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To study the role of surface-associated proteins in the virulence of Streptococcus pneumoniae, we used two
serotype 3 strains, ATCC 6303 and WU2, and two PspA-negative mutants of WU2, an encapsulated one, JY1123
(Caps1/PspA2), and an unencapsulated one, DW3.8 (Caps2/PspA2). ATCC 6303 and WU2 were highly
virulent in mice, while the virulence of JY1123 was slightly decreased (50% lethal doses [LD50s], 24, 6, and 147
CFU/mouse, respectively); DW3.8 was avirulent (LD50, 2 3 108 CFU). In vitro, ATCC 6303, WU2, and JY1123
(Caps1/PspA2) strongly resisted complement activation and complement-dependent opsonophagocytosis,
whereas DW3.8 (Caps2/PspA2) was easily phagocytized in fresh serum. Trypsin treatment of ATCC 6303,
WU2, and JY1123 (Caps1/PspA2) resulted in enhanced complement activation and complement-dependent
opsonophagocytosis. Trypsin had no deleterious effect on the polysaccharide capsule. In addition, trypsin
pretreatment of ATCC 6303 strongly reduced virulence upon intraperitoneal challenge in mice. This indicated
that surface proteins play a role in the resistance to complement activation and opsonophagocytosis and
contribute to the virulence of type 3 pneumococci. In subsequent experiments, we could show that the
modulation of complement activation was associated with surface components that bind complement regulator
factor H; binding is trypsin sensitive and independent of prior complement activation. Immunoblotting of cell
wall proteins of the virulent strain ATCC 6303 with anti-human factor H antibody revealed three factor
H-binding proteins of 88, 150, and 196 kDa. Immunogold electron microscopy showed a close association of
factor H-binding components with the outer surface of the cell wall. The role of these factor H-binding surface
proteins in the virulence of pneumococci is interesting and warrants further investigation.

Despite the availability of effective antibiotics and a multi-
valent capsular polysaccharide vaccine, Streptococcus pneu-
moniae remains an important pathogen to humans of all ages
(4). This microorganism is the predominant causative agent of
otitis media, community-acquired pneumonia, septicemia, and
meningitis. Infections due to pneumococci are most frequently
seen in infants, elderly persons, and immunocompromised pa-
tients (13, 25, 33).

It has been established that the polysaccharide capsule of
the pneumococcus is an important virulence factor (1, 44).
Watson and Musher (43) reported the production of pneumo-
coccal mutant strains, lacking detectable polysaccharide cap-
sule, from an encapsulated serotype 3 strain by Tn916 trans-
poson insertion; the unencapsulated mutants had greatly
reduced virulence in mice compared to the parental strain.
However, it is clearly evident that among the approximately 90
known capsular serotypes, the degree of virulence varies widely
and only a minority of the pneumococcal serotypes cause in-
fections in humans (15, 42). Additionally, there is considerable
difference in virulence among pneumococcal strains with iden-
tical capsular serotypes.

Several studies have demonstrated the existence of noncap-

sular virulence factors in pneumococci (6, 18, 31, 34). Briles
and McDaniel established that the expression of a surface
protein, pneumococcal surface protein A (PspA), is associated
with the virulence of pneumococci in mice (8, 9, 26–28). In
addition, strong evidence for an independent role of pneumo-
lysin in the virulence of pneumococci has been presented (5,
24, 35). Thus, to date PspA and pneumolysin are the only
well-characterized noncapsular virulence factors of pneumo-
cocci. It is also evident, however, that the spectrum of noncap-
sular virulence factors is still unknown, and their quantitative
contribution to virulence is therefore poorly defined. Op-
sonophagocytosis is thought to play an important role in host
defense against pneumococci (11, 12, 20, 40, 46). This process
is initiated by complement activation via either antibody-de-
pendent or antibody-independent pathways (11). Pneumococ-
cal strains differ in their ability to activate the complement
cascade (14, 39). The determinants for these differences, how-
ever, remain unclear, although the type of pathway and the
extent of interaction of complement with the various pneumo-
coccal capsular polysaccharides may, in part, explain these
differences.

Hostetter previously showed that although both cell wall and
capsular polysaccharide of type 3 pneumococci activate com-
plement, leading to C3b deposition on both cell wall and cap-
sule, type 3 pneumococci strongly resist phagocytosis (21).
Angel et al. subsequently demonstrated that type 3 pneumo-
cocci express C3-degrading activity associated with the cell wall
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(3). The underlying mechanism, however, was not further ex-
plored. The purpose of the present paper is to define the role
of surface-associated proteins of type 3 pneumococci in resis-
tance to complement activation and opsonophagocytosis and
to identify the mechanisms involved in this resistance.

MATERIALS AND METHODS

Animals. Male outbred Swiss mice were used for 50% lethal dose (LD50)
determinations. They were obtained from Harlan CPB (Zeist, The Netherlands),
maintained in the animal facilities of Utrecht University, and used at 8 to 14
weeks of age.

LD50 determination. Groups of five mice were injected intraperitoneally (i.p.)
with 0.5 ml of a 10-fold dilution series of bacterial suspensions (1 to 109 CFU/
ml/strain) in saline. Deaths were recorded over an 8-day period. LD50 values
were calculated by the method of Reed and Muench (32).

Buffers. Phosphate (20 mM)-buffered saline (PBS) (pH 7.4) was used for
washing bacteria. Veronal (5 mM)-buffered saline (pH 7.4) containing 0.15 mM
Ca21 and 0.5 mM Mg21 (VSB21) and veronal (5 mM)-buffered saline containing
10 mM EDTA (EDTA-VB) or 8 mM EGTA and 2.5 mM magnesium (EGTA-
VB) were used as incubation buffers in complement assays. All buffers were
prepared from a 53 stock solution (41).

