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Pneumococcal surface protein C (PspC) is a major virulence factor of Streptococcus pneumoniae and inter-
feres with complement activity by binding complement factor H (fH). In this study, protection against
experimental sepsis caused by pneumococci carrying different PspC variants was evaluated by immunisa-
tion with the fH-binding fragment of PspC. The mechanisms of protection mediated by antibodies to PspC
were also studied. Mice were immunised with a PspC fragment (PspCsg-261 ) from the type 3 strain HB565

- and infected intravenously with either strain HB565 (homologous challenge), or strains D39 and TIGR4
g?; ‘;Vg)rf;c'cus preumoniae (heterologous challenge). Immunisation with PspCsg_61 elicited high titers (>300,000) of PspC-specific
PspC serum IgG and conferred protection from challenge with HB565. In contrast, cross-protection was either
limited or absent in vaccinated animals infected with D39 and TIGR4, respectively. To correlate protection
with reactivity and function of PspC antibodies, pooled sera from vaccinated mice were tested in IgG bind-
ing and complement deposition experiments. IgG antibodies efficiently bound to HB565, while binding
was lower with D39 and absent with TIGR4. In the presence of mouse post-immune sera, C3 deposition
was increased onto HB565, while no effect was observed with D39 and TIGR4. Antibody cross-reactivity
and complement deposition progressively declined with reduced amino acid identity between PspC vari-
ants. Antibodies to PspC were also found to interfere with fH binding to HB565. Finally, in vitro and ex vivo
phagocytosis assays demonstrated that PspC-specific antibodies promoted opsonophagocytic killing of
bacteria.
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1. Introduction

Streptococcus pneumoniae is a major human pathogen, caus-
ing otitis media, community-acquired pneumonia, meningitis and
sepsis. Host protection against pneumococcal infection is largely
mediated by complement- and/or antibody-dependent phagocy-
tosis. Both the alternative (AP) and classical (CP) pathways of
complement are essential for immunity to S. pneumoniae [1-5].
Factor H (fH) is a fluid-phase regulator of the AP and has a key
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function in protection of host cells from complement attack [6,7].
FH inhibits binding of factor B (fB) to C3b, acts as a cofactor for
factor I (fI)-mediated cleavage of C3b into inactive iC3b, and accel-
erates the decay of the AP C3 convertase [8]. Thereby, binding of
fH represents a strategy used by microbial pathogens, including S.
pneumoniae, to evade complement activation.

Current pneumococcal vaccines use the capsular polysaccha-
rides as the main constituent. This has led to the design of
polyvalent formulas due to the presence of more than 90 differ-
ent capsular serotypes, as well as conjugation to protein carriers in
order to be effective also in young children [9]. Nonetheless, as pro-
tection provided by conjugate vaccines is limited to the serotypes
included, investigators have been looking into pneumococcal pro-
teins as an alternative to develop new vaccines that would provide
broader protection in all age groups [10,11]. Several pneumococcal
proteins have been shown to be immunogenic and offer protection
against challenge in experimental disease models, including pneu-
mococcal surface protein A (PspA), pneumococcal surface protein C
(PspC), pneumococcal surface adhesin A (PsaA), pneumolysin, the
histidine triad proteins, the iron transporters PiuA and PiaA, and
the pilus proteins (for reviews see [10-12]).
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Table 1

S. pneumoniae strains.
Strain Capsular serotype Features? PspC allelic type® Reference
HB565 3 w.t. PspC11.4 [39,58]
FP33 Rough (3) cps- PspC11.4 [39]
PF20 3 pspC- - [20]
D39 2 w.t. PspC3.1 [39,59]
FP22 Rough (2) cps- PspC3.1 [39]
FP30 2 pspC- - [20]
TIGR4 4 w.t. PspC3.4 [60]
FP23 Rough (4) cps- PspC3.4 [40]
FP28 4 pspC- - [20,21]

a cps-, unencapsulated derivative; pspC-, PspC deficient mutant.
b PspC allelic types are as described by lannelli et al. [15].

PspC, also designated as CbpA, Hic, PbcA, and SpsA [13-18] con-
tributes to the virulence of S. pneumoniae [18-24] and is considered
a promising vaccine antigen [14,25-28]. Sequence comparison of
the pspC locus from 43 pneumococcal isolates demonstrated that
the protein is highly polymorphic [15]. PspC allelic variants can be
divided into 2 major groups based on cell wall attachment (choline-
binding domain or LPXTG motif), and into 11 subgroups based on
organisation of structural/functional modules[15]. PspC has several
functions, including binding of complement fH[17,29-31]. FH bind-
ing interferes with the AP and results in reduced C3b deposition
onto the pneumococcal surface, thereby inhibiting opsonophago-
cytosis [19]. FH binding has also been demonstrated to occur in vivo
during sepsis in mice [32]. Pneumococcal clinical isolates vary in
their capability to interact with human fH [33,34], and fH bind-
ing has been mapped in some PspC allelic types [17,30,31,35,36].
Recently, it was shown that certain pneumococcal serotypes also
bind the complement inhibitor C4bp in a PspC allele-dependent
manner [37]. Immunisation with PspC protects mice against pneu-
mococcal carriage [27] and sepsis [14,26].

