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Meningococcal vaccines containing factor H binding protein (fHbp) are in clinical development. fHbp binds human fH, which
enables the meningococcus to resist complement-mediated bacteriolysis. Previously, we found that chimeric human IgG1 mouse
anti-fHbp monoclonal antibodies (MAbs) had human complement-mediated bactericidal activity only if the MAb inhibited fH
binding. Since IgG subclasses differ in their ability to activate complement, we investigated the role of human IgG subclasses on
antibody functional activity. We constructed chimeric MAbs in which three different murine fHbp-specific binding domains
were each paired with human IgG1, IgG2, or IgG3. Against a wild-type group B isolate, all three IgG3 MAbs, irrespective of their
ability to inhibit fH binding, had bactericidal activity that was >5-fold higher than the respective IgG1 MAbs, while the IgG2
MAbs had the least activity. Against a mutant with increased fHbp expression, the anti-fHbp MAbs elicited greater C4b deposi-
tion (classical pathway) and greater bactericidal activity than against the wild-type strain, and the IgG1 MAbs had similar or
greater activity than the respective IgG3 MAbs. The bactericidal activity against both wild-type and mutant strains also was de-
pendent, in part, on activation of the alternative complement pathway. Thus, at lower epitope density in the wild-type strain, the
IgG3 anti-fHbp MAbs had the greatest bactericidal activity. At a higher epitope density in the mutant, the IgG1 MAbs had similar
or greater bactericidal activity than the IgG3 MAbs, and the activity was less dependent on the inhibition of fH binding than at a
lower epitope density.

Neisseria meningitidis is an important cause of meningitis and
sepsis. There are no broadly effective vaccines against group B

strains (15, 34), in part because the group B capsular polysaccha-
ride cross-reacts with host antigens (11) and is poorly immuno-
genic (20). Several protein antigens are under investigation as vac-
cine candidates for prevention of group B meningococcal disease
(9, 15, 34). One of the most promising is factor H binding protein
(fHbp) (25), which is present in nearly all meningococcal strains
(30). The antigen binds factor H (fH) (22) enables the meningo-
coccus to resist complement activation and evade innate host de-
fenses. Furthermore, binding is specific for human fH (17).

One potential limitation of fHbp vaccines is that the antigen is
relatively sparsely exposed on the surface of some meningococcal
strains, which increases resistance of the bacteria to anti-fHbp
complement-mediated bactericidal activity (10, 32, 33, 38). Fur-
ther, most murine anti-fHbp monoclonal antibodies (MAbs)
lacked bactericidal activity when tested with human complement
(3, 39). In a recent study, we constructed chimeric antibodies in
which the human IgG1 constant region was paired with three
murine fHbp-specific binding domains (14). Although all three
MAbs elicited similar C1q-dependent C4b deposition on live bac-
teria (classical complement pathway), only the two antibodies that
inhibited binding of fH to fHbp had bactericidal activity with
human complement. Thus, there appeared to be insufficient com-
plement activation by the IgG1 anti-fHbp MAbs for complement-
mediated bacteriolysis unless fH binding also was inhibited.

The four human IgG subclasses are known to differ in their
ability to activate complement (8, 27). Specifically, IgG1 and IgG3
antibodies activate complement efficiently, whereas IgG2 anti-
bodies are effective mainly at high epitope density, and IgG4 an-
tibodies are ineffective complement activators (12, 27). There is
no information available on the effect of human IgG subclasses on

fHbp-specific antibody functional activity. To address this ques-
tion, in the present study we investigated the effect of IgG subclass
on functional activity of a panel of chimeric anti-fHbp MAbs in
which individual mouse anti-fHbp paratopes were paired with
human IgG1, IgG2, and IgG3 constant regions. We also investi-
gated the contribution of the alternative complement pathway
and antigen density on antibody function.

MATERIALS AND METHODS
Murine anti-fHbp MAbs. The murine fHbp-specific MAbs JAR 3 (IgG3),
JAR 5 (IgG2b) (5, 38, 39) and MAb502 (IgG2a) (13, 35) have been previ-
ously described. JAR 3 and JAR 5 MAbs inhibit binding of each other to
fHbp (38) and recognize overlapping epitopes that involved glycine and
lysine at positions 121 and 122, respectively, of fHbp (3, 5). MAb502
recognizes a conformational epitope requiring an arginine at position 204
(35), and this MAb does not inhibit binding of JAR 3 or JAR 5 to fHbp.
Control MAbs included SEAM 12 (16), which reacts with the group B
capsule, and anti-PorA P1.7 (NIBSC code 01/514, which was obtained
from the National Institute for Biological Standards and Control, Potters
Bar, United Kingdom).

