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Background: Pili have been shown to play a key role in the attachment.
Results: Pilus proteins anti-SAN1518, GBS80, and GBS67 inhibited the adherence and invasion of GBS to the lung and cervical

epithelial cells.

Conclusion: Pilus protein contributes to the initial attachment and invasion of GBS.
Significance: Pilus protein-based vaccine formulation can also be tested against GBS serotypes of India.

Streptococcus agalactiae, or group B Streptococcus (GBS), is
an important opportunistic pathogen that causes pneumonia,
sepsis, and meningitis in neonates and severe diseases in immu-
nocompromised adults. We have performed comparative geno-
mics of prevalent GBS serotypes of Indian origin (i.e. Ia, III, V,
and VII). Pilus-proteins were commonly found up-regulated,
and their expression was studied by using antiserum for GBS80
(backbone protein of pilus island-I), GBS67 (ancillary protein of
PI-2a), and SAN1518 (backbone protein of PI-2b) by whole cell
and Western blot analysis. To check the role of pilus proteins in
adherence and invasion, an inhibition assay was performed.
Comparative immunoblotting experiments revealed that ex-
pression of pili proteins does not differ in geographically differ-
ent selected serotypes, Ia and V, of India and the United States.
In the case of A549 cells, we found that GBS VII invasion and
adherence was inhibited by pilus protein-specific antiserum
SAN1518significantly (p < 0.001) by 88.5 and 91%, respectively.
We found that mutant strains, deficient in the pilus proteins
(Agbs80 and Asan1518) exhibit a significant decrease in adher-
ence in the case of type Ia, III, and VII. In the case of type VII, we
have found a 95% reduction in invasion when Asanl518 was
used with A549 cells. Because the pilus proteins were identified
previously as vaccine candidates against GBS serotypes of devel-
oped countries, we also found their role in the attachment and
invasion of GBS of Indian origin. Thus, the present work sup-
ports the idea of making a more effective pilus protein-based
vaccine that can be used universally.
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The pathogenesis of GBS® infections is thought to be a mul-
tistep process. Adherence of GBS to epithelial cells may be inte-
gral to several of these steps. It has been shown that coloniza-
tion of the rectum and vagina of the mother by GBS is
correlated with GBS sepsis in newborn infants (1). Infection of
the fetus occurs following infection of the amniotic cavity and
often begins as pneumonia, implicating the lung as the site of
initial infection. In many regions of the world, the serotypes
that cause GBS infections are not restricted to those that are
most prevalent in the United States. Also several studies
revealed the prevalence of GBS serotypes VI and VIII among
pregnant women in Japan (2—6). In order to effectively formu-
late a multivalent vaccine, we need to understand the serotype
distributions prevalent in different parts of the world. The dif-
ferences in serotype distribution among various populations
may also reflect differences in pathogenesis among the sero-
types. Several promising vaccine candidates like capsular poly-
sccharide (Cps); surface protein, such as @ and 8 components of
the C protein complex, Rib; surface immunogenic protein (Sip);
and Cba peptidase have been identified to develop a vaccine
against GBS and have been reviewed in detail recently (7-11).
Despite the many studies that are focused on developing a GBS
vaccine using conventional approaches, including the cultiva-
tion of pathogens and the identification of highly immunogenic
and protective antigens using standard biochemical and micro-
biological techniques, little success has been achieved in terms
of developing a vaccine that is globally effective (7). To under-
stand the mechanism by which pathogens cause disease, it is
necessary to identify the genes that are required for the estab-
lishment and maintenance of an infection. Genomics has revo-
lutionized the way in which novel vaccine candidates are iden-
tified for the development of efficacious vaccines. Reverse
vaccinology, whereby all candidates of interest are identified by
analysis of a pathogen’s genome, enables characterization of
many candidates simultaneously. The analysis of multiple

® The abbreviations used are: GBS, group B Streptococcus; BisTris, 2-[bis(2-
hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; Pl, pilus island.
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genomes of GBS revealed tremendous diversity and identified
candidates that are not shared by all of the strains sequenced
but provide general protection when combined (12). The
sequencing of GBS genomes from several serotypes (13),
including types, Ia, V, and I1I (14, 15), and technologies such as
DNA microarray and proteomics are now treated as global
approaches for vaccine development (7, 11, 16, 17).

Bacteria attach to their appropriate environmental niche by
using adhesins present on the ends of long hairlike structures
called pili, which are essential virulence factors in GBS (16). Pili
have been studied and characterized in group A Streptococcus,
in GBS, and in Streptococcus pneumoniae and shown to play a
key role in the adhesion and invasion processes and were pro-
posed as good vaccine candidates (16 —20). However, a closer
look at these studies reveals that only serotypes that cause dis-
eases in developed countries were considered; hence, any vac-
cine preparation may/may not be applicable to Asian/African
or any other developing countries until these preparations
include the vaccine candidates against the serotypes currently
circulating in these regions (7). Therefore, in the present study,
we have used comparative genomics to determine the up-reg-
ulated genes that are of surface origin or are differentially
expressed in invasive or in prevalent serotypes of India, and
their role was investigated in adherence and invasion.

EXPERIMENTAL PROCEDURES

Ethics Statement—Sera to the GBS proteins, kindly provided
by Dr. Lawrence Paoletti (Brigham and Women’s Hospital,
Boston, MA), was produced in accordance with the recommen-
dations of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Dr. Paoletti’s protocol 613 was
approved by the Harvard Medical School Standing Committee
on Animals.

Bacterial Strains and Human Cell Lines—GBS serotypes
used in this study are mentioned in supplemental Table S1. All
of the four serotypes were grown on a blood agar plate supple-
mented with 5% defibrinated blood or in Todd-Hewitt broth
(Difco). Two United States serotypes, Ia strain A909 and type V
strain CJB111, were used as reference strains as well as for the
comparative pilli expression analysis.

Human type II alveolar epithelial carcinoma cells (A549)
ATCC CCI-185 and human cervical epithelial cells (ME-180)
ATCC HTB-33 were maintained at 37 °C with 5% CO, in
Roswell Park Memorial Institute (RPMI)-1640 culture medium
(HiMedia, Mumbali, India) with 10% fetal bovine serum (FBS)
(HiMedia) without antibiotics, as described previously (21).
Cell viability and count were determined by 0.4% trypan blue
(Sigma) exclusion and hemocytometer counts as described
(11). Spent medium was replaced every 2—3 days and 1 day
before use.

