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Group B Streptococcus serotypes III and V induce
apoptosis and necrosis of human epithelial A549 cells
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Abstract. Although group B Streptococcus (GBS) has been
classically described as an exclusively extracellular pathogen,
growing evidence suggests that it may be internalized by
epithelial cells. However, the fates of intracellular GBS and
of infected respiratory epithelial cells remain unclear. Little
is known about the bacterial components involved in these
processes. The present study investigated the bacterial inter-
nalization by A549 cells and the apoptosis/necrosis of the
infected human epithelial cells. The morphological changes
in A549 cells observed from 2 h post-infection with GBS
included vacuolization and the formation of apoptotic bodies.
Flow cytometry revealed that 81.2% of apoptotic A549
cells were infected with GBS serotype III 90356-liquor.
Moreover, a double-staining assay using propidium iodide
(PI)/Annexin V (AV) gave information about the numbers
of viable (PI/AV") (18.27%) vs. early apoptotic (PI/AV*)
(73.83%) and late apoptotic cells (PI*/AV*) (7.37%) during
infection of A549 cells with GBS III 90356-liquor. In addi-
tion, 37% necrotic cells were observed in A549 cells infected
with GBS serotype V 90186-blood. In conclusion, GBS
serotypes III and V induce apoptosis of epithelial cells in the
early stages of GBS infection, resulting in tissue destruction,
bacterial spreading and, in consequence, invasive disease or
systemic infection.
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Introduction

Group B Streptococcus (GBS; Streptococcus agalactiae) is the
leading cause of neonatal bacterial invasive diseases (1). The
organism colonizes the vagina, rectum and urethra of 10-35%
of adults without causing disease. Neonates acquire GBS
either in utero or during birth, aspirating GBS-containing
fluid. GBS enters the lungs, binds to and invades the alveolar
epithelial cells, and enters the blood, allowing the organisms
to infect multiple organs. Invasive disease occurs within hours
of birth, with 4-6% mortality (2).

GBS has also been shown to be pathogenic in the elderly
and in adults with underlying medical conditions, including
diabetes (3). The rate of invasive diseases is significantly
higher in neonates than in adults. However, the case fatality
rates are greater in adults (4), with the incidence of GBS
disease increasing with advanced age (5). Despite the clinical
importance of these diseases, little is known about the events
that lead up to GBS invasion and its virulence factors.

GBS invasion of alveolar epithelial cells and pulmonary
endothelial cells has been clearly demonstrated in human
tissue culture lines and in the primate model of early-onset
infection (6,7). However, the molecular mechanisms under-
lying the damage to the epithelial cells are largely unresolved.

Airway epithelial cells play a critical role in orchestrating
both innate defense and inflammatory responses; these cells
have been recognized as primary elements generating signals
to activate other cells in the lung (8). Some studies suggest that
internalization of bacteria by airway epithelial cells, followed
by apoptosis of infected cells, is essential for the clearance
of bacteria from the lungs, as apoptotic cells are shed and
phagocytized by neutrophils (9). In addition, bacterial inter-
nalization can lead to the release of some pathogen-associated
molecules activating innate recognition receptors and conse-
quently inducing innate immune responses (10).

Apoptosis and necrosis constitute the principal mechanisms
by which programmed host cell death occurs. Each cell death
mode is characterized by particular morphological changes
and distinctive molecular signaling pathways. Therefore, in
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this work we examined the adherence, internalization, intra-
cellular survival and cellular death caused by GBS serotypes
IIT and V strains in human type II alveolar epithelial cells
(A549 cells) in the context of microbial infection.

Materials and methods

Bacterial strains. GBS serotype III (strains 80340-vagina
and 90356-liquor) and serotype V (strains 88641-vagina and
90186-blood), were used in this study and were partially
investigated for their adhesive properties (11). The strains were
identified as group B and serotyped as previously described
(12). The microorganisms were stored after lyophilization
and recovered in Brain Heart Infusion broth (BHI; Difco
Laboratories Inc, Detroit, MI, USA). GBS isolates were
cultured on Blood agar base (BAB; Oxoid, Cambridge, UK)
plates containing 5% sheep defibrinated blood (BAB/blood)
for 24 h at 37°C and then grown in BHI at 37°C until a 0.4 OD
reading (~10® CFU/ml) was reached (11).

Lung epithelial cell culture. A549 cells (CCL-185, American
Type Culture Collection, MD, USA), a human type II alveolar
epithelial carcinoma cell line, were cultured and maintained
in Dulbecco's modified Eagle's medium (DMEM; Sigma
Chemical Co., MO, USA) supplemented with 10% fetal calf
serum (FCS; Gibco-BRL, USA) and antibiotics. Monolayers
were seeded in 24-well tissue culture plates (Corning) and were
used experimentally within 24 h of establishing confluence.

