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SUMMARY

We have investigated the cross-reactivity of various species in neoepitope-specific methods for
quantification of human complement activation products. In contrast to most other species
examined, baboon showed a substantial cross-reactivity supporting a high degree of homology
between human and baboon complement. An assay for C3b, iC3b and C3c (MoAb bH6) showed
moderately good reactivity, in contrast to a C3a assay which did not cross-react. Excellent reactivity
was found for C5a using MoAbs C17/5 and G25/2. The reactivity of an established TCC assay

(MoAb aElI to a C9 neoepitope and polyclonal antibody to C5) was improved substantially by
replacing the anti-C5 antibody with a new MoAb to C6 particularly selected on the basis of baboon
cross-reactivity. Plasma samples from baboons receiving 2-5 x 109 and 1 0 x 1010 live Escherichia coli
bacteria/kg were examined with the assays described. In vivo complement activation with the lowest
dose was moderate and kept under control, in contrast to the highest dose, where an uncontrolled
increase in all activation products continued throughout the infusion period. These results support
the hypothesis that sufficiently high amounts of endotoxin lead to uncontrolled activation of
complement as seen in irreversible septic shock. The results are discussed with particular emphasis on
activation of the terminal complement pathway.
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INTRODUCTION

Endotoxin-induced septic shock is associated with activation of
the complement system [1]. The degree of activation has been
found to correlate with the prognosis of the disease [2-4]. In
humans we have previously shown that the plasma concentra-
tion of complement activation products, particularly of the
terminal C5b-9 complement complex (TCC), measured on
admission to hospital, clearly discriminated between survivors
and non-survivors ofmeningococcal septicaemia [5]. Activation
of complement has also been found to contribute to the
pathophysiology of the adult respiratory distress syndrome
(ARDS) and multiorgan failure (MOF), often seen as complica-
tions to septic shock [6-8].
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A series of adverse effects is known to occur when comple-
ment is activated. Normal mice were consistently found to have
a markedly higher lethality than C5-deficient mice challenged
with endotoxin and tumour necrosis factor [9]. Nevertheless, the
primary role of complement activation in the pathogenesis of
irreversible septic shock remains unclear. Sensitive and specific
assays for detection of complement activation products in
laboratory animals have been lacking. Novel assays, based on
MoAbs to neoepitopes of activation products, are now available
for detection of activation at any level of the complement
cascade in humans [10].

Infusion of Escherichia coli bacteria into baboons is consid-
ered to be a good experimental model for human septic shock
[11]. Bengtsson et al. recently reported that our previously
published TCC assay showed cross-reactivity to baboons [12].
The in vivo effect of endotoxin on complement activation was
investigated by infusing 108, 109 or 1010 live E. coli bacteria/kg
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body weight. The concentration of TCC increased significantly
in animals receiving 1010 and 109, but not 108, bacteria and
correlated with the level of elastase and endotoxin. These results
led us to investigate other human neoepitope complement
activation methods for cross-reactivity and to optimize the TCC
method for detection of activated baboon complement.

MATERIALS AND METHODS

General enzyme immunoassay procedure
All complement activation assays were designed as double-
antibody enzyme immunoassays (EIAs) using a neoepitope-
specific antibody as coat and another antibody to detect the
captured antigen. Microtitre plates (Nunc Immunoplate II)
were obtained from Nunc (Copenhagen, Denmark). The cap-
ture antibody was diluted in PBS and coating was performed at
40C for at least 16 h. The antigen was diluted in cold PBS
containing 0 2% Tween 20 and 10 mm ethylenediaminetetraace-
tic acid (EDTA) and incubated at 4 C for 1 h. Subsequent
antibodies and conjugates were diluted in PBS containing 0-1%
Tween 20 and incubated at 37 C for 45 min. The plates were
washed four times with PBS containing 0 05% Tween in a
Dynawasher (Dynatech Laboratories, Alexandria, VA) four
times between each incubation. Horseradish peroxidase (see
separate methods below) was used as the enzyme and 2, 2 azino-
di (3-ethyl)-benzthiazoline sulphonate (Boehringer Mannheim,
Germany) and H202 as the substrate. The substrate was diluted
in sodium acetate buffer, pH 4-0. Colour formation was
measured spectrophotometrically at 405 nm using 490 nm as
reference (Dynatech Model MR 7000). A standard curve was
constructed using a zymosan-activated human serum pool. For
all assays, except the C5a assay, the standard was defined to
contain 1000 AU (arbitrary units) per millilitre. Standards
equlibrated with purified baboon complement activation pro-
ducts are not available, as is the case for most of the human
assays as well. The C5a standard was calibrated with purified
human C5a and expressed as ng/ml. Samples for evaluation of in
vivo activation were drawn, processed and stored according to
recommended guidelines to prevent in vitro activation [13]. All
samples were examined in triplicate.

