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ABSTRACT 
 
We evaluated antibodies to different peptide regions of rat C5a 
in the sepsis model of cecal ligation and puncture (CLP) for their 
protective effects in rats. Rabbit polyclonal antibodies were 
developed to the following peptide regions of rat C5a: amino-
terminal region (A), residues 1-16; middle region (M), residues 
17-36; and the carboxyl-terminal region (C), residues 58-77. 
With rat neutrophils, the chemotactic activity of rat C5a was 
significantly inhibited by antibodies with the following rank 
order: anti-C > anti-M >> anti-A. In vivo, antibodies to the M 
and C (but not A) regions of C5a were protective in 
experimental sepsis, as determined by survival over a 10-day 
period, in a dose-dependent manner. The relative protective 
efficacies of anti-C5a preparations (in descending order of 
efficacy) were anti-C > anti-M >> anti-A. In CLP rats, a delay in 
infusion of antibodies, which were injected at 6 or 12 h after 
CLP, still resulted in significant improvement in survival rates. 
These in vivo and in vitro data suggest that there are optimal 
targets on C5a for blockade during sepsis and that delayed 
infusion of anti-C5a antibody until after onset of clinical 
evidence of sepsis still provides protective effects. 
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n severe cases of trauma and sepsis, homeostatic control of 
the coagulation, fibrinolytic, and complement systems is 
often lost (1–4). Injured or burned tissue, endotoxin, and cell 

membranes have all been shown to activate the complement 
system (1, 5, 6, 7) as defined by the appearance in plasma of 
complement activation products, especially C3a and C5a (1–5, 
7–10). During experimental sepsis, uncontrolled generation of 
C3a is associated with an immunosuppressive outcome affecting 
B-cell function, which leads to diminished production of 
antibodies (11). Excessive production of C5a causes neutrophil 
dysfunction with loss of bacterial killing (12), platelet activation 
(13), and direct or indirect microvascular damage (14). Similar 
to the increased levels of plasma complement activation 
products occurring in experimental sepsis, in patients with 
systemic inflammatory response syndrome (SIRS) and sepsis, 
increased plasma levels of C3a and C5a were correlated with 
adverse outcomes (2, 3, 9). C5a may be particularly important in 
the pathogenesis of sepsis-related complications, such as adult 
respiratory distress syndrome (ARDS), and multiorgan 
dysfunction syndrome (MODS) (15–18). In experimental sepsis 
(CLP), the absence of C5 (C5-/- mutant mice) confers some 

protective effects in sepsis as defined by delays in mortality (19, 
20). Evidence also indicates that administration of anti-C5a 
antibodies improves the hemodynamic and respiratory functional 
parameters in monkeys or pigs infused intravenously with large 
amounts of live bacteria or lipopolysaccharide (LPS) (15, 18).  
 
In experimental sepsis studies, anti-C5a antibodies directed 
against the whole C5a molecule (21) or its conversion product 
C5adesarg (15, 22) or against amino acids 57-74 of human C5a 
(18,23) were administered before induction of acute 
endotoxemia by infusion of LPS or live bacteria (15, 18, 21–23). 
Using the CLP-model of sepsis in rats, which mimics the 
pathophysiology of human sepsis very closely (24), we have 
recently demonstrated that administration of anti-C5a (directed 
against the M region of rat C5a: residues 17-36) immediately 
after induction of sepsis resulted in a significant reduction in 
levels of bacteria and improvement in long-term survival (12). In 
the present investigation, we have determined whether 
antibodies targeted against other peptide regions of C5a (A 
peptide region: residues 1-16, and C peptide region: residues 58-
77) also conferred protective effects. We also assessed if 
significant protective effects would occur when infusion of anti-
C5a was considerably delayed after the onset of CLP-induced 
sepsis. 
 
MATERIALS AND METHODS 
 
Reagents and chemicals 
 
All materials were obtained from Sigma Chemical Co. (St. 
Louis, Mo.) unless otherwise indicated. Recombinant rat C5a 
(rrC5a) was expressed in Sf9 insect cells. The recombinant C5a 
contains six alternating histidine and glutamine residues, at the 
amino terminus facilitating purification on a Ni2+ sepharose 
column. The rrat C5a was functionally active in the neutrophil 
chemotactic assay, with activity peaking between 10–100 nM 
(Huber-Lang M. S., Sarma V. J., Lu K. T., McGuire S. R., 
Padgaonkar V. A., Guo R. F., Younkin E. M., Czermak B. J., 
Kunkel R. G., Ding J., Erickson R., Curnutte J. T., and Ward P. 
A. Role of C5a in multi-organ failure; unpublished results). 
 
