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Microbial targets for protective humoral immunity are typically surface-localized proteins and contain com-
mon sequence motifs related to their secretion or surface binding. Exploiting the whole genome sequence of the
human bacterial pathogen Streptococcus pneumoniae, we identified 130 open reading frames encoding proteins
with secretion motifs or similarity to predicted virulence factors. Mice were immunized with 108 of these pro-
teins, and 6 conferred protection against disseminated S. pneumoniae infection. Flow cytometry confirmed the
surface localization of several of these targets. Each of the six protective antigens showed broad strain dis-
tribution and immunogenicity during human infection. Our results validate the use of a genomic approach for
the identification of novel microbial targets that elicit a protective immune response. These new antigens may
play a role in the development of improved vaccines against S. pneumoniae.

Streptococcus pneumoniae (the pneumococcus) is the leading
cause of bacterial sepsis, pneumonia, meningitis, and otitis me-
dia in young children in the United States. Annually, 7,000,000
middle-ear infections are ascribed to this organism (4). The
vaccines in current use are formulations of capsular carbo-
hydrate from the 23 serotypes responsible for 85 to 90% of
infections in the United States, but these vaccines are poorly
efficacious in infants and the elderly, the populations that are
most at risk (1). A heptavalent-capsular-carbohydrate vaccine
conjugated to the protein carrier CRM197 has been shown
to be well tolerated and efficacious against invasive disease
caused by the seven vaccine serotype strains (3) and has re-
cently been approved for use in young children. However, this
type of vaccine has several potential limitations, including se-
rotype replacement by strains that are not represented (14).

The advent of whole-genome sequencing of microbes, in-
cluding microbial pathogens, has revolutionized the methods
by which these organisms are studied and has heightened ex-
pectations regarding the ability to predict potential targets for
antimicrobial agents and vaccines (2, 12, 20). We combined
sequence scanning for prediction of surface-localized proteins
with an animal model which allowed us to directly screen
proteins for vaccine efficacy to identify novel vaccine candi-
dates from the genome sequence of S. pneumoniae. Here we
describe the use of a clinically relevant animal model for the

evaluation of the vaccine efficacy of proteins identified from
the genome sequence of pneumococcus. This approach was
validated by the discovery of five previously unidentified genes
whose products induced immune responses that protected
mice from pneumococcal infection. Similar sequence scanning
methods were recently used to identify potential vaccine can-
didates from the genomic sequence of the gram-negative
pathogen Neisseria meningitidis (21) predicted by in vitro cor-
relates of vaccine effectiveness. Here we expand upon the use
of genomics to directly demonstrate vaccine efficacy in an an-
imal model for the important pathogen S. pneumoniae.

MATERIALS AND METHODS

Pneumococcal strains and convalescent-phase sera. S. pneumoniae N4 was
provided by Ingeborg Aaberge, National Institute of Public Health, Oslo, Nor-
way, and is a serotype 4 strain isolated from a patient with bacteremia. Strain SJ2
(serotype 6B) was a clinical isolate from the nares of a patient at St. Jude
Children’s Research Hospital, Memphis, Tenn., and was the generous gift of Pat
Flynn. A method involving intraperitoneal injection and isolation from the
bloodstream of a mouse was used to increase the virulence of strain SJ2. Pneu-
mococcal strains representing the following serotypes were obtained from the
American Type Culture Collection, Manassas, Va.: 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V,
10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F. Serotype 3
strains A66 and WU2, serotype 4 strain EF5668, and serotype 6A strain EF6796
were obtained courtesy of David Briles, University of Alabama, Birmingham.
Pneumococci were grown in Todd-Hewitt broth (Difco, Detroit, Mich.) contain-
ing 0.5% yeast extract at 37°C in a 5% CO2 atmosphere. Convalescent-phase sera
were a gift from Åke Ôrtqvist, Danderyds Sjukhus, Danderyd, Sweden. Sera were
obtained from patients with culture-confirmed bacteremic pneumococcal pneu-
monia. The pneumococcal serogroups causing infection were determined in 14 of
the cases and included types 4 (3 cases), 7 (2 cases), 8, 9, 14 (2 cases), 22 (4 cases),
and 23.