The proline rich regions (PRRs) of PspC and PspA, which are con-
served among different alleles, have been used as vaccine antigens
to elicit cross-protective antibodies against pneumococcal infec-
tion [14,38]. In this work, we have investigated the potential of
a different portion of PspC, the fH-binding fragment, to induce
protective immunity in mice challenged intravenously with pneu-
mococcal strains carrying different PspC variants. We have also
analysed the mechanisms of protection mediated by antibodies to
PspC using different assays, such as complement deposition, anti-
body binding, fH binding, opsonophagocytosis and killing.

2. Materials and methods
2.1. Pneumococcal strains and growth conditions

S. pneumoniae wild type and isogenic mutant strains used in
this study are listed in Table 1. Unencapsulated and PspC-deficient
mutants were obtained by allelic replacement of the entire capsule
locus or the pspC gene with an antibiotic resistance marker, respec-
tively. Construction of mutants has previously been described
[20,39,40]. Bacteria were cultured at 37°C in Todd-Hewitt broth
(Difco, Detroit, MI, USA) supplemented with 0.5% yeast extract
(THY) or Tryptic Soy broth (TSB, Difco) until mid-logarithmic phase
and frozen at —80 °C with 10% glycerol. Solid media were prepared
by addition of 1.5% agar and 3% defibrinated horse blood (Biotec
Snc, Grosseto, Italy) to TSB. Colony forming units (cfu) counts were
performed on blood agar plates incubated for 18-24 h at 37 °C with
5% CO,.

2.2. Mouse sepsis model

Eight-week old CBA/Jico mice were obtained from Charles River
(Charles River Italia, Italy). Experiments were conducted according

to institutional and national guidelines. Animals were exposed to
an infrared lamp (200 W) for 2-3 min to promote vasodilation, and
then 200 pl of bacterial suspension was injected into the tail vein,
as previously described [20,41]. Mice were monitored for 10 days,
and the survival time of each mouse was recorded.

2.3. Immunisation and challenge studies

Mice were immunised with a recombinantly expressed and
purified fragment of PspC (PspC3g_561 ) from the HB565 strain (orig-
inally described as protein Hic) [17]. PspCsg_261 corresponds to
amino acids 39-261 and includes the fH-binding domain [17].
Genebank accession number is AF252857. Mice were immunised
subcutaneously (s.c.) with 10 g of PspC3g_61 with complete Fre-
und’s adjuvant (priming at day 0) and received two boosters (at
days21and 35)with 5 pg of protein with incomplete Freund’s adju-
vant in a final volume of 100 p.l. Control mice were given complete
and incomplete Freund’s adjuvant in phosphate-buffered saline
(PBS).

For protection experiments, animals (n=4-12/group) were
divided in eight groups, four of which were immunised with
PspCsg_261 and four served as controls. On day 50 after priming,
mice were challenged intravenously (i.v.) with four doses (10, 109,
107, or 108 cfu/mouse) of the homologous strain HB565. For cross-
protection, mice that had been immunised with PspC3g_35; from
strain HB565 were infected by the i.v. route with the heterologous
strains D39 and TIGRA4. Eight groups of mice (four immunised and
four control; n=4-8/group) were challenged with D39 (104, 10°,
108, or 107 cfu/mouse), whereas four groups of animals (two immu-
nised and two control; n=6/group) were challenged with TIGR4
(106 or 107 cfu/mouse).

2.4. Serum samples

Blood samples were collected from mice at days O (pre-
immune), 21, 35 and 49 after priming from the sub-mandibular
vein. Samples were centrifuged (2000 x g, 15min at 37°C), and
sera were recovered and frozen at —80°C until use. As a source
of human complement factors, serum samples were obtained from
unvaccinated healthy volunteers according to institutional guide-
lines. Single-use aliquots were prepared and conserved at —80°C
until use.

