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There has been considerable recent research into protein based Streptococcus pneumoniae vaccines as
alternatives to the existing capsular antigen vaccines. PiuA and PiaA (formerly Pit1A and Pit2A) are recently
identified lipoprotein components of S. pneumoniae iron uptake ABC transporters which are required for full
virulence and are likely to be expressed on the surface of the bacterial cell membrane. We investigated the
efficacy of recombinant PiuA and PiaA proteins at eliciting protective immunity in mice against systemic
infection with S. pneumoniae. Both recombinant PiuA and PiaA generated antibody responses that cross-
reacted with each other but not with pneumolysin and reacted with identical proteins from nine different S.
pneumoniae serotypes. Mice immunized with recombinant PiuA and PiaA were protected against systemic
challenge to a degree similar to those immunized with an existing protein vaccine candidate, PdB (a genetically
modified pneumolysin toxoid). Immunization with a combination of both PiuA and PiaA resulted in additive
protection and was highly protective against systemic infection with S. pneumoniae. PiuA and PiaA are

therefore promising additional candidates for a novel S. pneumoniae vaccine using protein antigens.

Infection with the gram-positive pathogen Streptococcus
pneumoniae is responsible for most cases of community-ac-
quired pneumonia (2, 12) and many cases of meningitis, otitis
media, and septicemia. It has been estimated that up to 25% of
deaths among children under 5 years old in the developing
world are due to S. pneumoniae infections (24). Prevention of
this excess mortality and morbidity will require a relatively
cheap vaccine which is effective at preventing infection by the
majority of clinically relevant S. pneumoniae serotypes in the
groups with the highest risk of infection. The existing polyva-
lent vaccine contains capsular polysaccharide antigen from 23
different serotypes of S. pneumoniae and confers serotype-
specific protection in adults. However, since the carbohydrate
antigens present in this vaccine are T cell independent they do
not elicit adequate protective immune response among infants
and the elderly, the age groups at greatest risk of fatal pneu-
mococcal infection (2, 7, 10). To circumvent this problem, a
vaccine containing capsular antigens from seven S. pneumoniae
serotypes conjugated to proteins has been developed. The con-
jugated capsular antigen vaccine protects infants from S. preu-
moniae infections due to the seven serotypes represented in
the vaccine (4, 8), but populations given the conjugated vaccine
have had a large increase in the number of infections resulting
from replacement carriage by invasive nonvaccine serotypes (8,
15). Furthermore, although the S. pneumoniae serotypes rep-
resented in the conjugated vaccine account for most infections
in infants in the United States, these serotypes are much less
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representative of the prevalent clinical serotypes affecting
adults in other parts of the world, particularly in developing
countries (9).

As a consequence of the difficulties with vaccines based on
capsular carbohydrate antigens there has been much interest in
developing a S. pneumoniae vaccine based on protein antigens.
Protein antigens are more likely to elicit strong T-cell-depen-
dent protective responses in infants and the elderly, and some
may be well conserved between all serotypes of S. pneumoniae,
thus overcoming the two major drawbacks of the capsular
antigen vaccines. To date, the pneumococcal proteins that
have shown the greatest potential as vaccine antigens are ge-
netically modified derivatives of the thiol-activated toxin pneu-
molysin (Ply) (1, 16, 17) and surface proteins of S. pneumoniae,
including the choline binding protein PspA (5, 13, 16, 22, 25)
and the ABC Mn*" transporter component PsaA (21). These
have generally provided systemic and sometimes mucosal im-
munity to animals challenged with S. pneumoniae but have yet
to become available for clinical use.

We have recently described two ABC transporter systems of
S. pneumoniae, Piu and Pia, required for iron uptake and for
full virulence in both systemic and pulmonary models of infec-
tion (6). By using PCR, we showed that pia and piu were
present in all S. pneumoniae serotypes investigated. Both pia
and piu contain one gene each encoding likely lipoproteins,
PiuA and PiaA, respectively, which have high degrees of sim-
ilarity to iron receptors known to be expressed on bacterial cell
surfaces. In the present study, we assessed the potential of
PiuA and PiaA as vaccine candidates by immunizing mice with
purified recombinant PiuA and PiaA protein, followed by sys-
temic challenge with S. pneumoniae. Immunization with both
PiuA and PiaA elicited antibody responses and resulted in a
high degree of protection against systemic challenge with S.
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pneumoniae. PiuA and PiaA warrant further investigation as
candidate antigens for protein-based S. pneumoniae vaccines.