Assay for C3a
Two mouse MoAbs to C3a were kindly donated by PROGEN
(Heidelberg, Germany). MoAb PR I 1 1049, specific for a neoepi-
tope on human C3a, was diluted 1:1000 and used as capture
antibody. Peroxidase-labelled MoAb PRI 11059 to C3a diluted
1:5000 was used as detection antibody. These antibodies have
been extensively characterized previously [14,15].

Assay for C3b, iC3b and C3c
The MoAb bH6 [16] specific for a common neoepitope on C3b,
iC3b and C3c was used as capture antibody. Polyclonal rabbit
anti-C3c (Behringwerke AG, Marburg, Germany) and finally
peroxidase-labelled anti-rabbit immunoglobulin (Amersham
International, Amersham, UK) served as detection antibodies.
The assay has been described in detail previously [17]. Baboon
plasma samples were diluted 1:300.

Assay for C5a
The MoAb C17/5 specific for a C5a neoepitope on C5a and
C5adesArg was used as capture antibody. Biotinylated MoAb

G25/2 and streptavidin conjugated with peroxidase served as
detection system. The assay has been described in detail
previously [18]. Baboon plasma samples were diluted 1:2.

Assayfor TCC
Several modifications of the previously described TCC assay
[19] were used. The MoAb aEI 1 (subclass IgG2a) [20] specific
for a neoepitope in C9 was always used as capture antibody.
Three alternative detection systems were tried: (i) rabbit poly-
clonal anti-C5 (Dako A/S, Glostrup, Denmark), conjugated
anti-rabbit immunoglobulin (Amersham); (ii) MoAb to C6
(Quidel, San Diego, CA) which we biotinylated in our labora-
tory, and streptavidin conjugated with peroxidase; and (iii) a
novel MoAb (Clone 9C4, IgGl) to C6 produced in our
laboratory (see below) and a subclass-specific anti-mouse IgG1
peroxidase conjugate (Southern Biotechnology Associates, Inc.,
Birmingham, AL). This final modification of the TCC assay was
designed as follows: an IgG fraction of aEl 1 ascitic fluid was
obtained using a Protein G Sepharose 4 column (Pharmacia
LKB Biotechnology, Uppsala, Sweden). aElI was further
purified with a Mono Q ion exchange column equilibrated with
30 mm Tris-HCl, pH 8-7, containing 2% 1 -butanol. The sample
was applied and proteins were eluted with a NaCl gradient in the
same buffer. Highly purified aE 1 (IgG2a fraction to which anti-
IgGl did not react) eluted at 0-27 M NaCl. This fraction was used
as capture antibody. Baboon EDTA plasma was diluted 1:2.
Culture supernatant of clone 9C4 was diluted 1: 1000 and anti-
mouse IgG 1:4000.