2.5. Enzyme-Linked ImmunoSorbent Assay (ELISA)

Determination of serum titers of PspC-specific IgG in the
sera of immunised mice was performed by ELISA as previ-
ously described [42]. Sera from immunised animals were tested
individually, while those from controls were pooled. Serum
samples were initially diluted 1:20 and titrated in twofold dilu-
tions in microtiter plates coated with PspCsg_361 (1 jrg/ml). After
incubation for 3 h, plates were treated with alkaline-phosphatase-
conjugated goat anti-mouse IgG (1:1500, Southern Biotechnology
Associates, Birmingham, AL, USA) and developed by adding p-
nitrophenyl phosphate (1 mg/ml in 10% diethanolamine pH=10,
Sigma-Aldrich). Absorbance at 405 nm was recorded using a 340
ATC reader (SLT Labinstrument, Austria). ELISA titer was defined as
the reciprocal of the highest serum dilution with OD4g5 > 0.2 after
subtracting the background value.

2.6. Antibody binding assays

Binding of anti-PspC antibodies to S. pneumoniae was assessed
by flow cytometry adapting a previously described protocol
[43]. Briefly, bacterial stocks (~2 x 107 cfu/sample) were thawed,
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washed in PBS and blocked in PBS-1% BSA for 30 min at 37 °C. Bac-
teria were incubated with mouse sera (diluted 1:30 in PBS-BSA)
for 1h at 4°C in a final volume of 50 pl. Samples were washed
twice and suspended in 100 .1 of PBS containing a 1:64 dilution of
FITC-conjugated anti-mouse IgG (Sigma-Aldrich). After incubation
at 37°C for 30 min, bacteria were washed twice and resuspended
in 300l of 1% paraformaldehyde in PBS for flow cytometry.
Two control samples were added by incubating bacteria with the
serum from control mice or with PBS-BSA. Flow cytometry analy-
sis was conducted on a FACScalibur instrument (Becton Dickinson
Immunocytometry System, San José, CA, USA) with a CellQuest soft-
ware (Becton Dickinson).

2.7. C3deposition assays

Bacterial stocks (~2 x 107 cfu/sample) were thawed, washed,
and blocked in PBS-1% BSA for 30min at 37°C. Samples were
treated for 30 min at 37 °C with a 1:30 dilution of sera from either
immunised or control mice in Gelatin Veronal Buffer (GVB%* with
Ca%* and Mg2*, Sigma-Aldrich) containing 10 mM EDTA to block all
complement pathways. Bacteria resuspended in GVB%*/EDTA were
used as a background control. After washing 3 times, samples were
incubated for 20 min at 37 °C with 50% of either normal mouse sera
(NMS) or normal human sera (NHS) in a total volume of 10 pl of
GVB?Z* or GVB2* with 10 mM EGTA (to block the classical and lectin
pathways). Bacteria were washed twice in ice-cold GVB2*/EDTA
and suspended in a 1:100 dilution of FITC-conjugated goat anti-
mouse or anti-human C3 IgG (Sigma-Aldrich). After incubation on
ice for 30 min, bacterial cells were washed twice and resuspended
in 300 .l of 1% paraformaldehyde in PBS for flow cytometry analy-
sis.

2.8. FH binding assays

The interaction between fH and PspC was examined by flow
cytometry. Bacterial stocks (~2 x 107 cfu/sample) were thawed,
washed, and incubated for 1h at 37°C with 10% NHS in GVB2*.
Samples were washed twice and incubated for 30 min at 37 °C with
a 1:100 dilution of goat anti-human fH IgG (Complement Technol-
ogy, Inc., Tyler, TX, USA) in GVBZ*. After washing, samples were
incubated for 30 min at 37°C with FITC-conjugated rabbit anti-
goat IgG (1:160; Sigma-Aldrich). Bacteria were washed again and
resuspended in 300 wl of 1% paraformaldehyde in PBS. Controls
were constituted by samples incubated in GVB2*. For competi-
tive fH binding assays, pneumococci were incubated for 1h at
37°C with 10% NHS and two-fold serial dilutions (starting from
1:8) of either pooled pre-immune (control) or post-immune mouse
sera (containing anti-PspC IgG) in a total volume of 100wl of
GVB?*, Samples were treated with primary and secondary anti-
bodies and analysed by flow cytometry as described above. The fH
inhibition titer was defined as the reciprocal of the highest serum
dilution where differences in fH binding between samples treated
with pre-immune or post-immune mouse sera were statistically
significant.

