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Group B streptococci (GBS) usually behave as commensal organisms that asymptomatically colonize the
gastrointestinal and urogenital tracts of adults. However, GBS are also pathogens and the leading bacterial
cause of life-threatening invasive disease in neonates. While the events leading to transmission and disease in
neonates remain unclear, GBS carriage and level of colonization in the mother have been shown to be
significant risk factors associated with invasive infection. Surface antigens represent ideal vaccine targets for
eliciting antibodies that can act as opsonins and/or inhibit colonization and invasion. Using a genetic screen
for exported proteins in GBS, we identified a gene, designated lrrG, that encodes a novel LPXTG anchored
surface antigen containing leucine-rich repeat (LRR) motifs found in bacterial invasins and other members of
the LRR protein family. Southern blotting showed that lrrG was present in all GBS strains tested, representing
the nine serotypes, and revealed the presence of an lrrG homologue in Streptococcus pyogenes. Recombinant
LrrG protein was shown in vitro to adhere to epithelial cells in a dose-dependent manner, suggesting that it
may function as an adhesion factor in GBS. More importantly, immunization with recombinant LrrG elicited
a strong immunoglobulin G response in CBA/ca mice and protected against lethal challenge with virulent GBS.
The data presented in this report suggest that this conserved protein is a highly promising candidate antigen
for use in a GBS vaccine.

Streptococcus agalactiae, or Lancefield group B streptococci
(GBS), is a predominant cause of infections in newborn infants
and neonates, with mortality rates as high as 30% in preterm
infants (47, 71). GBS are also being increasingly associated
with invasive disease in the adult population, such as pregnant
women, older persons, or individuals with underlying chronic
illnesses (15, 74). The bacteria are commonly found in the
gastrointestinal tract of adult humans without any symptoms,
but colonization of the rectovaginal compartment of pregnant
women is associated with an increased risk of neonatal infec-
tion. In the United States, prevention strategies are based on
intrapartum administration of antibiotics to mothers who
might be considered at risk, e.g., due to early delivery, high
intrapartum temperature, and previous history of neonatal
GBS infection, or to pregnant women shown to be heavily
colonized with GBS before gestation (8). Although these two
approaches, often used in combination in clinical practice,
have significantly reduced the incidence of neonatal GBS sep-
sis and meningitis (25, 71, 73), invasive disease due to GBS
infection remains the leading cause of neonatal morbidity and
mortality in the United States (11, 70). In addition, intrapar-
tum prohylaxis is unlikely to be effective against late-onset
GBS disease and would probably not be effective against GBS-
related stillbirths and preterm delivery (13, 64). With a re-
ported increase in macrolide resistance in clinical isolates of

GBS, efforts have shifted toward vaccination as an attractive
alternative for disease prevention (11, 13, 24, 74).

Current progress toward the development of an effective
GBS vaccine has primarily focused on the use of the bacterial
capsule as a primary immunogen, with nine serotypes having
been identified so far. Recent population studies of serotype
distributions suggest that a capsular polysaccharide (CPS) vac-
cine would need to contain capsule types Ia, Ib, II, III, V, VI,
and VIII in order to prevent the majority of GBS infections in
North America and Japan (23, 39, 43).

Initial vaccination studies with pure preparations of type Ia,
II, and III CPSs in humans were disappointing in that only 40
and 60% of individuals developed significant increases in cap-
sule type-specific antibodies (3). However, studies carried out
in the 1990s showed that conjugation of the polysaccharide to
various protein carriers led to the stimulation of T-cell-depen-
dent antigenic recognition and profound enhancement of the
immunogenicity of CPS vaccines (5, 6, 60, 61)

An alternative strategy for protection against GBS infection
would be to develop a vaccine with a conserved surface protein
antigen. Surface antigens represent good candidates for vac-
cines, as antibodies directed against these targets have the
potential to interfere with bacterial virulence and also to pro-
mote opsonophagocytosis through binding to �Fc receptors on
phagocytes (17, 44). In contrast to CPSs, protein antigens have
the potential to elicit protective T-cell-dependent antibody re-
sponses and long-lasting immunity without the need for con-
jugation to other molecules. Several GBS surface proteins have
already been investigated as potential vaccine candidates;
these include Rib, the alpha and beta subunits of the C protein,
Sip, Fbs, C5a peptidase, and the R proteins (2, 12, 18, 20, 50,
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80). While these antigens, with the exception of C5a peptidase
and Sip, are capable of eliciting antibodies in mice and con-
ferring a degree of protection against lethal challenge with
GBS, they are not conserved among all serotypes. The alpha
subunit of the C protein, for example, is present in only ap-
proximately 50% of all clinical isolates, while Rib is expressed
in the majority of serotype III strains but rarely in strains of
other serotypes (16, 80). Furthermore, both the alpha subunit
of the C protein and Rib possess repeating peptide sequences
that show strain-to-strain variations in the numbers of repeats,
something which can influence their immunogenic properties
(20, 34, 38, 45, 46, 54).

Here we report the characterization of a gene, designated
lrrG, that encodes a novel leucine-rich repeat (LRR) surface
protein that is conserved among all serotypes of GBS. Further-
more, when tested as a vaccine antigen, LrrG was shown to be
immunogenic and capable of eliciting protection against exper-
imental infection with GBS.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial stains and plasmid used
in this study are listed in Table 1. Streptococcal isolates were grown in Todd-
Hewitt medium (Oxoid, Basingstoke, United Kingdom) or on Todd-Hewitt
blood agar plates supplemented with 5% (vol/vol) defibrinated horse blood (TCS
Microbiology) at 37°C. Escherichia coli strain DH5� served as a host strain for
cloning purposes, and E. coli strain BL21�(DE3) (Stratagene) was used for
protein overexpression. E. coli was grown at 37°C under aeration in Luria broth,

and clones carrying plasmid pET28b (Novagen) were selected in the presence of
kanamycin (50 �g ml�1).

DNA manipulations. Routine molecular biology techniques for PCR amplifi-
cation and cloning were performed as described previously (68). Vent DNA
polymerase (New England Biolabs [NEB], Beverly, Mass.) was used for standard
PCR, while rTth DNA polymerase (Applied Biosystems, Warrington, United
Kingdom) was used for long-range PCR according to the manufacturer’s instruc-
tions. DNA sequencing was carried out as a service at the Department of
Genetics, University of Cambridge, and was performed by use of an ABI auto-
mated sequencing machine with BigDye chemistry (Applied Biosystems). Chro-
mosomal DNA was isolated from streptococcal strains as described by Madoff et
al. (46). Plasmid DNA was isolated from E. coli by using plasmid miniprep
columns (Qiagen) and from Lactococcus lactis by using a modified Qiagen
plasmid miniprep procedure (85). DNA restriction and modification enzymes
were used according to the manufacturer’s recommendations (NEB). E. coli cells
were routinely transformed by heat shock following CaCl2 treatment (68).

