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1. INTRODUCTION 

Neisseria meningitidis is a leading cause of meningitis and sepsis worldwide [1]. Before the introduction 
of intensive use of antibiotic 70–85% of meningococcal disease cases were fatal [2]. Meningococcal 
disease is also associated with marked sequelae including limb loss, hearing loss, cognitive dysfunction, 
visual impairment, educational difficulties, developmental delays, motor nerve deficits, seizure 
disorders, and behavioral problems. Of the 12 known meningococcal capsular groups, five are associated 
with the majority of disease A, B, C, Y and W. Meningococcal capsular polysaccharide vaccines inducing 
serogroup-specific protective antibodies are available against serogroups A, C, Y, and W [3] [4] but, the 
capsular polysaccharide of serogroup B is structurally similar to certain abundant human glycoproteins 
like NCAM therefore is not a suitable immune target due to the risk of autoimmune damage through 
molecular mimicry [5], [6]. 
 The first broad-spectrum recombinant protein vaccine against serogroup B meningococcus (MenB), 
called Bexsero (or 4CMenB) has been approved by the EMA in 2013 for prevention of MenB disease in 
all age groups, and by the US FDA in January 2015 for use in adolescents and young adults. One of the 
three main antigens of Bexsero is the factor H binding protein (fHbp) a 28-kDa surface exposed 
lipoprotein that specifically binds the human factor H.   
The human factor H (hfH), one of the most abundant complement components in human blood (with 
plasma concentrations ranging from 200 to 800 μg/ml [7])  is a conserved glycoprotein that inhibits the 
human complement and it is associated to the ability of the immune system to discriminate between self 
and non-self-elements [8, 9].  It is composed by 20 individually folded complement control protein (CCP) 
domains linked head to tail by a short linker. The C-terminal CCPs 19 and 20 can bind sialylated glycans 
of the host cells and “mark them as self” [10, 11]. The interaction with the sialic acid enhances and 
accelerates the decay activities of hfH on the mammalian plasma membrane and prevents the 
inappropriate complement activity against host tissues [8, 12]. However, many pathogenic organisms 
such as  Neisseria meningitidis [13] Haemophilus influenzae [14] , Bordetella pertussis [15] , 
Pseudomonas aeruginosa [16] , Streptococcus pneumoniae [17] , Candida albicans [18] , Borrelia 
burgdorferi [18] ,  B. hermsii [18] have evolved several strategies to recruit host factor H (fH) to escape 
the attack of complement response allowing their proliferation in the host. 
Neisseria meningitidis covers itself with the human factor H  mimicking the host “self”,evading the 
complement activation and surviving  in human blood [13]. 
To date, more than 1000 natural amino acid sequences of fHbp have been identified and are accessible 
in the public database at http://pubmlst.org/neisseria/fHbp. They can be classified in three variants which 
are immunologically distinct. Within the fHbp variant groups the sequence identity is usually above 87%, 
while between variant groups the sequence identity can be as low as 62%. [19] [20]. The structures of 
the fHbp were solved at atomic resolution by NMR [21] and X-ray crystallography [22] and despite 
sharing poor amino acid identity, the 3Dstructure of the fHbp variants  is well conserved and consists of 
two domains. While the C-terminal domain adopts a canonical β-barrel conformation, the N-terminus of 
the v1 and v3 shows an unusual taco-shaped β-barrel fold characterized by higher intrinsic flexibility. 
Differential scanning calorimetry profiles showed independent unfolding of the two barrels. The C-
terminal barrel melts at temperatures above 80°C in all three variants, in contrast, the N-terminal barrel 
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exhibits highly variable melting at 69.5 °C in v1, 60.6 °C in v3 and at 36.6 °C in v2 fHbp. This intrinsic 
instability and susceptivity to the protease cleavage could explain why the structure characterization of 
the N-terminal of v2 was unsuccessful so far [23]. The variability in the amino acid composition between 
the fHbp variants results in relevant chemical and physical differences that regulate the molecular and 
dynamic properties of fHbp. In particular, all fHbp variants bind to the human factor H with high affinity 
with Kd in the nanomolar range, but large differences in the stability of the complexes were observed 
[24]. According to these data, the crystal structures human factor H (hfH)(domain 6 and 7) bound to fHbp 
v1 and to fHbp v3 confirmed that hfH binding to fHbp variants is mediated by a distinct set of residues 
[23]. 
Preclinical studies demonstrated that fHbp elicits a robust bactericidal antibody response in mice, rabbit 
and human, but presumably due the high antigenic variability, the vast majority of them displayed 
variant- group specificity [25] [26] [27] [28] [29] [30] [31] [32],  only in few instances anti-fHbp antibody 
were able to recognize different variants of fHbp [33] [34] [35] [36]. 
Some murine α-fHbp monoclonal antibodies (mAbs) previously described inhibited the binding of hfH 
to fHbp suggesting that the antibody’s epitopes overlapped with the hfH binding region[27] [26] but, so 
far none human mAbs able to compete with human hfH binding has been identified[37], [36] . Neisseria 
meningitidis ‘s fHbp specifically binds the human factor H but not the factor H of other species [38] 
therefore  in precedent publications some researchers has been supposed that upon human vaccination, 
the fHbp present in the vaccine bound the human factor H concealing the hfH:fHbp binding area, which 
become not accessible to human immune response [39] [40]  .In this work, investigating a panel of over 
100 human α-fHbp human Fab (huFab) isolated from adults immunized with Bexsero, we identified a 
sub-set of 13 Fabs able to recognize the three variants of fHbp. We characterized their antigen binding 
selectivity and affinity, and their ability to inhibit binding of hfH to live meningococci; the most 
interesting were chosen for structural analyses of the fHbp/huFab complexes. Further, a subset of cross-
reactive huFabs was cloned and expressed as full-length mAbs (IgG1) to investigate their cross-
protective ability against MenB strains expressing fHbp variants not present in 4CMenB.  
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2. MATERIAL AND METHODS 

 
2.1 Human samples 
Human samples were collected from three adults immunized with 4CMenB vaccine, in clinical trial 
conducted in Krakow, Poland, approved by the Bioethics Committee of the District Medical Doctors’ 
Chamber in Krakow and conducted in accordance with the Declaration of Helsinki. The use of samples 
was performed upon written informed consent obtained from participants before the study-specific 
procedures. 
 
2.2 Recombinant huFabs production in E.coli  
Heavy and light chain variable regions of single plasmablasts, isolated from peripheral blood, were 
amplified and cloned into pET22 vector (Novagen) as bicistronic expression cassettes encoding for 
huFab antibody fragments. Anti-fHbp huFabs were expressed as recombinant proteins with a C-terminal 
hexahistidine (His6) tag in E.coli ROSETTA 2 (DE3). Cultures were grown in Enpresso B (biosilta) or 
HTMC medium (auto-induced medium developed in house) and protein expression was induced by IPTG 
1mM for 24h at 25 °C. Cell lysis has been performed by using different techniques; chemical lysis, 
osmotic shock and sonication.  The recombinant antibodies were purified by immobilized metal ion 
chromatography using Ni-NTA agarose resin (Qiangen) according to the manufacturer‘s instruction. 
Recombinant huFabs were quantified by BCA and their purity was assessed by SDS-PAGE after 
Coomassie staining in reducing and non-reducing conditions.  
 
2.3 fHbp variants expression in E.coli  
Factor H binding protein was expressed as recombinant protein with a C-terminal hexahistidine (His6) 
tag in E.coli BL21 DE3 transformed by heat shock standard protocol. Cultures were grown in HTMC 
medium and protein expression was induced by IPTG 1mM for 24h at 25 °C. fHbp expressing E. coli 
cells were lysed by cell lytic express (Sigma-Aldrich) as manufacture’s instruction and centrifuged at 
9000 rpm for 30 min. The soluble fraction was then filtered by 0.22-microliter filter (Millipore) to remove 
cell debris and loaded on a Ni2+ Sepharose 6 Fast Flow column (GE Healthcare) pre-equilibrated by a 
binding buffer composed 100mM Tris, 300 mM NaCl and 10mM imidazole.  To obtain pure samples, 
after loaded the soluble fraction, two washing steps were performed using buffer containing low 
concentrations (10 and 20 mM) of imidazole. Finally the elution of the his-tagged fHbp was obtained 
with a buffer containing  100mM Tris, 300 mM NaCl and 300mM imidazole. Protein concentration was 
determined by nanodrop spectrophotometer (Thermo Scientific) and its purity was assessed by SDS-page 
on a 4-12% Bis-Tris Gel after Problue Safe Stain (Giotto Biotech). When necessary, a second purification 
step of ion-exchange chromatography was performed to remove all the impurities using a pre-packed 
HiLoad 26/60 column Superdex 75 prep grade (GE) following manufacturer’s instructions. 
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2.4 Recombinant mAbs production in mammalian cells 
The genes of the variable region (V) of the heavy (H) and light (L) chains of human monoclonal 
antibodies, codon optimized for mammalian expression, were synthetized by Geneart (Life 
Technologies) with the 5’ and 3’ extremities containing the Eco31I site. After resuspension in 50 µl 
nuclease-free water, the synthetic DNA strings were digested with the Eco31I restriction enzyme, 
purified and ligated into pRS5a expression vectors containing the Eco31I cloning site upstream of human 
IgG1 and Igκ/λ generic constant region sequences. For Fabs production, the vector containing the 
complete HC has a cleavable C-terminal Strep-tag II.  
 All cloning steps were performed in E. coli strain DH5a using standard ligation and transformation 
protocol. In the pRS5a antibody expression vectors, the transcription is under the CMV promotor in 
frame with a human leader sequence for secretion derived by human immunoglobulin (Novartis-NIBR). 
Expression of the recombinant antibodies (IgGs or Fabs) was achieved by transient transfection of 
Expi293 cells (Life Technologies) in suspension using Expi293 Expression Medium, according to the 
manufacturer's protocol. Equal amounts (15 µg each per 30 ml of transfection volume) of vector DNA 
codifying the heavy and light chains were used to transfect Expi293 cells. The cells were incubated at 
37°C in a humidified atmosphere of 8% CO2 in air on an orbital shaker rotating at 125 rev min−1. The 
cell-culture supernatants were harvested 3 days and 6 days post-transfection, clarified by centrifugation 
for 30 min at 4000 rev min−1 and concentrated using centrifugal concentration devices with a 10 kDa 
molecular-weight cutoff membrane (Millipore). The recombinant full IgGs were purified by affinity 
chromatography using a protein G Sepharose 4 fast flow (GE Healthcare) according to the manufacture’s 
protocol.  After the elution, the buffer ofpurified mAbs was exchanged in PBS using PD-10 (GE 
Healthcare) desalting column.IgGs concentration was quantified using absorbance at 280 nm by 
NanoDrop spectophotometer (Thermo Fisher)  and their purity was assessed by SDS-PAGE gel  after 
Coomassie staining (Problue Safe Stain GiottoBiotech) in reducing and non-reducing conditions. 
Fabs were purified from the cell-culture supernatant by Strep-affinity chromatography, which was 
performed using a StrepTrap HP column (GE Healthcare) in 100 mM Tris, 150 mM NaCl, 1 mM EDTA 
pH 7.5, exploiting the highly selective double Strep-tag II at the C-terminus of the Fab heavy chain. The 
Strep-tag was removed using recombinant Tobacco etch virus (TEV) protease, which was prepared and 
purified in-house as described previously [42]. The Fabs were further purified by preparative size-
exclusion chromatography on Superdex 200 resin in a 10/300 column (GE Healthcare) in buffer 
consisting of 20 mM Tris, 150 mM NaCl pH 8. 
 
 
2.7 Immunoassay  by Gyrolab® 
 All recombinant purified huFabs were analyzed by Gyrolab at the concentration of10 µg/ml. As capture 
reagent biotinylated fHbp v1, fHbp v2, fHbp v3 and NadA were used at 100 µg/ml. As detection reagent 
Goat Anti-Human IgG, Fab fragment specific-Alexa 647 (Jackson 115-606-072) was used at 25 nM.  All 
Fabs were analyzed using Gyrolab Bioaffy 200 CDs and the standard Gyrolab three-step method 
(capture-analyte-detection). 
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2.8 Surface Plasmon Resonance  
Surface Plasmon Resonance (SPR) was used to measure and compare the binding affinities of the tested 
monoclonal antibodies with the three variants of fHbp recombinant proteins. All SPR experiments were 
performed in running buffer  (10mM Hepes, 150mM NaCl, 3mM EDTA pH 7.4) supplemented with 
0,05% (vol/vol) P20 surfactan usinig Biacore T200 (GE Healthcare) at 25 °C.  9000-10000 response 
units (RU) of an anti-human Fab binder were immobilized on CM5 sensor chip serie S, using the Fab 
antibody Capture kit (GE Healthcare).  To determinate the kd and kinetics parameters, schematically, the 
experiments were designed into four main steps:  

-  800-1200 RU of mAbs at 20ug/ul were immobilized by Fabs binder on the surface of the chip 
in running buffer. An anti-Fab binder coated flow cell without mAbs immobilized was applied as 
blank reference.   
-A blank injection of buffer alone was subtracted from each curve, and reference sensorgrams 
were subtracted from experimental sensorgrams to yield curves representing specific binding. For 
the determination of Kd and kinetic parameters, a titration series of five consecutive injections of 
increasing analyte concentration at a flow rate 30-40 μL/min. The concentrations of fHbp were 
adapted to each mAbs, ranching from 0.39-6.25 nM to 3.1-50 nM, to measured maximum 200 
RU of fHbp on immobilized mAbs. 
-Finally the chip’s surface was regenerated using a buffer containing 10 mM glycine pH 2.1 (180 
seconds, flow rate 10ul/min). All mAbs were tested in duplicate.   

SPR data were analyzed using the Biacore T200 Evaluation software (GE Healthcare). Each sensogram 
was fitted with the 1:1 Langmuir binding model, including a term to account for potential mass transfer, 
to obtain the individual kon and koff kinetic constants; the individual values were then combined to 
derive the single averaged Kd values reported. 
 
2.9 Bacterial strains and culture conditions 
N. meningitidis strains MC58 and M11295 were used as reference strains for fHbp v1, M08-240104 
(UK104) was used as reference strain for fHbp v2, M01-0240320 (UK320) and M1239 were used as 
reference strains for fHbp v3.  Bacteria were grown on chocolate agar (Biomerieux 43101) at 37°C, 5% 
CO2 overnight. For liquid cultures, colonies from overnight growth were used to inoculate 7 ml cultures 
(in MH broth supplemented with 0.25% glucose) to an optical density at 600 nm (OD600) of 0.05. The 
culture was incubated for approximately 1.5 to 2.5 h at 37°C with shaking until early log (OD600 of 
0.25) or mid-log phase (OD600 of 0.5). 
 
