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Certain microbes invade brain microvascular endothelial cells (BMECs) to breach the blood-brain barrier (BBB) and establish
central nervous system (CNS) infection. Here we use the leading meningitis pathogen group B Streptococcus (GBS) together
with insect and mammalian infection models to probe a potential role of glycosaminoglycan (GAG) interactions in the
pathogenesis of CNS entry. Site-directed mutagenesis of a GAG-binding domain of the surface GBS alpha C protein impeded
GBS penetration of the Drosophila BBB in vivo and diminished GBS adherence to and invasion of human BMECs in vitro.
Conversely, genetic impairment of GAG expression in flies or mice reduced GBS dissemination into the brain. These
complementary approaches identify a role for bacterial-GAG interactions in the pathogenesis of CNS infection. Our results
also highlight how the simpler yet genetically conserved Drosophila GAG pathways can provide a model organism to screen
candidate molecules that can interrupt pathogen-GAG interactions for future therapeutic applications.
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Introduction

Bacterial meningitis is one of the top ten causes of infection-
related mortality worldwide [1]. Meningitis is particularly devas-
tating in the newborn infant, and 20-50% of survivors can suffer
permanent neurological sequelae including deafness, seizures,
hydrocephalus, cerebral palsy and/or cognitive deficits [2-5]. The
most common agent of neonatal bacterial meningitis in the United
States, Europe and Asia is group B Streptococcus (GBS). In recent
years, GBS has also emerged as a cause of serious infections
including meningitis in nonpregnant adult populations, with an
invasive disease incidence approaching that reported for the
neonate [6-8]. In gaining access to the central nervous system
(CNS), GBS reveals an ability to cross the blood-brain barrier
(BBB), a specialized layer of brain microvascular endothelial cells
(BMECs) that regulates macromolecular traffic to maintain
biochemical homeostasis in brain tissues. BBB penetration by a
bacterial pathogen reflects a complex interplay between host
endothelium and microbial products [9]. The fundamental
mechanisms by which GBS establishes CNS infection remain
incompletely understood [10].

The plasma membrane of mammalian endothelial cells is
prominently decorated with linear, negatively charged sugar
chains known as glycosaminoglycans (GAGs). The sulfated GAGs,
chondroitin/dermatan sulfate and heparan sulfate, occur as
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proteoglycans that consist of one or more GAG chains covalently
linked to a core protein. Cells elaborate several membrane
heparan sulfate proteoglycans (HSPGs) including syndecans and
the glycosylphosphatidylinositol-linked glypicans. The heparan
sulfate chains assemble by copolymerization of alternating residues
of N-acetylglucosamine and glucuronic acid, which then can
undergo variable sulfation and uronic acid epimerization. This
process occurs in a non-template driven manner, resulting in
sections of the chains with variably modified sugars of variable
length interspersed with domains of unmodified residues. The
modified regions make up binding sites for growth factors,
membrane receptors, and extracellular matrix constituents,
imparting to the chains important biological activities, such as
roles in cell adhesion, receptor signaling, and leukocyte trafficking
across endothelium [11]. The ability of an individual cell to
mteract with and respond to ligands appears to depend on the
array of expressed proteoglycans and the pattern of modifications
of the heparan sulfate chains [12-14]. Proteoglycan synthesis in
mammals is a complex process involving a diverse array of gene
products including core proteins, enzymes that initiate and
elongate the polysaccharide chain, and enzymes that modify the
polymer by sulfation and other processes [15,16]. Drosophila
melanogaster contains a repertoire of GAG structures similar to that
of mammals [17] through a relatively small number of genes
highly homologous to those found in mammals [18,19].
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Author Summary

Streptococcus agalactiae (Group B Streptococcus, GBS) is a
leading cause of meningitis in human newborn infants.
The bacterial and host factors that allow this pathogen to
cross the blood-brain barrier (BBB) and cause central
nervous system (CNS) infection are not well understood.
Here we demonstrate that GBS expresses a specific protein
on its surface that can bind to sugar molecules known as
glycosaminoglycans (GAGs) on the surface of brain
capillary cells, initiating infection of the BBB. Fruit flies or
mice genetically engineered to have reduced GAGs
showed decreased dissemination of GBS into the brain
tissues following experimental infection. Our results
identify a role for bacterial-GAG interactions in the
pathogenesis of newborn meningitis and highlight how
the simpler yet genetically conserved fruit fly GAG
biosynthetic pathways make the fruit fly a good model
organism to screen candidate molecules that can interrupt
pathogen-GAG interactions for future therapeutic applica-
tions.

A number of viral and bacterial pathogens functionally interact
with cell surface GAGs [14]. Examples include the initial
attachment phase of herpes simplex virus mediated through
heparan sulfate [20,21], Mycobacterium tuberculosis Tung epithelial
invasion through expression of a heparin-binding protein [22], and
heparan sulfate-dependent attachment and entry of intestinal
epithelial cells by Listeria monocytogenes [23]. We hypothesized that
direct interactions with GAGs expressed on BMECs could
influence the propensity of bloodborne bacteria to breach the
BBB and produce CNS infection. In the specific case of GBS, a
candidate ligand for this process exists in the surface-anchored
Alpha C protein (ACP), which has the capacity to bind GAGs and
promote bacterial entry into cervical epithelial cells i vitro [24-26].

Drosophila can serve as a useful model organism for analysis of
mechanisms of bacterial pathogenesis and resistance [27-30]. We
have recently shown that GBS infection can be established in
Drosophila, and that overall mortality and bacterial loads are
reduced in fly strains with diminished GAG expression [31]. In the
present study, we use bacterial, Drosophila, and mouse mutants to
achieve the aim of examining the role of bacterial-GAG
interactions as mediators of BBB translocation and CNS infection.
The study highlights an emerging recognition that specialized
surface glial cells regulate the flow of substances into and out of the
fly brain and present a functional equivalent of the BBB in
Drosophila [32—35]. Our findings indicate that the specific heparan
sulfate-binding properties of ACP promote BBB interactions and
contribute to the establishment of GBS meningitis.

