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Meningitis occurs when blood-borne pathogens cross the blood-brain barrier (BBB) in a complex interplay between endothelial cells and
microbial gene products. We sought to understand the initial response of the BBB to the human meningeal pathogen group B
Streptococcus (GBS) and the organism’s major virulence factors, the exopolysaccharide capsule and the β-hemolysin/cytolysin toxin (β-
h/c). Using oligonucleotide microarrays, we found that GBS infection of human brain microvascular endothelial cells (HBMEC) induced a
highly specific and coordinate set of genes including IL-8, Groα, Groβ, IL-6, GM-CSF, myeloid cell leukemia sequence-1 (Mcl-1), and
ICAM-1, which act to orchestrate neutrophil recruitment, activation, and enhanced survival. Most strikingly, infection with a GBS strain
lacking β-h/c resulted in a marked reduction in expression of genes involved in the immune response, while the unencapsulated strain
generally induced similar or greater expression levels for the same subset of genes. Cell-free bacterial supernatants containing β-h/c
activity induced IL-8 release, identifying this toxin as a principal provocative factor for BBB activation. These findings were further
substantiated in vitro and in vivo. Neutrophil migration across polar HBMEC monolayers was stimulated by GBS and its β-h/c through a
process involving IL-8 and ICAM-1. In a murine model of hematogenous meningitis, mice infected with β-h/c mutants exhibited lower
mortality and decreased brain bacterial counts compared with mice infected with the corresponding WT GBS […]
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Introduction
Bacterial meningitis is the most common serious infec-
tion of the CNS. Blood-borne pathogens must interact
with cerebral endothelial cells and cross the blood-
brain barrier (BBB); subsequent bacterial replication
within the CNS may provoke an overwhelming host
inflammatory response. While in vitro and in vivo
models have been informative about the pathogenesis
of bacterial meningitis and CNS factors that contribute
to inflammation and brain injury, little is known about
the specific contribution of the BBB endothelium to
the initial threat of an invading pathogen.

The Gram-positive bacterium group B Streptococcus
(GBS) is the leading cause of meningitis in newborn
infants. Morbidity is high despite antibiotic therapy;
25–50% of surviving infants suffer neurological
sequelae of varying severity, including cerebral palsy,

mental retardation, deafness, or seizures (1). Several
studies in animals and humans have shown that
high-level bacteremia is required for the development
of meningitis (2); however, for GBS the precise mech-
anism (or mechanisms) whereby the bacterium leaves
the bloodstream and gains access to the CNS remains
unclear. It is likely that GBS tropism for human brain
microvascular endothelial cells (HBMEC) is the pri-
mary step in the pathogenesis of meningitis, where-
upon a combination of bacterial transcytosis,
endothelial cell injury, and inflammatory mecha-
nisms combine to disrupt the BBB (3).

Two proven GBS virulence factors predicted to impact
the pathogenesis of meningitis are the surface polysac-
charide capsule and β-hemolysin/cytolysin (β-h/c). In
all GBS serotypes, the capsule contains sialic acid and
acts as a primary bloodstream survival factor, promot-
ing the establishment of bacteremia by inhibiting acti-
vation of the alternative pathway of complement and
thereby interfering with neutrophil opsonophagocytic
killing mechanisms. The GBS β-h/c is a pore-forming
membrane-associated toxin that promotes injury of a
broad range of eukaryotic cell types (4, 5), including
HBMEC (3), and contributes to disease progression and
virulence in animal models (6, 7). Encapsulation and/or
cytolytic exotoxins are shared features of all major bac-
terial agents of human meningitis, including Streptococ-
cus pneumoniae, Neisseria meningitidis, Haemophilus influen-
zae, Escherichia coli K1, and Listeria monocytogenes (8).
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In this study we examine the acute response of the
BBB to a bacterial pathogen using oligonucleotide
microarray, real-time RT-PCR, and protein analysis.
We identify differentially expressed genes from a
human brain endothelial cell line infected with WT
GBS and show that the BBB plays an active role in ini-
tiating a very specific innate immune response pro-
moting neutrophil recruitment. Experiments with
isogenic GBS mutants lacking capsule or the β-h/c
toxin demonstrate that these virulence factors impact
the level of gene induction in strikingly different fash-
ions. Our studies suggest that BBB endothelium
responds specifically to the bacterial β-h/c toxin with
functional gene expression to promote the character-
istic neutrophilic inflammatory response of acute
bacterial meningitis.