2.9. Opsonophagocytosis and killing assays

For opsonophagocytosis, effector cells were the mouse
monocyte/macrophage ]J774A.1 cell line (DSMZ, Braunschweig,
Germany; [44]). Cells were cultured at 37°C with 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich), sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS,
Sigma-Aldrich) and antibiotics (streptomycin 10 mg/ml and peni-
cillin 10,000 U/ml, Sigma-Aldrich). The assay was modified from
a recently described protocol [45]. Briefly, bacterial stocks were
thawed, washed, heat-killed at 65 °C for 1 h, and labelled by incuba-

tion for 30 min at 37 °C with 5 wM of Carboxyfluorescein Diacetate
Succinimidyl Ester (CFDA/SE, Sigma-Aldrich). After labelling, pneu-
mococci (~4 x 108 cfu) were washed three times and resuspended
in 30 pl of HBSS2* (Hank’s Balance Salt Solution with Ca2*, Mg2*;
Invitrogen, Milano, Italy) containing 0.2% BSA and sera from vacci-
nated mice at two concentrations (1% and 10%). As no exogenous
source of complement (i.e., baby rabbit serum) was added, the com-
plement supply was from the sera of vaccinated mice. Bacteria
were opsonized for 30 min at 37 °C with gentle shaking. Negative
controls included samples incubated with HBSS%*. Approximately
4 x 10 ]774 cells were added to bacteria (moi=10:1) in a total vol-
ume of 160 pl, and samples were incubated at 37°C for 45 min
with gentle shaking. Samples were spun at 300 x g for 10 min at
4°C, washed with HBSS"/° (Hank’s Balance Salt Solution without
Ca?* and Mg2*, Invitrogen) containing 0.2% BSA, and resuspended
in 300l of 1% paraformaldehyde in PBS for flow cytometry
. For the ex vivo Kkilling assay, strain FP33 (~1 x 108 cfu/sample)
was thawed, washed and incubated at 37 °C for 30 min with a 1:10
dilution of either pre-immune mouse sera or pooled sera from vac-
cinated animal in a final volume of 50 pl. Heparinised fresh blood
was obtained by cardiac puncture from 8-week old female BALB/c
mice (Charles River) and immediately transferred at 37 °C. One hun-
dred pl of blood (containing ~2 x 10° neutrophils/monocytes) was
added to previously opsonised bacteria (moi=>5:1) in a total vol-
ume of 150 ul and incubated in a rotating shaker at 37°C for 2 h.
Samples were placed on ice for 5min, and then 10 .l were diluted
and plated onto blood agar plates.

2.10. Statistical analysis

ELISA titers were expressed as geometric mean (GM) 4 standard
error of the mean (SEM). Differences in mouse survival between
immunised and control groups were analysed by the Fisher’s exact
test (percent survival) and the Mann-Whitney U test (time-to-
death). LD5g was calculated by using the method of Reed and
Muench [46] and Probit analysis with 95% confidence interval [47].
To combine the percentage of positive bacteria and the binding
intensity, data on IgG binding, C3 deposition and fH binding were
represented as fluorescence index (FI) & SEM. The FI was calculated
by multiplying the percentage of positive events with the geomet-
ric mean fluorescence intensity (MFI), as previously described [34].
Differences in complement deposition, fH competitive binding,
opsonophagocytosis and killing were analysed using the Student’s
unpaired t test (for comparison of two groups). P values <0.05 were
considered statistically significant.

3. Results

In this study mice were immunised using a 222-aa long frag-
ment from the N-terminal portion of PspC (PspCsg_261) from the
type 3 HB565 strain as the vaccine antigen. This fragment was pre-
viously shown to contain the fH-binding domain of PspC of HB565
[17]. Priming with PspCsg_»61 induced PspC-specific serum IgG in
most mice, but variability of ELISA titers was relatively high (Fig. 1).
After the second boost, titers of antibodies to PspC were high in all
vaccinated mice and reached mean values greater than 300,000
(Fig. 1). Animals were challenged i.v. with HB565 (homologous
challenge), and with the type 2 D39 strain or the type 4 TIGR4 strain
(heterologous challenge). PspC is a highly allelomorphic protein in
pneumococcal isolates [15], and this versatility is shown by D39
and TIGR4 having allelic variants with different homology to PspC
from HB565. In particular, the PspC3g_sg1 fragment has an overall
amino acid identity of 50% and 30% with the corresponding regions
of the PspC proteins of D39 and TIGR4, respectively.
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Fig. 1. ELISA titers of PspC-specific total serum IgG after immunisation with
PspCsg-261. CBA/] mice (total n=70) were inoculated s.c. with PspCsg_261 from the
type 3 HB565 strain (priming at day 0 and boosters at days 21 and 35). Control mice
(total n=61) were given PBS. Serum samples were collected from animals at days 0
(pre-immune), 21 (wk 3),35 (wk 5), and 49 (wk 7). The presence of PspC-specific IgG
in sera was assessed by ELISA in microtiter plates coated with PspCsg_361. Sera from
immunised mice (closed histograms) were tested individually (results are expressed
as GM + SEM), while those from controls (open histograms) were pooled. Antibody
titers are expressed as the reciprocal of the highest serum dilution with OD4g5 > 0.2
after subtraction of the background value. Arrows indicate the times of inoculations.