Results

GAG binding by ACP facilitates GBS dissemination into fly
heads

We previously demonstrated that pricking the Drosophila thorax
with a needle that had been dipped into a concentrated slurry of
GBS leads to fly death [31]. To assess the nature of bacterial
dissemination from the prick site, we performed histologic
examination of GBS-infected Drosophila. As shown (Figure S1 4
and B), wild-type (WT) GBS A909 spreads systemically after
localized injection in the thorax. H&E stain reveals bacterial cocci
in multiple sites, including muscle, fat, and the lining of the brain.
These data indicate that tissue architecture is largely preserved
despite widespread GBS dissemination during infection. The
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mutant GBS strain A909/R185A harbors a single amino acid
change in ACP that significantly reduces GAG binding without
affecting overall ACP structure, bacterial growth rate, or surface
polysaccharide capsule expression [26,31]. Following pinprick
inoculation of an identical dose of the A909/R185A mutant into
the fly thorax, bacteria disseminate less broadly from the local site
of infection, and fewer cocci are visualized at the brain lining
(Figure S1 C and D) To specifically address whether ACP-GAG
binding promotes GBS dissemination into fly heads, we compared
the bacterial burden (colony forming units, cfu) in the heads and
bodies of WT flies after infection with WT GBS A909 and A909/
R185A mutant. Flies infected with mutant bacteria had a
significantly lower ratio of head cfu to total (head+body) cfu than
those infected with the WT strain (Figure 14; Supplemental Table
S1), indicating that disruption of ACP-GAG binding decreases
GBS penetration into the fly head.

Impaired Drosophila GAG expression reduces GBS
dissemination into fly heads

The Drosophila genome contains genes encoding the HSPG core
proteins dally, dally-like protemn |dlp] and syndecan [sdc]; three genes
encoding heparan sulfate polymerases, tout-velu [ttv] (homolog of
mammalian Ext]), sister of ttv [sotv] (homolog of Ext2) and brother of ttv
[botv] (homolog of Extl3); and one gene encoding an N-deacetylase-
N-sulfotransferase (sulfateless [sfl], a homolog of NdstI). After chain
initiation by Botv, polymerization occurs through a copolymerase
complex consisting of Ttv and Sotv [36]. The GAG chains then
undergo a series of modifications such as N-deacetylation and N-
sulfation of N-acetylglucosamine residues by Sfl. Mutations in these
genes lead to altered content or sulfation of heparan sulfate on all
Drosophila heparan sulfate proteoglycans [37,38].

To corroborate the role of GAG binding in GBS dissemination
mto the fly head, we used the pinprick method to establish
infection in three different HSPG mutant fly strains deficient in
membrane HSPG core proteins (dally+dip+sdc), heparan sulfate
polymerases (ttv+sotv), or NDST (sf]), respectively. After infection
with WT GBS A909, all three HSPG mutant fly strains exhibited
lower head/total body cfu ratios than did the WT control flies
(Figure 1B; Supplemental Table S1). The extent of reduction in
head/total body cfu probably underestimates the importance of
HSPGs in this model since each of the host mutations had to be
tested as heterozygotes due to the requirement for HSPGs in fly
embryogenesis.

We next sought to specifically link the observed GAG-
dependent phenotype to glial cells that form tight junctions and
restrict paracellular diffusion between the fly circulatory system
and brain, thereby representing the Drosphila BBB equivalent [33].
The glial cell-specific driver repo-Gal4 was used to suppress
polymerase expression in fly BBB cells through i viwo shRNA
knockdown of tv, sotv, and botv. After infection with WT GBS
A909, flies with glial cell-specific knockdown of either bot alone, or
both #v and sofv displayed higher survival rates than the
corresponding repo and Gal4-UAS controls (Figure 1 ¢ and D).

GAG binding by GBS ACP promotes human BMECs
adherence and invasion. Immortalized human BMECs have
provided a widely used and well-defined i vitro model for under-
standing microbial interactions with the human BBB [9,39].
Previous studies have shown that fetal or adult primary BMECs
expressed high levels of heparan and chondroitin sulfates [40],
supporting earlier conclusions that proteoglycans are richly
expressed on the surface of primary human endothelial cells
derived from all age groups, including the fetus [41-43]. We found
that WT' GBS A909 efficiently adhered to and invaded hBMECs;
however the A909/R185A mutant with decreased GAG-binding
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Figure 1. ACP-GAG binding promotes GBS invasion into fly heads; glial GAG polymerase knock-down decreases lethal infection.
(A) The ratio of head/whole fly cfu in WT yw flies 24 h after infection with GBS mutant R185A (filled bar, n=13 groups of 10 flies) was significantly
lower than after infection with WT GBS strain A909 (open bar, n=14 groups of 10 flies). (B) The ratios of head to whole fly cfu in HSPG mutant flies
(filled bars) were lower than those in the WT control flies (open bar, n=22 groups of 10 flies). The HSPG mutant flies studied here carry mutations in
the genes encoding core proteins (dally+dlp+sdc, n=15 groups of 10 flies), GAG polymerases (ttv+sotv, n=12 groups of 10 flies) or the GAG NDST (sfl,
n=10 groups of 10 flies. Infected flies were heterozygotes from crosses of these mutants with yw flies, as homozygous mutants in these genes are
nonviable. Each bar represents the mean and SEM. The student’s t-test was used for statistical analysis in each comparison. ** p<<0.01; *** p<<0.001.
Repo-Gal4 is a pan-glial Gal4 driver [66]. Flies expressing shRNA targeting both ttv and sotv (C) or botv alone (D) driven by repo-Gal4 show resistance
to lethal A909 infection. Plots show a pool of data from at least 60 flies per sample. The genotypes of the flies used here are repo-Gal4/+ (repo), UAS-
sotvRNAi/+;UAS-ttvRNAi/+ (sotvRNAi+ttvRNAi), UAS-sotvRNAi/+UAS-ttvRNAi/repo-Gald (repo>sotvRNAi+ttvRNAI), UAS-botvRNAi/+ (botvRNAI) and
UAS-botvRNAi/repo-Gal4 (repo>botvRNAI). The Gal4 and UAS lines were crossed with yw flies as controls. The survival curves of yw, Gal4 controls,
UAS controls, and shRNA expressing groups are indicated as open circles, open squares, open diamonds, and filled circles respectively. A log rank test
was used for statistical analysis in comparing shRNA-expressing groups and control groups.

