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Abstract

Factor H binding protein (FHbp) is a component of two licensed vaccines for

prevention of sepsis and meningitis caused by serogroup B meningococci. FHbp

binds human Factor H (FH), which contributes to evasion of host immunity and

FHbp sequence variants can be classified into two sub-families. Antibodies

against FHbp elicit complement-mediated killing and can inhibit recruitment of

FH to the bacterial surface. We report epitope mapping studies of two murine

IgG mAbs, designated JAR 31 and JAR 36, isolated from a mouse immunized

with FHbp in sub-family A, which is present in w30e40% of invasive isolates.

In the present study, we tested the reactivity of mAbs JAR 31 and JAR 36 with

seven natural FHbp sequence variants from different phylogenic groups. We

screened bacteriophage-displayed peptide libraries to identify amino acid residues

contributing to the JAR 36 epitope. Based on the reactivities of mAbs JAR 31
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and JAR 36 with the seven FHbp variants, and the frequent occurrences of aspartate

(D) and lysine (K) residues in the JAR 36-bound phage peptides, we selected six

residues in the carboxyl-terminal region of FHbp for replacement with alanine

(A). The D201A and K203A substitutions respectively eliminated and decreased

binding of mAbs JAR 31 and JAR 36 to FHbp. These substitutions did not

affect binding of the control mAb JAR 33 or of human FH. JAR 31 or JAR 36

mediated cooperative complement-mediated bactericidal activity with other anti-

FHbp mAbs. The identification of two amino acid residues involved in the

epitopes recognized by these anti-FHbp mAbs may contribute to a more

complete understanding of the spatial requirements for cooperative anti-FHbp

mAb bactericidal activity.

Keywords: Biochemistry, Immunology, Microbiology, Molecular biology

1. Introduction

Factor H (FH) is an important down-regulatory protein of the alternative comple-

ment pathway and binding of FH to microbial pathogens contributes to evasion of

host-mediated immunity [1, 2]. FH-binding protein (FHbp) is a surface-exposed li-

poprotein that recruits human FH to the surface of meningococci [3]. Recombinant

FHbp is part of two licensed vaccines, which are referred to as MenB-FHbp

(Trumenba�) and MenB-4C (Bexsero�), for prevention of meningococcal disease

caused by serogroup B strains [4].

Antibodies to FHbp activate complement-mediated bactericidal activity [5, 6, 7] and

also inhibit binding of FH to the bacteria [3], which increases susceptibility of the

organisms to complement-mediated bacteriolysis [8, 9]. The development of broadly

protective protein-based meningococcal vaccines requires overcoming two limita-

tions of the FHbp antigen. First, FHbp exists in two antigenic sub-families with

no cross-protective activity between sub-family A (which can be subdivided into

variant groups 2 and 3 [5]) and sub-family B (variant group 1) [6]. Therefore, two

or more FHbp variants might be necessary to elicit protective immunity against

the majority of strains. Second, FHbp has low expression in many strains, which

limits susceptibility to anti-FHbp bacteriolysis [10, 11]; thus, other protein antigens

might be needed to confer broad protection against meningococci.

In previous studies, we prepared 13 murine anti-FHbp mAbs against representative

FHbp sequence variants from the three major phylogenic variant groups [7, 12, 13].

Against strains with low to moderate FHbp expression, no individual mAb had

complement-mediated bactericidal activity but certain pairwise combinations of

anti-FHbp mAbs were able to activate complement-mediated bacteriolysis (i.e.,

cooperative or synergistic anti-FHbp mAb bactericidal activity [8, 12, 14, 15]). To
on.2018.e00591
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define the regions of FHbp recognized by the different mAbs in previous studies, we

used multiple sequence alignments of reactive and non-reactive FHbp sequence var-

iants [12], a random mutant FHbp library expressed on the surface of yeast [13, 16]

or peptide phage display [14], each coupled with site-specific mutagenesis, to iden-

tify amino acid residues that affected mAb binding. Collectively, the data suggested

that the distances between epitopes recognized by different combinations of mAbs

were important for the ability of two IgG molecules to engage C1q, activate the clas-

sical complement pathway and elicit cooperative bactericidal activity [12]. Recently,

crystal structures of two FHbp-Fab complexes were used to elucidate the structural

basis for cooperative mAb bactericidal activity [15, 17].

Because of the central role of FHbp in meningococcal pathogenesis [3, 8, 18, 19, 20],

and the inclusion of this antigen in the development of two licensed vaccines [21,

22], it is important to increase our understanding of the mechanisms by which

anti-FHbp antibodies elicit cooperative complement-mediated bactericidal activity.

The purpose of the present study was to identify FHbp amino acid residues affecting

binding by two anti-FHbp mAbs, designated JAR 31 and JAR 36, which are two

anti-FHbp mAbs whose epitopes remained undefined. The epitopes recognized by

these mAbs were of interest because in previous studies the two mAbs cross-

reacted with all FHbp amino acid sequence variants tested from FHbp sub-family

A [11, 12, 13] and JAR 36 was previously reported to elicit cooperative

complement-mediated bacteriolysis when tested with other anti-FHbp mAbs [12].
2. Materials and methods

2.1. Peptide selection

Peptides that bound to mAb JAR 36 were selected by panning five phage libraries

constructed in the two-gene phagemid vector pC89 [23]. Details on the construction

of the libraries, designated as pVIII-9aa, pVIII-12aa, pVIII-9aa.Cys, pVIII-Cys.Cys

and pVIII-15aa, have been already described in detail elsewhere [23].

Specific phage clones were isolated from the libraries by immuno-affinity selection,

using two different techniques to minimize the risk of selecting non-specific clones.

In the biopanning approach, 1 mg/ml of JAR 36 mAb was incubated overnight at

4 �C with 1010 transducing units of each library, in a total volume of 20 ml of

PBS. The mixture was incubated with 0.8 mg of biotinylated goat anti-mouse IgG

antibody (Fc specific, Sigma, St Louis, MO, USA), which had been pre-adsorbed

overnight at 4 �C with 3� 1010 UV-inactivated M13 KO7 phage particles to prevent

non-specific binding. This mixture was added to a streptavidin-coated 6 cm Falcon

1007 Petri dish and incubated for 10 min at room temperature. After 10 washes with

1 ml of washing solution, bound phages were eluted with 800 ml 0.1 N HCl, adjusted

to pH 2.2 with glycine and 10 mg/ml BSA. The solution was neutralized using 60 ml
on.2018.e00591
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of 2 M TriseHCl, pH 9.6 and the phage were amplified by infecting Escherichia coli

TG1 cells. The second and third rounds of selection were done in the same way,

except 10 ng/ml and 1 ng/ml of the mAb were used, respectively.

