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Abstract

Blocking immunoglobulin G(IgG) inhibits complement-mediated
killing of serum-resistant Neisseria gonorrhoeae (GC) in immune
human serum. Weexamined the mechanism of action of blocking
IgG. Presensitization of GCwith increasing concentrations of
blocking IgG or F(ab')2 before incubation with bactericidal an-
tibody and absorbed pooled normal human serum increased con-
sumption and deposition of the third component of human com-
plement (C3) and the ninth component of human complement
(C9) but inhibited killing in dose-related fashion. Wenext showed
that blocking IgG or F(ab')2 partially inhibited binding of bac-
tericidal IgG to GC. Also, binding of a monoclonal antibody rec-
ognizing GCouter membrane protein PIl was almost completely
inhibited by blocking F(ab')2, confirming other work (Rice,
P. A., M. R. Tam, and M. S. Blake, manuscript submitted for
publication) showing that PIl is a target for blocking antibody.
Studies of the C3 deposition site showed that one quarter of the
C3 deposited on GCin the presence of blocking IgG bound co-
valently to the antibody molecule. Finally, 125I-GC constituents
with covalently bound C3 were affinity purified on Sepharose
bearing antibodies to C3 and identified by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. C3 deposition on a 40,000-
mol wt surface protein was enhanced six- to ninefold by blocking
IgG, which indicates that the site of complement deposition was
altered by blocking antibody. These studies show that blocking
IgG competes with bactericidal antibody for binding to GC, but
enhances rather than blocks complement activation, and leads
to complement deposition at new sites that do not result in serum
killing.

Introduction

Direct complement-mediated killing of gram-negative bacteria
may both require and be blocked by antibody within human
serum. This enigma is perhaps most clearly apparent for serum
killing of Neisseria gonorrhoeae (GC).' Clinical isolates of GC
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1. Abbreviations used in this paper: Abs PNHS, absorbed, pooled normal
human serum; A56 Abs PNHS, Abs PNHSthat has been heated for 30
min at 560C; A:C3 Sepharose, Sepharose 4B to which antibodies to
human C3 had been coupled; C3, third component of human comple-
ment; C9, ninth component of human complement; DGI, disseminated
gonococcal infection; GC, Neisseria gonorrhoeae; HBSS++A, Hank's
balanced salt solution containing human serum albumin, CaCl2, and
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require antibody for killing. Natural bactericidal antibody for
serum-sensitive isolates of GCis present in normal human serum
(1, 2), and bactericidal antibody for serum-resistant isolates is
often present in convalescent human disseminated gonococcal
infection (DGI) serum (3-5). However, the presence of IgG-
class blocking antibodies, which are often found in normal hu-
man serum, may preclude killing of serum-resistant strains of
GC(6, 7).

The mechanism of action of the blocking antibody for GC
is not known. Unlike blocking antibody for Neisseria menin-
gitidis (8), which is of the IgA isotype and therefore is unable to
activate complement efficiently, the capacity of blocking IgG to
interfere with complement activation by GChas not been tested.
It has been speculated that the blocking IgG for GCand for
other gram-negative organisms (9-11) may be predominantly
those isotypes of IgG that activate complement poorly. Implicit
within this assumption is the idea that blocking antibody com-
petes with or displaces complement-activating bactericidal an-
tibody from the bacterial surface. Neither the capacity of blocking
antibody to activate complement nor its capacity to displace or
compete for binding with bactericidal antibody have been tested.

Wereport here studies of these issues. Our results indicate
that blocking IgG enhances rather than inhibits complement
consumption and deposition on GC, leading to complement
deposition at new sites on the outer membrane. Furthermore,
blocking IgG and blocking F(ab')2 inhibit binding of bactericidal
antibody to GC.

Methods

Strains. A single serum-resistant strain (WG) of GCwas used for all
experiments. This strain was isolated from the joint of a patient with
DGI, and has been used previously (7). The strain has a protein I (PI)
molecular weight of 36,200 and is in the IB3-serovar group (kindly se-
rotyped by Dr. Joan Knapp, University of Washington, Seattle, WA)
(12). The organism was grown for 20 h in candle extinction jars at 370C
on a solid GCagar-base medium (Difco Laboratories, Inc., Detroit, MI)
containing 1% Isovitalex. Transparent, nonpiliated colonies were selected
as described by Swanson (13). Bacteria were scraped from plates with a
sterile inoculating loop and suspended to the desired optical density at
room temperature (RT) in Hanks' balanced salt solution containing I
mg/ml human serum albumin (HSA), 0.15 mMCaCI2, and 1.0 mM
MgCI2 (HBSS++A).

Serum. Convalescent serum from the DGI patient, obtained 22 d
after infection with the WGstrain, was used as the source of bactericidal
antibody. Bactericidal antibody in this serum is of the IgG isotype and
is directed against lipopolysaccharide. Serum obtained from DGI patients
in convalescence may express bactericidal activity against strains resistant

MgCI2; HSA, human serum albumin; Mab, monoclonal antibodies; Mab
1D3 and Mab2E6, Mabdirected against gonococcal protein I and protein
III, respectively; NPGB, nitrophenyl guanidino benzoate; PAGE, poly-
acrylamide gel electrophoresis; PI, P11, and PIl, proteins I, II, and III,
respectively; RT, room temperature; WG,a single serum-resistant strain
of GC.
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to killing by normal human serum (5, 14). With the use of a previously
reported assay (7), blocking antibody was identified in serum from a
normal volunteer. Both convalescent serum and blocking serum were
incubated at 560C for 30 min before being used to inactivate complement.