2.10 Native fHbp recognition by mAbs  
The ability of different mAbs to bind antigen exposed on the surface of N. meningitidis bacteria was 
determined using a FACS (fluorescence-activated cell sorting) flow cytometer. Bacteria, expressing 
different variants of fHbp, grown until mid-log phase (OD600 of ~0.5) were incubated with monoclonal 
antibodies at the final concentration of 10ug/ml. Antibody binding was detected using an Anti-Human 
IgG (Fab specific)-FITC conjugated produced in goat (Sigma) or an Anti-Human IgG-FITC conjugated 
produced in goat (Jackson Immuno Research) at a 1:100 dilution. Bacteria plus PBS-1%BSA and 
secondary antibody were used as negative control. 
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2.11 Serum bactericidal activity assay (SBA) 
Serum bactericidal activity against N. meningitidis strains was evaluated as reported elsewhere [43]. 
Bacteria grown until early log phase (OD600 of ~0.25) were diluted in Dulbecco’s Phosphate Buffered 
Saline (DPBS- SIGMA D8662) containing 1% bovine serum albumin (BSA) and 0.1% glucose at the 
working dilution of 104-105 and incubated with serial two fold dilutions of test monoclonal antibodies 
starting from a concentration of 125µg/ml. Serum bactericidal titers were defined as the monoclonal 
antibody dilution resulting in 50% decrease in CFU per milliliter after a 60-min incubation of bacteria 
with the reaction mixture compared to the control CFU per milliliter at time zero. Pooled baby rabbit 
sera from Cedarlane or human serum, obtained from volunteer donors under informed consent, have been 
used as a complement source for rSBA (rabbit SBA) or hSBA (human SBA) respectively. 
 
 2.13 Inhibition of binding of human factor H  
The ability of the recombinant anti-fHbp mAbs to inhibit binding of human factor H (hfH) to live bacteria 
was measured by flow cytometry. Bacterial cells grown until mid-log phase (OD600 of ~0.5) were 
incubated with α-fHbp mAbs (50 μg/ml for M1239 and UK104, 10 μg/ml for MC58 in PBS-1%BSA 
buffer) for 30 min at room temperature, followed by the addition of purified hfH (10 μg/ml for M1239 
and UK104, 50 μg/ml for MC58), which was incubated for an additional 30 min at room temperature in 
a final reaction volume of 100 μl. hfH binding was detected with a anti-hfH goat polyclonal antiserum 
(Calbiochem 341276) diluted 1:100 and incubated for 30 min at room temperature, followed by an 
additional incubation of 30 min with a donkey anti-goat IgG–fluoresceinisothiocyanate (FITC) conjugate 
antibody (Jackson Immunoresearch 705.095.003) diluted 1:100 in PBS-1%BSA buffer. 
 
2.14 Epitope mapping of α-fHbp mAbs by Protein microarray  
To identify the mapping region, human mAbs were tested on protein microarrays containing recombinant 
full length fHbp proteins as well as overlapping fragments of heterogeneous length (40aa to 602aa) 
spanning the entire protein sequences of fHbp variant 1.1, variant 2.16 and variant 3.28,[36].  
Nonspecific binding was minimized by pre-incubating protein microarray slides with a blocking solution 
(BlockIt, ArrayIt) for 1 hour.  mAbs were diluted 1:2000 in BlockIt and overlaid on the protein arrays 
for 1h at room temperature . Alexa Fluor®647-conjugated anti-Human IgG secondary antibody (Jackson 
Immunoresearch) was added for 1h at room temperature in the dark, before proceeding with slide 
scanning. Fluorescence signals were detected by using a PowerScanner confocal laser scanner (Tecan 
Trading AG, Switzerland) and the 16-bit images were generated with PowerScanner software variant 1.2 
at 10 μm/pixel resolution and processed using ImaGene 9.0 software (Biodiscovery Inc, CA). Elaboration 
and analysis of image raw Fluorescence Intensity (FI) data was performed using in-house developed 
software and R scripts. Signals were considered as positive when their MFI value was higher than 15,000, 
corresponding to the MFI of protein spots after detection with anti-AlexaFluor®647 polyclonal antibody 
(Jackson Immunoresearch) alone, plus 10 standard deviation values. 
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2.15 Protein crystallization and diffraction data collection and processing 
To induce the formation of fHbp:huFab complex, 7,5 mg of fHbp and 5 mg of huFab were incubated 
overnight at 4 °C and further purified by size exclusion chromatography to remove the protein in excess, 
using a pre-packed  HiLoad 26/60 column Superdex 75 prep grade (GE) following manufacture’s 
protocol. huFab:fHbp complexes concentrated at 25 mg/ml in 50mM tris-HCl were screened using pre-
packed 96 deep-well blocks commercialized by Molecular dimension using Crystal Gryphon robot (Art 
Robbins Instruments). In each crystallization screening experiment, 96 different crystallization 
conditions were tested thanks the robotic 96-channel that filled the screen wells with 70 ul of 
crystallization buffers followed by the 1-channel dispenser that quickly aspirates and dispenses 200 nl of 
huFabs complex in the each wells. In total each complex, were tested at least 500 different crystallizations 
buffers. 
 
2.16 Structure solving and refinement 
Crystals diffraction was tested at the beamline ID29 of the European Synchrotron Radiation Facility 
(ESRF) and several full datasets were collected at 100K, at wavelength λ = 0.983 Å, on a Pilatus 6M 
detector. Diffraction datasets were indexed and integrated using iMOSFLM and  reduced using Aimless, 
via the CCP4 suite[44]. The structure of the complex was solved by molecular replacement with Phaser 
[45] using as model templates for fHbp the protein data bank (PDB) code 2YPV,  for the variable region 
of the light and heavy chain of Fab 4B3 the PDB code 5I17 and for Fab1E6 the PDB code 3Z14. Initial 
molecular replacement solutions were subjected to subsequent cycles of manual building in Coot with 
Phenix.refine57 [46]. The buried surface areas, atomic interactions/contacts and the root mean square 
displacements were calculated with PISA and Superpose, respectively. 
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3. RESULTS 
3.1 110 recombinant human Fabs were successfully produced in E. coli for rapid screening  
To investigate the α-fHbp repertoire of three adults immunized with Bexsero, the heavy and the light 
chain immunoglobulin variable region genes (VH and VL genes, respectively) were isolated from 
peripheral blood mononuclear cells  and cloned into a huFab’s expression constructs as previously 
describe be Beernink and co-workers [37].  This longitudinal analysis allowed obtaining more than 100 
α-fHbp huFabs, which derived from different, and unrelated memory B cell, which had distinct 
immunoglobulin gene rearrangement therefore each huFab expresses distinct paratope.  
The first objective of my PhD studies was the setup of a protocol suitable to obtain the recombinant 110 
α-fHbp huFabs in E. coli in a small scale for a rapid and efficient screening. To achieve this purpose the 
expression protocol was optimized by testing two different expression media and lysis conditions.  A 
pilot experiment was performed on 24 huFabs, which were grown either in Enpresso B (Biosilta) medium 
followed by whole cell lysis obtained by cell lytic express (chemical and enzymatic lysis), either in 
HTMC medium (complex-auto-induction medium) followed by osmotic shock lysis to collect only the 
periplasmic fraction. Whole cell lysis allowed to collect all proteins present in cytoplasm instead, shock 
osmotic method was used to collect only periplasmic proteins. Protein profile of the total, soluble and 
purified fraction was analyzed by SDS-PAGE as shown in figure 1. Thick protein bands were observed 
at the expected molecular weight of 25 kDa in insoluble, soluble and purified cytoplasmic fractions but 
not in soluble periplasmic samples therefore the rest of the library of huFabs were produced using the 
first protocol (Enpresso B /cell lytic). All affinity-purified huFabs were quantified and, on average, from 
8 ml of bacterial culture 0.1 mg of huFabs could be obatined.  
 

 
Figure 1. Comparison between the two expression methods tested for Fab production. SDS-Page 
analysis for the comparison of the two expression/lysis systems for three of the 24 huFabs produced in 
the pilot experiment. Samples are run in reducing condition followed by Coomassie staining of the 
fraction from whole cell lysis by cell lytic express (a) and from periplasmic samples obtained by shock 
osmotic (b).  MW: molecular weight. 

a b 
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3.2 13 cross-reactive monoclonal antibodies have been selected by Gyros analysis 
After miniaturized IMAC purification, all huFabs were analyzed at Gyros®, a nanoliter-scale 
immunoassay system, which is a highly sensitive technology allowing the determination of binding 
specificity even for samples with sub-optimal quality. As shown in figure 2, the majority of the huFabs 
tested recognized the fHbp v1 because it is the variant present in the vaccine used for immunization. On 
the other hands, despite only the fHbp v1 is included in 4CMenB vaccine, thirteen huFabs resulted to be 
cross-reactive between the three main variants of fHbp.  One huFab, called 1B, resulted specific for the 
fHbp v2 being very interesting as none human anti-fHbp V2 specific antibody has been identified so far, 
therefore was also selected for further characterization.  

 
Figure 2. Histogram of binding specificity of 21 huFabs, including all the 13 cross-reactive 
identified by Gyros immuno-binding assay. The bars blue, red and green refers to the binding to fHbp 
v1, v2 and v3 respectively.  The yellow arrow point to the interesting case of the Fab 1B1 seemed specific 
only for v2. The rest of huFabs tested are not shown.   
 
 
3.3 Expression of recombinant mAbs in mammalian cells allowed obtaining pure IgGs with high 
yield 
E.coli has been a popular mean for production of recombinant proteins. It is a well-established host that 
offers short culturing time, easy genetic manipulation and low cost media.  However, it also has many 
disadvantages. For example, the rapidity of bacterial protein expression often results in 
unfolded/misfolded proteins, especially for heterologous proteins that require longer times and/or 
molecular chaperones to fold correctly. In addition, the highly reductive environment of the bacterial 
cytosol and the inability of E. coli to perform several eukaryotic post-translational modifications results 
in the insoluble expression of proteins [47]. Due to the low yield and the high impurity of the huFabs 
produced in E.coli, prokaryotic expression resulted to be not a suitable method for further functional and 
structural study. However new advances in monoclonal antibodies (mAbs) technology allow to produce  
high amounts of mAb in mammalian cells. Two plasmids were constructed which separately encodes for 
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light chain (VL) and heavy chain (VH) for each mAbs. To perform a deeper functional characterization 
of these antibodies, we produced them in mammalian cells as full recombinant IgG isotype 1 as IgGs 1 
are the most abundant immunoglobulin subclass in human sera [48]. Expression of recombinant mAbs 
in mammalian cells allowed obtaining antibodies with high putity and high yield as from 60 ml of 
transfection we could recovery 4-7 mg of pure proteins immediately after the first step of purification as 
shown in figure 3. 

 
 
 
The selected 13 recombinant cross-reactive antibodies and the mAb 1B1, were used for further functional 
analysis and characterized for antigen binding affinities, complement-mediated bactericidal activity and 
their ability to compete with fHbp for the binding of human fH (hfH). 
 
3.4 Selected mAbs have high affinity for the three fHbp main variants 
Surface plasmon resonance (SPR) was used to investigate the interaction between mAbs and the purified 
recombinant fHbp variants, in terms of binding affinity and association/dissociation kinetics. As shown 
in table 1 the analysis revealed that all mAbs have moderate/high affinity for the three variants of fHbp 
with Kd ranking from 10E-9 M to 10E-11 M. Overall kinetics constants measured indicate mAbs bind 
the fHbp forming stable complexes. Except for the case of mAb 1E6 which shows rapid association to 
fHbp v1 followed by a fast dissociation, suggesting the formation of a “short life” 1E6: fHbp v1 complex, 
Interesting the mAb 1B1, that at to the first screening appeared to be specific for v2, is able to bind with 
high affinity the v1 and the v3. 
 

Figure 3. Purity and quality 
check of the recombinant 
cross-reactive mAbs. SDS-
PAGE gel of thirteen cross-
reactive mAbs sample run in in 
reducing (a) and non-reducing 
conditions (b) followed by 
Coomassie staining  
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Tables 1. Summary of SPR analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 fHbp v1 

mAbs Ka (M-1 s-1) Kd ( s-1) Kd (M) 

3B7 1,71E+6 ± 0,02 4,42E-3 ± 0,03 2,6E-9 ± 0,06 

1D1 1,81E+6 ± 0,67 1,54E-3 ± 0,04  8,93E-10 ± 1,03 

3F1 8,85E+5 ± 0,49 9,17E-4 ± 0,15 1,04E-9 ± 0,05 

1B1 6,90E+5 ± 0,06 5,14E-4 ± 0,03 7,44E-10 ± 0,02 

1E10 4,27 E+5 ± 0,26 6,57E-4 ± 0,19 1,54 E-9 ± 0,05 

2G1 4,51E+6 ± 0,48 5,0E-3 ± 0,01 1,08E-10 ± 0,08 

5F12 8,54E+5 ±0,13 8,46E-4 ± 0,07 1,01E-9 ± 0,02 

1E6 5,25E+7 ± 0,15 1,4E-2 ± 0,01 2,65E-10 ± 0,15 

2C8 1,16E+6 ± 0,13 3,88E-4 ± 0,37 3,4E-10 ± 0,68 

5C6 4,2E+5±  0,02 4,54E-4 ± 0,09 1,08E-9 ± 0,02 

4B10 7,7E+6 ± 0,9 2,5E-3 ±0,2 2,96E-10 ± 0.08 

4F9 3,29E+7 ± 0,19 2,51E-3 ± 0,03 7,7 E-11 ± 1,2 

4B3 6,61E+5 ± 0,02 2,17E-4 ± 0,15 3,28E-10 ± 0,25 

3G7 9,03E+5 ± 3,11E-4 ± 0,25 3,44E-10 ± 0,32 

 fHbp v2 

mAbs Ka (M-1 s-1) Kd ( s-1) Kd (M) 

3B7 1,32E+6 ± 0,10 7,13E-6 ± 0,01 5,51E-10 ± 0,49 

1D1 4,5E+5 ± 3,0 2,64E-3 ± 0,04 2,61E-9 ± 0,37 

3F1 3,82E+5 ± 0,79 4,78E-3 ± 0,03 1,13E-8 ± 0,06 

1B1 7,15E+5 ± 0,48 1,19E-4 ± 0,003 1,68E-10 ± 0,11 

1E10 6,3E+5 ± 2,9 7,9E-4 ± 1,6 1,4E-9 ± 0,4 

2G1 2,7E+5 ± 0,6 4,5E-4 ± 0,4 1,7E-9 ± 0,2 

5F12 6,9E+5 ± 1,3 1,88E-3 ± 0,02 2,75E-9 ± 0,15 

1E6 1,2E+5 ± 0,15 4,3E-4 ± 1,3 3,6E-11 ± 0,7 

2C8 1,31E+7 ± 0,02 6,89E-4 ± 0,09 5,25E-11 ± 0,03 

5C6 2,04E+5 ± 0,05 3,45E-4 ± 0,08 1,7E-9 ± 0,01 

4B10 1,57E+7 ± 0,07 7,06E-4 ± 0,09 4,51E-11 ± 0,25 

4F9 1,16E+6 ± 0,01 3,30E-5 ±0,01 2,85E-11 ±0,02 

4B3 2,73E+6 ± 0,34 7,98E-5 ± 0,20 2,9E-11 ± 0,35 

3G7 7,41E+5 ± 0,52 3,89E-5 ± 0,11 5,26 E-11 ± 0,22 
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Binding affinity and association/dissociation kinetics were measured at Biacore T200 (GE Healthcare). According to the 
manufacturer’s instruction, consultable to web site: 
https://www.biacore.com/lifesciences/help/kinetics_and_affinity/index.html,  we define: 
 
- high affinity Kd ≥ 10E-10 (M), moderate affinity Kd = 10E-9 (M) and low affinity Kd >10E-8 (M) 
- fast association Ka≥10E+5 (M-1 s-1) , moderate Ka=10E+4 (M-1 s-1) and slow Ka ≤ 10E+3 (M-1 s-1) 
- fast dissociation Kd ≥ 10E-2 ( s-1), moderate dissociation Kd = 10E-3 ( s-1),  slow dissociation Kd ≤ 10E-4 ( s-1) 

 
 