In the Dynabeads approach, the JAR 36 mAb (1 mg/ml) was incubated with magnetic

beads conjugated with protein G (50 mg protein G-Dynabeads�, Dynal, Norway) for

1 h at room temperature under agitation. The beads were washed 3 times with

washing solution (PBS, 0,5% Tween-20), and approximately 1010 ampicillin-

transducing units of library preparation (w1011 phage particles) in a volume of

100 ml, were added to 900 ml of blocking solution (PBS, 5% non-fat dry milk,

0.05% Tween-20) and agitated for 3e4 h at room temperature. After 10 washes

with 1 ml of washing solution, bound phages were eluted with 500 ml 0.1 N HCl,

adjusted to pH 2.2 with glycine and 10 mg/ml BSA. The solution was neutralized

and the phages were amplified by infecting E. coli TG1 cells. The second and third

rounds of panning were performed as described above, but using 1010 ampicillin-

transducing units obtained from the first and the second round of amplified phage

pools, respectively.

For each library, either individually or in combination, three rounds of selection were

performed using the JAR 36 mAb as bait. After each selection cycle, the reactivity of

enriched pools was tested by phage ELISA as described below, using the pC89

phage vector (not encoding a foreign peptide) as a negative control, in order to detect

presence of JAR 36-specific clones in the selected mixtures containing foreign

peptides.

The observed frequency is defined as the ratio between the number of times an amino

acid is observed versus the total number of amino acids in sequenced peptide clone

inserts; the expected frequency is the ratio between the number of different codons in

the library for each amino acid and the total number of different codons that are pre-

sent in the inserts in each phage library. For the construction of pVIII-9aa and pVIII-

9aa. Cys libraries all 64 codons were used; for the pVIII-Cys.Cys and pVIII-15aa

libraries only 32 codons were used (NN C/G); and for the pVIII-12aa library the

most frequently used codon for each of the 20 amino acids, according to a codon

usage table for highly expressed genes in E. coli [24], were used. Positive phage

clones were identified through immunoscreening as described previously [25].
2.2. Direct binding ELISA

Binding of JAR 36 mAb to peptides displayed by the phage library selected

clones was confirmed by phage ELISA. Ninety-six well plates were coated

with mAb JAR 36 (100 ml per well, 0.2 mg/ml in 50 mM NaHCO3, 0.02% (w/

v) NaN3, pH 9.6) and incubated overnight at 4 �C. The plates were washed 8

times with TBST (50 mM Tris eHCl, 150 mM NaCl, pH 7.5, 0.05% (v/v) Tween-
on.2018.e00591
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20). One hundred ml per well of phage supernatant were added and the plates were

incubated for 2 h at 37 �C. After washing, 100 ml of a horseradish peroxidase con-

jugated anti-M13 mAb (Amersham Biosciences, Buckinghamshire, UK, 1:5,000)

were added and incubated for 1 h at 37 �C. Antibody binding was detected by

adding 3,30,5,50-tetramethylbenzidine (TMB) (Sigma) and reading the OD at

450 nm after 45 min.
2.3. Construction of site-specific mutants

Site-specificmutantswere chosenby targeting charged residues (DorK) thatwere over-

represented in phage peptide inserts (Table 1), were present in the last 70 residues of the

FHbp ID28 sequence and thatwere predicted to be surface-exposed based on the crystal

structure of FHbp in a complexwith a fragment of human FH [26]. The sequences of the

mutagenic oligonucleotides were: K199A_fwd, GCAGCAGATGAAAAATCA-

CACG;K199A_rev,GAGTTCGGCGGCGGCA;D201A_fwd,GCTGAAAAATCA-

CACGCCG; D201A_rev, TGCTTTGAGTTCGGCGG; K203A_fwd, GCATCAC

ACGCCGTCAT; K203A_rev, TTCATCTGCTTTGAGTTCGGC; D211A_fwd,

GCCACGCGCTACGGCAGC; D211A_rev, GCCCAAAATGACGGCGT; K241A_

fwd; GCGATAGGGGAAAAGGTTCACGAAATC; K241A_rev: CACGGTTGCC-

GAGCCG; K245A_fwd, CAGTTCACGAAATCGGCATC; and K245A_rev, CTTC

CCCTATCTTCACGGTTGC; mutated nucleotides in the forward oligonucleotide se-

quences are underlined. The oligonucleotides were phosphorylated with T4 polynucle-

otide kinase (NewEngland Biolabs, Ipswich,MA) prior to PCR amplification.Mutants

were constructed using the Phusion Site-Directed Mutagenesis Kit (Thermo Scientific,

Waltham, MA) using the manufacturer’s protocols. The mutagenesis reactions were

transformed in to chemically competent E. coli DH5a (Invitrogen, Carlsbad, CA)

and independent mutant clones were verified by DNA sequencing (Davis Sequencing,

Davis, CA).
2.4. Purification of recombinant FHbp

The wild-type FHbp ID 28 and site-specific mutant proteins were expressed from the

T7 promotor using the E. coli plasmid pET21b (Novagen, Madison, WI) as

described previously [5, 27]. The recombinant proteins were purified by immobi-

lized metal ion chromatography using Ni-NTA agarose (Qiagen, Valencia, CA) as

described previously. Purified FHbps were dialyzed against PBS, sterilized by filtra-

tion (Millex 0.22 mm; Millipore, Billerica, MA), and stored at 4 �C prior to use. The

protein concentrations were determined by UV absorbance (Nanodrop 1000, Wil-

mington, DE) based on the extinction coefficient calculated from the amino acid

sequence [28].
on.2018.e00591
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Table 1. Amino acid frequencies in the phage clones bound by JAR 36.

Amino acida Observedb Expectedc Relative (95% CI)d

Alanine (A) 0.072 0.063 1.16 (0.62, 1.94)

Arginine(R) 0.061 0.088 0.69 (0.35, 1.22)

Asparagine (N) 0.050 0.038 1.33 (0.61, 2.48)

Aspartate (D) 0.078 0.038 2.07 (1.15, 3.39)

Glutamine (Q) 0.039 0.038 1.04 (0.43, 2.11)

Glutamate (E) 0.050 0.038 1.33 (0.61, 2.48)

Glycine (G) 0.139 0.063 2.22 (1.47, 3.17)

Histidine (H) 0.006 0.038 0.15 (0.00, 0.83)

Isoleucine (I) 0.028 0.045 0.61 (0.20, 1.41)

Leucine (L) 0.078 0.088 0.89 (0.49, 1.45)

Lysine (K) 0.083 0.038 2.22 (1.25, 3.57)

Methionine (M) 0.006 0.030 0.19 (0.00, 1.04)

Phenylalanine (F) 0.028 0.038 0.74 (0.24, 1.71)

Proline(P) 0.033 0.063 0.53 (0.19, 1.15)

Serine (S) 0.017 0.088 0.19 (0.05, 0.55)

Threonine (T) 0.022 0.063 0.36 (0.10, 0.90)

Tryptophan (W) 0.111 0.030 3.74 (2.32, 5.61)

Tyrosine (Y) 0.028 0.038 0.74 (0.24, 1.71)

Valine (V) 0.067 0.063 1.07 (0.56, 1.82)

a Cys (C) residues were eliminated from the analysis because they were fixed in a subset of the phage
libraries.
b Observed frequency of each amino acid in peptides bound by JAR 36.
c Expected frequency of each amino acid in the five phage libraries used.
d Ratio between observed frequency and expected frequency and 95% confidence interval calculated from
the Gaussian distribution.
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2.5. Binding of anti-FHbp mAbs and human FH to FHbp

Binding of anti-FHbp mAbs to purified recombinant FHbp was measured by ELISA.

