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Patient serum opsonins against transferrin binding protein A+B (TbpA+B) complexes from two Neisseria
meningitidis strains (K454 and B16B6, with 85- and 68-kDa TbpB, respectively) were quantified by a functional
phagocytosis and oxidative burst assay. TbpA+B complexes adsorbed to fluorescent beads were opsonized with
individual acute and convalescent sera from 40 patients infected by a variety of meningococcal strains. Flow
cytometric quantitation of leukocyte phagocytosis products (PP) demonstrated that disease-induced serum
opsonins recognized ThpA+B, and the highest anti-TbpA+B serum opsonic activities were found between
admission to hospital and 6 weeks later. The PP values obtained with TbpA+B from strain B16B6 (PP, 4g¢)
were higher than those obtained with TbpA+B from strain K454 (PPy,s,), with both acute and convalescent
sera (P < 0.0001), and correlated positively with higher immunoglobulin G enzyme-linked immunosorbent
assay titers against TbpA+B from strain B16B6 than from strain K454 (P < 0.001). In spite of considerable
variations between individuals, significant correlations were found between the PPy, ¢ and PPy, values, and
the PP values did not depend on the variability of the TbpB proteins of the disease-causing strains. Simulta-
neously measured oxidative burst activity correlated closely with the PP values. We conclude that highly
cross-reactive anti-TbpA+B serum opsonins are produced during meningococcal disease. The anti-TbpA+B
opsonic activities were not affected by the variability of the TbpB proteins of the disease-causing strains, which

further adds to the evidence for the vaccine potential of meningococcal TbpA+B complexes.

Neisseria meningitidis infections continue to be a serious
health problem worldwide. However, infection with one me-
ningococcal strain in immunocompetent individuals seems to
give life-long immunity to infection with homologous and het-
erologous serogroups, indicating that antibodies against sub-
capsular antigens may generate long-lasting and cross-protec-
tive immunity against meningococcal disease (3). Information
regarding the immunogenicity of various outer membrane pro-
teins during meningococcal infections is thus of interest in the
complex process of determining the protective potential of
future meningococcal vaccine components.

The relative contribution of bactericidal versus opsonic an-
tibodies in the protection against meningococcal disease is not
known. Whereas the majority of studies concerning the im-
mune response following meningococcal disease and vaccina-
tion have focused on the role of human serum bactericidal
activity against meningococci, some reports indicate that
phagocytic elimination of meningococci is an important host
defense mechanism (7, 26, 28, 30) which is stimulated by serum
opsonins (complement and antibodies). Increasing serum op-
sonic activity against meningococci has been demonstrated
during meningococcal disease (18, 19), and disease-induced
opsonins have been shown to recognize meningococcal outer
membrane components PorA and PorB (23).

There is considerable interest in the vaccine potential of N.
meningitidis transferrin binding proteins (TbpA and TbpB,
forming the TbpA+B complexes). Tbps are surface exposed
on all meningococcal outer membranes in iron-restricted en-
vironments like mammalian tissue fluids. The TbpA+B com-
plexes are involved in the uptake of iron from human trans-
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ferrin (hTf) (16), which is necessary for bacterial survival and
growth. Whereas TbpA is a highly conserved protein, two
major families of TbpB molecules with high and low molecular
masses have been identified (27). Antibodies to meningococcal
TbpA+B complexes and to the isolated proteins have been
detected in both patients and carriers (2, 12, 15, 20), and these
antibodies have been shown to cross-react with Tbps isolated
from different meningococcal strains (15). Tbps have also been
shown to elicit bactericidal and protective antibodies in labo-
ratory animals (4, 10, 24). No study has so far investigated the
opsonic activity of anti-Tbp antibodies.

The aim of this study was to evaluate whether anti-Tbp
serum opsonins are produced in response to meningococcal
infections. Anti-TbpA+B opsonic activities were quantified in
acute and convalescent sera from 40 patients infected by a
variety of meningococcal strains, using TbpA+B from two
different strains expressing high- and low-molecular-weight
(MW) TbpBs in an antigen-specific opsonophagocytosis and
oxidative burst assay (21, 22). The anti-TbpA+B opsonic ac-
tivities were compared to anti-TbpA+B immunoglobulin G
(IgG) responses, as evaluated by enzyme-linked immunosor-
bent assays (ELISAs).

MATERIALS AND METHODS

Patients and disease-causing strains. Serum samples were obtained from 40
survivors (22 females and 18 males; ages, 14 to 58 years; median age, 18 years)
of meningococcal disease within the first day of admission to Haukeland Uni-
versity Hospital, Bergen, Norway, between admission and 6 weeks (intermediate
samples, available between days 3 and 24; median day, 15; n = 39 [Table 1]) and
6 weeks after admission.