Chimeric human IgG1, IgG2, and IgG3 mouse anti-fHbp MAbs. The
methods used for the preparation, expression, and purification of chime-
ric human IgG1 mouse anti-fHbp MAbs have been previously described
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(14). Briefly, sequence-specific primers were designed to facilitate the in-
sertion of the previously described murine VH and VL regions (14, 35)
into modified FRT bicistronic eukaryotic expression vectors (Invitrogen)
that had been engineered to contain the human IgG1, IgG2, or IgG3
constant regions. The DNA sequences of all constructs were verified prior
to transfection into Flp-In CHO cells (Invitrogen). Transfected cells were
cultured in serum-free medium (Sigma-Aldrich) and grown for approx-
imately 2 weeks. Antibody from the cell culture supernatant was concen-
trated and purified using HiTrap protein G columns (GE Healthcare),
which was performed as described previously (14). Concentrations of the
human IgG-mouse chimeric MAbs were determined by a capture
enzyme-linked immunosorbent assay (ELISA) in which goat anti-human
� chain-specific antibody (Biosource) bound to wells of a microtiter plate
was used to capture the chimeric antibody, which was then detected by
goat anti-human � chain-specific antibody conjugated with alkaline
phosphatase (Biosource). Antibody concentrations of the chimeric hu-
man mouse anti-fHbp MAbs were assigned by comparison with binding
of human IgG1, IgG2, and IgG3 myeloma standards (Sigma).

Flow cytometry. Binding of the chimeric MAbs to the surface of live
encapsulated bacteria, and the ability of the MAbs to inhibit binding of fH
to live bacteria, were measured by flow cytometry as described previously
(14). The test strain was H44/76 (B:15:P1.7,16; ST-32), which expresses
fHbp ID 1 (38, 39). In some experiments, we also used a mutant of H44/76
(H44/76-OE) in which fHbp was overexpressed (see below). For the flow
binding experiments, a fixed concentration of anti-fHbp MAb (4 �g/ml)
or, as a negative control, 100 �g of an irrelevant MAb (a monoclonal �
chain antibody from a human myeloma [Sigma])/ml was incubated with
�107 bacteria/ml. Bound antibody was detected using CF488-conjugated
goat anti-human IgG (BioTium). For measurement of inhibition of fH
binding to the bacterial surface, bacteria at �107 cells/ml were incubated
with 50 or 2 �g of anti-fHbp MAb/ml for 30 min at room temperature,
followed by the addition of �90 �g of human fH/ml. The source of fH was
heat-inactivated (30 min at 56°C) 20% human serum that had been de-
pleted of IgG as previously described (4). Bound fH was detected by a
sheep polyclonal antiserum to fH (Lifespan Bioscience), followed by
washing and incubation with a donkey anti-sheep IgG antibody (Invitro-
gen) conjugated with Alexa Fluor 488.

Mutant group B strain H44/76 with increased fHbp expression. The
shuttle vector pFP12, which has an origin of replication from a naturally
occurring plasmid in Neisseria gonorrhoeae (31), was used to increase
fHbp expression as described previously for N. meningitidis group C strain
RM1090 (18). A mutant of H44/76, in which the gene encoding fHbp had
been inactivated (38), was transformed with pFP12-fHbp containing the
full-length gene encoding fHbp ID 1. The transformation was performed
as previously described (21), and transformants were selected on GC agar
plates containing 5 �g of chloramphenicol/ml. By flow cytometry, the
mutant (designated H44/76-OE) bound �3-fold more anti-fHbp MAb
than did the parent wild-type strain (Fig. 1).

Human complement sources. The complement used to measure bac-
tericidal activity was serum from a healthy adult with normal total hemo-
lytic complement activity and no detectable serum bactericidal antibodies
against the test strain. To eliminate nonbactericidal IgG antibodies that
might augment or inhibit the activity of the test MAbs, the serum was
depleted of IgG using a protein G column (HiTrap Protein G; GE Life
Sciences, Piscataway, NJ), which was performed as previously described
(4). As described in Results, in some experiments we used a commercial
human complement source that had been depleted of C6 (Complement
Tech) and that also was depleted of IgG in our laboratory.

