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Group B Streptococcus (GBS) causes substantial morbidity but most individuals exposed to the organism
remain healthy. These experiments tested the hypothesis that engagement of the complement receptor 3 (CR3)
lectin site would effectively trigger neutrophil-mediated phagocytosis of complement-opsonized type III GBS by
nonimmune human sera. Using an opsonophagocytosis assay, saccharides identified as interacting with the
CR3 lectin site effectively inhibited neutrophil-mediated killing of type III, strain COH1. Fructose, which does
not interact with the lectin site, promoted significantly less inhibition of opsonophagocytosis. Saccharide-
mediated inhibition was reversed in a dose-related fashion by addition of type III, GBS capsular polysaccha-
ride-specific immunoglobulin G. When capsule-deficient or asialo mutant type III strains were employed, the
lectin site was not required. Structurally defined GBS serotypes with a side chain at least two sugars in length
engaged the lectin site, and N-acetyl p-glucosamine was not a required component monosaccharide. Intact type
III capsular polysaccharide interacted significantly more efficiently with the lectin site than did oligosaccha-
rides representing approximately 5 or 20 repeating units, respectively. Taken together, these experiments
indicate that interaction of type III GBS capsular polysaccharide with the lectin site of CR3 effects phagocytosis
of these organisms by nonimmune serum. Use of this mechanism of innate immunity provides a potential expla-
nation for the infrequency with which susceptible individuals exposed to type III GBS develop invasive infection.

Group B Streptococcus (GBS) has been a leading cause of
neonatal sepsis and meningitis since the 1970s. In the 1990s the
incidence ranged from 0.5 to 3 cases per 1,000 live births (31).
Despite advances in neonatal intensive care and antimicrobial
therapy, case fatality ratios remain 4 to 6% for cases identified
by population-based surveillance (30). A substantial burden of
GBS-related illness occurs among nonpregnant adults, and the
case fatality rate is 32% in this population (30). Those with
immunocompromising conditions such as diabetes mellitus,
renal failure, cirrhosis, and cancer are at particular risk for
developing invasive infection. This ongoing disease burden
highlights the importance of defining further the pathogenesis
and immune response to GBS with the goal of formulating
effective intervention strategies.

The innate immune response is critical to host defense. This
is particularly evident early in the host-pathogen encounter
when specific immunity has not yet developed (10). Several
pathogens express surface domains that are recognized by and
activate host phagocytic cells in the absence of specific anti-
body (25). These interactions have been shown to have a role
in the phagocytosis of Pseudomonas aeruginosa, Escherichia
coli, Neisseria meningitidis, mycobacteria, and yeasts, among
others (6, 9, 11, 17, 22). Complement receptor 3 (CR3, also
known as CD11b/CD18, or Mac-1) is a 3, integrin expressed
on the plasma membrane of mammalian polymorphonuclear
neutrophils (PMN), most mononuclear phagocytes, and NK
cells, and it has the ability to recognize multiple ligands. CR3
possesses an I-domain that binds inactivated C3b (iC3b), in-
tracellular adhesion molecule 1 (ICAM-1), and numerous ex-
tracellular matrix proteins (5). It also possesses a lectin site
with the capacity to bind certain saccharides, such as B-glucans
and those containing N-acetyl p-glucosamine (NADG) (27, 32,
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35, 44). Engagement of the CR3 lectin site results in priming of
CR3-expressing PMN for cytotoxicity of iC3b-opsonized tar-
gets in the absence of specific antibody (36). Thus, the engage-
ment of this site is required for the full activation of CR3. This
occurs by a two-step process whereby iC3b-opsonized particles
bind to CR3 via the I-domain and a polysaccharide, either
exogenous or intrinsic to the opsonized particle, engages the
lectin site.

