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ABS T R A C T The opsonophagocytic requirements of
human sera containing endogenous complement for
a variety of type Ia, and group B streptococcal strains
were defined. Significant reduction (290%) in colony-
forming units was noted after a 40-min incubation for
the highly encapsulated, mouse-passed prototype strain
090 by sera containing moderate to high concentra-
tions of antibody to type Ia polysaccharide (mean, 16.5
gg/ml), whereas bacterial growth occurred in 25 sera
with low levels of specific antibody (mean, 2.1 ug/ml).
This absolute requirement for a critical amount of spe-
cific antibody in promoting opsonophagocytic killing
of strain 090 was not found when 18 fresh clinical type
la isolates were tested. In antibody-deficient and
agammaglobulinemic sera, respectively, mean reduc-
tions in colony-forming units of 94 and 95% were seen
for fresh clinical isolates, whereas strain 090 was not
killed by polymorphonuclear leukocytes in the pres-
ence of these sera. All strains required a considerable
amount of specific antibody for alternative pathway-
mediated opsonophagocytosis. That opsonophagocytic
killing of clinical type Ia isolates was mediated by the
classical pathway in a nonantibody-dependent fashion
was shown when MgEGTAchelation of agammaglob-
ulinernic serum or use of serum deficient in C2 resulted
in bacterial growth. The addition of C2 to C2-deficient
serum restored bactericidal activity of this serum.
These experiments indicate that substances other than
the exposed surface of the type Ta capsular polysac-

This work was presented in part to the Society for Pedi-
atric Research, San Francisco, Calif., 28 April 1981.

Dr. Baker is the recipient of National Institute of Allergy
and Infectious Diseases Research Career Development Award
1 K04 Al 00323. Dr. Kasper is the recipient of National
Institute of Allergy and Infectious Diseases Research Career
Development Award 1 K04 Al 00126.

Received for publication 7 July 1981 and in revised form
22 September 1981.

charide initiate classical pathway-mediated opsono-
phagocytosis of clinical isolates of type Ia, group B
streptococci by human sera in the absence of immu-
noglobulin. Perhaps, a deficiency in classical comple-
ment pathway function is critical to the susceptibility
of neonates to type Ta, group B streptococcal disease.

INTRODUCTION

Our previous studies (1-3) have indicated that neo-
nates at significant risk for the development of invasive
type III, group B streptococcal infection are those with
a deficiency of maternally acquired antibody with
specificity for the native type III capsular polysaccha-
ride, although other host defense mechanisms may
assist in limiting infection to mucous membranes. The
mechanism by which this transplacentally acquired
anticapsular antibody mediates protective immunity
is incompletely understood. However, recently it has
been demonstrated that human sera containing a crit-
ical amount of this antibody will initiate complement-
mediated opsonophagocytosis of type III organisms via
both the classical and the alternative pathway. In the.
absence of antibody, no opsonophagocytic killing oc-
curs. Of interest, if the terminal sialic acid residue of
the type III capsule is removed by neuraminidase
treatment, nonantibody-dependent activation of the
alternative pathway results, and type III organisms are
ingested by polymorphonuclear leukocytes and killed
(4). How this antibody with specificity for the terminal
sialic acid residues on the repeating unit of the type
III capsular polysaccharide (5) permits activation of
the alternative pathway is unknown. Utilization of this
important mechanism of natural immunity by the host,
however, is dependent upon the presence of sufficient
concentrations of specific antibody.

Another serotype of group B Streptococcus respon-
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sbb- for invasive infection in neonates is type Ta. In
contrast to type III strains, however, almost all of these
infections have their onset in the first few days of life.
The structures of the capsular polysaccharides of these
two serotypes are similar in that terminal sialic acid
residues completely mask underlying galactopyranose
groups, although the specific linkages and locations of
these two monosaccharides and other monosaccharide
constituents are different (5, 6). Somestudies have sug-
gested that a low level of antibody to type Ia polysac-
charides in maternal serum, in a manner analogous to
serotype III, is a risk factor for neonatal type Ta sep-
ticemia (7, 8). However, very few sera from these in-
fants or their mothers have been evaluated, and in-
vestigations regarding the functional capacity of type
Ia-specific antibody have employed the mouse-passed,
highly encapsulated type Ia strain Lancefield 090 (also
designated Center for Disease Control strain SS615)
exclusively (7-9). The present investigation was de-
signed to define the relative role of human antibody
to the native type Ia polysaccharide and complement
in opsonophagocytosis of both the Lancefield proto-
type strain 090 and a variety of fresh type Ia, group
B streptococcal clinical isolates.

