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Abstract

Complement analysis in the clinic is usually associated with the quantification of C3 and C4, measurement of Cl-inhibitor and screening
for complement activity. These analyses have been available in routine diagnostic laboratories for decades. In recent years, however, the field of
complement analysis has expanded considerably, with the introduction of novel assays to detect complement activation products, and spreading still
further towards genetic analysis to reveal the basis of complement deficiencies and identify mutations and polymorphisms associated with defined
diseases such as atypical haemolytic uraemic syndrome and age related macular degeneration. Here we review the current status of complement
analysis, including assays for the quantification of complement activity and complement activation products, together with genetic methods for
the detection of deficiencies, mutations and polymorphisms. This is an area where significant developments have been made recently, paralleling
the research advances into the role of complement in human disease. It is clear, however, that there is a need for consensus and standardisation of

analytical methods. This will be a major challenge for the complement society in the future.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last 3—4 decades, routine complement analyses in
the clinical setting has relied upon the quantification of key
complement components C3, C4 and Cl-inhibitor. In some
specialist laboratories, diagnostic tests extended to functional
complement screening assays. Initially, complement was not
perceived to play a key role in human disease; for example, the
first two cases of C2 deficiency were discovered accidentally
in otherwise healthy individuals. Additionally, representative
in vivo experimental models of human inflammatory diseases
were sparse so the role of complement in the initiation and
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perpetuation of disease could not be studied. Gradually, it
became clear that complement deficiency was frequently associ-
ated with severe diseases such as systemic lupus erythematosus
(SLE), and it was recognised that such a complex biologi-
cal system could not have evolved without being critically
important for the host. Only recently has it been accepted
that complement is not only important for protection against
microbial infection, but also contributes to pathophysiology in
a number of non-infectious diseases. Accumulating data on
the decisive role of the complement system in various disor-
ders drove the development of strategies to specifically inhibit
complement in anti-inflammatory therapy. This, in turn, has
stimulated a broad resurgence of interest in complement both
in the clinic and in research. The future progress in this field,
however, is critically dependent on further development of
reliable methods to comprehensively analyse the complement
system.
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2. Complement deficiency analysis

When complement deficiency is suspected, samples are
screened by functional assays of each activation pathway to
reveal the deficiency in any particular system (e.g. in patients
with recurrent infections), by measuring individual proteins
directly, or by measuring the functional activity of a single com-
ponent in the pathway in question (e.g. C1-inhibitor in hereditary
angioedema [HAE]). When analysing complement function or
protein levels, the way in which blood samples are collected and
stored is, for some of the assays, critically important (see Section
3.1.3).

2.1. Functional assays of complement activation

Functional assays of the complement system assess the
integrity of the individual activation pathways. Such assays are
extremely useful in the detection of complement deficiencies and
are needed to direct the subsequent component specific analyses.

2.1.1. Haemolytic assays

The commonly used assays for classical pathway activation
are based on the use of antibody-coated sheep erythrocytes (EA),
which are lysed in serum diluted in a buffer containing Ca**
and Mg?* ions. In the classical CH50 test the results are usu-
ally expressed as the reciprocal dilution of the sample needed
to achieve 50% lysis of a fixed amount of EA. For the alterna-
tive pathway a similar assay, the AH50 test, can be done using
rabbit (RbE) or guinea pig (GpE) erythrocytes, which specif-
ically activate the alternative pathway of human complement
when serum is diluted in a buffer containing Mg?* ions only
with Ca2* chelated using EGTA to block the classical and lectin
activation pathways.

Simplified and rapid haemolytic assays based on a fixed
serum sample dilution and incubation time and an excess of
target erythrocytes have been described using EA or RbE for
the classical and alternative pathways, respectively (Nilsson
and Nilsson, 1984). The proportion of lysed cells is linearly
correlated to the amount of complement present in the serum
sample. Another simple screening assay for complement defi-
ciencies involves haemolysis-in-gel (Truedsson et al., 1981).

Here, EA in Ca?*/Mg?* buffer or GpE in Mg?*/EGTA buffer
for the classical and alternative pathways, respectively, are incor-
porated in agarose gels. These assays are very easy to perform
and well suited for screening large numbers of samples. The
use of such screening procedures has resulted in the identifica-
tion of numerous complement deficient individuals. However,
properdin deficiency is not always detected in the haemolytic
alternative pathway assays. This may be explained by the action
of properdin as a positive regulator, where deficiency changes
the kinetics of the reaction but does not necessarily result in
significant change in end-point haemolysis. Haemolytic assays
are particularly suited to the detection of deficiencies in both
the classical and terminal pathways. However, their value in
monitoring complement activation in relation to disease status
is questionable. Nevertheless, the CH50 and a simplified ver-
sion of this assay can give quantitative results and can be used
in routine analyses of classical pathway function, for example
in SLE patients (Ekdahl et al., 2007).

2.1.2. Complement activation ELISA

Methods utilizing the enzyme-linked immunosorbent assay
(ELISA) format have recently become available for general
use. This methodology was first described by Zwirner et al.
(1989), who reported that deposition of a series of complement
components took place during activation on a suitable surface.
They could detect deposition of Clq, Cls, C4, C3, factor B,
C4b-binding protein, properdin and all terminal components on
the plastic surface of a microtiter plate after serum activation.
Based on these findings, ELISAs for screening of deficiencies
of the classical and the alternative pathways were developed
(Fredrikson et al., 1993). Plates were coated with IgM for acti-
vation of the classical pathway and lipopolysaccharide (LPS)
from Salmonella typhi for the alternative pathway. To detect
complement activation, either a monoclonal antibody against
a C9 neoepitope or an antibody against properdin was used.
These ELISAs clearly allowed detection of deficiencies within
the classical, alternative and terminal pathways (Fig. 1).