Production of anti-C6 monoclonal antibodies
Purified human C6 (Quidel) was used to immunize BALB/c
mice. Spleen cells were fused with the myeloma cell line X63-Ag
8.653 according to the method described by Galfre & Milstein
[21]. Screening and selection of clones was done in microtitre
plates, based on their reactivity against TCC, since the purpose
was to obtain antibodies with high reactivity against C6 when
incorporated into the TCC. The clone 9C4 was selected based on
its high avidity to both human and baboon TCC. The C6
specificity of the clone was finally confirmed in Western blot
tests using purified C6, normal human serum and purified TCC.
In all cases, the 9C4 clone reacted with a line corresponding to
C6 as confirmed by its molecular weight and reactivity with a
known polyclonal anti-C6 antibody (Quidel). SDS-PAGE and
Western blot tests were performed according to previously
described methods [22,23].

Animals
Five adult male baboons (Papio ursinus) weighing 21-25 kg were
used. They were allowed to stabilize in the animal facility for I
month. During this period the animals were tested for tubercu-
losis as well as parasitic and other diseases. The guidelines
provided by the National Research Council Guide for the Care
and Use of Laboratory Animals (USA) were closely followed
throughout the experiments. The animals were fasted overnight
and tranquillized with ketamine hydrochloride (Ketalar) 6-8
mg/kg body weight intramuscularly 1 h in advance of the
experiment. Anaesthesia was performed as previously described
[11]. The animals breathed spontaneously with a minimum
continuous positive airway pressure of 1-2 cm H20.
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Instrumnen tation
A tracheotomy was placed (tube size 7-8 F) and the animals
were instrumentated for measurements of haemodynamic para-

meters (arterial and pulmonary catheters). For fluid administra-
tion, a catheter was introduced through the femoral and
brachial vein of one side (triple lumen catheter). A urinary

bladder catheter was placed to measure the hourly urine flow.
The pressures were continuously monitored with two Statham
P50 pressure transducers (Nikon Kohden).

RESULTS

Reacti ity of' hahoon in human complement actilvation assa vs

Normal baboon serum (NBS) and zymosan-activated baboon
serum (ZABS) were examined for cross-reactivity in the follow-
ing human ncocpitope-specific assays for complement acti-

vation products: C3a, C3b/iC3b C3c, C5a and TCC (Fig. 1). No
reactivity was found for C3a (Fig. Ia). C3b/'iC3b/'C3c reacted to

some extent (Fig. I b) but the ratio between NBS and ZABS was

Preparationi of' bacteria

Escherichiai coli bacteria (organisms RN 2444, type B. ATCC
no. 33985) were used. A 1-1 Gallenkamp fermenter containing

085 /ofTryptone Soy Broth was inoculated with a 50 and 18-
h-old inoculum of E. coli bacteria. The culture then grew for 150
min at 37 C with agitation, aeration and pH control. After 150
min, the culture was centrifuged at 4200 g for 10 min. The cells
were resuspended in sterile physiological saline, centrifuged
again and resuspended in the same buffer. Viability was found to

be over 90'%, calculated as follows. Cells were counted in a

Neubauer chamber to obtain total counts, and viable cells were
estimated as colony-forming units (CFU). The procedure was

performed to maximize living E. coli bacteria and to minimize

free endotoxin (LPS) levels. Endotoxin levels were determined
with a Limulus test (Coatest, Kabi, Sweden) and were found to

be equivalent to a total dose of less than 2 jig LPS kg body
weight, even with the 101'" CFU/kg dose.

E.xperiflental procedure

Sepsis was induced, after instrumentation and a stabilization
period, by infusing live E. coli bacteria as previously described
[11]. Four baboons received 2 5 x 109 (2 h infusion period) and
one baboon received -Ox 101" (8 h infusion period) CFU kg
body weight. After 8 h the animals were killed.

