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The vaccine potential of a combination of three pneumococcal virulence proteins was evaluated in an
active-immunization–intraperitoneal-challenge model in BALB/c mice, using very high challenge doses of
Streptococcus pneumoniae. The proteins evaluated were a genetic toxoid derivative of pneumolysin (PdB),
pneumococcal surface protein A (PspA), and a 37-kDa metal-binding lipoprotein referred to as PsaA. Mice
immunized with individual proteins or combinations thereof were challenged with high doses of virulent type
2 or type 4 pneumococci. The median survival times for mice immunized with combinations of proteins,
particularly PdB and PspA, were significantly longer than those for mice immunized with any of the antigens
alone. A similar effect was seen in a passive protection model. Thus, combinations of pneumococcal proteins
may provide the best non-serotype-dependent protection against S. pneumoniae.

Streptococcus pneumoniae continues to be a major cause of
life-threatening invasive diseases such as pneumonia, menin-
gitis, and bacteremia, as well as other highly prevalent albeit
less serious infections, such as otitis media and sinusitis (3, 16,
41). Pneumococcal infections are prevalent throughout the
world, and children under the age of 5 years, the elderly, and
immunocompromised individuals are particularly susceptible
(3, 16, 24). Mortality from pneumococcal disease is particularly
high in developing countries, where pneumococcal pneumonia
has been estimated to account for 20 to 25% of all deaths in
children under the age of 5 years (46). Global management of
pneumococcal disease is also being complicated by the alarm-
ing rate at which this organism is acquiring resistance to mul-
tiple antimicrobials (19).

The limitations of the currently available polyvalent vaccine
formulations comprising purified pneumococcal capsular poly-
saccharide (PS) are well documented. These include the facts
that the PS vaccines confer strictly serotype-specific protection
and that the present formulation contain only 23 of the 90
known serotypes. PS are also T-cell-independent antigens and
are poorly immunogenic in children under 2 years of age (15,
20). Protein-PS conjugate vaccines that are currently undergo-
ing clinical trials, although highly immunogenic (21, 23, 36)
have more limited serotype coverage. Moreover, they are likely
to be expensive, and this may limit their deployment in devel-
oping countries where they are needed most. Pneumococcal
conjugate vaccines have been shown to be capable of eliminat-
ing nasopharyngeal carriage of vaccine serotypes, but there is
evidence from some studies that there is a concomitant in-
crease in carriage of non-vaccine serotypes (30). These in-
cluded types known to be capable of causing invasive disease,
and so the actual reduction in the overall incidence of pneu-
mococcal disease achieved by introduction of conjugate vac-
cines with limited serotype coverage may be less than expected.

The known and potential shortcomings of existing vaccina-
tion strategies have necessitated research into development of
new cheap and effective vaccines against pneumococcal dis-
ease. Studies in our laboratories have been directed towards
understanding the mechanism of pathogenesis of S. pneu-
moniae with a view to developing vaccines based on protein
antigens common to all serotypes. Such proteins, being T-cell-
dependent antigens, are likely to be highly immunogenic in
human infants and, moreover, to elicit immunological memory.
In addition, they may provide a degree of protection against all
serotypes. So far, the three proteins which have shown the
greatest promise as vaccine antigens are the thiol-activated
toxin pneumolysin (9), pneumococcal surface protein A
(PspA) (13, 48), and a 37-kDa metal-binding lipoprotein re-
ferred to as PsaA (7, 14). Each of these proteins has been
shown to elicit a significant level of protection in animal mod-
els against one or more S. pneumoniae serotypes (1, 10, 11, 25,
35, 42, 43, 47; E. W. Ades, J. S. Sampson, D. E. Briles, J. D.
King, B. De, R. C. Huebner, and G. M. Carlone, Program
Abstr. Pneumococcal Vaccines World 1998 Conf., p. 29, ses-
sion 4, 1998). Comparative sequence analyses indicate that the
genes encoding pneumolysin and PsaA are highly conserved
among diverse capsular serotypes of S. pneumoniae (7, 27, 40),
but there is marked heterogeneity in the region encoding the
amino-terminal portion of PspA (13, 48, 49). Nevertheless,
PspA contains conserved epitopes which result in protection
against diverse capsular and PspA types after immunization
with a single PspA antigen (10, 11, 25, 43).