Pneumococcal genome sequencing. A small fragment (1.6 to 2.0 kb) library of
total genomic DNA was generated in pUC18 from strain N4. An approximately
8-fold genome coverage was achieved by generating 41,900 random sequences
from this library, with an edited average length of 388 bp. A large-insert lambda
library was generated to obtain a sequence scaffold. Individual sequences were
assembled using the TIGR Assembler as described by Fleischmann et al. (9) to
obtain 829 contiguous sequences containing a total of 2,687 predicted open
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reading frames (ORFs). The current version of the DNA sequence is available
electronically for BLAST analysis from The Institute for Genomic Research
(Rockville, Md.) at http://www.tigr.org/tdb/mdb/mdbinprogress.html.

To identify potential vaccine candidate genes we first used GeneMark software
(Gene Pro, Inc., Atlanta, Ga.) to predict ORFs. ORFs encoding putative surface
proteins were identified through public and custom sequence-specific search
algorithms based upon their possession of sequence motifs involved in transport
or binding of proteins to cell surfaces, including signal peptidase (SPase) I or II
(lipoprotein) cleavage sites, type IV prepilin signal sequences, choline-binding
domains, or cell wall anchor sequences characteristic of gram-positive organisms
(Table 1). In addition, we searched the genome for proteins homologous to
putative surface protein virulence factors previously characterized in other or-
ganisms.

Cloning and expression of vaccine candidates. ORFs were amplified by PCR
with specific oligonucleotide primers encoding restriction endonuclease recog-
nition sites for cloning into the prokaryotic expression vector pQE10 (Qiagen,
Chatsworth, Calif.). Proteins were cloned without putative signal sequences.
Proteins predicted to be larger than 100 kDa were cloned in smaller subfrag-
ments to facilitate expression. Constructs were confirmed by sequencing and
transformed into Escherichia coli M15 pREP4 (Qiagen) for expression of recom-
binant proteins. Proteins were affinity purified from guanidine-solubilized cell
pellets using Ni-nitrilotriacetic acid column chromatography and dialyzed grad-
ually against phosphate-buffered saline (PBS) to promote refolding essentially as
described in The Qiaexpressionist: a Handbook for High-Level Expression and
Purification of 6xHis-Tagged Proteins (Qiagen, 1999).

Mouse immunization and challenge. Female C3H/HeJ mice, generally 6 to 8
weeks of age, were obtained from Jackson Laboratory (Bar Harbor, Maine) and
were immunized subcutaneously in groups of 10 with 15 mg of protein formulated
in complete Freund’s adjuvant. Twenty-one days later mice were given booster
immunizations in the same way with protein formulated in incomplete Freund’s
adjuvant. Twenty-eight days following the booster, animals were bled and im-
mune titers were determined by an antibody capture endpoint enzyme-linked
immunosorbent assay. Bacteria were diluted to approximately 35 to 100 50%
lethal doses (LD50) in sterile PBS and injected intraperitoneally (i.p.) into mice
in a volume of 100 ml, 35 days following the booster. Mice were monitored for 14
days for mortality. The survival rate was compared with that of a group sham
immunized with PBS and adjuvant alone, and protection was evaluated using a

