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Lipopolysaccharide (LPS), or endotoxin, is the major component of the outer membranes of gram-negative bacteria. For
infections with gram-negative bacteria, LPS is a well-known
activator of the humoral and cellular components of the host
defense system. Activation of the host defense is essential to
fight infection with gram-negative bacteria, although uncontrolled stimulation can also result in the serious, life-threatening symptoms of septic shock (3). LPS consists of three main
structural elements: the O-specific polysaccharide chain, the
core region, and the lipid A moiety. Based on the presence or
absence of the O-specific chain, LPS is characterized as either
of the S (smooth) or R (rough) type; the types take their names
from the appearance of the bacterial colonies on agar plates.
R-type LPS whose inner and outer core elements are not
synthesized is called RaLPS to ReLPS, based on the length of
the core oligosaccharide (23). The shortest LPS is ReLPS
containing the lipid A region and two 2-keto-3-deoxyoctonic
acids (13). Lipo-oligosaccharides (LOS) are the major glycolipids expressed on mucosal gram-negative bacteria, including
members of the genera Neisseria, Haemophilus, Bordetella, and
Branhamella. They are also expressed on some enteric bacteria
such as Campylobacter jejuni and Campylobacter coli strains.
LOS have lipid A structures similar to those of LPS but lack
O-antigen units. Furthermore, the oligosaccharide structures
are limited to approximately 10 nonrepeating saccharide units
(22).
Recently, SAP was found to bind to smooth and rough types
of LPS via the lipid A part (8). The BIAcore technology was
used to determine the binding affinity of SAP for LPS from
Salmonella enterica serovar Minnesota strain R595 (ReLPS) at
3.9 nM (7). SAP inhibited the binding of fluorescein isothiocyanate (FITC)-labeled ReLPS to human monocytes and the
ReLPS-induced priming of the oxidative burst of human neu-

Serum amyloid P component (SAP) is a normal constituent
of blood and extravascular tissues. It consists of 10 identical,
noncovalently linked 25-kDa subunits that are arranged in two
parallel cyclic pentagonal structures interacting face to face.
Together with C-reactive protein (CRP), SAP belongs to the
pentraxin protein family. Pentraxins have remained highly conserved throughout evolution and are found in all vertebrate
species. SAP and CRP have a 51% amino acid homology;
however, unlike CRP, SAP is not an acute-phase reactant in
humans. It is constitutively present in serum at 30 to 50 g/ml
(9). SAP owes its name to its association with all types of
amyloid deposits, such as those found in Alzheimer’s disease
(17). SAP has been said to play a role in the complement
cascade, since it can bind to several complement components.
For example, it binds to the collagen-like region of Clq and
thereby activates the classical pathway (4). SAP has also been
reported to bind to C4b-binding protein (C4BP) (11, 24).
While some researchers have found that this binding does not
influence the function of C4BP (24, 25), others have shown
that SAP activates the classical pathway by inhibiting the ability
of C4BP to function as a cofactor for factor I in the degradation of C4b (10). Moreover, SAP is known to interact with C3bi
(11, 30) and immune complexes, probably via the Fab fragment
of immunoglobulin G (IgG) (4, 5). The physiological function
of SAP is still unknown; however, it is believed to play a role in
the binding and clearance of host- or pathogen-derived cellular
debris at sites of inflammation, since it also binds DNA, chromatin, and histones (14).