Purified FHbp (2 mg/ml) was adsorbed to the wells of a microtiter plate overnight,

which subsequently were blocked with PBS containing 0.1% (v/v) Tween-20

(Sigma-Aldrich, St. Louis, MO) and 1% (w/v) BSA. Anti-FHbp mAbs were added

at concentrations ranging from 0.008 to 25 mg/ml and incubated for 1 h at 37 �C.
Bound antibody was detected (1 h at room temperature) with goat anti-mouse IgG

conjugated with alkaline phosphatase (AP) (Invitrogen, Carlsbad, CA). After 30

min of incubation with p-nitrophenyl phosphate (1 mg/ml; Sigma) at room temper-

ature, the optical density at 405 nm was measured.

To measure binding of human FH to FHbp, an ELISA was employed with the same

coating and blocking steps as above. Human FH (Complement Technology, Inc.,

Tyler, TX) was added at concentrations from 0.008 to 25 mg/ml and incubated for
on.2018.e00591
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2 h at room temperature. Bound FH was detected with sheep anti-human FH (Ab-

cam, Cambridge, MA; 1:7,000) and donkey anti-sheep IgG conjugated with AP

(Sigma-Aldrich, St. Louis, MO; 1:10,000). Development was performed as

described above.

For measuring inhibition of binding of anti-FHbp mAbs to FHbp, JAR 31 was har-

vested from hybridoma culture supernatant, purified by chromatography using a pro-

tein G column (HiTrap Protein G HP 1 ml, GE Life Sciences) and conjugated to AP

(EasyLink Alkaline Phosphatase Conjugation Kit, AbCam) according to the manu-

facturer’s protocol. Equal volumes of AP-conjugated JAR 31 (2 mg/ml) and anti-

FHbp mAb inhibitors (starting concentration of 40 mg/ml) were premixed and 100

ml were added to the wells of a microtiter plate that had been sensitized and blocked

as described above. After addition of the antibody mixtures, the reactions were incu-

bated for 2 hours at room temperature. The alkaline phosphatase was detected as

described above.
2.6. Cooperative complement-mediated bactericidal activity

Human complement-mediated bactericidal activity was measured against serogroup

B strains 8047 and M1239 as previously described [29]. The complement source was

serum from a healthy adult obtained under a protocol that was approved by the

UCSF Benioff Children’s Hospital Oakland Institutional Review Board (IRB). Writ-

ten informed consent was obtained from the subject. The serum had normal hemo-

lytic complement activity and no detectable serum bactericidal activity against the

two strains. The serum was depleted of IgG using a protein G column (HiTrap Pro-

tein G, GE Life Sciences, Piscataway, NJ) as previously described [30] to remove

non-bactericidal IgG antibodies. The bactericidal concentration (BC50) was calcu-

lated as the interpolated mAb concentration that yielded a 50% decrease in colony

forming units (cfu)/ml after 60-min incubation compared with cfu/ml in negative

control wells at time zero.
3. Results

3.1. Reactivity of JAR 31 and JAR 36 mAbs with different FHbp
sequence variants

FHbp can be classified into modular groups [11, 31] based on different combinations

of five variable segments, each encoded by genes from one of two lineages (shown in

Fig. 1, Panel A as white or gray symbols). FHbp can contain all five segments from

the same lineage (e.g. ID 1 and 28) or have individual segments derived from

different lineages (e.g. ID 22, 15, 79, 77 and 207; Fig. 1, Panel A). Based on reac-

tivity with FHbp variants in different modular groups, the modular architecture of

FHbp can be useful for coarse-level mapping of anti-FHbp mAb epitopes.
on.2018.e00591
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Fig. 1. Schematic of the modular architecture of FHbp. A, Seven different FHbp sequence variants,

designated by ID numbers, are shown along with their classifications into sub-families, variant groups

and modular groups. FHbp is composed of five variable segments, each from one of two genetic lineages

[11, 31]. FHbp ID 1 and ID 28 are designated as comprising variable segments from lineage 1 (shaded)

and 2 (white), respectively. Each distinctive VE segment is designated by two numbers, separated by a

decimal point with the first number, 1 or 2, referring to the genetic lineage, and the second number refer-

ring to the ID number of the segment as annotated on the website http://pubmlst.org/neisseria/fHbp/. The

variants that bind the mAbs JAR 31 and JAR 36 are designated with an asterisk. The schematic figure

was adapted from a previous publication [11]. B, Amino acid sequences of the six distinct variable E

(VE) segments shown in panel A. The sequence begins with position 186 using the numbering of the

mature FHbp ID 1 sequence. The residues D and K, which were over-represented in the phage sequences,

are shown in bold in the sequence of E.2.6, which is present in FHbp ID 28.
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JAR 31 and JAR 36 are IgG2b mAbs that were isolated from a mouse immunized

with recombinant FHbp identification (ID) number 28 from sub-family A/variant

group 3 (FHbp ID numbers are designated in the FHbp database at http://pubmlst.

org/neisseria/fHbp/). The JAR 31 and JAR 36 mAbs reacted with recombinant

FHbp ID 28, which was the immunogen used to generate the mAbs, by ELISA

(Fig. 2, Panels A and B). Both mAbs cross-reacted with FHbp ID 79, ID 22 and

77 (in sub-family A) but not with FHbp ID 1 or 15 (in sub-family B). The JAR

31 and JAR 36 mAbs cross-reacted with a natural chimeric FHbp, ID 207. Although

JAR 31 reactivity previously was reported with diverse FHbp variants in terms of

positive or negative reactivity [13], we retested some of the same variants in parallel

with JAR 36, using concentration-dependent binding to show relative binding

affinities.
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Fig. 2. Binding of murine anti-FHbp mAbs to seven purified recombinant FHbp variants by ELISA. A,

Concentration-dependent binding of mAb JAR 31. B, Binding of mAb JAR 36. C, Binding of a control

mAb, JAR 5, which reacts with the two variants not recognized by JAR 31 or JAR 36. Bound mAbs were

detected with goat anti-mouse IgG conjugated to alkaline phosphatase. Binding of JAR 31 and JAR 5 to a

larger set of FHbp variants previously was reported as positive or negative [13].
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Since JAR 31 and JAR 36 reacted with all of the sub-family A sequences tested and

with the A/B hybrid ID 207 but not with the two sub-family B sequences tested, it

appeared likely that the epitope was contained in the variable E (VE) segment, which

comprises residues 186 to 255 (amino acid numbering is based on the sequence of

the mature FHbp ID 1; http://pubmlst.org/neisseria/fHbp/). The FHbp variants that

were bound by JAR 31 and JAR 36 are denoted with asterisks (Fig. 1, Panel A)
on.2018.e00591
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and all have E.2 type VE segments. The amino acid sequences of the six distinct VE

segments are shown (Fig. 1, Panel B).