 
3.5 mAbs recognize native fHbp on live bacteria 
Meningococcal fHbp is a surface-exposed 28 kDa globular lipoprotein bound to the outer membrane by 
an N-terminal lipid anchor. Therefore, flow cytometry represents a remarkably versatile tool to detect 
the α-fHbp mAbs binding directly to the surface of the bacteria. FACS analysis confirmed that all 14 
human α-fHbp recombinant IgGs bind naive fHbp to the surface of live MenB strains MC58, M08-
0240104 and UK320, currying respectively the fHbp v1, v2 and v3, excepted mAbs 5C6, negative on 
v3. In figure 4 we can also observed that all mAbs shown different order of fluorescent signals intensity; 
10 fold stronger on the meningococcal strain expressing v2, while slightly lower differences of binding 
were found on v1 and v3. The amount of fHbp presents on bacterial surface varies between 
meningococcal strains and it has been previously described that the strain M08-0240104 carries an fHbp 
surface density higher than the other strains [49] could explaining the higher florescent intensity 
measured.   

 fHbp v3 

mAbs Ka (M-1 s-1) Kd ( s-1) Kd (M) 

3B7 3,82 E+5 ± 0,85 8,3E-4 ±0,7  2,2E-9 ± 0,3 

1D1 3,71E+5 ± 0,03 6,42E-4 ± 0,03 1,72E-9 ± 0,01 

3F1 3,4 E+5 ± 0,8 6,3E-4 ± 3,2 1,80E-9 ± 0,01 

1B1 5,98E+5 ± 0,01 
3,14 E-4 ± 0,05 

 
5,25E-10 ± 0,09  

1E10 3,9E+5 ± 0,1 4,95E-4 ± 0,09 1,27E-9 ± 0,02 

2G1 3,32E+5 ± 0,01 5,84E-4 ± 0,01 1,75E-9 ± 0,01 

5F12 3,50E+5 ± 0,01 6,13E-3 ± 0,02 1,75E-9 ± 0,01 

1E6 5,7E+5 ± 1,8 1,3E-3 ± 0,3 2,7E-9 ±1,3 

2C8 4,3E+5 ± 0,1 2,0E-4 ± 0,6 4,6E-10 ± 1,6 

5C6 3,50E+5 ± 0,01 7,10E-4 ± 0,07 2,03E-9 ± 0,02 

4B10 2,84E+5 ± 0,06 4,73E-4 ± 0,01 1,67E-9 ± 0,03 

4F9 3,8 E+5 ± 0,5 9,5E-4 ± 4,3 2,4E-10 ± 0,9 

4B3 3,15E+5 ± 0,06 2,00E-4 ±0,01 6,33E-10 ± 0,13 

3G7 2,58E+5 ± 0.01 1,76E-4 ± 0,35 6,8E-10 ± 1,4 
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Figure 4.  Binding of mAbs to live meningococci as measured by flow cytometry. In blue the H44/76 
expressing v1, in red the  M08-0240104 expressing v2 and in green the M01-0240320 exposing the v3. 
Gray-filled area represents negative control bacteria incubated with PBS and secondary antibodies FITC-
conjugated antibodies. 
 
 

3B7 1D1 3F1 1B1 

1E10 2G1 

4B10 4F9 4B3 3G7 

5F12 1E6 

2C8 5C6 
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3.6 α-fHbp mAbs compete with fHbp for human factor H binding 
The meningococcal fHbp binds human fH with high affinity [24] . So far, none human anti fHbp mAb 
has been described to be able to compete with human hfH binding to fHbp, probably due to the small 
amount of human monoclonal antibodies tested. The 14 human recombinant mAbs were also tested for 
their ability to inhibit hfH binding to native fHbp by FACS analysis. Remarkably, we found that four of 
these mAbs are able to compete with fHbp for human hfH binding. As shown in figure 5, signal reduction 
of hfH binding (green line) was observed for mAb 4F9, 4B3 and 3G7 compared with the hfH binding 
detected alone in PBS on strains MC58,  UK104, UK320  expressing fHbp v1, v2  and v3 respectively.  
The mAb 1B1, instead, competes with hfH binding in strains expressing fHbp v2 and v3, but not v1. 
 

 
Figure 5. Flow cytometry analysis of hfH binding inhibition. Gray-filled area represents negative 
control bacteria incubated with PBS and secondary antibodies FITC-conjugated. Histograms showing 
effect of 4 HumAbs anti-fHbp on binding of human fH to live meningococci strains. Red line, binding 
of hfH alone (10μg/ml); green line, binding of hfH when bacteria were pre-incubated with 50 ug/ml of 
HumAbs anti-fHbp. In the last histogram of panel B, inhibition of hfH binding by murine anti-fHbp 
polyclonal serum (1:100). Gray-filled histogram represents negative control bacteria incubated with PBS 
and secondary antibodies FITC-conjugated. 
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3.7 Cross-protective anti-fHbp human mAbs 
The bactericidal activity of the human mAbs was tested against MenB strains expressing distinct fHbp 
v1, v2 and v3 and using baby rabbit serum as source of exogenous complement. Rabbit serum bactericidal 
assay (rSBA) is a standardized and validate method to evaluate the immune response to Neisseria 
Meningitidis  [50] and it is wildly use to estimate protection of the vaccine [51] [52]. 
The analysis revealed that eight mAbs were bactericidal against strains carrying fHbp v1 and six against 
strains carrying fHbp v3, meanwhile all anti-fHbp antibodies were bactericidal against the strain carrying 
fHbp v2 (Figure 6a). After repeating the experiment using the human serum, only four mAbs resulted to 
be able to activate the complement cascade and induced bacterial killing against MenB strains carrying 
the three variants of fHbp (Figure 6.b). As expected, titers obtained with human complement source are 
lower compared to those obtained with rabbit complement.  
 

 
 
Figure 6. Bactericidal killing assay (SBA). Histograms of bactericidal titers (a) using rabbit (rSBA) 
and (b) human serum (hSBA) as source of complement against meningococcal strains expressing v1, v2 
and v3 colored in blue, red and green respectively.   
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3.8 Protein chip epitope mapping suggested mAbs have different recognition profile 
To map and identify the binding epitope regions, each mAbs was tested by a protein microarray, 
containing the full lengths and different overlapping recombinant fragments covering the entire length 
of the fHbp v1, v2 and v3 [36].  
Protein chip experiments (Table 2) suggested that all mAbs recognize conformational epitopes present 
on the entire full-length sequence of fHbp variants, with two exceptions:  the mAb 1B1 did not bind to 
the fHbp v3 and the mAb 5C6 did not recognize the fHbp v2 and v3. Four mAbs (1B1, 4F9, 4B3, 3G7) 
recognized, in addition to the full-length fHbp proteins, a fragment corresponding to the C-terminal β-
barrel (residues 319–434) suggesting that the epitope is localized in that region of fHbp. Finally the mAb 
5F12, is the unique antibody able to bind the fragment corresponding the N-terminus (residues  1-259 of 
fHbp variants) fig7. 
 
 

  
fHbp 
v1 

  
fHbp 
v2 

  
fHbp 
v3 

 

mAbs  
full 

length 
β-

Barrel 
N-

terminus 
full 

length 
β-

Barrel 
N-

terminus 
Full 

Length 
β-

Barrel 
N-

terminus 

3B7 X   X     X     

1D1 X    X     X     

3F1 X   X     X     

1B1 X X  X X     

4B10 X   X     X     

1E10 X   X      X     

2G1 X   X     X     

5F12 X  X  X   X   X   X  

1E6 X   X   X   

2C8 X   X   X   

5C6 X         

4F9 X X  X X  X X  

4B3 X X  X X  X X  

3G7 X X  X X  X X  

 
 
Table 2. Protein chip epitope mapping results 
Epitope localization and cross-reactivity with different fHbp variants assessed by protein microarrays 
Symbol  X is used to indicate which region of fHbp are recognized by tested mAbs, instead the empty 
boxes indicate no binding.  
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mAb4B3                                                                   mAb1E6                                                   

     
 
 
 
 
                                  mAb5F12 

            
   

V1

V2

V3

V1

V2

a

V3

b 

Fig.7 protein chip epitope profile of 
the cross-reactive mAbs. In the figure 
are reported the profiles of three 
representative mAbs: 

a) mAb4B3 which recognizes 
the full length and the C-
terminal  β-barrel in  in all 
fHbp variants. 

b) mAb1E6 mAbs that binds 
only the full length in all 
fHbp variants. 

c) mAb5F12 that is able to bind 
N-terminal domain in all 
fHbp variants. 

Bars which represents fragments at 
different length, are colored in 
yellow  (low) to brown (high),   
according to the binding fluorescent 
signal intensity . 
  
  

c 
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3.9 Crystallization conditions identification and optimization. 
Based on the functional and biochemical data obtained, six antibodies have been selected for expression 
as high quality Fabs in mammalian cells and co-crystallization studies. The antibodies 3G7, 4B3 and 4F9 
have shown cross-protection in human SBA for all fHbp variants, the highest affinity for all fHbp variants 
and they are able to compete with human fH for fHbp binding. However, they all recognize the β-barrel 
of the fHbp in all 3 variants, and they share 99,8% of sequence similarity of the variable regions. We 
decided to select the mAb 4B3 for crystallization trials as it is more easy to produce (higher yield) respect 
to the other two mAbs. The antibody 5F12 has been selected as it recognizes, in the protein chip 
experiments, N-terminal domain of fHbp in all 3 variants, differently from what have been observed for 
all the other human mAbs anti-fHbp antibodies tested so far (which recognized the full lenght protein 
and the C-terminal β-barrel domain or only the full length fHbp [36]. Three of the mAbs (1D1, 1E6, 2C8) 
were selected for being cross-protective in rSBA having different variable region sequences. Finally, the 
antibody 1B1 was mostly selected for its ability to compete with human fH for fhbp binding and for 
being protective in hSBA.  

The structure determination of protein complexes by X-ray crystallography is strictly dependent on 
obtaining a crystal suitable for data collection. The conditions for complex crystallization have to be 
determined empirically and are specific to each protein complex. To perform crystallization screening, 
the protein/antibody complex must be pure and at high concentration. Therefore, after overnight 
incubation, complexes huFab:fHbp were purified by size exclusion chromatography to remove the un-
complexed protein. In total 10 complexes were successfully purified and tested at least in 480 different 
crystallization conditions(see table 3). 

Table 3: Summary of the crystallization screening. 

complex crystallization  
conditions   

n. crystals Diffraction  

1        huFab 4B3:fHbp v1 864 70 2.4  Å 

2        huFab 4B3:fHbp v2 480 - - 

3       huFab 4B3:fHbp v3 480 25 - 

4       huFab 5F12:fHbp v2 480 10 2.1  Å 

5       huFab 5F12:fHbp v1 480 - - 

6       huFab 1E6:fHbp v3 576 15 2.7 Å 

7       huFab 1D1:fHbp v1 576 - - 

8       huFab 1D1:fHbp v2 576 10 - 

9       huFab 2C8:fHbp v1 576 - - 

10     huFab 1B1:fHbp v2 576 3 2.3 Å 

 
In the table are shown the complexes obtained and tested. For each complex is reported the number of 
crystallization conditions tested, many crystals were collected and diffraction data collected at the 
Synchrotron in Grenoble. 
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3.10 Overall crystal structure of huFab 4B3 in complex with fHbp v1 
The human Mab 4B3 is one of the most interesting monoclonal antibodies emerged from the screening, 
being cross-reactive, cross-protective with human complement and able to compete with human fH 
binding to fHbps. For these reasons it was selected for co-crystallization experiments. Despite the 
complex huFab4B3:fHbp v1 was tested in more than 800 crystallization conditions, crystals were 
obtained only in one condition (buffer containing  0.1M HEPES with 20% w/v jeff  ED-2001 as 
precipitant at pH 6.5). The 3D structure of the complex was solved by molecular replacement and the 
resulting electron density map allowed unambiguous model building. X-ray data collection, processing 
and refinement statistics are show in the table 4 below. 
 

resolution range (Å) 41.55 -  3.399 (2.485 - -2.399) 

Space group P1 21 1 

Unit cell dimensions 
a, b, c (Å) 47. 34      90.4   97.94 

α, β, γ (°) 90    98.81   90 

Total reflections 103526   (11534) 

Unique reflections 29999 (3201) 

Completeness (%) 92,95 (99.88) 

Mean I/sigma(I) 17.61 (2.49) 

Wilson B-factor 50.42 

Rmerge 0.05551 (0.5353) 

Rmeas 0.06573 (0.6304) 

CC1/2 0.997 (0.822) 

R-work 0.2122 (0.2802) 

R-free 0.2715 (0.706) 

Number of atoms 
Macromolecules 5053 

Protein residues 666 

RMS bonds (Å) 0.004 

RMS angles (°) 0.65 

Ramachandran favored (%) 96.64 

Ramachandran allowed (%) 3.06 

Ramachandran outliers (%) 0.31 

Rotamer outliers (%) 0.18 

Average B-factor 56.19 

Macromolecules 556.25 

Solvent 50.97 
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 Considered separately, the fHbp and Fab structures show no major differences from those structures 
reported previously. [21] [30] [22] [23]. The huFab 4B3 has a canonical β-sandwich immunoglobulin 
fold with the heavy chain folding into VH and CH (variable and constant heavy) domains, and the light 
chain folding into VL and CL (variable light and constant light) domains (figure 8). The elbow angle, 
defined as the subtended angle by the two pseudo twofold axes relating VH to VL and CH to CL, of the 
Fab 4B3 is 161 °C [53]. 

 
Figure 8. Crystal structure of huFab4B3 in complex with the fHbp v1.  The structure of huFab 4B3 
and fHbp v1 are represented as cartoons, with the heavy chain, the light chain and the fHbp v1 colored 
in cyan, light pink and green respectively. 
 
 
The antigen-binding site of an antibody is localized on six-hypervariable loop or CDR 
(Complementarity-determining regions) mapped as L1: Q27-F33, L2:G51-D58, L3: Q90-T98, H1: G26-
Y33; H2: I52-K58; H3: C96-W106. Overall, although there is great variation in the aminoacidc sequence 
and length  of the CDRs, it has been shown that five of them (with CDR-H3 being the only exception) 
possess a small set of main-chain conformations termed canonical structures [54] , based on the length 
and key residues of loops. HuFab 4B3’s CDRs L2, L3, H1 and H2 assumed the canonical structure of 
Chothia class 1,1,1,3 respectively instead, the CDR-L1 shows no canonical conformation of the same 
loop length known [55]. All six CDR loops of Fab 4B3 are projected to the C-terminal β-barrel of fHbp 
v1, whereas the N-terminal region is not involved in the interaction (Figure 8). Interestingly, the surface 
of the fHbp at the interface between the antibody appeared irregular with protuberances and with a well 
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define depressed area which accommodated the serine 31 (from H1) and the asparagine 53 (from H2) 
Figure 9(a).  Moreover, we identified an isolated small cavity, which lodged the phenylalanine 33 of light 
chain (L1) Figure 9(b). 
 

 
 
Figure 9.  Crystal structure of CDRs of huFab 4B3 in complex with the fHbp v1. The structure of 
huFab 4B3 and fHbp v1 are represented as cartoons, with the variable heavy chain, the light chain and 
the fHbp v1 colored in cyan, light pink and green respectively. The CDRs of the variable region of the 
heavy chain named H1, H2, H3 are alighted in dark blue, the CDRs of the variable portion of the light 
chain, L1, L2, L3 are colored in red.  
 