doi:10.1371/journal.ppat.1002082.g001

ability showed significantly reduced adhesion and invasion of these hBMECs was discerned (Figure 2D), GBS invasion of hBMECs
cells (Figure 2 4 and B). Similar results were obtained when infection following EX'T'2 knockdown was significantly decreased (Figure 2F).
and invasion were measured in A549 lung adenocarcinoma cells

Figure S2 4 and B). To further establish a role for GAG binding in . Lo

E}ﬁs interaction V)mh hBMECs, we used RNA interference 1o neduced GAG expression diminishes GBS BBB

silence the expression of EX'T2. The efficiency of silencing was over penetration in a murine meningitis model

80% by qRT-PCR analysis of mRNA from hBMECs infected with Mice heterozygous for Ext2 provide a functional i vivo model in
EXT?2 shRNA lentiviruses compared to hBMECs infected with a which the chain length of GAGs expressed by the host is
control lentivirus (Figure 2C). Although no apparent difference in significantly reduced [44]. To confirm the utility of this model for
WT GBS A909 adherence to control vs. EXT2 knockdown analysis of GBS-BBB interactions, we isolated and cultured primary
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Figure 2. Contribution of GAG-binding activity of GBS to adherence and invasion of hBMECs. For adherence (A), bacteria were
enumerated after 30 min of incubation, whereas invasion (B) was quantified after 2 h of incubation with human brain microvascular endothelial cells
(hBMECs) and 2 h of incubation with antibiotics to kill extracellular bacteria. (C) Knockdown of EXT2 expression by RNA interference. hBMECs were
infected with lentiviruses carrying control shRNA or EXT2 targeting shRNA and the knockdown efficiency was determined by quantitative RT-PCR.
GAPDH was used as an internal control. Attenuation of A909 invasion (E) but not adherence (D) after knocking down EXT2 expression in hBMECs.
Adherence and invasion assays were performed in triplicate and repeated three times with similar results, and representative experiments are shown.
Statistical analysis was performed by Student’s t test and error bars SEM. * p<<0.05; ** p<<0.01; *** p<<0.001.

doi:10.1371/journal.ppat.1002082.g002

murine BMECs (mBMECs) from Ext2"’~ mice (Ext2 hets) and WT
littermate controls and infected them ex vivo with WT' GBS A909.
We documented an approximate 40% reduction in heparan sulfate
content of endothelium isolated from these Ext2 het mice vs. WT
controls (Figure S3). GBS adherence and invasion were significantly
reduced in mBMECs from Ext2 hets compared to those isolated
from WT mice (Figure 3 4 and B). Several factors may explain why
adherence was altered in Ext2 het mBMECs but not in Ext2-
silenced hBMECs, including differences in residual GAG quantity
or structure or overall surface charge, other effects of using
transformed vs. primary cells, or species-specific effects. Of note,
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Ext2-silencing was associated with reduced hBMEC growth rate,
while Ext2 het mBMECs grew similarly to WT mBMECs.
Moreover, impaired GBS adherence and invasion was also
observed in Ndstl-deficient mBMECs that exhibit overall
reduction in sulfation of the chains (Figure 3 C and D) [36,37].
Comparable results were obtained in Ndstl-deficient mouse lung
endothelial cells (Figure S2 € and D). To explore a potential
contribution of mammalian GAG expression to GBS BBB
penetration i vivo, Ext2 hets and WT littermate controls were
infected intravenously with WT GBS A909 and sacrificed 24 h
later. Significantly fewer bacterial cfu (9-fold decrease) were
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Figure 3. GAG contributes to blood-brain barrier penetration in mice /in vivo. Attenuated GBS adhesion (A, C) and invasion (B, D) to primary
mMBMECs from Ext2 heterozygous mice (ext2 hets) and Ndst1-deficient mice. For adherence, bacteria were enumerated after 30 min of incubation,
whereas invasion was quantified after 2 h of incubation with mBMECs and 2 h of incubation with antibiotics to kill extracellular bacteria. Comparison
of bacterial counts (expressed in cfu) recovered from the brain (E), blood (F), and spleen (G) of WT mice and Ext2 hets 24 h after intravenous
challenge with 108 cfu of A909. (H) Brain bacterial counts were corrected for blood contamination (brain/blood ratio) using the blood concentration
and a conservative estimate of the mouse cerebral blood volume (2.5 ml per 100 g tissue). Results pool the data from two independent experiment
with final numbers of n=12 for WT and n= 11 for Ext2 het. Each circle denotes 1 mouse. Statistics analysis was performed by Student’s t test (A-D) or
Mann-Whitney test (E-H). *p<<0.05.

doi:10.1371/journal.ppat.1002082.g003
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recovered from the brains of GBS-infected Ext2 hets compared to
brains of WT controls (Figure 3F) and some animals showed
dramatic 10°-10* fold reduction in brain cfu. In contrast, lesser
decreases in bacterial cfu were observed in the blood (Figure 3F)
and spleen (Figure 3G) of Ext2 hets. Consequently, the mean ratio
of brain:blood cfu in Ext2 hets (10.6) was significantly lower than
that observed in WT controls (116.0) (Figure 3H). In a small pilot
experiment, we noted a trend of reduced CFU in the lungs of Ext2
hets compared to WT mice (Figure S4), suggested that the finding
may extend to other endothelium, but such conclusions require
future corroboration. Bone-marrow derived macrophages from
Ext2 hets and WT controls did not differ in assays of phagocytosis,
total bacterial killing, intracellular bacterial killing, or release of
tumor necrosis factor-alpha when challenged with GBS ex vivo
(Figure S5), indicating that reduced GAG expression does not
globally compromise phagocyte innate immune function. In sum,
the reduction of GAG expression resulting from EXT?2 heterozy-
gosity diminishes GBS interactions with BMECs @ witro and
decreases GBS CNS entry w vivo.