As a control, mAb JAR 5 [7], reacted with FHbp ID 1 and 15 in sub-family B but not

with any of the sequence variants in sub-family A (Fig. 2, Panel C). The mAb JAR 5

also reacted with the chimeric FHbp ID 207. Binding of JAR 5 is specific for FHbp

variants in sub-family B, and the epitope is located in the regions of residues 84e91

and 115e123 [15] in variable segment C (VC) (Fig. 1, Panel A).

To test whether the JAR 31 and JAR 36 mAbs recognized overlapping epitopes, we

used non-labeled mAbs to inhibit binding of alkaline phosphatase-labeled JAR 31 to

the nominal FHbp ID 28 antigen by ELISA. Both JAR 31 and JAR 36 yielded 95%

inhibition at the highest concentration tested, 20 mg/ml (Fig. 3). JAR 33, which was

another mAb raised against FHbp ID 28 that recognizes an epitope involving resi-

dues R180 and E192 in the C-terminal domain [12], was used as a negative control

and gave <25% inhibition at the highest concentration tested.
3.2. Peptide phage display

Based on data that the two mAbs reacted with the same FHbp sequence variants

(Fig. 2), we sought to identify the epitope recognized by one of the mAbs, JAR

36, by peptide phage display. We screened five filamentous phage libraries display-

ing random peptides of different lengths fused to the N-terminus of the coat protein

VIII (pVIII). Forty-five JAR 36-specific positive clones were identified and the se-

quences of the respective PCR amplified DNA fragments were determined. Among

these clones were 15 independent peptide sequences, each of which showed an op-

tical density �0.45 by ELISA (Table 2).
Fig. 3. Inhibition of binding of mAb JAR 31 to FHbp ID 28 by mAb inhibitors. JAR 31 conjugated to

alkaline phosphatase was held at a fixed concentration and the concentrations of the mAb inhibitors, JAR

31, JAR 36 and JAR 33, were varied. Percent inhibition was calculated relative to the optical density of

wells containing no mAb inhibitor. Data points are the mean and range from duplicate measurements.

on.2018.e00591

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00591
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 2. Amino acid sequences of the phage-displayed peptides mimicking the

JAR 36 epitope.a

Sequenceb No. of Clones ELISA ODc SDd

AKWCAQFCQGYL 2 3.10 0.42

AKWCNLWCTWVG 3 2.25 0.35

GKQCAAWCEWFA 1 1.10 0.14

GKGCTRRGCDVD 2 1.00 0.39

WSDKDRNLWGLWYRE 4 0.78 0.05

QARCIVEECKWA 3 0.68 0.16

LGWCGDGLCKGV 2 0.65 0.14

NKFVSLGLA 5 0.65 0.09

QKWFALGAPWYD 3 0.60 0.10

WNINWGKPTRDE 1 0.57 0.04

GKWCLLVDCNRD 1 0.57 0.04

RPGPGDIDI 13 0.57 0.16

KVCQLWGNNCGE 2 0.55 0.07

GCGKWELDGCAA 2 0.55 0.07

VRSKWGEVGRPYDVV 1 0.45 0.08

a positive phage clones ranked by their reactivity with JAR 36.
b deduced amino acid sequences of the peptide inserts displayed through pVIII fusion on the phage li-
brary clones positive for JAR 36.
c reactivity of phage clone with mAb JAR 36, determined by ELISA.
d SD value is the standard deviation of the mean (n ¼ 2).
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Direct comparison of the peptide sequences isolated from phage display experiments

did not allow us to identify a consensus sequence among the JAR 36-reactive pep-

tides. Using an approach that we had shown to be successful in similar cases [32, 33,

34], we predicted that the most abundant amino acids in the bound peptides might be

important for the interaction between the immunogen and the mAb. The observed

frequency of each amino acid in the mimotopes and the expected frequency of

each amino acid in the collective libraries were used to calculate a ratio representing

the relative frequency (Table 1). The results indicated higher occurrences of aspar-

tate (D), glycine (G), lysine (K) and tryptophan (W), each with a normalized ratio

>2.0 (Table 1). Tryptophan does not occur in any known FHbp sequence [11,

35], and glycine has a hydrogen atom as its side chain. Consequently, we predicted

that the electrostatically charged residues D or K likely contribute to the JAR 36

epitope.
3.3. Site-specific mutagenesis of D and K residues

Since JAR 31 and JAR 36 reacted with FHbp sequence variants containing variable

E (VE) segments from lineage 2 (Fig. 1, Panel A), we focused our attention on the
on.2018.e00591
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amino acid residues, D and K, that were over-represented in the phage peptide se-

quences, and that were located between positions 186 and 255 of FHbp ID 28

(Fig. 1, Panel B). This region of FHbp contained three D and six K residues that

were conserved in VE segments from lineage 2 (Fig. 1, Panel B). To decrease further

the number of possible residues to test experimentally, we examined the positions of

the D and K residues in the structure of FHbp ID 28 (Fig. 4). Seven of the nine D or

K residues occurred in two clusters near the FH binding site of the protein, which

was consistent with previous observations that JAR 36 inhibits binding of FH to

FHbp [12]. Cluster 1 included K199, D201 and K203 on one end of the C-terminal

beta-barrel domain, and Cluster 2 included D211, K219, K241 and K245 on the

other end of the beta-barrel.
Fig. 4. Location of residues predicted to affect binding of the JAR 31 and JAR 36 mAbs. The atomic

coordinates were from the crystal structure of FHbp ID 28 in a complex with FH domains 6 and 7, which

were omitted for clarity (PDB accession number 4AYI) [36]. The figure was generated using PyMol

(http://www.pymol.org). A, The protein is oriented with the FH interaction surface at the top. Seven

of the nine D or K residues occurred in two clusters, 1 (green) or 2 (blue). The residues K229 and

K254 did not cluster with the other D or K residues and are shown in yellow. B, Same coloring as

panel A, with view rotated by 90� around the X-axis. Cluster 1 included K199, D201 and K203

(green) and Cluster 2 included D211, K219, K241 and K245 (blue).
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We substituted the codons for the three residues in Cluster 1 and three of the four

residues in Cluster 2 with codons encoding alanine (A) and expressed and purified

the FHbp mutants. JAR 31 and JAR 36 reacted similarly with the wild-type FHbp ID

28 and the Cluster 1 mutant K199A, slightly less with the K203A mutant and not

with the D201A mutant (Fig. 5, Panels A and C, respectively for JAR 31 and

JAR 36).
Fig. 5. Binding of anti-FHbp mAbs and Factor H to site-specific mutants of FHbp ID 28 by ELISA. A,