MATERIALS AND METHODS

Bacterial strains, media, DNA isolation, and manipulation. All of the exper-
iments were performed by using the virulent S. pneumoniae type 2 strain D39 (3).
During laboratory manipulations D39 was cultured on Columbia agar supple-
mented with 5% horse blood or in Todd-Hewitt broth supplemented with 0.5%
yeast extract (THY) in an atmosphere of 5% CO, and 95% air at 37°C. Inocula
of D39 for challenge experiments were prepared from cultures grown in serum
broth (10% horse serum in meat extract broth) as previously described (16). S.
pneumoniae lysates for sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gels were prepared by culturing S. pneumoniae cells in 3 ml of
THY to an optical density at 580 nm (ODsg) of 0.4, pelleting by centrifugation
at 20,000 X g for 5 min, followed by lysis by using 100 pl of 0.1% deoxycholate
in phosphate-buffered saline (PBS, pH 7.4). Plasmid DNA was isolated from
Escherichia coli by using Qiagen plasmid kits (Qiagen), and S. pneumoniae
chromosomal DNA was isolated by using Wizard genomic DNA isolation Kits
(Promega). Standard protocols were used for cloning, transformation, restriction
digests, and ligations of plasmid DNA (20). Plasmids were maintained in E. coli
DH5a and grown at 37°C on Luria-Bertani (LB) medium with appropriate
selection (20).

Cloning, expression, and purification of Hiss-PiuA and His,-PiaA fusion pro-
teins. The piuBCDA (pneumococcal iron uptake) and piaABCD (pneumococcal
iron acquisition) iron uptake genes were formerly known as pit/BCDA and
Pit2ABCD, respectively (6). Recombinant PiuA and PiaA proteins (excluding the
N-terminal lipoprotein peptidase signal sequence) were expressed and purified
by using the QIAexpress (Qiagen) expression system. Fragments of piud and
piaA were amplified by using high-fidelity PCR and S. pneumoniae chromosomal
DNA as the template and the following oligonucleotide primer pairs: Sitl.1
(5'-CTACTTGGTGCATGGATCCCAAACTCA-3') and Sit1.2 (5'-TGAGTCT
GCAGTGGCTTATTTCAAAGC-3") for piuA and Sit2.1 (5'-GTTTTTAGCGC
TGGATCCTCTAATTCTG-3') and Sit2.2 (5'-ATTGTAATAAGAAGAGCTC
GGCAGATTATA-3") for piaA. The following restriction sites (underlined
sequences) were incorporated into the primers: BamHI (Sit1.1 and Sit2.1), PstI
(Sit1.2), and SacI (Sit2.2). The PCR products were ligated into the polylinker of
the QIAexpress vector pQE31 by using these restriction sites to make the plas-
mids pPC38 (Sitl.1/Sit1.2 product encoding PiuA) and pPC39 (Sit2.1/Sit2.2
product encoding PiaA). The resulting constructs encode fusion proteins corre-
sponding to amino acids 24 to 323 of PiuA (pPC38) and amino acids 22 to 354
of PiaA (pPC39) combined with the His, tag at the N terminus. In-frame fusions
of the piuA and piaA fragments with the N-terminal His, tag of pQE31 were
confirmed by automated dye-terminator sequencing of recombinant DNA from
selected pPC38 and pPC39 clones using the QIAexpress Sequencing Primer QE1
(5'-GGCGTATCACGAGGCCCTTTCG-3"). The E. coli K-12 expression strain
M15 carrying a kanamycin resistance repressor plasmid pREP4 (required to
repress expression of the cloned genes prior to induction) was transformed with
plasmids pPC38 or pPC39 and cultured overnight in LB broth containing 100 n.g
of ampicillin and 25 pg of kanamycin/ml. The resulting cultures were used to
inoculate 900 ml of LB broth containing appropriate antibiotics and grown at
37°C for 2 h with vigorous shaking. High-level expression of Hisgs-PiaA and
Hiss-PiuA was achieved by the addition of isopropyl-B-p-thiogalactoside (IPTG)
to a final concentration of 2 mM, and the cultures were incubated for a further
4 h. The cells were harvested by centrifugation at 6,000 X g for 10 min and
resuspended in lysis buffer (50 mM sodium phosphate, pH 8.0; 2 M NaCl; 40 mM
imidazole). The cells were lysed in a French pressure cell (SLM Aminco, Inc.) at
12,000 Ib/in?, and the lysates were centrifuged at 100,000 X g for 1 h. Then, 20
mM B-mercaptoethanol was added to the resultant supernatants, which were
loaded onto 2-ml nickel-nitrilotriacetic acid resin columns (ProBond; Invitrogen)
previously equilibrated with five column volumes of lysis buffer. The columns
were washed with 10 column volumes of 10 mM sodium phosphate, 20 mM
imidazole, and 1 M NaCl (pH 6.0), and the proteins were eluted with a 30-ml
gradient of 0 to 500 mM imidazole in 10 mM sodium phosphate (pH 6.0).
Fractions of 3 ml were collected and analyzed by SDS-PAGE to identify fractions
containing abundant purified protein. The selected fractions were dialyzed ex-
tensively against 10 mM sodium phosphate (pH 7.0) to remove the imidazole.
The purified Hiss-PiaA and Hiss-PiuA proteins were then resuspended in 50 mM
sodium phosphate (pH 7.0), glycerol was added to a final concentration of 50%,
and the proteins stored at —15°C.