Interaction Studies (Adherence and Invasion Assay)—To
check the adherence and invasion efficiency of Indian isolates
of GBS with A549 and ME-180 cells, invasion and adherence
assays were performed in 60-mm diameter dishes as described
by Mikamo et al. (6). Monolayer (4.25 X 10° cells/dish for A549
and 2.3 X 10° cells/dish for ME-180, viability 94%) were
infected at a multiplicity of infection (GBS/mammalian cells) of
1:1 and were kept at 37 °C in a 5% CO, incubator (Shellab,
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Cornelius, OH). After a 2-h incubation period, infected mono-
layers were washed three times with PBS to remove non-adher-
ent GBS. Infected monolayers were treated with RPMI-FBS
containing 100 ug of gentamycin/ml and 5 ug of penicillin/ml
and were kept again at 37 °C in a 5% CO, incubator for an
additional 2 h to kill extracellular GBS. After washing 3—5 times
with PBS, 0.2 ml of 0.25% trypsin-EDTA (Himedia) was added
to detached the cells, and this mixture was incubated for 5-7
min at 37 °C in a 5% CO,, incubator. To this 0.8 ml of ice-cold
0.025% Triton X-100 was added to lyse the cells. Additionally,
monolayer was disrupted by repeated pipetting to liberate
intracellular GBS. This whole mixture was transferred quanti-
tatively to microtubes and vortexed gently for 1 min. Aliquots
diluted in 0.025% Triton X-100 were plated on a blood agar
plate. The plates were incubated at overnight at 37 °C, and GBS
cfuwere counted. For the adherence assay, every condition was
kept the same as mentioned in above, except in this case, no
antibiotic treatment was given after the first 2-h incubation.
The number of attached GBS was calculated as total (attached
and invaded) cfu minus invaded cfu. Each test was done in
quadruplicate, and the number of cfu recovered per plate was
determined. The percentage adherence and invasion of cell
lines mentioned above by GBS was calculated as (cfu on plate
count)/cfu in original inoculum) X 100 (21).

Comparative Genomics— This study was performed in order
to identify and to check the up-regulation of the gene(s) in
invasive GBS serotypes (Ia and III) as compared with the less
invasive serotypes (type V and VII). To do this, a total of 66
genes related to virulence factors were selected from the VFDB
database (see the Virulence Factors of Bacterial Pathogens Web
site) that were previously identified or predicted to be involved
in virulence (supplemental Table S2). Additionally, a compari-
son between each of them was also made to determine the com-
monly up-regulated genes in all four of the serotypes used in
this study. To do this, expression microarray analysis was per-
formed with a custom-made chip formulated based on the vir-
ulence factor of available gene sequence of GBS type Ia, III, and
V. Oligonucleotides were designed against the respective gene
by Ocimum Biosolutions (Hyderabad, India) (supplemental
Table S3). Oligonucleotides mentioned in the boldface rows
were used as productive control.

Isolation of RNA—This was done as described by Johri et al.
(11) as follows. A 20-ml volume of GBS type Ia, III, V, and VII
was grown in Todd-Hewitt broth medium at 37 °C until the OD
reached 0.5. After obtaining the desired OD, 40 ml of RNApro-
tect bacterial reagent (Qiagen) was immediately added, and the
sample was incubated for 5 min at room temperature. GBS cells
were then pelleted by centrifugation at 7,000 rpm for 15 min,
and the supernatant was discarded. The pellet obtained was
resuspended in 1 ml of lysozyme (30 mg/ml) in Tris-EDTA
buffer and 2,000 units of mutanolysin to obtain the lysate, and
this mixture was incubated for 15 min at 37 °C. 3 ml of RTL
buffer (Qiagen) and 30 ul of B-mercaptoethanol were added to
this mixture, the contents were mixed, and the lysate obtained
was stored at —80 °C. Total RNA was extracted from this lysate
by using RNeasy spin columns as described in the manual (Qia-
gen). RNA samples were run on 1.5% formaldehyde-agarose gel
to check the RNA integrity and purity.
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Total RNA isolated was treated with DNase (RNase-free) for
30 min at 37 °C for removing contaminating genomic DNA,
followed by RNA purification using the RNeasy kit (Qiagen).
RNA concentration was checked by measuring absorbance at
260 and 280 nm using a NanoDrop spectrophotometer (Nano-
Drop), and the quality of the RNA was checked by electropho-
retic analysis with an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies Inc., Palo Alto, CA). Total RNA with the quality
standards was released for probe generation. 68 oligonucleo-
tides were synthesized on a 50-nmol scale and were printed on
an epoxysilane-coated Nexterion® slide E (Schott, Mainz,
Germany).

Probe Generation, Hybridization, and Expression Analysis—
1 ug of total RNA was used for amplification using Message
AmpTMII-Bacteria, a prokaryotic RNA amplification kit
(Ambion), by a linear transcription-based RNA amplification
system to produce complementary RNA. Briefly, mRNA was
polyadenylated using poly(A) polymerase, followed by reverse
transcription primed with an oligo(dT) primer bearing the T7
promoter and second strand cDNA synthesis. The resulting
c¢DNA was then transcribed with T7 RNA polymerase to gen-
erate multiple copies of aminoallyl antisense RNA. Aminoallyl
antisense RNA was then labeled with Cy3 dye. 7.5 mg of the
labeled antisense RNA in 75 ml of Ocimum’s Hyb buffer was
used for hybridization with the CA031 custom array chip for
S. agalactiae designed and printed at Ocimum Biosolutions.
Hybridized chips were scanned using an Affymetrix 428 TMAr-
ray scanner at three different PMT gains, and the images were
analyzed using Genowiz software (Ocimum Biosolutions).
Analysis was performed to detect differentially expressed genes
among the groups. The signal value for each gene/probe was
taken by averaging intensity between serotypes. Also, func-
tional classification (Gene Ontology-based) was carried out for
differentially expressed genes. For each slide, the image analysis
was carried out for extracting the data from 40, 50, and 60 PMT
settings. Each slide produced three data sets corresponding to
each PMT setting. The data analysis involved preprocessing,
differential expression, and gene enrichment analysis.

Because the objective of the experiment was to determine the
up-regulation of genes reported in the adherence or invasion in
different serotypes of GBS, each serotype was compared with
other three serotypes. In each comparison, genes with a log
-fold change value (FC) of >0.5849 (FC > 1.5-fold difference)
were declared as up-regulated, whereas genes with a log -fold
change of <—0.5849 (FC < 0.66-fold difference) were declared
as down-regulated. In order to generate a heat map for all sam-
ples, the agglomerative hierarchical clustering method was
employed to obtain a similarity matrix for all samples by using
Euclidean distance. Due to a lack of annotated gene informa-
tion, direct gene ontology and pathway information could not
be obtained for GBS.