For the trypsin treatment of bacteria, VSB21 was used. Hanks balanced salt
solution containing 0.1% gelatin (GHBSS) was used for the dilution of serum
and bacteria in the phagocytosis assay. Alsever’s old solution (114 mM citrate, 27
mM glucose, 72 mM sodium chloride [pH 6.1]) served to store chicken blood.

Bacterial strains. Streptococcus pneumoniae serotype 3 (ATCC 6303) was
obtained from the American Type Culture Collection (Rockville, Md.). Wild-
type 3 strain WU2 and its encapsulated PspA-negative mutant JY1123 was
provided by L. S. McDaniel (Birmingham, Ala.). Strain DW3.8 was generated by
conjugative transfer of transposon Tn916 from donor strain Enterococcus faecalis
CG110 to the genome of WU2 (43). The pneumococci were grown to mid-
logarithmic phase at 37°C in Todd-Hewitt broth (Difco, Detroit, Mich.) supple-
mented with 0.5% yeast extract in a 5% CO2 atmosphere. After incubation, the
bacteria were washed three times with PBS.

Pneumococci were heat killed by being incubated for 60 min at 56°C. Subse-
quently, the bacteria were washed three times in PBS and stored until use.

The strains are designated according to their phenotypic characteristics with
respect to the presence or absence of capsule and PspA; i.e., ATCC 6303 and
WU2 are designated (Caps1/PspA1), DW3.8 is designated (Caps2/PspA2), and
JY1123 is designated (Caps1/PspA2).

Enzyme treatment of pneumococci. A total of 109 CFU of heat-killed pelleted
bacteria was suspended in 1 ml of VSB21 containing 1 mg of trypsin (Boehringer
GmbH, Mannheim, Germany) purified by cristallyzation. The bacterial suspen-
sions were incubated at 37°C for 1 h. After being washed, the bacteria were
resuspended in VSB21 to 109 CFU per ml.

Choline chloride treatment of pneumococci. A total of 109 pelleted pneumo-
cocci were resuspended for 30 min at room temperature on a rotator in 1 ml of
PBS containing 2% choline chloride (Riedel-de Haen, Seelze, Germany). After
treatment, the bacteria were washed three times and subsequently resuspended
to the original concentration in test buffer (either Veronal buffer [VSB21] or
GHBSS) (109/ml).

Normal human serum. Human serum was collected from 30 healthy adults and
pooled. The pool is hereafter referred to as normal human serum (NHS). NHS
was stored in 1-ml aliquots at 270°C until use.

Erythrocytes. Chicken blood, diluted 1:1 in Alsever’s old solution, was ob-
tained from bioTrading (Wilnis, the Netherlands) and used as the source of
chicken erythrocytes. Before use, the cells were washed three times with saline
(0.85%).

PMN. Polymorphonuclear leukocytes (PMN) were isolated from heparinized
human blood. A volume of blood was mixed 1:1 with PBS and layered on a
Ficoll-Histopaque gradient consisting of 10 ml of Ficoll-Paque (Pharmacia, Upp-
sala, Sweden) on top of 12 ml of Histopaque (density, 1.119; Sigma Diagnostics,
St. Louis, Mo.). After centrifugation at 400 3 g and room temperature for 20
min, PMN were collected from the upper part of the Histopaque and ice-cold
RPMI was added. The cells were centrifuged at 250 3 g, and the residual
erythrocytes were lysed by resuspending the cells in 9 ml of ice-cold distilled
water. After 30 s, the cell suspension was rendered isotonic with 103 PBS. Next,
RPMI was added. The PMN fraction was centrifuged and resuspended in RPMI
at 107/ml. The cell concentration consisted of .95% PMN. Viability always
exceeded 98% as determined by propidium iodide exclusion.

ELISA for capsular polysaccharide content. A sandwich enzyme-linked im-
munosorbent assay (ELISA), performed in polyvinyl chloride microtiter plates
(Flow Laboratories, McLean, Va.) was used (36). Polyclonal goat anti-serotype
3 polysaccharide immunoglobulin G (IgG) (100 ml from a 1-mg/ml solution) was
used as the capturing antibody (the coating conditions were 37°C for 1 h and then
4°C overnight). PBS containing 0.1% Tween 20 was used as washing buffer after
each coating or incubation step. Bovine skim milk powder (100 ml; 4% in
PBS–0.1% Tween 20) was added (37°C for 1 h) to prevent nonspecific binding.
A 50-ml volume of either a suspension of pneumococci (5 3 106 CFU/ml in PBS)
or purified type 3 capsular polysaccharide (a gift of A. F. M. Verheul, Eijkman-

