
A Quantitative Analysis of the Interactions
of Antipneumococcal Antibody and Complement
in Experimental Pneumococcal Bacteremia

ERIC J. BROWN,STEPHENW. HOSEA, CARL H. HAMMER,CYNTHIA G. BURCH, and
MICHAEL M. FRANK, Laboratory of Clinical Investigation, National Institute
of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, Maryland 20205

A B S T R A C T The mechanism of protection of type-
specific antipneumococcal antibody and complement
in bacteremia was investigated with purified rabbit
antibody and a guinea pig model of pneumococcal
bacteremia. IgG and IgM were isolated from the sera
of rabbits immunized with type 7 pneumococci (Pn),
and their binding to Pn was quantitated. The number
of antibody-binding sites on the pneumococcal capsule
was also determined. Pn were incubated with various
amounts of the immunoglobulin preparations before
intravenous injection into nonimmune guinea pigs.
Whereas 120 molecules of IgM per Pn were sufficient
to enhance bloodstream clearance of Pn, 1,400 mole-
cules of IgG per bacterium were required to produce
this effect. As the amount of either IgG or IgM added
to the Pn was increased, the rate of bloodstream clear-
ance accelerated. In striking contrast, >1,000 mole-
cules of IgM had no effect on the rate of clearance in
C4-deficient guinea pigs, which cannot activate com-
plement via the classic pathway. Similarly, 5,000 mol-
ecules of IgG had only minimal effect in C4-deficient
guinea pigs, and 24,000 molecules of IgG had no effect
in guinea pigs depleted of complement by cobra
venom factor. Thus, the in vivo opsonic effects of both
IgG and IgM anticapsular antibody are mediated via
their ability to activate complement.

IgG anti-pneumococcal cell wall antibody, raised by
intravenous injection of rabbits with unencapsulated
Pn, had no effect on the rate of bloodstream clearance
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of Pn or on the polymorphonuclear leukocyte killing
of type 7 Pn in an in vitro bacterial assay. Because the
opsonic effects of anticapsular antibody required com-
plement activation, the ability of anticell wall IgG to
activate complement was compared with the two
classes of anticapsular antibody. As judged by deple-
tion of C3 and C4 from guinea pig serum, as well as
by the fixation of radiolabeled C3 to Pn, IgM anticap-
sular antibody was the best complement activator.
However, anticell wall IgG was somewhat more active
than anticapsular IgG in each of these tests of com-
plement activation and fixation. When equivalent
amounts of C3 were fixed to Pn by each of the three
antibodies, Pn sensitized with IgG and IgM anticap-
sular antibodies caused immune adherence, whereas
Pn sensitized with anticell wall IgG did not. This may
explain the failure of anticell wall antibody to mediate
complement-dependent phagocytosis of Pn in vivo or
in vitro. Although anticell wall IgG is capable of ac-
tivating complement and fixing CS to Pn, it is not
opsonic; the most likely reason is that the nonopsonic
antibody mediates C3 deposition in sites on the Pn that
cannot interact efficiently with phagocytic cell C3 re-
ceptors.

INTRODUCTION

In 1897 Bezanqon and Griffon (1) recognized serologic
differences among pneumococci (Pn)' which later

1 Abbreviations used in this paper: CFU, colony-forming
unit; CVF-GP, cobra venom factor-treated guinea pig; C4D-
GP, C4-deficient guinea pig; E, erythrocytes; GPE, guinea
pig erythrocytes; GPS, guinea pig serum; GVBD, 0.060 gM
isotonic dextrose veronal-buffered saline containing 1.0 mM
Mgand 0.15 mMCa++; HBSS, Hanks' buffered salt solution;
IEP, immunoelectrophoresis; NIH-GP, National Institutes
of Health (normal) guinea pigs; PBS, phosphate-buffered
saline; PMN, polymorphonuclear leukocytes; Pn, pneumo-
cocci; RES, reticuloendothelial system.
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were correlated with differences in the specific soluble
substance, or polysaccharide capsule, by Avery and
Heidelberger (2). These differences assumed major
clinical significance when it was recognized that in-
fection with one type of Pn did not necessarily confer
protection against infection by other pneumococcal
types and, in the era of serum therapy, that only serum
that contained antibody directed against the type-spe-
cific polysaccharide of the infecting organism was of
therapeutic benefit (3, 4). It was also recognized at that
time that antibodies could be induced by injection of
rabbits with unencapsulated Pn or with pneumococcal
cell wall lysates that reacted with the cell walls of all
types of Pn (5, 6). With few exceptions (6, 7) the ev-
idence from experimental systems using animal models
of pneumococcal disease has been that this antibody
plays at most a small role in resistance to infection by
encapsulated organisms (8). The reasons for these im-
portant differences in efficacy between type-specific
anticapsular antibody, which were easily shown to be
opsonic (9) and these broadly reactive antibodies have
not been carefully explored. For example, most studies
of the biologic effects of antipneumococcal antibody
(10, 11) were done before different antibody classes
were distinguished, before the mechanisms of inter-
action of antibodies with complement were under-
stood, and before the ability of Pn to activate com-
plement without the mediation of antibody, via the
alternative pathway, was discovered. More recent
studies of the requirements for phagocytosis have often
investigated particles other than Pn and have differed
as to whether complement alone or antibody alone is
a sufficient signal for phagocytosis (12, 13).

Wehave developed an in vivo model for the study
of phagocytosis of Pn by the fixed macrophages of the
reticuloendothelial system (RES) (14, 15). Previous
data accumulated with this model, which employs the
intravenous injection of Pn into guinea pigs, suggested
that the protective effect of immunization requires the
mediation of complement. These studies, however,
lacked a precise quantitative analysis of the interaction
among Pn, antibody, and complement. In this paper
we extend our previous work by using purified rabbit
antipneumococcal antibodies to analyze the impor-
tance of antibody class, antibody-complement inter-
actions, and the cellular location of antibody and com-
plement molecules in host defense against pneumo-
coccal bacteremia.

METHODS

Buffers. The following buffers were prepared as previ-
ously described (16): veronal-buffered saline; veronal-buff-
ered saline made 0.1% in gelatin and brought to 0.15 mM
CaCl2 and 1.0 mMMgCl2; veronal-buffered saline with 0.1%
gelatin and 10 mMethylenediaminetetraacetate; 0.060 !LM
isotonic dextrose veronal-buffered saline containing 1.0 mM

Mg++ and 0.15 mMCa++ (GVBD). Phosphate-buffered sa-
line (PBS), pH 7.4; and Hanks' buffered salt solution (HBSS)
were obtained from the Media Unit, National Institutes of
Health, Bethesda, Md.