Production of Purified Proteins and Antisera—Cloning and
expression of GBS pilus proteins and the immunization proto-
col used to raise antiserum in mice to purified proteins have
previously been described in detail (16). Briefly, ORFs coding
for selected proteins were amplified from GBS type VII
genomic DNA. PCR primers were designed to obtain genes
without predicted signal peptide coding sequences. PCR prod-
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ucts were introduced into plasmid expression vectors
pET21b+ (Novagen) so as to generate recombinant proteins.
His-tagged proteins were obtained by cloning in, and Esche-
richia coli BL21(DE3) cells (Novagen) were used as the recipi-
ent. Purified recombinant GBS proteins were used for intra-
peritoneal immunization of groups of 6-—8-week-old CD-1
outbred mice (Charles River Laboratories, Calco, Italy). The
proteins (20 ug of each) were administered to mice on days 1
(emulsified in complete Freund’s adjuvant), 21, and 35 (in
incomplete Freund’s adjuvant). Serum from each group of mice
was collected on days 0 and 49, and the protein-specific
immune response (total immunoglobulin) in pooled serum was
measured by an enzyme-linked immunosorbent assay. Antisera
were chosen for use in inhibition studies based on availability.

Pilus Protein Expression Analyses (Whole Cell Blot)—The
selected differentially expressed genes related to pili were fur-
ther subjected to biochemical analysis. For this purpose, GBS
culture at the desired OD,, (~0.5) (1 ml) was grown, centri-
fuged, and washed once in PBS and resuspended in 200 ul of
PBS. 5 ul of this was spotted on nitrocellulose membrane and
heat-fixed at 60 °C for 1 h, followed by blocking in 1% skim milk
(1 h). Samples were washed three times with PBS + Tween
buffer, followed by incubation with primary antibody at
1:10,000 dilutions («GBS80, aGBS67, and aSAN1518) for 90
min. After incubation with primary antibody samples were
washed three times with PBS + Tween buffer followed by incu-
bation with goat anti-rabbit IgG secondary antibody conju-
gated to alkaline phosphatase (Bangalore Genei, India) at a
1:5000 dilution for 1 h and finally washed three times with sub-
strate buffer. After washing, membranes were developed by
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
phosphate substrate.

Western Blotting—To check the expression of pilus proteins,
cell wall and cell wall-anchored proteins were isolated as
described by Dramsi et al. (22) with some modifications as fol-
lows. GBS culture was grown until desired the OD, (~0.5)
and harvested by centrifugation at 4,000 X g for 10 min at 4 °C,
and the resulting pellet was washed twice with 40 mm sodium
phosphate buffer (pH 7.0). The pellet was suspended in proto-
plast buffer (40% (w/v) sucrose, 10 mm MgCl, in 50 mm phos-
phate, pH 7.0). To each sample, 1,000 units of mutanolysin was
added, followed by incubation at 37 °C overnight with end-
over-end mixing (23). Protoplasts and cell debris were removed
by centrifugation (13,000 X g for 10 min at 4 °C), and the super-
natant fluids containing cell wall and cell wall-anchored pro-
teins were collected and stored at 4 °C. Protein measurements
were performed with the BCA protein assay kit (Pierce).

For Western blotting purposes, GBS80, GBS67, and
SAN1518 antiserum were used. SDS-PAGE analysis was per-
formed using 4 —12% BisTris precast gel (Invitrogen) according
to the instructions of the manufacturer. Proteins were electro-
transferred on PVDF membrane (0.45 um) at 35 V overnight at
4.°C. After transfer, membranes were saturated for 60 min at
37 °C in blocking buffer (PBS supplemented with 1% skim
milk). After three washes in PBS containing 0.1% Tween 20,
membranes were incubated for 90 min in blocking buffer con-
taining the primary antibody (1:10,000 dilutions). After three
washes in PBS containing 0.1% Tween 20, these were incubated
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for 1 h at room temperature with goat a-rabbit alkaline phos-
phatase (IgG-alkaline phosphatase) secondary antibody diluted
1:5,000 in PBS-Tween 20. These were washed with substrate
buffer as mentioned before, following which membrane was
blotted by 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium phosphatase substrate. Recombinant pilus proteins
GBS80 (58 kDa), GBS67 (98 kDa), and SAN1518 (53 kDa) were
used as positive control, respectively. The See Blue Plus 2
prestained high molecular weight protein standard (Invitrogen)
served as the protein standard. To further investigate whether
the pilus protein expression differs in geographically different
GBS isolates, we have performed comparative pilus protein
expression studies between Indian Ia and V and available
United States serotypes la strain A909 and type V strain
CJB111. We did not investigate the expression of GBS67 pilus
protein because this is absent at the genetic level in both Indian and
United States serotype Ia. The genes encoding these pilus proteins
have been assigned by different numbers on the basis of their ori-
gin and are shown in supplemental Table S2. SAN1518 pilus pro-
tein was selected from the type III COH-1 strain.

Inhibition of GBS Adherence and Invasion to A549 and
ME-180 Cells by Antiserum Specific to Selected Recombinant
Pilus Proteins and Isogenic Mutants—This assay was per-
formed in order to check the role of selected pilus proteins in
adherence as well as in invasion. For this purpose, GBS culture
grown at an OD of 0.5 at 650 nm was harvested and diluted 1:10
with RPMI 1640 to achieve a concentration of 4 X 10° cfu/ml.
Diluted GBS was combined with rabbit serum (final assay dilu-
tion of 1:1,000), raised to recombinant pilus proteins GBS80,
GBS67, and SAN1518, and the final volume was adjusted to 2.5
ml with RPMI 1640. After incubation for 1 h at 4 °C, 500 ul of
this mixture was added to each well in confluent A549 and
ME-180 cells (4 X 10° cells/well) grown in 24-well plates to
achieve a multiplicity of infection of 1:1. Untreated GBS served
as the control. Adherence and invasion was determined as
described above. The inhibition percentage of adherence and
invasion was calculated by using the formula 1 — (number of
adherent or invaded GBS cells treated with test serum/number
of adherent or invaded GBS cells treated without serum) X 100
(11). In the case of type Ia and III, antisera to GBS80 and
SAN1518 were tested, and in the case of type V, anti-GBS67 and
GBS80 were tested. In the case of type VII, all three antisera (i.e.
anti-GBS80, anti-GBS67, and anti-SAN1518) were tested.