A pool of normal human serum was used as a source of complement
activity. Before use, the serum was absorbed at 00C with glutaraldehyde-
fixed strain WGto remove specific antibody, as previously described
( 15); aliquots of the serum were then frozen at -700C (absorbed, pooled
normal human serum [Abs PNHS]). Serum absorbed in this way lost
<15% of starting hemolytic third component of human complement
(C3) activity, as assessed in a standard functional C3 titration (16). Serum
from a patient with acquired hypogammaglobulinemia was used for some
experiments (IgG < 20 mg/dl; IgM < 5 mg/dl; and IgA < 4 mg/dl).

Antibody preparation. As previously described (15), IgG was purified
from convalescent serum and from blocking serum by both octanoic
acid precipitation and batch absorption on Whatman DE52 in 0.05 M
acetate buffer, pH 5.2. The resulting IgG was >95% pure, as assessed by
densitometric scans of samples analyzed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). IgG gave a single precipitin
line when tested by double diffusion analysis with antiserum to whole
human serum (Miles Laboratories, Elkhart, IN). Bactericidal IgG was
iodinated with Iodobeads (Pierce Chemical Co., Rockford, IL) and 1251I
Na (New England Nuclear, Boston, MA) to a specific activity of
1.12 X 106 cpm/Mg for use in some experiments. To remove aggregates,
we centrifuged aliquots of labeled and unlabeled IgG in an air-driven
ultracentrifuge (Beckman Instruments, Inc., Spinco Div., Palo Alto, CA)
for 15 min at 178,000 g before use. F(ab')2 fragments of blocking IgG
were prepared exactly as described (17), except that the F(ab')2 preparation
was also absorbed with protein A-Sepharose by incubation of F(ab')2 at
2.0 mg/ml in phosphate-buffered saline (PBS) with 0.2 ml of packed
protein A-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ) per
milliliter for 60 min at RT. F(ab')2 fiagments showed no residual IgG
when analyzed by SDS-PAGEand did not produce a precipitin line
when tested in a double diffusion assay with antiserum to the Fc portion
of IgG (Cappel Laboratories, Cochranville, PA).

Monoclonal antibodies (Mab) directed against gonococcal PI (Mab
I D3) and protein III (PIII) (Mab 2E6) were prepared and characterized
as described previously by Tamet al. (18) and Swanson et al. (19). Mab
1D3 recognizes PI molecules in the lA-serovar group but not the IB-
serovar group and therefore does not bind to PI on strain WG; this
assessment was made through a negative coagglutination assay (16), neg-
ative '251-protein A uptake (20), on ID3-presensitized WG,and negative
immunoblot (17) of WGouter membrane with Mab 1D3 (Joiner,
K. A., unpublished observations). Mab 2E6 recognizes PIII on a wide
variety of GCstrains, including strain WG, as determined by positive
coagglutination, 125I-protein A binding, and immunoblot assays (Joiner,
K. A., unpublished observations; and Rice, P. A., M. R. Tam, and
M. S. Blake, manuscript submitted for publication). Mab were used in
ascites fluid for all experiments.

C3 and C9purification. HumanC3 and ninth component of human
complement (C9) were purified from plasma using modifications of the
procedure of Hammer et al. (21), as described previously (15). When
analyzed by SDS-PAGEunder nonreducing conditions, both preparations
produced a single band. Purified C3 and C9 were iodinated with '231-Na
and Iodobeads to a specific activity of 3.89 and 7.71 X 105 cpm/tg,
respectively. The specific hemolytic activity of C3 was 189 U/Mgg (serum,
184,000 U/ml), and that of C9 was 851 U/,ug (serum, 40,000 U/ml).
Radiolabeled preparations lost <15% of initial hemolytic activity. To
remove aggregates, we centrifuged both 125I-C3 and '25I-C9 for 15 min
at 178,000 g at RT in an air-driven ultracentrifuge before using them in
experiments. The top two-thirds of the sample was aspirated and saved,
and the bottom third was discarded.

Iodination of protein A. Protein A (Sigma Chemical Co., St. Louis,
MO) was mdiolabeled with 125I-Na with the use of chloramine T to a
specific activity of 6.1 X 106 cpm/,Ag. 125I-Protein A was stored at 4VC
in PBS containing 0.02% sodium azide and was centrifuged at 178,000
g for 20 min at RT in an air-driven ultracentrifuge before use in exper-
iments.

C3 hemolytic assays. Hemolytic assays for C3 in serum were per-
formed exactly as reported (15, 16).