 
 
 
Shape complementarity is an important feature of the interfaces of biological assemblies of protein-
protein complexes. Although it does not represent a physical interaction, it is highly correlated with 
certain interaction energies, such as van der Waals and non-polar desolvation [51]. The paratope form 
cleft and grooves assuming a shape that fit with epitope (Figure 10).  
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Figure 10. Buried complementary surfaces interactions. Representation of the complementary shape 
of the paratope of the huFab4B3 alighted in blue on heavy chain and in red on light chain surfaces. The 
surface of the epitope is colored in yellow on the C-term β-barrel of the fHbp v1. 
 
 
The interaction of the huFab 4B3 with fHbp v1 buries a total area of 828  Å2, which is in the typical 
range of the interaction surface between antibodies and protein antigens [56] [57]. The buried surfaces 
of the heavy chain and of light chain are similar (Figure 11(a)), with a major contribution from the heavy 
chain respect to the light chain (455.8 Å2 vs 372.2 Å2 respectively). The surface modeling of the contacts 
area provided additional information on the conformation of the epitope. The interactions occurring in 
the binding of huFab 4B3 define a discontinuous conformational epitope on the fHbp v1 surface, in which 
an extensive contact area is targeted by the light and the heavy chain simultaneously and a smaller contact 
area is determined by the L2 of the light chain (Figure 11 (a)). 
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Figure 11. Intermolecular interactions in the Fab 4B3/fHbp-binding interface (a) Surface representation 
of the epitope on fHbp v1, colored in wheat is highlighted the contact surface of fHbp with the light chain 
whilein yellow with the heavy chain. In the boxes is reported a closer view of key residues (shown as 
sticks) of the interaction between the C-terminal domain of fHbp (in green) and the light chain (in pink  
panel (a)) and the heavy chain (in cyan panel (c)). In both panels yellow dashed lines indicate 
intermolecular Hydrogen-bonds or salt bridges <4 Å. 
 
 
 
 
 
Atomic resolution of the binding site enabled very accurate determination of key residues involved in 
the interaction.  In total fifteen residues of fHbp engage very strong interactions as salt bridge or hydrogen 
bonds (Figure 11  panel (b) and (c)), with eight residues of the heavy chain and with seven of the light 
chain fully listed in Table 5. Interestingly, a supplementary contribution to strength the interaction comes 
from the arginine 64 of the light chain that is not included in any CDRs loops but it engages an hydrogen 
bond with the glutamine 210 of fHbp. 
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Table 5. Molecular interactions between key residues constituent the Fab4B3:fHbp v1 epitope 

fHbp v1 huFab 4B3 CDR Bond type 

F135 S31, Y32 H1 Hydrogen bound, VdW  

D136 S31 H1 Hydrogen bound  

E140 N52, N53,S54 H2 Salt bridge, salt bridge,   
hydrogen bound  

R143 D93 L3 Salt bridge  

D165 F33 L1 VdW 

A167 N99, Y33 H3, H1 Hydrogen bond , VdW 

A168 R102 H3 Salt bridge  

K169 S31 H1 Salt bridge  

Q170 Y92, P32, R102 L3, L1, H3 Hydrogen bond, VdW, 
VdW 

N172 P32 L1 VdW 

A189 T54 L2 Hydrogen bond 

D191 R102, Y50 H3, L2 Salt bridge, hydrogen bond  

K193 T57 L2 Hydrogen bond  

Q210 R64 -  Salt bridge 

E212 R55 L2 Salt bridge  

 
* VdW: Van Der Waals 
 
3.11. Molecular insights of the cross-reactivity of mAbs 4B3 
High-resolution epitope mapping allowed investigating deeper on the molecular basis of the mAb 4B3 
ability to recognized different variants of fHbp observed in the functional characterization of this 
important antibody.  To understand the main features that confer cross-reactivity ability to mAbs 4B3 
we calculated the degree of conservation of the key residues of the epitope upon fHbp repertoire 
accessible in Neisseria Meningitidis multilocus sequence typing (MLST) databases. The main findings 
are reported in table 6 and in Figure 12. Upon 1119 allele of fHbp isolated from all meningococcal 
serogroup and depositate in MLST database we identified a cluster of  residues, F135, D165, Q170, 
K193, E212 conserved more than 99% moreover the residues K169 was present in all isolated tested. 
Considering other two residues A167 and A168 present in more of the 75% of the instances, we observed 
a well-conserved and extensive core of the epitope colored in red and dark pink in Fig 10, instead the 
residue E212 represented an isolated key spot. Three residues, D136, A189, Q210 are present in 50-60% 
of fHbp variants known. Moreover the aspartic acid 191 (D191), even if being present at 20%, in the 
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40% of the cases is substituted by a glutamic acid likely maintaining the same characteristics and 
functions. The remaining key residues identified as important for mAb 4B3 binding localized around the 
core, show a substantial variability among the fHbp variants (table 6). 
 
 
 
Table 6: Degree of conservation of the key residues involve in fHbp v1 and mAb 4B3 
 %G  %A  %L  %M  %F  %W  %K  %Q  %E  %S %P %V  %I  %C  %Y  %H  %R  %N %D  %T  %K  

F135 
    0.27   99.64                   0.09             

D136 1.70 0.09                43.1 55,1    

E140 0.09 0.09     32.3  24,4          0.09  43.1 

R143    13,9   42,9   17,1       25.9      

D165 0.26                 0.09 99,64    

A167 0.09 80.8          0.45        18.7   

A168  76,8     15.5   0.5  3.6      3.1  0.36   

K169                     100 

Q170        99.9         0.1      

N172          0.09    0.09 22.97 73.55  3.31    

A189  53.44        26.63 0.09 3.40        16.44   

D191         43.43      35.57   0.63 20.38    

K193       99.29  0.63        0.09     

Q210 15.28       56.3  28.2      0.2       

E212       0.09  99.91              

 

 
The table shows the  degree of conservation of the key residues of the mAb 4B3 epitope between fHbp 
seqeunces repertoire accessible in  the Neisseria Meningitidis multilocus sequence typing (MLST) 
database at the website to https://pubmlst.org/neisseria which includes 1119 alleles of fHbp.  
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Figure 12. The 4B3 epitope and its allelic diversity in the fHbp global gene repertoire. The figure 
shows the C-terminal β-barrel of fHbp v1 and the surface of the epitope of the huFab 4B3. Each residue 
is colored based on its conservation among the fHbp gene repertoire, which included 1119 allelic 
sequences. 
 

 

3.12 Nature of Ab 4B3 and human Factor H competition for fHbp v1 binding  

The ability of the mAb 4B3 to reduce the human factor H binding on live bacteria assessed by flow 
cytometry suggests a competition for the binding region on fHbp.  To better understand the molecular 
basis  which take part in this complicated interactions, we superimposed the crystallographic structure of 
the huFab 4B3 with the structure of the short complement regulator domains 6 and 7 of the human factor 
H, available in the PDB [23], bound simultaneously to the fHbp v1. 
Interestingly, surface modeling of the structure in exam revealed that the surface of the light chain  of 
the huFab 4B3 slightly overlaps with the surface of the domain 6 of the human factor H (indicated in the 
blue box in  Figure 13) suggesting that steric clashes occurs when these two proteins try to bind the fHbp 
at the same time. A deeper inspection shown in Figure 14, comparing the buried surface of fHbp 
confirmed that the binding site of the fHbp v1:huFab4B3 and fHbp v1:hfH partially overlapped in 
correspondence of three common key residues engaged in both complexes, the, K193, E212, D191. The 
first two residues are well conserved in almost all fHbp sequences known 99,3 % and 99,9% respectively 
instead the residues D191 is conserved only in the 20%. As mention before, in the 43% of the fHbp 
variants reported, Aspartic 191 is replaced by a glutamic residue, therefore it is logical to hypnotize that 
this atomic interaction could be maintained between  almost 64% of the isolates 
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Figure 13. Competition between human Fab4B3 and human factor H for fHbp binding .  
Superimposition of the crystal structures of huFab 4B3 and the domains 6 and 7 of the human factor H 
(PDB 4AYI) in complex with the fHbp v1 represented as cartoons (a) or as solid surface (b), with the 
heavy chain, the light chain,  the fHbp v1 and the human factor H colored in cyan, light pink, green and 
orange respectively. The blue box indicates a slight overlapping between the light chain of the huFab 
4B3 and the domain 6 of the human factor H. 
 
 

 
Figure 14. Surface plot of the competition of huFab4B3 with human factor H for fHbp binding site. 
The epitope of the huFab 4B3 is represented in yellow instead the epitope of human factor H in orange. 
In red are highlighted the residues in common between the two complexes. 
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3.13 Overall crystal structure of Fab 1E6 in complex with fHbp v3 

From the co-crystallization trials set up with different antibodies and different fHbp variants, (table 3) 
the crystal structure of the fHbp v3 in complex with the cross-reactive human Fab 1E6 was obtained.   
The crystal structure of huFab 1E6 in complex with fHbp v3 was determined at 2.7 Å resolution. X-ray 
data collection, processing and refinement statistics are shown in Table 7. The structure was solved by 
molecular replacement and the resulting electron density maps allowed unambiguous model building. 

X-ray data collection, processing and refinement statistics are show in the table 7 below. 
resolution range (Å) 63.56  - 2.646 (2.741  - 2.646) 

Space group P 2 21 21 

Unit cell dimensions 

a, b, c (Å) 42.9789   65.2795    278.828  

α, β, γ (°) 90   90    90 

Total reflections 1142421 (114785) 

Unique reflections 23438 (2302) 

Completeness (%) 96.79 (97.92) 

Mean I/sigma(I) 7.58 (2.12) 

Wilson B-factor 39.14 

Rmerge 0.952 (2.24) 

Rmeas 0.9618 (2.263) 

CC1/2 0.898 (0.44) 

R-work 0.2340 (0.3021) 

R-free 0.2695 (0.3621) 

Number of atoms 

Macromolecules 5003 

Protein residues 665 

RMS bonds (Å) 0.004 

RMS angles (°) 0.97 

Ramachandran favored (%) 93.09 

Ramachandran allowed (%) 6.30 

Ramachandran outliers (%) 0.61 

Rotamer outliers (%) 0.00 

Average B-factor 47.90 

Macromolecules 48.10 

Solvent 38.49 
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Considered alone, the two proteins maintained their typical structural characteristics (Fig.15); the fHbp 
assumed the canonical 3D structure of two β-barrels connected by a short linker and the Fab exhibits the 
standard Ig domain fold. The structure of the 1E6 immunoglobulin domains consists of anti-parallel β-
sheets arranged in a “sandwich” fashion with the heavy chain folding into VH and CH domains, and the 
light chain folding into VL and CL domains.  The two sides of the sandwich motif are covalently linked 
by disulfide bonds. The elbow angle, defined by the relative displacement of the variable domains and 
the constant domains, is 138.2 degrees [53].  
 
 
 

 
Antibody topology can be further divided into two parts, the framework and antigen binding regions. 
The sequence variability in the VL and VH are limited to hypervariable regions loop, which forms the 
antigen binding site of the molecule, also called complementarity determining region (CDR).  CDR of 
mab 1E6 are mapped as L1:N26-V32, L2: Y49-S55, L3:Q88-W97, H1: G26- P33, H2: F51-S57, A97-
102 is a loop connecting two β-strands, which points to the antigens Fig 16(a) (b). The 1E6’s CDR L1, 
L2, H1 H2 assumed canonical structure similar to Chothia class 2, 1, 1,2 [54]. The CDR-L3 shows no 
canonical conformation of the same loop length known [54]. Fab 1E6 forms a broad network of 

Figure 15. Crystal structure of Fab 
1E6 in complex with the fHbp v3. 

The structure of Fab 1E6 and fHbp v3 
are shown as cartoons, with the heavy 
chain and the light chain colored in 
black and hot pink respectively. 
Meanwhile C-term β-barrel of the 
fHbp v3 is in greencyan and the N-
terminus in green. 
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interactions with N-term region of the fHbp v3 instead only three residues of the C-term are involved in 
the binding. The calculated interface buries a total area of 1058 Å2, which is in the typical range of the 
interaction surface between antibodies and Fab:antigens [56], [57] and the N-term resulted mainly 
affected (Figure 15 c) . Both chains of huFab 1E6 contribute to binding of the fHbp v3 with the heavy 
chain that contacts only the N-terminal defining an interface area of 551 Å2 , whereas the light chain 
contacts both domains of fHbp (Fig. 16 a,b ) on a surface of 507 Å2 .  
 

 
Figure 16. huFab 1E6 interaction with fHbp v3. The plot shows the fHbp v3 surface where the N-term 
is colored in green and the C-term in greencyan. The buried surface on the N-term is labeled in yellow 
whereas the area on the C-term in orange.  (c) fHbp v3 is rotated of 90 °C upward. Variable region of 
heavy (in black) and light chain (in pink) are shown as cartoons. Finally the H-CDR are highlighted in 
red and the L-CDR in blue.  
 
 
The binding did not followed the classical “lock and key or induced fit model” [58]  indeed the epitope 
appears localized on a essentially flat area. (Fig. 15 (c)) Nevertheless, several polar and electrostatic 
interactions are formed, mediated by side chain atoms from the huFab heavy chain H1, H2, and H3 and 
light chain L1, L2 and L3 as reported in table 8. 
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Table 8. Molecular interactions between key residues constituent the Fab1E6/fHbp v3 epitope 

fHbp v3 huFab 1E6 CDR Bond type 

S53 L54 H2 VdW 
Q55 Y32, D100 H1, H3 Hydrogen bond 

G56 D31, Y32  H1, H1 VdW, VdW 

E58 R56 H2 Salt bridge 

K79 D52 L2 Salt bridge, VdW 

R82 T101 H3 Hydrogen bond 

D84 T101, A102 H3 Salt bridge, Salt bridge 

V86  L54 H2 VdW  

S100   F55 H2 VdW 

E119  R92 L3 Salt bridge 

K120   D95 L3 Salt bridge 

N132 D95 L3 Hydrogen bond 

D166  T31, G29, R92,  L1, L1, L3 VdW,  Hydrogen bond ,  
Salt bridge 

N169   S51, D50 L2, L2 Salt bridge, Hydrogen 
bond 

K191  D50 , A28, K30 L2, L1, L1 Salt bridge , Hydrogen 
bond,  Hydrogen bond 

 
 

X-ray structures of the complexes between antigens and antibodies are essential to exploit the details of 
the epitope-paratope interaction. The closer examination of the key residues reveals the polar nature of 
the binding as hydrogen bonds and salt bridges contribute to the high affinity of this mAb for the 
meningococcal fHbp. Notably some residues engaged a complex and strong network of molecular 
interactions that connect more than two amino-acids, such as the interconnection established between 
fHbp v3 E119, D166, K191 and the light chain A28, K30, D50, R92 (Figure17a) and fHbp v3 residues 
E58, S53 and heavy chian L54, R56 (Figure17 b).  
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3.14 High conservation of the epitope indicates broadly coverage of mAbs 1E6 

Antigenic drift is the continuous process of genetic and antigenic changes that occur through point 
mutations. The antigenic distance between meningococcal strains is increasing within the time by the 
drift increasing the grade of variability to escape that immune system of the hosts.  Several studies of the 
diversity of the fHbp gene and the encoded protein in a representative sample of meningococcal isolates 
confirmed the high variability in this protein, with sequence identities falling as low as approximately 
62% for some pairwise comparisons [58]. Therefore, to estimate qualitatively the coverage of the mAbs 
1E6 we calculated the percentage of conservation of the residues constituent the epitope. A total of 1119 
allele were retrieved from the public database Neisseria meningitidis multilocus sequence typing (MLST) 
[59] and the grade of conservation of each residue is shown in figure 18 and the variability is listed in 
table 9. Interestingly 10 out of 15 residues constituting the epitope are conserved more than 99% between 
all currently known fHbp amino acid sequences examined. Remarkable instances are represented by Q55, 
K79, D166 present in the 100% of known meningococcal fHbp sequences. These three epitope residues 

Figure 17. Multiple network 

beetween fHbp v3 and 

huFab1E6. 