Discussion

Our combined analyses in the Drosophila and mammalian
systems indicate that GBS interaction with GAGs promotes BBB
attachment and bacterial entry into the CNS. The GAG binding
property of the surface-anchored ACP is one contributor to this
invasive phenotype. Meningitis is a dangerous complication of
neonatal GBS infection and understanding the predilection of the
pathogen to breach the BBB is a critical goal of molecular
pathogenesis investigations. To date, a number GBS factors have
been shown to promote its interaction with human BMECs i vitro,
including fibrinogen adhesin FbsA [38], laminin-binding protein
Lmb [45], major pilus backbone subunit PilB [46], lipoteichoic
acid anchoring enzyme IagA [47], and the serine-rich repeat 1
glycoprotein Srrl [48]. In the case of lagA, Srrl, and the h(BMEC-
disrupting GBS B-hemolysin/cytolysin, a contribution to menin-
gitis in the murine model has further been demonstrated [47-49].
However, the present study is the first to genetically manipulate
the host to identify the corresponding host receptor molecules
(GAGs) that the GBS virulence factor (ACP) exploits to adhere to
and invade the BBB endothelium.

Mammalian heparin sulfate chain polymerization reactions are
carried out by the exostosin proteins EXT1 and EX'T2 [50,51] and
subsequent modification of the chains by the bifunctional NDSTs.
We found decreased GBS invasion in both hBMECs with shRNA-
reduced EXT2 levels (Figure 2F) and primary Ext2 heterozygous
mBMEC:s (Figure 3B). In additional studies, we found reduced GBS
adherence to and invasion of Ndst1-deficient mBMEC:s (Figure 3 ¢/
and D) and lung endothelial cells (Figure S2 € and D). Adherence
and invasion of the A909/R185A mutant to A549 human lung
epithelial cells were also markedly attenuated compared to the WT
GBS A909 (Figure S2 4 and B). Thus the GAG-ACP interaction
may contribute to GBS penetration of a broader spectrum of host
cell barriers, and GAG expression patterns may determine the
nature and efficiency of bacterial dissemination during infection.
Moreover, our findings suggest that the chain lengths and negative
charges on the GAG chains are both important to provide the
binding forces between ACP and GAGs. These findings are
consistent with prior data demonstrating that specific positively
charged residues of ACP are required for full ACP-GAG binding
affinity [26]. Whether ACP binds to a specific sequence of sulfated
sugars within heparan sulfate remains to be determined. The
availability of mutants altered in 2-O-sulfation of uronic acids, and
3-O- and 6-O-sulfation of glucosamine residues will allow further

@ PLoS Pathogens | www.plospathogens.org

ACP-GAG Interaction Promotes GBS BBB Penetration

studies on the structural specificity of the interaction in flies [52,53]
and in mice [54,55].

Our parallel findings in flies and in mammals both i vitro and i
viwo support the relevance of a Drosophila infection model for the
study of human CNS infections. Others have reported that the
Drosophila humoral/CNS barrier conserves the xenobiotic exclu-
sion properties of vertebrate vascular endothelium. Specifically,
the exclusion process is mediated in part by a fly ATP binding
cassette (ABC) transporter, Mdr65, that functions similarly to
mammalian xenobiotic blood-brain barrier transporters. Thus,
CNS chemoprotection involves both conserved molecular struc-
tures and functionally analogous anatomic spaces that together
promote CNS selective drug partition [34]. Our data extend these
findings by demonstrating that CNS penetration of microorgan-
isms may also occur via conserved molecular structures (GAGs),
and that these structures can be studied effectively in a Drosophila
infection model.

Many microorganisms display GAG-binding ability, including
the two leading bacterial pathogens associated with meningitis in
older children and adults: Streptococcus pneumoniae utilizes heparin,
heparan sulfate and chondroitin/dermatan sulfate in colonization
of respiratory mucosal epithelial cells [56], and Neusseria meningitidis
surface protein OpC binds HS proteoglycans to initiate epithelial
cell invasion [57]. Sulfated GAGs also promote adherence of the
veterinary meningeal pathogen Haemophilus somnus to bovine
BMEC i witro [58]. However, each of these GAG-binding
interactions has uncertain functions in the pathogenesis of CNS
infection that could be difficult to pinpoint because of functional
redundancy of bacterial adhesins/invasins and the challenges of
manipulating GAG structure/expression in complex mammalian
host systems. The importance of positively charged residues is a
common theme among GAG-binding proteins. For example, the
C-terminal regions of mycobacterial heparin-binding hemaggluti-
nin [59] and histone-like Hlp protein [60] contain Arg/Lys-rich
repeats important for heparin binding. In some instances,
common heparin-binding motifs, such as BBXB, BBBXXB (B
representing a basic amino acid residue), and a 20 A spacing of
basic residues have been reported [61,62]. Positively charged
residues of ACP that were confirmed to contribute to GAG
binding by site-directed mutagenesis were R172, R185 and K196;
two of these (R185 and K196) are completely conserved in other
members of the alpha-like protein (Alp) including Rib, Alp1, Alp2,
Alp3 and Alp4 of GBS and R28 of group A Streptococcus [26].

The Drosophila infection model offers the advantages of a simpler
genome and well-developed molecular approaches that will
facilitate interrogation of host-pathogen GAG-binding interac-
tions, and allow testing of candidate inhibitors of these interactions
with an eye toward future therapeutic applications. The design of
inhibitors targeting particular pathogen virulence mechanisms
represents an attractive strategy in the era of increasing resistance
to conventional antibiotics. In attempting to block bacterial-GAG
Interactions, a major limitation to competitive inhibition by
heparin itself is its potency as an anticoagulant and the risk of
hemorrhagic complications. However, synthetic low-molecular
weight heparins or analogs devoid of anticoagulant activity could
be contemplated in this context as potential adjunctive agents for
infectious disease therapeutics.