3.1. Immunisation with PspC3g_61 of HB565 confers protection
from sepsis (homologous challenge)

Mice immunised with PspC3g_361 Were challenged i.v. with dif-
ferent doses (10°-108 cfu/mouse) of HB565. Increased survival of
immunised animals was observed at all doses. The LDsq of HB565
for vaccinated animals was 1.2 x 107 cfu/mouse, with a 69-fold
increase over control mice (1.75 x 10° cfu/mouse). Median time-to-
death was also higher in immunised animals compared to controls,
and differences were statistically significant at the two interme-
diate challenge doses of 106 cfu (P=0.0032) and 107 cfu (P=0.048)
(Fig. 2A).

3.2. Cross-protection from heterologous challenge

Mice immunised with PspCsg_»61 of HB565 were challenged i.v.
with strains D39 and TIGR4. All mice died due to infection with
D39, except for 1 animal (16% survival) in the vaccine group chal-
lenged with 104 cfu. Nonetheless, a statistically significant increase
in median time-to-death was observed in immunised mice infected
with D39 at 10°, 106, and 107 cfu (10%, P=0.045; 106, P=0.03; 107,
P=0.016) (Fig. 2B). The limited cross-protection observed for D39
was not found in mice infected with TIGR4 (Fig. 2C). As the D39
variant of PspC shows a higher degree of similarity to the immuno-
gen than PspC of TIGR4, the cross-protection results are consistent
with the different levels of amino acid identity among the PspC
allelic variants.

3.3. Differential binding of PspC-specific antibodies to the three
challenge strains

To correlate protection from challenge by different pneumococ-
cal strains with strain-specific reactivity of anti-PspC antibodies,
pooled sera from vaccinated mice were assessed for binding to
HB565, D39 and TIGR4 by flow cytometry. Serum IgG from mice
immunised with PspCsg_5g1 Of strain HB565 efficiently bound to
the surface of HB565. Binding was lower to D39, and no binding
was observed to TIGR4, as shown by the levels of both MFI (Fig. 3A)
and FI (Fig. 3B). When the assay was repeated with the isogenic
PspC-deficient strains of HB565, D39 and TIGR4, no IgG binding
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Fig. 2. Homologous and heterologous challenge. (A) Homologous challenge. Eight
groups of CBA/] mice (n=4-12) were immunised with PspCsg_261 from the type 3
HB565 strain (closed triangles) or injected with PBS (open triangles) and then chal-
lenged i.v. with HB565 (from 10 to 108 cfu/mouse). (B) Heterologous challenge with
D39. Eight groups of CBA/J mice (n=4-8) were injected with either PspCsg_261 from
strain HB565 (closed triangles) or PBS (open triangles) and challenged i.v. with four
doses (from 10* to 107 cfu/mouse) of strain D39. (C) Heterologous challenge with
TIGR4. Four groups of mice (n=6) were injected with either PspCsg_261 from the
HB565 strain (closed triangles) or PBS (open triangles), and infected i.v. with 106 cfu
and 107 cfu of strain TIGR4. In all panels, time-to-death of individual mice at differ-
ent doses and the median time-to-death (bars) of each group are shown. Asterisks
indicate statistical significance (Mann-Whitney U test; *P<0.05, **P<0.01).
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Fig. 3. Binding of anti-PspC antibodies to S. pneumoniae strains. Sera of mice immu-
nised with PspCsg_61 Were tested for binding to pneumococcal strains HB565, D39,
TIGR4 and their corresponding isogenic PspC-deficient mutants FP20, FP30, and
FP28 by flow cytometry. Bacteria were incubated with a 1:30 dilution of pooled
mouse sera and then treated with FITC-conjugated anti-mouse IgG. (A) Binding
of PspC-specific IgG to HB565 (black histogram), D39 (dark grey histogram), and
TIGR4 (light grey histogram) is expressed as MFI 4+ SEM of 3-6 independent experi-
ments. No binding was observed with control bacteria incubated with pre-immune
mouse sera (dotted line histogram). (B) IgG binding to pneumococcal isogenic pairs
HB565/FP20, D39/FP30 and TIGR4/FP28 is represented as FI+SEM (3-6 experi-
ments) after subtraction of the background represented by bacteria incubated with
PBS-BSA.

was found with the corresponding mutants FP20, FP30 and FP28,
confirming that the reactivity observed with flow cytometry was
entirely due to PspC-specific antibodies (Fig. 3B). The limited anti-
body cross-reactivity, which progressively weakens with reduced
amino acid identity between the PspC variants, correlates with the
cross-protection data.

