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NEONATAL IMMUNITY TO GROUP B
STREPTOCOCCUS

Streptococcus agalactiae (group B streptococcus [GBS]) be-
came recognized about 30 years ago as the dominant pathogen
of neonatal sepsis (110). GBS is a Janus-faced organism.
About 20% of healthy pregnant women and 10% of all new-
born infants are colonized; hence, GBS is a component of the
normal mucosal flora. Despite the recent implementation of
intrapartum antibiotic prophylaxis, GBS remains the single
most important cause of early neonatal sepsis in newborn in-
fants (65, 73, 134, 160). Moreover, GBS is isolated with in-
creasing frequency from elderly and diabetic patients (120) and
is the third most frequent cause of bacterial meningitis in
countries with routine immunization against Haemophilus in-
fluenzae type b (73, 135). Similar to the case for newborn
infants, bacteremia is the most common presentation of GBS
disease in adults (60%) (19). Infections due to GBS are im-
portant causes of morbidity: the mortality rate is about 10% for
infants and adults (19, 65), and nearly half of all infants who
survive an episode of GBS meningitis suffer from long-term
neurodevelopmental sequelae (44, 65).

The predisposition of the very young and of elderly or im-
munocompromised adults remains to be explained. Infant sus-
ceptibility to GBS occurs mainly in the first 3 months of life,
which suggests that this predisposition may be due to imma-
turity of the innate immune responses. If so, this immaturity
must be relatively common, since prior to the introduction of
screening or prophylactic measures, GBS affected 0.6% of all
infants (11). It is also tempting to speculate that this immatu-
rity may be mimicked later in life by the onset of diabetes
mellitus or other immunocompromising conditions.

The defense of the newborn infant relies in part on placental
transfer of maternal GBS antibodies. Infants suffering from
GBS sepsis exhibit reduced serum concentrations of immuno-
globulins specific for GBS capsular polysaccharide compared
to infants who are only colonized with GBS (9). Furthermore,
sialic acid constituents of the GBS capsular polysaccharide
mimic the human Lewis X antigen, thus making GBS capsular
polysaccharides poor immunogens (78). The adaptive immune
systems of newborn and, particularly, preterm infants are sig-
nificantly impaired due to both decreased synthesis of immu-

* Corresponding author. Mailing address: Zentrum fiir Kinderhei-
lkunde und Jugendmedizin, Albert-Ludwigs Universitidt Freiburg,
Mathildenstr. 1, 79106 Freiburg, Germany. Phone: 49 761 270 4300.
Fax: 49 761 270 4454. E-mail: henneke@kikli.ukl.uni-freiburg.de.

3085

noglobulin G and constraints in the Vy; gene repertoire (13).
Hence, in many cases the major burden of the neonatal de-
fense to infection lies on the more ancient arm of immunity,
the innate immune system. The study of the newborn, espe-
cially preterm, infant response to GBS thus constitutes a
unique human model to gain insight into the contribution of
the innate immune system to the prevention of sepsis.

It has long been assumed that irrespective of the age of
disease onset, GBS invasive disease likely begins with a breach
of the epithelial barrier of skin or mucous membranes. For a
comprehensive review of how GBS manages to translocate
across this immunological barrier, see the recent publication by
Doran and Nizet (38). Here we focus our review on the inter-
play between GBS and cells of the neonatal innate immune
system. This interaction determines whether GBS will be effi-
ciently cleared or not and whether the immune response will
be polarized to systemic inflammation. A deeper understand-
ing of this interaction will facilitate the development of novel
antisepsis therapies.

RECEPTOR-BASED RECOGNITION OF GBS BY TLRs

Ten human Toll-like receptors (TLRs) have recently been
recognized as key recognition molecules of the innate immune
system. TLRs are ubiquitously expressed on many cell types.
TLRs sense and discriminate between minute concentrations
of microbial substructures, including flagellin (TLRS) and hy-
pomethylated bacterial DNA (TLR9Y) (74, 85). The intracellu-
lar portion of TLRs exhibits striking homology to the interleu-
kin-1 (IL-1) receptor and is called the Toll/interleukin-1
receptor resistance (TIR) domain (106, 154). Upon TLR acti-
vation, several intracellular proteins (MAL/TIRAP, TRIF,
TRAM, and TOLLIP), some of which contain TIR domains as
well, are recruited to form an adapter (24, 47, 48, 71, 155). It
is currently believed that these adapter proteins and down-
stream kinases, such as the four interleukin-1-receptor-associ-
ated kinases (IRAKs), determine the specificity of the immune
response (6, 108, 148). It is fair to state that TLR-induced
immune cell activation contains several levels of control and
specific activation that have been resolved only partially so far
(66).

With respect to GBS, early studies showed that inactivated
preparations of whole bacteria did not significantly activate
epithelial cells that expressed TLR2, a receptor that was be-
lieved to recognize all gram-positive bacteria (49). Subsequent
attempts to find TLRs that recognize GBS substructures were
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FIG. 1. Signaling pathways engaged by GBS cell wall. CD11b/
CD18 mediates the uptake of opsonized GBS without directly affecting
the transcription of inflammatory genes. In contrast, MyD88 mediates
both the formation of cytokines and the antibacterial oxygen radical
attack via distinct but interrelated pathways.

not successful, despite the absolute dependence of GBS-me-
diated inflammatory signaling on the common TLR adapter
protein myeloid differentiation antigen 88 (MyD88) (69). Ac-
cordingly, a TLR beyond the TLRs that have been connected
to stimulation by other gram-positive bacteria has been in-
voked in a signaling response that comprises the mitogen-
activated protein (MAP) kinases p38 and c-Jun kinase and the
transcription factors NF-«kB and activator protein 1 (Fig. 1)
(79). In contrast to the whole bacterium, a released factor of
GBS engaged TLR2 (70; see below). Accordingly, a neonatal
mouse model of GBS sepsis revealed that TLR2 and, to a
greater extent, MyD88 mediate tumor necrosis factor alpha
(TNF-o) production and lethality (95).

