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5.1 
Introduction 

Our current knowledge of the participation of complement in human disease and 
its biological importance in host defense is closely connected to progress in labo
ratory complement diagnosis. Although it is well documented that complement 
plays a decissive role in the pathogenesis of various diseases, it is somewhat 
surprising that achievements in complement research only find limited implemen
tation in the clinic. Despite the presence of a broad spectrum of commercially 
available reagents, a comprehensive analysis of complement is still performed in 
only a few specialized laboratories. In most clinics, complement diagnosis is con
fined - as it was 20 years ago - to immunochemical determinations of C3 and C4, 
sometimes offactor Band C 1 inhibitor (Cl-INH), and is only occasionally extended 
to hemolytic titration of total functional activity (CHso). Rare, but clinically impor
tant complement deficiency states are thus frequently overlooked. The limited 
acceptance of complement assays as an essential part of laboratory diagnosis in 
various diseases may be explained by minor therapeutic consequences, due to the 
lack of reagents for specific pharmacologic intervention. Recent advances in the 
field of complement -directed therapy is expected to influence positively clinicians' 
opinion on the necessity for complement diagnosis. The management of patients 
with autoimmune diseases or adverse reactions to drugs and artificial surfaces or 
those at risk from trauma-related syndromes such as adult respiratory distress 
syndrome (ARDS) and multiple organ failure, benefits from early diagnosis. There 
is still a substantial need for laboratory parameters as early markers of deleterious 
clinical conditions. Longitudinal studies of patients are of advantage. The clinician 
can observe changes in the complement profile which may be indicative of activa
tion resulting from disease activity or clinical intervention. The utility of comple
ment diagnosis for monitoring of disease activity has been extensively demon
strated in cases of systemic lupus erythematosus (SLE) [12,36,86,106] ,and elevated 
plasma levels of complement activation products have been shown to be of prog
nostic value in recognizing patients with impending transplant rejection [87] and 
trauma-induced adult respiratory distress syndrome and multiple organ failure [51, 
178,188]. A complete complement proflie provides valuable information in diag
nosing the various forms of hypocomplementemic glomerulonephritis and may 
substantially aid in the interpretation of findings in renal biopsies [60, 181]. 

A number of limitations are inherent in assessing complement activation by 
conventional immunochemical and functional means. Levels of complement pro
teins are influenced by various factors which modulate rates of synthesis and 
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catabolism, as shown for the acute-phase reaction. They are often elevated during 
an inflammatory disease process, despite a markedly increased turnover rate. Even 
in normal individuals, fractional catabolic rates for C3, C4, C5, and factor Bare 
about 2% of the plasma pool per h [150]. In addition, like many plasma proteins, 
complement components exhibit a wide normal range. Since complement action 
is quite efficient in molecular terms, it becomes clear that an inflammatory process 
leading to cell destruction may not necessarily lower the titer of a component below 
the normal range. A minor, but clinically important degree of activation will, 
therefore, escape diagnosis if tests to quantitate components are not combined with 
assays for the evaluation of activation-specific products. 

In the last decade, new techniques for the detection of activation-specific com
plement peptides and protein-protein complexes have been developed. Many of 
these newer assays have become available only recently and have, in general, not 
yet been introduced in most hospitals. It appears that adaptation of these assays to 
automation and standardization is of critical importance for a more general accep
tance. Table 1 summarizes the most widely used methods of complement diagno
sis. 

As a result of improved sensitivity, newly developed assays are much more prone 
to artificial in vitro complement activation. Therefore, for direct analysis of com
plement activation products, the conditions of sample collection and storage are 
critical. It is obvious that, with an in vitro activation of 10% due to inproper sample 
handling, assays which reflect complement activation ofless than 1 % lose at least 
some of their value. The impact of time, temperature, and anticoagulants on the 
spontaneous generation of complement activation products has been demon
strated [119]. With some exceptions, blood for complement diagnosis should be 
collected in ethylenediaminetetraacetic acid (EDTA, 0.01 M final concentration), 
arresting the activation of both the classical and the alternative pathway by chelat
ing Ca2+ and Mg2+. The plasma should be separated soon after collection and 
transferred immediately to the laboratory on ice or should be aliquoted, frozen, 
and stored at -20°C (short period) or preferably at -70°C. Repetitive freeze/thaw 
cycles should be avoided. Blood sampling in tubes containing a synthetic polycylic 
serine protease inhibitor in addition to EDT A may further reduce spontaneous 
complement activation [177]. Blood simultaneously drawn from arterial lines and 
central venous catheters were shown to have identical complement concentrations 
as determined for CHso and the activiation products Clrs-CI-INH and SC5b-9 
[97]. Collecting blood from these sites helps to avoid pain from antecubital phle
botomy. 