The capsular polysaccharide (CPS) of type III GBS consists
of repeating units of glucose, galactose, NADG, and N-acetyl
neuraminic acid. The molar ratios and tertiary configuration
vary, but the CPSs of GBS serotypes Ia, Ib, I, III, and V all are
comprised of a backbone and one or more side chains contain-
ing these four sugars (13, 15, 39, 40, 42). In the presence of
complement, GBS III CPS-specific antibody optimizes op-
sonophagocytosis of type III GBS in vitro and protects against
invasive infection in young infants (3, 7). Participation by PMN
CR1 and CR3 as well as Fcy receptor II (FeyRII) and FeyRIIT
mediates these phagocytic interactions. However, opsono-
phagocytosis of type III GBS can occur in the setting of a
deficiency of CPS-specific immunoglobulin G (IgG) (7), and
GBS can activate C3 and deposit iC3b in the absence of anti-
body (2). Furthermore, a majority of newborn infants exposed
to a GBS-colonized mother at birth do not develop invasive
disease in the face of low concentrations of CPS-specific anti-
body in serum.

Based on the known saccharide-binding properties of the
CR3 lectin site and the defined structure of the CPS of type III
GBS, we hypothesized that in nonimmune sera engagement of
the CR3 lectin site by GBS CPS would be an effective trigger
to phagocytosis and killing of these organisms. We found that
type III GBS triggers phagocytosis and killing by binding to the
lectin site of CR3 and that type III GBS-specific CPS is a
ligand for this interaction. In the presence of a sufficient con-
centration of type III GBS CPS-specific IgG, use of the lectin
site is not required. There were differences among GBS sero-
types in use of the lectin site that related to differences in the
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FIG. 1. Inhibition of the lectin site of CR3 by NADG or fructose. The extent to which PMN-mediated bactericidal activity was inhibited by NADG (stippled bars)
or fructose (open bars) is shown (mean * SEM [error bars] of seven experiments). At equimolar concentrations, fructose effected significantly less inhibition of

opsonophagocytosis, indicated by the asterisks, than did NADG (P < 0.003).

structures of these polysaccharides. Taken together, interac-
tions of GBS CPS with the CR3 lectin site serves as an impor-
tant arm of the innate immune response in the susceptible
host.

(This work was presented in abstract format at the 36th
Annual Meeting of the Infectious Diseases Society of America,
Denver, Colo., in November 1998 [abstr. #121].)

MATERIALS AND METHODS

Isolation of neutrophils. PMN were isolated from fresh whole blood obtained
from healthy adult volunteers, anticoagulated with citrate phosphate dextrose
(Abbott Laboratories, North Chicago, Ill.), dextran sedimented, and purified
over a Ficoll (Sigma Chemical Co., St. Louis, Mo.)-Hypaque (Nycomed Inc.,
Princeton, N.J.) gradient (33). Cell viability, determined by trypan blue dye
exclusion, was consistently more than 92%.

Collection and preparation of sera. Serum, processed to preserve endogenous
complement activity, was separated from whole blood from healthy adult volun-
teers (23). The concentration of CPS-specific IgG for GBS serotypes Ia, II, III,
and V was determined by enzyme-linked immunosorbent assay (12). The lower
limit of sensitivity of these assays ranged from 0.12 to 0.05 pg/ml. Sera containing
a low concentration of CPS-specific IgG (<1 ng/ml) were used as antibody-
deficient sources of complement. The IgG-rich fraction of serum was purified
from serum containing a high concentration of antibody to GBS IIT CPS-specific
1gG by passage through a QAE-Sephadex A-50 column (Sigma Chemical Co.)
(16). The specific antibody content of the IgG-rich fraction purified was 217
pg/ml.