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Although serum amyloid P component (SAP) is known to bind many ligands, its biological function is not
yet clear. Recently, it was demonstrated that SAP binds to lipopolysaccharide (LPS). In the present study, SAP
was shown to bind to gram-negative bacteria expressing short types of LPS or lipo-oligosaccharide (LOS), such
as Salmonella enterica serovar Copenhagen Re and Escherichia coli J5, and also to clinical isolates of Haemophilus influenzae. It was hypothesized that SAP binds to the bacteria via the lipid A part of LPS or LOS, since
the htrB mutant of the nontypeable H. influenzae strain NTHi 2019-B29-3, which expresses a nonacetylated lipid
A, did not bind SAP. This was in contrast to the parental strain NTHi 2019. The binding of SAP resulted in
a clear inhibition of the deposition of complement component C3 on the bacteria. SAP inhibited only the
activation of the classical complement pathway; the alternative route remained unaffected. In the classical
route, SAP prevented the deposition of the first complement component, Clq, probably by interfering with the
binding of Clq to LPS. Since antibody-mediated Clq activation was not inhibited by SAP, SAP seems to inhibit
only the LPS-induced classical complement pathway activation. The SAP-induced inhibition of C3 deposition
strongly diminished the complement-mediated lysis as well as the phagocytosis of the bacteria. The binding of
SAP to gram-negative bacteria, therefore, might influence the pathophysiology of an infection with such
bacteria.
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trophils in the presence of low concentrations of LPS-binding
protein (8).
In 1985, Hind et al. showed that SAP bound to Klebsiella
rhinoscleromatis and group A Streptococcus pyogenes because
of its specificity to methyl-4,6-O-(1-carboxyethylidene)-␤-D-galactopyranoside, a particular cyclic pyruvate acetal of galactose
present in the cell wall (15). Since no reports that describe SAP
binding to gram-negative bacteria via the LPS or LOS part of
the cell wall exist, this study was conducted to discover whether
SAP can bind to gram-negative bacteria via LPS or LOS and
whether SAP binding has an effect on the complement cascade.
MATERIALS AND METHODS

B (0.5 g/ml), D (0.005 g/ml), P (0.27 g/ml), H (1.2 g/ml), I (0.09 g/ml), and
C3 (3 g/ml) in HBSS–0.2% albumin in the presence of increasing concentrations of SAP for 60 min. Factors B, H, I, and C3 were isolated as described by
Hammer et al. (12), factor D was isolated as described by Catana and Schifferli
(6), and factor P was purchased from Calbiochem-Novabiochem (La Jolla, Calif.). In some experiments using E. coli J5, 3- and 30-g/ml concentrations of
rabbit anti-E. coli J5 antibodies (28) were added together with 3% SAP⫺/Ab⫺
serum and SAP. In order to detect the deposition of complement component C3
(C3 deposition), bacteria were incubated with an FITC-conjugated anti-C3c
MAb for 30 min on ice. For Clq and C4 deposition, anti-Clq or anti-C4 MAbs
(Quidel, San Diego, Calif.), respectively, were used, with subsequent incubation
with an FITC-labeled goat anti-mouse Ig conjugate. After each incubation, the
bacteria were washed twice with HBSS–0.2% albumin. Complement deposition
was analyzed on a FACScan. The results were expressed as the mean fluorescence (MFl) of 10,000 bacteria.
Phagocytosis and binding of FITC-labeled bacteria to human neutrophils.
The Re mutant of S. enterica serovar Copenhagen (108 cells/ml) was labeled with
FITC (50 g/ml) in 0.1 M sodium carbonate buffer (pH 9.6) for 1 h at 37°C and
washed three times with HBSS. FITC-labeled bacteria (4 ⫻ 106) were incubated
with human neutrophils (4 ⫻ 105) in the presence of 0.3% SAP⫺ serum and
different concentrations of SAP for 30 min at 37°C, under continuous agitation.
Bacteria, serum, and SAP were all diluted in HBSS–0.2% albumin. The association and phagocytosis of the FITC-labeled bacteria were determined by
FACScan analysis, using forward and side scatter parameters to gate on neutrophils. The results were expressed as percent inhibition of phagocytosis compared
to that of samples containing no SAP.
Analysis of killing and growth inhibition of bacteria. To study the effect of
SAP on the growth of bacteria, log phase-grown S. enterica serovar Copenhagen
(Re) was incubated overnight in HBSS–0.2% albumin–10% Mueller-Hinton
broth with different concentrations of SAP⫺ serum in the absence of SAP or in
the presence of 20 g of SAP/ml at 37°C in 96-well flat-bottom plates (Nunc,
Nalgene Nunc International, Roskilde, Denmark). The optical density at 665 nm
was used to determine growth and killing of the bacteria.