Assessment of complement activation in urine may be affected by high concen
trations of urea or urinary proteases. The addition of protease inhibitors is recom
mended [128, 138]. 
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Table 1. Methods of complement diagnosis 

Parameter 

Total functional activity 
Classical pathway 
Alternative pathway 

Individual components 
Protein 

Function 

Complement activation products 
C3a,C5a 

C3dg 

Classical pathway 
Clrs-Cl inhibitor 
C4-C3 
C4a 
C4d 

Alternative pathway 
C3b(Bb)P 
Ba,Bb 

Terminal sequence 
SC5b-9 

Regulators 
Cl inhibitor 

Protein 
Function 

FactorH, I 
Properdin 
Vitronectin 
Plasma carboxypeptidase N 

Function 

DAF, C8bp, CD 59 
Protein 

Function 

Autoantibodies 
C3 nephritic factor 

Protein 
Function 

Receptors 
Protein 

Function 

sCRI (CD35) 

Method 

Hemolytic titration 
CH50a, Liposome assai" ELISAa 
APH50 

RlDa 
Nephelometric assaya 
ELISA 
Hemolytic titration 

RIE 
ELISAa 

ELISA 
ELISA 
RIAa 
RIE,ELISAa 

ELISA 
ELISAa 

ELISAa 

RlDa 
CIs inhibition assaya 
Immunodiffusion assay 
RIE 
RID 
RID 

Chromogenic assay 

Cytofluorometric assay, 
RIA 
Acid lysis test 
Sucrose lysis test 

ELISA 
Hemolytic assay 

Cytofluorometric assay 
RIA 
Assays for aggregation, rosetting 
oxygen radical/enzyme release etc. 

ELISAa 

Reference 

40,109,112 
81 

107 

139 

14,58,70,91,123, 
129,170,187 
17,134 
35,118 

47,55,124 
191 
45 
92,116 

113 
94,128 

1,31,43,72,93,117 

101 
163,186 
188 
160 
16 

137 

159,169 

50 
57 

155 
149 

33,37,79,96,145, 
165,173,176,179 

185 

RIE, rocket immunoelectrophoresis; RID, radial immunodiffusion; RIA, radioimmunoassay; 
ELISA, enzyme-linked immunosorbent assay; DAF, decay-accelerating factor; C8bp; C8-binding 
protein. 
aAssays (test kits) commercially available. 
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5.2 
Methods of Complement Diagnosis 

S.2.1 
Quantification of Complement Components 

S.2.1.1 
Hemolytic Assays 
Traditionally, hemolytic assays have been used to assess the functional activity of 
complement components. Furthermore, they provide insight into the integrity of 
the entire classical and alternative pathways. These tests are particularly useful in 
the investigation of suspected complement deficiencies. 

Although described in numerous modifications, hemolytic assays are still based 
on protocols first described by Mayer [112] and Rapp and Borsos [139]. Serial 
dilutions of the sample to be analyzed (body fluids, cell culture supernatants, or 
biochemical probes) are incubated with antibody-sensitized sheep erythrocytes at 
a defined temperature. Hemolytic assays are performed either in tubes or in agarose 
plates. Results are usually expressed as a reciprocal dilution of the sample required 
to produce 50% (or 100%) lysis (CHso, CHlOO). Tests evaluating the functional 
activity of the alternative pathway (APHso) use guinea pig, rabbit, or chicken 
erythrocytes as target cells [81]. Activation of the classical pathway has to be 
blocked by adding ethyleneg~coltetraacetic acid (EGTA) to chelate Ca2+, and an 
optimal concentration of Mg + is required. Detection of low or absent hemolytic 
activity in CHso and/or APHso directs further complement analysis (Fig. 1). Sim
plified assays using a single serum dilution and a large amount of erythrocytes are 

Recurrent infections 
Autoimmune disease 

Ang iodema 

[ 
/ 

CHSO. APHSO 1 

~ 
Primary deficiency? 

! 
Analysis of individual components 

and regulators 

[ Family history 1 

Secondary deficiency 
due to activation? 

Analysis of activation products 

Analysis of autoantibodies 
(0 NEF. auto-anti-Cl-INH) 

Fig. 1. Strategy of complement diagnosis (flow diagram).C3 NEF, C3 nephritic factor; CI-INH, Cl 
inhibitor 
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suitable for large-scale clinical screening, especially if they can be performed as 
semiautomated microassays [62, 105, 125]. Alternative cytolytic assays replacing 
erythrocytes either by the flagellate Euglena gracilis [166] or by sensititized 
liposomes [109] may have certain advantages with regard to reproducibility and 
their suitability for automated systems. 

Titration of individual complement proteins requires the addition of those 
components which are needed to complete the reaction sequence. A correct esti
mation of component activity is obtained by calculation of functional molecules 
[139]. The most convenient way of detecting the functional activity of individual 
complement components is to test for the sample's capability to reconstitute the 
hemolytic activity of a serum which is deficient for the protein. Traditional "R" 
reagents, in which specific components are inactivated by physical or chemical 
means, have now been widely replaced by complement-depleted human serum or 
heterologous serum congenitally deficient for C4, C2, C3 (guinea pig), or C6 
(rabbits). With the availability of these reagents, titration of individual complement 
proteins became much easier to perform. 