Immunization experiments. Purified Hiss-PiuA and Hisg-PiaA proteins and
PdB were used as antigens for the immunization experiments. PdB is a modified
version of pneumolysin that has only 0.1% of the cytotoxic activity of the native
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FIG. 1. (A) Coomassie blue-stained SDS-PAGE gel of purified
Hisg-PiuA and Hisg-PiaA proteins showing their relative masses and
purity. (B) Western blot of purified Hiss-PiuA and Hiss-PiaA proteins
probed with monoclonal anti-His, tag antibody (1 in 3,000 dilution).

toxin due to a Trp-433—Phe substitution, but it retains full immunogenicity.
Preparation of PdB has been described previously (1, 17). The concentrations of
these proteins were calculated using Bradford reagent (Bio-Rad), and their
purity was ascertained by SDS-PAGE after staining with Coomassie brilliant blue
R250. Proteins were prepared for immunization as 100-wg ml~" concentrations
in 10% alum adjuvant (Imject Alum No. 77161; Pierce, Chicago, Ill.). Groups of
12 to 15 male BALB/c mice (5 to 6 weeks old) were used for all immunization
experiments. For the active protection experiments, each mouse was immunized
by intraperitoneal (i.p.) injection of 100 pl of each protein preparation in alum
adjuvant on days 0, 10, and 20. Sera were collected from mice by retro-orbital
bleeding on day 27 and pooled for each group. On day 34 mice were challenged
i.p. with ca. 10° CFU of S. pneumoniae strain D39 organisms. Mice were ob-
served four times hourly for the first 96 h, twice daily for the next 96 h, and then
daily until 21 days after challenge. For passive immunization experiments, mice
were given 100 wl of pooled antisera diluted in PBS i.p., followed 30 min later by
i.p. challenge with ca. 10> CFU of D39. One group of 15 mice was used for each
vaccination group used for the active immunization experiments. For each pas-
sive immunization group, mice were monitored by using the schedule described
above. Data on survival of mice for the active immunization experiment were
analyzed by using Kaplan-Meier graphs and log rank tests. For the passive
immunization experiment, the median survivals of groups of mice were com-
pared by using Mann-Whitney U test (one tailed).