Adherence and internalization assays. Confluent A549 cells
were infected with GBS (5x107 CFU) for 0, 0.5, 1, 2, 4, 6 and
8 h in 5% CO, at 37°C. After each incubation period, infected
cells were rinsed three times with DMEM, and then lysed in
a solution of 0.5 ml of 25 mM Tris, 5 mM EDTA, 150 mM
NaCl plus 1% Igepal (lysis buffer). Total GBS association
(intracellular plus surface adherent) was estimated by plating
epithelial lysates and counting the resulting colonies that
appeared in BAB plates containing 5% sheep defibrinated
blood (BAB/blood medium). In order to measure bacterial
internalization, a similar assay used for measuring adherence
was performed. After each period of incubation, infected
monolayers were incubated for an additional 2 h period in
DMEM containing bactericidal amounts of both gentamicin
(100 pg/ml) and penicillin G (5 pg/ml). The number of
internalized bacteria was determined as outlined above. The
adherence rates were determined as follows: [CFU of total
cell-associated (intracellular viable plus surface adherent)
GBS-CFU intracellular GBS] (11).

Intracellular survival of GBS strains. Monolayers infected
with the GBS strains were incubated in DMEM for 4 h.
The medium was then removed and the monolayers were
incubated with DMEM containing penicillin (5 pg/ml) and
gentamicin (100 xg/ml) for 2 h to kill extracellular bacteria.
The infected monolayers were re-incubated for 0, 0.5, 1,2, 4,
18 and 24 h in 5% CO, at 37°C. In order to count persistent
bacteria of the intracellular compartment, the cells were
washed with NaCl 0.9% and lysed with lysis buffer. The
lysates were diluted and plated in BAB/blood medium for
CFU counts (13).
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Scanning electron microscopy (SEM). A549 monolayers
infected with GBS for 4 h were incubated overnight at 4°C in a
solution of 3% paraformaldehyde plus 2.5% glutaraldehyde in
0.1 M cacodylate buffer. The resulting samples were washed
and post-fixed in a solution of 1% OsO, plus 8 mM potassium
ferrocyanide and 10 mM CaCl, in 0.1 M cacodylate buffer. In
the following step, both GBS infected and non-infected cells
were dehydrated in a graded series of ethanol. All cells were
dried to a critical point with CO,, and coated with a thin gold
layer. The gold-coated samples were then observed in a Zeiss
scanning electron microscope and a JEOL field emission
scanner, operating at 15 and 10 kV, respectively (14).

Transmission electron microscopy (TEM). A549 cells were
cultivated directly on plastic bottles and inoculated with 108
CFU/ml bacteria diluted in DMEM for 4 h at 37°C. Following
washes with NaCl 0.9%, cells were fixed with 0.1 M cacodylate
buffer (pH 7.2) containing 2.5% glutaraldehyde, 4% para-
formaldehyde, 0.1 M CaCl, for 1 h at 4°C. Monolayers were
post-fixed with 2% OsO,, 5 mM CaCl, and 0.8% K,[Fe(CNy)]
in cacodylated buffer for 1 h at 22°C, and dehydrated through
a series of graded ethanol solutions and embedded in Epon
812 resin. Ultrathin sections were examined under a Zeiss EM
906 transmission electron microscope (Zeiss, Oberkochen,
Germany) (15).

Analysis of A549 cells by flow cytometry for apoptosis and
necrosis. For identification of apoptosis and necrosis of the
A549 cells infected with GBS 90356-I1I or 90186-V during
12 h at 37°C, the binding of Annexin V and the uptake
of propidium iodide (PI) were measured by flow cyto-
metry with a FACScan flow cytometer (Becton-Dickinson
Immunocytometry Systems Europe, Erembodegem, Belgium)
equipped with an air-cooled 15 mW argon-ion laser operating
at 488 nm. The standard filter configuration was used for data
acquisition. The experiments were performed using the apop-
tosis and necrosis detection kit TACS Annexin V-FITC (R&D
Systems, Wiesbaden, Germany) according to the manufac-
turer's instructions. Flow cytometric analysis was performed
using the Cell-Quest software program (Becton-Dickinson).
Logarithmic fluorescence intensity of Annexin V-FITC was
plotted vs. the fluorescence intensity of PI in a dot plot. Data
from 10,000 epithelial cells were analyzed for each plot. The
experiments were performed three times and results of a
representative experiment are shown.

Statistical analysis. Results are expressed as means + SD
of data obtained in at least three different experiments.
Statistical differences between groups were determined with
the unpaired Student's t test or one-way analysis of variance
(ANOVA) followed by the Dunnett's or Tukey's multiple
comparison tests. Statistical significance was set at P<0.05.