Bacteria. Encapsulated type III GBS strain COH1, isolated originally from the
blood of an infant with sepsis, was studied together with an unencapsulated
mutant of this parent (COH1-13) and a mutant strain (COH1-11) that lacks the
terminal sialic acid residue of the CPS. These strains were derived by transposon
insertion mutagenesis (29) and were provided by Craig E. Rubens, University of
Washington, Seattle. Serotype Ia GBS strain 515, type II GBS strain 612, and
type V GBS strain G106 were isolated from the blood or cerebrospinal fluid of
newborn infants with invasive GBS infection and were provided by Carol J.
Baker, Baylor College of Medicine, Houston, Tex. Serotype VI GBS, strain
SMUO053, was a vaginal isolate from a healthy pregnant woman in Kawasaki,
Japan, and was a gift from Catherine Lachenauer, Channing Laboratory, Boston,
Mass. Serotype VIII GBS, strain JM9-130013, isolated from an infant in Japan
with invasive disease, was provided by Dennis L. Kasper, Channing Laboratory.
Aliquots of the stock solution of these GBS isolates were stored at —70°C.
Bacteria were grown to log phase in Todd-Hewitt broth (Difco, Detroit, Mich.),
washed, and resuspended in phosphate-buffered saline (PBS).

Saccharides and monoclonal antibody. The saccharides NADG, methyl B-p-
mannopyranoside (B-methylmannoside), methyl B-p-glucopyranoside (B-meth-
ylglucoside), and fructose were obtained from Sigma Chemical Co. The mono-
clonal antibody (MAb) OKM1 (anti-CD11b lectin site, IgG2b) was provided by
Michelle Mariscalco (Baylor College of Medicine).

Type III GBS capsular poly- and oligosaccharides. CPS from type III GBS was
isolated and purified from broth culture (14). All experiments were performed
using lot 10C (16-25) which had a peak M, of 237,000. This size is within the usual
range for intact type III GBS CPS (38). Oligosaccharides with an average M, of
5,900, representing approximately five repeating units, and an M, of 22,500,
representing approximately 20 repeating units, of the CPS were prepared by
ozone depolymerization of type III GBS CPS (lot 8S) in PBS plus bicarbonate
by the method of Wang et al. (38). The CPS and oligosaccharides were provided
by Dennis L. Kasper and Lawrence C. Paoletti, Channing Laboratory.

Opsonophagocytosis assay. The opsonophagocytosis assay was modified as
follows from one previously described (7). The reaction mixture contained 50 .l
of PMN (1.5 X 10°), 30 wl of serum containing endogenous complement, 50 pl
of GBS suspension (~5 X 10° CFU), and either 100 .l of PBS or the reagent of
the experiment, added at the concentration indicated. The reaction mixtures
were incubated at 37°C with end-over-end rotation for 60 min. Pre-and postin-
cubation aliquots were removed, diluted serially, and plated onto blood agar for
overnight culture. The results were expressed as the bactericidal index, calculated
as the percent reduction in initial inoculum. Each experiment included as a
positive control serum from an adult known to have a high concentration of
CPS-specific IgG for each GBS serotype as well as a reaction mixture lacking
PMN.

Statistical analysis. Unless otherwise stated, the results represent the mean *
standard error of the mean (SEM) of three to five experiments. Levels of
significance for comparisons between samples were determined using Student’s
unpaired ¢ test (two tailed). P values of <0.05 were considered significant.

RESULTS

Type III GBS utilizes the CR3 lectin site for opsonophago-
cytosis by nonimmune sera. NADG is a sugar known to inhibit
the lectin site while fructose does not (32, 35, 44). The poten-
tial inhibitory effect of these saccharides upon the phagocytosis
and killing of type III GBS was studied. Before addition of a
saccharide, the bactericidal activity (mean *+ SEM) after 60
min incubation was 61% * 5% (seven experiments) when type
IIT GBS was opsonized by serum containing a low concentra-
tion of IIT CPS-specific IgG (<0.07 wg/ml). Incubation of type
IIT GBS with increasing concentrations of NADG effected a
dose-associated inhibition of opsonophagocytosis. At a 10 mM
concentration of NADG, opsonophagocytosis was inhibited by
44% =+ 14%, and this reached 94% =+ 3% at 100 mM NADG
(Fig. 1). Addition of equimolar concentrations of fructose had
significantly less inhibitory effect, reaching a maximum of 26%
+ 12% at 100 mM (P < 0.003 for NADG versus fructose at 20,
50, or 100 mM concentration).
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FIG. 2. Saccharide-mediated lectin site inhibition and the effect of type III GBS CPS-specific IgG upon inhibition. Shown on the left is a comparison of the mean
(= SEM) inhibition of opsonophagocytosis of type III GBS strain COH1 by nonimmune serum mediated by NADG (solid bars), B-methylglucoside (stippled bars),
or B-methylmannoside (open bars). The bars on the right show significant reversal of inhibition, indicated by asterisks, when type IIT GBS CPS-specific IgG (15 pg/ml)

