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ABSTRACT. To understand how complement effects 
phagocytosis of type I11 group B streptococcus, we as- 
sessed the specific role of C3 in mediating binding and 
ingestion of these bacteria by macrophages. Phagocytosis 
of bacteria by resident mouse peritoneal macrophages was 
measured under conditions in which C3 deposition on bac- 
teria was inhibited or after blockade of C3-ligands or of 
complement receptor type three (CR3) with specific anti- 
bodies. C3 depletion, incubation with F(abf)2 fragments of 
antibody to C3, or blockade of CR3 completely inhibited 
the binding of bacteria that was seen in the presence of 
nonimmune serum. Immune serum increased the number 
of associated organisms 6-fold compared to that seen with 
nonimmune serum. With this serum, 82% of organisms 
were ingested. C3 depletion or CR3 blockage had a modest 
effect, but this interaction could be ablated completely only 
after Fc receptors were blocked. Using varied concentra- 
tions of an IgG2a MAb against type I11 capsular antigen, 
it was possible to show that small amounts of antibody 
incapable of mediating bacterial binding by itself directed 
an interaction that also depended upon C3. Phagocytosis 
of group B streptococci by macrophages in the presence of 
little or no antibody requires complement and C3 opsoni- 
zation specifically. C3-dependent binding may be important 
in determining mononuclear phagocyte-dependent clear- 
ance of these pathogens from blood, particularly in patients 
with little or no type-specific serum antibody. (Pediatr Res 
30: 118-123,1991) 

Abbreviations 

CR3, complement receptor type 3 
Ni-S, nonimmune serum 
Im-S, immune serum 
CoVF, cobra venom factor 
PB, phagocytosis buffer 
i.p., intraperitoneal 
HBSS, Hanks' balanced salt solution 

role with encapsulated pneumococci and Haemophilus influen- 
zae has underscored that complement-mediated phagocytosis is 
important in defending against these pathogens (2-6). These 
studies are consistent with the hypothesis that clearance of com- 
plement-opsonized bacteria from the circulation by mononuclear 
phagocytes composing the reticuloendothelial system is essential 
in defending against bacteremia and in preventing disseminated 
infection. This complement-mediated host defense is likely to be 
particularly important in the nonimmune patient who must clear 
bacteria from the blood in the presence of little or no antibacterial 
antibody. 

Complement opsonization is generally considered to be im- 
portant in defending against group B streptococcal infection. In 
vitro studies measuring neutrophil chemiluminescence or neutro- 
phil-directed bacterial killing suggest that complement enhances 
antibody-mediated phagocytosis (7-1 5). Although the newborn's 
unique susceptibility for disseminated group B streptococcal 
infection has been associated with a relative complement defi- 
ciency (16, 17), the precise role for complement in defending the 
newborn against group B streptococci is not known. Based on 
work with other encapsulated bacteria, however, it is likely that 
complement serves as an important opsonin, mediating phago- 
cyte-bacteria interactions in the presence and in the absence of 
type-specific antibody. 

In the work presented in this report, we examined the role of 
complement in determining the binding and ingestion of type 
111 group B streptococci by resident peritoneal mouse macro- 
phages. We characterized the degree of binding and ingestion in 
fresh serum and examined the specific roles of C3 and CR3 in 
this interaction. Because the newborn is likely to depend on host 
defense mechanisms that occur in the presence of little or no 
type-specific antibody (18, 19), this study was additionally di- 
rected at examining complement's role in phagocytosis that 
occurs in Ni-S and serum containing varied concentrations of 
type-specific antibody. Macrophages were studied because it is 
likely that interaction of encapsulated bacteria with mononuclear 
phagocytes determines clearance of these pathogens from the 
bloodstream (14, 20, 21). 

MATERIALS AND METHODS 

Serum complement proteins play a critical role in host defense 
against a variety of microbes (1). Recent work examining this 
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Organisms. An isolate of group B streptococcus serotype I11 
was provided by Dr. Jose I. Santos (Hospital Infantil de Mexico, 
Mexico, DCpartemento FCdiral). This isolate has been previously 
characterized and studied (22). Streptococcal group of this isolate 
was confirmed before testing using FITC conjugated antibody to 
group B antigen (Difco Laboratories Inc., Detroit, MI). The LD,, 
of this strain after i.p. inoculation in 5-d-old infant rats was 5 x 
lo3 colony forming units. Organisms were stored at -70°C in 
skim milk broth (Difco). Shavings of frozen broth were inocu- 
lated onto trypticase soy agar with 5% sheep blood (BBL Micro- 
biology Systems, Cockeysville, MD) and incubated overnight at 