Winkler Institute, Utrecht, The Netherlands) at a starting concentration of 1.25
mg/ml, both serially diluted in saline, was added to the microtiter plates before
incubation at 37°C for 1 h. Mouse polyclonal IgG against serotype 3 type strain
ATCC 6303 polysaccharide (50 ml; 1:500 in PBS–0.1% Tween 20) was used for
the detection of serotype 3 capsular polysaccharide (incubation at 37°C for 1 h).
The plates were developed by adding 50 ml of peroxidase-labeled goat anti-
mouse IgG (heavy plus light chains; H1L) (Nordic, Tilburg, The Netherlands),
diluted 1:6,000 in PBS–0.1% Tween 20, at 37°C for 1 h followed by extensive
washing and then by the addition to each well of a mixture of tetramethylben-
zidine (Sigma) and hydrogen peroxide (incubation at 37°C for 10 min). The
substrate consisted of 0.1 M sodium acetate–citric acid buffer (pH 5.5) containing
200 ml of a stock solution of tetramethylbenzidine (6.0 mg/ml of dimethyl sul-
foxide) and 2 ml of a 30% hydrogen peroxide solution per 12 ml of buffer.
Substrate conversion was stopped by the addition of 50 ml of 1 M sulfuric acid.
Absorbance values at 450 nm were determined by using a ELISA reader (no.
3550; Bio-Rad, San Francisco, Calif.). The calibration curve obtained by plotting
optical density values against the concentration of purified type 3 capsular poly-
saccharide (in micrograms per milliliter) was used to calculate the amount of
capsule per pneumococcal cell (in femtograms/bacterial cell) from the optical
density values obtained with the bacterial suspension.

Complement activation microassay. The complement activation assay was
performed as described by Geelen et al. (17). Briefly, in the wells of U-shaped
microtiter plates, 20 ml of pneumococcal suspension in VSB21 (6 3 106 pneu-
mococci) was mixed with 80 ml of 10% NHS in VSB21 and incubated at 37°C for
10 min. During this step, the bacteria activate the complement cascade, resulting
in C5 convertase formation. Subsequently, 50 ml of chicken erythrocyte suspen-
sion (2 3 108 cells/ml) in EDTA-VB was added, and the mixtures were incubated
at 37°C for 60 min to allow C5b6-mediated lysis of the erythrocytes (bystander
hemolysis). The unlysed cells and cell ghosts were centrifuged in a microtiter
plate centrifuge (2,000 3 g for 5 min), and 50-ml volumes of the supernatants
were transferred to the wells of flat-bottom microtiter plates containing 200 ml of
water. The absorbance at 405 nm, estimated by using the ELISA reader, was
taken as the measure of hemoglobin release. The percentage of lysis was deter-
mined by the formula

Y 5
I 2 II

III 2 IV 3 100

in which I refers to the absorbance of the samples in NHS, II refers to the
absorbance of the samples in heat-inactivated (56°C for 30 min) serum, and III
and IV refer to the absorbances of controls for 100% lysis (water) and 0% lysis
(buffer), respectively. All tests were performed in duplicate. Complement activity
was expressed as a Z value representing the number of active hemolytic sites/
erythrocyte. Z values were derived from Y by the formula Z5 2ln (1 2 Y).

Phagocytosis assay. The phagocytosis assay was adapted from those of Alonso
de Velasco et al. (2) and Sanders et al. (37). In short, dilutions of fresh human
serum were made in bovine serum albumin (BSA)-HBSS and pipetted into
round-bottom microtiter plates. Samples of 5 3 106 fluorescein isothiocyanate
(FITC)-labeled pneumococci were added to each well. Opsonization, in a total
volume of 50 ml, was performed at 37°C on a microtiter plate agitator. After 10
min of opsonization, the plates were placed on ice and 2.5 3 105 PMN in 50 ml
of BSA-HBSS were added to each well. Phagocytosis was performed for 12 min
at 37°C with shaking. After a wash with ice-cold BSA-HBSS, the cells were
transferred to fluorescence-activated cell sorter tubes, fixed with paraformalde-
hyde (2%) in PBS, and analyzed in a flow cytometer (FACScan; Becton Dick-
inson, Mountain View, Calif.). The percentage of FITC-positive PMN was used
as a measure of the phagocytic activity of serum by determining the serum
dilution resulting in 50% FITC-positive PMN (50% phagocytosis titer). The
results are expressed as the opsonic index, which is the inverse of the 50%
phagocytosis titer. For example, if 50% FITC-positive PMN are found at a serum
dilution of 1:100, i.e., 1% serum, the opsonic index is 100.

ELISA for soluble TCC. Essentially, the technique described by Mollnes et al.
(29) was used for ELISA for soluble terminal complement complexes (TCC).
Briefly, 20-ml volumes of pneumococcal suspensions in VSB21 were mixed with
80-ml volumes of 10% NHS in VSB21 in the wells of U-shaped microtiter plates
and incubated at 37°C for 10 min. During the incubation, the bacteria activated
the complement cascade and gave rise to the generation of soluble TCC [(S)C5b-
9]. Complement activation was stopped by the addition of 50 ml of EDTA-VB,
and the mixture was centrifuged (1,500 3 g) at 4°C to remove the bacteria. The
supernatant was tested for TCC by a sandwich ELISA with a monoclonal anti-
body (aE11) recognizing a C9 neo-epitope in TCC as the capturing antibody and
rabbit anti-human C5 IgG (Dakopatts A/S, Glostrup, Denmark) as the detecting
agent (30). As a positive control for TCC generation, 400 mg of zymosan was
added to 40 ml of pooled human serum and incubated for 1 h at 37°C. Next, the
suspension was centrifuged at 43,000 3 g and the supernatant was stored at
270°C until use.