RESULTS
Binding of SAP to bacteria. In an earlier report (8), we
noted that SAP can bind LPS in solution with LPS-neutralizing
effects. In the present study, we first investigated whether SAP
could also bind to LPS expressed on the surfaces of gramnegative bacteria. To do this, we incubated purified SAP with
E. coli O111:B4 and its Rc mutant J5 and S. enterica serovar
Copenhagen and its mutants Ra, Rc, and Re. As shown in Fig.
1A and B, SAP did not bind to either E. coli O111:B4 or
serovar Copenhagen but did bind extremely well to E. coli J5.
Upon testing the mutants of serovar Copenhagen, we found an
increased binding of SAP to the deep rough types of the bacteria. SAP did bind to both smooth strains if they were heatkilled for 10 min at 100°C (data not shown). These results
indicate that SAP exerts the highest binding affinity to bacteria
expressing short LPS on their outer cell membranes. Since H.
influenzae strains also express short LPS or LOS on their outer
membranes, we tested five clinical strains of H. influenzae for
SAP binding. Two strains bound to SAP (SAP binding [fold
increase] ⫾ standard error of the mean [SEM], 16.7 ⫾ 3.0 and
20.5 ⫾ 5.2), while three others showed less or no binding. We
also tested the nontypeable H. influenzae strain NTHi 2019.
Three mutants of this strain that express short types of LOS
exist due to mutations in the htrB, rfaD, and rfaF genes. htrB
encodes the acyltransferase for lipid A biosynthesis, while the
other two genes encode the ADP-L-glycero-D-manno-heptose6-epimerase and heptosyltransferase II enzymes, respectively.
Figure 1C shows that SAP bound to NTHi 2019 as well as to its
rfaD and rfaF mutants, while the htrB mutant hardly bound to
any SAP. These results indicate that SAP also binds to naturally occurring, rough-type, gram-negative bacteria. Testing S.
aureus strain 1690, a clinical isolate, revealed that SAP did not
bind to these gram-positive bacteria (data not shown). These
experiments were all performed with isolated SAP in the presence of 1 mM calcium. If the calcium was chelated using
EDTA, the binding was abolished. When serovar Copenhagen
Re was incubated in normal serum containing about 30 g of
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Bacteria. Escherichia coli O111:B4 and its galactose epimerase-deficient mutant J5 (RcLPS) and Salmonella enterica serovar Copenhagen and its mutant
strains Ra, Rc, and Re were obtained from the American Type Culture Collection (Manassas, Va.) strain collection. Staphylococcus aureus 1690 was a clinical
isolate. Nontypeable Haemophilus influenzae strain NTHi 2019 and its mutants
NTHi 2019-B29-3 (mutant htrB), NTHi 2019-DK1 (mutant rfaD), and NTHi
2019-FK1 (mutant rfaF) were kindly provided by Michael A. Apicella (Department of Microbiology, University of Iowa College of Medicine, Iowa City). Also,
clinical isolates of H. influenzae were used.
Cell isolation. Human neutrophils were isolated from heparinized blood
drawn from healthy volunteers as described by Troelstra et al. (26).
Isolation of SAP from serum. For the isolation of SAP, fresh serum was
applied to a column containing DNA cellulose (Sigma, St. Louis, Mo.). The
column was then washed with Hanks’ balanced salt solution (HBSS; Gibco BRL,
Life Technologies, Breda, The Netherlands), and SAP was eluted with an EDTA
buffer (140 mM NaCl, 0.01 M Tris-HCl, 10 mM EDTA; pH 8.0). Subsequently,
the eluate was applied to a gel filtration column (Hiload 26/60, Superdex 200;
Pharmacia, Uppsala, Sweden). Fractions containing SAP were then concentrated
in an Amicon filter system (10-kDa cutoff) and dialyzed against phosphatebuffered saline or saline. The purity of the SAP isolate was checked by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and subsequent Coomassie
brilliant blue staining, and the SAP concentration was determined by enzymelinked immunosorbent assay (ELISA), as described previously (8).