 Closer view of key residues 

(shown as sticks) between N-

terminal of fHbp v3 in green 

and the light chain in pink (a) 

and the heavy chain in black 

(b). In both panels yellow 

dashed lines indicate 

intermolecular H bonds or salt 

bridges <4 Å 
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play a key role in the binding of mAb 1E6. Of the remaining 5 residues comprising the epitope, the K120 
and, N132 are conserved in the 40% of the isolates while the S53, V86 and N169 are represented only in 
less of than 30% of meningococcal strains (Fig.18 and Table 9). Collectively, these observations suggest 
that mAb 1E6, shows to bind representatives of all the three fHbp variant groups and might indeed display 
broad cross-reactivity across the entire repertoire of fHbps. 

                

Figure 18. Allelic conservation of the key residues of fHbp v3 involved in the interaction with 
huFab 1E6. The figure shows fHbp v3 as solid surface. Each residue of the epitope is colored based on 
its conservation among the fHbp gene repertoire which includes 1119 allelic sequences. 
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Table 9. Degree of conservation of the key residues involve in fHbp v3 and Ab 1E6 

 %G %A %L  %M  %F %W  %K  %Q %E %S %P %V %I %C  %Y %H  %R %N %D %T  %K  

S53  70.42        29.31  0.27          

Q55        100              

G56 99.82        0.09        0.09     

E58       0.09  99.91             

K79                     100 

R82                0.18 99.73  0.09   

D84                  0.18 99.82   

V86            21.09 78.91         

S100          99.02   0.18    0.27 0.54    

E119 0.18        99.73          0.09   

K120       43.16 56.84              

N132  56.57          0.09     0.09 43.07 0.09   

D166                   100   

N169 77.12 0.27        3.66       0.09 18.59 0.27   

K191       99.91  0.09             

 

 

3.15 Cross-reactive anti-fHbp antibodies exhibit different binding model  

To date, several human anti-fHbp antibodies have been described in functional assays [37], [40], [36]. 
Data about high resolution epitope mapping at atomic level of antibodies elicited in humans are relatively 
rare up to now: (REFERENCES). to our knowledge only Giuliani et al.  [36] restricted the epitope 
localization of one cross-reactive anti-fHbp mAb 1G3 to short fragments of fHbp v1 by HDX-MS, 
whereas  López-Sagaseta et al [35]  were able to fully characterize at high resolution the first human 
antibody, the1A12 identifying the epitope on fHbp v1, By X-ray crystallography. Fab 1A12 targets 
exclusively the C-terminal β-barrel, whereas the Fab 1E6 binds mainly the N-terminal region on the 
opposite side compared to the binding site for hfH (Fig. 19). The latter suggests that Fab 1E6 would not 
inhibit the binding of fHbp to hfH. This hypothesis was confirmed using a competition assay performed 
by flow cytometry (section 3.6). Three residues of the C-terminal β-barrel fHbp v3 are involved in 1E6 
binding but only residue K191, which engaged a strong network of interactions results to be a crucial 
residue in both  fHbp v1:Fab 1A12 and fHbp v3:Fab 1E6 complexes, further underling the important 
antigenic role of this specific amino acid. 
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Figure 19. Cartoon representations of fHbp (green), bound to huFab 1A12 (red) pdb 5UR8, huFab1E6 
(blue) huFab 4B3 (light violet) and human factor H (orange). 
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4. Discussion  

Neisseria meningitidis remains the most common cause of bacterial meningitis, often leading to 
permanent disabilities or even death [60]. After many years of research and development, two vaccines 
to protect against MenB are now licensed, and both contain fHbp, a key meningococcal virulence factor. 
Recent data from the United Kingdom infant immunization campaign against MenB reported >80% 
4CMenB vaccine-mediated protection [61]. Here, we report detailed molecular studies that describe 
important elements of the human immune response to 4CMenB. 
As an extension of previous smaller scale investigations [36] the study presented here probes the 
repertoire of human mAbs isolated from three additional vaccine recipients following vaccine 
administration. From this study, a new library of huFab expression constructs was obtained. The library 
encodes over 100 distinct huFabs that recognize fHbp. This library is a vast reservoir of immunologically 
relevant data and potentially contains a wealth of information about the humoral immune response, and 
thus represents an unprecedented, unique resource for the scientific community.  Most notably, even if 
the 4CMenB vaccine contains specifically the fHbp variant 1, subjects immunized with 4CMenB 
produced at least some cross-reactive antibodies, as we identified 13 (of 110 total) huFabs that were able 
to recognize all three fHbp variants (Fig.2 ). Protein microarray epitope mapping experiments suggested 
that these 13 cross-reactive huFabs bind diverse regions of fHbp, mostly involving conformational 
epitopes requiring the full-length fHbp, although three huFabs bind to the isolated C-terminal beta-barrel 
domain and, remarkably, just one huFab bound to the isolated N-terminal domain (Table 2). 
The 13 cross-reactive antibodies and the additional mAb called 1B1 were further functionally 
characterized for complement-mediated bactericidal activity with both rabbit and human complement 
sources and for their ability to inhibit binding of hfH to live bacteria.  
Several murine anti-fHbp mAbs have been described in literature [26], [27] and some of them have been 
reported to be able to inhibit the binding of the hfH to the bacterial surface [27], [62]. In a recently 
published paper, Beernink  and coworkers [37] focused their analysis on a small panel of ten anti-fHbp 
Fabs and found that none of the Fabs was able to inhibit hfH binding. Based on this finding, it has been 
hypothesized that mice immunized with recombinant fHbp develop serum α-fHbp antibodies that block 
the binding of hfH because the injected recombinant fHbp does not bind the murine fH [37] [31], [13], 
[38], [32, 63]. On the contrary, as the meningococcal fHbp specifically binds the human fH [26], [37] 
after human immunization, the fHbp present in the vaccine could form a complex with hfH hiding the 
binding site . 
 One of the most outstanding results of this work is that for the first time, we identified cross-protective 
human mAbs, which are able to compete with the hfH for fhbp binding, suggesting that the hfH binding 
site in the recombinant fHbp present in the 4CMenB vaccine can be accessible to the immune system 
upon immunization. Moreover, the analysis of the sequence diversity of fHbp mapped onto the three 
dimensional structure shows that hfH binding site is the most variable face of the protein, and thus could 
explain why the identification of cross-reactive mAbs able to inhibit hfH binding has been unsuccessful 
so far [33]. 
In this work, we found four mAbs able to inhibit the hfH binding on live meningococci. mAbs 4F9, 4B3 
and 3G7 resulted to be able to reduce the signal of hfH binding on meningococcal strains expressing the 
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three main variants of fHbp. Interesting, one of them, the mAbs 1B1 competed with human hfH binding 
on meningococcal strain expressing v2 and v3 but not v1.  Although 1B1 resulted to have high affinity 
for v1 in SPR assays, mAb 1B1 shows a low recognition signal of naive  fHbp v1  on carrier strain,  and 
that could explain why it is not able to block the human factor H binding on strains carrying variant 1.   
Antibodies have two distinct functions: one is to bind specifically to their target antigens and the other is 
to elicit an immune response recruiting other cells and molecules. We found that although all mAbs gave 
positive titers in rabbit SBA (a standardized method to evaluate the immune response against Neisseria 
meningitidis which correlates with vaccine efficacy [40] [64] [52] with at least one variant,  seven 
antibodies (1D1,3F1,1E6, 2C8, 4F9, 4B3 and 3G7) were bactericidal against all strains carrying the three 
different fHbp variants. Remarkably, these antibodies are not only cross-reactive but also cross-
protective. Previous studies demonstrated that the quantity of fHbp present on the bacterial surface varies 
between isolates and in the strains used, MC58, M08-0240104 and UK320 the concentration of fHbp 
was determined to be 2900 (fHbp v1), 9390 (fHbp v2), 1111(fHbp v3) molecules for cell respectively 
[49]. The antigen density displayed on the surface, can differ even of 9-fold therefore explaining why the 
binding and the killing on strains carrying v2 is higher than on v1 and v3 (Fig. 7b).   
When tested in human SBA, four human mAbs gave positive titers tested  

individually, the same antibodies that were also able to compete with human factor H binding. The titers 
obtained are  higher compared with those reported for the human anti-fhbp mAbs 1G3 and 1A12 
previously reported [36].  
Based on antigen binding affinities, epitope mapping performed by Protein microarray and performance 
in serum bactericidal assays, six antibodies have been selected for expression as high quality Fabs in 
mammalian cells and co-crystallization studies. 
To date, the 3D structure of only one huFab (1A12) in complex with fHbp (v 1) has been reported [35]. 
In this thesis work, we present the crystal structure of two human antibodies, the 4B3 and 1E6, in complex 
with fHbp.  The crystal structure of fHbp variant 3 (only 62% sequence identify with variant 1 [20]) has 
been obtained in complex with huFab, 1E6. The structure of Fab 1E6:fHbp v3 is quite different from the 
previously reported complex of Fab 1A12:fHbpv1, deepening our understanding of the molecular bases 
determining the cross-reactive antibody response in humans (Fig.19). The structure revealed a large 
conformational epitope, featuring a dense network of salt bridges and hydrogen bonds, mainly localized 
at the N-terminus of fHbp variant 3 that was not previously seen in other crystal structures of fHbp 
complexed with murine Fabs, nor with huFab 1A12 which targets a very different region on the C-
terminal domain of fHbp (Fig16,17,19). The crystal structure of fHbp v3 in complex with the 
complement control protein (CCP) domain 6 and 7 of hfH was determined previously [23]. Comparing 
the binding site of hfH and  Fab 1E6, we observe that 1E6 binds fHbp v3 on the opposite side thus 
explaining   the data obtained by flow cytometry analyses which show that this antibody is not able to 
inhibit the hfH binding to fHbp. 
 
To understand and better elucidate the nature of the hfH competition, many attempts were done to obtain 
the crystals of the 4B3 in complex with fHbp.  The efforts leadas the 3D structure of the Fab fragment of 
the antibody 4B3 has been obtained in complex with fHbp v1. 
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Differently by the human  mAb 1A12 already published and the human mAb 1E6 crystallized in this 
work, the mAb 4B3 is not only cross-reactive and cross-protective in hSBA, but it represents the first 
human antibody crystallized able to inhibit the human factor H recruitment on the surface of the Neisseria 
Meningitidis. 
The crystal structure of fHbp in complex with the complement control protein (CCP) domain 6 and 7 of 
the hfH is available in the PDB, revealing crucial residues located either in the C-terminal beta-barrel 
either in the N-terminal [23]. Superimposing the crystal structures of the complexes of fHbp v1:Fab4B3 
and fHbp v1: hfH we observed that the binding region partially overlap as they have in common three 
conserved key residues (K193, E212, D191).  To investigate whether two partners compete for the 
interaction with the same protein target, the key is to know whether they share an interaction interface. 
However, in this competition model is present an important simplification; as only the domain 6 and 7 
of the hfH, representing  only 1/10 of entire protein are present in the structure of the complex, as well 
as the Fab fragment is only 1/3 of the full length antibody.  
Some additional steric encumbrance could occur when the two entire macro proteins of 150 kDa (the 
hfH and the antibody) try to bind the same protein in the same region simultaneously.  
Both complexes Fab4B3:fHbp v1 and  Fab1E6:fHbp v3 shares common features as the molecular 
surfaces  in contact upon complex formation are of comparable size, and involve a similar number of 
contact residues. Overall, numerous H-bonds, salt bridges and VdW interactions are widely distributed 
across the binding interface and contribute collectively to the very strong affinity to the fHbp and to the 
stability of complex,  according with the SPR data. In total fifteen residues are involved in the binding 
and the sequences alignment indicate that more than the an half of the key residues are well conserved 
between the variants tested. Biochemical assays shown the capability of the mAb 4B3 and mAb 1E6 to 
bind three representative variant of fHbp therefore we assumed that residues which contribute to variants 
recognition to be more strongly conserved. We were also interested in extend the application of the 
concept on the vast number of fHbp sequence variants identified from clinical isolates and carrier strains. 
In biochemical SPR studies, huFab 1E6 was found to bind tightly to fHbp variants 1, 2 and 3, with highest 
affinity for variant 2 (Fig. 7a). Similarly, huFab 1E6 binds to live meningococcal cells expressing fHbp 
variant 1, 2 and 3 when examined by flow cytometry (Fig. 7b). The crystal structure enabled a clear 
understanding of this cross-reactivity. Of fifteen total fHbp variant 3 residues involved in binding to 
huFab 1E6 (Fig. 5), ten are fully conserved in the variants 1 and 2 tested herein. Further, we calculated 
the degree of conservation of epitope residues considering the 1119 fHbp alleles (from clinical isolates 
and carrier strains) deposited in the Bacterial Isolate Genome Sequence Database (BIGSDB) [59].  
Again, we found out that 10 of the 15 epitope residues are conserved more than 99% in the entire known 
fHbp sequence database, suggesting that mAb 1E6 could have a very broad recognition of most 
circulating meningococcal strains.  
In addition to its antigenic cross-reactivity, the functional characterization of mAb 1E6 and 4B3 showed 
that it is cross-protective in rSBA.  
Although they have some features in common, these mAbs have unique differences; first they show 
completely different binding model and interact with a divers set of fHbp residues. Moreover mAbs 1E6 
targets the fHbp on an essentially flat area on the N-terminus region instead during the interaction 
between  mAb 4B3  and fHbp seems that the epitope and the paratope contact area undergoes some 
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conformational adjustment assuming a reciprocal complementary shape which might contribute to 
reinforce the strength of the binding. Although the fHbp C-terminal β-barrel is usually a highly folded 
and stable domain of the fHbp protein, the loops which connect the antiparallel strands confer some 
flexibility to the structure and  long-range forces, like ionic interactions or directed hydrogen bonds could 
lead shape-induced-conformational-changes [58]. Overall, these findings although not predictable of the 
vaccine coverage, reinforce the finding that vaccination with 4CMenB induce the production of at least 
low abundance cross-protective antibodies. 
In conclusion, we have obtained the first detailed characterization of cross-protective huMabs elicited by 
4CMenB and, in particular, we gained structural data on huFab 4B3, which is able to compete for hfH 
binding to fHbp. These structural and functional data suggest that the hfH binding site on fHbp can be 
accessible to the human immune system upon immunization, enabling the generation of a highly potent 
antibody response.  