Methods
Bacterial strains and supernatants. The WT clinical GBS
isolates used in these studies were COH1, a highly
encapsulated type III strain; A909, a type Ia strain; and
NCTC10/84 (1169-NT1), a highly hemolytic type V
strain. The capsule-deficient mutant HY106 (9) is a
single-gene allelic exchange derivative of COH1, as are
the β-h/c–deficient mutant (β-h/c–) strains
(COH1:cylE∆cat, A909:cylE∆cat, and NCTC:cylE∆cat)
of each respective WT strain (10). Because the target
gene has been deleted from the bacterium, these
mutants are stable, unlike mutations created with
transposons or integrative plasmids that are capable
of excision and reversion to the WT phenotype. All
strains grew equally well under the conditions used in
these experiments. For preparing supernatants con-
taining β-h/c activity, the highly hemolytic WT strain
NCTC10/84 and its β-h/c–deficient derivative
NCTC:cylE∆cat were used. GBS-stabilized super-
natants were prepared essentially as described previ-
ously (4), with a few modifications. Briefly, GBS was
grown in Todd-Hewitt broth (THB) supplemented
with 0.2% glucose to mid-log phase (∼108 CFU/ml;
OD600 = 0.4), at which point the cells were harvested
and resuspended in PBS containing 2% starch and
0.2% glucose to extract the β-h/c activity from the bac-
terial surface. After incubation for 1 hour at 37°C, the
supernatant was collected, filtered, added to cold
100% methanol at a vol/vol ratio of 1:1, and incubat-
ed 1 hour at –20°C. The supernatant was then cen-
trifuged and the pellet was resuspended in PBS, yield-
ing an approximate hemolytic activity of 50 U/µl as
determined by hemoglobin release (4); 25 U was used
to induce IL-8 expression.

Human BBB model. The human brain microvascular
endothelial cell line HBMEC, which has been immor-
talized by transfection with the SV40 large T antigen
(11), was obtained from Kwang Sik Kim (Johns Hop-
kins University, Baltimore, Maryland, USA). HBMEC
maintain the morphologic and functional characteris-
tics of primary brain endothelial cells (12, 13). The cells
were maintained in RPMI 1640 medium (Life Tech-

nologies Inc., Grand Island, New York, USA) supple-
mented with 10% FBS, 10% NuSerum (Becton, Dickin-
son and Co., Bedford, Massachusetts, USA), MEM
nonessential amino acids, and penicillin-streptomycin
and were incubated at 37°C in 5% CO2. For microarray
experiments, real-time RT-PCR and ELISA, cells were
used at passage 8; for other experiments including inva-
sion, cell-free IL-8 induction, and transendothelial
migration, cells were used at passage 8–14.

Tissue culture infections. For the microarray experi-
ments, within 24 hours of establishing confluence
(∼105 cells per well), HBMEC monolayers were washed
twice with PBS, and then RPMI 1640 plus 10% FBS was
added. GBS strains COH1, HY106, and COH1:cylE∆−
cat were grown in THB to mid-log phase (∼108

CFU/ml; OD600 = 0.4), washed in PBS, resuspended in
RPMI plus 10% FBS, and used to infect HBMEC mono-
layers at an MOI of ten bacteria per cell (10:1). Plates
were centrifuged at 800 g for 5 minutes to place bacte-
ria on the monolayer surface, then incubated at 37°C
in 5% CO2 for 1, 2, 4, or 8 hours. All three GBS strains
were capable of invading HBMEC, and the differences
in invasion levels between the strains were not signifi-
cant (data not shown). Although the presence of GBS
capsule typically appears to attenuate the ability of
GBS to invade HBMEC (3), the capsule mutant used in
these studies did not appear to differ significantly in
invasion efficiency compared with the WT strain under
the conditions used for these experiments. After infec-
tion for the indicated times, the supernatant was
removed from the monolayer, centrifuged to remove
bacteria, and stored at –20°C for further analysis.
HBMEC monolayers were also collected and stored at
–70°C for RNA isolation.

GeneChip hybridization and analysis. Total RNA was iso-
lated from cell monolayers at various timepoints using
the RNeasy miniprep kit (Qiagen Inc., Valencia, Cali-
fornia, USA) according to the manufacturer’s protocol
and digested with DNase I to remove contaminating
genomic DNA. One microgram total RNA was used for
double-stranded cDNA synthesis using the Superscript
Choice System (Invitrogen Corp., San Diego, Califor-
nia, USA) according to the manufacturer’s directions.
Synthesis of biotin-labeled cRNA was carried out by in
vitro transcription using the MEGAscript T7 in vitro
transcription kit (Ambion Inc., Austin, Texas, USA).
The biotin-labeled cRNA was fragmented and
hybridized to the U95 human GeneChip array
(Affymetrix Inc., Santa Clara, California, USA) follow-
ing the manufacturer’s instructions. GeneChip arrays
were scanned with the GeneArray Scanner (Hewlett-
Packard, Santa Clara, California, USA) controlled by
GeneChip 3.1 software (Affymetrix Inc.). Data was ana-
lyzed using a statistical algorithm developed for high-
density oligonucleotide arrays (14).

Real-time kinetic RT-PCR and immunoassays. The level
of expression of specific transcripts was determined
using the ABI Prism 7700 and Sequence Detection Sys-
tem software (Applied Biosystems, Foster City, Cali-
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fornia, USA). IL-8 protein secretion was measured by
ELISA as described previously (15, 16); IL-1β, IL-6,
Groα, GM-CSF, and TNF-α protein secretion were
analyzed using commercially available ELISA kits
(R&D Systems Inc., Minneapolis, Minnesota, USA).