SAP, factor D, and antibody depletion of serum. SAP-depleted (SAP⫺) serum
was obtained by incubating the serum twice for 1 h with DNA cellulose under
constant agitation on ice. The serum was then collected and filtered (Spin-X
tubes; Costar, Cambridge, Mass.). The depletion of SAP was checked by ELISA.
Factor D-depleted (factor D⫺) serum was obtained by gel filtration (Superdex
200; Pharmacia) of fresh serum at 4°C in HBSS as described by Leijh et al. (20).
To obtain serum depleted of both SAP and factor D (SAP⫺/factor D⫺ serum),
factor D⫺ serum was depleted of SAP as described above. For the depletion of
IgG antibodies (SAP⫺/Ab⫺ serum), SAP⫺ serum was applied to a protein ASepharose column (Pharmacia) at 4°C. Antibody depletion was checked by
opsonization of the bacteria with heat-inactivated SAP⫺ serum and SAP⫺/Ab⫺
serum for 30 min. After being washed, the bacteria were incubated with phycoerythrin-labeled goat anti-human IgG ␥-chain (Tago, Burlingame, Calif.) for
detection of bacterium-bound antibodies. All depleted sera still displayed a
classical pathway activation, as determined by a CH50 microassay (18). Sera were
stored at ⫺70°C.
Purification of anti-C3c MAb. The anti-C3c monoclonal antibody (MAb) was
obtained from the WM1 mouse hybridoma (American Type Culture Collection).
Cells were grown in Iscove’s modified Dulbecco’s medium (Gibco) with 10%
fetal calf serum and 10 g of gentamicin/ml. After the supernatant was collected,
the antibodies were purified using GammaBind Plus Sepharose (Pharmacia)
according to the manufacturer’s instructions. For analysis in the fluorescenceactivated cell sorter, the anti-C3c MAb was labeled with FITC as described by
Veldkamp et al. (27).
Binding of SAP to bacteria. All bacteria were grown overnight in MuellerHinton broth (Sensititre, Westlake, Ohio) except for the H. influenzae strains,
which were grown overnight in Haemophilus test medium (Sensititre). Bacteria
(106) were washed with HBSS containing 0.2% human albumin (Central Laboratory for Blood Transfusion, Amsterdam, The Netherlands) and incubated with
different concentrations of SAP for 30 min at 37°C. Subsequently, the bacteria
were incubated with an anti-human SAP MAb (clone 5; Sigma) for 30 min on ice,
followed by FITC-labeled goat anti-mouse Ig (Becton Dickinson, Mountain
View, Calif.) for another 30 min on ice. After each incubation, the bacteria were
washed twice with HBSS–0.2% albumin. SAP binding was analyzed on a FACScan (Becton Dickinson), using forward and side scatter parameters to gate on
bacteria. The results were expressed as the fold increase over background binding.
Complement deposition on bacteria. Overnight cultures of bacteria were
washed with HBSS–0.2% albumin. Bacteria (106) were then incubated in 3%
SAP⫺ serum, 3% SAP⫺/Ab⫺ serum, or 3% SAP⫺/factor D⫺ serum with increasing concentrations of SAP for 30 min at 37°C. To study just the alternativepathway activation, bacteria were incubated with complement component factors
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SAP/ml, the association with SAP was equivalent to the addition of 30 g of SAP/ml in the absence of serum (0.3 and 3%
serum, containing approximately 0.1 and 1 g of SAP/ml gave
5- and 11.6-fold increases in SAP binding, respectively).
SAP induces inhibition of the complement cascade. Since
SAP binds to gram-negative bacteria, we tested whether this
binding had any effect on complement activation. To accomplish this, serovar Copenhagen Re was incubated in 3% SAP⫺
serum in the presence of increasing concentrations of SAP.