Serumn. firom other specie.s
Serum from II other species was kindly provided by The
Veterinary Institute, Oslo, Norway. The serum samples. includ-
ing baboon, were activated with zymosan (10 mg ml, I h, 37 C)

and examined in three of the assays described. Cross-reactivity
was indicated by the ratio between activated and non-activated
serum, arbitrarily scored as negative, poor, moderate and
excellent.
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Fig. 1. Reacti'.ity of normal baboon serum (NBS) and zymosan-

actixated baboon serum (ZABS) in four neoepitope-specific human
complement activation assays. No cross-reactivity was found for C3a
(a). in contrast to C3b iC3b C3c (b). Excellent cross-reactivity was

found for CSa (c) and TCC (d). AU, Arbitrary units (for details see

Materials and Methods). One representative of three experiments is

shown. Each value represents the median of triplicate assays with errors

too small to be indicated. 0, NBS; ZABS.
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Fig. 2. Reactivity of normal baboon plasma (NBP; 0), normal baboon serum (NBS; a) and zymosan-actixated baboon serum (ZABS;

*) in three neoepitope-specific human complement activation assays. Samples from the experiments shown in Fig. 1 were optimally
diluted and EDTA-plasma was included. The best ratio between non-activated and activated samples was obtained for C5a (b),

followed by TCC (c) and C3b, iC3b C3c (a). One representative of three experiments is shown. Each value represents the median of

triplicate assays with errors too small to be indicated.
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Fig. 3. Reactivity of normal baboon plasma (NBP; 0), normal baboon
serum (NBS; U) and zymosan-activated baboon serum (ZABS; *) in the
aElI TCC assay modified with different detection antibodies. (a) Rabbit
polyclonal anti-human C5 (Dako). (b) Mouse monoclonal anti-human
C6 (Quidel). (c) Mouse monoclonal anti-human C6 (clone 9C4). One
representative of three experiments is shown. Each value represents the
median of triplicate assays with errors too small to be indicated.

B

relatively weak compared with that ofC5a and TCC (Fig. I c, d).
The maximal increase in reactivity after zymosan activation was
three times for C3b/iC3b/C3c, in contrast to a 15-20-fold
increase for C5a and TCC.

In order to examine in vivo activation, the sensitivity of the
assays must be sufficient to detect activation products in EDTA-
plasma and to reveal the normal gap between plasma and serum.

The three assays showing cross-reactivity were therefore tested
for normal baboon EDTA-plasma (NBP), NBS and ZABS in
optimal dilutions (Fig. 2). A significant difference was observed
between NBP and NBS (three to ten-fold) in all assays,

reflecting the activation taking place in vitro during coagulation
[13]. The most satisfactory ratio between NBP, NBS and ZABS
was found for CSa, followed by TCC and C3b/iC3b/C3c.

Modification of the TCC assay

In an attempt to improve the cross-reactivity of the TCC assay,

we modified the design as described in Materials and Methods.
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Fig. 4. Reactivity ofclone 9C4 in the Western blot test, non-reducing conditions, using 0-1 I1 normal human serum (A), 10 ng purified
C6 (B) and 100 ng purified TCC (C) as antigen sources. A goat polyclonal anti-human C6 antibody (Quidel) was used as reference with

the corresponding antigen sources (D-F).
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Fig. 5. In vivo complement activation in septic baboons. EDTA-plasma samples obtained during infusion of live Escherichia coli were
examined for C3b/iC3b/C3c (a), C5a (b) and TCC (c). Four baboons received 2-5 x 109 (0) and one baboon received 1-0 x 101" (-)
bacteria/kg. Each value is the median of triplicate assays. Median and 25-75 percentiles are indicated for the group.
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The results are shown in Fig. 3. NBP, NBS and ZABS were
examined in the original assay with a polyclonal anti-C5
antibody as detecting antibody (Fig. 3a) and compared with a
commercially available anti-C6 MoAb (Fig. 3b). The latter
improved the signal considerably. We then produced our own
anti-C6 MoAbs ofwhich one (clone 9C4) reacted optimally with
both human and baboon TCC (Fig. 3c). The C6 specificity of
this clone was confirmed in the Western blot test with purified
C6, purified TCC and whole human serum, using a polyclonal
anti-C6 antibody as reference (Fig. 4).