Preparation and characterization of antibodies against 
peptides of rat C5a 
 

I 



Based on the Jameson Wolf antigenic index of the rat C5a 
molecule, the sequence KHRVPKKCCYDGARENKYET (M 
peptide region, corresponding to amino acid residues 17-36) was 
chosen for antibody production (12). Additionally, the amino-
terminal peptide DLQLLHQKVEEQAAKY (A peptide region, 
amino residues 1-16) and carboxyl-terminal peptide 
CTIADKIRKESHHKGMLLGR (C peptide region, amino 
residues 58-77) were selected for development of KLH-
conjugates and immunization of rabbits (Fig. 1). After several 
immunizations, the antibodies were affinity-purified from serum 
by using the corresponding synthetic peptide (A, M, or C) 
coupled to sepharose beads. Peptide synthesis, antibody 
production, and antibody purification were done by Research 
Genetics, Inc., Huntsville, Ala. 
 
Western blot analysis of rrat C5a and human C5a 
 
For Western blot analysis, rrat C5a (200 ng) and rhuman C5a 
(200 ng) were loaded under reducing conditions onto a 15% 
SDS PAGE. We performed electrophoresis and transferred 
proteins to a polyvinylidene fluoride membrane (Schleicher & 
Schuell, Keene, N.H.) by using a semidry electrophoresis 
apparatus (LkB Multiphor II, Pharmacia Biotech, Uppsala, 
Sweden). The blot was incubated with 5% milk for 1 h at RT 
and then probed with various rabbit anti-C5a peptide antibodies 
(at a final concentration of 3 µg/ml) overnight at 4°C. After 
washing, an alkaline phosphatase-conjugated goat anti-rabbit 
IgG antibody (Ab) (Jackson ImmunoResearch, Inc., West Grove, 
Pa.) was used as a secondary Ab (1:1000) at RT for 1 h, 
followed by an additional washing step and alkaline phosphatase 
substrate color development (Bio-Rad Laboratories, Hercules, 
Calif.) with care being taken to choose the same developing time 
(15 min) for each Western blot. 
 
Isolation of rat neutrophils 
 
Whole blood of control rats was drawn from the inferior cava 
vein into syringes containing 0.1 ml/ml blood of anticoagulant 
ACD (Baxter Health Care, Deerfield, Ill.). Neutrophils were 
isolated by using Ficoll-Paque gradient centrifugation 
(Pharmacia Biotech AB) followed by a dextran sedimentation 
step. After hypotonic lysis of residual red blood cells, 
neutrophils were resuspended in Hanks’ balanced salt solution 
(HBSS) and evaluated in chemotaxis assays. 
 
Chemotaxis assay 
 
Following neutrophil isolation, cells were fluorescein-labeled 
with BCECF (2’, 7’-bis [2-carboxyethyl]-5-[and 6]-carboxy-
fluorescein acetoxymethyl ester) (Molecular Probes, Inc., 
Eugene, Ore.) for 30 min at 37°C. After a washing step, labeled 
cells (5×106 cells/ml) were loaded into the upper chamber of a 
96-well mini chamber (NeuroProbe, Inc., Gaithersburg, Md.), 
separated by a polycarbonate filter with a porosity of 3 µm 
(NeuroProbe). The lower chambers were loaded with different 
concentrations of C5a in presence or absence of the different 
anti-C5a antibodies (10 µg/ml). Cells were then incubated for 30 
min at 37°C. The number of neutrophils migrating through the 
polycarbonate membrane to the lower surface was determined 
by cytofluorometry (Cytofluor II, PerSeptive Biosystems, Inc., 
Framingham, Mass.). For each condition, samples were set up 
and measured at least in quadruplicate. 

