
Binding of Complement Factor H to PorB3 and NspA Enhances
Resistance of Neisseria meningitidis to Anti-Factor H Binding Protein
Bactericidal Activity

Serena Giuntini,a Rolando Pajon,a Sanjay Ram,b Dan M. Granoffa

Center for Immunobiology and Vaccine Development, Children’s Hospital Oakland Research Institute, Oakland, California, USAa; Division of Infectious Diseases and
Immunology, Department of Medicine, University of Massachusetts Medical School, Worcester, Massachusetts, USAb

Among 25 serogroup B Neisseria meningitidis clinical isolates, we identified four (16%) with high factor H binding protein
(FHbp) expression that were resistant to complement-mediated bactericidal activity of sera from mice immunized with recombi-
nant FHbp vaccines. Two of the four isolates had evidence of human FH-dependent complement downregulation independent of
FHbp. Since alternative complement pathway recruitment is critical for anti-FHbp bactericidal activity, we hypothesized that in
these two isolates binding of FH to ligands other than FHbp contributes to anti-FHbp bactericidal resistance. Knocking out
NspA, a known meningococcal FH ligand, converted both resistant isolates to anti-FHbp susceptible isolates. The addition of a
nonbactericidal anti-NspA monoclonal antibody to the bactericidal reaction also increased anti-FHbp bactericidal activity. To
identify a role for FH ligands other than NspA or FHbp in resistance, we created double NspA/FHbp knockout mutants. Mutants
from both resistant isolates bound 10-fold more recombinant human FH domains 6 and 7 fused to Fc than double knockout mu-
tants prepared from two sensitive meningococcal isolates. In light of recent studies showing functional FH-PorB2 interactions,
we hypothesized that PorB3 from the resistant isolates recruited FH. Allelic exchange of porB3 from a resistant isolate to a sensi-
tive isolate increased resistance of the sensitive isolate to anti-FHbp bactericidal activity (and vice versa). Thus, some PorB3 vari-
ants functionally bind human FH, which in the presence of NspA enhances anti-FHbp resistance. Combining anti-NspA anti-
bodies with anti-FHbp antibodies can overcome resistance. Meningococcal vaccines that target both NspA and FHbp are likely
to confer greater protection than either antigen alone.

Two meningococcal serogroup B vaccines contain factor H
binding protein (FHbp) (1, 2). One of the vaccines, Bexsero

(Novartis Vaccines), is licensed in Europe, Australia, and Canada
for use in infants, older children, and adults. This vaccine also
contains three other antigens capable of eliciting bactericidal an-
tibodies (2) and is referred to as “4CMenB” (four component
meningococcal B). The second vaccine, Trumenba (Pfizer), was
licensed in the United States on 29 October 2014 for use with the
age group from 10 to 25 years. This vaccine contains FHbp (see
below).

As of October 2014, there were 758 distinct amino acid se-
quence variants of FHbp, each assigned a unique “peptide” iden-
tifier (ID) as designated on a public database (http://pubmlst.org
/neisseria/fHbp/). Based on amino acid sequence relatedness,
FHbp sequence variants can be subdivided into two subfamilies, A
and B (3, 4), or into three variant groups (5). There is general
agreement that protection conferred by anti-FHbp antibody is
subfamily (3) or variant group (5) specific. There is also general
agreement that isolates with very low FHbp expression are resis-
tant to anti-FHbp bactericidal activity and that isolates with rela-
tively high expression are susceptible as long as there is an anti-
genic match between the FHbp sequence variant expressed by the
isolate and that of the vaccine used to raise the antibody (6–8).

The Pfizer FHbp vaccine contains two FHbp sequence variants,
one from each subfamily. The Novartis 4CMenB vaccine contains
only a subfamily B FHbp sequence variant. Antibodies elicited by
the three other antigens in 4CMenB provide coverage against the
majority of meningococci with subfamily A FHbp sequence vari-
ants. To date, defining threshold levels of FHbp expression and/or
cross-reactivity that are sufficient for predicting susceptibility of

an isolate to anti-FHbp bactericidal activity has largely been done
empirically by correlating FHbp expression of isolates from dif-
ferent strain collections with susceptibility to bactericidal activity
of serum pools from vaccinated infants or adolescents (9–11).

In the present study, we identified four disease-causing sero-
group B isolates with relatively high expression of FHbp that were
resistant to complement-mediated bactericidal activity of sera
from mice immunized with FHbp sequence variants that matched
those of the isolates. As described below, two of the four isolates
had evidence of human FH-dependent complement evasion inde-
pendent of FHbp. We report the results of investigations of the
basis for the anti-FHbp bactericidal resistance in these two iso-
lates.
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MATERIALS AND METHODS
Neisseria meningitidis. The isolates were a “convenience sample” of 25
isolates from previously described strain collections from patients hospi-
talized in Maryland (12), Norway (13), or pediatric hospitals in the United
States (12, 14). The only selection criterion was that the isolates had to
have moderate to relatively high FHbp expression. We assumed that if
FHbp expression were low, we had an explanation for anti-FHbp bacte-
ricidal resistance. Each of the resistant isolates (an anti-FHbp bactericidal
titer of �1:10) was matched with an anti-FHbp susceptible isolate (a titer
of �1:1,000) with an identical respective FHbp amino acid sequence ID
and similar respective FHbp expression as measured by flow cytometry.
Characteristics of the two resistant isolates, designated R1 and R2, and the
respective control sensitive isolates (designated S1 and S2) are summa-
rized in Table 1.

