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Anchors away: contribution of a glycolipid anchor
to bacterial invasion of host cells
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Group B Streptococcus (GBS) is an important cause of infections, including
meningitis. The molecular events underlying its pathogenesis are poorly
understood. A study in this issue of the JCI reports that the GBS inva-
sion-associated gene (iagA) contributes to meningeal infection and virulence
by facilitating invasion of the cells that compose the blood-brain barrier
and of other host cells (see the related article beginning on page 2499).
The mechanism involved most likely relates to the gene product’s role
in synthesis of a glycolipid anchor for a bacterial cell-surface entity that

interacts directly with host cells.

Streptococcus agalactiae (known as group
B Streptococcus [GBS]), identified by the
presence of a cell wall-associated anti-
gen called the group B polysaccharide,
is a frequent colonizer of the human
gastrointestinal and gynecological tracts
and an important cause of infection in
pregnant/peripartum women, neonates,
and nonpregnant adults with underlying
conditions. Neonatal GBS disease — typi-
cally pneumonia, sepsis, and/or meningi-
tis — contributes significantly to infant
morbidity and mortality.

Molecular mechanisms
of GBS pathogenesis
The pathogenic process can be viewed as a
series of hurdles that the organism must
overcome to invade a host. To cause dis-
ease in the newborn, for example, GBS
must come into contact with the host, tra-
verse the epithelial barrier (either by pass-
ing through a cell from apical to basilar
surface or by squeezing through the junc-
tions between epithelial cells, as has been
described for group A Streptococcus; ref. 1),
and enter the bloodstream.

The tools used to accomplish these
tasks include products that bacteria may
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express on the surface and/or secrete into
the surrounding environment. In many
cases, especially when a particular step in
pathogenesis is vital to organism survival,
bacteria are equipped with multiple appa-
ratuses with seemingly overlapping func-
tion. For example, several GBS surface
components interact with epithelial cells
(Figure 1), including the capsular poly-
saccharide (CPS), whose structure deter-
mines serotype; the CPS impairs internal-
ization by host epithelial cells but does
not influence adhesion (2). Lipoteichoic
acid (LTA) mediates adherence to adult
and neonatal epithelial cells (3). Bacterial
proteins also play a role: adhesion of GBS
to epithelial cells decreases by up to 75%
after treatment of bacteria with proteases,
which degrade bacterial proteins (2, 4).
Specifically, the GBS proteins a C (3, 6),
B-hemolysin/cytolysin (7), Spb1 (8), FbsA
(9), FbsB (10), and SCPB/C5a peptidase
(11) contribute to epithelial cell adhesion
and internalization of GBS.

At each step during the host invasion
process, GBS may encounter innate or
adaptive immune defense mechanisms.
Successful bacterial pathogens have devel-
oped means for coping with or avoiding
particular defense mechanisms, employ-
ing surface-anchored or secreted compo-
nents. For example, invasive pathogens
frequently have polysaccharide capsules
that allow them — once inside the blood-
stream — to withstand the attack of the
complement system and phagocytic
cells. In the case of GBS, CPS has termi-
nal sialic acid residues on its structural
repeating units that impair complement
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deposition, which is required for phago-
cytosis (12, 13).

To cause meningitis, GBS must reach
the bloodstream, evade host defenses,
and enter the CNS — a site protected by
the blood-brain barrier (BBB). The BBB
consists of a single layer of specialized,
non-pinocytosing brain microvascular
endothelial cells (BMECs) joined by con-
tinuous tight junctions (14). The molecu-
lar-level interactions of GBS with the BBB
remain poorly understood.

Mutation of invasion-associated
gene results in a hypoinvasive,
hypovirulent GBS phenotype
In this issue of the JCI, Doran et al. (15)
report that BBB invasion depends upon a
GBS gene responsible for proper bacterial
cell-surface anchoring of LTA. Specifical-
ly, allelic replacement of invasion-associated
gene (iagA) in the GBS chromosome yielded
a strain with a 4-fold lower rate of BMEC
invasion than the wild-type parent strain.
Single-gene complementation restored
invasion activity to wild-type levels, which
suggests that mutations in other sites or
polar effects on adjacent genes were not
contributing to the findings. The muta-
tion did not affect cellular adhesion or
intracellular survival of organisms, and
the invasion effects were independent of
CPS. In fact, through studies of acapsu-
lar mutants, the investigators have shown
that CPS is not essential for BMEC inva-
sion by GBS, which supports previously
reported findings for pneumococci (16).
Following i.v. GBS challenge in a mouse
model of meningitis, iagA mutant strain
survival in the bloodstream was reportedly
comparable to that of wild-type GBS, but
virulence was attenuated, as indicated by
lower mortality rates (20% vs. 90%). In line
with the mortality data, the mutant strain
penetrated into the CNS less effectively
than the wild-type strain.

While these data (15) clearly indicate
that the iagA gene product is important
for BMEC invasion and subsequent men-
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ingeal disease, several pieces of evidence
suggest that the effects of this product are
not specific to interactions with the BBB.
First, in addition to diminished BMEC
invasion, the iagA mutant strain exhib-
ited hypoinvasiveness for lung and cho-
rion epithelial cells. These data suggest
that, rather than conferring a selective
defect in CNS invasiveness, the iagA gene
mutation leads to more global impair-
ment of cell invasion. Second, the shared
homology of the iagA gene product with
gene products in other organisms (such
as Enterococcus faecalis, Streptococcus mutans,
and Acholeplasma laidlawii) that do not
commonly cause meningitis reinforces
the suggestion that this gene does not
confer specifically the ability for bacteria
to penetrate the BBB. Finally, although all
GBS serotypes have the iagA gene, type III
strains are responsible for the majority of
neonatal meningitis cases (as opposed to
only about 25% of cases of invasive neona-
tal disease overall) (17). The implication
is that other mechanisms must contrib-
ute more specifically to human menin-
geal invasion. In summary, the iagA gene
product is clearly necessary for epithelial
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cell and BMEC invasion, but it is not the
“meningitis factor.”