METHODS

Bacterial strains. 18 clinical isolates of type Ia, group B
Streptococcus and the prototype strain 090 (kindly supplied
by Dr. Rebecca Lancefield, The Rockefeller University, New
York) were evaluated. 12 strains were isolated from neonates
with invasive type Ia, group B streptococcal infections (sep-
ticemia or meningitis) of varying clinical severity; two strains
were isolated from adults with bacteremia. The remaining
four strains were vaginal, rectal, or pharyngeal isolates from
asymptomatically colonized adults. After primary isolation
by the hospital laboratory, the clinical isolates were inocu-
lated into Todd-Hewitt broth (THB)l (Difco Laboratories,
Detroit, Mich.), incubated at 370C overnight, and stored at
-70°C in 0.5-ml aliquots. Prototype strain 090, originally
isolated from the blood of an infant, was received in the
lyophilized state after 14 passages through mice by Dr.
Lancefield.

For the opsonophagocytic assays, a frozen aliquot was
streaked onto a blood-agar plate and incubated overnight
at 370C. Plate-grown organisms were then inoculated into
THBand grown for -2 h to an ODof 0.3 at 540 nm (Spec-
tronic 20, Bausch & Lomb, Inc., Rochester, N. Y.). Cultures
grown in this manner were in early log-phase growth (-3
X 10" colony forming units [CFU]/ml). 30 ml of broth culture
was centrifuged at 750 g for 15 min at 4°C, the pellet was
resuspended in 16 ml of minimal essential medium (MEM)
with Earle's balanced salt solution (Microbiological Associ-
ates, Walkersville, Md.), and a 1:10 dilution of this bacterial

'Abbreviations used in this paper: CFU, colony-forming
units; GVB++, isotonic, pH 7.5, veronal-NaCl buffer con-
taining 0.1 gelatin made to 0.15 mMCa++ and Mg++; MEM,
minimal essential medium; THB, Todd-Hewitt broth; WBC,
leukocytes.

suspension in MEMachieved a bacteria/leukocytes (WBC)
ratio of -3:1 in the opsonic reaction mixture.

Laboratory passage of strains. To examine the potential
effect of laboratory passage on opsonophagocytic require-
ments of human sera for prototype strain 090 and two rep-
resentative clinical isolates, 508 and 515, several maneuvers
were performed. Stock strains were inoculated onto blood-
agar plates and incubated overnight at 370C. A single colony
was selected and streaked for isolation onto another plate.
Consecutive passage was continued daily for 3-4 wk. In an
attempt to enhance their virulence for mice, strains were
inoculated intraperitoneally into 20- to 25-g female Swiss
outbred ICR mice (Timco Breeding Laboratories, Houston,
Tex.) and passed serially from spleen homogenates for up
to 75 passages according to the method of Lancefield et al.
(10). In addition, strains were passed 25 times daily into THB
containing a 10% concentration of a single human serum
that contained low levels of antibody to the type Ia poly-
saccharide (1.0 ug/ml). Aliquots of these laboratory-adapted
strains were frozen at -70°C in THB until tested.

Mouse lethality tests. Select type Ia strains of group B
Streptococcus were tested for virulence in mice in a way
similar to previously described methods (10). Strains were
grown overnight in THB to a concentration of -5.0 X 108
CFU/ml. For calculation of LD5o, all dilutions of broth cul-
tures were made in saline and injected intraperitoneally in
1-ml volumes. Dead mice were counted and removed from
their cages at 24-h intervals. The LD50 for a given strain was
estimated by the method of Reed and Muench (11).

Electron microscopy. The prototype strain 090 and rep-
resentative clinical isolate 508 were prepared for electron
microscopy after overnight growth in THB to evaluate their
degree of encapsulation by ferritin-conjugated type Ia-spe-
cific antibody. The details of these methods are described
elsewhere (12).

Quantitation of type Ia capsular polysaccharide. To
determine whether a difference in amount of type-specific
capsular polysaccharide might relate to the difference in
opsonophagocytic requirements for the prototype strain 090,
laboratory-adapted strain, and two clinical isolates, the
quantity of capsular Ia antigen released into THB was as-
sessed by capillary precipitin reactions of concentrated broth
filtrates with hyperimmune rabbit antiserum prepared to
type Ia organisms grown at pH 7.2. Plate-grown strains were
inoculated into 200 ml of THB supplemented with glucose
(13), incubated in a shaking water bath at 370C while the
pH was maintained at 7.0-7.5, and grown to an ODof 0.60
at 650 nm as determined by a Coleman Junior Spectropho-
tometer (model 6C, Coleman Systems, Irvine, Calif.). Ali-
quots were removed six times hourly to determine the viable
CFU per milliliter; all strains had -5 X 109 CFU/ml at an
ODof 0.6. When the desired ODwas achieved, aliquots of
broth from each flask were filtered, concentrated in an ul-
trafiltration apparatus with a PM-10 membrane (Amicon
Corp., Lexington, Mass.) to one-fourth the original volume,
and tested for precipitin reaction in capillary tubes with
hyperimmune type Ia rabbit antiserum. Known concentra-
tions of purified type Ia native polysaccharide were tested
simultaneously for a semiquantitative comparison.