Binding of mAb JAR 31 to FHbp ID 28 wild-type (WT, solid line) and Cluster 1 mutants K199A,

D201A, K203A. B, Binding of control mAb JAR 33 to the WT and three Cluster 1 mutants. C, Binding

of mAb JAR 36 to the WT and three Cluster 1 mutants. D. Binding of human Factor H to the WT and

three Cluster 1 mutants. The symbols in Panels BeD are the same as in Panel A. E. Binding of mAb JAR

31 to FHbp ID 28 WT and Cluster 2 mutants D211A, K241A and K245A. F. Binding of mAb JAR 33 to

FHbp ID 28 WT and three Cluster 2 mutants. The symbols used are shown in panel E. In all six panels,

symbols represent the means and error bars represent the standard error (SE) from two to six independent

measurements.
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As a positive control to demonstrate that the D201 mutant was not structurally

impaired, we tested binding of anti-FHbp mAb JAR 33, which reacted similarly

with the native ID 28 and all six of the mutants (Fig. 5, Panel B). As a further probe

of the conformational integrity of the Cluster 1 mutants, we tested binding of human

FH, which interacts with both structural domains of FHbp. FH bound to the WT

FHbp and to the D201A and K203A mutants similarly (Panel D). Whereas the

K199A mutant bound to all three mAbs similarly to WT FHbp, this mutant had

w10-fold decreased binding of human FH, which also was observed in a previous

study using surface plasmon resonance [36]. The decreased binding of FH by the

K199A mutant, but preserved binding of the three anti-FHbp mAbs indicates that

this substitution specifically affects FH binding.

Alanine substitutions of three residues in Cluster 2 had no effect on binding of JAR

31 or JAR 33 (Fig. 5, Panels E and F, respectively). Although we did not substitute

the Cluster 2 residue K219 in the present study, the asparagine (N) substitution,

K219N, did not decrease binding of JAR 31 in a related FHbp variant, ID 22, in

recent study [37] or in FHbp ID 28 (R. Rossi and P.T. Beernink, unpublished data).
3.4. Cooperative mAb bactericidal activity

Finally, we tested combinations of JAR 31 or JAR 36 with other anti-FHbp mAbs for

cooperative bactericidal activity. Either mAb was bactericidal in combination with

anti-FHbp mAb JAR 11 or JAR 13 (Table 3), which were raised against FHbp ID
Table 3. Anti-FHbp mAbs JAR 31 and JAR 36 (IgG2b) elicit cooperative

bactericidal activity in pairwise combinations with other anti-FHbp mAbs.

Anti-FHbp mAb
(IgG Subclass)

Reactive
Residue(s)a

Test Strain
(FHbp IDb)

Combination BC50, mg/mlc

JAR 31 JAR 36

JAR 4 (2a) D25, H26, K27 8047 (77) >50 >50

JAR 10 (1) K180, E192 8047 (77) >50 >50

JAR 11 (2a) A174 8047 (77) 2 1

JAR 13 (2a) S216 8047 (77) 1 1

JAR 13 (2a) S216 M1239 (28) 5 1

JAR 32 (2a) K174 M1239 (28) >50 >50

JAR 33 (2a) R180, E192 M1239 (28) >50 >50

JAR 35 (2b) K174 M1239 (28) >50 >50

a Reactive residue(s), amino acid residue affecting epitope expression [12, 14].
b FHbp ID numbers are from the database at http://pubmlst.org/neisseria/fHbp/ and the corresponding
variant groups and modular groups are shown in Fig. 1, Panel A.
c None of the mAbs individually was bactericidal (BC50 > 50 mg/ml). JAR 4, JAR 10, JAR 32, JAR 33
and JAR 35 elicited cooperative bactericidal activity (BC50 < 50 mg/ml) with other anti-FHbp mAbs not
shown [12]. Bactericidal mAb combinations involving JAR 36 were determined previously [12].
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16 in sub-family A [12]. Neither mAb elicited cooperative bactericidal activity with

JAR 4 or JAR 10 against strain 8047 (sub-family A, variant group 2), or with JAR

32, 33 or 35 against strain M1239 (sub-family A, variant group 3). Although similar

data previously were reported for pairwise combinations with JAR 36 [12], we tested

JAR 36 in parallel with JAR 31 in order to have directly comparable data. The

absence or presence of cooperative bactericidal activity between JAR 31 or JAR

36 and other anti-FHbp mAbs provided the opportunity to examine further the mech-

anistic basis for the cooperative bactericidal activity.
4. Discussion

Knowledge of the locations of the epitopes recognized by anti-FHbp mAbs has been

used for the rational design of recombinant FHbp molecules capable of eliciting

broad serum bactericidal antibody responses across strains with FHbp in sub-

families A or B [27, 38]. The amino acid residues affecting the epitope(s) of anti-

FHbp mAbs JAR 31 and JAR 36 had not been defined, in part because these

mAbs reacted with all of the FHbp sequences tested from sub-family A. These

two mAbs have been useful in previous studies to distinguish FHbp variants [12,

27], and to provide relative or absolute quantification of FHbp expression by strains

[11, 39].

In the present study, we used a combination of peptide phage display approaches,

which had been successful in identifying the epitope of another cross-reactive

anti-FHbp mAb, JAR 4 [14]. With JAR 36, however, we did not identify a consensus

peptide sequence from the phage display studies that also was present in the FHbp

sequence. Among the peptides bound by JAR 36, however, we identified several

amino acid residues, D and K, that occurred more frequently than by chance. Using

this information, along with FHbp sequence alignments and protein structural infor-

mation, we predicted D or K residues potentially contributing to the epitope recog-

nized by JAR 36. The D201A substitution eliminated binding of JAR 31 and JAR 36

to the mutant recombinant FHbp and the K203A substitution decreased binding of

JAR 31 and JAR 36 slightly but reproducibly.

Residues previously reported to be important for anti-FHbp mAb recognition of

FHbp in sub-family A were K174, R180, E192 and S216 [12]. The residues

D201 and K203 that affect binding of JAR 31 and JAR 36 to sub-family A FHbp

variants also are situated in this region. D201 also is present in JAR 31 and JAR

36 non-reactive sequences from sub-family B. Therefore, the presence of D201 is

necessary but not sufficient for binding and neighboring residues present in non-

binding sub-family B FHbp variants may affect the conformation of the epitopes

recognized by JAR 31 and JAR 36. The preceding residue, 200, is A in sub-

family A sequences, which bind JAR 31, and proline (P) in non-binding sub-family
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B sequences; however, substitution of A200 with P also did not affect reactivity with

JAR 31 (authors’ unpublished data).

