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We compared the bactericidal activity of recombinant sets of chimeric IgG monoclonal antibodies against two important outer
membrane meningococcal vaccine antigens: PorA and factor H binding protein (FHbp). The sets contained human Fc portions
from IgG1, IgG3, and two IgG3 mutants (IgG3m15 and IgGm17) with hinge regions of 15 and 17 amino acids encoded by hinge
exons h2 and h1, respectively (human IgG3 has a hinge region of 62 amino acids encoded by hinge exons h1, h2, h3, and h4, while
human IgG1 has a hinge region of only 15 amino acids encoded by one hinge exon) and mouse V regions. IgG1 showed higher
bactericidal activity than IgG3 when directed against PorA (an abundant antigen), while IgG3 was more bactericidal than IgG1
when directed against FHbp (a sparsely and variably distributed antigen). On the other hand, the IgG3 hinge-truncated antibod-
ies IgG3m15 and IgGm17 showed higher bactericidal activity than both IgG1 and IgG3 regardless of the target antigen. Thus, the
Fc region of IgG3 antibodies appears to have an enhanced complement-activating function, independent of their long hinge re-
gion, compared to IgG1 antibodies. The greater activity of the truncated IgG3 hinge mutants indicates that the long hinge of
IgG3 seems to downregulate through an unknown mechanism the inherent increased complement-activating capability of IgG3
Fc when the antibody binds to a sparse antigen.

Immune protection against invasive meningococcal disease de-
pends on recognition of bacterial surface antigens by antibodies,

followed by activation of complement, leading to degradation of
the bacteria by bacteriolysis, also named serum bactericidal activ-
ity (SBA). The class 1 outer membrane porin protein PorA is
abundantly expressed by almost all meningococcal strains (1–3),
and antigenic variation among PorA proteins is the basis of sero-
subtyping (1). PorA can induce bactericidal antibodies in humans
and mice when they are immunized with meningococcal outer
membrane vesicle (OMV) vaccines (4–8), and monoclonal anti-
bodies (MAbs) against PorA can be protective in an infant rat
model (9). Factor H binding protein (FHbp) is a lipoprotein that
is sparsely distributed on the outer membrane of many meningo-
coccal strains (10–12). It is an immune system-evading protein
protecting the meningococci from complement-mediated lysis by
binding the human complement-inhibiting protein factor H (FH)
(13). Antibodies to FHbp elicit SBA and confer passive protection
in infant rat meningococcal bacteremia models (14, 15). PorA is
estimated to make up 25% of the outer membrane of meningo-
cocci, while FHbp is estimated to make up 1% (16).

Human IgG consists of four subclasses (isotypes), IgG1, IgG2,
IgG3, and IgG4, which differ greatly in effector functions, such as
interaction with FcR on immune cells and the capacity to activate
complement (17–19). By using monoclonal hapten (4-hydroxy-
3-nitrophenacetyl [NP/NIP])-specific antibodies of all four IgG
isotypes, we have demonstrated that IgG1 and IgG3 are best in
inducing complement-mediated cellular lysis and IgG1 performs
better than IgG3 when the antigen concentration on the target
cells is high, while IgG3 performs better than IgG1 when the anti-
gen concentration on the target cells is low (20, 21). In separate
studies, IgG3 antibodies also showed higher SBA than IgG1 anti-
bodies when the target antigen was sparsely expressed (as in the

case of FHbp) (22), but IgG1 antibodies were more bactericidal
than IgG3 antibodies when the target antigen was highly ex-
pressed, such as for PorA (23).

Human IgG3 and IgG1 antibodies are structurally very differ-
ent in the hinge region, while the Fc region shows more than 95%
sequence homology (17). IgG3 has an extended hinge region of 62
amino acids (24) encoded by four exons (25), and IgG1 has a
shorter hinge of 15 amino acids encoded by one exon (25). IgG3
molecules also have higher flexibility than IgG1, which might be
beneficial when the antigen is sparsely distributed or poorly acces-
sible (26). In the present study, we investigated the functional
activity of recombinant IgG1 and IgG3 antibodies as well as hinge-
truncated mutants of IgG3 when interacting with complement on
the surface of live meningococci. As target molecules we chose the
two outer membrane antigens FHbp and PorA, and as effector
antibodies we employed parallel sets of monoclonal chimeric
(murine-human) antibodies with well-defined specificity for
FHbp and PorA, respectively. All antibodies were produced us-
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ing the same cellular and molecular biology technologies, al-
lowing direct comparison of the in vitro protective activity of
the antibodies.