Serum bactericidal and blocking assays. Serum bactericidal and
blocking assays were performed using modifications of previously de-
scribed methods (7). Bactericidal assays were done by presensitizing 120
ul of WGin HBSS4+Aat OD6W= 0.15 with 20-Al dilutions of the in-
dicated antibody source in HBSS++Afor 20 min at RT. Then, 60 Al of
Abs PNHSwas added to achieve a final concentration of 30%Abs PNHS,
and incubation was continued for 60 min at 370C. Viable bacterial col-
onies were enumerated by making serial dilutions of reaction mixtures
in HBSS++Aand plating 50 Al of each dilution in duplicate on chocolate
agar plates (BBL Microbiology Systems, Cockeysville, MD). Colonies
were counted after growth for 30 h at 370C in candle-extinction jars.
Killing was expressed as the percentage or logl0 decrease in colony counts
compared to presensitized isolates incubated concomitantly in Abs PNHS,
which had previously been heated for 30 min at 560C (A56 Abs PNHS)
to block complement activation.

Blocking assays were performed by incubating WGin HBSS++Aat
ODI6w = 0.15 with 20-Al dilutions of the blocking antibody source in
HBSS++Afor 15 min at RT. Bactericidal antibody was added in 20-Ml
aliquots together with 60 ,l of Abs PNHS(final 30% concentration),
and incubation was continued for an additional 60 min at 37°C. Viable
bacterial colonies were measured, and killing was calculated as described
above using A56 Abs PNHSfor control.

Binding of C3 and C9. Binding of 125I-C3 and 1251-C9 to WGduring
incubation in Abs PNHS was determined exactly as described ear-
lier (15).

Competition binding studies. Wetested the ability of F(ab')2 blocking
antibody to inhibit binding to WGof either IgG in convalescent serum
or the protein III (PIII) Mab 2E6. The assay was based on the capacity
of immune IgG and of 2E6 attached to WGto bind '25I-protein A as

*compared with inefficient 1251I-protein A binding by F(ab')2 blocking an-
tibody attached to WG. WGwas suspended in HBSS++A to OD16w
= 0.15. To each 600-Ml aliquot, 25 Ml of dilutions of F(ab'`)-blocking
antibody in HBSS++Awere added, and the mixtures were incubated at
RT for 15 min with periodic agitation. Then, 25 Ml of either HBSS++A
alone, dilutions of convalescent serum, or Mab 2E6 in HBSS++ were
added to all tubes, and incubation was continued for an additional 20
min at RT. Organisms were washed at RT and suspended to 500 Ml in
HBSS++A. 251I-Protein A in excess was added (5 Mg/tube; 1.1 X 106 cpm/
Mg), and a final 30-min incubation at RTwas performed. Triplicate sam-
ples of 150 Ml were passed through 0.22-Mm membranes (Durapore; Mil-
lipore Corp., Bedford, MA) with the use of a multiple-sample apparatus
(Multivac; Millipore Corp.). Membranes were precoated with 0.5% HSA
in HBSS++ before sample application and were washed three times
with l-ml washes of HBSS++Aafter sample application. Wedetermined
the amount of 1251I-protein A retained on the membrane as well as passing
through it with a gammascintillation counter, and calculated the number
of applied counts retained on the membrane for all samples. The mol-
ecules of "bactericidal IgG-specific" or "Mab 2E6-specific" protein A
bound per organism were determined at each input of F(ab')2 as follows:
the number of molecules of '25I-protein A bound in samples without
added bactericidal IgG or Mab 2E6 was subtracted from the number of
molecules of bound 1251I-protein A in samples containing bactericidal
IgG or Mab 2E6.

The capacity of blocking serum or other antibody sources to inhibit
uptake of 251I-labeled bactericidal IgG on WGwas also tested. WGwas
suspended in HBSS+'A to OD= 0.15, then diluted 1:4 with the same
buffer. To each 600-Ml aliquot was added 25 Ml of either undiluted blocking
serum, Mab 2E6, Mab ID3, A56 Abs PNHS, A56 hypogammaglobuli-
nemic serum, convalescent serum, or 25 Ml of a 1:10 dilution of these
samples. Samples were incubated for 20 min at RTwith periodic agitation.
'251-Bactericidal IgG was added (25 MI containing 10Mgof '251-IgG), and
rotation was continued for an additional 30 min at RT. Triplicate samples
of 200 Ml were passed through 0.22-Mm membranes exactly as described
above. The percentage of applied counts retained on the membrane was
calculated for all samples. The percentage of applied '25I-IgG retained
on the membrane in the sample containing 25 Ml of undiluted A56 con-
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valescent serum was taken as the percentage of nonspecific binding of
25I-IgG and was subtracted from all other values for calculation of results.

Determination of C3 binding to biotinylated blocking IgG during
serum incubation. The binding of C3 to biotinylated blocking IgG on
GCduring serum incubation was measured using minor modifications
of recently reported methods (22, 23). Briefly, purified blocking IgG was
biotinylated with n-hydroxysuccinimide biotin (Calbiochem-Behring
Corp., La Jolla, CA), then used at a final concentration of 800 Ag/ml to
presensitize GCin HBSS++A. Presensitized organisms were then incu-
bated for 45 min at 370C in 20% Abs PNHScontaining 125I-C3, with or
without added bactericidal antibody, or in 20%A56 Abs PNHScontaining
'25I-C3. Additionally, GCnot presensitized with biotinyl blocking IgG
were incubated concomitantly in 20% Abs PNHSthat contained '25I-
C3. After incubation, bacterial pellets were washed twice in HBSS++ that
contained 1 mg/ml of HSAand 25 MMnitrophenyl guanidino benzoate
(NPGB); then the pellets were solubilized in 100 Ml of 1% SDSat 1000C
for 5 min. Insoluble material was removed by centrifugation for 2 min
at 12,500 g. The supernatants were diluted with 2 vol of 0.1 M Tris
buffer (pH 8.5) containing 0.25 MNaCl, 0.3% SDS, 1% Triton X-100,
and 25 MMNPGB(buffer A) and applied to 100 Ml of packed avidin
agarose (Sigma Chemical Co.). The mixtures were rotated overnight at
RT and washed five times in buffer A, and 12sI-C3 bound to the resin
was determined by counting in a gammascintillation counter.