Materials and Methods

Ethics statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was

June 2011 | Volume 7 | Issue 6 | 1002082



approved by the Institutional Animal Care and Use Committee of
the University of California, San Diego (Animal Welfare Assurance
Number: A3033-01). All efforts were made to minimize suffering of
animals employed in this study.

Bacteria and cell lines

The ACP-expressing human serotype Ia GBS neonatal isolate,
A909, was used in this study. A909/R185A is an A909 point
mutant strain that has an ACP variant with diminished GAG
binding affinity [26]. GBS were grown in Todd-Hewitt broth
(THB, Difco) at 37°C. SV40 large T antigen immortalized human
brain endothelial cell line (h(BMEC) was obtained from Kwang Sik
Kim (Johns Hopkins University, Baltimore, MD). hBMECs were
maintained in RPMI 1640 medium (Invitrogen) supplemented
with 10% FBS, 10% NuSerum (BD), and 1% MEM nonessential
amino acids, and were incubated at 37°C in 5% COa.

Mice and murine primary brain microvascular endothelial
cell isolation

Murine brain microvascular endothelial cells (mBMEC) were
isolated from cerebral cortex as described [63], except that cells
were selected with 5 pg/ml puromycin for 4 days in low-glucose
DMEM medium supplemented with 20% FBS (Atlanta Biologi-
cals), 50 pg/ml endothelial growth supplement (BTT), 50 pg/ml
heparin, nonessential amino acids, penicillin and streptomycin.
Cell purity was higher than 98% as assessed by blood endothelial
markers including CD31, CD34, CD105 and CD166. Primary
cells were cultured for 5 days and passaged once for experiments.
Lung microvascular endothelial cells were isolated as described
previously [64]. Ext2”~ mice were described previously [44].
Endothelial cells lacking Ndst1 were derived from Ndstl” Tie2 Creé*
mice [64,65].

Fly infections

In infection experiments, bacteria were grown to an optical
density at 650 nm of 0.3, and then concentrated 10-fold to
approximately 2x10° cfu/ml; the exact bacterial concentration
was confirmed in each experiment. Adult male flies (2 to 5 days
old) were anesthetized with COy and then pricked in the dorsal
thorax underneath the wing with a fine needle previously dipped
in THB broth or a concentrated solution of GBS in THB. After
infection, flies were incubated at 29°C in vials with food, and fly
survival was monitored over the following 4 days. Cumulative
survival curves were derived, and the median survival time for
each group was determined using Kaplan-Meier survival analysis.
A log rank test was performed to compare survival curves.

To determine the bacterial load in fly heads and bodies at 24 h
after infection, flies were placed on ice, and fly heads were
separated from fly bodies by a sterile surgical blade. The heads and
bodies of 10 flies per group were homogenized in 500 pl and
1000 pl of phosphate-buffered saline (PBS) with 0.025% Triton
X-100 respectively. The homogenates were diluted in series
(usually 107" to 107%), and the dilutions were plated on THB
plates and incubated overnight at 37°C for cfu counting.

Adherence and invasion assay

BMECs were split into 24-well plates and allowed to grow to
confluence for 48 h prior to assays, to ensure similar cell numbers
for each experiment. Confluent monolayers were incubated with
log-phase grown bacteria at an MOI of 1 or 10, and centrifuged at
1600 rpm for 5 min to initiate contact. After 2 h incubation, the
monolayers were washed, and 1 mL of media containing 100 ug
of gentamicin and 5 ug of penicillin G was added for an additional
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2 h. After washing, monolayers were disrupted by 0.025% Triton
X-100, and the number of invasive bacteria was quantified by
serial dilution plating. To assess the level of surface-adherent (total
cell-associated) bacteria, bacteria were quantified after 30 min of
incubation without addition of antibiotics. All cellular adherence
and invasion assays were performed in triplicate and repeated at
least 2-3 times.

RNA interference

Human ext2 lentiviral shRNA construct (TRCN0000039849)
was purchased from Open Biosystems. The resulting viruses were
produced by cotransfection of 2937T cells with the shRNA plasmid
and packaging vectors (Open Biosystems) according to the vendor’s
instruction. The knockdown efficiency was determined by qR'T-
PCR analysis of ext2 expression. Primers used for qRT-PCR were
EXT?2 forward, 5'-AAGCACCAGGTCTTCGATTACC-3" and
reverse, 5'-GAAGTACGCTTCCCAGAACCA-3'. and GAPDH
forward 5'-GAAGGTGAAGGTCGGAGTCAACG-3" and reverse
5" TCCTGGAGGATGGTGATGGAAT-3".

Mouse infection model

Ext2 heterozygous and littermate controls (10-12 weeks) were
injected via the tail vein with 10° cfu A909. Twenty-four h after
injection, samples of blood, brain/meninges, and spleen were
collected aseptically from mice after euthanasia. Bacterial counts
in blood and tissue homogenates were determined by plating serial
dilutions. Bacterial counts in brain and spleen samples were
corrected for differences in organ weight. Brain bacterial counts
were corrected for blood contamination using the blood
concentration and a conservative estimate of the mouse cerebral
blood volume [47]. In a pilot experiment, additional Ext2
heterozygous and littermate controls were injected intravenously
with 1x10° cfu of WT GBS and lungs harvested at 24 h for cfu
determination. The significance of differences between treatment
groups was determined using the unpaired Student £ test.

Supporting Information

Figure S1 Wild-type (OreR) Drosophila were pricked in the
thorax with a needle dipped in a concentrated slurry (approx
2x10° cfu/ml) of GBS wild-type strain A909 or A909/R185A,
then incubated at 29°C in vials with food for 24 h, fixed in
formalin, sectioned, and stained with H&E. No organisms were
seen in control samples that were pricked with a needle dipped in
sterile THB alone. (A) A909 infiltrating fat and muscle tissue, (B)
A909 in clumps lining the brain (arrow). Tissue architecture is
largely preserved despite widespread GBS dissemination. R185A
spreads minimally if at all to (C) muscle and (D) CNS.