5.2.1.2 
Immunochemical Assays 
Despite the fact that isolated immunochemical determinations of complement 
components are oflimited diagnostic value, large-scale investigations in the routine 
laboratories of most clinics are usually restricted to the measurement of C3 and C4. 
Within a large panel of protein estimations, these complement proteins are usually 
measured by radial immunodiffusion [107] or by nephelometry, the latter provid
ing the advantage of automation. Plates for radial immunodiffusion or appropriate 
antibodies and standards are now commercially available for most complement 
proteins. More sensitive immunochemical assays (enzyme-linked immunosorbent 
assay, ELISA; western blot) are helpful in the exact definition of a component 
deficiency. Antigenic analysis is useful only in following patients with diseases in 
which complement activation is massive, generating a state of hypocomplemen
temia. These tests elicit no information with regard to the functional activity of a 
given protein, since polyclonal antibodies applied usually recognize the native 
molecule as well as its breakdown products. Recently, Frederikson et al. [40] de
scribed a new screening procedure for the detection of complement deficiencies in 
which the patient's serum is incubated with solid-phase complement activators 
(classical pathway, IgM; alternative pathway, lipopolysaccharides, LPS) in a mi
crotiter plate. The detection of C9 in IgM-ELISA and properdin deposition in 
LPS-ELISA speaks against a suspected complement deficiency. The first commer
cial ELISA-based complement activation assays are now on the market, and this 
principle is applied to quantitate the functional activity of the classical pathway by 
measuring activator-bound terminal complement complex by an antibody specific 
for C5b-9 neoepitope. 

The deficiency of mann an-binding protein (MBP), a Ca2+ -dependent mammal
ian lectin with opsonic and complement-activating ability (see Chap. 2.2) has been 
associated with frequent bacterial infections (for reviews, see [142, 174]). Specific 
antibodies are now commercially available and should allow a more detailed 



Methods of Complement Diagnosis 527 

analysis of this multifunctional protein. A specific ELISA for MBP has recently been 
described by Thiel et al. [175]. 

5.2.1.3 
Determination of Complement Allotypes 
Complement allotyping has gained considerable interest due to the close associa
tion of C4A, C4B, C2, and Bf genes to major histocompatibility complex (MHC) 
class I and II genes on human chromosome 6. In addition, paternity diagnosis often 
uses complement proteins as genetic markers [110]. Polymorphic variants have 
been described for most of the complement proteins. There is increasing evidence 
for disease association with certain complement allotypes [136,143]. Partial defi
ciencies of C4 have been associated with increased susceptibility to autoimmune 
processes, such as SLE (C4AQO) [38,59,85,], systemic sclerosis [18], and bacterial 
infections (C4BQO) [15, 114]. Phenotyping of complement components C4 [10], C2 
[4], C3 [3], C5 [65], C6[111], C7 [64], C8 [5], and factors Band D [108] is usually 
performed by electrophoresis or isoelectric focusing followed by immunochemical 
detection or functional overlay [143]. Recently, ELISA have been described which 
allow the quantitation of C4A and C4B gene products [22,67,141]. Homozygous 
deficiencies of either C4 variant can be defined. However, in some cases, an over
lapping range of concentration values does not allow discrimination between 
heterozygous and non deficient samples. For routine diagnosis, these assays, which 
are selective, specific, and less time-consuming, provide an alternative to traditional 
electrophoretic determinations. 

Restriction fragment length polymorphism (RFLP) techniques [152] and DNA 
amplification by polymerase chain reaction (PCR) with appropriate oligonu
cleotide primers will extend our knowledge of the polymorphism of complement 
components and the genetic background of deficiencies. These techniques, how
ever, are performed only in specialized laboratories. 

5.2.2 
Quantification of Complement Activation Products 

During the last 25 years, more emphasis has been placed on assay systems which 
detect specific activation products. In the course of the cascade reaction, several 
components are activated by limited proteolytic cleavage with the subsequent 
release of split products or the formation of multimolecular protein-protein com
plexes (Fig. 2). Since only a certain proportion of newly activated components binds 
to the activator's surface, the remainder become inactivated and can be detected in 
body fluids. The introduction of specific monoclonal antibodies, especially those 
which recognize activation-dependent neoantigens, and the subsequent develop
ment of highly sensitive immunoassays has greatly improved the quality of com
plement diagnosis (for detailed reviews, see [25,130]). 
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Classical pathway Alternative pathway 

Terminal sequence 

Fig. 2. Complement activation products include pathway-specific peptides and protein-protein 
complexes 