All available evidence suggests that pneumolysin, PspA, and
PsaA contribute to the virulence of S. pneumoniae (4–8, 14, 26,
29, 32, 34) but act at different stages of the pathogenic process
(31, 33, 39). Thus, immunization with a combination of these
proteins may provide a higher degree of protection than im-
munization with any of the antigens alone. This possibility was
examined in the present study. For this study we used high
challenge doses in an effort to enhance our ability to detect
additive protective effects of immunizations with combinations
of pneumolysin, PspA, and PsaA over that achieved with any of
these antigens alone.
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Preparation of antigens. Pneumococcal antigens were puri-
fied from recombinant Escherichia coli expressing the respec-
tive cloned gene. The original source of the gene in each case
was a capsular type 2 strain, D39 (2). For pneumolysin, a
mutated gene encoding a derivative with a Trp-4333Phe sub-
stitution was used. This genetic toxoid, designated PdB, has
only 0.1% residual cytotoxic activity relative to the native toxin
but retains full immunogenicity, and it was purified as previ-
ously described (1, 36). PsaA was expressed as a His6-tagged
fusion protein and purified by Ni-nitrilotriacetic acid affinity
chromatography (37). A 43-kDa N-terminal portion of PspA
was also expressed as a His6-tagged fusion protein and purified
by Ni-nitrilotriacetic acid affinity chromatography. This trun-
cated PspA has been shown to elicit cross-protective immunity
against pneumococcal challenge in mice (43, 49). All antigens
were .95% pure as judged by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and staining with Coomassie bril-
liant blue R250.

Immunization of mice and antibody responses. For each
experiment, eight groups of 5- to 6-week-old male BALB/c
mice (14 or 15 per group) were immunized intraperitoneally
with either PdB alone, PsaA alone, PspA alone, PdB plus
PsaA, PdB plus PspA, PsaA plus PspA, PdB plus PsaA plus
PspA, or a placebo. Each mouse received three doses of 5 mg
of each antigen alone or in combination in 50 mg of alum
adjuvant (Imject alum no. 77161; Pierce, Rockford, Ill.) at 10-
to 12-day intervals. The mice given the placebo received an
identical course of saline plus alum.

Sera were collected from mice by retro-orbital bleeding 1
week after the third immunization. The sera were pooled on a
group-by-group basis and analyzed by enzyme-linked immu-
nosorbent assay and Western blotting for specific antibodies to
each of the purified protein antigens. As shown in Table 1,
strong, antigen-specific antibody responses were generated in
mice immunized with the pneumolysin toxoid (PdB), PsaA,
and PspA when administered alone. Furthermore, there was
no obvious dimunition in antigen-specific antibody titer when
the antigens were administered in combination with others,
indicating that there was no detectable antagonistic effect of
combining the antigens. Western blot analysis of the purified
proteins also demonstrated specific antibody responses to each
of the antigens (Fig. 1). Similar results were obtained with
whole-cell lysates of D39, with the exception that anti-PspA
reacted with the full-length PspA of approximately 86 kDa
(data not shown).

Challenge. Intraperitoneal-challenge experiments were car-
ried out 2 weeks after the third immunization of mice, and two
separate experiments were performed in parallel using two S.

pneumoniae strains. These were D39, a virulent type 2 strain
(2), and WCH43, a virulent type 4 clinical isolate from the
Women’s and Children’s Hospital, North Adelaide, South
Australia, Australia.

Before challenge, the bacteria were grown at 37°C overnight
on blood agar and then inoculated into serum broth consisting
of 10% (vol/vol) horse serum in meat extract broth. They were
then grown statically for 3 h at 37°C to give approximately 108

CFU/ml. Serotype-specific capsule production was confirmed
by quellung reaction using antisera obtained from Statens Se-
ruminstitut, Copenhagen, Denmark. Each immunized BALB/c
mouse was then infected with approximately 107 CFU of either
the capsular type 2 strain (D39) or the type 4 strain (WCH43).
This dose was equivalent to approximately 105 times the 50%
lethal dose (LD50) of both strains for BALB/c mice.

The survival of the intraperitoneally challenged mice was
closely monitored for 21 days. Differences in median survival
time between groups were analyzed by the Mann-Whitney U
test (one tailed). Differences in the overall survival rate be-
tween groups were analyzed by the Fisher exact test.