ELISA and Western blotting. Specific antibody titers were measured by en-
zyme-linked immunosorbent assays (ELISA) by using 96-well polystyrene micro-
titer dish wells (Nunc) coated with purified antigens as described previously (16).
Bound antibodies were detected by using alkaline phosphatase-conjugated goat
anti-mouse immunoglobulin G (IgG) (Bio-Rad) and disodium p-nitrophenol
phosphate as the substrate. Absorbance at OD,s was measured, and endpoint
antibody titers were defined as the reciprocal of the dilution of serum giving 50%
of the highest absorbance reading above the background level (16). For Western
blot analysis, purified proteins or S. pneumoniae culture lysates were separated
by SDS-12% PAGE, electroblotted onto nitrocellulose, and reacted with specific
antisera by standard protocols (20).

RESULTS AND DISCUSSION

SDS-PAGE gel analysis of recombinant His,-PiuA and His-
PiaA. Genes encoding PiuA and PiaA were amplified by PCR
and ligated into the expression vector pQE31 for expression
and purification. The recombinant Hiss-PiuA and Hisg-PiaA
proteins were both judged to be >95% pure when assessed by
SDS-PAGE and staining with Coomassie brilliant blue (Fig.
1A). Both purified proteins reacted with anti-Hiss-tag mono-
clonal antibody (Roche) in a Western blot, confirming that the
purified proteins were the products of their respective expres-
sion vectors and therefore were recombinant PiuA and PiaA
(Fig. 1B). The mass of Hiss-PiuA determined by SDS-PAGE
was 34 kDa, a value close to the expected mass for PiuA
excluding the residues removed by cleavage of the N terminus
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FIG. 2. Western blots of purified Hiss-PiuA, Hise-PiaA, and PdB
proteins (A) and S. prneumoniae whole-cell lysates (B) probed with
anti-alum, anti-PiuA, anti-PiaA, antiPiuA-PiaA, or anti-PdB sera (1 in
3,000 dilution). The relative molecular mass is indicated on the left.

at the lipoprotein signal peptidase motif and after the addition
of the six histidine residues of the Hisq tag (Fig. 1A). The
predicted mass of PiaA after cleavage of the N terminus at the
lipoprotein signal peptidase motif and the addition of the His,
tag is ca. 36 kDa. However, the mass of the Hiss-PiaA fusion
protein when measured by SDS-PAGE is ca. 45 kDa.
Analysis of mouse antisera. The following antigens were
tested in immunization and S. pneumoniae challenge experi-
ments: a noncytotoxic derivative of pneumolysin, PdB (positive
control); Hiss-PiuA; Hisg-PiaA; Hisg-PiuA combined with
His,-PiaA; or PBS-alum alone (negative control). Sera were
collected from four to five mice from each group 7 days after
the last immunization, and sera from each group were pooled.
The sera were analyzed for specific antibodies to each of the
antigens used in the immunization experiments by Western
blotting against purified proteins (Fig. 2A) and by ELISA
(Table 1). Specific antibody responses to recombinant His,-
PiuA, Hiss-PiaA, and PdB were demonstrated for sera from
the corresponding immunization groups (Fig. 2A; Table 1). No

TABLE 1. Antibody titers as measured by ELISA obtained from
mice immunized with purified His,-PiuA, Hisg-PiaA, or PdB*

Antibody titer against:
Immunization group

Hisg-PiuA Hisg-PiaA PdB
Alum-PBS ND ND ND
Hisg-PiuA 5,000 126 ND
His,-PiaA ND 250 ND
Hisg-PiuA + Hisg-PiaA 4,000 600 ND
PdB ND ND 6,000

“ ND, not detected (<20).

INFECT. IMMUN.

positive bands were seen with antisera from mice immunized
with the alum adjuvant only. The anti-PiaA titer was low com-
pared to the anti-PdB and anti-PiuA titers, suggesting that at
least in BALB/c mice Hisq-PiaA is a relatively weak immuno-
gen (Table 1). To confirm that the antisera raised against the
recombinant His,-PiuA and Hisg-PiaA fusion proteins were
directed against S. pneumoniae proteins, a whole-cell lysate
preparation of D39 was reacted with each of the antisera in a
Western blot. Both anti-PiuA and anti-PiaA sera reacted with
bands of ca. 34 and 42 kDa from the S. pneumoniae lysates,
corresponding to PiuA and PiaA, respectively (Fig. 2B). Anti-
PiuA and anti-PiaA did not cross-react with any other pneu-
mococcal proteins in the crude D39 isolates. However, despite
the low level of identity between PiuA and PiaA at the amino
acid level (22%) (6), anti-PiuA did cross-react with recombi-
nant Hise-PiaA when measured by ELISA (Table 1) and anti-
PiaA serum cross-reacted with recombinant His,-PiuA by
Western blotting (Fig. 2A).