5.2.2.1 
Detection of Complement Fragments 
Early tests to detect the cleavage of complement proteins such as C3, C4, C5, and 
factor B have been based on differences in the electric charge between the cleavage 
products and their parent molecules, applying counter immunoelectrophoresis [9) 
or crossed immunoelectrophoresis [99]. Due to the time requirements and large 
quantities of antisera to be used, these tests are less suitable for screening. In 
contrast, rocket immunoelectrophoresis, described for C3dg/C3d [17, 134) and C4d 
[116], have proved useful for routine diagnosis. The test is sufficiently sensitive, is 
applicable to serum and plasma, and appears to be less sensitive to suboptimal 
sample handling. Elimination oflarge C3 and C4 molecules which have the D moiety 
is best achieved by using an intermediate gel containing antibodies against the 
corresponding C epitopes, as performed in so-called double-decker rocket immu
noelectrophoresis [17). Nephelometric assays for C4d [29) or Ba [156] also require 
the separation of high molecular weight forms of the component. Polyethylene 
glycol (PEG) precipitation [134] prior to the assay bears the risk of nonspecific 
and/or incomplete removal of unwanted molecules. With the determination of the 
anaphylatoxins C3a [70], C4a [45], and C5a [70] and their desarginated forms by 
radioimmunoassay (RIA), emphasis in complement diagnosis shifted towards the 
analysis of biologically active peptides of pathophysiological relevance. These tests 
very soon became commercially available and have since been successfully utilized 
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in several clinical studies, especially in the field of intensive care medicine [52, 178, 
188]. A major drawback of measuring anaphylatoxins, especially C5a/C5a desArg, 
is their short half-life, which results from a rapid binding of the peptides to their 
target cells [26,180]. C5a/C5a desArg levels are, therefore, often below the detection 
limit of some of the earlier assays (less than 10 ng/ml). In contrast, C3a/C3a desArg 
is less avidly bound and appears to be the parameter of choice. Limitations of these 
first -generation assays are due to the need to separate the pep tides from their parent 
molecules and to general disadvantages derived from handling radioactive mate
rials. It should also be noted that the low protein content in body fluids other than 
plasma (urine, cerebrospinal fluid, and bronchoalveolar lavage fluid) may result in 
incomplete removal of the native molecule in the precipitation step, giving artifi
cially high results. The development of monoclonal antibodies against C3a [19] and 
C5a [154] as well as the replacement of RIA by ELISA [91] improved both the quality 
and the acceptance of anaphylatoxin measurement. With the advent of monoclonal 
antibodies, recognizing neoepitopes on C3a or C3a desArg [20, 123] and C5a [14, 
129,170], a new generation of anaphylatoxin assays was developed [58,123,129,170, 
187] which circumvent problems associated with pretest removal of the native 
proteins. 

Further progress in anaphylatoxin assays can be expected from techniques that 
combine sensitivity and specificity of an immunoassay with the speed of perfusion 
chromatography (Fig. 3). With a lower limit of 16 ng C3a/C3a desArg/ml and 1 ng 
C5a/C5a desArg/ml, anaphylatoxins can now be quantitated within 20 min [58]. 

Sensitive assays based on monoclonal antibodies with specificity for neoan
tigenic determinants have also been described for C1q [44], C4b/c [184], C4d [92], 
C3-derived activation products (C3b/iC3b/C3d) [2,35,42,83,118,127], and Ba/Bb 
[94]. 

5.2.2.2 
Detection of Activation-Specific Protein-Protein Complexes 
At various sites of the cascade reaction, activated complement components are 
bound to other components or to regulatory proteins. Multimolecular protein-pro
tein complexes are formed which characterize the involvement of certain parts of 
the reaction sequence (Fig. 2). Upon activation ofC1,C1-INH binds to C1r and CIs, 
leading to the dissociation of a C1rs-C1-INH complex from activator-bound C1q. 
Within the complex, C1r loses its antigenic reactivity. Laurell et al. [100] were the 
first to demonstrate C1rs-C1-INH complexes by crossed immunoelectrophoresis. 
More sensitive and better applicable to screening are sandwich immunoassays 
described by Hack et al. (RIA) [47] and Harpel et al. (ELISA) [55]. Since then, several 
groups have applied this assay (in modified forms, Fig. 4) to various clinical studies 
[41, 73, 87, 89, 98, 124, 188]. Activation of the classical pathway has also been 
quantitated by ELISA recognizing C4b-C4bp complexes [77] or C4-C3 complexes, 
as recently described by Zwirner et al. [191]. The short half-life of the C4b-C4bp 
complex may be one reason for the limited use of this assay. C3b(Bb)P complex 
formation appears to be indicative for alternative pathway activation, giving suffi
cient reason for the development of a specific ELISA [113] (Fig. 4) . High levels of 
C3b(Bb)P were found in patients with adult respiratory distress syndrome [98,188], 
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Step 1: 5 min 
Sample application 
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Fig. 3. Rapid quantification of anaphylatoxins, e.g., C3a/C3a desArg, by a combination of chro
matographic and immunoassay procedures. EDTA, ethylenediaminetetraacetic acid; mAb, mono
clonal antibody; FITC, fluorescein isothiocyanate (Courtesy of J .Kohl) 
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5 
CPW APW TCC 

1 Anti- C1-INH Ant i -P Ant i- CSb -9 
or ant i -C1 s 

3 2 C1 rsC1-INH C3b(Bb)P SCSb - 9 
5* 

3 Ant i -C1s or Anti -C3 b Anti-CS 
2 ant i -C1 - INH 

4 Anti - lgG - PO 

Fig. 4. Principle of sandwich enzyme-linked immunosorbent assay (ELISA) for pathway-specific 
protein-protein complexes. CPW, classical pathway; APW, alternative pathway; TCC, terminal 
complement complex. PO, peroxidase; S, substrate; S ... , substrate after conversion to visible 
(chromatic) form 

asthma [89], human immunodeficiency virus (HIV) disease [41], and in biocom
patibility studies [90]. 