.18 



C3 MEDIATES GBS-MACROPHAGE INTERACTION 119 

37°C. Colonies were scraped from plates and incubated for 4-5 
h at 37°C in 1 mL of Todd-Hewitt Broth (Difco) containing 0.02 
mCi of tritiated thymidine (sp act 20 Ci/mmol; New England 
Nuclear, Boston, MA). Labeled organisms were washed three 
times in PB [HBSS (Gibco, Grand Island, NY) containing 0.2% 
glucose, 0.02% gelatin]. Label uptake was determined for each 
experiment and ranged between 400 and 2 100 colony forming 
units/cpm. 

Serum. Serum was obtained from CDF-1 mice as previously 
described (6). Ni-S was obtained from adult CDF-1 mice (20-25 
g; Charles River Breeding Laboratories, Wilmington, MA). 
Im-S was obtained from adult mice 2 wk after a second i.p. 
inoculation of group B streptococcus type 111. Serum was ob- 
tained from CoVF (Cordis Laboratories, Miami, FL)-treated, 
nonimmune mice 20 h after a 5-U CoVF i.p. inoculation. Serum 
obtained from these animals had no detectable C3 fixation titer 
(s1:2) and had less than 20 mg/dL of C3 as determined by a 
radial immunodiffusion method (6). Serum was heat-inactivated 
by incubation for 60 rnin at 56°C. This serum had no functional 
complement activity as measured by C3 fixation to rabbit red 
blood cells (6). 

Concentration of serum antibody directed against type I11 
group B streptococcus was determined by a whole organism 
ELISA similar to that previously described (23). Serum was 
diluted in PBS (Gibco) containing 0.5% BSA to yield a final 

- serum concentration of 25 to 0.01%, and was incubated with 
approximately lo9 organisms in 1.5-mL Eppendorf polypropyl- 
ene micro tubes (Sarstedt, Princeton, NJ) at 37°C for 30 min. 
Organisms were washed three times in cold PBS and resuspended 
in 100 pL of a 1:200 dilution of horseradish peroxidase-conju- 
gated goat antibody to mouse IgG and IgM (Jackson laboratories, 
Bar Harbor, ME) and incubated for 30 rnin at 4°C. Organisms 
were then washed three times, resuspended in 1 mL of 0.075% 
3,3'-diaminobenzidine (Sigma Chemical Co., St. Louis, MO) 
containing 0.03% H202. The reaction was allowed to proceed for 
15 min before the OD of the supernatant was measured at 460 
nm. The ELISA titer was defined as the lowest concentration of 
serum that gave 220% of control values (controls were organisms 
incubated with buffer alone). Pooled serum from nonimmune 
animals consistently had titers of <l:4, the highest concentration 
of serum tested. Pooled serum from immune animals had a titer 
of 1:1024. Ascites fluid containing MAb SIIIS8C3 (see below) 
diluted 1:2 in PB had a titer of 1: 1024. 

C3 deposition on bacteria. Deposition of C3c on bacteria was 
assessed by an immunofluorescent assay (6). Organisms (approx- 
imately lo9) were incubated with 50% Ni-S, Im-S, serum from 
CoVF-treated mice, heat-inactivated serum, Ni-S with 5 mM 
EGTA/8 mM Mg++, or Ni-S with 5 mM EDTA for 30 rnin at 
37°C in HBSS. After incubation, organisms were washed three 
times in cold HBSS and then resuspended in 100 pL of a 1: 100 
dilution of FITC-conjugated goat antibody to mouse C3c (Cap- 
pel, Organon Teknika Corp., West Chester, PA). After a 20-min 
incubation at 4"C, organisms were washed in cold HBSS and 
examined by fluorescent microscopy. C3 deposition was evident 
as a ring of fluorescence outlining bacteria. The reagent used 
recognizes a fragment of C3 contained in C3b, C3bi, and C3c 
and therefore does not distinguish among these forms of C3. 

C3 fixation titer was determined as the lowest concentration 
of serum that resulted in C3 deposition on type I11 group B 
streptococcus. To assess the ability of antibody to enhance C3 
deposition, this titer was determined with nonimmune Ni-S both 
without addition of antibody and in the presence of a 1:100 
dilution of ascites fluid containing antibody SIIIS8C3. Approxi- 
mately lo9 organisms were incubated for 30 min at 37°C in 
diluted serum (final concentrations 50 to 1.5%) and antibody in 
a total volume of 100 pL containing HBSS. Organisms were 
washed and immunofluorescently stained as described above. 