Serum bactericidal assay. Human complement-mediated bacteri-
cidal activity was measured as previously described (3, 4) using group B
strain H44/76 wild type or the H44/76 mutant described above with in-
creased fHbp expression (H44/76-OE). In brief, the bacterial cells were
grown, harvested, and resuspended in buffer as described elsewhere (14).
Immediately before the assay was performed, the anti-fHbp MAbs were
centrifuged for 2 h at 100,000 � g to remove possible aggregates. The

40-�l bactericidal reaction mixture contained 1 to 100 �g of MAb/ml, ca.
300 to 400 CFU of bacteria, and 20% human complement (see above).
The 50% bactericidal activity (BC50) was defined by the anti-fHbp MAb
concentration that resulted in a 50% decrease in CFU/ml after a 60-min
incubation in the reaction mixture compared to the CFU/ml in negative
control wells at time zero. In some experiments, in order to inhibit alter-
native complement pathway activation, we added 50 �g of a mouse anti-
properdin MAb/ml, which blocked properdin function (MAb A233;
Quidel Corp.) (1, 2), or 100 �g of a mouse anti-Bb MAb (A227; Quidel
Corp.)/ml (19) to the bactericidal reaction mixture. In flow cytometric
studies using 15% human serum as a complement source and 10 mM
MgCl2 and 10 mM EGTA (to block the classical and lectin complement
pathways), the concentrations of the MAb inhibitors used in the bacteri-
cidal reaction were �10-fold in excess of those required for inhibition of
alternative complement pathway-mediated C3b deposition on zymosan
(data not shown).

C4b and C3b deposition on N. meningitidis. Flow cytometry was
used to measure the deposition of human C4b and human C3b on the
surfaces of live bacteria of the H44/76 wild-type strain or the H44/76-OE
mutant strain (14). In brief, bacteria were grown and harvested as de-
scribed previously (38), resuspended in D-PBS-BSA (Dulbecco
phosphate-buffered saline containing 0.1 g of CaCl2/liter and 0.1 g of
MgCl2/liter � 6H20 [Mediatech], pH 7.4, with 1% [wt/vol] bovine serum
albumin [Equitech-Bio]) to a density of �108 cells/ml. The bacteria were
incubated with human complement (10% C6-depleted human serum to
prevent bacteriolysis, which also was depleted of IgG as described above).
Different concentrations of the chimeric human-mouse anti-fHbp MAbs
diluted in D-PBS-BSA were added. After 10 to 15 min incubation at room
temperature, bound human C4b or C3b was detected with 1:100 dilutions
of fluorescein isothiocyanate-conjugated anti-human C4b or C3c, respec-
tively (Meridian Life Science).

RESULTS
Chimeric human mouse anti-fHbp MAbs with different IgG
subclasses have similar respective binding and fH inhibition
characteristics. We constructed three sets of human-mouse chi-
meric anti-fHbp antibodies in which the mouse JAR 3, JAR 5, or
MAb502 paratopes were each paired with human IgG1, IgG2, or
IgG3 constant regions (total of nine antibodies). For each of the
paratopes, the three IgG subclass MAbs showed similar respective
binding to recombinant fHbp when measured by ELISA (Fig. 2A),
and similar respective binding with live bacteria of group B strain
H44/76 when measured by flow cytometry (Fig. 2B). Irrespective
of the IgG subclass, as little as 2 �g of JAR 3 or JAR 5/ml inhibited
the binding of fH to the surfaces of the live bacterial cells (Fig. 2C).

FIG 1 Binding of anti-fHbp MAb MAbs to live bacteria of group B strain
H44/76 and a mutant (H44/76-OE) with increased fHbp expression. (A) Bind-
ing of control murine anticapsular MAb (5 �g/ml). Gray line, wild-type strain;
black line, H44/76-OE mutant; filled gray histogram, mutant incubated with
100 �g of an irrelevant MAb/ml. (B) Binding of murine anti-fHbp MAbs (50
�g of JAR 3 � JAR 4/ml). Symbols are as defined in panel A.
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As expected (14, 35), none of the MAb502 chimeric antibodies
inhibited the binding of fH (for MAb502, the data in Fig. 2C were
obtained with 50 �g of each IgG subclass/ml).

