INFECTION AND IMMUNITY, Dec. 1997, p. 5074-5081
0019-9567/97/$04.00+0
Copyright © 1997, American Society for Microbiology

Vol. 65, No. 12

Invasion of Brain Microvascular Endothelial Cells
by Group B Streptococci

VICTOR NIZET,"* KWANG SIK KIM,> MONIQUE STINS,> MECHTHILD JONAS,”> EMIL Y. CHI,?
DONG NGUYEN,"' anp CRAIG E. RUBENS!

Division of Infectious Diseases, Children’s Hospital and Medical Center, Seattle, Washington 98105"; Division of
Infectious Diseases, Children’s Hospital Los Angeles, Los Angeles, California 90027% and
Department of Pathology, University of Washington, Seattle, Washington 98195°

Received 11 July 1997/Returned for modification 3 September 1997/Accepted 22 September 1997

Group B streptococci (GBS) are the leading cause of meningitis in newborns. Although meningitis develops
following bacteremia, the precise mechanism or mechanisms whereby GBS leave the bloodstream and gain
access to the central nervous system (CNS) are not known. We hypothesized that GBS produce meningitis
because of a unique capacity to invade human brain microvascular endothelial cells (BMEC), the single-cell
layer which constitutes the blood-brain barrier. In order to test this hypothesis, we developed an in vitro model
with BMEC isolated from a human, immortalized by simian virus 40 transformation, and propagated in tissue
culture monolayers. GBS invasion of BMEC monolayers was demonstrated by electron microscopy. Intracel-
lular GBS were found within membrane-bound vacuoles, suggesting the organism induced its own endocytic
uptake. GBS invasion of BMEC was quantified with a gentamicin protection assay. Serotype III strains, which
account for the majority of CNS isolates, invaded BMEC more efficiently than strains from other common GBS
serotypes. GBS survived within BMEC for up to 20 h without significant intracellular replication. GBS invasion
of BMEC required active bacterial DNA, RNA, and protein synthesis, as well as microfilament and microtubule
elements of the eukaryotic cytoskeleton. The polysaccharide capsule of GBS attenuated the invasive ability of
the organism. At high bacterial densities, GBS invasion of BMEC was accompanied by evidence of cellular
injury; this cytotoxicity was correlated to beta-hemolysin production by the bacterium. Finally, GBS demon-
strated transcytosis across intact, polar BMEC monolayers grown on Transwell membranes. GBS invasion of
BMEC may be a primary step in the pathogenesis of meningitis, allowing bacteria access to the CNS by

transcytosis or by injury and disruption of the endothelial blood-brain barrier.

Group B streptococci (GBS) are the most common cause of
meningitis in human newborns. Mortality is high despite anti-
biotic therapy, and 25 to 50% of surviving infants are left with
permanent neurological sequelae, including cognitive deficits,
spastic quadriplegia, cortical blindness, deafness, and seizures
(8, 15). Although neonatal meningitis develops as a conse-
quence of hematogenous spread of the organism, the factors
responsible for GBS entry into the central nervous system
(CNS) have not been determined. GBS capsular serotypes
commonly associated with bloodstream infections in newborns
are Ia, Ib, II, III, and V (1, 37). All serotypes may produce
meningitis; however, type III strains account for a dispropor-
tionate share of CNS isolates (1, 51).

The blood-brain barrier, responsible for maintaining bio-
chemical homeostasis within the CNS, is a single layer of spe-
cialized brain microvascular endothelial cells (BMEC) which
exhibit continuous tight junctions and a conspicuous absence
of pinocytosis (3, 33). The association of GBS with meningeal
infection implies a capacity for the organism to breach this
endothelial blood-brain barrier. A common mechanism by
which pathogenic microorganisms penetrate host barriers ex-
ploits eukaryotic endocytic pathways: the bacterium invades
the host cell within a membrane-bound vacuole. In previous in
vivo and tissue culture studies, we have demonstrated GBS
invasion of alveolar epithelial and pulmonary endothelial cells
(24, 41, 42), each an important step in the pathogenesis of
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systemic disease. In a separate line of investigation, we found
that Escherichia coli K1, the second leading cause of neonatal
meningitis, invaded cultured BMEC (25, 35, 36) and that a
noninvasive TnphoA mutant identified in vitro was significantly
less able to penetrate the CNS in newborn rats challenged
hematogenously (25).

We hypothesized that GBS, like E. coli K1 strains, are neu-
rotropic, based on a unique ability to invade and survive with
human BMEQC, the single-cell layer which comprises the blood-
brain barrier. To test this hypothesis, we developed an in vitro
model using BMEC isolated from a human, immortalized by
simian virus 40 transformation, and propagated in tissue cul-
ture monolayers. Electron microscopy was used to examine the
ultrastructural characteristics of GBS interaction with BMEC.
Next, the invasive abilities of various GBS strains and the
contributions of selected bacterial or host cell processes to
BMEC invasion were quantified in antibiotic protection assays.
Finally, the ability of GBS to transcytose intact, polar BMEC
monolayers was examined by means of a Transwell filter sys-
tem.