Generation of Isogenic Mutants of S. agalactiae by Allelic
Replacement Using Deletion Constructs (pJRS233Agbs80,
PJRS233Asan1518, and pJRS233Agbs67)—To probe the func-
tional role of the pilus proteins in adherence and invasion of the
selected GBS serotypes, we have generated mutants as follows.
Pilus protein ghs80-deficient, san1518-deficient, and ghs67-de-
ficient mutants of S. agalactiae were generated by allelic
replacement (24). The mutant for ghs80 was constructed in type
Ia, II1, V, and VII; san1518 was constructed in type Ia, III, and
VIL; and gbs67 was constructed in type V and VII. Copies of
deficient genes containing in-frame deletions were constructed
using splicing by direct ligation PCR by using primers based on
strain A909 (serotype Ia) for ghs80 and san1518 sequences and
strain 2603 V/R (serotype V) for ghbs67 sequence (see supple-
mental material Part I1, Tables 1 and 2 for a list of primers used).
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The terminal primers also contained the restriction sites for
BamHI restriction enzymes in the 5’'-ends.

First-round PCR fragments were amplified using A909
genomic DNA as template for ghs80, san1518, and strain 2603
V/R genomic DNA for gbs67 by TagDNA polymerase. The
DNA fragments of gbs80 and gbs67 were purified and digested
with Xmal, whereas the PCR product obtained for san1518 was
digested with HindIII to obtain the terminal fragments. The
digested products were ligated by using T4 DNA ligase which
than served as template for the second round of PCR, using only
the terminal primers (primers 1 and 4 for ghs80 and ghs67 and
primers 1 and 2 for san1518) to generate a single contiguous
DNA fragment with internal deletions (see supplemental mate-
rial Part II, Table 1 for individual bp deletions in each gene).
The second round products were cloned into pGEM-T easy
vector (T-A cloning vector obtained from Promega). the
clones were digested with BamHI and ligated into BamHI-di-
gested pJRS233 (25) containing heat sensitivity and erythromy-
cin resistance to create recombinant pJRS233Aghs80,
pJRS233Agbs67, and pJRS233Asan1518. The constructs were
transformed into calcium chloride-treated competent E. coli
XL-1 Blue by the heat shock method. Deletion was confirmed
by colony PCR, restriction digestion, pure plasmid-specific
PCR, and sequencing. The gene deletion constructs were intro-
duced into S. agalactiae strains by electroporation (19, 26).
Transformants were selected at 30 °C on Todd-Hewitt broth
agar plates with 1 ug/ml erythromycin. Allelic exchange was
performed by serial passage of the transformants on solid and
liquid media (27). Following allelic exchange, deletion was con-
firmed by PCR by using a gene-flanking primer pair for ghs80
and gbs67 and by using the same primer pair for sanl518.
Adherance and invasion studies were performed with isogenic
mutants with A549 and ME-180 cells as described earlier to
study the functional aspect of pilus proteins.

Statistical Analysis—In interaction as well as inhibition stud-
ies, data were analyzed for statistical significance by using
GraphPad Prism version 4. Continuous variables were com-
pared by using Student’s ¢ test or the nonparametric Mann-
Whitney test. Statistical significance was defined as p < 0.05. In
DNA microarray work, only the statistically significant data
(p < 0.05) were analyzed.

RESULTS

Interaction Studies; Adherence and Invasion—Adherence
and invasion data of most prevalent serotypes (Ia and III) were
compared with less prevalent serotypes (V and VII). Type Ia
showed the highest adherence with A549 cells (i.e. 2.82% as
compared with other serotypes), whereas minimum adherence
was shown by type V (i.e. 0.5%) (Fig. 1a). With ME-180 cells,
maximum adherence was obtained with type V (i.e. 2.4%), and
the minimum was found with type VII (0.3%). With the A549
cells, maximum invasion was found with type Ia and type III (i.e.
1.8%), whereas minimum invasion was observed in the case of
type V (i.e. 0.01%). In the case of ME-180 cells, maximum inva-
sion was observed for serotype III (~1.8%), whereas minimum
invasion was observed in the case of type Ia (i.e. 0.03%) (Fig. 1b).

Comparative Genomics—Differentially expressed genes are
shown through a bivariate scatter plot in supplemental Fig. S1
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FIGURE 1. Interaction of GBS type la, lll, V, and VIl with A549 and ME-180 human cell lines. g, adherence. Type la and V were found to significantly adhere
to the A549 cells as compared with type Ill and VII; however, in the case of ME-180 cells, la and VIl were found significantly adhered to the ME-180 as compared
with the type Ill and V. b, invasion. Type la and Ill invaded A549 cells significantly as compared with the V and VII. In the case of ME-180, type lll and V invaded
significantly as compared with the type la and VII. Error bars, S.D. The significance of GBS adherence and invasion for two different variables was determined by

Student’s paired t test. *, significant.

for each comparison. The up- and down-regulated probes are
highlighted in blue points, and the cut-off value (0.58) is shown
in red lines. Heat maps of GBS Ia versus 111, V, and VII; of III
versus V and VII; and of VII versus V are shown in Fig. 2, a—f.

In the case of type 111, the level of transcripts of four genes (i.e.
gbs1474, gbs1475, gbs1476, and gbs1478 (which encodes the
synthesis of pilus island proteins (PI-2)) were found to be 5-22-
fold up-regulated (supplemental Table S4). Agglutinin receptor
and glucan-binding protein (gpbB) were found 30.7- and 37.4-
fold up-regulated, respectively. However, maximum up-regula-
tion was found for cpsI (i.e. 55-fold in type III as compared with
type Ia).

In the case of GBS V, a total 15 genes were found up-regu-
lated as compared with type Ia. The transcript level of four
genes (i.e. SAG1405, SAG1406, SAG1407, and SAG1408, which
encodes PI-2) were found to be 4.5-21.4-fold up-regulated in
type V as compared with type Ia (supplemental Table S6). Five
genes related to capsule (i.e. SAGI164, SAG1165, SAG1166,
SAG1167, and SAG1168) were found to be 2.3-71.6-fold up-
regulated in type V as compared with Ia. A total of 26 genes
were found down-regulated in type V as compared with Ia, and
among these, some genes related to capsule biosynthesis were
found to be down-regulated (supplemental Table S7).

