of in vivo chemotaxis might have been due 
to desensitization (deactivation) [70] of circulating leukocytes by C3a des Arg 
given intravenously, thus rendering them unresponsive to chemoattraction by 
C3a des Arg applied to the pleural cavity. This assumption is suggested by cor
responding in vitro studies showing that neutrophils exposed to hog C3a were 
specifically deactivated to this peptide but remained chemotactically responsive 
to CSa, and vice versa (Damerau, personal communication). In addition, Glovsky 
et al. [21] demonstrated that P25I]C3a specifically binds to polymorphonuclear 
leukocytes. Finally, hog C3a has been shown to induce in vitro aggregation of 
neutrophils at a dose that also caused chemotaxis in the filter assay [1S]. 

Difficulties or inability in demonstrating C3a-mediated neutrophil chemo
taxis in vitro may be explained on the basis of the following observations. Firstly, 
the number of neutrophils binding C3a may be limited. Morphological evaluation 
of autoradiographs from 125I-C3a-treated neutrophil suspensions indicated that 
only 20%-40% of the neutrophils had bound 125I_C3a [21]. Secondly, C3a-in
duced cell aggregation [is] may limit the ability ofneutrophils chemotactically to 
respond and migrate into micropore filters. Thirdly, C3a applied to chemotaxis 
chambers or glass slides may not reach the neutrophils separated from the 
chemoattractant by cellulose nitrate filters and agarose gels, respectively. It has 
been shown that C3a, in contrast to CSa, is strongly absorbed by hydrophobic 
interaction to the micropore filter matrix and other surfaces [16]. Application of 
hog C3a to the lower compartment of a chemotaxis chamber may result in an ex
ceptionally steep C3a concentration gradient within the filter, with the con
sequence that very little or no C3a may reach the test cells in the upper compart
ment. Whether human C3a behaves in a similar fashion remains to be evaluated. 
A significant difference in the primary (but not secondary) structure of human 
and porcine C3a has been reported [12], resulting in the absence of detectable im
munologic cross-reactivity. However, both human and hog C3a molecules ex
hibited identical biological anaphylatoxin activity [27]. 

There is little information regarding C3-dependent chemotactic activity in 
vivo. Human C3a failed to induce neutrophil accumulation in Rebuck skin win
dows [17], whereas hog C3a elicited a neutrophil-rich pleural exudate when in
jected into the pleural cavity of guinea pigs [14]. Ward and Zvaifler [7S] were the 
first to demonstrate complement-derived chemotactic factors in pathological hu
man fluids. C3a chemotactic activity was demonstrated in synovial fluids of in
flammatory nonrheumatoid arthritis, gouty arthritis, and osteoarthritis. 
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2.5.5 C5-Derived Chemotactic Activity 

The generation of a low molecular weight chemotactic factor following in vitro 
cleavage of the fifth complement component was first reported by Shin et al. [S1]. 
Antibody-sensitized sheep erythrocytes (EA) were used to prepare intermediate 
complement complexes (EAC1 ,4b,2a,3b) by sequential addition of purified 
guinea pig complement components. Treatment of 125I-labeled CS with this com
plex resulted in cleavage of the CS molecule and release of a radio labeled factor 
of approximately 1S 000 molecular weight with both chemotactic activity for rab
bit polymorphonuclear leukocytes and anaphylatoxic activity for guinea pig 
ileum. Subsequently, the same group showed that incubation of guinea pig serum 
with endotoxin also resulted in the generation of a CS-derived lS 000 molecular 
weight chemotactic factor [S6]. The activity of the chemotactic CS-split product 
could be blocked by rabbit antiserum against guinea pig CS but not C3. Other 
complement-activating substances that were used to generate CS-derived chemo
tactic serum activity included classical pathway activators such as IgG-immune 
complexes [11, 19, S7, 61, 83], and activators of the alternative pathway such as 
cobra venom factor [S2] and aggregates of guinea pig gamma-I-immunoglobulin 
[48]. In both guinea pig [11] and human [19] serum, activation of the classical com
plement pathway resulted in the very rapid appearance of CSa chemotactic activ
ity (within S min), whereas activation of the alternative pathway was character
ized by a 10-min latent period, followed by the rapid appearance of chemotactic 
activity. After 20-30 min, the CS-derived chemotactic activity generated by the 
two activation pathways was equal. 

Production of CS-derived chemotactic activity has also been demonstrated by 
incubating purified CS with certain proteolytic enzymes. Treatment of human CS 
[74] or guinea pig CS [S8] with trypsin resulted in the generation of CSa-like 
chemotactic activity. A similar activity was observed when a neutral proteinase 
isolated from lysosomal granules of rabbit peritoneal neutrophils or human blood 
leukocytes was incubated with human CS [71, 7S]. Other proteolytic enzymes ca
pable of generating chemotactic activity from purified human CS include acid 
proteinases extracted from rabbit alveolar or peritoneal macrophages [S9, 60], 
material released from human neutrophils during phagocytosis [87], cationic neu
tral proteinases purified from human neutrophil granules [68], plasma kallikrein 
[81], an enzyme produced from cultured kidney cells infected with herpes simplex 
virus [7], proteolytic enzymes from synovial fluid of patients with rheumatoid ar
thritis [7S], and certain bacterial proteinases [SO, 79]. In all of these cases, the 
chemotactic activity was associated with a small molecular split product of CS. 
However, proteolytic enzymes such as trypsin may cleave CS at a different site 
than CS convertase [40], which may result in slightly different chemotactically ac
tive molecules. Once generated, CSa- or CSa-like chemotactic factors may lose 
their activity for leukocytes when further exposed to proteolytic enzymes but may 
gain a new activity which can attract tumor cells (see below). 

Human CSa is a glycopolypeptide consisting of 74 amino acid residues (mol. 
wt., 8200) and a complex oligosaccharide moiety. The total mol. wt. ofCSa is ap
proximately 11000. The oligosaccharide (mol. wt., 2800-3000) is attached to an 
asparagine at position 64 [18]. Porcine CSa also consists of 74 residues but has 
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a Glu rather than Asn at position 64 and therefore contains no carbohydrate [22, 
89]. During complement activation, the C5a fragment is selectively cleaved from 
the amino terminal end of the a-chain of C5. C5a, which possesses the classical 
spasmogenic properties of an anphylatoxin as well as leukocyte chemotactic ac
tivity, is rapidly cleaved by carboxypeptidase B present in normal human serum 
to form C5a desArg. C5a desArg, from which the COOH-terminal arginine residue 
has been removed, shows a complete loss of anaphylatoxin and a significant de
crease in chemotactic activity [17]. C5a was found to be chemotactically active 
over a relative narrow concentration range of 0.04 to 1.7 x 10- 8 M, whereas a 
tenfold higher dose of C5a desArg was needed to achieve comparable chemotactic 
responses, provided a serum factor was present [17]. These observations have 
been confirmed by Perez et al. [43], who demonstrated that an anionic polypep
tide ("helper factor") present in normal human serum was essential for expression 
of C5a desArg chemotactic activity. In both studies the micropore filter assay was 
utilized. On the other hand, Chenoweth et al. [8] observed chemotaxis of human 
neutrophils against both human C5a and C5a desArg when assayed by the "under 
agarose" method on gelatin-coated surfaces. A serum or helper factor was not 
necessary for expression of C5a desArg activity which, however, was slightly less 
potent than C5a. Wissler [84, 85] isolated two basic peptides from complement
activated hog and rat serum, the classical anaphylatoxin (CAT) and a cocytotaxin 
(CCT), with mol. wt. of9500 and 8500, respectively. Although the individual pep
tides lacked chemotactic activity, recombination of the two peptides at certain ra
tios resulted in selective chemotactic activity for either neutrophils or eosinophils 
[86]. More detailed analyses employing filter and orientation assays clearly 
showed that the binary peptide system was chemotactically active but lacked 
chemokinetic activity [33, 34]. Whether the cocytotaxin (CCT) represents the 
"helper factor" described by Perez et al. [43] is unclear. 

Why demonstration of chemotactic activity for C5a desArg using the filter as
say requires a serum cofactor is unknown. Ward et al. [73] suggested that for op
timal conditions of neutrophil migration through rigid micropore filters, 
chemokinetic (motility-promoting) factors of serum may be required. The distinct 
tendency of C5a and C5a desArg to bind to the filter material (cellulose nitrate) 
may provide for an alternative explanation. Coating of filters with albumin or 
other serum proteins significantly reduced binding to the filter of C5a and C5a 
desArg and was shown to be essential for demonstration of chemotactic ac
tivity of the polypeptides in the filter assay [13]. 

The "under agarose" method was also utilized to study the interaction of hu
man C5a and C5a analogs with the C5a receptor on human neutrophils [10]. A 
C5a structural analog which contained the 69 NH2-terminal residues but was 
lacking the five residues of the COOH-terminal portion was shown to be devoid 
of chemotactic activity over a broad concentration range, although it was com
peting with C5a for binding to the C5a receptor. A pentapeptide that corre
sponded to the COOH-terminal five residues ofC5a was devoid of both chemo
tactic activity and receptor interaction. The authors hypothesized that C5a pos
sesses an internal "recognition" site at the N-terminal and "activation" site at the 
C-terminal region of the molecule. The number of C5a-binding sites (receptors) 
on human neutrophils was estimated as 1-3 x 105/cell [9]. 
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Table 2. Complement-derived chemoattractants for leukocytes 

Leukocytes 

Neutrophils 

Monocytes/macrophages 

Eosinophils 

Basophils 

* CVF, cobra venom factor. 

Complement activation products 

C3a 
C5a 
C567 
Ba 
Mixture of B, D, CVF* 

C5a 
Ba 

C567 

C5a 

Biological Functions 

References 

[5,13] 
[51] 
[76,38] 
[23] 
[47] 

[54] 
[23] 

[38] 

[4,80] 

Leukotactic activity derived from the complement component has been dem
onstrated in the synovial fluid of rheumatoid arthritis patients [75] and could be 
extracted from immune vasculitis lesions in rats [72]. In addition, fluids from gly
cogen-induced neutrophil-rich peritoneal exudates were shown to contain C5a
chemotactic activity [58]. Injection of highly purified human C5a into the skin of 
rabbits caused pronounced local accumulation ofneutrophils as evidenced by the 
skin window technique [17]. C5a desArg induced a similar response; however, a 
slightly higher dose was needed. Because of these observations and the fact that 
C5a, when generated in vivo, is rapidly converted to C5a desArg, Fernandez 
et al. [17] suggested that C5a des Arg may represent the major complement
derived chemotactic activity in vivo (Table 2). 

Very little is known about the in vivo regulation of C5-derived chemotactic 
activity. Binding to circulating blood neutrophils [9] and/or elimination of 
chemotactic C5a by the chemotactic factor inactivator (CFI) [2] may significantly 
affect C5a levels in vivo. CFI, which is present in normal human serum at very 
low concentrations (less than 10 J.,lg/ml), has been shown to be an alpha-globulin 
[64] with an estimated mol. wt. of approximately 140000 [36]. Recent evidence 
suggests that serum levels of CFI can rapidly increase in response to complement
mediated acute inflammatory reactions [28, 37, 66]. In experimentally induced 
acute immune-complex vasculitis, the appearance of a short-lived peak of C5a
chemotactic activity in circulating blood was immediately followed by a rapid in
crease in serum levels of CFI [66]. Furthermore, complement-dependent immune 
complex-induced acute inflammatory reactions could be completely suppressed 
by treatment of experimental animals with CFI [31]. These data suggest that C5a
chemotactic activity plays a significant role in the pathogenesis of complement
dependent acute inflammatory reactions and that CFI is an important regulator 
of C5-derived chemotactic activity in vivo. 

Recent studies have demonstrated that a fragment of the fifth complement 
component can serve also as a source for tumor cell-attracting activity. Incuba
tion of serum or C5a with crude extracts of ascites tumor cells produced a new 
activity that in vitro attracted tumor cells but not leukocytes [44, 45]. This activity 
could also be generated by trypsinizing either highly purified C5a or C5a desArg 
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[41]. The resulting peptide had a mol. wt. of approximately 6000 (about half the 
size of C5a) and exhibited chemotactic activity for tumor cells at such low con
centrations as approximately 10- 12 M. The fact that enzymes from neutrophils 
[42] or normal tissues [46] can generate tumor cell chemotactic activity from C5 
may help to explain clinical and experimental observations suggesting that some 
tumors have a tendency to metastasize to sites of inflammation and tissue in
JUry. 

2.5.6 Activity of the Alternative Complement Pathway 

Hamuro et al. [23] observed increased movement of guinea pig neutrophils 
through micropore filters when challenged with highly purified guinea pig peptide 
Ba, which is the smaller cleavage product from the parent protein, factor B. The 
migration-stimulatory activity of this activation product of the alternative com
plement pathway was found to be heat stable (100°C, 15 min) but was sensitive 
to trypsin digestion. Increased migration toward Ba was also demonstrated for 
guinea pig macrophages. The larger split product of factor B (Bb) was found to 
be inactive. Similar observations had been reported earlier. Ruddy et al. [47] dem
onstrated that mixtures of factors B, activated D, and either C3b or cobra venom 
factor could induce increased migration of human neutrophils in vitro. Although 
this activity had not been isolated and characterized, it appears likely that Ba, 
contained in the reaction mixture, may have accounted for the cell-stimulating ac
tivity. Whether Ba possesses true chemotactic activity remains to be demon
strated. The fact that zymosan-activated human or mouse serum that is geneti
cally deficient in C5 does not support generation of chemotactic activity suggests 
that under most conditions of activation, C5a and not Ba is the predominant 
chemotactic factor. 
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2.6 The Anaphylatoxins 
D. Bitter-Suermann 

2.6.1 Definition 

The term anaphylatoxin (AT) was created in 1909-1910 by Friedberger [71, 72] 
for an undefined toxic prinicple. AT activity is generated during in vitro incuba
tion of immune complexes with fresh guinea pig serum and subsequent centrifu
gation of the immune complexes. AT then elicits complex biological effects when 
it is injected intravenously into normal guinea pigs. At high doses a lethal shock 
with bronchospasm may by evoked which resembles the anaphylatoxic shock in
duced by intravenous antigen-antibody reactions [187, 188]. According to our 
present knowledge, there is no doubt that the so-called classical anaphylatoxin is 
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the relatively stable end product CSa-desArg, which is derived from the primary 
activation peptide CSa through secondary degradation at the carboxy terminus 
via a serum-carboxypeptidase-N (SCPN). Nevertheless, the orthodox view that 
CSa-desArg is the only true AT is inappropriate because the fact is neglected that 
when CSa is generated in vivo, it is rapidly cleared from the circulation or from 
the cellular environment by binding to high-affinity receptors and then is no 
longer susceptible to SCPN [2, 1S8]. In this regard, CSa-desArg is derived from 
the excess of primarily unbound CSa, and is only then predominant when gener
ated in vitro, because it will easily be degraded due to missing cellular receptors 
in plasma or serum. However, although CSa is short lived, it is more potent than 
CSa-desArg in respect to many biological activities mediated by specific ligand
receptor interactions. Furthermore, two other activation peptides, C4a and C3a, 
split from the components C4 and C3 of the complement cascade, mediate bio
logical effects comparable to CSa and share some structural characteristics with 
the latter and with each other. In addition, C3a and CSa are usually generated 
together, because of the invariable sequence of the classical and alternative path
ways of complement activation. In general, no CS activation occurs without 
preceding C3 activation. 

Therefore, C4a, C3a, CSa, and CSa-desArg are taken together as the family 
of anaphylatoxic peptides (AT peptides) generated from C4, C3, and CS by ac
tivation of both pathways of the complement system (C4a-desArg and C3a-des
Arg exhibit only minor activities, if at all). The AT peptides comprise the most 
active split products (in nano- and picomolar concentrations) of complement. In 
addition to the two other major effector functions of the complement system, op
sonization and lysis, they mainly contribute to inflammatory reactions and 
modulation of cellular reactivities in physiological, as well as pathological, situ
ations. A number of excellent reviews on AT peptides in which emphasis has been 
placed on a variety of aspects have appeared in recent years. It is highly recom
mended to rely on these articles for additional and detailed information [112, 113, 
11S, 117, 119]. Fascinating and comprehensive surveys of the older literature are 
also available [78, 19S, 196,232]. 

2.6.2 Historical Survey 

The 7S-year history of the AT peptides is intimately connected with the roughly 
centenary history of the complement system itself. In the first SO years, since it 
was first described in 1910, AT was characterized by several important scientific 
observations. In some cases, these have succumbed to competitive scientifiec 
views and opposing theories and therefore comprise a small historic segment of 
ignorance of alternative pathways. Up to the mid-sixties the inability to prove the 
physical existence of activation peptides, which are active in pico- and nanomolar 
concentrations, could not be overcome. Only the era of modem protein chemistry 
and peptide characterization during the past is years then enabled a break
through to be made. Three phases, each increasing our knowledge of the AT pep
tides up to the present state, can be defined during these 7S years. 
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2.6.2.1 Phase 1 

In 1909 and 1910 Friedberger described an anaphylatoxic principle which he 
could generated from serum by incubation with immune complexes. First. he 
thought this to be antigen derived through a solubilizing capacity of the serum 
complement [71, 72]. This anaphylatoxic principle was tested by the induction of 
an anaphylactic shock in guinea pigs subsequent to intravenous application. 
Retrospectively, it was a good choice to perform these studies on guinea pigs, be
cause this animal species later turned out to be exclusively sensitive to both ana
phylatoxic peptides, C3a and C5a. The guinea pig has held this position as the 
favorable experimental animal for in vitro and in vivo studies up to date. Later 
on, it became obvious by the work of Bordet [15. 16}, Nathan [168, 169], and 
others that neither protein antigens nor antibodies were a prerequisite for raising 
anaphylatoxins and that even polysaccharides alone (e.g .. agar) were able to pro
duce anaphylatoxic activity from serum (serum as substrate for AT generation). 
The heat lability of serum complement, which at that time was already envisaged 
as a two-factorial system, led Friedberger and others to speculate that comple
ment was a source of anaphylatoxin. He was the most prominent advocate of the 
humoral theory olanaph.ylaxis and during the next 20 years in roughly 100 pub
lications worked out a tremendous body of phenomenological studies, which 60 
years later basically were proven to be correct. However, from the very beginning, 
in 1910--1913 the cellular theory (~r anaphylaxis, as proposed by Schultz [200J and 
Dale [41, 42], became competitive to the humoral theory. Finally in 1922, when 
Dale and KeHaway [43J investigated the generation and action of ana phyla toxins 
and drew the conclusion that these did not participate in anaphylaxis, the hu
moral theory and concomitantly the interest for AT was depleted for 3 decades. 
The cellular theory was further specified and changed to the histamine theory of 
anaphylaxis and remained absolutely dominant 

In retrospect, the negation of AT as an active principle in anaphylactic shock 
was only correct to the extent that AT is not identical with histamine. This bio
genic amine was thought to be the true anaphylatoxin released from antibody
sensitized cells of an immunized guinea pig in the course of rechallenge with the 
antigen. That this type of experimental approach resulted in an IgE-mediated his
tamine release from mast cells ,vas not known at that time. The alternative possi
bility that serum-derived AT elicited by contact of serum, not only with immune 
precipitates, but also with such "obscure" substances like agar, inulin, snake 
venoms, or bacteria [192] should contribute to histamine release by quite another 
and even antibody-independent mechanism was not considered and accepted. 