 
Hemolytic complement assay 
 
We assessed the ability of the different anti-C5a antibodies to 
inhibit serum complement activity by measuring the hemolytic 
activity of fresh rat serum in presence or absence of these 
antibodies. Briefly, rat serum from control rats was serially 
diluted in TBS (75g/l NaCl, 177 ml/l 1N HCl, 28 ml/l 
Triethanolamine, 1.2 ml/l 1.25M CaCl2, 1.2 ml/l 4.16M MgCl2) 
and the dilution causing 25% lysis of sensitized sheep red blood 
cells (Colorado Serum Company, Denver, Colo.) after 
incubation at 37°C for 60 min was determined. To this dilution 
of rat serum, either preimmune IgG (1-50 µg/ml) or the different 
anti-C5a (A, M, and C) antibodies in a final concentration of 1–
50 µg/ml were added and incubated at 37°C for 1 h. The 
complement reaction was stopped by adding ice-cold TBS (with 
0.05% gelatin) followed by a centrifugation step (2500 x g, 5 
min). Absorbance of the supernatant (at 541 nm) was measured 
and the hemolytic activity of rat serum in presence or absence of 
the indicated antibodies was determined in the standard manner 
(25). 
 
Cecal ligation puncture (CLP) 
 
We used male Long Evans specific pathogen-free male rats 
(Harlan, Inc., Indianapolis, Ind.), weighing 275–300 g in all 
experiments. Rats were anesthetized by intraperitoneal injection 
of ketamine (20 mg/100 g body weight). A 2-cm long midline 
incision was made, sufficient to expose the cecum and adjoining 
intestine. With 4-0 silk suture, the cecum was tightly ligated 
below the ileocecal valve without causing bowel obstruction and 
then punctured through and through with a 21-gauge needle. It 
was gently squeezed to extrude luminal content and to ensure 
patency of the two puncture holes. The abdominal incision was 
then closed with 4-0 nylon suture and skin metallic clips 
(Ethicon, Inc., Somerville, N.Y.). Sham-operated animals 
underwent the same procedure except for ligation and puncture 
of the cecum. Immediately after CLP (0 h) or at given delayed 
timepoints (6, 12, or 24 h after CLP), animals received either 
preimmune IgG or anti-C5a peptide Ab to the A, M, or C region 
at indicated doses, ranging from 200 µg to 600 µg/animal. 
Before and after surgery, rats had unrestricted access to food and 
water. Survival rates were determined over a 10-day period, with 
assessment every 6 h. 
 
For pharmacokinetic studies, a carotid artery catheter (PE-50, 
Becton-Dickinson Colo., Sparks, Md.) was placed in some 
animals prior to surgery through an anterior cervical incision 
followed by subcutaneous tunneling and externalization in the 
posterior cervical area. 
 
Pharmacokinetic studies 
 
To evaluate the pharmacokinetic pattern (blood clearance) of 
anti-C5a IgG and its control IgG during sepsis, anti-C5a peptide 
Ab to the M region and preimmune IgG were labeled with 125I 
by using the chloramine T-based method as described (26). 
Control animals and CLP-animals were injected with 400 µg of 
either anti-C5a M antibody or preimmune IgG with trace 
amounts of 125I-anti-C5a (4 µg, specific activity 12.97 µCi/µg) 
or 125I-preimmune IgG (4 µg, specific activity 16.89 µCi/µg), 
respectively. Immediately after CLP and subsequent 



administration of the labeled antibodies, small aliquots of blood 
(20 µl) were drawn via the carotid artery catheter at indicated 
timepoints (1, 5, 10, 15, 30, 60, 360, 720 min) and equal 
volumes of sterile physiological NaCl-solution reinjected to 
maintain blood volume. The radioactivity of blood samples was 
measured in a gamma counter (1261 Multigamma, EG&G, 
Wallac, Gaithersburg, Md.) and normalized to the 1 min 
timepoint value to evaluate the blood clearance of anti-C5a and 
preimmune IgG. Data were fitted to a biphasic nonlinear 
regression plot by using Graph Pad Software (Prism 3.0, Graph 
Pad Software, Inc., San Diego, Calif.). 
 