MATERIALS AND METHODS
Murine MAbs. The murine anti-FHbp MAbs JAR3 and MAb502 have
been described previously (27–29) JAR3 and MAb502 react with nonover-
lapping epitopes involving glycine at position 121 and arginine at position
204 of the N-terminal and C-terminal domains of FHbp, respectively (29,
30). The murine PorA P1.16-specific MAb 151,F-9 has been described
previously (23). Its specificity has been verified by testing against synthetic
peptides (31), and it has been shown to have specificity identical to that of
the P1.16 MAb MN12H2 (32).

Synthesis of the MAb502, JAR3, and 151,F-9 H- and L-chain genes.
Chimeric IgG1, IgG3, IgG3 mutant IgG3m15, and IgG3 mutant IgG3m17
of JAR3, MAb502, and 151,F-9 were constructed on the basis of the se-
quences of the V-region genes of the mouse anti-FHbp MAbs JAR3 and
MAb502 (22) and the PorA P1.16-specific MAb 151,F-9 (33). The full-
length human � light (L) chain and human �1, �3, �3m15, and �3m17
heavy (H) chains were produced synthetically by GenScript. The restric-
tion enzyme recognition sites Esp3I and EcoRI were inserted into the
flanks of the synthesized genes for subsequent use in cloning of the genes
into a modified pLNO vector (34). The genes were codon optimized for
expression in human HEK293E cells.

Cloning of Ig genes. Each of the H- and L-chain genes of MAb502,
JAR3, and 151,F-9 was supplied in the pUC57 vector (GenScript, Piscat-
away, NJ). Vector pUC57 containing the synthesized gene was digested
with the restriction enzymes Esp3I and EcoRI (Fermentas, Burlington,
ON, Canada), and a DNA fragment corresponding to the size of H or L
chain was isolated by agarose gel electrophoresis using a GelElute kit (Qia-
gen). The cloning vector was processed in the same way by digestion with
restriction enzymes Esp3I and EcoRI and subsequent isolation of the di-
gested vector by agarose gel electrophoresis. The digested genes were li-
gated into the linearized vector using T4 DNA ligase (New England Bio-
Labs, Ipswich, MA) and then transformed into XL-10 Gold competent
cells (Stratagene, La Jolla, CA). Transformed cells were selected on ampi-
cillin-containing growth agar. Bacterial colonies were selected by growing
bacteria for 14 h in ampicillin-containing liquid medium, and vector
DNA was isolated using a plasmid Spin miniprep kit (Qiagen GmbH,
Germany). Vector DNA was verified to contain the correct insert by re-
striction enzyme analysis.

Transient transfection of HEK293E cells for expression of Abs
MAb502, JAR3, and 151,F-9. Five million HEK293E cells were added to
25 ml Dulbecco modified Eagle medium (DMEM; Lonza, Basel, Switzer-
land) supplemented with 10% fetal bovine serum (FBS) and 4 mM L-glu-
tamine. Cell-containing medium was transferred to a standard medium
cell culture flask (T75), and the cells were incubated for 18 h in humidified
atmosphere with 5% CO2 at 37°C. A transfection mixture was prepared by
adding 5 mg vector DNA (0.1 mg/ml) expressing the L chain (�), 5 mg
vector DNA (0.1 mg/ml) expressing the desired H chain (�1, �3, �3m15,
or �3m17), and 375 �l RPMI 1640 into a test tube. The mixture was
preheated to 80°C and cooled to 4°C. Polyethylenimine (PEI) Max (2
mg/ml; Polysciences, Warrington, PA) was heated simultaneously but
cooled to room temperature (RT) to prevent precipitation. Sixty-five mi-
croliters PEI solution was added to the transfection mixture before the
tube was left to incubate at RT for 8 min. After incubation, the reaction
mixture was added to a 15-ml conical test tube with 3,375 �l DMEM
supplemented with 10% FBS and 4 mM L-glutamine and gently mixed.
Medium was removed from the cell culture flask with HEK293E adherent
cells and replaced with the reaction mixture. The reaction mixture was
allowed to cover the cells for 2 h before addition of 25 ml DMEM supple-
mented with 10% FBS and 4 mM L-glutamine. Transfected cells were
allowed to grow for 2 to 5 days before the supernatant was harvested and
tested for the production of IgG. The concentrations of human IgG1 and
IgG3 in the samples were quantified by enzyme-linked immunosorbent

assay (ELISA) with goat anti-human IgG Fc (Sigma-Aldrich) as the coat-
ing antibody (Ab) and alkaline phosphatase-conjugated goat anti-human
IgG Fc-specific antibody (Sigma-Aldrich) as the detection Ab. The goat
anti-human IgG Fc apparently has the same avidity for IgG1 and IgG3,
since we obtained the same respective results by using anti-human
�-chain-specific Abs. Purified human myeloma plasma IgG1 and IgG3
(Sigma-Aldrich) were used as internal standards.