Chimeric human IgG3 mouse anti-fHbp MAbs elicit greater
C3b deposition on live N. meningitidis bacteria than IgG1 or
IgG2 MAbs. We measured the deposition of C4b on the surfaces
of live N. meningitidis cells of wild-type group B strain H44/76 as a
marker of lectin and/or classical complement pathway activation
and C3b deposition as a marker of activation of any of the three
complement pathways (classical, lectin, or alternative). For each
of the paratopes, C4b deposition elicited by the different IgG sub-
classes was similar, although there was slightly more deposition
elicited by each of the IgG3 MAbs (Fig. 3A). For C3b deposition
(Fig. 3B), the chimeric IgG3 antibodies elicited greater activation
than the corresponding IgG1 MAbs (black dashed lines versus
black solid lines, respectively), and both of these subclasses elicited
more C3b deposition than the respective IgG2 subclasses (gray
solid lines).

Chimeric IgG3 anti-fHbp MAbs have greater human
complement-mediated bactericidal activity than IgG1 or IgG2
MAbs. All three IgG3 anti-fHbp MAbs had greater human
complement-mediated bactericidal activity against group B strain
H44/76 than the respective IgG1 or IgG2 MAbs (Fig. 4A to C). For
each paratope, the respective geometric mean IgG3 concentra-
tions (in �g/ml) for 50% human complement-mediated bacteri-
cidal activity (BC50) in three to four independent assays were sig-
nificantly lower than those of the IgG1 or IgG2 MAbs (P � 0.001
by analysis of variance [Fig. 4D]). For JAR 3 and JAR 5, the IgG1

concentrations for 50% bacteriolysis also were lower than for the
respective IgG2 subclass MAbs (P � 0.0001 and P � 0.01, respec-
tively). (For MAb502, neither the IgG1 nor the IgG2 MAb had
activity [Fig. 4C].)

Effect of increased fHbp expression on IgG subclass anti-
fHbp MAb complement activation and bactericidal activity. As
described in Materials and Methods, the mutant group B strain
H44/76-OE bound �3-fold more anti-fHbp MAb as determined
by flow cytometry than did the parent wild-type strain (Fig. 1). A
shown by flow cytometry, the binding of each of the respective
chimeric IgG subclass anti-fHbp MAbs to live bacteria of the H44/
76-OE mutant strain was similar to each other (Fig. 5A). For all
three paratopes, there was greater C4b deposition on the mutant
bacteria elicited by the IgG3 MAbs than the respective IgG1 or
IgG2 subclasses, while the IgG2 MAbs elicited the lowest C4b de-
position (Fig. 5B). The IgG2 subclass also elicited the lowest C3b
deposition on the mutant (Fig. 5C). For JAR 3 and JAR 5, however,
deposition of C3b on the mutant by the respective IgG3 and IgG1
was similar to each other, while for the MAb502 the IgG3 elicited
slightly more C3b than the IgG1 (Fig. 5C).

Regardless of the IgG subclass, the respective concentrations of
anti-fHbp MAb required for complement-mediated bactericidal
activity were 4- to �10-fold lower against the H44/76-OE mutant
than against the wild-type strain (compare Fig. 5D to Fig. 4D).
Also, in contrast to the WT strain, which was more susceptible to
bactericidal activity by the IgG3 MAbs than the IgG1 MAbs, the
reverse pattern was found with the H44/76-OE mutant (i.e., for
JAR 3 or JAR 5, the concentrations of the IgG1 MAbs required for

FIG 2 Binding and fH inhibition by chimeric human IgG subclass mouse anti-fHbp MAbs. (A) Binding to fHbp by ELISA. (B) Binding to live N. meningitidis
bacterial cells of strain H44/76 by flow cytometry. The MAbs were tested at 4 �g/ml. IgG1, black solid lines; IgG2, gray solid lines; IgG3, black dashed lines (the
respective binding lines are superimposed). An irrelevant human IgG1 MAb (100 �g/ml) was used as a negative control (dark gray filled histograms). (C)
Inhibition of fH binding by flow cytometry using 20% IgG-depleted human serum as a source of fH (�90 �g/ml) and 2 �g (JAR 3 or JAR 5) or 50 �g (MAb502)
of chimeric antibody/ml. Light gray filled area, fH without MAb; dark gray filled area, bacteria without fH as a negative control. Symbols for IgG1, IgG2, and IgG3
MAbs are as defined for panel B.
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50% bacteriolysis mutant were lower than for the respective IgG3
MAbs; P � 0.014 [Fig. 5D]). These results were unexpected since
the respective IgG3 MAbs elicited more C4b deposition on the
H44/76-OE mutant than did the IgG1 MAbs (Fig. 5B) and elicited
similar C3b deposition to each other (Fig. 5C). For MAb502, the
IgG1 and IgG2 MAbs, which were not bactericidal against the
H44/76 wild-type strain (BC50 � 100 �g/ml [Fig. 4D]), were bac-
tericidal against the H44/76-OE mutant (Fig. 5D). Thus, overex-
pression of fHbp markedly increased overall susceptibility to anti-
fHbp MAb complement-mediated bactericidal activity, which was
particularly evident for the IgG1 and IgG2 MAbs.