Statistical analyses 
 
All values were expressed as mean + SE. Results were 
considered statistically significant where p < 0.05. For analysis 
of survival curves, log rank and –2 log rank tests were used. 
Outcomes in different treatment groups were compared by using 
Chi-square and Fisher’s exact tests. Data sets of chemotaxis 
were analyzed with one-way ANOVA; differences in the mean 
values among experimental groups were then compared by using 
the Tukey multiple comparison test. Statistical significance for 
the pharmacokinetics data was determined by a Student’s t-test. 
 
RESULTS 
 
Characterization of anti-C5a peptide antibodies 
 
The regions of rat C5a selected for synthesis of peptides and 
subsequent antibody production are shown in Figure 1. The A 
peptide region (residues 1-16), the M peptide region (residues 
17-36), and the C peptide region (residues 58-77) were selected 
for antibody production and evaluation of their relative 
protective effects. The deduced NMR structure of rat C5a 
indicating the positions of the different peptides is shown in this 
figure, assuming that the helical structure of rat C5a is similar to 
the configuration of human and porcine C5a (27). To determine 
the specificity of the three different anti-C5a peptide antibodies 
A, M, and C, a Western blot was performed where rrat C5a (200 
ng) and rhuman C5a (200 ng) were electrophoresed in a 15% 
SDS-PAGE gel. All three antibodies detected rrat C5a 
(C>M>A), but none recognized human C5a (Fig. 2) despite the 
high degree of homology of rat and human C5a (>68%) (28). 
These antibodies could also detect C5a in activated rat serum but 
not in activated human serum (data not shown). 
 
Effects of anti-C5a A, M, and C antibodies on rrat C5a 
chemotactic activity 
 
To assess in vitro the effects of the various anti-C5a peptide 
antibodies on chemotactic responses of neutrophils, the 
experiments were done with rrat C5a in the absence or presence 
of these antibodies (10 µg/ml). Rat neutrophils exposed to rrat 
C5a (ranging from 0.1 pM to 1,000 nM) showed a typical dose-
dependent chemotactic response, peaking between 10 and 100 
nM of rrat C5a (Fig. 3, inset). When 10 nM rrat C5a was 
preincubated with 10 µg/ml preimmune IgG, no inhibition of the 
chemotactic activity for neutrophils was observed (data not 
shown). While the presence of the various anti-C5a antibody 
preparations alone (10 µg/ml) did not evoke a significant 
chemotactic response, preincubation of rrat C5a with anti-C5a M 
or C antibodies significantly inhibited the C5a-induced 

neutrophil response (67% and 82%, respectively) (Fig. 3). 
Pretreatment of rrat C5a with anti-C5a A only slightly decreased 
the chemotactic activity of neutrophils but not in a statistically 
significant manner (25%, p>0.05). These data indicate varying 
degrees of blockade of C5a chemotactic activity as a function of 
the antibody used (in a descending order of efficacy: C>M>>A). 
These findings roughly parallel the in vivo efficacy of these 
antibody preparations (described below).  
 
Lack of inhibition by anti-C5a antibodies on hemolytic 
activity of rat serum  
 
To assess the extent to which anti-C5a preparations (anti-C5a M 
or C) might interfere with the hemolytic activity of rat serum and 
assembly of C5b-9 (MAC), whole hemolytic activity was 
measured in presence or absence of these antibodies. There were 
no significant differences in hemolysis of sensitized sheep 
erythrocytes in the presence of fresh rat serum containing 
preimmune IgG or anti-C5a M or C antibodies at concentrations 
of 10–25 µg/ml (Fig. 4). Modest inhibition was found at the 
concentration of 50 µg/ml. As we describe below, the measured 
anti-C5a antibody concentration in whole blood 6 h after 
induction of sepsis was less than 40% of the administered 
amount. It can be calculated that the highest serum concentration 
of rabbit IgG in rats receiving 400 µg rabbit IgG would be < 25 
µg/ml serum at the injection time and < 10 µg/ml 6 h after CLP, 
respectively. Accordingly, various rabbit IgG preparations were 
added to rat serum to achieve concentrations in a similar range 
and a range above this concentration. As shown in Figure 4, at 
preimmune IgG concentrations of 10 or 25 µg/ml, no significant 
changes in hemolytic serum activity were detectable. At a 
concentration of 50 µg/ml, the M and C antibody preparations 
reduced hemolytic activity by less than 16% or 10 %, 
respectively. At the assumed in vivo concentration of anti-C5a (< 
25 µg/ml blood) in the present CLP sepsis model, it can be 
predicted that there would be no significant interference with the 
hemolytic activity of rat serum (< 8% for anti-C5a M, < 4% for 
anti-C5a C at 25 µg/ml, and <1% for both antibodies at 10 
µg/ml). These data suggest that at the expected plasma 
concentration of the infused 400 µg IgG, there would be minimal 
or no effects on the hemolytic activity of rat serum. 
 