Flow cytometry. Binding of the chimeric MAbs to the surface of live
encapsulated bacteria was measured by flow cytometry as described pre-
viously (22). The test strain was wild-type (WT) strain H44/76 (H44/76-
WT; with the phenotype B:15:P1.7,16; sequence type 32), which expresses
the target FHbp identification (ID) 1 antigen as well as PorA P1.16 (23). In
some experiments, we also used a mutant of H44/76 (H44/76-OE) in
which FHbp was overexpressed (OE) (22). For the flow cytometry exper-
iments to measure MAb binding, a fixed concentration of anti-FHbp
MAb (4 �g/ml) or, as a negative control, 100 �g/ml of an irrelevant MAb
(a monoclonal �-chain antibody from a human myeloma [Sigma]) was
incubated with �107 bacteria/ml. Bound antibody was detected using
CF488-conjugated goat anti-human IgG (Biotium).

SPR analysis. Surface plasmon resonance (SPR) technology was used
to assess the binding properties of the MAbs (Biacore X-100 Plus instru-
ment; Biacore AB, Uppsala, Sweden). A total of 2,700 response units (RU)
of anti-human IgG MAb (human antibody capture kit) was coupled to a
CM5 sensor chip using standard amine coupling chemistry. In single-
cycle kinetics experiments, �1,200 RU of each human-mouse chimeric
anti-FHbp MAb was captured on the anti-human IgG MAb. Various con-
centrations of soluble recombinant FHbp ID 1 antigen ranging from 2.5
nM to 40 nM were injected over the chip surface at a flow rate of 30
�l/min. An association step of 60 s was followed by a dissociation step of
180 s, and the final dissociation step was 600 s. Regeneration of the sensor
chip surface was accomplished using 3 M MgCl2. Experiments were per-
formed at 25°C. Kinetic data were analyzed using Biacore X100 Evaluation
(version 2.0) software and a 1:1 binding model. All chemicals for the
Biacore experiment were purchased from Sigma-Aldrich.

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 (35), was used to increase
FHbp expression as described previously for Neisseria meningitidis group
C strain RM1090 (18). A mutant of H44/76 in which the gene encoding
FHbp had been inactivated (12) was transformed with pFP12-FHbp con-
taining the full-length gene encoding the FHbp ID 1 antigen. The trans-
formation was performed as previously described (36), 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 the parent wild-type strain (22).

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
(37). The IgG-depleted fraction had a �95% decrease in the IgG concen-
tration and an �30% decrease in hemolytic complement activity, which
resulted, in part, from dilution of the serum. To compensate for the lower
CH50 activity (the CH50 measures the total hemolytic activity of a test
sample and is the reciprocal of the dilution of serum complement needed
to lyse 50% of a standardized suspension of sheep erythrocytes coated
with antierythrocyte antibody), we added 12 �l of the IgG-depleted serum
to the 40-�l (30%) bactericidal reaction mixture instead of 8 �l (20%) of
nondepleted serum (see below).

Serum bactericidal assay. Human complement-mediated bacteri-
cidal activity was measured as previously described (30, 37) using group B
strain H44/76-WT or the H44/76-OE mutant described above with in-
creased FHbp expression. In brief, the bacterial cells were grown in Mu-
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eller-Hinton broth to mid-log phase, harvested, and resuspended in buf-
fer as described elsewhere (38). Immediately before the assay was
performed, the MAbs were centrifuged for 2 h at 100,000 rpm to remove
possible aggregates, since the aggregation of antibodies that occurs during
development and storage may lead to the loss of biological activity (39).
The 40-�l bactericidal reaction mixture contained 1 to 100 �g of MAb/ml,
ca. 300 to 400 CFU of bacteria, and 30% IgG-depleted human comple-
ment (see above). The concentration resulting in 50% bactericidal activity
(BC50) was defined by the MAb concentration that resulted in a 50%
decrease in the number of CFU per milliliter after a 60-min incubation in
the reaction mixture compared to the number of CFU per milliliter in the
negative-control wells at 60 min.

