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General introduction

General Introduction

Neisseria meningitidis
Neisseria meningitidis epidemiology, carriage and disease 
Anton Heichselbaum isolated Neisseria meningitidis from the cerebrospinal fluid (CSF) 
of a patient and recognized it as a Gram-negative diplococcus as early as in 1887. 
Only three years later, N. meningitidis was found to colonize people asymptomatically, 
indicating that not all people who encounter N. meningitidis develop meningococcal 
disease. 
Today, N. meningitidis strains are classified into thirteen serogroups based on 
differences in capsular polysaccharide (CPS) [1]. Further classification into serotypes 
and serosubtypes is based on the outer membrane porin proteins PorB and PorA, 
respectively [2], while the immunotype is determined by the LPS structure [3,4]. From 
the existing thirteen serogroups, only five (A, B, C, W135 and Y) are pathogenic [5,6]. 
The serogroups show a distinct regional distribution: group A meningococci cause 
disease in Africa and Asia as well as large epidemics in sub-Saharan Africa, whilst 
groups B and C organisms are responsible for sporadic cases and localized outbreaks 
of disease worldwide.  Notable are larger epidemical outbreaks over the last twenty 
years of group B in Cuba, Brazil, Chile, Norway, and recently in New Zealand. Outbreaks 
of meningococcal group B disease often begin slowly and persist for periods of 5-10 
years or even longer. The incidence during an outbreak is around 5-10 cases/100 000 
inhabitants, although it can be much higher in certain age groups, ethnic groups or 
geographical areas. The highest incidences are seen among small children, but some 
outbreaks show also a high incidence among teenagers. Most cases during an outbreak 
of group B disease are infected by the same serosubtype of meningococcus, and belong 
to the same virulent bacterial clone. In The Netherlands, the number of patients suffering 
from meningococcal disease caused by group B showed an increase from 1980 until 
2000, but has decreased gradually since (Fig. 1).

Figure 1. Incidence per 100,000 
inhabitants of meningococcal disease 
(serogroup B, C, other) in The 
Netherlands per month (www.rivm.
nl/isis/rbm/meningokok_RBM.html). 
Indicated between brackets are the 
annual numbers of meningococcal 
group B infections (source: Netherlands 
Reference Laboratory for Bacterial 
Meningitis (NRBM)).
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Serogroup C disease showed a remarkable increase in Western Europe in the period 
1998-2001. This lead to the introduction of a meningococcal group C conjugate (MCC) 
vaccine in several European countries (UK, Ireland, Spain, Luxemburg, Belgium, The 
Netherlands). The introduction of MCC resulted in a dramatic decrease of serogroup 
C infections in these countries including The Netherlands (Fig. 1). Serogroup W135 
meningococci were probably introduced into Africa by Hajj pilgrims in 2000 and were 
responsible for an epidemic in Burkino Faso in 2002. They still cause 7-40% of meningitis 
cases in sub-Saharan Africa [7]. In the USA, Serogroup Y accounts for 26% of disease 
isolates and is the third most prevalent serogroup. This serogroup is rarely isolated in 
The Netherlands (source: NRBM). 

N. meningitidis regularly colonizes the human nasopharynx and estimates of carriers 
vary from less then 10% by culturing swabs up to 45% when tonsillar tissue after 
tonsillectomy is examined [8]. Carriage is relatively low in children (< 5 y) and generally 
higher in students and army recruits, who are exposed to a large number of previously 
un-encountered meningococcal strains. Despite the widespread colonization of N. 
meningitidis in the population, a relatively small number of people contract meningococcal 
disease, as most people have developed sufficient protective immunity during these 
colonization events [9,10]. The infection rate is highest in young children (< 5 y), lower 
in 5-15 year old children and shows a second peak in young adolescents – especially 
students and army recruits-, most probably due to crowding, new social contacts and 
smoking, which are risk factors for meningococcal disease [11].
Meningococcal disease occurs when N. meningitidis succeeds in invasion of epithelial 
cells and enters the bloodstream. Symptoms can be diverse, as infection is sometimes 
restricted to mild self-limiting meningococcemia, but it may also cross the blood brain 
barrier, causing meningitis or spread rapidly through the body causing sepsis. Early 
symptoms of invasive meningococcal disease are nonspecific and flu-like, including 
rapid onset of high fever, nausea and vomiting. During sepsis, released outer 
membrane vesicles (known as blebs or OMVs) containing high amounts of endotoxin 
or lipopolysaccharide (LPS) have a dramatic inflammatory effect. This inflammatory 
response induces blood vessel clotting and leakage, resulting in hypotension, acute 
adrenal hemorrhage and multi organ failure. Antibiotic treatment is effective against 
the bacteria, but fails to reduce the amount of LPS. Despite antibiotic treatment and 
intensive medical care, mortality of sepsis and meningitis is approximately 20 % and 
10 % respectively [12]. In the absence of rapid treatment with antibiotics, mortality 
can be as high as 80% [13]. In addition to the rapid onset of devastating pathology, 
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approximately 17% of surviving patients - mainly children - suffer from serious sequelae 
including amputations of limbs due to necrosis of the tissue, hearing loss or mental 
retardation [13,14]. The absence of efficient medical treatments and the severity of the 
disease stress the need for a broadly effective vaccine. Although for serogroups A, C, 
Y and W135, immunogenic conjugate CPS vaccines are available (see CPS section), 
such a vaccine is lacking for serogroup B.

Neisseria meningitidis surface structures, function and vaccine potential
Gram-negative bacteria have a distinct double membrane structure, which consists 
of an inner membrane and an outer membrane, separated by the periplasmic space 
(Fig. 2). The inner membrane is a bilayer composed of phospholipids containing mainly 
proteins involved in transport of proteins and nutrients across the inner membrane 
[15]. The periplasmic space contains a peptidoglycan layer to which several transport 
proteins are bound [16,17]. The outer membrane also consists of a bilayer, but differs 
from the inner membrane by the presence of a vast amount of LPS in the outer leaflet. 
Embedded in the outer membrane are Outer Membrane Proteins (OMP) some of which 
are being studied for their vaccine potential. The bacterial outer membrane is covered 
with a capsule, consisting of polysaccharides (PS) and protruding from this capsule are 
hair-like structures, type IV pili.

Figure 2. Surface structures of Neisseria meningitidis. The cell envelope is composed of an outer membrane 
(OM) and an inner membrane (IM), separated by a periplasmic space (PS) containing a peptidoglycan layer 
(PG) and proteins. The OM contains lipopolysaccharide (LPS) in the outer leaflet. The OM is surrounded by 
capsular polysaccharide (CPS); Opa: Opacity protein (class 5 OMP); PorA: porin protein A (class 1 OMP); 
RmpM: reduction modifiable protein M (class 4 OMP)[26]. 
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Pili 
Type IV pili are involved in twitching motility [18], DNA uptake during transformation 
[19], cellular agglutination, and  the first attachment of the bacteria to epithelia [20] most 
likely via the CD46 receptor glycoprotein [21]. Pili require at least 12 different proteins to 
be expressed for structure formation and functionality, although the fiber structures are 
composed predominantly of a polymer of only one protein, the pilin subunit PilE. This 
protein forms a helix with five pilin subunits/turn, based on the crystal structure of PilE 
[22]. Other pilus-associated proteins are PilQ, which is required for biogenesis [23] and 
translocation of the PilE multimer over the outer membrane and PilW, which is involved 
in stability and functionality of the multimer [24]. 
Although pili are immunogenic, they are not suitable as vaccine candidates due to the 
high degree of antigenic variability [13] and the phase variation of expression [25].  

Capsular PS 
CPS protects the bacteria from complement-mediated killing [27] and is required for 
pathogenicity: CPS-deficient strains are seldom isolated from meningitis patients [28], 
although they are frequently found to colonize the nasopharynx. CPS hampers bacterial 
invasion into epithelial cells/tissue, and temporary down-regulation of capsule synthesis 
aids the bacteria to invade the epithelium [29]. 
CPS is an interesting vaccine candidate as the variability of CPS of pathogenic neisserial 
strains is limited to only five serogroups. CPS is however poorly immunogenic in young 
children [30] and generate no T cell help for specific B cells. In the absence of specific 
T cell help, CPS-specific B cells do not participate in germinal centers (GC) and show 
no affinity maturation. The most important drawback of this T cell independent response 
is the inability to induce immunological memory, which would otherwise be generated 
in the GC reaction. By conjugating the CPS to an immunogenic protein, this protein can 
provide the necessary T cell epitopes and T cell help for the B cell to undergo a GC 
reaction in which affinity maturation can occur and, more importantly, memory B cells 
can develop. Conjugated CPS vaccines have been developed against serogroups A, 
C, Y, W135, now also available as combination vaccines [31-33]. Serogroup B CPS 
shows antigenic and structural [34] similarity with sugar components on the human 
neural cell adhesion molecule (NCAM) and is not immunogenic in humans. This is a 
major drawback in the use of this CPS for human vaccine development. Modified, N-
propionylated (NPr) serogroup B CPS, lacking the human epitope has been synthesized 
to increase the immunogenicity of serogroup B CPS [35] without inducing cross-reacting 
antibodies [36]. A tetanus toxoid conjugate of NPr CPS elicited bactericidal antibodies 



15

General introduction

in mice, but when tested in human volunteers [37], it induced IgG and IgM, but failed 
to induce functional bactericidal antibodies. Importantly, no autoantibodies against 
NCAM were detected. Another approach to raise serogroup B CPS antibodies is the 
use of peptide mimotopes or anti-idiotypic antibody [38] exposing the bacterial epitope. 
Some mimotopes [39] raise antibodies in mice, but no bactericidal antibodies have been 
induced.

LPS
Neisserial LPS is composed of a hydrophobic lipid A component, which is anchored 
in the outer leaflet of the outer membrane and an inner core with a surface-exposed 
hydrophilic polysaccharide chain. Neisserial LPS differs from most bacterial LPS, in 
that it lacks the most protruding part, the O-antigen, which is composed of repeats of 
sugar units. Therefore, it is also referred to as lipo-oligosaccharide (LOS). The lipid A 
part of most wildtype meningococcal strains consists of 4 primary acyl chains with two 
secondary acyl chains and exhibits strong toxic effects, which have been attributed 
to the clinical symptoms of meningococcal sepsis. Lipid A toxicity can be reduced by 
altering the lipid A biosynthesis pathway [40], resulting in a reduced number of fatty 
acyl chains. The LpxL mutant for example contains only one secondary fatty acid chain, 
has reduced potency to induce TNFα production in a human macrophage cell line but 
retained its adjuvanticity as shown by induced SBA titers, CD80 and CD40 expression 
and IL-12 production by murine dendritic cells (DCs).
The inner core of LPS is relatively conserved and determines the immunotype of the 
meningococcal strain [41]. It may be an interesting vaccine candidate, since specific 
antibodies to these structures have been detected in patients convalescing from 
meningococcal disease [42]. A monoclonal antibody against an accessible epitope 
offers protection in rats against some strains [43], although efficiency of the monoclonal 
antibody seemed to depend on the accessibility of the epitope. A conjugate vaccine has 
been tested in mice and rabbits [44], and induced bactericidal antibodies, although only 
in a proportion of the animals. 

Outer Membrane Proteins
Neisserial major Outer Membrane Proteins (OMPs) have first been classified as class 
1, class 2/3, class 4 and class 5 proteins, by declining molecular weight. Currently, 
these proteins are known as Porin A (PorA), PorB, RmpM (reduction-modifiable protein 
M) and opacity proteins (Opa and Opc), respectively. Besides these major proteins, 
genomic analysis revealed many more putative OMPs some of which are potential 
vaccine candidates.
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Class 1 (PorA) and class 2/3 (PorB) are the most highly expressed OMPs and designate 
the serosubtype and serotype, respectively of a meningococcal strain [45]. PorA is a 44-
47 kDa protein and forms a cation-selective pore, while PorB is a 37-42 kDa protein and 
forms an anion-selective pore [46]. Additionally, PorB forms pores in infected eukaryotic 
cells [47] and can induce either apoptosis [48] or protect these cells from apoptosis by 
interacting with the host cell’s mitochondria [49]. PorB [50] and PorA [51] also activate 
antigen presenting cells via TLR2. Both porins contain 16 transmembrane stretches 
with variable, protruding long external loops and short internal loops, based on topology 
models using the amino acid sequence [52,53]. In a more recent publication, the topology 
of PorA was proposed in a 3D structure (Fig. 3, [54]). In the outer membrane, porins 
assemble into trimers and are associated with non-surface exposed protein RmpM for 
stability [55]. 

Figure 3. 3D structure of PorA outer membrane protein of Neisseria meningitidis. Left: side view of a porin 
monomer from the PorA model. The positions of the external loop regions are indicated as I, II, and so forth, 
with the exception of loop III which lies inside the protein (broken line).
The longer loops (I, IV and V) are not based on computer modeling and are therefore drawn as broken lines. 
Right: top view of model of PorA trimer, viewed from above. The positions of the external loop regions are 
marked as in the monomer (left), with the subunits designated a, b, c. Adapted from [54].
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In PorA the longest loops are loop 1, 4 and 5 and in PorB loop 1 and 3. While the 
membrane spanning regions are conserved, high variability is found in the most 
protruding loops (Fig. 4). Strong PorA-specific bactericidal antibody responses can be 
found in patients convalescing from meningococcal disease [56]. Therefore, PorA has 
since long been recognized as a vaccine candidate. Unfortunately, these bactericidal 
antibodies are usually directed against the highly variable B cell epitopes in loops 1 and 
4 [57,58], thereby requiring multivalent vaccines for preventing endemic disease. PorB 
contains four variable loops [53, 59] and although monoclonal antibodies were generally 
non-protective [60], recombinant PorB has recently been shown to be able to induce 
serogroup-specific bactericidal antibodies [61]. Therefore, only recently, PorB is again 
under consideration as a vaccine candidate.

Figure 4. Topology model of P1.7-2,4 (according to [161]). Antigenic loops 1 and 4 and additional amino acids 
differences between P1.7-2,4 and P1.5-1,2-2 are indicated in gray.
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Class 4 protein or RmpM (Reduction modifiable protein M) is a constitutively expressed, 
relatively conserved protein with homologues in other neisserial species [62]. It is not 
surface exposed in the outer membrane [63], but resides on the periplasmic side of the 
outer membrane. There, RmpM probably binds the peptidoglycan with its peptidoglycan 
binding motif [64,65]. It is also firmly associated with porins [55] and iron-regulated 
proteins [66]. These associations are involved in stability of PorA trimers [55]. Antibodies 
raised against this protein are not bactericidal and there is some debate on whether they 
block functional antibodies against PorA [63,67]. Due to its inaccessibility for antibodies 
and the low immunogenicity, RmpM is not regarded as a vaccine candidate. 

Class 5 OMPs or opacity proteins, consist of two groups, Opa and Opc (or OpcA) proteins. 
Neisserial strains vary in the number of Opa genes; N. meningitidis, N. gonorrhoeae 
and commensal Neisseria have four, eleven and two genes, respectively [68-70]. For 
Opc, only one gene is known, which is expressed in a subset of N. meningitidis strains 
[71]. Opc and Opa proteins are predicted to form transmembrane β-barrels with four 
and five surface exposed loops, respectively [72,73]. These extracellular loops of the 
Opa protein include the variable regions, VR1 and VR2. The Opa and Opc proteins are 
involved in pathogenicity by binding to, and invasion into, epithelial cells via CEACAM 
glycoproteins [74] and Heparin Sulphate proteoglycans (HSPG) [75] as receptors.
Although Opa and Opc proteins are highly immunogenic and induce bactericidal 
antibodies [76,77], they are unsuitable as vaccine candidates due to high variability in 
antigenic properties and expression profile.

13 ptThe iron-regulated proteins, transferrin and lactoferrin binding proteins A and B 
(TbpA, TbpB, LbpA and LbpB) are essential for the acquisition of iron and survival of 
Neisseria within the host [78]. Since these proteins are expressed in N. gonorrhoeae 
during colonization and infection [79], they are expected to be expressed during N. 
meningitidis infection and are therefore attractive vaccine candidates. TbpA and TbpB 
are widely conserved and surface-exposed, although TbpB seems to be more variable 
than TbpA [80]. Immunization with LbpA and LbpB and native, but not recombinant, 
TbpA and TbpB induced bactericidal antibodies [81,82]. LbpB and to a lesser extent 
LbpA are more diverse, and immunogenicity in humans is limited [83]. Bactericidal 
antibodies were directed against variable surface-exposed loops of LbpA and LbpB 
with limited cross-protection against heterologous meningococcal strains [84], requiring 
multiple variants for a broad coverage of a LbpA or LbpB based vaccine. 
Another abundantly expressed iron regulated protein, FrpB (or FetA), is highly diverse 
[85] limiting its applicability as a vaccine component. 
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Surface protein A (NspA) of N. meningitidis has been discovered as a conserved 
outer membrane protein [86]. It is a homologue of Opa proteins with eight-stranded 
anti-parallel beta-barrels and 4 surface exposed loops [87]. Nearly all meningococcal 
isolates express NspA, but only in minor amounts [88]. Three immunizations of purified 
NspA or commensal Neisserial OMVs containing NspA elicited protective immunity in 
mouse models [86, 89], but the accessibility of the proteins for the antibodies seems to 
be limited due to the presence of CPS. This is reflected in the difference of bactericidal 
activity of monoclonal antibodies against strains with a different CPS expression [90]. 
Although only about 50% of meningococcal strains are sensitive to anti-NspA antibodies 
and NspA specific SBA responses were only low in recovering patients [91], this protein 
is regarded as a promising additional vaccine candidate.

Reverse vaccinology, in which sequenced meningococcal genomes of strain MC58 [92] 
and Z2491 [93] are being explored to find new vaccine candidates, has resulted in the 
discovery of a number of new putative OMPs. 
Neisserial adhesion protein A (NadA) has been identified as an OMP [94], and recently 
been shown to be involved in adhesion [95]. It is present in about 50% of clinical isolates 
[96], although  in about 100% of  three (out of four) hypervirulent strains [97]. NadA-
specific bactericidal antibodies, which were protective in the infant rat model could be 
induced after three immunizations. Additionally, NadA specific IgG titers were found in 
children convalescing from meningococcal disease as well as in healthy adults [98], 
underlining the potential of NadA as a vaccine candidate.
 
Another promising vaccine candidate is lipoprotein GNA1870 [99] or LP2086 [100, 101] 
which is expressed on all [99] and 91% of tested strains [101] respectively, although 
expression levels varied. GNA1870-specific antibodies were able to efficiently kill 
meningococci, including those that exhibited low expression of the lipoprotein [99]. 
In addition, certain combinations of antibodies were even more effective in GNA1870 
directed killing, indicating the presence of multiple protective epitopes. These lipoproteins 
can be divided into three [102] subfamilies with limited variability within each subfamily 
[100], but with much larger variation between the subfamilies [103]. OMV of strains 
over-expressing GNA1870 induced cross reactivity [104] and a combination of two (or 
three) subfamilies of GNA1870 is thought to induce protection against a majority of N. 
meningitidis strains [101].
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Table 1. Overview of vaccine candidates for the development of a protective meningococcal serogroup B 
vaccine

Antigen Merits Demerits Ref.

NPr-CPS 
conjugate

- SBA and passive protection in mice 
- IgM & IgG in humans

- No SBA in humans
- Risk of human autoimmunity

[35-37, 
106]

CPS mimotopes - Antibodies in mice
- Mab induced passive protection

- No SBA in mice
- Risk of human autoimmunity

[38,39]

Inner core LPS - Relatively conserved
- Mab is opsonic, bactericidal and showed 
passive protection in animals

- Not all variants of LPS inner cores are 
covered
- Protective response low in animals

[42-44]

OMV - Proven safety and immunogenicity in 
humans, efficacy trials completed

- Lowest efficacy in youngest children 
- Main component (PorA) highly variable

[107,108,
149,161-
173]

LbpA, LbpB, - Assumed to be required for survival in 
host
- Induce SBA in animals

- Low immunogenicity in humans
- Variability (LbpA>LbpB)

[83,84]

TbpA, TbpB - Assumed to be required for survival in 
host
- Induces active protection in animals

- Raised antibodies not always bactericidal
- Variability (TbpB>TbpA)

[80-82] 

NspA - Highly conserved
- Mab is bactericidal 
- Induces active protection in mice

- NspA is not essential for survival, thus 
fear of selective pressure. 
- Accessibility of NspA low due to CPS
- Expression of NspA low 
- Low SBA in recovering patients

[86,88,90]

NadA - Present in 50% of disease-causing 
meningococci and almost all hypervirulent 
lineages
- Protective SBA in infant rat model

- Phase variable
- Surface-exposure hampered by CPS
- Repetitive immunizations required 

[94,96,97]

GNA1870 / 
LP2086

- Expressed on majority of strains
- Limited variability within subfamily
- Induces SBA and passive protection

- Three subfamilies of GNA1870, little or 
absent cross-reactivity

[99-103]

GNA2132 - Induces passive protection - High variability [105]

Finally, a protein with unknown function, GNA2132, has recently been investigated 
for its vaccine potential. It was found to induce bactericidal titers to only a subset of 
bacteria, but conferred protection against several strains tested in the infant rat model 
[105]. Despite the fact that this protein is variable [103] and induces few bactericidal 
antibodies, it holds some promise as a vaccine candidate.
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Immunity to meningococci
General
The induction of immunity to meningococci is based on a complex interplay between the 
human host and the meningococcal pathogen. The first barrier consists of the epithelial 
cells that are impermeable to most bacteria and secrete anti-bacterial compounds. 
When meningococci colonize the nasopharynx, the pathogen is sensed by lymphoid 
tissue–associated microfold cells (M cells). These M cells are specialized in sampling 
and transporting antigens and bacteria from the mucosal surface to the basolateral 
site where antigens are presented to macrophages, lymphocytes and DCs [109,110]. 
Therefore, repetitive colonization with N.meningitidis is an immunizing process [9,111], 
which results in naturally acquired immunity in most individuals. Also colonization by the 
commensal Neisseria lactamica, that colonizes mainly young children (< 5 y), is thought 
to play a role in acquiring natural immunity [112] by the induction of cross-protective 
antibodies against shared antigens of both Neisseria species [113]. Upon an immunizing 
event like colonization, vaccination or infection, a rapid non-specific immune response, 
known as the innate immune response, is activated. This in turn initiates the slower 
antigen-specific adaptive immune response. The adaptive immune response is roughly 
divided into a humoral and a cellular mediated component; both are antigen-specific 
and can result in short-term immunity and immunological memory, preventing future 
infections with the same pathogen. 

Innate Immunity
The innate system is an evolutionary old defense mechanism, of which important pathogen 
recognition molecules can be found as early in evolution as plants and invertebrates 
[114-116]. Innate immunity is a rapid response and consists of an array of functionalities 
to combat pathogens, but it lacks adaptive specificity and fails to induce immunological 
memory. The onset of innate immunity starts even before infection, when antimicrobial 
peptides are being released at epithelial surfaces and disrupt the membranes of many 
microbial pathogens [117,118], thus preventing the bacteria from attaching and entering 
the epithelial surface. Upon infection of epithelial cells, chemokines are released to 
recruit diverse populations of leukocytes that express distinct chemokine receptors 
[119]. Serum complement is activated by extracellular pathogens and the complement 
factor C3b binds the lipid A part of neisserial LPS [120, 121] leading to membrane 
attack complexes that lyse the pathogen. Complement and chemokines from infected 
cells also induce leukocyte recruitment. The first leukocytes entering infected tissue 
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are polymorphonuclear neutrophils, macrophages and DCs, which express pattern 
recognition receptors (PRR) like Toll Like Receptors (TLR) and members of the C-type 
lectin superfamily (CD1, CD14, DC-SIGN). These PRR recognize conserved pathogen 
associated molecular patterns (PAMP) present on pathogens. To date 11 TLRs have been 
recognized in mice and 10 in humans [122,123] of which TLR2, TLR4, TLR5, TLR9 and 
TLR11 are important in bacterial infections. TLR2 recognizes peptidoglycan [124] and 
a wide range of bacterial lipoproteins, including neisserial PorA and PorB [50,51,125], 
TLR4 recognizes LPS [126], TLR5 bacterial flagellin [127], TLR9 bacterial DNA [128] and 
TLR11 profilin-like protein of uropathogenic bacteria [122]. Members of the C type lectin 
family are expressed mainly on DCs and recognize bacterial sugar structures, although 
some are not membrane bound. DC-SIGN is involved in the recognition of mutant 
neisserial LPS [129] and the serum protein mannose binding lectin (MBL) contributes to 
neisserial recognition and uptake of the bacteria [130-132]. The majority of these PRR 
is membrane bound and enables phagocytic cells to recognize, phagocytose and kill 
the pathogens. In addition to phagocytosis, cytokines and chemokines are released, 
thereby recruiting additional leucocytes to the site of infection.
The largest set of these cells, the polymorphonuclear neutrophils, is specialized to 
phagocytose pathogens. DCs in turn take up pathogens and upon activation relocate 
to lymphoid tissues where they present processed peptides to T cells, setting off the 
adaptive immune system [133].  

Adaptive immune response
Once antigens, either colonizing or invading bacteria or injected vaccine components, 
are presented to antigen specific T cells or once antigen-specific B cells have 
encountered a pathogen in peripheral tissue, the adaptive immune system is activated. 
This system takes days to develop, but is highly specific and induces immunological 
memory, thereby protecting the host against future infections with the same pathogen. 
In the adaptive immune system, two different responses can occur: 1) a more cellular 
based response, resulting in effective cytotoxic CD8 T cells and CD4 T cells against 
viruses and intracellular bacteria and 2) a humoral response, resulting in CD4 T cell 
regulated development of specific B cells that produce high affinity class-switched 
antibodies against parasites and extracellular bacteria, such as N. meningitidis and 
neisserial vaccine components. General key events leading to such a response are 
outlined below.
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Humoral immune response
The T helper cell (Th) independent adaptive humoral immune response against sugar 
antigens is a relatively fast B cell mediated response [134]. In this response, activated 
B cells relocate to secondary lymphoid tissue and do not interact with CD4 T cells, 
but instead locate to extrafollicular sites [135]. There they expand to form short-lived 
plasmablasts, rapidly secreting large amounts of antibodies that, due to the absence of 
affinity maturation, have only limited affinity with the antigen [136]. This extrafollicular B 
cell response results in the rapid secretion of antibodies, but fails to induce memory B 
cells, which is an important desirable feature of vaccination.

In contrast, the protein antigen specific B cell response, necessary for the induction 
of high affinity antibodies and immunological memory, requires Th cell help. This 
response can be divided into distinct phases (Fig. 5 [137]). Firstly, antigen-presenting 
cells (APC), mainly DCs that have taken up bacteria, maturate and relocate to lymphoid 
tissues, such as lymph nodes and spleen. The captured protein antigen is transported 
intracellularly to lysosomes, where it is degraded into peptides [138] in the exogenous 
antigen processing route. This process involves a number of proteases that become 
active at the low pH in the lysosomes and are tightly regulated [139-141].
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In these lysosomes, peptides are loaded onto Major Histocompatibility Complex 
II (MHCII) molecules, which are directed towards the cell surface. Here they can be 
recognized by CD4 T cells via their T Cell Receptor (TCR) in a so-called MHC-restricted 
fashion. Full activation of antigen-specific CD4 T cells requires costimulatory signals 
provided by APC as surface molecules, such as CD80 and CD86 that bind to their CD4 
T cell ligand, CD28. The last signal of DCs for activation of CD4 T cells is the release of 
cytokines that determine the direction of CD4 T cell differentiation[142]. The release of 
IFNγ and IL-12 by DCs induces a type 1 polarized Th cell response (Th1), which is most 
effective against intracellular bacteria and viruses. Th1 cells can stimulate cytotoxic T 

Figure 5. Overview of the T cell dependent humoral immune response, which includes the GC reaction and 
generation of antigen specific memory B and plasma cells. Adapted with minor modifications from [137].
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cells as well as trigger antigen specific B cells to switch to IgG2a. Secretion of IL-10 by 
DCs is involved in skewing the T cell response in a type 2 (Th2) direction [143], which is 
most effective for antibody production of the IgG1 and IgE isotype.
Mature naïve B cells circulate in the periphery and upon recognition of their specific 
antigen by their clonally expressed B Cell Receptor (BCR), the antigen is taken up and 
processed to be presented to T cells once B cells have migrated to secondary lymphoid 
tissues [144]. B cell activation requires BCR triggering and secondary signals, which 
can be provided by the antigen itself via innate mechanisms or by co-stimulatory signals 
from the APC [145]. Once fully activated, B cells can interact, by presenting peptide 
epitopes from the antigen, with activated antigen specific T cells [137]. In this cognate 
interaction, B cells acquire the necessary signals to start a germinal center reaction in 
which B cells proliferate while mutations of the BCR genes take place. Subsequently, 
B cells are clonally selected for affinity of the BCR for the antigen held by follicular 
dendritic cells (FDCs, [146]). Besides BCR gene mutation, Ig heavy chain genes may 
rearrange, partly dependent on the site of antigen encounter. Systemic encounter of an 
antigen, i.e. in case of parenteral vaccination, induces mainly IgG of different isotypes, 
whereas mucosal encounter, i.e. colonization, induces both IgG and mucosally effective 
IgA [147]. A second selection step during the GC reaction is mediated by a subset 
of CD4 T cells. After about 14 days this results in survival of only B cells expressing 
high affinity B cell receptors that exit either as memory B cell or as a plasma cells that 
migrate to the bone marrow. There, plasma cells may be long-lived and secrete large 
amounts of high affinity antibodies. 

Vaccine induced immunity against meningococcal disease
High affinity antibodies are important for complement mediated killing of meningococci 
[148], which is measured as Serum Bactericidal Activity (SBA). SBA is induced upon 
(recurrent) colonization, infection and vaccination and has been shown to correlate 
with protection [149, 150]. Meningococcal infection rates are highest in infants when 
maternally derived SBA titers have disappeared. Infection rates decline with increasing 
age and naturally acquired SBA titers. Therefore, SBA is so far the most accepted 
correlate of protection, although there are indications that other factors like local T cell 
memory [151] and opsonophagocytic antibodies [152] are involved as well. In addition, 
some vaccinees with low or undetectable SBA titers after meningococcal C vaccination 
seemed to be protected via other mechanisms [153,154], suggesting a role for B cell 
memory. This may be explained by the observation that for group C meningococci the 
higher affinity antibodies are more efficient in SBA than low affinity antibodies [148]. 
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An increase in affinity is considered a marker for successful B cell memory induction. 
Affinity maturation has also been observed for antibodies elicited by a monovalent OMV 
vaccine [155], and this affinity maturation correlated moderately with SBA. Besides 
affinity of antibodies, the isotype of antibodies is a major factor in the induction of SBA. 
Human isotypes IgG1 and IgG3 are most effective in inducing complement activation 
via the classical pathway. In mice, the order of complement dependent bactericidal 
activity is IgG3 >> IgG2b > IgG2a >> IgG1 [156]. 
Summarizing, the induced immune response against meningococcal vaccines should 
first of all generate broadly effective and long term SBA titers, i.e. high affinity antibodies 
of the isotypes most efficient in complement activation. In addition, B cell memory may 
be important for persistent protection after the decline of bactericidal antibodies upon 
vaccination as observed after both conjugated group C CPS and OMVs. However, 
the efficacy of B cell memory depends on the time interval between colonization and 
invasion and the time required for up-regulation of protective antibody titers. 