was added (P < 0.04 for each sugar).

We next evaluated the effect of other sugars shown to func-
tion as inhibitors of the lectin site (32, 35). The saccharides
B-methylmannoside and B-methylglucoside, used at a 100 mM
concentration, inhibited the opsonophagocytosis of III GBS by
82% = 10% and 85% * 15%, respectively (Fig. 2).

Effect of III CPS-specific IgG on saccharide-mediated inhi-
bition of the lectin site. In the presence of sufficient CPS-
specific antibody, complement-dependent phagocytosis of type
IIT GBS is achieved using PMN Fc receptors, in particular the
transmembrane receptor FcyRII, potentially obviating a re-
quirement for the CR3 lectin site to trigger phagocytosis (23).
Thus, it was predicted that III CPS-specific IgG would reverse
the inhibitory effect of a lectin site-specific saccharide. As seen
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in Fig. 2, the addition of III CPS-specific IgG at a concentra-
tion of 15 pg/ml negated the inhibitory effect of each of these
saccharides (P < 0.04). Figure 3 shows a dose-response curve
for this effect. Complete reversal of the inhibitory effect of
NADG was observed at a concentration of type III GBS CPS-
specific IgG of 3.3 pg/ml or more. Taken together, these data
indicate that in the presence of a sufficient concentration of
type III GBS CPS-specific IgG, PMN may utilize receptors
other than the CR3 lectin site to effect phagocytosis and killing.
In contrast, the nonimmune host requires a CR3 lectin site-
mediated interaction to trigger phagocytosis of type III GBS.

Role of type III GBS CPS in lectin site interactions. To
determine whether the type 111 GBS CPS is the specific ligand
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FIG. 3. Dose-response effect of type IIT GBS CPS-specific IgG on mean (£ SEM) NADG-mediated lectin site inhibition. Increasing concentrations of type IIT GBS
CPS-specific IgG were added to a reaction mixture in the setting of 100 mM NADG-mediated lectin site inhibition. Inhibition of opsonophagocytosis was complete at
type IIT GBS CPS-specific antibody concentrations of <0.8 pg/ml, was partial at concentrations of 0.8 and 1.5 pg/ml, and was absent at concentrations of =3.3 pg/ml.
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FIG. 4. Evaluation of the role of type IIT GBS CPS in lectin site interactions. The mean (= SEM) inhibitory effect mediated either by NADG (50 mM) (solid bars),
fructose (50 mM) (stippled bars), or the MAb OKM1 (10 pg/ml) (open bars) was compared for type III GBS strains. Bactericidal activity for the encapsulated type
IIT GBS parent strain (COH1) was inhibited 62% = 11% by NADG, 16% * 9% by fructose, and 70% * 14% by OKM1. When transposon-derived mutants of COH1
that lack CPS (COH1-13) or terminal sialic acid residues (COH1-11) were used, NADG (P = 0.007 for either mutant versus COH1) or OKM1 effected significantly

less inhibition, as indicated by asterisks (P = 0.02 for either mutant versus COH1).