Fluorescence-activated cell sorter assay for PspA expression. Eppendorf vials
(1.5 ml) were coated with BSA (Boseral; Organon Teknika, Boxtel, The Neth-
erlands) by incubation with a 1% solution for 1 h at 37°C. The vials were washed
three times with PBS, and 200 ml of pneumococcal suspension (5 3 108 CFU/ml)
was added. The vials were centrifuged at 15,000 3 g for 7 min. the pelleted
bacteria were mixed with 200 ml of PspA-specific mouse monoclonal antibody
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XiR 278 (kindly provided by L. S. McDaniel) diluted 1:2,000 in PBS. The mixture
was rinsed and incubated at 37°C for 60 min. The bacteria were centrifuged,
washed twice, suspended in 40 ml of FITC-labeled goat-anti-mouse IgG plus IgM
(1:25; no. M35201, Caltag Laboratories, San Francisco, Calif.), and incubated at
4°C for 30 min. The bacteria were washed three times, pelleted, and resuspended
in 300 ml of PBS. The bacterial suspension was subsequently examined by flow
cytometry with a FACScan cytometer (Becton Dickinson; filter 530/30). The
results were expressed as mean fluorescence values.

FACS assay for complement factor H binding. Eppendorf vials (1.5 ml) were
coated with 1% BSA (Sigma) by incubation for 1 h at 37°C. The vials were
washed three times with PBS, and 200 ml of a pneumococcal suspension (5 3 108

CFU/ml) and 800 ml of 10% NHS or purified factor H (45) (kindly provided by
J. van Strijp, Eijkman-Winkler Institute, Utrecht, The Netherlands) were added
(45). The mixtures were incubated at 37°C for 10 min. Complement activation in
NHS was stopped by the addition of 500 ml of ice-cold EDTA-VB, and the vials
were centrifuged at 13,200 3 g for 7 min. The pelleted bacteria were washed
twice, and 200 ml of polyclonal rabbit anti-human factor H antiserum (CLB
KH40P [Central Laboratory of the Blood Transfusion Service, Amsterdam, The
Netherlands], diluted 1:500 in PBS) was added. The vials were then incubated at
37°C for 1 h and centrifuged. The pellet was washed twice with PBS, resuspended
in 40 ml of FITC-labeled goat anti-rabbit IgG (1:40; Sigma F-1262), and incu-
bated at 4°C for 30 min. The bacteria were washed three times, pelleted, and
resuspended in 300 ml of PBS. The labeled bacteria were examined by flow
cytometry with the FACScan cytometer (filter 530/30; Beckton Dickinson), and
the results were expressed as mean fluorescence values.

Preparation of CWE from pneumococci. A modification of the method de-
scribed by Lacks and Neuberger (22) for autoplast formation was used to pro-
duce a cell wall extract (CWE) of S. pneumoniae. Bacteria were cultured over-
night, washed in PBS, pelleted, and resuspended in 3 ml of PBS containing 30%
sucrose and 0.05 M MgCl2. The suspension was incubated for 24 h at room
temperature and subsequently centrifuged for 4,000 3 g for 10 min at 4°C to
remove protoplasts. The supernatant was dialyzed against three changes of PBS
at 4°C and centrifuged for 10 min at 10,000 3 g to remove insoluble material.
This preparation was designated the CWE. The amount of protein in the CWE
was determined by a Bradford assay. The CWE was stored in aliquots at 220°C
until use. The whole isolation procedure was performed in the presence of the
protease inhibitor phenylmethylsulfonyl fluoride (2 mM).

SDS-PAGE and immunoblotting of factor H-binding proteins of pneumococci.
Proteins from pneumococcal CWE were separated under nonreducing condi-
tions by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(12.5% polyacrylamide) and blotted onto a nitrocellulose membrane. The mem-
brane was blocked by incubation with 3% gelatin for 1 h at 37°C and subse-
quently washed three times with PBS–0.1% Tween 20. Next, the membrane was
incubated with 1% NHS for 1 h at 37°C. After three washes, the membrane was
incubated for 1 h at 37°C with 1:500 anti-factor H antibody (polyclonal rabbit
anti-human factor H, CLB KH40P; Central Laboratory of the Blood Transfusion
Service). Subsequently, the membrane was washed and incubated with 1:5,000-
diluted goat anti-rabbit IgG (H 1 L) labeled with peroxidase. After being
washed, the membrane was stained with 40 ml of a solution containing 20 mg of
diaminobenzidine (Sigma) and 100 ml of H2O2 in PBS. The reaction was stopped
by adding a large amount of tap water.

Ultracryotomy and immunoelectron microscopy of factor H binding by pneu-
mococci. Heat-inactivated pneumococci were incubated with NHS (10 min at
37°C) and washed extensively. Next, pneumococci were resuspended in 2%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After 2 h, the fixative was
removed and the bacteria were washed three times with PBS–0.15 M glycine and
finally pelleted in 10% gelatin in phosphate buffer. The gelatin was allowed to
solidify, and small cubes were cut at 4°C and infused with 2.3 M sucrose for at
least 2 h at 4°C. The blocks were mounted on a copper specimen holder and
frozen in liquid nitrogen.

Ultrathin cryosections were prepared at 2120°C on an Ultracut S instrument
(Leica, Vienna, Austria) with a diamond knife (Drukker International, Cuyk,
The Netherlands) by the method of Liou et al. (23). Immunogold labelling was
performed by the method of Slot et al. (38) by sequential incubation of pneu-
mococci with a polyclonal rabbit anti-human factor H serum (1:500 dilution in
PBS) and protein A coupled to 10-nm-diameter gold particles (Department of
Cell Biology, University Medical Centre, Utrecht, The Netherlands) in PBS–1%
BSA. The specificity of the procedure was checked by performing immunogold
labelling with heat-inactivated pneumococci incubated without NHS or by using
a nonsense polyclonal rabbit antibody. Both controls were negative.