MenB OMV vaccines, clinical trials and efficacy
Neisserial OMP vaccine candidates are usually presented in OMVs, which are derived 
from the outer membrane of the bacteria. OMVs can either be naturally produced 
from blebs released by meningococci (native OMV) or can be extracted from the outer 
membrane using detergents. These OMVs have several beneficial properties that make 
them ideal for the presentation of OMP antigens. Firstly, OMVs resemble the outer 
membrane of meningococci and allow the OMP to retain its native conformation, which 
is important for the preservation of conformational B cell epitopes. Secondly, OMVs 
contain natural adjuvant activity mediated by the presence of LPS and OMPs that enable 
the induction of a strong immune response. Thirdly, the size of OMVs and the presence 
of immuno-stimulatory OMPs allow receptor-mediated phagocytosis by phagocytic cells 
[157,158], which is beneficial for antigen processing and presentation of epitopes in the 
MHC II molecules [159,160].  
Four monovalent OMV vaccines have been developed from wild type strains of 
serogroup B meningococci that have caused outbreaks of disease. The Finlay Institute 
in Cuba used meningococcal B4:P1.15 OMVs for its VA-mengoc-BC vaccine. The 
Cuban VA-mengoc-BC vaccine, which also contains serogroup C polysaccharide, is 
registered in Latin American countries, where it is still being used. The Walter Reed 
Army Institute (WRAIR) in USA used a B15:P1.3 strain to produce its OMV vaccine. 
The National Institute of Public Health (NIPH) in Norway prepared B15:P1.7,16 OMV 
vaccine (MenBvac) from a patient isolate. This vaccine is not commercially available 
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but has been the basis for the MeNZB vaccine prepared by Chiron, to control an 
epidemic disease caused by group B meningococci, serosubtype P1.7-2,4 in New 
Zealand [162]. Several efficacy trials have been conducted with these OMV vaccines 
(Table 2). The primary purpose of a Phase III efficacy trial is to assess the protective 
efficacy of the vaccine in the target population and vaccine efficacy is usually defined 
as the percentage of reduction in the incidence rate of disease in vaccinated compared 
to unvaccinated individuals.

In Cuba, a large scale clinical study with VA-mengoc-BC, followed by a massive 
vaccination program showed 84-93% efficacy [165]. This vaccine induced some 
cross-protective antibodies in adults, most likely due to previous exposure and B cell 
memory to heterologous strains. The MenBvac was tested in a two dose regimen 
large efficacy trial and induced protection was estimated to be 87% at 10 months after 
vaccination [149], but dropped to 57% after 29 months [107]. Therefore, a booster 
dose was necessary to induce prolonged SBA titers with more cross-reactivity [164]. 
The MenNZB vaccine was tested in a three-dose regimen and induced bactericidal 
antibodies against the vaccine strain 4-6 weeks after the third vaccination, in 74% of 
infants and up to 96% in adults, who were likely to be pre-exposed to the same strain. 
The efficacy of this vaccine however remains to be investigated. An other monovalent 
P1.7-2,4 OMV vaccine, developed at The Netherlands Vaccine Institute, was tested in a 
Phase II study in toddlers and a 2+1 or a 3+1 regimen resulted in 93-96% and 97-100% 
responders, respectively [163]. These monovalent OMV vaccines confer protection 
predominantly against the homologous strain as the B cell epitopes in loops 1 and 4 
essential for bactericidal antibody production show high variability (Fig. 4). Therefore, 
despite the high percentages of responders to the homologous strains, the antigenic 
variability of PorA reduces the efficacy of monovalent vaccines, especially in infants who 
are most at risk and in settings where several endemic serosubtypes are responsible for 
the majority of infections. 
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Vaccine Study % responders = 4-
fold rise in SBA

Efficacy Ref.

VA-mengoc-BC 
Finlay, Cuba; 
Purified total OMP 
in proteoliposome 
with added high mol. 
Weight OMP, 50 µg 
+ C polysaccharide 
(B:4:P1.19,15)

Cuba, 10-16 yrs, double 
blinded, placebo controlled, 2 
immunizations, 16 months study

65% (at ∼ 10 wks)? 83% (at 16 mo) [165]

VA-mengoc-BC 
Finlay, Cuba 

Brazil case control 3-83 months, 
2 immunizations, 12 months 
follow-up

(at ∼ 10 wks)
22% (age 3-23 mo)
45 % (age 24-47mo)
52% (age 48-83 mo)

-37% (age 3-23 mo)
47% (age 24-47 mo)
74% (age 48-83 mo)

[166]

MenBvac
Norwegian, total 
OMP in vesicle 
(OMV) formulation 
(NIPH) 25µg, (B:15:
P1.7,16)

Norway, 14-16 yrs, randomized 
at school level, double blinded, 
placebo control, 2 immunizations, 
29 months study

80% (at 12 wks)
19% (after 1 yr)
26% (after 2 yr)

57% (at 29 mo)
87% (at 10 mo)
59% (for 11-20 mo)
30% (for 21-29 mo)

[107, 
149]

Purified class 
1,3,4 containing 
OMP + C capsular 
polysaccharide 
(WRAIR) 100 µg 
(B15:P1.7-2,3) 

Chile, 1-21 years, randomized, 
double-blinded, placebo control, 
2 immunizations, 20 months 
follow-up

(age 1-4 yrs)
   12% (at 8wks)
   12% (after 86 wks)
(age 5-21yrs)
   35% (at 8 wks)
   65% (after 86 wks)

-39% (1-4 yrs)

70% (5-21 yrs)

[108]

MeNZB 
(B:4:P1.7-2,4)
Chiron

Infants: (enrolled at 6-10 wks),
older infants: (enr at 6-8 mo),
toddlers: (enr at 16 to 24 mo)
children: (enr 8-12 yrs),
adults

55% infants
74% older infants
75% toddlers
76% children
93% adults

Trial ongoing [162, 
167]

To broaden the coverage of a PorA-based vaccine to more than one serosubtype strain, 
a hexavalent OMV vaccine (HexaMen) was developed at The Netherlands Vaccine 
Institute [168,169]. HexaMen is composed of OMVs of two recombinant meningococcal 
strains, each expressing three serosubtypes of PorA, which are the most prevalent 
50% of serosubtypes of clinical isolates in The Netherlands (annual report NRBM, 
2000). Cross-protection against serosubtypes expressing different combinations of the 
same antigenic loops is likely to enhance the coverage of the vaccine up to 80% [170]. 
HexaMen was tested in toddlers and schoolchildren in a clinical study performed in 

Table 2. Results of efficacy trials with meningococcal group B vaccines. 
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Rotterdam, The Netherlands [171]. Notably, after three doses of HexaMen, differences 
in bactericidal responses were found. The same differences were found in a clinical 
study with HexaMen in infants performed in the UK [172]. The highest percentage of 
responders was found against PorA serosubtype P1.5-2,10 (98-100%) followed by 
P1.5-1,2-2 and the lowest amount of responders against P1.7-2,4 and P1.19,15-1 (16-
28%). Comparable to the monovalent OMV vaccines, vaccine-induced titers dropped to 
baseline levels after 1-2 years. Therefore, in the UK-study, a fourth HexaMen booster 
dose was given after 12-18 months, which resulted in higher SBA titers against all 
six serosubtypes [172]. The NVI monovalent P1.7-2,4 OMV vaccine was given as a 
booster 2.5 years later in a cohort of children from the Rotterdam-study. This booster 
vaccination induced a more than fourfold increase in P1.7-2,4 specific SBA in 48.5% 
of the previously vaccinated children. Surprisingly, the cross-reactive response against 
the other serosubtypes present in HexaMen also increased [173]. Thus in both studies, 
immunological memory had been induced by the primary HexaMen immunization series. 
Still, the difference in serosubtype specific SBA titers raised concern about the efficacy 
of HexaMen against the serosubtypes that induced only modest SBA titers. Since the 
highly prevalent serosubtype P1.7-2,4, representing up to 40 % of clinical isolates, 
resulted in the lowest percentages of responders, we started a more fundamental study 
on the immune response against PorAs and P1.7-2,4 in particular.  

Aim and outline of thesis

The aim of the work presented in this thesis is to better understand the development 
of PorA-specific immune responses induced by both multivalent and monovalent PorA 
OMV vaccines, and to unravel the immunological mechanism(s) leading to the difference 
in the induced antibody titers against the various PorAs. The studies to elucidate these 
questions were performed in a mouse model.  
The General introduction covers background information on the bacteria, vaccine 
development and the immune response against meningococcal infection. In chapter 
2, we investigated the effect of the presentation form of PorAs in OMV vaccines on 
the differential immunogenicity of individual PorAs as observed after vaccination with 
HexaMen. In contrast to monovalent OMVs, HexaMen exhibits the six PorA serosubtypes 
on the surface of two separate trivalent OMVs. To investigate whether immunological 
interference and/or less efficient expression of the individual PorAs in a multivalent 
OMV vaccine play a role, vaccine-induced antibody responses for the 6 PorAs were 
compared after immunization with HexaMen, six monovalent OMVs combined, or 
monovalent OMVs only.
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In an effort to improve the immune response against two weakly immunogenic PorAs P1.7-
2,4 and P1.19,15-1, several immunization schedules were tested in chapter 3. Normally, 
a vaccination schedule comprises of several immunizations with the same composition 
of antigens i.e. HexaMen. The effect of using different vaccines - either monovalent 
OMVs or HexaMen - for priming and for boosting, was investigated and compared with 
two immunizations using only monovalent OMVs or HexaMen. Additionally, in an effort 
to induce good responses against all serosubtypes, an extended prime-boost regimen 
was examined using combined P1.7-2,4 and P.19,15-1 OMVs for priming and two 
HexaMen doses for boosting. 
The early B cell responses against a weakly (P1.7-2,4) and a strongly (P1.5-1,2-2) 
immunogenic PorA were compared in a short-term immunization schedule in mice 
and are described in chapter 4. To gain insight into the early cellular dynamics of the 
underlying B cell response, PorA-specific splenic memory B cells and BM plasma cells 
were measured using a newly developed PorA-specific B cell ELISPOT assay. 
The slow but steady decrease of PorA-specific SBA titers in human studies, raised the 
question about the duration of protection and the induction of PorA-specific long-term 
memory cells. In chapter 5, we investigated humoral parameters (SBA and IgG titers) 
and B cell kinetics in mice using several long-term immunization schedules. The PorA 
responses were evaluated for one year after two immunizations with monovalent P1.7-
2,4 or P1.5-1,2-2 OMVs. After SBA titers had declined, the numbers of PorA-specific 
splenic memory B cells and plasma cells were quantitated and compared with numbers 
found shortly after immunization. The number of immunizations needed to induce a 
good memory response was investigated. Furthermore, the role of natural exposure by 
intranasal administration of live bacteria was studied on the maintenance of memory.   
In chapter 6, we investigated whether the immune response against P1.7-2,4 could be 
improved using liposomes as the presentation form. Immune responses were compared 
after immunization with either OMVs, liposomes without adjuvants or liposomes 
adjuvated with Aluminium Phosphate, monophosphoryl lipid (MPL), lipopolysaccharide 
(GalE LPS) or less toxic LPS mutant LpxL1. The influence of the adjuvants on the type 
of the induced CD4 T helper cell response was studied by characterizing the IgG isotype 
distribution. Additionally, PorA-specific proliferation and cytokine production of lymph 
node cells after immunization with LpxL1 LPS-adjuvated liposomes was examined.
The role of CD4 T helper cells and epitopes during the PorA-specific immune response 
is unknown. Although PorA proteins are approximately 90% identical in amino acid 
sequence, which allows sharing of multiple CD4 T helper cell epitopes, it was speculated 
that minor amino acid differences have an impact on the immunogenicity of the various 
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PorAs. Using pepscan proliferation experiments with overlapping peptides, no murine 
CD4 T helper cell epitope could be identified. Chapter 7 describes another approach 
to identify a murine PorA-specific CD4 T cell epitope. We immunized mice with LpxL1 
adjuvated liposomes containing P1.5-1,2-2 and collected the lymph nodes afterwards. 
In vitro re-stimulation of activated lymph node cells and immortalization revealed a 
PorA-specific CD4 positive T cell clone that was further studied for its fine specificity 
using peptides of two serosubtypes as well as whole PorA antigens. 
Finally, in chapter 8, the results of the various chapters are summarized and discussed. 
Furthermore, suggestions to improve the immune response against PorA after 
immunization with PorA-based meningococcal vaccines and immunization schedules 
are presented. 
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Abstract

The hexavalent meningococcal vaccine HexaMen, containing six PorAs on two vesicles, 
was tested in clinical studies. Although fourfold increases in serum bactericidal activity 
(SBA) titers against all of the PorAs were observed, there were significant differences 
between PorA-specific SBA titers. SBA titers were mainly directed against one PorA 
from each vesicle, P1.5-2,10 and P1.5-1,2-2, and were lower against the other PorAs, 
especially P1.7-2,4 and P1.19,15-1. We investigated whether these differences 

were due to immunological interference that resulted in competition between the 
three PorAs on the same vesicle or whether they were caused by a difference in the 
immunogenicities of the separate PorAs. Therefore, mice were immunized either with 
HexaMen, with six monovalent outer membrane vesicles (OMVs) representing the same 
six PorAs simultaneously (HexaMix), or with only one of the monovalent OMVs. The 
immunoglobulin G and SBA titers after HexaMen immunization in mice resembled the 
results obtained in clinical studies. Although immunization with HexaMix gave higher 
titers than immunization with HexaMen for some PorAs, the pattern of high and low 
titers was the same. Similar differences in immunogenicity between subtypes were 
seen after monovalent immunization when interference was eliminated as a cause of 

the differences. Monovalent immunization resulted in higher titers for P1.5-1,2-2 and 
P1.7,16 than immunization with HexaMen. However, no significant differences were 
found for the weakly immunogenic PorAs, P1.7-2,4 and P1.19,15-1. Since immunization 

with the six PorAs in the trivalent presentation form (HexaMen) and in the mixture of 
monovalent vesicles (HexaMix) resulted in the same pattern of high and low titers, 
we concluded that the differences between the PorA-specific responses are due to 
differences in the immunogenicities of the various PorAs and not due to interference 
that results in competition between different PorAs. 
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Introduction

Meningococcal disease is one of the major health problems in children and adolescents 
in many countries. The clinical symptoms vary from self-limiting bacteremia to meningitis 
or fulminant sepsis, and the overall mortality is 7 to 10%. Neisseria meningitidis serogroup 
B still causes the majority of the infections in northern Europe [1], and an effective 
vaccine is needed to control the disease. The meningococcal serogroup B capsular 
polysaccharide is unsuitable as a vaccine candidate due to its structural similarity 

to human glycoproteins [2]. Therefore, vaccine research has been focused on outer 
membrane proteins, mainly PorA, since this outer membrane protein is known to elicit 
strong bactericidal antibodies [3]. This protein consists of 16 transmembrane regions 

with eight surface-exposed loops [4], is expressed on the membrane as a homotrimer 
[5], and functions as a cationic porin [6]. Human and murine bactericidal antibodies are 
mainly directed against two hypervariable regions in loop 1 (VR1) and loop 4 (VR2) of 
PorA [3, 7]. 

Outer membrane vesicle (OMV) vaccines derived from clinical isolates, containing one 
PorA, have been developed in Cuba (serosubtype P1.19,15), Norway (serosubtype 
P1.7,16), and the United States (serosubtype P1.7-2,3). These vaccines were tested in 
several clinical studies [8-10]. The induced serum bactericidal activity (SBA) was mainly 
serosubtype specific and was low for heterologous strains. Due to the occurrence of 
a considerable number of serosubtypes in clinical isolates, protection was limited. To 
improve protection, a hexavalent vaccine has been developed at the National Institute 
for Public Health and the Environment, Bilthoven, The Netherlands [11, 12]. This 
vaccine (HexaMen) consists of OMVs of two trivalent strains, each expressing three 
serosubtypes (one strain expresses P1.7,16, P1.5-1,2-2, and P1.19,15-1, and the other 
expresses P1.5-2,10, P1.12-1,13, and P1.7-2,4), and covers at least one-half of the 
clinical serogroup B isolates in The Netherlands. HexaMen has been proven to be safe 
and immunogenic in clinical studies in The Netherlands and the United Kingdom [13-
15], but there are significant differences between PorA-specific SBA titers. The SBA 
titers are highest against serosubtypes P1.5-2,10 and P1.5-1,2-2, moderate against 
P1.7,16 and P1.12-1,13, and relatively low against P1.7-2,4 and P1.19,15-1 [13, 14]. 
The immunoglobulin G (IgG) isotype distributions appear to be similar for all six PorAs 
and cannot explain the difference in SBA [16, 17]. 

The aim of this study was to investigate whether the presentation form of the vaccine 
influences the PorA-specific IgG and SBA responses in mice against each of the six 
PorAs or, alternatively, whether the presence of multiple PorAs results in immunological 
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competition. We compared the PorA-specific IgG responses and SBA titers in sera of 
mice immunized with HexaMen, mice immunized with a mixture of six monovalent OMVs 
expressing the same six PorAs (HexaMix), and mice immunized with each monovalent 
OMV separately. We found that the trivalent presentation form has only a limited effect on 
the PorA-specific response compared to the effect of the mixed monovalent presentation 
form. The PorAs differed in immunogenicity, independent of the presentation form and 
independent of simultaneous immunization with other PorAs. 

Materials and methods

OMV vaccine preparations
Strains
The hexavalent meningococcal OMV vaccine was produced by using two different 
trivalent N. meningitidis strains, strains HP16215 and HP10124. Strains HP16215 and 
HP10124 are similar to the previously described and clinically tested strains PL16215 

and PL10124 [12, 14], except that the third porA gene is inserted into the ClaI site ca. 
80 bp downstream of the rmp gene instead of into the SnaBI site in an additional rmp 
gene. Each of the strains produces three different PorA proteins (HP16215 produces 

P1.7,16, P1.5-1,2-2, and P1.19,15-1, and HP10124 produces P1.5-2,10, P1.12-1,13, 
and P1.7-2,4), expresses GalE lipopolysaccharide (LPS), and is capsular polysaccharide 
negative. 

Monovalent OMV vaccines were obtained from PorB/Rmp-negative variants of N. 
meningitidis strain H44/76 (P1.7,16) and five PorB/Rmp-negative isogenic PorA strains 
(TR52 [P1.5-1,2-2], TR10 [P1.5-2,10], TR1213 [P1.12-1,13], TR15 [P1.19,15-1], and TR4 
[P1.7-2,4]), which differed only in the PorA gene, as described previously [15]. OMVs of 
the PorA-deficient strain HI-5 were used as a control for enzyme-linked immunosorbent 
assay (ELISA) coating [6]. 

OMV isolation
OMVs were obtained by extraction of bacteria with 0.5% deoxycholate in 0.1 M 
Tris-HCl-10 mM EDTA (pH 8.6) and were purified by differential centrifugation[18]. 
Characterization and control of the hexavalent PorA OMV vaccine have been described 
previously [11]. The protein concentration was determined by the bicinchoninic acid 
protein assay (Pierce, Rockford, Ill.), and the percentage of PorA was determined by 
scanning a sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis gel, followed 
by Coomassie brilliant blue staining. The LPS content was determined by Tricine-sodium 
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dodecyl sulfate-polyacrylamide gel electrophoresis [19], followed by silver staining [20], 
by using a standard curve. The functional activity of LPS was determined by a Limulus 
amebocyte lysate (LAL) assay as described by Claasen et al. [11] by using the official 
standard (BRP3; National Institute for Biological Standards Control, Potters Bar, United 
Kingdom). 

To prepare HexaMix, the six PorB/Rmp-negative monovalent OMVs were mixed shortly 
before use so that the same amount of each PorA was present. 

Immunizations
Immunization experiments were performed with groups consisting of eight female 
BALB/c mice that were 6 to 8 weeks old. Group 1 mice received HexaMen (two trivalent 
vesicles of HP10124 and HP16215) having a total PorA content of 9 µg. The mice in 
group 2 were immunized with HexaMix, which had a total PorA content of 9 µg (1.5 µg 
of each PorA). The mice in groups 3 to 8 each received one of the six monovalent OMVs 

with a PorA content of 1.5 µg. The volume of each dose was 0.3 ml, and each dose 
contained 0.45 mg of AlPO4 as an adjuvant. Immunizations were given subcutaneously 
on days 0 and 28, and serum was collected on day 42. Experiments were carried out in 
duplicate. 

Antibody ELISA
 PorA-specific IgG antibody titers were determined by an ELISA. Briefly, flat-bottom 96-
well microtiter plates (Immulon 2; Nunc, Roskilde, Denmark) were coated overnight at 
room temperature with OMVs of each of the six monovalent PorB/Rmp-negative vaccine 

strains (3 µg of protein/ml). As a control for PorA specificity, we used OMVs of the PorA-
deficient strain HI-5 for coating plates (3 µg of protein/ml). After overnight incubation, 
the plates were washed three times with a 0.03% Tween 80 solution in tap water. The 
plates were then incubated for 80 min at 37°C with threefold serial dilutions of the serum 
samples in phosphate-buffered saline containing 0.05% Tween 80. After incubation, the 
plates were washed three times with 0.03% Tween 80 in tap water. PorA-specific IgG 
levels were measured by using goat anti-mouse IgG-horseradish peroxidase conjugate 
(Southern Biotechnology Associates Inc., Birmingham, Ala.). The conjugate was diluted 
1:5,000 in phosphate-buffered saline containing 0.05% Tween 80 and 0.5% skim milk 
powder (Protifar; Nutricia, Zoetermeer, The Netherlands), and 100 µl was added to the 
wells. The plates were sealed and incubated at 37°C for 80 min. The plates were then 
washed three times with 0.03% Tween 80 in tap water and once with tap water alone. A 
peroxidase substrate (100 µl of 3,3’,5,5’-tetramethylbenzidine with 0.01% H2O2 in 0.11 M 
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sodium acetate buffer [pH 5.5]) was added to each well, and the plates were incubated 
for l0 min at room temperature. The reaction was stopped by adding 100 µl of 2 M H2SO4 
to each well. The IgG antibody titers were expressed as the log10 of the serum dilution 
giving 50% of the maximum optical density at 450 nm. 

Serum bactericidal assay
The SBA of mouse sera against strain H44/76 (B:15:P1.7,16), the five PorB/Rmp-
positive isogenic PorA strains (TR52, TR15, TR1213, TR4, and TR10), and HI-5 were 
determined after two immunizations as previously described [7]. Briefly, sera were 
diluted 1:5 in Grey’s balanced salt solution containing 0.5% bovine serum albumin and 
complement inactivated (30 min, 56°C), and serial dilutions were added to 96-well 
plates. Bacteria were grown in Mueller-Hinton broth (approximately 80 min, 37°C) until 
the optical density at 620 nm was 0.220 to 0.240, diluted in GBSS containing 0.5% 
bovine serum albumin, and added to the wells (total concentration, 104 CFU/ml). Each 
preparation was incubated for 20 min at room temperature. Baby rabbit complement 

(80%) was added, zero-time samples were plated, and the 96-well plates were incubated 
at 37°C for 60 min. The SBA titer was calculated by determining the log2 reciprocal of 
the serum dilution that resulted in 90% killing based on the concentrations in the zero-
time samples. When the SBA titers exceeded 1:640 (log2 >9.32), the serum was diluted 
1:200 before complement inactivation, which enabled measurement of maximum titers 
of 1:25,600 (log2 14.64). 

Statistics
The IgG titer was expressed as the log10 value of the geometric mean titer (GMT) 
obtained for each group of mice plus the standard error of the mean. The SBA titer was 
expressed as the log2 average value obtained for each group of mice. Experiments 
were performed in duplicate. Differences between titers were considered significant at P 
values of 0.05, as determined by the Student t test. 

Results

OMV vaccines
After deoxycholate extraction, the two trivalent OMV preparations contained 2.7 and 
4.0 mg of protein per ml. The protein consisted of approximately 85 to 90% PorA. Minor 
amounts of Rmp, Opa, and Opc were also present, while PorB was absent. The amount 

of GalE LPS in the OMVs was 7.5 to 10% of the amount of protein, and the activity was 
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found to be 370 to 1,000 endotoxin unit (EU)/mg of protein. 

The monovalent OMV vaccines were diluted so that the protein content of each vaccine 
was 1.0 mg/ml. The relative PorA contents varied and were 85% for P.5-2,10 OMVs, 
88% for P1.12-1,13, P1.7,16, and P1.19,15-1 OMVs, 90% for P1.7-2,4 OMVs, and 94% 
for P1.5-1,2-2 OMVs. PorB and Rmp were absent. The amount of wild-type (L3) LPS in 
monovalent OMVs was 4 to 7.5% of the amount of protein, which resulted in a functional 
activity of 8,000 EU/mg of protein in the combined HexaMix vaccine as determined by 
the LAL assay. 

Comparison of PorA-specific responses
The IgG titers against OMVs of Rmp/PorB-negative isogenic strains and the functional 
SBA responses to six Rmp/PorB-positive isogenic strains were measured following 
HexaMen, HexaMix, and monovalent OMV immunizations (Fig. 1A). The SBA titers after 
the different immunizations were compared (Fig. 1B). Irrespective of the presentation 

form or the presence of other PorAs, P1.5-1,2-2 always raised the highest titers, 
followed by P1.7,16 and P1.5-2,10. P1.12-1,13 raised moderate titers, and P1.7-2,4 
and P1.19,15-1 raised the lowest titers. The order of the SBA responses was the same 
for all three immunizations: P1.5-1,2-2 > P1.7,16 P1.5-2,10 > P1.12-1,13 > P1.7-2,4 > 
P1.19,15-1. 

After HexaMen immunization, the IgG titers against P1.5-1,2-2 and P1.7,16 OMVs 
were significantly higher than the IgG titers against all other proteins (Fig. 1A). The 
titers against P1.5-2,10 and P1.12-1,13 OMVs were also significantly higher than the 

titers against P1.7-2,4, while the titers against P1.19,15-1 OMVs were the lowest titers 
observed. The SBA titers showed the same pattern, and the titers against the P1.5-1,2-
2, P1.5-2,10, and P1.7,16 strains were at least 12-fold higher than titers against the 
P1.7-2,4, P1.12-1,13, and P1.19,15-1 strains (Fig. 1B).
HexaMix immunization resulted in the same pattern of PorA-specific IgG and SBA titers 
that was seen after HexaMen immunization: P1.5-1,2-2 P1.7,16 > P1.5-2,10 P1.12-
1,13 P1.7-2,4 P1.19,15-1 (Fig. 1). Even though PorAs were present on monovalent 
OMVs and equal amounts of the PorAs were in the HexaMix vaccine, the IgG and SBA 
titers against P1.5-1,2-2 and P1.7,16 were significantly higher than the titers against the 
other PorAs. 

Immunization with the six PorAs separately again resulted in the same pattern of PorA-
specific IgG and SBA responses that was obtained after immunizations with HexaMen 
and HexaMix; the same three PorAs raised the highest titers, and the same three PorAs 
raised lower titers (Fig. 1).
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When PorA-specific IgG and SBA titers were compared, the P1.5-1,2-2-, P1.7,16-, and 
P1.19,15-1-specific titers were lower after HexaMen immunization than after HexaMix 
or monovalent immunization. The P1.19,15-1 IgG and SBA titers were highest after 
HexaMix immunization, but there was not a significant difference between monovalent 
immunization and HexaMen immunization. The anti-P1.5-2,10, anti-P1.7-2,4, and anti-
P1.12-1,13 IgG and SBA titers after HexaMen immunization were not lower than the 
SBA titers obtained after monovalent or HexaMix immunization. Overall, the pattern of 
SBA titers closely resembled the pattern of the IgG titers, although the IgG and SBA 
titers for individual serum samples were poorly correlated. The titers were PorA specific, 
since the IgG and SBA titers against the PorA-deficient strain HI-5 were generally low 
and absent, respectively (data not shown). 

Figure 1. IgG GMT (A) and SBA titers (B) 
against six PorAs after immunization with 
HexaMen (open bars), HexaMix (solid 
bars), and homologous monovalent OMVs 
(dotted bars). ELISA plates were coated 
with PorB/Rmp-negative OMVs consisting 
of 85 to 94% PorA. The error bars 
indicate the standard errors of the means. 
Asterisks indicate significant differences in 
PorA-specific titers following the different 
types of immunization (P<0.05).
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Although the values of some PorA-specific titers varied among the immunization protocols 
used, the patterns of immunogenicity of the PorAs were the same after all three types 
of immunization; P1.5-1,2-2 was the most immunogenic, followed by P1.7,16, P1.5-
2,10, and P1.12-1,13. The titers against P1.7-2,4 and P1.19,15-1 were low, independent 
of the immunization. The immunogenicities of PorAs differed and appeared to be only 
partially dependent on the trivalent presentation form or the presence of other PorAs. 

Discussion

HexaMen has been shown to be a safe and immunogenic vaccine. However, considerable 
differences in the IgG and SBA titers against the different PorAs were found in clinical 
studies in The Netherlands and the United Kingdom [13, 14]. Antibodies were mainly 
directed against one PorA of each type of vesicle: P1.5-1,2-2 for OMVs of strain HP16215 
and P1.5-2,10 for OMVs of strain HP10124, followed by P1.7,16 and P1.12-1,13. 

Here we showed that the pattern of PorA-specific IgG and SBA titers after HexaMen 
immunization matched the pattern of immunogenicity of PorAs in clinical studies, which 
indicates that the mouse model can function as a predictor of immunogenicity of PorA in 
humans. The four PorAs that raise the highest titers in humans did so in mice as well. 
The lowest titers were observed for PorA subtypes P1.19,15-1 and P1.7-2,4. P1.12-1,13 
gave moderate titers in the mouse model, similar to what was observed in humans. 