Bacteria. Rough (R36a, ATCCno. 27336) and type 7 Pn
(ATCC no. 6307) were obtained in lyophilized form (Amer-
ican Type Culture Collection, Rockville, Md.) and reconsti-
tuted in trypticase soy broth containing 5% defibrinated
sheep's blood. They were maintained on trypticase soy agar
plates containing 5% sheep's blood, and type 7 Pn were
passed in white mice monthly to maintain virulence. Staph-
ylococcus aureus, Haemophilus influenzae, and Bacillus
subtilis were obtained from the Clinical Microbiology Ser-
vice, National Institutes of Health. For in vitro studies, or-
ganisms were heat killed by incubation at 56°C for 30 min.
This has been determined to be the lowest temperature
and shortest time that reliably inactivate pneumococcal au-
tolysin (17).

75Se-Pn. Log-phase Pn were radiolabeled in a completely
defined artificial medium (18) that contained [75Se]methionine
(Amersham Ltd; Arlington Heights, Ill.) as the only source
of methionine, as previously described (15). In brief, 2-h
cultures of Pn were grown for 90 min in 40 ml of the medium
containing 40 sCi of [75Se]methionine, washed twice in ice-
cold PBS, pH 7.4, and used within 1 h.

Guinea pigs. Normal (National Institutes of Health; NIH-
GP) or C4-deficient (C4D-GP) (19) 300-400 g female guinea
pigs were obtained from colonies maintained by the National
Institutes of Health. Blood was obtained from guinea pigs
via cardiac puncture and was separated after 1 h at room
temperature. The serum was stored in aliquots at -70°C
until used. This nonimmune serum had no detectable anti-
type 7 antibody as determined by enzyme-linked immu-
noabsorbent assay, performed as previously described (20).

In vivo complement depletion. Cobra venom factor, par-
tially purified venom of Naja naja (Cordis Laboratories Inc.,
Miami, Fla.), was used to deplete alternative- and late-path-
way-complement components by intravenous injection into
guinea pigs as previously described (14). With this regimen,
hemolytic C3 titers in these guinea pigs, as measured by
standard methods, were 0.1-1% of normal at the time of
induction of bacteremia (Cobra venom-treated guinea pigs;
CVF-GP).

Antipneumococcal antibody. Rabbits were immunized
with heat-killed formalinized Pn, either type 7 or R36a, ac-
cording to the schedule of the Massachusetts Antitoxin and
Vaccine Laboratory, Boston, Mass. (21). 4-10 wk after the
beginning of immunization the production of antibody was
assessed by the ability of dilutions of rabbit serum to agglu-
tinate homologous Pn. Sera with the highest titers were se-
lected for further purification. Rabbit sera were not pooled
for purification. 15-25 ml of rabbit serum was mixed with
saturated ammonium sulfate in the cold to give a final con-
centration of 30% (NH4)2SO4. The precipitate was resus-
pended in a minimal volume of PBS, pH 7.4, and applied
to a 1,500-ml bed volume Biogel A 0.5-m column (Bio-Rad
Laboratories, Richmond, Calif.). The resultant peaks were
then collected, concentrated, and sedimented in a 10-30%
sucrose gradient for 16 h at 100,000 g (SW-41 rotor, Beckman
Instruments Inc., Spinco Div., Irvine, Calif.). These highly
purified IgG and IgM fractions were then stored at 4°C until
used. Aliquots of these IgG and IgM pools were radiolabeled
with '25I by the Bolton-Hunter reagent as previously de-
scribed (22). This technique gave a final specific activity of
~-105 cpm/,ug IgG or IgM.

Immunoelectrophoresis. Immunoelectrophoresis (IEP)
was performed with 0.9% agarose in veronal acetate buffer,
pH 8.2, at 30-V potential across the IEP plate. Antisera used
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included goat antirabbit colostrum (kindly provided by Dr.
Rose Mage, Laboratory of Immunology, National Institute
of Allergy and Infectious Diseases, National Institutes of
Health) and commercial antirabbit IgG, antirabbit IgA, an-
tirabbit IgM, and antiwhole rabbit serum (Cappel Labora-
tories, Cochranville, Pa., and Miles-Yeda, Ltd. Elkhart, Ind.).
Ouchterlony double diffusion was also performed to test the
IgG and IgM pools against the monospecific antisera.

Binding of 125I-antibody to Pn. [1ssI]IgG or IgM was di-
luted 1:100 in PBS and incubated with various numbers of
type 7 Pn, rough Pn, B. subtilis, H. influenzae, or Staphy-
lococcus aureus in a total volume of 1 ml for 30 min at room
temperature. Preliminary studies had shown these time and
temperature conditions to be sufficient for reaching equilib-
rium. The suspension of bacteria and IgG was then passed
through a 0.45-Mm Millipore filter (Millipore Corp., Bedford,
Mass.) precoated with bovine serum albumin (Sigma Chem-
ical Co., St. Louis, Mo.) via gentle vacuum suction. The filter
was washed extensively with PBS, pH 7.4, and the filter-
associated radioactivity was determined. Radioactivity bound
to unrelated organisms was considered nonspecific back-
ground radioactivity. In this way, a maximum percentage
of each pool that would bind specifically to type 7 or rough
Pn could be determined. Pneumococcal cell walls contain
the Forssman antigen (23). Therefore, in the case of IgG
antibody prepared against rough Pn (anticell wall IgG),
binding to Forssman antigen-positive and Forssman antigen-
negative erythrocytes (E) was also determined. For deter-
mination of binding of radiolabel to these E, the cells were
pelleted after incubation through a solution of 25% albumin
in PBS at 12,000 g (Eppendorf table-top centrifuge, Brink-
mann Instruments, Inc., Westbury, N. Y.) in 1.5-ml plastic
tubes (Brinkmann Instruments). The supernatants were then
removed, the tubes were cut, and radioactivity associated
with the portions of the tubes containing the cell pellets was
determined (Gamma310 system, Beckman Instruments).

Determination of IgG binding sites. Studies of IgG bind-
ing sites were performed as described for the determination
of antibody binding except that the number of type 7 Pn
was held constant and the amount of [125I]IgG offered was
varied. In this way, the maximum number of IgG molecules
which would bind to a predetermined number of type 7 Pn
could be determined. Controls for these experiments in-
cluded determination of binding to unrelated organisms, as
described above, and to type 7 Pn in the presence of a 20-
fold excess of unlabeled IgG. These binding studies were
performed with 106, 5 X 106, and 10 X 106 colony-forming
units (CFU) of type 7 Pn.