Neutrophil transendothelial migration assay. Human neu-
trophils were purified from a healthy donor using a

Histopaque gradient (Sigma-Aldrich, St.
Louis, Missouri, USA) according to the
manufacturer’s directions. Following cen-
trifugation, the granulocytes were harvest-
ed and contaminating erythrocytes were
lysed with 155 mM NH4Cl, 10 mM KHCO3,
and 0.1 mM EDTA. Neutrophil purity was
greater than 95%. Polar HBMEC monolay-
ers were established on collagen-coated
Transwell plates (Transwell-COL; Corning-
Costar Corp., Acton, Massachusetts, USA)
as described previously (3), except that the
membrane used in these experiments had a
pore size of 3 µm. Monolayers were incu-
bated with the WT or the β-h/c mutant
strain (MOI = 10:1) for 4 hours as described
above before the assay was initiated. Alter-
natively, 0.5 ml of cell-free conditioned
supernatant obtained from HBMEC mono-
layers previously infected with WT or the 
β-h/c mutant was added to the lower cham-
ber. Supernatant from cells that were not
exposed to bacteria served as a control.
Neutrophils (1 × 105) were added to the
upper chamber and plates were incubated
for 2 hours at 37°C in 5% CO2, after which
migrated cells in the lower chamber were
counted on a hemocytometer. For inhibition
studies, 10 µg/ml human IL-8–specific rab-
bit antibody (Perbio Science AB, Helsing-
borg, Sweden), 10 µg/ml human ICAM-1–
specific mouse antibody (R&D Systems
Inc.), and 10 µg/ml of mouse IgG1 isotype
control antibody (R&D Systems Inc.) were
added to the upper and lower chambers 1
hour prior to the start of the assay.

Murine model of hematogenous GBS meningi-
tis. Outbred 6-week-old male CD-1 mice
were obtained from Charles River Labora-
tories (Wilmington, Massachusetts, USA).
Mice were injected via the tail vein with 108

CFU of two WT GBS strains of differing 
β-h/c activity, A909 (four hemolytic units)
and NCTC10/84 (32 to 64 hemolytic units),
respectively (4), and the corresponding iso-
genic β-h/c mutant for each strain (10).
Twenty-four hours after injection, blood
from the tail vein was obtained and plated
on THB agar plates to ensure bacteremia
and success of injection. Seventy-two hours
after infection, mice were euthanized, their
brains were aseptically removed, and the

hemispheres were separated. Half of the brain was
homogenized in sterile PBS and half was fixed in for-
malin and embedded in paraffin for sectioning and
histopathologic analysis. Bacterial counts in the brain
homogenates and blood were determined by plating
serial tenfold dilutions on THB agar plates. Brain bac-
terial counts were corrected for blood contamination

Table 1
HBMEC transcription profile after infection with GBS

Chemokines and cytokines Fold changeA

M28130 IL-8 61.6
M36820 GRO-β chemokine 42
X54489 GRO-α chemokine 22.6
X04430 IL-6 13.6
M13207 GM-CSF 3.2

Cell-cell interaction
M31166 TSG-6 hyaluronate binding, related to CD44 3.7
M24283 ICAM-1 2.9
M59040 CD44 cellular adhesion molecule 2.2

Apoptosis
L08246 Mcl-1, inhibits apoptosis of myeloid cells 3.5
AF002697 Nip-3, Bcl-2–binding protein 2.2
V00568 c-myc proto-oncogene 2

Endothelial wound repair
X52947 Connexin 43, gap junction communication 2.4
X02419 Urokinase-plasminogen activator 2.1

Growth factors
M60278 Heparin-binding EGF-like (HB-EGF) 5.1
Y11307 CYR61, angiogenisis factor 4.5
X78947 hCTGF, connective tissue growth factor 3.2
L12260 Neuregulin-1 (isoform GGF2) 2.5
L41827 Neuregulin-1 (isoform SMDF) 2.1

Cytoskeleton
U56637 Capping protein, a subunit, actin assembly 2.5
M64110 Caldesmon-1, actin-binding protein 2.5

Thrombosis
J03764 PAI-1, plasminogen activator inhibitor 2.8

Signal transduction
X68277 MKP-1, dual-specificity MAPK phosphatase 8.9
M69043 I-κB/MAD-3, inhibitor of NF-κB 7.6
M59287 CLK, CDC-like kinase, cell-cycle regulation 4.8
U15932 DUS5, dual-specificity ERK1 phosphatase 3.9
Y10032 H-SGK, serum/glucocorticoid-regulated kinase 2.8
U37139 β3-endonexin, binds β3 integrin 2.5