Radiobinding assay for determining macrophage interaction 
with group B streptococcus. Resident peritoneal mouse macro- 
phages were harvested from adult CDF-1 mice as described (3). 

Monolayers were adhered to glass coverslips placed in the bottom 
of 24-well Falcon tissue culture plates. The number of cells 
adherent to coverslips ranged from 8 x 104 to 1.3 x 10'. This 
was determined for each day's experiment by counting cells in 
each of five representative fields with an inverted microscope 
and extrapolating to total coverslip surface area. 

Binding and ingestion of organisms to macrophages was de- 
termined by a radiobinding assay similar to that previously 
described by us (3). Between 8 x lo6 to 2 x lo7, radiolabeled 
organisms were added to macrophage monolayers in the absence 
or presence of serum or antibody in PB in a total volume of 0.3 
mL. After incubation, monolayers were washed four times in PB 
to remove unbound bacteria. Coverslips were then removed and 
placed in 3.5 mL of Aquassure (New England Nuclear) and 
counted. The number of organisms associated with macrophages 
was calculated by dividing the number of bacteria associated 
with each coverslip (counts per coverslip x colony forming units 
per count) by the number of macrophages per coverslip. Exper- 
iments were done in duplicate and the results from each day's 
experiment were averaged. Binding directly to coverslips was 
assessed by measuring counts associated with coverslips incu- 
bated with labeled organisms in the absence or presence of serum. 
Background binding was consistently calculated to be less than 
0.4 organisms/macrophage ( 4 0  counts/coverslip). 

Glutaraldehyde-fixed, Giemsa-stained monolayers were di- 
rectly examined using phase contrast microscopy in some exper- 
iments and were done in parallel to radiobinding assays. This 
examination demonstrated that over 98% of bacteria were asso- 
ciated with macrophages (Fig. 1). 

Binding versus ingestion of bacteria. Ingestion of organisms 
was assessed by methods similar to those used to measure inges- 
tion of H. inyuenzae by macrophages (3). After incubation with 
bacteria, washed monolayers were fixed in either 100% methanol 
or 3.3% neutral buffered formalin (Sigma Chemical Co.). Fixed 
monolayers were then serially incubated with a 1:200 dilution of 
an IgM MAb to type I11 capsule (SIIIV18C2 ascites fluid, de- 
scribed below) and a 1:100 dilution of FITC-conjugated goat 
antibody to murine Ig (Tago, Burlingame, CA). Because metha- 
nol fixation permits immunofluorescent staining of both inter- 
nalized and bound bacteria, whereas formalin fixation prevents 
staining of ingested bacteria (3), the number of ingested orga- 
nisms was calculated by subtracting the number of immunoflu- 
orescently stained bacteria seen associated with formalin-fixed 
cells from those stained and associated with methanol-fixed cells. 
Percentage of ingestion was calculated by dividing the number 
of organisms ingested by the total associated and multiplying by 
100. 

Antistreptococcal antibodies. MAb to type I11 group B strep- 
tococcal polysaccharide sialated antigen were provided by Dr. 
David G. Pritchard (University of Alabama at Birmingham) 
(Table I). Ascites fluid containing antibody SIIIS8C3 (mouse 
IgG2a) was used in phagocytosis experiments. This antibody has 
been demonstrated to be protective in a mouse model for group 
B streptococcal infection (24). Ascites fluid containing IgM 
monoclonal SIIIV 18C2 was used to immunofluorescently stain 
bacteria. 

Antibodies to macrophage surface proteins and murine C3. As 
previously described (3), MAb directed against murine macro- 
phage surface proteins were used to inhibit receptor-mediated 
binding of opsonized particles to macrophages (Table I). Anti- 
body M1/70 (25), was incubated with macrophage monolayers 
for 20 min before addition of bacteria. The concentration of 
antibody M 1/70 used has been shown to inhibit specifically C3bi 
opsonized particle binding to monolayers while inhibiting less 
than 10% of IgG or C3b opsonized particle binding (3, 25). 
Purified MAb 2.402 (provided by Dr. Ellen Pure, Rockefeller 
University, New York, NY) was used to block Fc-mediated 
binding to macrophages as previously described in our laboratory 
(3). Incubation of monolayers with 10 pg/well of this reagent 
completely inhibited IgG-coated sheep red cell binding but had 
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A 

either antibody-coated or complement-coated red cell binding 
A "i (3). 