Figure 2A shows that SAP significantly decreased C3 deposition on serovar Copenhagen Re. When 3% SAP⫺/factor D⫺
serum was used in order to exclude the alternative pathway, an
identical inhibition of C3 deposition was demonstrated (Fig.
2B). This strongly suggests that SAP inhibits the classical pathway of the complement cascade. To investigate the effects of
SAP on the alternative pathway, different concentrations of
isolated human complement components of the alternative
pathway, i.e., factors B, D, P, H, I, and C3, were incubated with
serovar Copenhagen Re in the presence of increasing concentrations of SAP for 60 min. Although a clear C3 deposition on
the bacteria could be demonstrated, SAP does not inhibit this
C3 deposition (Fig. 2C). SAP, therefore, seems to inhibit only
the classical pathway of the complement system. When the
bacteria were preloaded with SAP, with subsequent washing
steps to remove unbound SAP, before the addition of the
SAP⫺ serum, the same inhibition of C3 deposition was observed. In order to investigate at what level of the classical
pathway activation SAP exerted its effect, the deposition of Clq
and C4b on serovar Copenhagen Re was also investigated. As

shown in Figure 3, SAP already inhibited the classical pathway
at the level of deposition of the first complement component,
Clq.
SAP inhibits the serum-induced killing of serovar Copenhagen Re. Since SAP inhibits C3 deposition on serovar Copenhagen Re, we were interested in how this would influence the
survival of bacteria in the presence of serum. To study this,
bacteria were incubated overnight in the presence of increasing
concentrations of SAP⫺ serum with and without the reconstitution of SAP. As shown in Fig. 4, bacteria were able to multiply in higher percentages of serum in the presence of 20 g of
SAP/ml than in the absence of SAP. A serum concentration as
low as 0.6% was sufficient to lyse or arrest the growth of the
bacteria in the absence of SAP, while 3% serum was needed to
exert the same effect in the presence of SAP. Thus, the SAPinduced inhibition of C3 deposition on serovar Copenhagen
Re corresponds to the finding that more serum is needed to
lyse these bacteria.
SAP inhibits phagocytosis of serovar Copenhagen Re by
human neutrophils. The inhibition of C3 deposition on bacteria was also expected to influence the subsequent phagocytosis
of these bacteria. To investigate this, FITC-labeled serovar
Copenhagen Re was incubated for 30 min with human neutrophils in 0.3% SAP⫺ serum in the presence of increasing concentrations of SAP. Figure 5 shows that SAP inhibited the
phagocytosis of serovar Copenhagen Re by neutrophils in a
dose-dependent fashion. In the absence of SAP⫺ serum, no
inhibition or stimulation of the phagocytosis by SAP could be
demonstrated. A microscopic and confocal evaluation revealed
that approximately 80% of the associated bacteria in this assay
were internalized. These results imply that the SAP-induced
inhibition of the classical complement pathway also affects the
phagocytosis of gram-negative bacteria by human neutrophils.
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FIG. 1. Binding of SAP to E. coli, S. enterica serovar Copenhagen and nontypeable H. influenzae 2019 strains. All bacteria were grown overnight in Mueller-Hinton broth except for the nontypeable H. influenzae 2019 strains, which
were grown in Haemophilus test medium. Bacteria were washed and incubated
with increasing concentrations of SAP for 30 min at 37°C. Binding of SAP was
detected with an anti-human SAP MAb and goat anti-mouse FITC labeling. (A)
Binding of SAP to E. coli O111:B4 and its Rc mutant E. coli J5. (B) Binding of
SAP to S. enterica serovar Copenhagen (S. typhimurium) and its Ra, Rc, and Re
mutants. (C) Binding of SAP to NTHi 2019 and its htrB, rfaD, and rfaF mutants
(NTHi 2019 B29-3, NTHi 2019-DK1, and NTHi 2019-FK1). Data are expressed
as the fold increases of SAP binding above the background.