Activation of the lectin pathway in a microtiter plate is easily
achieved by coating the surface with mannan. However, to have
a lectin pathway specific assay the other activation pathways
have to be blocked. Use of a monoclonal anti-C1q antibody that

Complement activation ELISA
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Fig. 1. ELISAs for measuring of complement activation (Seelen et al., 2005). Diluted serum is added to the well of a microtiter plate coated as shown to allow
activation of the three pathways. The choice of buffer and the use of a classical pathway inhibiting antibody make the ELISAs specific for each pathway. After
incubation, complement is activated and readout is the incorporation of C9 in the terminal complement complex, C5b-9.
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Table 1
Complement deficiency and detection by complement activation ELISA

Impaired function/deficiency Activity in ELISA

Component Classical Lectin Alternative
Clq, Clr, Cls Low Normal Normal
C4,C2 Low Low Normal
MBL, MASP2 Normal Low Normal
B,D,P Normal Normal Low

C3, C5,C6,C7,C8,C9 Low Low Low

inhibits classical pathway activation made this possible (Roos
et al., 2003). A simple method comprising three ELISAs which
could be used for screening for deficiencies of all three path-
ways was then developed (Seelen et al., 2005). This method
is commercially available (Wielisa®, Wieslab, Lund, Sweden),
easy to perform and has several advantages compared with the
haemolytic assays: it is not dependent on availability of erythro-
cytes, it covers all three activation pathways, and importantly,
properdin deficiency is detected in the alternative pathway assay.
The assay is performed with serum samples and detection of
activation is at the final step, incorporation of C9 in the termi-
nal complex (Fig. 1). In diagnosis, these assays are often used
in combination with measurement of C3 and C4 and should be
supplemented by measurement of an activation product to dis-
tinguish primary from secondary complement deficiency. The
results from these ELISAs serve as a guide for further analysis
if a deficiency is suspected (Table 1). In addition, deficiencies
of some complement inhibitors (C1-inhibitor with correspond-
ing C4 consumption, factor H or factor I with C3 consumption)
result in secondary deficiency, which in some cases is revealed
in these assays (Seelen et al., 2005).

2.1.3. Complement function in specific immune defense

The functional assays described above are developed to reveal
deficiencies and are not necessarily optimal in the assessment of
complement function as part of immune defense. Assays that use
an antigen derived from a pathogen to initiate activation should
in future be considered for assessing the activity of the com-
plement system in human disease (Atkinson and Frank, 2006).
With the introduction of more informative detection systems in
routine diagnosis, the role of the various pathway(s) of comple-
ment activation in disease will be better defined allowing a better
targeting of therapeutic agents.

2.2. Quantification of individual complement components

The standard immunochemical methods are valuable tools
in diagnostic work and when necessary these are supplemented
with functional assays. Correct interpretation requires validated
reference intervals. Here it should be emphasised that the refer-
ence intervals for several components are age-related, and this
must be taken into account when analysing samples from infants
(Johnson et al., 1983; Roach et al., 1981; Sonntag et al., 1998).

2.2.1. Immunochemical assays
The concentration of many of the complement compo-
nents can be measured by tests based on immune complex

formation, such as radial immunodiffusion, electroimmunoas-
say, nephelometry and turbidometry; for others Western blot,
ELISA or time-resolved immunofluorometric assay (TRIFMA)
(MollerKristensen et al., 2003) are necessary. The choice of spe-
cific antibodies is crucial in all immunoassays. Many of the
assays currently used are based on polyclonal antibodies and
measure different protein variants, irrespective of their func-
tional activity. The commonly used methods for C3 and C4
not only measure the native proteins, but also their major solu-
ble fragments C3c and C4c formed during activation. Thus, the
results must be interpreted with this in mind. An advantage with
such assays is that they are less sensitive to in vitro activation.

2.2.2. Functional assays of individual components

Functional activities of individual complement proteins need
to be determined when a non-functional or dysfunctional vari-
ant is suspected. As mentioned before, in vitro activation due to
improper handling has to be excluded (see Section 3.1.3). A sim-
ple way to detect the functional activity of a single complement
component is to test the capacity of the sample to reconstitute
the total complement activity of a serum that is deficient for
a known component. This can be done either by haemolytic or
ELISA assays (Sjoholm et al., 1991; Seelen et al., 2005). Special
assays for MBL/MASPs functional activity have been described.
One is based on the same principle as the activation ELISA but
here C4b deposition is measured; serum samples are diluted in
high salt buffers to block the classical pathway while permitting
activation due to binding of the MBL/MASPs complex to man-
nan (Petersen et al., 2001). Alternatively, functional MBL levels
can be assessed in serum based on the principle of yeast-induced
bystander lysis of chicken erythrocytes (Kuipers et al., 2002).

In Type 1 HAE the Cl-inhibitor concentration is low;
however, normal or even increased Cl-inhibitor concentra-
tion is common in Type 2 HAE, despite diminished function.
Functional analysis of Cl-inhibitor is thus mandatory for the
diagnosis. Functional assay are commercially available and are
typically based on the action of Cl-inhibitor as an enzyme
inhibitor and the use of chromogenic substrate (Munkvad et al.,
1990). C4 concentration is consistently low in both Types 1 and
2 HAE and is usually measured as a supplementary test.