JAR 31 and JAR 36 elicited cooperative bactericidal activity with JAR 11 and JAR

13. The latter two mAbs recognize epitopes containing A174, which is 20e28 �A

from D201, and S213, which is 27e31�A away. JAR 31 and JAR 36 were not bacte-

ricidal with JAR 4, which recognizes D25-K27 (26e35 �A), or with JAR 10, which

recognizes R180/E192 (22e30 �A) [12]. JAR 31 and JAR 36 also were not bacteri-

cidal with JAR 32 or 35, which recognize a residue at the same position as JAR 11,

or with JAR 33, which recognizes residues at the same positions as JAR 10 [12].

Taken together, the distances between epitopes recognized by cooperative versus

non-cooperative pairs of mAbs do not appear to be substantially different. Therefore,

some other factor, such as the orientation of the bound mAbs likely plays a role in

cooperative mAb function.

For one cooperative pair of anti-FHbp mAbs, 12C1 and JAR 5, crystal structures

of their respective Fab fragments bound to FHbp have been determined [15, 17].

A model of the ternary complex between the two Fabs and FHbp show that they

bind adjacent, non-overlapping epitopes on FHbp. Another model of the intact

mAbs bound to FHbp shows that the respective Fc regions are w115e130 �A

apart and was proposed to be consistent with the approximate dimensions of

C1q, which contains 6 globular recognition regions and is w35 nm in diameter

[40]. Further structural studies of anti-FHbp mAbs bound to FHbp will better

define the contributions of epitope spacing and orientation to synergistic mAb

bactericidal activity.
Declarations

Author contribution statement

Carla Lo Passo: Conceived and designed the experiments; Performed the experi-

ments; Analyzed and interpreted the data; Wrote the paper.

Lorenza Zippilli, Antonella Angiolillo, Isabella Costa, Ida Pernice, Roberta Galbo:

Performed the experiments; Analyzed and interpreted the data.

Franco Felici, Peter T. Beernink: Conceived and designed the experiments;

Analyzed and interpreted the data; Wrote the paper.
Funding statement

This work was supported by the National Institutes of Health (grant numbers R01

AI70955, R01 AI99125 to PTB). The sponsor had no role in the study design,

data collection, analysis or preparation of the manuscript.
on.2018.e00591

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00591
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00591
Competing interest statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.
Acknowledgements

We thank Emily Braga and Jennifer Thweatt (UCSF Benioff Children’s Hospital

Oakland) for expert technical assistance.
References

[1] P. Kraiczy, R. Wurzner, Complement escape of human pathogenic bacteria by

acquisition of complement regulators, Mol. Immunol. 43 (2006) 31e44.

[2] S. Meri, M. Jordens, H. Jarva, Microbial complement inhibitors as vaccines,

Vaccine 26 (Suppl. 8) (2008) I113e117.

[3] G. Madico, J.A. Welsch, L.A. Lewis, A. McNaughton, D.H. Perlman,

C.E. Costello, J. Ngampasutadol, U. Vogel, D.M. Granoff, S. Ram, The

meningococcal vaccine candidate GNA1870 binds the complement regulatory

protein factor H and enhances serum resistance, J. Immunol. 177 (2006)

501e510.

[4] T. Folaranmi, L. Rubin, S.W. Martin, M. Patel, J.R. MacNeil, Centers for Dis-

ease Control (CDC), Use of serogroup B meningococcal vaccines in persons

aged >/¼10 years at increased risk for serogroup B meningococcal disease:

recommendations of the Advisory Committee on Immunization Practices,

2015, MMWR Morb. Mortal. Wkly. Rep. 64 (2015) 608e612.

[5] V. Masignani, M. Comanducci, M.M. Giuliani, S. Bambini, J. Adu-Bobie,

B. Arico, B. Brunelli, A. Pieri, L. Santini, S. Savino, D. Serruto, D. Litt,

S. Kroll, J.A. Welsch, D.M. Granoff, R. Rappuoli, M. Pizza, Vaccination

against Neisseria meningitidis using three variants of the lipoprotein

GNA1870, J. Exp. Med. 197 (2003) 789e799.

[6] L.D. Fletcher, L. Bernfield, V. Barniak, J.E. Farley, A. Howell, M. Knauf,

P. Ooi, R.P. Smith, P. Weise, M. Wetherell, X. Xie, R. Zagursky,

Y. Zhang, G.W. Zlotnick, Vaccine potential of the Neisseria meningitidis

2086 lipoprotein, Infect. Immun. 72 (2004) 2088e2100.
on.2018.e00591

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

http://refhub.elsevier.com/S2405-8440(17)33928-2/sref1
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref1
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref1
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref2
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref2
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref2
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref3
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref3
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref3
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref3
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref3
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref3
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref4
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref5
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref5
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref5
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref5
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref5
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref5
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref6
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref6
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref6
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref6
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref6
https://doi.org/10.1016/j.heliyon.2018.e00591
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00591
[7] J.A. Welsch, R. Rossi, M. Comanducci, D.M. Granoff, Protective activity of

monoclonal antibodies to genome-derived neisserial antigen 1870, a Neisseria

meningitidis candidate vaccine, J. Immunol. 172 (2004) 5606e5615.

[8] J.A. Welsch, S. Ram, O. Koeberling, D.M. Granoff, Complement-dependent

synergistic bactericidal activity of antibodies against factor H-binding protein,

a sparsely distributed meningococcal vaccine antigen, J. Infect. Dis. 197

(2008) 1053e1061.

[9] S. Giuntini, D.C. Reason, D.M. Granoff, Complement-mediated bactericidal

activity of anti-factor H binding protein monoclonal antibodies against the

meningococcus relies upon blocking factor H binding, Infect. Immun. 79

(2011) 3751e3759.

[10] L.K. McNeil, E. Murphy, X.J. Zhao, S. Guttmann, S.L. Harris, A.A. Scott,

C. Tan, M. Mack, I. DaSilva, K. Alexander, K. Mason, H.Q. Jiang, D. Zhu,

T.L. Mininni, G.W. Zlotnick, S.K. Hoiseth, T.R. Jones, M.W. Pride,

K.U. Jansen, A.S. Anderson, Detection of LP2086 on the cell surface of Neis-

seria meningitidis and its accessibility in the presence of serogroup B capsular

polysaccharide, Vaccine 27 (2009) 3417e3421.

[11] R. Pajon, P.T. Beernink, L.H. Harrison, D.M. Granoff, Frequency of factor H-

binding protein modular groups and susceptibility to cross-reactive bacteri-

cidal activity in invasive meningococcal isolates, Vaccine 28 (2010)

2122e2129.

[12] P.T. Beernink, J.A. Welsch, M. Bar-Lev, O. Koeberling, M. Comanducci,

D.M. Granoff, Fine antigenic specificity and cooperative bactericidal activity

of monoclonal antibodies directed at the meningococcal vaccine candidate fac-

tor H-binding protein, Infect. Immun. 76 (2008) 4232e4240.