Minor differences were observed between the human and mouse responses. P1.5-
1,2-2 appeared to be the most immunogenic protein in mice, while P1.5-2,10 was the 
most immunogenic protein in humans and the response to P1.7,16 was greater in mice 
than in humans. The difference in the magnitudes of the PorA-specific SBA responses 
induced with HexaMen is not restricted to BALB/c mice and humans, since HexaMen 
immunization of NIH mice [11], Wistar rats (unpublished data), and infant cynomolgus 
monkeys [21] resulted in the same pattern. 

In this study, the trivalent presentation form of PorA in HexaMen gave rise to an IgG and 
SBA response profile that was very similar to that obtained with a mixture of monovalent 
OMVs. PorA, which is present in homotrimers on monovalent OMVs [5], may form 

heterotrimers in HexaMen. If so, this had no effect on the profile of the IgG and SBA 
responses and only a limited effect on the sizes of the titers against individual PorAs. 

Some differences between the responses to HexaMen and HexaMix were observed. 
HexaMix gave rise to significantly higher titers for the strong immunogenic PorAs 
P1.5-1,2-2 and P1.7,16. After HexaMen immunization the SBA titers of sera against 
these PorAs were still high (average titers, at least 2,400) and most likely offered good 
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protection against these PorAs. HexaMix immunization resulted in higher P1.19,15-1 
titers than HexaMen or monovalent immunization. There was, however, no difference in 
the P1.19,15-1 titers between monovalent immunization and HexaMen immunization. 

One possible explanation for these minor differences between HexaMix and HexaMen 
may be the endotoxin activity of the L3 LPS in HexaMix, which is 4.5-fold higher than the 
activity of GalE LPS in HexaMen, as determined by the LAL assay. 

Finally, the differences in PorA-specific titers also appeared when mice were immunized 
with monovalent OMVs, which eliminated any form of immunological interference 
by either the putative trivalent presentation form in HexaMen or the simultaneous 
administration of six PorAs. This finding shows that the trivalent presentation form or the 
simultaneous administration of six PorAs has no effect on the pattern and only a limited 
effect on the sizes of the PorA-specific responses. Thus, the differences in the immune 
responses to the six PorAs in HexaMen are not due to immunologic interference but are 
due to differences in the immunogenicities of the PorAs. 

The differences in immunogenicity between PorAs in this study are in line with the 
observations of other workers. First, both Tappero et al. [10] and Perkins et al. [9] showed 
that the P1.7,16 OMV vaccine (NIPH, Oslo, Norway) was more immunogenic than the 
P1.19,15-based OMV vaccine (Finlay Institute, Havana, Cuba) in clinical studies. In 
Icelandic teenagers [10], the proportions of responders (defined as individuals who 
exhibited at least a fourfold increase in the SBA) to the P1.19,15 OMV vaccine were 
not higher than the proportions of responders in the control group, whereas the P1.7,16 
OMV vaccine resulted in a significant increase in the number of responders. A booster 

dose given 12 months later resulted in an increase in the number of SBA responders, and 
again immunization with P1.19,15 OMVs resulted in a lower proportion of responders 
(44%) than immunization with P1.7,16 OMVs resulted in (84%). When SBA titers induced 

by these vaccines were compared, the difference was even more pronounced; the GMT 
for the P1.19,15 group was 9.2, and the GMT for the P1.7,16 group was 64.6. A clinical 
study in Chile with these vaccines [10] indicated that after two doses of the P1.19,15 
OMV vaccine, 38 to 56% of the individuals responded with a fourfold increase in the 
SBA titer, while the P1.7,16 OMV vaccine resulted in 75 to 96% responders. Both OMV 
vaccines are heterologous for antigens other than PorA. Even though other antigens, like 
Opc, induce some bactericidal antibodies [22], PorA is known to be the major antigen for 
bactericidal antibodies, and SBA titers are mainly PorA directed. In HexaMen, in which 

the effects of other antigens are the same for all PorAs, the difference between P1.7,16 
and P1.19,15-1 was still striking, and the SBA GMT for P1.7,16 (5.86) was threefold 
higher than the GMT for P1.19,15-1 (1.95) in toddlers [14]. 
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Second, similar results were obtained by using recombinant PorA with liposomes as 
the vaccine carrier (H. E. Humphries, K. Jolley, J. N. Williams, M. Christodoulides, and 
J. E. Heckels, Abstr. 13th Int. Pathogenic Neisseria Conf., p. 262, 2002). P1.7-2,4 and 
P1.19,15 also raised lower titers than P1.7,16 and P1.5-1,10-4 raised after immunization 
with separate monovalent, combined monovalent, and tetravalent liposomes (Humphries 
et al., Abstr. 13th Int. Pathogenic Neisseria Conf.), also suggesting that certain PorAs 
are immunodominant. 

The cause of the immunodominance of one PorA over other PorAs is unknown, since 
the PorAs are approximately 90% homologous and were thought to behave similarly 
with respect to immunogenicity. The amino acid differences are mainly located in the 
two hypervariable regions, loop 1 and loop 4. The extracellular exposure of these 

loops suggests that the differences in immunogenicity should be due to weaker or less 
accessible B-cell epitopes in P1.7-2,4 and P1.19,15-1. This may be caused by physical 
and chemical properties, like hydrophobicity and the length of the loops. Loop 1 of 
P1.7-2,4 is three amino acids shorter than loop 1 of P1.7,16 but is three, four, and five 
amino acids longer than loop 1 of P1.19,15-1, P1.5-1,2-2, and P1.5-2,10, respectively. 

The accessibility of these loops may be influenced by downward folding, but the length 
of loop 1 gives no indication of a weaker epitope for P1.7-2,4 and P1.19,15-1. Loop 
4, on the other hand, is two amino acids shorter in both weak immunogenic PorAs 
(P1.7-2,4 and P1.19,15-1), indicating that there may be reduced accessibility of this 
loop for antibodies and/or antigen-presenting cells in induction of the immune response. 
This hypothesis is supported by the observation that most antibodies after P1.7-2,4 
OMV immunization are directed against loop 4 and only a few antibodies are directed 

against loop 1. Also, the combination of loops may play a role in the accessibility of the 
epitopes, since steric hindrance of loop 4 can prevent accessibility of loop 1 [23]. The 
lower accessibility of the loops may play a role in the induction of the immune response, 
as well as in measurement of the induced immune response. 

Apart from the differences in the hypervariable regions, there are also a number of amino 
acid differences located throughout the conserved regions of PorA, and this may result 
in differences in T-cell epitopes in the various PorAs. This can happen either directly, 
due to an amino acid variation in the T-cell epitope, or indirectly, due to altered antigen 
processing caused by variations in flanking amino acids. Little is known about the T-
cell epitopes generated after bacterial antigen uptake and processing. The processing 
of a whole protein into T-cell epitopes may very well be affected by the flanking amino 
acids, since the cysteine protease asparagine endopeptidase, for example, is known 
to specifically cut after asparagine residues [24] and an asparagine endopeptidase 
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processing site has a major impact on the presentation of a T-cell epitope [25]. The small 
variations between PorAs can have a major impact on the T-cell epitopes, contributing 

to the differences in immunogenicity between various PorAs. The roles of PorA-specific 
B and T cells and their epitopes must be clarified further if an improved multiple-PorA-
based OMV vaccine is to be developed. Until this is done, HexaMen, with its broad 
protection, relatively easy production, and pattern of immunogenicity of PorAs similar 
to that of HexaMix, is a good vaccine candidate for broad prevention of meningococcal 

disease caused by meningococci serogroup B. 
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Abstract

In the hexavalent meningococcal B OMV vaccine (HexaMen), two of the six Porin A 
proteins present are weakly immunogenic in mice and humans. We investigated the 
possibility that the lower immunogenicity of these serosubtypes (P1.7-2,4 and P1.19,15-
1) could be overcome by using HexaMen and monovalent OMVs in heterologous 
immunization protocols. Whereas HexaMen priming on day 0 followed by a monovalent 
P1.7-2,4 OMV boosting on day 28 (specific boost) did not result in higher titres against 
P1.7-2,4 (on day 42), the reverse order of immunizations (specific priming) resulted 
in significantly higher ELISA and SBA titres, but with lower avidity. For the strongly 
immunogenic PorA P1.5-1,2-2, all strategies gave high antibody responses, while 
avidity was highest after two monovalent P1.5-1,2-2 OMV immunizations. Based on 
the improved antibody titres obtained by specific priming with the weakly immunogenic 
PorA, we extended our study with combined P1.7-2,4 and P1.19,15-1 priming followed 
by two HexaMen booster immunizations. This resulted in higher ELISA and SBA titres 
against these weakly immunogenic PorAs, while the response against the other four 
PorAs was unaffected. Also, we observed an increase in antibody avidity using this 
schedule, indicating that affinity maturation has occurred. In conclusion, we found that 
specific priming, rather than specific boosting with monovalent OMVs, gave a significant 
rise in the serosubtype-specific immune response against a weakly immunogenic PorA, 
with high avidity antibodies in an extended immunization schedule. 
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Introduction

Over the last few decades, a number of vaccines have been successfully introduced 
that have dramatically reduced the numbers of infections caused by several important 
pathogens. Such vaccination schedules have so far always been homologous: that is, 
repetitive administration of the same type and dose of antigen(s), resulting in levels of 
humoral and cellular immunity normally sufficient for protection. More recently, other 
approaches have been developed, either using the same antigen in different vectors or 
using different antigens for boosting [1]. These heterologous prime-boost immunization 
schedules may broaden the specificity of the cellular immune response from a few 
dominant epitopes to a wider array of (sub)dominant epitopes [2] and [3]. This strategy 
has been employed mainly against viral pathogens, such as HepC [4], HSV [5], HPV [6] 
and especially HIV [1], [7] and [8], where a stronger anti-HIV humoral immune response 
is induced [9]. In addition, heterologous prime boost schedules have also shown to 
be effective against certain bacterial pathogens, such as Mycobacterium tuberculosis 
[10], [11] and [12] and Listeria monocytogenes [13], where homologous immunization 
seemed less effective. 
Neisseria meningitidis serogroup B causes the majority of meningococcal infections 
in northern Europe, the presentation of which varies from self-limiting bacteremia to 
meningitis or fulminant sepsis with an overall mortality between 7–10 and 40% in the 
most severe cases [14]. Surviving patients often suffer from serious sequelae [14]. The 
development of a safe and effective meningococcal group B vaccine has been problematic 
due to the poor immunogenicity of the serogroup B capsular polysaccharide, probably 
due to similarity with human glycoproteins [15]. Consequently, vaccine development 
has focused on subcapsular outer-membrane antigens. In sera of patients convalescing 
from invasive meningococcal disease, antibodies against outer membrane proteins 
(OMP) can be detected. These OMPs include Porin A (PorA) [16], Porin B (PorB), Opc 
[17]. More recently, antigens such as NadA, LP2086 and GNA1870 identified from whole 
genome studies have been recognised as potential vaccine candidates [18], [19] and 
[20]. However, most OMPs accessible to protective, bactericidal antibodies are highly 
variable, frustrating the search for a broadly protective vaccine. 
So far, four monovalent OMV vaccines have been developed from wild-type strains of 
serogroup B meningococci that have caused outbreaks of disease: the Finlay Institute 
in Cuba B4:P1.15 OMV (VA-mengoc-BC), the Walter Reed Army Institute (WRAIR) 
in USA: B15:P1.3 and the National Institute of Public Health (NIPH) in Norway B15:
P1.7,16 OMV (MenBVac) and recently together with Chiron B:4:P1.7-2,4 (MeNZB) for 
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New Zealand’s epidemic [21], [22], [23] and [24]. Several efficacy trials conducted with 
the first three of these OMV vaccines have shown efficacies in the range of 50–80% 
in adults but poor efficacy in children less than 4 years (as reviewed by Jodar et al. 
[25]). The OMV vaccines elicited mainly serosubtype-specific bactericidal antibodies, 
however some cross-reactivity that increased after three doses of vaccines in adults 
was demonstrated in the Iceland and Chile studies [22] and [24]. 
To improve the coverage of a PorA-based vaccine, a hexavalent OMV vaccine (HexaMen) 
has been developed [26] by The Netherlands Vaccine Institute (NVI, formerly part of 
the National Institute of Public Health and the Environment, RIVM). After homologous 
immunizations in mice and humans, two of the PorAs (P1.7-2,4 and P1.19,15-1) present 
in HexaMen elicited lower SBA titres compared to other PorAs (P1.5-1,2-2 and P1.5-
2,10) [27], [28] and [29], while the IgG isotype distribution appeared to be similar for 
all PorAs [28]. Recently, it was shown that these serosubtypes also raised the lowest 
titres in mice when given monovalently, indicating that these responses may be due to 
differences in the immunogenicity of the PorAs [29]. It is clearly important to optimise 
the immune response against these serosubtypes (P1.7-2,4 and P1.19,15-1), as these 
are the prevalent strains causing disease in several countries [30] and [31]. 
The recent results obtained by heterologous prime-boost strategies against a number 
of pathogens [1] indicated that this strategy may also be useful to improve the immune 
response against weakly immunogenic PorAs. We investigated the possibility that 
the immune response against weakly immunogenic PorAs could be improved by this 
prime-boost strategy with monovalent and hexavalent OMVs without compromising the 
response against the other serosubtypes. We measured IgG, serum bactericidal activity 
(SBA) and avidity, since affinity maturation is seen as a marker for immunological 
memory [32] and [33]. Various immunization strategies were tested: specific monovalent 
OMV boosting or specific monovalent OMV priming preceded or followed by one or two 
HexaMen immunizations. 
We show that only specific priming gave a significant rise in the serosubtype-specific 
antibody response against the weakly immunogenic PorA P1.7-2,4, with high avidity 
antibodies in an extended immunization schedule. In contrast, specific boosting 
or priming had only little or no effect for the strongly immunogenic PorA P1.5-1,2-2 
compared to two or three HexaMen immunizations. 
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Materials and methods

OMV preparation
All OMVs were prepared by extraction of bacteria with 0.5% deoxycholate (0.1 M Tris–
HCl, l0 mM EDTA, pH 8.6) and purified by differential centrifugation [34]. HexaMen 
was produced using two different trivalent Neisseria meningitidis strains, HP16215 and 
HP10124 [29] and [35]. Each strain produced three different class 1 (PorA) proteins 
(HP16215: P1.7,16, 5-1,2-2, 19,15-1 and HP10124: Pl.5-2,10, 12-1,13, 7-2,4) and was 
negative for capsular polysaccharide (CPS-). Characterisation and control of HexaMen 
based on HP strains was performed as described earlier for the trivalent PL strains [35]. 
Approximately 90% of the vaccine protein consisted of PorA. A low amount of class 4 and 
5 protein was also present, while class 2/3 proteins were absent. HexaMen consists of 
2.6–10% GalE LPS relative to the protein contents. The three monovalent OMV vaccines 
used for the homologous and heterologous immunizations were obtained from class 3- 
and 4-deficient variants of isogenie PorA strains (TR52 (P1.5-1,2-2); TR15 (P1.19,15-
1); TR4 (P1.7-2,4) [36]) in a H44/76 background—a Norwegian patient isolate—differing 
only in the PorA gene. PorA content, as determined by scanning a 12% sodium dodecyl 
sulphate polyacrylamide gel electrophoresis gel stained with coomassie brilliant blue, 
was 88% for P1.19,15-1 OMVs, 90% for P1.7-2,4 OMVs and 94% for P1.5-1,2-2 OMVs. 
Class 2/3 and 4 proteins were absent and a low amount of class 5 protein was present. 
Monovalent OMVs contained 4–7.5% wild-type (L3) LPS. 

Immunizations
Groups of eight female Balb/c mice of 6–8 weeks old (NVI, The Netherlands) were 
given either two or three homologous or heterologous immunizations subcutaneously 
(see Table 1). A monovalent OMV dose consisted of 1.5 μg of PorA in 0.3 ml containing 
0.45 mg AlPO4 as adjuvant. A HexaMen dose consisted of 6 × 1.5 μg of PorA giving a 
total of 9 μg PorA in 0.3 ml containing 0.45 mg AlPO4 as adjuvant. 
The heterologous ‘specific boost’ group first received a HexaMen immunization followed 
by a monovalent OMV booster immunization. The heterologous ‘specific prime’ group 
was primed with a monovalent OMV dose followed by a HexaMen boost. 
The ‘extended specific prime’ group was primed with a combination of P1.7-2,4 
and P1.19,15-1 monovalent OMVs (2 × 1,5 μg of PorA) followed by two HexaMen 
immunizations. Control groups were primed with either mock (0.3 ml vaccine buffer with 
adjuvant only) or HexaMen. Experiments were performed in duplicate, except for the 
‘extended specific prime’ immunization. 
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Table 1. Homologous and heterologous immunization schedules 

Homo/hetero Group d = 0 d = 28 d = 42 d = 56 d = 70

Homologous HexaMen HexaMen HexaMen Sera

Homologous Monovalent P1.7-2,4 P1.7-2,4 Sera

Homologous Monovalent P1.5-1,2-2 P1.5-1,2-2 Sera

Heterologous Specific boost HexaMen P1.7-2,4 Sera

Heterologous Specific boost HexaMen P1.5-1,2-2 Sera

Heterologous Specific prime P1.7-2,4 HexaMen Sera

Heterologous Specific prime P1.5-1,2-2 HexaMen Sera

Extended 
heterologous

Extended Specific prime P1.7-2,4 + P1.19,15-1 HexaMen Sera HexaMen Sera

Extended 
homologous

Extended HexaMen prime HexaMen HexaMen Sera HexaMen Sera

Extended 
homologous

Extended Mock prime Mock HexaMen Sera HexaMen Sera

OMV ELISA
OMV-specific IgG total antibody titres in sera were determined by enzyme linked 
immunosorbent assay (ELISA). Flat-bottomed 96-well microtitre plates (Nunc, Immulon 
2) were coated overnight at RT with OMVs (3 μg protein/ml) in PBS (100 μl/well). For 
coating, OMVs of the class 3 and 4 deficient variants of isogenic strains, TR52 (Pl.5-1,2-
2), TR15 (P1.19,15-1) and TR4 (P1.7-2,4), were used to limit the effect of other antigens 
and to be able to specifically measure anti-PorA antibodies. As a control, OMVs of 
the PorA deficient strain HI-5 [37] were used for coating (3 μg/ml). After coating, the 
plates were washed three times with water–Tween-80 (0.03%). The plates were then 
incubated for 80 min at 37 °C with three-fold serial dilutions of the serum samples in 
PBS containing 0.05% Tween-80. After incubation, the plates were washed again three 
times. Total IgG was measured using goat anti-mouse IgG-HRP conjugate (Southern 
Biotechnology Associates Inc., USA), diluted 1:5000 in PBS containing 0.05% Tween-
80 and 0.5% skimmed milk powder (Protifar, Nutricia, The Netherlands, 100 μl/well). 
Plates were sealed and incubated at 37 °C for 80 min. Plates were washed again three 
times with water–Tween-80 (0.03%) and once with water only. One hundred microlitres 
of the peroxidase substrate (3,3′,5,5′-tetramethylbenzidine with 0.01% H2O2 in 0.11 M 
sodium acetate buffer pH 5.5) was added to each well and the plates were incubated 
for 10 min at room temperature. The reaction was stopped by addition of 100 μl of 
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2 M H2SO4 to each well. IgG antibody titres were expressed as the l0 log of the serum 
dilution giving 50% of the ODmax at 450 nm. 

Avidity ELISA
The avidity of antibodies in sera was determined by an ELISA elution assay, using 
the chaotropic agent thiocyanate (NaSCN). Two different assays were used, either an 
increasing concentration of thiocyanate in combination with a fixed serum dilution [38], 
or a fixed thiocyanate concentration (1.5 M) with increasing serum dilutions [39], in 
which only minor amounts of sera are needed. 
In the fixed serum dilution method, plates were coated and washed as described in 
Section 2.3. Sera were adjusted by dilution to a concentration giving ELISA results of 
50% of the ODmax at 450 nm (OD approximately 1.1) and l00 μl per well was incubated 
at 37 °C for 80 min. Plates were washed three times with water–Tween and incubated 
at RT with 100 μl of an increasing concentration of thiocyanate in PBS (0–5.0 M). After 
15 min, plates were washed three times and were developed using goat anti-mouse IgG-
HRP and substrate as described in Section 2.3. The avidity of the sera was calculated 
as geometric means of avidity (GMA) corresponding to the molar concentration of 
thiocyanate required for a 50% reduction of the absorbency compared to the absence 
of thiocyanate. 
In addition, for the extended heterologous prime schedule we used the fixed thiocyanate 
concentration method as described previously [39], where the sera were serially diluted 
in duplicate. After the incubation with sera, one ELISA plate is incubated with 1.5 M 
thiocyanate for 15 min at RT and the duplicate plate is incubated with PBS. To get 
high resolution of antibodies with different avidities, the concentration of thiocyanate 
was titrated so that the antibodies with low avidity dissociated from the complexes 
while antibodies with medium or high avidity remained bound to the antigens. The 
concentration of thiocyanate used had no effect on the stability of the coated antigens. 
Thereafter, the plates are washed and developed as described in Section 2.3. The titre 
after thiocyanate treatment is a percentage of the original titre and values given are 
geometric means of the avidity index (GMAI) = geometric mean (titre (NaSCN+)/titre 
(NaSCN−) × 100). 

Bactericidal assay
The serum bactericidal activity (SBA) was tested against the isogenic PorA strains 
(TR52, TR15, TR1213, TR4 and TR10 [36]), expressing normal amounts of class 1, 2/3, 
4 and 5, and against HI-5, a PorA deficient strain of H44/76. In short, sera were diluted 
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1:5 in Gey’s Balanced Salt Solution (GBSS) + 0.5% BSA, complement-inactivated 
(30 min 56 °C) and in serial dilutions incubated with bacteria (104 cfu/ml) for 20 min at 
RT in 96-well plates. Baby rabbit complement (20% of total volume) was added, t = 0 
samples were plated and the 96-wells plates were incubated at 37 °C for 60 min and 
plated. The serum bactericidal titre was calculated as the 2 log reciprocal of the lowest 
serum dilution yielding ≥90% killing compared to the cfu counted on time zero plates. 
When SBA titres exceeded 640 (2 log > 9.32), the serum was diluted 1:200 before 
complement inactivation. 

Statistics
IgG titres are expressed as 10 log values of the geometric mean titre of groups of mice 
plus the standard errors of the means (SEM). SBA titres are expressed as 2 log values 
of the averages of groups of mice. Experiments were performed in duplicate (except 
for the extended specific prime groups) and data were taken together when values 
were consistent. Differences between IgG and SBA titres and avidities were considered 
significant at p-values of <0.05 using the Student t-test. Increases in avidity of samples 
of individual animals were considered significant at p-values of <0.05 using a paired 
one-tailed Student t-test. 

Results

Antibody responses after homologous and heterologous immunization 
schedules
To confer broad protection against a variety of pathogenic meningococcal strains a 
multivalent PorA vaccine such as HexaMen is necessary. To see if we could improve 
the immune responses to certain PorAs in HexaMen, the responses after two doses of 
HexaMen are taken as baseline. After two homologous HexaMen immunizations on day 
0 and 28, IgG and SBA titres found against P1.7-2,4 were low (l0 log IgG titre = 2.83 
and 2 log SBA titre = 2.92, Fig. 1A and B, right panels, white bars), while significantly 
higher IgG and SBA titres were raised against P1.5-1,2-2 (IgG = 4.46, SBA = 10.61, Fig. 
1A and B, left panels, white bars). 

To obtain reference titres, we included immunization schedules with two homologous 
monovalent P1.7-2,4 or P1.5-1,2-2 OMV immunizations, as this approach gave the 
highest PorA-specific responses in a previous study [29]. This monovalent Pl.7-2,4 OMV 
schedule induced comparable IgG and SBA titres as HexaMen (IgG = 3.08, SBA = 3.59, 
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Fig. 1A and B, right panels, light gray and white bars, respectively), as was observed 
earlier [29]. Again, serosubtype-specific IgG and SBA titres induced after monovalent 
immunization with P1.5-1,2-2 OMVs were significantly higher (IgG = 4.79, SBA = 14.46, 
Fig. 1A and B, left panels, light gray bars) than those after monovalent P1.7-2,4 OMV 
immunization. IgG and SBA titres were also higher than after two HexaMen immunization 
(IgG = 4.46, p = 0.02; SBA = 10.61, Fig. 1A and B, left panels, light gray and white bars, 
respectively, p < 0.001). 
In the search to improve the immune responses to the weakly immunogenic PorAs 
in HexaMen we altered the immunization schedule with a specific monovalent OMV 
booster or priming immunization combined with HexaMen. 
In the specific boost experiments, mice were given a monovalent P1.7-2,4 or P1 .5-
1,2-2 OMV booster vaccination 28 days after a HexaMen immunization. For the 
weakly immunogenic P1.7-2,4, no change in IgG titres (l0 log = 2.74) or SBA titres 
(2 log = 1.54, Fig. 1, right panels, black bars) was found on day 42 compared to two 
HexaMen immunizations. A monovalent OMV boost of the strongly immunogenic PorA 
P1.5-1,2-2 resulted in lower specific IgG titres (3.51) and SBA titres (8.58, Fig. 1, left 
panels, black bars) compared to two HexaMen immunizations, although this was only 
borderline significant for ELISA (p = 0.058). 
Next, we investigated whether the weak immunogenicity of P1.7-2,4 could be 
overcome by monovalent P1.7-2,4 OMV priming on day 0, followed by a HexaMen 
booster immunization on day 28 (=specific prime). For P1.7-2,4, this approach resulted 
in significantly higher IgG titres (10 log = 4.10) and SBA titres (2 log = 5.11) on day 

Figure 1. PorA-specific IgG (A) and SBA (90% killing) titres (B) against P1.5-1,2-2 (left panels) and P1.7-
2,4 (right panels) after different homologous and heterologous immunization schedules: HexaMen (     ), 
monovalent (     ), specific boost (     ) and specific prime (     , see Table 1). The experiments were performed 
in duplicate. Error bars indicate SEM. An asterisk indicates significant differences (p < 0.05) between the 
indicated groups.
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42 compared to both the HexaMen group and the specific boost group Fig. 1A and 
B, right panels, dark gray bars). The difference with the group receiving two doses 
of monovalent P1.7-2,4 OMVs was only significant for ELISA, but not for SBA titres. 
Also, the percentage of responders, defined as a 2 log bactericidal titre ≥ 2.3, increased 
from 26 to 33% in the group immunized with two doses of HexaMen to 74–100% after 
specific priming (data not shown). 
In contrast, specific priming with the strongly immunogenic PorA P1.5-1,2-2 OMVs did 
not result in higher SBA (10.57) or IgG titres (4.01, Fig. 1A and B, left panels, dark gray 
bars) to P1.5-1,2-2. IgG titres were even significantly lower compared to the HexaMen 
group. 
In all groups, IgG titres against OMVs of the PorA deficient strain HI-5 were very low 
(data not shown) and SBA titres against HI-5 were absent indicating that the immune 
responses were mainly directed against the PorA proteins. 

Avidity of antibodies after homologous or heterologous immunization schedules
Antibody avidity is not only important in the functionality but is also an indication for the 
degree of specific B cell hypermutation and therefore the quality of induced antibodies. 
Two doses of HexaMen resulted in a geometric mean avidity (GMA) of 2.52 (molar 
thiocyanate) for P1.7-2,4 (Fig. 2, right panel, white bar) and a GMA of 2.47 for P1.5-
1,2-2 (Fig. 2, left panel, white bar). Although two HexaMen immunizations resulted in 
low IgG and SBA titres against P1.7-2,4, the avidity of the antibodies was equally high 
for this weakly immunogenic PorA compared to antibodies raised against the highly 
immunogenic PorA. 
The avidity of antibodies against P1.7-2,4 after monovalent OMV immunizations was 
considerably lower compared to HexaMen immunizations (Fig. 2, right panel, light 
gray and white bars, respectively, 1.74 versus 2.52, p = 0.044). In contrast, avidity 
of antibodies against P1.5-1,2-2 was significantly higher after monovalent OMV 
immunizations compared to two doses of HexaMen (3.99 versus 2.47, p = 0.003, Fig. 
2, left panel, light gray and white bars, respectively). 
HexaMen priming followed by monovalent OMV boosting (specific boost) resulted in a 
GMA of 2.34 for P1.7-2,4 (Fig. 2, right panel, black bar) and in a GMA of 3.35 for P1.5-
1,2-2 (Fig. 2, left panel, black bar). Boosting with monovalent P1.7-2,4 OMVs resulted 
in lower IgG and SBA titres compared to two HexaMen immunizations, but avidity of the 
antibodies was just as high (2.34 versus 2.52). Specific boosting for P1.5-1,2-2 also 
resulted in lower titres, while avidity was higher compared to HexaMen (GMA 3.35 
versus 2.47), although this was only borderline significant (p = 0.06). 
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Specific priming with P1.7-2,4 OMVs, which resulted in high IgG and SBA titres, gave 
antibodies with a lower avidity (Fig. 2, right panel, dark gray bar) compared to two 
immunizations with HexaMen (1.45 versus 2.52, p = 0.002) and specific boosting (1.45 
versus 2.34, p = 0.04). Specific priming with the strongly immunogenic P1.5-1,2-2 OMVs 
(Fig. 2, left panel, dark gray bar) gave higher avidity antibodies compared to two doses 
of HexaMen (GMA = 3.31 versus 2.47, borderline p = 0.06). In conclusion, for P1.7-2,4 
PorA, the avidity of the antibodies was higher when HexaMen was used for priming 
compared to monovalent Pl.7-2,4 OMVs. For P1.5-1,2-2, the avidity of the antibodies 
was always higher compared to P 1.7-2,4 regardless the used immunization schedule. 
The highest avidity for anti-P1.5-1,2-2 antibodies was found after two monovalent P1.5-
1,2-2 OMV immunizations. 
Antibody responses after extended heterologous priming schedule
In the heterologous specific prime schedule, HexaMen was given once only as a boost 
and functional titres against other PorAs were still moderate to low on day 42 (data not 
shown). To obtain a broadly protective immune response, high titres against all PorAs 
present in a multivalent OMV vaccine are required. We investigated whether we could 
achieve this by extending the previous ‘specific prime’ schedule with a second HexaMen 
immunization to allow for the immune response against all PorAs to fully maturate. 
As P1.19,15-1 is also known to be weakly immunogenic, we investigated whether the 
immune response could be improved using the same specific prime schedule for this 
serosubtype. Therefore, we primed one group with both P1.7-2,4 and P1.19,15-1 OMV 
and boosted with two doses of HexaMen (d = 28 and d = 56) and compared data on day 
70 to two groups receiving either a mock or a HexaMen prime (see Table 1). 