two-sample log rank test. For passive-immunization studies, rabbit antisera were
generated at Covance, Inc. (Denver, Pa.), using Freund’s adjuvant and standard
immunization practices. One hundred microliters of antiserum was injected i.p.
into 6-week-old C3H/HeJ mice (for SJ2 challenge) or BALB/c ByJ mice (for
WU2 and EF5668 challenge) 24 h prior to, and 4 h following, i.p. challenge with
approximately 20 to 50 LD50 of pneumococcal strains. Animals were monitored
for 14 days for mortality. All animal studies were performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee at MedIm-
mune, Inc.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed
using gels purchased from Novex (San Diego, Calif.). Following separation,
proteins were transferred to nitrocellulose membranes and unbound membrane
sites were blocked with PBS containing 0.1% Tween 20 (PBS-T) with 5% nonfat
dry milk and thimerosal (0.01%). Cell lysates were prepared essentially as pre-
viously described (27). Proteins in cell lysates were detected with rabbit or mouse
polyclonal antisera generated against recombinant pneumococcal proteins.
Bound antibody was detected with a goat anti-rabbit or goat anti-mouse immu-
noglobulin G horseradish peroxidase-conjugated secondary antibody diluted
1:5,000 in PBS-T (Kirkegaard & Perry Laboratories, Gaithersburg, Md.). Horse-
radish peroxidase was detected by exposure to film using ECL reagent (Amer-
sham-Pharmacia Biotech, Inc., Piscataway, N.J.). Molecular weights of proteins
were determined by comparison with a prestained molecular weight standard.

Flow cytometric analysis. Flow cytometric analysis was performed as follows.
Bacteria were grown to an A620 of between 0.4 and 0.6. The cell density was
adjusted to approximately 2 3 106 CFU in 50 ml of PBS, and cells were mixed
with antisera diluted 100-fold. After incubation for 1 h at 4°C, unbound anti-
bodies were washed away by centrifugation in excess PBS. Secondary goat anti-
body labeled with the fluorescent dye Alexa 488 (Molecular Probes, Eugene,
Oreg.) was incubated with the cells at 4°C for 1 h, the cells were washed, and
bound antibody was detected using a Becton Dickinson FacStar Plus flow cy-
tometer. Control sera included rabbit preimmune serum and rabbit polyclonal
serum against E. coli GroEL (Epicentre Technologies, Madison, Wis.).

Nucleotide sequence accession numbers. The nucleotide sequences of the
genes encoding the protective antigens described here have been deposited with
GenBank and are available under the accession numbers listed in Table 2.

RESULTS AND DISCUSSION

Identification of vaccine antigens from the pneumococcal
genome. We reasoned that successful vaccine candidates would
target protein antigens accessible to antibodies at the pneumo-
coccal surface and that such surface proteins could be identi-
fied in the genomic sequence database by one or more signa-
ture sequence motifs commonly found in known secreted
proteins from other bacteria. Some of these motifs are likely to
be restricted to gram-positive bacteria, like the pneumococcus.
We initially scanned the genome sequence of a serotype 4
strain of pneumococci (N4) and identified 2,687 potential
ORFs. These ORFs were then evaluated to determine whether
the encoded gene products contained sequence motifs predic-
tive of their localization on the surface of the bacterium (Table
1). In addition, we identified ORFs with significant homology
to surface protein virulence factors of other bacteria. Alto-
gether, this analysis identified 110 different genes contained
within the pneumococcal genome from which 130 ORFs, or
ORF fragments, were selected for expression (for a complete
sequence listing, see the following: C. Kunsch, G. Choi, S.
Johnson, and A. Hromockyj, October 1997, Patent Coopera-
tion Treaty publication no. WO 98/18930). This analysis pre-
dicts that genes encoding surface proteins represent at least
4% of the S. pneumoniae genome, a percentage similar to that
predicted for other bacteria. Proteins encoded by ORFs iden-
tified in this manner were expressed in E. coli with polyhisti-
dine tags for ease of purification. The products of 108 of these
ORFs, comprising 97 unique genes or their subfragments, were
successfully expressed and purified for evaluation as vaccine

TABLE 1. Selection of ORFs from the S. pneumoniae
serotype 4 predicted amino acid sequence