Transcription regulation
M92843 Zinc finger protein, response to growth factors 8
L13740 Nuclear receptor protein, growth-factor inducible 7.9
AB004066 DEC1, helix-loop-helix domain 5.5
J04111 c-Jun, AP-1 transcription factor 4.8
AF050110 TIEG, TGF-β–inducible early gene 3.9
X51345 Jun B, inhibits trans-activating activities of c-Jun 3.5
AF001461 CPBP, core promoter element binding protein 3.5
S81439 EGR-α, early growth response, TGF-β–inducible 3.4
X89750 TG-interacting factor, transcriptional repressor 3.3
X79067 ERF-1, Tis11b family zinc finger proteins 2.7
U65093 p35srj, interferes with binding to p300/CBPCbp 2.5
X52560 C/EBP, binds response element in IL-6 gene 2.4
M62831 Human transcription factor ETR101 2.2
M90355 BTF-3 transcription factor 2.2
X56681 d-Jun, AP-1 transcription factor 2.1
AI521453 Activated RNA polymerase II cofactor 4 2.1
AI939402 Homeobox gene, H6 2.1

ARatio of gene expression of infected vs. unifected cells. Values reported are increased
above background twofold or more at 4 hours.
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using the blood concentration and a conservative esti-
mate of the mouse cerebral blood volume (2.5 ml per
100 g tissue, as extrapolated from the rat) (17). The sig-
nificance of differences between treatment groups was
determined using the unpaired Student t test. P < 0.05
was considered to be significant.

Results
Expression profile of the BBB induced by GBS. Under-
standing the response of the BBB endothelium to the
threat of an invading bacterium should provide
insight into the first line of CNS defense and the viru-
lence attributes of meningeal pathogens. We used
microarray analysis as a preliminary survey to examine
the transcriptional responses of HBMEC 1, 2, 4, and 8
hours after infection with WT GBS. Previous analysis
had shown that infection for more than 8 hours result-
ed in cellular cytotoxicity largely attributable to the
activity of the GBS β-h/c. By 4 hours after infection, 80
HBMEC genes exhibited a greater than twofold
change in transcript abundance. Table 1 categorizes
the most notable of these HBMEC genes and their 
4-hour induction values. The most highly induced
HBMEC genes were IL-8, Groα, and Groβ, which
belong to the CXC subfamily of chemokines. These
molecules share a high affinity for receptors found on
neutrophils and are known to act as strong neutrophil
chemoattractants. Other HBMEC genes induced by
GBS infection possess well-known roles in neutrophil
inflammatory responses. GM-CSF stimulates the pro-
liferation, differentiation, and migration of granulo-
cytes and macrophages. ICAM-1 plays an essential role
as an endothelial receptor to bind and activate circu-
lating neutrophils at the site of infection. Myeloid cell
leukemia sequence-1 (Mcl-1) is an antiapoptotic factor
related to Bcl-2 that serves to promote neutrophil sur-
vival (18). Another proinflammatory cytokine induced
was IL-6, which mediates a variety of immune respons-
es and is elevated in the cerebrospinal fluid of patients
with meningitis. Other upregulated gene products,
such as I-κB, are induced by NF-κB signaling, which is
involved in regulating these chemokines and
cytokines. However, genes for many other proinflam-
matory markers produced by leukocytes, tissue
macrophages, or epithelial cells in response to bacter-
ial pathogens (e.g., TNF-α, IL-1α, and inducible nitric
oxide synthase) were not induced in HBMEC by GBS
during the acute interaction. The overall gene expres-
sion profile of GBS-infected HBMEC suggests a rela-
tively specific and rapid activation of the host innate
defense system for neutrophil signaling.

Differential expression profiles induced by capsule and
β-h/c–deficient GBS strains. Capsular polysaccharide and
the β-h/c toxin are two major GBS virulence factors
that might play a role in the observed pattern of
HBMEC gene activation. The contribution of these fac-
tors was assessed using the same microarray analysis
described in Methods, except that HBMEC were infect-
ed with isogenic capsule-negative and β-h/c–negative

mutants of the WT GBS strain COH1. Table 2 shows
the effects of these two mutations specifically on some
of the genes most highly induced by the WT strain,
most of which participate in the immune response.
Absence of the capsule had a variable effect on the level
of HBMEC gene induction; most of the mutant genes
showed induction levels similar to the WT genes. In
contrast, absence of the β-h/c toxin resulted in a con-
sistent decrease in HBMEC gene induction levels com-
pared with the WT strain. For several of the induced
genes implicated in promoting a neutrophilic inflam-
matory response, a pattern emerged in which the 
β-h/c–deficient mutant induced less transcript and the
capsule-deficient mutant induced more transcript than
the WT GBS strain. The microarray data show that
mRNA levels for various housekeeping genes like 
β-actin, 18S rRNA, and GAPDH were similar for sam-
ples infected with WT or mutant GBS strains (data not
shown). Additionally, there were ten genes that were
induced twofold or more after infection with the 
β-h/c–deficient mutant compared with the WT strain.
These included hypothetical protein AA522530, tran-
scription factor U49436, transmembrane protein
AB015631, IFN-related developmental regulator
Y10313, GTT1 protein AL041780, catenin X87838, and
inhibitor of DNA binding X77956).