3.4. Mouse anti-PspC antibodies enhance C3 deposition on HB565

To analyse the impact of anti-PspC antibodies on C3 deposition,
HB565, D39, and TIGR4 were treated with pooled mouse sera in
the presence of EDTA (to block complement activation during anti-
body binding) and then incubated with NMS (as a complement
source). C3 deposition was 6-fold higher when HB565 was incu-
bated with sera from immunised mice compared to pre-immune
serum (P<0.0001) (Fig. 4). When the complement CP was inhibited
by EGTA, C3 deposition diminished considerably but was not totally
eliminated as in the case of samples treated with EDTA (data not
shown). C3 deposition onto D39 and TIGR4 was very low, and no dif-
ferences were found between samples incubated with pre-immune
or post-immune mouse sera (data not shown). Similarly, levels of

8000 — Hdok

7000

6000

5000

4000

3000

C3 deposition (FI)

2000

1000 <

pre-immune

anti-PspC IgG

Fig. 4. C3 deposition onto HB565 in the presence of anti-PspC antibodies. HB565
was pretreated with a 1:30 dilution of pooled sera from either control (white col-
umn, pre-immune) or immunised (black column, anti-PspC IgG) mice in GVB2*
with EDTA. Samples were washed, incubated with 50% NMS and then treated with
FITC-conjugated goat anti-mouse C3 IgG. Results are represented as FI & SEM of 3-4
independent experiments. Statistically significant differences are shown by aster-
isks (Student’s unpaired t test; ***P<0.0001). Control samples were represented by
bacteria resuspended with GVB2*/EDTA, and C3 deposition was 2317 +408.

C3 deposition were negligible with the PspC-deficient pneumococ-
cal mutants (data not shown). Experiments were repeated with
NHS as a source of complement factors. Results were comparable
to those obtained using NMS, as deposition was high onto HB565
(FI=5690 + 750) and approximately 6-fold and 14-fold lower onto
D39 and TIGR4, respectively. In the presence of anti-PspC anti-
bodies, a 1.78-fold increase of FI (FI=10,129 &+ 1058; P=0.007) was
recorded for HB565, while deposition onto D39 and TIGR4 was not
augmented (data not shown). The modest increase of human C3
deposition on HB565 with post-immune mouse sera could be due
to the higher background (presence of anti-capsular antibodies) or
a degree of incompatibility between murine antibodies and human
complement.

These data show that CP activation is crucial for specific
antibody-mediated C3 deposition, although it is likely that AP
amplification also contributes to total C3 deposition.

3.5. Antibodies to PspC interfere with fH binding to HB565

A flow cytometry assay was used to study the interference of
PspC-specific antibodies with fH binding to the pneumococcal sur-
face. In the absence of serum from immunised animals, binding of
human fH to HB565 was 4.3- and 8.4-fold higher (in FI) as com-
pared to TIGR4 and D39, respectively (Fig. 5A). Addition of a 1:10
dilution of post-immune mouse sera inhibited fH binding to HB565
(3.2-fold decrease in MFI) (Fig. 5B), while no effect was observed
with D39 (Fig. 5C) and TIGR4 (Fig. 5D). The fH binding inhibitory
activity of pooled sera from immunised animals was then titrated
against pooled sera of control mice. A statistically significant inhi-
bition was observed at serum dilutions ranging from 1:8 to 1:256,
suggesting that the fH binding inhibition titer was 256 (data not
shown).

3.6. Sera from vaccinated animals enhance opsonophagocytosis
of strains HB565 and FP33

To investigate whether serum antibodies from animals
immunised with PspC3g_ng7 promote opsonophagocytosis of S.
pneumoniae by murine macrophages, a flow cytometry assay was
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Fig.5. FH binding by S. pneumoniae in the presence or absence of anti-PspC antibod-
ies. Strains HB565, D39 and TIGR4 were incubated with 10% NHS from unvaccinated
donors. Results of fH binding are expressed as FI - SEM of 4-8 independent exper-
iments (A). For competitive fH binding, strains HB565 (B), D39 (C) and TIGR4 (D)
were incubated with NHS in the presence (grey histograms) or absence (solid line
histograms) of 10% pooled sera from mice immunised with PspCsg_¢1. Bacteria incu-
bated with GVB2* were used as controls (dashed line histograms). Binding to fH
was assessed by flow cytometry using goat anti-human fH IgG followed by FITC-
conjugated anti-goat IgG. A representative experiment is shown. In each panel,
arrows indicate MFI of fH binding with (+IgG) or without (—IgG) post-immune mouse
sera.

carried out to measure the percentage of phagocytes associated
with labelled bacteria. Two different concentrations (1% and 10%) of
serum from immunised mice were used for each bacterial strain. A
statistically significant enhancement of bacteria-macrophage asso-
ciation in the presence of PspC-specific antibodies was found for
HB565 and its unencapsulated derivative FP33 even when using
the lowest concentration of mouse post-immune serum (Fig. 6A).
No effect was observed with D39, TIGR4, and their corresponding
unencapsulated mutants FP22 and FP23 (Fig. 6B, C).