Determination of C3 acceptor on GC. The site of C3 deposition on
GCwas determined in the presence and absence of blocking antibody,
with the use of modifications of previously described procedures (24,
25). The method is based on affinity-purification of surface-iodinated
GCconstituents that bear covalently attached C3 after being incubated
in serum. These constituents are then identified by SDS-PAGE. Bacteria
were surface-iodinated with '251I-Na (New England Nuclear) as previously
described (15). '2514(C were suspended in HBSS++Aso that a 1:10 dilution
gave OD60 = 0.15, then 250-MA aliquots were incubated for 30 min at
RT with 50 Ml of either blocking serum or buffer. In one experiment,
organisms were presensitized with 10 Ml of bactericidal antibody. The
bacteria were pelleted by centrifugation, and the pellets were resuspended
in 250 Ml of HBSS++A. These suspensions were mixed with an equal
volume of either 20% Abs PNHSor 20% A56 Abs PNHS, and incubation
was continued for 40 min at 37°C. The organisms were washed twice,
and the washed pellets were solubilized in 100 Ml of 1% SDS for 5 min
at lOO°C. The detergent-insoluble residue (containing <10% of '251 cpm)
was removed by centrifugation for 2 min at 12,500 g, and the solubilized
supernatant was diluted to 2.5 nil (final SDS concentration = 0.04%)
with 0.05 MTris, 100 mMNaCl buffer (pH 8.0) containing 2% Nonidet
P-40, 0.5% sodium deoxycholate, 10 mg/ml of HSA, 25 MmNPGB, and
0.02% NaN3 (buffer B). The mixture was precleared by rotation for 1 h
at RT with 250 Ml of Sepharose 4B (5-7% of 125I cpm removed), then
the supernatant was applied to 125 Ml of Sepharose 4B to which antibodies
to human C3 had been coupled (A:C3 Sepharose). The mixture was
rotated for 3 h at RT; the resin was then washed four times with buffer
B, and the counts per minute of the 1251 that remained bound to the
A:C3 Sepharose were determined. At this point, the A:C3 Sepharose
bore C3 with covalently attached '25I-GC constituents. To release bound
'25 I-GC from A:C3 Sepharose and to cleave ester linkages between C3
and GCacceptor molecules, we incubated the A:C3 Sepharose for 30
min at 37°C in 2 ml of buffer B (without HSA), pH 10.5, containing 1
MNH20H. The A:C3 Sepharose was removed by centrifugation, and
the supernatant was dialyzed overnight at 4°C vs. methanol to precipitate
released proteins. The flocculent precipitate was collected by centrifu-
gation at 12,500 g, solubilized in SDS sample buffer, and analyzed by
10% SDS-PAGEautoradiography, as previously described (23).

Results

Consumption of C3 from Abs PNHSby WG. Wefirst wanted
to determine whether blocking antibody inhibited complement
activation by WGduring incubation in serum. WGwas presen-
sitized with increasing concentrations of purified blocking IgG,

then incubated in 10% Abs PNHSin the presence or absence
of convalescent DGI serum that contained bactericidal antibody
(Fig. 1). In both the presence and absence of bactericidal anti-
body, C3 consumption from serum increased with the addition
of greater amounts of blocking IgG. Compared with C3 con-
sumption in the absence of added antibody, incubation with
bactericidal antibody alone caused a minimal increase in C3
consumption by WG. As expected, no killing occurred in the
absence of bactericidal antibody. Killing induced by bactericidal
antibody was blocked in a dose-related fashion by blocking IgG,
exactly as reported previously (7). In this experiment, the ratio
of blocking IgG to bactericidal IgG required for 50% inhibition
of loglo killing was 0.60:1.00, which is in accord with previously
published data (7). This experiment indicates that blocking IgG
does not function by inhibiting complement activation, but in
fact increases complement activation by WGin Abs PNHS.

Deposition of 25I-C3 on WGpresensitized with blocking IgG.
Consumption of C3 from serum is not synonymous with de-
position of C3 on the bacterial surface. Wetherefore measured
C3 deposition on WGunder conditions similar to those for the
study of C3 consumption, except that 30% Abs PNHSwas used
for the binding studies. Approximately 1 X lIO molecules of C3
bound per organism in the absence of blocking IgG, whether or
not bactericidal antibody was added (Fig. 2). There was a dose-
related increase in C3 binding as blocking IgG was added, such
that 2.5-fold more C3 bound to WGin the presence than in the
absence of 800 jig/ml of blocking IgG. There was no significant
difference between C3 deposition in either the presence or the
absence of bactericidal antibody. Therefore, blocking IgG en-
hances C3 deposition on WGin Abs PNHS.