C1q deposition on N. meningitidis. Flow cytometry was used to mea-
sure the deposition of human C1q on the surfaces of live bacteria of the
H44/76-WT strain or the H44/76-OE mutant strain (38). In brief, bacteria
were grown, harvested as described previously (12), and resuspended in
Dulbecco phosphate-buffered saline (PBS) containing 0.1 g of CaCl2/liter
and 0.1 g of MgCl2 · 6H2O/liter (Mediatech), pH 7.4, with 1% (wt/vol)
bovine serum albumin (BSA; Equitech-Bio, Kerrville, TX) (D-PBS-BSA)
to a density of �108 cells/ml. The bacteria were incubated with 40 �g/ml
of human complement C1q (Complement Technology, Tyler, TX). Dif-
ferent concentrations of the chimeric human-mouse MAbs diluted in
D-PBS-BSA were added. After 45 min of incubation at room temperature,
bound human C1q was detected with 1:100 dilutions of fluorescein iso-
thiocyanate-conjugated anti-human C1q (Meridian Life Science, Mem-
phis, TN).

Antibody binding activity measured by ELISA. Binding of the anti-
FHbp MAbs to FHbp (amino acid sequence variant ID 1, as designated on
the website http://pubmlst.org/neisseria/FHbp/) was measured by ELISA
with recombinant FHbp on the plate, which was performed as previously
described (40). For measurement of anti-PorA MAb titers, we used native
outer membrane vesicles (nOMVs) from strain H44/76. The secondary
detecting antibody was goat anti-human Fc-specific antibody conjugated
with alkaline phosphatase (MyBioSource, San Diego, CA) diluted 1:2,000
in PBS-BSA and incubated for 1 h at room temperature.

RESULTS
Characterization of chimeric IgG antibodies. The antibodies
were isolated from the supernatant of transfected HEK293 cells using
a protein G column as previously described (38). After purification
and concentration, the protein preparations were analyzed by SDS-
PAGE and size exclusion chromatography, showing the expected
molecular weights (data not shown). The schematic structures of
IgG1, IgG3, IgG3m15, and IgG3m17 are shown in Fig. 1.

The PorA antigen has a higher level of expression on live
H44/76 meningococci than FHbp. The level of PorA and FHbp
expression by meningococcal strain H44/76-WT was analyzed by
flow cytometry. The analysis showed an �10-fold higher level of ex-
pression of PorA than FHbp (Fig. 2). These results are consistent with
previous estimates of the much lower level of expression of FHbp
than PorA in native outer membrane vesicle preparations, as mea-
sured by SDS-PAGE and quantitative Western blotting (16, 41).

Chimeric IgG1, IgG3, IgG3m15, and IgG3m17 MAbs show
binding activity similar to that of their respective target PorA
P1.16 and FHbp antigens. The binding activity of MAbs to target

FIG 1 Schematic depiction of the structure of human IgG1, IgG3, and the
IgG3m17 and IgG3m15 mutant antibodies. The length and amino acid se-
quence of the hinge region of the IgG3 variants are also shown. The functional
hinge consists of the upper hinge, which is from the end of the CH1 domain to
the N-terminal S-S bridge (cystine); the core hinge, which is from the N-ter-
minal S-S bridge to the end of the beginning of the CH2 domain; and the lower
hinge, which is the 8 N-terminal amino acids of the CH2 domain (47, 60). The
genetic hinge consists of the upper hinge and the core hinge. Gray, the constant
� light chains; green, the constant IgG1 heavy chains; blue, the constant IgG3
heavy chains; orange, variable regions.

FIG 2 Binding of anti-FHbp MAb JAR3 and anti-P1.16 PorA MAb 151,F-9
(10 �g/ml each) to live bacteria of group B strain H44/76-WT, as measured by
flow cytometry. Solid black line, anti-FHbp chimeric human-mouse JAR3
IgG1 MAb; dashed black line, anti-PorA 151,F-9 IgG1 MAb; gray filled area,
bacteria only. The binding of the anti-PorA MAb is �10-fold greater than the
binding of anti-FHbp MAb.

TABLE 1 IgG3m15 and IgG3m17 anti-FHbp MAbs show binding
affinity similar to that of IgG3 and IgG1 anti-FHbp MAbs as measured
by SPRa