Inhibition of the alternative complement pathway decreases
anti-fHbp MAb bactericidal activity. We measured complement-
mediated anti-fHbp MAb bactericidal activity in the presence or
absence of anti-properdin or anti-Bb MAbs, which were used to
block the alternative complement pathway (see Materials and
Methods). With the anti-properdin MAb (Fig. 6), there was de-
creased bactericidal activity of the anti-fHbp MAbs when mea-
sured against the wild-type strain (respective lines with blue sym-
bols) but not against the mutant H44/76-OE mutant strain
(respective lines with orange symbols). The only exception was
MAb502 IgG1, which required properdin for optimal bactericidal
activity against the H44/76-OE mutant (Fig. 6E).

When properdin was inhibited, there also was a decrease in the
bactericidal activity of a control mouse JAR 3 anti-fHbp MAb
against the wild-type strain but not against the mutant H44/
76-OE strain (Fig. 6H). In contrast, there was no effect of inhibit-
ing properdin on the bactericidal activity of a control mouse anti-
PorA P1.7 MAb when measured against the wild-type strain or the
H44/76-OE mutant (Fig. 6G). The lack of an effect of blocking

FIG 3 Deposition of human C4b and C3b on live bacterial cells of group B strain H44/76 as measured by flow cytometry. The bacteria were incubated with
human complement and 4 �g of chimeric anti-fHbp MAbs/ml. IgG1, black solid lines; IgG2, gray solid lines; and IgG3, black dashed lines. An irrelevant human
MAb (4 �g/ml) was used as a negative control (gray filled histograms). (A) Activation of C4b deposition using 10% commercial C6-depleted human serum,
which also had been depleted of IgG as described in Materials and Methods. (B) Activation of C3b deposition. The MAb concentrations and complement were
the same as those for panel A. Similar respective results were obtained in two independent experiments with C6-depleted human serum as the complement source
and in a third experiment with a different human complement source that had not been C6-depleted (data not shown).

FIG 4 Complement-mediated bactericidal activity of chimeric anti-fHbp
MAbs. (A to C) Survival of wild-type N. meningitidis group B strain H44/76
after 60 min of incubation with anti-fHbp chimeric MAbs and 20% human
complement. Crosses with solid line, IgG1; open triangles with solid line,
IgG2; open circles with dashed line, IgG3. (A) JAR 3; (B) JAR 5; (C)
MAb502. (D) Geometric mean MAb concentrations (�g/ml) for 50% hu-
man complement-mediated bactericidal activity in three to four indepen-
dent assays. Error bars represent two standard errors. For all three
paratopes, bacteriolysis occurred at lower concentrations of IgG3 (hatched
bars) than the respective IgG2 (gray bars) or IgG1 (white bars; P � 0.0001)
subclasses. For JAR 3 and JAR 5, bacteriolysis occurred at lower concen-
trations of IgG1 than with the respective IgG2 subclass MAbs (P � 0.0001
and P � 0.01, respectively).
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properdin on anti-PorA P1.7 MAb bactericidal activity indicated
that the role of the alternative complement pathway on bacteri-
cidal activity was specific for the anti-fHbp MAbs.

In the presence of the anti-Bb MAb, there was decreased anti-
fHbp MAb bactericidal activity against both the wild type and the
H44/76-OE mutant (Fig. 7). The effect of inhibiting factor B also
was specific for anti-fHbp MAbs, as evidenced by inhibition of the
mouse JAR 3 anti-fHbp MAb (Fig. 7H) but not the control mouse
anti-PorA P1.7 MAb (Fig. 7G).