Statistical analysis. Data are expressed as the mean 6 standard errors of the
mean of n independent observations. Correlation coefficients were calculated by
the least-squares method. The significance of differences between means of
experiments was calculated by either Student’s t test or x2 analysis. Differences
with P , 0.05 were considered significant.

RESULTS

Virulence of pneumococcal strains in mice. The virulence of
the various pneumococcal strains was estimated by determin-
ing LD50s in mice upon i.p. injection. The results are shown in

Table 1. Strains ATCC 6303 and WU2 (both Caps1/PspA1)
were highly virulent, with LD50s of 24 and 6 CFU/mouse,
respectively. DW3.8 (Caps2/PspA2) was nonvirulent, with an
LD50 of 2 3 108 CFU/mouse. The (Caps1/PspA2) mutant of
WU2, JY1123, showed intermediate virulence, with an LD50 of
147 CFU/mouse. Finally, by using a critical dose of 20 CFU of
ATCC 6303 per mouse, approximately equal to the LD50 (24
CFU/mouse), we could show that untreated pneumococci
caused a 70% mortality whereas trypsin-treated live pneumo-
cocci of this strain had a significantly diminished lethality for
mice of only 20% (Fig. 1).

Opsonophagocytosis of pneumococcal strains. Phagocytosis
of (Caps2/PspA2) mutant DW3.8 proceeded efficiently in
fresh NHS (Fig. 2). Figure 2 also shows that the fully encap-
sulated virulent strains ATCC 6303 and WU2 had considerable
resistance to opsonophagocytosis in fresh serum. The (Caps1/
PspA2) mutant JY1123, however, was significantly better
phagocytized than the parent strain, WU2 (Caps1/PspA1).

The results of these experiments confirm the resistance of
virulent wild-type pneumococci to complement-mediated phago-
cytosis. Moreover, they indicate that PspA is not a major de-
terminant of this resistance to opsonophagocytosis, since the
PspA2 mutant JY1123 was almost as poorly opsonized as its
parent, WU2.

Complement activation by pneumococcal strains. The abil-
ity of the different strains to activate complement in human
serum is shown in Table 2. The virulent strains ATCC 6303 and

FIG. 1. Survival of mice after intraperitoneal challenge with S. pneumoniae
ATCC 6303 (Caps1/PspA1) pretreated with trypsin or buffer as a control (see
Materials and Methods). The curves show survival time (days) of mice after an
i.p. injection of 20 CFU/mouse (15 mice per group). Trypsin-treated pneumo-
cocci were significantly different (P , 0.01) from pneumococci treated with
buffer as estimated by Kaplan-Meier survival analysis.

TABLE 1. Virulence of S. pneumoniae type 3 (ATCC 6303 and
WU2) and type 3 mutant strains (JY1123 and DW3.8) in micea

Pneumococcal strain LD50 (CFU/mouse)

ATCC 6303 (Caps1/PspA1) ............................................. 24
WU2 (Caps1/PspA1)......................................................... 6
JY1123 (Caps1/PspA2) ..................................................... 147
DW3.8 (Caps2/PspA2)...................................................... 2.24 3 108

a The virulence was determined by i.p. injection (see Materials and Methods).
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WU2 activated the complement cascade poorly. In contrast,
the avirulent (Caps2/PspA2) mutant DW3.8 and the interme-
diately virulent (Caps1/PspA2) mutant of WU2, JY1123, were
powerful and intermediate complement activators, respec-
tively.

The role of the classic and alternative pathways in comple-
ment activation by the different pneumococcal strains was in-
vestigated by using EGTA- and EDTA-containing buffers dur-
ing the activation step. Complement activation by all strains
was completely blocked in the presence of either Mg21-EGTA
or EDTA-serum (results not shown).

To investigate at which level the virulent strains interfered
with complement activation, the generation of soluble TCCs in
8% serum was estimated after incubation with the strains.
Figure 3 shows that the formation of TCC was high in serum
incubated with (Caps2/PspA2) mutant DW3.8 while signifi-
cantly fewer TCC were generated in serum after incubation
with ATCC 6303, WU2 (both Caps1/PspA1), and JY1123
(Caps1/PspA2).

Trypsin treatment of pneumococcal strains. To investigate
whether resistance to complement activation and opsonoph-
agocytosis was mediated by proteinaceous surface compo-
nents, the various strains were treated with trypsin prior to
complement and opsonophagocytosis experiments. Figure 4

FIG. 2. Opsonophagocytosis of fully encapsulated type 3 pneumococci and
unencapsulated and PspA-deficient mutants in NHS. Opsonization, determined
by flow cytometry, is expressed as opsonic index (see Materials and Methods for
details). Bars represent means 6 standard errors of three separate experiments.
S3 (ATCC 6303) and WU2 are fully encapsulated parent strains (Caps1/PspA1),
JY1123 is a PspA-deficient mutant of WU2 (Caps1/PspA2), and DW3.8 is an
unencapsulated mutant of WU2 (Caps2/PspA2). JY1123 and DW3.8 signifi-
cantly different from WU2 (ppp, P , 0.002; pppp, P , 0.001 [Student’s t test]).

FIG. 3. Formation of TCC by the type 3 pneumococcal strains S3 (ATCC
6303) and WU2 (both Caps1/PspA1), the unencapsulated mutant DW3.8
(Caps2/PspA2) of WU2, and the PspA-deficient mutant JY1123 (Caps1/PspA2)
of WU2. TCC were determined by ELISA after incubation of pneumococci with
NHS for 10 min at 37°C, and TCC formation was expressed as the ELISA titer
(means 6 standard errors of three independent experiments [horizontal top
axis]). Control, no pneumococci added; Zymosan, positive control for TCC
formation. DW3.8 was significantly different from ATCC 6303, WU2, and
JY1123 (p P , 0.05 [Student’s t test]).