Figure 2A shows the results obtained when the mice were
challenged with the highly virulent capsular type 2 strain D39.
Given the high challenge dose, it is not surprising that the
median survival time for mice that received the alum placebo
was less than 1 day and that all of the mice in this group died
in just over 3 days. Although mice that received either PdB,
PsaA, or PspA alone survived longer than those in the placebo
group, the median survival times of 1.7, 1.8, and 2 days, re-
spectively, were not significantly different from that of the
placebo group (Table 2). However, all groups of mice that
received combinations of the antigens had significantly longer
median survival times than the placebo group. Interestingly,
mice that received a combination of PdB and PsaA or PsaA
and PspA did not survive significantly longer than those that
received the single antigens alone. In contrast, mice that were
immunized with PdB plus PspA survived significantly longer
than those that were immunized with PdB alone (P 5 0.01),
PsaA alone (P , 0.025), or PspA alone (P , 0.01). The level
of protection obtained with the PdB-PspA combination was
very similar to that obtained with the PdB-PsaA-PspA combi-
nation. However, mice that received the PdB-PsaA-PspA com-
bination survived significantly longer than those that received
the alum placebo (P , 0.001), PdB alone (P , 0.01), PsaA

FIG. 1. Western blot of purified PdB (53 kDa), truncated PspA (43 kDa),
and PsaA (37 kDa), showing specificity of antibody responses to the various
protein antigens. The proteins were separated by sodium dodecyl sulfate–10%
polyacrylamide gel electrophoresis and electroblotted onto nitrocellulose. They
were then reacted with specific antisera generated from mice immunized with the
various protein combinations. Lane C, Coomassie blue-stained gel showing the
relative positions of the proteins. Lanes 1 to 8, nitrocellulose membrane reacted
with normal mouse serum (lane 1), anti-PdB (lane 2), anti-PsaA (lane 3), anti-
PspA (lane 4), anti-PdB-PsaA (lane 5), anti-PdB-PspA (lane 6), anti-PsaA-PspA
(lane 7), and anti-PdB-PsaA-PspA (lane 8).

TABLE 1. Antibody titers obtained from mice immunized with
PdB, PspA, and PsaA

Immunization
group

Antibody titer (ELISA)a against:

PdB PsaA PspA

Placebo —b — —
PdB 28,000 — —
PsaA — 18,500 —
PspA — — 150,000
PdB-PsaA 40,000 18,500 —
PdB-PspA 50,000 — 62,000
PsaA-PspA — 30,500 140,000
PdB-PsaA-PspA 45,000 38,000 50,000

a ELISA titers were determined as the reciprocal of the dilution of serum
giving 50% of the highest absorbance reading above the background at 405 nm.

b —, ,200.
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alone (P , 0.01), PspA alone (P , 0.01), PdB-PsaA (P , 0.01),
or PsaA-PspA (P , 0.05). In addition, mice that received PspA
in combination with PsaA and/or PdB survived longer than
mice that were immunized with a combination of PdB and
PsaA, suggesting that PspA may provide slightly superior pro-
tection than PdB or PsaA within the context of the challenge
strain and dosage used.

The overall survival rates for mice immunized with PdB-
PspA and PdB-PsaA-PspA combinations were significantly
greater than the survival rates for mice in the placebo group (P
,, 0.005 and P , 0.01, respectively). Similarly, there were
significant differences in the survival rates for mice that re-
ceived PdB-PspA and PdB-PsaA-PspA antigens versus those
that were immunized with either PdB alone or PdB-PsaA (P ,

FIG. 2. Survival times for mice after intraperitoneal challenge. Groups of 14 or 15 BALB/c mice were immunized with the indicated antigens and challenged 2 weeks
after the third immunization with approximately 107 CFU of D39 (type 2) (A) or WCH43 (type 4) (B). The broken lines indicate the median survival time for each group.

TABLE 2. Statistical comparison of median survival timesa

Type 4 challenge
immunization

P value for comparison with the following type 2 challenge immunization

Alum PdB PsaA PspA PdB-PsaA PdB-PspA PsaA-PspA PdB-PsaA-PspA

Alum NSb NS NS ,0.05 50.001 ,0.025 ,0.001
PdB ,,0.001 NS NS NS 50.01 NS ,0.01
PsaA ,,0.01 ,0.05 NS NS ,0.025 NS ,0.01
PspA NS ,,0.001 ,,0.001 NS ,0.01 NS ,0.01
PdB-PsaA NS ,,0.001 ,0.025 ,0.025 ,0.01 NS ,0.01
PdB-PspA ,,0.001 ,0.01 ,0.001 ,,0.001 ,,0.001 NS NS
PsaA-PspA NS ,,0.001 ,0.001 NS NS ,,0.001 ,0.05
PdB-PsaA-PspA ,,0.001 NS ,,0.01 ,,0.001 ,,0.001 NS ,,0.001

a Groups of immunized mice were challenged either by a capsular type 2 strain (D39) or by a capsular type 4 strain (WCH43). Differences were analyzed using the
Mann-Whitney U test (one tailed).

b NS, not significant (P $ 0.05).
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0.01 and P , 0.05, respectively). However, there was no sig-
nificant difference in the survival rates between mice immu-
nized with the placebo and those that were immunized with
PdB alone, PsaA alone, PspA alone, PdB plus PsaA, or PsaA
plus PspA.