(TTF)

Figure $2 ACP-sulfated GAG interaction promotes GBS
adherence and invasion of lung epithelial cells. GAG-binding
diminished GBS mutant (R185A, filled bars) showed reduced
adherence (A) and invasion (B) of A549 W'T human lung epithelial
cells compared to WT GBS strain A909 (open bars). Compared to
wild-type cells, adherence (C) and invasion (D) of murine NdstI-
deficient lung endothelial cells (mLECs) by A909 (filled bars) were
reduced. R185A results (open bars) are also shown. For adherence,
bacteria were enumerated after 30 min of incubation, whereas
invasion was quantified after 2 h of incubation with cells and 2 h
of incubation with antibiotics to kill extracellular bacteria.
Adherence and invasion assays were performed in triplicate and
repeated three times with similar results, and representative
experiments are shown. Statistical analysis was performed by
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Student’s ¢ test and error bars represent SEM. * p<<0.05;
** p<<0.01; ** p<<0.001.

(TIF)

Figure 83 Reduction of heparan sulfate in lung endothelial cells
isolated from Ext2+/— mice. Radiolabeled (**S) glycosaminogly-
cans were purified by column chromatography, proteinase- and
chondroitinase-treated and heparan sulfate content of eluted

material calculated by *>S content.
(TTF)

Figure S4 Pilot experiment comparing lung cfu from WT vs.
Ext2 het mice 24 h following intravenous infection. Statistics
analysis was performed by Mann-Whitney test.

(TIF)

Figure 85 WT and Ext2 het macrophages exhibited similar
responses to GBS stimulation. Murine bone marrow-derived
macrophages (MBDMs) were used for i vitro assays to examine
phagocytosis (A), bacterial killing (B and C; W, filled bars; Ext2
het, open bars) and TINF-a. secretion (D; A909, filled bars; R185A,
open bars) after GBS infection. For phagocytosis, A909 was added
to MBDMs at MOI =5 for 30 min, followed by 2 h of incubation
with antibiotics to kill extracellular bacteria. Intracellular survival
of A909 was performed at multiplicity of infection =5 bacteria/
cell. MBDMs were incubated with A909 for 60 min, followed by
2 h of incubation with antibiotics to kill extracellular bacteria.
Intracellular colony forming units (CFU) were enumerated by the
lysis of cells at the indicated time points. Total bacterial killing was

References

1. Organization WH (2004) The World Health Report 2004: changing history.

2. Edwards MS, Rench MA, Haffar AA, Murphy MA, Desmond MM, et al. (1985)
Long-term sequelae of group B streptococcal meningitis in infants. J Pediatr 106:
717-722.

3. Stevens JP, Eames M, Kent A, Halket S, Holt D, et al. (2003) Long term
outcome of neonatal meningitis. Arch Dis Child Fetal Neonatal Ed 88:
F179-184.

4. Galiza EP, Heath PT (2009) Improving the outcome of neonatal meningitis.
Churr Opin Infect Dis 22: 229-234.

5. Berardi A, Lugli L, Rossi C, China MC, Vellani G, et al. (2010) Neonatal
bacterial meningitis. Minerva Pediatr 62: 51-54.

6. Schwartz B, Schuchat A, Oxtoby M]J, Cochi SL, Hightower A, et al. (1991)
Invasive group B streptococcal disease in adults. A population-based study in
metropolitan Atlanta. JAMA 266: 1112-1114.

7. Phares CR, Lynfield R, Farley MM, Mohle-Boetani J, Harrison LH, et al. (2008)
Epidemiology of invasive group B streptococcal disease in the United States,
1999-2005. JAMA 299: 2056-2065.

8. Skoff TH, Farley MM, Petit S, Craig AS, Schaffner W, et al. (2009) Increasing
burden of invasive group B streptococcal disease in nonpregnant adults, 1990
2007. Clin Infect Dis 49: 85-92.

9. Kim KS (2008) Mechanisms of microbial traversal of the blood-brain barrier.
Nat Rev Microbiol 6: 625-634.

10. Maisey HC, Doran KS, Nizet V (2008) Recent advances in understanding the
molecular basis of group B Streptococcus virulence. Expert Rev Mol Med 10: ¢27.

11. Bishop JR, Schuksz M, Esko JD (2007) Heparan sulphate proteoglycans fine-
tune mammalian physiology. Nature 446: 1030-1037.

12. Bernfield M, Gotte M, Park PW, Reizes O, Fitzgerald ML, et al. (1999)
Functions of cell surface heparan sulfate proteoglycans. Annu Rev Biochem 68:
729-777.

13. Esko JD, Lindahl U (2001) Molecular diversity of heparan sulfate. J Clin Invest
108: 169-173.

14. Rostand KS, Esko JD (1997) Microbial adherence to and invasion through
proteoglycans. Infect Immun 65: 1-8.

15. Bulow HE, Hobert O (2006) The molecular diversity of glycosaminoglycans
shapes animal development. Annu Rev Cell Dev Biol 22: 375-407.

16. Esko JD, Selleck SB (2002) Order out of chaos: assembly of ligand binding sites
in heparan sulfate. Annu Rev Biochem 71: 435-471.

17. Lawrence R, Olson SK, Steele RE, Wang L, Warrior R, et al. (2008)
Evolutionary differences in glycosaminoglycan fine structure detected by
quantitative glycan reductive isotope labeling. J Biol Chem 283: 33674-33684.

18. Nakato H, Kimata K (2002) Heparan sulfate fine structure and specificity of
proteoglycan functions. Biochim Biophys Acta 1573: 312-318.

19. Nybakken K, Perrimon N (2002) Heparan sulfate proteoglycan modulation of
developmental signaling in Drosophila. Biochim Biophys Acta 1573: 280-291.

@ PLoS Pathogens | www.plospathogens.org

ACP-GAG Interaction Promotes GBS BBB Penetration

performed at MOI=0.1. For TNF-o assay, MBDMs were
stimulated with A909 at MOI =5 for 30 min, followed by 24 h
of incubation with antibiotics. Supernatant was collected for
ELISA assay to determine the TNF-o concentration.