To assess whether antibodies raised against PiuA or PiaA
from one S. pneumoniae strain will also recognize PiuA and
PiaA from diverse S. pneumoniae strains, whole-cell lysates
from eight other S. pneumoniae strains (representing capsular
serotypes 1, 5, 6B, 7F, 8, 12, 17, and 20) were probed with
anti-PiuA and PiaA. Bands of identical sizes for both anti-PiuA
and anti-PiaA were seen in all strains (data not shown), indi-
cating that there was little functionally significant antigenic
variation in PiuA and PiaA between different S. pneumoniae
strains. This result reinforces the genetic data showing that
piuA and piaA are present in all strains of S. pneumoniae that
have been investigated (6). Hence, a vaccine based on PiuA
and PiaA is likely to provide protection against most of the
clinically relevant strains and therefore avoid the difficulties
with the existing polysaccharide-based vaccines, which provide
only serotype-specific protection.

Systemic challenge of actively and passively immunized
mice with S. pneumoniae. In order to assess the efficacy of
active immunization with His,-PiuA and Hisg-PiaA in protect-
ing against systemic infection of mice with S. pneumoniae strain
D39, two separate i.p. challenge experiments were carried out.
Similar results were obtained in both experiments, and the data
from one of the experiments are presented here. Mice were
immunized by i.p. inoculation of three doses of 10 pg of anti-
gen at 10-day intervals. Immunized mice were challenged i.p.
with ca. 10° CFU of D39; this dose is ca. 10*-fold higher than
the 50% lethal dose for D39 in naive BALB/c mice. As ex-
pected, there was 100% mortality within 96 h for mice immu-
nized with the alum adjuvant only (Fig. 3). After 14 days the
mortalities for the groups of mice immunized with PdB, Hisg-
PiuA, and Hisg-PiaA were 43, 52, and 39%, respectively, show-
ing that immunization with these proteins protects against sys-
temic infection with S. pneumoniae (P < 0.01 for all three
proteins compared to the adjuvant only group by using the log
rank test) (Fig. 3). The 13% difference in mortality between
groups immunized with His,-PiuA and His,-PiaA was not sta-
tistically significant (P = 0.26). Mice immunized with a com-
bination of His,-PiuA and Hiss-PiaA were highly protected
against systemic infection with S. pneumoniae with only a 20%
mortality, demonstrating statistically significant additive pro-
tection compared to immunization with His,-PiuA alone
(Hisg-PiuA combined with Hisg-PiaA versus the PBS-alum
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FIG. 3. Survival curves for groups of 12 to 15 mice vaccinated with
Hisg-PiuA (triangles), Hisg-PiaA (circles), PdB (diamonds), Hiss-PiuA
combined with Hiss-PiaA (open squares) or alum-PBS alone (filled
squares) after IP challenge with 10° CFU of S. pneumoniae. Symbols:
W, alum; A, PiuA; ¢, PdB; O, PiaA; [, PiuA + PiaA.

group [P < 0.0001], versus PiuA [P = 0.03], and versus PiaA
[P = 0.27]) (Fig. 3).