MATERIALS AND METHODS

Bacterial strains and mutants. Six clinical isolates of GBS were used in this
study: COH1, a highly-encapsulated type III strain (50); K79, a type III strain
(27); B523, a type Ia strain; M709, a type Ib/c strain; DK23, a type II strain; and
NCTC 10/84 (1169-NT1), a type V strain (52) (strains B523, M709, and DK23
were provided courtesy of C. J. Baker). All strains were isolated from the blood
or spinal fluid of septic neonates. The Challis strain of Streptococcus gordonii was
used as a control. GBS mutants COH1-13 (nonencapsulated), COH1-20 (non-
hemolytic), and IN40 (hyperhemolytic) are previously described isogenic deriv-
atives of strain COH1, each containing a single insertion of Tn9/6AE into their
chromosome (30, 40). Bacteria were grown to mid-log phase in Todd-Hewitt
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broth to an optical density at 600 nm of 0.4 (equal to ~10% CFU/ml) for use in
all assays.

BMEC cultures. Human BMEC were isolated from a brain biopsy of an adult
female with epilepsy by methods previously described (45). These cells were
positive for factor VIII-Rag, carbonic anhydrase IV, and Ulex europaeus agglu-
tinin I; took up fluorescently labeled acetylated low-density lipoprotein; and
expressed gamma glutamyl transpeptidase, demonstrating their brain endothelial
cell properties (47). BMEC were subsequently immortalized by transfection with
simian virus 40 large T antigen and maintained their morphologic and functional
characteristics (46). BMEC were cultured in RPMI 1640, supplemented with
10% fetal calf serum, 10% NuSerum (Becton Dickinson, Bedford, Mass.), mod-
ified Eagle’s medium nonessential amino acids, L-glutamine, and penicillin-strep-
tomycin. Twenty-four- or 96-well tissue culture plates (Corning) were precoated
with rat tail collagen to support the BMEC monolayers. Cultures were incubated
at 37°C in a humid atmosphere of 5% CO,. BMEC were split in a ratio of 1:4
twice a week with trypsin-EDTA. Immediately prior to each assay, the mono-
layers were washed three times with phosphate-buffered saline (PBS), and fresh
BMEC medium without antibiotics (invasion assays) or RPMI 1640 alone (cel-
lular injury assay) was added.

Electron microscopic studies. To monolayers of ~2 X 10* BMEC cells in
24-well tissue culture plates, 10° (multiplicity of infection [MOI], 5 bacteria/cell)
or 107 (MOI, 500 bacteria/cell) CFU of log-phase GBS strain COH1 were added
in tissue culture medium, centrifuged at 800 X g for 10 min to place GBS at the
surface of the BMEC monolayer, and then incubated for 2 h at 37°C with 5%
CO,. The supernatants were removed by gentle aspiration, and the monolayers
were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4)
and then postfixed in 2% osmium tetroxide in double-distilled water as described
previously (6, 7). Following dehydration of samples through a graded alcohol
series, the cells were embedded in Medcast (Ted Pella, Inc., Redding, Calif.).
Thin sections were cut with a diamond knife on an LKB Nova ultramicrotome
(LKB, Bromma, Sweden), stained with uranyl acetate and lead citrate, and then
examined with a JEOL-1200EX electron microscope at 80 kV at magnifications
of X4,000 and x10,000.

Cellular invasion assay. Log-phase GBS (10® CFU/ml) were pelleted, washed,
and resuspended in RPMI medium. Dilutions in RPMI 1640 were performed
such that inocula of between 10° and 107 CFU were added to a well of a 24-well
tissue culture plate containing a monolayer of BMEC in 0.5 ml of medium (MOI
of 0.05 to 500 bacteria/cell). The plates were centrifuged at 800 X g for 10 min
to place GBS at the surface of the BMEC monolayer, and then they were
incubated for 2 h at 37°C with 5% CO, to allow cellular invasion by the bacteria.
The monolayers were washed three times with PBS, 1 ml of BMEC medium
containing 100 pg of gentamicin and 5 pg of penicillin G per ml was added to
each well, and the plates were incubated for 2 h at 37°C with 5% CO, to kill
extracellular and surface-adherent bacteria. The monolayers were washed three
times with PBS, 0.1 ml of trypsin-EDTA solution was added, the mixture was
incubated for 10 min at 37°C, and then 0.4 ml of 0.025% Triton X-100 was added,
and each BMEC monolayer was disrupted by repeated pipetting to liberate
intracellular bacteria. One-tenth of the lysate (50 wl) from each well was added
to 3.5 ml of Todd-Hewitt soft (0.7%) agar maintained at 50°C, and then the
sample was vortexed briefly, pour plated onto standard Todd-Hewitt agar, and
incubated overnight at 37°C. The percent invasion of BMEC by GBS was cal-
culated as [10 X (CFU on plate count)/CFU in original inoculum] X 100%. In
one set of experiments, total BMEC-associated (invading plus surface-adherent)
GBS were quantified as follows. BMEC monolayers were exposed for 2 h at 37°C
to identical inocula of GBS as described above, but in place of the 2-h exposure
to extracellular antibiotics, the monolayers were washed six times with PBS, then
lysis was performed with trypsin-EDTA plus Triton X-100 as described above,
and a 50-pl aliquot of the lysate was used for quantitative plating. Lysis condi-
tions do not affect GBS viability (42). All cellular invasion assays were performed
in triplicate and repeated twice.