Protein A adsorption. In some studies we depleted the
IgG pool of IgG antibody by adsorption to staphylococcal
protein A. 54.8 mg of protein-A Sepharose (Pharmacia Fine
Chemicals, Piscataway, N. J.) was suspended in 1 ml of PBS.
After swelling, the Sepharose beads were centrifuged, the
supernatant was discarded, and 275 Mg 125I-labeled IgG in
1 ml PBS was added to the Sepharose beads. The mixture
was incubated with frequent shaking for 1 h at 37°C. The
beads were removed by centrifugation and discarded. The
supernatant material was then compared with unadsorbed
material on IEP and in its ability to bind to type 7 Pn, as
described above.

Clearance studies. 108 live type 7 Pn from 2-h broth
cultures were washed twice with PBS and then sensitized by
incubation with various dilutions of unlabeled antibody in
PBS or with PBS alone for 30 min at room temperature.
Thereafter, the sensitized Pn were kept on ice until injection,
always within 30 min. Quantitative cultures of these sus-
pensions were made before and after these incubations to

ensure that there was no toxic effect of the antibody solution
and that the room temperature incubation did not lead to
a nonspecific loss of viability. There was no difference in
colony counts between Pn suspensions before and after in-
cubation or between those incubated with antibody and with
PBS alone. The rate of removal of these sensitized Pn from
the bloodstream of guinea pigs after intravenous injection
was determined by serial bleeding from the retroorbital
plexus at prescribed times after injection, as previously de-
scribed (14, 20). Clearance studies were performed with two
or three animals at each level of antibody sensitization. An
equal number of control animals received unsensitized Pn
in each experiment.

Localization in NIH-GP. Studies of localization of NIH-
GP were performed as previously described (20) by killing
guinea pigs 45 min after the injection of 108-109 75Se-Pn,
preincubated with antibody diluted in PBSor with PBSalone
as a control. Whole-organ radioactivity counts were made
of liver, spleen, and lung. An aliquot (0.2 ml) of whole blood
was also counted (Gamma310 Radiation Counter, Beckman
Instruments), and the radioactivity remaining in blood was
calculated by assuming a blood volume equal to 7% of the
body weight. This figure had been determined from the in-
jection of 51Cr-labeled, unsensitized guinea pig E. Detailed
studies of bloodstream clearance and localization kinetics
have been reported (20, 21). In brief, there is an early ex-
ponential removal of Pn from the blood that continues for
2-4 h. In the first 5 min after injection as many as 25% of
the Pn are localized in the pulmonary circulation, but this
phase of clearance is over by 30 min. Thus, for the local-
ization experiments reported here, 45 min was chosen as a
time at which log-phase clearance was still progressing, di-
lution of radiolabel by division of microorganisms was min-
imal, and the radiolabeled organisms had not been destroyed
and released from the RESby phagocytic cell lysosomal ac-
tivity. Preliminary studies showed that the relative ratio of
hepatic to splenic sequestration is maintained throughout the
exponential phase of clearance.

Bactericidal assay. Type 7 Pn from a 4-h broth culture
were washed two times in HBSSand resuspended to 1 x 108/
ml in HBSS. Polymorphonuclear leukocytes (PMN) were
obtained from peripheral blood by dextran sedimentation
and Hypaque-Ficoll density gradient centrifugation as pre-
viously described (24). 1 ml of a reaction mixture was made
that contained 1 X 107 Pn, 0.1 ml fresh normal human serum
that had low titers of antibody to type 7 polysaccharide de-
termined by enzyme-linked immunoabsorbent assay as pre-
viously described (25), 1 X 107 PMN, and purified rabbit
antibody in amounts calculated to sensitize each Pn with
between 100 and 1,000 antibody molecules/CFU of IgG
antitype 7, IgM antitype 7, or IgG anticell wall antibody.
To control tubes were added Pn, serum, and PMN, but PBS
was substituted for antibody. The tubes were incubated at
37°C for 60 min, and viable bacteria were quantitated at
0, 30, and 60 min by quantitative colony counts of serial
dilutions of the incubation mixture in cold PBS.

Purification of guinea pig C3. Guinea pig C3 was pu-
rified by a modification of the method of Hammer et al.
(26) developed for human complement components. In brief,
plasminogen was removed from the supernatant of a 5%
polyethylene glycol 4,000 (J. T. Baker Chemical Co., Phil-
lipsburg, N. J.) precipitation of 400 ml of freshly drawn
guinea pig EDTA-plasma by passage over a lysine-Sepharose
column. The polyethylene glycol 4,000 concentration was
increased to 20%, and the resulting precipitate was resus-
pended in a 0.032 MNaCl, 0.01 MEDTA, 0.005 Mphosphate
buffer (3.2 mSat 0°C) and applied to a 2.5 X 195-cm DEAE
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Sephacel column (Pharmacia Fine Chemicals). The C3 peak,
as determined by hemolytic titration, was pooled, concen-
trated by a second 20% polyethylene glycol 4,000 precipi-
tation, resuspended in a 0.15 M NaCl, 0.05 M phosphate,
0.01 MEDTAbuffer, and applied to a column of Sepharose
6B-CL (Pharmacia Fine Chemicals). In a final step, trace
contaminants in the C3 pool were removed by passage over
an immunoabsorbent column. The antibody for this im-
munoabsorbent was prepared by immunization of a goat
with the supernatant of an octanoic acid (Eastman Kodak
Co., Rochester, N. Y.) precipitation (27) of guinea pig serum
(GPS). The IgG fraction of this goat antiserum was prepared
by octanoic acid precipitation and coupled to Sepharose 4B
via cyanogen bromide (28). The resultant CS showed a single
band on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (29). When the C3 was reduced with 1% 2-mer-
captoethanol and analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, an a-chain of 108,000 daltons
and a ,B-chain of 64,000 daltons were seen. IEP vs. anti-whole
GPS(Hyland Laboratories, Los Angeles, Calif.) showed only
a single precipitin, and antibody raised against this prepa-
ration in goats showed only a single precipitin on IEP vs.
whole GPS. Aliquots of the CS were radiolabeled with '25I
by the Bolton-Hunter reagent. There was no loss of C3 he-
molytic activity on radiolabeling.