F(abf)2 fragments of goat antibody to mouse C3 (Cappel) were t.v - used to assess the role of bacterial bound C3 in determining the 

t interaction of bacteria with macrophages. This antibody recog- 

" Y  nizes C3b, C3bi, and C3c and specifically inhibited C3-opsonized 
red cell binding but did not affect IgG-opsonized red cell binding 
when used at a concentration of 500 pg/mL (3). 

The effect of macrophage receptor or ligand blockade on the 

1 interaction of bacteria with macrophages was expressed as an 

k', inhibition index: 1 - (number of organisms in presence of 
reagentlnumber of organisms associated without the reagent). In 

#4. this manner pooled data measuring the degree of inhibition was 

. "  normalized before comparison. 
L Statistical analysis. Differences were compared using t test :r ' (between samples) and Wilcoxon's rank sum test (between inhi- 

bition indices, and percentage of ingestion/binding) (26). 
dk  - 

RESULTS 
- I 

B 
Murine C3 Deposition on Group B Streptococcus. Using flu- 

orescent microscopy, C3c deposition was evident on organisms 
after incubation in Ni-S, Ni-S with 5 mM EGTA/8 mM Mg++, 
and Im-S (results not shown). This deposition was not seen on 
organisms incubated in heat-inactivated serum, serum from 

'C CoVF-treated mice, or Ni-S with 5 mM EDTA. These observa- 
'*i tions are consistent with the hypothesis that C3 deposition on 

i type I11 group B streptococci can occur via the alternative com- 

4 plement pathway (1 3). 

t The effect of antibody on C3 deposition was assessed by - measuring C3 fixation titers. Organisms were incubated with 
MAb SIlIS8C3 (IgG2a) diluted 1: 100 and varied concentrations 
of Ni-S. After incubation C3 fixation was assessed by immuno- 
fluorescence and the lowest concentration of serum that resulted 
in fixation was determined. Ni-S alone had a titer of 1:4. This 
serum C3 fixation titer increased to 1:25 in the presence of 
antibody. C3 deposition on organisms was not evident after 
incubation in undiluted ascites fluid alone, indicating that the 

Fig. 1. Association of type 111 group B streptococci with resident 
peritoneal mouse macrophages in the presence of 8% Ni-S (A) and 8% 
Im-S (B). Monolayers were fixed in 2% glutaraldehyde and Giemsa 
stained. Both sera increased association of organisms with monolayers 
above that seen with buffer alone. Im-S increased association nearly 6- 
fold compared to that measured with Ni-S. Examples of associated 
organisms are identified by arrows. 

Table 1. MAb used in this study 
Antibodv Source Isotvve Antigen svecificitv 

Directed against group B streptococcus 

SIIIS8C3 Ascites Murine IgG2a Complete type 111 an- 
tigen (ref 24) 

SIIIV18C2 Ascites Murine IgM Complete type 111 an- 
tigen (ref 24) 

Directed against macrophage surface antigens 

enhanced deposition seen with antibody-containing ascites was 
a result of antibody's effect rather than any residual complement 
activity in this fluid. 

Interaction of Group B Streptococci with Macrophages. Binding 
and ingestion in Ni-S and Im-S. The number of organisms 
associated with macrophages after a 1-h incubation with 8% 
Ni-S was 7 times greater (2.2 k 0.1) than that seen with buffer 
alone (0.3 k 0.0) (Table 2). Furthermore, the association of 
organisms in 8% Im-S was approximately 6 times greater than 
that seen with Ni-S (14.1 k 1.6 versus 2.2 k 0.1) (Table 2) and 
over 40 times greater than that in the absence of serum. Repre- 
sentative fields from these experiments (after a 1-h incubation) 
are shown in Figure 1. The number of organisms associated with 
macrophages in the presence of Ni-S or Im-S increased gradually 
and appeared to plateau after 50 min (Table 2). Subsequent 
experiments were therefore performed with a 1-h incubation. 