Deposition of '25I-C3 on WGpresensitized with blocking
F(ab')2. Rice and Kasper (7) have previously reported that F(ab')2
fragments of blocking IgG will inhibit serum killing of GC.
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Figure 1. Percent C3 consumption and log1o kill vs. blocking IgG.
Strain WGwas presensitized with blocking IgG, then incubated in
10% Abs PNHSwith or without added bactericidal antibody. After a
60-min incubation at 370C, hemolytic C3 titrations were performed,
and the extent of bacterial killing was measured. The percentage of C3
consumption was determined compared with a sample of 10% Abs
PNHSincubated concomitantly without added WG. Results shown
are the mean±SD for two experiments.
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Figure 2. C3 binding and log10 kill vs. blocking IgG. Binding of C3
and killing of WGwere measured after presensitization with IgG
blocking antibody, followed by incubation in Abs PNHScontaining
2sI-C3. Results were compared in the presence and absence of added

bactericidal antibody. Each point represents the mean±SD for two ex-
periments. C3 binding at blocking IgG inputs of 0.20 and 0.80 mg/ml
was significantly greater than in the absence of added antibody.

Therefore, we measured C3 binding on WGafter presensitization
with increasing amounts of blocking F(ab')2 and incubation in
30% Abs PNHScontaining bactericidal antibody. There was a
dose-related inhibition of killing and an overall increase in C3
binding on WGas the concentration of blocking F(ab')2 was
increased to 960, g/ml (Fig. 3). Concentrations of blocking
F(ab')2 that were higher than of blocking IgG were required to
increase C3 binding significantly in comparison to C3 binding
on organisms not incubated with antibody. At low concentrations
of blocking F(ab')2 (< 120 ,ug/ml) that were still capable of block-
ing killing, no increase in C3 deposition was noted, suggesting

2

I

x

E
.9C
0

10

c.

1.5

1.0

0.5

'0
_

IF

0.03 0.06 0.12 0.24 0.48 0.96

Blocking F(ab')2 (mg/ml)

Figure 3. C3 binding and log10 kill vs. blocking F(ab')2. Binding of C3
and killing of WGwere measured after presensitization with F(ab')2
blocking antibody followed by incubation in Abs PNHScontaining
125I-C3 and added bactericidal antibody. Results shown are the
mean±SD for two experiments. C3 binding was significantly higher at
blocking F(ab')2 inputs of 0.24 mg/ml or greater when compared with
organisms not presensitized with blocking F(ab')2.

that complement deposition mediated by blocking antibody is
not necessary for the observed inhibition of killing.

Binding of C9 to WGpresensitized with blocking IgG. A
dissociation between binding of C3 and binding of the bacteri-
cidal C5b-9 complex to the bacterial surface has been reported
previously for serum-resistant strains of Salmonella and Esch-
erichia coli (26). To address this issue for WG, we measured
deposition of C9 on WGduring incubation in 30% Abs PNHS
with added bactericidal antibody (Table I). C9 binding on WG
increased significantly after presensitization with 400 or 1,600
ltg/ml of blocking IgG, and killing was blocked substantially at
both inputs of blocking IgG. This experiment indicates that
blocking IgG enhances deposition of the terminal complement
complex COb-9 on WGand shows that blocking IgG does not
function by selective inhibition of either the C5 convertase or a
later step in C5b-9 formation; rather, blocking IgG leads to de-
position of C5b-9, which is in a nonbactericidal configuration.

Competition binding studies with blocking and bactericidal
antibody. Wenext investigated whether presensitization of WG
with blocking antibody could interfere with subsequent binding
of bactericidal antibody. Two approaches were used, as described
in Methods. First, uptake of '251I-protein A was determined on
WGthat was presensitized first with increasing concentrations
of purified F(ab')2 blocking antibody, then with a fixed amount
of convalescent DGI serum that contained bactericidal IgG.
F(ab')2 fragments will not bind 1251-protein A with high affinity,
whereas intact IgG binds '251I-protein A avidly. A dose-related
inhibition of '251-protein A binding is observed as the concen-
tration of F(ab')2 blocking antibody is increased (Fig. 4), which
suggests that F(ab')2 blocking antibody inhibits binding of IgG
within convalescent serum to WG. It was not possible to raise
the concentration of F(ab')2 blocking antibody to > 16 jig/ml,
since at higher F(ab')2 concentrations, '251I-protein A binding
increased on strains not subsequently incubated with bactericidal
antibody. It is likely that this represents the interaction of 1251.
protein A with F(ab')2 (27) rather than with contaminating IgG,
since the F(ab')2 preparation showed no intact IgG by SDS-PAGE
and did not react with anti-Fc fragment antiserum by double
diffusion. Furthermore, it has recently been demonstrated (32)
that blocking IgG in the same serum source used in these studies
is almost exclusively IgG3, an isotype with poor protein A reac-
tivity via the Fc region (28).