2.6.2.2 Phase 2 

J n 1950 Hahn and Oberdorf [92] were the first to show that an AT-induced shock 
could be inhibited by antihistamines. This led to a revival of interest in AT and 
soon it could be demonstrated that A Ts \vere able to release histamine from iso
lated tissue (193, 1941 and from mast cells [190], whereas histamine could not be 
detected in serum during the phase of AT generation in vitro [93J. The missing 
link between the humoral and cellular theory of anaphylaxis was found. 
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At this time the complement system still consisted of four components, C1, 
C4, C2, and the "classical" C3. Thus, an antibody-dependent activation of the 
system was obvious, but the complement nature of the AT peptides was only 
speculative. Therefore, when Pillemer and his colleagues, in 1954, started to elu
cidate the properdin system [182], with all its activators of polysaccharide nature, 
and when in parallel it was shown that the anaphylactic shock induced by poly
saccharide-activated rat or guinea pig serum could be blocked by antihistamines 
[92], the broader relevance of complement components as the common source of 
AT generated by quite different mechanisms became evident. DaCosta Cruz, in 
1938, had the first evidence for a parallelism between AT generation in agar
treated guinea pig serum and loss of C3 [40], and these results in principle were 
confirmed by Osler et al. in 1959 [176] using IC-treated rat serum. Nevertheless, 
once again, the opportunity was not recognized to concentrate on the comple
ment nature of the AT peptides, irrespective of their mode of activation. At this 
time it was not seen that the properdin system represented an alternative pathway 
of complement activation, especially an antibody-independent one. Instead, all 
efforts were made to prove that properdin was a natural antibody [170]. Con
sequently, the classical view of antibody-dependent triggering of cells leading to 
subsequent histamine effects made AT again, and for the last time, irrelevant. 
Since Sir H. H. Dale was unaware of the existence and properties of IgE, which 
were only described in 1966-1970 [121, 122], and since he was also not aware of 
the inability ofIgE to activate the complement system, as well as ofthe differences 
between IgE-mediated and complement-mediated cell activation, it was possible 
for him to state at the end of this phase in 1966: "And it may further be noted 
that there has yet been no evidence that any of these artificial anaphylatoxins can 
produce an effect at all, resembling the anaphylactic reaction in the dog, or in any 
species other than the guinea pig. Witte's peptone could still, in fact, make a fuller 
claim, in that respect, to be regarded as an anaphylatoxin, than any of the colloi
dal complexes so far prepared from the blood sera of guinea pigs, or of rats. 
Whatever, therefore, may be the theoretical interest and importance, which may 
indeed prove to be great, of all the experiments made by distinguished investiga
tors on these anaphylatoxin phenomena, I find it impossible, even yet, to per
suade myself that they have any direct relevance to the nature of the anaphylactic 
reactions [44]." 

2.6.2.3 Phase 3 

In the mid-sixties the progress in protein purification techniques revolutionized 
the more or less phenomenologically orientated world of the complementologists. 
In the next 10 years this cascade system was not only enlarged by the components 
C5 to C9, but the revival of the properdin system led to the now at last established 
alternative pathway of the complement system (APC) and its factors B, D, and 
P, including the control proteins H and I. In addition, the enzymatic nature of 
some components was confirmed based on the pioneer work of the late M. M. 
Mayer and I. Lepow. All these findings were prerequisites to demonstrate that 
anaphylatoxins are derived by enzymatic cleavage [52] from native complement 
components and that different cleavage products with AT activity exist. In 1967 
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Dias da Silva et al. showed AT to be a derivative of human C3 [53, 54]. In the 
same year Jensen reported that AT was a cleavage product of guinea pig C5 [126], 
and in 1968 Cochrane and Muller-Eberhard resolved this discrepancy by the find
ing that both C3 and C5, after enzymatic cleavage, release small peptides with AT 
activities, C3a and C5a respectively [33]. It took another 10 years to describe C4a 
as the third anaphylatoxin [86]. Concomitantly with the purification of the AT 
peptides [20, 110, 226, 229, 230], the biological effects on various cell types were 
analyzed and the pronounced dependency of immune complex-mediated patho
logical immune reactions (type III reactions) on the mediator functions of AT 
peptides was established [34]. It became clear that both C3a and C5a shared a 
couple of biological functions, but also expressed different activities [2, 11, 12, 45, 
47, 67, 79, 81, 82, 91, 98, 127,202,209,235,237,240,246,249]. A partial expla
nation for this behavior was given by the numerous findings of Hugli and his co
workers, who in the early seventies started to analyze the primary structure ofhu
man C3a, C5a, and C4a [66, 68,108]. The amino acid sequence ofC5a, C4a, and 
C3a of other species was also elucidated [39, 74, 110, 124,206,253,254]. Taking 
all sequences there is a great deal of homology that gives strong evidence for a 
common genetic ancestry of complement components C3 and C5 [65]. Thus, the 
functional similarities between C3a and C5a of the same, as well as of different, 
species were reduced to structural homologies. The structural studies also re
vealed that cleavage of C3 and C5 by C3- and C5-convertases of both pathways, 
respectively, as well as by other serine esterases, yielded identical AT peptides [18, 
19,24,33,53,55,81,126,134,148,203,207,228,232,234, 238, 248]. This resulted 
in an unifying view for many of the conflicting interpretations of AT generation 
given in the decades before. Finally, this work resulted in the synthesis of pep tides 
comprising the C-terminal active site ofC3a, which evoked qualitatively the same 
biological effects as natural C3a [7, 111, 157]. In the case of C5a this approach 
failed until now [27]. In parallel to the structural analysis, the physiological con
trol mechanisms for AT peptides were investigated and shown to be represented 
by a serum carboxypeptidase B (SCPB), the so-called anaphylatoxin-inactivator 
[13,14,145,183], which was identical with a previously described serum carboxy
peptidase N (SCPN) that inactivates bradykinin [58,147]. This enzyme cleaves off 
the C-terminal arginine from all three AT peptides C4a, C3a, and C5a and by that 
abrogates part or all of these activities, the des-Arg peptides being less active 
(C5a-desArg) or not at all (C4a-desArg, C3a-desArg). Consequently, pharmaco
logical inhibitors for this SCPN were looked for and found [175,184,226]. Now 
all the information was put together decisively to conclude that the so-called 
"classical" AT of Friedberger or AT II ofVogt [231] is really C5a-desArg, the rel
atively stable degradation product of C5a after SCPN-attack [75]. 

In the late seventies the structure of the AT peptides was further elucidated 
[22, 64, 76, 149, 162], the history of the AT peptides was closed, and nearly all 
of the unexplainable phenomena and misinterpretations were solved. What re
mained to be resolved seemed to be marginal problems, but subsequently turned 
out to be fascinating new territory. 
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2.6.3 Present and Future 

The actual questions can be defined as follows: 

1. What is the nature of cellular receptors for AT peptides, and what is the se
quence of ligand-receptor interactions including the intracellular fate of AT 
peptides? 

2. Do efficient cellular control mechanisms for regulation of AT activities exist 
and what role do they play together with or in addition to the humoral control 
mediated by the SCPN? The first hints for the existence of such mechanisms 
were described previously as tachyphylaxis [43] and cross-tachyphylaxis. 
These terms mean that related substances acting on the same receptors after 
repeated administration induce a state of unresponsiveness to this stimulus, 
but not to others. This phenomenon cannot be explained by an exhaustion, 
e.g., of the histamine depots in mast cells [90, 167]. 

3. Which physiological role do AT peptides play on the level of immunocompetent 
cells and for the induction of an immune response? Since both C3a and CSa 
were reported to modulate T-cell and macrophage functions in vitro, the va
lidity of these observations, in vitro and in vivo, is subject to intensive inves
tigations. 

4. Do AT peptides participate in the pathogenesis of the acute respiratory dis
tress syndrome (ARDS)? The clinical interest in AT peptides increased consid
erably when (subsequently to poly trauma, gram-negative sepsis, pancreatitis 
and extracorporal circulation, and hemodialysis) the role of especially CSa in 
the initial pathophysiology of this syndrome became obvious. In addition, the 
interest concentrated on the histamine-independent effects (not blocked by an
tihistamines) of AT peptides on vascular permeability, bronchospasm, and in
flammation (in general mediated by interaction with granulocytes) and on the 
induced release of metabolites of the arachidonic acid. 

In the following, some general structural and functional features of the AT pep
tides as well as the presently available answers to the four questions will be briefly 
discussed. 

The chemotactic effects of CSa and CSa desArg are described in detail by Till 
in this volume (Sect.2.S), the role of AT peptides in shock and shock fragments 
by Rother (Sect. 3.3.3), and part of the role of complement split products in the 
immune response by Klaus (Sect. 2.1). 

2.6.4 Chemical Structure 

The primary structure of all AT peptides was elucidated either by sequencing the 
purified peptides [36, 39, 66, 74,108,124,161,206, 2S4], or by deducing the amino 
acid residues from the nucleotide sequence, as has been done with mouse C3a and 
C4a [S6, 171], and also will be possible with the fully sequenced human C4, C3, 
and CS [3a, SO, 1S0]. Recombinant CSa was recently described by several groups 
[26, 68, 69]. Table 1 shows the linear sequences of C3a, C4a, and CSa of different 
species with an alignment adopted from Fernandez and Hugli [66]. The common 
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denominator of all three AT peptides is an identical location of six half cysteine 
residues, believed to be paired identically to form three intrachain disulfide link
ages. The arrangement of these cysteine bridges of C3a, C4a, and CSa seems to 
be identical either by X-ray analysis of crystallized human C3a [10S, 178] or by 
chemical analysis [36,108,161, 2S4] of the peptides. These disulfide linkages form 
a very compact core region with two adjacent exposed loops. In addition, the con
servation of glycyl residues at positions 26 and 46 of reference human C3a may 
be essential for peptide folding and the three-dimensional structure as well as the 
conserved hydrophobic domains (e.g. at positions 12,19,43, and 7S). Greer [89] 
has aligned the sequences so that no additions or deletions would occur in the 
middle of IX-helices and the core portions, but in external loops that lie between 
the secondary structure elements. Therefore, e.g., the deletion of three residues in 
CSa corresponding to positions 6S-67 ofC3a (as proposed by Fernandez and Hu
gli) seemed unlikely to this author and the deletion of two residues in C3a corre
sponding to positions 68 and 69 of CSa was also omitted. Consequently, the se
quence starting from arginine 64 in C3a and arginine 62 in CSa toward the C-ter
minus was aligned differently by Greer. A deletion in CSa at position 34 of C3a 
is identical in both models and the deletion in C3a at position 1S of CSa in Fig. 1 
is shifted toward position 14 by Greer. The recently described sequence of rat CSa 
[39] with 77 residues compared with 74 in human CSa points to a deletion of 3 
residues at the N-terminal sequence between residues 3 and 4 of human CSa and 
again would allow another type of alignment at the N-terminus. 

Other common features are a COOH-terminal arginine in the bioactive center, 
30%-40% intraspecies homology in any direction (C3ajCSa, C3ajC4a, and C4aj 
CSa) and an even higher interspecies homology with regard to the same peptides, 
e.g., 69% homology between human and mouse C4a, human and porcine C3a, 
human and porcine CSa, 84% between human and bovine CSa, and 92% between 
rat and mouse C3a. The unusually high content of basic amino acids (lysine and 
arginine) is responsible for the cationic behavior of all three AT peptides. Con-

a Sign of equality (=) means identity with the human C3a sequence as on arbitrarily chosen 
reference primary structure. In addition, major sequences of homology between anaphylatoxins 
are marked by a border. Gaps (for insertions and deletions) were introduced to maximize 
homology, especially with regard to the unique features that six half-cysteine residues (circled for 
better identification) were conserved at the same position. Alignment of the human and porcine 
C5a requires an indentation oftwo residues at the NH2-terminus. The human C3a sequence was 
taken from [108], the porcine C3a from [36], rat C3a from [124], mouse C3a from [56], human 
C4a from [161], mouse C4a from [171], bovine C4a from [206], human C5a from [66], and 
porcine C5a from [74] and [254]. 
b Rat and mouse C3a have 78 residues instead of 77 as human C3a. There is an insertion of Asp 
between position 16 and 17 of the human C3a reference sequence. 
C The unpaired half-cystine in position 27 of human C5a is not found in porcine C5a or any other 
AT peptide. The disulfide-bonding arrangements of human and porcine C5a are proposed to form 
three distinct loops as follows: 21-47, 22-54, and 34-55 [113,206]. It can be assumed that all 
anaphylatoxins have similar disulfide linkages [105, 115]. 
d The unique oligosaccharide unit of human C5a is attached to residue 64 Asn. [64]. 
e At position 65 of porcine C5a Gerard and HugH [74] found glutamine instead of glutamic acid 
[254]. 
f Mouse C4a has only 76 residues compared with 77 of human C4a and possibly has a deletion at 
position 71 [171]. 
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formational arrangement has been studied by measurement of circular dichroism 
(CD) spectra: C3a [36,109], C4a [115], and C5a [162] possess a 40%-45% a-heli
cal structure at the NH2-terminus and at the COOH-terminus. These results are 
in agreement with the X-ray analysis [105, 178]. 

All these similarities point to a concerted evolution of C3, C4, and C5 and a 
common ancestor of this gene family [65]. However, in contrast to C4 and C3, 
C5 does not have the unique activatable internal p-cysteinly-y-glutamyl-thiolester 
which is, however, contained in a2-macroglobulin. Although this protein has nu
merous conserved amino acid stretches that are in common with C3 and C4 [50, 
211] (also pointing to a common evolutionary relationship), a2-macroglobulin 
does not contain an anaphylatoxin-like structure [211]. The event of gene dupli
cation was speculatively placed at or before the reptilian era [113]. 

2.6.4.1 Carbohydrate Content 

Carbohydrates are totally missing in C3a and C4a of all species studied so far. 
An exception was detected with human C5a and rat C5a [39, 64]. The former con
tains a complex oligosaccharide linked to an asparagine residue at position 64. 
This carbohydrate of approximately 3000 daltons contains mannose, galactose, 
glucosamine, and sialic acid and obviously does not seem to contribute substan
tially to functional activities of C5a or C5a desArg [75]. In contrast, the carbo
hydrate seems to act as a negative modulator of the biological activities of human 
C5a desArg [76]. Porcine C5a lacks this oligosaccharide moiety. 

2.6.4.2 Antigenic Properties 

The antigenicity of AT peptides is intimately related to the chemical structure. 
When using heterologous antisera, the three AT peptides of one species share no 
antigenic determinants. These observations suggest that the homologous regions 
are not exposed and/or immunogenic, and that replacements in the nonhomolog
ous regions are responsible for antigenic differences. These variable regions, 
therefore, constitute the exposed loops of the folded peptides. However, even the 
antigenic similarities between the same peptides of different species are remark
ably low. Only a very weak cross-reactivity was observed between, e.g., human 
and porcine C3a when tested with heterologous antisera. In this case, interest is 
focused on the only 30% residues located in nonhomologous regions. 

The nonhomologous residues are mainly located at the helical, surface-orien
tated COOH-termianl region between positions 64 and 72 as well as in other hy
pervariable regions, e.g., between 42 and 45,32 and 34, and between 16 and 18 
(in every case taking the human C3a residues as reference positions). In contrast, 
C5a from different species was reported to cross-react with antibody to heterol
ogous C5a [115]. Monoclonal antibodies (mAb) against human and guinea pig 
C3a and C5a were recently produced [21, 128,201] which exhibited a strict species 
specificity. As an exception from the type-specificity of mAb against AT peptides, 
we have produced highly reactive monoclonals against human C4a and' one of 
these (mAb 1224, IgG1) strongly cross-reacts with human C3a (unpublished re
sults). 
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2.6.4.3 Synthetic Peptides 

Based on the known primary sequences of the AT pep tides and on the importance 
of the COOH-terminal arginine for biological activities, there was an obvious 
need to synthesize pep tides of different length in order to obtain more informa
tion on the minimal essential structure. In addition, with this approach it was pos
sible to exchange residues, and thus to evaluate the contribution of individual res
idues on the functional activities [7, 22, 27,111,118,119,149,157,225]. For hu
man and porcine C3a, the pep tides were synthesized by the solid phase method 
[22, 111] or stepwise by the classical method [7]. They were assayed for biological 
activity by guinea pig ileum contraction [111,225], wheal and flair response in hu
man and guinea pig skin [22, 118, 119,249,250], or [3H]serotonin release and 
ATP release from guinea pig platelets [156,157,252]. The peptides exhibited ac
tivities, starting with the pentapeptide Leu-Gly-Leu-Ala-Arg-COOH, which is 
essential for all species. However, this pentapeptide is about 1000-10000-fold 
less active than C3a. 