Ingestion of bacteria was distinguished from binding alone by 
examining immunofluorescently stained monolayers fixed in 

M1/70 Purified Rat IgG2b a-chain of CR3 
2.402 Purified Rat IgG2 Mouse Fc receptor 2 Table 2. Association of organisms with macrophages incubated 

M 18/2.a.8 Culture su- Rat IgG2a Common P-chain of for 60 min in absence of serum (buffer alone) and in presence of 

pernatant surface antiens, 8% Ni-S or 8% Im-S* 

CR3, p150,95, and Organisms/macrophages f SD 
LFA- 1 

10 rnin 30 rnin 50 rnin 60 min 

no effect on C3-opsonized red cell binding (3). The effect of an Buffer O.' ' O.O1 ND ND 0.3 + 0.0 
MAb directed against an epitope of a macrophage surface protein Ni-S O.l+.O.l 0.8k0.2 1.5k0.8 2.2kO.lt 

that is not involved in binding of either antibody or complement ImS 1.9k0.7t  6 .53~1 .1  10.3+-1.2 14.1'1.6t 
was assessed using MAb M1812.a.8. This IgG2a rat antibody is *Results of three experiments. Mean inoculum size was 167 f 40 
directed against the P-chain of leukocyte antigens p150,95, CR3, organisms per macrophage. ND, not determined. 
and LFA- 1. Monolayers were incubated with this reagent before t Difference significant (p < 0.0 1) compared to buffer alone as deter- 
addition of bacteria as previously described and had no effect on mined by t test. 
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either methanol or formalin (3). Ingestion of organisms after a 
1-h incubation with monolayers in the presence of 8% Ni-S or 
8% Im-S, or in 8% ascites fluid containing IgG2a anti-group B 
streptococcus was assessed. In Ni-S 3 1 5 2 1 % ( n  = 3) of associ- 
ated organisms were ingested, in Im-S 82 + 14% ( n  = 4) of 
organisms were ingested, and in IgG2a 88 f 6% ( n  = 2) of 
organisms were ingested. Ingestion was significantly greater in 
Im-S compared with that seen with Ni-S ( p  < 0.05 by rank sum). 

Role of C3 opsonization. Complement's role in determining 
macrophage-bacterial interaction was assessed using heat-treated 
serum or C3-depleted serum from CoVF-treated mice or by 
specific blockade of bacterial bound C3 with F(abr)2 fragments 
of antibody directed against C3. Heat-inactivated Ni-S or C3- 
depleted Ni-S did not mediate binding of organisms to macro- 
phages above levels seen with buffer alone (0.1 & 0.1 and 0.5 & 
0.3 versus 0.3 k 0.0) (Table 3). Similarly, F(abf)2 fragments of 
antibody directed against C3 reduced the binding seen with fresh 
Ni-S to background levels (0.4 + 0.3). These results indicate that 
the interaction measured in the presence of Ni-S was mediated 
by C3. 

Similar experiments with Im-S showed that heat inactivation 
or F(abf)2 fragments to C3 alone reduced the level of binding of 
group B streptococci to macrophages from 1 1.3 +. 3.4 to 4.2 + 
3.0 and 4.5 k 3.5, respectively (Table 3). However, in contrast 
to results with Ni-S, the number of organisms associated with 
macrophages under these conditions still remained well above 
that seen with buffer alone. Blockade of Fc receptors with MAb 
2.462 reduced binding seen in heat-inactivated Im-S to 0.6 +. 
0.4 organisms/macrophage, levels that were not distinguishable 
from background. These results suggested that C3 enhanced the 
interaction measured in Im-S but that both C3 and Fc receptors 
mediated the interaction seen in this serum. 

Role of macrophage CR3. Because C3 mediated the interaction 
of group B streptococci with macrophages in the presence of Ni- 
S and enhanced the interaction seen with Im-S, the role of a 
well-defined C3 receptor (CR3) in this process was assessed using 
MAb M1/70 (Fig. 2). The concentration of M1/70 used in 
experiments was shown to inhibit less than 10% of IgG-coated 
sheep red cell binding, but inhibited C3bi-coated red cell binding 
by greater than 90%. After addition of M1/70, 95% (inhibition 
index = 0.95 -t 0.03, n = 5) of Ni-S-mediated binding (3.7 _t 

2.8 organisms/macrophage) was inhibited. Although M1/70 is a 
MAb that recognizes an epitope on the a-chain of CR3, previous 
work examining human mononuclear phagocytes has demon- 
strated that M1/70 may, under certain conditions, also inhibit 
IgG-mediated binding via high-aflinity Fc receptors (27). There- 
fore, the effect of M 1/70 on IgG2a-mediated binding of bacteria 
was also measured (Fig. 3). At levels of binding comparable to 
that seen with Ni-S alone (3.9 5 0.5 organisms/macrophage), 
IgG2a-mediated interaction was inhibited by 55% (inhibition 

Table 3. Effect of heat-inactivated serum, serum from CoVF, 
C3-depleted mice, or F(abt)2fragments of antibody to C3 on 

association of type 111 group B streptococci with resident 
ueritoneal macro~hanes after I h incubation* 