Supplemental Tables S8 and S9 show up-regulated (16 genes)
and down-regulated genes (11 genes) of GBS type VII as com-
pared with type Ia. The transcript levels of laminin-binding
protein ([mb) and (streptococal plasmin receptor/ GAPDH (plr/
gap) were found to be 27.5- and 2.8-fold up-regulated, respec-
tively, in GBS VII as compared with type Ia. 19 genes were
found up-regulated in the case of GBS V as compared with type
III (supplemental Table S10). A maximum up-regulation of
71.6-fold was found for the cpsM gene (which encodes for cap-
sule and cell wall synthesis) in the case of type V as compared
with type IIL. PI-2 was found to be 31.9-fold up-regulated in the
case of type V in comparison with III. The cluster of PI-1 was
also found to be 1.5-2.4-fold up-regulated in GBS V. A total
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number of 20 genes (important genes include enolase, sip, and
CAMP factor) were found to be down-regulated in type V as
compared with type III (supplemental Table S11).

Genes like alp2 (which encodes for surface-anchored a-like
proteins) was found to be 36.2-fold up-regulated in type VII as
compared with type IIL. PI-1 and a-C protein were found to be
3.8- and 3.6-fold up-regulated, respectively, in GBS VII as com-
pared with type III (supplemental Table S12). A total of 16
genes, which include pilus and rib, were found to be down-
regulated in the case of type VII as compared with type III
(supplemental Table S13). We have found that a total 28 genes
were found to be up-regulated in type VII as compared with
type V. Among these genes, cfa/cfb (which encodes for CAMP
factor) was found to be 9.3-fold up-regulated in type VII as
compared with type V. a-C protein and the neuA gene (which
encodes capsular polysaccharide synthesis) was found to be 5.9-
and 5.8-fold up-regulated, respectively, in VII. We have found
that 21 genes (mostly related to capsule formation and the pilus
island) were down-regulated in type VII as compared with type
V (supplemental Table S15). Further up-regulated genes
obtained in different GBS type comparisons were used to deter-
mine unique and common genes across the comparisons. A
total of two genes were found commonly up-regulated in GBS
III, V, and VII as compared with Ia. These include ghpB and
PI-1. Another pilus protein, GBS67, related to PI-2a, was also
found to be commonly up-regulated in both VII and V as com-
pared with type III and in the case of type VII versus type Ia.
Pilus protein locations on the chip are shown in Table 1.

Expression of Pilus Proteins; Whole Cell and Western Blot—
From comparative genomics data, we have selected pilus pro-
teins related to PI-1 (i.e. GBS80) and related to PI-2a (GBS67).
Additionally, we have also selected pilus protein GBS1518
related to PI-2b. Further studies were carried out with these
selected pilus proteins to establish their role in attachment as
well as in invasion. For this purpose, rabbit antisera were raised
against recombinant pilus protein and used for whole cell blot
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FIGURE 2—continued

TABLE 1
Genes commonly up-regulated

Serial Locus name
number on chip Gene product name Gene
1 Ca031#0055 Glucan-binding protein gbpB
2 Ca031#0064 Pilus island 2 (GBS67)” Pl-2a
3 SAN1518 Pilus island PI-2b
2° (GBS1518)®
4 Ca031#0004 Pilus island I (GBS80)” PI-1

“ Commonly up-regulated in GBS type III, V, and VII as compared with type Ia.

? Pilus island-related pilus protein antiserum used in the study.

¢ Reported in strain COH-1.

4 Commonly up-regulated in type VII as compared with Ia and IIT and also in type
V as compared with III.

analyses with all four of the GBS serotypes as mentioned under
“Experimental Procedures.” Whole cell blot data reveal that at
least one pilus protein of three is present in each serotype.
Interestingly, type VII showed the expression of all three pilus
proteins, which is a unique finding of the present study (Fig. 3,
a—c, and Table 2).

pCEEVEN
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We found that all of the serotypes showed expression of
GBS80 (Fig. 34 and Table 2). In the case of GBS67, type Ia and
I1I do not show expression in whole cell blot analyses; therefore,
these serotypes were not considered for Western blotting with
GBS67 (Fig. 3b and Table 2). In the case of type V, we did not
find the expression of SAN1518 in whole cell blot; therefore,
type V was also not considered in Western blotting with
SAN1518 (Fig. 3c and Table 2). In a whole cell blot assay, Indian
and United States serotype Ia showed very weak expression of
GBS80 pilus protein (Fig. 3a). Western blot analyses also
revealed that both Ia serotypes (Indian as well as United States)
show only one band in gel, and a laddering pattern was not
observed (Fig. 3d). These data reveal that in serotype Ia, expres-
sion of GBS80 does not differ in geographically different sero-
types (Indian and United States serotypes). Both Indian and
United States serotype la showed the significant expression of
SAN1518 (Fig. 3¢). In Western blot analyses, we have observed
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FIGURE 3. a-c, whole cell blot assay for GBS pilus protein expression of GBS80 (a) GBS67 (b), and SAN1518 (c). The top panel shows the genetic organization of
pilus proteins. Western blotting is shown in the lower panels (d-f). In each case, purified proteins were used as positive controls: rGBS80 (58 kDa, 0.025 u.g),
rSAN1518 (53 kDa, 0.025 ug), and rGBS67 (98 kDa, 0.025 ug). Lane M, molecular mass marker (kDa). **, control bands. Total protein extracts (10 wg) were also
stained with Coomassie Blue as protein loading controls. Comparative pilus protein expression of the Indian and United States (US) types la and V are also

shown.

TABLE 2

Summary of whole cell blot for the pilus distribution in GBS serotypes
used in this study

Levels are shown as follows: —, absent at the genetic level; ++ ++, very strongly
positive; ++ +, strong positive; + +, positive; +, weak positive.

Pilus protein distribution

GBS
serotypes GBS80 (PI-1)  GBS67 (PI-2a)  SAN1518 (PI-2b)
Ia + - ++++
US Ia A909 + - ++++
v ++++ ++ -
USV(CJB11l  ++++ ++ -
111 + - ++++
VII ++++ ++ +H++

the laddering pattern, which clearly indicates that SAN1518
pilus is present in polymerized form on the cell surface of both
of the serotypes (Fig. 3f).