The octapeptide 70-77 is 12 times more active than the common pentapeptide 
on a molar basis. It possessed 1 %-2% of the biological activities exerted by hu
man C3a and specifically desensitized smooth muscle or guinea pig platelets to 
stimulation by C3a and C4a [22, 111, 158, 159, 225], but not by C5a. The porcine 
octapeptide was less active than the human one from which it differs at positions 
70-72 [22]. The COOH-terminal arginine is essential for all C3a peptides. It can
not be amidated without loss of activity, and cannot be replaced by d-arginine or 
lysine, thus pointing to the special role of the carboxyl group and of the guanidino 
group [225]. A synthetic nonapeptide C3a (70-77)-Gly with a COOH-terminal 
glycyl residue, bound to arginine at position 77, had only 1 % of the smooth 
muscle or guinea pig platelet activity of the normal octapeptide which had 2% 
of the activity of C3a [111, 157]. An exchange of the hydrophobic side chain (leu
cyl residues) at position 75 by alanyl residues drastically reduced activities of the 
peptides [22, 225]. In contrast, replacement of leucine at position 73 by tyrosine 
or phenylalanine increased activity, whereas isoleucine or valine had no effect, 
and again alanine reduced activity [225]. These observations are relatable to the 
considerably less active third ana phyla toxic peptide C4a, which also has alanine 
at position 73 and additionally contains glutamine at position 76. Replacement 
of either 73 or 76 with the proper C3a residues restores activity by 50- to 100-fold 
[118]. Again this is in agreement with the higher activity of bovine C4a, which has 
valine at position 73 and only through this exchange differs in the C-terminal pen
tapeptide from human C3a [118, 206]. C3a [65-77] initially seemed to have an 
equal activity as the octapeptide [111], but later was shown to have only 6% the 
activity of the natural C3a [22]. On the other hand, C3a [57-77] containing the 
21 COOH-terminal residues of human C3a exhibited qualitatively and quantita
tively nearly C3a-equivalent functions on a molar basis [149], possibly because of 
its tendency to adopt an a-helical conformation in a hydrophobic environment. 
A similar approach to elucidate the COOH-terminal C5a sequence until now has 
failed to yield peptides which show either spasmogenic or histamine-releasing ca
pacity or chemotactic activities [21]. One exception, however, has been made and 
a 21-residue peptide was found which was about 1/6000 as active as native C5a 
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in guinea pig ileum contraction, but was not chemotactically active [132]. These 
functional deficiencies cannot be attributed to the missing obligosaccharide in the 
synthetic peptides at position 64 of the human CSa, because this carbohydrate 
does not positively contribute to biological activities [76]. Attempts were also 
made to elucidate the contribution of N-terminal a-helical sequences of CSa to 
biological activities. One reason was that some (chemotactic) but not all (e.g., 
spasmogenic) biological activities are maintained in the CSa desArg peptides of 
different species, indicating a true duality in CSa functions [11S]. Furthermore, 
it had not been possible to synthesize active peptides analogous to those of the 
C3a or C4a sequence. Induced chemical cleavage of CSa at residue 17 [77], en
zymatic cleavage of the N-terminal residues [49], or modification of the tyrosyl 
residue at position 23 [128] greatly reduces activities of the remaining C-terminal 
peptide fragments. Cleavage of a pentapeptide at the C-terrninus of CSa leaves 
the 1-69 amino-terminal portion without biological activities, whereas some com
petition with CSa for binding to the CSa receptor remains [28]. This indicates that 
N-terminal parts of the molecule are directly involved during the reaction with 
a CSa receptor, or, more cautiously, with a CSa desArg receptor. Nevertheless, 
it is not clear whether amino-terminal residues directly interact with the CSa re
ceptor or only stabilize the receptor orientation of the C-terminal a-helix by at
taching to the central core and coming in contact with the C-terminal active 
center. The same orientation and "helper-function" may be true for the N-termi
nal a-helical sequence of C3a, because enzymatic cleavage of 10-lS N-terminal 
residues also reduced activities of C3a [49]. Because the C-terminal S7-77 C3a 
peptides exhibit up to 100% biological activities [149], there seems to be no need 
for additional N-terminal stretches of C3a in receptor binding and triggering. 
Therefore, the notion is even more attractive that the N-terminus stabilizes the 
orientation of the C-terminus by covering hydrophobic regions of the compact 
core. Thus, when it is cleaved off, the unpaired C-terminal a-helix may then be 
disturbed by hydrophobic interaction with surface areas of the core. 

The most important information derived from all synthetic peptides described 
above is the presumable conformation of cellular receptors. Conceptual models 
of the ligand-binding area ofC3a and CSa receptors were reported [llS, 119], and 
attractive models of C3a and CSa based on physicochemical and sequence data 
were also proposed [89, 119]. 

2.6.4.4 Receptors 

Due to the increasing and detailed information of the ligands, to the possibility 
of synthesizing peptides, and to the availability of powerful techniques for photo
affinity labelling and cross-linking, it is obvious that membrane receptors for AT 
peptides are now ready and overdue for analysis. 

C3a and CSa interact with different receptors on quite a number of different 
cell types. Stimulus-specific desensitization or deactivation, commonly elicited 
with high doses of AT peptides, is the strongest argument in favor of one receptor 
type for C3a and C4a and another one for CSa. This process also known as tachy
phylaxis, is, however, also inducible with extremely low doses [33,101, lS7, lS8, 
22S]. Whether CSa and CSa desArg interact with different receptors has not been 
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fully elucidated, but their functions are sufficiently diverse to postulate a much 
more complex interaction with a common CSa receptor. Alternatively a duality 
also on the receptor level may be envisaged. Receptors for both have been dem
onstrated on human monocytes, murine macrophages, rat mast cells, and human 
neutrophils with radioiodinated or FITC-Iabeled peptides [26-28, 30, 127, 227]. 
The receptor number is about 2 x 105 /cell [30]. In contrast to the phagocytic cells, 
guinea pig platelets only interact with CSa, but not with a desArg peptide. This 
findings points to two specialized receptors for CSa and CSa desArg, respectively. 
All AT peptides (either C3a/C4a or CSa) of different species react stimulus spe
cifically with receptor-positive cells across the species barrier. Furthermore, the 
variable efficiency of these signals depends mainly on small exchanges in the pri
mary structure of the peptides. Therefore, it is reasonable to believe that the re
ceptor structure, at least in its binding site, is as conserved and as homogeneous 
from cell type to cell type and from species to species as the respective ligands 
are. 

Enhanced complement receptor expression or depression on leukocytes was 
reported for CR1-CR3 [6, 60, 61,133] and for CSa receptors [la, 30], to be a con
sequence of stimulation, e.g., with chemotactic peptides, including CSa. These cell 
responses may be important for the physiological regulatory mechanism of AT
receptors. Accordingly, the increased sensitivity of guinea pig platelets to C3a 
after pretreatment of cells with subactive amounts of thrombin may reflect a simi
lar mechanism [lS9]. 

Receptors for C3a have been described on guinea pig platelets (low- and high
affinity receptors, the latter S x 104 /cell), rat mast cells, and human neutrophils, 
eosinophils and platelets [3, 79, 80,127, 18S, 186]. Receptor proteins for C3a have 
not yet been isolated, although the structural information on the active site of the 
ligand is far more complete than for CSa. However, CSa receptors from neutro
phils and the human monocytic cell line U937 have been isolated recently by 
means of photoaffinity labeling and cross-linking CSa with CSa receptors, and 
characterized as a 40--48 kd membrane protein [107a, 129, 197]. 

For neutrophils and macrophages a sequence ofCSa internalization and deg
radation events is postulated as a further example of a receptor-mediated endo
cytosis [30]. In contrast, Polley, who described specific interaction of C3a (and as 
a unique result also of C3a desArg) with human platelets, favors a C3a-receptor 
expulsion subsequent to binding of the ligand [18S, 186]. However, in general, all 
steps of the ligand-receptor interaction, the whole cascade of signal transmission 
to the intracellular compartments, and the fate of ligands and receptors (e.g., 
whether a receptor recycling exists) remain to be elucidated in detail. The poten
tial use of desensitization against AT peptides as a method to modulate cells and 
organisms for unresponsiveness to pathological concentrations of these peptides 
will be especially influenced by these investigations. 

Stimulus-specific and reversible desensitization is a cellular control mecha
nism in vitro and in vivo to protect cells from continuously generated or repeated 
administration of AT peptides [2, 8, S7, 101, 1S7, lS8, 20S]. It is not yet clear 
which role it plays as a potent cellular regulatory mechanism in neutralizing the 
biological functions of these peptides, versus the contribution of the SCPN. How
ever, since AT peptides are rapidly cleared from circulation [241], and are no 
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longer susceptible to the SCPN attack when bound within seconds to their spe
cific high-affinity receptors, it is reasonable to believe that cellular control in vivo 
is a first-line regulatory mechanism. In contrast, fluid phase control acts as a sec
ond-line mechanism to prevent longer persistance and systemic accumulation of 
active AT peptides. 

Recently, the first AT - receptor deficiency was described for C3a in guinea 
pigs [8a, 2S1] and meanwhile two independent strains with congenic C3a-recep
tor-normal control strains have been established. These animals and their cells are 
insensitive to all C3a-mediated biological functions in vivo and in vitro, but are 
fully responsive to CSa. C3a-receptor-deficient guinea pigs proved to be an excel
lent tool for differentiation of C3a and CSa effects in vivo and the relative con
tribution of CSa versus the combined influence of C3a and CSa [103 a, 103 b]. 

2.6.5 Biological Functions 

For the bulk of biological functions mediated by the AT peptides in vitro, it 
should be noted that they are usually elicited by physiologically relevant concen
trations of C3a or CSa/CSa desArg in the range of 10- 8_10- 12 M. This is even 
more true for the in vivo effects evoked by these peptides. If only 0.1 %-1 % of 
C3 or CS were activated in plasma or at local site, a cellular response should oc
cur. Table 2 gives the basis for calculating concentrations and molarities. 

The biological efficiency of the three AT peptides C3a, C4a, and CSa follows 
the order: CSa> C3a > C4a. Roughly, a 100-factor difference between each 
peptide is observed in most test systems. However, it must be kept in mind that 
C3a is generated in a is-fold molar excess over CSa, and therefore counteracts 
its lower intrinsic activity by higher concentrations. Figure 1 gives an example of 
titration of the three peptides in the guinea pig platelet [3H]serotonine release. 

It is not possible to mention all the cell types and test systems in which AT 
peptides showed stimulatory activities (for review see [112, 113, 11S, 117, 119, 

Table 2. In vivo concentrations of human anaphylatoxinogens and AT 
peptides 

C4 
C3 
C5 

C4a 
C3a 
C5a 

C3a 

C5a 

C3/C5 

mol. wt. 

206000 
180000 
180000 

9000 
9000 

11000 

Approximate plasma concentrations 

500~g/ml 
1400~g/ml 
80~g/ml 

at maximal activation 
22~g/ml=2.4 x 10- 6 M 
70~g/ml=7.7 X 10- 6 M 
4.9 ~g/ml=4.4 x 10- 7 M 

1 ~gjml=1.1 x 10- 7 M 
1 ~g = 6.6 x 1013 molecules 
1 ~g/ml=9 x 10- 8 M 
1 ~g= 5.4 X 1013 molecules 
1 ~g=3.3 x 1012 molecules 
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Fig. 1. Example of titration of the three peptides in the guinea pig platelet [3H]serotonine 
release 

142, 198, 231]). Of these neutrophils, macrophages/monocytes, and platelets are 
the most often used and represent reliable test cells for in vitro studies. Nearly all 
secretory constituents of these cells have been measured in response to AT pep
tides. 

Enzyme release [81,101,135,138,154,204,240], oxygen radicals [82,139,199, 
239], histamine or serotonin release [2, 79, 98,127,159], IL-l [85], prostaglandins, 
and leukotrienes [99,139] have been measured. Cell aggregation was studied with 
neutrophils and platelets [4, 46, 48, 91, 96, 97,125,174,224,252]. Chemotactic 
responses were intensively investigated in vitro and in vivo ([1,5,17,59,67,135, 
136,151,177,202,203,207-210,221,222,234--238]; see also Sect. 2.5). 

The classical guinea ileum test system is continuously in use [12, 134, 
146,155]. 

Cytolytic effects of C3a [63] could not be confirmed [83]. Recently, special em
phasis has been placed on the clarification if AT peptides alone are responsible 
for most of the inflammatory in vivo effects or whether secondary mediators act 
together with the initial trigger C3a or C5a. Indeed, evidence from in vitro and 
in vivo studies is accumulating which shows that the metabolites of the arachi
donic acid system, either of the cyclooxigenase or the lipoxigenase pathways, con
tribute to the inflammatory scenario [51, 70, 117, 189,214--217,246]. 

Vascular effects and skin reactions were measured by many authors [9,11,45, 
107, 130, 153,242,250], and the contribution of AT peptides to inflammatory 
processes in experimental animal models [34,59,131,245], as well as in a number 
of different diseases [144,152,181,220] have been found. 

2.6.5.1 Acute Respiratory Distress Syndrome 

Most of the progress to classify a pathological role of AT peptides in human dis
eases as well as in animal models has been made by studying lung failure and mul
tisystem organ failure as a consequence of multiple injurious mechanisms (e.g., 
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sepsis with gram-negative rods, aspiration pneumonia, trauma and burn injury, 
pancreatitis). All these culminate in the adult respiratory distress syndrome 
(ARDS) which has extremely high lethality [120, 191]. More benign and reversible 
episodes of lung dysfunction can be evoked by extracorporal circulation, hemo
dialysis, etc. accompanied by and reasonably induced through a significant in
crease in circulating AT peptides [29, 31, 32, 37, 38, 94, 123, 172,205]. However, 
these circulating peptides have also been measured in severe cases of ARDS and 
multisystem organ failure [95, 100, 181]. A number of experimental animal 
models with guinea pigs, rabbits, rats, and mice were used to imitate the patho
logical events and to prove the complement dependency: by exhaustive systemic 
activation ofC3 and C5 with cobra venom factor [106,174,223,239,241], by en
dotoxin or bacterial infusions [104, 212], by intravenous bolus injections of high 
doses [10, 91,106,241], by extremely low doses of ATP peptides [103a, 103b] with 
or without SCPN inhibitors, or by intrabronchial instillation of AT peptides 
[141,213]. 

Although most of the "sudden onset" models do not exactly mimic the clinical 
situation as is observed during the early stages of ARDS, there seems to be gen
eral agreement on the following points: The neutrophil is the central target cell 
initially triggered by AT peptides, sequestering in the lung, and involved in lung 
injury [37, 94, 173, 174, 205]. 

Alveolar macrophages may also be involved [102]. 
The secondary cascade of metabolites of the arachidonic acid system then 

plays a role as amplifiers for increased vascular permeability in the lung [117, 
214,216]. 

Oxygen radicals concomitantly are generated from neutrophils and contribute 
to tissue damage [35, 199, 239]. 

Additional factors as endotoxins [247] or hypoxia [143] reasonably contribute 
to activation sequences, leading to pulmonary dysfunction and structural de
rangements. 

A recently described sepsis model for ARDS in nonhuman primates for the 
first time directly proved the essential mediator function of C5a by preventing the 
development of ARDS with an anti-C5 antibody therapy [212]. For further de
tails, see Sect. 3.3.3. 

2.6.5.2 Anaphylatoxin-Peptide-Mediated Regulation 
of Humoral Immune Responses 

Purified C3a as well as synthetic C3a peptides suppress both the polyclonal and 
the antigen-specific humoral immune response in human and murine in vitro sys
tems, whereas C3a desArg has no activity at all. It was suggested that the activa
tion of a suppressor-inducer-T-cell is the central mechanism involved in the gen
eration of suppressor circuits, which finally diminish the T-cell help for induction 
of antibody secretion by B cells [117, 163, 165, 166a, 179]. Whether C3a or even 
C3a desArg inhibit NK activities [25] or not [166] has to await further analysis. 
The effects of C3a have to be separated from another, kallikrein-generated cleav
age fragment of C3 (C3dK) which inhibits human T-cell proliferative responses 
[160]. 
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On the other hand, purified C5a and C5a desArg have a stimulatory capacity 
on the humoral immune response and exert their effects on the level of other cells 
(T-helper cells and/or macrophages), but also not on the level of B cells [84, 
85,164]. 

Receptors for AT peptides on T -lymphocytes have not been found and they 
probably may be expressed only on subpopulations ofT cells. 

A number of recent review articles deal with a regulation of immune responses 
by complement fragments, in general, and AT peptides, in particular [117, 166, 
243,244]. 

The above-described immunoregulatory activities of AT peptides on T-Iym
phocytes were delineated in vitro, and the in vivo relevance until now is far from 
understood. Nevertheless, these immunoregulatory activities of AT peptides in 
vitro have to be confronted with a current hypothesis on the in vivo role of com
plement for an efficient humoral immune response against T -dependent antigens, 
especially the role of C3b. Deduced from in vivo experiments, mainly by using 
CVF-induced decomplementation, the suppression of the humoral immune re
sponse in mice was taken as an argument to support the essential helper role of 
C3b. It is totally unresolved whether the huge amount of AT peptides, generated 
simultaneously with systemic C3-depletion by CVF, has suppressive (C3a) or 
stimulatory (C5a) consequences on humoral immune response. However, in gen
eral the arguments in favor of a modulatory role for AT peptides concentrate on 
activities exerted at a local site in the microenvironment of interacting T cells, B 
cells, and accessory cells [160, 243]. For further review, see ref. [12a, 180] and 
Sect. 2.1. 

2.6.6 In Vitro Test Systems 

It is obvious that the guinea pig is an exclusively sensitive and ideal experimental 
animal for testing AT peptides in vitro and in vivo. The most widespread used 
tests for assaying AT peptides on a qualitative and semiquantitative basis, besides 
the special situation of C5a/C5a desArg-induced chemotaxis (see Sect. 2.5) are 
strips of guinea pig ileum and the in vivo skin test in guinea pigs (with Evans 
Blue). However, both test systems show a considerable variability, are time con
suming, and are not favorable for serial analyses. In contrast, the guinea pig plate
let offers an ideal cellular test system with an easy to prepare cell type. The cells 
are highly sensitive toward C3a/C4a and C5a in regard to activation as well as 
to desensitization, but not for all desArg peptides. Three types of reactions can 
be measured: [3H]serotonine release [2,156], platelet aggregation [4,91,252], and 
ATP-mediated bioluminescence. The latter method is the most sensitive, easy, 
and rapid to perform test system [252] and is therefore especially suitable for exact 
and reproducible serial analyses of AT peptides and synthetic analogues. 

The detection of AT peptides by using antibodies with sensitive RIA and 
ELISA test systems having a detection limit of about 1-10 ng/ml in body fluids 
is also possible [87,114,131,137,140,201,233]. 
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2.6.7 Conclusion 

The AT peptides, dependent on both pathways of complement activation, repre
sent an essential part of the biological capacity of the complement system. The 
spectrum of important activities (beneficial as well as pathological) is far from be
ing resolved (see Immunomodulation, Sect. 2.1, or ARDS, Sect. 3.3.3). However, 
when also considering physicochemical and genetic properties, the AT pep tides 
belong to the most advanced fields in research regarding primary, secondary, 
and tertiary structural elements, structure-function relationships, synthetic pep
tides, ligand-receptor interactions, and genetic engineering. 
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2.7 Opsonization, Phagocytosis, 
and Intracellular Microbial Killing 

F. M. Griffin, Jr., M. D. 

2.7.1 Introduction 

In this section I will review the mechanisms of opsonization, phagocytosis, and 
intracellular microbial killing. Emphasis will be placed on recent studies that have 
contributed to the remarkable advances in our understanding of these processes 
at the molecular level. Complement and cellular receptors for certain complement 
components are very important in opsonization and phagocytosis in vivo, and 
studies of complement receptor-mediated functions have contributed considera
bly to our understanding of these processes. Additional ligands and receptors, 
especially IgG and IgG receptors, are likewise important. So while the emphasis 
of this book and this section is complement, I will discuss studies that have taught 
us important concepts about opsonization, phagocytosis, and intracellular kill
ing, regardless of the ligands and receptors involved. 

2.7.2 Opsonization 

A phagocytic cell constantly comes into contact with numerous particulate mate
rials; yet it attaches and ingests only selected particles. The cell must therefore be 
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able to identify its intended meal. It can do so because its plasma membrane bears 
structures that recognize specific molecules on the surfaces of certain particles. 