The assessment of factor H activity is of importance
in diseases related to factor H dysfunction, i.e. atypical
haemolytic uraemic syndrome (aHUS), membrano-proliferative
glomerulonephritis (MPGN) type II, and age-related macular
degeneration (AMD). A method for the determination of fac-
tor H-related regulation of complement activation has been
described (Sanchez-Corral et al., 2004). Here, unsensitised
sheep erythrocytes are incubated with serum; in normal serum,
factor H binds the erythrocytes and protects from lysis, whereas
sera lacking functional factor H cause erythrocyte lysis. For
factor H in particular, but also for other regulators and com-
ponents, genetic analyses are valuable in addition to protein and
functional evaluation (see Sections 4.2.1 and 4.2.2).

2.2.3. The proteomic approach and future perspectives
Proteomic analysis of plasma and serum samples is now being
used to identify biomarkers of human diseases. Antibody-based
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microarrays have yielded promising results in multiplexed
protein expression profiling (Wingren and Borrebaeck, 2006;
Borrebaeck, 2006). It is now possible to design arrays covering
virtually any specificity through generation of phage display
libraries of human recombinant single-chain Fv antibody frag-
ments (Soderlind et al., 2000). In such an array, numerous scFv
antibodies specific for selected proteins are spotted on microar-
ray slides. Serum or plasma samples are biotinylated, incubated
on the arrays and dye-labeled streptavidin is added. Scanning of
the microarrays can give a semi-quantitative measure of concen-
tration. This technology has now been applied to simultaneously
screen several complement proteins with promising results (Ing-
varsson et al., submitted for publication). This approach offers
considerable potential as an analytical tool in complement diag-
nostics and research. By selecting antibodies against different
polymorphic complement protein variants and fragments it will
be possible to measure not only complement protein concentra-
tions but also activation and protein variants in samples of 1 .l
volume.

Another antibody-based proteomic approach involving a
reverse array format has been described, where serum samples
are spotted on a microarray slide (Janzi et al., 2005). A large
number of samples can then be screened for their content of
a certain serum protein in a single experiment using target-
recognising antibodies and fluorochrome-labelled secondary
antibodies. This procedure has been used for analysis of serum
IgA and C3 (Janzi et al., 2005). The results suggest that it is
possible to simultaneously screen thousands of complex clinical
serum samples for specific serum proteins of clinical relevance.

3. Analysis of complement activation products
3.1. Analysis of activation in plasma

Reduced total haemolytic activity and levels of individual
complement components either reflect a deficiency state, or indi-
cate ongoing, consuming complement activation. Since most
complement components are acute phase reactants and in vivo
complement activation is often associated with an acute phase
reaction, levels of individual components may stay within the
normal range despite ongoing consumption. In general, total
haemolytic activity and individual component measurements
are useful as first level screening techniques but are not suffi-
ciently sensitive to detect pathologically increased complement
activation in vivo. The need to measure complement activation
products in this context is illustrated in Table 2.

Table 2

3.1.1. The neoepitope analysis principle

During the last two decades, highly specific monoclonal
antibodies have been produced which recognise neoepitopes
exclusively exposed upon activation-induced conformational
changes in complement proteins (Mollnes and Harboe, 1993).
This enables direct capture of the activation fragment without
interference from non-activated components. Quantification can
be achieved using traditional ELISA (Mollnes, 1997), by binding
to and elution from high-capacity immunosorbents (Hartmann
et al.,, 1993), or on microbeads in multiplex flow cytometric
methods. Today, neoepitope based assays have replaced the
older generation of tests for activation products. Furthermore,
neoepitope-specific antibodies are particularly suitable to detect
in situ complement activation in tissues since they discrimi-
nate between activation products and passively trapped native
components.

3.1.2. Panel of assays

Complement activation products are either split fragments,
generated after enzymatic cleavage of certain components, e.g.
C4 (C4a, C4b/c, C4d), C3 (C3a, C3b/c, iC3b, C3d), factor
B (Ba, Bb) and C5 (C5a), or protein complexes where acti-
vated components are bound to their respective regulators, like
Clrs-Cl-inhibitor, the properdin-containing alternative pathway
convertase, C3bBbP, and SC5b-9 (soluble terminal complement
complex). A number of assays, many of them neoepitope-based
and commercially available, have been described for detec-
tion of activation at the various steps in the cascade. Thus,
Clrs—Cl-inhibitor (Fure et al., 1997) or C1g—C4 (Wouters et
al., 2005) assays measure classical pathway activation, C3bBbP
(Mollnes et al., 2002) assay reflects alternative pathway acti-
vation, and SC5b-9 assay shows activation of the terminal
pathway to completion (Mollnes et al., 1985; Deppisch et al.,
1990). Specific assays for activation products of the lectin path-
way in the fluid-phase have not yet been described. However,
lectin pathway activation should be suspected if C4 activation
products are detected without evidence of classical pathway
activation.

3.1.3. Collection of samples

Complement activation products are present only in trace
amounts in normal plasma in vivo but they are rapidly gener-
ated in vitro (Mollnes et al., 1988). Therefore, it is crucial that
samples are collected and stored properly in order to avoid in
vitro activation. Blood must be drawn directly into tubes con-
taining EDTA at a final concentration of at least 10 mM. The

Plasma concentration of C3, C4 and complement activation products (C3dg and TCC) in two patients with liver disease

Gender Age (years) C3 (g/L) C4 (g/L) C3dg (AU*/mL) TCCP (AU/mL)
Female® 24 0.20 0.09 25 4

Femaled 35 0.30 0.06 126 16

Reference range 0.50-1.00 0.10-0.50 20-45 2.2-6.6

4 AU, arbitrary units.
b TCC, terminal SC5b-9 complement complex.

¢ Patient with terminal liver failure on the waiting list for transplantation. Low C3 and C4 due to decreased synthesis. Low concentration of activation products.
d Patient with chronic active hepatitis without liver failure. Low C3 and C4 due to consumption with correspondingly increased activation products.