DISCUSSION

Most vaccine antigens are relatively abundant on the surface of the
pathogen. An exception is fHbp, which was discovered by “ge-
nome mining” and is sparsely distributed on many meningococcal
strains (32, 33, 38). Low fHbp expression was one reason the pro-
tein remained undiscovered until recently. Despite sparseness of
the antigen, anti-fHbp antibodies elicit complement-mediated
bactericidal activity and confer passive protection in animal mod-
els of meningococcal bacteremia (38, 39). Recently, we showed
that bactericidal activity of chimeric human IgG1 anti-fHbp
MAbs was dependent on their ability to inhibit binding of fH to
fHbp (14). In the present study we extended these antibody func-
tional studies to include chimeric IgG2 and IgG3 anti-fHbp MAbs
and determined the role of antigen density and complement acti-
vation via the alternative pathway.

We confirmed that only the chimeric IgG1 anti-fHbp MAbs,
which inhibited fH binding (JAR 3 or JAR 5), had human
complement-mediated bactericidal activity against the group B
wild-type strain. In contrast, all three chimeric IgG3 anti-fHbp
MAbs, including MAb502, which did not inhibit fH binding, had
bactericidal activity (Fig. 4). Thus, for the IgG3 subclass inhibition
of fH binding was not required for bactericidal activity. Further,
the IgG3 MAb activity was 5- to �10-fold higher than the respec-
tive IgG1 MAb activity.

All of the chimeric IgG anti-fHbp MAbs, irrespective of IgG
subclass, had substantially greater bactericidal activity against a
mutant of strain H44/76 with increased fHbp expression than
against the wild-type strain. These results underscored the large
effect of strain expression of fHbp on susceptibility to anti-fHbp
bactericidal activity, which was observed previously in bactericidal
assays of polyclonal anti-fHbp antisera when tested against natu-
rally occurring meningococcal isolates with different levels of
fHbp expression (32) or isogenic mutants (33). In the present
study, two of the chimeric IgG1 anti-fHbp MAbs also had greater
bactericidal activity than the respective IgG3 MAbs against the
mutant with increased fHbp expression, which was opposite to
their respective activity measured against the wild-type strain.
These results were consistent with previous studies using hapten
(4-hydroxy-3-nitrophenacetyl)-specific recombinant chimeric
MAbs and human erythrocytes, which showed better human IgG1

FIG 5 Effect of increased fHbp expression on IgG subclass anti-fHbp complement deposition and bactericidal activity. (A to C) Flow cytometry with live
bacterial cells of a mutant strain with overexpressed fHbp (H44/76-OE). (A) Binding of 4 �g of chimeric anti-fHbp MAbs/ml (IgG1, solid black lines; IgG2, gray
lines; IgG3, dashed lines; the respective lines are superimposed). An irrelevant MAb (100 �g/ml) was used as a negative control (gray filled histograms). (B and
C) Deposition of C4b and C3b, respectively, elicited by 4 �g of anti-fHbp MAb/ml and 10% C6-depleted human serum as a complement source, which also had
been depleted of IgG. (D) Anti-fHbp MAb complement-mediated bactericidal activity against mutant strain H44/76-OE. For JAR 3 and JAR 5, the geometric
IgG1 concentrations required for 50% bactericidal activity (BC50) (white bars) were lower than the respective IgG3 concentrations (black diagonal hatched bars
P � 0.014). For MAb502, the geometric mean BC50 of IgG1 was higher than for IgG3 (P � 0.005). For all three paratopes, the IgG2 BC50 values were higher than
the respective IgG1 or IgG3 values (P � 0.0001). The data are from three independent experiments. Error bars represent two standard errors.
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than IgG3 complement-mediated lysis when the hapten concen-
tration on the target red cells was high, whereas the IgG3 subclass
was the most effective when the hapten concentration was low
(27).