In the second challenge experiment, mice immunized with
the various antigen combinations were challenged intraperito-
neally with the type 4 strain WCH43. This strain is as virulent
for BALB/c mice as D39, with the challenge inoculum of 107

CFU corresponding to approximately 105 times the LD50. In
this experiment, the median survival time for mice in the pla-
cebo group was also less than 1 day (Fig. 2B). Mice that
received PspA alone were not significantly protected compared
with those that received the alum placebo (Table 2). However,
mice immunized with either PdB alone or PsaA alone had
significantly longer median survival times than the group that
received either the placebo (P ,, 0.001 and P ,, 0.01,
respectively) or PspA (P ,, 0.001 in both cases). It was
somewhat surprising that the median survival time for mice
immunized with a combination of either PdB and PsaA or
PsaA and PspA was not significantly different from that for
mice in the placebo group. As a corollary, mice immunized
with PsaA alone were significantly better protected against the
type 4 challenge than mice that received a combination of
either PdB and PsaA (P , 0.025) or PsaA and PspA (P ,
0.001). However, the median survival time for mice that re-
ceived a combination of PdB and PspA was significantly longer
than that for those that received PdB alone (P , 0.01), PsaA
alone (P , 0.001), or PspA alone (P ,, 0.001). With the
exception of mice immunized with PdB alone and PdB-PspA,
the median survival time for mice immunized with PdB-PsaA-
PspA was significantly longer than the median survival time for
mice that received the placebo (P ,, 0.001), PsaA alone (P
,, 0.01), PspA alone (P ,, 0.001), PdB-PsaA (P ,, 0.001),
or PsaA-PspA (P ,, 0.001). Collectively, the results from the
two challenge experiments support the hypothesis that immu-
nization with a combination of pneumococcal proteins may
give superior protection over immunization with a single anti-
gen alone.

Passive-immunization studies. Passive-immunization–intra-
peritoneal-challenge experiments were conducted to deter-
mine whether the protection afforded by immunization of mice
with the various protein antigen combinations was antibody
mediated. One hundred microliters of pooled sera from mice
immunized with either PdB alone, PspA alone, a combination
of PdB and PspA, or an alum placebo was administered by
intraperitoneal injection into groups of 15 naive mice. Before
injection, anti-PdB and anti-PspA sera were concentrated
and/or adjusted to a titer of 50,000. This was followed 1 h later
by intraperitoneal challenge with 106 CFU of D39 or 105 CFU
of WCH43. The inoculum was approximately 104 and 103

LD50s of strain D39 and strain WCH43, respectively, for
BALB/c mice. In the D39 challenge, the median survival times
for mice that received either anti-PdB, anti-PspA, or anti-PdB-
PspA sera were significantly longer than that for mice that
received sera from the placebo group (P ,, 0.001, P , 0.025,
and P ,, 0.001, respectively) (Fig. 3A). Moreover, the median
survival time for mice that received anti-PdB-PspA serum was
significantly longer than that for mice that received only anti-
PdB serum (P ,, 0.05) or that for mice that received only
anti-PspA serum (P ,, 0.001). In the WCH43 challenge, the
median survival time for mice that received either anti-PdB or
anti-PdB-PspA serum was significantly longer than that for
mice which received placebo serum (P ,, 0.05 and P ,,
0.001, respectively). Interestingly, a significant difference be-
tween the anti-PspA group and the placebo group was not

observed (Fig. 3B). However, the median survival time for
mice that received anti-PdB-PspA serum was significantly
longer than that for mice that received anti-PdB serum alone
(P , 0.025) or that for mice that received anti-PspA alone (P
,, 0.01), confirming that both PdB and PspA antibodies
contribute to protection. Thus, the results with passive immu-
nization are consistent with those obtained in the active-im-
munization–challenge experiments, confirming that the protec-
tion of mice with the various protein antigen combinations is,
at least in part, antibody mediated.