The fluid-phase terminal complement complex (TCC), SC5b-9, gained increas
ing interest soon after several laboratories [1,31,43,72,93, ll7] developed dou
ble-sandwich ELISA procedures (Fig. 4). In contrast to assays for Clrs-CI-INH and 
C3b(Bb)P, TCC ELISA use monoclonal antibodies to capture the protein complex 
by binding to neoantigenic determinants, thereby avoiding a possible competition 
between the complex and the corresponding native proteins [120]. Protein-protein 
complexes have relatively long half-lives and appear to be less sensitive to artificial 
in vitro activation. 

5.2.3 
Quantitation of Fluid-Phase Regulatory Proteins 

Secondary complement deficiencies may be the result of a reduced function of the 
corresponding regulatory protein. This has been shown for C4 (CI-INH) and C3 
(factor H and factor I). It is of importance that complement inhibitors such as 
CI-INH, C4bp, plasma (serum) carboxypeptidase N (anaphylatoxin inactivator, 
EC.3.4.17.3), and vitronectin (S protein) also exhibit regulatory properties in the 
coagulation, fibrinolytic, and kinin systems (see Chap. 2.6). 

Hereditary angioedema with CI-INH deficiency (see Chap. 3.2.1) is charac
terized by low titers of CHso, C4, and C2, early onset of symptoms, and most often 
by a family history of the disorder [23] . The regulatory function ofCI-INH can be 
assessed by measuring the inhibitory effect on the esterolytic activity of Cis using 
a pH stat titrator [101]. Commercially available assays are based on the cleavage of 
chromogenic substrates by Cis and its inhibition by serum CI-INH. A functional 
immunochemical test of Cl-INH utilizes the masked antigenicity of Clr within the 
Clrs-CI-INH complex [163,186]. Iffunctionally active CI-INH is available, acti
vation of the patients serum with aggregated IgG will lead to the formation of a 
Clrs-CI-INH complex, where Clr cannot be precipitated by specific antibodies. In 
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Table 2. Classification of angioedema with Cl inhibitor (CI-INH) deficiency (modified from [6J) 

Angioedema CI-INH 
function 

Hereditary 
Type I 
Type II 
Type III 

Acquired 
Type I 
Type II 

CI-INH 
protein 

.!. 
Normal or i 
Normalori 

.!. 
Normal 

Cause 

Insufficient synthesis ofCI-INH 
Dysfunctional CI-INH 
CI-INH complexed to albumin 

Hypercatabolism ofCI-INH 
Autoantibodies to CI-INH 

the absence ofCl-INH, or if a nonfunctional regulator is synthetized, C1r precipi
tation is obtained. 

Since a number of dysfunctional C1-INH molecules have been described, only 
the combination of immunochemical and functional analysis allows a correct 
definition of the type of angioedema with C1-INH deficiency (Table 2; see also 
Chap.3.2.1). 

Factor H, factor I, and C4bp are most easily determined by immunochemical 
means, such as radial immunodiffusion, rocket immunoelectrophoresis, or ELISA. 
Functional assays require a high level of experience (for detailed protocols, see 
[56]). 

A functional assay for the anaphylatoxin inactivator (plasma carboxypeptidase 
N) has been reported by Plummer [137]. It appears that a deficiency of this 
multifunctional regulator is oflethal consequence, since screening of many patients 
suffering from edema and other clinical disorders never pointed out a complete 
deficiency (K. Mathews, personal communication; M. Kirschfink, unpublished). 

There is increasing evidence that not only a deficiency state, but also even 
moderately reduced levels of properdin may increase the risk of developing bacte
rial meningitis [160]. Functional determinations by hemolytic assay require highly 
purified C3, factor B, and factor D [56]. Since properdin (like C1q) migrates poorly 
under normal electrophoretic conditions (pH 8.6), quantitation is better performed 
by radial immunodiffusion or ELISA [160]. 