Motif name
(reference) Sequence motifa

No. of ORFs
selected for
expression

SPase I signal sequenceb 30
SPase II signal sequenceb LXXC 26

(D,E,R,K)X6(L,G)XX(V,A)-C
Cell wall anchorc LPXTG, LPXAG, LPXTN 34
Choline-binding domaind 11
Homology to virulence

factors
22

Integrin-binding domain
(22)

RGD 2

Type IV prepilin signal
sequencee

5

Total 130

a Amino acid sequences are represented by single-letter designations; “X”
indicates any amino acid; any amino acid in parentheses may occupy the position
indicated.

b Proteins were analyzed for SPase I signal sequences using P-sort (17) or
SignalP (19) algorithms and were predicted to have either cleavable or noncleav-
able SPase recognition sites. ORFs containing putative SPase I or II signal
sequences (25) were further evaluated for the presence of a methionine start
codon preceding a sequence encoding a short (,30 amino acids) hydrophobic
region as predicted by Kyte-Doolittle analysis using the LaserGene DNAStar
software package.

c In addition to the listed sequence residues, proteins with cell wall-anchoring
motifs were also examined for a characteristic N-terminal hydrophobic region
followed by at least one basic residue (R or K) after the anchoring motif (8, 18).

d Choline-binding proteins were predicted by comparison to the C-terminal
repeat region of PspA and to the consensus domain previously described for
other gram-positive bacteria (26, 28).

e Type IV prepilin signal sequences were identified by comparison to the
ComG locus of Bacillus subtilis (7).
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candidates. Pneumococcal surface protein A (PspA) (24) from
strain N4 was expressed and purified in a similar manner, as a
positive control.

Evaluation of vaccine efficacy in a mouse model of lethal
sepsis. Each of the novel pneumococcal proteins was tested for
the ability to induce protective antibodies against pneumococ-
cal challenge in a mouse sepsis model wherein very low chal-
lenge doses (between 1 and 10 CFU) of virulent strains of
pneumococci kill mice. Initial studies used S. pneumoniae N4
(LD50, ;3 CFU) for the evaluation of protein vaccines in this
model, but all novel antigens and the positive control (PspA)
failed to protect animals from death although some antigens
delayed the time to death. Earlier work by Tart et al. (24) also
demonstrated that some serotype 4 strains circumvent protein-
directed immunity in this model but did not identify the basis
for this phenomenon. We subsequently used a different clinical
isolate (strain SJ2; LD50, ;10 CFU) with a 6B capsular sero-
type to evaluate the 108 vaccine candidates. Six novel antigens
(Sp36, Sp46, Sp91, Sp101, Sp128, and Sp130), representing five
different genes, and recombinant PspA protected against chal-
lenge with approximately 50 to 100 times the LD50 of this
strain (Table 2). Of these five genes, one, which encodes a
protein with a predicted mass of 220 kDa, was expressed as
three fragments (Sp128, Sp129, and Sp130), but only two of

these conferred protection. Four of the proteins (Sp36, Sp91,
Sp128, and Sp130) also protected against challenge with a
serotype 6A strain, EF6796 (data not shown). Additional ex-
perimentation revealed that antiserum raised against Sp36
protected mice against a different serotype 4 strain (Table 3).
This suggests that the virulence displayed by some serotype 4
strains in this model may be due in part to the expression of
additional factors beyond the capsular carbohydrate. Further
optimization of expression, purification, or vaccination meth-
ods may enhance the protective efficacy of at least some of the
remaining candidates. During the course of this study two of
these proteins, Sp46 and Sp91, were independently identified
by others as LytB (10) and LytC (11), respectively, without
characterization of their vaccine efficacies. As both of these
proteins contain choline-binding domains, it is possible that
some of the protection conferred by these proteins may be due
to cross-reactivity of antisera to these regions with other cho-
line-binding proteins, such as CbpA or PspA. However, this
possibility is unlikely, as we have found that the choline-bind-
ing domain of Sp91 is neither immunogenic nor protective in
the mouse model of sepsis (unpublished data).