Next, the capacity of blocking serum and other antibody
sources to inhibit binding of 1251-bactericidal IgG to WGwas

Table I. C9 Binding and Loglo Kill on
WGPresensitized with Blocking IgG

Blocking IgG Molecules C9/orgnism Logo kill

mg/ml X10-

0.00 4.62±1.15* 1.52±0.27*
0.40 6.27±0.96 0.19±0.09
1.60 7.63±0.74t 0.14±0.01

Strain WGin HBSS++Aat OD6w= 0.15 was presensitized with dilu-
tions of purified blocking IgG or buffer for 15 in at RT, then incu-
bated for 60 min in 30% Abs PNHScontaining '25I-C9 and bacteri-
cidal IgG. The total number of C9 molecules bound per organism and
Log10 kill were determined as described in Methods.
* Mean±SD for three experiments.
t P < 0.05 in comparison to 0.00 blocking IgG.
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Figure 4. Blocking F(ab')2 inhibits binding of bactericidal IgG and
Mab 2E6. WGwas sensitized with increasing amounts of blocking
F(ab')2, then incubated with bactericidal antibody of Mab 2E6. The
organisms were washed, '251-protein A was added, and the molecules
of protein A bound were determined. The assay was based on the fact
that F(ab')2 fragments will not bind '251-protein A with high affinity,
whereas bactericidal IgG and Mab 2E6 bind '251-protein A avidly. Re-
sults represent the mean±SD for three experiments.

measured (Fig. 5). Both blocking serum and Mab 2E6 signifi-
cantly inhibited binding of '251-bactericidal IgG to WG,in com-
parison to serum sources (D56Abs PNHS and A56
hypogammaglobulinemic serum) or Mab 1D3, which do not
contain specific antibodies for strain WG. The better inhibition
with a 1:10 dilution of Mab 2E6 than with undiluted 2E6 was
not explored further, except to demonstrate that for all antibody
sources tested, inhibition at 1:50 and 1:100 dilutions was lower
than at a 1:10 dilution. Therefore, by two separate techniques,

60

50

40

301-

20

1o

1

1:10 undi

Blocking
Serum

1:10 undi

2E6

1:1O urcl 1:10 unci

1 D3 Absorbed

PNHS

FT

1:10 undi

HGS

Figure 5. Blocking serum and Mab 2E6 inhibit binding of 1251 bacteri-
cidal IgG. Strain WGwas sensitized with either blocking serum, Mab
2E6, Mab ID3 (which does not bind to WG), or with two sources of
serum (A56 Abs PNHSand A56 hypogammaglobulinemic serum)
that do not contain specific antibodies for WG. Binding of '251-bacteri-
cidal IgG was then measured. Nonspecific binding of '25I-bactericidal
IgG was determined by measuring uptake in the presence of a 250-
fold excess of unlabeled bactericidal IgG. Results are expressed as the
percent inhibition of specific '25l-bactericidal IgG uptake compared to
binding on WGsensitized in buffer alone. Results shown are the
mean±SD for three experiments.

we have shown that blocking antibody inhibits binding of IgG
within convalescent serum to WG.

The capacity of F(ab')2 blocking antibody to inhibit the
binding of the PII Mab 2E6 to WGwas also tested. As shown
in Fig. 4, nearly 75% inhibition of 2E6 binding occurred at a
concentration of F(ab')2 blocking antibody of only 16 Aog/ml.
This efficient inhibition suggests that F(ab')2 blocking antibody
is directed, at least in part, against PIII.

Determination of C3 binding to biotinylated blocking IgG
during serum incubation. Wehave recently shown that immune
IgG bearing covalently bound C3b has enhanced bactericidal
activity for E. coli 01 1 1 and we have suggested that formation
of C3b-IgG complexes may be critical for effective bacterial kill-
ing by complement (23). Wetherefore considered the possibility
that the blocking IgG for GCdid not serve as an acceptor for
C3 deposition during complement activation. GCpresensitized
with biotinylated blocking IgG were incubated in serum that
contained '251I-C3, and the percentage of C3 covalently attached
to biotinyl lgG was determined by affinity purification of the
SDS-solubilized organisms on avidin agarose (Table II). Between
18.9 and 24.4% of C3 attached to GCwas bound to biotinyl
blocking IgG, in comparison to - 1% binding in controls. C3
binding to blocking IgG was not significantly altered by bacte-
ricidal antibody, although we have recently found (not shown)
that bactericidal IgG for WGserves as an acceptor for C3 de-
position. These results indicate that the blocking IgG on GC
serves as an acceptor for C3 deposition and that antibody mol-
ecules that bind C3 during complement activation are not nec-
essarily bactericidal.

Determination of C3 acceptor site on GC. Weexamined the
possibility that the site of C3 deposition (C3 acceptor) on GC
was different, depending on whether blocking IgG was present
or absent. Surface-iodinated GCwere presensitized with blocking
IgG or bactericidal antibody, incubated in serum, and the 1251
gonococcal constituents bearing C3 were affinity-purified on
A:C3 Sepharose (Table III). Significantly more 1251I-GC bound
to A:C3 Sepharose for samples incubated in 20% Abs PNHS
than for the control sample incubated in 20% A56 Abs PNHS.
Interestingly, presensitization with blocking antibody did not
increase binding of 1251-GC to A:C3 Sepharose in comparison
with organisms not incubated with antibody, despite leading to
more C3 deposition on the bacterial surface (Fig. 2).