that interacts with the CR3 lectin site, transposon mutant
strains of type III GBS with altered capsule were employed.
The initial bactericidal index mediated by serum with a low
concentration of type IIT GBS CPS-specific IgG (=0.07 pg/ml)
was 63% = 7% for the parent strain (COH1) and 97% * 2%
and 98% = 0.4%, respectively, for the acapsular (COH1-13)
and the asialo mutants (COH1-11). As shown in Fig. 4, 50 mM
NADG caused 62% = 11% inhibition, and the MAb OKM1
with specificity for the CD11b lectin site (27), used at a satu-
rating concentration of 10 pg/ml (33), inhibited opsonophago-
cytosis of COH1 by 70% = 14%. Fructose inhibited opsono-
phagocytosis minimally (16% * 9%). By comparison, neither
NADG nor OKM1 had any inhibitory effect upon opsonoph-
agocytosis of the acapsular mutant (COH1-13) or the asialo
mutant (COH1-11) in the presence of low III CPS-specific
IgG-containing serum. The extent to which inhibition medi-
ated by NADG occurred was significantly less for either mu-
tant compared to the parent strain (P = 0.007). Similarly, the
extent to which OKM1 caused inhibition was significantly less
for either mutant compared to the parent strain (P =< 0.02).
The degree of inhibition by fructose with COH1 did not differ
significantly from either mutant (P = 0.15). These results in-
dicate that the native type III CPS is required to interact with
the CR3 lectin site to trigger phagocytosis and killing of type
IIT GBS.

Effect of GBS serotype specificity upon lectin site interac-
tions. The CPSs of the defined GBS serotypes, while similar in
saccharide components, differ in their structural arrangements.
The CPSs of GBS serotypes Ia, III, and V each have at least
one disaccharide or trisaccharide side chain extending from the
backbone. The type II GBS CPS consists of a backbone re-
peating unit structure with two monosaccharide side chains
(Fig. 5). As shown in Fig. 6, the inhibitory effect mediated by
NADG was significantly greater for opsonophagocytosis of se-
rotypes Ia, III, and V than for serotype II GBS (P = 0.02).
Inhibition mediated by OKM1 was greater for each of these
serotypes than for serotype II (P < 0.03). Inhibition mediated
by fructose was low for each of the four serotypes. These

findings suggested that the length of the CPS side chain or its
tertiary structure could be important to lectin site use.

Lack of a requirement for NADG as a component monosac-
charide for lectin site use. Experiments next questioned
whether NADG was required as a component monosaccharide
for GBS to engage the CR3 lectin site. The type VI GBS
structure has a backbone comprised of repeating units of glu-
cose and galactose, and the disaccharide side chain consists of
galactose and sialic acid (Fig. 7A). The only structural differ-
ence between the CPSs of types IIT and VI is that the side chain
galactose of the type VI capsule connects to the backbone
glucose by a 1—3 linkage, whereas that of type III connects to
the backbone NADG by a 1—4 linkage (19). As shown in Fig.
7B, lectin site use was similar for serotypes III and VI GBS.
The inhibitory effect mediated by NADG (50 mM) was 100%
for type VI and 81% * 19% for type III (data from Fig. 6).
Inhibition mediated by OKM1 was 42% =+ 12% (type VI) and
66% = 14% (type III), respectively. Therefore, interaction of
GBS with the CR3 lectin site does not require a NADG-
containing structure.

The type VIII CPS recently has been isolated and shown to
have a backbone repeating unit consisting of p-glucose, D-
galactose, and L-rhamnose with sialic acid as a monosaccharide
side chain linked 2—3 to the backbone galactose (18). We
predicted that the lack of NADG as a component monosac-
charide would not affect lectin site interactions but that the
side chain construct would effect poor lectin site use. Inhibition
mediated by NADG (50 mM) was 25% = 7%, by fructose (50
mM) was 11% =+ 5%, and by OKM1 was 6% =* 3%. Thus, type
VIII resembles type II or the asialo type III mutant in its lectin
site use. These data confirmed that side chain length is an
important determinant of lectin site use by GBS CPS.