Bioinformatic searches. BLAST searches of all predicted open reading frames
(ORFs) were performed by using a BLASTP search of amino acid similarities to
sequences in the GenBank nonredundant protein database (1). Alignments were
carried out by using CLUSTAL W (http://www.ebi.ac.uk/clustalw/) (83). In ad-
dition to BLAST similarity searches, functional domains were tentatively iden-
tified by searching for similarities in the InterPro database of protein families
(http://www.ebi.ac.uk/interpro). Regions containing repeats were identified by
using Prospero (http://www.well.ox.ac.uk/rmott/ARIADNE/prospero). SignalP
(http://www.cbs.dtu.dk/services/SignalP-2.0) was used for the prediction of signal
peptide regions (57).

Southern hybridization. For Southern hybridization, genomic DNA (5 �g)
from each streptococcal strain was digested with approximately 20 U of EcoRV
(NEB), separated by conventional electrophoresis, and transferred to a positively
charged nitrocellulose membrane (Hybond N�; Amersham) by alkaline transfer
as described previously (68). Southern blots were hybridized with a digoxigenin
(DIG)-labeled lrrG DNA probe that was obtained by PCR with DIG-dUTP

TABLE 1. Bacterial strains and plasmid used in this study

Strain or plasmid Relevant characteristic(s)a Source or reference

Strains
S. agalactiae

97/0099 Type III encapsulated GBS isolate from the blood
of a septic newborn

Public Health Laboratory Service, Colindale,
London, United Kingdom

515a Type 1a 4
A909 Type 1a 40
SB35 Type 1b 80
H36B Type 1b 40
18RS21 Type II 31
1954/92 Type II 41
118/158 Type II 41
BS29 Type II 41
BM110 Type III 55
BS30 Type III 80
M781 Type III 62
3139 (1/82) Type IV 26
1169-NT Type V 86
GBS VI Type VI Jitka Motlovab

7271 Type VII 36
JM9 Type VIII 37

S. pneumoniae VH14 Type 14 strain 2a
S. pyogenes NCTC 8198 M1 strain American Type Culture Collection

E. coli
DH5� General cloning strain Stratagene
BL21 �(DE3) F� ompT hsdSB (rB

� mB
�) gal dcm (DE3) Stratagene

Plasmid pET28b Vector for overexpressing His-tagged proteins with a
bacteriophage T7 promoter; Kmr

Novagen

a Kmr, kanomycin resistance.
b The strain kindly provided by Jitka Motlova originated from the Czech National Collection of Type Cultures, Prague, Czech Republic, and was verified to be

serotype VI GBS.
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(Roche Diagnostics) as well as primers having the sequences 5�-ATGACAAA
AAAACATCTTAAAACG and 5�-TTGCGGCCGCTTTTCTTGCTCGTTT
TCC, which were designed to amplify the complete ORF of lrrG, including the
native signal peptide region. Hybridization was conducted overnight at 65°C with
5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 50 mM
sodium phosphate, 0.02% sodium dodecyl sulfate (SDS), 1% blocking reagent
(Boehringer Mannheim), and 0.1% N-lauroylsarcosine. Blots were washed ini-
tially at room temperature with 2� SSC–0.1% SDS and then with 0.5� SSC–
0.1% SDS at 68°C. Detection of gene-specific hybridized bands was carried out
by chemiluminescence.

Cloning and expression of recombinant LrrG and its derivatives. Plasmid
pET28b was used for the synthesis of a carboxyl-terminal hexahistidine-tagged
LrrG fusion protein and its truncated versions, which were constructed as fol-
lows. For LrrG, a DNA fragment encoding the mature form of LrrG lacking the
native signal peptide region was PCR amplified from GBS strain 97/0099 chro-
mosomal DNA with primers having the sequences 5�-CATGCCATGGTATAT
GGATTAGAAAGAGAGGAATC and 5�-TTGCGGCCGCTTTTCTTGCTCG
TTTTCC (underlining indicates either a NcoI or a NotI restriction enzyme site).
The amino terminus-encoding region of lrrG (encoding truncated derivative
LrrGnt) was PCR amplified with primers having the sequences 5�-CATGCCA
TGGTATATGGATTAGAAAGAGAGGAATC and 5�-TTGCGGCCGCTAC
TTCACTAAGGGCATTATCC, while the carboxyl terminus-encoding region of
lrrG (truncated derivative LrrGct) was amplified with primers having the se-
quences 5�-CCCATGGTCTTACCGCCAAATTTACAG and 5�-TTGCGGCC
GCTTTTCTTGCTCGTTTTCC. Amplification of the repeat-encoding region of
lrrG (truncated derivative LrrGcr) was performed with primers having the se-
quences 5�-CCCATGGGAATTAATAAGTTATCTCAAACAT and 5�-TTGC
GGCCGCCTCTTTTTCCAAGCGCTTAAC. aroD (encoding the GBS intracel-
lular control protein) was amplified with primers having the sequences 5�-CAT
GCCATGGCAAAAATAGTAGTACCAGTAATGCCTC and 5�-TTGCGGCC
GCCTCTGAAATAGTAATTTGTCCG. rib (encoding surface protein Rib) was
amplified with primers having the sequences 5�-CCCATGGCTGAAGTAATT
TCAGGAAGTGC and 5�-TTGCGGCCGCATCCTCTTTTTTCTTAGAAAC
AGATAA. These primers were designed to include either a NcoI or a NotI
restriction enzyme site in order to facilitate cloning into plasmid vector pET28b.