Isolation and characterization of the type Ia antigen. The
type Ia capsule from group B streptococcal strains 090, 501,
and 508 was purified and chemically characterized by meth-
ods previously described (6).

Preparation of rabbit antisera. Adult New Zealand
White rabbits were immunized with formalin-killed type Ia,
group B Streptococcus (strain 090) grown either in non-pH-
titrated or pH-titrated THB (6, 13) according to the im-
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munization schedule of McCarty and Lancefield (14). An-
tisera prepared to non-pH-titrated organisms have been
shown to have specificity for both core and native Ia anti-
gens, whereas antisera prepared to organisms grown with
pH control have antibody primarily directed against the
native determinant (6).

Human sera. Aliquots of adult human sera containing
a range of concentrations of antibody to the native type Ia
polysaccharide and of sera from three healthy neonates ob-
tained within 36 h of birth were frozen at -70°C within 1
h of collection. Genetically C2-deficient human serum was
obtained from a woman with inactive systemic lupus ery-
thematosis who had normal levels of CS, B, C3 inactivator,
and fB1H (15). This serum was provided through the courtesy
of Dr. Anne Nicholson-Weller (Beth Israel Hospital, Harvard
Medical School, Boston, Mass.). Agammaglobulinemic serum
was obtained from a child with severe combined immuno-
deficiency (IgG: 10 mg/100 ml; IgM and IgA: undetectable)
and normal complement levels except for Clq, which was
30-40% of normal levels (4). Complement in selected sera
was inactivated by heating to 56°C for 30 min.

Specific antibody concentrations. The method employed
was identical to that described previously for type III, group
B streptococcal antibody (1, 16), except that purified native
type Ia polysaccharide (extracted from strain 515) intrinsi-
cally labeled with 3H-labeled sodium acetate was employed
as the antigen in the radioactive antigen-binding assay. This
antigen is a repeating unit of galactose, glucose, glucosamine,
and a-D-N-acetylneuraminic acid (sialic acid) in a molar
ratio of 2:1:1:1 (6) and has a specific activity of 5,000 cpm/
ug. It has immunologic specificity for type Ia antibody and
does not react with group B-specific antibody from hyper-
immune rabbit antisera. The methods for the antigen iso-
lation and purification as well as for its immunochemical
characterization are detailed elsewhere (6). To relate anti-
gen-binding capacity to antibody concentration, the radio-
active antigen-binding capacity of four human sera with
known content of precipitating antibody was determined
(17). A linear relationship between percentage of antigen
bound and log of antibody concentration was observed.

Buffers. Isotonic, pH 7.5, veronal-NaCl buffer contain-
ing 0.1 gelatin made to 0.15 mMCa++ and 0.5 mMMg++
(GVB++) was prepared as described previously (4).
MgEGTAbuffer was made by supplementing GVBto 4 mM
Mg++ and 16 mMEGTAand adjusting the pH to 7.5.

Complement components. Purified guinea pig C2 and
human C2 were obtained from Cordis Laboratories Inc.,
Miami, Fla.

Opsonophagocytic assay. The opsonophagocytic assay of
Edwards et al. (18) was employed. The opsonic reaction
mixture contained 0.1 ml of WBCsuspension (_1 X 106
WBC), 0.1 ml of bacterial suspension (_5 X 106 CFU), and
0.1 ml of human serum that contained endogenous comple-
ment. When exogenous complement was employed with
heated serum as an antibody source or when human C2 was
added to C2-deficient serum, the reaction mixture volume
increased to 0.4 ml. Control tubes lacking WBC, test serum,
or complement were included in each assay. Opsonic mix-
tures were incubated at 37°C during end-over-end rotation
in a Roto-Rack apparatus (Fisher Scientific Co., Pittsburgh,
Pa.) for 40 min. When the classical pathway was inhibited
by MgEGTA, the procedure was modified to include a preop-
sonization step to avoid toxicity to the WBC. Serum diluted
1:2 in MgEGTAor GVB++ as a control were incubated 5
min at 37°C to allow EGTAto chelate the available calcium.
The procedure was then completed as described previously
(18), and the results were expressed as the bactericidal index:

bactericidal index (%) = - L CFUat 40 min x
CFUat 0 min

The results are given as the mean of a minimum of two
determinations, unless otherwise indicated.

Absorption of sera. Purified native type Ta, group B strep-
tococcal and purified type 3 pneumococcal polysaccharides
were coupled to sheep erythrocytes by the method of Baker
et al. (19). This procedure was the same as detailed for type
III, group B streptococcal polysaccharide (18), except that
3.0 mg of native type Ia antigen was added to 0.5 ml of
packed, washed sheep erythrocytes. Freshly collected sera
were added to each antigen-coated erythrocyte pellet, mixed
frequently for 3 h at 4°C, centrifuged at 750 g for 15 min,
and filtered. The supernatant fluid was aliquoted for storage
at -700C until tested. In addition, selected sera were ab-
sorbed in a similar manner with whole type la cells (both
strain 090 and strain 515) grown overnight in THB and
mixed at a bacteria/serum ratio of 1:5 (by volume). Serum-
cell suspensions were mixed frequently for 3 h at 4°C, cen-
trifuged, decanted, filtered, and frozen at -70°C. Unab-
sorbed serum controls treated in an identical manner were
prepared for both purified type Ta antigen and whole-cell
absorption experiments.