3842 T.E. Mollnes et al. / Molecular Immunology 44 (2007) 3838-3849

addition of nafamostat mesilate (Futhan, FUT-175) to EDTA fur-
ther reduces ex vivo complement activation (Pfeifer et al., 1999).
Citrate and heparin do not block complement activation effi-
ciently and should be avoided. The sample must then be cooled,
plasma separated promptly and stored at —70 °C. Importantly,
short-term storage of EDTA-blood at room temperature, which
often cannot be avoided in the clinic, does not significantly alter
C3a/C5a anaphylatoxin levels (Stove et al., 1995).

3.1.4. Biological considerations

The various complement activation products have different
half-lives in vivo. This is important in deciding the parameters(s)
to be measured. Due to rapid receptor binding, the biologically
highly active and important C5a fragment has a half-life of
approximately 1 min (Wagner and Hugli, 1984; Oppermann and
Gotze, 1994), and is difficult to detect in samples obtained in
vivo. In contrast, the various C3 activation products have half-
lives of a few hours and are readily detectable (Teisner et al.,
1983). The half-life of SC5b-9 is 50-60 min (Mollnes, 1985;
Deppisch et al., 1990). SC5b-9 levels, in contrast to C3 activa-
tion products, are relatively stable in vitro and, since it reflects
activation to the end of the terminal sequence irrespective of the
initial pathway involved, it is a particularly good candidate for
general evaluation of complement activation. When measuring
an activation product from a single component (e.g. C3a or C3c),
the amount should be related to the concentration of the native
component, since a low level of native component would yield
smaller amounts of activation products during in vivo activation.
The ratio between activation product and native component is
therefore a more sensitive indicator of in vivo activation than the
product alone (Nurnberger and Bhakdi, 1984).

3.1.5. Measuring complement activation products in
animals

Whereas a number of neoepitope specific assays have been
described for human complement activation, only a few are
available for animal studies. These are either based on human
assay reagents that cross-react with other species, or on reagents
specifically designed for animal studies. The latter include
assays based on monoclonal antibodies to neoepitopes of guinea
pig C5a (Link et al., 1999) and C3 activation product (Hawlisch
et al., 2000), rabbit C5a (Bergh and Iversen, 1989), rat TCC
(Schulze et al., 1989), and mouse C3a and C3b/iC3b/C3c
(Mastellos et al., 2004). A rat/mouse C3a-desArg ELISA is com-
mercially available (Bachem, Bubendorf, Switzerland). Several
of the human neoepitope-specific assays cross-react sufficiently
well for use in other species, for example, in the baboon C3b/c
(Hiramatsu et al., 1997), C5a and SC5b-9 (Mollnes et al., 1993),
C4d, C3a, Bb and C5b-9 (Fung et al., 2001) can all be measured
using human assays. Human SC5b-9 assays measure porcine
SC5b-9 (Jansen et al., 1993). The species cross-reactivity of
a particular assay made for human complement activation can
easily be checked by activating the serum from the respec-
tive species using heat aggregated immunoglobulin (classical
pathway) or zymosan (alternative and lectin pathway), and com-
paring with the non-activated control. If the signal in activated
serum is stronger than in the non-activated, the assay cross-

reacts with this species and the degree of cross-reactivity can be
estimated.

3.2. Analysis of activation on cells and in tissue

Detection of C4 and C3 activation products on red blood
cells has proven useful in differential diagnosis of (auto)immune
haemolytic anaemia (Garratty, 1984). A recent study (Navratil et
al., 2006), suggests that platelet-bound C4d is a useful biomarker
for SLE disease activity that may be linked to thrombotic and
vascular complications. In comparison with plasma detection,
immunohistochemical proof of complement activation better
reflects pathophysiologic relevance, and has provided valuable
insight into the roles of complement in renal disorders (Couser,
1993) and ischemia reperfusion injury (Arumugam et al., 2004).
Endothelial C4d deposition in peritubular capillaries of renal
grafts is a reliable indicator of antibody-mediated alloreactiv-
ity, predictive of impeding organ rejection (Lederer et al., 2001;
Vargha et al., 2006). Analysis of the binding of complement
activation products on antigen microarrays, either directly or
via antibody, opens new perspectives to understanding the com-
plexity of the immune response (Papp et al., 2007).

4. Genetic analyses of complement

Genetic complement deficiencies are responsible for 1-6%
of primary immunodeficiencies (Notarangelo et al., 2004). Due
to lack of specialist diagnostic laboratories, this number is likely
an underestimate. Sequencing of the genes coding for comple-
ment components has long been used to identify the mechanism
behind an observed deficiency in activation of one or more
pathways of complement. Lately, point mutations and polymor-
phic variants of certain complement components have also been
found in diseases where complement activation itself is normal
or only slightly impaired.

4.1. Genetic analyses in defective complement activation

Different types of complement deficiencies are associated
with different diseases and clinical outcomes. When deficiency
of one pathway is observed, it is usually enough to know
which complement component is missing or non-functional (see
Section 2.2). Genetic analyses are more expensive and harder
to use for screening purposes, and therefore few complement
component deficiencies are primarily analysed using genetic
tools.