Effect of molecular mass of type III capsule upon lectin site
inhibition. Figure 8 compares the inhibition of opsonophago-
cytosis by a type III GBS oligosaccharide with an average M, of
5,900, representing approximately five repeating units; a larger
oligosaccharide with an M, of 22,500, representing approxi-
mately 20 units of the CPS; and native type III GBS CPS. At
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FIG. 5. Schematics of the repeating unit structures of GBS CPSs Ia (13), III (40, 42), V (39), and II (15).

of type III GBS CPS increase the efficiency of CPS interaction

the lower concentrations tested (range, 0.5 to 50 pg/ml), the
with the CR3 lectin site.

oligosaccharides mediated minimal inhibition of opsonophago-
cytosis (=10% = 6%). Significantly greater inhibition was me-
diated by native type III polysaccharide at 50 pg/ml (86% =
8%) than for either oligosaccharide (P = 0.001). At the highest
concentration tested (500 wg/ml), the smaller oligosaccharide
mediated 30% = 10% inhibition and the larger oligosaccha-
ride mediated 46% = 12% inhibition of opsonophagocytosis.
Significantly greater inhibition (100% [P = 0.02 versus either
oligosaccharide]) was observed at this concentration by native
type III GBS CPS. Thus, increasing numbers of repeating units

DISCUSSION

The importance of antibody with specificity for the CPS of
type III GBS in protective immunity against GBS infections
and that of the complement system in mediating optimal op-
sonophagocytosis of type III organisms are well recognized
concepts (7, 8). Some 1 to 2% of newborn infants born to type
IIT GBS CPS IgG-deficient genitally colonized mothers de-
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FIG. 6. The effect of lectin site inhibition of opsonophagocytosis of GBS serotypes Ia, II, III, and V by NADG (50 mM) (solid bars), fructose (50 mM) (stippled
bars), or OKM1 (10 pg/ml) (open bars). The mean (= SEM) inhibition mediated by NADG was significantly greater for serotypes Ia, III, or V than for serotype II
(P = 0.02 for each serotype versus type II GBS). Similarly, the mean (+ SEM) inhibition mediated by OKM1 was significantly greater for serotypes Ia, III, or V GBS

than for type IT GBS (P < 0.03).
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FIG. 7. (A) The repeating units of the CPS of types VI and III GBS are shown schematically (19, 42). (B) Inhibitory effect of NADG (50 mM) (solid bars), fructose
(50 mM) (stippled bars), or OKMI1 (10 pg/ml) (open bars) upon opsonophagocytosis. NADG-mediated inhibition was 100% in all experiments for type VI GBS. There
were no significant differences in the extent to which NADG, fructose, or OKM1 promoted inhibition of opsonophagocytosis of type VI versus type III GBS (P > 0.1

for each comparison). Error bars, SEMs.

velop invasive infection (30). The immune mechanisms protecting
the majority of susceptible infants are poorly elucidated. We
have shown that type IIT GBS triggers PMN-mediated phago-
cytosis by use of the lectin site of CR3 and that the type III
GBS CPS is a ligand for this interaction in sera containing
complement and a low concentration of type III CPS-specific
IgG.

A number of bacterial species interact with phagocytic cells
via surface lectins. One of the best characterized is the man-
nose—N-acetylglucosamine-specific lectin, or mannose receptor
that is expressed on tissue macrophages (25). This lectin re-
ceptor is a type I transmembrane glycoprotein consisting of a
single subunit with as many as eight adjacent carbohydrate
recognition domains, several of which must be engaged to
initiate receptor activity (34). The mannose receptor recog-
nizes carbohydrates expressed on the surface of a number of
microorganisms, including E. coli, Klebsiella pneumoniae, and
P. aeruginosa, and mediates their ingestion. Ofek and Doyle
(24) have described such an interaction for GBS with murine
peritoneal macrophages that leads to binding of the organisms.