Immunofluorescence procedure. Fluorescein isothiocy-
anate-conjugated specific antibody to human IgG (Meloy
Laboratories, Inc., Springfield, Va.) was added to pelleted
opsonized or unopsonized bacteria. A 1:12 dilution of labeled
conjugate in 0.15 NaCl in a volume of 0.1 ml was added to
the pelleted bacteria. Bacterial cells were resuspended, in-
cubated at 4°C for 30 min, washed thoroughly with phos-
phate-buffered saline, and resuspended in 0.1 ml of a mix-
ture of 0.15 M NaCl and glycerine. This mixture was
examined for fluorescence with an ultraviolet microscope
(American Optical Corp., Southbridge, Mass.), fluorescence
was blindly graded 0 to 4+ by three observers, and mean
values were calculated. Fluorescein isothiocyanate-conju-
gated specific antibody to Clq (Atlantic Antibodies, Scar-
borough, Me.) was reacted at a 1:2 dilution with opsonized
and unopsonized bacteria. For these experiments, 0.1 ml of
agammaglobulinemic serum or purified human Cl contain-
ing 1,000 U were reacted with strains 090 or 515 under con-
ditions identical to those of the opsonophagocytic assays,
except that WBCwere replaced with 0.1 ml of MEM. The
remainder of the procedure for Clq indirect immunofluo-
rescence was identical to that described above for IgG except
that a 1:3 dilution of conjugate was used.

RESULTS

Human sera that contained endogenous complement
and antibody to native type Ta polysaccharide repre-
senting a range in concentration from moderate to
high (7.6-32 ug/ml) to very low (<1.8-3.1 ,ug/ml)
were selected for evaluation of their opsonophagocytic
activity for a variety of type Ia strains. For the Lance-
field prototype strain 090 only sera containing mod-
erate to high levels of specific antibody promoted sig-
nificant opsonophagocytosis (_90% reduction of CFU
at 40 min) (Table I). In contrast, sera from 25 normal
adults with low antibody concentrations uniformly
failed to cause bacteriolysis of this strain. Heat-inac-
tivated sera did not promote opsonophagocytosis, des-
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TABLE I
Bactericidal Activity for Prototype Type Ia Strain of Group B Streptococcus

(090) of 31 Selected Normal Adult Sera

Type la-specific antibody
concentration Bactericidal index

No. of
Mean Range sera tested Mean Range SD

sg/m %

2.1 1.8-3.1 25 0 -

16.5 7.6-30.9 6 92 83-95 4.3

pite high levels of specific antibody, and bacterial
growth was always observed in the absence of com-
plement or WBC.

That the bactericidal activity of adult sera for pro-
totype Ta strain 090 was related to antibody to the
native type Ia capsular antigen was demonstrated by
absorption of two select sera with whole type Ia cells
and purified native type Ia polysaccharide (Table II).
When these two sera that contained moderate (9.0
,ug/ml) or high (27.5 Mg/ml) levels of specific antibody
were absorbed with whole type Ia organisms or pu-
rified native type Ia antigen, the concentration of an-
tibody was markedly reduced, resulting in ablation of
their bactericidal activity. Opsonization was unaf-
fected when these same sera were absorbed with pu-
rified type 3 pneumococcal polysaccharide or with
whole type III, group B streptococcal cells. These ex-
periments indicate a critical role for type Ia-specific
antibody in the opsonophagocytosis of the prototype

Ia strain 090 by human sera in the presence of com-
plement.

To assess possible strain differences in opsonic re-
quirements, we compared Lancefield strain 090 with
18 fresh clinical isolates of type Ia, group B strepto-
cocci. The opsonophagocytosis of these strains by
serum that contained moderate (9.0 ,ug/ml) or low (2.0
Ag/ml) levels of antibody to native type Ia polysac-
charide and by agammaglobulinemic serum is sum-
marized in Fig. 1. Whereas opsonophagocytosis of
strain 090 required specific antibody in a sufficient
concentration, both serum deficient in type-specific
antibody and agammaglobulinemic serum promoted
opsonophagocytosis of all 18 fresh clinical isolates, as
evidenced by mean bactericidal indices of 94 (range,
83-98%) and 95% (range, 77-99%), respectively. When
the bactericidal activity of these three representative
sera for the clinical type Ia strains were compared, no
differences in opsonization were noted between iso-

TABLE II
Reduction in Opsonophagocytosis of Type Ia Strain 090 after Absorption with