MAb ka (1/Ms) kd (1/s) KD �2

MAb502 IgG1 1.23 E�6 0.0063 5.12 E	9 1.97
MAb502 IgG3 1.46 E�6 0.0065 4.57 E	9 3.98
MAb502 IgGm15 1.05E�6 0.0061 5.75 E	9 3.06
MAb502 IgG1m17 1.06 E�6 0.0065 6.10 E	9 3.77
JAR3 IgG1 1.92 E�6 0.0007 0.36 E	9 5.60
JAR3 IgG3 1.94 E�6 0.0016 0.84 E	9 0.15
JAR3 IgG3m17 2.80 E�6 0.0021 0.76 E	9 2.56
a The data shown are the mean values for 2 replicates performed in two independent
experiments. KD, equilibrium dissociation constant; ka, association rate constant; kd,
dissociation rate constant; �2, quality of the fit of a 1:1 binding model to the data. The
JAR3 IgG3m15 MAb construct was not expressed by the cell line, and the anti-PorA
P1.16 MAbs were not tested because we lacked recombinant PorA that expressed the
P1.16 epitope.
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antigens on bacteria is one of several factors that influence the
effector functions of antibodies, such as complement-mediated
serum bactericidal activity. We therefore tested IgG1, IgG3,
IgG3m15, and IgG3m17 anti-FHbp MAbs for their binding activ-
ity to recombinant FHbp using surface plasmon resonance. Over-
all, JAR3 had a higher affinity (an �5- to 14-fold lower equilib-
rium dissociation constant [KD]) than MAb502 (Table 1).
However, for each MAb, the respective functional affinities of
both isotypes and the IgG3 hinge mutants were not significantly
different from each other (Table 1). For the recombinant anti-
PorA 151,F-9 MAbs, we lacked purified recombinant PorA that
expressed the P1.16 epitope, which prevented us from measuring
binding affinity by surface plasmon resonance. Instead, we tested
the binding of IgG1, IgG3, IgG3m15, and IgG3m17 by ELISA
using nOMVs from strain H44/76 that were adhered to the wells of
the microtiter plate. The respective concentration-dependent
binding was indistinguishable (Fig. 3).

Chimeric IgG3 anti-FHbp has greater complement-medi-
ated bactericidal activity than IgG1 MAbs, but the opposite is
the case for anti-PorA Mabs. Against the wild-type (WT) menin-
gococcal group B strain H44/76, both the JAR3 and the MAb502
anti-FHbp MAbs with the IgG3 isotype had greater complement-
mediated bactericidal activity than those with the respective IgG1
isotype (Fig. 4A). In contrast, for the anti-PorA MAb 151,F-9, it
was the opposite: the IgG1 isotype had greater bactericidal activity
than the IgG3 isotype.

Effect of increased FHbp expression on IgG subclass anti-
FHbp MAb complement activation and bactericidal activity.
One possible explanation for the opposite bactericidal activi-
ties of the two IgG isotypes directed at different target antigens
could be the difference in the expression levels of the PorA
antigen and the FHbp antigen on live group B meningococcal
strain H44/76-WT (Fig. 2). We therefore investigated the com-
plement-mediated bactericidal activity of the two IgG isotypes
against a mutant strain that overexpressed FHbp (H44/76-OE).
As previously reported, the mutant group B strain H44/76-OE
bound �3-fold more anti-FHbp MAb, as determined by flow cy-
tometry, than the parent wild-type strain (42). The mutant H44/
76-OE strain was similarly tested by flow cytometry for the expres-
sion of the PorA P1.16 epitope employing the MAb 151,F-9 and
showed equal levels of expression on H44/76-WT and H44/76-OE
(data not shown).

The H44/76-WT and H44/76-OE mutant strains showed sim-
ilar susceptibilities to human complement-mediated bactericidal
activity elicited by chimeric anti-PorA P1.16 MAbs (compare the
left panels of Fig. 4A and B). In contrast, the mutant OE strain was
�10-fold more susceptible than the H44/76-WT strain to anti-
FHbp bactericidal activity (compare Fig. 4A, which shows the ac-
tivity of the JAR3 and MAb502 MAbs against the WT strain, with
Fig. 4B, which shows the respective activity against the H44/
76-OE mutant). Further, against the OE mutant, the JAR3
MAb with the IgG1 isotype was more bactericidal than the
JAR3 MAb with the IgG3 isotype. This result paralleled the

FIG 3 Concentration-depending binding of recombinant IgG1, IgG3, and
IgG3m17 and IgG3m15 mutants of anti-P1.16 PorA MAb 151,F-9 to native
OMV from serogroup B strain H44/76-WT, as measured by ELISA. The ranges
of duplicate values for each data point are small and are not shown. OD, optical
density.

FIG 4 Survival of N. meningitidis group B strain H44/76 after 60 min of incubation with IgG1 or IgG3 anti-FHbp or anti-P1.16 PorA chimeric MAbs and 20%
human complement. (A) (Left) The IgG1 anti-PorA MAb has greater bactericidal activity than the respective IgG3 anti-PorA MAb against H44/76-WT. The
reverse is true for the anti-FHbp MAbs, where IgG3 JAR3 has greater activity then the respective IgG1 JAR3 (middle) and IgG3 MAb502 has greater activity than
the respective IgG1 MAb502 (right). (B) The IgG1 JAR3 has greater activity than the IgG3 JAR3 against the H44/76-OE (FHbp) mutant; however, IgG3 MAb502
still had more activity than IgG1 MAb502.
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respective results with the IgG1 and IgG3 isotypes of anti-PorA
P1.16 MAb 151,F-9 against the H44/76-WT strain.