Amplified products were purified by using a Qiagen PCR purification kit,
digested, and ligated with NcoI-NotI-digested pET28b DNA before being trans-
formed into expression host E. coli BL21�(DE3). The identity of the cloned
DNA fragment was verified by DNA sequencing. LrrG, LrrGnt, LrrGcr, and Rib
were purified under nondenaturing conditions by metal affinity chromatography.
In brief, 500-ml cultures of E. coli BL21�(DE3) containing a particular clone
were grown in Luria broth with kanamycin to an optical density at 600 nm of
between 0.5 and 0.6 before the addition of isopropyl-	-D-thiogalactopyranoside
(IPTG) (final concentration, 1 mM). Cultures were typically allowed to grow for
a further 3 h, at which point cell pellets were collected by centrifugation and
stored at �20°C. In order to purify His-tagged proteins, cell pellets were resus-
pended in 10 ml of lysis buffer (50 mM NaH2PO4 [pH 7.5], 500 mM NaCl, 30 mM
imidazole, 10% glycerol) containing 1 mg of lysozyme/ml, 1 mM phenylmethyl-
sulfonyl fluoride, and an EDTA-free protease inhibitor cocktail tablet (Roche).
Cell suspensions were incubated for 30 min on ice, disrupted by sonication (MSE
Soniprep), and centrifuged at 12,000 � g for 20 min at 4°C to remove insoluble
materials. The clear supernatant was mixed with 1.5 ml of a 50% slurry of Ni2�

and nitrilotriacetic acid resin (Qiagen) at 4°C under gentle shaking for 2 h and
loaded into a polypropylene column. After unbound proteins were washed away,
recombinant proteins were eluted in elution buffer (0.5 M imidazole, 50 sodium
phosphate [pH 7.5], 300 mM NaCl, 10% glycerol). LrrGct and AroD were
purified under denaturing conditions. Induced cell pellets were resuspended in
10 ml of denaturation buffer (8 M urea, 0.1 M sodium phosphate [pH 7.5], 300
mM NaCl, 10% glycerol). Cells were incubated overnight at 40°C, and lysates
were centrifuged at 12,000 � g for 20 min at 4°C. The supernatant was mixed with
Ni2�-nitrilotriacetic acid resin as previously described. The resin was washed
with a gradient of 8 to 0 M urea in 0.1 M sodium phosphate (pH 7.5)–300 mM
NaCl–10% glycerol, and recombinant proteins were eluted in elution buffer.
Eluate fractions were analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE); those containing pure proteins were pooled, dialyzed against phos-
phate-buffered saline (PBS; pH 7.0) containing 10% glycerol, and stored in
aliquots at �80°C until required for use.

Polyclonal antibodies to LrrG. Antisera were raised in female New Zealand
White rabbits (6 to 8 weeks old) by subcutaneous (s.c.) immunization with
recombinant LrrG. The first dose (100 �g/0.5 ml of PBS) was emulsified in 0.5 ml
of complete Freund’s adjuvant, and the subsequent doses (days 28 and 63; 75 �g)
were emulsified in 0.5 ml of incomplete Freund’s adjuvant. Blood was collected

approximately 2 weeks after the last dose and allowed to clot overnight at 4°C,
and sera were collected after centrifugation.

Preparation of GBS subcellular fractions and SDS-PAGE. Subcellular frac-
tions of GBS were obtained as described by Kling et al. (34) with the following
modifications. Mid-exponential-phase cultures of GBS in Todd-Hewitt broth (50
ml) were centrifuged at 3,000 � g for 10 min to pellet the bacteria. Supernatants
were passed through 0.22-�m-pore-size filters (Millipore) before the addition of
trichloroacetic acid (10% [wt/vol]) in order to precipitate secreted proteins. The
remaining bacterial pellets were treated with mutanolysin to release cell wall
proteins into the supernatants, which were collected following centrifugation.
The remaining cell pellets were subjected to vigorous sonication (MSE Soniprep)
and centrifuged at 14,000 � g to further separate the cytosolic proteins from
insoluble cell envelope material. All protein samples were resuspended in SDS-
PAGE sample buffer and heated at 100°C for 3 min in order to solubilize
proteins prior to SDS-PAGE analysis (12% [wt/vol] polyacrylamide gels) by the
method described by Sambrook et al. (68).

Western blotting. Proteins were size separated by SDS-PAGE and transferred
to nitrocellulose membranes by using a semidry transfer chamber (Bio-Rad
Laboratories, Hercules, Calif.) for 25 min at 15 V. Following transfer, the
membranes were incubated at 4°C overnight in a 5% (wt/vol) solution of dehy-
drated milk in PBS and then incubated for 2 h with rabbit anti-LrrG (1:1,000)
diluted in PBS containing 0.05% Tween 20 (PBST). The membranes then were
washed three times (for 5 min each time) with PBST before being incubated with
alkaline phosphatase-labeled anti-rabbit immunoglobulin G (IgG; Sigma) (1:
30,000) diluted in PBST. Unbound antibodies were removed by washing the
membranes five times (for 3 min each time) with PBST before the addition of
5-bromo-4-chloro-3-indolylphosphate–nitroblue tetrazolium substrate solution.
The developing reaction was stopped by washing the membranes with copious
amounts of water. The membranes then were air dried and stored in the dark.

Vaccination experiments. Groups of 6- to 7-week-old CBA/ca mice (Harlan
Ltd., Bicester, United Kingdom) were immunized s.c. with 25 �g of recombinant
protein mixed 1:1 with alum adjuvant (Pierce) in a final volume of 0.1 ml. A
separate group of mice were immunized with 25 �g of bovine serum albumin
(BSA) (Sigma). Four weeks later, mice were given a booster. In order to analyze
immune responses, blood samples were collected from the tail artery of each
mouse at 3 and 6 weeks after the initial immunization. Three weeks after the
booster, mice were challenged intraperitoneally with 0.5 ml of a standard inoc-
ulum (see below) of serotype III GBS strain 97/0099 diluted in Todd-Hewitt
broth and pretitrated to correspond to a lethal challenge dose that would result
in all unvaccinated mice succumbing to a lethal infection. To prepare the stan-
dard inoculum, GBS strain 97/0099 was serially passaged in mice to enhance
virulence, inoculated into Todd-Hewitt broth containing 20% heat-inactivated
fetal calf serum, and grown to late exponential phase before being frozen at
�80°C in aliquots. To estimate the lethal challenge dose, groups of eight mice
were injected intraperitoneally with dilutions of the standard inoculum and
observed every 2 h over a 7-day period for mice that had succumbed to infection.
Mice showing substantial symptoms of infection were humanely killed at the
recorded time of observation. Although the number of mice in each group was
relatively small, an estimate of the lethal dose of GBS can be determined; such
estimation is aided by the fact that the lethal challenge dose typically falls within
a narrow range of bacterial concentrations (1 � 106 to 5 � 106). The same
monitoring procedures were used in the GBS challenge experiments with vacci-
nated mice. All protocols were approved by and carried out according to United
Kingdom Home Office regulations.

Collection of sera. Blood samples were collected from the tail artery of each
mouse at 21 and 42 days after the initial immunization and were allowed to clot
overnight at 4°C. Each sample was applied to a SeraSieve column (Hughes &
Hughes Ltd.) and centrifuged at 10,000 � g for 3 min to remove any remaining
coagulated blood. Collected serum samples were stored in aliquots at �20°C.