Invasion inhibition studies. Invasion assays were performed as described
above, except that the BMEC medium contained the indicated concentration of
the inhibitor throughout the initial 2 h of incubation. When antibiotic inhibitors
of bacterial cell functions were tested, concentrations corresponding to 0.5, 1.0,
and 2.0 times the MIC of the inhibitor for test strain COH1 were used (42). For
test strain COH1, the MICs were as follows: ciprofloxacin, 0.78 wg/ml; rifampin
and minocycline, 25.0 pg/ml (each). When inhibitors of eukaryotic cell function
were tested, the BMEC were additionally preincubated in the presence of the
inhibitor for 30 min at 37°C. One exception was that BMEC cells were preincu-
bated with nocodazole for 1 h on ice, as required for complete microtubule
disruption (39), and then warmed to 37°C for 30 min prior to the assay. We had
earlier shown that de novo protein synthesis by eukaryotic cells, as measured by
[**S]methionine incorporation, is present during the 2-h invasion assay but can
be inhibited by cycloheximide (42). All cellular invasion assays were performed
in triplicate and repeated twice. Data are expressed as percent invasion relative
to that in assays performed concurrently without inhibitor.

Assay for cytolytic activity. A microtiter plate assay was used to determine the
BMEC cytolytic activity of GBS. Briefly, 10° CFU of log-phase GBS were
pelleted, washed, and resuspended in 1 ml of RPMI medium without fetal calf
serum. A 100-pl aliquot (107 CFU) was added to the first well of a 96-well culture
plate containing a monolayer of BMEC (~4 X 103 cells; MOI, 2,500 bacteria/
cell), and serial twofold dilutions in RPMI were added onto other monolayers
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across the plate. RPMI medium alone and bacteria in RPMI without a BMEC
monolayer were used as negative controls; complete lysis of a BMEC monolayer
with 100 pl of distilled H,O was used as a positive control. The plate was
incubated at 37°C in 5% CO, for 4 h, at which time a 20-ul aliquot of each
supernatant was transferred to a replica plate for lactate dehydrogenase (LDH)
measurement with a miniaturized version of the Sigma colorimetric assay as
previously described (30). The BMEC cytolytic titer of a GBS strain was calcu-
lated as the reciprocal of the greatest dilution producing 50% LDH release
versus that of the positive control. The assay was performed in duplicate and
repeated four times.

Transcytosis assay. An assay was developed to examine the ability of GBS to
transcytose polarized BMEC monolayers. BMEC were seeded onto the apical
side of a 4.7-cm? collagen-coated polytetrafluoroethylene membrane with a pore
size of 0.4 pm (Transwell-COL; Millipore). The basolateral chamber of a six-well
cluster plate contained 2.6 ml and the apical chamber of the Transwell contained
1.5 ml of BMEC medium. The cells required 10 to 12 days to form intact
polarized monolayers based on electrical resistance (ohms per square centime-
ter) measured with a Millicell-ERS resistance system (Millipore). For the trans-
cytosis assay, the BMEC monolayers (~4 X 10* cells per Transwell) were
washed, and fresh BMEC medium without antibiotics was added. Log-phase (10°
CFU; MOI, 2.5 bacteria/cell) GBS strain COH1 and/or S. gordonii (control) cells
were applied to the apical chamber, and the monolayers were incubated at 37°C
in 5% CO,. The electrical resistance was measured as the membranes were
transferred to new six-well cluster plates containing fresh medium in the baso-
lateral chamber. Fifty-microliter samples from the lower chamber were obtained
at 1, 2, and 4 h of incubation and plated on Todd-Hewitt agar for quantitation.
For coinfection experiments, aliquots were plated on New Granada medium
(11), which allowed discrimination of GBS from S. gordonii on the basis of
pigment production by GBS. Transcytosis assays were performed in quadrupli-
cate and repeated three times.

Statistical analysis. All data in figures are presented as means * standard
deviations (error bars). The effect of inhibitors on GBS invasion of BMEC was
tested with a one-tailed, unpaired ¢ test. The effect of capsule phenotype on
invasion was assessed with a two-tailed, unpaired ¢ test. Changes in electrical
resistance across polar BMEC monolayers over time were compared by single-
factor analysis of variance.

RESULTS

Electron microscopy. GBS interactions with BMEC were
examined by electron microscopy. Figure 1 shows low- and
high-magnification views of a BMEC exposed for 2 h to 10°
CFU of type III GBS strain COH1 (MOI, 5 bacteria/cell).
Invading GBS are observed intracellularly within membrane-
bound vacuoles. At the cytoplasmic surface, a GBS is found
enveloped by microvillus structures of the BMEC. The bacte-
rium is closely contacting the cell membrane, appearing to
elicit its own endocytic uptake. In Fig. 2, BMEC invasion at low
(MO, 5 bacteria/cell) and high (MOI, 500 bacteria/cell) inoc-
ula of GBS strain COH1 are compared. At the lower inoculum
(Fig. 2A), normal BMEC morphology, including dense regular
cytoplasmic contents, a paucity of pinocytotic vesicles, and
evenly distributed nuclear chromatin, is observed. GBS are
found in close proximity to a microvillus projection at the cell
surface, and invading GBS, including a dividing form, are seen
within a membrane-bound intracellular vacuole. At the higher
inoculum (Fig. 2B and C), invading GBS are also observed, but
only in association with signs of BMEC injury, including dis-
ruption of the endocytic vacuole, loss of cytoplasmic density,
splitting, and discontinuity of the cytoplasmic membrane, di-
lation of the endoplasmic reticulum, and clumping of nuclear
chromatin.