Particle recognition and attachment have been most extensively studied using 
particles that require immunologic coating, or opsonization, in order to be bound 
by phagocytic cells. Wright and Douglas [196] initially showed that certain serum 
factors were able to alter the bacteria in such a manner that they were more ap
petizing to the cells. The rapid expansion in our understanding of immunoglob
ulin and complement chemistry in the middle of this century made it apparent 
that the opsonic serum factors were IgG and C3; defined the roles of these mol
ecules in the attachment step of phagocytosis; and led to the concept that plasma 
membrane receptors, which specifically recognize portions of these molecules, are 
the means by which phagocytic cells recognize and attach to their surfaces par
ticles coated with these ligands. 

When certain otherwise nonattachable particles are coated with IgG mole
cules directed against their surfaces, they can be recognized and attached by 
phagocytic cells [6, 16,25,81-83, 85, 106, 117, 133, 138, 179]. Attachment is me
diated by the Fc portion of the IgG molecule, for particles coated with F(ab'h 
fragments of IgG are not attached, and Fc fragments, but not Fab fragments, of 
IgG can compete for binding sites on the cell's surface and block the attachment 
ofIgG-coated particles [13, 25, 65]. 

The specificity with which the Fc portion ofIgG interacts with the phagocytic 
cell surface led to the concept that these cells bear on their plasma membranes 
molecules that are Fc receptors. So also did the finding that the ability of the cells 
to bind IgG molecules exhibits saturation kinetics [2, 6, 65, 182,201]. Recently, 
several investigators have isolated from the plasma membranes of phagocytic 
cells molecules that bind specifically to the Fc portion ofIgG [5,38,100,108,109, 
116]. The molecular weights of the molecules identified have ranged from 35000 
to more than 120000, suggesting either that some of the molecules are nonspecific 
binders of certain proteins, that the molecules are the same but either aggregate 
or become partially degraded under the experimental conditions employed to iso
late them, that different phagocytic cells express different Fc receptors, or that 
there are several classes of Fc receptor on the same cell. There is, in fact, good 
evidence that mouse macrophages have two classes of Fc receptor: one that rec
ognizes mouse IgG2a and is trypsin-sensitive and another that recognizes mouse 
IgG1 and IgG2b and is trypsin-resistant [54,66,72,121,163,180-182,185,186]. 
In addition, different phagocytic cells have been found to express different Fc re
ceptors [46, 47]. 

Molecules generated by the activation of complement also serve to bind par
ticles to phagocytic cells. The concept that binding of C3-coated particles to the 
phagocytic cell's surface is mediated by specific C3 receptors was supported ini
tially by several findings. First, binding of complement-coated particles to the 
cell's surface is strictly dependent upon the presence of C3 on the particle surface; 
when these particles are coated with other complement components, they are not 
bound [17, 23, 51, 56, 62, 80, 83,102,151]. Second, binding ofC3-coated particles 
can be blocked by either fluid phase C3 or C3b but not by other complement com
ponents, other C3 fragments, or other serum proteins [151]. Third, the ability of 
phagocytic cells to bind C3b-coated particles can be abolished by treating the cells 
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with trypsin [17,56,80,102], suggesting that the recognition site for the C3b mol
ecule is an externally disposed, trypsin-sensitive plasma membrane protein. 

These suggestive results have recently been confirmed by the isolation and 
identification of C3 fragment receptors on the surfaces of phagocytic cells. 
Fearon [42] isolated from the plasma membranes of human erythrocytes a 
205000-dalton protein that specifically binds C3b. By treating monocytes and 
neutrophils with antibody to this protein, he was able to block completely the 
binding of C3b-coated particles to their surfaces. The protein therefore appears 
to be the receptor for C3b on both phagocytic and nonphagocytic cells. It has 
been designated complement receptor 1, or CR1, and has been found to bind par
ticles coated with C4b, C3b, C3c, C3bi, or C5b [35,84,150]. 

As with Fc receptors, phagocytic cells have two classes of C3 receptors. In ad
dition to CR1, these cells express CR3, a molecule that recognizes only C3bi, the 
form of C3b that has been nicked by C3b inactivator [23,151]. This receptor has 
been identified immunologically [198] and has been isolated and characterized as 
a two-chain plasma membrane protein [155]. 

Based upon the findings cited above, it seems clear that specific receptors me
diate the attachment of immunologically coated particles to the plasma mem
branes of phagocytic cells and are therefore responsible for the first step ofimmu
nologically mediated phagocytosis. 

The principles derived from the study of immunologically mediated particle 
attachment led some investigators to propose that nonimmunologically mediated 
particle binding was also dependent upon the interaction of specific molecules of 
the particle surface with receptors for these molecules on the phagocytic cell's 
plasma membrane. Results of several recent studies support that view. The com
plement receptor itself can serve as the receptor for some bacteria directly [45]. 
Terminal mannose residues on the plasma membranes of mouse peritoneal mac
rophages are required in order for the cells to bind certain strains of Escherichia 
coli and Salmonella typhi [14]; a glucose-binding receptor on the surface of Dic
tyostelium discoideum is responsible for binding Escherichia coli that bear termi
nal glucose residues [152, 184]; and the wheat germ agglutinin receptor of Dictyos
telium is also the receptor for certain yeasts [71, 154]. In these instances, particle 
recognition is accomplished by the interaction of lectin-like molecules on the sur
face of either the particular or the cell with specific sugars on the surface of the 
other. Czop and her colleagues [28-30] have found that chemical modification of 
the surfaces of certain particles that are not recognized in their native states ex
poses a site on the particle surface that can be recognized by human monocytes. 
Both these modified particles and several particles that are attached and ingested 
in their native states (e.g., zymosan) are recognized and bound by monocytes via 
a "recognition unit" on the monocytes' plasma membrane; the unit is exquisitely 
trypsin susceptible and clearly distinct from the cells' Fc and C3 receptors. In the 
case of zymosan the receptor specifically recognizes mannan on the yeast cell wall 
[169]. 

These results support the concept that the ability of phagocytic cells to recog
nize and attach a particle is mediated by the interaction of specific plasma mem
brane receptors with specific molecular sites on the particle's surface. When these 
molecules are serum components such as IgG and C3, they are extrinsic ligands; 
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when natural components ofthe particle itself, they are intrinsic ligands. Further 
investigation seems likely to result in the identification, and eventually the isola
tion, of more and more intrinsic ligands and of molecules on phagocytic cells that 
serve as their receptors. 

2.7.3 Phagocytosis 

2.7.3.1 Generation and Transmission of the Phagocytic Signal 

Attachment of a particle bearing either extrinsic or intrinsic ligands on its surface 
to appropriate receptors on the cell is a prerequisite for ingestion of the particle. 
Engagement of these receptors leads to a cellular response, namely pseudopod ex
tension around the bound particle. Since the stimulus, particle attachment, is a 
cell surface event, and since the response, particle ingestion, is an intracellular 
event, it follows that there must be a means of communication between the cell's 
surface and its intracellular compartment, i.e., a signal. At present, the existence 
of a phagocytic signal is largely theoretical and the evidence for its existence 
chiefly inferential. However, mobility of receptors and perhaps of other plasma 
membrane molecules appears to be a prerequisite for generating such a signal. 

Biochemical and morphologic evidence suggests that reorganization of 
plasma membrane receptors and other plasma membrane components occurs 
when the receptors are engaged by ligands. Amino acid transport sites [178] and 
other proteins [192,193] on the plasma membranes ofneutrophils were preserved 
when each neutrophil consumed a meal oflatex particles sufficient to result in in
teriorization of 35% of its plasma membrane, suggesting that during ingestion 
these sites moved to regions of the plasma membrane not incorporated into the 
phagocytic vacuole. Freeze-fracture and other studies have demonstrated that 
molecules redistribute within the plasma membrane after macrophages have 
bound particles coated with immunologic ligands [37, 78]. And both Fc and C3 
receptors of macrophages, while inherently randomly distributed, under certain 
conditions migrate to one pole of the cell when engaged by their ligands 
[148, 187]. 

Studies by Michl et al. [120-122] suggest that the ability of a receptor to mi
grate within the plane of the macrophage plasma membrane is a determinant of 
whether or not that receptor can promote particle ingestion. The Fc receptor of 
both resident and thioglycollate-elicited mouse pertioneal macrophages mediates 
both attachment and ingestion of IgG-coated particles. The C3 receptor of resi
dent macrophages mediates only attachment of C3-coated particles, whereas the 
C3 receptor of thioglycollate-elicited macrophages promotes ingestion as well. 
Michl et al. [121] found that, when macrophages were plated on glass coverslips 
coated with antigen-antibody complexes, the Fc receptors of both resident and 
thioglycollate-elicited macrophages migrated to the glass-adherent surface of the 
cell. When macrophages were plated on coverslips coated with antigen-antibody
complement complexes, the C3 receptors of thioglycollate-elicited macrophages 
also redistributed, whereas the C3 receptors of resident macrophages did not. We 
have found that the C3 receptors of resident macrophages treated with a lym-
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phokine preparation that imparts to these cells the ability to ingest C3-coated par
ticles (see below) likewise migrate to the glass-adherent surface of macrophages 
plated on antigen-antibody-complement complexes [60]. The ability ofFc and C3 
receptors to redistribute on the macrophage surface correlates exactly with their 
ability to promote ingestion, suggesting that movement of receptors within the 
cell's plasma membrane, induced by engagement of the appropriate ligand, may 
be an essential step in transmembrane signalling and in the ingestion process. 

Several investigators have attempted to identify biochemical messengers that 
may constitute, or be a part of, the phagocytic signalling mechanism. Cyclic nu
cleotides are messengers in many receptor-response reactions in a variety of cells 
[18,24,68,99, 156, 194]. Muschel et al. [123, 124] derived from a macrophage-like 
murine cell line mutants that retained the ability to bind and ingest latex beads 
and to bind IgG-coated sheep erythrocytes but that had lost the ability to ingest 
these erythrocytes. When incubated for 18 hours with either 8 Br-cAMP, cholera 
toxin, or isoproterenol or when treated overnight with a phosphodiesterase in
hibitor, maneuvers that increased intracellular cAMP levels, these cells regained 
the ability to phagocytize IgG-coated erythrocytes. These investigators were able 
to demonstrate a similar requirement for cAMP in Fc receptor-mediated phago
cytosis by nonmutant, parental cells whose Fc receptor function had been im
paired by pretreating the cells with insulin [124]. These results certainly support 
a role for a cAMP-mediated function in phagocytosis. However, because the cells 
had to be exposed to elevated levels of cAMP for several hours before augmented 
Fc receptor function could be detected, it seems unlikely that a reaction involving 
this nucleotide is itself the phagocytic signal. Furthermore, alteration of extracel
lular cAMP concentrations does not consistently affect phagocytosis [18, 27, 115, 
176, 190], and intracellular levels of cAMP do not change consistently during 
phagocytosis [15,111,128,171]. 

Pearlman et al. [132] found that an esterase activity was required in order for 
guinea pig neutrophils to ingest complement-coated erythrocytes; and Musson 
and Becker [125] have used esterase inhibitors to generate evidence that at least 
two esterase activities, one of which is activated by receptor-ligand binding, are 
required for complement receptor-mediated phagocytosis by human neutrophils. 
We have recently found that the protease inhibitor tosyl-L-Iysine chloromethyl 
ketone (TLCK), at concentrations that do not impair several other macrophage 
functions, strikingly inhibits Fc receptor-mediated phagocytosis by mouse perito
neal macrophages (D. R. Shaw and F. M. Griffin, Jr., unpublished observation). 
And evidence has been presented that phospholipid methylation is required for 
all types of cell movement [134, 135], including phagocytosis by some but not all 
phagocytic cells [103, 177]. More recently, evidence has accrued for a role for 
transglutaminase in phagocytosis [43, 44,105]. In addition, macrophages possess 
a calcium transport system [33] that pumps calcium into the cell during phagocy
tosis, binding ofIgG to isolated Fc receptors of macrophages opens an ion chan
nel [203], inhibition of the effects of the Ca2 + -calmodulin complex inhibits 
phagocytosis [79, 166], and a calcium-binding macrophage protein is phosphoryl
ated during phagocytosis [183], suggesting that Ca2 + influx and/or Ca2+ -regu
lated proteins may have important roles in phagocytic signal transduction. These 
results provide strong evidence that certain chemical changes, induced by the at-
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tachment of a particle to the surface of the phagocytic cell, are necessary in order 
for ingestion to proceed. Our information is currently insufficient, however, to 
identify the biochemical pathways that constitute the phagocytic signaling mech
anism. 

Despite our ignorance of the chemical nature of the phagocytic signal, we do 
know some of its features. Not all particles that are attached to the phagocytic 
cell's surface are ingested [17,34,39,50,54-62,90,112,114,118,119,123,124, 
126,140,141,160,161]. And those bound by means that do not generate the sig
nal are not ingested when the cell is fed particles that bind to its plasma mem
brane, generate a phagocytic signal, and are themselves ingested [56, 59, 61], in
dicating that either the signal itself or its effects on the cell are quite localized. 
Macrophages and neutrophils treated with 2-deoxyglucose lose their ability to 
phagocytize particles via their Fc and C3 receptors but retain the ability to bind 
particles by these receptors and to bind and ingest particles via other receptors 
[19, 118, 119]. These results suggest that 2-deoxyglucose treatment selectively dis
sociates certain cell surface events, engagement of the macrophage's Fc and C3 
receptors, from the intracellular machinery of phagocytosis; that is, that it blocks 
either the generation or the transmission of the phagocytic signal. These results 
suggest also that the signal for immunologically mediated phagocytosis may be 
different from that for nonimmunologically mediated phagocytosis. 

2.7.3.2 Particle Ingeston 

Once the phagocytic signal has been generated and transmitted, the cell responds 
by extending pseudopods around the bound particle and eventually enclosing it 
within a phagocytic vacuole. The ingestion process is dependent upon surface 
properties of both the cell and the particle and upon certain intracellular events. 

Surface Requirements for Particle Ingestion 

Repeated Receptor-Ligand Binding Is Required During the Ingestion phase of 
Phagocytosis. When the plasma membrane of a neuron receives a stimulus of suf
ficient magnitude, it responds by propagating an action potential that is cell-wide 
and quantitatively invariant [153]. There is no graded response to subthreshold 
increments of the stimulus but rather an "all or none" response, determined by 
whether or not the threshold stimulus is achieved. Our finding that the macro
phage can distinguish between two types of particles bound to its plasma mem
brane and ingest one while not ingesting the other indicates that the response to 
a phagocytic stimulus, or signal, is not a cell-wide response [56, 59, 61]. Phago
cytic cells are able to ingest particles that vary considerably in size and shape. 
There appears to be no particle too small to signal its own ingestion, suggesting 
that there is no absolute threshold that a phagocytic signal must achieve in order 
to initiate ingestion. And both during its formation and after its completion, the 
size and shape of a phagosome conform precisely to the size and shape of the par
ticle ingested [59], suggesting that the particle itself finely regulates its own engulf
ment. 

These findings raise several important questions about the regulation of inges
tion. (a) Are there phagocytic signals of varying magnitudes? (b) How does the 
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cell determine precisely the quantity of its response to a phagocytic signal of a 
given magnitude? (c) How does the cell's plasma membrane fit so tightly with the 
surface of the particle? 

These questions have been answered at least in part by studies of the interac
tion of mouse peritoneal macrophages with particles coated with ligands on only 
a portion of their surfaces. The initial attachment of a ligand-coated particle to 
the phagocytic cell's surface occurs via the interaction ofligands located on only 
a small arc of the particle's surface with specific receptors on only a small portion 
of the cell's plasma membrane. Whereas only a minority of the total number of 
ligands on the particle are bound by receptors during this initial particle-cell en
counter, it is these few ligand-receptor interactions that generate at least the initial 
phagocytic signal and initiate particle ingestion. It was possible that these initial 
ligand-receptor bonds triggered intracellular events that destined the attached 
particle for ingestion and that ligands located over the remainder of the particle 
surface and receptors lying outside this zone of initial attachment were superflu
ous to the ingestion process. If this were the case, then a particle with ligands lo
cated on only one hemisphere of its circumference should be ingestible, and 
phagocytic cells whose receptors lying outside the initial attachment zone were re
moved should be able to ingest a particle previously attached via appropriate re
ceptors. However, we found that particles coated with either IgG or C3 ligands 
on only one arc of their circumference were not ingested, and particles diffusely 
coated with IgG and bound by macrophages' Fc receptors could not be ingested 
by macro phages whose remaining Fc receptors had been functionally removed 
from their plasma membranes [58,59]. 

These results indicate that not only are ligands and receptors the determinants 
of particle attachment and signal generation but also that they playa key role in 
the ingestion process as well. However, the results do not define precisely the role 
of ligand-receptor interactions outside the zone of initial particle attachment. It 
was possible that the initial ligand-receptor interactions activated intracellular 
machinery that committed the cell to pseudopod extension of a degree sufficient 
for the ingestion of the attached particle and that ligands located over the re
mainder of the particle acted only as "passive" binding sites for plasma mem
brane receptors on advancing pseudopods. Alternatively, repetitive receptor-li
gand interactions may have been required in order to generate repeated phago
cytic signals necessary for the continued extension of plasma membrane pseudo
pods and therefore for completion of the ingestion process. 

Subsequent experiments in which a particle was coated with phagocytic sig
nal-generating ligands on only a small arc of its circumference but with binding
promoting but phagocytic signal-non-generating ligands on the remainder [162] 
demonstrated that ligands located over the entire particle surface were required 
not only to serve as "passive" binding sites but also to generate repeated phago
cytic signals. This mechanism is not surprising, for it is the most efficient means 
by which phagocytosis could occur, and it provides the phagocytic cell with the 
maximum capability to regulate the process. 

Based upon these results, we envision that phagocytosis occurs in the follow
ing manner: The engagement of receptors by particle-bound ligands at the site of 
initial attachment of the particle to the cell generates a signal that is transmitted 
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intracellularly, resulting in the local formation of a small pseudopod. Receptors 
on advancing pseudopods bind to ligands located farther along the particle sur
face, generating additional phagocytic signals that result in further pseudopod ex
tension. The cycle of ligand-receptor binding --+ intracellular signal transmission 
--+ local pseudopod extension must be repeated many times until the leading edges 
of plasma membrane meet and fuse to enclose the particle within a phagocytic 
vacuole. 

Intracellular Events During Phagocytosis 

Metabolism of Phagocytizing Cells. Particle ingestion is an energy requiring pro
cess, for it cannot proceed either at low temperatures or in the presence ofinhibi
tors of anaerobic glycolysis such as sodium fluoride and iodoacetate [92-94,141, 
157, 158]. Except in the alveolar macrophage [93, 127], low oxygen tension and 
inhibitors of oxidative metabolism such as potassium cyanide do not affect the 
ability of the cells to phagocytize [92-94,147]. Thus, the energy for phagocytosis 
by most cells is generated by anaerobic glycolysis, and for many years it has been 
assumed that ATP is the energy source [92-94,157,158]. 