If a complement component is absent or non-functional, the
next decision is whether or not to explore the genetic background
of the defect. The advantages in revealing the mutation are
verification of the hereditary nature of the defect, a deeper under-
standing of the characteristics of the deficiency for selecting the
best treatment options, and enabling screening for carriers of
the mutations in the family. The genetic approaches for differ-
ent components are fairly similar and straightforward, and aim
to find the mutation(s) in the gene encoding the defective pro-
tein. For mutation screening, each exon of the candidate gene
is amplified from genomic DNA of the patient (and close rela-
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tives) using specific primers derived from the 5" and 3’ intronic
sequences, and sequenced in both strands. Genetic analyses for
deficiency of MBL and C4 are here reviewed as examples.

4.1.1. Genetic analysis of MBL deficiency

Deficiency of MBL is the most frequent genetic comple-
ment deficiency, varying between 5 and 20% of population
depending on the region studied and the definition of the defi-
ciency. The clinical relevance of lectin pathway dysfunction, i.e.
MBL or MASP-2 deficiency, has not been generally accepted
yet, but it seems that in the presence of other factors that
impair immunity, these deficiencies increase susceptibility to
certain infections, especially in children (Thiel et al., 2006).
The background for the observed impaired activity is usually the
presence of one or two alleles of the MBL-coding gene MBL2
that contain a mutation either in the promoter region (L/H or
X/Y alleles) or in the exons (alleles B, C, or D instead of the
normal allele A), as recently reviewed (Garred et al., 2006).
The issue of MBL-deficiency is complex since alleles leading
to a non-functional chain cause expression of MBL antigenic
material in plasma. Therefore, from a clinical point of view
genetic analyses are not required for diagnosis, but for research
purposes and assessment of disease associations, they are
necessary.

4.1.2. Genetic analysis of C4 genes

Less than 40 cases of total deficiency of C4 have been reported
to date. C4 deficiency is strongly associated with SLE, and
in some cases with glomerulonephritis and bacterial infections
(Yang et al., 2004). There are usually two genes coding for
C4, termed C4A and C4B, located in the class IIl MHC region
on chromosome 6. C4 is the most polymorphic protein of the
complement system, possibly due to the human endogenous
retrovirus HERV-K(C4) located within the C4A gene. This is the
reason why each individual has up to six alleles coding for C4.
The proteins C4A and C4B coded by the corresponding genes
have different biochemical properties in binding covalently to
the target. Therefore, biochemical verification that C4 is present
in plasma and functional in vitro fails to provide all the infor-
mation about C4 function in vivo. Associations between partial
C4 deficiency, i.e. either C4A or C4B deficiency, and a num-
ber of diseases have been searched for and several interesting
associations found (Samano et al., 2004).

4.2. Genetic analyses when complement activity in plasma
is normal

A number of diseases have been associated with mutations
or variations of complement proteins, especially the regulators
of complement activation that do not cause altered complement
activity in plasma. Here we review genetic analyses in two dif-
ferent clinical situations, aHUS and AMD. In each, complement
activation in plasma is usually not increased, while mutation or
variation in one or more complement proteins is associated with
abnormal complement activation in a particular body compart-
ment.

4.2.1. aHUS

HUS is characterized by thrombocytopenia, Coomb’s test
negative microangiopathic haemolytic anaemia and acute renal
failure. The typical form of the disease follows a diarrhoeal
prodrome and is associated with 0157:H7 E.coli infections.
However, 5-10% of HUS patients lack an association with
infection and have the poorest long-term prognosis. This dis-
ease is called atypical HUS (aHUS). The disease involves
alternative pathway dysregulation and likely develops as a
consequence of defective protection of cellular surfaces from
complement activation due to an improper function of comple-
ment regulatory proteins. Multiple hits, involving plasma and
membrane-associated complement regulatory proteins, as well
as complement activators, are likely required to cause dysreg-
ulation and impair protection to host tissues. Pathogenesis of
aHUS is discussed in more detail elsewhere (Jokiranta et al.,
this issue).

aHUS is associated with mutations or polymorphisms in
the genes encoding the complement regulatory proteins fac-
tor H (Warwicker et al., 1998; Perez-Caballero et al., 2001;
Caprioli et al., 2001; Richards et al., 2001; Sanchez-Corral et
al., 2004; Manuelian et al., 2003; Caprioli et al., 2003; Venables
et al., 2006), membrane cofactor protein (MCP, CD46) (Noris
et al., 2003; Richards et al., 2003; Esparza-Gordillo et al., 2005;
Fremeaux-Bacchi et al., 2005) and factor I (Fremeaux-Bacchi
et al., 2004; Kavanagh et al., 2005). More recently, aHUS has
also been linked with mutations in factor B (Goicoechea de
Jorge et al., 2007). Mutation screening in these genes is done
by exon amplification from genomic DNA and sequencing both
strands of the generated amplicons. Rearrangements in the fac-
tor H gene region, involving deletion of the FHRI and FHR3
genes and generation of hybrid factor H: FHR1 genes have been
described in aHUS. These are revealed by multiple ligation probe
amplification (MLPA) methodologies (Venables et al., 2006).