Complement depletion studies. 5 X 107 heat-killed Pn
were preincubated with enough antibody diluted in PBS to
supply 1,000-10,000 molecules of IgM per bacterium and
5,000-50,000 molecules of IgG per bacterium. They were
washed once in PBS and resuspended in 250 ul of pooled
nonimmune GPS diluted 1:100 in veronal-buffered saline
made 0.1% in gelatin and brought to 0.15 mMCaCl2 and
1.0 mMMgCl2. 1% GPSwas chosen because it allowed the
reliable detection of increased C3 depletion by antibody-
sensitized Pn as compared with unsensitized Pn. Presumably
this occurred because antibody-mediated classic pathway
activation is less inhibited by dilution of serum than is direct
activation of the alternative pathway by the Pn. After the
antibody-coated Pn were incubated in dilute GPSfor 1 h at
370C, the bacteria were pelleted, and the supernatant was
assayed for C3 and C4 by a standard hemolytic titration
procedure (30). The CS or C4 depletion in each of these sera
was calculated by comparing the postincubation hemolytic
titers to the CS and C4 titers of sera incubated with type 7
Pn that had been preincubated in PBS rather than antibody.
All depletion studies were performed in duplicate at each
level of antibody sensitization, and each experiment was
performed at least twice.

1251-C3 uptake onto Pn. 5 X 107 type 7 Pn were sensitized
with IgG or IgM antibody as described above, washed, and
resuspended in 250 ul of GPSdiluted 1:100 in veronal-buff-
ered saline made 0.1% in gelatin and brought to 0.15 mM
CaCl2 and 1.0 mMMgCl2 and containing 5 ul (1.7 ug) of
'251-C3. After incubation for 30 min at 370C, previously
determined to be the time of maximum C3 binding, the
serum-incubated Pn were collected on a 0.45-Mm Millipore
filter precoated with albumin via gentle vacuum suction and
washed extensively with PBS. The filter-associated radio-
activity was then determined. C3 uptake at each antibody
input was assessed in duplicate. Controls included incubation
of unsensitized (PBS-incubated) Pn under similar conditions
and incubation of identically sensitized Pn in GPS diluted
in veronal-buffered saline with 0.01% gelatin and 10 mM
EDTA. In all cases, the filter-associated radioactivity of con-
trol tubes was <4% of 1251 input.

To examine the ability of the IgG and IgM antibodies to
support the assembly of a classic-pathway C3 convertase

from purified guinea pig complement components, the fol-
lowing studies were carried out. 5 X 107 type 7 Pn sensitized
as described above were washed, resuspended in 0.5 ml
GVBD, incubated with 1,000 U of Cl (Cordis Laboratories)
for 15 min at 30°C, washed in GVBDat room temperature,
and resuspended in GVBDas described above. These Pn
were then incubated with 100 U of C4 (Cordis Laboratories)
for 30 min at 370C, washed in GVBDat 4°C, and finally
resuspended in GVBD. 100 U C2 (Cordis Laboratories) was
then added to these Pn. The mixture was incubated for 10
min at 30'C, and 3.5 Mg 125I-C3 was then added. The bacteria
were then incubated with the complement components for
1 h at 370C and washed on albumin-coated Millipore filters
as described above. All experiments were performed on at
least two occasions and in duplicate on each occasion. Con-
trols included determination of CS uptake on unsensitized
Pn and antibody-sensitized Pn that had been incubated with
GVBDinstead of Cl or C2. Uptake in control tubes in these
experiments was always <1.5% of C3 input.

Immune adherence. 5 X 107 Pn were sensitized with
5,000 molecules/CFU of IgG anti-type 7, 5,000 molecules
of IgG anti-cell wall, or 1,000 molecules/CFU of IgM anti-
type 7. Pn were then incubated as described above with
purified Cl, C4, C2, and C3. The number of C3b molecules/
CFU was determined from the net uptake of radiolabeled
C3. 1.5 X 107 of such antibody- and complement-sensitized
Pn, suspended in 40 ul GVBD, were incubated in microtiter
plates with 25 Ml of washed fresh human type 0, Rh positive
E suspended to 6.5 X 107 E/ml in GVBD. These suspensions
were incubated at 37°C for 15 min, and agglutination pat-
terns were quantitated as previously described (16).

Statistical methods. Hepatic and splenic localization
data and geometric means of blood colony counts were com-
pared by a two-tailed Student's t test. Data are expressed as
mean±SEM.

RESULTS

Binding of anticapsular IgG and IgM to Pn. A
maximum of 3.5% of the radiolabeled IgG preparation
bound to type 7 Pn. 1% of this antibody preparation
bound to rough Pn, and negligible amounts (<0.1%)
bound to unrelated organisms (Fig. 1). Three antibody
preparations, made from three different immune sera,
all showed maximum binding of 3.0-3.5% to type 7
Pn. When the antibody preparations were first ab-
sorbed with 109 rough Pn, binding to rough Pn was
abolished but binding to type 7 Pn was unchanged.
Thus, virtually all of the 3.5% of the IgG that bound
to the type 7 Pn was directed to unique type 7 antigens.
Previous work has shown that virtually all of this an-
tibody is directed against the capsular polysaccharide
(31). In confirmation, binding in our assay of 125I-IgG
to type 7 Pn was completely ablated by the addition
of purified type 7 polysaccharide to the IgG pool.
Three separate IgM pools contained between 10 and
12% specific anti-type 7 IgM (Fig. 2). There was very
little specific binding of the IgM pool to rough Pn,
always <10% of the binding to encapsulated type 7
Pn. When the IgM pool was absorbed with 109 rough
Pn, binding to rough Pn was abolished but binding to
type 7 Pn was left unchanged, just as with the purified

88 E. J. Brown, S. W. Hosea, C. H. Hammer, C. G. Burch, and M. M. Frank



IgG. From this information the exact number of an-
ticapsular antibody molecules present in any volume
of the IgG or IgM pool could be calculated by knowing
the quantity of total protein present, as determined
by the absorbance at 280 nm.

Calculation of the contribution of IgA to specific
binding. The IgM pool as purified contained no de-
tectable IgG or IgA as judged by IEP against anti-
rabbit colostrum, antiwhole rabbit serum, antirabbit
IgG, or antirabbit IgA or double diffusion against the
monospecific anti-IgG and anti-IgA. On IEP and dou-
ble diffusion the IgG preparation showed no contam-
ination with IgM, but both antirabbit colostrum and
anti-whole rabbit serum showed that IgA was present.
Unfortunately, because neither commercial monospe-
cific antirabbit IgA antiserum tested reacted with the
preparation on IEP or by double diffusion, direct
quantitation of the extent of IgA contamination was
not possible. However, the specific antitype 7 IgA was
quantitated by comparing the binding of '251-labeled
antibody before and after removal of IgG by protein
A adsorption. After protein A adsorption, the IgG pre-
cipitin on IEP was completely abolished, but the IgA
line remained present and its intensity was qualita-
tively unchanged. At the same time, the binding to
type 7 Pn was almost entirely abolished. Direct com-
parison of the maximum binding of radiolabel before
and after protein A adsorption showed a reduction of
specific binding by 97.3% after protein A adsorption.
Thus, <5% of the specific antipneumococcal antibody
in the IgG pool was IgA.