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SAP inhibits only the antibody-independent activation of
the classical complement pathway. Gram-negative bacteria
can, in an antibody-dependent manner and an antibody-independent manner, activate the classical complement pathway in
which the antibody-independent route is activated by LPS. In
all assays testing the effect of SAP on complement activation,
normal human SAP⫺ serum, which most likely contains specific bacterial antibodies, was used. To discriminate between
the antibody- and LPS-mediated activation routes, all assays
were repeated in the absence of antibodies. Serum was depleted of antibodies by absorption to protein A-Sepharose.
Fluorescence-activated cell sorter analysis demonstrated the
complete depletion of the specific antibodies: MFI of serovar
Copenhagen Re opsonized with no serum, 3% untreated serum, and 3% protein A-treated serum were 5.4, 34.8, and 5.0,
respectively. Testing for C3 deposition on serovar Copenhagen
Re revealed that there was no difference in the amount of C3
deposited between 3% SAP⫺ and SAP⫺/Ab⫺ sera. Also the
results of the lysis and phagocytosis experiments with serovar
Copenhagen Re were the same with both sera. This suggests
that the concentration of specific antibodies present in SAP⫺
serum was too low to induce an antibody-mediated activation
of the classical complement pathway and/or to enhance phagocytosis in our experiments. This implies that, thus far, we have
demonstrated a SAP-induced inhibition of the LPS-dependent
classical complement pathway activation. To investigate the
effect of SAP on the antibody-dependent classical route, E. coli

J5 was incubated in 3% SAP⫺/Ab⫺ serum in the presence of
increasing concentrations of rabbit anti-E. coli J5 antibodies.
Figure 6 shows that, in the presence of 3 g of rabbit anti-E.
coli J5 antibodies/ml, C3 deposition on E. coli J5 was not
different from that in the absence of antibodies. Only in the
presence of 30 g of rabbit anti-E. coli J5 antibodies/ml could
an obvious increase in C3 deposition be seen, indicating that
with this concentration of specific antibodies the antibodydependent classical complement pathway is also activated; 3
g of specific antibodies/ml was not enough to cause activation. Looking at the effect of SAP on C3 deposition, Fig. 6
shows that only in the presence of 30 g of rabbit anti-E. coli
J5 antibodies/ml was SAP no longer able to prevent activation
of the classical complement pathway. These rabbit anti-E. coli
J5 antibodies did not affect the binding of SAP to the bacteria
(data not shown). These results suggest that SAP can only
prevent the classical complement route that is initiated, in an
antibody-independent manner, by LPS.
DISCUSSION
SAP is described in the literature as binding many ligands,
although no clear biological function is yet known. In recent
studies, we described the binding of SAP to different types of
smooth and rough LPS via the lipid A part of LPS (7, 8). In the
present study, we demonstrate that SAP is also able to bind to
certain gram-negative bacteria. SAP showed the highest binding to gram-negative bacteria expressing rough LPS of the Rc
or Re type. SAP did not bind to gram-negative bacteria expressing rough LPS of the Ra type or smooth LPS, such as, for
example, E. coli O111:B4. However, if the latter bacteria were
heat-killed for 10 min at 100°C, they bound to SAP very well.
Therefore, it is probably the oligosaccharide chain, by means
of sterical hindrance, that prevents SAP from binding to the
lipid A part of LPS.
SAP also bound to several naturally occurring H. influenzae
strains, including NTHi 2019. It did not, however, bind to the
htrB mutant of NTHi 2019. This is a strong indication that SAP
indeed binds to the lipid A part of LPS or LOS, since the htrB
mutant strain lacks acyltransferase activity (22), resulting in a
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FIG. 2. SAP inhibits C3 deposition on serovar Copenhagen Re via the classical complement pathway. Serovar Copenhagen Re was grown overnight in
Mueller-Hinton broth, washed, and incubated in 3% SAP⫺ serum (A), in 3%
SAP⫺/factor D⫺ serum (B), and in the presence of the alternative complement
component factors P, D, B, I, H, and C3 (C) with increasing concentrations of
SAP for 30 (A and B) or 60 min (C). C3 deposition was determined via a
subsequent incubation with FITC-labeled anti-C3c MAb. Data are MFI for three
to six separate experiments ⫾ SEM.