Another prominent phagocytic cell receptor involved in rec-

ognizing pathogens belongs to the CD11b/CD18 family of in-
tegrins. CR3 is a receptor that mediates both opsonin-medi-
ated and nonopsonic phagocytosis. Ross and associates (27)
described the lectin-like properties of CR3, identifying two
distinct binding sites in the molecule, one for fixed iC3b that
did not trigger functions such as respiratory burst and ingestion
and a second function-triggering site that bound zymosan or
unopsonized yeast, inducing a superoxide burst. This lectin site
of CR3 was inhibited by EDTA or NADG, but not by mannan.
Subsequently, CR3 was reported to have a specificity for -glu-
can (28). The CR3 lectin site has been mapped to a region of
CD11b located COOH terminal to the I domain binding sites
for ICAM-1, fibrinogen, and iC3b (35). The sugar specificity of
the receptor is broader than originally appreciated, allowing
it to interact with a number of monosaccharides, including a-
and B-methylmannoside and a- and B-methylglucoside and,
with certain polysaccharides containing mannose or NADG, as
well as with glucose (35). Other saccharides such as galactose
or fructose did not inhibit lectin site-mediated functions (32,
35).

Three sets of observations led to our hypothesis. First, Antal
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FIG. 8. Effect of molecular weight of type III capsule upon lectin site inhibition. The extent to which increasing concentrations of type III oligosaccharides with an
average M, of 5,900 (open bars), an M, of 22,500 (stippled bars), or native (intact) type III GBS CPS (closed bars) inhibited PMN-mediated opsonophagocytosis of
type III GBS by nonimmune serum is shown. At 500 pg/ml, native type III GBS CPS effected significantly greater mean (= SEM) inhibition of the lectin site (100%)
than did the smaller (30% * 10% inhibition [P = 0.002]) or larger (46% * 12% inhibition [P = 0.02]) type III GBS oligosaccharides.

et al. (2) demonstrated that antibody and complement-inde-
pendent phagocytosis of GBS by murine peritoneal macro-
phages was mediated in part by macrophage CR3. Next, an
earlier investigation from our laboratory compared inhibitory
effects of multiple anti-CD11b antibodies and found that
OKM1 significantly inhibited opsonophagocytosis of type Ia or
III GBS (33). The inability of OKMI1 to inhibit a number of
adherence-dependent PMN functions (37), an effect associated
with its recognition of an epitope physically removed and dis-
tinct from the iC3b binding site (4), suggested that a cooper-
ative interaction of GBS cell wall sugars with fixed iC3b might
be taking place. Finally, the panel of saccharides shown to
interact with the lectin site included NADG, a component
monosaccharide of each GBS serotype that causes most inva-
sive human disease. Vétvicka et al. (36) had shown that B-glu-
can induced a primed state of CR3 that could trigger killing of
iC3b target cells that were otherwise resistant to cytotoxicity.
We reasoned that a similar mechanism could effect phagocy-
tosis for iC3b-primed type III GBS if the CPS was interacting
with the lectin site.

The finding that NADG, in concentrations shown by Thornton
et al. (35) to block use of the lectin site, inhibited opsonoph-
agocytosis of type III GBS by nonimmune serum affirmed the
hypothesis. Significantly less inhibition of opsonophagocytosis
was observed using fructose, a saccharide identified as a non-
lectin site-binding sugar (32, 44). Use of additional saccha-
rides, B-methylglucoside and B-methylmannoside, shown to
inhibit CR3 staining by fluorescein isothiocyanate-labeled zy-
mosan, also inhibited opsonophagocytosis of type 11T GBS.