However, there is no change in total intracellular ATP levels in neutrophils 
or in macrophages during phagocytosis, and, in experiments by Michl et al. [119], 
depletion of intracellular ATP levels by 83% failed to alter the ability of mouse 
peritoneal macrophages to phagocytize any particle tested. These findings led 
Loike et al. [107] to examine carefully ATP turnover in mouse peritoneal macro
phages. These investigators found that, while the total quantity of intracellular 
A TP did not change, the rate of ATP turnover increased dramatically during 
phagocytosis. This finding led them to search for additional reservoirs of high en
ergy phosphate bonds that might rapidly replenish A TP during its consumption. 
They found that, like muscle cells, macrophages contain large quantities of cre
atine phosphate, the levels of which fall dramatically during phagocytosis. These 
results strongly suggest that A TP is in fact the energy source for phagocytosis by 
macrophages and that intracellular levels of A TP are preserved during phagocy
tosis by the phosphorylation of ADP by creatine phosphate. 

Whereas in most phagocytic cells anaerobic glycolysis provides all, or nearly 
all, of the energy for phagocytosis, it is not the only metabolic pathway whose 
activity is increasesd during phagocytosis. Oxygen consumption and metabolism 
are enhanced and the activity of the hexose monophosphate shunt is greatly stim
ulated as well [34, 92-94,157]. These pathways are not required for ingestion but 
are required for intracellular microbial killing and are discussed in detail later in 
this section. 

The Machinery of Phagocytosis. As previously noted, the act of ingestion requires 
that the cell extend pseudopods around the attached particle until the leading 
edges of pseudopod plasma membrane meet and fuse to enclose the particle in a 
phagocytic vacuole. It is this function for which metabolic energy is required. 

The first indication of how pseudopod extension occurs was obtained from 
morphologic data and shortly thereafter from indirect biochemical studies and 
from one clinical study. Electron microscopic studies revealed that actin filaments 
were present in huge aggregates in pseudopods enveloping particles but formed 
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only a thin subplasmalemmal rim in the regions of the cells not involved in par
ticle ingestion [59, 144]. Actin and myosin were identified in the cytoplasm of 
phagocytic cells [3, 4, 20, 136, 170] and were found in greatest concentration at 
sites participating in particle ingestion [170]; and cytochalasin B, a compund that 
impairs actin gelation [70,167,168] and micro filament function [8], was found to 
inhibit phagocytosis [8, 164,208). The critical importance of actin in phagocytosis 
in vivo was demonstrated by studies of a patient with recurrent, severe, systemic 
bacterial infections. His neutrophils were unable either to move randomly, to re
spond to chemotactic stimuli, or to phagocytize. They contained normal quanti
ties of actin, but, unlike actin from neutrophils of normal controls, it failed to 
polymerize in the presence of 0.6 M KCI [20]. 

These findings led Stossel and his colleagues [20, 21,69, 70, 172, 174, 175,204-
206] to explore the possibility that actin filaments provide the motive force of 
phagocytosis. Over the past several years, these investigators have isolated from 
macro phages several proteins that, when incubated in appropriate combination 
in vitro, undergo sol-gel transformations that very likely account for the mecha
nism by which cellular functions that require movement of all or parts of a phago
cytic cell - random motility, movement in response to chemotactic agents, and 
phagocytosis - occur. These investigators first isolated actin, myosin, and an actin 
binding protein (ABP) from the cytosol of alveolar macrophages. When incu
bated in vitro, ABP caused actin to gel; the addition of myosin caused the gel to 
contract [175]. Since during phagocytosis most of the ABP shifts from the plasma 
membrane into the cytosol [175], these investigators proposed that attachment of 
a particle to appropriate molecules on the macrophage plasma membrane causes 
ABP to leave the plasma membrane and bind to subplasmalemmal actin in the 
region of the bound particle, promoting the assembly ofG-actin into F-actin and 
cross-linking the filaments to form a gel; myosin then contracts the filaments. If 
filaments anchored by the plasma membrane are normally randomly arranged 
but become oriented radially from the area of particle binding during contraction 
of the gel, then the net result would be extrusion of the plasma membrane and 
the underlying cellular contents around the bound particle, i.e., pseudopod exten
sion. 

These biochemical mechanisms constitute a plausable explanation for at least 
the initiation of pseudopod extension during phagocytosis. However, in order for 
pseudopod extension to continue and for contractile elements to be able to return 
to their resting state, a mechanism for the disassembly of the gelled complex must 
exist. Such a mechanism has been recently identified. Yin and Stossel [204-206] 
isolated from alveolar macro phages another protein that they called gelsolin. 
When soluble actin was incubated with gelsolin alone, no change in the physical 
state of actin occurred. When actin was incubated with ABP alone, actin gelation 
occurred. When all three proteins were incubated together in the presence of J..LM 
quantities ofCa2+, gelsolin prevented the gelation of actin by ABP. When Ca2 + 

was absent, gels olin had no effect upon the interaction of actin with ABP. These 
investigators further found that gels olin did not prevent ABP from binding to ac
tin, that the sol-gel transformations could be reversed by altering the Ca2 + con
tent of the incubation medium, and that gels olin could cause the gelsol trans
formation at a ratio of one gelsolin molecule to 166 actin molecules. Studies in 
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polymer chemistry have revealed that near a critical point small changes in the 
polymer:cross-linker ratio can result in an abrupt phase shift of the polymer [48]. 
Yin and Stossel [204] therefore proposed that the physical state of the filament 
complex is regulated by the ratio of polymer (actin) to cross-linker (ABP) and that 
gels olin breaks actin at only a few cross-linking sites, causing a small but signif
icant increase in the ratio of polymer to cross-linker molecules, thereby solubiliz
ing the gel. Regional variations in subcellular Ca2 + concentration, which may be 
governed by cell surface events such as receptor-ligand binding, would determine 
the physical state of actin in various regions of the cell and could regulate the flow 
of pseudopods around the cell's particulate meal. These findings provide a rea
sonable explanation for the mechanism by which actin filaments and their regu
latory proteins provide the motive force for phagocytosis and also demonstrate 
a critical role for Ca2 + in that process. 

2.7.4 Cooperative Roles of Fc Receptors 
and Complement Receptors 
in Host Defense Against Microbial Infection 

For many years it has been known that coating most microorganisms with either 
IgG or C3 enhances the rate at which they are ingested by phagocytic cells in vitro 
[90, 138, 161, 165, 188], and the importance of these molecules in host defense 
against infection has been apparent from the markedly increased rate of bacterial 
infection in patients who lack either opsonin [1, 149]. It had been assumed that 
both IgG and C3 ligands enhance both the rate of attachment and the rate of in
gestion of the opsonized microbes [51, 56, 83, 125, 132, 138, 160, 161, 173]. How
ever, results of several recent studies have revealed that these ligands do not al
ways promote ingestion, have raised serious questions about the availability of 
the ligands to the cell's Fc and C3b receptors at sites of inflammation in vivo, and 
have suggested that receptor cooperation may be necessary for optimal host de
fense. 

When studied in tissue culture medium in vitro, Fc receptors of all phagocytic 
cells mediate particle attachment, generate a phagocytic signal, and promote in
gestion oflgG-coated particles [17, 56, 62, 112, 114, 138, 140, 160, 162]. Several 
lines of evidence indicate, however, that phagocytic cells may have difficulty in 
phagocytizing via their Fc receptors at sites of infection in vivo. Uptake of IgG
coated particles by phagocytic cells of both experimental animals and patients 
with circulating immune complexes is impaired both in vitro [67] and in vivo [49, 
63]. Macrophages that have either bound immobilized immune complexes [36, 91, 
121,142,143] or ingested soluble immune complexes [54,55] in vitro are strikingly 
defective in their ability to phagocytize either IgG-coated erythrocytes or IgG
coated yeasts of Cryptococcus neoformans. Since many microorganisms shed sub
stantial quantities of their surface antigens, immune complexes composed of these 
antigens and host antibody are probably plentiful at sites of infection in the im
mune host. Ingestion of these complexes may block the phagocytic cells' Fc recep
tors and impair their ability to ingest IgG-coated microorganisms. In additon, the 
Fc portion of microbe-bound IgG may be unavailable to the phagocytic cell's Fc 
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receptors, for the deposition of complement components on antigen-IgG com
plexes can, under certain conditions, mask the Fc portion ofIgG [121, 159]. If 
complement were to mask these ligands in vivo, then particle-bound IgG would 
be useless as an opsonin. 

It appears as if complement-mediated opsonization may also be inadequate 
to ensure microbial ingestion. When generated by activation of the alternative 
complement pathway by constituents of encapsulated microorganisms, C3 is de
posited beneath the microbes' capsules at sites inaccessible to the C3 receptors of 
phagocytic cells [55,191,195]. In contrast, C3 appears to be deposited on the cap
sules of these microorganisms and is available to cells' C3 receptors when com
plement is activated by anticapsular immunoglobulin [55]. These results strongly 
suggest that activation of the alternative complement pathway may by itself be 
an inadequate host defense mechanism against disease caused by encapsulated 
microorganisms and indicate that cooperative effects of complement and immu
noglobulin may be necessary in order to achieve optimal opsonization. 

Even when C3 is available to the cell's C3 receptors, it may not enhance particle 
ingestion, however, for the C3 receptors of both neutrophils and mononuclear 
phagocytes mediate only attachment of erythrocytes [17, 39, 54, 56, 57, 62, 112, 
114, 126, 162], staphylococci [161], pneumococci [188], and cryptococci [55] 
coated with C3; they appear to be incapable of generating the phagocytic signal 
and promoting particle ingestion. 

How, then, do Fc and C3 receptors enhance particle uptake? Several investi
gators found that erythrocytes coated with sufficient quantities of IgG were both 
bound and ingested by neutrophils and monocytes, whereas erythrocytes coated 
with C3 were bound but not ingested [39, 112, 161]. When erythrocytes were 
coated with both ligands, the concentration of IgG on the erythrocyte surface re
quired to promote ingestion was reduced nearly 100-fold, to a level that was in
sufficient to promote even attachment of erythrocytes coated with that quantity 
of IgG alone. These investigators proposed that the chief role of C3 and its recep
tors is to promote particle binding, the chief role of IgG and its receptors is to 
promote particle ingestion, and that enhanced particle binding by C3 and its re
ceptors serves to facilitate engagement of the cell's phagocytic signal-generating 
Fc receptors by IgG. Ehlenberger and Nussenzweig [39] obtained support for this 
hypothesis by showing that erythrocytes coated with quantities of IgG insuffi
cient to promote their attachment were ingested when physical and chemical 
means other than C3 were used to bind the erythrocytes to the cell's surface. 

These findings demonstrate the importance of Fc and C3 receptor cooper
ation in phagocytosis. They also explain how C3 can opsonize some microorgan
isms even in the absence of IgG. The microbes that C3 can opsonize alone are 
those that are nonencapsulated and that are ingestible, at least to a moderate de
gree, in their native states, presumably because they display on their surfaces in
trinsic ligands that can engage the appropriate cellular "receptors" and thereby 
generate the phagocytic signal. Since these microbes are nonencapsulated, C3 is 
presumably deposited at a site accessible to the phagocytic cell's C3 receptors 
even when it is generated via the alternative complement pathway by components 
of the microbes themselves. Therefore, the deposition of C3 on the microorgan
isms would enhance their rate of binding to the phagocytic cell's surface and 
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thereby increase the efficiency with which their own intrinsic ligands bind to ap
propriate signal-generating receptors. The result would be to increase their phago
cytic rate. 

In addition to facilitating the engagement of phagocytic signal-generating re
ceptors by their ligands, under some conditions macrophage complement recep
tors are able to promote ingestion directly [17, 54, 55, 57, 62]. Mouse peritoneal 
macrophages elicited by certain inflammatory stimuli, such as the injection into 
the peritoneal cavity of Brewer's thioglycollate medium and glycogen, not only 
bind but also ingest C3-coated particles [17,113]. These findings suggest that, in 
certain conditions, the inflammatory response per se may be sufficient to alter the 
macrophages' physiology or to cause them to mature or to differentiate to a stage 
at which their complement receptors are capable of promoting particle ingestion. 
These findings may not be pertinent to host defense against microbial infection, 
however, for we have been unable to elicit macrophages capable of phagocytizing 
via their complement receptors when we have used either microorganisms or mi
crobial products as inflammatory stimuli in non-immunized animals (F. M. Grif
fin, Jr., manuscript in preparation). 

However, three physiologically relevant stimuli have been described that acti
vate macrophages' complement receptors for phagocytosis. Wright et al. [197] 
and Pommier et al. [137] have found that fibronectin can bind to macrophages 
and enable them to phagocytize via both CR1 and CR3. Wrigley and Saluk [200] 
have found that triggered B- and T -lymphocytes cooperate to activate the com
plement receptors of macrophages. And we have recently discovered that, under 
conditions likely to prevail at sites of microbial infection in vivo, macrophage 
complement receptors can be converted in vitro from nonphagocytic to phago
cytic receptors by a T-Iymphocyte product [54, 55, 57, 62]. The lymphokine re
sponsible for this effect appears to be different from any previously described 
lymphokine and cannot be elicited by the classical mechanisms of lymphokine 
production, i.e., antigen stimulation of appropriate clones ofT-lymphocytes [62]. 
Thus, this lymphokine is not a product of classical delayed hypersensitivity reac
tions; rather, elaboration of the product requires a unique series of cellular inter
actions. Macrophages must first phagocytize IgG-containing immune complexes; 
these cells thereby acquire the ability to trigger, by a cell contact-dependent mech
ansim, T -lymphocytes to elaborate a product that imparts to freshly explanted 
macrophages the ability to phagocytize via their complement receptors [62]. The 
product itself appears to be a small ('" 10000 daltons) polypeptide [57]. 

The effect of the lymphokine upon the macrophage's phagocytic capability is 
selective and specific for the cell's complement receptors, for it does not enhance 
either Fc receptor-mediated or nonimmunologically mediated phagocytosis [57]. 
The lymphokine acts by freeing immobilized C3 receptors, enabling them to move 
within the cell's plasma membrane, thereby connecting the macrophage's comple
ment receptors with the intracellular phagocytic machinery, i.e., permitting com
plement receptor engagement to generate a phagocytic signal. Recent work using 
human monocytes indicates that the lymphokine activates the cell's CR1 recep
tors but not their CR3 receptors [53]. 

These findings suggest a second means by which Fc and C3 receptors may co
operate in phagocytosis of pathogenic microorganisms. Microorganisms become 
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coated with both IgG and C3 in the immune host. Many of these offenders also 
shed antigens that become bound by host antibody. Macrophages present at sites 
of immunologically mediated inflammation are therefore exposed to large quan
tities of immune complexes composed of IgG and microbial antigens. Ingestion 
of these complexes may block or saturate the cells' Fc receptors, rendering mac
rophages unable to phagocytize via these receptors the offenders they are invited 
to destroy. In their normal physiologic state, macrophages can bind the microbe 
via their C3 receptors but cannot ingest it and likely release it when C3b inactiva
tor and proteases destroy C3; the offender is probably unharmed after such an 
encounter [56,160]. However, ingestion of immune complexes, while it paralyzes 
macrophages' Fc receptor function, at the same time permits the cells to interact 
with T -lymphocytes, thereby triggering the lymphocytes to elaborate the lym
phokine that enhances macrophages' complement receptor function [57, 62]. 
Macrophages may then be able to circumvent the immune complex-induced 
phagocytic blockade and ingest immunologically coated particles via their C3 re
ceptors. 

That cooperative effects of macrophages' Fc and C3 receptors are required for 
eradication of pathogens in vivo is suggested by recent studies by Brown et al. 
[22]. These investigators found that guinea pigs depleted of complement by cobra 
venom factor were unable to clear intravenously injected, IgG-coated, encapsu
lated pneumococci from the circulation and died with pneumococcal bacteremia. 
In contrast, animals with normal complement levels, in which the pneumococci 
presumably became coated with complement, efficiently cleared the bacteremia 
and survived. Since the strain of pneumococcus used was not susceptible to com
plement-mediated killing, it is probable that complement was required to facili
tate microbial ingestion. It may be that ingestion of either pneumococci-IgG com
plexes or soluble pneumococcal capsular antigen-IgG complexes by macrophages 
triggered the cells to signal T -lymphocytes to elaborate the lymphokine that per
mitted macrophages to ingest the pneumococci via their complement receptors. 
Alternatively, C3 on the pneumococcal surface may have served only to enhance 
the affinity with which macrophages and neutrophils bound the microorganisms 
and thereby increased the efficiency with which the cells ingested pneumococci via 
their Fc receptors, as in the previously cited studies by Ehlenberger and Nus
senzweig [39]. Whatever the exact mechanism, these results emphasize the impor
tance of complement and of complement receptors in host defense against a mi
croorganism that has long been the prototype of microbes that are defended 
against chiefly by IgG antibody. 

2.7.5 Intracellular Microbial Killing 

The major objective of phagocytosis of microorganisms is to kill them within the 
phagocytic cell. Killing appears to be accomplished by a number of mechanisms, 
chief among which is the generation of toxic products of oxygen metabolism. 
When particles bind to the surface of the phagocytic cell, they generally trigger 
increased oxygen uptake by the cell and activate, by as yet undetermined mech
anisms, a plasma membrane-associated oxidase that reduces O 2 to 02" [9, 11, 26, 
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32, 52]. The electron transfer involved in the reduction of O2 to O2 requires an 
electron donor; cellular NADPH is the usual donor, though NADH is capable 
of substituting for NADPH [74]. The pyridine nucleotide is regenerated by the 
metabolism of glucose through the hexose monophosphate shunt, and investiga
tors have on occasion used hexose monophosphate shunt activity as an indirect 
measure of phagocyte oxidative metabolism [12, 145]. 

Both H 20 2 and O2 are microbicidal, but they are not very powerful [31, 86]. 
Through the Haber-Weiss reaction [64], these components can form OR, which 
is a potent microbicidal radical [87]. Moreover, myeloperoxidase, an enzyme 
found in lysosomes of many phagocytic cells, can catalyze the oxidation of ele
mental CI- by H 20 2 to form OCI-, a powerful microbicidal molecule [95-97]. 

In addition to the oxygen-dependent intracellular killing mechanisms, phago
cytic cells contain a number of other products that can kill ingested microorgan
isms. These include cationic proteins, lysozyme, lactoferrin, and acid itself [7, 40, 
41, 73,101,104,110,130,131,146,189,207]. 

While the precise role of each of these microbicidal mechanisms is not known, 
it seems likely that the ability to generate O2, H 20 2, and OR is of prime impor
tance, because patients who lack the oxidase and are therefore unable to generate 
these compounds suffer serious, recurrent bacterial infections [74-77, 139]. The 
role of oxidized halogens such as OCl- is probably minor in comparison, because 
leukocyte myleoperoxidase deficiency, a fairly common defect in humans, gener
ally does not result in enhanced susceptibility to infection [129]. Little is known 
about the relative importance of oxygen-independent microbicidal mechanisms, 
but, here again, the serious infections suffered by patients who lack the ability to 
generate toxic products of oxygen metabolism but whose other microbicidal 
mechanisms are intact would seem to relegate these other mechanisms to a sec
ondary position. 