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lipid A deficiency in O-linked fatty acids. It is probably because
of this modification in lipid A that the lipid A-binding proteins
have lost their ability to bind. Two other mutants of NTHi
2019, the rfaF and rfaD mutant strains, bound to SAP even
better than the wild-type strain. This is probably because these
mutant strains express shorter LOS on their surfaces due to
mutations in the rfaF and rfaD genes. These genes encode the
heptosyltransferase II and ADP-L-glycero-D-manno-heptose-6epimerase enzymes, respectively (22), which means that these
mutant strains lack, respectively, two and three of the heptose
sugars normally expressed in the core region of NTHi 2019.
A study of C3 deposition on serovar Copenhagen Re, could
not demonstrate any difference between untreated serum and
antibody-depleted serum, even though the presence of bacterium-specific antibodies could be demonstrated in the untreated serum. This strongly suggests that the concentration of

FIG. 4. SAP inhibits the lysis of serovar Copenhagen Re by serum. Log
phase-grown serovar Copenhagen Re was incubated overnight in HBSS–0.2%
albumin–10% Mueller-Hinton broth in different concentrations of SAP⫺ serum
in the absence or presence of SAP (20 g/ml) at 37°C in 96-well flat-bottom
plates. The increase in optical density at 665 nm (OD665) was used to determine
bacterial growth. Data are means for three separate experiments ⫾ SEM.

FIG. 5. SAP inhibits the phagocytosis of serovar Copenhagen Re by human
neutrophils. FITC-labeled serovar Copenhagen Re was incubated with human
neutrophils in the presence of 0.3% SAP⫺ serum and different concentrations of
SAP for 30 min at 37°C. Association and phagocytosis of the FITC-labeled
bacteria were determined by FACScan analysis, using forward and side scatter
parameters to gate on neutrophils. Data are mean percentages of inhibition of
phagocytosis for four separate experiments ⫾ SEM.

bacterium-specific antibodies was too low to induce an antibody-dependent activation of the complement system. Therefore, in our experiments, only the LPS-mediated activation of
the complement system played a role in C3 deposition on the
bacteria. Also when C3 deposition on E. coli J5 was studied, it
was demonstrated that only higher concentrations of specific
anti-E. coli J5 antibodies activated the antibody-dependent
complement route. It seems strange that even the phagocytosis
of C3-coated serovar Copenhagen Re by human neutrophils
was not affected when bacterium-specific antibodies were precleared from the serum, as internalization of bacteria is most
efficient through opsonization with both complement and antibodies. This suggests that, also in these experiments, the
concentration of bacterium-specific antibodies probably was
too low to enhance phagocytosis. Its known from the literature
that bacterium-specific antibodies are not obligatory to induce
the phagocytosis of nonencapsulated gram-negative bacteria,
as LPS can induce the second signal necessary to trigger neutrophils for internalization of bacteria (16).
SAP showed a clear inhibition of C3 deposition on serovar
Copenhagen Re. It seems as if only the classical complement
pathway is involved in this inhibition, since SAP also inhibits
Clq deposition on the bacteria. Moreover, SAP did not have
any effect on the alternative complement activation pathway.