In the case of both Indian and United States serotype V
strains CJB111, we have observed the expression of GBS80 pilus
protein (Fig. 3a). In Western blotting analyses also, both Indian
and United States serotype V showed a laddering pattern
expression for GBS80 (Fig. 3d). In the case of GBS67 pilus pro-
tein, we observed higher expression in both Indian and United
States serotype V (Fig. 3b). A laddering pattern was also
observed in both the types (Fig. 3e).

Inhibition of GBS Adherence and Invasion Using Antisera
and Isogenic Mutants—Antisera to all three pilus proteins
selected in this study were tested for their ability to block GBS
to adhere and invade ME-180 as well as A549 cells to evaluate
their possible role in GBS-mediated pathogenesis. We have
found ~60 and ~45% inhibition of invasion in case of GBS80
and SAN1518, respectively, and both antisera inhibit Ia inva-
sion to ME-180 cells significantly (p = 0.003, p < 0.001) as
compared with untreated cells (Table 3). In the case of type III,
both of the antisera (GBS80 and SAN1518) inhibited invasion
by 40 and 55%, respectively (Table 3), which was found to be
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TABLE 3

Inhibition of GBS invasion to ME-180 and A549 cells by antiserum to
selected pilus proteins

Inhibition of invasion against GBS
antisera used

Cell GBS
lines serotypes GBS80 GBS67 SAN1518
% % %
ME-180 Ia 60 2 NA“ 45 *53
I 402 NA 55+1.9
\% 30 + 1.5 63+ 3 NA
VII 45 * 4.5 23 +3° 5+4.3°
A549 Ia 21 = 4° NA 72.8 +4.2
111 73.6 £ 4.5 NA 66 = 4.2
\Y% 10 = 3% ND* NA
VII 425+ 32 502 =2 885+ 1.8

“NA, not applicable.
® Not significant; all other inhibition data are significant at p < 0.05.
¢ Not detected.

significant as compared with untreated cells (p = 0.004 and p =
0.003, respectively).

In the case of type V, a maximum of 63% in inhibition of
invasion was found by GBS67 with ME-180 cells (Table 3) and
was found to be significant (p < 0.001). In the case of type VII,
GBS80 inhibited invasion by 45% significantly to ME-180 cells
as compared with untreated cells (p < 0.001). In case of A549
cells, a maximum of 88.5% in the case of type VII by SAN1518
was found as compared with untreated cells (Table 3).

Antisera GBS80 inhibited the adherence of type III to
ME-180 cells by 78.7% (Table 4). A maximum of 75.5% inhibi-
tion of adherence was found by antiserum SAN1518 when Ia
interacted with the ME-180 cells. However, a maximum inhi-
bition (i.e. 91%) was found by antiserum SAN1518 in the case of
VII with A549 cells and was found to be significant (p =
<0.001) (Table 4). In the case of type VII, a maximum of 98%
inhibition of adherence was found in case of Asanl518 using
A549 cells (Table 5). In the case of ME-180 cells, both Asan1518
and Agbs80 exhibit a significant decrease in adherence (i.e. 85
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TABLE 4

Inhibition of GBS adherence to ME-180 and A549 cells by antiserum to
selected pilus proteins

Inhibition of adherence against GBS
antisera used

Cell GBS
lines serotypes GBS80 GBS67 SAN1518
% % %
ME-180 Ia 551+ 1.0 NA“ 755 + 1.25
111 787+ 7.2 NA 9.3+ 1.5°
\% 273 +15" 461 +08 NA
VII 9.3+ 15" 322+ 1.6 55.8 + 1.3
A549 Ia 123 +14* NA 8.4 + 0.6”
111 29.6 + 15 NA 82+ 1.4°
\ 221+ 1% ND¢ NA
VII 381*1 723 =0.86°  91.06 * 1.1

“NA, not applicable.
“ Not significant; all other inhibition data are significant at p < 0.05.
¢ Not detected.

TABLES5

Inhibition of adherence of GBS to ME-180 and A549 cells using pilus
protein-deficient isogenic mutants

Inhibition of adherence

Cell GBS
lines serotypes Agbs80 Agbs67 Asanl518
ME-180 Ia 60+ 3 NA“ 85+ 1.25
111 88 + 7.2 NA 7 +1.2°
\ 30 = 4° 40 * 2 NA
VII 10 = 5.5° 28 +1.2° 50 + 3.4
A549 Ia 9+ 14° NA 6+1.1°
111 35 + 3% NA 7 +2b
\Y 28 +1.3% ND¢ NA
VII 45+ 1.7 5+ 1° 982+ 1.1

“NA, not applicable.
? Not significant; all other inhibition data are significant at p < 0.05.
¢ Not detected.

TABLE 6

Inhibition of invasion of GBS to ME-180 and A549 cells using pilus
protein-deficient isogenic mutants

Inhibition of invasion

Cell GBS
lines serotypes Agbs80 Agbs67 Asan1518
ME-180 Ia 65+ 1 NA“ 2+ 0.5°
111 82 +22 NA 47 £ 2
A 28 +2.6° 70 +2 NA
VII 12 + 2 26 + 1.4° 3+1°
A549 Ia 27 +53° NA 75+ 3.5
111 39 + 4 NA 71+28
Vv 9+2° 0.5 * 0.25° NA
VII 47 22 48 + 1 95 + 4

“NA, not applicable.
” Not significant; all other inhibition data are significant at p < 0.05.

and 60% with respect to type Ia), whereas in the case of type III,
a maximum of 88% inhibition of adherence was found in the
case of Aghs80 (Table 5). A maximum of 82% inhibition of inva-
sion was found in the case of type III when Agbs80 was used,
whereas in the case of A549, a maximum of 95% inhibition of
invasion was observed when Asanl518 was used in the case of
type VII (Table 6).