Moreover, improving the knowledge of the epitope profiles identified by human antibodies could 
potentiate antigen engineering aiming to induce the immune system to continuously generate novel 
antibodies able to recognize multiple sites for a broadly protective response. Epitope mapping is a crucial 
step in the development of therapeutic mAbs allowing improvements of the affinity, recognition breadth, 
and bactericidal efficacy potentially for treatment of meningococcal infections. The results presented are 
an important proof-of-concept for the use of memory B-cell derived huFab sequences in the structural 
and functional analysis of the human immune response after 4CMenB vaccination. This information will 
be useful for future vaccine  
 
5. RESULTS EXPECTED VS RESULTS OBTAINED  
During this PhD program, we planned to select a subset of 10-20 of cross-reactive huFabs targeting fHbp 
from a library of 110 antibodies, and to characterize them in terms of affinity, recognition profile and 
activity in SBA assays against different meningococcal strains. The aim of the study was to use these 
anti-fHbp huFabs to perform structural studies in complexes with different variants of recombinant fHbp 
proteins to reveal the molecular insight of the recognition profiles of the most interesting huFabs 
identified. 
110 α-fHbp huFabs were successfully produced and screened for binding specificity and between these 
a sub set of 13 cross-reactive α-fHbp huFabs were identified, according to what we predicted. 
The most interesting huFabs were successfully produced in mammalian cells with high purity, and further 
characterized for their antigen binding affinities, ability to recognize native fHbp naturally expose on the 
surface of the bacterium, bactericidal activity and capacity to inhibit the hfH binding.  
In total 10 huFab:fHbp complexes were produced  and screened in hundreds of crystallization conditions. 
The bottleneck of the work was to obtain high quality diffracting crystals; indeed only for four complexes 
we obtained diffraction data suitable for 3D structural characterization of the complex. 
The most important result of this work is that for the first time we identified cross-protective human 
mAbs which are bactericidal with human complement and which are able to compete for the hfH binding. 
These results were highly desired but not granted as so far such antibodies were never been identified.   
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Moreover solving the crystal structure of these cross-reactive α-fHbp antibodies bound to fHbp has 
allowed us to identify the structural bases of cross-variant epitopes, revealing a unique set of residues 
constituent conformational epitopes which were not previously seen in other crystal structures. 
Unfortunately, we were unable to complete the structure of the complexes involving the fHbp v2 raising 
several questions which will be addressed in future studies.   
In conclusion, we achieved our purpose to generate new structural data, combined with the biochemical 
and functional data, allowing to define at high-resolution the most broad and cross-protective epitopes 
generated by vaccination with 4CMenB.   
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Crystal structure reveals vaccine elicited
bactericidal human antibody targeting a conserved
epitope on meningococcal fHbp
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Data obtained recently in the United Kingdom following a nationwide infant immunization

program against serogroup B Neisseria meningitidis (MenB) reported >80% 4CMenB vaccine-

mediated protection. Factor H-binding protein (fHbp) is a meningococcal virulence factor and

a component of two new MenB vaccines. Here, we investigated the structural bases

underlying the fHbp-dependent protective antibody response in humans, which might inform

future antigen design efforts. We present the co-crystal structure of a human antibody Fab

targeting fHbp. The vaccine-elicited Fab 1A12 is cross-reactive and targets an epitope highly

conserved across the repertoire of three naturally occurring fHbp variants. The free Fab

structure highlights conformational rearrangements occurring upon antigen binding. Impor-

tantly, 1A12 is bactericidal against MenB strains expressing fHbp from all three variants. Our

results reveal important immunological features potentially contributing to the broad pro-

tection conferred by fHbp vaccination. Our studies fuel the rationale of presenting conserved

protein epitopes when developing broadly protective vaccines.
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Meningococci cause fatal cases of bacterial sepsis and
meningitis, with serogroup B (MenB) strains particu-
larly prevalent in Europe1,2. Two vaccines based on

protein antigens were developed for the prevention of MenB
disease. One of these antigens is factor H-binding protein (fHbp),
which was identified independently by reverse vaccinology using
genomic sequences3 and by traditional methods using biochem-
ical fractionation4. FHbp elicits protective antibody responses in
mice, rabbits, rhesus macaques3,5,6, and humans7–9. The vaccines
are referred to as 4CMenB (Bexsero; GSK) and Bivalent rLP2086
(Trumenba; Pfizer) and both are licensed for use in adolescents in
the United States. Only 4CMenB is licensed for infants starting
2 months of age in Europe, Canada, Australia, and several
countries in South America. Of note, following a nationwide
implementation of 4CMenB, a recent study showed >80%
vaccine-mediated protection against all current MenB strains in
the United Kingdom10,11.

Antibodies to fHbp elicit protection through complement-
mediated bactericidal activity3,4. Some antibodies also inhibit the
binding of human complement factor H (fH) to the bacteria,
rendering them more susceptible to complement12. While some
antibodies to fHbp elicited in mice inhibited the binding of fH to
the bacterial surface12,13, the antibodies elicited in rhesus maca-
ques14,15 or humans16 generally did not inhibit binding of fH.
This difference may result from the inability of murine fH to bind
fHbp16, in contrast to human fH that binds fHbp, such that the
dynamics of epitope exposure, dependent on fH binding, are
likely different when immunizing mice and humans.

Bactericidal polyclonal antibodies raised in mice were reported
to be mainly directed against the carboxyl (C)-terminal domain of
fHbp17. Epitope mapping of murine anti-fHbp monoclonal
antibodies (mAbs) has confirmed that many of the amino-acid
residues involved in antibody binding are located in the C-
terminal domain17–19. There are several examples, however, of
epitopes involving residues in the amino (N)-terminal domain20–
23. Detailed epitope-mapping studies of anti-fHbp mAbs have
been performed using nuclear magnetic resonance spectro-
scopy18,22, hydrogen-deuterium exchange followed by mass
spectrometry21,24, and by X-ray crystallography24,25. The latter
studies recently defined a mechanism by which two murine anti-
fHbp antibodies (mAbs JAR5 and 12C1) may synergize to elicit
complement-mediated bactericidal activity25,26. Moreover, both
mAbs target epitopes that overlap with the fH-binding site24,25,
thus revealing the structural basis for their inhibition of fH
binding. Structural epitope-mapping studies with murine
Fabs have also been performed for another protective antigen
present in 4CMenB, namely the outer membrane protein
PorA27–29.

In an important recent study, the human antibody repertoire to
fHbp was investigated for the first time, by characterization of a
panel of 10 human anti-fHbp antibody fragments (Fabs) cloned
from three subjects vaccinated with 4CMenB16. Therein, two of
the three subjects raised broadly reactive antibodies (termed 9B
and 10C). Fab 9B (hereafter termed Fab 1A12) was of particular
interest since it bound with extremely high affinity (KD = 19 pM)

to fHbp variant 1.1 (var1.1) and, moreover, cross-reacted with all
eight fHbp sequence variants tested, including representatives
from all three phylogenetic variant groups. This Fab was parti-
cularly unusual because most known antibodies against fHbp are
“variant group-specific”, i.e., most mAbs efficiently bind fHbp
from one variant group, but not from both the other two variant
groups. Indeed, despite previous analyses of hundreds of mAbs
raised against fHbp by animal immunizations, only a few have
been reported to exhibit some cross-reactivity, including MN86-
994-1130, JAR4123, 17C121, and 30G421. Within the fHbp variant
groups, amino-acid sequence identity is usually above 87%;
whereas, between variant groups the sequence identity can fall to
as little as 62%, and this high antigenic variability presumably
underlies the rarity of eliciting cross-reactive mAbs3,23,30.

The observations summarized above raise the question: “What
is the structural basis of the broad antigen-recognition properties
of the vaccine-elicited human antibody 1A12?” Since meningo-
cocci display enormous antigenic diversity (~ 1000 sequence
variants of fHbp have been reported31), it is important to
understand how current MenB vaccine antigens interact with the
human immune system. Such details are expected to provide
insights into vaccine efficacy and may enable the design of next-
generation vaccines.

In this study, we present the crystal structures of the broadly
reactive Fab 1A12 alone and in a complex with fHbp, thereby
elucidating the structural basis for the antigen-recognition
properties of this human antibody. We also show that Fab
1A12 as an intact IgG antibody has high affinity for different
fHbp variants, and for point mutants, revealing the contribution
of specific amino acids in the epitope recognized by the human
antibody. Finally, in functional assays, IgG 1A12 has bactericidal
activity. These data provide the crystallographic and func-
tional characterization of a functional vaccine-elicited human
antibody targeting a bacterial pathogen.

Results
Human mAb 1A12 shows affinity and broad reactivity for
fHbp. Fab 1A12 derives from an adult human subject immunized
with a MenB vaccine formulation that contained fHbp var1.1 (see
Methods). The cross-reactivity of recombinant Fab 1A12 in
enzyme-linked immunosorbent assay (ELISA) experiments using
the three different variant groups of fHbp was reported pre-
viously16. To extend those investigations, here we used mam-
malian cells to produce 1A12 as an intact full-length mAb of the
IgG1 subclass (the subclass most abundant in human sera), and
Escherichia coli to produce recombinant fHbp antigens. Surface
plasmon resonance (SPR) was used to determine the kinetics for
immobilized mAb 1A12 binding to solution phase fHbp antigens
representative of the three different variant groups: fHbp var1.1;
fHbp var2.16; and fHbp var3.45. All three variants were recog-
nized by mAb 1A12, as indicated by the sub-nanomolar equili-
brium dissociation constant (KD) values of 87, 384, and 138 pM
for fHbp var1.1, var2.16, and var3.45, respectively (Fig. 1 and
Table 1).

Table 1 Binding kinetic values determined for mAb 1A12 by surface plasmon resonance

Var1.1 Var2.16 Var3.45 Var1.1 A162P Var1.1 G163A Var1.1 G163N Var1.1 K180A Var1.1 K185A Var1.1 N190A Var1.1 N215G

kon (M−1 s−1) × 105 6.2 ± 0.1 2.3± 0.01 4.2 ± 0.01 10.1± 0.8 6.3 ± 0.02 8.3 ± 1.0 3.3 ± 0.01 1.5 ± 0.02 4.7 ± 0.2 8.1 ± 0.04
koff (s−1) × 10−5 5.4 ± 0.7 8.7± 0.5 5.7± 0.3 2.4.± 0.9 2.7 ± 0.2 4.6± 0.7 0.9± 0.2 32.1 ± 1.8 175.8± 7.9 50.2± 0.7
KDa (pM) 87 ± 10 384 ± 24 138 ± 7 24± 11 44± 3 55± 2 28± 6 2158± 149 3713 ± 11 620 ± 12

aKD= koff/kon; mean and SD values were calculated from SPR experiments performed in duplicate for each fHbp variant and mutant
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Structure determination of human Fab 1A12 bound to fHbp.
Since mAb 1A12 was raised by vaccination with fHbp var1.1, we
sought structural information to explain its cross-reactivity and
the precise recognition mode of its epitope. We obtained crystals
of Fab 1A12 bound to fHbp var1.1 that initially diffracted to 3.5 Å
resolution. By an iterative streak-seeding approach, we subse-
quently obtained better diffracting crystals (belonging to space
group P21) and ultimately determined the structure via molecular
replacement with a resolution of 2.2 Å (I/σI = 0.98, CC½ = 0.26 in
the highest resolution shell32, see Methods and Table 2). Two
Fab/fHbp complexes were present in the asymmetric unit and
were essentially identical, exhibiting a root mean square deviation
(rmsd) of 0.5 Å across all alpha carbon atoms. The overall
structure of the complex shows Fab 1A12 projecting all six
complementarity-determining region (CDR) loops onto a
surface-exposed region at one end of the C-terminal β barrel of
fHbp, while the N-terminal region of fHbp does not contribute to
the interaction (Fig. 2). Overall, 17 fHbp residues are involved in
a curved interface. The buried surface area on fHbp is 800 Å2,
which is typical for Fab/antigen complexes33,34. Fab 1A12 binds
fHbp with a major contribution from the heavy chain, and a
minor contribution from the light chain (590 Å2 vs. 210 Å2). The
binding interface comprises charged, polar, and van der Waals
(VDW) interactions.

The Fab 1A12-binding site on fHbp is completely different
from the two structurally characterized epitopes of the murine
Fabs 12C1 and JAR524,25, which are both specific only for fHbp
variant group 1 antigens. To compare the modes of binding to
fHbp, we conceptually divided the fHbp molecule into quadrants
by drawing “crosshairs” on its long and short axes, thus creating a
reference frame (Fig. 3). While both JAR5 and 12C1 target the left
half of fHbp, and in particular the upper (N-terminal) and lower
(C-terminal) quadrants, respectively, 1A12 binds fHbp on its
lower right quadrant, in a distinctly new region (Fig. 3). Similarly,
the 1A12-binding site does not overlap that of human factor H,
which binds on the two left quadrants of fHbp35, thus providing
the molecular explanation for previous observations that Fab
1A12 does not inhibit binding of fHbp to factor H16.

Details of a cross-reactive conformational epitope on fHbp. A
close inspection of the Fab 1A12/fHbp-binding interface reveals a
predominant role in antigen recognition for the Fab heavy chain,
and especially for the heavy chain variable (VH) CDR3 loop
which extends into a notable groove on the fHbp surface (Fig. 4a).
In the VH CDR3 loop, all residues from Q101 to P107 (except
V102) act to secure an extensive network of backbone and side-
chain polar and VDW contacts, and presumably all contribute to
the extremely tight interaction with the antigen (Fig. 4a and

Supplementary Table 1). In addition, several other striking con-
tacts are established via salt bridges between Asp161 on fHbp and
Arg54 on the heavy chain (Fig. 4b, upper left), and Lys185 on
fHbp and Asp55/Asp57 on the heavy chain (Fig. 4b, lower left),
and, via hydrogen bonds between Asn190 on fHbp and Gln101
on VH CDR3 (Fig. 4b, upper right). Further, a water-mediated
hydrogen bond is formed between Thr91 in the light chain CDR3
and Tyr214 on fHbp (Fig. 4b, lower right). Importantly, Asn215
on fHbp simultaneously contacts both the heavy and light chains
of Fab 1A12, by hydrogen bonding with the gamma oxygen

Table 2 X-ray data collection, processing, and refinement
statistics

Fab 1A12-fHbp
complex

Fab 1A12 alone

Resolution range (Å) 48.91–2.20
(2.27–2.20)

70.88–1.76
(1.82–1.76)

Space group P 1 21 1 P 31 2 1
Unit cell dimensions

a, b, c (Å) 42.82 163.95 110.66 131.90 131.90 90.38
α, β, γ (°) 90.0 97.7 90.0 90.0 90.0 120

Total reflections 414 763 (25 038) 1 615 701 (132 068)
Unique reflections 74 237 (5623) 88 113 (8430)
Multiplicity 5.6 (4.5) 18.3 (15.6)
Completeness (%) 96.0 (73.0) 97.0 (93.0)
Mean I/sigma(I) 6.98 (0.98) 33.18 (1.68)
Wilson B-factor 27.4 22.3
Rmerge 0.194 (1.193) 0.155 (2.534)
Rmeas 0.214 (1.353) 0.170 (2.827)
CC1/2 0.987 (0.263) 0.919 (0.185)
R-work 0.192 (0.307) 0.199 (0.347)
R-free 0.250 (0.355) 0.223 (0.355)
Number of atoms

Macromolecules 9848 3497
Ligands 13 0

Protein residues 1318 444
RMS bonds (Å) 0.003 0.007
RMS angles (°) 0.58 0.91
Ramachandran favored (%) 97 96.8
Ramachandran allowed (%) 3.2 3.2
Ramachandran outliers (%) 0.077 0.0
Average B-factor 22.23 27.62

Macromolecules 22.01 27.03
Ligands 21.47 n/a
Solvent 24.55 34.30

Values in parentheses are for highest resolution shell. Rmerge ¼
P
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Fig. 1 mAb 1A12 shows high-affinity cross-reactive binding to fHbp in SPR studies. In each panel, sensorgrams show the experimental association and
dissociation traces (colored) performed in duplicate for the binding of the different fHbp subvariants to captured mAb 1A12; the calculated fitting traces are
shown in dark gray. Full kinetic analyses of each interaction are reported in Table 1
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atoms of three serine residues (heavy chain Ser106 directly, and
light chain Ser30 and Ser32 indirectly through water-mediated
interactions) and with Val31 (backbone nitrogen) on the light
chain (Fig. 4c).