Bacterial culture conditions. N. meningitidis was grown overnight on
chocolate agar plates at 37°C in an atmosphere with 5% CO2. GC plates
with chemically defined supplements (IsoVitaleX enrichment BD, catalog
no. 211875) were prepared and used for antibiotic selection. To measure
bactericidal activity and for flow cytometric assays, the bacteria were
grown to mid-log phase in Frantz medium supplemented with 4 mM
D,L-lactate (Sigma, catalog no. number L-1250). We also added 2 mM
cytidine 5=-monophospho-n-acetylneuramic acid (CMP-NANA; Carbo-
synth, catalog no. MC04931) to enhance the sialylation of lipooligosac-
charide (LOS) (15).

Creation of mutant strains with inactivated genes encoding
FHbp and/or NspA. FHbp-knockout (KO), neisserial surface protein A
(NspA)-KO, and FHbp/NspA double-KO mutants were generated as pre-
viously described (16, 17). In brief, the FHbp gene was replaced by an
erythromycin resistance cassette carried on pBS�gna1870erm (5). The
genes encoding NspA were inactivated by transforming the wild-type or
isogenic FHbp-KO mutants with a plasmid that contained a truncated
nspA gene interrupted by a gene that conferred spectinomycin resistance
(16). The resulting nonfunctional NspA genes were confirmed by se-
quencing of DNA obtained by PCR and by loss of binding of the anti-
NspA monoclonal antibody (MAb) 14C7 (18), as measured by flow cy-
tometry.

Sequence analysis of porB genes. The PorB genes were amplified by
PCR using the previously described primers PBA1 and PBA2 (19). The
identification of the porB alleles was established according to the Neisseria
PubMLST sequence database site (http://pubmlst.org/neisseria/porB/).
The allelic variants and serotypes were inferred as described by Sacchi et al.
(20) and Abad et al. (19) based on a combination of the sequences of the
variable regions.

Generation of PorB3 allelic exchange mutants. The 1,000-bp region
downstream of porB3 was amplified by PCR from heat-killed bacterial
cells of isolate R1 using the oligonucleotides 5=-GATAAATTGCCTTAG
CATTGAATG-3= and 5=-GGGAATGACTGAAACTCAAAAAAC-3=,
which are referred to here as PBF1 and PBF2, respectively. The resulting

1-kb fragment was cloned into pGEM-T Easy vector (Promega), and a
chloramphenicol resistance cassette (chloramphenicol acetyltransferase
[CAT]) was cloned 500 bp from the 5= end of the downstream fragment.
The resulting construct (R1_Downstream_CAT) was used to transform
both resistant and sensitive R1 and S1 isolates (Table 1) as previously
described (21). Transformants were selected on GC agar plates containing
7 �g of chloramphenicol/ml. The porB3 gene (starting from the second
codon) plus the region 3= to porB3 that contained the newly inserted
chloramphenicol-resistant gene was amplified by PCR from heat-killed
cells of chloramphenicol-resistant R1 and S1 mutants using the primers
PBA1 (19) and PBF2. The resulting �2.5-kb fragments were cloned sep-
arately into pGEM-T Easy vector and sequenced. For the allelic exchanges
of porB3 between the R1 and S1 isolates, the plasmid carrying porB3 plus
the region downstream of porB3 (with the cloned CAT cassette) from R1
isolate was used to transform the wild-type S1 isolate and vice versa.
Transformants were selected on GC agar plates containing 7 �g of chlor-
amphenicol/ml. Resistant colonies were tested by PCR and DNA sequenc-
ing for verification of the porB replacement.

LOS characterization. Suspensions of heat-killed bacterial cells (�108

cells in 50 �l) were serially diluted and applied to nitrocellulose mem-
branes (Bio-Rad) using a vacuum manifold. LOS was immunotyped with
MAbs to L3,7,9 (NIBSC, United Kingdom) or to L1 or L8 (kindly donated
by Wendell Zollinger), followed by a 1:10,000 dilution of goat anti-mouse
IgG-Alexa Fluor 488 (Abcam). The membranes were scanned at a wave-
length of 800 nm using an infrared Odyssey scanner (Li-Cor, Lincoln,
NE). The integrated intensities of the bands were calculated with software
provided by the manufacturer (version 3.0.21). LOS sialylation can en-
hance binding of FH to C3 fragments deposited on bacteria (22). Sialyla-
tion of LOS was determined using MAb 3F11 (kindly donated by Michael
A. Apicella), which recognizes the unsialylated lacto-N-neotetraose LOS;
sialylation obscures the 3F11 epitope and decreases binding of the MAb
(23). Controls in the assay included an LOS sialyltransferase (Lst) KO
mutant of H44/76 that was unable to sialylate its LOS and a wild-type
serogroup A strain that was positive for binding when grown in broth
without CMP-NANA and negative for binding when grown with CMP
NANA.