Calculation of IgG binding sites on the pneumo-
coccal capsule. Inasmuch as the total number of an-
ticapsular antibody molecules per microgram of the
total IgG preparation was now known, calculation of
the available antibody-binding sites was possible. In-
creasing amounts of radiolabeled antibody were added
to 106, 5 X 106, or 107 Pn, and the uptake of radiolabel
was determined in the presence and absence of a 20-
fold excess of unlabeled antibody. Binding to unrelated
organisms was also used as a control for nonspecific
uptake of radiolabel. Scatchard plots of this data led
to a calculation of 150,000 binding sites/CFU (Fig.
3A). By the use of Scatchard analysis, the total number
of IgG binding sites present in the whole pneumococ-
cal pool was determined at each of the three concen-
trations of organisms. When these numbers were plot-
ted vs. the total number of organisms present, the slope
of the line also indicated 150,000 IgG binding sites/
CFU (Fig. 3B). Thus, the theoretical maximum num-
ber of IgG anticapsular antibody molecules that would
bind to a Pn, as determined by two techniques, was
150,000.

IgG anticell wall binding to Pn. Radiolabeled an-
ticell wall IgG bound specifically to both rough Pn and
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FIGURE 1 The binding of anticapsular IgG to bacteria. The
binding of '251-labeled rabbit antitype 7 IgG to increasing
numbers of type 7 Pn (0), unencapsulated Pn (0), and un-
related organisms (A) (H. influenzae type b, B. subtilis, and
Staphylococcus aureus) is shown. Input of radiolabeled IgG
in all cases was 100,000 cpm.

type 7 Pn (Fig. 4). The maximum amount of the ra-
diolabel that bound to rough Pn was greater than that
bound to type 7 Pn (9.7 vs. 7.3%), implying that there
were antigens present on these rough Pn (derived from
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FIGURE 2 The binding of anticapsular IgM to bacteria. The
binding of '251-labeled rabbit antitype 7 IgM to increasing
numbers of type 7 Pn (0), unencapsulated Pn (0), and un-
related organisms (A) are compared. Input of radiolabeled
IgM in all cases was 30,000 cpm.
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FIGURE 3 IgG-binding sites on type 7 Pn. In A, a Scatchard plot of IgG binding to 106 type
7 Pn is shown. The x intercept of this line corresponds to 150,000 IgG molecules bound/CFU.
In B, the total number of IgG binding sites present, as determined by Scatchard analysis, is
plotted vs. number of organisms. The slope of this line is 150,000 molecules/CFU.

a type 2 strain) that were either not present or not
exposed on type 7 Pn. Less than 0.1% of the radiolabel
bound to unrelated bacteria. Binding of the IgG to
Forssman antigen-positive (sheep and guinea pig) and
Forssman antigen-negative (human and rabbit) E was

also determined. There was no difference in binding
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FIGURE 4 The binding of anticell wall IgG to Pn. The bind-
ing of '25I-labeled IgG anticell wall to increasing numbers
of organisms is compared for type 7 (-) and rough (A) Pn.
40,000 cpm '"5I-IgG was added to each reaction mixture,
and the incubation was carried out at room temperature for
30 min.

of radiolabel to Forssman-positive and Forssman-neg-
ative E (all <0.1% of radiolabeled IgG added), imply-
ing that the anticell wall antibody was not directed
against the pneumococcal Forssman antigen.

Clearance of IgG-sensitized Pn in complement-
sufficient guinea pigs. The ability of the anticapsular
IgG to opsonize type 7 Pn for clearance from the blood-
stream of NIH-GP was assessed by incubating known
amounts of IgG with 108 log-phase Pn and then in-
jecting these opsonized Pn intravenously into guinea
pigs. The number of molecules used was in all cases

far less than the agglutinating dose of this IgG for type
7 Pn. Control animals received Pn preincubated in
PBS. Fig. 5 shows the results of these experiments.
Whereas 500 molecules of IgG had no effect on the
rate of pneumococcal clearance, 1,400 molecules of
IgG significantly increased the rate of clearance of
these Pn from the bloodstream (P < 0.01 at each time
point) (Fig. 5). 3,500 IgG/CFU accelerated clearance
even further (P < 0.01 compared with 1,400 molecules
of IgG); 10,000 molecules of IgG/CFU caused slightly
but not significantly faster clearance of Pn than 3,500
molecules/CFU (data not shown).

Localization of Pn during pneumococcal bacter-
emia. We(15, 20) have shown that 60-70% of radio-
labeled Pn can be recovered in the splanchnic RESof
guinea pigs at 45 min after the induction of bacteremia
and that hepatic sequestration predominates over

splenic sequestration by 3-5:1 in nonimmune guinea
pigs. In the present study, hepatic and splenic local-
ization of radiolabeled Pn were compared in guinea
pigs injected with Pn preincubated with no antibody;
with 500 molecules IgG/CFU, a dose below the thresh-
old of increased clearance; and with 3,000 molecules
IgG/CFU, a dose that leads to rapid bloodstream clear-
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FIGURE 5 The clearance of IgG-sensitized type 7 Pn in NIH-
GP. The clearance of type 7 Pn sensitized with 0 (@), 500
(U), 1,400 (0), and 3,500 (-) molecules of IgC/CFU is com-
pared by plotting CFU per milliliter of blood vs. the time
since intravenous injection of the Pn.

ance (Table I). There was no difference between the
sequestration patterns of unsensitized Pn and Pn sen-
sitized with 500 molecules IgG/CFU. However, there
was a significant increase in the hepatic sequestration
of Pn incubated with enough antibody to give 3,000
IgC/CFU (P < 0.01). Splenic sequestration in these
animals was less than that in animals injected with
unsensitized Pn, but the difference did not reach sta-
tistical significance.

Clearance of IgG-sensitized Pn in C4D-GP and
CVF-GP. The clearance of Pn sensitized with anti-
capsular IgG was compared with unsensitized Pn in
C4D-GP, in which complement can be activated only
via the alternative pathway. In these animals, 5,000
molecules of IgG/CFU, which causes nearly maximal
clearance rates in NIH-GP, caused a slight, statistically
significant increase in the rate of clearance (Fig. 6A).
However, the rate of clearance of these Pn sensitized
with 5,000 IgG/CFU in C4D-GP was not as fast as the
rate of clearance of even unsensitized Pn in NIH-GP.
In CVF-GP, which are depleted of alternative path-
way components and C3-C9, Pn sensitized with 24,000
IgG molecules/CFU were cleared with kinetics no
different from the clearance of unsensitized Pn in
CVF-GP and markedly slower than the clearance of
unsensitized Pn in NIH-GP (Fig. 6B).