Phagocytosis is not necessary for activation of the plasma membrane-bound 
oxidase [88, 89] but the two events often coincide [10, 87, 98]. Engagement of 
phagocytic receptors by particle-bound ligands is the usual mechanism by which 
the enzyme is activated, and it is clear that engagement of the Fc receptor acti
vates the enzyme [89]. However, complement receptor engagement does not nor
mally do so, and we (F. M. Griffin, Jr., mansucript in preparation) and others 
[199, 202] have found that, even when complement receptors are activated for 
phagocytosis, they are incapable of triggering oxidative metabolism. Thus, the 
role, if any, of complement receptors in activating intracellular killing is not yet 
clear. 

2.7.6 Summary of the Roles of Complement Receptors 
in Opsonization, Phagocytosis, and Microbial Killing 

The major cleavage fragments of C3, C3b and C3bi, are potent opsonins which 
serve to promote binding of particles coated with these ligands to the surfaces of 
phagocytic cells. In resident tissue macrophages and polymorphonuclear leuko
cytes C3 receptors are unable to promote particle ingestion. However, the close 
apposition of the particle to the cell mediated by these receptors allows the en-
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gagement of other, phagocytic signal-generating receptors by their ligands; these 
receptors then promote ingestion of the bound particle. In this manner C3 recep
tors can cooperate with Fc receptors and with intrinsic microbial ligands to en
hance the efficiency of phagocytosis. 

Under certain conditions that are likely to exist at inflammatory sites, C3 re
ceptors can promote particle ingestion in their own right. For example, binding 
of fibronectin to the surface of macrophages or alteration of the physical state of 
macrophage C3 receptors by a lymphokine activates the cells' C3 receptors so 
that, when engaged by particle-bound C3, they can generate a phagocytic signal 
and promote ingestion without assistance from Fc receptors or any other surface 
receptor. Even when activated for phagocytosis, however, these receptors appear 
to be unable to activate the oxidative metabolic events that are responsible for in
tracellular microbial killing. It appears as if this function may be the purview of 
Fc receptors and receptors for certain ligands that are intrinsic to the surfaces of 
microorganisms. 
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2.8 Complement-Dependent Maintenance 
of Immune Complex Solubility 

M.E. Medof 

2.S.1 Introduction 

When antigen (Ag) and antibody (Ab) interact, precipitation may occur. The phe
nomenon of precipitation has permitted the detection of immune reactions and 
the quantitation of both Ag and Ab in vitro (reviewed in [1, 2]). Precipitate for
mation, however, is not a primary consequence of Ag/Ab combination; rather, 
it is a subsequent manifestation which depends upon multiple bond (lattice) for
mation. It is favored at high Ag and Ab concentrations. Moreover, it is influenced 
by a number of variables, including Ag characteristics, Ab class and avidity for 
Ag, Ag/Ab ratio, physicochemical properties of the medium, time, temperature, 
and other parameters (reviewed in [3, 4]). Important among these is how the pre
cipitation is defined, e.g., following centrifugation. 

The manner in which the in vitro precipitation phenomenon relates to the in 
vivo situation is uncertain. Little, if any, experimental data exist to indicate that, 
under physiological conditions, precipitation does, in fact, occur. To the con
trary, there is reason to believe that maintenance of solubility of immune com
plexes following Ag/ Ab association may be an important factor in normal Ag dis
posal. Considerable indirect experimental evidence suggests that loss of solubility 
and sequestration of resultant precipitates in tissues could play a role in the 
pathogeneses of a number of disease states (reviewed in [5, 6]). 
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Association of Ag with Ab in the presence of complement, initiates comple
ment activation. IgG- and IgM -mediated activation proceeds via the classical 
pathway, IgA-mediated activation usually via the alternative pathway. Binding 
of only two IgG molecules to Ag in appropriate proximity, or of only a single IgM 
molecule, triggers classical pathway C1 fixation (reviewed in [7]). Attachment of 
only a few IgA molecules initiates alternative pathway C3b deposition [8]. In com
plement-containing fluids in vivo, therefore, the processes of Ag/Ab lattice for
mation and of fixation of complement components occur simultaneously and 
should, in principle, affect each other. 

That complement can influence extent of precipitation, e.g., retard floccula
tion, when Ag and Ab react, was first noted by Heidelberger [9,10]. The detailed 
studies by Nussenzweig and coworkers on the solubilizing effect of complement 
on preformed immune precipitates and the experiments by Peters and coworkers, 
as well as others, on the inhibitory effects of complement on precipitate formation 
have provided an understanding of some of the mechanisms involved. 

In the following sections, the results of these and related studies will be sum
marized. The data will be discussed with respect to the correlation between the 
physicochemical phenomena observed, and the biochemical events which occur 
in the course of sequential reactions of Ag: Ab complexes with complement pro
teins. Some recent findings concerning the interaction of the resultant antigen: 
antibody:complement (Ag:Ab:C) complexes with cell membranes will then be 
presented and reviewed in relation to the data. Finally, the potential significance 
of the in vitro results to the physiological "processing" of immune complexes in 
vivo will be analyzed, and some implications concerning disease mechanisms will 
be examined. 

2.8.2 Solubilization of Immune Aggregates by Complement 

The ability of complement to solubilize Ag: Ab aggregates and the nature of this 
process were first examined systematically by Miller and Nussenzweig [11]. Their 
studies were undertaken in the course of experiments performed to determine the 
mechanism of release, upon further complement incubation, of Ag: Ab : C com
plexes prebound to B-Iymphocyte membranes, a complement activity previously 
designated by the investigators [12] as complex release activity (CRA). 

Studies were performed using the following experimental system: Ag: Ab pre
cipitate was prepared by mixing 125I-Iabeled bovine serum albumin (BSA) with 
rabbit anti-BSA globulin in equivalent proportions in the presence of 0.01 M 
EDTA. After incubation at 37°C for 30 min and then at 4°C overnight, the pre
cipitate was collected, washed, and dispersed by passage through a 25-gauge 
needle. Aliquots of the dispersed precipitate were mixed with serum or with 
controls, and the reaction mixtures incubated at 37°C. The degree of solubiliza
tion was quantitated kinetically by addition at different time points of ice-cold 
saline to stop the reaction, followed by centrifugation and counting of 
supernatants. 

When normal serum was employed in this experimental system, the aggregates 
rapidly dissolved and radiolabel quickly appeared in the supernatant (see 
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Fig. I. a Solubilization of an immune precipitate by normal serum. An immune precipitate was 
prepared from 12sI-labeled BSA and mouse Ab against BSA at equivalence, and 25 III of the sus
pension was added to 200111 of 1:2, 1:4, 1:8, or 1:16 dilutions of normal mouse serum, or 
to 200 J1l of 1: 2 dilution of heat-treated mouse serum (56°C, 30 min). Samples were taken from 
the mixtures after various times at 37 DC, diluted, centrifuged, and counted [11]. b Solubilization 
enhanced by C2. Human C2D-solubilized immune precipitates in reaction mixtures (final vol
ume 200 Ill) which contained 2.811g rabbit anti-BSA complexed with 131I-labeled BSA in Ag ex
cess solubilized more efficiently when human C2 (75 CHsoU) was added. Solubilization did 
not occur in normal or C2D serum heated at 56 DC for 30 min and supplemented with different 
amounts of C2. [13] 

Fig. 1 A). In contrast, when phosphate-buffered saline (PBS) alone, or heat 
(56°C for 30 min) or zymosan-inactivated serum controls, were substituted, 
no effect was observed. This experimental system, in which "release" of Ag 
occurred absent of the complication of added cells, appeared therefore to offer 
a simplified system for analysis of the solubilization process and was employed 
thereafter for further investigation of the CRA phenomenon. Successive studies 
using this system yielded information concerning the Ag: Ab requirements for the 
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Table 1. Antigen-antibody complexes solubilized by complement [15] 

Antigen 

Bovine serum albumin 
Pneumococcus type S VII 
Ovomucoid 
F(ab'h of guinea pig IgG 
Dextran 
DNP-BSAa 
PC-KLHb 
DNP-BSA 
Tetanus toxoid 
Blood group A substance 

Antibody 

Rabbit IgG, mouse 7S 
Rabbit IgG 
Mouse 7S 
Rabbit IgG 
Mouse IgM (MOPC 104E) 
Rabbit IgG 
Mouse IgA (TEPC 15) 
Mouse IgA (TEPC 315) 
Human IgG 
Human IgM 

a DNP-BSA, dinitrophenylated bovine serum albumin. 
b PC-KLH, phosphorylcholine-keyhole limpet hemocyanin. 
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Reference 

[11} 
[131 
[13] 
[13] 
[13] 
[13] 
[18] 
[18] 
[18] 
[18] 

phenomenon, the mechanisms of the reactions involved, and the effects of the 
process on immune complex properties. 

The solubilizing activity of complement on immune aggregates is not re
stricted to Ag: Ab precipitates composed of Ag or Ab with special characteristics, 
and does not depend upon preparation of the precipitates in a particular way. As 
shown by Czop et al. [13, 14], the process is a general one to which immune pre
cipitates with a wide range of properties are susceptible (Table 1). Immune aggre
gates formed with ovomucoid or other protein Ags, carbohydrate Ags such as 
dextran and pneumococcal SVII, or hapten-protein conjugates, e.g., dinitrophe
nyl (DNP)-BSA, all solubilize similarly to BSA : rabbit anti-BSA aggregates when 
incubated with fresh serum. The rates of solubilization differ, however. Precipi
tates prepared with IgG Ab of rabbit, mouse, or guinea pig origin all behave simi
larly. Aggregates prepared with dextran and IgM mouse anti-dextran Ab also 
solubilize efficiently. Precipitates consisting of bacterial products [15], cell mem
brane Ags [15], or viruses [16] and specific Ab similarly dissolve. In the BSA:rabbit 
anti-BSA system, aggregates prepared in threefold Ag excess solubilize most rap
idly, although precipitates ranging up to eightfold Ab excess solubilize nearly as 
fast. When F(ab'h Ab fragments are substituted for intact Ab molecules, how
ever, the rate of solubilization markedly decreases. These multiple findings indi
cate that various Ag/Ab systems do not differ qualitatively with respect to vul
nerability to solubilization, but rather vary with respect to the rate at which they 
are solubilized, that systems containing either IgG or IgM Ab are subject to the 
process, and that Ab Fc regions playa role in the reaction sequence. 

Solubilization is mediated principally by the alternative pathway of comple
ment but, in whole serum, both the alternative and classical complement path
ways are involved in the process. Chelation of Mg2+ and Ca2+ by addition of 
EDT A to serum completely blocks the phenomenon, while chelation of Ca 2 + 
alone by addition of Mg2+ -EGTA sharply inhibits its rate [11], indicating that 
Mg2+ is essential for solubilization and that Ca2+ enhances it. Pretreatment of 
serum with cobra venom factor (CVF) has an abrogating effect similar to that of 
pretreatment with zymosan [11]. Substitution of C3-deficient (C3D) or factor B-
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depleted serum (RB) for normal serum abolishes solubilization [11], whereas, 
upon substitution of C2- or C4-deficient serum (C2D or C4D), solubilization pro
ceeds (Fig. 1 B) but at a slower rate [13]. Taken together, these findings indicate 
that alternative pathway components are essential for solubilization and that 
classical pathway components have a significant enhancing effect. In contrast, 
terminal pathway components are not importantly involved. If CS-deficient 
serum (CSD) is substituted, aggregates are solubilized to the same extent and at 
the same rate as in normal serum. 

C3 is the principal factor responsible for the disaggregation effect. Addition 
of purified C3 to C3D restores CRA in a dose-dependent fashion [13]. In distinc
tion to reconstitution studies with other components, however, the extent of CRA 
is directly proportional to the amount of C3 added, and a maximum limiting 
value is not readily attained. Moreover, CRA of plasma from different strains of 
mice is directly correlated with C3 levels as determined by radial immunodiffu
sion [14]. Following the solubilization process, released immune aggregates can 
be precipitated with anti-C3 Ab (see below), indicating that they contain incorpo
rated C3 determinants. Finally, if immune precipitates are first "primed" by brief 
exposure to serum (see below) and then washed, the pretreated aggregates can be 
readily solubilized by incubation with purified C3 alone, but not with other com
ponents [17]. In contrast, nonpretreated controls, i.e., "unprimed" aggregates, are 
unaffected. 

The solubilization process can be separated into stages, and sequential reac
tions analyzed using purified complement components. As shown by Takahashi 
et al. [17], three successive steps (Fig. 2), designated (1) induction, (2) amplifica
tion, and (3) disaggregation, can be differentiated. (1) Induction consists of the 
assembly on the aggregates of C3 convertase. Formation of this enzyme activity 
upon exposure of aggregates to serum is the basis of the "priming" phenomenon 
which renders the aggregates susceptible to dissolution upon subsequent incuba
tion with C3 alone. Generation of classical-pathway C3 convertase alone is not 
sufficient; rather, formation of alternative-pathway C3 convertase is required be
cause subsequent C3-mediated disaggregation can be completely blocked by Ab 
to factor B but not to C2. Assembly of the alternative pathway enzyme is temper
ature dependent and requires Mg2 + and properdin (P). Once assembled, the en
zyme is short-lived and decays, but can be restored by addition of more factor B 
and P. (2) Amplification involves interaction of the "primed" aggregates 
with C3. Activation of C3 in the immediate vicinity of the assembled P
stabilized factor B-dependent convertase sites induces incorporation of C3 
fragments into components of the aggregates. Uptake of C3 fragments depends 
upon time, temperature, and C3 concentration and does not require metal ions. 
Under conditions which obtain in whole serum, a large number ofC3 fragments 
are accumulated during solubilization, e.g., in the case of BSA: rabbit anti-BSA 
aggregates, the C3/BSA molar ratio eventually approaches one. As much as one 
molecule of P per molecule of Ab may also be incorporated into the Ab : Ab : C 
aggregates prior to dissolution. (3) "Disaggregation" consists of dissociation of 
aggregate components and reduction in aggregate size. Once C3 fragments are in
corporated, progressive dissolution of the aggregates takes place. The final disag
gregation process appears to be spontaneous. It is temperature dependent, also 
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Fig.2. Schematic representation of the solubilization process of immune complexes by the com
plement cascade. Roman numerals attached to [Ag : Ab] represent different receptor sites for com
plement molecules on the Ag:Ab lattice. [13] 

does not require divalent ions, and is apparently a secondary event because it can 
occur in salt solution devoid of proteins. 

Assembly of alternative pathway C3 convertase on the aggregates, the first 
stage of the solubilization process, can be initiated in two ways: (1) It can proceed 
directly via the alternative pathway upon uptake, by acceptor sites in the aggre
gates, of spontaneously generated C3 fragments (see below). In this case, the ef
ficiency of the process may be low. For example, immune aggregates prepared 
with non-C1-fixing mouse IgG Ab and ovomucoid or non-C1-fixing mouse IgG 
myeloma protein (MOPC-104E) and dextran solubilize, but only after 60 min 
[13]. In principle, reaction efficiency should be influenced by characteristics of the 
Ag, i.e., the ability of its microenvironment to favor C3bBb formation, although 
this question has not as yet been systematically addressed. Assembly of factor B
dependent C3 convertase can proceed rapidly when IgA antibodies are involved. 
For example, immune precipitates prepared with IgA mouse myeloma protein 
TEPC-15 or MOPC-315 and their respective Ags, PC-KLH, and DNP-BSA, 
solubilize within 10-15 min and the rate of solubilization is unaffected following 
chelation of Ca2+ [18]. This result is consistent with the characteristic ability of 
the IgA Ab class to promote alternative pathway activation and establishes the 
applicability of the solubilization phenomenon to immune aggregates composed 
ofIgA, as well as IgG or IgM, Ab. (2) Alternatively, assembly of alternative path-
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way C3 convertase can proceed indirectly, initially via the classical pathway. In 
the case of immune aggregates containing Cl-fixing IgG or IgM Ab, assembly of 
alternative-pathway C3 convertase is facilitated by classical-pathway C3 conver
tase-mediated C3 deposition, and solubilization is greatly accelerated [13,17]. For 
example, 60 min are required for solubilization of immune aggregates prepared 
with BSA and rabbit anti-BSA in C2D, whereas only 20 min are necessary for the 
same degree of solubilization following reconstitution with C2 (Fig. 1 B). Uptake 
ofP into the aggregates, which occurs concurrently with alternative pathway-me
diated incorporation of C3 fragments, is markedly delayed in the absence of ini
tial classical pathway-mediated C3 deposition [16]. A major role for the classical 
pathway in the solubilization phenomenon, therefore, is to induce incorporation 
of initial C3 fragments and thereby promote the assembly of alternative-pathway 
C3 convertase. 

Although C3 fragment deposition via classical pathway C3 convertase 
augments the rate of solubilization, classical pathway activation alone is not suf
ficient for the effect [19]. No solubilization occurs in serum containing normal 
levels of Cl, C4, C2, C3, and near normal CH50 but lacking factors D or P. 
Ag: Ab: C aggregates prepared by incubating Ag: Ab aggregates with purified Cl 
and C4 are not solubilized in the presence of excess C2 and C3, despite incorpo
ration of significant amounts ofC3 fragments (~4 !!gjl00 !!g Ab). Preincubation 
of the C3-bearing Ag: Ab: C aggregates at 37 DC for 120 min in EDTA (condi
tions which dissociate Cis and decay C2a from sheep erythrocyte intermediates) 
does not reduce the rate of solubilization upon subsequent incubation in C2D. 
With the proviso that conditions for dissociation and decay of Cis and C2a from 
immune aggregates and sheep cell intermediates are similar, this finding implies 
that, although classical-pathway C3 convertase establishes uptake of initial C3 
fragments with great efficiency, it is unable to mediate the further incorporation 
of C3 fragments which is required for disaggregation. 

The reason for the inability of the classical pathway alone to effect solubiliza
tion remains incompletely understood. One possibility is that the difference is 
simply quantitative, i.e., in the absence of alternative-pathway C3 convertase, C3 
fragments cannot accumulate in sufficient amounts for solubilization. A second 
possibility is that C3 incorporation cannot be propagated "topographically." In 
the presence of an intact alternative pathway, C3 fragments deposited outside of 
the immediate proximity of C4b2a can interact with factor B and form alterna
tive-pathway convertase, i.e., C3 activation can be propagated outward from the 
immediate vicinity of the site of formation of classical-pathway convertase and 
thereby can be extended to all regions of the immune aggregates. In the absence 
of the alternative pathway, this propagation and extension is not possible. When 
C4 is activated by Cl, C4b binds to Ab; there is experimental data that only those 
C4b fragments which associate in a restricted area of Ab Fd region (in proper re
lationship to Cl) can promote conversion ofC2 to C2a by Cis and form classical 
pathway C3 convertase [20, 21]. 