Analysis of specific genes and gene products by real-time
kinetic RT-PCR and ELISA. To continue our analysis and
confirm our microarray expression data by an inde-
pendent method, we assayed by real-time kinetic RT-PCR
the relative abundance of five mRNA’s that had differ-
ent expression profiles in the HBMEC infected with
WT, β-h/c–deficient mutant, and capsule-deficient
mutant GBS strains. Figure 1 shows the mRNA levels
of IL-8, Groα, Groβ, IL-6, and GM-CSF 4 hours after
infection; all four genes were expressed at significantly
higher levels in WT-infected cells than in either the 

Table 2
Effect of GBS mutations on immune response genes

Fold changeA (% of WT)
β-h/c– cps–

Chemokines and cytokines
M28130 IL-8 17.3 (28%) 53.8 (87%)
M36820 GRO-β 8.2 (19%) 60.4 (143%)
X54489 GRO-α 10.3(45%) 20.3 (90%)
X04430 IL-6 3.1(23%) 13 (95%)
M13207 GM-CSF 2 (62%) 3.8 (118%)

Cell-cell interaction
M24283 ICAM-1 2.8 (97%) 3.6 (124%)

Apoptosis
L08246 Mcl-1 1.6 (46%) 2.6 (74%)

Signal transduction
M69043 I-κB 4.2 (55%) 7.7 (101%)

Transcription regulation
J04111 c-Jun, AP-1 2.3 (48%) 4.8 (100%)

ARatio of gene expression of infected vs. uninfected cells at 4 hours.
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β-h/c mutant–infected or uninfected cells. The capsule
mutant–infected cells expressed higher mRNA levels
than those with WT infection. In general, the relative
abundance of the different transcripts correlated with
the fold increases observed by the microarray analysis.
No increases in IL-1β or TNF-α transcription were
detected by RT-PCR analysis (data not shown).

We further analyzed the protein expression respons-
es for several of the chemokine and cytokine genes
that were differentially induced in HBMEC by WT
and mutant GBS. Figure 2 shows the increase in
secreted IL-8, IL-6, Groα, and GM-CSF in super-
natants 4 hours after GBS infection. Induction of
chemokine and cytokine secretion was markedly
reduced when cells were infected with the GBS β-h/c
mutant, while secretion was somewhat increased
when cells were infected with the GBS capsule
mutant, especially for IL-8 and GM-CSF. In all cases
the 4-hour timepoint proved most reliable due to evi-
dence of cellular cytotoxicity at 8 hours after infec-
tion, although cytokine secretion did increase for all
the proteins measured at the 8-hour timepoint (data
not shown). ELISA for IL-1β and TNF-α showed no
increase in HBMEC secretion of these cytokines in
response to GBS (data not shown).

Direct effect of GBS β-h/c on stimulation of IL-8 release
from HBMEC. Compared with the WT strain, the GBS
mutant lacking the β-h/c toxin exhibited a signifi-
cantly decreased ability to induce mRNA transcript
and protein secretion of key neutrophil signaling fac-
tors. We sought to determine whether the β-h/c toxin
could act independently to induce HBMEC gene

expression, specifically that of IL-8. Cell-free super-
natants from GBS were prepared in PBS plus 2%
starch to extract stabilized β-h/c activity from the bac-
terial surface as described in Methods. HBMEC
monolayers were incubated with WT bacteria and cell-
free supernatants from either WT or β-h/c mutant
strains. Figure 3 shows that supernatant containing
β-h/c induced IL-8 release at levels comparable to
infection with WT bacteria. These results indicate
that the GBS β-h/c exerts a stimulatory effect inde-
pendent of bacterial contact with the HBMEC sur-
face. In control experiments, supernatant from a β-h/c
mutant induced only background levels of IL-8 simi-
lar to the uninfected control, demonstrating that
other secreted GBS products had negligible stimula-
tory effects. It should be noted that the hemolytic
titer of the supernatant used was greater than that of
the WT COH1 bacteria used (see ref. 4). Therefore,
while the supernatant containing β-h/c activity was
capable of inducing IL-8, the whole bacterium may
provide a stronger stimulus due to additional bacter-
ial factors that potentiate β-h/c activity in its normal
context on the GBS surface.

GBS-induced gene products promote transendothelial
migration of human neutrophils. The HBMEC genes and
gene products that were most highly induced in
response to GBS infection in our microarray and pro-
tein studies are involved in the recruitment and acti-
vation of neutrophils. To examine the functional

Figure 1
Effect of GBS mutations on transcript levels. We used real-time RT-PCR
to verify the differential expression for five transcripts (IL-8, Groβ,
Groα, IL-6, and GM-CSF) after infection with WT, β-h/c–deficient
(β-h/c–), or capsule-deficient (cps–) GBS. The levels of IL-8, IL-6,
Groα, and GM-CSF message were normalized to the 18S rRNA
standard and Groβ to GAPDH. Representative data from duplicate
experiments are shown. The mean of triplicate wells resulted in SDs
of less than ± 1.5 in all cases. *P < 0.05 compared with WT. 
**P < 0.001 compared with WT.