Vitronectin/S protein, a multifunctional regulatory protein of both the comple
ment and the coagulation systems, was reported to be a useful parameter of hepatic 
synthetic function and a marker of the severity ofliver cirrhosis [84]. Vitronectin 
plasma concentrations have been measured by rocket immunoelectrophoresis or 
by commercially available radial immunodiffusion assay [16]. After a recent com
parative analysis in patients suffering from various diseases, the clinical value of 
measuring vitronectin levels was questioned [16]. 
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5.2.4 
Detection and Estimation of Complement Receptors 
and Cell-Bound Complement Regulators 

Membrane-bound molecules serving as complement receptors or regulatory pro
teins have been characterized on a variety of circulating and tissue cells (see 
Chaps. 1.2.5 and 1.3.2). CRI (CD35) performs a dual function as a receptor and as 
a cofactor to factor I. Low CRllevels have been observed in patients suffering from 
SLE [147, 183], acquired immunodeficiency syndrome (AIDS) [74], paroxysmal 
nocturnal hemoglobinuria (PNH) [131],and leprosy [172]. CR3 (CDl8/CD 11 b) and 
CR4 (CDI8/CDllc) have gained considerable interest as adhesion molecules. Defi
ciencies of these receptors have been associated with severe recurrent bacterial 
infections [8, 146, 165]. Patients under conditions of endotoxemia, hemodialysis 
[102], and trauma [7] show a reduction in expression of polymorphonuclear 
leukocytes (PMN) and monocyte C5a receptor (CD88) that parallels decreased cell 
response to C5a in vitro. Association of a deficiency of any of the other complement 
receptors with disease has not been described. 

Detection and quantitation of complement receptors can be achieved by meas
uring the binding of radioactively labeled or fluorochrome-conjugated ligands, as 
described for the Clq receptor [173] and the C5a receptor [33, 34, 79]. Cell 
radioimmunoassay or cytofluorometric analysis of CR 1 [37], CR2 (CD 21) [96, 179], 
CR3 [145], and CR4 [165] have been performed by using monospecific antibodies. 
Erythrocyte CRI can also be measured by ELISA after fixation of the cells in a 
monolayer on a microtiter plate [176]. 

For a correct evaluation of the in vivo expression of certain leukocyte comple
ment receptors, it is important to establish nonmodulating preparation methods 
to avoid artificial upregulation [61]. 

Membrane cofactor protein (MCP, CD46), another cell-associated regulatory 
molecule with C3b/C4-binding and factor I-dependent cofactor activity, has been 
found in a variety of different human tissues [80]. MCP seems to be upregulated in 
certain malignant disorders, as assessed by radiometric assays [157]. 

The importance of membrane regulators of complement is manifested by the 
pathophysiological consequences associated with PNH (see Chap. 3.2.5), where a 
lack of glycosylphosphatidylinositol (GPI)-anchored molecules such as decay-ac
celerating factor (DAF, CD 55), C8bp, and CD 59 leads to chronic intravascular 
hemolytic anemia [48,49]. Diagnostic tests for PNH rely on the demonstration of 
erythrocytes that are abnormaly sensitive to complement-mediated lysis, such as 
the acid activation serum test [50], the sucrose lysis test [57], or the complement 
sensitivity test [148]. These functional tests should now be supplemented by 
cytofluorometric analysis to further characterize erythrocyte subpopulations defi
cient in GPI-anchored proteins [122, 159, 169]. 

A soluble form of the C3b receptor, sCRl, was first identified byYoon and Fearon 
[185]. Serum levels of circulating sCRl, as measured by ELISA, are altered in 
various disease states [132]. In addition, a fluid-phase C3d receptor, sCR2, can be 
detected in serum [104], with elevated amounts in patients with infectious mono
nucleosis and rubella, two diseases induced by lymphotropic viruses and associated 
with marked lymphoproliferation [69]. The availability of recombinant forms of 
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both sCRl and sCR2 as well as specific antibodies allows their quantitation by 
ELISA. The diagnostic value of these tests, however, needs to be defined [103]. 

5.2.5 
Detection of Autoantibodies to Complement Proteins 

Clinical relevance of autoantibodies directed against complement proteins has 
been established for C3 nephritic factor and for auto-anti-Cl-INH. 

Patients suffering from membranoproliferative glomerulonephritis (MPGN), 
especially of the histologically defined type II, often show an impairment of 
alternative pathway regulation resulting in continuous C3 depletion. Persistently 
low levels ofC3 have been attributed to an autoantibody, termed C3 nephritic factor 
(C3NeF, see Chap. 3.3) which stabilizes the labile C3bBb complex [27,164]. 

C3NeF can be measured either by fluid-phase conversion of C3 [135] or by 
stabilization of the alternative pathway convertase C3bBb [27]. A screening assay 
based on a stable cell (sheep erythrocyte )-bound convertase was reported by Rother 
[149]. Recently, a novel C3NeF ELISA was described br Seino et al. [155] in which 
the patient's serum is incubated with immobilized Ni + -stabilized C3bBb. Bound 
C3NeF IgG is then detected with enzyme-conjugated anti-IgG and referred to a 
standard C3b-IgG complex preparation. However, purified complement proteins 
(C3b, B, and D) are required to perform this assay. 