'251-GC constituents linked to C3 by an ester bond were
released with hydroxylamine (>87% release) and analyzed by
10% SDS-PAGE (Fig. 6). The only major difference between

Table II. Binding of C3 to Biotinylated Blocking IgG on GC

Percent of ''I-C3
on GCbound to

Antibody Serum avidin agarose

Biotinyl blocking IgG 20% Abs PNHS 18.9±3.6
+ bactericidal antibody

Biotinyl blocking IgG 20% Abs PNHS 24.4±4.7
Biotinyl blocking IgG 20% A56 Abs PNHS 0.8±0.4
None 20% Abs PNHS 1.2±0.3

Bacteria were presensitized with the indicated antibody source. Biotinyl blocking
antibody was used at a final concentration of 720 Atg/ml, and the final concentra-
tion for bactericidal antibody was 200 Ag/ml. The cells were incubated in 20%
Abs PNHScontaining '251I-C3, solubilized in 1% SDS, and applied to avidin aga-
rose; the percentage of '25I-C3 bound was then determined. Results shown are
the mean±SD for two experiments.

Blocking Antibody for Neisseria gonorrhoeae 1769

C
'a

m

co

U)

.0

:2
.0

a)



Table III. Binding of '25I-GC Constituents to A:C3 Sepharose

Percent of '2I-GC bound
Antibody Serum to A:C3 Sepharose

None 20% Abs PNHS 6.60±1.41*
Bactericidal antibody 20% Abs PNHS 5.27±0.65t
Blocking IgG 20% Abs PNHS 4.57± 1.00*
Blocking IgG 20% A56 Abs PNHS 2.02±0.84

Surface-iodinated GCwere presensitized with the indicated antibody
source, then incubated in Abs PNHS. The cells were solubilized in 1%
SDS; the sample was then diluted with buffer B to achieve a final SDS
concentration of 0.04% and applied to A:C3 Sepharose. The percent-
age of '25I1GC bound to A:C3 Sepharose was determined. Results
shown are mean±SD for two experiments.
* P < 0.02 compared with organisms incubated in 20% A56 Abs
PNHS.
t P < 0.05 compared with organisms incubated in 20% A56 Abs
PNHS.

experimental and control samples, as determined by densito-
metric scanning, was the presence of a prominant 40,000-mol
wt band in the organisms presensitized with blocking IgG (in-
dicated by * in + Blocking IgG lane). This band was six- to
ninefold more intense in this sample than in the other experi-
mental lanes and was barely discernible in native '25I-GC. In
other experiments (not shown), the 40,000-mol wt band was
more clearly present as a discrete but still very minor band in
native "5I-GC. This band is not being artifactually increased in
density by blocking antibody, since we found (in experiments
not shown) that (a) addition of blocking IgG after completion
of serum incubation did not enhance the 40,000-mol wt band
and (b) blocking IgG did not immunoprecipitate the 40,000-
mol wt band from 125I-GC. Although the experiments shown
used GCbearing PII (band at 24,500 mol wt), identical results
were obtained with GCthat lacked P11. Bactericidal antibody

0: 00

Pigl

Figure 6. Blocking IgG
- 7 4 changes the C3 acceptor on

- 66.2 125I GCgrant. GCwas sur-
face-iodinated with iodogen

- 45.0 (right-hand lane) then pre-
sensitized with blocking an-
tibody (+ blocking IgG) or
buffer (- blocking IgG),

- 31.0 and incubated in 20% Abs
PNHS(left two lanes) or
20% A56 Abs PNHS(A56
lane). '25I-GC constituents

- 21.5 bearing C3 were affinity-pu-
rified on A:C3 Sepharose,
then released with I M

- 14.4 NH2OH, pH 10.5, and ana-
lyzed by 10% SDS-PAGE
autoradiography.

used at a concentration fivefold lower than the concentration
of blocking antibody did not change the C3 acceptor site (not
shown). Earlier data indicated that this amount of bactericidal
antibody rendered the organism susceptible to complement-me-
diated killing without significantly increasing either C3 con-
sumption or deposition (Figs. 1 and 2). These results indicate
that blocking antibody changes the C3 acceptor on GC.

Discussion

Wehave shown in this paper that blocking IgG and F(ab')2 en-
hance complement consumption and deposition on a serum-
resistant strain of GC, although they inhibit killing of the or-
ganism. Complement deposition is increased through C9, as
shown by binding C9 to the bacterial surface. Blocking IgG and
F(ab')2 are in part directed against an antigenically conserved
gonococcal outer membrane protein, PIII (19). These blocking
antibodies or fragments compete with binding of bactericidal
IgG to the strain. These results suggest that the mechanism of
action of blocking antibody is to replace binding of bactericidal
IgG with an antibody that leads to deposition of nonbacteri-
cidal COb-9.

Wehave demonstrated previously (15, 20, 29) that serum-
resistant GCactivate complement and that complement com-
ponents are deposited on the outer membrane of these organisms
without causing killing. Bactericidal rabbit antibody for GC
functions by altering the site of deposition or molecular config-
uration of the COb-9 that attaches to the bacterial surface (15,
29). Recently, we have also shown that murine Mab directed
against identical or closely associated surface-exposed epitopes
on gonococcal PI differ markedly in bactericidal activity, despite
leading to deposition of nearly equivalent numbers of C9 mol-
ecules per organism (20). The nonbactericidal Mab compete
with bactericidal Mab for binding to the gonococcal surface and
thus block serum killing without significantly altering the extent
of complement deposition. The results presented in this paper
extend these observations to polyclonal human antibodies for
GC, by showing that not all polyclonal antibodies capable of
activating complement on GClead to deposition of bactericidal
C5b-9. Moreover, such antibodies may be found naturally in
humans.