The patients were grouped according to the serogroup, serotype, and sero-
subtype patterns of the disease-causing strains (groups I to V [Table 1]). Also,
the MWs of the TbpA and TbpB of 27 strains were determined by using a
Western blot technique (Table 1). Briefly, the patient strains were grown over-
night in Mueller-Hinton broth containing 10 pg of ethylenediamine di-o-hy-
droxyphenylacetic acid per ml. Bacteria were harvested by centrifugation and
resuspended in phosphate-buffered saline (PBS)-2% (vol/vol) Elugent (Calbio-
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TABLE 1. Clinical characteristics of patients with meningococcal disease (n = 40) and characterization of associated strains
Pati a Meningococcal Approx MW (103)h Disease Preadmission Intermediate
atient group and no. ! c ;
strain TbpA TbpB category symptoms (h) sampling day
I(n=28)
1 B:15P1.7,16 NT NT 2 12 15
2 B:15P1.7,16 98 83 1 12 17
3 B:15P1.7,16 NT NT 1 18 16
4 (V-A+(C[1)) B:15P1.7,16 NT NT 3 20 12
5 B:15P1.7,16 95 ND 4 11 16
6 B:15P1.7,16 98 81 1 25 10
7 B:15P1.7,16 NT NT 4 24 16
8 B:15P1.7,16 98 83 2 10 17
II(n="17)
9 C:15P1.7,16 98 83 4 20
10 C:15P1.7,16 98 83 3 20 24
11 C:15P1.7,16 95 ND 4 48 17
12 C:15P1.7,16 98 83 1 16 8
13 C:15P1.7,16 98 83 1 24 5
14 C:15P1.7,16 98 81 2 16 7
15 C:15P1.7,16 NT NT 3 30 4
III (n = 10)
16 B:15:P1.2 98 85 3 23 9
17 B:15:P1.2,5 98 85 4 36 5
18 B:15:P1.12,13 NT NT 2 12 24
19 B:15:P1.12,13 NT NT 2 11 15
20 B:15:P1.12 98 85 4 24 18
21 B:15:P1.12 NT NT 4 18 5
22 (V-B [3]) B:15:P1.12 98 83 1 14 13
23 (V-B[3)) B:15:P1.12 98 83 3 18 15
24 (V-B [3]) B:15:P1.12 NT NT 1 14 10
25 (V-B[1)) B:15:P1.12 NT NT 1 26 3
IV (n = 6)
26 C:2a:P1.2 95 64 4 20 6
27 C:2a:P1.2 98 68 2 11 13
28 C:2a:P1.2 98 68 4 11 14
29 C:2a:P1.2 98 85 2 28 4
30 (V-B [4] C:2a:P1.2 NT NT 2 20 15
31 (V-B [4] C:2a:P1.2 98 68 2 10 17
Vin=29)
32 B:NT:P1.12 95 85 4 18 13
33 B:NT:P1.16 98 85 1 24 18
34 B:NT:P1.3 NT NT 4 20 8
35 B:NT:NT 98 83 3 30 14
36 B:4:NT 98 ND 4 10 16
37 B:4:P1.12 98 85 2 25 16
38 B:8:P1.15 98 83 1 18 16
39 B:19:P1.15 98 85 4 16 8
40 Microscopy? NT NT 3 11 14

“V—A+C, immunized with meningococcal polysaccharide A+C vaccine; V—B, immunized with meningococcal serogroup B OMYV vaccine. Numbers in brackets

indicate years since vaccination.
? ND, not determined, band not detected; NT, not tested.

¢ 1, meningitis; 2, septicemia with shock; 3, meningitis and septicemia with shock; 4, septicemia without septic shock and with or without meningitis.

4 Gram-negative diplococci in cerebrospinal fluid.

chem, Nottingham, England) for 15 min before removal of the bacteria by
centrifugation. The detergent extracts were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% acrylamide gel,
transferred to Immobilon P (Millipore Corporation, Bedford, Mass.), and
probed with horseradish peroxidase (HRP)-conjugated hTf (Jackson Immu-
noResearch Laboratories, West Grove, Pa.) for identification of TbpB or rabbit
anti-recombinant TbpA serum followed by anti-rabbit IgG-HRP peroxidase con-
jugate.