DISCUSSION

During the interaction process, certain changes in the sur-
face proteome vis a vis the gene expression profile of host and
GBS may influence the invasive potential of GBS. We compared
the expression of virulence genes in the case of GBS III, V, and
VII versus the most invasive types (Ia and III) versus V and VII
and V versus VII. In the case of type III, we observed the up-reg-
ulation of various genes related to PI-2. Because PIs have been
reported to help GBS in adherence to host cells, their role was
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suggested in the invasion process (19, 27). Another gene, plr/
gapA (GAPDH), was also found up-regulated in GBS III as com-
pared with type Ia. Madureira et al., (28) recently showed that
GAPDH is a virulence-associated protein present at the bacte-
rial surface that interacts with fibrinogen and plasminogen.
Many of these GBS-host cell interactions involve attachment of
the bacterium to extracellular matrix molecules, such as agglu-
tinin, fibronectin, fibrinogen, and laminin, which in turn bind
host-cell surface proteins, such as integrins. We observed that
the expression of agglutinin receptor was highly up-regulated
in type Il as compared with type Ia. This agglutinin protein has
been reported in adhesion and aggregation of GBS on the host
cell surface, and its role has been suggested in virulence (29).
Therefore, we can suggest that differential up-regulation of all
of these virulence-related genes may be responsible for the
invasive nature of GBS III because GBS Il is also reported as the
second highest invasive serotype in the study. Similarly, in the
case of GBS type V, we found that clusters of PI-2 genes related
to cell wall synthesis were up-regulated as compared with type
Ia. In a previous report, the role of capsule-related genes was
suggested in cell wall synthesis (30). Genes that are highly
expressed in GBS V as compared with type Ia mainly involve
adhesion proteins. We can therefore conclude that increased
production of adhering molecules may be responsible for its
increased virulence because we observed that type V invaded
ME-180 cells more as compared with type Ia. Several down-
regulated genes were also observed in type V as compared with
Ia. These include PI-1, SAG0032, sip, SAG1730 (which encodes
C3 degrading protease), SAG1236 (which encodes C5 pepti-
dase), SAG2174 (which encodes serine protease), and 0105
(which encodes Trigger factor). Virulence-related genes were
found to be down-regulated, therefore making this type V less
invasive as compared with type Ia, as was observed in the inter-
action study of the present work in the case of A549 cells. This
is a very interesting observation because in one case (i.e. with
ME-180), type Ia was found to be less invasive, and with A549
cells, type Ia was found to be most invasive as compared with
type V; we suggest that this warrants further investigation.
The transcript level of the gene /mb was found to be highly
up-regulated (27.5-fold) in GBS VII as compared with type Ia. It
has been reported that binding of GBS to human laminin is
mediated by the lipoprotein Lmb, which has been studied at the
molecular level by Spellerberg et al. (31). Because this gene was
found to be up-regulated in type VII, we hypothesize that this
gene is helping the GBS VII in the adherence process. In the
case of GBS VII, the transcript level of gene cspKin the cps locus
of GBS was found to be down-regulated as compared with type
Ia. It has been reported that cpsK plays a role in sialylation of the
sialic acid residue on the GBS surface, lowers the deposition of
C3 on the GBS surface, and aids in evasion of host immune
response. We speculate that decreased expression of this gene
may be responsible for the less virulent nature of VII compared
with Ia. PI-1 was found to be up-regulated in type V as com-
pared with type III. Other genes (neuD, neuC, neuB, cps/, cpsO,
cpsM, and cpsH, which encode capsule and cell wall synthesis)
have been observed to be up-regulated in type V as compared
with type III. Additionally, we also observed the up-regulation
of scpA/scpB, which encodes C5a peptidase, and this gene has
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been reported in inactivation of human C5; therefore, its role in
evasion from the host immune system has been suggested by
Bohnsack ez al. (32). We also observed the up-regulation of cylD
and acpP genes. These genes encode pore-forming toxin (i.e.
a-hemolysin/cytolusin) (33).

In the case of GBS V versus 111, we have observed the down-
regulation of genes mostly involved in persistence and coloni-
zation of GBS to host cells, cell wall synthesis, adherence, and
GBS escape from ingestion and killing by PMN. Because many
genes related to virulence were found to be down-regulated, we
may conclude that type V is less invasive as compared with type
111, as was also observed in our interaction study, where we have
found that type V invaded less in comparison with type III.

Many genes related to the PI-1, a and B, components of
C-protein that help GBS in interacting with the surface of host
cell (34, 35); cppA encoding C3-degrading protease, which is
known to help GBS in evasion from the host immune system
(36); and clusters of a-hemolysin toxin protein involved in pore
formation and invasion of GBS into the host cell (33) were
found to be up-regulated in GBS VII as compared with type III.
Down-regulating genes in GBS VII include clusters of PI-2 and
surface adhesion molecules (i.e. rib and [mb) as compared with
type IIL

By studying the comparative transcriptional profiling of GBS
Ia, III, V, and VII, we have found that genes that have been
reported previously to be involved either in invasion or adher-
ence are also found up-regulated in invasive serotypes like type
III and Ia. We found that two genes (i.e. ghpB and PI-1) were
commonly up-regulated in GBS III, V, and VII as compared
with type Ia. Invasiveness is associated with the appearance of
several cell wall-anchored proteins like pilus proteins because
they are the primary site of physical interaction (an essential
step in the pathogenic process) between the bacterial cell and
host cell during the course of infection and invasion.

Considering all of these facts, we selected pilus proteins for
further study to establish their role in GBS adherence to the
host cell. These pilus proteins are encoded in three pilus islands
(PI-1, PI-2a, and PI-2b, respectively), each containing three
genes coding for the LPXTG proteins that compose the pili
(one main backbone protein and two ancillary proteins) and
two genes coding for sortases directly involved in formation of
pili. In PI-1, GBS80 is the main backbone protein, and GBS104
and GBS52 are two ancillary proteins; in PI-2a, GBS59 is the
main backbone protein, and GBS67 and GBS150 are two ancil-
lary proteins; and in PI-2b, SAN1518 is the main backbone pro-
tein, and SAN1516 and SAN1519 are two ancillary proteins
(37). In addition, the presence of three pilus variants in GBS,
each encoded by a distinct PI, as well as the ability of pilus
components to elicit protection in mice against homologous
challenge has been recently investigated (38).

For pilus protein expression studies, we have selected one
pilus protein from each PI. For this purpose, we used antisera
specific for the main backbone proteins of PI-1 (GBS80), PI-2b
(SAN1518), and ancillary protein of PI-2a (GBS67). The ration-
ale behind selecting these antisera was to analyze the pilus
expression pattern against the main backbone as well as the
ancillary proteins. Additionally, through our comparative
genomics data, we have found that PI-1 genes were found com-
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monly up-regulated in type III, V, and VII in comparison with
type Ia. We have also found that PI-2a genes were found up-
regulated in VII as compared with type Ia and IIl and also in the
case of type V versus III. It has already been shown that main
backbone proteins are essential proteins of the operon because
they form the backbone of the pilus structure to which the other
two components (ancillary proteins) are attached. Ancillary
protein of PI has been shown to be important in the attachment
to the host cells because it has been demonstrated by several
groups that ancillary proteins as well as main backbone protein
play a critical role in the ability of GBS to invade host tissues (39).
Of the eight genome sequences analyzed of GBS, it has been found
that each serotype possesses a different subset of PI (16). Not only
do all GBS strains carry pili, but the sequences of the three pilus
subunits appear to be remarkably well conserved (39).