To confirm that protection was antibody mediated, mice
were passively immunized with rabbit hyperimmune sera
raised against a subset of the recombinant proteins that had

TABLE 2. Active immunization of C3H/HeJ mice with recombinant pneumococcal proteins in Freund’s adjuvant
protects mice from a lethal challenge with a serotype 6B strain of pneumococci

Antigen Motif Accession
no.

Subcellular
locationa

Database similarityb

(accession no.) Expt

No. of survivors/total no.

Active
immunizationc

Sham
immunization

Sp36 SPase II AF291695 CW/M Unknown protein from Streptococcus aga-
lactiae (AAD13797)

1 9/10 0/10
2 10/10 0/10

Sp46 Choline-binding protein AF291696 M Endo-b-N-acetylglucosaminidase (LytB)
from S. pneumoniae (CAA 09078)

1 6/10 0/10
2 7/10 0/10

Sp91 Choline-binding protein AF291697 M 1,4-b-N-acetylmuramidase (LytC) from
S. pneumoniae (CAA08765)

1 9/10 1/10
2 10/10 1/10

Sp101 SPase II AF291698 CW/M Unknown protein from Bacillus anthracis
(AAF13613)

1 7/10 0/10
2 9/10 2/10

Sp128 Cell wall anchor AF291699 CW/M Cell wall-associated serine proteinase
from S. pneumoniae (AAD48399)

1 9/10 0/10
2 6/7 0/10

Sp130 Cell wall anchor AF291699 CW/M Cell wall-associated serine proteinase
from S. pneumoniae (AAD48399)

1 9/10 0/10
2 10/10 0/10

PspA Control CW/M 1 10/10 3/10
2 10/10 0/10

a CW, cell wall fraction; M, membrane fraction.
b Homology searches were performed by comparing amino acid sequences against the nonredundant protein database using the BLAST algorithm at the National

Center for Biotechnology Information. The most homologous amino acid sequence and its accession number are shown here.
c The number of survivors compared to that for the sham-immunized control was found to be statistically significant (P , 0.05) for all groups by using a two-sample

log rank test.

TABLE 3. Protection of mice from a lethal challenge with pneumococci following passive immunization with
rabbit polyclonal antisera raised against recombinant pneumococcal proteins

Antigen Motif

No. of survivors/total no.

SJ2 (type 6B) WU2 (type 3) EF5668 (type 4)

Specific serum Nonspecific serum Specific serum Nonspecific serum Specific serum Nonspecific serum

Sp36 SPase II 10/10a 1/10 9/10a 0/10 5/10a 0/10
Sp46 Choline-binding protein 5/10a 1/10 NDb ND
Sp91 Choline-binding protein 2/10 1/10 7/10a 0/10 ND
Sp130 Cell wall anchor 2/10 2/10 7/10a 0/10 ND

a Significantly different from the value for the nonspecific serum group (P , 0.05).
b ND, not determined.
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conferred protection by active immunization. Antisera raised
against proteins Sp36 and Sp46 significantly protected mice
from a lethal challenge with pneumococcal strain SJ2 (Table
3), although antiserum against pneumococcal proteins Sp91
and Sp130 did not passively confer protection against this chal-
lenge dose. Antisera recognizing Sp36, Sp91, and Sp130 also
protected against lethal challenge with a serotype 3 strain of
pneumococci (WU2). These data indicate that protection with
these antigens is not capsular serotype restricted. Indeed, pro-
tection mediated by Sp36 extends to at least four different
capsular types (types 3, 4, 6A, and 6B).