Native Type Ia Polysaccharide or Type Ia Cells

Type la GBS Bactericidal
Serum Absorption antibody concentration index

Ag/rnl I

NHS, None 9.0 93
ANHS, None 9.0 0
NHS1 Type Ia polysaccharide 2.2 0
NHS, Type 3 pneumococcal SSS 8.3 91
NHS, Type Ia cells 1.8 0
NHS, Type III cells 8.5 91
NHS2 None 27.5 95
ANHS2 None 27.5 0
NHS2 Type Ia polysaccharide 2.5 0
NHS2 Type 3 pneumococcal SSS 26.0 94
NHS2 Type Ia cells 1.8 0
NHS2 Type III cells 24.5 92

NHS, serum from an adult donor containing the antibody concentration specified carried
through the absorption procedure at 4°C.
ANHS, serum that was heat inactivated at 56°C for 30 min.
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Strain 090 18 Clinical Isolates
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FIGURE 1 Bactericidal index in opsonophagocytosis of pro-
totype Ia, group B streptococcal strain 090 compared with
18 fresh type Ia clinical isolates by sera containing moderate
or low concentrations of type Ia-specific antibody (Ab), and
by agammaglobulinemic serum (Ig def). Mean and range in
bactericidal indices of three experiments for each serum are
indicated.

lates from infants with bacteremia or meningitis and
those from asymptomatic adults (mean bactericidal
indices, 92 and 96%, respectively). As noted for pro-
totype strain 090, bacterial growth of the 18 clinical
type la isolates always occurred in the absence of com-
plement or WBC.

To determine whether these observed differences
in opsonic requirements of adult sera for Lancefield
prototype strain 090 (mouse passed 14 times) and rep-
resentative fresh clinical isolates might be related to
relative degree of encapsulation, we performed elec-
tron microscopy (Fig. 2) with ferritin-conjugated type
Ia-specific antibody. Strain 090 demonstrated a much
larger capsule than did strain 508. Similarly, when
capsular content of these two strains and one additional
fresh isolate, 515, was assessed by semiquantitative
determination of extracellular elaboration of capsule
into growth medium, strain 090 was found to extrude
much more type Ta antigen than clinical isolates (Table
III). The yield of isolatable type Ta capsular antigen
per liter of broth medium for strain 090 was compared
with two clinical isolates, 501 and 508. Strain 090
yielded two times more polysaccharide than did strain
515 and six times more than strain 501. Degree of
encapsulation also correlated directly with virulence

for mice. However, when prototype strain 090 was
repetitively inoculated onto blood-agar medium, this
strain became less encapsulated and was quite com-
parable to clinical isolates with regard to bactericidal
index in antibody-deficient serum and virulence for
mice. Plate passage of clinical isolates did not alter
opsonic requirements or mouse virulence. However,
when 090, which had been plate passed 25 times, was
consecutively mouse passed for 17 d or repetitively
grown in the presence of THB containing a 10% con-
centration of antibody-deficient serum, encapsulation
and mouse virulence increased significantly, and serum
resistance was restored. In contrast, up to 75 mouse
and 25 serum passages failed to influence two fresh
clinical isolates with respect to opsonophagocytic re-
quirements and mouse virulence.

Type Ta capsular polysaccharide from strains 090,
501, and 515 was isolated by methods described else-
where (6). The capsules from all three strains were
identical by chemical and immunologic analyses. Each
contained galactose, glucose, glucosamine, and sialic
acid in molar ratios of 2:1:1:1. All gave lines of identity
by double diffusion in agar gel against type Ta rabbit
antisera. Extractions of these three strains with HCI
yielded immunochemically identical type Ia core poly-
saccharides.

Employing defined sera and experimental condi-
tions that allowed activation of both complement path-
ways or inhibition of the classical pathway (chelation
with MgEGTA), we compared prototype strain 090
with a representative fresh type Ta isolate, 515. Al-
though sufficient concentrations of specific antibody
were required for opsonophagocytosis of 090 when
both complement pathways were intact, only five of
eight sera with moderate to high levels of antibody
were able to recruit the alternative pathway to mediate
bacterial killing when the classical pathway was
blocked. (Table IV). The inability of some chelated
sera to promote opsonophagocytosis of strain 090 even
in the presence of moderate levels of specific antibody
is illustrated by the wide range shown in Fig. 3. Serum
deficient in antibody, agammaglobulinemic serum,
and C2-deficient serum (also deficient in specific an-
tibody) all failed to promote opsonophagocytosis of
strain 090. In contrast, opsonophagocytic killing of
strain 515 was mediated by the classical pathway in
an antibody-independent fashion (Table V). Serum
deficient in specific antibody and agammaglobuli-
nemic serum promoted opsonophagocytosis at means
of 97 and 93% reduction in CFU, respectively, in
GVB++ buffer. Inactivation of the classical pathway
in agammaglobulinemic serum by chelation of sera
with MgEGTAor because of a genetic deficiency in
C2, however, resulted in bacterial growth. Reconsti-
tution of serum deficient in C2 with either human or
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FIGURE 2 Electron micrographs of thin sections of type Ia, group B Streptococcus stained with
ferritin-conjugated type Ia antibodies. (A) Lancefield strain 090 demonstrates a large concen-
tration of ferritin particles external to the outer lamina, indicating a large amount of capsular
material. (B) Strain 508, a fresh isolate from a neonate with meningitis, demonstrates very little
encapsulation for the majority of cells. X15,000.