Figure 2. Geometric mean of avidity (GMA) 
against P1.5-1,2-2 (left panel) and P1.7-
2,4 (right panel) after different homologous 
and heterologous immunization schedules: 
HexaMen (    ), monovalent (    ), specific 
boost (    ) and specific prime (    , see Table 
1). GMA is given as the concentration of 
tyhiocyanate at which OD450 is reduced 50%. 
The experiments were performed in duplicate. 
Error bars indicate SEM. An asterisk indicates 
significant differences (p < 0.05) between the 
indicated groups, non-significant differences 
are indicated by the p-value. 0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

P1.5-1,2-2 P1.7-2,4 

G
M

A
 [

th
io

]

*
p = 0.06 : *



73

Heterologous prime-boost strategy to overcome weak immunogenicity

Priming with both P1.7-2,4 and P1.19,15-1 monovalent OMVs followed by two booster 
immunizations of HexaMen resulted in significantly higher titres against either P1.7-
2,4 (IgG = 4.47, p < 0.01 and SBA = 7.05, Fig. 3A and B, middle panels, black bars, 
p < 0.01) and P1.19,15-1 (IgG = 3.99, p < 0.01, and SBA = 5.39, Fig. 3A and B, right 
panels, black bars, p < 0.01) compared to the group receiving a mock prime (in total 
two immunizations of HexaMen; Fig. 3, white bars) or a HexaMen prime (in total three 
immunizations of HexaMen; Fig. 3, gray bars). 
ELISA and SBA titres against P1.5-1,2-2 and other PorAs (data not shown) were 
unaffected by priming for P1.7-2,4 and P1.19,15-1 compared to mock or HexaMen prime 
(Fig. 3A and B, left panels, black, white and gray bars, respectively). This indicates that 
although P1.7-2,4 and P1.19,15-1 are weakly immunogenic, this can be overcome by 
different immunization protocols including single monovalent OMV priming, resulting in 
titres against all serosubtypes on day 70. In all groups, IgG titres against PorA-control 
(HI-5) were very low (data not shown) and SBA titres were absent. 

Avidity of antibodies after extended heterologous priming schedule
Since avidity after specific priming with P1.7-2,4 was low on day 42, we were interested 
whether this was improved over time in the extended prime boost experiment. The GMA 
against P1.7-2,4 had increased significantly from 1.61 (molar thiocyanate) on day 42 
to 1.83 on day 70 (p = 0.01, data not shown), indicating that immunological memory 

Figure 3. PorA-specific IgG (A) and SBA titres (B) on day 70 against one strongly immunogenic (P1.5-1,2-2, 
left panel) and two weakly immunogenic serosubtypes (P1.7-2,4 and P1.19,15-1, middle and right panel) after 
two HexaMen immunizations, preceded by priming with mock ( ), HexaMen ( ) or P1.7-2,4 and P1.19,15-
1 OMVs combined (    , see Table 1). Error bars indicate SEM. Titres against other serosubtypes were 
unaffected by priming (data not shown). An asterisk indicates significant differences (p < 0.05) between the 
indicated groups. 
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had been acquired. As the fixed serum concentration method required larger amounts 
of small samples of sera we also used a fixed thiocyanate concentration (1.5 M) with 
increasing serum dilutions [39], in which only minor amounts of sera are needed. Using 
this method, we observed an increase in avidity (GMAI) from 27% on day 42 to 45% on 
day 70 (Fig. 4, left panel), which was not significant (p = 0.14). The mock-primed group 
had an GMAI of 37% on day 70 when tested against P1.7-2,4, comparable to the P1.7-
2,4 and P1.19,15-1 primed group (data not shown). 

The avidity against P1.19,15-1 was only measured using a fixed thiocyanate concentration 
avidity ELISA, since some samples were too small to perform the fixed serum dilution 
method. The avidity against P1.19,15-1 was low on day 42 in the P1.7-2,4 and P1.19,15-
1 primed group (GMAI = 24%), comparable to the mock-primed group (GMAI = 18%) 
and increased just significantly to 62% on day 70 (Fig. 4, right panel, p = 0.05), indicating 
that also immunological memory had been acquired against P1.19,15-1. 
The avidity against P1.5-1,2-2 in the P1.7-2,4 and P1.19,15-1 OMVs primed group was 
already high after one HexaMen immunization on day 42 (49%) and had increased even 
further on day 70 (75%, data not shown, p = 0.012) after two HexaMen immunizations, 
indicating that the response against P1.5-1,2-2 is not hampered by priming with P1.7-
2,4 and P1.19,15-1 and that expectedly also P1.5-1,2-2 had induced immunological 
memory. 

Figure 4. Geometric mean avidity indexes 
(GMAI) against P1.7-2,4 and Pl.19,15-1 
after one (sera day 42:    ) or two HexaMen 
immunizations (sera day 70:    ) primed with 
P1.7-2,4 and P1.19,15-1 OMVs combined 
(see Table 1). GMAI is given as the percentage 
of the original IgG titre after 15 incubation with 
1.5 M thiocyanate. Error bars indicate SEM. A 
non-significant difference is indicated by the 
p-value between the indicated groups. 0
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Discussion

The HexaMen vaccine has been developed for a broad coverage of meningococcal group 
B strains causing disease in The Netherlands. HexaMen is both safe and immunogenic, 
but clinical studies and studies in mouse models have shown that SBA and ELISA 
titres as well as the percentage of responders differ between the six serosubtypes [27], 
[28] and [29]. This appeared to be due to an intrinsic difference in immunogenicity of 
the PorAs, since the difference in ELISA and SBA titres was also seen when mice 
were vaccinated with a combination of six monovalent OMV vaccines or monovalent 
OMV vaccine alone [29]. To obtain protection against a wide variety of meningococcal 
isolates, sufficient SBA responses against all serosubtypes present in a multivalent 
OMV vaccine are required. 
Recently, heterologous prime boost immunization schedules have shown promising 
results against a number of problematic vaccine targets by improving the cellular immunity 
against a variety of viral and bacterial infections [1]. Such prime-boost strategies have 
also been shown to enhance the humoral immune response against weakly immunogenic 
proteins, such as NspA, in OMV from heterologous meningococcal strains [40]. This 
strongly indicates that heterologous prime-boost strategies are beneficial for B cell 
immunity as well. Therefore, we investigated the usefulness of heterologous prime-
boost strategy for the weakly immunogenic PorAs in HexaMen. 
In this study, monovalent P1.7-2,4 OMV booster vaccination did not result in an 
improvement of the immune response against P1.7-2,4 compared to two doses 
of HexaMen. In contrast, a good booster effect was found in children with a similar 
monovalent P1.7-2,4 OMV vaccine 2,5 years after three doses of HexaMen [41]. It 
is probable that in this study the primary response has not been fully maturated on 
day 28 and a longer interval or more priming immunizations are required for memory 
to develop. Further studies are needed to determine the optimal priming schedule for 
immunization and the interval for a booster vaccination. 
Specific priming with monovalent Pl.7-2,4 OMVs followed by HexaMen boosting was 
very effective in improving the immune response against the weakly immunogenic 
serosubtype Pl.7-2,4. We postulate that specific priming with monovalent OMVs induces 
a considerable amount of P 1.7-2,4 specific B cells to proliferate and mature into plasma 
cells and memory B cells, which can then be restimulated effectively by HexaMen. 
Comparing monovalent OMV and HexaMen priming, it appears that activation of 
naive B cells and possibly T helper cells is enhanced when Pl.7-2,4 is presented in a 
monovalent OMV. 
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On the other hand, HexaMen is more effective as a booster vaccine for Pl.7-2,4 
(and P1.19,15-1) specific B cells compared to monovalent Pl.7-2,4 OMVs. Possible 
explanations could be: (1) the adjuvant effect; or (2) increased T cell help by HexaMen. 
Firstly, a HexaMen dose consists of approximately six times more PorA and bacterial 
outer membrane components like LPS compared to a monovalent OMV boost. Both 
L3 (monovalent) and truncated LPS like GalE (HexaMen) are known to have a strong 
adjuvant effect [42] because of the activation of the innate immune system via TLR4 [43]. 
PorA and other outer membrane proteins are also able to induce cytokine production 
[44] using innate mechanisms like TLR2 [45] and thereby may have a dose dependent 
stronger adjuvant effect. Secondly, since PorAs share approximately 90% identity, 
common PorA-specific T cell epitopes are expected to exist in the six serosubtypes 
present in HexaMen. Therefore, not only serosubtype-specific T cell epitopes, but also 
common PorA-specific T cell epitopes will be abundant after HexaMen boosting and 
will enable PorA-specific T cells to effectively help P1.7-2,4-specific memory B cells 
to proliferate into plasma cells. The induced immune responses were PorA-specific 
as monovalent OMV and HexaMen immunization did not induce significant SBA titres 
against the PorA deficient strain HI-5 in mice [29] nor in humans [39] and [46]. Therefore, 
we can exclude the role of antibodies directed against other antigens, such as class 5 
OMP or LPS. Using the extended prime boost schedule, we showed that monovalent 
OMV priming can be used to improve the titres against the weakly immunogenic PorAs 
without affecting the titres against the other serosubtypes, which is important to acquire 
broad protection. 
For the strongly immunogenic P1.5-1,2-2 PorA the IgG titres and avidity of the antibodies 
were high especially after two monovalent OMV immunizations resulting in high SBA 
responses. The two heterologous immunization schedules had comparable results, while 
the lowest avidity was found after two HexaMen immunizations. Although the induced 
IgG titres were significantly lower after monovalent OMVs and a booster immunization 
with HexaMen, the SBA response was comparable with two times HexaMen, indicating 
that the avidity is important for functional activity of the induced antibodies as has been 
observed before in vaccinated children [39]. 
HexaMen priming immunization followed by a monovalent OMV or HexaMen booster 
immunization induced antibodies against P1.7-2,4 with the highest avidity. The relative 
high avidity could not compensate for the overall low IgG titres resulting in low SBA 
titres, which is still the common correlate of protection [47]. Therefore, specific boost is 
not suitable for improving the immune response against a weakly immunogenic PorA 
in the short term. HexaMen priming was advantageous for stimulating higher affinity 
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naive B cells to proliferate to plasma cells secreting high affinity antibodies independent 
from the boost, either specific or HexaMen. After specific priming, avidity was lower 
compared to the other immunization schedules although IgG titres were high (Fig. 2, 
white bars). Apparently, if IgG titres reach a sufficiently high level, the avidity is of less 
importance for bactericidal activity. The high IgG titres with lower avidity indicated that 
monovalent priming induced more P1.7-2,4-specific B cells to proliferate, both high and 
lower affinity B cells. It is probable that these lower affinity B cells were restimulated 
by HexaMen effectively but in a relative aspecific way (e.g. LPS) into cells secreting 
bactericidal antibodies with an overall lower grade of affinity maturation and a lower 
avidity index. The high avidity against P1.5-1,2-2 in the extended prime boost schedule 
is consistent with data from clinical studies [33] and [48] and the increase in avidity 
against P1.7-2,4, P1.19,15-1 and P1.5-1,2-2, suggests that immunological memory had 
been acquired. This immunization protocol may also induce a more rapid increase in 
avidity in clinical studies, since in humans only minor increases in avidity were observed 
after two or three doses, while a major increase only occurred after the fourth dose [33]. 
The results from this mouse model suggest a beneficial effect of priming with weakly 
immunogenic PorA on short-term immune responses. The effect on long-term memory 
responses, e.g. induced memory B cells, is currently unknown and requires further 
investigation. It would seem justified to apply heterologous prime-boost strategies in 
clinical studies, using doses of antigens that differ in amount and ratio in the priming 
and boosting stages. This strategy may also be beneficial for other vaccines where 
variants of antigens are combined, such as pneumococcal conjugate-PS vaccines 
in which some PS are less immunogenic than others, despite good T cell help and 
the induction of specific memory T cell responses against the carrier protein CRM197 
[49].The requirement for broadly effective vaccines justifies further research on the 
optimal immunization schedules including the more complex production processes and 
registration protocols that heterologous immunization schedules entail. Although the 
exact mechanisms of these processes have not been fully elucidated and need further 
investigation, specific priming may be a good way of inducing effective responses 
against weakly immunogenic antigens and may therefore prove advantageous in other 
vaccination schedules using multiple antigens. 
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Abstract

Highly homologous meningococcal PorA proteins differ in immunogenicity resulting in 
low or high serum bactericidal antibody (SBA) titers after vaccination. To gain insight 
into the underlying immune response, we investigated serological as well as cellular 
parameters, by counting specific plasma cells in bone marrow and memory B cells in 
spleens from mice after priming and boosting with differentially immunogenic PorAs. 
Production and functionality of IgG against the weakly immunogenic P1.7-2,4 was lower 
at all time points after priming and boosting than of IgG against the strongly immunogenic 
P1.5-1,2-2. This was not associated with a relative lack of P1.7-2,4 specific plasma 
cells. Instead, priming with both PorAs resulted in the appearance of equal numbers of 
plasma cells in the bone marrow, which surprisingly further increased significantly after 
boosting for P1.7-2,4 only. Similarly, after a relative delay during the priming phase, 
boosted P1.7-2,4 specific memory B cells, secreting antibodies after in vitro stimulation, 
largely outnumbered those specific for P1.5-1,2-2. Thus, we report differential regulation 
of P1.7-2,4 and P1.5-1,2-2 B cell immunity, with relative congestion of memory B cell 
and plasma cell compartments in the absence of IgG affinity maturation in response to 
the weaker immunogen. 
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Introduction

Structurally complex protein-based vaccines induce T cell dependent antibody responses. 
B cells recruited into these responses grow exponentially, either in extrafollicular foci as 
plasmablasts, or in follicles where they form germinal centers (GC). Both extrafollicular 
and GC responses yield plasma cells, only the latter being long-lived. B cell growth 
and plasma cell formation in extrafollicular foci is responsible for the fast production 
of specific antibodies, first of the IgM isotype followed by a class switch to IgG [1, 2]. 
However, extrafollicular B cell responses are not associated with affinity maturation 
[1].  In contrast, B cells emerging from GC reactions, either as plasma cells or memory 
B cells, have undergone BCR diversification via somatic hypermutation [2, 3], and 
selection for high affinity BCR expression by rescue from apoptosis  [4]. 
Infections with Neisseria meningitidis serogroup B are a major cause of bacterial 
meningitis or sepsis [5]. High affinity, class-switched bactericidal antibody titers are 
thought to protect against invasion of the meningococcus and disease [6]. Such functional 
antibodies are found in humans and animal models after immunization with Outer 
Membrane Vesicles (OMV), mainly directed against surface exposed immunodominant 
loops 1 and 4 of the variable major outer membrane protein porin A (PorA). This indicates 
that PorA-specific plasma cells eventually emerge from GC reactions. Currently, it is 
still unclear why highly homologous PorA serosubtypes are differentially immunogenic. 
Serosubtypes P1.7-2,4 and P1.5-1,2-2 only differ at 7% of their amino acid residues, 
yet vaccination-induced bactericidal antibody titers against the serosubtype P1.7-2,4 
are consistently lower than those against serosubtype P1.5-1,2-2 [7, 8]. To address 
the underlying immune mechanism, we have analyzed how the IgG class-switched B 
cell response specific for these homologues develops in mice early after priming and 
boosting with PorA-based vaccines. Serum titers, bactericidal activity and avidity of IgG 
antibodies were monitored in individual mice. PorA-specific, IgG-switched plasma cells 
and memory B cells were enumerated in different B cell compartments using a PorA 
optimized B cell ELISPOT assay. The data are consistent with limited production and 
affinity maturation of P1.7-2,4 specific IgG antibodies associated with a relative delay 
in memory B cell numbers in the primary phase of the immune response but with an 
overexpansion of memory B cells and plasma cells after boosting. 
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Materials and methods

Vaccines
OMV were prepared by extraction of bacteria with 0.5% deoxycholate (0.1M Tris-HCl, 
10mM EDTA, pH 8.6) and purified by differential centrifugation [9]. Both OMV vaccines 
used for the immunizations were obtained from class 3- and 4-deficient variants of 
isogenic PorA strains, TR52 (P1.5-1,2-2) and TR4 (P1.7-2,4) [10] in a H44/76 background, 
differing only in the PorA gene. PorA protein content, as determined by scanning a 12% 
SDS-PAGE gel stained with coomassie brilliant blue, was 77% for P1.7-2,4 OMV and 
74% for P1.5-1,2-2 OMV. Class 2/3 and 4 proteins were absent and a low amount of 
class 5 protein was present. OMV contained 4-7.5 lipid/protein % wild type (L3) LPS. 
Liposomes were prepared as previously described [11] using recombinant PorA 
incorporated as antigen and an LpxL1 mutant of LPS as adjuvant [11, 12]. Briefly, 
rPorAs P1.7-2,4 or P1.5-1,2-2 (a gift from Wyeth vaccines, NY, USA) were precipitated 
and dissolved in TBS containing 150 mM n-Octyl β-d-glucopyranoside (OG, Sigma) 
to a final concentration of 200 μg/ml. Meningococcal H44/76 lpxL1 LPS [12] was 
resuspended in 600mM OG. A lipid film was obtained by solvent evaporation of 
Dimyristoyl phosphatidylcholine (DMPC, Rhône-Poulenc Rorer, FRG), dimyristoyl 
phosphatidylglycerol (DMPG, gift from Lipoïd GmbH, FRG), and cholesterol (Sigma) in 
a 8:2:2 molar ratio. The film was solubilized in the PorA solution forming mixed micelles 
(protein/lipid ratio 25 µg/µmol) and LpxL1 was added (protein/adjuvant ratio of 2 (w/
w)). Mixed micelles were rapidly diluted to form liposomes, which were pelleted by 
ultracentrifugation (160,000 × g, 1 h), resuspended in TBS, filtered through sterile 0.2 
µm filters, and characterized as described by Arigita [13]. 

Immunizations and sample collection 
In duplicate sets of experiments, 4 groups of 5 SPF female Balb/c mice 6-8 weeks old 
(NVI, The Netherlands) were untreated or immunized subcutaneously (day 0, 28) with 
OMV, either of the P1.7-2,4 or the P1.5-1,2-2 serosubtype. One OMV dose consisted 
of 1,5 μg of PorA in 0.3 ml containing 0.45 mg AlPO4 as an adjuvant. Longitudinal 
serum samples from individual mice were collected at day 0 (pre-immunization), 14, 28 
(pre-boost) and 42 until mice were sacrificed per group per experiment, either at day 
0, 14, 28 or 42, and bone marrow (2 femurs per mouse) and spleens were collected. 
Immunizations were scheduled such that organs of all groups could be collected and 
used at the same day for assay consistency. 
Additional groups of mice (5 mice/group) were immunized with either P1.7-2,4 or P1.5-
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1,2-2 OMV or with LpxL1 adjuvated liposomes containing 1.5 μg of either PorA in PBS at 
day 0 and 28. Serum, bone marrow (2 femurs) and spleens were collected at day 42. 

Murine cell suspensions and hybridomas
Bone marrow cell suspensions in complete Iscove’s medium (Gibco BRL, USA) 
supplemented with 10% FCS (Hyclone, USA), β-ME and pen/strep/glu (Gibco BRL, 
USA) were obtained by flushing femural bones. Single splenocyte suspensions were 
obtained by meshing of spleens through 100 μm pore size nylon filters and subsequent 
treatment with lysis buffer (155mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA in aqua dest, 
2 min. 4ºC). Bone marrow cells and splenocytes were pooled per group and washed. 
Cells were counted using the TT CASY cell counter (Schärfe system, Reutlingen, 
Germany) and used at 5-10-fold serial dilutions in B cell ELISPOT either directly, or after 
culture for 4-6 days at 3.106 cells/ml in the presence of Pansorbin cells (Calbiochem, 
diluted 1:25000) and 100 U/ml recombinant interleukin-2 (CETUS, Emeyville, USA). 
This latter stimulus differentiates memory B cells into antibody secreting cells (ASC). 
The following B cell hybridomas, specific for immunodominant loops of P1.7-2,4 and 
P1.5-1,2-2 were cultured in complete Iscove’s medium and used as ASC to optimize the 
B cell ELISPOT assay: Mn20B9.34 (loop 4 of P1.7-2,4), Mn22A19.9 (loop 1 of P1.5-1,2-
2),  and Mn16C13F4 (loop 4 of P1.5-1,2-2). Loop 1 of P1.7-2,4 is a hidden epitope and 
does not evoke measurable antibody responses.

ELISA
PorA specific IgG total antibody titers in sera were determined by enzyme linked 
immunosorbent assay (ELISA), as described previously [8]. Briefly, ELISA plates (Nunc, 
Immulon 2) were coated overnight at RT with OMV (3 μg protein/ml) in PBS (100 μl/well) 
of the class 3 and 4 deficient variants of isogenic strains, TR52 (P1.5-1,2-2), TR4 (P1.7-
2,4) and of the PorA-deficient strain HI-5 [14] as a negative control. After coating, the 
plates were washed and incubated for 80 min at 37°C with three-fold serial dilutions of 
the serum samples in PBS + 0.05% Tween 80. Then, plates were washed and incubated 
at 37°C with goat anti-mouse IgG-HRP conjugate (Southern Biotechnology Associates 
Inc, USA), diluted 1:5000 in PBS + 0.05% Tween 80 and 0.5% skim milk powder (Protifar, 
Nutricia, The Netherlands, 100 μl/well). After 80 min, plates were washed and 100 μl 
of the peroxidase substrate (3,3’,5,5’-tetramethylbenzidine with 0.01% H2O2 in 0.11 M 
sodium acetate buffer pH 5.5) was added per well for l0 min at RT, followed by 100 μl 
of 2 M H2SO4 per well. IgG antibody titers were expressed as the average 10Log of the 
reciprocal serum dilutions giving 50% of the ODmax at 450 nm + SEM per time point after 
immunization.
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Avidity ELISA
The avidity of antibodies in sera was determined by an ELISA elution assay, using the 
chaotropic agent sodium thiocyanate (NaSCN, [15]), in two different variants of the 
assay: an increasing concentration of thiocyanate in combination with a fixed serum 
dilution [16], or a fixed thiocyanate concentration (1.5M) with increasing serum dilutions 
[17]. Briefly, in the fixed serum dilution method, plates were incubated with 100μl of 
serum dilution, previously determined to give ELISA results of 50% of the ODmax at 450 
nm (OD approximately 1.1). Plates were washed and replicate wells were incubated 
for 15 minutes at RT with 100 μl of increasing concentrations of NaSCN in PBS (0-5.0 
M). Plates were washed and developed as described above. The avidity of the sera per 
group was calculated as Geometric Means of Avidity (GMA) + SEM corresponding to 
the geomean of the molar concentration of thiocyanate required for a 50% reduction 
of the maximal absorbance in the absence of thiocyanate. In the fixed thiocyanate 
concentration method sera were serially diluted in duplicate. After the incubation, one 
ELISA plate was incubated with 1.5 M thiocyanate for 15 minutes at RT and the duplicate 
plate is incubated with PBS. Then plates were washed and developed as described 
above. The titer after thiocyanate treatment is a percentage of the original titer and 
results per group are expressed as Geometric Means of the Avidity Index (GMAI = 
geomean [titer (+NaSCN) /titer (-NaSCN) x 100]).

Bactericidal assay
The serum bactericidal activity (SBA) was tested against the isogenic PorA strains (TR52 
and TR4) [10], expressing normal amounts of class 1, 2/3, 4 and 5, and against HI-5, 
a PorA deficient strain of H44/76. Briefly, sera were diluted 1:5 in Gey’s Balanced Salt 
Solution (GBSS) + 0.5% BSA, complement-inactivated (30 min 56˚C), and incubated in 
serial dilutions with bacteria (104cfu/ml) for 20 min at RT in 96-well plates. After addition 
of baby rabbit complement (20% of total volume), time zero samples were taken out and 
plated, and the plates were further incubated at 37 ˚C for 60 min before plating. Cfu of 
time zero samples and serum dilutions were counted after incubating for 18-20 hrs at 37 
˚C and 5% CO2 on GC agar supplemented with 1% isovitalex. The serum bactericidal 
titer was calculated as the 2Log of the reciprocal of the lowest serum dilution yielding 
≥ 90% killing of the cfu counted on time zero plates, + SEM. When reciprocals of 
dilutions exceeded 640 (2Log > 9.32), the serum was diluted 1:200 before complement 
inactivation. 
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B cell ELISPOT assay
For the detection of PorA-specific antibody secreting cells (ASC) a B cell ELISPOT 
assay was developed based on previously described methods [18-20]. Briefly, 96-well 
Multiscreen HTS plates (Millipore, Bedford, USA) were coated (o/n 4ºC in 9.6 pH 0.1M 
sodium carbonate buffer) with specific PorA antigens at optimized coating conditions, 
i.e. 50 μg/ml rPorA or 25 μg/ml OMV, or with 25 μg/ml HI5 OMV as PorA negative control, 
or goat anti-mouse IgG (10 μg/ml, Southern Biotechnologies, Birmingham, USA) as a 
positive control. Plates were blocked (5% FCS in PBS 30 min. 37ºC) and washed three 
times with 200μl PBS. For optimization of the assay, loop-specific B cell hybridomas 
were used as ASC [10-100 cells/well]. In vaccination experiments, 5-10-fold serially 
diluted cultured or fresh murine cell suspensions [1.107 to 1.105 cells/ml] were incubated 
in duplicate or triplicate wells o/n (100μl/well). Cells were removed and plates were 
washed three times with 200μl 0.05% Tween 20 in PBS and incubated for 2-4 hours 
(37ºC) with 1:10000 AP-conjugated goat anti-mouse IgG (Southern Biotechnologies, 
Birmingham, USA). Plates were washed three times with 0.05% Tween 20 in PBS and 
once with PBS only and developed with AP conjugate substrate kit (Biorad, Hercules, 
USA) in 0.1M Tris, 0.1M NaCl, pH9.5 buffer for 20-40 minutes at RT. Then, plates were 
washed with water, allowed to dry, and spots were counted. Spots from at least two 
countable cell dilutions were used and expressed as the geometric mean of those 
spots per 106 plated splenic cells or bone marrow, then multiplied by a variable factor to 
obtain the total amount of splenic ASC per animal, or bone marrow ASC per 2 combined 
femurs. The latter are estimated to contain 12.6 % of total mouse bone marrow cells 
[21]. In bone marrow, PorA-specific ASC were only detected using freshly isolated cells, 
and were interpreted as plasma cells relocated to the bone marrow. Stimulation of these 
cells for 4, 5 or 6 days gave far fewer spots, which were smaller in size. In contrast, in 
splenic cell suspensions PorA-specific ASC were only detected after in vitro culturing 
with pansorbin. Equal numbers of the splenic ASC were found after 4, 5 or 6 days of 
culturing, but spots became smaller after 6 days, indicating that antibody secretion was 
reduced. Results of spleen cells cultured for 5 days are shown. Splenic PorA-specific 
ASC were interpreted as memory B cells, resident, temporarily or not, in the spleen as 
ASC precursor cells that need stimuli to differentiate into AS.

FACS analysis
Fresh bone marrow cell suspensions and splenic cell suspensions, before or after 
culturing (see murine cell suspensions and hybridomas section), were washed in FACS-
buffer (1% BSA, 5mM EDTA in PBS), counted, and after pre-incubation with anti-mouse 
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FcR antibodies (clone 2.4G2) for 15’, labeled at 10 6 cells/ml with anti-CD19-PerCP, 
anti-IgG-FITC and anti-CD138-PE (BD Biosciences) monoclonal antibodies for 30 
minutes on ice. Cells were then washed three times in FACS-buffer and resuspended 
in 1% paraformaldehyde in PBS. Flow cytometry was performed using a FACS Calibur 
(BD Biosciences) and data were analyzed using the CellQuest Pro Software (BD 
Biosciences).

Statistical analysis
IgG titers were expressed as 10Log values of the geometric mean titer of groups of 
mice plus/minus the standard errors of the means (SEM). SBA titers are expressed 
as 2Log values of the averages of groups of mice. Differences of IgG and SBA titers 
and avidities between groups were considered significant at p values of < 0.05 using a 
Student t-test. 

Results

Early development of IgG and SBA titers specific for a weakly and a strongly 
immunogenic PorA.
PorA-specific IgG titers have been found to be consistently lower and less functional 
in mice 6 weeks after an immunization schedule of priming with P1.7-2,4 OMV at day 
0 followed by a booster immunization at day 28, than in mice immunized likewise with 
P1.5-1,2-2 OMV[8]. To characterize further the anti-PorA IgG response and to establish 
when these differences arise, i.e. after boosting or already during the priming phase 
of the response, we monitored longitudinally the total PorA-specific serum IgG levels 
and bactericidal activity in sera from individual mice at day 0 (pre-immunization), 14, 
28 (pre-boost) and 42 of the vaccination schedule. IgG (GMT) titers against P1.7-2,4 
were significantly lower at day 14 and day 28 than those against  P1.5-1,2-2 (1.49 and 
2.61 for P1.7-2,4 versus 2.58 and 3.67 for P1.5-1,2-2 respectively, p<0.01, Fig. 1a, 
bars). Only at day 42, the difference between IgG titers for the two vaccines was no 
longer significant (3.81 for P1.7-2,4 versus 4.16 for P1.5-1,2-2), partly due to the smaller 
amount of cumulative serum samples at this time point per group (n=10). However, at all 
three time points after immunization SBA titers against P1.7-2,4 were significantly lower 
than those established against P1.5-1,2-2 (p<0.001, Fig.  1b). This indicates that the 
difference in immunogenicity between P1.7-2,4 and P1.5-1,2-2 is already established 
during the induction phase of the response. Class switching to IgG antibodies occurred 
in response to both PorA serosubtypes, but anti-P1.5-1,2-2 IgG levels rose more rapidly 



94

Chapter 4

and were more functional in SBA than anti-P1.7-2,4 IgG levels. 
To compare affinity maturation of the IgG antibodies, as measured by increases in 
avidity of antibody-antigen interactions over time, sera were tested in an ELISA elution 
assay [16]. The avidity of P1.7-2,4 specific IgG was lower at all time points (Fig.  1a, 
triangles) compared to IgG avidity against P1.5-1,2-2 (Fig. 1a, squares). Additionally, 
the P1.7-2,4- but not P1.5-1,2-2 specific IgG avidity level was arrested at day 14 in the 
primary immune response and required boosting to further increase.