An increasing number of patients with acquired angioedema has been described 
whose regulatory function of C1-INH is impaired by a specific autoantibody [6,78] 
(see Chap. 3.2.1). Auto-anti-C1-INH can be detected by incubation of the patient's 
plasma with purified C1-INH immobilized in a microtiter plate and enzyme-con
jugated anti-Ig (IgG, IgM, IgA) as a secondary antibody. By sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) followed by western blot analysis, 
complete conversion of the functionally active 105-kDa C1-INH to the inactive 
96-kDa molecule can be demonstrated [6]. 

5.2.6 
Detection of Complement Proteins on Peripheral Blood Cells 

Agglutination assays to detect cell-bound complement proteins have been essential 
for diagnosis in transfusion medicine. Antibodies to C3 and C4 are routinely 
included in antiglobulin tests, preferentially those with a specificity to the D moiety. 
Detection of erythrocyte-bound complement components are useful in differential 
diagnosis of autoimmune hemolytic anemia (for reviews, see [54,76]). Due to a 
restricted thermal amplitude of the IgM autoantibodies, patients with cold hemag
glutinin disease present with C3d and C4d, but almost never with immunoglobulins 
on their red cells. Cell-bound C3d also in the absence of immunoglobulins, as found 
in about 10% of all cases, supports the diagnosis of warm-reactive antibody-in
duced hemolytic anemia. More sensitive methods, such as RIA, ELISA, and cyto
fluorometry, have been applied to assess complement activation on red blood cells, 
leukocytes, and platelets [24,41,88]. For example, complement activation by the 
immunodeficiency virus and its glycoproteins is documented by the fixation of 
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complement fragments on CD4-positive target cells both in vivo [28,41,162] and 
in vitro [168]. 

5.2.7 
Analysis of Complement Activation in Tissues 

Demonstration of complement deposition in tissues constitutes important evi
dence for the participation of complement in the disease process under investiga
tion.Diagnosis of a number of autoimmune and/or immune complex diseases relies 
on the detection of immunoglobulins and complement proteins in the tissue. In 
nearly all forms of glomerular nephritis, deposition of complement components 
can be observed. Certain disorders such as bullous dermatoses present with dis
ease-specific patterns of complement deposition. Antibodies to C4d, C3d, and 
C5b-9 neoepitopes are recommended for basic immunohistological diagnosis ap
plying fluorescent or sensitive enzyme techniques such as the alkaline phos
phatase-antialkaline phosphatase (APAAP) method. These antibodies allow a dif
ferentiation of the pathway or pathways involved. However, demonstration of 
complement deposits in tissues and its interpretation is limited by a number of 
technical problems, including antigen preservation in fixed tissues and antibody 
specificity. However, despite all reservations, immunohistological techniques have 
been and will remain indispensable in investigating the implication of complement 
in the pathogenesis of inflammatory tissue destruction. For further information, 
the reader is referred to the comprehensive review by Rauterberg [140]. 

5.3 
Complement Analysis in Infants and Children 

The antibody deficiency state offers only a partial explanation for the unusually 
high incidence of severe bacterial infections in newborns. Bacterial infections in 
the neonatal intensive care unit are considered the major cause of morbidity and 
mortality. A gradual maturation of the complement system is reflected by a positive 
correlation between plasma levels of complement proteins and gestational age, 
reaching adult concentrations at varying ages [30,39,144,151,158]. Intrauterine 
growth retardation appears not to influence complement development [126]. There 
are still insufficient data available to establish a range of normal values as a 
reference for a comprehensive complement analysis in newborns and children. It 
may be misleading to draw diagnostic conclusions if data are referred to values 
established for adults. Assessment of complement activation is of clinical value in 
cases of neonatal infections [32,46, 190] and respiratory failure [21, 153, 189]. 
C3-derived activation products such as C3d and C3a/C3a desArg have been shown 
to be sensitive indicators of placenta inflammation [ll5], generalized bacterial 
infections, and asphyxia [153,189]. High levels of C3b(Bb)P protein complex [190] 
and Ba [l33] reflect alternative pathway activation in neonates suffering from 
bacterial infections. 
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5.4 
Complement Analysis in Animals 

For several decades, experimental animal models have been used to evaluate the 
importance of complement to the host defense and to learn about the pathophysi
ological significance of complement activation in various inflammatory diseases. 

In many animal species, a comprehensive analysis of complement is still ham
pered by the lack of suitable reagents and assays. A major factor affecting the 
evaluation of complement activity in the serum of previously unstudied species is 
the choice of an appropriate target cell. Failure to do so in earlier studies has led to 
the rash conclusion that certain species do not possess hemolytic complement. Low 
or undetectable classical pathway activity of mouse or bovine complement, for 
example, results from applying conventional methods using sensitized sheep 
erythrocytes. Comparison of classical pathway activity between different species is 
difficult to evaluate, since hemolytic titers are also influenced by the source and 
quality of erythrocyte-specific antibodies [63]. Variations resulting from differ
ences in target antigen and sensitizing antibody can be circumvented by using a 
single antigen-antibody system, i.e., by binding of a non-complement-activating 
antigen and the employment of an appropriate sensitizing antibody [68]. Applying 
optimal test conditions, it can be demonstrated that virtually all species oflabora
tory and domestic animals possess both classical and alternative pathway activity 
[11,68, 75, 171] (Table 3). Compatibility of components within the cascade se-