We have shown previously that IgG specific for IITI GBS CPS
interacts with PMN FcyRII and FeyRIII (23). By contrast, in
the absence of complement or antibody, lectin site interactions
are insufficient to trigger uptake or killing of type III GBS by
PMN (1). When complement is present, FcyRII is no longer
required to mediate phagocytosis. Since CR3 possesses lectin-
binding activity and since FcyRIII possesses lectin binding
sites, Zhou et al. (44) proposed and proved that the two mol-
ecules interact physically at the plasma membrane to mediate

biologic functions. This cocapping interaction of the carbohy-
drate side chains of FcRyIII with the lectin site of CR3 was
effectively inhibited by NADG but not by fructose. We rea-
soned that in the presence of a sufficient concentration of type
III GBS CPS-specific IgG, activation of CR3 by lectin site-
associated interactions would no longer be required to mediate
opsonophagocytosis. CPS-specific IgG could bind to FcyRII, a
transmembrane receptor, or to FcyRIII without the require-
ment of CR3 lectin site cocapping to accomplish phagocytosis.
The experiments in Fig. 2 and 3 indicated that type III GBS
CPS-specific IgG overrides the requirement for lectin site use.

A length dependency of the repeating unit of the pentasac-
charide of type III GBS CPS optimal for antibody binding
affinity has been shown (41). A graded increase in affinity of
antibody binding was seen as oligosaccharide size increased
from 2.6 to 92 repeating units. We questioned whether type III
GBS capsule was required for lectin site use to occur and
examined the spatial and size relationships optimizing these
interactions. Mutant strains derived from type III GBS in
which capsule is absent or altered genetically by removal of
terminal sialic acid residues failed to interact with the CR3
lectin site. This observation led us to query whether a disac-
charide side chain was optimal. It proved that GBS serotypes
with at least one disaccharide side chain interact with the lectin
site, but those with exclusively monosaccharide side chains do
not. Of note, the acapsular and asialo mutants of III GBS have
a higher bactericidal index than the encapsulated parent strain.
The capsular polysaccharide of type III GBS is a virulence
factor, serving as a cloak impairing phagocytosis (21, 26). In
addition, it has been shown that acapsular and asialo type III
GBS mutants lose their virulence in animal models of sepsis
and demonstrate enhanced binding to important immune cells
and thus are easier to kill (1, 20, 43). Therefore, we postulate
that in order for PMN to phagocytose the more virulent en-
capsulated strain it utilizes the lectin site, which, while not
equivalent to the acquired or antibody-mediated immune re-
sponse, is a more sophisticated or developmentally advanced
arm of the innate immune response than that required for the



VoL. 68, 2000

capsular mutant strains. Type VI GBS, unique in its lack of
NADG as a component monosaccharide but possessing a di-
saccharide side chain, also interacted with the lectin site, dis-
pelling the notion that NADG might be a required structural
unit. It recently has been proposed that the conformational
epitope of the type IIT GBS CPS is an extended helical segment
of the polysaccharide (45). In addition to structural units, ter-
tiary configuration is an important determinant for CR3 rec-
ognition and interactions (5, 35). Thus, the extent to which side
chain length affects the final tertiary configurations of GBS
CPS could determine their ability to bind to CR3 at the lectin
site. As to the effect of relative molecular mass, intact or native
type III GBS CPS, with a peak M, of 237,000, interacted with
significantly greater efficiency than oligosaccharides comprised
of approximately 5 and 20 repeating units, respectively.

The results of these experiments extend the current under-
standing of host defense against invasive type III GBS infec-
tions in the setting of low concentrations of type III GBS
CPS-specific IgG. Our findings define a fundamental role for
the lectin site of PMN CR3 in triggering opsonophagocytosis
and demonstrate that the type III GBS CPS functions as a
ligand to promote PMN CR3 function. When adequate iC3b
has been deposited, PMN accomplish phagocytosis by using
the type III GBS CPS as the stimulus to initiate CR3-mediated
functions. The pathogen itself thus stimulates PMN-mediated
phagocytosis, an excellent strategy for the host to avert inva-
sion before the development of specific immunity. This mech-
anism offers an explanation for the efficiency with which many,
but not all, naive hosts encountering type III GBS are able to
respond to and ingest this pathogen.
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