Conservation of vaccine antigens among diverse pneumo-
coccal serotypes. For the vaccine antigens described to be
clinically useful, they must be expressed by the majority of the
most prevalent pneumococcal strains. Immunoblot analysis
was performed with cell lysates prepared from pneumococcal
strains representative of the 23 major capsular serotypes and
probed with polyclonal antisera specific for the six protective
antigens. The results demonstrated a high degree of serological
cross-reactivity for all the antigens among the majority of cap-
sular serotypes (Fig. 1). In particular, proteins of the predicted
molecular masses that were reactive with antisera to Sp36,
Sp46, and Sp128 were expressed in 23 of 23 isolates, Sp91 was
detected in all serotypes except a type 3 strain, Sp101 was
detected in all serotypes except a type 6B strain, and Sp130 was
detected in all except serotype 19F. These results were similar
to those reported by Crain et al. (5), who demonstrated that
rabbit polyclonal antiserum against PspA recognized that pro-
tein from 16 different capsular serotypes, indicating that some
PspA epitopes are broadly cross-reactive.

Sequence analysis of pneumococcal DNA from strains rep-
resenting 4 capsular serotypes (types 1, 2, 5, and 6B) demon-
strated that the amino acid sequence of Sp36 from these strains
was .97% identical to the sequence of this protein from strain
N4 (data not shown). However, evaluation of additional strains
revealed some degree of heterogeneity among several of the
other proteins. For example, Sp91 was detected in only two of
three serotype 3 strains tested, while Sp101 was not detected in
one serotype 6B isolate but was cross-reactive with the sero-
type 6B isolate used for murine challenge.

Surface accessibility of vaccine antigens and expression
during infection of the human host. The fact that the immune
response elicited by the vaccine antigens described here was
protective is presumptive evidence of the antigens’ surface

localization in pneumococci. Fractionation of pneumococci
into subcellular compartments (28), followed by Western blot
analysis with antisera specific for 97 of the vaccine candidates,
demonstrated that 54 of these proteins were associated with
either the cell wall or membrane of the bacterium (results not
shown). The products of the genes encoding the six protective
antigens and of pspA also fractionated into similar compart-
ments (Table 2). However, to demonstrate surface accessibility
directly, we developed an assay based on flow cytometry for
detection of antibodies bound to intact pneumococcal cells.
Several of the proteins that demonstrated vaccine efficacy were
stained by antibodies on intact bacteria (Fig. 2), although only
a subpopulation of the bacteria were stained, as indicated by
the detection of two peaks. This phenomenon may be a result
of differential expression of the gene products during the
growth of the bacterium or partial binding inhibition of the
antibodies caused by other surface molecules, such as the cap-
sule. Although the flow cytometry data presented here were

FIG. 1. Seroconservation of proteins Sp101 and Sp130 among pneumococcal strains. Whole-cell lysates were prepared from strains with
serotypes representative of those contained in current 23-valent carbohydrate vaccines (serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F,
14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F) or from clinical isolates N4 (serotype 4 strain; source of genomic DNA used in sequencing),
SJ2 (serotype 6B), and WU2 and A66 (serotype 3). Proteins in lysates were separated by electrophoresis and immunoblots were probed with rabbit
antisera raised against either recombinant Sp101 or Sp130.

FIG. 2. Immune detection of proteins on the surface of a serotype
4 pneumococcal strain by flow cytometry. Intact pneumococcal cells
were probed with antisera generated against recombinant proteins
Sp36, Sp91, and Sp130 or with preimmune serum or antiserum specific
for the cytosolic chaperone GroEL as negative controls.
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obtained with the homologous serotype 4 strain used for se-
quencing, we have observed similar results with other strains
which were protected by immunization with these antigens.
Thus, the subpopulation of pneumococci that stains more
weakly by flow cytometry is still vulnerable to protein-directed
antibodies in vivo. Antiserum specific for the E. coli cytosolic
chaperone GroEL reacted with a protein (;70 kDa) in a
cytosolic extract of S. pneumoniae by immunoblot analysis but
not with intact pneumococci in the flow cytometry assay, pro-
viding evidence that labeling of cells was specific for surface-
exposed proteins (data not shown). Two antigens (Sp46 and
Sp101) that were able to confer protection on mice following
active immunization were not detected by flow cytometry. This
may be due to an inherent insensitivity of this assay for mole-
cules present in limited quantities on the surface of the pneu-
mococcus, blockage of the antibody binding sites by more
abundant surface molecules during in vitro growth, or en-
hanced in vivo expression of these antigens. For Sp36 we ex-
tended this analysis to include the 23 serotypes contained in
the currently available pneumococcal polysaccharide vaccines
and determined that it could be detected on the surfaces of all
serotypes tested (results not shown).