guinea pig C2 restored the bactericidal activity of this but not low, levels of specific antibody were able to
serum to 91 and 93%, respectively. Unlike what was facilitate opsonophagocytosis of strain 515 via the al-
observed for strain 090, all sera containing moderate, ternative complement pathway.

TABLE III
Effect of Laboratory Passage on Opsonic Requirements of Human Sera for

Representative Type Ia Strains

Bactericidal index
Quantity of in antibody-
extracellular deficient serum

Strain (laboratory passage) Ia antigen (2.0 sg/ml) LDss for mice

Prototype 090 (MP 14 times) 1:8 0 3.9 X 10'
090 (BAP X 25) 1:1 95 2.5 X 104
090 BAP X 25 (MP 25 times) 1:8 0 6.7 X 101
090 BAP X 25 (10% AS 25 times) 1:16 0 1.2 X 102
5081 1:1 92 3.4 X 106
508$ (MP 75 times) 1:1 86 5.6 X 106
508t (10% AS 25 times) 1:1 88 1.4 X 107

MP, mouse passed.
BAP, blood-agar plate.
AS, 10% concentration of low antibody serum in THB.
* Highest dilution of four-times concentrated growth medium that gave 3-4+ capillary
precipitin reactions with hyperimmune rabbit antiserum to native type Ia antigen.
t Identical results were obtained for strain 515 (not shown).
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TABLE IV
Antibody Facilitation of Alternative Pathway-mediated Opsonophagocytosis of Type Ia

(Strain 090) Group B Streptococcus

Type la GBSantibody
concentration Bactericidal index

Serum source Mean Range Buffer Mean Range

ug/ml

12 sera with low antibody levels 2.1 1.8-3.5 GVB++ 11 0-76
12 sera with low antibody levels 2.1 1.8-3.5 MgEGTA 0 -

3 sera with moderate antibody levels 11.7 9-16.5 GVB++ 85 73-91
3 sera with moderate antibody levels 11.7 9-16.5 MgEGTA 12 0-30
5 sera with moderate to high antibody levels 15.6 5.9-32 GVB++ 88 81-94
5 sera with moderate to high antibody levels 15.6 5.9-32 MgEGTA 90 77-99

To further evaluate the classical pathway-mediated
killing of strain 515 by serum containing low concen-
trations (2.0 ,ug/ml) of specific antibody, we per-
formed a kinetic experiment (Fig. 4). Bacterial growth
was observed in tubes containing MgEGTAbuffer
alone, heated and MgEGTA-treated antibody-defi-
cient serum, and no WBC, whereas a >1 logto reduc-
tion in inoculum was observed within 10 min of in-
cubation of bacteria with antibody-deficient serum
with endogenous complement. The rapidity with
which opsonophagocytosis was observed was consistent
with other experiments implicating classical pathway
mediation.

To investigate a possible mechanism for antibody-
independent classical pathway activation by type Ia,
group B streptococci, we performed the following ex-
periments. Strain 515 was opsonized for 40 min at
370C in untreated and heat-inactivated agammaglob-

Strain 090

100

, 60 . d
lSo dr o

I

40

20

0
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Strain 515
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FIGURE 3 Opsonophagocytosis of prototype strain 090 and
clinical isolate 515 by sera containing moderate (9.0 Mg/ml)
or low (2.0 tsg/ml) concentrations of antibody to native type
Ia polysaccharide by agammaglobulinemic serum (Ig def),
by serum genetically deficient in C2 (C2 def), and by C2-
deficient serum with added purified C2 in GVB++ or
MgEGTAbuffers. Mean and range of bactericidal indices
for three experiments are listed for each serum.

ulinemic serum. The experimental conditions were
identical to those of the opsonophagocytic assay, ex-
cept that WBCwere replaced with 0.1 ml of MEM.
Bacteria were washed thoroughly and resuspended in
0.1 ml. of fluorescein-labeled anti-human Clq. Fluo-
rescence (3+) was observed for strain 515 in untreated
serum but not in heated serum or when strain 515 was
incubated in the absence of serum. That IgG was not
mediating fixation of Clq in this serum was indicated
by its absence on the bacterial surface of strain 515
after opsonization. These results indicate that under
conditions of significant bacterial killing by agam-
maglobulinemic serum, fixation of Clq at the bacterial
surface is observed for type Ia clinical isolate 515.