Protective effects of A, M, and C peptide antibodies in the 
CLP model 
 
Rats with CLP-induced sepsis received intravenously either 400 
µg preimmune IgG immediately after the CLP procedure or 400 
µg IgG antibody against A, M, or C peptides regions of rat C5a. 
Survival of rats was assessed during a 10-day period (Fig. 5). In 
sham-operated groups, which underwent the same surgical 
procedure minus the cecal ligation and puncture, all animals 
survived the 10-day interval (n=10). Twenty-four hours after 
CLP, survival of the preimmune IgG-treated rats with sepsis was 
50% (15 of 30). After 1 day, however, both the anti-C5a A and 
anti-C5a M peptide-treated groups showed 80% survival 1 day 
after CLP (8 of 10), and no CLP animal died during the first 24 h 
in the anti-C5a C peptide-treated group. Subsequently, the 
survival of the preimmune IgG and anti-C5a A peptide treatment 
groups diminished progressively each day until day 6.5, to 20% 
(6 of 30) and 30% (3 of 10), respectively. At the end of the 10-
day interval these mortality rates remained the same in the two 



groups. In the anti-C5a M peptide or anti-C5a C peptide-treated 
groups 2 days after CLP, 60% (6 of 10) and 70% (7 of 10) of the 
animals, respectively, survived. The difference between the 10-
day outcome of anti-C5a M peptide or C peptide groups and the 
anti-C5a A peptide or preimmune IgG-treated CLP groups was 
statistically significant (p<0.03 for anti-C5a M vs. pre IgG, and 
p<0.05 for anti-C5a C vs. pre IgG, respectively), which suggests 
substantially improved survival rates during sepsis by 
administration of antibodies targeting the M or C regions of C5a. 
 
Pharmacokinetic patterns of antibody clearance from blood 
 
The pharmacokinetics of anti-C5a M peptide antibody or 
preimmune IgG in rats with or without CLP-induced sepsis after 
a single intravenous bolus of 400 µg Ab together with trace 
amounts of 125I-labeled Ab are shown in Figure 6. A biphasic 
decline in whole blood concentrations was observed for all 
experimental conditions. The early distribution phase was 
characterized by a mean half-life of approximately 15 min, 
whereas the dominant and latter phase of elimination 
demonstrated a mean half-life of 7.2 h. The blood clearance in 
the elimination phase revealed a significantly reduced half-life 
for anti-C5a M peptide antibody in CLP animals of 5.0 h 
compared with control animals of 7.0 h. Preimmune IgG treated 
animals demonstrated a prolonged clearance of antibody of 7.8 h 
in CLP-rats, whereas control rats showed a clearance rate of 8.1 
h. These data are consistent with the interpretation that 
accelerated clearance of anti-C5a in CLP animals is caused by 
formation of C5a-anti-C5a complexes, which would be expected 
to be rapidly cleared from the circulation. 
 
In vivo dose responses for protective effects of anti-C5a A, 
M, and C peptide antibodies 
 
Antibody amounts ranging from 200 to 600 µg/animal were 
infused just after CLP. As shown in Table 1, the greatest 
survival rates (>80%) were found at the 600 µg dose of anti-C5a 
M or C peptide antibodies. At a dose of 600 µg, treatment with 
anti-C5a A peptide antibody showed no significant improvement 
in survival (20%, 2 of 10) compared with the pre IgG group 
(23%, 5 of 22). Injection of higher doses (up to 1000 µg/animal) 
did not produce greater survival rates (data not shown). These 
data indicate dose-dependent protective effects against the lethal 
complications of sepsis in CLP animals when antibodies to the 
M and C regions of rat C5a were used.  
 