Standardization of invasion assay. In order to optimize the
2-h antibiotic protection assay, a standard curve was developed
(data not shown). GBS invasion of BMEC was found to be
roughly linear for bacterial inocula of 1 X 10° to 2 X 10° CFU
per well but began to plateau at higher inocula, at which point
morphologic evidence of BMEC injury was sometimes ob-
served. A standard inoculum of 10° CFU of log-phase GBS
(MO, 5 bacteria/cell) was selected for assays which compared
the levels of invasiveness of different strains or tested the effect
of inhibitors on the invasion process.
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FIG. 1. Transmission electron micrograph demonstrating GBS invasion of BMEC at magnifications of X3,000 (A) and X7,500 (B). Intracellular GBS are found
within membrane-bound vacuoles. At the cell surface, a GBS appears to induce BMEC structural rearrangements consistent with an endocytic mechanism. Composite

image was constructed with Adobe Photoshop 3.0.

Invasion of BMEC by GBS of various serotypes. The GBS
capsular serotypes commonly associated with bloodstream in-
fections in newborns are Ia, Ib, II, III, and V; however, type I1I
accounts for a disproportionate amount of meningeal isolates.
Invasion of BMEC by two type III GBS clinical isolates was
compared to that by clinical isolates belonging to other capsu-
lar serotypes (Fig. 3). All GBS strains invaded BMEC, whereas
the control S. gordonii strain was noninvasive. The two type I1I
isolates invaded BMEC more efficiently (5 to 6% of the orig-
inal inoculum) than strains belonging to the other common
capsule serotypes (1 to 2.5%).

Assay for intracellular replication. On certain electron mi-
crographs, dividing forms of GBS were observed inside BMEC
within large endocytic vacuoles (Fig. 2). We hypothesized that
GBS may replicate intracellularly after invasion of BMEC. To
test this hypothesis, we performed an invasion assay in which
the time between addition of extracellular antibiotics and lysis
of the BMEC monolayer to enumerate intracellular GBS was
lengthened from 2 h to 4 or 20 h (Fig. 4). With both type III
strains tested, the number of intracellular GBS did not change
significantly at 2, 4, and 20 h after addition of antibiotics. These
data indicated that GBS survived within BMEC for an ex-
tended period of time following invasion, but that significant
intracellular replication of GBS did not occur.

GBS invasion relative to adherence of BMEC. We hypoth-
esized that GBS adherence to the BMEC surface may be a
preliminary step in the invasion process. To assess the degree
of GBS adherence to BMEC relative to cellular invasion, total
cell-associated (surface-adherent plus intracellular) GBS were
quantified from BMEC monolayer lysates prepared after the
initial 2-h incubation and wash steps, but prior to exposure to
extracellular antibiotics. A standard invasion assay was per-
formed with replicate BMEC monolayers for each inoculum of

the test strain COH1. Data are expressed as percent invasion
at each inoculum and are shown in Fig. 5. At a very low
inoculum (10> CFU; MOI, 0.05 bacteria/cell), the number of
intracellular GBS was statistically equivalent to the total num-
ber of BMEC-associated GBS, suggesting highly efficient en-
docytic uptake of any surface-adherent organisms. As the bac-
terial inoculum was increased 10- and 100-fold, the absolute
number of intracellular GBS recovered increased. However,
the percentage of intracellular GBS recovered relative to (i)
the original inoculum or (ii) the percentage of BMEC-associ-
ated GBS dropped in a stepwise fashion, indicating that the
efficiency of the endocytic uptake mechanism was saturable
(Fig. 5). At the standard inoculum used for comparative assays
(10> CFU; MOI, 5 bacteria/cell), approximately 30% of total
BMEC-associated GBS had invaded the intracellular compart-
ment within the 2-h incubation period.

Effect of bacterial inhibitors on BMEC invasion. Inhibition
of bacterial DNA, RNA, or protein synthesis was achieved with
the antibiotics ciprofloxacin, rifampin, and minocycline, re-
spectively. BMEC invasion assays were performed in the pres-
ence of each antibiotic at 0.5, 1.0, and 2.0 times the MIC for
GBS strain COH1 (42). Each antibiotic resulted in dose-re-
lated decreases in GBS invasion of BMEC (Fig. 6). The pro-
tein synthesis inhibitor minocycline produced the most marked
effect. These data demonstrated that active synthesis of bacte-
rial DNA, RNA, and protein was important for BMEC inva-
sion.