Enumeration of PorA-specific antibody secreting cells by ELISPOT
Since class-switched bactericidal antibody responses against protein antigens reflect 
the involvement of GC reactions, we asked whether the serological differences observed 
in the anti-PorA response might correlate with differences in cellular dynamics of B cell 
types emerging from these reactions. These include antibody-secreting plasma cells 
[22, 23] and antigen-specific IgG-bearing memory B cells, able to differentiate rapidly 
into antibody-secreting cells upon reencounter with antigen [22] or polyclonal activation 
[24]. 

Figure 1. PorA-specific IgG titers 
with corresponding Geometric Mean 
Avidity (A) and SBA titers (B) at day 0, 
14, 28 and 42 against the homologous 
serosubtypes. IgG is expressed 
as 10Log, avidity as the molar 
concentration of thiocyanate and SBA 
(90% killing) as 2Log.     : P1.7-2,4 
specific IgG/SBA titers,    : P1.7-2,4 
specific avidity.     : P1.5-1,2-2 specific 
IgG/SBA titers,    : P1.5-1,2-2 specific 
avidity. Data are from 2 experiments 
with 20, 15, 10 and 5 mice at week 
0, 2, 4 and 6, respectively. Error bars 
indicate SEM.
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To be able to quantify both sets of PorA-specific IgG-secreting cells in our mouse 
model, a PorA serosubtype-specific B ELISPOT assay was developed. rPorA and 
OMV were compared as coating antigens for efficiency and specificity of recognition by 
immundominant loop specific B cell hybridomas.

Loop 1 (P1.5-1) as well as loop 4 (P1.2-2) of P1.5-1,2-2 were equally well recognized 
using either rPorA or OMV as coating antigen (Fig. 2). This was not the case for loop 
4 (P1.4) of P1.7-2,4 which was best preserved after OMV coating for detection of ASC 
(Fig. 2). No cross-reactivity was observed between PorA serosubtypes using these 
hybridomas, nor hybridomas specific for loops 1 or 4 of other PorA serosubtypes (Fig. 
2 and data not shown), indicating that the PorA ELISPOT assay was both highly loop-
specific and quantitative. 

Figure 2. Developed ELISPOT plate coated with rPorA, OMV and anti-IgG, incubated with 20, 10 or 5 PorA-
specific hybridomas/well. Coating was done with 50 μg/ml of P1.7-2,4 or P1.5-1,2-2 (see right column) with 
either recombinant PorA or OMV (see bottom line). Positive control wells (column 6 and 12) were coated 
with anti-mouse IgG antibodies (10μg/ml). Hybridoma cells specific for loops P1.5-1, P1.2-2 or P1.4 (see 
left column) were incubated in three concentrations in dublicate: 20, 10 or 5 cells/well (see top line) for 18 
hours.
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Development of P1.7-2,4 and P1.5-1,2-2 specific plasma cells and memory B cells 
following priming and boosting.
To quantify numbers of PorA-specific plasma cells emerging from the P1.7-2,4 and P1.5-
1,2-2 GC reactions, in two independent experiments per vaccine freshly isolated bone 
marrow cell suspensions from 5 mice at day 0 (pre-immunization), 14, 28 (pre-boost) 
and 42 of the OMV immunization schedule were pooled per group. FACS analysis of 
these cell suspensions, gated either as small or large bone marrow cells, indicated the 
presence of a subset of CD19+ B cells expressing intermediate levels of the plasma cell 
marker CD138. As shown in Figure 3 for mice receiving P1.7-2,4 OMV, no differences in 
this pattern were found between cells from control mice and immunized mice (histogram 
overlays, upper two panels), nor were differences found between mice receiving different 
vaccines (data not shown). 
However, increasing numbers of PorA-specific ASC, counted after serial dilution of bone 
marrow cells in B cell ELISPOT, were found with time. In a representative vaccination 
experiment of two, P1.7-2,4 and P1.5-1,2-2 specific ASC in bone marrow were induced 
from undetectable numbers at day 0 to 197 versus 246 ASC per 2 femurs, respectively, 
at day 14 (Fig. 4a). Two weeks later these numbers had increased at the same rate (460 
versus 586, respectively). At day 42 however, the number of P1.7-2,4 specific ASC in 
bone marrow per mouse had doubled (1025), while the number of P1.5-1,2-2 specific 
ASC remained unaltered (585).

To detect memory B cells we provided in vitro mitogenic stimuli to post-vaccination 
derived and control splenic cell suspensions, in analogy to human B cell studies [18, 
24]. Before culture, both small and large spleen cell populations contained CD19+ve B 
cells, with no or limited coexpression of CD138, irrespective of time after vaccination 
or vaccine given (shown for a typical example in Fig. 3, middle panels). As anticipated, 
in B cell ELISPOT no PorA-specific ASC were detectable in freshly isolated spleen cell 
suspensions (data not shown). Five days of mitogenic stimulation reproducibly induced 
a typical shift in cell morphology and marker expression of spleen cells. The small non-
granular lymphocyte population contained B cells, with diminished CD19 and IgG cell 
surface expression, and lacking CD138 (shown for a representative series, Fig. 3, lower 
panels). In vitro culturing however, also induced the presence of a significant population 
of larger splenic B cells, likewise with decreased CD19 and IgG levels, but coexpressing 
high levels of CD138, indicating plasma cell differentiation (Fig. 3, lowest panel).
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Although no phenotypic differences of cultured spleen cells were observed in time after 
vaccination (Fig. 3, lower panels) or between vaccination experiments (data not shown), 
functional differences were revealed by B cell ELISPOT, as illustrated for a representative 
experiment in Figure 4. While specific antibody secretion of cultured spleen cells from 

Figure 3. Cell surface phenotyping of B cell populations in bone marrow and splenic cell suspensions 
obtained from mice before and at different time points after vaccination. Fresh bone marrow cells (upper 
two panels) and spleen cells, uncultured (middle panels) or cultured for 5 days with Pansorbin and IL-2 
(lower panels), were analyzed for CD19, IgG and CD138 cell surface expression. Regions in representative 
forward-side scatter plots indicate the cells analyzed for the parameters depicted by the histograms. 
IgG and CD138 were analyzed in the CD19 positive, marked region. No CD138+ cells were present in 
the CD19- fraction (data not shown), and unstained and isotype controls were negative. In the overlays, 
histograms represent samples from mice at day 0 (bold line), 14 (normal line), 28 (dashed line), and 42 
(striped and dotted line) after vaccination with P1.7-2,4 OMVs. Mean percentages of positive cells are 
indicated. Dashed lines provide points of reference to compare bone marrow or spleen samples. For 
each sample in the overlays cells were recovered from tissues pooled from 5 mice, and these data are 
representative of two separate experiments. Similar results were obtained after P.1.5-1,2-2 OMV vaccination 
(data not shown).
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control mice was undetectable, significant numbers of PorA-specific memory B cells 
were revealed at day 14, be it at a 3-fold lower level for P1.7-2,4 than for P1.5-1,2-2 (588 
versus 1884, respectively, Fig. 4b). At day 28 the numbers of splenic memory B cells had 
further increased for both antigens, but relatively faster for P1.7-2,4 (to 2240 vs 3949 
ASC, respectively). At day 42, the number of P1.7-2,4 specific splenic memory B cells 
had further exponentially augmented to 10554, while those specific for P1.5-1,2-2 had 
remained constant. Hence, while antibody titers still increased and maturated for P1.5-
1,2-2 after boosting, this was not paralleled by a further increment in BM plasma cells 
or splenic memory B cells. In contrast, numbers of P1.7-2,4 specific BM plasma cells 
or splenic memory B cells increased a factor 2- and 5-fold, respectively, upon boosting, 
thereby outnumbering their counterparts involved in the P1.5-1,2-2 response. 

Figure 4. PorA specific plasma 
cells in BM (A) and memory B 
cells in the spleen (B).                 
Cell numbers are calculated 
per animal (per two femurs or 
spleen) at day 0, 14, 28 and 
42 against P1.7-2,4 (     ) and 
P1.5-1,2-2 (     ). ELISPOT 
plates were coated with class 
3/4 negative OMV consisting of 
74-77% PorA and HI-5 was used 
as control.
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Hyperproliferation at day 42 of the B cell response to P1.7-2,4 antigen is 
independent of vaccine formulation
To investigate whether the higher number of B cells involved in the boost phase of the 
P1.7-2,4 response could also be observed using other formulations of the P1.7-2,4 
antigen for vaccination, we compared IgG titers, BM plasma cells and splenic memory 
B cells in mice at day 42 after immunizing with OMV or with liposomes [13], which 
contained equal amounts of P1.7-2,4 or P1.5-1,2-2 proteins as OMV, and LpxL1, a 
genetically modified form of neisserial LPS [11, 12], as an adjuvant. P1.7-2,4 IgG titers 
were lower than P1.5-1,2-2 IgG titers, in both the OMV and liposome vaccinated groups 
(p= 0.01 and p=0.057 respectively, Fig. 5, black bars). 

Trends in bactericidal activity and avidity were also in accordance with the earlier 
findings, with SBA titers and avidity indices against P1.7-2,4 significantly lower for both 
the liposome and OMV vaccinated groups at day 42 (SBA p=0.004 and p=0.003, Fig. 
5, gray bars; avidity Fig. 5, triangles). In ELISPOT, BM plasma cells from liposome-
immunized mice were 2-3 times more numerous for P1.7-2,4 than for P1.5-1,2-2 at day 
42, independent of whether OMV or rPorA were used as coating antigen in ELISPOT 
(Fig. 6a). The average number of specific splenic memory B cells per mouse was 
also higher at day 42 for P1.7-2,4 than for P1.5-1,2-2 (Fig. 6b). This indicates that 
overexpansion of P1.7-2,4 specific memory B cells and plasma cells at this stage of the 
anti-PorA response is caused by intrinsic properties of the P1.7-2,4 antigen, and not by 
formulation differences.   

Figure 5. PorA-specific IgG (    ) titers 
with corresponding (    ) Geometric Mean 
Avidity Index (A) and SBA titers (    ) at day 
42 against the homologous serosubtypes, 
after liposome or OMV immunization, as 
indicated on X-axis. IgG is expressed 
as 10Log and SBA (90% killing) as 
2Log (left Y-axis). GMAI is expressed as 
the percentage of the titer using 1.5 M 
thiocyanate (right Y-axis). Data are from 
1 experiment with 5 mice per group. Error 
bars indicate SEM.
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Discussion

The P1.7-2,4 is the predominant serosubtype of serogroup B meningococci [25] in 
western Europe and New Zealand [26], implicating a weak natural immunity against this 
porin. In this study we investigated for the first time the early development and maturation 
of B cells specific for this relevant vaccine antigen, and its more immunogenic natural 
homologue P1.5-1,2-2 in a mouse model of PorA immunization. Poor immunogenicity of 
P1.7-2,4 as characterized by impaired secretion and affinity maturation of IgG antibodies 
after priming and boosting, was not associated with a relative lack of arising P1.7-2,4 
specific B cells. Instead, we found hyperproliferation of P1.7-2,4 specific B cells in the 
post booster phase, using either OMVs or adjuvated liposomes, indicating that this 
phenomenon is caused by an intrinsic property of PorA and not by its presentation 
form.
Emergence of specific serum IgG levels after vaccination with complex proteinaceous 
antigens reflects T cell dependent development of GC reactions, in which B cells with 

Figure 6. PorA-specific plasma cells 
in BM (A) and memory B cells in 
the spleen (B) after rPorA-liposome 
immunization. Cell numbers are 
calculated per animal (per two femurs 
or spleen) at day 42 against P1.7-2,4 
(     ) and P1.5-1,2-2 (     ). ELISPOT 
plates were coated either with rPorA 
or class 3/4 negative OMV consisting 
of 74-77% PorA, as indicated on the 
X-axis. HI-5 was used as control.
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a wide spectrum of affinities expand and are selected for high affinity, class-switched 
surface immunoglobulin expression [4, 27, 28]. End-differentiated plasma cells emerging 
from these GC reactions from the second week after initial antigen exposure [3] have 
been proposed to represent those cells having undergone somatic hypermutation most 
successfully [28]. Hence, the differences observed in PorA-specific IgG responses in 
our OMV vaccination model should be accounted for by selective checkpoints preceding 
and leading to plasma cell formation during GC reactions. Although the sequence of 
events critical for the outcome of B cell responses to wild type antigens remains poorly 
understood, at least three antigen-related parameters should be taken into account. 
First, a number of studies have implied that secretion of IgM is a pre-requisite for 
optimal induction and formation of GC reactions and IgG production [29, 30]. Natural 
IgM antibodies could be detected against both PorAs in naïve mice, with P1.5-1,2-2 IgM 
titers being 1.5 times (1.25 times using 10Log values) higher than P1.7-2,4 IgM titers 
(8.3 vs 5.4, data not shown), while immunization induced a temporal 3 fold increase in 
IgM titer specific for P1.7-2,4, as compared to a 5 fold increase in IgM for P1.5-1,2-2, as 
measured at day 14 (data not shown). These data indicate that if natural IgM secretion 
specific for these porins defines further GC development, then differences in naïve or 
primed titers smaller than a factor 2 were to play a role.
Another important antigen related factor required for naïve B cells to enter and leave 
GC reactions is cognate T cell help [31]. At present no serosubtype unique or conserved 
murine CD4 T cell epitopes have been identified in PorA. >90% Identical meningococcal 
porins diverge mostly at their surface exposed hypervariable loops, leaving considerable 
membrane-embedded conserved parts of the protein available for shared T cell epitope 
generation. However, human T cell lines specific for several conserved epitopes in PorA 
are consistently less reactive against P1.7-2,4 than against P1.5-1,2-2 in proliferation 
assays (C. van Els, unpublished data), indicating that serosubtype dependent antigen 
processing may play a role in efficiency of epitope display. Whether this could be a 
limiting factor determining the outcome of in vivo P1.7-2,4 and P1.5-1,2-2 specific GC 
reactions needs to be clarified. Immunizations in DO.11.10 TCR transgenic mice using 
wild type P1.7-2,4 OMV and OMV from a recombinant P1.7-2,4 OMV strain containing 
the OVA323-339 T helper cell epitope are being prepared to study whether the P1.7-2,4 
specific immune response can be accelerated or increased through optimizing available 
CD4 T cell help. (Thomas Luijkx, unpublished data). 
Thirdly, at different stages of the GC reaction the local presence of intact antigen is 
required. Specific B cells that initially enter the GC cycle expand rapidly, which is coupled 
to BCR diversification through somatic hypermutation [32]. The variant BCR are then 
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expressed on the surface of noncycling centrocytes and allow selection and competition 
based on BCR binding to antigen. Hence, both entry into GC cycle and survival of GC B 
cells are affinity-based competitive mechanisms driven by local antigen [4, 27, 33-35]. 
Follicular dendritic cells have been implicated to provide a local depot of antigen by 
capturing immune complexes via their FcγR and complement receptors [36], although 
this mechanism has been debated [4, 37]. Affinity maturation of the P1.7-2,4 specific 
IgG B cell response was impaired and boosting with antigen was required for further 
maturation, indicating that the local depot of antigen might have been limited. Studies 
to investigate the persistence of local antigen in P1.7-2,4 and P1.5-1,2-2 GC reactions 
in tissue sections are ongoing. 
Hence, although further studies are needed to clarify which factors have limited the 
P1.7-2,4 response, our study demonstrated that poor immunogenicity of P1.7-2,4 is not 
due to the absence of a mature IgM B cell repertoire or a relative lack of IgG-producing 
plasma cells in the primary immune response, pointing in the direction of a defect in the 
quality of antibodies produced at the single cell base. Moreover, unrestrained, rather 
than impaired, secondary proliferation of B cells specific for the weak immunogen P1.7-
2,4 was observed, reminiscent of GC congestion observed in genetically manipulated 
mice lacking factors that regulate somatic hypermutation or terminal differentiation in B 
cells [38, 39]. Our data imply that lack of affinity maturation associated with secondary 
unrestrained B cell proliferation can also occur in wild type mice in response to pathogen-
derived antigen variants, suggesting a physiological linkage of these phenomena. 
Following priming, equal numbers of plasma cells specific for P1.7-2,4 and P1.5-1,2-2 
appeared to relocate to the BM, but the development of splenic memory B cells seemed 
delayed for P1.7-2,4. If both processes are affinity-driven this indicates that checkpoints 
involved in exit from GC as memory B cells are of higher stringency than those involved 
in exit as plasma cells. Preexisting antibody and B cell immunity against meningococcal 
outer membrane porins is an important defense mechanism against infection with 
serogroup B meningococci. Our study not only further demonstrated fundamentally 
different characteristics in the early antibody response against >90% identical PorA 
serosubtypes, but revealed a hitherto unknown relationship between serologic and 
cellular parameters in vaccine-induced immune mechanisms. A better understanding of 
factors that drive successful affinity maturation, and regulation of B cell proliferation and 
differentiation are important to improve vaccine-induced immune responses against 
poor immunogens.
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Abstract

Successful vaccine-induced protection requires both immediate protective immunity 
and the induction of long term memory. The immediate protective response against 
meningococcal infection, as measured by serum bactericidal activity (SBA), declines 
within 12 months in clinical studies with both PorA-based OMV and CPS conjugate 
vaccines, raising concern for the level of vaccine-induced protection. The induction of 
PorA-specific B cell memory and its role in long-term protection against meningococcal 
infection is still elusive. To understand further the induction of immediate and long-term 
immunity, we studied PorA-specific humoral parameters and B cell kinetics in a long-
term murine immunization schedule. We used the subdominant PorA P1.7-2,4 as a 
model antigen in either a monovalent or a hexavalent OMV vaccine (HexaMen). A two 
dose monovalent OMV regimen induced a stable PorA-specific memory B and plasma 
cell pool, while titers declined within one year. Memory B cells remained functional, 
as a subsequent booster induced an increase in bone marrow plasma cell numbers 
and antibody titers. Using a single monovalent or HexaMen immunization, we detected 
PorA-specific memory B cells 15 weeks later and observed a PorA-specific booster 
effect in antibody titers and plasma cells following subcutaneous (sc) boost. In addition, 
natural intranasal exposure of mice to live bacteria 15 weeks after a single HexaMen 
immunization induced a PorA-specific booster effect, measured in serum, although 
slower and with different cellular kinetics compared to sc booster immunization. Thus, 
declining titers in our mouse model paralleled humoral kinetics in clinical studies and 
the presence of a constant memory B cell and plasma cell pool indicated maintenance 
of both B cell types. Even when a one dose priming regimen was not sufficient for 
the induction of immediate SBA levels, functional PorA-specific immunological B cell 
memory was acquired, suggesting that measuring SBA alone may underestimate 
vaccine-induced protection.
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Introduction

Protection against infections acquired through vaccination is based mainly on two 
immunological pillars: induction of an immediate protective immune response and 
the formation of long-term immunological memory to prevent future infections. For 
meningococcal infections, vaccine-induced immediate protection is currently defined 
as Serum Bactericidal Activity (SBA) [1], which is mediated by high-affinity, antibody-
producing plasma cells. In clinical studies with a hexavalent PorA-based Outer 
Membrane Vesicles (OMV) vaccine (HexaMen) two or three immunizations and a 
booster dose are required to obtain protective SBA titers against all six represented 
PorA serosubtypes [2-4]. Despite this vigorous priming regimen and the increase in IgG 
avidity, which is suggested to be indicative of B cell memory [5-7], SBA titers decline 
with time to near baseline levels, a phenomenon also seen after meningococcal group 
C polysaccharide conjugate vaccination [8]. In general, the decline in SBA titers after 
meningococcal vaccination raises concern regarding the duration of vaccine-induced 
protection. In particular, waning of modest SBA titers against immunosubdominant PorA 
serosubtypes in protein-based group B vaccines requires attention. 
Subdominance of B cell immunity against the PorA serosubtype P1.7-2,4, measured 
as  consistent, relatively low SBA titers and IgG avidity, is not mediated by a relative 
lack of specific bone marrow plasma cells in a short-term immunization schedule in a 
preclinical mouse model (this thesis, Chapter 4). Whether in this model SBA titers also 
decline with time and whether this correlates with a gradual disappearance of IgG-
producing plasma cells in the long-term has not been studied yet. 
The second major component of vaccine-induced protection, immunological memory, 
is the establishment of a specific pool of memory B cells, responsible for continuous 
low-grade self-renewal and replenishment of plasma cells under homeostatic conditions 
[9-12]. In the absence of protective antibody titers, memory B cells are also thought to 
mediate protection against infection by rapidly differentiating into antibody-producing 
plasma cells upon exposure to antigen. In line with this hypothesis, individuals with 
waning antibody titers against Haemophilus influenzae type b were still protected 
against invasive disease [13, 14]. In the case of meningococcal vaccination, the 
establishment of B cell memory remains largely elusive [15]. Earlier we found that PorA-
based OMV vaccines induced the establishment of a PorA-specific memory B cell pool 
for both an immunodominant and a subdominant antigen as early as two weeks after 
immunization in mice (this thesis, Chapter 4). The long-term persistence of this PorA-
specific memory B cell pool, and its behavior after antigen re-encounter, has not been 
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studied yet, while more knowledge is required to optimize vaccine-induced immune 
responses, especially for the subdominant P1.7-2,4 antigen. To further understand the 
induction of immediate and long-term immunity specific for a subdominant PorA, we 
studied the IgG and SBA titers as well as memory and plasma B cells against P1.7-2,4 
in a long-term murine immunization schedule. The effect of one versus two priming 
doses on serological and cellular parameters was assessed, as well as the functionality 
of the B cell memory response after subcutaneous boosting with vaccine or after natural 
exposure to meningococci via the respiratory tract. Our data indicate that even when 
priming was not sufficient for the induction of immediate SBA levels, functional P1.7-2,4-
specific immunological memory was acquired, suggesting that measuring SBA alone 
may underestimate vaccine-induced protection. 

Materials and methods

Vaccine preparation
OMV vaccines were prepared by extraction of bacteria with 0.5% deoxycholate 
(0.1M Tris-HCl, 10mM EDTA, pH 8.6) and purified by differential centrifugation [16]. 
Two monovalent OMV vaccines were obtained from class 3- and 4-deficient variants 
of isogenic PorA strains TR52 (P1.5-1,2-2) and TR4 (P1.7-2,4) [17] in a H44/76 
background, differing only in the PorA gene. PorA content, as determined by scanning 
a 12% sodium dodecyl sulphate polyacrylamide gel electrophoresis gel stained with 
coomassie brilliant blue, was 77% for P1.7-2,4 OMVs and 74% for P1.5-1,2-2 OMVs. 
Class 2/3 and 4 proteins were absent and a low amount of class 5 protein was present. 
Monovalent OMVs contained 4-7.5 % wild type (L3) LPS. A hexavalent OMV vaccine 
(HexaMen) was produced using two different trivalent Neisseria meningitidis strains, 
HP16215 and HP10124 [18,19]. Each strain produced three different class 1 (PorA) 
proteins (HP16215: P1.7,16, 5-1,2-2, 19,15-1 and HP10124: P1.5-2,10, 12-1,13, 7-2,4) 
and was negative for capsular polysaccharide (CPS -). Characterization and control of 
HexaMen based on HP strains was performed as described earlier [20]. Approximately 
90% of the vaccine protein consisted of PorA. A low amount of class 4 and 5 protein 
was also present, while class 2/3 was absent. HexaMen consists of 2.6-10% GalE LPS 
relative to the protein contents. 

Immunizations
Three immunization schedules were used (see table 1). In the 2+1 (sc) schedule, groups 
of 12 female Balb/c mice of 6-8 weeks old (NVI, The Netherlands) were immunized 
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subcutaneously (sc) with monovalent P1.7-2,4 or P1.5-1,2-2 OMVs at week 0 and 4. 
At 57 weeks post immunization (wpi), six mice per group were sacrificed, while the 
remaining mice were given a homologous booster immunization sc and were sacrificed 
two weeks later (59 wpi). 
In the 1+1 (sc) schedule, 8 female Balb/c mice were immunized once sc with either 
monovalent P1.7-2,4 OMV (three groups) or HexaMen (three groups). At 15 wpi, 
mice were boosted with mock (AlPO4 in sucrose buffer), monovalent P1.7-2,4 OMV or 
HexaMen sc and were sacrificed at 19 wpi.
In the 1+1 (in) schedule, 8 mice per group were immunized with either P1.7-2,4 
monovalent OMV or HexaMen sc. At 15 wpi, mice were intranasally (in) exposed to 
P1.7-2,4 or P1.5-1,2-2 isogenic bacteria (TR4 and TR52, 1.107 in 10 μl PBS per nostril) 
or PBS alone. To optimize potential adherence to mouse epithelial cells, we used OpaJ 
and OpaB positive variants of TR4 and TR52 [17]. Mice were sacrificed at 19 wpi. 
In all experiments, blood samples for serological analysis were obtained from individual 
mice in the course of vaccination by orbital puncture. At the time of euthanasia, blood 
was obtained by heart puncture and spleen and bone marrow (2 femurs per mouse) 
were collected.
A monovalent OMV dose consisted of 1,5 μg of PorA in 0.3 ml containing 0.45 mg AlPO4 
as adjuvant. HexaMen dose consisted of 6 x 1.5 μg of PorA giving a total of 9 μg PorA 
in 0.3 ml containing 0.45mg AlPO4 as adjuvant. 

OMV ELISA
OMV-specific IgG total antibody titers in sera were determined by enzyme linked 
immunosorbent assay (ELISA) as described previously [18]. Flat-bottomed 96-well 
microtitre plates (Nunc, Immulon 2) were coated with class 3 and 4 negative OMVs (3 
μg protein/ml) in PBS (100 μl/well), using OMVs of the PorA deficient strain HI-5 [21] 
as control. Plates were incubated with three-fold serial dilutions of the serum samples 
in PBS containing 0.05% Tween-80. After incubation, the plates were washed and total 
IgG was measured using goat anti-mouse IgG-HRP conjugate (Southern Biotechnology 
Associates Inc, USA), diluted 1:5000 in PBS containing 0.05% Tween-80 and 0.5% skim 
milk powder (Protifar, Nutricia, The Netherlands, 100 μl/well). Plates were incubated, 
washed and 100 μl of the peroxidase substrate (3,3’,5,5’-tetramethylbenzidine with 
0.01% H2O2 in 0.11 M sodium acetate buffer pH 5.5) was added to each well. After 10 
min, the reaction was stopped by adding 100 μl of 2 M H2SO4 to each well. IgG antibody 
titers were expressed as the 10Log of the serum dilution giving 50% of the ODmax at 450 
nm.
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Schedule Groups Primary immunization(s) Secondary immunization End 

2+1 (sc) 2 Groups: 0 and 4 wpi, sc 57 wpi, sc 59 wpi

P1.7-2,4 P1.7-2,4 OMV P1.7-2,4 OMV

P1.5-1,2-2 P1.5-1,2-2 OMV P1.5-1,2-2 OMV

1+1 (sc) 6 Groups: 0 wpi, sc 15 wpi, sc 19 wpi

Mono-mock P1.7-2,4 OMV mock 

Mono-mono P1.7-2,4 OMV P1.7-2,4 OMV

Mono-Hexa P1.7-2,4 OMV HexaMen

Hexa-mock HexaMen mock 

Hexa-mono HexaMen P1.7-2,4 OMV

Hexa-Hexa HexaMen HexaMen

1+1 (in) 4 Groups: 0 wpi, sc 15 wpi, in 19 wpi

Mono-mock P1.7-2,4 OMV PBS

Mono-mono P1.7-2,4 OMV P1.7-2,4 bacteria

Hexa-mock HexaMen PBS

Hexa-mono HexaMen P1.7-2,4 bacteria

Bactericidal assay
The serum bactericidal activity (SBA) was tested against the isogenic PorA strains 
(TR52 and TR4), expressing normal amounts of class 1, 2/3, 4 and 5, and against HI-5, 
a PorA deficient strain of H44/76, as described previously [18]. Briefly, sera were diluted 
1:5 in Gey’s Balanced Salt Solution (GBSS) + 0.5% BSA, complement-inactivated (30 
min 56˚C) and incubated in serial dilutions with bacteria (104cfu/ml) for 20 min at RT in 
96-well plates. Baby rabbit complement (20% of total volume) was added, t=0 samples 
were plated and the 96 wells plates were incubated at 37 ˚C for 60 min and plated. 
The serum bactericidal titer was calculated as the 2Log reciprocal of the lowest serum 
dilution yielding ≥ 90% killing compared to the cfu counted on time zero plates. When 
SBA titers exceeded 640 (2Log > 9.32), the serum was diluted 1:200 before complement 
inactivation. 

B cell ELISPOT
PorA-specific B cells were detected using the B cell ELISPOT as described earlier (this 
thesis, Chapter 4). Briefly, spleen and bone marrow cells were isolated, pooled per group, 
washed and erythrocytes were removed from the splenic cells by lysis buffer (155mM 

Table 1. The three immunization schedules with represented groups. Time is indicated in weeks post 
immunization (wpi), sc = subcutaneous and in = intranasal exposure.
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NH4Cl, 10 mM KHCO3, 0.1 mM EDTA in aqua dest., 2 min. 4ºC). Cells were counted 
using the TT CASY cell counter (Schärfe system, Reutlingen, Germany). Bone marrow 
cells were 5 or 10-fold serially diluted from 1.107 to 8-10.104 cells/ml. Splenic cells were 
first cultured (3.106 /ml) for 5 days in complete Iscove’s medium (Gibco BRL, Grand 
Island, USA) supplemented with 10% FCS (Hyclone, Logan, USA), βME  and pen/strep/
glu (Gibco BRL, Grand Island, USA) in the presence of Pansorbin cells (Calbiochem) 
diluted 1:25000 and 100 U/ml recombinant human interleukin-2 (CETUS, Emeyville, 
USA). Splenic cells were then washed, counted and 5 or 10-fold serially diluted from 
1.107 to 8-10.104 cells/ml. 96-well Multiscreen HTS plates (Millipore, Bedford, USA) 
were coated (o/n 4ºC in 9.6 pH 0.1M sodiumcarbonate buffer) with PorA antigens 
(50 μg/ml recombinant P1.7-2,4 or recombinant P1.5-1,2-2 (kindly provided by Dr. G. 
Zlotnick, Wyeth Vaccines), 25 μg/ml P1.7-2,4  or P1.5-1,2-2 OMV), HI5 OMV (25 μg/ml) 
as PorA-negative control or goat anti-mouse IgG (10 μg/ml, Southern Biotechnologies, 
Birmingham, USA) as a positive control. Plates were blocked (5% FCS in PBS 30 min. 
37ºC) and washed three times with 200μl PBS. Serially diluted splenic or bone marrow 
cells were added in duplicate or triplicate o/n to the antigen coated plates (100μl/well). 
Cells were removed and plates were washed three times with 200μl 0.05% Tween 20 
in PBS. Secreted IgG was detected with alkaline phosphatase-conjugated goat anti-
mouse IgG (Southern Biotechnologies, Birmingham, USA) at a dilution of 1:10000 in 
0.05% Tween 20 in PBS. Plates were incubated with the conjugate for 2-4 hours (37ºC), 
washed three times with 0.05% Tween 20 in PBS, once with PBS only and developed 
with AP conjugate substrate kit (Biorad, Hercules, USA) in 0.1M Tris, 0.1M NaCl, pH9.5 
buffer for 20-40 minutes at RT. Spots were counted for at least two countable cell 
concentrations and expressed as the geometric mean of those spots per 106 cells, 
then multiplied by a variable factor to obtain the amount of spleen cells isolated per 
animal, or plasma cells per 2 combined femurs. These are estimated to contain 12.6 % 
of total mouse bone marrow cells [22]. In the long-term 2+1 schedule, mice showed a 
considerable background against HI-5 and these background numbers were subtracted 
from numbers obtained using OMV as coating. In the single prime experiments, HI-5 
background was very low and could be ignored.