Relatively little is known about TLR expression and function
in newborn infants or other fetal or newborn mammals. Recent
data implicate a relevant increase in lipopolysaccharide (LPS)-
induced TLR4 expression and the cytokine response of the
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fetal lung between days 14 and 17 (term, 20 days) as well as a
further increase of both parameters after birth (61). Similarly,
TLR4 expression on peripheral blood monocytes increases
with gestational age (51). Furthermore, MyD88 expression ap-
pears to be lower in neonatal monocytes and correlates with
TNF-a production (156). The expression of TLR4 and its co-
receptor, CD14, on LPS-stimulated neonatal phagocytes ap-
pears to be somewhat reduced compared to that on adult cells
(28, 68, 156). However, the biological significance of age-de-
pendent differences in TLR4 (and CD14) expression remains
to be established, since low TLR4 copy numbers are sufficient
for a full LPS response (41).

With respect to phagocyte function, some consistent re-
sponse patterns to TLR stimulation of cells from newborn
infants have been observed. Notably, in terms of cytokine in-
duction, neonatal monocytes are stimulated by GBS at least as
potently as adult cells (Table 1) (18, 90, 121, 151). More im-
portantly, in septic newborn infants, serum concentrations of
inflammatory cytokines such as IL-1p3 and IL-8 are extremely
elevated, with a trend toward higher values in very immature
infants (16, 81). In line with these laboratory observations,
newborn infants infected with GBS exhibit all the cardinal
clinical signs of septic shock that have been shown to be me-
diated by endogenous pyrogens such as TNF-a and IL-1 (95).
In contrast, published data on the inflammatory response to
purified bacterial TLR agonists are less consistent. Several
studies found that following stimulation with purified TLR
agonists (TLRs 2, 4, and 7), cord blood mononuclear cells of
newborn infants exhibited inferior inflammatory cytokine re-
sponses, particularly TNF-a responses, compared to cells from
healthy adults. Other studies, however, did not find these dif-
ferences (15, 28, 92, 122, 151, 156). A diminished response to
bacterial components may be important for some aspects of
disease progression but not for others. For example, an early
and powerful immune response may limit the invasion of bac-
teria at very early stages, when only traces of microbial com-
ponents are detected by innate immune cells; such a response
later in the pathogenesis of infection may be deleterious.

Plasma factors appear to be involved in the differences be-
tween newborn and adult cells, since the addition of adult
plasma to neonatal monocytes significantly increases the re-
sponse to some TLR agonists and neonatal plasma suppresses

TABLE 1. Comparative studies of TNF-a/IL-1 responses by neonatal and adult peripheral blood mononuclear cells or macrophages

Investigators (reference) Stimulus Key findings (relative response levels)*
Berner et al. (18) GBS For TNF-a and IL-1, neonatal = adult PBMC
LPS For TNF-a and IL-1, neonatal = adult PBMC
Levy et al. (90) GBS For TNF-a, neonatal = adult PBMC
Peat et al. (121) GBS For TNF-«, neonatal > adult PBMC
Williams et al. (152) GBS For TNF-a, neonatal > adult PBMC
Chelvarajan et al. (28) LPS For TNF-a and IL-1, neonatal < adult macrophages
Forster-Waldl et al. (51) LPS For TNF-a and IL-1B, neonatal < adult PBMC
Levy et al. (92) Lipopeptides, For TNF-«, neonatal < adult monocytes for TLR2, -4, and -7 agonists
LPS, imiquimod
Manimtim et al. (97) LPS For TNF-a, neonatal < adult monocytes
Peters et al. (122) LPS For TNF-a and IL-1, neonatal < adult monocytes
Weatherstone and Rich (148) LPS For TNF-a, neonatal < adult monocytes”; IL-1 results similar between groups
Yan et al. (157) LPS For TNF-a, neonatal < adult monocytes

“ PBMC, peripheral blood mononuclear cells.

® Only cells from preterm infants, not term infants, exhibited an impaired response.
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the response of adult cells (92, 156). IL-10 may be an attractive
candidate for this activity because an exaggerated anti-inflamma-
tory IL-10 response following stimulation with TLR agonists has
been associated with the decreased ability of neonatal phagocytes
to mount a proinflammatory cytokine response (139). In accord
with these data, neonatal IL-10~/~ mouse macrophages secrete
“adult concentrations” of IL-6 and TNF-« (28).

GBS SUBSTRUCTURES AS PUTATIVE TLR AGONISTS

Inactivated whole GBS cells are powerful stimulators of
macrophages and monocytes, exceeding the capacity of simi-
larly inactivated virulent S. pneumoniae at least 100-fold.
Which components of bacterial structures are actually sensed
by TLRs remains to be determined, however. The polysaccha-
ride capsule and the adjacent cell wall form obvious sites of the
interface between a microbe and host cell and have thus been
the most adequately studied to date.