LOS samples also were prepared from bacteria by proteinase K diges-
tion as previously described (24). Briefly, bacteria were grown in broth as
described above, washed once, and resuspended in phosphate-buffered
saline (PBS) to an optical density at 620 nm of 0.45. Next, 10 �l of the
bacterial suspension was added to 50 �l of lysis buffer (2% sodium dode-
cyl sulfate [SDS], 4% 2-mercaptoethanol, 10% glycerol, 1 M Tris [pH 6.8],
bromophenol blue), and the sample was heated at 100°C for 10 min. Then,
25 �g of proteinase K in 10 �l of lysis buffer was added to the samples, and
the lysates were incubated at 60°C for 1 h. A total of 8 �l of the LOS
preparation was electrophoresed on a bis-Tris 12% gel (100 V [15 mA] for
2 to 2.5 h). LOS bands were visualized by silver staining (Silver Staining
Plus kit, catalog no. 161-0449; Bio-Rad, Hercules, CA).

TABLE 1 Neisseria meningitidis serogroup B strains

Isolate
no.a

Original strain
designation

Geographic
location

Clonal complex
(MLSTb)

PorA VR
(VR1, VR2)c

PorB3 variantd

(GenBank accession no.)
FHbp amino acid
sequence (ID)e

LOS
immunotypef

R1 N02/06 Norway 41-44 (5780) 7-2, 4 3-90 (KJ946412) 4 8-1
S1 MD1327 Maryland 41-44 (2973) 18, 25 3-ND (KJ946413) 4 8-1
R2 SK50 Ohio 35 (5744) 15-1, 3 3-7 (KJ997945) 13 3-7-9
S2 SK57 Tennessee 213 (213) 22, 14 3-14 (KJ946414) 13 3-7-9
a R, anti-FHbp-resistant isolates (titers � 1:10); S, anti-FHbp sensitive isolates (titers � 1:1,000 [see Results]).
b MLST, multilocus sequence type. Data are presented at http://pubmlst.org/neisseria/.
c Based on PorA variable region (VR) sequence types presented at http://pubmlst.org/neisseria/.
d All strains had PorB3 alleles inferred from DNA sequencing and as designated at http://pubmlst.org/neisseria/. 3-ND, not designated in database, but the sequence is one amino
acid different from “3-16.”
e All strains had FHbp in subfamily B (variant group 1) and were assigned to amino acid sequence variant ID 4 or 13, as indicated at http://pubmlst.org/neisseria/.
f Based on reactivity with specific anti-LOS MAbs anti-L3,7,9, anti-L1, or anti-L8 (see Materials and Methods). The isolates were grown in broth containing CMP-NANA; R2 and S2
expressed sialylated LOS based on lack of binding by MAb 3F11 (see Materials and Methods).
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Mouse antisera. In initial experiments, we used mouse anti-FHbp
antisera from a previous study (25). For additional antisera, we prepared
recombinant vaccines from FHbp amino acid sequence variants ID 1, 4,
and 55 as previously described (26). Groups of 6- to 8-week-old CD1 mice
(Charles River Laboratories) were immunized intraperitoneally (i.p.)
with three injections of each of the vaccines administered at 3-week inter-
vals. The dose of vaccine was 10 �g of FHbp adsorbed with 600 �g of
aluminum hydroxide. Control animals received aluminum hydroxide
only. Blood was collected by cardiac puncture 3 weeks after the third dose.

Bactericidal assay. Except where noted, the serum bactericidal activity
was measured using 20% complement prepared by depleting human se-
rum of IgG with a protein G column (HiTrap Protein G HP, 1 ml; GE
Healthcare) (26), and survival of exponential growth-phase bacteria was
measured as previously described (27). Where noted, in some experi-
ments we used 20% intact serum that lacked endogenous bactericidal
activity as a complement source. The final 40-�l bactericidal reaction
mixture contained different dilutions of mouse sera that had been heated
at 56°C for 30 min to inactivate endogenous complement, 20% (vol/vol)
human complement, and �103 CFU of the test isolate. The CFU/ml were
determined after 1 h of incubation at 37°C. Serum titers were assigned by
the interpolated dilution resulting in 50% survival of the bacteria com-
pared to the CFU/ml when samples were incubated for 60 min with neg-
ative-control sera and complement.

Human FH-dependent survival of bacteria in infant rat serum.
Pooled sera from 8- to 9-day-old wild-type Wistar rats, together with 0, 3,
10, 30, or 100 �g/ml of purified human FH (Complement Technologies,
Inc.) and �400 CFU of bacteria, were added to the wells of microtiter
plates. After incubation for 60 min with gentle agitation, the CFU/ml were
determined.

Passive protection assay. To measure the passive protective activity,
human FH transgenic rats (28), ages 6 to 7 days, were administered 100 �l
of diluted anti-FHbp sera i.p. Negative-control transgenic rats received
diluted sera from mice immunized with aluminum hydroxide alone, and
positive-control transgenic rats received 10 �g of a serogroup B anticap-
sular MAb (SEAM 12)/rat. At 2 h, the animals were challenged i.p. with
3,000 or 4,000 CFU of serogroup B isolate R1 or S1, respectively. Blood
samples were obtained 12 h later. The CFU/ml of blood were measured by
plating 1, 10, and 100 �l of blood onto chocolate agar, and these samples
were incubated overnight at 37°C in 5% CO2.

Flow cytometric assays with live N. meningitidis bacteria. We incu-
bated �107 bacteria/ml for 1 h at room temperature with 10 �g/ml mu-
rine MAb to the serogroup B capsule (SEAM 12) (29), NspA (14C7) (30),
or FHbp (JAR 41) (31). We also tested the binding of 50 �g/ml of previ-
ously described recombinant fragments of FH domain 6,7 fused to mouse
IgG2a Fc (FH6,7/Fc) or domain 18-20 fused to Fc (FH18-20/Fc) (32).
After washing, the bacteria were incubated for 1 h at room temperature
with Alexa Fluor 488 goat anti-mouse IgG(H�L) (Invitrogen), diluted
1:500. The bacteria were washed twice with buffer (27) and fixed with
0.5% (vol/vol) formaldehyde in PBS, and binding was analyzed by flow
cytometry.