Figure 2
Changes in HBMEC chemokine and cytokine secretion after infection
with WT, β-h/c–deficient, or capsule-deficient GBS. Cell culture super-
natants were assayed after 4 hours of incubation with GBS. Assays
were performed for IL-8 (a), Groα (b), IL-6 (c), and GM-CSF (d). Rep-
resentative data from duplicate experiments are shown. Error bars
represent the 95% confidence interval of the mean of six wells. Error
bars that are not visible represent an SD of less than ± 1.5. *P < 0.05
compared with WT. **P < 0.001 compared with WT.
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chemoattractant activity of the GBS-induced factors,
an in vitro model of neutrophil transendothelial
migration was developed. Polar monolayers of HBMEC
were established on Transwell inserts and infected
with either WT or β-h/c mutant GBS. Human neu-
trophils were subsequently added to the upper cham-
ber of the Transwell. WT GBS infection significantly
increased neutrophil migration across an HBMEC
monolayer compared with uninfected cells or cells
infected with the β-h/c mutant (Figure 4a). Similar
results were observed when HBMEC-conditioned
supernatants (supernatant from HBMEC previously
infected with WT or the β-h/c mutant strain) were
added to the lower chamber of the Transwell (Figure
4b). To assess the specific role of the neutrophil
chemoattractant IL-8 and the neutrophil adhesin
ICAM-1 in migration, we added specific antibodies
against each host factor 1 hour before the addition of

the neutrophils. Both antibodies significantly
reduced neutrophil migration, while an isotype con-
trol antibody did not, indicating that GBS induced
HBMEC expression of functional IL-8 and ICAM-1.
Live bacteria are likely to produce different levels of
neutrophil activation and/or neutrophil injury than
are produced by cell-free HBMEC-conditioned super-
natants, thus we are cautious not to draw conclu-
sions from the slight increase in migration seen with
supernatants and the greater effect of inhibitory anti-
bodies observed with live bacteria. Statistically sig-
nificant stimulatory effects of β-h/c and inhibitory
effects of anti–IL-8 and anti–ICAM-1 antibodies were
seen in both experimental systems.

Role of the β-h/c toxin in a murine model of GBS meningi-
tis. Our microarray analysis and neutrophil transmi-
gration studies suggested a prominent role for the
GBS β-h/c toxin in the pathogenesis of BBB penetra-
tion and meningitis. To test this hypothesis in vivo,
we used the murine model of hematogenous strepto-
coccal meningitis (19). Groups of mice (n = 10–13)
were infected with one of two different WT GBS
strains (A909 and NCTC10/84) that possess varying
amounts of β-h/c activity (A909 has less activity than
NCTC10/84), together with the corresponding iso-
genic β-h/c–deficient mutants. Seventy-two hours
after infection, the mouse brains were harvested,
homogenized, serially diluted, and plated on THB
agar for quantitative bacterial counts (CFU). As
shown in Figure 5a, each GBS WT strain penetrated
the BBB and established meningitis more frequently
than the corresponding isogenic β-h/c–deficient
mutants did (50% vs. 30% for A909, 92% vs. 58% for
NCTC10/84). Among WT strains, mortality and
mean bacterial colony counts in the brain increased as
the level of β-h/c activity increased (compare 20%
mortality and 1.7 × 102 CFU/g for A909 with 62%
mortality and 1 × 106 CFU/g for the hyperhemolytic
strain NCTC10/84). The mean bacterial colony
counts isolated from the brains of mice infected with
β-h/c–deficient mutants compared with the parent

Figure 3
Stimulation of IL-8 release by HBMEC with supernatant (S/N)
containing GBS β-h/c activity. Cell culture supernatants were
assayed 4 hours after incubation with WT GBS, stabilized super-
natant (∼25 U) from WT (β-h/c+) GBS, and stabilized supernatant
from β-h/c mutant (β-h/c–) GBS. Representative data from dupli-
cate experiments are shown. Error bars represent the 95% confi-
dence interval of the mean of four wells. *P < 0.001 compared
with control. **P < 0.0001 compared with WT.

Figure 4
Transmigration of neutrophils in response
to bacterial infection (a) and supernatants
of GBS-infected HBMEC (b). In duplicate
experiments, neutrophils migrated in
response to GBS-induced gene products by
the WT or β-h/c–deficient strain with or
without 10 µg/ml anti–IL-8, anti–ICAM-1,
or IgG1 isotype control antibody. Migration
index is the ratio of cells that migrated dur-
ing an infection or in response to a super-
natant (S/N) in comparison with migration
across an uninfected monolayer. Error bars
represent the 95% confidence interval of the
mean of three wells. *P < 0.05 compared
with WT. ** P < 0.001 compared with WT
or the β-h/c mutant.
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strain were 34-fold lower for A909 (P = 0.05) and 250-
fold lower for NCTC10/84 (P = 0.02). These data indi-
cate that β-h/c contributes to the risk and magnitude
of GBS penetration of the BBB.