Polysaccharide. GBS expresses two distinct carbohydrate
entities, i.e., a type-specific and a group-specific polysaccha-
ride. The polysaccharide capsule represents a logical candidate
for recognition since it forms the outermost lining of GBS.
Nine antigenically distinct capsular types of GBS are associ-
ated with human infection. The capsular polysaccharides of all
serotypes contain various amounts of glucose, galactose, and
N-acetylneuraminic acid and have a conserved terminal sialic
acid. Furthermore, all serotypes but VI and VIII contain N-
acetylglucosamine, whereas rhamnose is only found in type
VIII (10, 30). It has been well established that the polysaccha-
ride contributes to GBS virulence by interfering with C3 op-
sonization through inhibition of the alternative complement
pathway in the absence of type-specific capsule antibodies
(100, 131). Furthermore, type-specific polysaccharide contrib-
utes to immune evasion by host structure mimicry via the sialic
acid residue (150). A role of type-specific polysaccharide as a
positive inflammatory agent of the innate immune system has
repeatedly been proposed both in vitro and in vivo (96, 146).
As an example, increased serotype-specific invasion and cyto-
kine induction for GBS VIII compared to GBS III was recently
reported (109). However, the TNF-a-inducing properties of
type-specific polysaccharide are weak, and acapsular GBS mu-
tants are as able to induce cytokines as the isogenic encapsu-
lated wild-type GBS parent strain (32, 37, 151). In contrast to
type-specific polysaccharide, the group-specific polysaccharide
from GBS has been found to be a more potent inflammatory
stimulus. In particular, the dimeric adhesion molecule CD11b/
CD18 has been implicated in the recognition of this carbohy-
drate (31, 32, 96). However, studies on the inflammatory char-
acteristics of both polysaccharide species must be interpreted
with caution. The type- and group-specific polysaccharides are
covalently linked to peptidoglycan (PGN) and, possibly, other
cell wall components of GBS (34). Therefore, it is difficult to
ascertain the role of the polysaccharide alone in the absence of
other potentially inflammatory stimuli.

PGN. The GBS cell wall is a network of cross-linked PGN,
surface proteins, polyanionic teichoic acid, and lipoteichoic
acid (LTA). The polysaccharide capsule is covalently phos-
phodiester linked to N-acetylglucosamine, part of the minimal
disaccharide unit [N-acetylmuramic acid (MurNAc)—(B1-4)-N-
acetylglucosamine (GIcNAc)], within the macromolecular

MINIREVIEW 3087

EyysTryEn L P eptidoglyean
L-Ala [-GlcNAC-MurNAc-],
D!iGIu L-Ala
L-ILys D—IiGlu
D'Ala= L-Ala=L-Ser -L—E.ys
L-ALAl iy
-Ala

m}w m@&;;ﬁ
OE 3 Hoij }j\:
R.-oifm

D- alanlne

o-ﬁ:o 5

Lipoteichoic acid

FIG. 2. Structure of GBS cell-wall-associated patterns. The pepti-
doglycan macromolecule of the GBS cell wall is distinct from those of
many other gram-positive bacteria by the cross-linking interpeptide
(L-Ala-L-Ser or L-Ala-L-Ala). The structure of the glycolipid Gle(al-
2)Gle(al-3)diacylglycerol in GBS LTA is different from those revealed
in S. aureus and S. pneumoniae but similar to those in Enterococcus,
Leuconostoc, and Lactococcus spp. (86).

PGN assembly of the cell wall. The p-lactyl moiety of each
MurNACc unit is amide linked to a short peptide component of
PGN. These “wall peptides” are cross-linked with other pep-
tides that are attached to a neighboring glycan strand (114).
Whereas the repeating disaccharides are conserved between
bacterial species, both “wall peptides” and cross-linking pep-
tides exhibit considerable interspecies variability. GBS shares
the PGN stem pentapeptide with many other gram-positive
bacteria. However, the cross-linking interpeptide that bridges
the L-lysine of one stem peptide to the p-alanine at position 4
of a neighboring subunit is L-Ala-L-Ala or L-Ala-L-Ser (Fig. 2)
(133). To date, it remains unknown whether the composition
and potential modifications, such as (serine) phosphorylation,
of this peptide affect the inflammatory properties of the mol-
ecule.

PGN preparations, whether generated by cell wall digestion
or by growth in the presence of B-lactam antibiotics, constitute
a heterogeneous mixture of cell wall fragments. These prepa-
rations have been shown to activate immune cells via the cell-
wall-anchored glycoprotein CD14 and TLR2 (136, 159). PGN
isolated from GBS was shown to induce cytokine formation in
cord blood monocytes, but host cell molecules that mediated
the response were not investigated (145). Accordingly, it re-
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mains unknown whether PGN purified from GBS engages
similar receptors as PGN from Staphylococcus aureus.