Six patients were previously vaccinated with two doses of a meningococcal
outer membrane vesicle (OMV) preparation (from N. meningitidis 44/76, B:15:
P1.7,16) (14) (Table 1). The OMV vaccine did not contain Tbps (17), and the
protective efficacy after two doses of this vaccine was estimated to be only 57%
after a 29-month observation period (5). Patient 4 was immunized with the

Meningococcal Polysaccharide A+C Vaccine (Pasteur-Merieux Serum and Vac-
cines, Lyon, France) 1 year prior to disease (Table 1).

Sera from five healthy students without previous meningococcal disease or
vaccination and reaction mixtures without serum were included as controls.
Control sera were also obtained from a patient with pneumococcal meningitis
and a patient with varicella-zoster meningoencephalitis on admission to hospital
and 2 and 6 weeks later.

All sera had normal complement activity as judged by the hemolytic activity of
complement (50% hemolytic activity) and were stored in aliquots at —70°C until
used.

Fluorochromes and buffers. Polystyrene microspheres (Fluoresbrite Plain Mi-
crospheres PC Red; Polysciences Inc., Warrington, Pa.) and the oxidative burst
indicators dihydrorhodamine 123 (DHR-123) and rhodamine 123 (R-123) (Mo-
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lecular Probes, Eugene, Oreg.) were used (22, 29). Dulbecco’s PBS (DPBS) was
used with 5 X 107° M glucose and 5 mg of bovine serum albumin (BSA;
Boehringer Mannheim GmbH, Mannheim, Germany) per ml (DPBS-GA) as
well as 9 X 107* M CaCl, - 2H,0 and 5 X 10~* M MgSO, - H,0 (21).

ThbpA+B complexes. TbpA+B complexes were prepared as described previ-
ously (2) from N. meningitidis K454 (B:15:P1.7,16 with TbpB of approximately 85
kDa) (15) and B16B6 (B:2a:P1.2 with TbpB of approximately 68 kDa) (27).
These strains were chosen because the TbpBs are representative of the two
families of high- and low-MW TbpB described by Rokbi et al. (27). The TbpA+B
concentrations were determined by densitometry after SDS-PAGE, as evaluated
against various concentrations of transferrin on the gels (6). The TbpA+B
solution from strain K454 was concentrated from 535 to 800 pg/ml by a vacuum-
operated filter unit (Immersible-CX units with agitator and low-binding ultrafil-
ters with 10,000-MW cutoff; Millipore) to equal the concentration of the
TbpA+B preparation from strain B16B6 prior to adsorption to polystyrene
beads.

ThpA+B-coating of fluorescent beads. Fluorescent polystyrene beads were
coated with TbpA+B complexes from N. meningitidis K454 and B16B6. Briefly,
300 wl of fluorescent beads (4.55 X 10' beads/ml) were washed twice in borate
buffer (0.1 M boric acid [pH 8.5]) and incubated with 480 pg of TbpA+B
complexes (600 pl of the 800-wg/ml solutions) with end-over-end rotation at
room temperature (RT) overnight. Remaining sites on the bead surfaces were
blocked with 2% (wt/vol) BSA in 0.1 M boric acid before suspension in storage
buffer (21) and kept protected from daylight in aliquots at 4°C until used. The
TbpA+B complexes retained the ability to bind hTf after adsorption to beads, as
evaluated by binding of peroxidase-conjugated hTf (Jackson ImmunoResearch
Laboratories).

Densitometry of SDS-polyacrylamide gels of TbpA+B solutions before and
after incubation with beads (LKB UltraScan XL laser densitometer) demon-
strated that TbpA+B had adsorbed to the beads, and the amount of adsorbed
TbpA+B from strain K454 was 90% of that from strain B16B6. In addition, the
differences in the amounts of TbpA+B bound to the beads were determined by
binding of hTf. Briefly, doubling dilutions of TbpA+B-coated bead (TbpA+B-
bead) suspensions (2.5 X 10% beads/ml) were incubated with peroxidase-conju-
gated hTf for 2.5 h, washed three times in sodium acetate-saline-Brij 35 buffer
(120 M sodium acetate, 150 M NaCl, 0.05% [vol/vol] Brij 35), and exposed to
1,2-phenylenediamine dihydrochloride (orthophenylenediamine) in 0.1 M citric
acid-phosphate buffer (pH 5.0). The reaction was stopped with 1.25 M H,SO,,
and the optical densities of the supernatants were read at 492 nm (Titertek
Multiscan MCC; Labsystems, Turku, Finland). The optical densities of superna-
tants from reaction mixtures with strain K454 TbpA+B-beads were about 90%
(89 to 93%) of those obtained with corresponding amounts of strain B16B6
TbpA+B-beads (not shown).