Effect of eukaryotic inhibitors on BMEC invasion. We
tested the effects of various inhibitors of eukaryotic cell func-
tion on GBS invasion of BMEC. The invasion assay was per-
formed on BMEC monolayers preincubated with cyclohexi-
mide (protein synthesis inhibitor), cytochalasin D (actin micro-
filament aggregation inhibitor), colchicine, or nocodazole (mi-
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FIG. 2. Transmission electron micrographs (magnification, X7,000) demonstrating BMEC invasion by GBS at low (MOI, 5 bacteria/cell [A]) and high (MOI, 500
bacteria/cell [B and C]) inocula. Although intracellular GBS are identified in each case, higher inocula are associated with evidence of significant BMEC injury,
including disruption of the endocytic vacuole, loss of cytoplasmic density, and clumping of nuclear chromatin. Composite image was constructed with Adobe Photoshop

3.0.

crotubule polymerization inhibitors). Each inhibitor was also
present for the initial 2-h incubation period. Over the dose
ranges tested, decreases in BMEC invasion by GBS strain
COH1 were observed with each inhibitor (Fig. 7). These data
indicated that active BMEC protein synthesis, as well as mi-
crofilament and microtubule elements of the BMEC cytoskel-
eton, was required for efficient uptake of GBS within endocytic
vacuoles.

Effect of GBS polysaccharide capsule on BMEC invasion.
The polysaccharide capsule of type III GBS is a proven viru-
lence factor important in resistance to phagocytic clearance
(40, 50). Because of the predominance of type III strains
among isolates from infants with meningitis, we sought to
examine the contribution of the type III capsule itself to GBS
invasion of BMEC. This was accomplished by comparing the
invasive ability of type III strain COH1 to that of its isogenic,
capsule-deficient Tn916 derivative, COH1-13. The capsule-de-
ficient mutant was found to invade BMEC more efficiently
(172% = 1.4% of input inoculum) than the parent strain
(9.9% = 1.2% of input inoculum) (P < 0.001). Thus, the
presence of the type III polysaccharide capsule appeared to
attenuate the ability of GBS to invade BMEC.

Effect of GBS beta-hemolysin phenotype on BMEC invasion.
The vast majority of GBS isolates, regardless of capsule sero-
type, exhibit beta-hemolytic activity on blood agar. We previ-
ously identified a potential virulence role for GBS beta-hemo-
lysin expression in lung epithelial cell injury characteristic of
early-onset pneumonia (30). We examined a possible role for
GBS beta-hemolysin expression in BMEC invasion by compar-
ing the invasive ability of type III strain COH1 to those of the
isogenic Tn976 mutants COH1-20 and IN40, which exhibit
nonhemolytic and hyperhemolytic phenotypes, respectively.
Studies were performed with three different initial inocula
(10%, 10°, and 10° CFU), and the results are expressed as total
intracellular CFU rather than percent invasion (Fig. 8). The
increase in intracellular CFU associated with a higher inocu-
lum was more pronounced for the nonhemolytic mutant than

for the parent strain. The amount of intracellular CFU recov-
ered from the hyperhemolytic mutant actually dropped off as
the initial inoculum was increased from 10° to 10° CFU. At
higher bacterial inocula, greater beta-hemolysin expression by
GBS was associated with an apparent decrease in BMEC in-
vasion.

GBS beta-hemolysin-associated injury to BMEC. We hy-
pothesized that the apparent decrease in BMEC invasion as-
sociated with (i) higher bacterial inocula and (ii) greater beta-
hemolysin expression was attributable to injury to the BMEC
monolayer, with resultant lysis of BMEC and exposure of in-
tracellular GBS to killing by gentamicin and penicillin. To
quantify cellular injury by GBS, release of the intracellular
enzyme LDH from the BMEC monolayers was measured in a
microtiter plate dilution assay (Table 1). No LDH release
beyond baseline (medium alone) was detected from BMEC
monolayers exposed for 4 h to 10’ CFU of the nonhemolytic
mutant strain COH1-20 (MOI, 2,500 bacteria per cell). In
contrast, exposure to the weakly hemolytic parent strain COH1
released 50% of total LDH from BMEC monolayers at an

nr I Ia Ib II \Y%

o
|

BMEC invasion (%)
) IN
|

S. gordonii

COH1 K79 B523 M709 DK23 10/84

FIG. 3. BMEC invasion by GBS strains representing the capsular serotypes
(Ia, Ib, 11, III, and V) commonly associated with neonatal infection.
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FIG. 4. Time course assay to determine whether serotype III GBS multiply
intracellularly after invasion of BMEC.

MOI of 1,250 bacteria per cell. The hyperhemolytic mutant
strain IN40 produces 16 to 32 times more hemolysin than
COH1 (30). Exposure of BMEC monolayers to the hyper-
hemolytic mutant resulted in release of 50% of the total LDH
at an MOI of 10 to 20 bacteria per cell. Thus, there was a
strong correlation between the amount of beta-hemolysin pro-
duction by the test strain and injury to the BMEC monolayer.
At high bacterial inocula, the actions of GBS beta-hemolysin
may explain the electron microscopic findings of BMEC injury
(Fig. 2) and confound interpretation of the cellular invasion
assay (Fig. 8).

GBS transcytosis of a polar BMEC monolayer. The ability of
cultured mammalian BMEC to form polar monolayers with
tight junctions has been demonstrated by peripheral actin fil-
ament distribution on electron microscopy (33), impermeabil-
ity to protein markers (14), asymmetric localization of the
efflux peptide, P-glycoprotein, to the apical (luminal) surface
(4), and transendothelial electrical resistance (12). In the
present study, we noted morphologic evidence of tight junction
formation between human BMEC by electron microscopy (Fig.
1). We found that BMEC grown to confluence on collagen-
coated polytetrafluoroethylene Transwell membranes formed
polar monolayers, as confirmed by the development of transen-
dothelial electrical resistance equal to 500 to 600 {2 - cm?.