FIG. 4. Effect of trypsin treatment of pneumococci on complement activa-
tion by type 3 strains ATCC 6303 and WU2 (both Caps1/PspA1) and unencap-
sulated and PspA-deficient mutants of WU2. Complement activation, deter-
mined by the hemolytic assay, is expressed as a Z value, representing the number
of active hemolytic sites per erythrocyte (y axis). Bars represent mean is 6
standard errors of three independent experiments. S3 (ATCC 6303) and WU2
are fully encapsulated parent strains, JY1123 is a PspA-deficient mutant of WU2
(Caps1/PspA2), and DW3.8 is an unencapsulated mutant of WU2 (Caps2/
PspA2). Trypsin-treated bacteria (open bars) were significantly different from
untreated bacteria (hatched bars), and both buffer-treated JY1123 and DW3.8
were significantly different from buffer-treated WU2 (pp, P , 0.01: pppp, P ,
0.001 [Student’s t test]).

TABLE 2. Complement activation induced by S. pneumoniae type 3
(ATCC 6303 and WU2) and type 3 mutant strains

(JY1123 and DW3.8)a

Pneumococcal strain Z (no. of active
sites/erythrocyte)b

ATCC 6303 (Caps1/PspA1)...........................................0.11 6 0.03
WU2 (Caps1/PspA1) ......................................................0.13 6 0.01
JY1123 (Caps1/PspA2)...................................................0.24 6 0.02**
DW 3.8 (Caps2/PspA2) ..................................................0.51 6 0.03****

a Complement activation was measured as lysis of bystander cells (chicken
erythrocytes) and is expressed as the Z value, representing the number of active
hemolytic sites per erythrocyte (mean 6 standard errors of three separate ex-
periments). Hemolysis was measured in the presence of 6 3 106 pneumococci in
a reaction volume of 150 ml in a microtiter plate (see Materials and Methods).

b JY1123 and DW3.8 were significantly different from WU2 (**, P , 0.01;
****, P , 0.001 [Student’s t test]).
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shows that the pretreatment of ATCC 6303, WU2 (both
Caps1/PspA1), or JY1123 (Caps1/PspA2) with trypsin con-
siderably increased complement activation by these strains
whereas trypsin treatment of DW3.8 (Caps2/PspA2) only
moderately increased complement activation. Table 3 demon-
strates that the capsule content of ATCC 6303, WU2, and
JY1123 was not affected by trypsin pretreatment.

The effect of trypsin pretreatment on opsonophagocytosis of
the virulent strain ATCC 6303 is shown in Fig. 5. Trypsin
treatment strongly enhanced the phagocytosis of ATCC 6303
by human PMN after opsonization in human serum. Similar
results were obtained after trypsin treatment of strains WU2
and JY1123, while trypsin treatment did not affect the op-
sonophagocytosis of DW3.8 (data not shown).

Factor H binding by pneumococcal strains. The above ex-
periments indicated that virulent pneumococcal strains ATCC
6303, WU2, and the (Caps1/PspA2) mutant of WU2, JY1123,
interfered with complement activation at the level of the gen-
eration of either the C3 or C5 convertase. For this reason, we
investigated whether the pneumococcal strains bound one of
the known complement-regulatory proteins. The experiments

showed that the encapsulated pneumococcal strains, upon in-
cubation in human serum, did not react with polyclonal anti-
bodies against human decay-accelerating factor or comple-
ment receptor 1 or with antibodies against the soluble
inhibitors C1 inhibitor and C4-binding protein (results not
shown). However, significant reactivity with polyclonal anti-
factor H serum was observed after incubation of strain ATCC
6303, WU2, or JY1123 with NHS or purified factor H under
conditions similar to those in the bystander hemolysis assay
(17) (Fig. 6). Figure 6 demonstrates that considerably less
factor H bound to the surface of DW3.8 (Caps2/PspA2). This
was the case not only under conditions permitting complement
activation but also in the presence of EDTA. Upon pretreat-
ment of bacteria with trypsin, factor H binding by WU2, ATCC
6303, and JY1123 was strongly decreased (Fig. 6). It should be
noted, however, that trypsin treatment also removed PspA
from strains ATCC 6303 and WU2. Figure 7 also confirms the
virtual absence of PspA from JY1123, which vigorously bound
factor H (Fig. 6). Moreover, selective removal of PspA from
WU2 and ATCC 6303 by pretreatment of the bacteria with
choline chloride did not influence factor H binding (data not
shown).

Immunoblotting of factor H-binding proteins of pneumo-
cocci. The results of the immunoblotting experiments with cell
wall proteins from S. pneumoniae ATCC 6303 are presented in
Fig. 8. After SDS-PAGE the electrophoresed proteins were
blotted onto a nitrocellulose membrane and subsequently
probed for factor H-binding proteins by sequential incubation
with NHS, polyclonal rabbit anti-human factor H, and, finally,
horseradish peroxidase-labeled goat anti-rabbit IgG antibody.

The immunoblot clearly shows two sharply demarcated
bands of 88 and 196 kDa. In addition, a somewhat fainter band
with an apparent molecular mass of 150 kDa appeared.