Leukocytes. As previously described, human leukocytes were separated and
adjusted to 1.25 X 107 nonlymphocytes (polymorphonuclear leukocytes and
monocytes, i.e., the potentially phagocytosing cells) per ml in DPBS-GA (21).

Phagocytosis and oxidative burst assays. TbpA+B-beads and control beads
coated with BSA were opsonized with patient and control sera and incubated
with DHR-123 and leukocytes as previously described for other antigen-coated
beads (21-23) except that the incubation time was extended to 15 min followed
by flow cytometry (FCM) analysis (Coulter Epics XL-MCL flow cytometer;
Coulter Corporation, Harpenden, England).

The green R-123 and the red bead fluorescence were collected in separate
FCM channels, and electronic color compensations eliminated spectral overlaps
between the fluorochromes. The FCM coincidence rate was repeatably 1 to 2%,
and daily calibrations were performed (DNA-Check, EPICS Alignment Fluoro-
spheres; Coulter) (22).

FCM parameters. Nonlymphocytes were analyzed for associated R-123 and
bead fluorescence (22). The percentage of phagocytosing nonlymphocytes was
defined as the percentage of nonlymphocytes with associated bead fluorescence,
and the mean number of beads per phagocytosing cell was calculated by dividing
the mean bead fluorescence associated with nonlymphocytes by the fluorescence
of single beads (21, 22). The phagocytosis product (PP) was defined as the
percentage of phagocytosing nonlymphocytes multiplied by the mean number of
beads per phagocytosing cell (23). The PP values were designated with the strain
from which the TbpA+B complexes were isolated (PPy,s4 and PPy g, respec-
tively). Oxidative burst activity was reflected by the mean nonlymphocyte R-123
fluorescence (23).

ELISAs. Purified TbpA+B complexes (1 wg/ml in 0.05 M sodium carbonate
buffer [pH 9.6], 100 pl per well) isolated from N. meningitidis K454 and B16B6
were coated onto 96-well plates (Maxisorb Immuno-plate; Nunc, Roskilde, Den-
mark) and incubated overnight at RT. Blocking was performed with 200 pl of
PBS containing 0.01% (vol/vol) Tween 20 and 10% (vol/vol) newborn calf serum
(blocking buffer) for 1 h at RT. Serial dilutions of test sera were prepared in
blocking buffer in 96-well Serowell plates (Bibby Sterilin Ltd., Stone, Stafford-
shire, England), transferred to the coated plates, and incubated at RT for 2 h.
After washing, 100 wl of an appropriate dilution of either biotin-conjugated
anti-human pan-IgG (Stratech Scientific, Luton, England) or biotin-conjugated
anti-human Ig subclass-specific antibodies (Sigma, Poole, Dorset, England) was
added to each well and incubated for 1 h. The plates were washed, and 100 .l of
an appropriate dilution of streptavidin-HRP conjugate (Pierce, Chester,
Cheshire, England) was added to each well and incubated for 1 h at RT. Finally,
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after washing the plates, 100 ul of TMBlue substrate solution (Intergen, Milford,
Mass.) was added to each well and incubated with shaking for 10 min at RT. The
reaction was stopped with 50 wl of 2 M sulfuric acid per well, and absorbances
were measured at 450 nm on a Titertek ELISA reader (MCC 340; Life Sciences
International, Basingstoke, Hampshire, England). All plates contained duplicate
rows of pooled 6-week-postinfection sera as a standard. ELISA titers were
expressed as the reciprocal of serum dilutions required to obtain the midpoint of
the standard dose-response curve, and titers on each plate were adjusted to the
standard serum titer.

CLSM. Confocal laser scanning microscopy (CLSM) (MRC 1000; Bio-Rad,
Hemel Hempstead, England) was performed immediately after incubation of
opsonized TbpA+B- and BSA-coated beads with leukocytes as described for the
FCM assay (21-23).

Statistical methods. The FCM results are presented as means of duplicate
measurements. Nonparametric statistics (median and range) were employed.
Wilcoxon’s signed rank test was used to determine differences between data. A
P value of <0.05 was considered statistically significant. Correlations were eval-
uated by Spearman’s rank correlation coefficient.

RESULTS

Phagocytosis. The amount of opsonins that recognized
TbpA+B complexes increased in patient sera during the
course of meningococcal disease, as reflected by enhanced
phagocytosis of opsonized antigen-coated beads by human leu-
kocytes (Fig. 1). Increases in patient serum opsonic activities
were most frequently reflected in both the percentage of
phagocytosing nonlymphocytes and the mean number of beads
per cell, as indicated in the summary of FCM parameters
obtained with TbpA+B-beads opsonized with sera from pa-
tients in groups I to V (Table 2). However, since both of these
parameters are required to describe the total opsonophagocy-
tosis, the product of these two parameters (PP) was used to
present the anti-TbpA+B serum opsonic activities (PP4s, and
PPgi6pe, Using beads with TbpA+B from strains K454 and
B16B6, respectively) (Fig. 1).