The interaction of PGN preparations with TLR2 has been
mapped to amino acids 107 to 115 within the extracellular
leucine-rich portion of TLR2 (52, 107). TLR2 is believed to
function only in concert with other TLRs, since homodimer-
ization of the cytoplasmic domain of TLR2 does not induce
inflammatory cytokines in macrophages, whereas similar
dimerization of TLR4 is believed to do so (117). TLR2 has
been shown to form heterodimers with TLR1 and TLR6 that
discriminate between subtle differences in acylation of bacte-
rial proteins: diacylated lipoproteins are recognized by TLR2/
TLR6, while triacylated lipoproteins are recognized by TLR1/
TLR2 (118, 141, 143, 142). It seems noteworthy that so far,
inflammatory lipoproteins have only been identified in gram-
negative bacteria, mycobacteria, and Mycoplasmataceae, but
not in gram-positive bacteria. In contrast to lipoproteins, PGN
preparations appear to activate immune cells independently of
TLR6 and TLR1 (142). Hence, either PGN engages a different
and unique TLR2-containing heteromer or the heterogeneity
of the PGN preparation is reflected by the engagement of
various heteromers that share TLR2 but otherwise compensate
for each other. Doubts concerning PGN as a true TLR2 ligand
have increased recently due to a report by Travassos et al.
(144). In their hands, further purification of PGN from various
organisms to remove lipidated structures not only eliminated
TLR2 activation but also abrogated the stimulation of macro-
phages altogether. In contrast, both highly purified PGN and
synthetic minimal PGN fragments (MurNAc-L-Ala—D-IsoGlIn)
from gram-positive and gram-negative bacteria were detected
by the intracellular receptor NOD2. Other PGN fragments
specific for gram-negative bacteria (GlcNAc-MurNAc-L-Ala—
v-D-Glu-meso-diaminopimelic acid) were detected by NOD1
(55, 56). Interestingly, the only highly purified streptococcal
PGN preparation examined (from S. pneumoniae) did not ac-
tivate NOD?2 either, in striking contrast to PGN from S. aureus,
Listeria, and Escherichia coli (144). Both the association of
PGN with cell-wall-embedded lipoproteins and the essential
role of PGN for bacterial cell wall integrity have been scientific
obstacles to the analysis of PGN-induced innate immune
mechanisms, since PGN-deficient bacteria are not viable. Ac-
cordingly, studies on whether TLR2 stimulation by PGN prep-
arations is due to PGN itself or to an as yet unidentified
copurified molecule remain inconclusive (42).

LTA. LTA, the second important GBS cell wall component,
resembles the potent gram-negative endotoxin (LPS) in some
respects. LTA and LPS are both anchored via their glycolipids
to the membrane and carry a polysaccharide chain extending
into the PGN layer of the cell wall (114). In contrast to the
apparent role of LTA in cell morphology, its contribution to
the activation of innate immune cells by gram-positive bacteria
remains less well understood. Similar to PGN, LTA has been
shown to engage TLR2. According to data generated with
targeted deletion mice, TLR6, but not TLRI, serves as an
essential coreceptor for TLR2 in the recognition of LTA from
both GBS and S. aureus (67). Other studies performed with
human cells suggested that TLR1 may contribute significantly
to the recognition of LTA (60, 144). The conflicting data might
be due to species-related differences (mouse versus human
cells). Alternatively, interference with formation of the entire
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TLR1/2/6 complex by TLR1-specific antibodies or heterolo-
gous expression of TLR1 in the context of endogenous TLR1
and TLR6 might have affected the specificities of these ap-
proaches (60, 69, 144). Clearly, engagement of the TLR2-
TLR6 multimer by LTA corresponds to observations on other
diacylated agonists (e.g., a lipoprotein from Mycoplasma fer-
mentas) (142). Despite the engagement of a similar receptor
heteromer, GBS LTA appears to have a significantly lower
inflammatory potency than S. aureus LTA. Nuclear magnetic
resonance analysis revealed that GBS cells contain type I LTA,
similar to other streptococci and staphylococci (101, 115). In
type I LTA, polyglycerophosphate is attached to C-6 of the
nonreducing glucosyl of the glycolipid anchor. However, be-
yond their basic structure, GBS LTA and S. aureus LTA are
distinct with respect to the average length of the hydrophilic
glycerophosphate chain (19 units in GBS and >45 units in S.
aureus) (111) and the structure of the glycolipid [Glc(al-
2)Gle(al-3)diacylglycerol in GBS versus Glc(B1-6)Glc(B1-
3)diacylglycerol in S. aureus and S. pneumoniae] (86). Addi-
tionally, in GBS LTA, the polyglycerophosphate backbone is
substituted with p-alanine only, whereas in S. aureus and many
other species, D-alanine substituents alternate with N-acetyl-
glucosamine (Fig. 2). Structural analysis of native and synthetic
LTA from S. aureus revealed that next to the lipid anchor itself,
alanine substituents in the D-configuration are required for
proper inflammatory activity of the molecule (111-113). In
contrast, the individual contributions of the glycolipid config-
uration, N-acetylglucosamine, and the length of the polyglyc-
erophosphate to the inflammatory potency of GBS are un-
known.

However, the engagement of TLR2 by GBS LTA seems of
minor importance for recognition of the GBS cell wall. First,
despite the apparent dependency of LTA p-alanylation on
cytokine induction, cell walls from GBS with a genetically
disrupted incorporation of p-alanine into LTA (DItA ™) exhibit
similar inflammatory activity to that of the isogenic parental
strain (33, 123). Mouse and rat models of invasive infections
with DItA™ gram-positive organisms remain difficult to inter-
pret with respect to the specific role of p-alanine (and there-
fore LTA) in the innate immune response. The observed loss
in virulence of DItA™ GBS correlates with an increased sus-
ceptibility to killing by phagocytes (125), since deletion of
D-alanine increases the net anionic charge of the bacterial cell
wall and therefore alters binding of cationic peptides. Further-
more, in contrast to GBS LTA, the cell wall interacts with
phagocytes via a receptor that is dependent on the TLR
adapter protein MyD88 but largely independent of TLR2 (and
TLRs 1, 4, 6, and 9). Finally, a GBS mutant lacking IagA
glycosyltransferase, which mediates membrane anchoring of
LTA, exhibits attenuated virulence, independent of TLR2, in a
rat sepsis model (36).