[13] D.M. Vu, R. Pajon, D.C. Reason, D.M. Granoff, A broadly cross-reactive

monoclonal antibody against an epitope on the N-terminus of meningococcal

fHbp, Sci. Rep. 2 (2012) 341.

[14] P.T. Beernink, C. LoPasso, A. Angiolillo, F. Felici, D. Granoff, A region of

the N-terminal domain of meningococcal factor H-binding protein that elicits

bactericidal antibody across antigenic variant groups, Mol. Immunol. 46

(2009) 1647e1653.

[15] E. Malito, P. Lo Surdo, D. Veggi, L. Santini, H. Stefek, B. Brunelli, E. Luzzi,

M.J. Bottomley, P.T. Beernink, M. Scarselli, Neisseria meningitidis factor H-

binding protein bound to monoclonal antibody JAR5: implications for anti-

body synergy, Biochem. J. 473 (2016) 4699e4713.
on.2018.e00591

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

http://refhub.elsevier.com/S2405-8440(17)33928-2/sref7
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref7
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref7
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref7
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref8
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref8
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref8
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref8
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref8
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref9
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref9
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref9
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref9
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref9
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref10
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref10
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref10
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref10
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref10
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref10
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref10
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref11
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref11
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref11
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref11
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref11
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref12
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref12
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref12
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref12
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref12
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref13
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref13
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref13
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref14
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref14
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref14
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref14
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref14
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref15
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref15
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref15
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref15
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref15
https://doi.org/10.1016/j.heliyon.2018.e00591
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00591
[16] S. Giuntini, P.T. Beernink, D.C. Reason, D.M. Granoff, Monoclonal anti-

bodies to meningococcal factor H binding protein with overlapping epitopes

and discordant functional activity, PLoS One 7 (2012) e34272.

[17] E. Malito, A. Faleri, P. Lo Surdo, D. Veggi, G. Maruggi, E. Grassi, E. Cartocci,

I. Bertoldi, A. Genovese, L. Santini, G. Romagnoli, E. Borgogni, S. Brier, C. Lo

Passo, M. Domina, F. Castellino, F. Felici, S. van der Veen, S. Johnson,

S.M. Lea, C.M. Tang, M. Pizza, S. Savino, N. Norais, R. Rappuoli,

M.J. Bottomley, V. Masignani, Defining a protective epitope on factor H bind-

ing protein, a key meningococcal virulence factor and vaccine antigen, Proc.

Natl. Acad. Sci. U. S. A. 110 (2013) 3304e3309.

[18] M.C. Schneider, R.M. Exley, H. Chan, I. Feavers, Y.H. Kang, R.B. Sim,

C.M. Tang, Functional significance of factor H binding to Neisseria meningi-

tidis, J. Immunol. 176 (2006) 7566e7575.

[19] S. Budroni, E. Siena, J.C. Hotopp, K.L. Seib, D. Serruto, C. Nofroni,

M. Comanducci, D.R. Riley, S.C. Daugherty, S.V. Angiuoli, A. Covacci,

M. Pizza, R. Rappuoli, E.R. Moxon, H. Tettelin, D. Medini, Neisseria menin-

gitidis is structured in clades associated with restriction modification systems

that modulate homologous recombination, Proc. Natl. Acad. Sci. U. S. A. 108

(2011) 4494e4499.

[20] K.Y. Dunphy, P.T. Beernink, B. Brogioni, D.M. Granoff, Effect of factor H-

binding protein sequence variation on factor H binding and survival of Neis-

seria meningitidis in human blood, Infect. Immun. 79 (2011) 353e359.

[21] M.M. Giuliani, J. Adu-Bobie, M. Comanducci, B. Arico, S. Savino, L. Santini,

B. Brunelli, S. Bambini, A. Biolchi, B. Capecchi, E. Cartocci, L. Ciucchi,

F. Di Marcello, F. Ferlicca, B. Galli, E. Luzzi, V. Masignani, D. Serruto,

D. Veggi, M. Contorni, M. Morandi, A. Bartalesi, V. Cinotti, D. Mannucci,

F. Titta, E. Ovidi, J.A. Welsch, D. Granoff, R. Rappuoli, M. Pizza, A universal

vaccine for serogroup B meningococcus, Proc. Natl. Acad. Sci. U. S. A. 103

(2006) 10834e10839.

[22] H.Q. Jiang, S.K. Hoiseth, S.L. Harris, L.K. McNeil, D. Zhu, C. Tan,

A.A. Scott, K. Alexander, K. Mason, L. Miller, I. DaSilva, M. Mack,

X.J. Zhao, M.W. Pride, L. Andrew, E. Murphy, M. Hagen, R. French,

A. Arora, T.R. Jones, K.U. Jansen, G.W. Zlotnick, A.S. Anderson, Broad vac-

cine coverage predicted for a bivalent recombinant factor H binding protein

based vaccine to prevent serogroup B meningococcal disease, Vaccine 28

(2010) 6086e6093.
on.2018.e00591

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

http://refhub.elsevier.com/S2405-8440(17)33928-2/sref16
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref16
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref16
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref17
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref18
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref18
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref18
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref18
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref19
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref19
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref19
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref19
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref19
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref19
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref19
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref20
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref20
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref20
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref20
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref21
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref22
https://doi.org/10.1016/j.heliyon.2018.e00591
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00591
[23] F. Felici, L. Castagnoli, A. Musacchio, R. Jappelli, G. Cesareni, Selection of

antibody ligands from a large library of oligopeptides expressed on a multiva-

lent exposition vector, J. Mol. Biol. 222 (1991) 301e310.

[24] S. Karlin, J. Mrazek, A.M. Campbell, Codon usages in different gene classes

of the Escherichia coli genome, Mol. Microbiol. 29 (1998) 1341e1355.

[25] A. Luzzago, F. Felici, A. Tramontano, A. Pessi, R. Cortese, Mimicking of

discontinuous epitopes by phage-displayed peptides, I. Epitope mapping of

human H ferritin using a phage library of constrained peptides, Gene 128

(1993) 51e57.

[26] M.C. Schneider, B.E. Prosser, J.J. Caesar, E. Kugelberg, S. Li, Q. Zhang,

S. Quoraishi, J.E. Lovett, J.E. Deane, R.B. Sim, P. Roversi, S. Johnson,

C.M. Tang, S.M. Lea, Neisseria meningitidis recruits factor H using protein

mimicry of host carbohydrates, Nature 458 (2009) 890e893.

[27] P.T. Beernink, D.M. Granoff, Bactericidal antibody responses induced by

meningococcal recombinant chimeric factor H-binding protein vaccines,

Infect. Immun. 76 (2008) 2568e2575.