The majority of patients had low anti-TbpA+B serum op-
sonic activities on admission to hospital (Fig. 1; Table 2). In all
except one patient (patient 30), the highest anti-TbpA+B op-
sonic activities were measured in intermediate serum samples
(n = 39; median, day 15; range, day 3 to 24; P < 0.0001 for
both PPy,s, and PPy 456 values, comparing intermediate and
admission sera). The PP values obtained with 6-week sera were
lower than those obtained with intermediate sera (P < 0.0001
for both PPy,s, and PPy, 45, values), but they were still signif-
icantly higher than PP values obtained with admission sera
(P < 0.0001 for both PPy,s, and PPy, ¢pe values).

The overall magnitudes of the PPy 4, values were higher
than the PP, values (P < 0.0001, using admission, interme-
diate, and 6-week sera). The median (range) PP,s, were 7 (4
to 26), 64 (8 to 437), and 30 (7 to 121), using patient admission,
intermediate, and 6-week sera, respectively. The median
(range) PPy, s Were 34 (5 to 1015), 138 (7 to 1709), and 107
(5 to 1623), using admission, intermediate, and 6-week sera,
respectively. However, significant correlations were found be-
tween the PPy s, and PPy 454 values for admission (r = 0.36
[P < 0.05]) and intermediate (r = 0.55 [P < 0.01]) sera.

The patients were grouped according to the serogroups,
serotypes, and serosubtypes of the disease-causing strains (Ta-
ble 1). Considerable interindividual variations in the anti-
TbpA+B opsonic activities were demonstrated in patient sera
within the groups (Fig. 1; Table 2). The PPy, 4, values induced
by intermediate sera from patients of group IV (C:2a:P1.2
disease) were higher than those obtained with intermediate
sera from the other patients (P = 0.046) (Table 2). Apart from
this, no significant differences in PP values were found between
the patient groups.

Strain K454 expressed a 98-kDa TbpA and a 85-kDa (high-
MW) TbpB, whereas strain B16B6 expressed a 98-kDa TbpA
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FIG. 1. Serum opsonic activities of individual patients in groups I to V (Table 1) against meningococcal TbpA+B complexes from meningococcal strains K454 and
B16B6 during meningococcal disease as reflected by PPy s, and PPy, g6, respectively. Note different scales on the PPy,s, and PPy, g, Ordinates. The antigen-specific
opsonic activities were measured in sera obtained on admission to hospital (admission), between admission and 6 weeks later (intermediate), and 6 weeks after
admission (6 weeks).
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TABLE 2. Phagocytosis and oxidative burst responses mediated by anti-TbpA+B serum opsonins in meningococcal disease patients

Median (range) for beads coated with TbpA+B from strain:

Parameter and patient group” K454 B16B6
Admission Intermediate” 6 wk Admission Intermediate® 6 wk
% Phagocytosing nonlymphocytes®
1 6 (4-7) 37 (24-57) 19 (11-30) 41 (7-94) 53 (16-97) 55 (12-97)
I 6 (4-20) 33 (6-65) 18 (9-37) 45 (4-87) 52 (8-91) 53 (11-90)
111 6 (3-15) 34 (18-65) 22 (17-32) 29 (9-98) 42 (30-98) 50 (14-98)
v 5(4-13) 47 (24-75) 25 (9-45) 41 (7-87) 95 (39-97) 92 (39-98)
\% 6 (4-12) 58 (8-86) 29 (6-56) 25 (6-67) 57 (6-93) 35 (4-72)
Beads/phagocytosing nonlymphocyte
(mean no.)
1 1.3 (1.1-1.7) 1.9 (1.4-2.3) 1.4 (1.2-1.6) 1.4 (1.2-5.6) 3.9 (1.6-8.7) 2.6 (1.3-7.1)
I 1.4 (1.3-1.6) 1.8 (1.3-25) 14(1.2-1.7) 1.5(1.0-3.0) 2.1 (1.3-6.8) 1.3 (1.3-3.4)
111 1.4 (1.2-2.1) 1.8 (1.5-2.7) 1.4 (1.3-1.7) 1.3(1.2-10.3) 2.6 (2.2-11.1) 2.1(1.5-9.1)
v 1.3 (1.1-1.8) 25(1.6-35) 15(1.2-23) 1.4(1.1-3.0) 11.9 (3.0-17.6) 8.4 (2.7-16.6)
A% 1.4 (1.0-1.6) 2.1(1.3-3.8) 1.5(1.3-22) 1.2(1.1-2.1) 2.9 (1.1-8.5) 1.8 (1.2-3.5)
PP¢
1 7(7-12) 63 (37-128) 27 (13-42) 54 (8-522) 199 (27-843) 144 (16-690)
11 9 (6-26) 57 (8-165) 22 (14-52) 69 (5-260) 103 (10-614) 71 (14-304)
11 8 (6-22) 58 (27-177) 31 (27-48) 35 (11-1,015) 108 (64-1,094) 76 (20-890)
v 6 (4-23) 120 (36-262) 37 (11-100) 67 (8-265) 1,130 (117-1,709) 762 (103-1,623)
A% 8 (4-18) 123 (13-437) 51 (7-121) 29 (7-141) 112 (7-785) 62 (5-249)
Oxidative burst®
1 0.2 (0.2-0.2) 0.5(03-1.1)  03(0.2-04) 0.4 (0.2-2.1) 1.6 (0.3-10.5) 0.9 (0.2-7.4)
I 0.2 (0.2-3.3) 0.5(0.2-0.7)  0.2(0.2-0.5) 0.5(0.2-5.6) 0.9 (0.2-3.9) 0.4 (0.2-1.4)
111 0.2 (0.2-0.3) 0.4 (0.2-0.7) 0.3 (0.2-0.4) 0.3 (0.3-13.0) 0.7 (0.3-17.1) 0.5 (0.2-13.7)
v 0.2 (0.2-0.3) 0.7 (0.3-1.0)  0.3(0.2-0.7) 0.4 (0.2-0.9) 11.5 (0.7-24.3) 7.4 (0.6-24.7)
\% 0.2 (0.2-0.3) 0.5(0.2-4.4)  0.3(0.2-0.8) 0.2(0.2-0.9) 0.7 (0.2-10.1) 0.4 (0.2-2.2)

“ Allocation of patients into groups depending on serogroups, serotypes, and subtypes of meningococcal strains (Table 1).

® Serum samples from 39 patients on days 3 to 24 (median, day 15) (Table 1).

¢ Percent nonlymphocytes with associated bead fluorescence.

@ Percent phagocytosing nonlymphocytes multiplied by mean number of beads per phagocytosing cell.

¢ Mean nonlymphocyte R-123 fluorescence.

and a 68-kDa (low-MW) TbpB protein. The MWs of the TbpA
and TbpB proteins of 27 of the disease-causing strains were
also identified (Table 1). Twenty strains expressed high-MW
TbpB proteins (81 to 85 kDa), four strains in patient group IV
expressed low-MW TbpB proteins (64 to 68 kDa), whereas no
TbpB bands were observed in three of the strains. Low but
interindividually variable PPy,s, values were observed using
intermediate sera both from patients infected by strains with
high- and low-MW TbpB. The highest PPy 45, values were
detected in three of the four intermediate sera from patients
infected by strains expressing low-MW TbpB (Table 1; Fig. 1).
However, no statistically significant differences in PPy, g4 val-
ues were observed between sera from patients infected by low-
versus high-MW TbpB-expressing strains (P = 0.068).

Seven patients were previously vaccinated with either a com-
plex serogroup B meningococcal outer membrane vesicle vac-
cine preparation without expressed Tbps (n = 6) or a sero-
group A+C polysaccharide-based vaccine (n = 1) (Table 1).
No significant differences were found between the vaccinee
anti-TbpA+B opsonic activities compared with those of the
other patients.

Sera from five healthy students induced a median PPy,s, of
15 (range, 7 to 28) and a median PPy, of 111 (range, 29 to
284). The anti-TbpA+B opsonic activities in the control pa-
tients did not change during pneumococcal meningitis and
varicella-zoster meningoencephalitis.

Oxidative burst. The phagocyte oxidative burst responses
induced by antigen-specific opsonins were reflected by the in-

tracellular oxidation of the nonfluorescent substrate DHR-123
by reactive oxygen metabolites to green-fluorescent R-123 (Ta-
ble 2). The mean R-123 fluorescence after stimulation with
opsonized TbpA+B-coated beads corresponded to the PP val-
ues obtained with admission sera (r = 0.41 and 0.92 [P < 0.01]
for anti-K454 TbpA+B and anti-B16B6 TbpA+B activities,
respectively), with intermediate sera (» = 0.90 and 0.99 [P <
0.01] for anti-K454 TbpA+B and anti-B16B6 TbpA+B activ-
ities, respectively), and with 6-week sera (r = 0.78 and 0.99
[P < 0.01] for anti-K454 TbpA+B and anti-B16B6 TbpA+B
activities, respectively).