To assess the bactericidal properties of anti-PspC antibodies, an
ex vivo opsonophagocytic killing assay was set up by incubating the
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Fig. 6. Opsonophagocytosis of S. pneumoniae in the presence of anti-PspC anti-
bodies. Strains HB565 (A), D39 (B), and TIGR4 (C) and their corresponding
unencapsulated derivatives FP33 (A), FP22 (B) and FP23 (C) were labelled with
CFDA/SE, opsonised with 1% (hatched columns) or 10% (black columns) sera from
immunised animals, and incubated with 774 cells (moi=10:1) in HBSS?*. Controls
were in HBSS?* (white columns). Phagocytes were washed and subjected to flow
cytometry. Results of 4 independent experiments are represented as percentage
association (+SEM) of phagocytes with bacteria. In the presence of pre-immune
serum, percent of phagocytosis was 11.3 £ 1.4. Asterisks indicate statistical signifi-
cance (Student’s unpaired t test; *P<0.05, **P<0.01).

FP33 strain with fresh mouse blood as a source of neutrophils and
monocytes. When pneumococci had been pre-opsonised with 10%
pooled sera from immunised mice, the number of cfu recovered
was 30% lower than that obtained from bacterial samples treated
with pre-immune mouse serum. This difference was statistically
significant (P=0.032) (Fig. 7).

4. Discussion

Escape from complement attack is an important mechanism
used by microbes to evade innate immunity. Bacterial pathogens
have developed several strategies to elude complement activation,
including avoiding immune recognition, inhibiting opsonisation,
degrading complement components, or recruiting complement
inhibitors onto the bacterial surface [48]. Bacterial structures
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Fig. 7. Opsonophagocytic killing of S. pneumoniae in the presence of anti-PspC anti-
bodies. Strain FP33 was incubated with 10% of either pre-immune mouse serum
(white column) or pooled sera from mice immunised with PspCsg_261 (black col-
umn), and then mixed with 100 1 of fresh mouse blood (moi=5:1). Samples were
incubated at 37 °Cfor 2 h, and then cfu counts were determined. Results are shown as
the mean (£SEM) of viable cfu counts from 2 independent experiments. The asterisk
indicates statistical significance (Student’s unpaired t test; *P<0.05).

recruiting complement regulatory proteins are attractive vaccine
candidates because vaccine efficacy may be enhanced by virulence
impairment [49]. Several complement inhibitors are being con-
sidered as potential vaccine antigens, such as the M protein of
Streptococcus pyogenes, the (3 protein of Streptococcus agalactiae,
the GNA1870 protein of Neisseria meningitidis, and also PspC of
S. pneumoniae [49]. All these proteins counter complement attack
by the same mechanism, namely the binding of fH which leads to
inhibition of complement AP.

In this study, we have explored the vaccine potential of the fH-
binding fragment of PspC by analysing cross-protection against
sepsis caused by three pneumococcal strains carrying different
PspC allelic variants and by examining the properties of antibodies
elicited to PspC. We chose strain HB565 because its PspC protein
was the first pneumococcal protein being identified as capable of
binding to fH [17] and because levels of fH binding by HB565 are
comparatively high [34; this work]. D39 and TIGR4 were selected
because they are genome reference strains used by many research
groups working on S. pneumoniae. Results obtained showed that:
(i) the fH-binding fragment of PspC (PspCszg_261) from S. pneumo-
niae HB565 is highly immunogenic in mice and confers protective
immunity against homologous challenge, (ii) the levels of cross-
protection are consistent with the degree of amino acid identity
between the homologous fragments of the different PspC alle-
les, (iii) the modest cross-reactivity of PspC-specific antibodies
shown by flow cytometry correlates with in vivo cross-protection
results, (iv) antibodies to PspC enhance complement deposition
onto HB565 mainly through the complement CP, (v) antibodies
compete for fH binding to PspC of HB565, thereby interfering
with the complement AP, (vi) PspC-specific antibodies enhance
opsonophagocytosis of HB565 and its unencapsulated derivative
FP33 by mouse phagocytes.

Different fragments of other PspC alleles have previously been
reported as “protective antigens” in mouse challenge studies by
homologous pneumococcal strains [14,26,28]. Immunisation with
PspC proteins from both D39 [26] and TIGR4 [50] conferred
protection against murine sepsis from homologous challenge.
Cross-reactive antibodies directed against the PRRs present in both
PspC and PspA seem to be responsible for the cross-protection

observed in some studies [14,38]. In our case, we can rule out PRR-
mediated cross-reactivity and cross-protection, as the PspCszg_»g1
fragment used for immunisation does not contain the PRR.