To confirm that the protective effect of immunization with
PiuA or PiaA was antibody mediated, groups of 15 mice were
passively immunized by i.p. injection of 100 wl of antisera
diluted in PBS (1 in 7 dilution for anti-PiuA, anti-PiaA, and
anti-PdB and a 1 in 5 dilution for anti-PiuA-PiaA and for
anti-PBS-alum only) followed 30 min later by i.p. challenge
with 10> CFU of S. pneumoniae D39. Passive immunization
with anti-PiuA-PiaA significantly delayed mortality compared
to alum antisera (median time to death, 72 h versus 40 h [P <
0.01]), showing that the protective effect of immunization with
PiuA combined with PiaA was, at least in part, antibody me-
diated. Anti-PiuA and anti-PdB sera slightly delayed mortality
compared to alum antisera (44 h versus 40 h), although this
was only statistically significant for anti-PdB (P < 0.03). The
median time of death for mice given anti-PiaA serum and alum
antisera was 40 h. The minimal protection provided by anti-
PdB serum compared to previously reported results and the
lack of protection provided by anti-PiuA serum or anti-PiaA
serum alone can be explained by the small volume of diluted
antisera used. However, the limited volume of antisera avail-
able prevented repetition of these experiments with higher
antibody concentrations.

PiuA and PiaA are iron uptake ABC transporter lipopro-
teins (6) and are probably attached to the extracellular surface
of the bacterial membrane, where they are shielded to some
extent by the bacterial cell wall and the capsule from interac-
tion with antibodies. Despite this, our results demonstrate that
immunization with PiuA and PiaA individually provide a de-
gree of protection against systemic challenge with S. pneu-
moniae similar to that provided by immunization with the well-
recognized vaccine candidate PdB (1, 16). Furthermore,
immunization with a combination of PiuA and PiaA resulted in
higher degree of protection than that obtained with PiuA
alone. These data, along with evidence that immunization with
the metal-binding ABC transporter lipoprotein PsaA also pro-
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tects mice from S. pneumoniae infection (21), demonstrates
that the lipoprotein components of ABC transporters can be
effective antigens for vaccines. Gram-positive bacteria contain
numerous ABC transporters, many of which are required for
virulence (11, 14), and these could represent potential vaccine
candidates for other gram-positive bacterial pathogens. Gram-
negative bacteria also contain many ABC transporters, but the
lipoprotein component is usually within the periplasmic space
and hence is probably less exposed to antibodies.

Antibodies PdB and another S. pneumoniae vaccine candi-
date, PspA, are thought to prevent systemic S. pneumoniae
infection by inhibiting the in vivo function of pneumolysin or
PspA (16). PspA antibodies also opsonize the bacterium, aid-
ing clearance by phagocytes. In contrast to pneumolysin and
PspA, Piu and Pia affect virulence by allowing growth of the
bacteria in the relatively iron restricted conditions found in
vivo (6) rather than by inhibiting the host immune response or
by cytotoxicity (18, 19, 23). Due to the likely position of PiuA
and PiaA beneath the S. pneumoniae capsule and cell wall,
antibodies directed against PiuA and PiaA are probably inef-
fective opsonins. Presumably, the protective effect of PiuA and
PiaA antibodies is due to blockade of Piu and Pia function, but
further investigation is required to confirm this possibility.
Considering the relatively low level of the PiaA antibody titer,
we find it surprising that immunization with this protein pro-
tected as well as (if not better than) immunization with His-
PivA. Disruption of piaA leads to a greater defect in virulence
than disruption of piuAd (6), and piaA mRNA transcripts are
present in greater quantities than piu4 mRNA transcripts dur-
ing culture in THY broth (J. S. Brown and D. W. Holden,
unpublished data). Hence, PiaA antibodies may provide better
protection than PiuA antibodies because antibody-mediated
inhibition of PiaA function will have a stronger effect on in vivo
growth than inhibition of PiuA function. A strain containing
mutations in both piu and pia is highly attenuated compared to
strains with isolated piu and pia disruptions (6), which may
explain the additive protective effect of immunization with a
combination of PiuA and PiaA.

Recent research on alternatives to the existing S. pneu-
moniae capsular antigen vaccines has identified a small number
of possible protein vaccine candidates, such as PdB and PspA.
Although further research is needed to evaluate whether an-
tibodies directed against Piu and Pia proteins also protect
against mucosal colonization and pulmonary infection, the
data we present here suggest that PiuA and PiaA are addi-
tional vaccine candidates that should be considered for inclu-
sion in a protein-based S. pneumoniae vaccine.
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