[28] E. Gasteiger, C. Hoogland, A. Gattiker, S. Duvaud, M.R. Wilkins,

R.D. Appel, A. Bairoch, in: J.M. Walker (Ed.), Protein Identification and

Analysis Tools on the ExPASy Server, Humana Press, 2005, pp. 571e607.

[29] P.T. Beernink, J. Shaughnessy, E.M. Braga, Q. Liu, P.A. Rice, S. Ram,

D.M. Granoff, A meningococcal factor H binding protein mutant that elimi-

nates factor H binding enhances protective antibody responses to vaccination,

J. Immunol. 186 (2011) 3606e3614.

[30] P.T. Beernink, D.A. Caugant, J.A. Welsch, O. Koeberling, D.M. Granoff,

Meningococcal factor H-binding protein variants expressed by epidemic

capsular group A, W-135, and X strains from Africa, J. Infect. Dis. 199

(2009) 1360e1368.

[31] P.T. Beernink, D.M. Granoff, The modular architecture of meningococcal fac-

tor H-binding protein, Microbiology 155 (2009) 2873e2883.

[32] F. Poloni, S. Palumbo, M. Cianfriglia, F. Felici, Selection of phage-displayed

peptides mimicking an extracellular epitope of human MDR1-P-glycoprotein,

Physiol. Chem. Phys. Med. NMR 27 (1995) 271e280.

[33] F. Poloni, G. Romagnoli, M. Cianfriglia, F. Felici, Isolation of antigenic

mimics of MDR1-P-glycoprotein by phage-displayed peptide libraries, Int.

J. Cancer 61 (1995) 727e731.
on.2018.e00591

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

http://refhub.elsevier.com/S2405-8440(17)33928-2/sref23
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref23
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref23
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref23
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref24
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref24
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref24
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref25
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref25
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref25
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref25
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref25
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref26
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref26
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref26
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref26
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref26
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref27
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref27
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref27
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref27
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref28
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref28
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref28
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref28
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref29
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref29
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref29
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref29
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref29
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref30
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref30
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref30
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref30
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref30
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref31
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref31
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref31
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref32
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref32
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref32
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref32
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref33
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref33
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref33
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref33
https://doi.org/10.1016/j.heliyon.2018.e00591
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00591
[34] M. Flego, V. Mennella, F. Moretti, F. Poloni, M.L. Dupuis, A. Ascione,

S. Barca, F. Felici, M. Cianfriglia, Identification by phage display of the linear

continuous MRPr1 epitope in the multidrug resistance-associated protein

(MRP1), Biol. Chem. 384 (2003) 139e142.

[35] E. Murphy, L. Andrew, K.L. Lee, D.A. Dilts, L. Nunez, P.S. Fink, K. Ambrose,

R. Borrow, J. Findlow, M.K. Taha, A.E. Deghmane, P. Kriz, M. Musilek,

J. Kalmusova, D.A. Caugant, T. Alvestad, L.W. Mayer, C.T. Sacchi,

X. Wang, D. Martin, A. von Gottberg, M. du Plessis, K.P. Klugman,

A.S. Anderson, K.U. Jansen, G.W. Zlotnick, S.K. Hoiseth, Sequence diversity

of the factor H binding protein vaccine candidate in epidemiologically relevant

strains of serogroup B Neisseria meningitidis, J. Infect. Dis. 200 (2009)

379e389.

[36] S. Johnson, L. Tan, S. van der Veen, J. Caesar, E. Goicoechea De Jorge,

R.J. Harding, X. Bai, R.M. Exley, P.N. Ward, N. Ruivo, K. Trivedi,

E. Cumber, R. Jones, L. Newham, D. Staunton, R. Ufret-Vincenty,

R. Borrow, M.C. Pickering, S.M. Lea, C.M. Tang, Design and evaluation of

meningococcal vaccines through structure-based modification of host and

pathogen molecules, PLoS Pathog. 8 (2012) e1002981.

[37] R. Rossi, M. Konar, P.T. Beernink, Meningococcal Factor H binding protein

vaccine antigens with increased thermal stability and decreased binding of hu-

man Factor H, Infect. Immun. 84 (2016) 1735e1742.

[38] M. Scarselli, B. Arico, B. Brunelli, S. Savino, F. Di Marcello, E. Palumbo,

D. Veggi, L. Ciucchi, E. Cartocci, M.J. Bottomley, E. Malito, P. Lo Surdo,

M. Comanducci, M.M. Giuliani, F. Cantini, S. Dragonetti, A. Colaprico,

F. Doro, P. Giannetti, M. Pallaoro, B. Brogioni, M. Tontini, M. Hilleringmann,

V. Nardi-Dei, L. Banci, M. Pizza, R. Rappuoli, Rational design of a meningo-

coccal antigen inducing broad protective immunity, Sci. Transl. Med. 3 (2011)

91ra62.

[39] R. Pajon, A.M. Fergus, O. Koeberling, D.A. Caugant, D.M. Granoff, Menin-

gococcal factor H binding proteins in epidemic strains from Africa: implica-

tions for vaccine development, PLoS Negl. Trop. Dis. 5 (2011) e1302.

[40] E. Shelton, K. Yonemasu, R.M. Stroud, Ultrastructure of the human comple-

ment component, Clq (negative staining-glutamine synthetase-biologically

active Clq), Proc. Natl. Acad. Sci. U. S. A. 69 (1972) 65e68.
on.2018.e00591

ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

http://refhub.elsevier.com/S2405-8440(17)33928-2/sref34
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref34
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref34
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref34
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref34
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref35
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref36
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref36
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref36
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref36
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref36
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref36
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref37
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref37
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref37
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref37
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref38
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref38
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref38
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref38
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref38
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref38
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref38
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref39
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref39
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref39
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref40
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref40
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref40
http://refhub.elsevier.com/S2405-8440(17)33928-2/sref40
https://doi.org/10.1016/j.heliyon.2018.e00591
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Molecular characterization of two sub-family specific monoclonal antibodies to meningococcal Factor H binding protein
	1. Introduction
	2. Materials and methods
	2.1. Peptide selection
	2.2. Direct binding ELISA
	2.3. Construction of site-specific mutants
	2.4. Purification of recombinant FHbp
	2.5. Binding of anti-FHbp mAbs and human FH to FHbp
	2.6. Cooperative complement-mediated bactericidal activity

	3. Results
	3.1. Reactivity of JAR 31 and JAR 36 mAbs with different FHbp sequence variants
	3.2. Peptide phage display
	3.3. Site-specific mutagenesis of D and K residues
	3.4. Cooperative mAb bactericidal activity

	4. Discussion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