A role for LTA in iagA’s contribution
to GBS pathogenesis?

Of particular interest is the question of
how the gene product might facilitate
invasion. The predicted gene product
shares homology with the 1,2-diacylglyc-
erol-3-glucose (1-2)-glucosyltransferase
from A. laidlawii that synthesizes the gly-
colipid [Glucose(f1-6)Glucose(f1-3)(gen
tiobiosyl)diacylglycerol] (DGIcDAG) (18).
DGIcDAG acts as an anchor for LTA in
several Gram-positive bacteria (19). Anal-
ysis of the glycolipid content of the GBS
iagA mutant by thin-layer chromatogra-
phy supports the hypothesis that the iagA
gene product acts as a DGIcDAG synthase
(15). However, the contribution of LTA to
the mutant phenotype remains unclear.
Using a monoclonal antibody against LTA
in an ELISA with intact organisms and
culture supernatants, the authors found
that LTA levels were higher on the surface
of the mutant strain and in its culture
supernatant than on the wild-type strain
and in its supernatant (15). In an acapsu-
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Figure 1

Cell wall structure of GBS. Electron micro-
graph image of a type Ill GBS organism
labeled with antiserum raised to whole organ-
ism; the inset shows detailed representation of
important surface structures. The GBS cyto-
plasm is bounded by an inner cell membrane.
Surrounding this membrane is a peptidogly-
can layer that anchors the negatively-charged
CPS and group B antigen polysaccharide.
Extending from the cell membrane are lipo-
proteins and glycolipids, including an anchor
for LTA; LTA is a structure composed of a
repeating carbohydrate phosphate polymer.
Most surface proteins attach to the peptidogly-
can. CPS, LTA, and cell-surface proteins con-
tribute to the organism’s ability to adhere to
and invade host cells and evade host immune
defenses in the course of pathogenesis. Data
reported by Doran et al. (15) in this issue of
the JCI reveal that an enzyme involved in the
synthesis of a glycolipid anchor is required for
normal GBS invasion of host cells in vitro and
for GBS virulence in vivo.

lar strain, however, iagA gene disruption
was associated with lower organism sur-
face LTA levels than were found on the
surface of an acapsular strain with intact
iagA function. The investigators conclude
from these puzzling data that iagA gene
disruption results in release of unan-
chored LTA from the cell wall but that
this material becomes “trapped” by the
CPS and remains detectable on the bacte-
rial surface unless the organism is acapsu-
lar, in which case the LTA is released into
the supernatant. This concept is difficult
to understand because CPS is negatively
charged (20), just as LTA presumably is
(being an acid by definition, although its
structure has not been elucidated); bind-
ing of one negatively charged molecule to
another is unlikely. These data raise the
question of whether the iagA gene product
plays a role in the bacterium unrelated to
anchoring LTA to the cell membrane, per-
haps attaching another GBS structural
component to the cell membrane.

In exploring the mechanism of the iagA
mutant strain phenotype, the authors
assess the roles of TLR2 and soluble LTA
released from GBS (15). In other organ-
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isms, LTA interacts with TLR2, contribut-
ing to stimulation of cytokine-mediated
host inflammatory responses that ulti-
mately result in septic shock, circulatory
collapse, and multiorgan failure in ani-
mal models (21, 22). Several lines of evi-
dence in this study strongly suggest that
the effects of iagA gene disruption in GBS
are TLR2 independent (15). In addition,
BMEC invasion by the wild-type strain
was inhibited by the mutant strain super-
natant but was enhanced by the wild-type
strain supernatant. The authors conclude
that unanchored LTA, released into the
mutant strain supernatant, competitively
inhibits the effect of the wild-type strain’s
anchored LTA in promoting invasion. If
so, one would predict that the wild-type
supernatant, containing lower levels of
soluble LTA than the mutant superna-
tant, would inhibit invasion less effec-
tively. However, the wild-type supernatant
actually enhanced BMEC invasion. These
data again raise the question of whether
there is a non-LTA structure anchored by
the iagA gene product.

Conclusions

Overall, this work contributes significantly
to our understanding of the molecular
pathogenesis of invasive GBS infection.
Specifically, the identification of the iagA
gene product as a major contributor to
GBS BMEC invasion in vitro and viru-
lence in vivo is an exciting development.
The finding that this gene product likely
encodes a DGIcDAG synthase opens an
avenue for inquiry into the role of such an
enzyme in bacterial virulence.

These data invite inquiry in other areas
as well: Do mutations in additional genes
that contribute to LTA synthesis/anchor-
ing/regulation influence the invasion
phenotype? Does purified LTA or an LTA-
specific antibody block invasion? What
features distinguish meningitis-associ-
ated organisms/strains from those that
express iagA and LTA but do not cause
meningitis? Finally, does the iagA gene
product act in conjunction with other
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recognized GBS invasins (e.g., f-hemoly-
sin/cytolysin) and, if so, how? Improved
understanding of the molecular basis for
the interactions of GBS with host epithe-
lial and endothelial cells can be expected
to enhance our ability to predict, diag-
nose, and prevent invasive GBS disease
and our understanding of the pathogenic
mechanisms of other organisms.
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