ELISA detection of antigen-specific serum antibodies. As described previously
(65), enzyme-linked immunosorbent assay (ELISA) plates were coated with 3 �g
of recombinant LrrG/well and blocked with 3% dehydrated milk solution in
PBST. Sera were tested in duplicate by using a twofold dilution series from an
initial dilution of 1:50 to a final dilution of 1:107. Duplicate samples of a 1:50
dilution of preimmune serum were also included as controls on each ELISA
plate. Anti-mouse IgG, IgG1, and IgG2a antibodies conjugated to alkaline phos-
phatase (Southern Biotechnology Associates, Birmingham, Ala.) (1:3,000) were
applied before development with p-nitrophenyl phosphate substrate (Acros Or-
ganics) (1 mg/ml) in diethanolamine (Acros Organics) buffer. Plates were exam-
ined at 405 nm by using a microplate reader (Titertek Multiscan MCC 340), and
the end-point titer was calculated as the dilution resulting in the same optical
density as that determined for a 1:50 dilution of pooled preimmune sera.
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Analysis of LrrG-epithelial cell interactions. Recombinant LrrG and its trun-
cated derivatives were assayed for their relative affinities for binding to lung
epithelial cell line HEp-2 (ATCC CCL) and cervical epithelial cell line ME180
(ATCC HTB33). Cells were grown at 37°C in a humidified atmosphere contain-
ing 5% CO2 and were maintained in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal calf serum, 4 mM L-glutamine, 10 mM HEPES, 10 U
of penicillin/ml, and 10 �g of streptomycin/ml. For adherence assays, cells were
used to seed 96-well plates (Becton Dickinson) and were grown until the cell
monolayers reached confluence (typically 1 to 2 days). Prior to incubation with
recombinant LrrG, the cell monolayers were washed with fresh medium, fixed
with 0.2% glutaraldehyde, and blocked with PBS containing 3% milk powder for
1 h at 37°C. Preliminary experiments performed without fixation of the cells were
shown to produce similar results. Various amounts of LrrG, LrrGcr, LrrGnt, and
LrrGct proteins were added to individual wells and incubated for 2 h at 37°C.
The AroD protein of GBS was also included as a negative control to monitor
nonspecific interactions between proteins and host cells, as it is known to be a
highly conserved intracellular bacterial enzyme involved in the biosynthesis of
aromatic amino acids. After thorough washing with PBS-Ca2�, anti-His-IgG
(Amersham) (1:1,000) was added to the wells, and the plates were incubated for
1 h at room temperature. Alkaline phosphatase-conjugated goat anti-mouse IgG
secondary antibody (Southern Biotechnology Associates) (1:3,000) was used to
detect mouse anti-His-IgG bound to adherent recombinant LrrG and its trun-
cated derivatives. Plates were developed by the addition of p-nitrophenyl phos-
phate substrate solution, and the absorbance at 405 nm was measured by using
a microplate reader.

Statistical analyses. All statistical analyses were carried by using the Minitab
10.5 Xtra Power statistical software package. For ELISA data, antigen-specific
antibody titers were expressed as geometric mean titers based on readings for
duplicate samples. For survival data, the statistical significance of survival times
of vaccinated groups was determined by using the Mann-Whitney U test.

Nucleotide sequence accession number. The genomic sequence was assigned
accession number AY909605 in the GenBank database.

RESULTS

Cloning and sequence analysis of lrrG. A partial gene frag-
ment containing an LRR domain characteristic of the large

group of LRR proteins of Listeria (35, 49) was one of many
gene fragments previously identified in screens for surface
proteins with export-specific reporter vectors similar to those
described previously (22, 63). When this work was carried out,
the complete genome sequence of GBS was not published;
therefore, a genome walking approach was used to obtain the
complete ORF of lrrG. This process involved combining di-
gested GBS genomic DNA with an appropriately digested
adapter DNA (multiple cloning site of pUC19) in a ligation
mixture. The ligation mixture then was used as a template in
long-range PCR to amplify DNA fragments present upstream
or downstream of the originally identified GBS sequence es-
sentially as described previously (33). The resulting sequence
contig revealed a 3,168-bp ORF, designated lrrG, which was
preceded by a potential ribosome-binding site (GAAAGG)
and putative �10 (AAATAT) and �35 (TATACT) promoter
elements upstream of lrrG. The predicted coding sequence of
LrrG comprises 1,056 amino acids with a predicted molecular
mass of 118.1 kDa and a pI of 8.34 (Fig. 1).

BLASTP analysis of the amino acid sequence identified
strong homology (71% identity and 81% similarity over the full
length of LrrG) to an as-yet-uncharacterized hypothetical
surface protein from Streptococcus pyogenes (accession no.
AAK33772). Protein sequence homology was also observed
between LrrG and the previously characterized BpsA LRR
surface antigen (24% identity and 38% similarity over the full
length of LrrG) of Bacteroides forsythus (76). LrrG also shows
similarity to PcpA, a choline-binding surface antigen found in
Streptococcus pneumoniae (69). Interestingly, homology to this
surface antigen resides in three overlapping blocks of se-
quence, the first of which shares 28% identity and 44% simi-

FIG. 1. Alignment of the amino acid sequence of the LrrG protein from S. agalactiae (97/0099) with LRR proteins from S. pyogenes (GAS;
hypothetical protein), B. forsythus (surface antigen BspA), and S. pneumoniae (PcpA). SP, signal peptide region; N, amino terminus; pr, partial
repeat; C, carboxyl terminus; LPxTG, LPXTG cell wall anchoring motif. The individual repeats for LrrG are numbered. Numerals below the maps
indicate the number of amino acid residues in each protein domain.

1674 SEEPERSAUD ET AL. INFECT. IMMUN.



larity with residues 111 to 286 of LrrG. The second region of
homology, between residues 204 and 585, shares 21% identity
and 43% similarity with PcpA, while the third region, spanning
residues 233 to 301, shares 32% identity and 55% similarity
with PcpA (Fig. 1). A similar pattern of low-level homology
was also observed between LrrG and another LRR protein,
TpLRR (28% identity and 42% similarity overall), located in
the outer membrane of Treponema pallidum (78). Through the
use of various bioinformatic approaches as well as visual anal-
ysis of the entire amino acid sequence of LrrG, 15 full-length
LRRs and 2 partial LRRs (Fig. 2) were identified within the
amino-terminal and central portions of the protein (residues
165 to 647). Most, if not all, of the LRRs have been proposed
to play a role in protein-protein interactions (28), and in bac-
teria, the LRR is typically 20 to 24 amino acid residues long
and contains the consensus sequence XLXXIXXLPXXLXXI
XXAFXX (35). In addition, a putative integrin-binding argin-
ine-glycine-aspartic acid (RGD) motif (14) located at position
143 of LrrG could play a role in attachment to host cells.