A surface representation of all the fHbp residues that interact
with 1A12 reveals the nature of the conformational epitope on
fHbp, lying on a surface-exposed well-ordered region of the C-
terminal β barrel. The epitope is concentrated in a cluster of
residues targeted by the VH CDR2 and CDR3 loops, and a more
isolated area contacted by the light chain (Fig. 5a).

Basis of 1A12 cross-reactivity despite antigenic diversity. The
elucidation of the present structure allows us to provide a detailed
molecular explanation for the versatility of mAb 1A12 to recog-
nize fHbp antigens from all three variant groups. Remarkably,
many of the fHbp residues that participate in the interaction with
the Fab (12 of the 17 residues in the 1A12 epitope) are conserved
across the three different fHbp variants tested here by SPR, i.e.,
var1.1, var2.16, and var3.45 (Fig. 5b). Notably, residues Asp161
and Asn190 are completely conserved in fHbp variants 1.1, 2.16,
and 3.45, and play key roles in the overall network of interactions
with the Fab (Fig. 4b). Further, the motif 180KIEHLK185, and
residues Asn190, Val191, and Tyr214 are also conserved in the
same three variants tested by SPR. Therefore, the degree of
conservation assigns a leading role to these residues in the cross-
recognition by the human mAb 1A12.

The Neisseria Multi Locus Sequence Typing database now
contains ~ 1000 different polypeptide sequences for fHbp
obtained from naturally occurring strains31. Therefore, we
performed a deeper analysis in silico and calculated the degree
of conservation associated with residues in the 1A12 epitope in
984 fHbp sequence variants available to date, which include
sequences from serogroup B strains and from other serogroups31.
Most notably, five residues (Ile181, Glu182, Leu184, Val191, and
Tyr214) are 100% conserved throughout the whole fHbp
sequence repertoire (Fig. 5b). Furthermore, five additional epitope
residues show ≥99% conservation (Asp161, His183, Lys185,
Pro187, and Asn190). Together, these observations suggest that
mAb 1A12 might display cross-reactivity with a vast breadth of
recognition across almost the entire known polymorphic
repertoire of fHbp.

Effects of polymorphisms in the 1A12-fHbp-binding interface.
To better define the contribution of individual residues and the
effect of polymorphisms within the epitope, we made single-
amino-acid substitutions in the fHbp var1.1 background: A162P;
G163A; G163N; K180A; K185A; N190A; and N215G. The fHbp
Asn215 residue makes contacts directly or indirectly with six
different residues in the heavy and light chains of Fab 1A12
(Fig. 4c and Supplementary Table 1). Substitution of Asn215 with
Gly (N215G), as found in var2.16 and var3.45, resulted in a
notable decrease in binding to mAb 1A12 (Fig. 6a). However,
given the extremely tight binding of mAb 1A12 to wild-type
var1.1, the seven-fold decrease in affinity due to the N215G
mutation nevertheless resulted in a very tight antigen/antibody
interaction (KD = 620 pM, compared to 87 pM for wild type).

The fHbp residue Gly163 is also found in the epitope/paratope
interface, using its backbone carbonyl oxygen to contact the
important heavy chain residue Arg54 (Fig. 4b). It was conceivable
that this backbone-mediated interaction coupled with the small
size of Gly163 (and of its neighbor Ala162) were key factors in the
optimal accommodation of the Arg54 side chain from 1A12.
However, the single mutations A162P and G163N (both
polymorphisms naturally occurring at this position in some
variant 2 and 3 proteins) actually resulted in mild increases in
binding affinity toward mAb 1A12 (Fig. 6b, c). fHbp var1.1
G163A and K180A mutants also slightly increased the binding
affinity (approximately two- to threefold), thus suggesting that
the side-chain characteristics in these positions are not crucial
determinants for cross-recognition by mAb 1A12 (Table 1 and
Fig. 6d, e). These results contribute to a better understanding of
the molecular basis of this interaction and the potential overall
cross-reactivity of mAb 1A12, since G163 and K180 show lower
prevalence throughout all strains (G163 is found in ~ 50% of
subvariants; K180 in ~ 70% of subvariants), despite both being
conserved in var1.1, var2.16, and var3.45. In summary, known
polymorphisms occurring in fHbp at positions 163 and 180 are
unlikely to preclude binding of mAb 1A12 to meningococcal
strains expressing such antigens.

Finally, we studied the roles of Lys185 and Asn190. The former
establishes salt bridges with two acidic residues on the Fab heavy
chain, Asp55 and Asp57, and VDW contacts with His52 and
Arg54 (Fig. 4b and Supplementary Table 1) while the latter is
directly involved in hydrogen bonds with Gln101 and Gly104 and
VDW contacts with Ser103. In SPR studies, mutant K185A
reduced the binding affinity to 1A12 by ~ 25-fold (Fig. 6f and
Table 1). Similarly, N190A notably impacted the binding to 1A12
with an ~ 50-fold reduction in the affinity (Fig. 6g and Table 1).
While both the association and dissociation rates are affected in
the case of K185A, it is predominantly the increased dissociation
rate (koff) that is responsible for the lower affinity of N190A.
These results confirm the importance of these highly conserved
positions on fHbp recognition by 1A12.

In conclusion, the very high affinity of mAb 1A12 for wild-type
fHbp var1.1 appears to be the result of a cooperative and
elaborate network of interactions. Despite the sequence diversity
inherent to fHbp, we show here that mAb 1A12 recognizes a
series of fHbp variants with very high affinities, suggesting
a high breadth of coverage potentially conferred by this human
mAb.

Structure of free Fab 1A12 reveals paratope flexibility. We also
determined the crystal structure of the free Fab 1A12 at 1.76 Å
resolution (Table 2). Comparison of the free and antigen-bound
Fab structures shows that they are highly similar (rmsd 0.69 Å on
alpha carbons). However, superposition reveals that while most of
the CDR loops do not change their conformation (Fig. 7a), there
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Fig. 2 The Fab 1A12-fHbp complex crystal structure. Ribbon diagram in
which the heavy and light chains of Fab 1A12 are colored green and yellow,
respectively; fHbp is represented in cyan with a transparent surface.
Artwork was prepared using PyMOL
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Fig. 4 Intermolecular interactions in the Fab 1A12/fHbp-binding interface. a Left: ribbon representation highlighting the region where the Fab VH CDR3 loop
contacts fHbp. The N- and C-terminal domains of fHbp are displayed in surface mode in different blue palette colors; the Fab is colored as in Fig. 2. For
clarity, the constant regions of the Fab have been omitted. Right: the VH CDR3 loop (stick bonds) and its 2Fo-Fc electron density map (yellow mesh) at 1σ
contour level. Fab constant regions are omitted for clarity. b Noteworthy salt bridges and other polar interactions at the binding interface, involving VH

CDR2 and 3. (FHbp: cyan; Fab light chain: yellow; Fab heavy chain: green). c The binding interface centered around fHbp residue Asn215 is shown as sticks.
Polar interactions (≤3.3 Å) established with the heavy and light chains are represented by dashed lines. The cyan sphere represents a water molecule. The
blue mesh depicts the 2Fo-Fc electron density map associated with the region displayed, plotted at 1σ contour level
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factor H (red). For clarity, only the Fab variable regions are shown. Top, schematic diagram of the different binding sites on fHbp
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is a difference in the VH CDR3 loop conformation upon complex
formation. Most notably, Gly104 in VH CDR3 shifts position by
4 Å, thus avoiding a steric clash with Tyr214 on fHbp (Fig. 7b).

In the complex, Gly104 establishes polar and water-mediated
contacts with fHbp residues Asn215 and Gln216 (Fig. 7c).
Similarly, the neighboring VH CDR3 residues Ser103 and Trp105
also show changes of varying magnitude in their side-chain
positions (Fig. 7d), enabling them to make favorable contacts with
fHbp. On the other side of the interface, when compared with free
fHbp36, it emerges that upon binding most fHbp residues do not
change conformation. One exception is a short loop (fHbp
residues 241–246), wherein the alpha carbon of Val243 moves by
3 Å and its side chain undergoes a rotation of ~ 90° thereby
optimizing contacts with Fab 1A12.

mAb 1A12 recognizes diverse fHbp variants on MenB surface.
We sought to understand how the broad cross-reactivity of 1A12
relates to the function of this antibody. We used 1A12 as an intact
human IgG1 mAb and examined its binding to live bacteria by
flow cytometry. We observed that mAb 1A12 binds to all three
tested MenB strains expressing fHbp from different variant

groups: strains H44/76 (fHbp var1.1); M08-0240104 (fHbp
var2.16); and M01-0240320 (fHbp var3.45). The var2.16-expres-
sing strain showed the strongest binding, whereas slightly lower
levels of binding were observed with the var1.1- and var3.45-
expressing MenB strains (Fig. 8). The order of binding affinities
found by SPR and the degree of binding observed via flow
cytometry analysis were different. Assuming that technical dif-
ferences (between SPR and flow cytometry) do not underlie these
observations, we interpret the discrepancy as suggesting that
factors other than affinity may affect the overall extent of mAb
binding to the live bacterial cells; for example, the antigen density
displayed on the bacterial surface. Indeed, the M08-0240104
strain was previously reported to have high expression of fHbp
var2.16, whereas the var1.1 and var3.45 strains were reported to
express approximately two- to fourfold lower amounts of fHbp
antigen (Supplementary Table 2)37. Nevertheless, these findings
confirm the results of SPR analyses in a physiologically more
relevant context (live bacterial cells), showing that there is broad
cross-recognition by mAb 1A12 despite extensive fHbp sequence
variability and likely numerous other phenotypic differences
existing between diverse meningococcal strains.
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Fig. 5 The 1A12 epitope and its allelic diversity in the fHbp global gene repertoire. a Two views of the 1A12 epitope “footprint” on the surface of fHbp.
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epitope31. Orange columns depict sites non-polymorphic in all 984 sequences known. The residues that form the 1A12 epitope are indicated with an
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Bactericidal activity of cross-reactive mAb 1A12. Finally, we
investigated whether mAb 1A12 was bactericidal against MenB
strains expressing different fHbp variants, in an assay measuring
complement-dependent killing (using baby rabbit serum as the
complement source). We selected this assay to assess the func-
tional activity of the mAb because the serum bactericidal assay
(SBA) is the widely accepted functional correlate of protection for
Neisseria meningitidis38–40. Meningococcal strains H44/76
(expressing fHbp var1.1), M08-0240104 (expressing fHbp
var2.16), and M01-0240320 (expressing fHbp var3.45) were
incubated with different concentrations of mAb 1A12. Indeed,
mAb 1A12 induced bactericidal activity against all three different
strains. The concentrations of mAb 1A12 required for ≥50%
killing of bacteria when measured against strains expressing fHbp
var3.45, var2.16, and var1.1 were 0.06, 0.49, and 3.9 μg ml−1,
respectively. Consequently, 1A12 is not only immunologically
cross-reactive, but most importantly, it is cross-protective, being
able to elicit rabbit complement-dependent bactericidal activity
against meningococci in all three of the fHbp variant groups
tested herein.

Discussion
Vaccines against infectious diseases save an estimated 2–3 million
lives each year41. Research now targets the development of new
vaccines against diseases not yet preventable by current vaccines,
and also aims to enhance the breadth of coverage of some current
vaccines against highly mutable pathogens. Upon vaccination,
protein antigens are recognized by host immune factors (surface-

bound B-cell receptors, or soluble antibodies) and elicit protec-
tion usually via an antibody-mediated regulatory, or killing,
immune response. Therefore, high-resolution structural data of
antibody–antigen complexes facilitate an understanding of the
molecular bases of immunoprotection, and may consequently aid
the development of optimal vaccine immunogens42–44. Here we
sought structural insights into the human immune recognition of
fHbp, a key antigen in the two licensed MenB vaccines.

We determined the crystal structure of fHbp var1.1 bound to
the Fab fragment of a vaccine-elicited human mAb, 1A12.
Despite having been generated in a human subject immunized
with the fHbp sequence variant 1.1, the mAb 1A12 binds with
remarkably high affinity (sub-nanomolar KD) to representatives
from each of the three distinct variant groups of fHbp, and is
therefore an antibody of great interest. Our structural and bio-
chemical insights reveal the molecular basis of this cross-
reactivity. Previous reports of cross-reactive anti-fHbp mAbs
were limited to those raised in mice, and mapped their epitopes to
N-terminal regions21,23, or did not provide any epitope-mapping
information30. An important implication of our findings is that
human immunization with fHbp var1.1 in the 4CMenB vaccine
may contribute to confer an unexpectedly broad coverage against
meningococci expressing fHbp from any of the three known
variant groups.

To our knowledge, this is the first report of a vaccine-elicited
human Fab bound to a bacterial antigen. One recent report
described crystal structures of two human Fabs obtained from
memory B cells of healthy donors, and described an unusual
mode of recognition of a staphylococcal antigen predominantly
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mediated by VH CDR245. Here the structure of the 1A12/fHbp
var1.1 complex shows how the hypervariable VH CDR3 loop
interacts with a groove containing several discontinuous residues
clustered on a highly solvent-exposed region of the fHbp C-
terminal β barrel domain. Overall, the recognition of the antigen
by Fab 1A12 is governed by polar interactions. Numerous H-
bonds, salt bridges, water-dependent contacts, and VDW inter-
actions are widely distributed across the binding interface and
contribute collectively to the very strong recognition of fHbp.
This cross-reactive conformational epitope presents a unique
binding mode that was not previously seen in other crystal
structures of fHbp complexed with mAbs raised in mice24,25, nor
in additional murine mAbs reported to target epitopes on the N-
terminal domain of fHbp21,23. Further, comparison of the 1A12
epitope and the fH-binding site on fHbp35 reveals two quite

distinct interaction areas, and thus provides the structural basis
for the lack of inhibition of factor H binding to fHbp by human
mAb 1A12, and also confirms that fHbp does not undergo
notable conformational changes upon binding to either partner.

Recognition of fHbp by 1A12 does not follow the classical “lock
and key” concept of antigen–antibody interactions. Rather,
although fHbp var1.1 appears relatively rigid, the flexible VH

CDR3 loop of Fab 1A12 undergoes a notable conformational
change, which allows the formation of several favorable interac-
tions with fHbp. The VH CDR3 sequence composition features
small residues (Gly and Ser) and a large aromatic residue (Trp),
which in itself is not unusual for a VH CDR346. The availability of
both free and antigen-bound states of a Fab47,48 allows inspection
at high resolution of the functionality in the paratope. In 1A12,
the presence of Gly and Ser may promote flexibility and allow the
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versatile aromatic residues to mediate numerous interactions with
epitope atoms, thus enabling antigen recognition49. In short, it
appears that the distinct sequence composition of Fab 1A12
enables a structural transition in VH CDR3, which translates into
an energetically favorable antigen-binding region ideally suited to
bind fHbp.

A detailed analysis of the antibody/antigen interface reveals
how mAb 1A12 can be vastly cross-reactive. In short, of the total
17 fHbp epitope residues that make contact with the Fab, 12 are
absolutely conserved, and a further 4 are conserved moderately
(≥66%), in fHbp var1.1, var2.16, and var3.45. The high con-
servation of key epitope residues explains the ability of mAb 1A12
to cross-react with the different fHbp variants (either as purified
fHbp proteins or when expressed on the surface of live menin-
gococci). Moreover, even when a key fHbp epitope residue was
mutated to remove its side-chain functionality (N215G), tight
binding to mAb 1A12 was still observed (sub-nanomolar KD

value). Furthermore, other naturally occurring fHbp substitutions
(A162P and G163N) actually increased the strength of mAb
binding. These observations suggest that the epitope/paratope
interface defined by 1A12 can also accommodate at least some
known sequence polymorphisms without losing binding
functionality.