Bactericidal antibodies against both serum-sensitive and
serum-resistant strains of GCare directed mainly against lipo-
polysaccharides (2, 5, 30, 31). Normal and convalescent serum
may contain antibodies that recognize PI; these antibodies may
also be bactericidal (14; authors' unpublished observations). The
presence of blocking antibody in normal human serum has been
identified in the fraction of antibody recognizing outer mem-
brane protein (7). These antibodies are found in most normal
human sera that have been tested (7). Rice et al. (32; also Rice,
P. A., M. R. Tam, and M. S. Blake, manuscript submitted for
publication) have shown recently that blocking antibody for WG
in the serum employed in these studies and other sera tested
recognize PIII almost exclusively. Although extensive serologic
testing for the presence of PIl antibodies in normal human sera
has not been performed, many normal human sera that have
been tested contain IgG antibodies against this antigenically
conserved surface protein (33; also authors' unpublished data).
In addition, the observation that bactericidal antibody devel-
opment in patients convalescing from DGI is often nonexistent
or meager (34), despite high-titered antibody rises measured by
indirect immunofluorescence (35), suggests that blocking anti-
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bodies may result from specific antigenic challenge. Wehave
demonstrated in separate experiments (not shown) that selective
PIII antibody depletion from DGI convalescent sera (other than
WGimmune serum) that do not exhibit bactericidal activity
(34) restores this activity (Rice, P. A., M. R. Tam, and M. S.
Blake, manuscript submitted for publication). These data are
concordant with our results, since we found that low concen-
trations of F(ab')2 blocking antibody effectively inhibited binding
of the PIII Mab 2E6 to WG. Interestingly, Sarafian et al. (36)
demonstrated that normal human serum could inhibit binding
of Mab 2E6 to the serum-resistant strain FA17 1. However, all
inhibition of 2E6 binding could be removed by absorption of
normal human serum with purified PI, which suggests that steric
hinderance played a critical role in these competition binding
studies. Previously, we have shown that 2E6 can inhibit binding
of a PI Mab, 4G5, to the surface of serum-resistant GCstrain
RI 1 (20). Thus, it is neither surprising nor unexpected, given
the proximity of PI, PIII, and lipopolysaccharide within the
gonococcal outer membrane (37-39), that blocking F(ab')2 di-
rected against PIII may inhibit binding of bactericidal antibody
directed against either lipopolysaccharide or PI.

The capacity of serum-resistant strains of GCto activate the
alternative pathway in the absence of serum killing has been
shown previously (40). F(ab')2 fragments of blocking antibody
activated and deposited C3 on WG. F(ab')2 fragments cannot
activate complement via the classical pathway, but are capable
of initiating or facilitating alternative pathway activation in many
systems (reviewed in reference 41). It is possible, therefore, that
blocking antibody mediated alternative pathway activation in
the experiments of Densen et al. (40).

Blocking IgG alters the site of C3 deposition on GC, both
by serving as an acceptor for C3 deposition and by redirecting
C3 deposition to different bacterial constituents. The percentage
of '251I-GC constituents that are affinity-purified on A:C3 Se-
pharose is lower in the presence than in the absence of blocking
IgG (Table III); this is due in part to the fact that a substantial
fraction of C3 deposited by blocking IgG is bound to the antibody
itself. It is also possible that blocking IgG redirects C3 to non-
labeled constituents, such as lipopolysaccharide, or that multiple
C3 molecules are deposited on individual gonococcal constit-
uents. These experiments do not exclude the possibility that the
redistribution of C3 initiated by blocking IgG may be a passive
phenomenon dictated by a masking of certain C3 acceptor sites
by the blocking IgG molecule. This possibility is supported by
the observation that C3 deposition is directed to a 40,000-mol
wt constituent on GCpresensitized with blocking IgG; yet the
blocking antibody itself recognizes predominantly PIll (Rice,
P. A., M. R. Tam, and M. S. Blake, manuscript submitted for
publication) and does not recognize the 40,000-mol wt molecule
by immunoprecipitation.

. For the studies reported here, the entire IgG fraction of
blocking serum was used rather than affinity-purified antibodies
directed against specific gonococcal constituents. Therefore, it
cannot be assumed that antibodies with different antigen spec-
ificities within the blocking IgG preparation will activate com-
plement equivalently. Nonetheless, we suggest that it is either
the nature of the antibody itself or the location of the epitope
recognized by the antibody, rather than the antigenic specificity
of antibody, that determines bactericidal activity. Such a premise
is based on the fact that different Mab, all directed at a single
protein PI, can vary in bactericidal activity for GC(20) and that
the PIII Mab 2E6 is bactericidal for some strains of GCat high

concentrations (Joiner, K. A., and J. Swanson, unpublished ob-
servations; Rice, P. A., unpublished observations). Blocking IgG,
regardless of the antigenic specificity, competes for binding with
bactericidal antibody and leads to deposition of nonbactericidal
C5b9.
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