For detection of binding of human FH to the bacterial surface, the
bacteria were incubated for 1 h at room temperature with 100 �g/ml of
purified human FH (Complement Technologies, Inc., TX) or different
dilutions of heat-inactivated IgG-depleted human serum. After washing,
bound FH was detected as previously described (26). The respective data
testing purified FH or FH in heat-inactivated human serum gave similar
results. For detection of C4b and C3b deposition the bacteria were grown
as described above, resuspended in Dulbecco PBS-bovine serum albumin
(BSA) buffer, mixed with different dilutions of antisera or MAbs and 5 or
20% IgG-depleted human complement. The reaction mixtures were in-
cubated for 15 min at room temperature. Human C3b or C4b bound to
bacteria was detected with a 1:100 dilution of fluorescein isothiocyanate-
conjugated anti-human C3c or C4b antibody, respectively (Meridian Life
Science), diluted in Dulbecco PBS containing 0.1 g of CaCl2 and 0.1 g of

MgCl2·6H2O (Mediatech)/liter (pH 7.4) with 1% (wt/vol) BSA (Equitech-
Bio).

Statistical analyses. For calculation of geometric means, CFU/ml val-
ues below the limit of the detection were assigned half of the lower limit. A
Student t test or, where appropriate, a Mann-Whitney test was used to
compare the geometric mean CFU/ml between two independent test sam-
ples. All statistical tests were two-tailed; probability values of �0.05 were
considered statistically significant.

Ethics statement. Animal experiments were performed in strict accor-
dance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the U.S. National Institutes of Health (NIH). The
protocol (number 75) was approved by the Institutional Animal Care and
Use Committee of UCSF Benioff Children’s Hospital Oakland. Blood
collection from the animals was performed under anesthesia, and all ef-
forts were made to minimize suffering. The human complement source
for measuring serum bactericidal activity was serum from an adult who
participated in a protocol that was approved by the UCSF Benioff Chil-
dren’s Hospital Oakland Institutional Review Board (protocol 2004-039).
Written informed consent was obtained from the subject.

RESULTS
Some meningococcal strains with high FHbp expression resist
anti-FHbp complement-mediated bacteriolysis. We measured
susceptibility of 25 disease-causing serogroup B isolates to bacte-
ricidal activity elicited by mouse anti-FHbp antisera using 20%
IgG-depleted human serum as a complement source. Four with
relatively high FHbp expression as measured by flow cytometry
were resistant (anti-FHbp bactericidal titers � 1:10). In two of the
four resistant isolates we found evidence of human FH-dependent
complement downregulation independent of FHbp (see below).
These two isolates, designated R1 and R2, were also resistant to
anti-FHbp bactericidal activity (titers � 1:10) when measured
with intact human serum that lacked endogenous bactericidal ac-
tivity as a complement source, and were selected for further study.
R1 expressed FHbp amino acid sequence variant ID 4 and R2 had
FHbp ID 13 as designated on a public database (http://pubmlst
.org/neisseria/). Both were classified in variant group 1 (5) or sub-
family B (4). Each of the resistant isolates was matched with an
anti-FHbp-susceptible isolate (titer � 1:1,000) with an identical
respective FHbp amino acid sequence ID and similar respective
FHbp expression as measured by flow cytometry (Fig. 1A). The
respective susceptible control isolates were designated S1 and S2
(Table 1). These two isolates also had anti-FHbp bactericidal titers
(�1:1,000) when measured with intact human serum that lacked
endogenous bactericidal activity as a complement source. The
paired resistant and susceptible isolates showed similar binding
with an anticapsular MAb (SEAM 12 [29]) (Fig. 1B). The anti-
FHbp bactericidal titers for the two resistant and two susceptible
isolates are shown in Fig. 1C. Both pairs showed similar suscepti-
bility to complement-mediated bactericidal activity elicited by an
anticapsular MAb (Fig. 1C, two bars on right).

The two anti-FHbp resistant isolates also were resistant to bac-
tericidal activity elicited by mouse anti-FHbp ID 1 antibodies (the
FHbp sequence variant in the Novartis 4CMenB vaccine), and
mouse anti-FHbp ID 55 antibodies (the variant group 1) (subfam-
ily B) antigen in the Pfizer meningococcal FHbp vaccine (see Fig.
S1 in the supplemental material).

Among the surface components commonly used to character-
ize (or “type”) meningococci, no single factor appeared to differ-
entiate between the anti-FHbp-resistant and -susceptible isolates
(Table 1). As measured by dot blot analyses, the LOS immunotype
of the R1 and S1 pair was L8 and L1, and that of the R2 and S2 pair
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was L3,7,9. By silver-stained SDS-PAGE, the respective LOS bands
were similar for each pair (see Fig. S2 in the supplemental mate-
rial). The bacterial broth used to grow the isolates included CMP-
NANA (see Materials and Methods). Under these conditions,
both the resistant and susceptible R2 and S2 isolates with an LOS
phenotype of L3,7,9 expressed sialylated LOS based on lack of
binding by MAb 3F11 by dot blotting (data not shown).