Deposition of complement C1q on live meningococcal strain
H44/76 as a marker for classical pathway (CP) activation. The
deposition of complement factor C1q on the membrane of live
strains H44/76 and H44/76-OE during complement activation in-
duced by IgG1 and IgG3 MAbs 151,F-9, JAR3, and MAb502 was
tested by flow cytometry. Overall, for the anti-FHbp MAbs, C1q
deposition on the H44/76-OE strain was enhanced compared to
that on H44/76-WT (Fig. 5), and this enhanced deposition paral-
leled the increase in anti-FHbp bactericidal activity against the OE
mutant (Fig. 4B). With the OE mutant, similar C1q deposition
was elicited by the respective IgG1 and IgG3 isotypes, while with
the WT strain, IgG3 elicited more C1q than IgG1 for both the
JAR3 and MAb502 MAbs. For the anti-PorA MAbs, the IgG1 sub-
class elicited more C1q deposition than the IgG3 subclass inde-
pendently of FHbp expression.

Role of the extended hinge region of IgG3 in complement-
mediated bactericidal activity against group B meningococcal
strain H44/76. The human IgG3 isotype has an extended hinge
region of 62 amino acids, whereas the human IgG1 isotype has an
extended hinge region of 15 amino acids (Fig. 1) (24, 25). In order

to study the role of the extended hinge region of IgG3, we there-
fore created two IgG3 hinge-truncated mutants, IgG3m15 and
IgG3m17 (Fig. 1). The IgG3m15 mutant contained a 15-amino-
acid hinge region encoded by one of the identical hinge exons h2,
h3, or h4, while the IgG3m17 had a hinge encoded by hinge exon
1 (Fig. 1) (25). The complement-mediated bactericidal activity of
both hinge-truncated IgG3 mutants was enhanced for both the
FHbp and PorA specificities. We were able to create both
IgG3m15 and IgG3m17 for the PorA MAb 151,F-9 and FHbp
MAb502 (Fig. 6A and B, respectively) but only the IgG3m17 for
the FHbp MAb JAR3 (Fig. 6B). We further tested by flow cytom-
etry the deposition of C1q on live meningococcal strain H44/
76-WT during complement activation and observed the same en-
hancement by the IgG3m15 and IgG3m17 mutants as that by the
respective wild-type IgG3 (Fig. 7).

DISCUSSION

Measurement of the SBA of antibodies elicited in response to vac-
cination is regarded as a reliable in vitro surrogate test for vaccine
protection against meningococci (43) and has been used by regu-
latory agencies as a basis for licensing new vaccines (44, 45). SBA is
the consequence of the antibody effector function and depends on

FIG 5 Effect of IgG1 and IgG3 MAbs on deposition of human C1q on live bacterial cells of group B strains H44/76-WT and mutant H44/76-OE, as measured
by flow cytometry. The bacteria were incubated with human complement and 10 �g/ml of chimeric MAbs. Black dashed lines, IgG1; black solid lines, IgG3. An
irrelevant human MAb (10 �g/ml) was used as a control. (A) H44/76-WT; (B) H44/76-OE.
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the antigen specificity of the antibody, the isotype (class and sub-
class) of the antibody, the binding affinity of the antibody, and the
glycosylation pattern of the antibody. The antibody functional
activity derives from the antigen concentration and availability on
the meningococcal cell surface as well as the intrinsic properties of
the target antigen for the survival of the pathogen. Thus, specific-
ity (antibody avidity and serum concentration) dominates the
protective power of the antibodies formed during vaccination.
The nature of the vaccine antigen and the formulation of the vac-
cine directly determine the isotype formed, which is usually a mix-
ture of isotypes. Both vaccine antigens used in this study are pro-
teins, which usually stimulate an IgG1 plus IgG3 response, where
IgG1 normally dominates.