Miss-sense mutations in the carboxy-terminal region of factor
H are the most prevalent genetic alteration among aHUS patients
(15-20%), followed by mutations in MCP (10-15%). Factor 1
mutations are found in 5% of aHUS cases and factor H:FHR1
hybrid genes in 2—4%. In addition, two common haplotypes in
factor H and MCP confer significant risk of aHUS (Caprioli
et al., 2003; Esparza-Gordillo et al., 2005). An updated record
of all aHUS mutations can be found at the FH-HUS Database
(http://www.th-hus.org/). The genetic analyses described here
identify the molecular defect in approximately 50% of aHUS
patients. Research in this area is progressing very fast and it is
expected that additional genetic factors conferring aHUS sus-
ceptibility will be added to the candidate gene list.

In family studies with multiple carriers of aHUS-associated
mutations and low penetrance of the disease among muta-
tion carriers, concurrence of mutations in different complement
regulatory and activating genes should be considered (Esparza-
Gordillo et al., 2005; Esparza-Gordillo et al., 2006; Goicoechea
de Jorge et al., 2007). Mutation screening to identify patients
carrying mutations in MCP is useful, as these have a better
renal transplant outcome (Richards et al., 2007). If no muta-
tions in complement genes are found, serum from the aHUS
patient should be tested in ELISA for the presence of anti-factor
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H antibodies (Dragon-Durey et al., 2005; Zipfel and Skerka,
2006).

4.2.2. AMD

AMD is the most common cause of blindness in the elderly
in developed countries. The hallmark of early-stage disease is
drusen, lipoproteinaceous deposits localised between the retinal
pigment epithelium and Bruch’s membrane. Later, an exten-
sive atrophy of the epithelium and overlaying photoreceptor
cells (geographic atrophy) or aberrant choroidal angiogenesis is
observed; the latter, affecting the macular area, causes blindness.

AMD is a multifactorial disease, influenced by age, ethnicity
and a combination of environmental and genetic risk factors.
Genetic predisposition has been suggested based on familial
segregation and twin studies, involving several candidate genes
such as ABCA4, APOE, FBLNS, ELOVL4, and TLR4. How-
ever, the individual contribution of these genes to overall AMD
prevalence appears relatively minor. Two major AMD suscep-
tibility loci (131 and 10g26) have been recently identified by
candidate region linkage studies (Majewski et al., 2003). The
most studied single nucleotide polymorphism at the 1q31 locus
is 151061170 which causes a Tyr402His amino acid substitution
in complement factor H, increasing the risk for AMD with an
odds ratio between 2.1 and 7.4 (Edwards et al., 2005; Haines
et al., 2005; Hageman et al., 2005; Klein et al., 2005). Interest-
ingly, a number of other complement polymorphisms have been
found to protect from AMD. These include common haplotypes
in the factor H gene (Maller et al., 2006), the factor B gene and
the C2 gene (Gold et al., 2006), and the deletion of the FHR1
and FHR3 genes within the RCA gene cluster (Hughes et al.,
2006). It is expected that a precise definition of the AMD risk
(or protective) factors associated with the factor H, factor B and
FHR1/FHR3 genes will provide insights into the pathogenesis
of AMD and that genotyping will help to delineate the individual
risk to develop AMD.

4.3. Genetic analysis in HAE

HAE is caused by mutations leading to lack of Cl-inhibitor
activity but clinically it is indistinguishable from acquired
angioedema (AAE) (see Section 5.2.3). The first tests for
diagnosing HAE are antigenic and functional assays of Cl-
inhibitor (see Section 2.2.2). Genetic analysis is indicated in
those patients who have no family history of angioedema or
whose Clq concentration is borderline. Most HAE-associated
mutations are in exon VIII of the C1-inhibitor gene which codes
the reactive center. An updated record of mutations found in
HAE can be found at the Cl-inhibitor gene mutation database
(http://hae.enzim.hu/index.php). Differentiation between HAE
and AAE is important not only for academic reasons but also to
guide treatment (Weiler and van Dellen, 2006).

5. Clinical indications for complement analysis
Clinical indications for complement analyses can be divided

into two major categories: autoimmune immune complex dis-
ease and complement deficiencies.

5.1. Autoimmune diseases

5.1.1. Autoimmune immune complex diseases

SLE, the phospholipid syndrome and leukocytoclastic vas-
culitides are immune complex diseases often of autoimmune
origin. The latter group includes cryoglobulinemia types I-III,
and systemic forms of rheumatoid arthritis and other connective
tissue diseases (Crowson et al., 2003; Gertz, 2005). Complement
analyses can be used both for differential diagnosis and to follow
the disease activity, in particular in patients with renal involve-
ment (Ekdahl et al., 2007; Sturfelt and Sjoholm, 1984). This
group of diseases is accompanied by in vivo classical pathway
activation leading to consumption of components. Activation
reflects the activity of the disease and often precedes clinical
exacerbation. The commonly used combination of C3 and C4
concentrations should be interpreted with caution since both sen-
sitivity and specificity is low (Ekdahl et al., 2007). In order to
determine the complement status of the patient when admitted
for the first time, a more thorough examination is useful. A func-
tional assay, either haemolytic (CH50) or ELISA based (Seelen
et al., 2005), combined with assays to determine the concentra-
tions of Clq, C4, C3 and one or more complement activation
products, e.g. C3dg or SC5b-9, is recommended. For long-term
monitoring of patients, a single test can be used, either a func-
tional test or measurement of Clq, C4 or C3dg. Measurement
of C3dg should always be accompanied by determination of the
C3 concentration so that the ratio C3dg/C3 can be calculated
(see Table 2) (Nurnberger and Bhakdi, 1984). Cryoglobulins
activate the classical pathway in vivo, but activation is often
amplified in vitro due to presence of the cryoglobulin and sub-
optimal handling of the sample (Pascual et al., 1997). This in
vitro activation causes a very low classical pathway function
in serum, without the corresponding consumption of classical
pathway components as determined by immunochemical assays.
The combination may be misdiagnosed as a complement com-
ponent deficiency. Identification of cryoglobulins will resolve
the problem.