To determine whether resistance to anti-FHbp serum bacteri-
cidal activity correlated with in vivo resistance to passive protec-
tion by anti-FHbp antibody, we performed a bacterial challenge
experiment with the R1 and S1 isolates. Human FH transgenic
infant rats were treated i.p. with different dilutions of mouse se-
rum pools and challenged i.p. 2 h later with 3,000 or 4,000 CFU. In
two experiments, rats given a negative-control serum had similar
respective levels of bacteremia with each of the isolates in blood
obtained 12 h after the bacterial challenge (the endpoint of the
experiments, Fig. 2A and D). All of the rats pretreated with 10 �g
of a positive-control anticapsular MAb were protected (sterile
blood cultures; data not shown on graph). In experiment 1, an
anti-FHbp ID 1 serum pool (sequence variant in the Novartis
4CMenB vaccine [2]) conferred less protection against the R1 iso-
late than the S1 isolate (at a serum dilution of 1:40, P � 0.023
[Fig. 2B]; at a dilution of 1:160, P � 0.003 [Fig. 2C]). In experi-
ment 2, a 1:40 dilution of an anti-FHbp serum pool from mice
immunized with FHbp ID 4, which matched the FHbp sequence
variant of the R1/S1 isolate pair, conferred protection against both
isolates (Fig. 2E) but at a dilution of 1:160 there was less protection
against the R1 isolate than the S1 isolate (P � 0.015, Fig. 2F). Thus,
although only one of the two pairs of isolates was tested, in vitro
anti-FHbp resistance of the R1/S1 pair correlated with in vivo
resistance to passive protection against bacteremia by anti-FHbp
antibodies.

Anti-FHbp resistance requires expression of NspA. NspA
and PorB2 have been identified as additional meningococcal FH

ligands that can downregulate complement on the bacterial sur-
face (17, 32). We hypothesized that binding of FH to ligands other
than FHbp contributes to anti-FHbp resistance. Our initial studies
focused on NspA because both of the resistant isolates had PorB3,
which was reported not to functionally bind FH on meningococci

FIG 1 Anti-FHbp binding in relation to complement-mediated bactericidal activity. (A and B) Binding of MAb (10 �g/ml) to live bacteria as measured by flow
cytometry. Solid black line, resistant (R) isolates; dashed black line, control sensitive (S) isolates. (A) Anti-FHbp MAb JAR 5; (B) anticapsular MAb SEAM 12.
Representative data are shown. The results were replicated in two experiments. (C) Complement-mediated bactericidal activity. Anti-FHbp, antisera from mice
immunized with an FHbp sequence variant that matched the FHbp amino acid sequence variant of the respective isolates. Anti-capsule, anticapsular MAb SEAM
12. The data are calculated from results of three assays. Error bars represent ranges.

FIG 2 Anti-FHbp passive protective activity against bacteremia. Human FH
transgenic infant rats were treated i.p. with sera from immunized mice and 2 h
later challenged i.p. with 3,000 or 4,000 CFU of group B strain R1 or S1. Blood
cultures were obtained 12 h after the bacterial challenge. Each symbol repre-
sents result of an individual animal. (A and D) Sera diluted 1:10 from negative-
control mice immunized with aluminum hydroxide; (B and C) sera diluted
1:40 or 1:160, respectively, from mice immunized with FHbp ID 1 (antigenic
variant in 4CMenB vaccine); (E and F) sera diluted 1:40 or 1:160, respectively,
from mice immunized with FHbp ID 4 (matched the FHbp variant in the R1
and S1 isolates). Not shown are data from control animals treated with 10 �g
of an anticapsular MAb, which resulted in sterile blood cultures. Panels with
asterisks were statistically significant (panel B, P � 0.0239; panel C, P � 0.0032;
panel F, P � 0.0146).
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(32). The respective NspA amino acid sequences of the R1, R2, and
S1 isolates were identical, and that of S2 differed by only three
amino acids (see Fig. S3 in the supplemental material); none of
these amino acid polymorphisms was predicted to be surface ex-
posed based on an NspA crystal structure (33). By flow cytometry,
the R1 and S1 isolates showed similar binding by an anti-NspA
MAb, while the R2 isolate bound more anti-NspA MAb than the
control S2 isolate (Fig. 3A). When the NspA genes were inacti-
vated, each of the resistant isolates became susceptible to comple-
ment-mediated anti-FHbp bactericidal activity (titer � 1:5,000,
Fig. 3B). In contrast, there was no significant effect of knocking
out NspA on the anti-FHbp titers of the two susceptible isolates
(Fig. 3B) or on the anticapsular bactericidal activity of the resistant
or sensitive isolates (Fig. 3C).

We also tested the ability of a nonbactericidal anti-NspA MAb
to augment anti-FHbp serum bactericidal titers. None of the re-
sistant or susceptible isolates was killed by the anti-NspA MAb at
50 �g/ml (the highest concentration tested, data not shown).
When 5 �g of the anti-NspA MAb/ml was added to the anti-FHbp
bactericidal reaction mixtures, both of the anti-FHbp resistant
strains became susceptible to complement-mediated bacteriolysis
(Fig. 4A). There was no augmentation of the anti-FHbp titers by
the anti-NspA MAb with either of the anti-FHbp susceptible iso-
lates (Fig. 4B).