Statistics
IgG titers are expressed as 10Log values of the geometric mean titer of groups of mice 
plus the standard errors of the means (SEM). SBA titers are expressed as 2Log values 
of the averages of groups of mice. Differences between IgG and SBA titers and avidities 
were considered significant at P values of < 0.05 using the Student t test. 
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Results

Long term kinetics of the PorA-specific B cell response in a 2+1 (sc) prime-boost 
schedule
To evaluate whether the decline in SBA titers after initial priming immunizations with 
neisserial OMV vaccines as observed in clinical studies [2,4,23] also occurred in the 
mouse vaccination model, we compared the long term immune response against the 
subdominant PorA P1.7-2,4 with the long term response against a dominant PorA, 
P1.5-1,2-2. 

Following two priming immunizations with the monovalent subdominant P1.7-2,4 OMVs 
at week 0 and 4 wpi, we monitored the long term P1.7-2,4-specific immune response 
(Fig. 1). Total IgG titers against P1.7-2,4 were low at 6 wpi (Fig. 1A, squares), but 
unexpectedly increased strongly over time and peaked around 14 wpi before gradually 
declining after 22 wpi. As found previously, SBA titers against P1.7-2,4 were low at 6 
wpi, but increased gradually until 22 wpi before declining to a steady level. In contrast, 
immunizing with dominant P1.5-1,2-2 OMVs resulted in a rapid IgG peak at 6 wpi which 
started to decline at 14 wpi (Fig. 1A, triangles). Functional SBA titers against P1.5-1,2-
2 were already high at 6 wpi and increased modestly until 14 wpi, after which a clear 
decline was seen (Fig. 1B, triangles). At all time points SBA titers against P1.5-1,2-2 
were considerably higher than against  P1.7-2,4. Both this hierarchy in SBA levels as 
well as the waning of titers in mice mimic clinical observations [2,4].

Figure 1. PorA-specific IgG (A) and SBA titers (B) against P1.5-1,2-2 (    ) and P1.7-2,4 (    ) after two 
monovalent P1.7-2,4 or P1.5-1,2-2 OMV immunizations at week 0 and week 4, followed by a sc booster 
immunization at week 57 (2+1 (sc) schedule, see table 1),  indicated by an arrow. Data from week 57 and 59 
were from 6 animals per group and the ‘stand alone’ data point on week 57 is from all 12 animals per group. 
ELISA plates were coated with class 3/4 negative OMVs consisting of 74-77% PorA. Error bars indicate 
SEM. 
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To investigate whether the long term gradual decline in PorA-specific SBA titers was 
paralleled by a regression of plasma or memory B cell numbers against both the 
subdominant and dominant antigen, and to determine whether cellular memory was 
still functional one year after priming, we analyzed specific SBA and IgG titers, and 
splenic memory B cell and bone marrow plasma cell pools before and after a sc booster 
immunization at 57 wpi. Serum, spleen and bone marrow cells were isolated at 57 wpi 
from six mice per group, while the remaining six mice were boosted with the homologous 
OMV and similar samples were collected two weeks later. 

Compared to mice immunized with the dominant P1.5-1,2-2 antigen, mice immunized 
twice at week 0 and 4 wpi with the subdominant P1.7-2,4 antigen had more specific 
splenic memory B cells (6500 and 12600, respectively, Fig. 2A, black bars) and bone 
marrow plasma cells (790 and 1880, respectively, Fig. 2B, black bars) at 57 wpi. These 
numbers were comparable to those found at 6 wpi using the same immunization 
schedule (this thesis, chapter 4). The booster immunization at this time point had no 
effect on the size of the memory B cell pool (Fig. 2A, white bars) for either antigen, but 
provoked a strong increase in the plasma cell pool at 59 wpi for both antigens (P1.7-2,4: 
4500; P1.5-1,2-2: 3500, Fig. 2B, white bars). In line with this, IgG and SBA titers also 
increased strongly (Fig. 1), resulting in equally high IgG titers for the subdominant (3.67) 
and dominant antigen (3.58) at 59 wpi. However, bactericidal activity of the antibodies 

Figure 2. Pre-boost (at 57 wpi, black bars) and post-boost (at 59 wpi, white bars) PorA-specific antibody 
secreting cells (ASC) in cultured spleen (A) and bone marrow (B) against P1.7-2,4 (left panels) and P1.5-
1,2-2 (right panels) after two monovalent P1.7-2,4 or P1.5-1,2-2 OMV immunizations at week 0 and week 
4 (2+1 (sc) schedule, see table 1). Pre-boost organs were collected at 57 wpi, post-boost organs at 59 wpi, 
two weeks after a sc booster immunization at 57 wpi. ASC numbers are calculated per animal (per spleen or 
two femurs). ELISPOT plates were coated with class 3/4 negative OMVs consisting of 74-77% PorA and ASC 
numbers were reduced with the number of ASC found on a HI-5 background.
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was higher for the dominant antigen (SBA: 4.16 vs 7.52). Taken together, immediate and 
functional long-term specific B cell memory is induced in mice after two immunizations at 
week 0 and 4 with PorA-based OMV vaccines. With time, waning of functional antibody 
titers is observed, while steady state levels of both memory B and plasma cells are 
maintained for both a subdominant and a dominant PorA antigen. Long-term B cell 
memory was shown to be functional, since a booster vaccination induced an increase in 
plasma cells and subsequent IgG and SBA titers, while the number of memory B cells 
remained stable.

P1.7-2,4-specific B cell responses in a 1+1 (sc) prime-boost schedule
To investigate whether priming with one single dose of either monovalent OMV or 
HexaMen suffices for the induction of functional B cell memory against the subdominant 
antigen P1.7-2,4, we used a prime-boost regimen proven to be efficient on the short 
term (6 wpi, [24]), but with an extended dose interval: the subcutaneous (sc) booster 
dose was given at 15 wpi instead of at 4 wpi (see table 1).

One immunization with either monovalent OMV or with HexaMen resulted in P1.7-2,4-
specific IgG titers increasing towards a steady state level from 10 wpi onwards (Fig. 
3A). SBA titers of monovalent OMV immunized mice showed the same kinetics, but 
HexaMen-immunized groups never acquired measurable P1.7-2,4-specific bactericidal 
activity (Fig. 3B, triangles). A sc booster dose of either monovalent P1.7-2,4 OMV or 
HexaMen at 15 wpi resulted in an increase of P1.7-2,4-specific IgG titers in all groups. 
The prime HexaMen-boost HexaMen (Hexa-Hexa) group showed a modest increase 
(Fig. 3A, white triangles) in IgG, but did not acquire measurable SBA activity (Fig. 
3B, white triangles). The strongest increase was seen in the prime HexaMen-boost 
monovalent P1.7-2,4 group (Hexa-mono group, Fig. 3A, black triangles) reaching the 
same IgG titers as the groups primed with monovalent P1.7-2,4. This group, which 
lacked pre-boost SBA titers, also showed a rapid increase of P1.7-2,4-specific SBA 
titers (Hexa-mono group, Fig. 3A, black triangles), indicating that although SBA was  
absent, memory had been induced by a single HexaMen immunization.
To investigate the cellular dynamics of B cell types after a single priming dose followed 
by the booster dose at 15 wpi, we quantified specific memory B cells and plasma cells 
at 19 wpi from boosted and mock treated animals. Compared to priming with HexaMen, 
monovalent OMVs induced approximately twice the number of P1.7-2,4-specific splenic 
memory B cells (12600 vs 6600, Fig 4A, black bars) and bone marrow plasma cells (2300 
vs 900, Fig 4B, black bars), as was seen at 19 wpi in mock treated animals. A sc booster 
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dose at 15 wpi with either monovalent OMV or HexaMen resulted in a minor increase 
in memory B cells in all groups (Fig. 4A, gray & white bars, respectively). In contrast, 
both monovalent OMV and HexaMen primed groups showed a significant increase in 
specific plasma cells after either a HexaMen (to 4500 and 2200, respectively), or more 
pronounced, a monovalent OMV booster dose (to 8600 and 4500, respectively, Fig. 4B, 
gray & white bars), in line with the increased IgG and SBA titers found in these groups. 
Thus, although one single dose of HexaMen did not induce the required level and quality 

A B

Figure 3. Kinetics of P1.7-2,4-specific IgG (A) and SBA titers (B) after one OMV prime immunization (week 0) 
and a sc OMV booster immunization (week 15, 1+1 (sc), see table 1), as indicated by an arrow. (    ): P1.7-2,4 
prime, P1.7-2,4 boost, (    ): P1.7-2,4 prime, HexaMen boost, (   ): HexaMen prime, P1.7-2,4  boost and (    ): 
HexaMen prime, HexaMen boost. Data from week 57 and 59 were from 6 animals per group, the ‘stand alone’ 
data point on week 57 is from all 12 animals per group. ELISA plates were coated with class 3/4 negative 
OMVs consisting of 74-77% PorA. Error bars indicate SEM.
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Figure 4. P1.7-2,4-specific ASC at week 19 in cultured spleen (A) and bone marrow (B) after P1.7-2,4 
monovalent OMV prime (left panels) or HexaMen prime (right panels) at week 0, followed by a sc boost at 
week 15 (schedule 1+1 (sc), see table 1) with mock (black bars), HexaMen (gray bars) or P1.7-2,4 OMV 
(white bars). ASC numbers are calculated per animal (per spleen or two femurs). P1.7-2,4 OMVs were used 
for coating and ASC numbers on a PorA-deficient coat (HI-5) were negligible.
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of P1.7-2,4-specific antibodies to result in measurable SBA, memory B cells could be 
detected at 19 wpi. This memory B cell pool was functional, as a specific booster dose 
provoked a strong memory response resulting in increasing plasma cell numbers and 
subsequent IgG and SBA titers while maintaining stable in size itself. 

P1.7-2,4-specific B cell responses in a 1+1 (in) prime- exposure schedule
As one single HexaMen priming dose was sufficient to induce a functional memory 
B cell response against the subdominant P1.7-2,4 antigen, following a sc booster, 
we asked whether this response could also be reactivated mucosally. Therefore, 
natural colonization of the human nasopharynx was mimicked in the mouse model by 
intranasal (in) exposure to live homologous or heterologous bacteria at 15 wpi with 
either monovalent OMV or HexaMen. 

Pre-exposure P1.7-2,4-specific IgG and SBA titers were comparable to pre-boost titers 
in the 1+1 (sc) schedule (compare Figs. 3A and B with Figs. 5A and B). Exposure 
to P1.7-2,4 bacteria induced a strong increase in serum IgG titers compared to pre-
exposure titers (p= 0.04, Fig. 5A, black triangles) and a steady increase in SBA titers that 
peaked three weeks after the in exposure in the HexaMen-primed group (Fig. 5B, black 
triangles). Mice previously immunized with monovalent P1.7-2,4 OMVs showed only a 
minor increase in IgG titers three weeks after challenge with homologous bacteria (Fig. 
5A, black squares), while SBA titers increased strongly in two weeks (Fig. 5B, black 

Figure 5. Kinetics of P1.7-2,4-specific IgG (A) and SBA titers (B) after one OMV prime immunization at week 
0 and in exposure to live bacteria (at 15 wpi, see 1+1 (in) schedule, table1) expressing either P1.7-2,4.or 
P1.5-1,2-2, indicated by an arrow. Shown values are for groups (    ): P1.7-2,4 prime, P1.7-2,4 exposure, (   ): 
HexaMen prime, P1.7-2,4  exposure and (    ): HexaMen prime, P1.5-1,2-2 exposure. Data are from 8 animals 
per group. ELISA plates were coated with class 3/4 negative OMVs consisting of 74-77% PorA. Error bars 
indicate SEM.
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squares). Exposure to either heterologous P1.5-1,2-2 bacteria or PBS had no effect on 
P1.7-2,4-specific serum IgG or SBA titers in the monovalent OMV or HexaMen-primed 
control mice (Fig. 5A and B, white triangles and data not shown). The P1.7-2,4-specific 
pre-exposure memory B cell and plasma cell pools in this experiment (Fig. 6A and B, 
black bars) were comparable in size to those found in the 1+1 (sc) experiment (Fig. 4A 
and B, black bars) although for unknown reasons the HexaMen-induced memory B cell 
pool was smaller. This group had the lowest IgG titer of all groups receiving HexaMen, 
which never reached a 10log value higher than 2.5 (data not shown). In contrast to the 
response after sc boosting, specific in exposure at 15 wpi induced a strong increase 
in the splenic memory B cell pool measurable at 19 wpi in both groups (from 11400 to 
17600 in the monovalent primed group, from 2700 to 15000 in the HexaMen primed 
group: Fig. 6A, white bars). Furthermore, in exposure induced a modest increase of BM 
plasma cells in the HexaMen primed group only (640 to 1550, Fig. 6B, white bars).  
Thus, both the monovalent OMV and HexaMen-induced splenic memory B cell pools 
exhibit functional recall responses upon in exposure, albeit with slightly different 
characteristics from those after sc booster. In exposure was associated with a slower 
increase in serum IgG and SBA titers, a limited increase in the bone marrow plasma 
cell pools, and, instead, a significant expansion of the splenic memory B cell pool, 
suggesting differently regulated kinetics and localization of IgG secreting plasma cells 
and memory B cells after mucosal versus sc antigen encounter. 

Figure 6. P1.7-2,4-specific ASC at 19 wpi in cultured spleen (A) and in bone marrow (B) after P1.7-2,4 
monovalent OMV prime (left panels) or HexaMen prime (right panels) at week 0, followed by a intranasal 
exposure at week 15 (see 1+1 (in) schedule, table 1) to PBS (mock, black bars) or to live bacteria expressing 
P1.7-2,4 (white bars). ASC numbers are calculated per animal (per spleen or two femurs). P1.7-2,4 OMVs 
were used for coating and ASC numbers on a PorA deficient coat (HI-5) were negligible.
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Discussion

Short-term vaccine induced protection against meningococcal infections is mediated by 
SBA titers [1], although there is evidence that the level of opsonophagocytic antibodies 
[25] and naturally acquired mucosal T cells [26] are also important for protection. 
Here we addressed for the first time the establishment of long term B cell memory 
after meningococcal vaccination, and the serological and cellular events after late re-
exposure to vaccine antigen or pathogen in a mouse model. Two major observations 
were made. First, we showed that our mouse model parallels clinical studies with 
HexaMen with respect to waning of long-term titers and the immunodominance of 
certain PorA serosubtypes [2,3]. In line with earlier findings in a short immunization 
schedule (this thesis, chapter 4), murine titers for the immunosubdominant P1.7-2,4 
antigen increased more slowly and remained lower than for the dominant P1.5-1,2-2 
antigen. For both antigens, general waning of IgG and SBA titers was observed from 14-
20 wpi onwards. Additionally, SBA titers peaked after IgG titers, which can be explained 
by the continuing increase in IgG avidity (data not shown). This was also observed in a 
clinical study using HexaMen [7] and is indicative for successful priming. As described 
earlier [24,27], the avidity for the subdominant antigen P1.7-2,4 remained lower than for 
the dominant antigen P1.5-1,2-2 (data not shown), which in part explains the difference 
in functional SBA titers. 
Second, this study sheds light on the induction, maintenance and functionality of memory-
associated specific B cell types by OMV vaccines. We confirmed earlier findings that 
the subdominance of P1.7-2,4 was not reflected in the size of the specific memory B 
cell or plasma cell pools involved, which were in fact larger than those observed for 
the dominant P1.5-1,2-2 (this thesis, chapter 4). Despite ultimately declining antibody 
titers, we detected a remarkably constant number of B cell types for both antigens over 
a period of one year, indicating that the B cell pools were either long-lived or actively 
maintained at a constant level without antigen-specific restimulation. However, a stable 
plasma cell pool that is responsible for declining titers indicates waning of antibody 
production per cell. Further we showed that the memory response specific for P1.7-2,4 
induced by two priming doses of monovalent P1.7-2,4 OMV was functional, as seen by 
the strong increase in IgG and SBA titers after re-encounter with antigen at 57 wpi and 
the appearance of large numbers of additional plasma cells within two weeks. Notably, 
even one single dose of OMVs sufficed to induce functional B cell memory against 
the subdominant vaccine component, as was observed after a second sc vaccination 
provoking a strong booster effect in both plasma cells and IgG and SBA titers. These 
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memory B cells were also responsive upon in exposure to the antigen, although kinetics 
of the secondary immune response and probably localization of plasma cells differed 
from what we found after parenteral boosting. This is in line with the slower but prolonged 
induction of splenic and BM plasma cells upon in OMV vaccination observed by Guthrie 
[28].  
To date, little is known about the longevity or maintenance of antigen-specific memory B 
cells and plasma cells after vaccination. In humans, Nanan et al. described a correlation 
between the number of diphtheria- and tetanus-toxoid specific memory B cells and the 
number of previous booster doses [29]. In our mouse model we did not observe an 
increase in the PorA-specific memory B cell pool shortly after a sc booster dose. Instead, 
we found a functional memory response, in view of the increase in IgG and SBA titers 
as well as an increase in bone marrow plasma cells within 2 weeks after boosting. 
Temporary induction of antibody-producing cells rapidly (5-7 days) after boosting of 
mice with a pneumococcal conjugate vaccine was observed by Moreno et al. [30], in 
the spleen. In our model, the increase of plasma cells in the bone marrow, measurable 
two-four weeks after sc boosting, probably reflects maturation of (splenic) memory B 
cells into antibody secreting plasma cells and relocation to the bone marrow within one 
week [32]. 
Relevant to the vigorous priming schedules applied in clinical studies [2,3], in our mouse 
model we found that one single priming dose of HexaMen was sufficient to induce 
specific functional memory B cells, even for the subdominant antigen P1.7-2,4, since 
serum bactericidal activity was rapidly acquired after boosting at 15 wpi. It may be 
beneficial to increase the time interval between immunizations applied in clinical studies, 
as was seen in infants using a Hib conjugate vaccine [32, 33]. It has been suggested 
that widening dose intervals may enhance avidity and functionality of boosted IgG for 
this antigen [34]. The immunological basis for such improved quality of booster response 
may be the more advanced affinity maturation of the memory B cell pool in long-lived 
GCs [35] before reactivation, assuming that a booster immunization reactivates the 
complete pool of memory B cells, irrespective of their affinities, to differentiate into 
plasma cells. 
In humans, carriage with Neisseria meningitidis is an immunizing event [36]. Also in our 
mouse model, the memory B cell pool was reactive upon in exposure to the pathogen, 
even though mice are not the natural host for Neisseria meningitidis and do not exhibit 
the specific receptors, human carcinoembryonic antigen-related cell adhesion molecules 
(CEACAM) and heparan sulphate proteoglycan (HSPG) [37,38], to which Neisseria 
meningitidis can bind. That may explain the slower induction of serum SBA titers (1-2 
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weeks) compared to the sc booster (<1 week) as was described when immunizing in with 
PorA-based OMVs [39]. In addition, the cellular kinetics of the mucosally-induced B cell 
response differed from the parenterally-induced B cell response. The increase in splenic 
memory B cells after in antigen exposure was accompanied by only a modest increase 
in bone marrow plasma cells, indicating a different, most likely mucosal relocalization 
of plasma cells and perhaps even isotype switching to IgA, which was measured and 
detected four weeks after exposure (data not shown). Therefore, based on these 
findings, we predict that the vaccine-induced B cell memory followed by recurrent natural 
exposure to the pathogen is sufficient to induce boosting and maintenance of protective 
immunity, consisting of local and systemic memory B and T cells that temporarily may 
upregulate SBA upon colonization.
Although our findings clearly indicate that functional, specific, immunological memory is 
induced by PorA-based OMV vaccines, more cellular studies are required to establish 
whether long-term PorA-specific B cell memory is truly protective against meningococcal 
infection in the absence of SBA. Greater clarity is needed on the time interval occurring 
between colonization and invasion by Neisseria meningitidis in humans. The estimates 
of this interval vary between 48 hours and many weeks [40,41] and may or may not 
be too short for a mucosal or systemic memory response to react. The rapidity of 
the memory response to react at the site of infection and to protect may be greatly 
enhanced using mucosal booster vaccinations rather than parenteral boosting, as was 
recently proposed by Heyderman et al [42]. Transgenic animal models for infection with 
Neisseria meningitidis will be needed to test the applicability of an in booster dose and 
to study long-term protective mechanisms in the absence of SBA titers.
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Abstract

Potent liposomal PorA formulations containing various lipopolysaccharide (LPS) 
derivatives were developed. The following adjuvants were compared: the commonly 
used aluminum phosphate (AlPO4), and three LPS like adjuvants: monophosphoryl 
lipid A (MPL), lipopolysaccharide (galE LPS) and the less toxic LPS mutant lpxL1. 
The immunogenicity in mice was evaluated and compared with that against an outer 
membrane vesicle (OMV) vaccine. The IgG isotype distribution and bactericidal activity 
were determined. Furthermore, PorA-specific proliferation of lymph node cells after 
immunization and restimulation in vitro was studied with selected formulations.
Both AlPO4 and MPL were unable to improve the functional immunogenicity (i.e. 
bactericidal response) of liposomal PorA. Besides, when these adjuvants were used, 
the percentage of responders in the groups did not reach 100%. This was also observed 
with non-adjuvated PorA-liposomes or OMV. Of the adjuvants studied, only galE 
LPS and lpxL1 LPS were capable of increasing the immunogenicity and avoid non 
responsiveness against PorA-liposomes. Importantly, the adjuvant activity of lpxL1 LPS 
was accompanied by an improved PorA-specific proliferation of lymph node cells and a 
concomitant increase in IL-2 production. In conclusion and considering its lower toxicity, 
lpxL1 LPS adjuvated liposomes are superior to other formulations tested. 
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Introduction

Neisseria meningitidis serogroup B is the predominant cause of meningococcal infection 
in the Western world [1,2]. Traditional vaccines based on capsular polysaccharide 
[3] offer no protection against type B meningococci. Vaccines against this serogroup 
that are being developed by various groups [4,5] consist of outer membrane vesicles 
(OMV) extracted from (sometimes genetically modified) meningococcal strains, with 
one or more Porin A (PorA) subtypes embedded in them [6] . These vaccines have 
already been tested in clinical trials [7-10]. We previously demonstrated that purification 
of PorA from OMV induces a reversible loss of its capability to induce a protective 
(i.e. bactericidal) immune response. By incorporation of purified PorA into liposomes, 
the ability to induce bactericidal antibodies was fully recovered: liposomal PorA, in the 
absence of adjuvants, elicited a bactericidal response similar to that of (LPS-containing) 
OMV [11]. However, both with OMV and PorA-liposomes, the percentage of responding 
mice (i.e. with bactericidal activity in serum) in the immunization groups was below 
100%, although still high in all groups. The occurrence of non-responders should be 
avoided before introduction of new vaccines into human vaccination programs. 
Liposomes are very suitable as delivery vehicles for antigen, but they show a relatively 
low adjuvant activity [12]. The multimeric, particulate structure promotes uptake by 
antigen presenting cells (APC) and co incorporation of adjuvants may further improve 
the immune response. Bacterial cell wall components, such as LPS, activate APC 
through receptors on their membrane (e.g. CD14, TLR4) [13]. LPS is also responsible 
for reactogenicity due to the presence of lipid A [14]. Non toxic alternatives for LPS 
with retained adjuvant activity are under development. Among them is monophosphoryl 
lipid A (MPL), a LPS derivative from Salmonella minnesota that has been tested as 
adjuvant in numerous human trials [15]. The removal of a phosphate and fatty acid 
group from lipid A (see Fig. 1) resulted in a molecule with decreased toxicity and retained 
adjuvant properties [16,17]. More recently, an lpxL mutant of N. meningitidis has been 
constructed containing penta- instead of hexaacylated lipid A (Fig. 1). The adjuvant 
activity of this lpxL1 LPS was similar to that of wild type N. meningitidis LPS, but its 
toxicity was substantially reduced [14]. LpxL1 LPS is therefore an interesting candidate 
for inclusion in meningococcal vaccines. 

In this study we investigated the possibility to improve the immune response induced 
by PorA formulated in liposomes. The effect of adjuvants on the PorA-specific humoral 
immune response was investigated. MPL, galE LPS or lpxL1 LPS were incorporated 



135

Meningococcal B vaccines adjuvated with LPS derivatives

in the liposomal bilayer of PorA containing liposomes, whereas aluminum phosphate 
(AlPO4) was mixed with liposomes. Besides humoral responses, the in vivo activation of 
T-cells by selected liposomal formulations was determined after re-stimulation in vitro. 

Materials and methods

Materials
All phospholipids used were synthetic. Dimyristoyl phosphatidylcholine (PC) was 
purchased from Rhône-Poulenc Rorer (Köln, Germany). Dimyristoyl phosphatidylglycerol 
(PG) was a gift from Lipoïd GmbH (Ludwigshafen, Germany). Cholesterol (Chol) 
and n-octyl β-d-glucospyranoside (OG) were obtained from Sigma (Zwijndrecht, The 
Netherlands). 
Meningococcal H44/76 galE LPS [18] and lpxL1 LPS [14] were isolated from whole 

Figure 1. Lipid A structure of LPS and derivatives used in this study. (A) wild type LPS of Neisseria meningitides; 
(B) lpxL-mutant of N. meningitidis; (C) monophosphoryl lipid A from S. minnesota. 
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cells by the hot phenol extraction method described by Westphal and Jann [19]. 
Monophosphoryl lipid A from S. minnesota was purchased from Sigma and AlPO4 was 
obtained from Superfos Biosector (Veldbaek, Denmark). 

OMV preparation and PorA purification
OMV were isolated from N. meningitidis strain F91 (P1.7-2,4, PorB−, RmpM−, low 
expression of Opa/Opc) as previously described [11]. The obtained OMV were used for 
purification of PorA as described [11]. Prior to incorporation of PorA into liposomes, the 
protein was precipitated with 80% (v/v) ethanol at −20 °C and solubilized in 150 mM OG 
in 50 mM Tris–HCl, 150 mM NaCl pH 7.4 (TBS). 

Liposome preparation and characterization
Liposomes were made of PC, PG and Chol in a 8:2:2 mol ratio by detergent dilution as 
previously described [20]. In short, appropriate amounts of each lipid were dissolved in 
chloroform/methanol (2/1, v/v) in a round bottom flask and a film was obtained by solvent 
evaporation in a rotavapor under reduced pressure. The film was solubilized in the PorA 
solution forming mixed micelles. The initial protein/lipid ratio used was 25 μg/μmol. For 
liposomes containing adjuvants in the bilayer (LPS, MPL or lpxL) the adjuvant dissolved 
in 150 mM OG in TBS was added to the mixed micelles in an initial protein/adjuvant ratio 
of 2 (w/w). Mixed micelles were rapidly diluted 11-fold in TBS, allowing the formation of 
liposomes. Subsequently, liposomes were pelleted by ultracentrifugation (160,000 × g, 
1 h) and resuspended in TBS. Liposomes were filtered through sterile 0.45-μm filters. 
The particle size of PorA-liposomes was measured by dynamic light scattering (DLS) as 
previously described [11]. Protein content was determined according to Peterson [21] 
with BSA (Pierce, Rockford, IL) as standard. The phospholipid content was determined 
according to Rouser [22] with sodium phosphate as standard (Merck, Darmstadt, 
Germany). The amount of LPS-derived adjuvants (MPL, galE LPS, lpxL1 LPS) present 
in the liposomes was determined by gas chromatographic quantification of fatty acids as 
described before [23]. The correct folding of PorA into liposomes (i.e. trimerization) was 
analyzed by SDS-PAGE in ‘native’ gels as previously described [24]. Antigenicity of the 
P1.4 epitope of PorA P1.7-2,4 in liposomes was tested by an inhibition ELISA, with the 
monoclonal antibody MN20B9.34 as previously described [11]. Briefly, dilution series of 
samples were incubated with fixed concentration of monoclonal antibody overnight at 
room temperature. Excess monoclonal antibody was titrated on ELISA plates coated 
with F91 OMV. These OMV were also used as reference. The antigenicity of liposomal 
samples was calculated relative to the OMV as follows: X = (A × B × 100%)/(C × D), 
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where X is relative antigenicity, A and C are protein concentration of reference and 
sample, respectively. B and D are titers of sample and reference, respectively. 

Immunization studies
Balb/cOlaHsd mice were obtained from Harlan (Horst, The Netherlands) and maintained 
under conventional conditions at the Central Animal Laboratory of the Netherlands 
Vaccine Institute. All experiments were done with 8–12 weeks old animals and were 
approved by the Animal Ethics Committee of the National Institute for Public Health and 
the Environment. 
Procedure A: mice (eight animals in each group) were immunized subcutaneously 
(1.5 μg protein, 0.25 ml/mouse) on day 0, 14 and 28. The mice were bled on day 42, 
and sera were collected and stored at −20 °C until analysis. 
Procedure B: mice (six animals in each group) were immunized subcutaneously 
(0.25 ml/mouse) on day 0 and day 21 with 1.5 μg liposomal PorA (+/− lpxL1 LPS) or 
with liposomes (+/− lpxL1 LPS) without PorA. On day 31, inguinal lymph nodes located 
near the injection site were removed and pooled per two mice (3 samples/group) for T-
cell stimulation and cytokine production assays. 