The genetic organization of the chromosomal lrrG locus in
strain 97/0099 was also investigated by genome walking and
DNA sequencing. The lrrG gene and its putative promoter
were situated between nrdA and a downstream ORF encoding
a putative protein. In the published genome sequences of two
GBS strains (19, 82), this genetic organization is conserved,
and nrdA is annotated as encoding a ribonucleoside diphos-
phate reductase.

LrrG gene conservation. At present, nine immunologically
distinct CPS serotypes of GBS have been identified as being
clinically significant (13, 23, 39, 43). In order to assess the level
of conservation of the LrrG gene among such relevant sero-
types of GBS, genomic DNA from a panel of 17 GBS clinical
isolates, including at least 1 strain of each serotype, was sub-
jected to Southern blot analysis with the full-length lrrG gene
as a DNA probe. In addition, a clinical isolate of S. pneumoniae
(serotype 14) and S. pyogenes M1 were included in the analysis.
Southern blots were hybridized with an lrrG gene probe am-
plified by PCR from GBS serotype III strain 97/0099. DNA
fragments varying in size from 6.1 to 9.1 kb were detected in all
clinical isolates and all possible serotypes of GBS (Fig. 3),
indicating that the lrrG gene was present in all of these isolates.
As a control, Southern blot analysis was carried out with a bca
gene probe (bca encodes the serotype Ia-, Ib-, and II-specific C
protein alpha subunit), and a band was detected only in sero-
type Ia, Ib, and II isolates, as expected (data not shown).
Interestingly, the lrrG gene probe also hybridized to a single
6.1-kb EcoRV-digested genomic DNA fragment in S. pyogenes
(Fig. 3). The intensity of the S. pygoenes DNA fragment de-
tected by Southern blotting compared favorably with those of
its GBS counterparts, suggesting that a homologue of lrrG with
high sequence similarity is present in S. pyogenes. This sugges-
tion was confirmed by subsequent interrogation of the gene
database, which identified an S. pyogenes gene encoding a
hypothetical protein containing LRRs; CLUSTAL W analysis
revealed 75.1% identity at the nucleotide level with lrrG. In
contrast, no homologous genomic DNA fragments in S. pneu-
moniae were detected by Southern blotting with the lrrG gene
probe, indicating significant variations between the DNA se-
quences of the pneumococcal choline-binding protein A gene

(pcpA) and lrrG (32.82% nucleotide identity over the entire
length of lrrG).

A single 3-kb lrrG gene fragment was successfully amplified
from all but one GBS strain (serotype III M781) by PCR with
primers targeting the extreme N- and C-terminal sequences
encoded by the lrrG gene from strain 97/0099 (see Materials
and Methods). In GBS strain M781, two DNA fragments, of
approximately 1.6 and 1.0 kb, were amplified by PCR, but the
reasons for the irregularity observed with this strain remain
unknown. The 3-kb fragments amplified from the strains ap-
peared uniform in length, suggesting that the numbers of
LRRs do not vary, as is the case with some other repeat-
containing proteins of GBS, such as Rib and the C protein
alpha subunit. However, a deletion of a single LRR would be
difficult to detect by agarose gel electrophoresis, whereas a
difference in length of 132 bp (i.e., two repeats) would be
discernible. Given that there was no evidence of repeat varia-
tions in the three sequenced strains, it is likely that LRRs do
not vary among strains, but sequencing of genes from individ-
ual strains would be needed to confirm this hypothesis. Despite
the presence of an lrrG homologue in S. pyogenes, a PCR-
amplified fragment was not obtained with S. pyogenes genomic
DNA. A comparison of the S. pyogenes gene database entry
and the lrrG primer sequences indicated that mismatches be-
tween the primers and the S. pyogenes gene were likely the
cause of the failure to amplify the gene by PCR.

LrrG is a cell wall-anchored surface protein. In addition to
exhibiting homology to other bacterial surface proteins and
characterized adhesins, the LrrG polypeptide contains motifs
associated with surface proteins of other gram-positive bacte-
ria. Analysis of the first 60 amino acids of LrrG with SignalP
(see Materials and Methods) revealed a putative signal peptide
with a proposed cleavage motif between residues 24 and 25
(QE-VYG) (Fig. 4A). The C terminus of LrrG also contains an
LPXTG motif followed by a hydrophobic domain and a series
of positively charged residues, features commonly associated
with cell wall-anchored surface proteins of gram-positive bac-
teria (56).

To confirm our hypothesis that LrrG is a surface antigen,
Western blot analysis of proteins from different subcellular
fractions of GBS strain 97/0099 was carried out with antiserum
raised to recombinant LrrG purified from E. coli (Fig. 4B). A
protein band with a molecular mass close to that predicted for
LrrG (116 kDa) was detected in a mutanolysin-treated cell wall
protein fraction, suggesting that LrrG may indeed be anchored
to the cell wall. A similarly sized protein detected in the cyto-
solic fraction may represent uncleaved LrrG bound to the
secretory apparatus prior to translocation. LrrG may also be
bound to membrane vesicles present in the soluble fraction via
the hydrophobic domain found near the C terminus. This fea-
ture is typical of cell wall-anchored proteins and has been
proposed to anchor proteins in the cytoplasmic membrane
prior to attachment to the cell wall via the sortase enzyme (52).
This feature may also be an explanation for the detection in the
insoluble fraction of small amounts of LrrG that are likely to
comprise both cell wall and membrane components. Signifi-
cantly, proteins concentrated from culture supernatants did
not react with antiserum to LrrG, suggesting that LrrG is not
secreted by GBS, at least during mid-exponential growth in
vitro.
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Immunogenicity of LrrG. In order to investigate the immu-
nogenicity of LrrG, the protein was expressed in E. coli, puri-
fied, and used for immunization and challenge studies with
mice. The known protective antigen Rib, expressed by some
but not all serotypes of GBS (80), was used for comparison and
as a positive control. Gene fragments encoding the mature
forms of the LrrG and Rib proteins (i.e., lacking DNA se-
quences encoding the signal leader peptide), were PCR am-
plified from GBS strain 97/0099, cloned, and expressed in E.
coli BL21�(DE3) by using His tag expression vector pET28b as
described in Materials and Methods. Sequencing of the rib
gene cloned from the serotype III challenge strain (97/0099)
revealed that it contained only 2 (22) of up to 12 possible
tandem internal repeats previously identified for the rib gene in
GBS serotype III strain BM110 (84). However, immunization
experiments previously carried out with mice showed that the
Rib protein from strain 97/0099 conferred significant protec-
tion against a lethal challenge, thus validating the use of this
Rib variant as a positive control antigen in the vaccination
studies (22).