In vivo activation of complement in septic baboons
Four baboons received 2-5 x 109 and one received 1-0 x 1010
CFU/kg body weight. EDTA-plasma samples were drawn
regularly and examined in the three assays, including the TCC
assay modified with clone 9C4 (Fig. 5). With the lowest dose of
bacteria, a moderate increase in C3b/iC3b/C3c, C5a and TCC
was observed during the first few hours of infusion, after which
the level remained stable during the next hours. In contrast, a
considerable activation took place with the highest dose of
bacteria, with a continuous and steep increase of all activation
products during the infusion period.

Cross-reactivity of other species in the activation assays
Eleven other species were tested in the C3b/iC3b/C3c, C5a and
TCC assays. The TCC assay used in these experiments was
performed with the commercially available anti-C6 MoAb as
detection antibody. The cross-reactivity for baboons was
excellent compared with the other species. Pig and horse reacted
moderately and poorly, respectively, in the TCC assay but not at
all in the C3b/iC3b/C3c or C5a assays. No significant cross-
reactivity was found for the other species.

DISCUSSION

Lack of reliable methods to detect complement activation in
experimental animal models is an important reason for the
limited data available on complement as a pathogenetic factor
in the development of irreversible septic shock. In a few studies
in primates and rats, the anaphylatoxins have been determined
and C5a has been found to contribute to the septic shock [24-
27]. However, in none of these studies has the novel generation
of methods based on neoepitope-specific antibodies been used.
These methods have now largely replaced previous assays for
reliable detection of complement activation in humans [10].
Some MoAbs to human TCC neoepitopes have been found to
cross-react with rabbit, sheep or guinea pig [28] and an assay has
been established for quantification of rabbit TCC [29]. Other
TCC neoepitope antibodies did not show cross-reactivity
against the 33 species tested [30].

In baboons, the assay for human TCC was recently found to
be useful for in vivo detection ofcomplement activation, whereas
the commercially available radioimmunoassays for detecting
C3a, C4a and C5a did not react [12]. We have now extended this
study and demonstrate in this study three neoepitope-specific
assays which cross-react significantly with baboon serum and
can be used for in vivo evaluation of complement activation at
the level of C3, C5 and C9.

The reactivity in the C3b/iC3b/C3c assay was only moderate
compared with the C5a assay and the modified TCC assay.
Normally, we would expect a much higher degree of activation

of C3 than of CS and C9, both in vitro and in vivo, due to the
relatively more efficient C3 convertase compared with the CS
convertase [311. Thus, the varying degree of cross-reactivity for
the three assays implies that the amount of the various
activation products formed should be compared relatively
rather than absolutely. Despite the rather low activity obtained
with the C3 activation assay, the method could be successfully
used for detection of C3 activation in vivo.

In humans, it has generally been much more difficult to
obtain good and sensitive assays for terminal pathway than for
C3 activation. C5a has been particularly difficult to detect in
vivo due its short half-life by binding to the C5a receptor on
neutrophils [32-34]. TCC has been used as an indicator of
terminal pathway activation and thus as an indirect indicator of
C5a activation [35], since C5 activation in vivo is considered to
imply release of C5a.

It is important to examine activation of the terminal
pathway since C5a is one of the most biologically potent
mediators released during activation [36]. In addition to the
direct effects induced by the peptide itself, a series of secondary
effects occur due to leucocyte and platelet stimulation. These
include release of cytokines, reactive oxygen metabolites,
histamine, arachidonic acid metabolites and lysosomal enzymes
as well as increased expression of various cellular receptors [37-
39]. Several ofthese effects have also recently been demonstrated
for TCC when incorporated as C5b-9 (m) in the cell membrane
[40].

The present C5a assay, combined with the modified TCC
assay, seems to serve as an important tool for surveying terminal
pathway activation in septic baboons. The results obtained
support the hypothesis that a certain amount of endotoxin may
activate complement to a degree which brings the regulatory
mechanisms out of control. This may contribute to the dis-
turbed homeostasis seen in irreversible septic shock. Finally, the
present methods will be important in the evaluation of the effect
on complement activation of various therapeutic interventions
in experimental septic shock.
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