Anti-PorA whole cell ELISA
The antibody titer (total IgG and individual isotypes) of each individual mouse serum 
was determined by whole cell ELISA as described [25]. N. meningitidis isogenic H44/76-
based strain (B:15P1.7-2,4:L3,7,9) expressing P1.7-2,4 and the H44/76-derived mutant 
strain HI5 (lacking PorA) were used. Isotypes were determined with goat anti-mouse 
(GAM) Ig isotype-specific conjugates, labeled with horseradish peroxidase (HRP) 
(Southern Technology Associates, Birmingham, AL; dilution 1/5000, except for IgG1 
1/2500). A four-parameter curve fit was made for the optical density at 450 nm values 
obtained with serial dilutions of the sera, and the antibody titers were calculated as the 
reciprocal dilutions that gave 50% of the maximum absorbance. 

Serum bactericidal assay
The serum bactericidal activity was measured as previously described [26] against the N. 
meningitidis strains: H44/76 (B:15P1.7-2,4:L3,7,9) and HI5 (PorA−). Sera from individual 
mice were heat inactivated for 30 min at 56 °C prior to use. Serum samples and bacteria 
were incubated for 10–15 min at room temperature before the addition of complement. 
A final concentration of 80% (v/v) baby rabbit serum was used as complement source 
(Pel-Freez Biologicals, Rogers, AR). As positive controls, the bactericidal anti-P1.4 



138

Chapter 6

(MN20B9.34) and anti-LPS (MN15A17F12) monoclonal antibodies were used. Also, test 
sera were incubated without complement as a negative control. The serum bactericidal 
titer was expressed as the reciprocal serum dilution showing more than 90% killing of 
the number of bacteria used. 

Cell culture and proliferation assay
Lymph nodes of mice immunized according to procedure B were maintained in culture 
medium consisting of Iscove’s modified Dulbecco’s medium with 10% fetal calf serum, 
50 μM β-mercaptoethanol, 100 IU/ml penicillin, 100 μg/ml streptomycin and 292 μg/ml 
glutamine. Pools of lymph nodes (2 mice/pool, 3 pools/group), were forced through a 
70-μm filter. Cells were washed and cultured in U-bottom 96-wells plates in duplicate 
or triplicate wells at 2 × 105 cells/well in 200 μl medium, 0.5 μg liposomal PorA/ml or 
control liposomes with equivalent amounts of lipid (based on phosphorous content). 
ConA (Sigma), 8 ng/well, was used as positive control for proliferation. Cells were 
cultured at 37 °C. On day 3, 50 μl aliquots of the supernatants were taken and stored at 
−70 °C for cytokine determination, and replaced by culture medium (50 μl) containing 
10 U/well of recombinant IL-2 (Cetus Corp., Emerville, CA). Cells were further cultured 
for another 24 h. On day 4, 0.5 μCi 3H-thymidine (Amersham, UK) was added for 18 h, 
and incorporation of the radiolabel was determined as cpm using a liquid scintillation 
β-counter (LKB, Wallac, Turku, Finland). As a measure for PorA-specific proliferation of 
pools of lymph node cells the ratio of cpm obtained in the presence of PorA-liposomes 
to that obtained in the presence of control liposomes (without PorA) was calculated 
(stimulation index, SI). An SI equal or above 2 was considered as positive based on 
a general weak in vitro proliferative responsiveness of lymph node cells in our mouse 
vaccination model. 

Cytokine production during antigen-induced proliferation
The pattern of cytokine production by lymph node cells after stimulation for 3 days with 
PorA-liposomes was assessed with a Luminex assay adapted to murine cytokines [27]. 
The concentration of IL-2, IL-4, IL-10, IL-13 and IFN-γ, was determined in supernatants 
of lymph node cultures using calibration curves of the corresponding cytokines. 

Statistical methods
Before statistical analysis, antibody and bactericidal titers were log10 converted. Antibody 
and bactericidal titers are expressed as the mean log10 titer of eight independent 
observations. Analysis of variance was used for statistical evaluation of the data. The 
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significance of the differences between the mean values of the antibody titers was 
determined by the least-significant-difference (LSD) test at a confidence level of 95%. 
Bactericidal titers were compared with the Turkey–Kramer multiple comparisons test at 
a confidence interval of 95%. 

Results

Preparation and characterization of liposomal PorA formulations
Depending on the formulation, the final protein/lipid ratio (μg/μmol) of the PorA-
liposomes varied from 24 to 32. In the formulations containing adjuvants, the protein/
adjuvant ratio (w/w) was 2 for MPL-containing liposomes and approximately 1.4 for 
liposomes containing meningococcal galE LPS and lpxL1 LPS (Table 1). The presence 
of adjuvants in the liposomal formulations resulted in a slightly larger particle size of 
the liposomes, ranging from 200 nm for non-adjuvated liposomes to ca. 250 nm for 
liposomes containing galE LPS (Table 1). The polydispersity ranged from 0.3 to 0.4, 
indicating a rather broad particle size distribution. 

Table 1. Characteristics of PorA-liposomesa

Adjuvant
Protein:lipid 
ratio (μg/μmol)

Protein:adjuvant 
ratio (w/w)

Particle size 
(nm)b

PDc Antigenicityd

– 32 – 205 ± 7 0.4 0.94 ± 0.12

MPL 24 2.0 242 ± 4 0.4 1.04 ± 0.11

galE LPS 32 1.3 248 ± 7 0.3 0.87 ± 0.04

LpxL1 

LPS
29 1.4 219 ± 3 0.4 0.82 ± 0.05

a Data in this table are representative for PorA-liposomes used in the experiments described.
b Particle size average ± S.D. of three measurements.
c Polydispersity: indication of the size distribution of the liposomes; ranges from 0.0 for a monodisperse to 1.0 
for an entirely heterodisperse dispersion.

d Ratio between the protein concentration determined by ELISA and the protein concentration determined 
according to Peterson. See Section 2 for details. As a reference, the antigenicity of PorA in OMV was   
arbitrarily set at 1. The results are shown as averaged values ± S.D. of three measurements.

 

PorA in liposomes (with or without adjuvants in the bilayer) was present as trimers, as 
observed in ‘native’ SDS-PAGE (not shown). Under denaturing conditions, the trimers 
were converted to monomers. No aggregates or fragments could be detected. The 
interaction of PorA with specific antibodies directed against loop 4 of the protein (i.e. 
antigenicity) was similar for OMV and liposomal PorA (Table 1). These data indicate that 
the PorA conformation was preserved. 
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Humoral immune response to (adjuvated) liposomal PorA formulations
The humoral immune response of (adjuvated) PorA-liposomes and OMV was tested 
in vivo after subcutaneous immunization of Balb/c mice according to procedure A. 
All formulations induced PorA-specific mean log10 IgG titers of 3 or higher (Table 2). 
Significantly higher mean IgG titers were obtained with PorA-liposomes adjuvated 
with galE LPS or lpxL1 LPS as compared to all other formulations, including OMV. 
No significant differences were found between the IgG titers induced by OMV, non-
adjuvated PorA-liposomes, and liposomes adjuvated with AlPO4 or MPL. The IgG 
response against other structures than PorA was also investigated: the highest non-
PorA-specific titers were found in mice immunized with OMV, plain liposomes or PorA-
liposomes adjuvated with lpxL1 LPS (Table 2). 

Table 2. Total IgG and subclass distribution in sera of mice immunized with PorA-liposomes and OMV 

Group Adjuvant Anti-PorA titera
IgG2a/IgG1 
ratiob

Non-specific 
IgGc

IgG IgG1 IgG2a IgG2b IgG3
OMV galE LPSd 3.20 3.32 3.46 3.44 2.58 1.05 ± 0.16 1.92

Liposomes – 3.02 3.01 2.98 3.09 2.40 0.99 ± 0.04 1.36

Liposomes AlPO4 3.21 3.13 3.34 3.43 2.49 1.07 ± 0.10 0.27

Liposomes MPL 3.15 2.95 3.26 3.45 2.22 1.11 ± 0.10 0.00

Liposomes galE 3.94* 2.96 4.18* 3.25 2.69 1.42 ± 0.18 0.41

Liposomes LpxL1 3.74* 3.59* 3.76* 3.49 2.85 1.05  ± 0.10 1.57
a The titer of each anti-PorA IgG isotype was determined by whole-cell ELISA and is expressed as the mean 
log10 titer. The geometric means were compared by the LSD test with a confidence level of 95%: LSD0.05 
(IgG) = 0.29; LSD0.05 (IgG1) = 0.22; LSD0.05 (IgG2a) = 0.25; LSD0.05 (IgG2b) = 0.27; LSD0.05 (IgG3) = 0.31. 
b Represented as the averaged IgG2a/IgG1 ratio of individual mice ± S.D. (eight mice/group). 
c Antibodies against other structures that PorA were determined by whole cell ELISA in plates 
coated with a N. meningitidis strain lacking PorA and their level is expressed as the mean log10 titer. 
The means were compared by the LSD test with a confidence level of 95%: LSD0.05 (IgG) = 1.11. 
d OMV contained 9.4% galE LPS relative to the total amount of protein present in the 
formulation. * Significantly higher (groups compared inside the same IgG subclass).   

Determination of the subclass distribution of the anti-PorA-specific antibodies confirmed 
that PorA-liposomes in the absence of adjuvants induced overall lower titers as 
compared to other formulations. PorA-liposomes adjuvated with galE LPS induced the 
highest IgG2a titers and these titers were, together with PorA-liposomes adjuvated with 
lpxL1 LPS, significantly higher than those induced by all other formulations. However, 
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the IgG2a to IgG1 ratio was only increased for PorA-liposomes adjuvated with galE 
LPS and not for those adjuvated with lpxL1 LPS (Table 2). This indicates that galE LPS 
induces a Th1-type response. 

The results of the complement-dependent bactericidal assay are summarized in Fig. 2. 
PorA-liposomes adjuvated with galE LPS or lpxL1 LPS gave rise to serum bactericidal 
antibodies in all mice. Moreover, they induced a significantly higher bactericidal immune 
response as compared to all other formulations (Fig. 2). No differences in the bactericidal 
titers were found between OMV, PorA-liposomes without adjuvants, or adjuvated with 
AlPO4 or MPL. However, the number of responders in three of these groups was 
not 100% and varied: only PorA-liposomes adjuvated with MPL induced bactericidal 
antibodies in all mice. The bactericidal antibodies induced by all six formulations were 
PorA-specific, as these sera were not able to kill bacteria of N. meningitidis strain HI5, 
lacking PorA (not shown). 

Cellular immune response to lpxL1-adjuvated liposomal PorA
T-cells are important regulators of B cell responses. To investigate whether the strong 
adjuvating effect of lpxL1 LPS was related to an enhanced cellular immune response 
to liposomal PorA, we compared the PorA-specific proliferation of cells isolated from 
lymph nodes of mice immunized according to procedure B using non-adjuvated PorA-
liposomes, PorA-liposomes adjuvated with lpxL1 LPS and the corresponding control 
liposomes. 

PorA-specific proliferation was found in two of the three pools of lymph node cells from 
mice immunized with plain PorA-liposomes adjuvated with lpxL1 LPS. In contrast to this, 
none of the pools from animals immunized with plain PorA-liposomes (Fig. 3) panel A) 
or with lpxL1 LPS- or non-adjuvated liposomes without PorA (data not shown) showed 
PorA-specific proliferation. In parallel to these findings, cells isolated from lymph nodes 

Figure 2. Serum bactericidal activity 
of mice immunized with OMV and 
(adjuvated) PorA-liposomes. (**) 
Bactericidal titers are significantly 
higher than those of all other groups 
(p ≤ 0.05). Only responding mice are 
included. The number of responding 
mice is indicated. 0
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of mice immunized with lpxL1 LPS-adjuvated PorA-liposomes produced significantly 
higher amounts of IL-2 but not IL-10 (or other cytokines; data not shown), if specifically 
re-stimulated with PorA-liposomes, compared to those of mice immunized with non-
adjuvated PorA-liposomes (Fig. 3), panel B). Altogether, these data indicate that the use 
of lpxL1 LPS as adjuvant with PorA-liposomes results in an improved T-cell response.

Discussion

Adjuvants are important modulators of vaccine responses and play an important role in 
the selection or increase of the immune response. In the present study, we investigated 
the benefits of liposomes as carrier and LPS derivatives as additional adjuvant to 
improve the immune response against a meningococcal PorA. OMV were used as 
vehicle alternative and AlPO4 as an adjuvant alternative. Adjuvants can improve the 
immune response by: (a) causing depot formation at the injection site; (b) increasing 
cellular infiltration at the injection site, particularly of antigen presenting cells; and (c) 
improving antigen presentation to T-cells [12]. 
AlPO4 is one of the most commonly used adjuvants for human vaccines [12] and is 
also used with PorA-based meningococcal vaccines [7]. Aluminum salts induce Th2 
responses, characterized in mice by induction of IgG1 and secretion of IL-4, IL-5, IL-6 

Figure 3. Proliferation and cytokine production of cells isolated from lymph nodes of mice immunized 
with non adjuvated PorA-liposomes (Group 1) or PorA-liposomes adjuvated with lpxL (Group 2). Panel A: 
proliferation of cells. The bars indicate the stimulation indeces (SI) calculated for three separate pools of two 
mice (i.e. six mice per group) of lymph nodes restimulated with either PorA-liposomes or empty liposomes 
as described in materials and methods. Panel B: cytokine production (IL-2 and IL-10) by PorA-liposomes 
stimulated lymph node cells on day 3. White bars: IL-10; black bars: IL-2. Data are presented as averaged 
values ± S.E.M. of lymph node pools (n = 3/group).*p < 0.05. 
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and IL-10 by cells of the immune system [28,29]. In vaccines against N. meningitidis, 
however, a more Th1-directed response is preferred, as it results in B cell isotype 
switching to IgG2a production [30,31]. Murine IgG of the isotypes 2a and 2b are able 
to induce complement-mediated killing of bacteria [26], which is considered one of the 
correlates of protection against N. meningitidis in humans [32] and [33]. Our results 
show that the total IgG titers of sera of mice immunized with PorA-liposomes adjuvated 
with AlPO4 were not significantly increased compared to other groups (Table 2), nor 
were the IgG1 titers, in contrast with what one would be expect for a Th2 type adjuvant. 
In agreement with these results, the bactericidal activity of these sera was not improved 
when compared with non-adjuvated PorA-liposomes or OMV. Thus, the use of AlPO4, 
although generally used in PorA-vaccines [5,7 and 8] does not seem to have any 
beneficial effect. 
Significant titers against other structures than PorA were only observed for OMV, 
non-adjuvated liposomes or liposomes adjuvated with lpxL1 LPS. However, the PorA-
unspecific IgG titers were not bactericidal. The specificity of these IgG remains unknown. 
The PorA-unspecific response is especially surprising for non-adjuvated PorA-liposomes. 
In the case of OMV or lpxL1 LPS-adjuvated liposomes, the PorA-unspecific IgG could 
be raised against galE LPS or lpxL1 LPS, but this was not investigated. 
LPS-derived adjuvants are known to direct the immune response towards Th1 rather 
than Th2 [28]. Our results show that PorA-liposomes adjuvated with galE LPS or lpxL1 
LPS induced significantly higher amounts of IgG2a than other formulations (Table 2). 
The IgG2a to IgG1 ratio, however, was only increased with galE LPS and not with lpxL1 
LPS. This is in agreement with results of immunization of mice with outer membrane 
complexes (OMC) of the N. meningitidis mutant lpxL1 [34]. Despite the fact that only 
PorA-liposomes adjuvated with galE LPS showed a clear shift in the IgG2a-to-IgG1 ratio 
(i.e. a more Th1 type response), both galE LPS- and lpxL1 LPS-adjuvated liposomes 
induced higher PorA-specific bactericidal titers when compared to the other formulations, 
with 100% responders in the groups (fig. 2), although the group size (n = 8) was too 
small to proof that these differences were significant and therefore the difference in 
responders can only be considered as a trend. This indicates that IgG2a titers as such 
result in increased bactericidal response, irrespective of a concomitant increase in 
IgG1 levels. In a previous study it has been shown that in sera of mice immunized with 
OMC isolated from a N. meningitidis mutant without LPS, the IgG2a to IgG1 ratio was 
much lower than the one obtained with OMC isolated from wild-type meningococci [34]. 
However, in our study the IgG2a-to-IgG1 ratio obtained in sera from mice immunized 
with non-adjuvated liposomes did not decrease when compared to other formulations 
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such as OMV. This might be due to the presence of LPS traces in the purified PorA 
used for preparation of the liposomes [11]. However, the presence of LPS traces in 
non-adjuvated liposomes did not result in adjuvant activity. The OMV used in our study 
also contained galE LPS. However, the adjuvant-to-PorA ratio in OMV was much lower 
than in adjuvated liposomes, which may be one of the reasons why the percentage of 
responding mice was below 100% (Fig. 2). 
The incorporation of MPL to liposomal PorA failed to increase the serum bactericidal 
activity of mice sera, although non-responsiveness of mice was absent. Moreover, 
the isotype distribution of MPL-adjuvated liposomes was comparable to that of PorA-
liposomes adjuvated with AlPO4 or OMV (Table 2). It has been previously reported 
that MPL did not improve the bactericidal response of a recombinant liposomal PorA 
formulation [35]. In another study, higher doses of MPL were needed to stimulate 
dendritic cells (DC), as compared to LPS. Once stimulated, DC pulsed with MPL induced 
a mixture of Th1 and Th2 differentiation [36]. The dose of MPL used in our formulations 
was relatively low. Furthermore, PorA-liposomes adjuvated with MPL probably induced 
a mixed Th1/Th2 response (at the IgG level) that did not result in increased serum 
bactericidal activity in mice. 
In our study the best adjuvant activity for PorA-liposomes was obtained with galE LPS 
and lpxL1 LPS. Since lpxL1 LPS has been shown to have a 100-fold reduced toxicity as 
compared to LPS [14], we investigated whether the strong adjuvant activity was related 
to an improvement in the cellular immune response. Indeed, PorA-specific proliferation 
of cells in the lymph nodes was only induced by PorA-liposomes adjuvated with lpxL1 
LPS, and not by non-adjuvated PorA-liposomes. Clinical studies with OMV adjuvated 
with aluminium hydroxide also revealed the induction of proliferative responses in man 
[37]. Repeated (three) immunisations with OMV containing some LPS (8% relative to 
protein) may cause this response. Proliferation of cells from mice immunized with PorA-
liposomes adjuvated with lpxL1 LPS was accompanied by increased production of IL-2 
by cultured cells, whereas the production of IL-10 (Fig. 3B) or other cytokines (data not 
shown) did not increase. This is an indication of an enhanced Th1-type response [38]. 
On the other hand, IFN-γ (also a Th1 cytokine) was not increased. The reason for this 
is currently not clear. Further studies determining the production of other cytokines by 
proliferating cells are needed to confirm the Th1 type response induced by lpxL1. 
In conclusion, our results indicate that both galE and the less toxic lpxL1 mutant LPS 
can be used as a highly effective adjuvant in well-defined PorA-liposomes. Both MPL 
and AlPO4 were unable to improve the immunogenicity of PorA-liposomes. Although 
galE LPS was equally effective as lpxL1 LPS, its toxicity makes it less suitable for 
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use in vaccines. The increased induction of bactericidal serum activity by lpxL1 LPS-
adjuvated liposomes was accompanied by an improved stimulation of cellular immune 
responses. Furthermore, the use of lpxL1 LPS overcomes the problem of non-responsive 
subpopulations after vaccination against N. meningitidis. 
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Differential processing and presentation of PorA CD4 T cell epitope

Abstract

CD4 T cells are required for the induction of germinal center (GC) reactions and the 
generation of high affinity, functional B cell responses to neisserial protein antigens. 
It is unknown, however, whether suboptimal cognate CD4 T cell help might contribute 
to the immunosubdominance of certain PorA antigens. To address this issue, we set 
out to generate PorA-specific CD4 T cell hybridomas, and to study the influence of 
PorA strain variation on the efficiency of CD4 T cell epitope generation. CD4 T cell 
hybridomas were established by fusing primed T cells from P1.5-1,2-2 immunized mice 
with BW1100 TCR-/- thymoma cells. Multiple CD4 T cell hybridoma subclones appeared 
to be specific for a single PorA epitope within the region covering residues P1.5-1,2-
2146-169 (i.e. PEFSGFSGSVQFVPAQNSKSAYTP), as measured by IL-2 production of 
hybridoma cells in response to antigen or peptide loaded antigen-presenting cells. As 
this epitope region shows microvariation between PorA serosubtypes, we investigated 
the efficiency of processing and epitope presentation of various PorA strain variants. 
Variants harboring an isoleucine (I) at the position corresponding to A165 of P1.5-1,2-2, 
such as P1.7-2,4, were unable to stimulate hybridomas, while an amino acid substitution 
at the E146 position was neutral. Surprisingly, a PorA variant sharing the P1.5-1,2-2 
epitope region required a 16-fold higher antigen concentration to elicit a T cell response. 
These results indicate that natural polymorphisms inside and outside epitope regions 
play a role in the efficiency of processing and presentation of PorA to CD4 T cells, and 
may thereby influence the level of immunogenicity of PorA serosubtypes.
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Introduction

In the defense against group B meningococci outer membrane proteins are the main 
target structures for the adaptive immune system. Strong immune pressure on certain 
exposed epitopes has favored the selection of strain variants. While being homologous 
for approximately 90 % of their amino acid sequence, certain strain variants of the 
major outer membrane protein and vaccine candidate, PorA, are immunodominant 
over others in clinical trials and in preclinical mouse studies using PorA-based outer 
membrane vesicle (OMV) vaccines [1-3]. PorA specific protecting antibodies are 
directed mainly against two long, strain-variable, extracellular loops, loop 1 and loop 
4 [4]. In mice we found that antibody responses against an immunodominant (P1.5-
1,2-2) and a subdominant PorA (P1.7-2,4) are differently regulated. Antibody affinity 
maturation was rapidly induced in response to the dominant antigen, but was seriously 
delayed in response to the subdominant antigen, resulting in less functional serum IgG. 
This was not explained by a lack of antigen specific B cell types involved (Chapter 4 of 
this thesis).
CD4 T cells are essential in the formation of germinal center (GC) reactions which lead 
to the generation of high affinity, functional B cell responses to protein antigens [5]. This 
also accounts for the immune response against PorA. T cell-deficient nude mice failed 
to mount a functional antibody response against this antigen (G. van den Dobbelsteen, 
unpublished results). Furthermore in immunocompetent mice, PorA-specific IL-2 
production was measured in restimulated cultures of lymph node cells obtained after 
vaccination (Chapter 6 of this thesis), most likely produced by primed PorA-specific 
CD4 T cells. These observations raise the question whether suboptimal cognate CD4 T 
cell responses may underlie the immunosubdominance of certain PorA antigens, such 
as P1.7-2,4. 
To date, no individual PorA-specific CD4 T cell epitopes have been reported in 
mice, although some have been proposed based on predicting algorithms (E.Wiertz, 
unpublished results). Attempts in our laboratory to identify such epitopes, using 
overlapping PorA peptides to restimulate lymph node cells from PorA immunized mice, 
have failed so far. To be able to map PorA-specific CD4 T cell epitopes, and to study 
their role in the differential immunogenicity of PorA types, we here set out to establish 
CD4 T cell hybridomas by immortalizing primed T cells from immunized mice. Generated 
hybridomas appeared to be specific for a single PorA epitope. As T cell hybridomas are 
able to produce IL-2 in proportion to the rate of MHC-epitope expression on antigen 
presenting cells, we compared the efficiency of processing and epitope presentation 
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of various PorA strain variants. This study for the first time reports the identification of 
a mouse PorA-specific CD4 T cell epitope, and reveals strain-dependent presentation, 
determined by PorA variations inside and outside the epitope.

Materials & Methods

Antigens, cell lines and mice
Recombinant PorA serosubtypes, rP1.7-2,4, rP1.5-1,2-2, rP1.5-2,10, rP1.19,15, 
rP1.22,14 and rP1.7,16 were kindly provided by Dr. G. Zlotnick (Wyeth Vaccines). 
Synthetic 18-mer peptides, 12 aa overlapping and covering the entire protein sequence 
of P1.5-1,2-2 (n=367 aa), the microvariable region of P1.7-2,4150-173, and regions 
P1.7,16211-234 and P1.7,16252-275, were prepared by Fmoc solid phase synthesis using 
a SYRO II simultaneous multiple peptide synthesiser (MultiSyntech GmbH, Witten, 
Germany). 
A20 B lymphoma cells were grown in RPMI supplemented with 10% FCS. BW1100 
thymoma cells, a γ-irradiated variant of BW5147 that does not express TCR [6, 7], was 
kindly donated by Dr. D.Canaday (Case Western Reserve University, Cleveland).
SPF Balb/c mice were obtained from NVI and housed under conventional conditions. 
All experiments were done with 6-8 week old animals and were approved by the Animal 
Ethics Committee of the NVI. Single splenocyte suspensions for antigen presentation 
assays were obtained by mechanical dissociation and meshing of spleens from naïve 
mice through 100 μM pore size nylon filters in complete Iscove’s medium, i.e. Iscove’s 
medium (Gibco BRL, USA) supplemented with 5% NMS (Hyclone, USA), β-ME and 
pen/strep/glu (Gibco BRL, USA).

Immunizations
Groups of four mice were immunized subcutaneously either with LpxL1-adjuvated 
liposomes containing recombinant P1.5-1,2-2 (1.5 μg) in PBS, which have been 
described earlier (Chapter 6 of this thesis), or with synthetic 18-mer peptides covering 
the sequence of two proposed H2d restricted CD4 T cell epitopes derived from the 
P1.7,16 sequence, namely P1.7,16214-233 (YAFKYARHANVGRNAFELFL) and P1.7,16254-

273 (RLTGGYEEGGLNLALAAQLD), emulsified in incomplete Freund’s adjuvant (IFA) at 
day 0 and day 28 (based on unpublished results, E.Wiertz). 

Generation of T cell hybridomas
At day 38 after immunization, draining lymph nodes were isolated, single cell 
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suspensions were obtained, pooled per group, washed and cultured (1x105 cells/well) 
in 200μl complete Iscove’s medium, in the presence of 0.5 μg/ml PorA for 6 days. After 
2 days rIL-2 (Cetus) and rIL-7 were added to a final concentration of 20 U/ml and 10 
ng/ml, respectively. The in vitro-stimulated cells were fused with equal numbers of the 
TCR-/- BW1100 cells, using Polyethyleen Glycol (PEG) as described elsewhere [8].Cells 
were serially diluted in 96-well plates and incubated in DMEM supplemented with 10% 
FCS, β-ME and pen/strep/glu (Gibco BRL, USA) o/n. Thereafter 2x HAT medium was 
added to select for hybridomas. After 7-9 days, when clonal expansion became visible, 
cells were transferred into 24-well plates in complete medium with HT supplementation. 
When cells had grown to near confluence, screening of individual hybridomas was 
performed. Subcloning was performed by limiting dilution. Subclones were grown in 
complete DMEM medium without HT.

Phenotypic and functional screening of T cell hybridomas
Hybridomas were prescreened for successful expression of TCR by FACS analysis. 
Cells were washed in FACS-buffer and incubated at 106 cells/ml for 30 minutes on ice 
with PE-labeled anti-mouse TCRβ chain and APC-labeled anti-mouse CD4 antibodies, 
or with isotype controls (Pharmingen). Cells were washed and resuspended in 1% 
paraformaldehyde in PBS. Flow cytometry was performed using a FACS Calibur 
(BD Biosciences) and data were analyzed using the CellQuest Pro Software (BD 
Biosciences).
To select for PorA-specific clones, 1x105 TCR positive hybridoma cells were cocultured 
with antigen (rP1.5-1,2-2 or peptides) or medium alone, in the presence of either 5x104 
A20 cells or 1x105 syngeneic splenocytes as antigen presenting cells in a total volume 
of 200 μl. After 24 hours, supernatants (100 μl/well) were harvested and tested in 
an IL-2 ELISA using the mIL-2 specific antibody pair JES6-5H4 and JES-1A12 (BD 
Biosciences).

Results

Generation of CD4-positive PorA-specific T cell hybridomas
To obtain PorA-specific T cell hybridomas, Balb/c mice were primed and boosted with 
either the immunodominant P1.5-1,2-2 antigen incorporated in adjuvated liposomes 
(Chapter 6 of this thesis), or with synthetic peptides covering two proposed H-2d 
restricted CD4 T cell epitopes. Cells from draining lymph nodes were restimulated in 
vitro with antigen, and after 6 days fused with TCR-/- T cell thymoma BW1100 cells. 
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Only fusion of T cells derived from P1.5-1,2-2 immunized mice gave T cell hybridomas 
with stable TCR expression (shown for a representative example in Fig. 1A), and with 
PorA specific reactivity, as determined by IL-2 production after stimulation with rP1.5-
1,2-2 in the presence of A20 B lymphoma cells as antigen presenting cells (shown 
for a representative example in Fig. 1B). Subcloning of one P1.5-1,2-2 induced T cell 
hybridoma yielded 39 subclones, 38 of which were P1.5-1,2-2 responsive. 

 

Fine specificity of CD4-positive PorA-specific T cell hybridomas
When tested for IL-2 production in response to A20 cells pulsed with pools of six 
overlapping synthetic peptides (1mM per peptide) covering the entire P1.5-1,2-2 protein, 
all hybridoma subclones recognized pool no. 5, as shown for six subclones in Fig. 2A. 
When the individual peptides from pool no. 5 were incubated separately with the six 
hybridomas, using A20 cells as antigen presenting cells, two subsequent 18-mers, 
PEFSGFSGSVQFVPAQNS (011-24) and SGSVQFVPAQNSKSAYTP (011-25), but not 
their adjacent peptides sequences, were recognized by all hybridomas (Fig. 2B). 

Figure 1. FACS analysis 
of a stable representative 
hybridoma exhibiting TCRβ 
and CD4 surface expression 
stained with isotype control 
antibodies (upper panel) 
and anti-CD4-APC and anti-
TCRβ-PE antibodies (lower 
panel) (A), and IL-2 production 
measured in the supernatant 
of a hybridoma (nr 7-16) in 
the presence of A20 B cells, 
pulsed with either medium or 1 
µg/ml rP1.5-1,2-2 (B). 
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These two peptides correspond to residues P1.5-1,2-2146-163 and P1.5-1,2-2152-169, located 
in the transmembrane spanning region that precedes loop 4 (Fig. 3). Interestingly, this 
region shows minor strain variation between the dominant serosubtype P1.5-1,2-2 
and the subdominant serosubtype P1.7-2,4 at two positions. A glutamic acid residue 
at position 147 in P1.5-1,2-2 (E147) corresponds to an aspartic acid in the P1.7-2,4 
molecule (D151), whereas an alaninyl at position 160 in P1.5-1,2-2 (A160) corresponds to 
isoleucyl in P1.7-2,4 (I164) (see Table 1). These amino acid substitutions have no effect 
on the charge but involve changes to residues with smaller (E -> D) or more bulky (A -> 
I) side chains.