Clearance of IgM-sensitized Pn. The kinetics of
clearance of Pn preincubated with PBS or various
amounts of IgM is shown in Fig. 7A. In complement-
sufficient NIH-GP as few as 120 molecules of IgM/
CFU caused a statistically significant increase in the
rate of pneumococcal clearance. There was a dose-de-
pendent increase in clearance rates as with IgG. 500
molecules/CFU caused nearly maximal clearance rates,
since the rate of clearance of Pn sensitized with 5,000
molecules of IgM/CFU was not different from that of
Pn sensitized with 500 molecules of IgM/CFU (data
not shown). The ability of IgM to enhance pneumo-
coccal clearance was entirely dependent on activation
of the classic pathway of complement, as shown by
clearance kinetics in C4D-GP. In these guinea pigs
>1,000 molecules of IgM/CFU had no effect on clear-

TABLE I
Hepatic and Splenic Localization of Radiolabeled Pn Preincubated with Antibody

Hepatic' Splenic- Total RES'
Antibody sequestration sequestration Liver/spleen sequestration

None 49±2.0 16±2.0 3.06 65
(n = 4)

500 IgG/CFU 51±3.0 15±1.5 3.40 66
(n = 5)

3,000 IgG/CFU 58±1.51 10±1.0 5.80 68
(n = 4)

300 IgM/CFU 60±1.0§ 9±0.5 6.67 69
(n = 2)

Expressed as percent injected counts per minute recovered in liver, spleen, or both
45 min after the injection of Pn radiolabeled with [75Se]methionine that had been prein-
cubated either with a predetermined amount of anticapsular antibody or with PBS.
I P < 0.01 compared with unsensitized Pn.
§ P < 0.05 compared with unsensitized Pn.
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FIGURE 6 The clearance of IgG-sensitized Pn in C4D-GP and CVF-GP. A compares the clear-
ance of type 7 Pn sensitized with 0 (-) and 5,000 (U) molecules of IgG/CFU by plotting CFU
per milliliter of blood remaining at various times after intravenous injection. The clearance
of unsensitized Pn in NIH-GP (-) is included for comparison. B compares the clearance of Pn
sensitized with 0 (A) and 24,000 (U) molecules of IgG/CFU in CVF-GP. Again, the clearance
of unsensitized Pn in NIH-GP (-) is included for comparison.

ance rates (Fig. 7B). Localization studies performed
with 300 molecules of IgM/CFU showed that IgM, like
IgG, mediated increased hepatic sequestration of Pn
(Table I).

Clearance studies with anticell wall antibody. An-
ticell wall IgG was incubated with type 7 Pn to provide
1,600, 3,200, 15,000, 30,000, and 44,000 molecules of
IgG/CFU. No dose of anticell wall antibody caused
a change in the rate of pneumococcal clearance from
the bloodstream, compared with Pn incubated with
PBS alone (Fig. 8).

In vitro phagocytosis. The abilities of IgG anti-cell
wall antibody and IgG and IgM anticapsular antibodies
to enhance phagocytosis of pneumococci by human
PMNwere compared in an in vitro bactericidal assay.
IgG and IgM anticapsular antibodies both were able
to enhance complement-dependent pneumococcal
killing by PMNin a dose-dependent fashion. However,
anti-cell wall IgG had no effect on phagocytosis of
pneumococci at any dose (Fig. 9). Because IgG and
IgM anticapsular antibodies were able to enhance both
bloodstream clearance of Pn in the guinea pig model
and phagocytosis in vitro, they were considered op-
sonic antibodies. Because anticell wall IgG was active
in neither of these assays, it was considered nonop-
sonic.

Antibody-mediated depletion of complement from
serum. We next tested whether the difference be-

tween the opsonic anticapsular antibodies and the non-
opsonic anticell wall antibody lay in their ability to
activate complement. For these experiments, Pn sen-
sitized with various amounts of antibody were incu-
bated with diluted GPS. The depletion of C4, a com-
ponent of the classic pathway, was first examined. In
nonimmune serum there was no detectable anticap-
sular antibody and no activation of the classic pathway
was detectable without antibody sensitization. He-
molytic C4 titers of serum after incubation with un-
sensitized Pn were uio different from the titers of serum
to which Pn had not been added. Sensitizing the Pn
with increasing amounts of antibody led to increasing
C4 depletion (Fig. 10). Anticapsular IgM depleted C4
to the greatest extent. Surprisingly, IgG anticell wall
antibody depleted C4 at least as well as anticapsular
IgG in these experiments.

Next, the effect of the different antibody prepara-
tions on C3 depletion was examined. C3 can be acti-
vated via either the classic or the alternative pathway.
Thus, a small amount of C3 depletion (10%) was ob-
served after incubation of unsensitized Pn in 1% non-
immune serum. This is consistent with direct activa-
tion of the alternative pathway by the unsensitized Pn.
Sensitization of Pn with antibody led to dose-depen-
dent increases in C3 depletion (Fig. 11). Again, IgM
was most efficient at C3 activation. Anticell wall IgG
depleted C3 to a greater extent than anticapsular IgG
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FIGURE 7 The clearance of IgM-sensitized Pn. The clearance in NIH-GP of type 7 Pn sensitized
with 0 (-), 120 (A), 240 (0), and 500 (M) molecules of IgM/CFU is compared in A. In B the
clearance in C4D-GP of type 7 Pn sensitized with 0 (0) and 1,025 (A) molecules of IgM/CFU
is compared. In each case the number of CFUpresent in 1 ml of blood is plotted vs. time since
intravenous injection.

at equal inputs of antibody. Thus, the difference in
opsonic activity between antibody to cell wall com-

ponents and antibody to polysaccharide capsule was

not a function of different abilities to activate com-

plement.
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Antibody-mediated C3 fixation to Pn. Next, we
examined whether complement activation by the dif-
ferent antibody preparations led to equivalent amounts
of complement deposition on the Pn. Because com-

plement-mediated opsonization occurs primarily be-
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FIGURE 8 The clearance of anticell wall IgG-sensitized type
7 Pn in normal nonimmune guinea pigs. The bloodstream
clearances of type 7 Pn sensitized with 0 (0), 15,000 (A),
and 44,000 (-) IgG/CFU are compared by plotting CFU/
ml of blood vs. time since intravenous injection of the Pn.
Pn sensitized with 1,600, 3,200, and 30,000 IgG/CFU also
showed no difference in clearance rate from PBS-incubated
Pn (data not shown).
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FIGURE 9 The effects of anticapsular and anticell wall an-
tibody on in vitro phagocytosis of Pn. The abilities of anti-
capsular IgG (0), anticapsular IgM (A), and anticell wall
IgG (-) to enhance serum-dependent pneumococcal killing
are compared. There is a dose-dependent increase in killing
mediated by anticapsular IgG and IgM. IgG anticell wall has
no effect on phagocytosis of Pn by PMN.
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FIGURE 10 Serum C4 depletion by antibody-sensitized Pn.
The effects of presensitization of Pn with various amounts
of anticapsular IgM (A), anticapsular IgG (0), and anticell
wall IgG (U) on the ability of these Pn to deplete C4 from
guinea pig serum are compared. For all three antibodies, C4
depletion increases with increasing levels of pneumococcal
sensitization.