A vast number of fHbp sequence variants identified from
clinical isolates and carrier strains are now known31. Therefore,
we also analyzed the conservation of the 1A12 epitope residues in
the 984 subvariants reported to date. We found that several
epitope residues are absolutely conserved (5 of 17 residues)
throughout the entire fHbp antigenic repertoire, and an addi-
tional 5 residues have extremely high (≥99%) prevalence.
Therefore, 10 of 17 epitope residues are at least 99% conserved in
the known antigenic repertoire. Although additional investiga-
tions would be needed to demonstrate the full cross-reactivity of
mAb 1A12 toward the many known subvariants, we envisage a
wide recognition of the great majority of fHbp antigens, with
potential to induce bacterial killing either alone or cooperatively
with other mAbs against fHbp or in synergy with antibodies
against alternative MenB surface antigens. The observation that
antibodies recognizing ordered conformational epitopes are less
sensitive to antigen sequence diversity than those antibodies
targeting disordered epitopes33 further underscores the likelihood
that mAb 1A12 may react with most fHbp variants.

We found that mAb 1A12 bound tightly to all three variants of
fHbp when tested in biochemical assays (SPR), and live cell-based
binding assays (flow cytometry). Interestingly however, we found
that the binding affinities determined with the soluble recombi-
nant proteins did not correlate closely with the amount of binding
to whole bacteria as measured by flow cytometry (Table 2). Using
the selected reaction monitoring mass spectrometry approach, the
surface concentration of fHbp in these strains was previously
determined to be ~ 4000, 9000, and 1000 molecules per cell for
variants var1.1, var2.16, and var3.45, respectively37. Given that
mAb 1A12 showed very high affinity for each fHbp subvariant, it
is likely that the higher antigen density on var2.16 underlies the
higher fluorescence response measured here for the var2.16 strain.

Importantly, mAb 1A12 not only recognized the three fHbp
variants on the surface of live meningococci, it was also able to
activate the complement cascade and induce bacterial killing
against MenB strains expressing fHbp var1, var2, or var3 anti-
gens, as demonstrated in bactericidal assays, here using baby
rabbit serum as the complement source. That is, mAb 1A12 is
cross-protective as well as being cross-reactive. Some anti-
meningococcal mAbs have bactericidal activity only when com-
bined with other mAbs targeting different epitopes or even dif-
ferent antigens on the same bacterial cell. In contrast, mAb 1A12
is able to induce the killing alone (with higher efficiencies for var2

and var3 strains), presumably through highly efficient activation
of the classical pathway of the complement system, which high-
lights the benefit of immunologically targeting this epitope on
fHbp. Somewhat counter-intuitively, we observed that the killing
activity was strongest against the M01-0240320 (fHbp var3.45)
strain, where the surface density of fHbp is the lowest. It is
possible either that the M01-0240320 strain is inherently more
susceptible to killing, or that the particular fHbp var3.45 antigen
density on this strain was sterically or geometrically more efficient
for mAb 1A12-dependent activation of the complement pathway,
or both. While the susceptibility to complement-mediated killing
(using polyclonal anti-fHbp sera in the SBA assay) has been
shown to correlate with the absolute amount of fHbp protein
expressed by each meningococcal strain37, some additional
strain-specific differences in the intrinsic susceptibility to killing
by unique mAbs are likely determined by other factors, such as
the expression of virulence molecules that bind host complement
regulators50.

The most efficient complement-dependent immune
response against a specific surface antigen may result from the
activity of two or more different mAbs engaging the same
antigen simultaneously25. In general, it is not the action of only
one mAb but the combination of different mAbs in a poly-
clonal response that are directed against alternative non-
competing epitopes that will act cooperatively to maximize the
efficiency of the immune response51. Therefore, the cross-
protective human mAb 1A12 characterized here appears to be
a potentially key player in such a multivalent bactericidal
response. The extent to which such a cross-reactive mAb could
contribute to meningococcal killing in vivo in a vaccinated
individual may depend on its IgG subclass and will of course
also depend on the absolute quantity in which the mAb is
present52. While it was beyond the scope of this study to
determine the serum concentrations of individual mAbs,
recently published proteomic approaches combined with next-
generation sequencing have demonstrated that a molecular
deconvolution of the immune response can be performed53,
and this might form the basis of future studies to further
explore the response to meningococcal vaccines such as
4CMenB.

In summary, we present here the crystal structures of an fHbp-
specific human Fab in free and antigen-bound states, elicited by
vaccination. We define a molecular signature that allows a
vaccine-elicited human mAb to cross-react with the three dif-
ferent variants of fHbp and importantly, to induce complement-
dependent killing responses against MenB strains harboring fHbp
antigens from variants 1, 2, or 3. The existence of this cross-
protective epitope on fHbp var1.1 suggests that the broad efficacy
demonstrated by the 4CMenB vaccination in the United King-
dom10,11 could result from a multi-factorial effect, where antigens
carrying cross-protective epitopes play key synergistic roles.
Moreover, such detailed structural studies could be exploited for
the design of vaccines with an immunofocusing approach toward
cross-protective epitopes, aiming to further enhance the existing
breadth of protection. More broadly, it is noteworthy that several
current vaccines against bacterial pathogens are essentially based
on surface-exposed polysaccharides that make up the outermost
layer of the bacterial surface. However, when capsular poly-
saccharides are unsuitable vaccine candidates, or when poly-
saccharide serotypes are too numerous and variable, alternative
reverse and structural vaccinology approaches may permit the
identification and design of protein-based epitope-focused vac-
cine candidates. In this light, our studies provide an exploratory
human vaccination model enabling the identification of broadly
protective epitopes that could be expanded to the design of ideal
saccharide-independent cross-protective bacterial targets.
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Methods
Human samples. Human peripheral blood mononuclear cells were collected from
three vaccinated subjects 8 days after the second dose of a multicomponent ser-
ogroup B meningococcal vaccine containing recombinant fHbp variant 1.1. Plas-
mablasts were processed individually (not pooled), were isolated as single cells, and
were used as the source from which genes of heavy and light chain variable regions
were amplified separately and then combined by overlap extension PCR, in order
to obtain Fab region sequences. Recombinant Fabs were then produced in E. coli
(see Protein expression description below) and were screened for antigen specificity
through ELISA assays involving detection of fHbp-bound Fabs by Fab-specific goat
anti-human IgG conjugated to alkaline phosphatase (Sigma; 1:5000 in phosphate-
buffered saline (PBS)-Tween 20-bovine serum albumin (BSA)16. The samples were
obtained from a clinical trial conducted in Krakow, Poland, in a study sponsored by
Novartis Vaccines & Diagnostics, now part of the GSK group of companies. The
clinical trial protocol was approved by the Bioethics Committee of the District
Medical Doctors’ Chamber in Krakow and the study was conducted in accordance
with the Declaration of Helsinki. Written informed consent was obtained from
each of the subjects.

Protein expression. All genes for the preparation of the fHbp subvariants and
point mutants used in this study were cloned and amplified using DH5α and
MultiShot™ StripWell Mach1™ T1 Phage-Resistant Chemically Competent E.
coli cells (Invitrogen), expressed from pET vectors (Novagen) induced by Iso-
propyl-β-D-thiogalactoside in E. coli strain BL21 (DE3) (New England Biolabs)
and purified via C-terminal 6-His tags using Ni2+-affinity chromatography
columns (His-Trap HP, 1 ml, GE Healthcare) and buffer solutions recom-
mended by the manufacturer, controlled by an ÄKTA Purifier liquid chroma-
tography system (GE Healthcare). PCR primers used to generate fHbp point
mutants are listed (Supplementary Table 3). Full-length factor H was purchased
from Calbiochem. For the expression of mAb 1A12, the variable regions of the
heavy and light chains of 1A12 were codon-optimized (Supplementary Table 4)
for expression in mammalian cells and synthesized by GeneArt (Thermo
Fisher). Synthetic DNA sequences were digested with EcoRI (New England
Biolabs) and cloned into the human pRS5a expression vectors encoding the Igγ1
and Igκ backbone, under the control of the cytomegalovirus promoter and in
frame with a leader sequence for secretion derived from human immunoglo-
bulins (Novartis-NIBR). The recombinant antibody was transiently expressed
in Expi293 cells by transfecting the cells with equivalent amounts of both
plasmids with the use of the Expi293 expression system (Thermo Fisher). Three
and six days after transfection, cells were harvested, centrifuged for 10 min at
350 × g, and filtered through a 0.2 μm filter to remove cellular debris. Recom-
binant antibody was purified from the tissue culture expression medium with
Protein G Sepharose 4 Fast Flow (GE Healthcare), following the manufacturer’s
protocol. A PD-10 Desalting Column (GE Healthcare) was used for buffer
exchange and the antibody was eluted in PBS pH 7.4. 1A12 IgG concentration
was determined in a NanoDrop spectrophotometer (Thermo Scientific) and its
purity was assessed by SDS-PAGE on a 4–12% Bis-Tris Gel and Problue Safe
Stain (Giotto Biotech).

The recombinant plasmid for human Fab 1A12 and the expression in E. coli
(New England Biolabs) have been previously described16. The bacteria were
suspended in 50 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, pH 7.0, and
lysed using chicken egg white lysozyme, DNase, and RNase (Sigma; 0.1 mg ml−1

each), and three freeze/thaw cycles. The clarified lysate was applied to a HiTrap
Chelating HP (5 ml; GE Healthcare) column and the bound protein was eluted
with an imidazole gradient from 20 to 250 mM. The Fab was further purified by
cation exchange chromatography (HiTrap SP HP 5ml; GE Healthcare) using 20
mM sodium acetate buffer, pH 5.5, and elution with a NaCl gradient from 0.02 to
1.0 M. Fractions containing the Fab were dialyzed against 20 mM Tris-HCl, 20 mM
NaCl, pH 7.0 for crystallization trials.

For formation of the complex, fHbp var1.1 was expressed and purified as
described above. Fab-expressing E. coli cells were first sonicated in ice-cold 10 mM
HEPES (pH 7.4) and 150 mM NaCl, and centrifuged at 9500 × g for 30 min. The
supernatant was then filtered and loaded on a Ni2+ Sepharose 6 Fast Flow column
(GE Healthcare) pre-saturated with recombinant fHbp var1.1. The bound protein
was eluted with 10 mM HEPES (pH 7.4), 150 mM NaCl, and 300 mM imidazole.
Next, the protein was subjected to three cycles of concentration and dilution with
10 mM HEPES (pH 7.4) and 150 mM NaCl using an Amicon concentrator
(Millipore) with a 30 kDa cutoff. The complex was then recovered for
crystallization assays.

Surface plasmon resonance. All interaction experiments were performed using a
BIAcore T200 instrument (GE Healthcare), equilibrated at 25 °C. First, the mAb
1A12 was captured to a density of ~ 540 resonance units on the surface of a
CM5 sensor chip previously coated with covalently immobilized monoclonal
mouse anti-human IgG (Fc) antibody (GE Healthcare). In order to subtract the
background signal for kinetic analysis, we prepared a control reference channel in a
similar way but in the absence of the mAb. A series of concentrations of the
different fHbp variants (wild type or mutants) were then injected in 0.01 M HEPES
(pH 7.4), 0.15M NaCl and 3 mM EDTA. To minimize nonspecific interactions, the
running buffer was also supplemented with 0.005% v/v surfactant P20 and 0.1 %

(w/v) BSA. All kinetic parameters were calculated using standard single-cycle
kinetics fitting and a Langmuir 1:1 binding model (BIAcore T200 evaluation
software).

Crystallization and diffraction data. The purified Fab (7.1 mg ml−1) was screened
against 96 crystallization reagents (Index Screen, Hampton Research). Crystals
were observed in multiple conditions; after 4 days, the largest crystals were found in
60% Tacsimate, pH 7.0. Optimization of the crystallization conditions was achieved
in 57.5% Tacsimate (Hampton Research) at pH 6.0. Crystals were soaked in 15%
PEG 3350 and 12% Tacsimate as cryoprotectant and cryo-cooled in liquid nitrogen.
The crystals were tested for diffraction at beamline 5.0.1 at the Advanced Light
Source, Lawrence Berkeley National Laboratory and several data sets were collected
on an ADSC Q315R detector (Table 2). Data were integrated and scaled with
iMosflm54. The structure of the Fab was solved using Phaser55 with a homology
model constructed from the 1A12 sequence and the coordinates of the human anti
HIV 21c Fab (PDB ID 3LMJ) using Swiss-Model56.

The Fab 1A12-fHbp complex at 10 mg ml−1 was screened with a matrix of ~
800 crystallization conditions using a Crystal Gryphon robot (Art Robbins
Instruments). Long plate-needle-looking crystals were found at days 7–10 with
17% PEG 3350 and 0.2 M sodium malonate (pH 4.0). Optimization of the
original conditions was performed by changing the concentrations of the
different components in the initial crystallization mixture. Changes in the pH
did not yield any improvement. Crystals were soaked in the original mother
liquor supplemented with 10 % ethylene glycol as cryoprotectant and prior to
cryo-cooling in liquid nitrogen. Diffraction of the crystals was tested at
beamline ID29 of the European Synchrotron Radiation Facility and several full
data sets were collected on a Pilatus 6M detector. Diffraction data sets were
indexed, integrated, and scaled with XDS57 and Aimless58, via the CCP4 suite59.
The structure of the complex was solved by molecular replacement with
Phaser55 using as model templates for fHbp, light chain, and heavy chains the
coordinates deposited in the protein data bank under the codes 2YPV, 4YPG,
and 4JQI, respectively. The CDR3 loop of the heavy chain was omitted in the
template.

Structure refinement. Initial molecular replacement solutions were subjected to
subsequent cycles of manual building in Coot60 and refinement with Phenix.
refine61. The buried surface areas and atomic interactions/contacts, and the root
mean square displacements, were calculated with PISA62 and Superpose63,
respectively. All the structural figures were created with PyMOL64.

Flow cytometry analysis. The ability of mAb 1A12 to bind the antigen exposed on
the surface of N. meningitidis bacteria, expressing different fHbp variants, was
determined using a FACScan flow cytometer. Bacteria grown until early log phase
(OD600 of ~ 0.25) were incubated with mAb at the concentration of 10 µg ml−1.
Antibody binding was detected using a goat anti-Human IgG conjugated to
fluorescein isothiocyanate (Jackson Immuno Research, catalog number 109-096-
088) at a 1:100 dilution. Bacteria plus PBS-1% BSA and secondary antibody were
used as negative control.

Bactericidal assay. Bacteria grown in Mueller Hinton broth supplemented with
0.25% glucose until early log phase (OD600 of ~ 0.25) were diluted in Dulbecco’s
PBS containing 1% BSA and 0.1% glucose at the working dilution of 104–105

colony forming units (CFU) per ml and incubated with serial twofold dilutions of
test mAb starting from a concentration of 31.25 µg ml−1 (corresponding to 1/16
dilution in the reaction mixture in the well). Bactericidal titers were defined as the
reciprocal mAb dilution resulting in 50% decrease in CFU per ml after a 60-min
incubation of bacteria with the reaction mixture compared to the control CFU per
ml at time zero. Pooled baby rabbit serum (Cedarlane) was used as a complement
source.

Data availability. Structure factors and atomic coordinates have been deposited in
the Protein Data Bank for the Fab 1A12 (ID 5UR8) and Fab 1A12-fHbp var1.1
complex (ID 5O14). Other data are available from the corresponding authors upon
reasonable request.
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