Immunoelectron microscopy of factor H-binding sites on the
pneumococcal cell wall. The results of immunoelectron mi-
croscopy of pneumococci after sequential incubation with hu-

FIG. 5. Effect of trypsin treatment on opsonophagocytosis of type 3 strain S3
(ATCC 6303) in NHS. Opsonization, determined by flow cytometry, is expressed
as the opsonic index (see Materials and Methods for details). Bars represent
means 6 standard errors of three separate experiments. S3/VSB11, S3 (ATCC
6303) pretreated with buffer; S3/trypsin, S3 (ATCC 6303) pretreated with trypsin.
Trypsin-treated bacterial were significantly different from untreated bacteria (pp,
P , 0.01 [Student’s t test]).

FIG. 6. Effect of trypsin treatment on the binding of complement-regulatory
protein factor H by type 3 pneumococcal strains S3 (ATCC 6303) and WU2
(both Caps1/PspA1), the unencapsulated mutant DW3.8 (Caps2/PspA2) of
WU2 and the PspA-deficient mutant JY1123 (Caps1/PspA2) of WU2. Factor H
binding was determined by flow cytometry and is expressed as fluorescence units
(means 6 standard errors of three independent experiments) on the y axis.
DW3.8 was significantly different from S3 (ATCC 6303), WU2, and JY1123 (pp,
P , 0.01 [Student’s t test]). Trypsin-treated bacteria were significantly different
from buffer-treated bacteria (p, P , 0.05; pppp, P , 0.001 [Student’s t test]).

TABLE 3. Capsular polysaccharide content of S. pneumoniae type 3
(ATCC 6303 and WU2) and type 3 mutant strains (JY1123 and

DW3.8) before and after trypsin treatment

Pneumococcal strain

PS3 content (fg/bacterium)
after pretreatmenta:

None
(VSB11) Trypsin

ATCC 6303 (Caps1/PspA1) 17.2 6 3.2 34.7 6 6.2
WU2 (Caps1/PspA1) 124 6 14.5 213 6 27.6
JY1123 (Caps1/PspA2) 149 6 29.4 156 6 27.6
DW 3.8 (Caps2/PspA2) ,0.004b ,0.004b

a The type 3 capsular polysaccharide content (PS3) was measured by ELISA
and is expressed as femtograms per bacterial cell (see Materials and methods).

b Below detection limit (means 6 standard errors of three separate experi-
ments).
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man serum, anti-human factor H antibody, and gold-labeled
protein A are depicted in Fig. 9. The pneumococcal cells ap-
peared morphologically intact, with clearly distinguishable
plasma membranes and cell walls. The mild fixation in combi-
nation with ultrathin cryosectioning of the bacteria allowed a
very accurate localization of factor H binding as visualized by
gold particle deposition. It is evident that gold particles were
associated almost exclusively with the outer surface of the
pneumococcal cell wall, either directly adjacent to it or em-
bedded in or superimposed on the “fuzzy” layer covering the
cell wall (Fig. 9). In some instances, there appeared to be an
association of gold particles with structures extending from the
cell wall (Fig. 9). However, these structures could not be visu-
alized any better, despite attempts at higher magnification.

DISCUSSION

The results of the present study show that virulent type 3 S.
pneumoniae strains bind the complement-regulatory protein
factor H. In addition, our findings strongly suggest that the

binding of factor H by virulent type 3 pneumococci is a key
factor in the resistance of these strains to complement activa-
tion and complement-dependent opsonophagocytosis, which is
an essential part of the host defense against these pathogenic
bacteria (10, 13, 20, 40, 46). This is the first study that shows
that virulent pneumococci are capable of binding a comple-
ment-regulatory protein, in this case factor H, independent of
the previous activation of complement.

The binding of complement-regulatory proteins is a natural
process during complement activation by autologous cells to
protect these cells, notably blood cells, from complement-in-
duced lysis. In this process, fixing of complement-regulatory
proteins such as factor H is strictly complement activation
dependent. Factor H binding occurs to both C3 and C5 con-
vertases, strongly restricting the formation of lytic C5b-C9
complexes. Indeed, we could show that the generation of these
terminal complement complexes by the virulent type 3 strains
ATCC 6303 and WU2 was greatly diminished compared with
that by the nonvirulent mutant strain DW3.8, which showed
diminished binding of factor H and was therefore a potent
activator of complement.

It has been shown previously that in type 7 pneumococci
both capsule and cell wall may fix factor H, but this binding was
found to be strictly C3b dependent (10). In contrast, in both
ATCC 6303 and WU2, factor H binding was EDTA resistant
and therefore independent of C3b deposition on either cell
wall or capsule.

Thus, our data indicate that virulent type 3 pneumococci
carry specific receptors or binding sites for factor H. Factor H
binding was strongly decreased by the pretreatment of strains
ATCC 6303 and WU2 with trypsin, indicating that the putative
factor H receptors are proteinaceous. In addition, trypsin pre-
treatment strongly enhanced complement activation and com-

FIG. 7. Effect of trypsin treatment on the PspA content of pneumococci. The
PspA content of pneumococcal strains ATCC 6303 (S3) (Caps1/PspA1), WU2
(Caps1/PspA1), JY1123 (Caps1/PspA1), and DW3.8 (Caps1/PspA1) was de-
termined by FACS analysis with monoclonal antibody XiR 278 (see Materials
and Methods). Results are expressed as arbitrary fluorescence units. Bars denote
means 6 standard errors of three independent experiments. Trypsin-treated S3
and WU2 were significantly different from bacteria treated with buffer, and
JY1123 and DW3.8 were significantly different from buffer-treated WU2 (pppp,
P , 0.001 [Student’s t test]).