We hypothesized that GBS enters the CNS by transcytosis
(i.e., penetration through the intact polar BMEC monolayer
which comprises the human blood-brain barrier). In this
model, GBS would invade BMEC at the apical (luminal) side,

10 4
. total BMEC-associated bacteria
= [] intracellular bacteria
S
o = —
O 153
P2 6-
-
2 4
- —
S 3
Gt —
[
& 2

1x10* 1x10°
Inoculum of GBS strain COHI (cfu)

FIG. 5. Efficiency with which GBS invade BMEC monolayers relative to
surface adherence.
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100 — Ciprofloxacin
(DNA synthesis)
50 —
S
g T
-2 100 — Rifampin
g (RNA synthesis)
g 50 —
L
2 |
: N — 8
o)
<4
100 — Minocycline
(protein synthesis)
50 —

none 0.5 1.0 2.0

Numerical fold concentration of antibiotic
inhibitor relative to the bacterial MIC
FIG. 6. Effect of various antibiotic inhibitors of bacterial cell functions on the
ability of GBS to invade BMEC (P < 0.001 at each concentration of each
antibiotic versus control). Each antibiotic inhibitor was tested at concentrations
equal to 0.5, 1.0, and 2.0 times the MIC of that antibiotic for GBS test strain
COHL1.

survive intracellularly, and ultimately penetrate through the
basolateral BMEC membrane to reach the cerebrospinal fluid
within the subarachnoid space. To test this hypothesis in our
cell culture model, we inoculated GBS in the apical chamber of
the Transwell, allowed them to interact with the polar BMEC
monolayer, and sampled the bottom (basolateral) chamber to
identify bacteria which had penetrated through the monolayer.
A noninvasive S. gordonii strain was used as a control, and
coinfection experiments with both organisms were performed
to assess the specificity of transcytosis.

The results of the Transwell experiments are summarized in
Table 2. Because growth of bacteria in the bottom chamber
following transcytosis would tend to skew the normal distribu-
tion, we report the median and range of CFU recovered in
addition to the mean. Transcytosis of the BMEC monolayer by
type III GBS (inoculum, 10° CFU) was detected in 6 of 11
wells by 1 h (mean, 273 CFU), 9 of 11 wells by 2 h (mean, 582

Cycloheximide Cytochalasin D

(protein synthesis) (microfilaments)
100 ~
S so T .
= o
.2
g none 5 10 20 | none 0.1 025 0.5
5]
5 Colchicine Nocodazole
Z (microtubules) (microtubules)
=
& 100 - - L
50 T
none 10 20 40 nonc 10 20 S0

Concentration of inhibitor (ug/ml)

FIG. 7. Effect of specific inhibitors of various eukaryotic cell functions on
GBS invasion of BMEC. *, P < 0.05 versus no inhibitor; **, P < 0.001 versus no
inhibitor.
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COH1 COH1-20 IN40
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FIG. 8. Comparison of BMEC invasion by GBS strain COH1 and isogenic
Tn9/6AE mutants with a nonhemolytic (NH) or hyperhemolytic (HH) pheno-
type. The percent invasion ranged from 2.70% at the low inoculum to 0.13% at
the high inoculum.

CFU), and 10 of 11 wells at 4 h (mean, 4,386 CFU). In con-
trast, transcytosis of BMEC by S. gordonii was negligible and
was detected in 2 of 12 wells at 1 h (mean, 8 CFU), 0 of 12 wells
at 2 h, and 2 of 12 wells at 4 h (mean, 17 CFU). Experiments
in which equal numbers of GBS and S. gordonii cells were
added to the apical chamber yielded results similar to those
with GBS alone, and all bacteria which transcytosed the
BMEC monolayer were identified as GBS by orange pigmen-
tation of colonies on New Granada medium. The latter finding
indicated that GBS transcytosis of the BMEC was not associ-
ated with disruption of monolayer integrity enough to allow
passive transit of the noninvasive S. gordonii cells. Unexpect-
edly, the number of GBS which transcytosed BMEC was
greater in monolayers coinfected with S. gordonii than in
monolayers infected with GBS alone, especially at the 2- and
4-h time points. We speculate that certain nonspecific strepto-
coccal factors (e.g., cell wall lipoteichoic acid) may act as stim-
uli for BMEC to engulf bacteria, but that only GBS (in contrast
to S. gordonit) possesses the virulence attributes necessary to
efficiently engage the BMEC cell surface, survive within the
endocytotic vacuole, and ultimately exit by exocytosis through
the basolateral cell membrane.