Representative histopathology of brains from exper-
imentally infected mice are shown in Figure 5, b–d.
For all groups, the degree of histopathologic abnor-
mality correlated with the magnitude of the bacterial
counts isolated from the brain. Figure 5b shows a sec-
tion from a mouse infected with WT GBS that devel-
oped meningitis and ventriculitis with brain bacteri-
al counts near the group mean. Meningeal thickening,
thrombosis of meningeal vessels, leukocytic infiltra-
tion, and areas of bacterial microabscess formation in
the brain parenchyma were observed. In contrast, a
section from a mouse infected with an isogenic β-h/c–
deficient mutant with low brain bacterial counts near
the group mean showed normal appearance of the
brain parenchyma and meningeal lining (Figure 5c).
However, expression of β-h/c was not an absolute
requirement for development of CNS pleocytosis,
since in a few cases mice did develop high-grade CNS
invasion with a GBS β-h/c mutant and showed evi-
dence of meningeal infiltration with neutrophils and
monocytes qualitatively similar to that observed in
the WT infection (Figure 5d).

Discussion
The expression profile of GBS-infected BBB endothe-
lium was probed initially by DNA microarray analy-
sis, which served to guide subsequent detailed stud-
ies using real-time PCR and immunoassays. Only 80
of the 12,000 genes represented on the array exhibit-
ed an increase in gene transcription levels of twofold

or greater 4 hours after infection. Only five genes,
each unrelated to known inflammatory response
pathways, exhibited a twofold or greater decrease in
gene transcription levels (transcription factor
AL080102; transcription factor U49436; lamin B2,
M94362; laminin receptor M14199; annexin A2,
M62895). A disproportionate amount of upregulat-
ed versus downregulated genes appears to be a com-
mon feature of host cellular responses to microbial
pathogens, in particular those genes implicated in
immune defense (20–23).

A variety of factors can induce endothelial activa-
tion, including cytokines, endotoxin, shear stress,
hypoxia, infections, and lipid products (24). The acti-
vation of the BBB endothelium by GBS resulted in
the upregulation primarily of proinflammatory
cytokines functioning to recruit inflammatory cells
to the site of infection and injury (Table 1). The most
highly induced genes — IL-8, Groα, and Groβ —
belong to the CXC chemokine family, which acts
mainly on cells of neutrophil lineage (24). IL-8 is the
most potent chemotactic factor for neutrophils
because it has a high affinity for both of the
chemokine receptors (CXCR1 and CXCR2) expressed
on neutrophils, as opposed to the Gro proteins,
which possess affinity only for CXCR2 (25). In addi-
tion, IL-8 stimulates neutrophil respiratory burst,
degranulation, and adherence to endothelial cells.
Other GBS-induced HBMEC genes related specifi-
cally to CNS neutrophil recruitment were ICAM-1,
which when upregulated leads to the enhanced adhe-
sion of neutrophils to the brain endothelium (26),
and GM-CSF, which increases neutrophil migration
across brain endothelium (27). The programmed cell

Figure 5
Murine model of GBS meningitis. (a)
Groups of 10–13 mice were inoculated
intravenously with GBS strains of increasing
β-h/c activity (A909 and NCTC10/84,
respectively) and the corresponding β-h/c–

mutants. Seventy-two hours after infection,
brains were harvested and bacterial counts
(CFU/g brain) were determined. Solid
shapes represent animals that died prior to
the 72-hour timepoint. Letters with arrows
indicate the mouse whose histopathology
appears in panels b–d. (b–d) Histopatholo-
gy of H&E-stained brain tissues of individ-
ual mice (identified by arrows) that devel-
oped meningitis. (b) Mouse infected with
WT GBS with high CNS bacterial counts
showing meningeal thrombosis, thickening,
and cellular infiltration (open arrow) as well
as bacterial microabscess formation (solid
arrow). (c) Mouse infected with β-h/c–

mutant with low CNS bacterial counts and
normal brain histopathology. (d) Neu-
trophilic and monocytic infiltrates typical of
mice with high-grade CNS invasion with
either WT or mutant GBS strains.



The Journal of Clinical Investigation | September 2003 | Volume 112 | Number 5 743

death of neutrophils can be delayed by GM-CSF
(28–30), a process that was recently shown to be
mediated through the specific induction of the anti-
apoptotic factor Mcl-1 (31), whose gene product was
also elevated in our experiments. Our data suggest
that GBS promotes leukocyte infiltration into the
cerebrospinal fluid (a long recognized clinical and
diagnostic hallmark of acute bacterial meningitis)
through the upregulation of chemokines, which sig-
nificantly increased neutrophil migration across an
HBMEC monolayer.