5.1.2. SLE

SLE is the archetypeal autoimmune immune complex dis-
ease. Most organ systems are involved and the syndrome is
defined by set criteria (Hay, 1995). In SLE patients, either
the Clq concentration or haemolytic CH50 assays can be
used both for diagnosis and long-term monitoring (Sturfelt and
Sjoholm, 1984; Nilsson and Nilsson, 1984). Anti-Clq anti-
bodies in plasma are common in SLE, often associated with
kidney involvement (Trendelenburg, 2005). The lupus band
test performed in skin biopsies showing granular deposits of
immunoglobulins and complement along the basal membrane
(Fig. 2A) may be a useful supplement to other laboratory tests
(Provost and Reichlin, 1988; Zecevic et al., 2006). Kidney biop-
sies may also help in mapping the distribution of disease in SLE
patients (West, 1989).

5.1.3. The anti-phospholipid syndrome
The anti-phospholipid syndrome is characterized by throm-
bosis, thrombocytopenia and recurrent spontaneous abortions.



T.E. Molines et al. / Molecular Immunology 44 (2007) 3838-3849 3845

Fig. 2. Immunofluorescence staining showing immunoglobulins and comple-
ment deposits in skin biopsies. (A) Granular deposition reflecting immune
complexes along the basal membrane in systemic lupus erythematosus (“lupus
band”), (B) linear staining along the basal membrane in pemphigoid, (C) intra-
cellular staining in epidermis in pemphigus vulgaris. We acknowledge Dr. Johan
Ronnelid, Clinical Immunology, Uppsala University, Sweden, for providing the
immunofluorescence pictures.

The syndrome may either appear alone (primary) or secondary
to SLE. It is caused by autoantibodies to 2-glycoprotein 1
(B2GP1) or other coagulation factors such as prothrombin
(Pengo et al., 2006). The primary antigen B2GP1 binds to
phospholipids on platelets and endothelial cells, and immune
complexes are formed when autoantibodies bind. These soluble
and membrane bound immune complexes activate complement
through the classical pathway (Bevers et al., 2004; Odorczuk et
al., 1999; Ramos-Casals et al., 2004). It has become evident that
complement is an important pathogenic factor in the recurrent
spontaneous abortions seen in this condition (Salmon and
Girardi, 2004).

5.1.4. Leukocytoclastic vasculitis

This group of diseases present with skin lesions similar to
those found in allergic urticaria. In addition to urticarial vasculi-
tis, cryoglobulinemia types I-III, systemic forms of rheumatoid
arthritis, and other connective tissue diseases also present with
leukocytoclastic vasculitis (Crowson et al., 2003; Gertz, 2005).
Diagnosis is by immunochemical detection of immunoglobulins
(IgG, IgM, IgA) and complement in biopsies from affected skin.
Complement is activated via the classical pathway. In the more
serious hypocomplementaemic urticarial vasculitis syndrome,
vasculitis is combined with other systemic manifestations, e.g.
pulmonary fibrosis and glomerulonephritis, and complement
consumption is pronounced and combined with appearance of
anti-Clq antibodies (Davis and Brewer, 2004). These antibod-
ies are distinct from those in SLE since they recognize reduced
and denatured Clq by Western blotting (Martensson et al.,
1992).

5.2. Complement component deficiencies

Complement component deficiencies are associated with an
increased risk of infections and, when affecting the classi-
cal pathway, autoimmune immune complex disease. Functional
assays can be used to screen patients for homozygous comple-
ment deficiencies (see Section 2.1). The location of the deficient
component in the complement sequence determines the type of
infections that the individual is prone to. Lack of membrane com-
plement receptors and regulators lead to other types of problems,
often associated with uncontrolled complement activation.

5.2.1. Deficiencies of classical, alternative and terminal
pathways

Classical pathway deficiencies predispose to SLE. Clq defi-
cient individuals invariably develop classical SLE. In contrast,
SLE is rare in C2 deficient individuals and not associated with
C3 deficiency (Sjoholm et al., 2006). Deficiencies of C3 and
alternative pathway components increase the risk of invasive
bacterial infections with encapsulated bacteria such as Pneu-
mococcus, Streptococcus or Hemophilus, which might also
affect persons with classical pathway component deficiencies
(Figueroa and Densen, 1991). Deficiencies of terminal pathway
components are associated with systemic neisserial infection,
typically recurrent, relatively low grade, with rare serotypes.
Properdin deficiencies are also associated with neisserial infec-
tions.