The underlying mechanism for the greater bactericidal activity
of the chimeric IgG3 anti-fHbp MAbs than the respective IgG1
anti-fHbp MAbs against the wild-type H44/76 strain, while the
reverse was observed against the mutant with increased fHbp, is
not known. Human IgG3 has an extended hinge region (63 amino
acids, as opposed to 15 amino acids for IgG1) (26), which might
allow for greater flexibility of the Fc portion of the IgG3 molecule
and more efficient engagement of C1q when fHbp is sparsely ex-
posed. This hypothesis, however, is not supported by studies of
mutant human IgG3 molecules with truncated hinge regions
where the greater ability of IgG3 than IgG1 to activate
complement-mediated lysis of red cells with low hapten density
was independent of the hinge region (29). Based upon data from
mutant IgG1 and IgG3 molecules with substitutions of single
amino acid residues contributing to C1q binding (29), subtle

structural differences in the CH2 domain appear to be responsible
for the greater ability of IgG3 to engage C1q and activate the clas-
sical complement pathway when the target antigen is sparse. At a
higher antigen density, these structural differences appear to have
much less influence than at a low antigen density, since at a high
antigen density both IgG1 and IgG3 have high activity. It is inter-
esting that even under high-antigen-density conditions, the chi-
meric IgG2 anti-fHbp MAbs had much lower activity than the
respective IgG1 or IgG3 chimeric MAbs (Fig. 5D), which likely
resulted from a lower ability of human IgG2 to bind C1q (7). Note
that for our studies we did not construct chimeric IgG4 anti-fHbp
MAbs because in previous studies IgG4 antibodies had minimal or
no complement activating properties (27, 37).

The effect of human IgG subclasses on complement-mediated
bactericidal activity against group B strain H44/76 was investi-
gated previously using recombinant chimeric MAbs to PorA with
different human IgG subclasses and identical mouse V genes. In
one study, all three IgG1 anti-PorA MAbs tested had superior

FIG 6 Effect of blocking properdin on anti-fHbp MAb bactericidal activity.
Survival of N. meningitidis bacteria incubated for 60 min with 20% IgG-
depleted human serum and anti-fHbp MAbs in the presence or absence of 50
�g of an anti-properdin MAb inhibitor/ml. Results for the H44/76 wild-type
strain without anti-properdin inhibitor (open blue squares with dashed line),
the H44/76 wild-type strain with anti-properdin inhibitor (blue filled squares
with black solid line), the H44/76-OE mutant with overexpressed fHbp with-
out inhibitor (open orange circles with dashed line), and the H44/76-OE mu-
tant with anti-properdin inhibitor (orange filled circles with solid black line)
are indicated. The data points and error bars represent respective means and
ranges from two to three independent experiments.

FIG 7 Effect of the addition of an anti-Bb MAb on anti-fHbp MAb bacteri-
cidal activity. Survival of N. meningitidis bacteria incubated for 60 min with
20% IgG-depleted human serum and anti-fHbp MAbs in the presence or ab-
sence of 100 �g of an anti-Bb MAb inhibitor/ml. The results for the H44/76
wild-type strain without anti-Bb MAb inhibitor (open blue squares with
dashed line), the H44/76 wild-type strain with anti-Bb MAb inhibitor (blue
filled squares with solid line), the H44/76-OE mutant with overexpressed fHbp
without anti-Bb MAb inhibitor (open orange circles with dashed line), and the
H44/76-OE mutant with anti-Bb MAb inhibitor (orange filled circles with
solid line) are given. The data points and error bars represent respective means
and ranges from two to three independent experiments.
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bactericidal activity to the respective IgG3 MAbs (28), while in the
second study an IgG1 anti-PorA MAb had similar or better activity
than the IgG3 MAb (37). The second study also investigated the
activity of a chimeric IgG2 anti-PorA MAb, which had less activity
than the IgG1 or IgG3 MAbs, while the IgG4 MAb with identical
respective V region genes had no activity. Thus, for PorA, the IgG1
MAbs were as effective or more effective for eliciting human
complement-mediated bactericidal activity than the respective
IgG3 MAbs, whereas with fHbp the IgG3 MAbs were more effec-
tive.

PorA is present in the meningococcal outer membrane as a
homotrimer or heterotrimer with PorB or Rmp subunits (6, 23,
24, 36). Our hypothesis is that fHbp is present in the meningococ-
cal outer membrane as a monomer. Since activation of the classi-
cal complement pathway requires engagement of C1q by at least
two bound IgG molecules, failure of an anti-fHbp MAb to activate
complement-mediated bacteriolysis could result from too great
an average distance between most of the bound IgG molecules to
permit optimal C1q engagement. In contrast, two IgG anti-PorA
MAbs bound to a PorA homotrimer, or to a heterotrimer contain-
ing two PorA subunits, may engage C1q and activate the classical
complement pathway more efficiently than a monomeric fHbp.
An alternative explanation is that PorA is simply more abundant
in the outer membrane than fHbp, which would result in PorA
subunits being physically closer to each other and for anti-PorA
MAbs to be more efficient than anti-fHbp MAbs for engaging C1q
and eliciting complement-mediated bactericidal activity.