Results

Adhesion and internalization of GBS strains to A549 cells.
All GBS strains showed similar binding properties (Fig. 1).
Most isolates showed higher adherence within 6 h of incuba-
tion (Fig. 1A and B). All GBS strains showed internalization
during the first 4 h incubation (Fig. 1C and D). Except for the
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Figure 1. Adherence (A and B) and internalization (C and D) of GBS to A549 cells: GBS strains 88641 and 90186 serotype V (vagina and blood, respectively)
and GBS strains 80340 and 90356 serotype III (vagina and liquor) were examined. Results are the means =+ standard deviations from at least three independent

experiments in duplicate wells. Data are presented in a graphic log scale.
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Figure 2. Intracellular survival of GBS strains into A549 cells after 0, 0.5, 1, 2, 4, 18 and 24 h of incubation. “Significant decrease in the number of GBS
during incubation with A549 cells observed between 0 and 24 h. “Significant decrease in the number of GBS during incubation with A549 cells observed
between 0 and 0.5 h incubation. Results are the means + standard deviations from at least three independent experiments in duplicate wells. Data are presented

in a graphic log scale.

88641-V strain that survived only for 6 h incubation, strains
of all serotypes tested were found to survive 8 h into A549
cells (P<0.05). A fraction of the A549 cells, as examined by
light microscopy, underwent pronounced vaccuolization after
the interaction with GBS strains at all incubation times (data
not shown). Approximately 60% of the cells were noticeably
vacuolated and rounded at 2 h. After 24 h, 100% of the A549
cells were vacuolated when associated with GBS. These find-
ings suggest that the observed morphological changes are due
to an association of GBS with the A549 cells or to a release of
cellular components from these bacteria.

Intracellular survival of GBS strains into A549 cell. The
kinetics of the survival of GBS within A549 cells without
replication are shown in Fig. 2. Strains of serotypes III (80340
and 90356 strains) and V (90186 strain) remained viable
within epithelial cells during 24 h incubation. However, the
88641-V strain isolated from the vagina did not survive past
0.5 h of interaction.

Ultrastructural analysis of GBS interaction with A549 cell.
Electron microscopy was used to examine the interaction of
GBS with A549 cells. GBS cells were observed to be attached
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Figure 3. Electron micrograph of GBS adherence and invasion to A549 cells after 4 h of incubation. (A, C and D) GBS strain can be seen closely adhering on
A549 cells surface (black arrows); (B) GBS closed in membrane-bound vacuoles on the intercellular space (star).

to the membranes of A549 cells, frequent intracellular local-
ization of bacteria was also observed by TEM (Fig. 3A and B).
By SEM, GBS strain can be seen closely adhering on A549
cells surface (Fig. 3C and D).

Flow cytometry. The results of experiments analyzed by flow
cytometry that provide information about the numbers of
viable (PI/AV") vs. apoptotic (PI/AV*) cells and that concur-
rently provided the number of late apoptotic or secondary
necrotic cells (PI*/AV*) are represented in Fig. 4. Compared
to the untreated control cells, significant proportions of early
(PI'/AV*; 73.83%) and late (PI*/AV*; 7.37%) apoptotic cells
appeared when A549 cells were infected during 12 h with
the GBS 90356-I11 strain (Fig. 4C). Interestingly, A549 cells
infected with the 90186-V strain exhibited 35.12% (PI*/AV")
necrotic cells and a proportion of 1.14% of early (PI/AV*)
and 8.29% (PI'/AV*) seemed to represent late apoptotic cells
that were binding AV and taking up PI (Fig. 4D). The total %
(early and late) of apoptotic cells corresponded to 81.2% and
9.43% for A549 cells treated with GBS 90356-111 or 90186-V,
respectively. In contrast, the necrotic cells were observed to
be 7.4% and 37% in A549 cells infected by GBS-III (strain
90356) or GBS-V (strain 90186), respectively (Fig. 4E and F).

Discussion

The ability of bacteria to adhere and invade host cells and
their capability to induce apoptosis or necrosis suggest that
these mechanisms may be considered as contributing factors
in disease development by invasive microorganisms. Although
evidence has suggested that GBS also invade epithelial cells
(16), the fate of these cells after bacterial internalization is
not known. In our study, we provided evidence that the GBS
strains may induce apoptosis and necrosis in A549 cells.