Discussion. The widespread impact of pneumococcal dis-
ease throughout the world has prompted considerable efforts
to develop cheap, effective pneumococcal vaccines. Apprecia-
ble levels of success have been achieved with the polyvalent PS
vaccines and, most recently, with protein-PS conjugate vaccine
formulations. However, the problems of serotype specificity of
protection, geographical and temporal variations in serotype
distribution, and the cost of conjugate vaccine formulations
remain (15, 20, 21, 23, 36). These problems are further exac-
erbated by the possibility that nasopharyngeal replacement
carriage of non-vaccine serotypes in vaccinated individuals will
be reflected in increased rates of disease caused by these types
(30).

In the present study, we proposed that immunization with a
combination of virulence protein antigens of S. pneumoniae
may give superior protection against a wider variety of strains
over immunization with any of the protein antigens alone.
Because these proteins appear to function at different stages of
the pathogenic process (31, 33, 39), it was anticipated that a
combined vaccine would elicit a higher degree of protection
than any single antigen alone. Intraperitoneal challenge of
actively immunized mice with particularly massive doses of two
different challenge strains has provided unequivocal evidence
that immunization with a combination of the proteins gives
superior protection over immunization with any single antigen.
The protection data obtained from the passive-immunization–
intraperitoneal-challenge experiments also indicate that the
protection is, at least in part, antibody mediated.

The three protein antigens evaluated in this study have been
well characterized and shown to contribute to the pathogenesis
of S. pneumoniae (33). These proteins have also been shown to
be protective in different animal models (1, 10, 11, 25, 35, 42,
43, 47; Ades et al., Program Abstr. Pneumococcal Vaccines
World 1998 Conf., 1998). Strong, antigen-specific antibody re-
sponses were mounted against these antigens, either alone or
when administered in combination, indicating that these anti-
gens are immunogenic and that there are no obvious deleteri-
ous or antagonistic consequences of combining these antigens
for immunization of mice.

The protection observed due to immunization with PdB is
presumed to be a consequence of direct neutralization of the
pneumolysin toxin, thereby arresting bacteremia and hindering
the exponential growth of the organisms in vivo. On the other
hand, protection imparted by immunization with PspA is prob-
ably a consequence of the blocking of PspA’s ability to inhibit
complement fixation (28, 44), thereby facilitating clearance of
the virulent pneumococci. Thus, immunization with both anti-
gens might be expected to provide additive protection, as was
observed in the present study.

In our high-dose intraperitoneal model, little demonstrable
benefit could be attributed to anti-PsaA antibodies, since we
could not show a significant level of protection in PsaA-immu-
nized mice. However, there have been reports where PsaA has
been found to confer significant levels of protection against
nasopharyngeal carriage (Ades et al., Program Abstr. Pneu-
mococcal Vaccines World 1998 Conf., 1998). Moreover, Talk-
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ington et al. have reported protection against systemic chal-
lenge with a type 3 strain (42). Being a lipoprotein, PsaA is
presumably located on the outer face of the cell membrane,
beneath both the cell wall and the capsule. Moreover, X-ray
crystallographic analysis has shown that the dimensions of
PsaA are such that it cannot be exposed on the outer surface
of the organism (22). Thus, antibodies against PsaA are un-
likely to be opsonic and presumably must diffuse through the
capsule and cell wall layers in order to interact with the li-
poprotein and block its biological function (metal ion trans-
port). Pneumococci are known to undergo a reversible phase
variation involving alteration in the levels of PS production;
translucent phase variants produce less PS and exhibit en-
hanced nasopharyngeal colonization, whereas opaque phase
variants produce more PS and exhibit much greater systemic
virulence (18, 45). Thus, during nasopharyngeal colonization,
PsaA may be more accessible to exogenous antibody, whereas
the presence of a thicker caspule after systemic invasion may
preclude interaction between antigen and antibody.

The protection data from the present study are encouraging
and substantiate the claim for serious consideration of the
combination protein vaccine approach for combating infec-
tions caused by S. pneumoniae. A logical extension of this study
will include an evaluation of protection afforded by protein
combinations, especially pneumolysin and PspA, in other
model systems involving different challenge routes. Further

studies would necessarily include an assessment of the protec-
tive efficacies of combinations including other recently charac-
terized virulence-associated proteins of S. pneumoniae, such as
CbpA (also known as SpsA and PspC) (12, 17, 38). These
studies will be critical for the design of new vaccination strat-
egies against pneumococcal disease.
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