Groups of mice were immunized on days 0 and 28 with
purified recombinant LrrG or recombinant Rib (rRib) or with
BSA as a negative control. High levels of antigen-specific an-
tibody responses were measured in the sera of immunized
mice, and these levels were significantly increased (P 
 0.01) at
day 42 compared to day 21 following administration of the
booster (Fig. 5A). Mice immunized with LrrG or rRib had
higher levels (�15-fold increase) of antigen-specific serum an-
tibodies (P 
 0.01) than mice vaccinated with BSA.

Measurement of the antigen-specific serum IgG subclasses
showed that both antigens elicited significantly higher levels

(10- to 30-fold) of antigen-specific IgG1 than of IgG2a (P 

0.01) (Fig. 5B), as frequently observed by us (22) when protein
antigens are administered by the parenteral route with adju-
vant. The antigen-specific serum IgG1/IgG2a ratios elicited by
s.c. immunization with LrrG and rRib were 30.8 and 12.9,
respectively, at 42 days after the initial vaccination. The serum
IgG1 antibody titers to both LrrG and rRib were significantly
increased after the booster (P 
 0.01), as were the IgG2a
antibody titers, even though they were not of the same mag-
nitude (P 
 0.01).

Vaccination with LrrG protects mice against lethal chal-
lenge with GBS. Mice were immunized and boosted with re-
combinant LrrG, rRib, and BSA administered in alum on days
0 and 28 and then challenged on day 49 with a lethal dose of
virulent GBS. The control mice, immunized with BSA, all
succumbed to disease at between 24 and 80 h after challenge.
In contrast, 91 and 42% of mice immunized with LrrG and
rRib, respectively, were protected from infection at 8 days after
challenge, at which point the experiment was concluded (Fig.
6). Systemic GBS infection was confirmed for mice that suc-
cumbed to challenge by plating blood samples, which were all
shown to be positive for GBS. The protection afforded by
vaccination with LrrG and rRib was highly significant (P value
for both, 
0.01) compared to the results obtained for mice
immunized with BSA-alum. In addition, mice immunized with
LrrG were afforded significantly better protection than those
immunized with rRib (P � 0.013), suggesting that LrrG may
provide better efficacy as a vaccine antigen.

Adherence of LrrG to epithelial cells. GBS colonize the
genital tract of about 15 to 40% of pregnant women and
increase the risk that infants born to these women will become

FIG. 2. Alignment of the 22-amino-acid repeats of the LrrG protein and the consensus LRR protein motif. The amino acid positions of the
repeats are indicated on the left. Amino acid residues are indicated in the sequences by the one-letter code and are included if present at a
particular position in more than half of the repeats. Amino acid positions with identical or similar amino acid substitutions within the LrrG repeat
region and LRR consensus sequences are highlighted.
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colonized with GBS and subsequently develop severe early-
onset disease (EOD) (75). It is postulated that EOD infection
from GBS results from the aspiration of infected amniotic
fluid, followed by adhesion and colonization of the lung air-
ways of the newborn, leading in some cases to invasive disease
(66, 67). The specific molecular interactions involved in the
colonization of epithelial cells by GBS are unknown, although
binding studies with protease-treated and untreated GBS sug-
gest that surface proteins are indeed involved (81). Because
LrrG was identified as a surface protein and contained LRR
motifs commonly associated with protein-protein interactions,
the binding of LrrG to human lung epithelial cell line HEp-2
and cervical epithelial cell line ME180 was investigated. Re-
combinant LrrG and truncated versions of the protein (i.e.,
LrrGct, LrrGnt, and LrrGcr) were expressed in and purified
from E. coli and tested for their abilities to adhere to confluent
monolayers of HEp-2 and ME180 cells as described in Mate-
rials and Methods. The efficacy of adherence of LrrG and its
defined domains was determined by detecting bound LrrG
proteins with antibodies specific for the His tag present on all
of the purified recombinant proteins. As a control, recombi-
nant His-tagged AroD protein from GBS was also purified and
compared to the LrrG proteins in these binding assays. The
AroD enzyme has been well characterized for several gram-
negative bacteria and is known to be an intracellular enzyme
that catalyzes the conversion of 3-dehydroquinate to 3-dehy-
droshikimate in the shikimate pathway; it is therefore not ex-
pected to bind to a specific receptor on eukaryotic cells (24).

All recombinant proteins tested adhered in a dose-dependent

and saturable fashion to glutaraldehyde-fixed HEp-2 and ME180
cells (Fig. 7B and C); similar results were also found in prelimi-
nary experiments with unfixed cells (data not shown). When
tested over a range of concentrations, the mature form of the
whole protein (i.e., LrrG) and the C-terminal region (i.e., LrrGct)
bound ME180 cells in substantially larger amounts than the other
truncated LrrG derivatives (LrrGnt and LrrGcr) or the AroD
control protein. Surprisingly, only LrrGct and not LrrG bound to
HEp-2 cells in significantly larger amounts than the AroD control
protein. Indeed, all purified LrrG derivatives other than LrrGct
displayed binding curves similar to those of the AroD control
protein when incubated with HEp-2 cells. Taken together, these
results suggest that while the C-terminal region of LrrG is capable
of binding to both cell lines, the mature full-length LrrG protein
appears to preferentially bind to cervical epithelial cell line
ME180 only.

DISCUSSION

Although prenatal screening for GBS and the administration
of intrapartum antibiotics to “at-risk” individuals have greatly
reduced the incidence of invasive disease, GBS remain a lead-
ing cause of pregnancy-related morbidity in the United States.
Approaches to the development of an efficient vaccine against
GBS have focused on the use of CPSs or surface proteins.
Recent studies suggested that the evolution of serotype distri-
butions in GBS populations is likely to have a major impact on
the efficacy of serotype-specific conjugate vaccines and that a
vaccine targeting up to seven serotypes will be needed to pro-

FIG. 3. Southern blot hybridization of chromosomal DNAs from various streptococcal species with the lrrG gene. Lanes (left to right): Ia, S.
agalactiae 515a and S. agalactiae A909; Ib, S. agalactiae SB35 and S. agalactiae H36B; II, S. agalactiae 18RS21, S. agalactiae 1954/92, S. agalactiae
118/158, and S. agalactiae BS29; III, S. agalactiae BM110, S. agalactiae BS30, S. agalactiae 97/0099, and S. agalactiae M781; IV, S. agalactiae 3139;
V, S. agalactiae 1169-NT; VI, S. agalactiae GBS6; VII, S. agalactiae 7271; VIII, S. agalactiae JM9; S.pyg, S. pyogenes M1; S.pneu, S. pneumoniae
VH14; M, 1-kb molecular weight markers. The sizes of the chromosomal DNA fragments hybridizing with the lrrG gene are indicated on the left.
Hybridization with the DIG-labeled probe was carried out at 42°C.
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vide effective coverage in both the United States and other
parts of the world (39, 72). Similar issues concern the formu-
lation of vaccines based on GBS surface proteins, such as Rib,
the C protein alpha subunit, Fbs, and R28, which also show
serotype- or strain-specific patterns of expression (2, 16, 27,
80). This situation has made it of interest to characterize other
surface proteins of GBS as potential cross-protective targets.