Because it is conceivable, although unlikely, that the
small amount of IgG present in agammaglobulinemic
serum was mediating activation of classical pathway
components, and since it is possible that antibodies to
a surface antigen other than the type Ia capsular poly-
saccharide were mediating activation of Cl and the
subsequent deposition of Clq at the bacterial surface,
an additional experiment was designed. Strains 090
and 515 were opsonized in the presence of purified
human Cl. After washing and resuspending opsonized
and unopsonized bacteria in fluorescein-labeled anti-
human Clq, we noted strong (4+) fluorescence for
strain 515, whereas we found no fluorescence for strain
090 or for either strain unexposed to Cl. These results
confirm other evidence indicating that the classical
pathway is activated by clinical isolates of type Ia,
group B streptococci in the absence of type-specific
antibody and that immunoglobulin is not required for
fixation of Clq at the bacterial surface.

DISCUSSION

The extensive work of Lancefield and co-workers (10,
20-22) has supported the concept that protective im-
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TABLE V
Antibody-independent Classical Pathway-mediated Opsonophagocytosis of Type Ia

(Strain 515) Group B Streptococcus

Type la GBSantibody
concentration Bactericidal index

Serum source Mean Range Buffer Mean Range

3 sera with low antibody levels 1.9 1.8-2.1 GVB++ 950 93_97
3 sera with low antibody levels 1.9 1.8-2.1 MgEGTA 80 0-25
3 sera with moderate to high antibody levels 13.1 9-17 GVB++ 98 97-99
3 sera with moderate to high antibody levels 13.1 9-17 MgEGTA 96 91-99

Paired t test (t = 22.5, P < 0.01).

munity to group B Streptococcus is mediated by an-
tibody with specificity for the homologous capsular
polysaccharide antigen (type-specific immunity). Em-
ploying prototype strains, passed in mice to enhance
virulence, and type-specific rabbit antisera prepared
to these strains, they were able to show passive pro-
tection after lethal challenge with homologous, but not
heterologous, strains representing group B streptococ-
cal serotypes Ia, Ib, Ic, and'II. Although type III strains
were not lethal in this standard animal model, type
III-specific protective immunity has now been estab-
lished in models for lethal infection in mice (23-25),
chick embryos (9, 26), and suckling rats (27).

In 1976, the first reports suggesting that human im-
munity to group B Streptococcus was correlated with
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FIGURE 4 Kinetics of opsonophagocytosis of type Ia strain
515 by low specific antibody-containing serum (NS), heated
serum (A), and MgEGTA-chelated low antibody serum
(MgEGTA). Controls were no polymorphonuclear leukocytes
(WBC), no serum, and no serum in the presence of MgEGTA.

type-specific antibody appeared (8, 16). Because nearly
two-thirds of isolates from young infants with invasive
group B streptococcal infection belong to serotype III
(28, 29), human immunity for this serotype has been
studied more intensively than that for type I and type
II strains. Several investigations have related a defi-
ciency of antibody to the type III polysaccharide in
a maternal serum to risk for invasive infection with
type III strains in the neonate (1, 3, 8, 9, 16). This
presumably "protective" antibody has specificity for
the native III polysaccharide (2, 5), is an IgG immu-
noglobulin (1, 8, 9), and is placentally transferred in
concentrations that, beyond 35-36 wk of gestation,
approach that in maternal serum (1, 9). In addition,
it promotes opsonophagocytosis and killing of type III
strains by polymorphonuclear leukocytes in the pres-
ence of complement (4, 18), is protective in animal
models when sufficient concentrations are adminis-
tered before or concomitant with challenge (9, 25, 26),
and can modify the terminal sialic acid moieties of the
type III capsule in a manner that permits activation
of the alternative pathway (4).