Transendothelial electrical resistance decreased by small
amounts (8 to 14%) over the 4-h course of the transcytosis
assay in monolayers exposed to GBS, S. gordonii, or both
strains. Although this decrease in resistance over time reached
statistical significance for BMEC monolayers exposed to GBS
alone (P < 0.05), at no individual time point were significant
differences noted among the monolayers exposed to the GBS
strain versus the S. gordonii strain or both strains (P > 0.2). We

TABLE 1. Correlation of GBS beta-hemolysin production with
injury of BMEC as measured by LDH release

Titer MOI resulting in
Cell type 50% LDH release
Hemolytic” Cytolytic (no. of bacteria/cell)
COH1 (parent) 1 2 1,250
COHI1-20 (Tn916AE) 0 0 ND”
IN40 (Tn9I16AE) 16-32 128-256 10-20
S. gordonii 0 0 ND

“ Obtained from previous studies (30).
2 ND, not determined (no LDH release into medium detected at an MOI of
2,500 bacteria/cell).
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TABLE 2. Transcytosis of GBS across polar BMEC monolayers
grown on Transwell filters

No. of
monolayers No. of CFU in bottom well .
Time in which Ele.CtnCdl
checked transcytosis (rés.‘i‘;‘;)cf
occurred/total  Mean (median) Range”
monolayers
1h
GBS 6/11 273 (100) 0-1,050 599 * 40
S. gordonii 2/12 8 (0) 0-50 571 £27
Both® 6/11 577 (100) 0-2,350 602 = 25
2h
GBS 9/11 582 (350) 0-2,450 528 £4
S. gordonii 0/12 0(0) 537 £ 16
Both 10/11 4,582 (400) 0-26,800 550 = 22
4 h
GBS 10/11 4,386 (2,200) 0-19,850 510 = 21
S. gordonii 2/12 17 (0) 0-150 523 £26
Both 11/11 25,005 (8,700)  400-100,000 550 + 37

“ Limit of detection, 50 CFU.

? Baseline resistance (time 0) measurements: COH1 (GBS) monolayers, 590 +
40 Q - cm?; S. gordonii monolayers, 558 * 36 Q - cm? coinfection (both)
monolayers, 591 *+ 36 Q) - cm?

© Both, coinfection experiment with GBS strain COH1 and S. gordonii. Note
that all bacteria transcytosing the BMEC monolayer appeared to be GBS by
pigmentation.

conclude that GBS are capable of transcytosis across a polar
BMEC monolayer and that such transit occurs principally
through cells with intact tight junctions and not by passive
diffusion across areas of monolayer disruption.

DISCUSSION

GBS are the leading cause of meningitis in human newborns.
Inadequate understanding of the basic pathogenic mechanisms
by which GBS penetrate the CNS contributes to the high
morbidity and mortality associated with this infection. In the
neonatal rat model, development of GBS meningitis is corre-
lated to the magnitude and duration of bacteremia (17), an
observation which holds for other bacterial agents of childhood
meningitis (5, 43). The studies described herein demonstrate
for the first time that GBS are capable of invading human
BMEC, the single-cell layer which comprises the blood-brain
barrier. GBS are able to transcytose polar BMEC monolayers,
and at high bacterial concentrations, significant injury to
BMEC can be correlated to beta-hemolysin expression by the
organism. GBS invasion of BMEC may be a primary step in the
pathogenesis of neonatal meningitis, allowing circulating bac-
teria access to the CNS by transcytosis or by injury and disrup-
tion of the endothelial blood-brain barrier.

We have previously demonstrated adhesion to and invasion
of bovine and human BMEC by E. coli K1, the second leading
cause of neonatal bacterial meningitis (25, 35, 36). Electron
microscopic evidence of Haemophilus influenzae invasion of
bovine BMEC has also been reported (33). Our present data
suggest that GBS may be particularly proficient at entry into
and survival within human BMEC. E. coli K1 cell invasion of
human BMEC occurred at frequencies of 0.002 to 0.11% of the
input inoculum (35), whereas GBS invaded at frequencies of
0.89 to 5.73% of the input inoculum. Strain differences in GBS
invasion of BMEC were observed. Two GBS clinical isolates
belonging to capsule serotype III were more invasive (5.08 and
5.73%) than isolates from serotypes Ia, Ib, II, and V (0.89 to
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2.49%). These limited data are consistent with epidemiologic
observations. Whereas cases of early-onset septicemia are
rather evenly distributed among the five capsule serotypes we
studied, a striking predilection for serotype III strains among
infants with meningitis (up to 90% of isolates) is well docu-
mented (1, 51). It is interesting to speculate that type III GBS
strains may possess qualitative or quantitative differences in
specific virulence factors which facilitate BMEC invasion,
thereby increasing the likelihood an infant will develop men-
ingitis as a complication of bacteremia.

The type III polysaccharide capsule itself does not facilitate
GBS invasion of BMEC. Rather, an acapsular transposon mu-
tant invaded 70% more efficiently than the wild-type strain. It
is possible that the polysaccharide capsule produces steric in-
terference of certain receptor-ligand interactions important in
the invasion process, or that repulsive forces are generated
between negatively charged sialic acid residues on the capsule
and the BMEC surface. One must also consider that the type
IIT capsule confers an important survival advantage on GBS
through inhibition of macrophage and neutrophil phagocytosis
(40, 50). Should BMEC share rudimentary aspects of their
endocytic uptake mechanism with these “professional” phago-
cytes, capsule attenuation of BMEC invasion may be a by-
product of the stronger selective pressure placed on GBS to
avoid immunologic clearance.