Several lines of evidence indicate that the mechanism of solubilization in
volves disruption by incorporated C3 fragments of primary Agj Ab bonds. As 
shown in studies by Miller et al. [1] and Czop et al. [13], solubilization of 
BSA: mouse anti-BSA aggregates can be efficiently induced in the absence of 
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Fig. 3. Solubilization of immune 
precipitate by Ab against 
immunoglobulin. A precipitate of 
125I-labeled BSA and mouse Ab 
against BSA was prepared in 
3 x Ag excess, and treated at 37 DC 
with various amounts of Fab 
fragments of rabbit Ab against 
mouse Ig, or with nonspecific 
rabbit Fab fragments as a control 
[11] 

complement by incubation of the immune aggregates with Fab fragments of 
rabbit Ab against mouse Ig (Fig. 3). Fab' fragments work as well as Fab, while 
F(ab')z have no solubilizing activity, suggesting that, for disaggregation, the 
effector reagent must be monovalent. Simple association between anti-Ig and 
constituent Ab of the aggregates appears to be sufficient for the effect. These 
results imply that complement-mediated solubilization can occur as a con
sequence of "intercalation" of incorporated C3 fragments. Intercalation of 
peptide into the Ag/Ab lattice apparently decreases the stability of the specific 
Ag/ Ab bonds. In the case of pneumococcal SVII: rabbit anti-SVII immune 
aggregates, binding of anti-Ig Fab' fragments to either the Fab or the Fc region of 
constituent Ab has a solubilizing effect. However, 3-15 molecules of Fab' per 
Ab molecule are required for the effect, a higher molar ratio than that ('" 1) of C3 
fragments to Ab molecules, which is reached during complement-mediated 
solubilization. This difference may be a consequence of the different nature, e.g., 
reversibility, of the bonds formed by Fab' and by C3 fragments (see below), 
respectively, with the aggregates. Regardless, there is no evidence to suggest that 
any additional, e.g., enzymatic, process is also operative during solubilization. 

A number of hypotheses have been advanced to account for the effect of the 
intercalating peptide (reviewed in [14, 15]). Alterations of "specific" interactions 
between Ag- and Ab-combining sites by the interposing protein could destabilize 
the aggregate. Interruption of specific interactions could occur by several mech
anisms. In addition to direct interference with primary Ag/ Ab bonds, these in
clude induction of conformational changes, or reduction in flexibility of Ab 
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around the hinge region which restrains cross-linking with Ag. Inhibition, by the 
effector-insinuating molecule, of nonspecific Ig-Ig interactions which occur dur
ing precipitation (see below) could also playa role. In experiments using the 
DNP-BSA:rabbit anti-DNP system, the rate of complement-mediated solubili
zation is inversely proportional to Ab affinity [13]. Similar results have been 
obtained with other Ag/ Ab systems [22, 23]. These findings support the notion 
that solubilization requires disruption of the integrity of primary Ag/ Ab bonds. 
Following complement-mediated solubilization, small but significant amounts of 
uncomplexed antigen can consistently be detected [14] in support of this idea. In
cubation with complement dissociates Ab bound to immobilized Ag (on polysty
rene tubes) providing direct evidence for this concept [24]. 

Changes in solubility following complement-mediated disaggregation of im
mune precipitates are associated not only with changes in size of complexes but 
also important modifications in their composition. Gel filtration and ultracentri
fugal analyses have shown that, following solubilization of BSA:rabbit anti
BSA aggregates, most of the radio labeled Ag in the supernatant is found as
sociated with complexes having an apparent mol. wt. of < 106 [11]. Immuno
chemical studies have revealed that, during solubilization in normal serum, C4 de
terminants [19], as well as C3 and P determinants [11,17,19], are incorporated 
into the Ag:Ab: C complexes (Table 2A). Uptake of C4 binding protein (C4bp) 
also is demonstrable [25]. During solubilization in Mg2+ -EGTA-treated serum, 
incorporation of C4 and C4bp does not occur, whereas comparable C3 and P in
corporation takes place. This finding further demonstrates that C3 incorporation 
is predominantly alternative pathway-mediated, consistent with the previously 
discussed roles of the two pathways in the process. Following solubilization, most 
of the complex-associated radiolabeled Ag can be precipitated by anti-Ig [11,13], in-

Table 2A. Complement components detected on solubilized Ag: Ab complexes by coprecipitation 
experiments [19] 

Immune complexes solubilized by 

Human serum2+ 
Human serum + EGTA-Mg2 + 

Radioactivity C25I) BSA coprecipitated 
by antibody against" 

C4 

(%) 

20.4 
2.7 

C3 

80.9 
69.7 

C5 

1.4 
1.9 

B 

1.8 
3.2 

P 

46.3 
44.4 

Ea 

3.7 
3.6 

"Immune complexes formed with C31I) BSA and Ab were solubilized by incubation in human 
serum diluted either in buffer or EGT A-Mg2 + buffer. After centrifugation, 0.025 ml aliquots of the 
supernate were mixed with carrier proteins. EDT A human serum served as a carrier for C4, C3, 
C5, and factor B. Purified P was a carrier for P. As a control, sensitized sheep erythrocytes (Ea) 
were added to the solubilized complexes. The mixtures were made 0.01 M with EDT A and mixed 
with the appropriate monospecific antiserum. The amount of antiserum to be added was 
determined in preliminary experiments, so that Ab was in slight excess in the Ag:Ab reaction. After 
incubation at 37°C for 10 min, and at 4°C overnight, the precipitates were separated by 
centrifugation, washed three times with cold buffer, and counted. The results represent means of 
duplicate determinations. 
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Table 2B. C3- and CS-convertase activities generated on immune aggregates' [19J 

Immune complexes reacted with 

Human serum 
Human serum+EGTA-Mg2+ 

Human serum+EDTA 

Incubation time 

8 min 
8 min 

12min 
8 min 

Inactivation b 

C3 

(%) 

80.1 
SS.O 
67.S 

1.3 

427 

CS 

76.S 
40.3 
60.3 

2.1 

a Immune precipitates containing 17.2 Ilg eZ5I) BSA and 100 Ilg Ab were incubated with 20 ml 
human serum, diluted 1:2 either in buffer, EGTA-Mg2+ buffer or EDTA buffer, at 37°C 
for the indicated times. The precipitates were then washed three times with cold buffer and tested 
for C3- and CS-convertase activities. No solubilization occurred during this time. 
b Percentage inactivation of added C3 (80 CH 50 U) or CS (32 CH 50 U) after incubation at 30°C for 
30 min with the immune precipitates. 

dicating that most of the released complexes retain Ab determinants. Even 
though C5 convertase activity is generated on the immune aggregates during sol
ubilization, as evidenced by inactivation of C5 in the fluid phase (Table 2 B), no 
C5 determinants can be detected immunochemically in the aggregates (Table 2 A) 
during or after solubilization [19]. This may be due to the absence, in immune ag
gregates, of hydrophobic "acceptor sites" which permit sustained C5b (C5b67) 
binding as occurs in cell membranes. Sodium dodecyl sulfate-polyacrylamide gel 
electrophoretic (SDS-PAGE) analyses have demonstrated that C3 determinants 
that are incorporated are tightly linked to components ofthe aggregates [13]. The 
bonds are not broken even by incubation in 1 % SDS. Moreover, SDS-PAGE of 
released aggregates prepared with radiolabeled (lgG) Ab have shown at least 
some of the Ab determinants are associated with pep tides of mol. wt. > 160000. 

The biological properties of the complexes are also significantly altered during 
solubilization. Following incubation of BSA: mouse anti-BSA aggregates with 
excess serum in vitro, the resulting Ag: Ab : C complexes do not associate with 
blood cells upon intravenous injection in mice [26]. Ag: Ab : C complexes pre
pared in the same fashion, except incubated in vitro with limited rather than ex
cess serum, associate rapidly with blood cells. In vitro "solubilized" Ag: Ab : C 
complexes which do not associate with blood cells are ultimately found in the liver 
and spleen. These results, in conjunction with the original observation [12] that 
complement possesses the ability to release Ag: Ab : C complexes prebound to 
lymphocyte membranes - an activity termed CRA, indicate that reactions of com
plement proteins with Ag: Ab complexes playa key role in modulation of the in
teraction of immune complexes with cell membranes (see below). 

2.S.3 Inhibition of Precipitation by Complement 

Although preformed immune precipitates can be solubilized by the complement 
system and the physicochemical and biological properties of the aggregates sub-
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Fig. 4. Inhibition of immune precip
itation by the two complement path
ways. Ag and Ab were mixed in the 
presence of different reagents: Nor
mal human serum (e-e), serum 
containing 10mm EGTA and 5mm 
Mg2 + permitting alternative pathway 
function only (A-A), serum which 
was heat-inactivated at 50 DC for 
30 min permitting classical pathway 
activity only (0------0), and serum 
devoid of complement function by 
the addition of 10 mm EDTA 
(6----6). [27] 

stantially modified during the process, it could be argued that the phenomenon 
might not be physiologically relevant, since Ag and Ab, in vivo, are not first ag
gregated and then later exposed to complement, but rather initially interact in the 
presence of complement. In order to study the effect of complement on immune 
aggregates during, rather than after, their formation, Schifferli et al. [27-29] ex
amined the ability of serum to influence precipitate formation. 

Their experimental system was designed as follows: Radiolabeled [125I]BSA 
was first mixed with normal human serum. Rabbit anti-BSA Ab (heat-inactivated 
antiserum) was then added and the mixture placed at 37°C. Mter various times 
of incubation, the reaction was stopped by addition of ice cold PBS, and follow
ing centrifugation at 3000 g for 10 min, the percentage of soluble and precipitated 
label in the supernatant and in the pellet, respectively, were quantitated. 

When initial experiments were performed using this experimental system [27], 
contrary to expectation, all of the [125I]BSA counts remained in the serum; no 
precipitation occurred regardless of incubation time (Fig. 4). In contrast, if PBS 
was used in place of serum as control, or if serum was heated at 56°C for 60 min 
or treated with EDT A to inactivate complement, > 90% of the label precipitated 
within 10 min and remained in the pellet thereafter. The inhibitory effect of com
plement on precipitation was interpreted as potentially more relevant physiologi
cally than solubilization. Further studies with this experimental system were 
therefore undertaken and experiments were designed to determine the mechanism 
of the effect and its relationship to the solubilization phenomenon. 

In contrast to precipitate solubilization, precipitate inhibition initially is de
pendent principally upon the classical rather than the alternative complement 
pathway [27]. When serum is heated at 50 °C for 30 min to selectively disable the 
alternative pathway but spare the classical pathway, precipitation is markedly re
tarded relative to controls (Fig. 4). When the classical pathway is selectively 
blocked and the alternative pathway preserved by treating serum with EGT A
Mg2 + , on the other hand, rapid initial precipitation occurs but, shortly thereafter, 
progressively increasing percentages of radiolabel are found in the supernatant. 
These findings suggest that, when Ag and Ab aggregate in the presence of com-
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plement rather than its absence, the propensity for precipitation is markedly re
duced. The complement-mediated prevention of precipitation occurs initially 
through the actions of classical-pathway components and subsequently via those 
of alternative-pathway components. 

Subsequently acting alternative pathway-dependent precipitate inhibition is 
due to alternative pathway-mediated incorporation of C3 fragments by the mech
anisms discussed at length above [28, 29]. The time lag, associated with manifes
tation of the effect, in the absence of classical pathway function, is a consequence 
of the time required for incorporation of sufficient C3 fragments, without the ben
efit of the classical pathway, for assembly of factor B-dependent C3 convertase, 
C3bBb. Mg2 + is required for the effect, as are factors Band D. Depletion of C3 
by CVF abolishes the effect, while addition of C3 to C3D restores it in a dose
dependent fashion. Moreover, C3 determinants are detectable in the resolubilized 
Ag: Ab: C complexes following the biphasic reaction, i.e., initial precipitation 
and redissolution of the aggregates in Mg2+ -EGTA treated serum. Consistent 
with the results of the studies discussed above, and with the notion that the clas
sical pathway functions to facilitate C3bBb assembly, C4 determinants are detect
able only in Ag: Ab: C complexes which form in whole serum and do not give ini
tial precipitation. 

Like the solubilization phenomenon, complement-mediated precipitate in
hibition is not restricted to certain Ag/ Ab systems but is a general phenomenon. 
Precipitation upon addition of human serum albumin (HSA) to rabbit anti-HSA 
[27], tetanus toxoid to human anti-toxoid [30, 31], or other Ags [16] to their re
spective Ab mixed in intact complement, is inhibited in a similar fashion. Initial 
precipitate inhibition, which occurs in neat serum or in serum reagents treated so 
as to allow classical pathway activation, is most pronounced when Ag and Ab are 
combined in Ab excess. Marked inhibition is demonstrable, however, over a wide 
range of Ag/Ab ratios, i.e., tenfold Ab excess to slight Ag excess. 

Precipitate inhibition, depending on the experimental conditions, may not be 
sustained [27]. If the incubation time is prolonged for 24 h, under conditions of 
high Ag and Ab concentrations, precipitation eventually occurs, indicating that 
the effect is to inhibit and delay precipitate formation rather than, in all circum
stances, to completely block it. Upon ultracentrifugal analysis during the period 
of precipitate inhibition, minimal free Ag is detected and most of the Ag: Ab : C 
complexes sediment with a velocity> 7S, indicating that primary Ag/Ab associ
ation took place. Five to 10 min of incubation is required for the inhibitory effect 
because addition of EDT A to Ag, Ab, and serum prior to this time increases pre
cipitation. Taken together, these findings indicate that classical pathway-medi
ated precipitation inhibition involves early events in the interaction of Ag: Ab 
complexes with the complement system. 

The results further argue that initial classical pathway-mediated precipitate 
inhibition and subsequent alternative pathway-mediated precipitate solubili
zation cooperate in preventing precipitate formation. In the absence of the al
ternative pathway, although precipitate formation is initially retarded relative to 
that in intact serum controls, after the initial lag, precipitation is detectable and 
thereafter increases with time. In the absence of the classical pathway, on the 
other hand, assembly of alternative-pathway C3 convertase, incorporation of C3 
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fragments, and disaggregation are markedly slowed. Moreover, when both path
ways are functional, substantially larger amounts of immune aggregates can be 
maintained in the soluble phase. Depending on experimental conditions, as much 
as fivefold more Ag and Ab can be added without precipitation to normal serum 
than to EGTA-Mg2 + -treated serum, iacking classical pathway function [27]. This 
enhancement may reflect competition between propagation in size of Ag/Ab lat
tice and association of Ag: Ab complexes with early classical pathway comple
ment components, and could have biological implications (see below). 

A number of observations indicate that during classical pathway acti
vation the reaction that is responsible for inhibition of precipitate formation 
is interaction of Ag:Ab complexes with C1 [28, 30, 31]. Purified C1 alone 
can mediate inhibition (Fig.5A). Intact proenzyme (C1qrs) and Ca2+ are 
required for the effect. Paradoxically, isolated C1q augments rather than 
inhibits precipitation [30]. The kinetics of precipitation on C1q-deficient 
serum (C1qD) parallels that in Mg2+ -EGTA treated serum (Fig. 5 B). Prior to al
ternative pathway-mediated resolubilization, initial precipitation in C2D occurs 
more slowly and to a lesser extent than in C1qD. The reduced inhibition in C1qD 
is fully restored to the level of that in normal serum following reconstitution with 
C1q. If Ag and Ab are first aggregated, and then incubated with C1qD, solubi
lization is retarded. Reconstitution with C1q restores solubilization to levels 
which occur in normal serum, consistent with the previously described facilatory 
role of the classical pathway in the alternative pathway-dependent solubilization 
process. 

The mechanisms by which C1 inhibits precipitate formation are not fully eluci
dated. As indicated above, there is evidence that "nonspecific" interactions be
tween Fc regions of adjacent Ig molecules in immune aggregates playa role in pre
cipitation [32, 33]. Incorporation of C1 may interfere with these interactions. The 
opposite effects of intact C1 and of separated C1q on the precipitation process 
have been observed in several Ag/Ab systems [30]. It has been suggested that C1q 
may increase cross-linking between adjacent Ig molecules. Recent studies [30] 
have indicated that sequential events which occur during interaction of Ag: Ab 
complexes with classical-pathway components may have a series of opposing ef
fects on the solubility of immune aggregates. While incorporation of intact C1 in
creases solubility, subsequent interaction with C1 inhibitor (ClINH) and dis
placement of C1rs reduces solubility. The solubility is further reduced upon up
take of C4b but then reestablished upon incorporation of C2a. There are data [34] 
which suggest that sequential modulation by the respective components of the 
"net negative charge" which exists in immune aggregates could be responsible for 
the series of solubility changes. 

Depletion of factors B, D, or P, while essentially abrogating solubilization, 
has a measurable but seemingly lesser blocking effect on precipitate inhibition. 
The reason for this difference is not clear. Ultracentrifugal studies [28, 30] have 
revealed that, although Ag: Ab: C complexes formed in the presence of RB, RD, 
or RP can remain in solution, they differ from Ag: Ab : C complexes formed in 
the presence of intact alternative pathway in that they are substantially larger in 
size. Repletion with the appropriate component reverses the abnormality in all 
cases. 
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In summary, the findings demonstrate that sequential reactions of Ag:Ab 
complexes with complement, in which C1 is initially incorporated and some C3 
fragments subsequently deposited via the classical pathway, and large amounts 
of C3 fragments are then progressively incorporated via the alternative pathway, 
can all occur in the fluid phase in the absence of precipitate formation. The find
ings also argue that, because of the multitude of factors involved in the precipi
tation process, precipitate appearance and/or disappearance may not always be 
a reliable measure of biochemical events on a molecular level. 

2.8.4 Nature of C3b and C4b Incorporation 
into Immune Complexes 

The studies by Law and Levine [35,36], Tack and associates [37, 38], and Miiller
Eberhard et al. [39,40], which led to elucidation of the mechanism of association 
of C3b with substrates and the chemistry of covalent bond formation, have permitted 
new insights into the mechanism of the solubilization process. Upon cleavage by 
C3 convertase of C3 to C3a and C3b, an internal thiolester bond, which exists be
tween cysteine and glutamic acid residues at positions 23 and 26 near the amino 
terminus in the C3d region of C3 alpha chain, is activated in the nascent C3b frag
ment. The carboxyl group of this activated thiolester expresses a net positive 
charge (valence two) which can be neutralized by electron sharing with oxygen 
or nitrogen in nearby hydroxyl or amino radicals. Since nascent C3b is generated 
in the presence of water, the carboxyl group hydrolyzes to form fluid phase C3b 
in the absence of other acceptor sites. The half-life of this reaction is of the order 
of 0.1-1 ms. When free hydroxyl or amino radicals are present in the immediate 
vicinity of C3 cleavage, however, then the carboxyl group of the activated thiol
ester can alternatively condense with these acceptors to form stable hydroxyester 
or amide bonds which link C3b covalently to the substrate containing the accep
tor sites. Such covalent linkage can occur with amino acids, sugars, alcohols, and 
a variety of other groups [41] in proteins, polysaccharides, or lipids. 