(TTEF)

Table S1 Head and body CFU counts in Drosophila melanogater
infected with group B Streptococcus. This table provides all the
primary data used in the calculations of Figure 1 4 of the main
text.

DOC)

Text S1 Supplemental methods describing the measurement of
heparan sulfate in primary mouse lung microvascular endothelial
cells.

DOC)

Acknowledgments

We thank Norbert Perrimon and Mel Feany for fly stocks, discussions,
comments, and assistance with Drosophila histology. We thank Patrick
Secrest for mouse husbandry.

Author Contributions

Conceived and designed the experiments: YC ZW JDE VN M]B.
Performed the experiments: YC ZW LAF DX MJB. Analyzed the data:
YC ZW LAF DX JDE VN M]JB. Contributed reagents/materials/analysis
tools: ZW JDE VN MJB. Wrote the paper: YC JDE VN MJB.

20. Shich MT, WuDunn D, Montgomery RI, Esko JD, Spear PG (1992) Cell
surface receptors for herpes simplex virus are heparan sulfate proteoglycans.
J Cell Biol 116: 1273-1281.

21. WuDunn D, Spear PG (1989) Initial interaction of herpes simplex virus with
cells is binding to heparan sulfate. J Virol 63: 52-58.

22. Pethe K, Alonso S, Biet F, Delogu G, Brennan MJ, et al. (2001) The heparin-
binding haemagglutinin of M. tuberculosis is required for extrapulmonary
dissemination. Nature 412: 190-194.

23.  Alvarez-Dominguez C, Vazquez-Boland JA, Carrasco-Marin E, Lopez-Mato P,
Leyva-Cobian F (1997) Host cell heparan sulfate proteoglycans mediate
attachment and entry of Listeria monocylogenes, and the listerial surface protein
ActAis involved in heparan sulfate receptor recognition. Infect Immun 65: 78-88.

24. Bolduc GR, Baron MJ, Gravekamp C, Lachenauer CS, Madoff LC (2002) The
alpha C protein mediates internalization of group B Streptococcus within human
cervical epithelial cells. Cell Microbiol 4: 751-758.

25. Baron MJ, Bolduc GR, Goldberg MB, Auperin TC, Madoff LC (2004) Alpha C
protein of group B Streptococcus binds host cell surface glycosaminoglycan and
enters cells by an actin-dependent mechanism. J Biol Chem 279: 24714-24723.

26. Baron M]J, Filman DJ, Prophete GA, Hogle JM, Madoff LC (2007) Identification
of a glycosaminoglycan binding region of the alpha C protein that mediates
entry of group B streptococci into host cells. J Biol Chem 282: 10526-10536.

27. Kocks C, Cho JH, Nehme N, Ulvila J, Pearson AM, et al. (2005) Eater, a
transmembrane protein mediating phagocytosis of bacterial pathogens in
Drosophila. Cell 123: 335-346.

28. Ayres JS, Freitag N, Schneider DS (2008) Identification of Drosophila mutants
altering defense of and endurance to Listeria monocytogenes infection. Genetics 178:
1807-1815.

29. Stoltz DA, Ozer EA, Taft P], Barry M, Liu L, et al. (2008) Drosophila are
protected from  Pseudomonas aeruginosa lethality by transgenic expression of
paraoxonase-1. J Clin Invest 118: 3123-3131.

30. Sibley CD, Duan K, Fischer C, Parkins MD, Storey DG, et al. (2008) Discerning
the complexity of community interactions using a Drosophila model of
polymicrobial infections. PLoS Pathog 4: ¢1000184.

31. Baron M]J, Wong SL, Nybakken K, Carey VJ, Madoff LC (2009) Host
glycosaminoglycan confers susceptibility to bacterial infection in Drosophila
melanogaster. Infect Immun 77: 860-866.

32. Parker RJ, Auld VJ (2006) Roles of glia in the Drosophila nervous system. Semin
Cell Dev Biol 17: 66-77.

33. Stork T, Engelen D, Krudewig A, Silies M, Bainton R]J, et al. (2008)
Organization and function of the blood-brain barrier in Drosophila. ] Neurosci
28: 587-597.

34. Mayer F, Mayer N, Chinn L, Pinsonneault RL, Kroetz D, et al. (2009)
Evolutionary conservation of vertebrate blood-brain barrier chemoprotective
mechanisms in Drosophila. ] Neurosci 29: 3538-3550.

June 2011 | Volume 7 | Issue 6 | 1002082



36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

. Edwards TN, Meinertzhagen IA (2010) The functional organisation of glia in

the adult brain of Drosophila and other insects. Prog Neurobiol 90: 471-497.
Izumikawa T, Egusa N, Taniguchi F, Sugahara K, Kitagawa H (2006) Heparan
sulfate polymerization in Drosophila. ] Biol Chem 281: 1929-1934.

Takei Y, Ozawa Y, Sato M, Watanabe A, Tabata T (2004) Three Drosophila
EXT genes shape morphogen gradients through synthesis of heparan sulfate
proteoglycans. Development 131: 73-82.

Toyoda H, Kinoshita-Toyoda A, Fox B, Selleck SB (2000) Structural analysis of
glycosaminoglycans in animals bearing mutations in sugarless, sulfateless, and
tout-velu. Drosophila homologues of vertebrate genes encoding glycosaminogly-
can biosynthetic enzymes. J Biol Chem 275: 21856-21861.

Kim KS (2006) Microbial translocation of the blood-brain barrier. Int J Parasitol
36: 607-614.

Bobardt MD, Salmon P, Wang L, Esko JD, Gabuzda D, et al. (2004)
Contribution of proteoglycans to human immunodeficiency virus type 1 brain
invasion. J Virol 78: 6567-6584.

Floris S, van den Born J, van der Pol SM, Dijkstra CD, De Vries HE (2003)
Heparan sulfate proteoglycans modulate monocyte migration across cerebral
endothelium. J Neuropathol Exp Neurol 62: 780-790.