cause of the fixation of C3b to the bacterial surface
(32), we examined the ability of IgM and IgG anti-
capsular antibody and of IgG anticell wall antibody
to mediate the deposition of 1251-labeled C3b onto Pn.
In the first set of experiments, 1% serum was used as
the source of the C3 convertase, as it had been in the
complement depletion studies. Radiolabeled CS de-
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FIGURE 11 Serum C3 depletion by antibody-sensitized Pn.
The effects of presensitization of Pn with increasing amounts
of anticapsular IgM (A), anticapsular IgG (0), and anticell
wall IgG (U) on the ability of these Pn to deplete C3 from
GPSare compared. With all three antibodies, C3 depletion
increases with increasing levels of pneumococcal sensitiza-
tion.

position on the Pn increased as the amount of antibody
used to sensitize the Pn was increased for all three
antibody preparations. As it had been in the depletion
studies, anticapsular IgM was most efficient at the pro-
cess of C3 deposition. Again, as in the depletion stud-
ies, anticell wall IgG was at least as efficient as anti-
capsular IgG in mediating C3 deposition on Pn (Fig.
12). To examine the ability of the isolated components
of the classic pathway to cause CS fixation, 1251-C3b
uptake was examined when sensitized Pn were incu-
bated sequentially with purified Cl, C4, C2, and 1251_
C3. For all three types of antibody there was an an-
tibody dose-dependent uptake of C3 onto the sensi-
tized Pn, as had been the case in dilute GPS(data not
shown).

Immune adherence. The interaction of C3b on
antibody-sensitized Pn with the C3b receptor on hu-
man E was examined via the ability of sensitized Pn
to cause immune adherence (33). Pn were sensitized
with 5,000 molecules of IgG anticell wall antibody,
5,000 molecules of IgG anticapsular antibody, or 1,000
molecules of IgM anticapsular antibody per bacterium.
To exclude any contribution of nonantibody-me-
diated, alternative pathway-activated C3, C3 deposi-
tion was achieved by assembly of a classic pathway CS
convertase with purified Cl, C4, C2, and C3. This led
to the deposition of 1,200 molecules of C3/CFU on
the Pn sensitized with IgM, 1,100 molecules/CFU on
those sensitized with anticell wall IgG, and 600 mol-
ecules/CFU on Pn sensitized with IgG anticapsular
antibody. When Pn were tested for immune adher-
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FIGURE 12 Serum-mediated fixation of C3 to antibody-sen-
sitized Pn. The amount of 125I-C3 bound after serum incu-
bation to 2.5 X 107 Pn presensitized with increasing amounts
of antibody is compared for anticapsular IgM (A), anticap-
sular IgG (0), and anticell wall IgG (x). For all three anti-
bodies, the amount of C3 bound by the Pn increases with
increasing levels of antibody sensitization.
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ence, the IgM and IgG anticapsular antibody-sensi-
tized cells gave a 4+ reaction, whereas the bacteria
sensitized with IgG anticell wall were immune adher-
ence negative (Table II).

DISCUSSION

In this study we examined and compared the effects
of purified anticapsular IgG and IgM with anticell wall
IgG on the clearance of Pn from the bloodstream of
nonimmune guinea pigs. Immunization is known to
protect both experimental animals and humans from
pneumococcal infection because of the development
of type-specific antibody (11, 34), but the way in which
antibody protects against in vivo challenge has been
largely uninvestigated. The studies reported here sug-
gest that opsonization of Pn with type-specific anti-
body, either IgG or IgM, requires the mediation of
complement for in vivo efficacy. The evidence for this
was provided by studies of the rates of clearance of
intravenously injected, antibody-sensitized Pn in NIH-
GP, which have normal complement pathways; in
C4D-GP, which can activate complement only via the
alternative pathway; and in CVF-GP, which are mark-
edly deficient in C3, the primary opsonin of the com-
plement system (35). Even large amounts of IgM an-
ticapsular antibody had no effect on clearance of Pn
if activation of the classical pathway was blocked, as
in C4D-GP. Although anticapsular IgG had some ef-
fect on the rate of pneumococcal clearance in C4D-
GP, its opsonic capability was markedly diminished
compared with its effect in NIH-GP. Even this small
effect of IgG in C4D-GP required complement acti-
vation via the alternative pathway, since all effect of
IgG was abolished in CVF-GP. Thus, antibody-me-
diated classical pathway activation is essential for the
expression of any opsonic effect of type-specific IgM
and for the maximum effect of anticapsular IgG. The
small but significant effect of IgG antibody in C4D-
GP provides some evidence that IgG but not IgM ac-
tivates the alternative pathway. In its ability to en-
hance alternative pathway activation, anticapsular
IgG is similar to a number of previously reported IgG
antibodies (36, 37). When we examined the number
of IgG or IgM molecules required to increase the clear-
ance rate of Pn in NIH-GP, we found that 1,400 IgG
molecules/CFU and 120 IgM molecules/CFU were
sufficient. Since in these studies each Pn is capable of
binding -150,000 IgG, <1% of the antibody-binding
sites on the pneumococcal capsule needed to be oc-
cupied to achieve an opsonic effect. Levels of antibody
sensitization that led to a more rapid bloodstream
clearance also caused increased hepatic sequestration
of Pn. These effects of IgG and IgM added in vitro are

TABLE II
Immune Adherence of Pn Sensitized with Opsonic and

Nonopsonic Antibody

Immune
Antibody C3/CFU adherence

IgM: type 7 1,200 4+
IgG: type 7 600 4+
IgG: cell wall 1,100

Pn were sensitized with 1,000 molecules/CFU of IgM anticapsular
antibody or 5,000 molecules/CFU of anticell wall IgG or anticap-
sular IgG, leading to the deposition of approximately equal num-
bers of C3 molecules/CFU. These antibody- and complement-sen-
sitized Pn were then tested for their ability to bind to the human
E C3b receptor by the immune adherence reaction.

similar to the changes in clearance and localization
that occur after immunization of guinea pigs (14, 15,
20, 21). As is the case with these purified antibodies,
the increased rates of clearance and increased hepatic
localization that accompany immunization depend
upon activation of complement. Thus, the beneficial
effects of immunization on pneumococcal clearance
could be reproduced with small amounts of type-spe-
cific antibody.