SAP has been described as binding to Clq and C4BP (4, 10, 11,
24). In both cases, it has been claimed that the binding of SAP
activates the classical complement pathway. Since, in the
present study, SAP clearly inhibited the classical pathway instead of activating it, the binding of SAP to Clq or C4BP does
not seem to be the mechanism of action displayed by SAP. It
is more likely that SAP inhibits the classical pathway due to a
competition between SAP and Clq for binding to LPS. It has
been shown by Betz et al. that LPS expressed on the cell wall
of E. coli J5, in the absence of specific antibodies, acts as a
nonimmune activator of the classical pathway via direct binding to Clq (1, 2). Since SAP can interact with high affinity
especially with rough types of LPS (7, 8), we hypothesize that
SAP, via binding to LPS on the bacteria, subsequently prevents
the interaction of Clq with LPS. This would explain the inhibition of both C3 and Clq deposition by SAP. This would also
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FIG. 3. SAP inhibits Clq deposition on serovar Copenhagen Re. Serovar
Copenhagen Re was grown overnight in Mueller-Hinton broth, washed, and
incubated in 3% SAP⫺ serum with increasing concentrations of SAP for 30 min
at 37°C. Clq deposition was determined with an anti-human Clq MAb and a
subsequent incubation with FITC-labeled goat anti-mouse Ig. Data are MFI for
four separate experiments ⫾ SEM.
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negative bacteria. SAP is constitutively expressed in plasma at
a level of about 30 to 50 g/ml. Neonates have levels of about
4 g/ml in cord sera, but these levels rise rapidly during the
first weeks of life to reach the lower level of the adult range
(21). In sepsis due to gram-negative bacteria, a two- or threefold increase in the concentration of SAP in plasma can occur
(9). In this paper, we showed that these levels of SAP in vivo
would be sufficient for a possible role in the pathophysiology of
infections with gram-negative bacteria.

predict that the antibody-mediated classical complement pathway activation would not be affected by SAP. Indeed, using E.
coli J5, we could demonstrate that the addition of rabbit anti-J5 antibodies to E. coli J5 abolished the SAP-induced inhibition of C3 deposition on the bacteria. However, this could
only be demonstrated when the concentration of rabbit anti-J5
antibodies was high enough to induce an antibody-dependent
activation of the classical complement pathway. Serum supplemented with a low concentration of rabbit anti-J5 antibodies
did not show a higher C3 deposition on E. coli J5 than serum
depleted of antibodies, which suggests that, in this situation,
only LPS-mediated C3 deposition is active. The fact that SAP,
in the presence of these low concentrations of rabbit anti-J5
antibodies, continued to inhibit C3 deposition on E. coli J5,
strongly suggests that SAP inhibits C3 deposition only when
the classical complement pathway is activated by direct Clq
binding to LPS, not in the case of antibody-mediated Clq
activation.
It has been shown that SAP can interact with phagocytes via
specific receptors (19, 29). Furthermore, the ability of substrate-bound SAP to activate C3b and C3bi receptors of monocytes has been described (29). Since we demonstrated an interaction between SAP and gram-negative bacteria, SAP might
play a role as an opsonin, potentiating phagocytosis of C3- or
SAP-coated pathogens. However, our experiments clearly
demonstrated that SAP inhibited the phagocytosis of complement-coated bacteria by neutrophils. Moreover, in the absence
of complement, SAP did not potentiate phagocytosis. Thus,
SAP is not opsonic. SAP also inhibited serum-induced lysis,
demonstrating that the inhibition of C3 deposition on bacteria
was also reflected in subsequent complement-mediated effects.
Since we also showed that SAP binds to naturally occurring
gram-negative bacteria, such as H. influenzae, it may influence
the pathophysiology of infections by these bacteria. In primary
infections, especially in infants and young children, these observed anti-inflammatory properties of SAP can have major
implications. SAP may serve as a down-modulator of bacterially driven inflammatory responses while leaving host-driven
(antibody-mediated) responses intact, thereby fine tuning and
balancing the inflammatory response in infections with gram-
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FIG. 6. SAP inhibits the LPS-mediated, antibody-independent, activation of
the classical complement pathway. E. coli J5 was grown overnight in MuellerHinton broth, washed, and incubated in 3% SAP⫺/Ab⫺ serum in the absence of
antibodies or in the presence of 3 and 30 g of rabbit anti-E. coli J5 antibodies/ml
with increasing concentrations of SAP for 30 min at 37°C. C3 deposition was
determined via a subsequent incubation with FITC-labeled anti-C3c MAb. Data
are MFI for three separate experiments ⫾ SEM.
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