In the course of carrying out a genetic screen for secreted
GBS proteins based on the use of the Staphylococcus aureus
nuclease (nuc) as a reporter (22), we identified the region of a
GBS gene encoding a signal peptide with features found in
other bacterial signal peptides and a motif recognized by signal
peptidases (51, 57). Full-length sequencing of the predicted
gene, designated lrrG, was done for strain 97/0099 (serotype
III) and revealed that LrrG possesses features in common with
numerous other cell wall-anchored proteins in gram-positive
bacteria. LrrG possesses a putative signal peptide, an LPXTG
motif near the C terminus, a hydrophobic domain, and posi-
tively charged residues at the C terminus, suggesting that LrrG
is an extracellular protein processed by a sortase and covalently
attached to the cell wall peptidoglycan (56, 59). Further evi-
dence that LrrG is anchored in the cell wall of GBS was

obtained by cellular fractionation and immunoblotting exper-
iments with LrrG antiserum; these experiments showed that
LrrG was not detected in the supernatants of exponentially
growing cultures but could be released from the cell wall of
osmotically stabilized cells by treatment with mutanolysin.

The predicted coding sequence of lrrG encodes 15 LRR
sequences (each 22 amino acids long) in the N-terminal half of
the protein that match the consensus sequence for other bac-
terial LRR proteins (35). LRRs are found in at least six fam-
ilies of eukaryotic proteins previously characterized on the
basis of variations in the consensus motif and the repeat length
(29). LRR-containing proteins found in eukaryotes have been
shown to be involved in diverse functions involving protein-
protein interactions, e.g., signal transduction, enzyme inhibition,
cell adhesion, and cellular trafficking (10, 29, 48). In prokaryotes,
LRR proteins are exclusively exported virulence factors of patho-
genic bacteria (29), the most well characterized being internalins
InlA and InlB of Listeria monocytogenes (9, 53). InlB has been
shown to stimulate phosphatidylinositol 3-kinase, membrane ruf-
fling, and the entry of Listeria into host epithelium (9, 77). InlA,
another LRR protein of L. monocytogenes, is involved in adhesion
to epithelial cells and in mediating uptake via the human E-

FIG. 4. Surface localization of LrrG. (A) Kyte-Doolittle plot of the deduced amino acid sequence encoded by lrrG of GBS. Hydrophobic
regions are above the horizontal line; hydrophobicity is indicated on the vertical axis. Regions representing a putative secretion signal peptide (SP)
and an LPXTG motif are indicated. (B) Western blot of cell protein fractions from mutanolysin-treated GBS strain 97/0099 (type III) probed with
anti-LrrG antisera. Lanes: 1, cell cytosol; 2, cell membrane; 3, cell wall; 4, supernatant; 5, purified recombinant LrrG stained with Coomassie blue.
Molecular mass standards are indicated on the left.
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cadherin surface receptor (42, 53). The LRR consensus sequence
for LrrG places the protein in a new LRR family of bacterial LRR
proteins, designated TpLRR (30), based on the LRR surface
antigen of T. pallidum, which possesses the consensus sequence
XLXXIXXLPXXLXXIXXAFXX. Other members of the
TpLRR family include BspA, a surface protein from B. for-
sythus (76), PcpA from S. pneumoniae (69), and an uncharac-

terized hypothetical surface protein of group A S. pyogenes
(accession no. AAK33772) to which LrrG has the highest over-
all similarity (81%) and identity (71%) over the entire coding
sequence (Fig. 1).

Since this work commenced, the complete genome se-
quences of two S. agalactiae strains have been published: S.
agalactiae 2603V/R (serotype III) (19) and NEM316 (serotype
V) (82). Compared to that in strain 97/0099, the genetic orga-
nization of the lrrG locus was the same in strains 2603V/R and
NEM316. Moreover, the translated products of their corre-
sponding lrrG genes (accession no. AAM99327 and
CAD46100, respectively) shared 100% identity with LrrG in
strain 97/0099, indicating that this antigen is likely to be well
conserved. This notion was further confirmed by Southern blot
analysis, which detected a single lrrG DNA fragment varying in
size from 6.1 to 9.1 kb in genomic digests from all strains
representing each of the nine serotypes of GBS. In addition, an
lrrG gene fragment of �3 kb was successfully amplified by PCR
from all but one of the strains tested. These data would indi-
cate that the fragments of different lengths detected by South-
ern blotting were due to restriction fragment length polymor-
phisms occurring outside the lrrG coding sequence. Therefore,
in contrast to the Rib protein and the C protein alpha subunit
of GBS, which were not present in all of the strains tested and
which demonstrated strain-dependent variations in the num-
bers of repeat motifs at the gene level, lrrG was well conserved
in all of the strains and serotypes of GBS tested.

While GBS have been shown to adhere efficiently and invade
a variety of tissue-specific epithelial and endothelial cell lines,
including those of placental and respiratory origins, at present
little is known about the molecular basis of these host-microbe
interactions. To demonstrate the potential role of LrrG in GBS
colonization, adherence assays were carried out with recombi-
nant LrrG (mature form) and its truncated variants and with
the ME180 (cervical) and HEp-2 (lung) epithelial cell lines.
Purified LrrG and LrrGct bound ME180 epithelial cells in

FIG. 5. Serum ELISA titers of antigen (Ag)-specific total IgG (A) and antigen-specific IgG1 and IgG2a (B) antibodies following immunization
with the indicated proteins. Groups of 6-week-old CBA/Ca mice were vaccinated s.c. at days 0 and 28 with 25 �g of the respective protein vaccine
mixed in a 1:1 ratio with alum adjuvant. Mice were bled from the tail at days (d) 21 and 42 before bacterial challenge on day 56. Sera were analyzed
by ELISAs, and the end-point titers were determined. The values represent the mean 
 standard error of the mean for 12 mice.