Fresh Heat- Fresh serum 
serum inactivated C3-depleted and F(ab1)2 
alone serum serum anti-C3 

Nonimmune 2.8+ 1.3 0.1 f O.lt 0.5 f 0.31 0 . 4 k 0 . 3 t  
n = 9 n = 7 n = 4  n = 4  

Immune 11.3 + 3.4 4.2 f 3.0t ND 4.5 f 3.51 
n =  12 n =  11 n = 6 

* Serum was obtained from nonimmune or immune mice. lnocuium 
size (organisms:macrophage) ranged from 82: 1 to 2 17: 1. ND, not deter- 
mined. 

t Differences significant ( p  < 0.01) compared to fresh serum of the 
same type alone as determined by t test. 

CONTROL 2.462 M1/70 M18.2.a.8 
(0.320.2) (0.9+0.03)*(0.0+0.0) 

NON-IMMUNE SERUM 

Fig. 2. Effect of MAb directed against the Fc receptor (2.462), the 
CR3 (M1/70), and the common 0-chain of macrophage surface proteins 
p150,95, CR3, and LFA-I (M18/2.a.8) on association of type I11 group 
B streptococci with resident peritoneal mouse macrophages in the pres- 
ence of 8% Ni-S. The stippled bar indicates association measured with 
8% fresh serum alone (CONTROL) + SD (n = 10). Black bars represent 
association measured in 8% fresh serum MAb + SD (2.4G2, n = 4; MI /  
70, n = 5; M18.2.a.8, n = 3). Numbers in parentheses are index of 
inhibition [ l  - (number of associated organisms in absence of MAb/ 
number of associated organisms in absence of MAb)] k SD. Asterisk 
indicates statistical significance (p  < 0.05) between inhibition index seen 
with M1/70 compared to that seen with M18/2.a.8 as determined by 
Wilcoxon's rank sum. 

Fig. 3. Effect of MAb MI170 (antibody to the n-chain of CR3) on 
IgG2a-mediated interaction of type I11 group B streptococci with murine 
resident peritoneal macrophages. Points represent the mean inhibition 
index (+SEM) calculated for at least four experiments. Organisms/ 
macrophage were determined by radiobinding assay and points represent 
the mean for each set of experiments. 

index = 0.55 +- 0.24, n = 4). Differences in the degree of 
inhibition at this level of binding mediated by Ni-S or IgG2a 
were significantly different (0.55 f 0.24 versus 0.95 + 0.03, p < 
0.05, by rank sum). Similar experiments using MAb 2.462 at 
concentrations previously shown to inhibit both high-avidity 
(IgG2a-specific) and low-avidity (IgG2b, IgGl) Fc receptors (28, 
29) showed that 77% of the 3.9 + 0.7 organisms associated with 
macrophages in the presence of IgG2a were inhibited by this 
reagent (inhibition index = 0.77 k 0.12, n = 5). However, 
blockade of Fc receptors had little, if any, effect (Fig. 2) on the 
interaction seen in Ni-S. The complete inhibition of the Ni-S- 
mediated interaction by M1/70 and the inability of Fc receptor 
blockade using antibody 2.4G2 to affect this interaction suggest 
that the effect of M1/70 blockade on Ni-S was due to its 
inhibition of a CR3-mediated process rather than the partial 
blockade of Fc receptor function that has been previously de- 
scribed with M1/70 (26). This interpretation is further supported 
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by observations that this interaction depended on the deposition 
of C3 on organisms. 

In Im-S, CR3 blockade reduced the number of organisms 
associated with macrophages by approximately 30% (inhibition 
index = 0.26 +: 0.19, n = 6). This difference was significant ( p  
< 0.05) when compared to the effect of control noninhibitory 
rat IgG antibody M18.2.a.8. Little effect on this interaction was 
seen with MAb 2.462 when used alone (inhibition index = 0.1 
+_ 0.1, n = 5). 

Antibody-directed, complement-mediated interactions. To ex- 
amine the role of C3 in the oresence of varied concentrations of 
antibody, the interaction oi' group B streptococci with macro- 
phages was measured in Ni-S to which different concentrations 
of an MAb directed against type I11 antigen was added (Fig. 4). 
This approach was taken to maintain a constant concentration 
of serum complement while varying the concentration of a 
specific protective antibody (IgG2a SIIIS8C3). 