Sera from five healthy students induced median R-123 fluo-
rescences of 0.20 (range, 0.18 to 0.27) and 0.24 (range, 0.21 to
1.52), using opsonized beads coated with TbpA+B from
strains K454 and B16B6, respectively. R-123 fluorescences ob-
tained with control patient sera did not change during pneu-
mococcal meningitis and varicella-zoster meningoencephalitis
(data not shown).

ELISA. The medians and ranges of serum titers obtained
with each antigen in intermediate samples are given in Table 3;
the highest titers were observed with TbpA+B from strain
B16B6. Greater than fivefold rises in titer during meningococ-
cal disease were found against K454 TbpA+B in 40% of in-
termediate and 42.5% of 6-week sera and against B16B6
TbpA+B in 60% of intermediate sera and 45% of 6-week sera.
Furthermore, 40% of sera showed a greater than fivefold rise
in titer to Tbps isolated from both strains. Sera were also
judged to have a positive response to each antigen when a titer
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TABLE 3. Meningococcal disease patient intermediate sera with
anti-TbpA+B main and subclass IgG antibodies, as evaluated
by ELISA

Median (range; no. of sera tested) IgG titer” with
TbpA+B from strain:

Antibody
K454 B16B6
IgG 711 (35-10,781; 39) 1,437 (54-15,683; 39)
IgGlb 445 (22-5,203; 32) 1,523 (72-17,615; 33)
1gG2 65 (65-3,256; 32) 52 (52-2,694; 33)
IgG3b 588 (53-7,342; 31) 67 (31-3,583; 33)
IgG4b 54 (54-68; 31) 47 (47-67; 33)

“ Reciprocal of serum dilution required to give 50% endpoint absorbance of
the standard (pooled convalescent sera).
b Assay performed only with sera with IgG titers above 150.

greater than three times the dilution cutoff was obtained. Us-
ing this analysis, 67.5% of intermediate and 70% of 6-week
sera were positive for K454 TbpA+B, while 82.5% of inter-
mediate and 70% of 6-week sera were positive for B16B6
TbpA+B.

The titers of anti-TbpA+B IgG antibodies in the meningo-
coccal disease patient sera were correlated to the anti-
TbpA+B opsonic activities, as reflected by PP ,s, values (r =
0.04 [nonsignificant], 7 = 0.33 [P < 0.05],and r = 0.5 [P < 0.01]
between anti-K454 TbpA+B IgG and PPy, values using ad-
mission, intermediate, and 6-week sera, respectively) and by
PPy pe Values (r = 0.24, 0.37, and 0.33 [P < 0.05] between
anti-B16B6 TbpA+B IgG and PPy, 4554 values using admission,
intermediate, and 6-week sera, respectively). The anti-B16B6
TbpA+B IgG titers were significantly higher than the anti-
K454 TbpA+B IgG titers in intermediate sera (P < 0.001),
whereas no significant differences were found between the IgG
titers against TbpA+B from the two strains in admission and
6-week sera.

Anti-TbpA+B IgG subclass analyses were performed in in-
termediate sera with anti-TbpA+B IgG titers above 150. The
responses were mainly IgG1 and/or IgG3 subclasses (Table 3).
Similar amounts of IgG1l and IgG3 were detected against
TbpA+B from strain K454 (median titers of 445 and 588,
respectively), whereas mainly IgGl was found against
TbpA+B from strain B16B6 (median titer of 1,523) (Table 3).

CLSM. CLSM images confirmed that opsonized TbpA+B-
beads were phagocytosed and that R-123 fluorescence was
induced (not shown).

DISCUSSION

We have demonstrated for the first time that human serum
opsonins produced during meningococcal disease recognize
epitopes on meningococcal TbpA+B complexes. The antigen-
specificity needed to perform this study was ensured by ad-
sorption of isolated TbpA+B to polystyrene beads. Also, the
antigens retained the ability to bind hTf after adsorption to the
beads, indicating that their conformation was similar to that of
native proteins. This provided a mimicry of bacteria with se-
lected antigens surface-exposed and available for in vitro rec-
ognition and attachment of TbpA +B-specific serum opsonins.