Several important conclusions about the role of an-
ticapsular antibody can be made by a comparison of
the bloodstream clearance of Pn with the clearance of
guinea pig erythrocytes (GPE), which do not activate
complement in the absence of antibody (38, 39). Op-
timal bloodstream clearance in both cases is comple-
ment dependent. IgM anticapsular polysaccharide and
IgM antierythrocyte antibody opsonize their respec-
tive antigens via activation of the classic pathway.
However, the ultimate fates of IgM-sensitized Pn and
erythrocytes are very different. IgM-coated GPEare
removed from the circulation only transiently, to re-
turn and circulate with a normal half-life. In contrast,
IgM anticapsular antibody causes the rapid and defin-
itive removal of Pn from the blood.

The effects of IgG antibody on the clearance of Pn
and GPEdiffer in several ways. First, antierythrocyte
IgG antibody does not interact with the alternative
pathway of complement activation, but anticapsular
IgG probably does. Second, Pn sensitized with anti-
capsular IgG do not interact significantly with the
splenic IgG receptor, since their clearance is not en-
hanced in the absence of complement; this is unlike
the clearance of IgG-coated E, which are sequestered
by the spleen at a slow rate in CVF-GP. Finally, an-
ticapsular IgG mediates hepatic clearance of Pn,
whereas IgG-sensitized GPE are sequestered by the
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spleen, except at very high levels of antibody sensiti-
zation.

Wehave also characterized a rabbit IgG antipneu-
mococcal antibody that reacts with pneumococcal cell
walls, and we have shown that it does not enhance
either the bloodstream clearance of Pn in vivo or the
killing of Pn by PMNin vitro. In this respect it is
clearly different from both the IgG and the IgM an-
tipneumococcal antibodies with specificity for the
polysaccharide capsule. Because it does not affect the
ability of either PMNor the fixed macrophages of the
reticuloendothelial system to ingest Pn, we have called
this anticell wall antibody nonopsonic.

In agreement with our findings, there are many
studies in animals and humans that demonstrate that
anticell wall antibodies are not opsonic (summarized
in reference 3). Some investigators, however, have
found antipneumococcal cell wall antibodies that con-
fer protection in mice (40-42). This discrepancy may
have been resolved by Briles et al. (43), who showed
that monoclonal antiphosphorylcholine antibodies
could protect mice against lethal infection by an en-
capsulated pneumococcus. Thus, the differences in
opsonic effect between protective and nonprotective
anticell wall antisera may relate to differences in the
amounts of antiphosphorylcholine antibody they con-
tain. Because the C-carbohydrate that contains the cell
wall phosphorylcholine (44) is poorly immunogenic
(45), there is likely to be little antiphosphorylcholine
antibody in most anticell wall preparations.

Because the opsonic effect of rabbit anticapsular
antibody in vivo, whether IgM or IgG, depends on its
ability to fix complement, we tested the hypothesis
that the difference between opsonic and nonopsonic
antibodies lies in their ability to activate complement.
However, the experiments demonstrated that IgG anti-
cell wall antibody was slightly more efficient than IgG
anticapsular antibody, both in its ability to activate
complement, as judged by the depletion of C4 and C3
in serum, and in its ability to deposit radiolabeled
guinea pig C3 onto the pneumococcal surface. This
was not an artifact of the use of dilute GPS, since anti-
cell wall IgG also mediated C3 deposition on Pn as
efficiently as anticapsular IgG in much more concen-
trated (10%) serum. Hence, the difference in opsonic
effect between the anticapsular and anticell wall an-
tibodies is not explained by differences in their ability
to fix complement to Pn. As shown by the experiments
with purified components of the classic pathway, an-
ticapsular IgG was no better at mediating the for-
mation of a classical pathway C3 convertase than anti-
cell wall IgG. IgG antibodies may affect the rate of
alternative pathway activation (46) and, theoretically,
anticapsular IgG might lead to greater alternative

pathway-mediated amplification of C3 deposition than
anticell wall IgG. However, the anticapsular IgG was
no better at mediating complement activation in
guinea pig serum when both the classic and alternative
pathways were present than the anticell wall IgG.

Although the opsonic anticapsular antibodies were
totally dependent on complement activation to achieve
an in vivo effect, the difference between opsonic and
nonopsonic antibodies in their effect on phagocytosis
could not be explained by differences in their ability
to activate complement or fix C3 to the Pn. Therefore,
we hypothesized that complement fixed to the surface
of Pn by anticell wall IgG was less readily available
to the phagocytic cell complement receptors. The re-
sults of experiments performed to test the ability of
the different antibodies to mediate immune adher-
ence, a phenomenon dependent on the ability of par-
ticle-bound C3b to interact with C3b receptors on hu-
man E (33, 47) support this idea. At levels of
sensitization that led to the deposition of approxi-
mately equal numbers of C3b molecules, Pn sensitized
with anticapsular antibodies, whether IgG or IgM,
were able to cause immune adherence, whereas those
sensitized with the anticell wall IgG were not. Thus,
the different cellular locations of the antibodies led to
deposition of C3b in locations on the Pn that varied
in their ability to interact with the E C3b receptor. It
has been shown in both chemical (48) and electron
microscope studies (49) that the alternative pathway
of complement causes C3b deposition on the cell walls
of encapsulated organisms. Thus, the important phys-
iologic difference between cell wall-bound and cap-
sular C3b demonstrated in these experiments provides
an explanation for the requirement for specific anti-
capsular antibody in host defense against encapsulated
organisms.

These studies on pneumococcal bacteremia suggest
a central role for complement activation and for the
precise site of C3b fixation in the protective effects of
anticapsular antibody in experimental pneumococcal
bacteremia. However, it has been observed that the
antipneumococcal antibodies of some species, includ-
ing human, will not activate complement (50). This
conclusion, derived largely from the work of Horsfall
and Goodner in the 1930s (51-53), is based on data
from experiments employing purified capsular poly-
saccharide, unfractionated immune serum, and insen-
sitive methods to detect complement consumption.
Recent studies in our own laboratory, however, using
whole organisms and more sensitive techniques for
detecting complement fixation, have demonstrated
that under these circumstances human antipneumo-
coccal antibodies can, indeed, activate and fix com-
plement (54). Thus, it is probable that complement
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plays an equally critical role in the mediation of the
protective effect of human anticapsular antibody as
we have shown in the experimental model.
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