Accordingly, in contrast to the important contributions of
alanylated LTA (and PGN) to bacterial survival in the host and
endothelial invasion, additional and as yet unidentified GBS
components are the dominant inflammatory stimuli of the cell
wall. Interestingly, this observation contrasts to findings for
Lactococcus plantarum, where D-alanylation of LTA and the
interaction of LTA with TLR2 critically influence the pro-
inflammatory activity of the organism (58).
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Membrane proteins. In GBS, similar to other gram-positive
bacteria, cell wall proteins express carboxy-terminal signaling
sequences, which are putative enzyme cleavage sites (LPXTG)
that, together with a hydrophobic domain and charged tail, are
sufficient for PGN anchoring by an enzyme called sortase
(103). As an example, the NEM316 (GBS III) strain’s genome
encodes 35 putative surface proteins bearing a cell wall sorting
signal motif. In GBS, a deletion of the major sortase SrtA
affects the colonization frequency of the rat intestine, but vir-
ulence is not affected (82).

Probably the best-studied class of surface proteins in GBS
are the C proteins alpha C, beta C, and Rib. The C proteins are
variably expressed among different serotypes, and active im-
munization with these proteins has been shown to induce pro-
tection against invasive disease. Furthermore, antigenic varia-
tion by variable expression of tandem repeats in these proteins
might be an immune evasion mechanism of GBS (17, 59). On
the other hand, expression of the alpha C protein on the
surface of GBS mediates entry into cervical epithelial cells
involving interaction of the alpha C protein N-terminal domain
and the host cell glycosaminoglycan and Rho GTPase-depen-
dent actin rearrangements (8, 12, 21). Another interesting
GBS surface protein that inhibits opsonophagocytosis is CspA.
CspA is a serine protease that mediates cleavage of human
fibrinogen and contributes to GBS virulence. However, the
exact mechanism by which CspA is involved in GBS immune
evasion has not been firmly established (64).

A host of other surface proteins important for GBS viru-
lence have recently been identified by the employment of pro-
teomics and molecular approaches, such as phage display and
signature-tagged mutagenesis (72, 76, 94). As an example, C5a
peptidase was shown to have fibronectin binding properties
(14). However, the precise role, if any, of these proteins in
innate immune recognition of GBS remains to be elucidated.

INFLAMMATORY FACTORS RELEASED DURING
GROWTH OF GBS

Extracellular TLR2/6 activity. Starting during early logarith-
mic growth, GBS releases an extracellular factor that induces
NF-kB and MAP kinases via CD14, TLR2, and TLR6 in
phagocytes (8). Whereas the identity of the secreted factor is
still unknown, it represents a potent inflammatory stimulus for
phagocytes, since GBS supernatant enriched for TLR2 activity
by size-exclusion chromatography induces the transcription of
cytokine genes at concentrations as low as 100 ng/ml (P. Hen-
neke and D. T. Golenbock, unpublished observations). Since
the expression of TLR2 is critical for the course of neonatal
GBS sepsis in mice, but not for the macrophage response to the
GBS cell wall in vitro, the described extracellular factor likely
contributes to phagocyte activation in vivo (31, 67, 69, 95).

Several proteins are secreted by GBS, e.g.,, CAMP factor, a
pore-forming cohemolysin for beta-toxin of S. aureus, the pro-
tein of cell wall separation B, enolase, fructose bisphosphonate
aldolase, heat shock protein 70, and surface immunogenic pro-
tein (23, 50, 84). Whether any of these proteins is involved in
the activation of innate immune cells remains unclear. Fur-
thermore, the membrane-anchored LTA can be isolated from
GBS supernatant. However, LTA from GBS represents a com-
paratively weak stimulus for phagocytes. If GBS supernatant is
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purified for TLR2 activity by size-exclusion chromatography,
the resulting fractions are 10,000-fold more potent than their
LTA contents (P. Henneke, unpublished observations). There-
fore, LTA either synergizes with other released factors or is
just one among many TLR2/6 agonists in the GBS supernatant.
Interesting candidates are the more than 30 putatively amino-
terminally lipidated proteins encoded in the GBS genome
(www.mrc-lmb.cam.ac.uk/genomes/dolop/). Nothing is known
about the inflammatory potencies of these lipoproteins.

B-Hemolysin. A zone of B-hemolysis surrounding colonies
on blood-agar medium is a key phenotypic feature of group B
streptococcus. Functional information on B-hemolysin derived
from nonhemolytic and hyperhemolytic GBS mutants and rel-
atively crude GBS extracts stabilized by starch suggests that
B-hemolysin induces cytolytic injury to epithelial and endothe-
lial cells and both the formation of nitric oxide and apoptosis
in macrophages (128). Furthermore, the beta-hemolytic activ-
ity of GBS promotes the invasion of human lung epithelial cells
and is a critical virulence factor in a neonatal rabbit model of
GBS pneumonia (35, 46). Although the causative beta-hemo-
lytic exotoxin has been known for decades, a single gene (cylE)
encoding a predicted 78-kDa protein sufficient to confer a
hemolytic phenotype to nonhemolytic E. coli has only recently
been identified (126). However, the gene product of cylE has
evaded purification to homogeneity, probably due to low sta-
bility of the protein. In addition to the hemolytic phenotype,
CylE is also linked to the occurrence of a carotenoid pigment
in these bacteria (93). The carotenoid itself carries the ability
to shield GBS from oxidative damage. The molecular mecha-
nism by which the cy/E gene controls two apparently indepen-
dent functions remains to be established. As an in vivo corre-
late, an increased virulence of beta-hemolytic compared to
nonhemolytic GBS was demonstrated in several animal models
of invasive GBS disease, such as an adult mouse model of GBS
arthritis, a rabbit sepsis model, and rabbit and rat models of
GBS pneumonia (38). The molecular mechanism by which
GBS hemolysin activates innate immune cells remains un-
known, however, since a hemolysin receptor has not yet been
identified. As an alternative to direct receptor engagement,
B-hemolysin might induce cellular activation via perturbation
of the phagocyte membrane and subsequent transmembrane
calcium flux.