Increased patient anti-TbpA+B serum opsonic activities
were detected during disease. The overall magnitudes of the
patient opsonic responses against TbpA+B from strain B16B6
were significantly higher than those observed against com-
plexes from strain K454 (Fig. 1). This could in part be due to
a 10% lower degree of adsorption of TbpA+B complexes from
strain K454 to the beads than that of the B16B6 complexes.
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However, the IgG titers against BL6B6 TbpA+B were higher
than against K454 TbpA+B in the same intermediate sera,
strongly indicating that the higher amount of antibodies de-
tected against TbpA+B from strain B16B6 during disease were
responsible for the higher opsonic activities against TbpA+B
from strain B16B6 than from K454.

Even though considerable variations between individuals
were observed in the anti-Tbp A+B serum opsonic activities,
significant correlations were found between the PPy,s, and
PPy s Values, indicating human opsonic cross-reactivity
against TbpA+B epitopes. Also, in spite of higher PPy g in
patient group IV, the PP values were found to be statistically
independent of the MW of the TbpB of the disease-causing
strains. Accordingly, the cross-reactive opsonins may be di-
rected against the more conserved TbpA molecule or against
epitopes present on both high- and low-MW TbpBs or epitopes
formed by the TbpA+B complex. A previous study with rabbit
sera and Western blot techniques demonstrated little cross-
reaction between the higher- and lower-MW TbpB isotypes
(27). Also, antibodies raised in rabbits to Tbps from B16B6
have been shown to be bactericidal, but only against strains
with the same TbpB MW isotype (24). The immune responses
to TbpA and TbpB have, however, been shown to vary consid-
erably depending on the route of antigen administration, the
immunological method used, and the species-specific immune
reactivity in various murine versus human host species (2).
Thus, conclusions regarding the immunogenicity of TbpA and
TbpB and, accordingly, the usefulness of Tbps as meningococ-
cal vaccine candidates depend on data on the human immune
responses to Tbps. Antibodies to meningococcal TbpA+B
complexes and to the isolated proteins have been detected in
both patients and carriers (2, 12, 15, 20), and these antibodies
have been shown to cross-react with Tbps isolated from differ-
ent meningococcal strains (15). To further clarify the cross-
reactiveness of the anti-Tbp patient opsonins observed in the
present study, studies are planned to evaluate patient opsonic
responses against separate TbpA and TbpB molecules.

The anti-TbpA+B IgG responses were primarily of sub-
classes IgG1 and IgG3. These are the most effective to trigger
complement activation and bind to Fcy receptors (1, 8, 31),
which implies that the anti-TbpA+B opsonic activities primar-
ily are due to disease-induced antigen-specific IgG1 and IgG3
antibodies. Whereas IgG1 was detected against TbpA+B from
both strains, IgG3 was found almost entirely against TbpA+B
from strain K454. The reason for this is not known.

Phagocytic uptake of bacteria without initiation of intracel-
lular killing mechanisms has been suggested as a means by
which meningococci invade the host (3, 13). Since both inges-
tion and oxidative killing are probably needed to mount an
effective phagocytic clearance of invading bacteria, the effects
of human anti-TbpA+B opsonins on both of these steps were
evaluated in the present study. With this in vitro approach to
reflect the antigen specificity of the serum opsonic activities of
surviving patients, the results indicate that anti-TbpA+B an-
tibodies generate functional serum opsonic responses.

Meningococcal Tbps are essential for the acquisition of iron
from hTf and are expressed by all strains during growth in
iron-restricted environments such as human tissue fluids. Ac-
cordingly, it is thought that Tbps are vital for meningococcal
pathogenicity. The importance of Tbps for gonococcal patho-
genicity has been demonstrated in a human challenge experi-
ment, as a mutant lacking TbpA+ B failed to cause disease (9).
Murine antibodies raised against the TbpA+B complex have
been shown to block the bacterial acquisition of iron from hTf
(25). TopA+B complexes have also been shown to elicit bac-
tericidal antibodies following immunization of mice (4, 10, 24)
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and after vaccination of adult volunteers (11), and the present
study demonstrates that human opsonic antibodies produced
in response to meningococcal disease are directed against
TbpA+B epitopes. The multifunctional nature of anti-Tbp
antibodies suggests that the meningococcal TbpA+B complex
may be a multipotent meningococcal vaccine candidate.

We conclude that human serum opsonins produced during
meningococcal disease recognize meningococcal TbpA+B
complexes and that both phagocytosis and intracellular oxida-
tive burst activities are initiated by anti-TbpA+B opsonins.
TbpA+B from strain B16B6 was the most immunogenic in
both ELISA and functional phagocytic assays, but extensive
opsonic cross-reactivity was demonstrated against TbpA+B
from the two strains. Functional studies with separate TbpA
and TbpB molecules as target antigens are planned to clarify
the relative importance of the TbpA and TbpB components of
the complex as mediators of serum opsonic responses during
meningococcal disease.
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