5.2.2. Lectin pathway deficiencies

Deficiency of mannose binding lectin (MBL) has been asso-
ciated with microbial infections in childhood (typically in the
6—18 month “susceptibility window”), and in adults, secondary
to other immune deficiencies such as immunosuppression, AIDS
and certain autoimmune diseases (Turner, 2003; Bouwman et
al., 2006). MBL deficiency is common and most deficient
individuals do not suffer from increased susceptibility to infec-
tion. Whether deficiencies of other components of the lectin
pathway, like MASP-2 or ficolins, predispose to infections is not
known.
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5.2.3. Cl-inhibitor deficiency

C1l-inhibitor deficiency is found with a frequency of approx-
imately 2/100,000. It causes HAE, characterized by recurrent
edema which may lead to death from suffocation if the lar-
ynx is involved. Edema is commonly located in the head and
neck region, lasts for 2—5 days and does not respond to anti-
allergic treatment. HAE presents in either of two forms: Type
1 has reduced concentration of Cl-inhibitor, whereas in Type 2
there is a dysfunctional protein with normal or even increased
plasma concentration. For the diagnosis it is therefore impor-
tant to include both protein quantification and a functional assay
for Cl-inhibitor. The concentration of C4 is constantly low in
both types. An acquired form of the disease (AAE) is frequently
caused by autoantibodies to Cl-inhibitor and an accompanying
haematologic malignancy. In contrast to HAE, AAE is associ-
ated with a low concentration of C1q. The symptoms in HAE are
caused by a failure of Cl-inhibitor to control the contact activa-
tion system, leading to an increase in bradykinin, which causes
the capillary leakage. Thus, the disease is not a true “complement
disease”, but the diagnosis is usually performed in complement
laboratories. It is crucially important to diagnose HAE patients
since it is a potentially life-threatening condition and efficient
treatment is available (see Cicardi et al., this issue).

5.2.4. Paroxysmal nocturnal hemoglobulinuria

Paroxysmal nocturnal hemoglobulinuria (PNH) is rare dis-
ease caused by a clonal somatic mutation affecting hematopoie-
tic stem cells (Luzzatto and Gianfaldoni, 2006). The mutation
affects the PIG-A gene which codes for the phosphoinositol
glycosyltransferase that couples the first inositol to the phos-
phatidylinositol anchor that links numerous membrane proteins
to the cell surface (Brodsky and Hu, 2006). Two of these proteins,
DAF (CD55) and CD59, are important complement regulators
and deficiency causes spontaneous haemolytic attacks, thrombo-
cytopenia and platelet activation leading to thrombosis. Several
diagnostic tools are available, but flow cytometry to demonstrate
the absence of CD55 and CD59 on haematopoietic cells such as
erythrocytes is currently the method of choice. Recently, a novel
therapeutic treatment was introduced for these patients using an
anti-C5 monoclonal antibody which blocks formation of C5b-9
and therefore protects the red cells against complement mediated
lysis (Hillmen et al., 2004).

5.2.5. aHUS

aHUS is a disease associated with microangiopatic haemo-
lytic anemia, thrombocytopenia and acute renal failure, most
probably due to an inefficient regulation of complement at
the surface of the endothelial cell. The disease is frequently
associated with genetic variants of factor H and several other
complement components and regulatory proteins (see Section
4.2.1 and a separate article by Jokiranta et al. (this issue)).

5.3. Other complement-associated conditions
5.3.1. Membranoproliferative glomerulonephritis

Membranoproliferative glomerulonephritis (MPGN) type II
and IIT may be associated with C3 nephritic factors (C3Nef),

autoantibodies directed against a complement convertase. In
MPGN type II the antibody is directed against the alternative
pathway C3 convertase and prolongs the half-life of the con-
vertase leading to uncontrolled complement activation (West,
1994). In type III MPGN, the stabilized convertase also cleaves
C5 (West, 1994). C4Nef (Seino et al., 1990), directed against
the classical pathway C3 convertase, has also been described in
MPGN.

5.3.2. Post-streptococcal glomerulonephritis

In children suffering from streptococcal glomerulonephritis
C3 may be consumed in the rehabilitation period up to 6 month
after the infection (West, 1989). Complement levels may be very
low and C3dg levels are elevated relative to the C3 concentration.
In contrast to C3Nef, post-streptococcal glomerulonephritis is
associated with a concomitant consumption of properdin.

5.3.3. Pemphigoid and pemphigus vulgaris

These conditions are blistering diseases affecting the skin
and mucous membranes caused by autoantibodies directed
against desmosomes and hemidesmosomes of the epidermis
(Liu and Diaz, 2001). The pemphigoid antibodies activate com-
plement leading to C5a generation which attracts leukocytes
to the basal epidermis where inflammation causes the cells
to disconnect from the basal membrane. In pemphigus vul-
garis complement is also activated by autoantibodies primarily
directed against desmosome but also against non-desmosome
autoantigens between the keratinocytes of epidermis (Kurzen
and Brenner, 2006). The inflammation caused by these antibod-
ies leads to detachment of cells from each other creating ultrathin
blisters and large wounds. Both of these disorders are diagnosed
by demonstrating IgG and C3 deposition in skin (Black et al.,
1989), in pemphigoid along the basal membrane (Fig. 2B) and
in pemphigus vulgaris intercellularly in the epidermis (Fig. 2C).

6. Conclusion

Complement analysis in the clinic and in research is a rapidly
expanding field with substantial challenges for the complement
society. Highly specialized analyses developed in different labo-
ratories enable unique possibilities for inter-group collaboration
to improve diagnostics and move research forward. On the other
hand, simple and reliable screening tests for complement activ-
ity makes primary diagnosis of complement deficiency available
close to the patient, avoiding storage and transportation of the
samples, which is critical for reliable results. However, there is
no consensus on criteria for analysing complement in disease
and standardization and quality control of assays is to a large
extent missing. We suggest that reference laboratories for dif-
ferent complement tests are established around Europe, located
at places with high competence and experience in the different
methodological fields of complement analysis. Future perspec-
tives include proteomics and genetics to further explore the role
of complement in disease, as well as establishing methods to
evaluate the effect of complement therapeutics in patients with
complement related diseases (Mollnes and Kirschfink, 2006).
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