When C3 is activated by C3 convertase assembled on immune complexes, C3b 
should, in principle, associate covalently with components of the complexes. 
SDS-PAGE analyses by Gadd and Reid [42] of immune aggregates prepared with 
ovalbumin (OV) and specifically purified rabbit anti-OV, and solubilized in 
Mg2+ -EGTA-treated serum supplemented with 125I-radiolabeled C3, have re
vealed high mol. wt. bands corresponding to fragments of Ab bound to 
C3. Studies of aggregates prepared with papain digests of Ab have suggested that, 
in their system, the site of C3 binding to Ab is the Fd region of heavy chain. Ex
periments performed in the author's laboratory [43] using dilute solutions of Ag
or C3-labeled soluble Ag: Ab : C complexes, prepared with BSA, guinea pig anti
BSA, and diluted serum, have shown that C3 also binds covalently to Ag. Follow
ing prolonged exposure of Ag-Iabeled Ag: Ab : C complexes to excess comple
ment, greatly reduced amounts of unaltered Ag can be detected, indicating that, 
in the case of soluble immune complexes, a large proportion of the Ag molecules 
may be susceptible to C3 binding. The effect is observed only in the presence of 
intact alternative pathway activity. The Ag- and C3-containing high mol. wt. 
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bands that are generated are not dissociated following incubation with hydroxyl
amine (unpublished observations), indicating that C3 incorporation into Ag in 
this system may involve primarily amide rather than hydroxyester bond forma
tion. Incorporation of C3b into Ag has also been documented by Fujita et al. [44] 
using the OV:rabbit anti-OV system. In this case, however, dissociation of high 
mol. wt. C3-0V bands upon treatment with hydroxylamine was observed in 2-D 
SDS-PAGE, indicating hydroxyester-dependent incorporation. This latter find
ing raises the possibility that the type of bonding may vary as a function of the 
Ag employed. Nonetheless, taken together, the various studies available so far in
dicate that, during solubilization, C3b incorporates into both Ag and Ab mole
cules of immune aggregates. 

These recent findings are consistent with the earlier observations by Nus
senzweig et al. [13, 14] that solubilization is associated with very tight binding of 
C3 to immune aggregates and with the intercalation hypothesis formulated as an 
explanation for the solubilization phenomenon. Covalent binding of C3 frag
ments to Ag and Ab could interfere directly with Ag/ Ab bonds or induce con
formational changes which disrupt these bonds. Fc-Fc or other nonspecific inter
actions should also be susceptible to such disruption. As suggested above, the 
essential role of alternative pathway C3 convertase in the process could reflect its 
unique ability to propagate the assembly of C3 convertase to multiple regions of 
the aggregate, thereby expanding the C3 incorporation into acceptor sites on both 
Ag and Ab in all parts of the aggregate. Although C4 also possesses an internal 
thiolester bond in its alpha chain and C4b binds to substrates by the same mech
anism, uptake of C4b, in principle, should be focussed only in the vicinity of Ab 
and C1. Covalent binding at this site could account for its simultaneous detecta
bility in Ag: Ab : C complexes solubilized in the presence of the classical pathway, 
while the restriction of the site of C4 activation to the vicinity of Ab and not Ag 
could account for its inability to effect solubilization by itself (in the absence of 
C3 activation) as well as for its incorporation in lesser amounts than that of C3. 
The same limitations should, in principle, apply to C3 deposited by C3 convertase 
of the classical pathway, in the absence of alternative pathway participation. 

An understanding of the thiolester bonds thus removes much of the mystery 
from the solubilization process. It may not be an oversimplification to argue that, 
simply defined, solubilization is essentially incorporation of C3b. 

2.8.5 Interaction of Immune Complexes with Cells: 
Role of Cell Membranes 

It seems appropriate to ask in what way, then, might the processes of precipitate 
inhibition and solubilization operate in vivo and what physiological purpose(s) 
would be served? Recent findings concerning the behavior of immune aggregates 
following addition to whole blood (as opposed to serum alone) and the role of cell 
membrane factors in the reactions that occur permit some insights into these is
sues. 

Several different blood (as well as tissue) cell types bear surface receptors (termed 
CR1) for C3b and C4b fragments. Although these receptors have been known 
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Table 3. Dependency of binding on C3bjC4ba [53] 

Human serum 

Normal 
With EDTA (10mM) 
With zymosan (10mgjml) 
With EGTAjMg2+ (5mMj7mM) 
C2D (MM) 
C2D (JO) 
C3D (WC) 

Percentage 
binding 

87 
5 

35 
3 

25 
21 
15 

a Ag:Ab complexes prepared with 125I-Iabeled BSA and 
guinea pig anti-BSA Ab in four fold Ab excess were 
incubated at 37 °C for 30 min with various serum prepar
ations diluted 16-fold in buffer. The resulting Ag:Ab:C 
complexes were then added to Ebu and percentage uptake 
determined. 

Biological Functions 

to exist for many years [45-47] and have even been purified [48], their function, 
particularly on nonphagocytic cells, has remained unclarified. 

In vitro experiments have shown that, following addition of experimental 
Ag: Ab complexes to human serum and unfractionated blood cells, Ag: Ab : C 
complexes rapidly form and then immediately associate with erythrocytes (Ehu) 
[49]. This interaction is mediated by CR1 on the Ehu and predominantly by C3 
but also by C4 fragments incorporated into the Ag: Ab : C complexes via the clas
sical pathway (Table 3). Although Ehu bear considerably less CR1 per cell than 
white blood cells, because of their greater numbers, they contain > 90% of the to
tal CR1 in blood and thereby compete for the Ag: Ab : C complexes. 

Association of Ag: Ab: C complexes with Ehu can be demonstrated with a 
variety of different AgjAb systems [49, 50] and thus appears to be a general phe
nomenon. By removing Ag: Ab : C complexes from the fluid phase, this associ
ation reduces their likelihood of precipitation irrespective of their size and, in prin
ciple, decreases their potential for deposition in tissues. This notion has recently 
received support from in vivo experiments by Cornacoff et al. in Rhesus monkeys 
[51]. 

In in vitro studies, kinetics analyses have revealed that interaction of 
Ag: Ab : C complexes with Ehu following addition to whole blood is not a simple 
"static" process [52]. If Ag: Ab : C complexes are first prebound to Ehu and the 
cells then reincubated in serum, the CR1-associated Ag : Ab : C complexes rapidly 
dissociate. Studies with serum reagents selectively depleted of or deficient in indi
vidual components, and with purified complement proteins (Fig. 6), have shown 
that the dissociation is mediated by the serum enzyme C3bjC4b inactivator (I) 
[53,54]. SDS-PAGE analyses of Ag:Ab: C complexes prepared with 125I-Iabeled 
C3 have revealed that dissociation is accompanied by cleavages of C3b alpha' 
chain. In contrast to breakdown of fluid phase C3b, this dissociation and break
down of Ag: Ab: C complex-associated C3b occurs independently of the serum 
cofactor P1H globulin (H). The H independence of this reaction is consistent with 
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Fig.7. Scheme of degradation of substrate-bound C3b fragments by factor I and CR1. C3b al
pha' chain is cleaved at multiple points, C3c is released into the fluid phase, and C3dg peptides 
are generated on the substrate. Proposed sites of cleavage by 1+ CR1 and locations of the small 
fragments C3f and C3g are indicated. The position or relationship of the 1+ CR1-mediated 
cleavage products to the 5K leukocytosis-inducing factor C3e is not known. 

the finding by Fearon [48] that isolated CRl can replace H as a cofactor of I for 
C3b cleavage. During this dissociation and breakdown, however, unlike fluid 
phase C3b, alpha' chain is cleaved at multiple points (Fig. 7) and degradation pro
ceeds beyond iC3b. C3d(g) fragments are generated on the Ag: Ab: C complexes 
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and C3c fragments are released into the fluid phase. Similar breakdown occurs 
when C3b is bound to other substrates such as cellular intermediates [54-56]. The 
I-mediated breakdown is very efficient; depending on the AgjAb system, it can 
be demonstrated in serum diluted as much as 512-fold, as well as at 0 °C, and is 
not abolished by 56°C heating, zymosan, or EDT A treatment of serum. The 
binding of Ag: Ab : C complexes to Ehu promotes the conversion of Ag: Ab : C 
complex-bound C3b to C3dg 1 04-1 OS-fold more effectively than serum factor H. 
If studies are performed using, in place of Ehu, lymphoid cells [57] which bear 
receptors for C3dg (CR2) as well as CR1, the Ag:Ab:C complexes can remain as
sociated with the cells following C3b conversion to C3dg, thereby accounting for 
the fact that the experimental system initially employed in the study of CRA 
by Miller and Nussenzweig [12] did not reveal the phenomenon [58]. 

Investigations of the properties of experimental Ag: Ab : C complexes present 
in serum after binding to and dissociation from Ehu have shown that the interac
tion is not only accompanied by marked changes in cell binding properties of the 
Ag: Ab: C complexes as a consequence of the C3b breakdown (Table 4), but also 
is accompanied by marked reductions in their size [52]. If the reaction between 
Ag : Ab complexes, serum, and cells is interrupted at different time points, the Ehu_ 
bound Ag: Ab : C complexes are dissociated, and the recovered Ag : Ab : C com
plexes are compared, progressive alterations in both cell-binding behavior and 
Ag:Ab:C complex size are observed as a function of time of residence of the 
Ag: Ab: C complexes on the cells [59]. The changes in size are alternative path
way-dependent and the characteristics of the process are identical to those de
scribed by Nussenzweig et al. [11, 13, 16]. If experimental Ag: Ab: C complexes 
are prebound to Ehu in diluted serum (allowing classical but not alternative path
way C3 incorporation) and the Ag: Ab: C complex-bearing Ehu are then incu
bated in undiluted serum (permitting alternative pathway C3b incorporation), the 
Ag: Ab : C complexes rapidly dissociate (Fig. 8), but then rebind and redissociate 
a second time [58]. Initial dissociation is mediated by I and is not associated with 
alterations in size. Rebinding requires Mg2 +, C3, and factors Band D (and in 
principle P), is temperature dependent, and is accompanied by size reductions. 
Redissociation is also mediated by I, although higher I concentrations and tem
perature are required, perhaps because of greater numbers ofC3 fragments incor-

Table 4. Change in binding of Ag:Ab:C complexes to different cell types [53] 

Ag:Ab:C complexes b 

Prior to Ehu interaction 
After dissociation from CR1 

'Number of cells given in parentheses. 

% binding' 

77.2 
1.1 

Raji cells 
(2 x 106) 

15.0 
19.1 

Daudi cells 
(2 x 106) 

7.1 
24.0 

b Ag:Ab complexes prepared from 125I-labeled BSA and guinea pig anti-BSA Ab in four fold Ab 
excess were incubated at 37°C for 30 min with 16-fold diluted human serum and then added to 
cells. Alternatively, the Ag:Ab:C were first added to Ehu, dissociated with factor I, and then added 
to cells. 
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Fig. 9. Sequential steps in the interaction of Ag: Ab : C complex with Ehu. Ag: Ab complexes in
corporate C4b and C3b fragments via the classical pathway. This reaction occurs rapidly and 
can proceed in serum diluted> 1: 1000. Upon association with CR1, bound C3b and C4b frag
ments are cleaved by factor 1. This reaction can take place in 64-fold-diluted serum and can occur 
at 0 DC. Released Ag: Ab : C complexes incorporate additional C3b fragments via the alternative 
pathway. This reaction is highly concentration and temperature dependent. The newly incorpo
rated C3b fragments induce rebinding of the Ag:Ab:C complexes to CR1. Upon CR1 associ
ation, I-mediated cleavage again occurs. This breakdown requires higher concentrations of! and 
37°C 
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porated into the Ag: Ab : C complexes following assembly of alternative pathway 
C3 convertase. Taken together, these findings indicate that changes in the cell
binding properties and reductions in size of Ag: Ab : C complexes occur while the 
complexes are associated with CR1. These changes occur as a consequence of re
petitive binding and dissociation to and from CR1 (Fig. 9), resulting from concur
rent I-mediated C3b degradation and alternative pathway-dependent C3b incor
poration. Recent studies have shown that C4b fragments incorporated in the 
Ag: Ab: C enhance the CR1-dependent I-mediated degradation of neighboring 
C3b molecules and are themselves concurrently converted by CRl and I to C4c 
and C4d peptides [60] in a reaction that is reciprocally enhanced by the adjacent 
C3b moieties. 

An important implication of the above results is that, in the in vivo situation, 
following initial C4b-C3b uptake, reactions between Ag:Ab complexes and comple
ment proteins for the most part do not take place in the fluid phase. Rather, once 
Ag: Ab : C complexes have taken up sufficient C3b for binding to CR1-bearing 
cells, the Ag: Ab : C complexes are subsequently processed on the membrane of 
the cells. In blood, this occurs on the surface of Ehu. The relatively large area of 
the Ehu mass thereby serves as a buffer which keeps Ag: Ab : C complexes out of 
the fluid phase at the stage of their maturation when their potential for insolubil
ity is greatest. In extravascular complement containing fluids, processing, in prin
ciple, would occur on other CR1-bearing cell types [61]. Recent studies have 
shown that membrane-bound CR1 on lymphocytes modulates substrate-associ
ated C3b function and structure in a fashion similar to CR1 on Ehu [57]. 

A second important implication is that complement-mediated processing of 
complexes on cell surfaces is involved in normal handling and metabolism of im
mune complexes. In vitro studies have shown that interaction of Ag: Ab: C com
plexes with Ehu significantly enhances subsequent uptake of the complexes by 
spleen cells [62]. In vivo studies [51] have verified that during transit through liver 
and spleen, the Ag : Ab : C complexes bound to Ehu are efficiently transferred and 
the Ehu are apparently unchanged and returned to the circulation. Although the 
precise mechanisms remain to be clarified, these findings suggest that alterations 
of immune complexes during interactions with complement and cell membrane 
factors constitute a crucial phase in the reaction sequence which is responsible for 
normal immune complex disposal. 

It may be useful to speculate that, in the in vivo situation, reactions between 
Ag, Ab, C proteins, and cell factors take place at low rather than high concentra
tions, and therefore to regard Ag: Ab and Ag: Ab : C complexes as existing in a 
series of soluble intermediates rather than as precipitates or soluble complexes de
pending on Agj Ab ratio or degree of uptake of certain complement proteins. In
deed, precipitation requires high, from an in vivo standpoint, concentrations and 
its detection depends upon the extent of centrifugation. Ab excess or even equiv
alence complexes can be readily prepared which remain in solution or suspension, 
if Ab and Ag concentrations are sufficiently diluted. 

Although much has been learned concerning the process of complement-me
diated immune complex alteration, initially referred to as solubilization, many 
important questions remain. Among these are the precise composition of 
Ag: Ab: C complexes with respect to Ag, Ab, and complement components fol-
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lowing C3b (and C4b) incorporation and the respective roles of the Ab molecules 
and of the C3 and C4 fragments and perhaps other components (such as P or 
C4bp) in their subsequent interaction with cells of the reticuloendothelial (RE) 
system. Also important is the state of C3b (and C4b) degradation by the control 
proteins I, CRt, H, and C4bp. Of relevance to this question are the findings by 
Fujita et al. [63] that immune aggregates solubilized in the presence of isolated 
alternative pathway serum components bear iC3b. Whether membrane-associ
ated CRt or other factors accelerate C3b incorporation and/or the disaggregation 
process, and how they further alter C3 and C4 structure, remain to be deter
mined. Answers to these and other questions will be important to our understand
ing of the steps involved in the subsequent metabolism of immune complexes by 
the RE system in normal health and abnormalities that can occur in disease. 

2.8.6 Clinical Implications 

The results of these various studies which illustrate the crucial role of the 
complement system in the physiological processing of immune complexes 
suggest a number of clinical implications. First, since complement promotes im
mune complex uptake by cells, enhances immune complex solubility, and modu
lates immune complex composition and structure for interaction with the RE sys
tem, intact complement function, as regards immune complex processing, should 
be viewed as beneficial rather than deleterious. Reductions in complement activ
ity which occur in certain disease states may contribute to the disease process and 
thus perhaps they bear correction. Second, since classical pathway activation 
markedly enhances alternative pathway-mediated C3b incorporation, signifi
cantly inhibits initial precipitate formation, and greatly facilitates initial CRt 
binding, abnormalities in classical pathway function should significantly impair 
immune complex handling. It is noteworthy that genetic deficiency of every one 
of the classical pathway components involved in the assembly of C3 convertase 
is correlated with increased incidence of diseases associated with circulating im
mune complexes [64-67] (Table 5). In view of the fact that C3b plays a crucial role 
in immune complex processing and its incorporation and accumulation depends 
principally upon the alternative pathway, abnormalities of alternative pathway 
function should have particularly severe consequences. This may account, per
haps, for the reason why the existence of such abnormalities is rare. A family with 
two children deficient in H has recently been described (P. Lachmann et aI., per
sonal communication). Both have low C3levels and suffer from hemolytic uremic 
syndrome. Since membrane CRt is central in immune complex handling, abnor
malities in CRt should significantly diminish efficient immune complex disposal. 
Defects in the expression of CRt on Ehu have been demonstrated in systemic lu
pus erythematosus (SLE) [68-74], rheumatoid arthritis (RA) [69, 73], and certain 
other conditions [74]. In SLE, this defect is demonstrable in the kidneys of pa
tients with diffuse glomerulonephritis [75, 76], indicating that it can be of a gen
eral nature, as well as in unaffected relatives [68, 70], suggesting that it might be 
genetically controlled and could predispose to disease. 
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Table 5. Reported cases of complement deficiencies and associated diseases [66] 

Component Number with 
homozygous 
deficiency 

Associated diseases (Percent) 

Classical pathway 
Clq 15 
Clr or Cls 8 
C4 16 
C2a 66 
ClINH 500 

C3 and alternative pathway 
C3 11 

BjD 
Properdin 
I 
H 

Membrane attack complex 
C5 12 
C6 17 
C7 14 
C8 14 
C9 Many 

a Ref. [28]. 

Immune complex 
disease 

14 
6 

14 
38 
2% 

8 

1 
1 (HUS) 

1 
2 
1 
2 

_e 

b Plus three probable cases, died before analysis. 
C Plus three died of fulminant infections; Neisseria. 
d Partial 10%. 
e No disease associated. 

Infections 

} 
Many 
pyogenic 

10 pyogenic 
(+ Neisseria) 

2C 

4 pyogenic 

9} 1 ~ Neisseria 

Immune complex disease = SLE, SLE-like syndromes, glomerulonephritis, vasculitis; HUS = 
hemolytic uremic syndrome. 

Further elucidation of the sequential steps involved in the normal handling 
and processing of immune complexes may offer the most efficient means at ulti
mately arriving at an understanding of disease mechanisms. 
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