Notably absent from the activation profile were sev-
eral proinflammatory cytokines, including IL-1 and
TNF-α, which are involved in the pathogenesis of bac-
terial meningitis; both mediate inflammation by stim-
ulating the production of other cytokines including
IL-8, IL-6, and GM-CSF, the upregulation of the cell
adhesion molecule ICAM-1, and BBB permeability (8).
RT-PCR and ELISA studies confirmed the absence of
TNF-α and IL-1β message and secreted protein in the
acute response of GBS-stimulated HBMEC. The abili-
ty of BBB endothelium to produce targeted recruit-
ment and activation of neutrophils in response to the
initial bacterial encounter may be an important adap-
tation, since a wider or unchecked pattern of inflam-
matory activation could be deleterious to critical CNS
structures sensitive to intracranial pressure changes. A
proportionate localized neutrophil phagocytic re-
sponse may be effective in the vast majority of BBB
encounters with bacteria circulating in the cerebral
microvasculature. Our findings that HBMEC do not
produce TNF-α or IL-1 in response to an acute GBS
infection suggests that cells other than the brain
endothelium, including astrocytes, microglial cells,
and recruited leukocytes, may be the main source of
these cytokines during disease progression. In fact,
TNF-α induction may be more significant to the latter
stages of meningitis, because it contributes to apop-
tosis of hippocampal neurons (32) and further break-
down of BBB integrity (33).

Recognition of bacteria and neutrophil recruitment
may be a key barrier function of HBMEC, acting as the
very first line of CNS defense. But why does the innate
protection mechanism fail in some cases, and what are
the bacterial factors that contribute to this failure? To
address this question we assessed the role of two major
GBS virulence factors on the HBMEC response profile.
Compared to WT GBS infection, we found that infec-
tion of HBMEC with a β-h/c–negative mutant result-
ed in significantly less gene induction and secretion of
key immune mediator proteins. Neutrophil migration
across an HBMEC monolayer was reduced in the pres-
ence of the β-h/c mutant compared with the WT
strain. Additionally, β-h/c mutants were less virulent
than WT GBS strains in a murine model of meningi-
tis. Thus β-h/c appears to be a key mediator in pro-
voking an acute inflammatory response in the brain
endothelium and an important contributor to disease
progression. Whether this action is elicited by direct

interaction of the toxin with endothelial signal trans-
duction systems or activation is a secondary result of
cellular injury that is mediated by the toxin remains to
be elucidated. Recent studies investigating other bac-
terial/host interactions have shown that various
cytokine responses can be stimulated by toxins from
E. coli (STEC) (34), L. monocytogenes (35), and S. pneu-
moniae (36). We also recently demonstrated that the
GBS β-h/c promoted the release of IL-8 from human
lung epithelial cells in vitro (15) and IL-6 in the blood
and joint fluid of mice in vivo (6).

The other major GBS virulence factor is the poly-
saccharide capsule, which acts to resist phagocytosis
and thus promotes bacterial survival in the blood-
stream. We analyzed HBMEC gene expression during
infection with a GBS capsule mutant and found that
gene induction was variable compared with the WT
infection, but in the case of certain key immune
response genes, it was greater than seen with the WT.
Our data suggest that the capsule plays a limiting role
in the induction of the host inflammatory response.
Therefore it may be a mechanism of GBS or other bac-
terial pathogens to avoid innate immune mecha-
nisms, not only by resisting phagocytosis but also by
blunting BBB cytokine secretion. Several animal stud-
ies corroborate our findings. For example, purified
GBS type III capsule was not required to elicit TNF-α
release by human neonatal monocytes (37). Of note,
sialic acid, which is present on most human cells, is
also found in the GBS capsule as well as capsules of
other human meningeal pathogens such as E. coli K1
and N. meningitidis groups B and C. It is appealing to
speculate that these capsules may represent a form of
molecular mimicry whereby the pathogen resembles
host cell surfaces to block immune activation.

In summary, we have demonstrated that a specific
activation program is induced by a bacterial pathogen
in the BBB. Our working model of the acute response
of the brain endothelium to GBS includes the upreg-
ulation of IL-8, Groα, and Groβ for recruitment of
neutrophils, GM-CSF for bone marrow stimulation of
neutrophils, ICAM-1 for adhesion of neutrophils, and
Mcl-1 for prevention of neutrophil apoptosis. This sig-
naling appears to be mediated largely by the bacterial
cytolysin β-h/c and not by the presence of capsular
polysaccharide. Our in vivo studies indicate that the 
β-h/c toxin contributes to the development and sever-
ity of GBS meningitis. Thus, we speculate that the net
effect of the cytotoxic and proinflammatory proper-
ties of this toxin works to the detriment of the host.
Ongoing studies on the modulation of host gene
expression and innate defense mechanisms by
meningeal pathogens are critical for understanding
early activation of the BBB and developing preventa-
tive therapies for CNS infection.
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