Further, we attempted to see pilus protein expression in the
most prevalent serotypes of India. Whole cell blot data reveal
that of three, at least one pilus protein is present in each sero-
type. Interestingly, type VII showed the presence of all three
pilus proteins, which is a unique finding of the present study. In
the whole cell blot result for GBS80, we found different expres-
sion pattern in all four GBS serotypes (Ia, III, V, and VII), rang-
ing from weak positive to positive and very strong positive,
which suggests that each GBS serotype expresses GBS80 pilus
protein. In the case of V and VII, we assumed that strong posi-
tive expression was observed only when bacteria have polym-
erized pili on their surface and are expressing it. In Western
blot, we observed the laddering pattern that indicates that the
pilus proteins are polymerizing and showing expression on the
surface. Similar findings were also observed by Lauer et al. (17)
about the laddering pattern for GBS80 in the case of the GBS
COH1 strain and in turn support our data. We have observed a
weak positive expression (+) of GBS80 pilus protein in the case
of Ia and III. We hypothesize that although GBS80 pilus protein
is present at the genetic level in the case of Ia and I, it is not
expressed in polymerized form on the bacterial surface. There-
fore, in the Western blot, we observed only one band (mono-
mer) for GBS80 instead of the laddering pattern.

We did not observe the expression of GBS67 (PI-2a) in the
case of type la and III; however, both types showed the expres-
sion for GBS67 in the whole cell blot. Type V and VII showed
positive expression for GBS67 in the whole cell blot. Western
analyses of both type V and VII showed the laddering pattern
which confirmed our whole cell blot results. In the case of pilus
protein SAN1518 (PI-2b), we observed a strong positive expres-
sion pattern in the case of Ia, III, and VII in whole cell blot
analyses, whereas in the case of type V, no expression for the
same protein was observed. Western blot analyses further ver-
ified that all three serotypes, Ia, III, and VII, showed the ladder-
ing pattern for SAN1518, which proves that in all three sero-
types, SAN1518 (PI-2b) is present as an extended pilus-like
structure on the cell surface.

By studying whole cell blot and Western blot results in all
four Indian GBS serotypes, we have observed that serotypes Ia
and III carry both PI-1 and PI-2b at the genetic level but express
only PI-2b pili on the cell surface. It has been shown previously
that pili showing a laddering pattern also show polymerized
form and therefore express themselves at a surface of bacteria
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(17,19, 22). In type V, which also carries both PI-1 and PI-2a at
the genetic level and expresses both pili on the cell surface as
well, we have found the laddering pattern for both pili. Inter-
estingly and importantly, for the first time, we have observed
that in the case of type VII, all three pilus islands (PI-1, PI-2a,
and PI-2b) are present at the genetic level because all showed an
expression pattern in whole cell blot as well as Western blot
analyses; however, this needs to be investigated further.

We further investigated the pilus protein expression in geo-
graphically different Indian and available United States sero-
types. For this purpose, type Ia (United States strain A909) and
type V (United States strain CJB111) were used. For compara-
tive analysis, we did not include Indian serotypes III and VII
on the basis of non-availability of the United States serotypes.
In the case of GBS80, we did not find any changes in the expres-
sion pattern because all of the four serotypes gave expression in
the whole cell blot. In Western blot analyses, both Indian and
United States type Ia gave only one band in gel, which repre-
sents the pilus protein monomer. No laddering pattern was
observed for GBS80 in both the cases, whereas in the case of
SAN1518, both the Indian and the United States Ia serotype
gave very strong positive expression. Western blot analysis
showed the laddering pattern that reveals that SAN1518 pilus
protein is present in extended form on the bacterial surface of
these serotypes. In the case of type V, we have observed that
both (Indian and United States serotypes) showed a signifi-
cantly higher expression of GBS80 and GBS67 pilus protein. In
Western blot analyses also, both type V serotypes showed a
laddering pattern expression for the GBS80 and GBS1518. Our
data reveal that expression of GBS80, GBS67, and SAN1518
does not differ in geographically different serotypes of both of
the countries. From our data presented on pilus protein expres-
sion in Indian GBS serotypes, we can conclude that pilus pro-
tein expression differs in different serotypes, and their expres-
sion patterns range from monomer to a laddering pattern,
depending on the pilus protein present, either polymerized or
non-polymerized, on the bacterial surface.

We have observed that SAN1518 inhibited the adherence
maximum (i.e. 75.5 and 91%) in the case of type Ia and VII with
ME-180 and A549 cells, respectively. In the case of ME-180
cells, both type Ia and III anti-GBS80 and GBS1518 inhibited
the invasion significantly as compared with control. In the case
of ME-180 cells, we also observed that anti-GBS80 inhibited the
invasion in all of the four selected serotypes as compared with
control. Based on our inhibition results, we conclude that
GBS80 mediates GBS intracellular invasion of ME-180 cells.
However, in the case of A549 cells, anti-GBS80 inhibits only
type III and VII invasion significantly. A maximum (i.e. 88.5%)
inhibition of invasion by anti-GBS1518 was observed in the case
of type VII with A549 cells. In the case of ME-180 cells for type
VII inhibition study, we have used anti-GBS80, anti-GBS67,
and anti-SAN1518 because all of these pilus proteins were
expressed in this serotype. However, we observed that only
GBS80 significantly inhibited the invasion as compared with
control. Similarly when isogenic mutants were used to study
adherence and invasion, we obtained similar results. Our data
suggest that the GBS80, GBS67, and SAN1518 proteins con-
tribute to the initial attachment and invasion of GBS to ME-180
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and A549 cells. In previous reports, the role of pilus proteins
(e.g. SAN1518 (which corresponds to surface protein of group B
Streptococcus (Spbl) in a serotype III strain 874391) in the
attachment of GBS to A549 cells and the role of pilA (GBS67)
and pilB (GBS59) in the attachment and invasion to brain
microvascular endothelial cells (hBMEC) have been suggested
(40, 41) and thus support our data.

Because the pilus proteins were suggested as vaccine candi-
dates against GBS serotypes of developed countries (16, 37) and
we also identified their role in adherence and invasion in the
case of Indian GBS serotypes, we suggest that pilus-based vac-
cine formulation can also be tested against GBS serotypes of
developing countries like India in order to prevent GBS disease
in all groups across the world.
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