Protective effects of delayed infusion of anti-C5a M or C 
antibodies during sepsis 
 
To determine if delayed infusion of antibodies can still confer 
protective effects in vivo after CLP, 600 µg of the most 
protective antibodies (anti-C5a M and C) were infused 
intravenously 6, 12, or 24 h after onset of CLP. When infused 
immediately after CLP (0 h, Fig. 7A), anti-C5a M- or C-treated 
groups exhibited highly protective effects (leading to >80% 
survival), with no death occurring after 1.5 days. When infusion 
was delayed until 6 h after CLP (Fig. 7B), both antibodies still 
conferred significant protection (p<0.03) even though aerobic 
and anaerobic bacteria were detectable in blood samples at this 
timepoint (20 + 6 colony forming units/ml blood, data not 
shown). At 12 h after CLP, the majority of animals exhibited 
typical clinical signs of sepsis: decreased physical activity, 

piloerection, cessation of grooming behavior, glazed eyes with 
crusting exudates, tachypnea, and reduced urinary output (24). 
Infusion of anti-C5a M and anti-C5a C (600 µg/animal) again 
significantly improved survival at 10 days [37% (9 of 24) for 
anti-C5a M, 46% (11 of 24) for anti-C5a C (p<0.05)] as 
compared with the preimmune IgG-treated group [12% (3 of 
24)] (Fig. 7C). The protective effects of the anti-C5a M and C 
peptide antibodies were lost, if infusion was delayed until 24 h 
after CLP (data not shown). Although the anti-C5a protective 
effects diminished with elapsed time of infusion, these data 
suggest that delayed infusion of anti-C5a, even in the presence 
of overt clinical signs of sepsis, confers protective effects.  
 
DISCUSSION 
 
An abundance of evidence suggests that during sepsis, 
homeostatic control of the inflammatory system has been lost 
(1–4, 15–18). In experimental sepsis induced by CLP, we have 
recently demonstrated in rats that extensive complement 
activation occurs, leading to C5a deposition on blood neutrophils 
and a loss of the respiratory burst in those cells, resulting in 
defective bacterial killing and a high mortality rate (12). 
Blockade of C5a using an antibody to the middle peptide region 
(M) of rat C5a caused protective effects during sepsis. To 
establish the most protective anti-C5a antibody as well as the 
dose of anti-C5a that provides optimal protection against the 
lethal effects of sepsis, we raised polyclonal antibodies against 
different peptide regions of the rat C5a molecule (Figs. 1, 2, 4). 
Whereas IgG antibodies targeting the amino-terminal residues 1-
16 (A region of C5a) did not prevent the lethal consequences of 
experimental sepsis, antibodies against the middle core residues 
17-36 of the M region or against the carboxyl-terminal residues 
58-77 (C region) greatly improved survival of CLP-rats in a 
dose-dependent manner (Fig. 5, Table 1). In earlier sepsis 
models with infusion of large amounts of LPS or live bacteria, 
pretreatment with polyclonal antibodies against whole rat C5a 
were shown to reduce the LPS-induced systemic hypotension in 
rats (21), and antibodies against human C5ades arg have been 
reported to attenuate signs of septic shock and associated 
respiratory dysfunction in monkeys (15, 22). More recent 
studies, using a neutralizing monoclonal antibody against the C-
terminal 57-74 amino residues of porcine C5a demonstrated 
improved oxygen utilization (18) and reduced IL-6 synthesis 
(23) after intravenous infusion of live E. coli into pigs. Similarly, 
two different types of synthetic peptides that bind to C5aR have 
been demonstrated to be powerful C5aR antagonists in vitro and 
have resulted in reduced neutrophil influx into tissues of mice in 
vivo. Protective effects against ischemia-reperfusion injury were 
found in mice (29) and in acute endotoxemia in rats (30). These 
reports support our findings that the C terminal region is a useful 
target for antibody blockade, which leads to improved survival 
during sepsis (Fig. 5). Short C-terminal peptides of C3a 
anaphylatoxin can induce functional responses that are 
equivalent to the activity of the full C3a molecule (31). In 
contrast, C-terminal peptides of C5a have little, if any, of the 
agonist activity of the whole C5a (27, 32, 33), which suggests 
that amino acids in addition to the final C-terminal 21 amino 
acids are required to elicit full functional activity. In human C5a, 
the region between Lys-20 and Arg-37, and particularly the area 
around Cys-27, have been postulated to be major antigenic 
domains of C5a (34). This is again in accord with our current 
finding of greatly protective effects during sepsis by blockade of 