Inhibition by capsular polysaccharide is among a number of
features held in common when GBS invasion of BMEC is
compared to GBS invasion of A549 alveolar epithelial cells
(26, 42). Active synthesis of bacterial DNA, RNA, and protein
was required for efficient invasion of either cell type, and de-
creased numbers of intracellular GBS were noted even at sub-
optimal MIC:s of each of the antibiotic inhibitors. Minocycline,
a protein synthesis inhibitor, produced the most marked inhi-
bition of GBS cellular invasion, as has been shown for other
invasive bacterial pathogens (18). Invasion of BMEC and A549
cells by GBS was blocked by cytochalasin D, which inhibits
actin microfilament polymerization, a finding consistent with
the uptake of most bacteria into eukaryotic cells (10, 19, 21). In
contrast to A549 cell invasion, however, GBS entry into BMEC
was decreased by the eukaryotic protein synthesis inhibitor
cycloheximide and the microtubule depolymerizing agents col-
chicine and nocodazole. These data indicate that either (i)
more than one pathway exists for GBS entry into BMEC cells
or (ii) the pathway for GBS entry into BMEC is more complex
than that for A549 cell entry, involving de novo protein syn-
thesis by the BMEC and both microfilament and microtubule
components of the eukaryotic cytoskeleton. Invasion of epithe-
lial cells by enteropathogenic or enterohemorrhagic E. coli,
Neisseria gonorrhoeae, Citrobacter freundii, and Haemophilus
influenzae (13, 31, 32, 38, 44) and invasion of human umbilical
vein endothelial cells by E. coli K1 (29) are examples of patho-
gen-host cell interactions which are both microfilament and
microtubule dependent.

As was found in the alveolar epithelial cell model, GBS did
not replicate appreciably following invasion of BMEC, al-
though the organisms were capable of surviving intracellularly
for up to 20 h. Certain bacteria, for example Shigella flexneri or
Salmonella spp., replicate following invasion of intestinal epi-
thelial or reticuloendothelial cells (9, 20). For these enteric
pathogens, intracellular parasitism appears to play a significant
role in the clinical disease state, which may follow a protracted
course. GBS, perhaps only marginally adapted to the intracel-
lular environment of the host, is not associated with chronic
systemic infections in human neonates. Rather, the pathogenic
significance of cellular invasion by GBS may lie in transit of the
bacterium through mucosal and endothelial barriers of the
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newborn host, with acute or fulminant septicemia and/or men-
ingitis the potential consequence.

On electron microscopic examination, intracellular GBS
were always observed within membrane-bound vacuoles and
were never free within the BMEC cytoplasm. Our transcytosis
experiments demonstrated that GBS translocated a polar
BMEC monolayer on a Transwell filter within a few hours,
without marked changes in transendothelial electrical resis-
tance and without allowing passive diffusion of the noninvasive
control strain of S. gordonii. Transwell experiments were per-
formed with an inoculum of GBS strain COH1 (MOI, 2.5
bacteria per cell) considerably less than that associated with
significant injury to BMEC (50% cytolytic titer, 1,250 bacteria
per cell). Thus a potential mechanism by which GBS enter the
central nervous system may involve (i) invasion of BMEC from
the capillary lumen, (ii) transport within the membrane-bound
endocytic vacuole to the basolateral side, and (iii) exocytosis
onto the basement membrane of the subarachnoid space. A
perivascular distribution of bacteria within the subarachnoid
space is a characteristic histopathologic finding of GBS men-
ingitis, preceding development of an inflammatory exudate in
acute disease and in the youngest neonates (2, 17).

We observed injury of BMEC following exposure to GBS at
high bacterial inocula. BMEC injury was correlated with beta-
hemolysin production by the organism. Under electron micros-
copy, injury to BMEC resembled our earlier findings of GBS
beta-hemolysin-associated lung epithelial cell injury (30),
which we have attributed to an apparent pore-forming cytolytic
activity of the GBS hemolysin. Characteristic features included
disruption of the cytoplasmic membrane and loss of cytoplas-
mic density consistent with hyposmotic damage due to water
influx (Fig. 2). Our in vitro findings may be of particular clinical
relevance, because neonates with GBS meningitis have initial
cerebrospinal fluid bacterial concentrations of 107 to 10 CFU
per ml (16, 22). These densities are comparable to the density
at which the weakly hemolytic type III clinical isolate COH1
was found to lyse 50% of a BMEC tissue culture monolayer
(5 X 10° CFU in 0.2 ml = 2.5 X 107 CFU per ml).

In studies with polarized lung microvascular endothelial cell
monolayers, we have shown that GBS hemolysin expression
was associated with increased albumin flux across the endothe-
lium (24). Damage to BMEC from the effects of GBS hemo-
lysin could contribute to increased permeability of the blood-
brain barrier. Leakage of plasma proteins into the sub-
arachnoid space is an important pathogenic mechanism of
bacterial meningitis, leading to development of cerebral
edema, elevation of intracranial pressure, and impairment of
cerebral blood flow (34, 48). Finally, endothelial cells injured
or activated by bacterial products may release proinflamma-
tory mediators such as cytokines or prostaglandins, promoting
transendothelial migration of leukocytes and development of
an inflammatory exudate (49).

In summary, we have provided the first evidence that GBS
are capable of invading human BMEC, the single-cell layer
comprising the blood-brain barrier. Our in vitro model should
prove useful in further investigations of the earliest steps in the
pathogenesis of GBS meningitis, including identification and
characterization of specific virulence factors responsible for
bacterial invasion, endothelial transcytosis, and entry into the
CNS.
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