The fine specificity of anti-FHbp antibodies further determines
whether they show SBA against meningococci. Thus, anti-FHbp
antibodies that simultaneously inhibit FH binding to FHbp and
activate complement deposition have greater SBA than antibodies
that do not inhibit FH binding, as shown for monoclonal chimeric
IgG1 antibodies (38) and recent studies of serum anti-FHbp anti-
bodies elicited in human FH transgenic mice (46). The reason is
probably that anti-FHbp complement activation via the classical
pathway (CP) was insufficient to give SBA by itself, but the thresh-
old was lowered when the antibody blocked FH binding, which
permitted recruitment of the alternative pathway (AP) (38). Strik-
ingly, when the parallel IgG3 isotype was tested, the non-FH-
blocking antibody (MAb502) became bactericidal (22). The
mechanism underlying the ability of MAb502 IgG3 to elicit an
SBA against strain H44/76-WT while MAb502 IgG1 was com-

pletely negative (Fig. 3) (22) is not known. Apparently, the ability
to deposit C4b on live bacteria (an indication of classical pathway
complement activation) is not strikingly better for MAb502 IgG3
than for MAb502 IgG1 (22).

The mechanism behind the superior complement activation of
IgG3 compared to that of IgG1 at a low antigen concentration on
the target cell is poorly understood. One obvious reason might be
because the hinge region of IgG3 (62 amino acids) is longer than
that of the hinge region of IgG1 (15 amino acids) (Fig. 1). This
feature naturally makes IgG3 more flexible than IgG1 (26) and
supposedly gives IgG3 a better reach and adaptability, which
might be particularly important at a low antigen concentration. In
order to test this hypothesis in a clinical setting against meningo-
cocci and using the meningococcal outer membrane protein in-
stead of an artificial, small hapten like NIP, we made two hinge-
truncated mutants of IgG3 coding for the N-terminal hinge
element (h1) or one of the succession of identical hinge elements
(h2, h3, or h4), IgG3m17 and IgG3m15, respectively (Fig. 1). It is
particularly important to compare IgG3m17 and IgG3m15, as
they differ strikingly in the structure of the upper hinge (Fig. 1).
The SBAs of both IgG3m17 and IgG3m15 were enhanced com-
pared to the SBA of IgG3 for both chimeric anti-FHbp (both
MAb502 and JAR3) and anti-P1.16 PorA antibodies (Fig. 6). We
have previously tested the functional flexibility of IgG1, IgG3, and
IgG3m15 (also called IgG3-15) by electron microscopy, analyzing
the formation of ring dimer immune complexes (47). The en-
hanced formation of ring dimer immune complexes indicates
flexibility, and IgG3m15 showed a low level of flexibility com-

FIG 6 Effect of IgG3 hinge truncation of anti-FHbp or anti-PorA P1.16 MAbs on survival of wild-type N. meningitidis group B strain H44/76 after 60 min of
incubation with 20% human complement. Note that for JAR3, only WT IgG3 and IgG3m17 hinge-truncated MAbs were available.

FIG 7 Deposition of human C1q on live bacterial cells of wild-type group B strain H44/76, as measured by flow cytometry. The bacteria were incubated with
human complement and 10 �g/ml of chimeric WT IgG3 or the hinge-truncated mutants IgG3m17 and IgG3m15 MAbs. Black solid lines, WT IgG3; gray solid
lines, IgG3m15; black dashed lines, IgG3 M17; gray filled histograms, bacteria without MAb, used as a negative control. Similar respective results were obtained
in two independent experiments (data not shown).
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pared to WT IgG3 (47), which is probably a result of a short upper
hinge of 4 amino acids of IgG3m15 (Fig. 1) (47). The length of the
upper hinge seems to directly dictate the IgG flexibility, as also
measured by fluorescence anisotropy (48). On the basis of the
findings of our previous study, the IgG3m17 mutant is expected to
have a high degree of flexibility, as also observed by fluorescence
anisotropy (48), as it has an upper hinge region of 12 amino acids
identical to that of IgG3 (Fig. 1). Thus, neither a long hinge giving
a long spacer between Fab and Fc nor the high degree of flexibility
of IgG3 is necessary for the superior SBA of IgG3 compared to that
of IgG1 when the antigen concentration on the target cell is low, as
is the case for the anti-FHbp antibodies. It is also unlikely the IgG3
has its C1q binding site partly shielded compared to the C1q bind-
ing sites of IgG3m15 and IgG3m17, since this site overlaps the
binding site of classical Fc�Rs and IgG3 and IgG3m15 have the
same antibody-mediated cellular cytotoxicity (ADCC) by engag-
ing Fc�RIIIa on NK cells (49).