Previous reports have suggested that human im-
munity to type Ia, group B Streptococcus is analogous
to that of serotype III (7-9, 30). In three of these stud-
ies, however, the presence of type Ia antibody in a
serum was measured exclusively by functional'assays
(opsonophagocytosis [7, 30] or opsonization related to
chemiluminescence [8]) that employed the mouse-
passed strain 090 as the only test organism. Our finding
that phagocytosis and killing of this strain is dependent
upon a critical amount of specific antibody (quanti-
tated in a radioimmunoassay) is consistent with these
observations (7-9, 30). However, the notable disparity
between the opsonophagocytic requirements of human
sera for this laboratory-adapted, highly encapsulated
strain and those for type Ia strains freshly isolated from
patients described in the present study suggest that the
precise role of type-specific antibody and complement
in human infection due to type Ia, group B Strepto-
coccus should be reexamined.
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The potential importance of the experiments indi-
cating in vitro killing of type Ta patient isolates by
complement-mediated phagocytosis in human serum
devoid of immunoglobulin prompted attempts to de-
fine the nature of the difference between these type
Ta strains and the laboratory-adapted, prototype strain.
Purified polysaccharides extracted from three repre-
sentative clinical isolates and from strain 090 were
chemically and immunologically identical (6). There-
fore, the immunospecificity of the capsule did not vary
and could not account for differences in the ability of
these strains to activate the classical pathway. When
the degree of encapsulation was assessed by electron
microscopy, however, the prototype strain had an
abundance of capsular material when compared with
a representative clinical isolate (Fig. 2). Similarly, sig-
nificantly greater quantities of type Ia polysaccharide
were elaborated into the growth medium by strain 090
than by three patient isolates (Table III). That the
difference in opsonophagocytic requirements by hu-
man sera for these different strains was directly related
to amount of capsular polysaccharide material was
shown by manipulation of the prototype strain (serial
plate passage) to induce a smaller capsule. This ma-
neuver resulted in a loss of capsule to a degree com-
parable to that of clinical isolates as assessed by elec-
tron microscopy, a decreased virulence for mice, and
a loss of dependence on specific antibody for opson-
ophagocytosis by human serum. Reversion to a highly
encapsulated variant was induced in this plate-passed
090 strain by serial passage in mice or in 10% human
serum. Similar laboratory maneuvers for two fresh
clinical isolates failed to influence opsonic require-
ments by human sera or mouse virulence. Selection of
strain 090 as the prototype for serotype Ta by Lance-
field (personal communication) was based upon its
unusual degree of encapsulation compared with other
strains and its ready adaptation to mouse virulence.
Although selection for these characteristics enhances
investigations requiring extraction of capsular material
in large quantities or those defining protective anti-
bodies in the mouse model, our inability to increase
the capsular size of type Ia, group B streptococcal
isolates suggests that 090 may be somewhat unique
among these organisms. However, additional study of
a large number of fresh clinical isolates would be re-
quired to substantiate this hypothesis.

These experiments suggest that the degree of en-
capsulation of type Ia, group B Streptococcus dictates
the opsonophagocytic requirements by human serum.
Perhaps, the abundance of capsular material on strain
090 masks surface sites that are available for direct
complement activation by the fresh clinical isolates.
However, the activating site is not known and other
explanations for these observations are indeed possible.

Although it is not surprising that laboratory adaptation
of microorganisms can influence degree of encapsu-
lation, which, in turn, directly influences virulence in
mice and opsonic requirements of adapted strains
(pneumococci [31, 32], H. influenzae type b [33], and
S. aureus [34]), it is important to emphasize that type
la isolates associated with human infection resisted
procedures known to enhance encapsulation and vir-
ulence for mice.

Similar to what has been reported for type III, group
B Streptococcus (4, 18) in the presence of considerable
amounts of type Ta-specific antibody (26 sg/ml), both
the prototype strain 090 and representative clinical
isolate 515 could be opsonized and killed in sera che-
lated with MgEGTA. Therefore, clinical isolates of
both of these serotypes of group B streptococci can
activate the alternative complement pathway when
sera contain a sufficient amount of type-specific an-
tibody.

The most surprising observation in this study was
that clinically relevant strains of type Ia, group B
Streptococcus could be opsonized and killed in low
specific antibody-containing or agammaglobulinemic
sera. This finding indicates that opsonophagocytosis is
independent both of type-specific antibody and of an-
tibody directed against other antigenic determinants.
This antibody-independent bactericidal activity of
sera was ablated by MgEGTAtreatment, indicating
that it requires calcium and does not involve alter-
native complement pathway activation. That this an-
tibody-independent opsonophagocytosis was mediated
by activation of the classical pathway was also de-
monstrated when serum genetically deficient in C2
could not promote bacteriolysis of strain 515 until it
was reconstituted with C2.

The mechanism by which type Ta, group B strep-
tococci initiate classical pathway activation in the ab-
sence of antibody is incompletely elucidated. In other
systems, activation mediated by binding of Cl to a
surface has been described. The experiments per-
formed here indicate that immunoglobulin is not re-
quired for Clq fixation at the bacterial surface. If this
Cl binding to the surface of type Ia strains can be
shown to mediate activation of the classical pathway,
as has been described for retroviruses (35), C-reactive
protein (36), complexes of polyanions and polycations
(37), certain gram-negative enteric bacilli (38, 39), and
some strains of gram-positive bacteria (40-42), the
definition of the surface component of the bacterium
responsible for this binding will be important.

This study demonstrates that opsonophagocytosis of
clinical type Ta, group B streptococci by human sera
is mediated by the classical pathway in an immuno-
globulin-independent manner. Whether Cl mediates
this classical pathway activation by the binding of Cl
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to sites on the bacterial surface needs to be defined in
future studies. In a preliminary study, sera from three
healthy term neonates <24 h of age promoted signif-
icant opsonophagocytosis of clinical isolate 515, whereas
strain 090 grew in each of these sera. It is possible,
however, that the range in physiological deficiency of
classical pathway components described for neonatal
sera (43, 44) has critical functional significance that
relates to the pathogenesis of type Ia, group B strep-
tococcal disease in select hosts.
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