FIG. 8. Immunoblotting of cell wall proteins of type 3 pneumococcal strain
ATCC 6303 with anti-human factor H antibody. Pneumococcal proteins blotted
onto a nitrocellulose membrane were sequentially incubated with NHS, rabbit
anti-human factor H antibody, and peroxidase-labeled goat anti-rabbit antibody.
Left lane, high-range molecular mass markers (47 to 208 kDa); middle lane,
pneumococcal proteins reactive with factor H (88, 150, and 196 kDa); right lane,
low-range molecular mass markers (34.6 to 104 kDa). The molecular masses of
low- and high-range marker proteins are indicated on right and left of the
immunoblot, respectively.

FIG. 9. Immunogold electron microscopy of factor H binding by the pneu-
mococcal strain ATCC 6303. Distribution of gold particles (10 nm in diameter)
representing factor H binding on ultrathin sections of pneumococcal cells is
clearly restricted to the immediate vicinity of the cell wall and the fuzzy coat
covering the cell surface. Arrow, gold particle directly bound to the cell wall;
asterisks, particles associated with projections extending from the cell wall. Bar,
250 nm. Magnification, 355,000.
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plement-dependent phagocytosis by ATCC 6303 and WU2.
Finally, trypsin pretreatment strongly decreased the virulence
of ATCC 6303 upon i.p. challenge in mice. Together, these
data indicate that the binding of factor H, complement activa-
tion, opsonophagocytosis, and the virulence of type 3 pneumo-
cocci are modulated by the same surface-associated proteins.
These findings also exclude the capsule of type 3 pneumococci
as a major target of factor H binding, since the extent of the
capsule was not affected by trypsin treatment. In this respect,
i.e., by the binding of factor H, the putative protein receptors
on three pneumococci act similarly to M protein, an important
virulence factor of group A streptococci (16, 19). Collectively,
these data suggest that the putative factor H-binding proteins
constitute an independent virulence factor of type 3 pneumo-
cocci and, possibly, other serotypes as well.

This conclusion is further supported by the fact that the
binding of factor H appears to be independent of the well-
established virulence factor PspA. PspA is an important deter-
minant of pneumococcal virulence independent of capsular
type. It is interesting that PspA has structural properties sim-
ilar to streptococcal M protein (47). However, the PspA-defi-
cient mutant of WU2, JY1123, bound similar or even larger
amounts of factor H than its parent strain did. Together, these
findings clearly indicate that PspA is not a major candidate for
the binding of factor H by virulent type 3 pneumococci. Nev-
ertheless, a minor role of PspA in interfering with complement
activation and opsonophagocytosis may be based on a mecha-
nism different from factor H binding.

The factor H-dependent inactivation of C3 appears to be
independent of the C3 degradation activity displayed by pneu-
mococcal serotypes 3, 4, and 14 as described by Angel et al. (3).
These investigators showed that the degradation of purified C3
by these pneumococcal serotypes occurred in the absence of
any other serum or complement proteins, notably in the ab-
sence of complement-regulatory proteins.

Hypothetically, C3 inactivation and degradation by type 3
pneumococci could be a two-stage process. First, bound C3 is
inactivated by receptor-bound factor H, and subsequently,
bound C3 may be degraded by the putative C3 proteinase as
described by Angel et al. (3). Finally, the immunoblotting and
ultrastructural studies revealed that there are probably multi-
ple factor H-binding proteins present on the pneumococcal
cell wall. Specifically, the immunoblotting experiments clearly
showed three bands of 88, 150, and 196 kDa. Whether these
bands represent different polymerizations of the same basic
protein molecule or completely different proteins must await
structural analysis. Sequence analysis should also indicate
whether the factor H-binding proteins of type 3 pneumococci
are structurally related to the M proteins of group A strepto-
cocci, which possess factor H-binding domains (16, 19).

The ultrastructural studies involving immunogold electron
microscopy revealed two basic modes of factor H binding to
the pneumococcal cell wall, either directly adjacent to the
outer surface of the cell wall or apparently associated with
projections extending from the cell wall. The structural fea-
tures of these apparent surface projections could not be ana-
lyzed any further in the present study despite attempts at better
visualization at higher magnification. Together, these observa-
tions suggest that factor H binding by type 3 pneumococci is
probably not dependent on a single molecule but is a result of
the action of a variety of proteins present on different sites on
the pneumococcal surface. Apparently, these factor H-binding
proteins are all sensitive to trypsin, and in this connection we
made the interesting observation that trypsin treatment of
ATCC 6303 considerably reduced virulence upon i.p. infection
in mice. This is possibly explained by assuming that the syn-

thesis of surface proteins is apparently sufficiently delayed in
the peritoneal cavity to permit efficient complement activation
and opsonophagocytosis to proceed.

In conclusion, our results indicate that the virulence of the
type 3 pneumococcal strains ATCC 6303 and WU2 is strongly
related to their ability to resist complement activation and
complement-mediated phagocytosis. This modulation of com-
plement activation appears to be associated with trypsin-sen-
sitive surface components that are responsible for the comple-
ment activation-independent binding of factor H to the
bacterial surface. Immunoblotting and immunogold electron
microscopic studies suggested that factor H binding may be
dependent on several proteins, which may be expressed on the
pneumococcal surface in two different ways, i.e., either directly
adjacent to the outer surface of the cell wall or associated with
projections extending from the cell wall. The role of these
interesting putative factor H-binding surface proteins in the
virulence of pneumococci warrants further investigation.
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