The ability of antibodies to elicit C4b deposition is a marker of
classical complement pathway activation. The anti-FHbp antisera
alone elicited similar respective C4b deposition with the R1/S1
isolates or R2/S2 isolates (Fig. 5A). As expected (based on differ-
ences in the bactericidal data), there was more C3b deposition
elicited on the S1 and S2 isolates than the respective R1 and R2
isolates (combined classical and alternative pathway activation,
Fig. 5B). Thus, there appeared to be selective alternative pathway
downregulation on the R1 and R2 isolates, which resulted in less

C3b deposition and resistance to anti-FHbp bactericidal activity.
The anti-NspA MAb alone elicited minimal C4b or C3b deposi-
tion (Fig. 5). For both pairs of isolates, when 5 �g of the anti-NspA
MAb/ml was added to the anti-FHbp reaction mixture, there was

FIG 3 Effect of knocking out NspA on Anti-FHbp bactericidal activity. (A) Binding of anti-NspA MAb to live bacteria. Anti-NspA MAb 14C7 was tested at 10
�g/ml. Black solid line, resistant (R) strains; dashed black lines, susceptible (S) strains; gray-filled histogram, mutants of R and S isolates with nspA inactivated.
Typical results shown; data were replicated in two experiments. (B and C) Complement-mediated bactericidal activity. Mouse anti-FHbp antisera and anticap-
sular MAb are described in the legend for Fig. 1B and C, respectively. Error bars represent ranges of duplicate or triplicate measurements in three experiments.

FIG 4 Effect of the addition of a nonbactericidal anti-NspA MAb on serum anti-
FHbp bactericidal activity. The anti-NspA MAb (AL12) was tested at 5 �g/ml and
20% human complement. All isolates were resistant to anti-NspA bactericidal
activity at MAb concentrations up to 50 �g/ml (the highest concentration tested).
The anti-FHbp antisera matched the FHbp amino acid sequence of the test iso-
lates. Ranges represent results from duplicate measurements. Representative re-
sults are shown. The data were replicated in two experiments.
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augmentation of C4b and C3b deposition, which resulted in bac-
teriolysis of both resistant isolates.

Double FHbp/NspA KO mutants from resistant isolates
show greater human FH-dependent survival in infant rat serum
than double-KO mutants from susceptible isolates. Resistance
to anti-FHbp bactericidal activity required NspA. We hypothe-
sized that binding of FH to an additional FH ligand present in the
resistant isolates also contributed to anti-FHbp resistance. Since
binding of FH to meningococcal FHbp and NspA is specific for
human FH (17, 34), to identify an additional human FH ligand,
we created double FHbp/NspA KO mutants for both isolate pairs
and tested their ability to survive in infant rat serum when human
FH was added. In the absence of added human FH, the resistant
and susceptible double FHbp/NspA KO mutants were killed by
60% normal infant rat serum (�50% survival after 1 h of incuba-
tion, Fig. 6A). The addition of human FH enhanced survival of all
four KO mutants in an FH dose-dependent manner. However, the
doses of human FH required for increased survival of the resistant
isolates were ca. 30- to 50-fold lower than those for the respective
susceptible isolates. By flow cytometry, none of the FHbp/NspA
double-KO mutants bound full-length human FH (data not
shown). However, the functional data on human FH-dependent
survival in infant rat serum suggested that the resistant isolates
had an additional human FH ligand that was either absent or was
less active in the susceptible isolates.

FH consists of 20 domains, called short consensus repeats. FH
domain 6,7 binds to FHbp (35), to NspA (17), and to some PorB2
amino acid sequence variants (32). In previous studies, we found that
recombinant fragments of FH domains 6 and 7 fused to mouse IgG2a
or human IgG1 (FH6,7/Fc) bound with higher affinity than full-
length human FH (32, 36). Therefore, we used a human FH6,7/
mouse Fc fragment and flow cytometry to probe binding of the dou-
ble FHbp/NspA KO mutants. For both pairs, there was greater
binding of the fragment by the respective mutant derived from the

anti-FHbp resistant member (Fig. 6B, left). As expected, binding was
not detected with a negative-control human FH domain 18-20/Fc
fragment (Fig. 6B, right), which, in the absence of deposited C3b (22),
does not bind to N. meningitidis (32, 37).

PorB3 can mediate human FH-dependent survival of double
FHbp/NspA KO meningococcal mutants in infant rat serum.
Each of the isolates in the R1/S1 and R2/S2 pairs had different
PorB3 porin sequence variants (Table 1). Since PorB2 can func-
tionally bind FH (32), we hypothesized that certain PorB3 se-
quence variants also might functionally bind human FH. To in-
vestigate this question, we created isogenic porB3 allelic exchange
mutants from one of the FHbp/NspA double-KO mutant pairs,
R1/S1. In the R1 double-KO mutant, porB3 (designated PorB3
R1) was replaced by either its own porB3 R1 or porB3 S1 derived
from the S1 isolate. In the S1 double-KO mutant, porB3 S1 was
replaced by either its own porB3 S1 or porB3 R1. Based on SDS-
PAGE of detergent-extracted outer membrane vesicle prepara-
tions, the PorB3 expression by each of the allelic-exchange mu-
tants was indistinguishable from the other (data not shown).