Kim CW, Goldberger OA, Gallo RL, Bernfield M (1994) Members of the
syndecan family of heparan sulfate proteoglycans are expressed in distinct cell-,
tissue-, and development-specific patterns. Mol Biol Cell 5: 797-805.

Leong JM, Wang H, Magoun L, Field JA, Morrissey PE, et al. (1998) Different
classes of proteoglycans contribute to the attachment of Borrelia burgdorferi to
cultured endothelial and brain cells. Infect Immun 66: 994-999.

Stickens D, Zak BM, Rougier N, Esko JD, Werb Z (2005) Mice deficient in Ext2
lack heparan sulfate and develop exostoses. Development 132: 5055-5068.

. Tenenbaum T, Spellerberg B, Adam R, Vogel M, Kim KS, et al. (2007)

Streptococcus agalactiae invasion of human brain microvascular endothelial cells is
promoted by the laminin-binding protein Lmb. Microbes Infect 9: 714-720.
Maisey HC, Hensler M, Nizet V, Doran KS (2007) Group B streptococcal pilus
proteins contribute to adherence to and invasion of brain microvascular
endothelial cells. J Bacteriol 189: 1464-1467.

Doran KS, Engelson EJ, Khosravi A, Maisey HC, Fedtke I, et al. (2005) Blood-
brain barrier invasion by group B Streptococcus depends upon proper cell-surface
anchoring of lipoteichoic acid. J Clin Invest 115: 2499-2507.

van Sorge NM, Quach D, Gurney MA, Sullam PM, Nizet V, et al. (2009) The
group B streptococcal serine-rich repeat 1 glycoprotein mediates penetration of
the blood-brain barrier. J Infect Dis 199: 1479-1487.

Doran KS, Liu GY, Nizet V (2003) Group B streptococcal B-hemolysin/
cytolysin activates neutrophil signaling pathways in brain endothelium and
contributes to development of meningitis. J Clin Invest 112: 736-744.

. McCormick C, Duncan G, Goutsos KT, Tufaro F (2000) The putative tumor

suppressors EXT1 and EXT2 form a stable complex that accumulates in the
Golgi apparatus and catalyzes the synthesis of heparan sulfate. Proc Natl Acad
Sci U S A 97: 668-673.

@ PLoS Pathogens | www.plospathogens.org

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

ACP-GAG Interaction Promotes GBS BBB Penetration

Senay C, Lind T, Muguruma K, Tone Y, Kitagawa H, et al. (2000) The EXT1/
EXT2 tumor suppressors: catalytic activities and role in heparan sulfate
biosynthesis. EMBO Rep 1: 282-286.

Kamimura K, Koyama T, Habuchi H, Ueda R, Masu M, et al. (2006) Specific
and flexible roles of heparan sulfate modifications in Drosophila FGF signaling.
J Cell Biol 174: 773-778.

Kamimura K, Rhodes JM, Ueda R, McNeely M, Shukla D, et al. (2004)
Regulation of Notch signaling by Drosophila heparan sulfate 3-O sulfotransferase.
J Cell Biol 166: 1069-1079.

Stanford KI, Wang L, Castagnola J, Song D, Bishop JR, et al. (2010) Heparan
sulfate 2-O-sulfotransferase is required for triglyceride-rich lipoprotein clear-
ance. J Biol Chem 285: 286-294.

Sugaya N, Habuchi H, Nagai N, Ashikari-Hada S, Kimata K (2008) 6-O-
sulfation of heparan sulfate differentially regulates various fibroblast growth
factor-dependent signalings in culture. J Biol Chem 283: 10366-10376.
Tonnaer EL, Hafmans TG, Van Kuppevelt TH, Sanders EA, Verweij PE, et al.
(2006) Involvement of glycosaminoglycans in the attachment of pneumococci to
nasopharyngeal epithelial cells. Microbes Infect 8: 316-322.

de Vries FP, Cole R, Dankert J, Frosch M, van Putten JP (1998) Neisseria
meningitidis producing the Opc adhesin binds epithelial cell proteoglycan
receptors. Mol Microbiol 27: 1203-1212.

Behling-Kelly E, Vonderheid H, Kim KS, Corbeil LB, Czuprynski CJ (2006)
Roles of cellular activation and sulfated glycans in Haemophilus somnus adherence
to bovine brain microvascular endothelial cells. Infect Immun 74: 5311-5318.
Menozzi FD, Bischoff R, Fort E, Brennan MJ, Locht C (1998) Molecular
characterization of the mycobacterial heparin-binding hemagglutinin, a
mycobacterial adhesin. Proc Natl Acad Sci U S A 95: 12625-12630.

Portugal MI, Todeschini AR, de Lima CS, Silva CA, Mohana-Borges R, et al.
(2008) Characterization of two heparan sulphate-binding sites in the mycobac-
terial adhesin Hlp. BMC Microbiol 8: 75.

Capila I, Linhardt RJ (2002) Heparin-protein interactions. Angew Chem Int Ed
Engl 41: 391-412.

Hileman RE, Fromm JR, Weiler JM, Linhardt RJ (1998) Glycosaminoglycan-
protein interactions: definition of consensus sites in glycosaminoglycan binding
proteins. Bioessays 20: 156-167.

Perriere N, Demeuse P, Garcia E, Regina A, Debray M, et al. (2005)
Puromycin-based purification of rat brain capillary endothelial cell cultures.
Effect on the expression of blood-brain barrier-specific properties. J Neurochem
93: 279-289.

Wang L, Fuster M, Sriramarao P, Esko JD (2005) Endothelial heparan sulfate
deficiency impairs L-selectin- and chemokine-mediated neutrophil trafficking
during inflammatory responses. Nat Immunol 6: 902-910.

. Fuster MM, Wang L, Castagnola J, Sikora L, Reddi K, et al. (2007) Genetic

alteration of endothelial heparan sulfate selectively inhibits tumor angiogenesis.
J Cell Biol 177: 539-549.

Sepp KJ, Auld VJ (2003) Reciprocal interactions between neurons and glia are
required for Drosophila peripheral nervous system development. J Neurosci 23:
8221-8230.

June 2011 | Volume 7 | Issue 6 | 1002082