In order to colonize a host, bacteria must display the
ability to adhere to epithelial cells, which are an integral

component of the mucosal immune system (17). Our results
demonstrated that all isolates were able to adhere to A549
cells. The highest adhesion ability was observed for strain
88641-V isolated from the vagina that did not survive within
epithelial cells for over 6 h of incubation (Fig. 1C). Previous
studies of these strains showed drastic differences in the
expression of virulence factors (18,19). These findings imply
that the molecular interactions between these two serotypes
of GBS can be significantly different. Interactions of GBS
with epithelial cells resulting in adhesion and internalization
are mediated by a number of bacterial products including
pili, lipopolysaccharide, C5a peptidase, -hemolysin and
several host cell receptors, for example asialo GM1 and toll-
like receptors that may contribute to the persistence of this
infection in the lungs (20,21). However, specific molecular
mechanisms of GBS adhesion and internalization are still
incompletely understood.

Townsend er al (22) have suggested that the ability to
invade epithelial cells might be a strong indication of the
potential virulence of GBS strains. We examined the interac-
tion of GBS strains with A549 cells and demonstrated that
one of the consequences of cell adhesion and invasion by
the bacteria is injury to the epithelial cells and cell death.
Using the annexin staining we observed that GBS III and V
infection induced apoptosis and necrosis of the A549 cells,
respectively. The highest apoptotic activity was expressed by
GBS III 90356-liquor strains after 12 h incubation (73.83%).
Previous studies have shown that epithelial cells undergo
apoptosis after adhesion or invasion by different pathogens.
Enteropathogenic strains of Enterobacter sakazakii and
Escherichia coli (EPEC) that revealed adhesion to epithelial
cells induced apoptosis (23,24). Species of several genera
within the family Enterobacteriaceae, including Salmonella,
Shigella and Yersinia have been found to trigger cell death of
host epithelial cells after bacterial invasion (25). A number of
microbial factors that can trigger the induction of apoptosis
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Figure 4. Flow cytometric analysis of phosphatidylserine externalization (Annexin V binding) and cell membrane integrity (PI staining) in A549 cells. The
cells were infected with GBS serotypes III (90356-liquor) and V (90186-blood) for 12 h. (A) control population; (B) A549 treated with H,O, (positive control);
(C) A549 cells infected with GBS 90356; (D) A549 cells infected with GBS 90186; (E) % apoptotic cells from three independent experiments and (F) % necrotic
cells from three independent experiments. The dual parametric density plots combining Annexin V-FITC and PI fluorescence show the viable cell population in
the lower left quadrant (Annexin V/PI’), the early apoptotic cells in the lower right quadrant (Annexin V*/PI’), the late apoptotic cells in the upper right quadrant
(Annexin V*/PI'), and the necrotic cells in the upper left quadrant (Annexin V/PI*).

in host cells have been identified. Barnes et al (26) and Paraje
et al (27) have isolated thiol-activated cytotoxic toxin from
Enterobacter cloacae strains that exhibited hemolytic and
leucotoxic effects. High concentration of the toxin generated
reactive oxygen species, which led to oxidative stress and
subsequent apoptotic cell death.

We observed that the interaction of GBS serotype V with
epithelial cells led to necrotic damage. The highest necrotic
activity was observed for GBS V isolated from the blood
(37%). Hunter et al (23) demonstrated that E. sakazakii

induced clinical and histological necrosis in newborn rats.
The strains were found to bind to enterocytes without direct
invasion. They induced cell death and increased production of
the inflammatory cytokine, IL-6.

GBS-induced disease is due to the severe inflammatory
response of the infected tissue. This is characterized by the
activation of transcription factors such as NF-«kB, resulting
in the release of proinflammatory mediators, i.e. cytokines,
TNF-a, IL-1, IL-6, IL-8, recruitment of activated neutrophils,
and severe tissue damage eventually leading to lung failure
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(28). The GBS strains are able to adhere to epithelial cells,
become internalized, and induce apoptosis or necrosis of
infected cells. These effects likely contribute to the efficient
innate and adaptive immune responses, which help the host
temporarily eradicate the infection during the period of
intermittent colonization of the lung. Continuing stimulation
of the host cells by proinflammatory mediators, along with
escalating tissue damage, as well as developing resistance
to many antibiotics, would eventually lead to exhaustion of
host defense mechanisms. New strategies directed toward
enhancing immune responses to GBS during the early stages
of lung infection may prevent the establishment of the disease.
The results of this study lead to a better understanding of
GBS infections and demonstrate that adhesion and invasion of
the strains to epithelial cells induce apoptotic or necrotic cell
death. Additional work is required to determine the substrates
of GBS that are responsible for inducing necrosis and for
further delineating the necrotic signaling cascades. These
processes may be a primary strategy of the GBS strains,
resulting in tissue destruction, bacterial spreading, and, in
consequence, invasive disease or systemic infection.
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