Increasing concentrations of an IgG2a anti-type 111 MAb alone 
increased the number of associated organisms (Fig. 4). At the 
highest concentration of antibody tested (8% ascites fluid, ELISA 
titer 1:128) an average of 8.5 organisms were associated per 
macrophage (not shown). Concentrations of antibody in excess 
of that present in 1.67% ascites fluid were necessary to detect 
binding greater than that seen with buffer alone (Fig. 4). The 
addition of fresh Ni-S increased the number of organisms asso- 
ciated with monolayers above that seen with either antibody or 
serum alone (Fig. 4). This indicated that, at low concentrations 
of this IgG2a antibody, complement is required to mediate 
antibody-dependent interactions. With concentrations of anti- 
body in 1.67% ascites fluid and serum (4%), 56% (56 + 27, n = 
3) of associated organisms were ingested. 

To assess the specific role of C3 in this process, the e d c t  of 
C3-depleted Ni-S and F(ab')2 blockade of bacterial bound C3 
on this IgG2a-dependent phagocytosis was measured. C3-de- 
pleted serum was incapable of promoting the phagocytosis seen 
with fresh serum (Table 4). Similarly, blockade of bacterially 
bound C3 reduced the number of associated organisms to levels 
indistinguishable from those seen with this concentration of 
antibody alone (0.3 f 0.2 versus 0.8 + 0.5) (Table 4). 

The effects of MAb MI170 and 2.462 on the interaction of 
organisms incubated with subopsonic concentrations of antibody 
(1.67% ascites fluid) and 4% Ni-S was measured to determine 
the role of CR3 and Fc receptors. Antibody M1/70 inhibited 
87% of the interaction (inhibition index = 0.87 + 0.09, n = 5) 
and reduced the number of associated organisms to 0.5 + 0.4, a 
level indistinguishable from background. Antibody 2.462 inhib- 
ited 41 % of the interaction (inhibition index = 0.4 1 f 0.27, n = 

I I I 

0.0 I .O 2 0 3.0 4 0 

Percent ascl  tes f l u i d  (Mo Ab SI I ISBC3 
ant l - type I l l  polysaccharide) 

Fig. 4. Association of type 111 group B streptococci with macrophages 
in the presence of varied concentrations of murine IgG2a MAb 
(SIIIS8C3) alone and a constant concentration (4%) of fresh Ni-S. Points 
represent organisms/macrophage + SD for at least three experiments. p 
values indicate comparison of asscoiation in the presence of MAb alone 
with MAb and 4% serum as determined by t test. 

Table 4. Effect of 4% Ni-S, C3-depleted 4% Ni-S (Co VF-S), or 
F(ab')2 anti-C3fragments with 4% Ni-S on the interaction of 
type 111 group B streptococci with macrophages in presence of 
0.33% ascites fluid containing MA6 (IgG2a) directed against 

type 111 capsule 
No serum 4% Ni-S and 

(Mab F(ab')2 anti- 
alone) Ni-S CoVF-S C3 
(n = 5) (n = 5) (n = 3) (n = 3) 

Organisms/ 0.8 + 0.57 4.2 + 1.6 0.4 + 0.37 0.3 t 0.27 
macrophage* 

* Organisms/macrophage determined by radiobinding assay in the 
presence of IgG2a MAb and specified reagents. 

Differences compared to Ni-S significant (p < 0.01) as determined 
by t test. 

4) and reduced the number of associated organisms from 4.1 f 
0.5 to 2.9 f 0.5 ( n  = 4). 

DISCUSSION 

In the work presented here, we have characterized the comple- 
ment-dependent interaction of group B streptococci with murine 
macrophages and identified the importance of C3 and CR3 in 
binding and ingestion of these bacteria by mouse macrophages. 
We have show specifically that I)  deposition of C3 on the surface 
of these organisms in both Ni-S and Im-S enhances the interac- 
tion of these organisms with resident murine macrophages; 2 )  
this C3-dependent process, when it occurs in Ni-S, leads chiefly 
to binding to resident macrophages and appears mediated by the 
CR3; and 3 )  this C3-dependent interaction can, in the presence 
of subopsonic concentrations of an IgG2a antibody, be required 
for antibody-mediated ingestion of these bacteria. 