Meningococci protect themselves from complement attack by
expressing FHbp and, to a lesser extent, NspA (50) and PorB (51,
52), while human cells protect themselves by expressing three
membrane-bound complement-regulatory proteins, CD59,
CD55, and CD46. Recently, it has been shown that human IgG3
antibodies against epidermal growth factor receptor can effi-
ciently perform complement-mediated lysis of tumor cells that
express CD55 by activation of a C1q-dependent alternative path-
way, while human IgG1 was inefficient (53). Similarly, we have
earlier shown that chimeric IgG3 against an osteosarcoma antigen
can elicit complement-mediated lysis of tumor cells better than
IgG1 and that IgG3m15 elicited lysis even better than IgG3 (54).

The IgG effector function, such as complement activation, is
highly dependent on glycosylation at the asparagine at position
297 in the Fc region (55). In the present study, we used the same
recombinant technology, host cell transfection, and growth condi-
tions to achieve nonbiased glycosylation of the recombinant antibod-
ies, which otherwise can be altered (56). The differences in the func-
tional activities of the IgG1, IgG3, IgG3m15 mutant, and IgG3m17
mutant MAbs against the meningococcal PorA and FHbp observed
in our study therefore most likely result solely from the differences in
the protein structures of the antibody molecules.

Human IgG1 and IgG3 share the amino acid residues that
make up the epicenter of the complement activation site on the Fc
part of the molecules (Asp270, Lys322, Pro329, and Pro331), but
parallel mutations in other common surrounding and shared
amino acids in IgG1 and IgG3 indicate that there are subtle differ-
ences in the complement activation site of human IgG1 and IgG3
(57). However, IgG1 is much more dependent on Asp270 than
IgG3, and thus, the IgG3D270A mutant (which carries a mutation
from aspartic acid to alanine at position 270) maintains most of
the complement activation activity, while the IgG1D270A mutant
is devoid of complement activation activity, and this difference is
independent of the long hinge region of IgG3 (57).

Interestingly, IgG3 has attracted much attention in the field of
vaccinology since a human IgG3 response correlates with protec-
tion (30% protection) in the only protective HIV vaccine trial
published to date, thus pointing to a very important role of IgG3 in
virus vaccine protection, at least for HIV (58). However, humans
immunized with recombinant FHbp antigens primarily develop
IgG1 antibody responses with only modest IgG3 (and IgG2) re-
sponses (D. M. Vu, unpublished data), whereas those immunized
with OMV vaccines develop both serum IgG1 and IgG3, where

IgG1 dominates but booster immunizations for IgG3 are often
needed, as IgG3 fades faster than IgG1 (59).

As for the truncated hinge region of IgG3, the bactericidal ac-
tivity of IgG3m15 and IgG3m17 mutants of MAb JAR3, MAb502
against FHbp, and MAb 151,F-9 against PorA P1.16 were equally
enhanced compared to that of their parallel wild-type IgG3 anti-
bodies (Fig. 6 and 7). However, the intrinsic higher molecular
flexibility of IgG3 than the IgG3m15 mutant (26, 47) appears not
to have been beneficial for the complement-mediated bactericidal
activity IgG3 compared with that of the IgG3m15 mutant ob-
served in this study. When an antigen is abundant on the cell
surface, as for PorA, more epitopes are available and closer to each
other. Thus, the extended hinge region of IgG3 could negatively
affect complement activation due to steric hindrance, while the
shorter hinge region of IgG1 could favor engagement of C1q.
However, this is not the case for the engagement of Fc�R on neu-
trophils, where IgG1 is less active than IgG3 in inducing the
phagocytosis of meningococci when directed against PorA (23).
Perhaps the long hinge region of IgG3 combined with the high
level of PorA expression makes the deposition of the membrane
attack complex (MAC) more distant from the outer membrane
and thus mediates less SBA.

In summary, we compared the SBA of chimeric monoclonal
human antibodies (IgG1, IgG3, IgG3m15, and IgG3m17) against
two different meningococcal outer membrane proteins, FHbp (a
monomeric antigen with generally low expression levels in menin-
gococci) and PorA (a trimeric antigen with high expression lev-
els). Against PorA, IgG1 performed better than IgG3, while
against FHbp, IgG3 performed better than IgG1. For the hinge-
truncated mutants, both IgG3m15, with a hinge region of 15
amino acids, and IgG3m17, with a hinge of 17 amino acids, per-
formed better than IgG3, with a hinge region of 62 amino acids,
irrespective of antibody specificity. Thus, the high SBA of IgG3 at
a low antigen concentration on target cells does not need a long
hinge region or a high degree of flexibility of the antibody to main-
tain its enhanced complement-mediated bactericidal activity
against meningococci. The long hinge region of IgG3 seems,
rather, to dampen the inherited high complement activation ca-
pability of IgG3 Fc through an unknown mechanism.
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