Recently, two groups independently identified a functional
two-component regulatory system in GBS, denominated CsrR/
CsrS (75) or CovS/CovR (83), that controls the transcription of
several exported virulence factors, including beta-hemolysin/
cytolysin (cylE), CAMP factor (cfb), and C5a peptidase (scpB).
A GBS mutant with mutation of either gene exhibited signif-
icantly reduced virulence. However, the individual contribu-
tions of the multiple virulence factors altered in CsrR/CsrS
mutant GBS to the host-pathogen interaction are currently
poorly understood.

PHAGOCYTE RECEPTORS FOR GBS BEYOND TLRs

In addition to TLRs, the TLR coreceptor CD14, a glyco-
sylphosphatidylinositol-linked membrane protein without a
signaling domain, has been implicated in the response to
GBS. As evidenced by studies of isolated GBS substructures
and by gain-of-function models, CD14 may be involved in



3090 MINIREVIEW

inflammatory signaling under certain circumstances (31, 32,
105) but does not appear to be necessary for the phagocyte
response to whole inactivated GBS (18, 49, 69). Similar to
TLR2, CD14 clearly mediates the response to secreted fac-
tors from GBS (70).

Furthermore, the heterodimeric B,-integrins, in particular
CD11b/CD18, have been repeatedly evaluated as signaling mol-
ecules for GBS (32, 57). Heterologous expression of CD11b/
CD18 on fibroblasts confers some signaling properties to these
cells in response to GBS, such as translocation of NF-kB (31,
105). Furthermore, incubation of whole blood from CD11b-defi-
cient mice with GBS results in lower cytokine concentrations than
those in blood from wild-type controls (90). However, macro-
phages from the same CD11b-deficient mice are normal with
respect to a host of inflammatory signaling events, including
the formation of cytokines, oxygen radicals, and signaling in-
termediates (69). An important caveat of experiments with
CD11b /" cells is that CD11b is a very promiscuous molecule
that interacts with several extracellular matrix proteins, such as
fibronectin, fibrin, and collagen (62). Fibronectin, in turn, has
been shown to bind to GBS and to contribute to the formation
of TNF-a, opsonin-dependent actin polymerization, phagocy-
tosis, and oxygen radical formation (121, 157). Furthermore,
CD11b deficiency results in a lack of expression of CD18, the
subunit common to all B,-integrins, which results in alteration
of many cellular functions, such as adhesion and costimulatory
events. Hence, the phenotype of these mice remains difficult to
interpret. In summary, in contrast to the important role of
CD11b in clearance of opsonized GBS, its role in the inflam-
matory reaction against GBS is less clear. CD11b appears not
to be a critical cognate receptor for the GBS cell wall on
resident phagocytes; however, it might affect cellular activation
in a mixed leukocyte environment.

DIRECTLY ANTIBACTERIAL PROPERTIES OF
NEONATAL PHAGOCYTES

Currently, it is believed that the most common route of
early-onset GBS infection in newborn infants occurs via peri-
natal aspiration of GBS that colonize the female genital tract.
Shortly after the inoculation of bacteria into the parenchyma
of the lung, GBS may reach a density as high as 10° to 10"
CFU/g lung tissue, as confirmed in the primate model of neo-
natal GBS pneumonia (130). Furthermore, 30 GBS organisms
injected subcutaneously represented the 50% lethal dose in a
neonatal mouse model of GBS sepsis, whereas the equivalent
bacterial dosage was approximately 1,000,000-fold higher for
adult mice of the same mouse strain (95). Hence, host factors
that directly influence the elimination of GBS from tissue are
likely to be insufficiently developed in newborn infants. Nota-
bly, diabetic rodents and phagocytes from patients with type 2
diabetes exhibit a reduced capacity to eliminate GBS, whereas
cytokine formation appears to be preserved (43, 53, 102).

The elimination of GBS from tissues and the bloodstream
constitutes a sequence of tightly controlled interdigitating
events, such as recognition by resident macrophages, chemo-
tactic approaching of GBS by additional phagocytes, and fi-
nally, phagocytosis of GBS and killing of the internalized bac-
teria (2). In this section, we aim to illuminate the specific
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capabilities of neonatal phagocytes that lead to rapid destruc-
tion of invasive GBS organisms.