The R1 double FHbp/NspA KO mutant with PorB3 R1 had
greater human FH-dependent survival in 60% infant rat serum
than the corresponding R1 double FHbp/NspA KO mutant with
PorB3 S1 (Fig. 7A). Similarly, the S1 double FHbp/NspA KO mu-
tant with PorB3 R1 had greater human FH-dependent survival in
60% infant rat serum than the corresponding S1 double FHbp/
NspA KO mutant with PorB3 S1 (Fig. 7B). Furthermore, the R1
and S1 double-KO mutants with PorB3 R1 showed greater bind-
ing of the FH domains 6,7/Fc than the corresponding mutants
with PorB3 S1 (Fig. 7C and D). Collectively, the data indicated
that certain PorB3 sequence variants can bind human FH and
downregulate complement.

Certain PorB3 sequence variants can enhance resistance to
human complement-mediated anti-FHbp bactericidal activity.
The data showing an effect of human FH and PorB3 on increasing

FIG 5 Effect of the addition of a nonbactericidal anti-NspA MAb on complement deposition on live bacteria. (A and B) Deposition of C4b and C3b, respectively,
by 1:50 dilutions of anti-FHbp antisera, anti-NspA MAb (5 �g/ml), or a combination of anti-FHbp antisera (1:50) with anti-NspA MAb (5 �g/ml). (A) S1 and
R1 isolates; (B) S2 and R2 isolates. Solid black line, resistant (R) isolates; dashed black line, sensitive (S) isolates; shaded areas, negative-control without antibody.
The data were replicated in three experiments testing 5% IgG-depleted human serum as a source of complement. We also obtained similar respective results for
the R1 and S2 isolates testing 20% IgG-depleted human serum as a source of complement.
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survival of certain N. meningitidis isolates in infant rat serum were
generated with double FHbp/NspA KO mutants. To investigate
whether functional binding of FH to PorB3 contributes to resis-
tance to anti-FHbp bactericidal activity, we created additional iso-
genic PorB3 allelic exchange mutants from wild-type R1 and S1
isolates in which their endogenous PorB3 variants were replaced
by either PorB3 R1 or PorB3 S1. There was no effect of exchanging
PorB3 S1 or R1 on susceptibility to bactericidal activity by a con-
trol anticapsular MAb (Fig. 8). In contrast, the R1 isolate with
PorB3 S1 became susceptible to anti-FHbp bactericidal activity
(geometric mean titer of �1:10 with PorB3 R1 to 1:95 with PorB3
S1, P � 0.002, Fig. 8A). Similarly, the S1 isolate with PorB3 R1
became 4.8-fold more resistant to anti-FHbp bactericidal activity
than the S1 isolate with PorB3 S1 (geometric mean titer of 1:256
with PorB3 R1 compared to 1:1241 with PorB3 S1, P � 0.002, Fig.
8B). Since the S1 mutant with PorB3 R1 was not completely resis-
tant to the anti-FHbp antiserum and the R1 mutant with PorB3 S1
was not as susceptible to anti-FHbp bactericidal activity as the
wild-type S1 isolate, other factors intrinsic to the S1 or R1 isolates
in addition to PorB3 contributed to their greater susceptibility or
resistance to anti-FHbp bactericidal activity.

DISCUSSION

Compared to other vaccine targets such as the polysaccharide cap-
sule, FHbp is sparsely exposed on the bacterial surface (38). After
the binding of anti-FHbp antibodies, the Fc density on the bacte-
rial surface may be too low to permit sufficient C3b deposition by
the classical complement pathway alone for the formation of a
membrane attack complex without alternative pathway amplifi-
cation (27, 39). Since FH downregulates the alternative pathway,
the ability of anti-FHbp antibodies to block FH binding can be
critical for eliciting anti-FHbp bacteriolysis (25, 27, 39, 40). We

investigated whether resistance to anti-FHbp bactericidal activity
might be explained by binding of FH to ligands other than FHbp
(16).

N. meningitidis downregulates the alternative complement
pathway by redundant mechanisms, including certain capsular
polysaccharides (40), NspA (17), FHbp (41), PorB2 (32), and LOS
sialylation (22). Our data indicate that the binding of FH to both
NspA and certain PorB3 amino acid sequence variants can confer
resistance of serogroup B isolates to anti-FHbp bactericidal activ-
ity. Thus, inactivation of nspA converted the resistant isolates to
isolates susceptible to anti-FHbp bactericidal activity. Also, add-
ing a nonbactericidal anti-NspA MAb to the bactericidal reaction
mixture augmented anti-FHbp bactericidal activity. In previous
studies, an anti-NspA MAb (14C7) inhibited the binding of FH to
NspA (17). Thus, when NspA was absent or bound with an anti-
body that could inhibit binding of FH to NspA, functional binding
of FH to PorB3 alone was not sufficient to confer anti-FHbp re-
sistance.