Table 3. Sensitivity of target erythrocytes to complement of various species (data in part from [11, 
68,75,171]) 

Source Source of erythrocytes 
of serum CHSO 

Human 

Horse 

Bovine 

Pig 

Horse> guinea pig> sheep 

Sheep, human> rabbit> guinea pig 

Horse, guinea pig> rabbit> human 

Rabbit> sheep 

APH50 

Rabbit> guinea pig> chicken 

Guinea pig 

Guinea pig> mouse> horse> human 

Guinea pig> mouse> chicken 

Sheep Horse, guinea pig> rabbit, human> sheep Guinea pig> human> rat, mouse 

Goat Sheep Guinea pig> burro horse> chicken 

Dog 

Cat 

Rabbit 

Sheep> rabbit 

Rabbit> sheep 

Horse> guinea pig> human, sheep 

Guinea pig Sheep, bovine horse, guinea pig rabbit 

Hamster Rabbit> sheep 

Rat 

Mouse 

Fowl 

Rabbit> sheep 

Rabbit 

Rabbit, sheep 

Guinea pig> mouse, pig> rabbit 

Guinea pig> mouse> horse> chicken 

Horse, guinea pig, human 

Rabbit> sheep, horse 

Guinea pig> rabbit 

Guinea pig, burro> horse> chicken 

Rat> rabbit> dog 

Rabbit 
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quence between different species with guinea pig or humans often allows the 
titration of individual components [11, 182]. To evaluate the pathophysiological 
contribution of complement to certain diseases, assessment of complement acti
vation by immunochemical means is indispensable. Kremmer et al. [95] described 
a method to produce monoclonal antibodies against animal complement compo
nents without the need for prior purification. At present, only antisera against C3 
are commercially available for most species. Some of these antibodies may be used 
to demonstrate C3 activation either by crossed immunoelectrophoresis or by the 
quantitation ofC3-derived split products in rocket immunoelectrophoresis [90] or 
ELISA. Prior to the assay, high molecular weight forms of the component, including 
the maternal molecule, have to be removed by precipitation. This technique has 
recently been applied to a biocompatibility study using a sheep model oflong-term 
extracorporeal circulation [90]. The high degree of homology between human and 
nonhuman (especially primate) complement proteins sometimes allows the appli
cation of antibodies primarily directed against the human component. On the basis 
of cross-reactive antibodies, ELISA have been developed to quantitate C3 activation 
products, C5a and SC5b-9 in baboons [121], C5a in rabbits [13,82], and C4d in 
cattle, sheep, and guinea pigs [192]. Semiquantitative measurement of primate 
anaphylatoxins appears to be possible by the application of commercially available 
RIA [53]. Some monoclonal antibodies to human C5b-9 neoepitope were shown to 
cross-react with rabbit, sheep, or guinea pig TCC [71]. Specific monoclonal anti
bodies to hog C5a have been produced by Hoppken et al. [66] which allow the 
evaluation of complement activation in porcine models of inflammatory diseases. 
Specific and sensitive analysis of complement activation in pigs became also 
possible by an SC5b-9 ELISA developed with cross-reactive antibodies (M. 
Kirschfink et al., manuscript in preparation). Quantitation of rat anaphylatoxins 
C3a and C5a by RIA was performed by Smedegard et al. [161] in experiments of 
endotoxin-induced lethal shock. 

5.5 
Concluding Remarks 

In recent years, an increasing number of techniques to assess complement activa
tion has been introduced which seem to be well suited to replace traditional 
immunochemical methods such as radial immunodiffusion and nephelometry. 
These assays detect activation-specific complement fragments, protein-protein 
complexes, or neoepitopes. The diagnostic and prognostic potential of these assays 
is the subject of current investigation. Conclusive data are not yet available to decide 
which test or tests will provide the most helpful information with regard to a certain 
clinical condition. A wide application of these modern complement assays in 
clinical practice and research is needed and will certainly enhance our under
standing of the pathogenesis of various diseases. 

Hemolytic assays such as CHso and APHso still remain valuable as screening 
techniques for complement deficiencies, supplemented by tests to quantify indi
vidual components. Assessment of the functional integrity of both the classical and 
the alternative pathway by traditional CHso and APHso (or by simplified modifi-
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cations of these tests) combined with one assay to detect activation-specific prod
ucts provides the essential base for complement diagnosis. Basic complement 
diagnosis should be complemented by a functional assay for CI-INH to detect the 
most common complement deficiency of clinical relevance. For further analysis, 
specialized laboratories have to be consulted. 

There is, however, a substantial need for a general agreement on selected 
methods which fulfill the requirements of modern laboratory diagnosis. The ac
ceptance of complement parameters as valuable diagnostic/prognostic tools will 
also depend on further progress in automatization and quality control of reliable 
and commercially available complement assays. 
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