Chemotaxis. Chemotaxis, or directed cell movement to in-
flammatory stimuli, was shown to be impaired in both preterm
neonates and those brought to term (term neonates), with
neutrophils from newborn infants migrating at about half the
speed of adult cells (5, 27, 80, 119, 153). Within the compli-
cated process of chemotaxis (recognition of a signal, adherence
to extracellular matrix proteins, and polarized movement by
rearrangement of the actin cytoskeleton), several deficiencies
in neutrophils have been defined for preterm and term infants
(although the deficiencies are less obvious in the latter). First,
in very preterm infants, the total neutrophil cell mass is de-
creased (26). Second, rolling adhesion to activated endothe-
lium or glass and transmigration to the subendothelial tissue
are decreased in cells from newborn infants compared to those
from adults (4). Third, the formation of lamellipodia and di-
rected movements towards a stimulus are impaired in neonatal
cells (5). On the molecular level, the expression of L-selectin,
which controls neutrophil rolling along the endothelium, and
therefore chemotaxis, is impaired on neutrophils from new-
born, particularly preterm, infants (4, 98). Beyond the expres-
sion of surface molecules, neonatal neutrophils exhibit a re-
duced ability to rapidly polymerize monomeric G-actin to form
microtubules, resulting in an imperfect bipolar shape change in
these cells (63, 132). Strikingly, postnatal improvement in neu-
trophil chemotaxis is quite rapid and reaches “normal” values
at a median of 10 days, whereas the same development takes
considerably more time for very preterm infants (for a review,
see reference 25). With particular respect to GBS, it has been
established that GBS induces chemokines, such as IL-8 and
leukotriene B4, and complement factors, in particular C3b and
C5a, that in turn indirectly induce chemotaxis by neutrophils
(129, 138). On the other hand, the conserved GBS surface
protein C5a peptidase contributes to immune evasion by abol-
ishing the chemoattractant activity of C5a (140). Furthermore,
the GBS B-protein increases binding of the complement factor
H that inhibits the alternative pathway (7). In contrast, a GBS
substructure and a phagocyte receptor that directly induce
chemotaxis to GBS have not been described.

Phagocytosis of GBS. Phagocytosis, the binding and inges-
tion of particles such as GBS, comprises recognition by cell
surface receptors, the subsequent formation of actin-rich mem-
brane extensions around the particle, phagosome formation,
and maturation into a phagolysosome. Resident macrophages
are the first to encounter GBS that enter the lung via aspira-
tion. In a rat model of GBS pneumonia, Martin et al. found
that clearance of GBS that were inoculated directly into the
trachea was compromised in neonatal rats. Moreover, alveolar
macrophages from newborn rats phagocytosed GBS less effi-
ciently than adult cells (100). On the molecular level, the rec-
ognition of GBS that precedes phagocytosis can be indirect, via
host factors such as surfactant proteins A and D, antibodies, or
complement components, i.e., via opsonization, or direct, via
interactions of GBS substructures with host cell receptors (2,
88). Accordingly, low serum concentrations of complement
factors in newborn infants might negatively affect both chemo-
taxis and phagocytosis in newborn infants (40).

The following two types of host cell receptors are critical for
GBS phagocytosis: (i) the B,-integrin CD11b/CD18 that has
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already been described and (ii) two classes of Fcy receptors
(FcyRII and -III). In various experimental models, phagocy-
tosis of GBS is heavily dependent on CD11b/CD18 and opson-
ization with complement, whereas specific serum does not
seem to be required (3, 69, 137, 158). Accordingly, mice defi-
cient in the CD11b/CD18 ligand C3 were significantly more
susceptible to GBS than wild-type controls (149). In the ab-
sence of specific anti-GBS serum, the capsular polysaccharide
appears to promote an interaction with CD11b/CD18, proba-
bly through the lectin binding site of the receptor (3, 45).
Interestingly, the expression of CD11b/CD18 is decreased on
both resting and stimulated phagocytes of preterm infants but
not on those of term infants (1, 68, 104, 116). Whether the
deficiency of the crucial phagocyte receptor CD11b/CD18 con-
tributes to the particular susceptibility of preterm infants to
GBS sepsis needs to be further studied. Among FcyRs, only
FeyRIIL, a phosphoinositol-linked structure involved in neu-
trophil granule exocytosis, is significantly less expressed on
preterm neonatal cells than on term neonatal or adult cells
(25). However, FcR-mediated phagocytosis is likely to be fur-
ther impaired in preterm infants, as it relies on the synthesis of
specific immunoglobulins that are lacking in these patients.

In contrast to FcyR and B,-integrins, TLRs appear not to be
important for the phagocytosis of GBS, since macrophages
deficient in MyDS88 or individual TLRs and wild-type macro-
phages internalize GBS at similar speeds (69). In contrast, both
phagocytosis of S. aureus and subsequent phagosome matura-
tion appear to be dependent on the expression of TLR2 (20).

Intracellular killing of GBS. On the global level, cord blood
granulocytes and monocytes were found to be similar with
respect to intracellular killing of E. coli and S. pyogenes com-
pared to cells from adults. In contrast, killing of GBS was
almost completely abrogated in cord blood phagocytes (99).
Antibacterial killing mechanisms are best categorized as (i)
oxygen dependent and (ii) oxygen independent, which can be
further divided into enzymatic mechanisms (involving, e.g., ly-
sozyme, cathepsin G, elastase, and 14-kDa phospholipases A2
and 2b) and nonenzymatic, mostly membrane-active mechanisms
(such as defensins, cathelicidins, lactoferrin, and bactericidal/per-
meability-increasing proteins) (89). Unfortunately, little specific
data are available on anti-GBS killing properties by both oxygen-
dependent and -independent means inside neonatal phagocytes
(127).