the M region or the C terminal region of C5a. These data are 
also consistent with the idea that multiple discontinuous regions 
of C5a interact with multiple discontinuous regions of the C5aR 
(32, 35, 36). Accordingly, it can be inferred that blockade of 
different regions of C5a can effectively block biological function 
of the molecule. Blockade of any of these regions interferes with 
interaction of C5a with C5aR, affecting signal-transduction. 
Although the amino-terminal helix of C5a somehow contributes 
to the full potency of the intact C5a molecule (37–39) and serves 
to stabilize a biologically favorable C5a conformation (32), it is 
not an essential component of the active site of C5a (33, 38, 40). 
Our in vivo studies imply that the N-terminal residues 1-16 are 
not good targets for antibodies that can lead to protective effects 
in CLP-induced sepsis.  
 
During the early systemic inflammatory response in sepsis 
associated with elevated plasma levels of C3a and C5a (7–9,41), 
changes in neutrophils have been described, characterized by 
increased enzyme release and enhanced chemotactic activity (42, 
43). As sepsis progresses, this results in global deactivation of 
neutrophils resulting in loss of functional responsiveness to C5a, 
and formyl chemotactic peptide (42, 43), and defective bacterial 
killing (12). Injection of C5a or LPS into rats has been shown to 
mimic some features of sepsis, including hypotension, 
neutropenia, and elevated TNF-�� ������ ������� 	
���
�����������

LPS-induced neutropenia (44) and defective neutrophil 
chemotactic migration in vitro have been attenuated by 
pretreatment of animals with small C5aR antagonists containing 
substituted amino acids in the C-terminal sequence of C5a (30, 
45). In the present study, antibodies against different peptide 
regions of C5a suppressed the chemotactic activity of rat 
neutrophils to rat C5a in a descending order of potency: 
C>M>>A (Fig. 3), which mirrors the protective in vivo effects of 
these antibodies. Because both recruitment and activation of 
neutrophils during sepsis are essential for direct or remote organ 
injury (46), effective blockade of the chemotactic activity by 
anti-C5a antibodies preserves vital protective functional 
responses of neutrophils, resulting in less organ injury and 
improved survival. 
 
After in vitro and in vivo investigation of the most effective 
antibody preparations and the optimal doses of those antibodies 
(Table 1), pharmacokinetic studies were performed to determine 
in vivo the circulating antibody concentration over time after 
induction of sepsis. After an initial rapid distribution phase (<1 
h), most likely due to vascular equilibration (47), a slower phase 
of elimination was observed with a shorter half-life of anti-rat 
C5a M IgG compared with preimmune IgG in CLP rats (Fig. 6). 
At later timepoints, the relatively faster clearance rate of the 
anti-C5a M antibody in rats with sepsis may be due to the ability 
of anti-C5a (but not preimmune IgG) to form immune 
complexes with C5a generated during sepsis (2, 3, 8–10), 
followed by an accelerated removal of the in vivo generated 
immune complexes by the monocyte-phagocytic system. A 
rapid, C3b-dependent clearing mechanism for IgG immune 
complexes (IC) has been described in primates: IC became 
rapidly bound to erythrocytes via their CR1 content and 5 min 
later were rapidly removed as they transversed the liver (48). 
Inasmuch as 12 h after CLP more than two-thirds of the initially 
injected anti-C5a antibodies are eliminated from the circulation, 
(Fig. 6), it is essential to know how long after onset of CLP-
induced sepsis anti-C5a preparations are still able to protect 