By flow cytometry there were minimal differences in C4b de-
position elicited on the H44/76 wild-type strain by the chimeric
anti-fHbp MAbs with different IgG subclasses (Fig. 3A). The IgG3
MAbs, however, gave greater C3b deposition (Fig. 3B) and had
greater bactericidal activity (Fig. 4) than the respective IgG1 or
IgG2 MAbs. A previous study of N. gonorrhoeae demonstrated the
importance of the alternative complement pathway when the clas-
sical complement pathway was activated (1). Specifically, proper-
din, which stabilizes the alternative pathway C3/C5 convertases,
was found to be important for augmenting C3 deposition on the
bacteria.

To investigate whether or not optimal anti-fHbp MAb menin-
gococcal bactericidal activity required the alternative complement
pathway, we added anti-properdin or anti-human Bb MAbs to the
bactericidal reaction mixture. Both alternative pathway inhibitors
decreased bactericidal activity of the anti-fHbp MAbs against the
wild-type strain, but only the anti-Bb MAb decreased bactericidal
activity against the H44/76-OE mutant with increased fHbp ex-
pression (Fig. 6 and 7). When properdin, which is a positive reg-
ulator of the alternative pathway, is blocked, the alternative com-
plement pathway is decreased but not totally eliminated (2). In
contrast, when factor B is blocked, we would expect more com-
plete inhibition of the alternative pathway. Our results therefore
suggest that the amount of alternative complement pathway am-
plification required for optimal anti-fHbp MAb bactericidal activ-
ity depends on the extent of classical pathway activation, which in
turn is dependent on the amount of strain fHbp expression. With
the H44/76-OE mutant with increased fHbp expression, which
elicited more anti-fHbp C4b and C3b deposition than the wild-
type strain, only a small amount of alternative pathway activity
was needed for optimal bactericidal activity. Therefore, blocking
properdin had no effect, but blocking factor B had an effect. In
contrast, there was less anti-fHbp C4b or C3b deposition on the

wild-type strain than with the H44/76-OE mutant. Therefore,
more alternative pathway activation was required for optimal
anti-fHbp bactericidal activity against the wild-type strain than
against the H44/76-OE mutant strain. Even a partial decrease in
alternative pathway activity caused by the anti-properdin MAb
had an effect with the wild-type strain.

The model described above also may explain why only the
chimeric IgG1 and IgG2 anti-fHbp MAbs that blocked fH binding
had bactericidal activity against the wild-type strain. With fH
binding blocked, the alternative pathway convertases were stable
for sufficient time to permit increased C3b deposition and forma-
tion of a functional membrane attack complex. With MAb502,
which did not inhibit fH, bound fH would function to destabilize
the alternative pathway convertases to the extent that there was
less C3b deposition, and IgG1 and IgG2 bactericidal activity was
not achieved. Why the MAb502 IgG3, which did not block fH
binding, was bactericidal against the H44/76 wild-type strain is
not known since only minor differences were observed in activa-
tion of the classical pathway by the respective chimeric IgG1,
IgG2, or IgG3 MAb502 antibodies (C4b deposition [Fig. 3A]).
Conceivably, the flow cytometric assay used for detection of C4b
deposition on the live bacteria was insensitive for detecting small
differences in classical complement pathway activation by the dif-
ferent IgG subclass MAbs and that once a threshold of C4b depo-
sition was achieved by the chimeric IgG3 MAb502, anti-
bacteriolysis proceeded without a requirement for inhibition of
fH binding.

In summary, our data extend previous observations that a crit-
ical determinant of susceptibility of different meningococcal
strains to anti-fHbp bactericidal activity is relative expression of
fHbp on the bacterial surface (10, 32, 33, 38). Further, our data
showed that anti-fHbp MAb bactericidal activity is affected by IgG
subclass, the ability of the MAbs to inhibit binding of fH, and
regulation of the alternative pathway. The results provide insights
on how anti-fHbp antibodies with different human IgG subclasses
interact with complement at the meningococcal cell surface and
elicit bactericidal activity, which is critical for protection against
disease.
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