To evaluate expression of these novel pneumococcal anti-
gens during infection in the human host, convalescent-phase
sera from 17 patients recovering from bacteremic pneumococ-
cal pneumonia were tested for reactivity with five of the re-
combinant pneumococcal antigens in an immunoblot assay
(Fig. 3). The results demonstrated that immune sera generated
during pneumococcal infection in 15 of 17 patients recognized
Sp36. In addition, proteins Sp91, Sp128, and Sp130 were rec-
ognized by the majority of patient sera (76, 82, and 94%,
respectively). Convalescent-phase sera from 71% of patients
did not recognize protein Sp46, possibly indicating that this
protein is expressed at low levels during this clinical disorder or
is poorly immunogenic in its natural context. Due to limitations
in quantities of convalescent-phase antisera, Sp101 was not
assayed in this manner. While the presence of an immune
response to these antigens is not in itself predictive of their

ability to protect, the data do indicate that they are expressed
in vivo, are immunogenic during infection of the host, and are
serologically cross-reactive among capsular serotypes. Serial
analyses of the magnitude of the immune responses to these
proteins during natural infection and correlation to subsequent
pneumococcal colonization and disease may disclose levels of
specific antibody required for prophylactic protein vaccines.

Implications for development of bacterial vaccines. As ex-
pected from the clinical experience with Haemophilus influen-
zae type b capsular conjugate vaccine (16, 23), pneumococcal
capsular conjugate vaccines have been efficacious in clinical
trials against invasive disease caused by vaccine serotypes.
However, most morbidity from S. pneumoniae is due to disease
at mucosal sites, chiefly acute otitis media. Clinical trials with
heptavalent or nonavalent pneumococcal capsular conjugate
vaccines in children have demonstrated a significant reduction
in carriage of vaccine serotypes in the nasopharynx in vaccinees
(6, 15). This benefit, however, was accompanied by an eventual
increase in carriage of nonvaccine serotypes. In the mouse
invasive-disease model, immunity to PspA confers protection
across several pneumococcal capsular serotypes (13). The
same is true of the antigens identified in the present study
(Tables 2 and 3 and data not shown). Thus, protein antigens,
such as those identified here, may overcome the problem of
capsular serotype replacement. They also might act synergisti-
cally with capsular conjugate vaccines providing protection
against both mucosal and invasive disease, particularly if they
are expressed during nasopharyngeal colonization.

The results of this study demonstrate the power of a micro-
bial genomic approach in identifying novel vaccine antigens.
This approach is applicable for any microbial pathogen for
which genomic sequence data are available, a suitable in vivo
model exists, and humoral immunity is important in conferring
protection. We are currently evaluating the utility of these
proteins, either singly or in combination with each other or
with capsular-carbohydrate vaccines, for prevention of mucosal
infection and invasive disease caused by pneumococci.

FIG. 3. Immune recognition of pneumococcal vaccine proteins by convalescent-phase sera from patients diagnosed with pneumococcal
infections. Recombinant pneumococcal proteins were resolved by polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes.
Membranes were probed with convalescent-phase sera obtained from patients recovering from bacteremic pneumococcal pneumonia. Bound
antibody was detected with an enzyme-conjugated secondary antibody specific for human immunoglobulin.
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