In this work, we have shown that levels of cross-protection are
consistent with the degree of amino acid identity between the vac-
cine antigen and the PspC variants produced by the heterologous
strains. Previous studies on PspA also showed that cross-protection
among strains carrying different PspA alleles depended upon sim-
ilarity between the immunising PspA fragment and the protein
produced by the challenge strain [51-53]. Both strains used here
for the heterologous challenge were more virulent than HB565. A
challenge dose of 10° cfu of TIGR4 or D39 killed all control animals
in 48 h, while 100% killing by HB565 occurred only with 107 cfu
and was delayed considerably (median time-to-death=120h). In
addition, previous results showed that PspC is necessary for full
virulence, but its effect is less pronounced in D39 compared to
HB565 (19-fold versus 160-fold virulence attenuation of isogenic
pspCmutants, respectively)[20]. These differences in virulence may
also contribute to explain the limited cross-protection observed
upon vaccination with PspCzg_3g1 from HB565, since PspC-specific
antibodies may not have been sufficient to prevent a fatal outcome
by the more virulent strains D39 and TIGR4. In addition, other
factors such as the capsular serotype or the genetic background
may have affected the outcome of infection, as previously reported
[5,54]. Future studies with genetically manipulated strains express-
ing the same PspC allele in different genetic backgrounds, and/or
the use of a larger number of challenge strains with different PspC
types may clarify the picture.

Deposition of both mouse and human C3 onto the surface of
HB565 was significantly enhanced by the sera of vaccinated mice,
demonstrating that complement activation occurred by PspC-
specific antibodies. Deposition assays with MgEGTA and MgEDTA
showed that the CP is the dominant pathway triggered by anti-
bodies to PspC. Ren et al. also demonstrated that the effect of
PspA antibodies on complement activation is through the CP [3].
PspC antibodies also showed moderate bactericidal properties (30%
reduction of viable counts) against the unencapsulated derivative
of HB565 in an ex vivo opsonophagocytic killing assay using fresh
mouse blood. This finding is in agreement with recently published
data showing that anti-PspA antibodies also promoted similar rates
(30-40%) of killing of S. pneumoniae by peritoneal phagocytes [55].
Binding of fH varies between pneumococcal isolates [33,34] and
it has been mapped in some PspC allelic types [17,30,31,35,36].
PspCsg_261 contains three putative fH-binding sites [35], and fH
binding by HB565 is higher than that of D39 and TIGR4 ([34]; this
work). PspC-specific antibodies neither enhanced C3 deposition nor
interfered with fH binding in D39 and TIGR4, in accordance with the
limited cross-protection observed. In contrast, fH binding by HB565
was significantly diminished by the addition of antibodies to PspC.
Thus, in mice challenged with HB565, PspC antibodies may act by
two complement-mediated mechanisms: (i) directly, by activat-
ing complement through the CP, and (ii) indirectly, by interfering
with PspC capability of binding fH, which leads to reduced inacti-
vation of C3b through the AP. As a result, opsonophagocytosis of
HB565 is enhanced, and this may lead to increased mouse survival.
This notion, however, relies upon the assumption that PspC binds
murine fH, and that this contributes to pneumococcal virulence in
the mouse model. Different research groups have reported conflict-
ing results, and the binding of mouse fH to PspC was described to be
lower [32] or absent [56] in comparison with human fH. However,
virulence analysis of PspC mutants in C3-deficient mice demon-
strated that PspC plays a role in evading complement attack in the
murine host, suggesting that the interaction of PspC with fH is not
human-specific [21]. An experimental approach that may help clar-
ifying this picture would be the use of an infection model with
transgenic mice for human fH [57].
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This work corroborates the notion that PspC should be used for
the development of protein-based pneumococcal vaccines, possi-
bly in combination with other protein antigens [28,50]. As for the
current pneumococcal vaccines which are based on multiple cap-
sular polysaccharides, strategies need to be devised to address the
remarkable genetic variability of this surface protein. Screening of
PspC allelic variants and fragments for their capability to induce
immune responses in vivo will help to determine the immunogenic
and protective features of PspC, contributing to the development
of effective protein-based vaccines against the pneumococcus.

5. Conclusions

The aim of this work is to investigate the vaccine potential of
the fH-binding fragment of the PspC protein of S. pneumoniae. The
fragment was protective against homologous challenge and par-
tially protective against heterologous challenge in a mouse model
of sepsis. In addition, anti-PspC antibodies were found to activate
the complement classical pathway, improve opsonophagocytosis
and inhibit fH binding to the bacterial surface. These features indi-
cate that PspC could be incorporated into a vaccine formulation
with other pneumococcal proteins and administered successfully
to all age groups in order to protect against pneumococcal disease.
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