When we inactivated both FHbp and NspA, the resistant
double-KO mutants bound 10-fold more recombinant human
FH 6,7/Fc than the respective sensitive mutants. Further, when we
performed PorB3 allelic exchange between double FHbp/NspA
KO mutants of one of the resistant and sensitive pairs (R1/S2), the
R1 mutant with PorB3 R1 showed greater binding of FH domain
6,7 and had increased human FH-dependent survival in infant rat
serum compared to the corresponding R1 double-KO mutant
with PorB3 S1 (and vice versa after PorB3 allelic exchange in S1).
Finally, with the wild-type S1/R1 pair, allelic exchange of PorB3
from a resistant or a sensitive isolate increased or decreased anti-
FHbp bactericidal activity, respectively. Collectively, these results
indicate that some PorB3 sequence variants can functionally bind

FIG 6 Human FH enhances survival of FHbp/NspA double-KO mutants of N. meningitidis in infant rat serum. (A) Survival in 60% infant rat serum. Bacteria
were incubated in pooled sera from wild-type infant rats, to which was added different concentrations of human FH. Open squares with solid black line,
double-KO mutant of R1; open circles with dashed black line, double-KO mutant of S1. The data points represent median value (ranges) of triplicate
measurements. The results were replicated in an independent experiment. (B) Binding of recombinant FH domain fragments fused to mouse Fc to FHbp/NspA
double-KO mutants by flow cytometry. Solid black line, resistant (R) isolates; dashed black lines, susceptible (S) isolates; gray-filled histogram, bacteria without
added recombinant fragment. Left, FH domain 6,7/Fc; right, FH domain 18-20/Fc. Representative data from one assay are shown. The results were replicated in
a second experiment.
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human FH and, in the presence of NspA, confer anti-FHbp bac-
tericidal resistance.

We compared the amino acid sequence alignments between
PorB3 R1 and S1, and between PorB3 R2 and PorB3 S2 (see Fig.
S4A and B, respectively, in the supplemental material). Most of
the respective amino acid differences were located in exposed

loops L1, L5, L6, L7, and L8, which are known to be variable.
Further studies are needed to identify the specific amino acid res-
idues responsible for PorB3 FH binding. We also visualized the
locations of the respective amino acid differences onto the coor-
dinates of a crystal structure of PorB (PDB ID 3W14) (42) (see Fig.
S5 in the supplemental material). In the models, PorB is shown as
a homotrimer, to reflect porin composition in the outer mem-
brane formed by heteromers of PorA, PorB, and RmpM (43).
Although we could not detect binding of full-length human FH to
the double FHbp/NspA KO mutant of S1 or R1, we detected
PorB3 R1-specific binding of recombinant FH domain 6,7/Fc.
One possible explanation for detecting binding of the recombi-
nant fragments, but not the full-length FH, is that the recombi-
nant FH6,7/Fc contains two copies of FH domain 6,7 fused to Fc,
which may permit cross-linking with PorB3 homotrimers or het-
erotrimers in the outer membrane, whereas the affinity of binding
by the full-length FH with only one copy of domain 6,7 would be
expected to be lower, yet functional. Note also that PorB ho-
motrimers may exist in both PorA-positive and PorA-negative
strains. Conceivably, only PorB homotrimers and not PorA/PorB
heterotrimers can bind human FH. This question was beyond the
scope of the present study and will require further investigation.

Our study focused on defining possible mechanisms for anti-
FHbp resistance. An important limitation of our study was that we
did not define the prevalence of resistant strains, which will need
to be ascertained in future studies of serogroup B isolates from
defined population-based studies. Identification of the four resis-

FIG 7 Effect of allelic exchange of PorB3 on human FH-dependent susceptibility of FHbp and NspA double knockout mutants to killing by 60% infant rat serum.
(A) Double-KO mutants of isolate R1 with its endogenous PorB3 replaced by PorB3 R1 or PorB3 S1. (B) Double-KO mutants of isolate S1 with its endogenous
PorB replaced by PorB3 R1 or PorB3 S1. The data points represent median values from triplicate measurements. Error bars represent ranges. The results were
replicated in an independent experiment. (C and D) Effect of PorB3 on binding of recombinant human FH domains by flow cytometry. Solid black lines, PorB3
R1; black dashed lines, PorB3 S1; gray-filled histogram, bacteria without added recombinant fragment. Panel C, double-KO isolate R1 with allelic replacement
of PorB3 R1 or S1; panel D, double-KO isolate S1 with allelic replacement of PorB3 R1 or S1. The results were replicated in two independent experiments.

FIG 8 Effect of allelic replacement of PorB3 variant on anti-FHbp bactericidal
activity. The sera were from mice immunized with recombinant FHbp that
matched the sequence variant of the isolates (FHbp ID 4). (A) Isolate R1
expressing wild-type FHbp and NspA with either allelic exchange of PorB3 R1
(open bars) or PorB3 S1 (hatched bars); (B) isolate S1 expressing wild-type
FHbp and NspA with either allelic exchange of PorB3 R1 or PorB3 S1. The data
were calculated from three assays. Error bars represent ranges. Asterisks indi-
cate that a difference in bactericidal activity between respective PorB3 variants
was significant (P � 0.002, Mann-Whitney).
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tant isolates with moderately high FHbp expression in our study
of 25 serogroup B clinical isolates, however, suggests a cautionary
note about applying surrogate assays that only measure an iso-
late’s FHbp expression and/or cross-reactivity with that of the
vaccine antigen for predicting vaccine coverage without addi-
tional experimental data (7, 9–11, 44–46).

In conclusion, we found that some serogroup B isolates can
recruit FH independent of FHbp, which allowed the isolates to
resist anti-FHbp complement-mediated bacteriolysis. FH recruit-
ment sufficient for resistance required both a specific PorB3 se-
quence variant and NspA. Neither FH ligand alone was sufficient.
Since a nonbactericidal MAb to NspA overcame anti-FHbp resis-
tance, the addition of NspA to FHbp vaccines potentially could
broaden protective immunity compared to the use of either vac-
cine antigen alone.
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