FIG. 6. Vaccination with purified LrrG confers protection from
challenge with GBS. Groups of 12 CBA/Ca mice aged between 6 and
7 weeks were immunized s.c. with 25 �g of protein antigen in a 1:1
mixture with alum adjuvant (final volume, 200 �l). Mice were immu-
nized on day 0 and boosted on day 28. Mice were challenged intra-
peritoneally 21 days later with a lethal dose of GBS (3.5 � 106 CFU).
Deaths were recorded hourly, and the percent survival was determined
for up to 7 days following GBS challenge. The final ratios (number of
surviving mice/number of mice challenged) are indicated for groups
immunized with rRib and recombinant LrrG. Statistically significant
differences (P 
 0.01) in survival between experimental groups and the
control group (BSA-alum-vaccinated mice) are indicated by asterisks
and were calculated by using the Mann-Whitney U test. Symbols: {,
BSA-alum; �, rRib-alum; E, LrrG-alum.
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substantially larger amounts than the other truncated LrrG
proteins or control protein AroD. Surprisingly, however, only
LrrGct and not the mature form of LrrG adhered to Hep-2
epithelial cells in amounts larger than those observed with the
other truncated LrrG proteins or control protein AroD. Be-
cause these data suggest that the mature form of LrrG pref-
erentially binds to a host receptor found on the cervical cell
line but not on the lung cell line, the binding of LrrGct to both
cell types was unexpected. One possible explanation for this
finding could be that the expression of the LrrGct polypeptide

allows protein interactions with host cells that are not possible
in the context of the full-length folded LrrG protein, at least
when expressed in and purified from E. coli. While these data
indicate a role for LrrG in adhesion to host cells, further
research is needed to confirm the specificity of LrrG binding to
different receptors on host epithelium and to define the mo-
lecular basis of these interactions. A structural feature that
could be involved in binding to host cells is an integrin-binding
RGD motif (14) identified in the amino-terminal region of
LrrG (amino acids 143 to 145). However, the low level of

FIG. 7. LrrG binding to epithelial cells. LrrG and truncated versions of the antigen (A) were purified by affinity chromatography and incubated
in a dose-dependent manner with ME180 cells (B) and HEp-2 cells (C) for 2 h at 37°C. Bound recombinant proteins was detected with antibody
specific to the His tag present on each of the recombinant proteins followed by alkaline phosphatase-coupled anti-mouse IgG. The inclusion of
the AroD protein served as a negative control and to record nonspecific protein-host cell interactions. Binding experiments were carried out in
triplicate, and data represent the mean 
 standard error of the mean. Numerals below the maps indicate the number of amino acid (aa) residues
in each region. SP, signal peptide; O.D 405nm, optical density at 405 nm.
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binding demonstrated by LrrGnt suggests that this motif is
probably not involved in cell adhesion. It may also be signifi-
cant that this RGD motif is not conserved in the close homo-
logue found in S. pyogenes, where an asparagine residue re-
places the aspartic acid residue (RGD3RGN), further
endorsing the possibility that this motif is not functionally
important in LrrG.

Immune defense against GBS, like that against other gram-
positive bacteria, depends on clearance of the bacteria by
phagocytic leukocytes, a mechanism consistently demonstrated
to be greatly enhanced by opsonic antibodies to surface anti-
gens or CPSs (7, 79). Given that LrrG was identified as a
conserved surface protein, we investigated the vaccine poten-
tial of this surface antigen. s.c. immunization of groups of mice
with LrrG and alum as an adjuvant elicited high levels of total
IgG antibodies (end-point titer, �5,000,000). Similarly, immu-
nization with rRib, a previously described immunogen, elicited
comparable levels of antigen-specific IgG. In addition, mice
immunized with LrrG were significantly protected against chal-
lenge with virulent GBS (91% survival) (P 
 0.01), whereas
control mice immunized with BSA all succumbed to disease
within 24 to 80 h. A significant level of protection was also
obtained following immunization with rRib (42% survival) (P

 0.01), although the level of protection was significantly lower
than that obtained with LrrG. It should be noted that higher
levels of protection have been achieved against challenge with
GBS serotype III strain BM110 by use of native Rib protein
isolated from this bacterium (80). As those experiments were
also carried out with a different strain of mice (C3H/HeN), the
results described here cannot be compared directly with those
results. That LrrG is a good vaccine immunogen candidate was
also confirmed in further challenge experiments with larger
groups of mice (66% protection in a group of 15 mice) (data
not shown).

The development of an LrrG subunit vaccine against GBS
might be a good alternative approach to the use of CPSs as
vaccines. Bacterial CPSs are T-cell-independent antigens, and
experiments carried out with both animal and human subjects
have shown that immune responses to purified bacterial CPSs
fail to induce immunological memory (7). Moreover, other
potential drawbacks of CPS vaccines include geographical vari-
ations in serotype prevalence and the possibility that these
vaccines will ultimately select for increased prevalence of se-
rotypes not included in the vaccines. For S. pneumoniae, vac-
cination with conjugate vaccines has already been shown to
cause an increase in the prevalence of serotypes not present in
the vaccines (58). A highly conserved protein antigen, such as
LrrG, might also be used as a carrier protein for a restricted
number of CPSs in order to provide greater coverage of the
vaccine against clinically less important serotypes. This ap-
proach has been explored experimentally with the C protein
alpha subunit and C5a peptidase of GBS conjugated to type III
CPS; both of these conjugates induced protective immune re-
sponses in murine infection models (12, 21). A type III GBS
CPS-tetanus toxoid conjugate induced predominantly the
IgG2a subclass when administered to healthy nonpregnant
women (32). Furthermore, this conjugate promoted op-
sonophaocytosis and killing of GBS and, after maternal immu-
nization, protected neonatal mice against lethal challenge with
type III GBS.

In conclusion, we have shown that LrrG, a novel LRR sur-
face protein, is a highly promising candidate antigen for use in
a GBS vaccine. Immunization of mice with purified LrrG and
alum confers significant protection in a mouse model of inva-
sive disease, and the level of protection was higher than that
obtained with another promising but serotype-restricted vac-
cine antigen, Rib. The lrrG gene was shown to be well con-
served among all nine clinically important serotypes, indicating
its potential to afford broad cross-protection. Although the
exact role of the LRR region in LrrG remains unclear, prelim-
inary studies suggest that LrrG may be an important virulence
factor that plays a role in the adhesion of GBS to epithelial
cells.
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