In piglet and mouse models of GBS pneumonia and sepsis,
oxygen radical species are critical for killing of GBS (22). GBS
possess a single Mn-cofactored superoxide dismutase (SodA)
that serves as a virulence factor by counteracting intracellular
killing in macrophages (124). Clearly, the engagement of Fc
receptors on phagocytes by antibody-opsonized GBS mediates
intracellular killing of GBS, which is in part dependent on
oxygen radicals (29). In neutrophils from very preterm infants,
the intracellular oxidative burst was found to be markedly
reduced compared to that in cells from adults in response to
opsonized GBS (77).

On the molecular level, the GBS cell wall activates the for-
mation of oxygen radicals via a distinct MyD88-dependent but
NF-kB-independent pathway. Again, this response is indepen-
dent of TLR2 (69). Furthermore, p38, but not Jun N-terminal
kinase, appears to be crucial in this context (Fig. 1) (79).
Notably, costimulation of alveolar macrophages by granulo-
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cyte-macrophage colony-stimulating factor (GM-CSF) is a pre-
requisite for proper antibacterial superoxide and hydrogen
peroxide formation by mouse alveolar macrophages and for
GBS clearance from the lung, as evidenced in GM-CSF~/~
mice. Moreover, these mice exhibited an exaggerated cytokine
response by alveolar macrophages, again highlighting the
counteracting effects of GBS clearance and the cytokine re-
sponse (87). Importantly, GBS is not a typical isolate from
patients with defects in the NADPH oxidase system, i.e., those
with chronic granulomatous disease. Surprisingly, however,
GBS are less susceptible to H,O, and more susceptible to
hydroxyl radicals than S. aureus. The molecular basis for these
findings has not been established, but species-specific expres-
sion of scavenger proteins appears not to be critical in this
context (152). Furthermore, oxygen-independent mechanisms
might be particularly relevant in the killing of GBS (and other
catalase-deficient bacteria). In preterm infants, but not term
infants, elastase formation in whole blood upon endotoxin
stimulation is reduced (68). Lysozyme is found in low concen-
trations in neonatal polymorphonuclear granulocytes (PMN);
however, it is increased to reach concentrations similar to adult
PMN upon stimulation with zymosan (54, 91). The complex
nonoxidative, nonenzymatic mechanisms that contribute to
bacterial killing by phagocytes have been covered by a recent
comprehensive review (89). With respect to GBS, cathelicidin
and B-defensin-2 exhibit synergistic antimicrobial activity
against GBS. Moreover, the expression of cathelicidin is in-
creased in neonatal mouse skin (39). Whereas defensins are
found in normal concentrations in neonatal PMN, other non-
enzymatic proteins (lactoferrin and bactericidal/permeability-
increasing protein) are decreased in both resting and activated
PMN (54, 91). In light of the partially redundant, partially
interdigitating nature of the various oxidative and nonoxidative
killing mechanisms, their individual contributions to the de-
creased antibacterial activity toward GBS in phagocytes from
newborn infants remain to be fully elucidated (127).

CONCLUSION

GBS is a common colonizer of the normal human mucosa.
In contrast, invasive GBS disease constitutes a rare event, for
which newborn infants and diabetics are clearly at increased
risk. As model residents, macrophages sense spurious amounts
of TLR2/6 ligands released from GBS, such as lipoteichoic
acid. Activation of TLRs will activate both the cytoskeleton, via
phosphatidylinositol 3-kinase, and the release of cytokines and
chemokines, via MyD88, which results in the recruitment and
activation of other phagocytes. At the same time, B,-integrins
and FcyR mediate the engulfment of particulate GBS material
in dependence on complement and specific antiserum, al-
though GBS has developed strategies for evading phagocytosis.
TLRs sample the contents of the phagolysosome and instruct
the radical attack via the MAP kinase p38. In accordance with
this model, the TLR system is essential for the inflammatory
cytokine response and killing—but not phagocytosis—of GBS
both in vivo and in vitro. In contrast, the B,-integrin CD11b/
CD18 is essential for GBS phagocytosis, but its direct contri-
bution to the phagocytic cytokine response may be less impor-
tant. It is reasonable to hypothesize that immunocompetent
humans eliminate GBS that translocate across the mucosa
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without eliciting a systemic inflammatory response. In accor-
dance with this, normal mice clear a small local GBS inoculum
without mounting measurable cytokine formation in the blood,
whereas immunodeficient mice frequently succumb to septic
shock. Hence, a tight balance between a sufficient local proin-
flammatory response and a nonphlogistic, antibacterial re-
moval of invading bacteria may be the key to efficient clearance
of invasive GBS.

Monocytes and macrophages from newborn infants mount a
powerful inflammatory cytokine response to GBS. In contrast,
several components of the clearance apparatus, such as di-
rected movement to the microorganism, expression of adhe-
sion molecules, and the intracellular killing of GBS, are defi-
cient in newborn, particularly preterm, infants. The neonatal
innate immune system appears to be less capable of concen-
trating and compartmentalizing inflammation at the site of
local microbial invasion. Notably, a similar imbalance of low
antibacterial and powerful inflammatory responses to GBS can
be observed in animal models of diabetes. Thus, a preponder-
ance of proinflammatory factors is likely to account for the
particular susceptibility of both newborn infants and diabetic
patients to hyperinflammation in invasive GBS disease. Ac-
cordingly, the identification of GBS substructures and host
factors that trigger potentially detrimental systemic inflamma-
tion seems critical for the development of adjunctive sepsis
therapy.
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