against the lethal consequences of sepsis. In all reported sepsis 
models to date, protective anti-C5a antibodies were administered 
before or at the time of experimentally induced sepsis (15, 18, 
20, 21, 23). We have shown that injection of anti-C5a 
immediately after sepsis-induction also protects against its 
detrimental effects (12). The present data suggest, however, that 
even after a considerable delay (6–12 h) in administering 
antibodies, which were targeted against the M or C terminal 
regions of C5a, there was still a significant improvement of 
survival (Fig. 7). In the CLP model, a relatively rapid 
development of polymicrobial sepsis within the first 12 h and 
subsequent lethal complications occurs (12, 24), characterized 
by an early hyperdynamic phase (2–10 h after CLP), followed by 
a late hypodynamic phase (after 16 h or later) (49). The 
hyperdynamic phase of sepsis is compressed in the CLP model 
in rats to a rather brief period (<16 h) relative to that in humans, 
which often appears to extend over 3 days (50). The data in the 
rat model suggest that anti-C5a intervention is effective during 
the hyperdynamic phase, although the protective effects 
diminish with time (Fig. 7). These data implicate that, in humans 
with sepsis, there may be a ‘window’ of time of several days 
during which such an intervention may be useful. 
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Table 1 
 

 

 Dose-responses of Various Anti-C5a Antibodies on 10 Day Survival of CLP-Rats 

CLP-groups i.v. dosage 
[µg/animal] 

10 day survival 
[%]   

(survivors/n) 

significance 
 

Preimmune IgG 
200 µg 
400 µg 
600 µg 

20         (2/10) 
20         (6/30) 
23         (5/22) 

 

anti-C5a A 
400 µg 
600 µg 

30         (3/10) 
20         (2/10) 

n.s. 
n.s. 

anti-C5a M 
200 µg 
400 µg 
600 µg 

50         (5/10) 
60         (6/10) 
90         (9/10) 

n.s. 
* 
* 

anti-C5a C 
200 µg 
400 µg 
600 µg 

67         (8/12) 
70         (7/10) 
83       (10/12) 

* 
* 
* 

  *p<0.05 vs preimmune IgG group 

  n.s.= non significant (p>0.05)vs preimmune IgG group 
 



Fig. 1 
 

 
Figure 1. Location of selected peptide regions (A = amino-terminal, M = middle peptide region, and C = carboxy-
terminal region), based on the antigenic index and predicted molecular structure of rat C5a. 



Fig. 2 
 

 
Figure 2. Western blot analysis of recombinant rat and human C5a by using IgG antibodies raised against the different 
regions of rat C5a (as described in legend to Fig. 1).  Molecular weight marker (MW) is included.  The arrow denotes 
expected position of recombinant, nonglycosylated C5a. 



Fig. 3 
 

 
Figure 3. Chemotactic responses of rat neutrophils to rrat C5a in presence or absence of anti-C5a antibodies against the 
amino-terminal region (A), middle peptide region (M), or carboxyl-terminal region (C) of rat C5a. Rrat C5a was used at a 
concentration of 10 nM based on the dose-response curve of rat neutrophils to rrat C5a (inset).  Antibodies were used at a 
concentration of 10 µg/ml. 



Fig. 4 
 

 
Figure 4. Hemolytic complement activity of fresh rat serum in presence of either preimmune IgG or IgG antibodies 
against the middle peptide region or carboxy-terminal region of C5a (anti-C5a M or anti-C5a C). 



Fig. 5 
 

 
Figure 5. Survival rates of rats after CLP, as a function of treatment with either pre-immune IgG or IgG antibody against 
the amino-terminal region of rat C5a (anti-C5a; A), the middle peptide region (anti-C5a; M) or carboxyl-terminal region 
(anti-C5a; C) infused intravenously immediately after CLP, [400 µg/animal (each group, n=10)]. 



Fig. 6 
 

 
Figure 6. Blood clearance of 125I-anti-C5a M peptide antibody and 125I-preimmune IgG in rats with or without CLP-
induced sepsis. Semi-logarithmic plots of blood clearance curve of 125I-anti-C5a M and 125I-preimmune IgG were 
normalized to the 1.0 min timepoint. Mean ± SE of five animals in each group. 



Fig. 7 
 

                              
 
Figure 7. Ten-day survival rates of rats with sepsis and dependency on the time of intravenous infusion of anti-C5a 
antibodies, raised against the middle peptide region 17–36 (anti-C5a; M) or against the carboxyl-terminal region 58–77 
(anti-C5a; C). Animals received either 600 µg of preimmune IgG or 600 µg of anti -C5a M or C, immediately after onset 
of CLP (A), at 6 h after CLP (B) or at 12 h (C). 