The role of C3 in the binding of group B streptococci to 
macrophages in the presence of Ni-S is demonstrated by the 
dependence of this binding on fresh serum, the absence of 
binding in serum obtained from C3-depleted, CoVF-treated an- 
imals, and the inhibition of this interaction with F(abf)2 frag- 
ments of antibody against C3. Furthermore, the dependence of 
this interaction on C3 is suggested by complete inhibition (95%) 
of this interaction with blockade of the CR3, the major macro- 
phage surface receptor for C3bi. The lack of inhibition after 
blockade of Fc receptors strongly suggests that antibody does not 
play a role in directly mediating this interaction. In contrast, in 
immune serum C3-dependent mechanisms act along with Fc- 
mediated interactions to bind and ingest these bacteria. The 
number of organisms associated with these cells is only partially 
reduced when serum is heat-inactivated in the presence of 
F(ab')2 fragments of antibody to C3 or after CR3 blockade. 
Complete inhibition of this interaction is possible only after Fc 
receptors are blocked. Therefore, complement, specifically C3, is 
involved in the interaction of group B streptococci with macro- 
phages not only in the presence of Ni-S, but also in the presence 
of serum from convalescent animals that contain relatively high 
concentrations of antibody. 

Previous studies examining the interaction of C3-coated red 
cells (reviewed in reference 30) and C3-opsonized encapsulated 
bacteria (3) suggest that complement-mediated interactions of 
C3-opsonized particles with nonactivated mononuclear phago- 
cytes result in binding without ingestion (31). Consistent with 
these observations, 69% of the group B streptococci that associate 
with resident macrophages via C3-dependent mechanisms in Ni- 
S are bound but not ingested. Although it may be that the C3- 
directed binding does not lead to ingestion of these bacteria, 
binding may be important in the chain of events leading to 
sequestration of bacteria by macrophages in the reticuloendothe- 
lial system and may serve as an important mechanism of clearing 
these bacteria from the bloodstream in the nonimmune host. In 
the presence of antibody, however, this binding can act to 
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enhance antibody-mediated phagocytosis as suggested by our 
observations using Im-S. With this serum, the number of orga- 
nisms that associate with macrophages is increased 6-fold and, 
in contrast to the interaction seen with Ni-S, the majority (82%) 
of organisms is ingested. These findings are consistent with recent 
work examining bacterial killing by polymorphonuclear leuko- 
cytes (1 5). In this work, MAb against human CR3 expressed on 
polymorphonuclear leukocytes decreased killing and, therefore, 
probably ingestion of type I11 group B streptococci by these 
phagocytes in the presence of normal or hypogammaglobuli- 
nemic serum (15). Although the fate of organisms bound or 
ingested by macrophages may be different from that of organisms 
bound or ingested by polymorphonuclear leukocytes, these ob- 
servations together underscore the importance of the CR3 in 
determining bacteria-phagocyte interactions and suggest that op- 
sonization of group B streptococcus with C3bi, a major ligand 
for the CR3, is important in determining host defense against 
these pathogens. 

To examine how complement might enhance antibody-de- 
pendent interaction of group B streptococci with macrophages, 
the effect of serum on the interaction of organisms in the presence 
of an IgG2a MAb to type I11 capsule was examined. We found 
that concentrations of an IgG2a antibody and fresh Ni-S that are 
insufficient to mediate either binding or ingestion by themselves 
are capable of mediating interactions of organisms with macro- 
phages when used in combination. In contrast to the interaction 
observed with Ni-S alone., the majority of organisms (56%) 
associated with macrophages after incubation in the presence of 
MAb and Ni-S is ingested rather than merely bound. This 
interaction does not occur in the presence of heat-inactivated 
serum, in C3-depleted serum, in the presence of F(ab1)2 frag- 
ments of antibody to C3, or after blockade of CR3. This indicates 
that C3-directed interactions can be required for antibody-de- 
pendent phagocytosis, at least at low levels of antibody. This 
finding supports a concept proposed in recent work with poly- 
morphonuclear leukocytes (1 5 )  that complement and Fc recep- 
tors may act synergistically in determining phagocytosis of group 
B streptococcus in patients with small amounts of type-specific 
serum antibody. 

The study presented here shows that C3 is an important 
opsonin for type 111 group B streptococci. Complement mediates 
binding of type I11 group B streptococcus to the surface of resident 
murine macrophages largely via CR3 in the presence of Ni-S and 
enhances bacteria-macrophage interactions in the presence of 
antibody. These observations, along with those recently made 
suggesting the importance of mononuclear phagocytes in defend- 
ing against group B streptococcal infection (14, 32), indicate that 
examining both opsonization of these bacteria by specific C3 
ligands and macrophage phagocytosis of group B streptococcus 
via specific receptors in a human system may provide important 
insight into how complement influences the newborn's defense 
against these pathogens. 
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