Figure 2. IL-2 production of six T cell hybridoma subclones in the presence of A20 B cells as APC, pulsed 
with ten pools (I through X) of each six overlapping peptides (at 1mM each) spanning the entire sequence of 
P1.5-1,2-2 (A), and the individual peptides (1mM) representing pool V (B). Sequences of peptides 011-24 and 
011-25 are shown in Table 1. Medium and rP1.5-1,2-2 (indicated as rPorA) were used as controls.
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Table 1. Amino acid sequences of 18-mer peptides corresponding to the CD4 T cell epitope region of P1.5-
1,2-2 and P1.7-2,4 (top), and of the epitope region of tested PorA serosubtypes (bottom). Differences between 
P1.5-1,2-2 and other serosubtypes are indicated in bold and underlined amino acid symbols.

peptides/ PorAs amino acid sequence
S011-24 : (P1.5-1,2-2)            

S011-25 : (P1.5-1,2-2)                    

S004-29 : (P1.7-2,4)

S004-30 : (P1.7-2,4)    

 

P1.5-1,2-2  

P1.5-2,10   

P1.22,14    

P1.7,16      

P1.7-2,4     

P1.19,15-1    

Epitope

    PEFSGFSGSVQFVPAQNS      

          SGSVQFVPAQNSKSAYTP 

    PDFSGFSGSVQFVPIQNS

          SGSVQFVPIQNSKSAYTP  

 

RYDSPEFSGFSGSVQFVPAQNSKSAYTPA

RYDSPEFSGFSGSVQFVPAQNSKSAYTPA

RYDSPDFSGFSGSVQFVPAQNSKSAYTPA

RYDSPEFSGFSGSVQFVPIQNSKSAYTPA

RYDSPDFSGFSGSVQFVPIQNSKSAYTPA

RYDSPDFSGFSGSVQFVPIQNSKSAYTPA

          SGSVQFVPAQNS

Figure 3. Schematic diagram of P1.5-1,2-2 PorA structure. The minimal CD4 T cell epitope region based on 
responses to overlapping peptides is indicated by the box. The two amino acid that differ in the epitope region 
between PorA serosubtypes are represented in small boxes. Loop 1 and loop 4 are hypervariable (adapted 
from [4]).
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Impact of intra-epitopic strain variation on CD4 positive T cell responses
To investigate whether E ->D and A ->I substitutions in the CD4 T cell epitope have an 
impact on the capacity to stimulate the T cell hybridomas, we compared the responses 
of three hybridomas, 7-12, 7-16 and 7-31, against synthetic P1.5-1,2-2 and P1.7-2,4 
versions of the two positive overlapping 18-mers (Table 1). Using a fixed concentration 
of peptides on A20 as antigen presenting cells, we found markedly lower IL-2 production 
of the three hybridomas against the two P1.7-2,4 derived peptides (data not shown). 
When titrated, the magnitude of the attenuation caused by the two amino acid 
substitutions becomes evident. The P1.7-2,4 derived peptides required 16 to 32 times 
higher concentrations to induce similar IL-2 production by 7-31 hybridoma cells than 
their P1.5-1,2-2 counterparts (Fig. 4). Furthermore, as was observed for both PorAs, of 
the two positive 18-mers, the C-terminal peptide was more efficiently recognized than 
the N-terminal peptide. This most likely indicates that residues flanking the C-terminus 
of the overlapping 12-mer core sequence (SGSVQFVPIQNS) contribute more to epitope 
presentation or recognition than those flanking the N-terminus. Hence, strain variable 
amino acids in the P1.5-1,2-2146-169 epitope region, are important for either binding to the 
presenting MHC class II molecule, or interaction with the TCR.

Comparison of processing efficiency of various PorAs
Next we wanted to determine whether epitope expression after natural processing of 
P1.7-2,4 antigen by A20 cells is sufficient to stimulate the T cell hybridomas. As shown in 
Figure 5 A, while 1 μg/ml of rP1.5-1,2-2 induced maximal responses of T cell hybridoma 
7-12, no significant responses could be detected against similar amounts of rP1.7-2,4. To 
assess the stimulatory capacity of other circulating PorA serosubtypes, having either the 
P1.5-1,2-2 version of the epitope, such as P1.5-2,10 (E146, A159), the P1.7-2,4 version of 

Figure 4. IL-2 production of a 
representative T cell subclone 
(7-31) in the presence of A20 B 
cells as APC, pulsed with titrated 
peptides S004-29 and S004-30 
from P1.7-2,4 and S011-24 and 
S011-25 from P1.5-1,2-2. For 
amino acid sequence of peptides, 
see Table 1.0
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the epitope, such as P1.19,15-1 (D152, I165), or having a mixed epitope composition, such 
as P1.7,16 (E154, I167) or P1.22,14 (D152, A165) (Table 1), we titrated the rPorA antigens 
against cocultures of T cell hybridomas with A20 cells. Only rPorAs having an EA or DA 
phenotype were recognized, notably P1.5-1,2-2 (EA) and P1.22,14 (DA) much more 
efficiently than P1.5-2,10 (EA), while the other rPorAs including P1.7-2,4 were unable 
to stimulate the hybridomas at concentrations up to 1 μg/ml (Fig.5 B). Similar results 
were obtained using freshly isolated spleen cells as antigen presenting cells (data not 
shown). Thus, depending strongly on the presence or absence of an alanine at position 
160 (or corresponding positions) within the epitope, different rPorAs can be recognized 
after natural processing and presentation, by the mouse T cell hybridomas. Our findings 
further indicate that PorA serosubtypes with an identical epitope sequence (i.e. P1.5-
1,2-2 and P1.5-2,10) differed strongly in stimulatory capacity for the T cell hybridomas. 
Since T cell hybridomas produce IL-2 in proportion to the level of epitope expression on 
antigen presenting cells, these data imply that polymorphism outside the epitope also 
contributes to the efficiency of processing and presentation of the epitope to T cells. 

Discussion

Here we describe for the first time a mouse T cell epitope in neisserial PorAs, and 
show that PorA polymorphism can be rate limiting for efficient presentation to T cells. 
These observations were made after we obtained stable T cell hybridomas from mice 
immunized using LpxL1-adjuvated liposomes containing P1.5-1,2-2, confirming earlier 
findings that liposomal formulations are able to induce CD4 T cell activation (Chapter 

Figure 5. IL-2 production of a representative T cell subclone (7-12) in the presence of A20 B cells as APC, 
pulsed with 1 µg/ml rP1.7-2,4 or rP1.5-1,2-2 (A) or with titrated PorA serosubtypes (B). For amino acid 
sequences in the epitope region, see Table1.
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6 of this thesis). No hybridomas responding specifically to PorA were generated from 
mice immunized with earlier predicted epitopes in IFA, most likely indicating that these 
epitopes are either cryptic or insufficiently capable as free peptides of activating specific 
CD4 T cells required for fusion.
As MHC class II-presented T cell epitopes are often located in beta sheet regions of 
proteins, it could be anticipated that the T cell hybridomas would not be specific for one 
of the hypervariable or variable exposed hydrophilic loops of the molecule. Indeed, the 
PorA epitope identified was located outside the external loop structures, namely in a 
relatively conserved membrane spanning region, showing only microvariation between 
serosubtypes. Most importantly, we found that this variation had a dramatic effect on 
recognition by our T cell hybridomas, as corresponding P1.7-2,4 derived peptides 
required at least a 16 times higher concentration to induce IL-2 production compared to 
P1.5-1,2-2 derived peptides. Moreover, natural levels of epitope expression after P1.7-
2,4 processing failed to induce significant T cell stimulation.
The A at position 160 in the P1.5-1,2-2 epitope region appeared essential for recognition, 
while substitution of E147 had a limited effect. rP1.22,14 -harboring a D152A165  phenotype- 
was recognized as efficiently as rP1.5-1,2-2 (E147A160  phenotype). Despite its D151I164 
phenotype, we would have expected some stimulation of hybridomas after processing 
of rP1.7-2,4, comparable to limited responsiveness towards synthetic P1.7-2,4 peptides. 
However, this was not the case. Whether this was caused by an inefficient uptake and 
processing of the antigen, or alternatively, a good uptake but poor processing of the 
antigen is presently under investigation, using higher concentrations of the antigen and 
a sensitive hybridoma clone. In addition, the relatively weak response against a PorA 
type harboring the exact P1.5-1,2-2 (EA) epitope variant, namely P1.5-2,10, points 
towards limitating antigen processing, either insufficient or destructive. Preliminary in 
vitro processing data using murine dendritic cell-derived lysosomal proteases suggest 
that some PorAs are more sensitive to in vitro proteolytic breakdown than others (C. 
Watts and C. van Els, unpublished data). Further evidence that destructive processing 
could limit epitope presentation in cells comes from enhanced hybridoma responses to 
various PorAs, including P1.7-2,4 at high concentrations, in the presence of pepstatin, an 
inhibitor of the lysosomal Cathepsins D or E (C. van Els, unpublished data). Destructive 
processing has been observed for other antigens [9-11] in the MHCII processing route 
as well as in the processing of MHC class I presented peptides [12]. We conclude that 
PorA epitope microvariation itself, possibly enforced by poor processing, plays a role in 
the anti-PorA T cell response. 
Interestingly, the epitope recognized by our murine H2d restricted T cell hybridomas was 
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also identified in peptide HLA-DR eluates isolated from human dendritic cells (DC) after 
processing of different native PorA types (H. Meiring et al, unpublished results), marking 
this epitope as a relevant target for recognition by human CD4 T cells in neisserial 
immune responses. Interestingly, the D151I164 P1.7-2,4 epitope was found at a relatively 
low copy number (40 copies per cell), whereas the corresponding E146A159 P1.5-2,10 
epitope was found at 1000 copies/cell. Whether this reflects differences in susceptibility 
for processing events between the PorAs, or differences in binding of the peptides to the 
HLA-DR molecules involved, cannot be distinguished at present. 
In conclusion, we succeeded in the generation of P1.5-1,2-2 PorA-specific T cell 
hybridomas recognizing a semi-conserved epitope. One of the two variable amino acids 
within the corresponding P1.7-2,4 epitope sequence had a strong negative effect on the 
hybridoma response. Using other rPorA antigens, differential stimulation was broadly 
found, also between serosubtypes with identical amino acid sequences in the epitope 
region. Our study indicates for the first time that PorA strain variation, inside and outside 
of epitopes, has an impact on PorA-specific CD4 T cell responses. Differential, and 
possibly destructive, PorA processing can limit the presentation of certain T cell epitopes, 
and may thereby have an effect on the immunogenicity of the individual PorAs.    
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Summary 

Neisseria meningitidis regularly colonizes the human nasopharynx and causes 
meningococcal disease in approximately 1-5/100,000 people, mainly in infants and 
adolescents. The rapid onset of invasive meningococcal disease and the lack of 
specific early symptoms limit the effectiveness of medical treatment. Patients are often 
hospitalized when the pathogen has spread systemically, resulting in high mortality 
and serious sequelae. These factors stress the need for a broadly protective vaccine 
against serogroup B meningococci, which cause the majority of meningococcal 
infections in Western Europe. For other serogroups (A, C, Y and W135), the capsular 
polysaccharides (CPS) are conjugated to protein and used as vaccines, but antigenic 
similarity of group B CPS with sugar compounds of the human neural cell adhesion 
molecule (NCAM)[1], excludes group B CPS as a vaccine candidate. Although some 
research has been done on modified group B CPS [2], the safety of such a vaccine 
remains an important issue. Research has focused on the use of OMPs that are both 
conserved and induce protective antibodies, but despite intensive research and reverse 
vaccinology [3,4], no such antigen has been discovered so far. Some candidates seem 
promising, but most surface-exposed immunogenic antigens are associated with some 
level of antigenic variability, albeit less extensive than seen for PorA. Nevertheless, 
PorA-based OMVs remain a good vaccine candidate as monovalent OMV vaccines 
have been tested and found to induce protective antibody responses in multiple clinical 
studies [5-7]. Unfortunately, cross-reactivity of induced antibodies is mostly limited to 
serosubtypes with shared hypervariable loops. Therefore, a monovalent PorA-based 
vaccine is likely to offer sufficient protection only in a single strain epidemic, as observed 
in New Zealand with serosubtype P1.7-2,4. However, for a setting in which disease 
causing strains are antigenically diverse, a multivalent PorA vaccine is required for a 
broad coverage. A hexavalent PorA OMV candidate vaccine (HexaMen) that contains 
six prevalent strains and may protect against up to 80% of clinical isolates in The 
Netherlands has been developed at the NVI [8, 9]. A prerequisite for broad coverage is 
that the immune response after vaccination is equally diverse and generates protective 
immunity against all represented serosubtypes. In clinical studies however, responses 
against the PorA proteins present in HexaMen showed distinct differences, attributed to 
relatively subtle strain variation [10,11]. Serosubtype P1.7-2,4 accounts for up to 40% 
of clinical isolates, but antibody responses raised by vaccination are relatively poor. To 
acquire good efficacy of HexaMen, the PorA-specific immune response against this 
and another weakly immunogenic serosubtype may require improvement. Therefore, 
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factors involved in the development of the PorA-specific immune response need to 
be clarified, including the role of B and T cells. In addition, the immune response may 
be optimized by developing alternative formulations or immunization schedules using 
the available monovalent and hexavalent candidate OMV vaccines. To address these 
issues, in this thesis studies were undertaken using P1.7-2,4 as a model for a weakly 
immunogenic PorA antigen, while P1.5-1,2-2 was used as a strongly immunogenic PorA 
model antigen.
 
Chapter 1 describes meningococcal disease, the possible vaccine candidates and a 
short overview of the most important immunological parameters involved in the humoral 
immune response against a proteinaceous bacterial antigen like PorA. Additionally, 
the questions arising from clinical studies with HexaMen leading to this study are 
examined. 
The influence of the composition of a PorA OMV vaccine on the immune response was 
investigated in chapter 2. The immune responses against the individual PorA proteins 
were studied comparing HexaMen, six monovalent OMVs combined and six separate 
monovalent OMVs. Two immunizations of either vaccine induced few differences in 
the ratio of IgG and bactericidal antibodies. Irrespective of the vaccine used, certain 
PorA proteins induced higher antibody titers, while others induced lower responses. 
Therefore, the difference in immunogenicity of these PorAs proteins is not due to 
possible interference by the presentation form of HexaMen. Instead, the immunological 
differences of the PorAs arise from intrinsic properties of the antigen itself. This implies 
that HexaMen, i.e. using trivalent OMVs, is still a valuable approach for obtaining a 
broad coverage in the setting of a wide spectrum of disease-causing meningococcal 
strains.
To optimize the immune response against weakly immunogenic PorA proteins, 
immunization schedules using both monovalent OMVs and HexaMen were investigated 
and are described in chapter 3. In a clinical study in The Netherlands, in which 
a monovalent P1.7-2,4 OMV booster dose was given 2.5 years after HexaMen 
immunizations, good serosubtype specific responses were found. This monovalent boost 
schedule after HexaMen was repeated in mice, and compared with an immunization 
schedule using an inverse order of monovalent and hexavalent immunizations or using 
hexavalent or monovalent vaccines only. Monovalent priming, but not monovalent 
boosting, induced the best anti P1.7-2,4 bactericidal response, although affinity 
maturation was relatively low. By using two different weakly immunogenic PorA proteins 
for priming and extending the immunization schedule with a second HexaMen boost, 
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good responses were induced against all serosubtypes. This extended schedule also 
showed affinity maturation for the weakly immunogenic PorA proteins, indicating that B 
cell memory had been induced. This shows that heterologous prime-boost immunization 
schedules can greatly enhance specific immune responses against weakly immunogenic 
serosubtypes and thus improve efficacy of HexaMen. 
To investigate during which stage in the humoral response the difference between a 
strong (P1.5-1,2-2) and a weak PorA immunogen (P1.7-,2 4) occurs, the induction of 
PorA-specific B cells in the early immune response is described in chapter 4. The onset 
of IgG and SBA titers was delayed for the weak immunogen. Affinity maturation
against this antigen occurred only after boosting, while affinity of P1.5-1,2-2 specific 
antibodies had already increased before a booster dose. A PorA-specific ELISPOT, 
which enabled the quantification of specific memory B and plasma cells was developed. 
This assay revealed that the lower IgG and SBA titers were not reflected by a lack of 
specific splenic B cells or bone marrow plasma cells. Instead, P1.7-2,4 specific B cells 
expanded further after the boost, while the P1.5-1,2-2 specific B cell pool remained 
constant. Such a hyper-proliferation of specific B cells has also been observed in knock-
out mice, unable to undergo affinity maturation. This suggests that the P1.7-2,4 specific B 
cells have difficulties in generating high affinity antibodies and require more proliferation 
to obtain sufficient antibody production and resolve the presence of the antigen.
As OMV vaccine induced titers decline with time in humans, the establishment of long term 
PorA-specific B cell memory may be an important parameter for protection. Therefore, 
mechanisms of PorA-specific B cell memory were investigated in a mouse model in 
chapter 5. Two monovalent OMV immunizations with a dominant and a subdominant 
PorA induced a long term memory B cell and plasma cell pool that remained constant for 
at least one year. The kinetics for the two PorA proteins were different, as the antibody 
response against the subdominant antigen peaked later, in line with the delayed 
response observed in short-term studies (chapter 4). A subsequent monovalent OMV 
boost induced a PorA-specific memory response, both in antibody titers and in plasma 
cell numbers. Furthermore, we asked whether B cell memory was already induced by 
only one HexaMen dose. Although one Hexamen immunization failed to induce specific 
SBA titers against the weakly immunogenic PorA, specific B cells and plasma cells were 
induced that provoked a strong memory response after a monovalent booster dose at 17 
weeks post priming. In contrast to what was observed in a shorter immunization schedule 
(chapter 3), this booster response was equally strong as seen in the monovalent OMV 
primed groups, indicating that extending the immunization interval may be beneficial 
for the induction of protective SBA titers for a weakly immunogenic PorA. Finally, we 



172

Chapter 8

asked whether the HexaMen primed memory B cell pool could also be reactivated upon 
intranasal encounter with the pathogen, which would indicate a protective mechanism 
in the absence of SBA. Indeed we found a memory response, although the cellular 
kinetics were different from those after a systemic booster vaccination. Dependent on 
the time interval between meningococcal colonization and infection, a vaccinee may be 
protected against all serosubtypes present in the vaccine in the absence of detectable 
PorA-specific bactericidal titers.   
Chapter 6 describes the attempt to improve the immune response against P1.7-2,4 
in a well defined presentation form, using liposomes with co-encapsulation of various 
LPS-derived adjuvants. Of the tested adjuvants, only GalE LPS and LpxL1 LPS were 
capable of increasing the immunogenicity as measured by SBA. These formulations 
also avoided non-responsiveness against PorA-liposomes. Following immunization with 
LpxL1-adjuvated liposomes, increased antigen-specific proliferation and IL-2 production 
were seen in lymph node cells. These data imply that LpxL1-adjuvated liposomes may 
be a good alternative presentation form to study P1.7-2,4 responses which are able to 
efficiently induce PorA-specific IL-2 production, most probably by CD4 T cells. 
In Chapter 7, the involvement of CD4 T cells in the PorA-specific response was further 
studied by the generation of a PorA-specific T cell hybridoma after immunization with 
P1.5-1,2-2 in LpxL1-adjuvated liposomes. Using this hybridoma, a P1.5-1,2-2 specific 
T cell epitope was identified. The recognized epitope was located in a transmembrane 
region with limited strain variation. However, only two amino acid differences in this 
region of PorA nearly abolished the recognition of peptides derived from P1.7-2,4. 
Comparing antigen processing and epitope presentation efficiencies of several PorA 
proteins, we surprisingly found that a PorA harboring an epitope region identical to 
that of P1.5-1,2-2 was recognized with a far lower efficiency. Together these findings 
indicate that PorA strain variation inside and outside CD4 T cell epitopes contributes to 
the efficiency of PorA-specific CD4 T cell activation. 
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General discussion 

Vaccine development against meningococcal B infections
The lack of early specific clinical symptoms and the rapid onset of meningococcal 
B disease render medical treatment only partially effective and stress the need for 
vaccines. As protective surface proteins show antigenic variation, no single, broadly 
protective vaccine candidate against Neisseria meningitidis serogroup B is expected to 
be developed in the near future [12]. Although reverse vaccinology provides interesting 
vaccine candidates [3,4], it is unlikely that a single highly conserved antigen is able to 
induce protection against the majority of meningococcal B strains. Therefore, even if 
a relatively conserved protective antigen were to be discovered, a broadly protective 
vaccine would still require multiple antigenic variants of that antigen. Until then, a 
multivalent PorA-based OMV vaccine is a good alternative, as PorA proteins induce 
strong protective immune responses. In addition, monovalent PorA-based OMV 
vaccines have been tested in clinical studies with good efficacy in adults and older 
children. Unfortunately, efficacy in infants, who are the target group for vaccination, was 
lower. Several clinical studies with a multivalent PorA OMV vaccine (HexaMen) showed 
that PorA proteins varied in their immunogenicity and a booster dose was required to 
obtain a four-fold increase in SBA titers against the subdominant PorA proteins [11]. 
Since we found comparable differences in SBA titers against the various PorA proteins 
in our animal model using HexaMen, HexaMix (six times monovalent) and monovalent 
OMVs (chapter 2,3,4,5) and liposomes (chapter 4), the mechanism underlying this 
immunogenic difference must be caused by the intrinsic properties of PorA and the 
interaction with the complete immune system, both innate and adaptive.
 
Role of various compartments of the immune system in the induction of a specific 
immune response to the PorA antigen
Innate immunity in the PorA response
Innate mechanisms include toll like receptors (TLRs) and other receptors that recognize 
pathogen associated molecular patterns (PAMPs), and are unlikely to distinguish 
between highly homologous antigens. However, LPS-recognizing receptor DC-SIGN 
can be differentially activated by LPS variants [13]. The TLR2 receptor is involved in 
recognition of bacterial (glyco-) proteins, including neisserial PorA and PorB [14-16] and 
is involved in the immunogenicity of Haemophilus influenzae type b-outer membrane 
protein complex glycoconjugate vaccine [17]. TLR2 is unlikely to be differentially 
activated by meningococcal PorA variants that share 90% amino acid sequence. To 
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exclude this possibility, in vitro stimulation assays with naïve B cells and bone marrow-
derived dendritic cells from both wildtype (TLR2+/+ Balb/c and C57Bl/6) and TLR2-/- mice 
(C57Bl/6) were performed using recombinant PorA proteins in liposomes, or liposomes 
alone. Indeed, after measuring activation markers by FACS, these experiments could 
not establish a role for TLR2 in differential recognition of a dominant and a subdominant 
PorA antigen (T. Luijkx, data not described in this thesis). Such a difference would have 
indicated a specificity of innate mechanisms that is unlikely to exist and that would 
enable pathogens to escape recognition by substitution of only a few amino acids. This 
would render the innate mechanism too vulnerable for antigenic variation, while instead 
the innate mechanism has evolved to recognize a wide spectrum of pathogens using a 
limited number of receptors. Therefore, the differential immunogenicity of PorA proteins 
must be sought within the adaptive immune response, most probably in the antigen 
processing and presentation by APCs and subsequent CD4 T cell activation, and in B 
cell activation, proliferation and differentiation into plasma and memory B cells. 

APC and CD4 T cells in the PorA response
Evidence was put forward for the presence of activated CD4 T cells in lymph nodes after 
immunization with PorA-based vaccines (chapter 6 and 7), even in case of P1.7-2,4 
(chapter 6). For the first time, a murine PorA-specific CD4 T cell epitope was mapped 
after immortalization of CD4 T cells derived from P1.5-1,2-2 immunized mice. This 
epitope resided in the membrane-spanning region between loop three and four and 
showed functional strain microvariation. The P1.7-2,4 epitope variant, for example, was 
poorly recognized by the CD4 T cell hybridoma (chapter 7). 
Antigen presentation studies using murine splenocytes and the A20 B cell line also 
differentiated between two PorA proteins, both harboring the optimal CD4 T cell epitope 
(chapter 7), indicating that strain variation outside the T cell epitope may influence 
epitope processing and presentation and may also play a role in differential activation 
of PorA-specific CD4 T cells. In addition, current preliminary investigations using in vitro 
incubation with B cell and DC-derived lysosomal proteases indicate differential sensitivity 
of PorA proteins for proteolytic breakdown (C.Watts, C.van Els, unpublished data). 
Whether insufficient or destructive processing may be responsible for a low efficacy of 
epitope presentation of a subdominant PorA to CD4 T cells is presently unknown. As 
PorA proteins exhibit only about 10% amino acid variation, concentrated mainly in two 
surface-exposed loops [18], multiple common CD4 T cell epitopes are thought to exist, 
of which one murine epitope (chapter 7) and several human epitopes [19,20] have been 
characterized at present. Improving PorA-specific epitope processing and presentation 
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by enhancing productive, or inhibiting destructive, processing may be an interesting 
approach to optimize PorA-specific immune responses. Therefore, PorA processing by 
DCs and B cells needs to be characterized and the exact proteases, cleavage sites and 
amino acids involved need to be determined. Currently, these studies are underway and 
may point to amino acids responsible for PorA epitope deliberation or for susceptibility 
to destructive processing that could be replaced in P1.7-2,4 by less or more resistant 
amino acid residues respectively. This approach can be applied provided that the B cell 
and CD4 T cell epitopes remain intact, as the wild type PorA epitopes expressed by 
circulating meningococcal strains need to be recognized by vaccine induced antibodies, 
memory B cells and memory CD4 T cells.

B cells in the PorA response
The ultimate development of a PorA-specific B cell response resulting in high affinity 
bactericidal antibodies is a complex series of events, including activation, expansion, 
selection and affinity maturation of specific B cells that are able to interact with PorA-
specific CD4 T cells. While many research groups have been able to study the dynamics 
of (viral) epitope specific T cells by tetramer staining, dynamics of antigen-specific B 
cells are more difficult to characterize due to low cell numbers involved. We showed 
that the difference in the humoral response as measured by IgG and bactericidal activity 
against dominant and subdominant PorA proteins could be detected as early as 14 
days post immunization (chapter 4). Only minor differences were seen in serum IgM 
of naïve mice, excluding the possibility that differences in the naïve repertoire play a 
prominent role in the differential immunogenicity. Whether the P1.7-2,4 specific B cell 
pool is limited in clonal diversity, possibly caused by its so-called hidden loop 1 [24], 
could be measured by sequencing BCR genes of PorA-specific B cells. One obstacle 
for such analysis is the isolation of these specific B cells. The detection limit of FACS 
analysis and sorting using fluorescent B cell tetramers consisting of four loop-mimicking 
synthetic epitopes appeared to be in the same range as the occurrence of these cells 
in lymphoid organs after OMV vaccination (1:50-100,000; C.van Els, unpublished data). 
In future investigations, recombinant antigen in adjuvated liposomes can be useful 
instead of OMVs in directing the immune response to one single antigen with only one 
or two major B cell epitopes. However, if restricted at all, an eventual limited availability 
of P1.7-2,4-specific B cell epitopes or B cell precursors did not result in relative lack 
of outgrowth of P1.7-2,4 memory B and plasma cells, as was measured through B 
cell Elispot analysis (chapter 4 and 5), neither in the short nor in the long term. The 
higher numbers of specific B cells with relative low affinity for the subdominant antigen 
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indicates a regulatory defect in the B cell response, which was also observed in mice 
unable to undergo affinity maturation or terminal differentiation of B cells [21, 22]. On 
the one hand, these observations illustrate the mechanism that in the absence of high 
affinity antibodies, B cell expansion is not controlled by an FcγR-mediated feedback 
loop [23]. Second, the failure to generate high affinity antibodies points at an arrest 
in affinity maturation by the P1.7-2,4 B cells. This may be caused either by a relative 
absence of CD4 T cell help or by a low antigenicity or a relative inaccessibility of the B 
cell epitope(s) itself. Our studies cannot distinguish between these possibilities, as yet. 
In case the dominant P1.7-2,4 B cell epitope, P1.4, has a lower antigenicity, it remains a 
challenging task to improve the antigenicity of this epitope. In case inaccessibility of the 
epitope is hampering B cell recognition, improving the availability of the B cell epitope 
will enhance immunogenicity of this PorA and can be tested by elongating loop 4 and/or 
shortening other loops. Likewise, loop 1 may become more accessible if other loops 
were shortened, but this strategy will sort only a limited effect on protective antibodies, 
as this epitope (P1.7-2) is hidden in P1.7-2,4 of circulating strains, hampering binding 
and protective efficacy of these anti-loop 1 antibodies in the field [24]. As discussed 
earlier in this chapter, processing and presentation of CD4 T cell epitopes varies 
between different PorA types. Whether this is limiting in the affinity maturation of the 
P1.7-2,4 specific B cell response is presently unknown. We have started to investigate 
the possibility of improving CD4 T cell help by incorporating an additional CD4 epitope 
(OVA323-339) into loop 6 of P1.7-2,4 PorA. PorA-OVA constructs were made in E.coli and 
cloned into N.meningitidis. OMVs containing recombinant PorA-OVA were prepared 
and we demonstrated the presence of native trimeric PorA structures in which the B 
cell epitopes were unaffected (T. Luijkx, data not described in this thesis). Immunization 
experiments with these PorA-OVA OMVs are ongoing in OVA323-339 specific TCR 
transgenic mice (DO11.10) and wild type controls (Balb/c). 
In conclusion, innate immunity is unlikely to be responsible for the differential 
immunogenicity of highly homologous PorA antigens. Evidence was presented for 
a relative arrest in affinity maturation of P1.7-2,4 specific B cells. While our findings 
indicate a role of PorA strain variation in CD4 T cell recognition, the presence or absence 
of good B cell epitopes can also still be regarded as an intrinsic determining factor in this 
differential immunogenicity of PorA proteins after HexaMen vaccination.

Improving PorA-specific responses by optimizing immunization schedules 
As intrinsic properties of PorA proteins are responsible for the induction of the variable 
antibody responses, we investigated if we could enhance the immune responses to 
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various PorA proteins by optimizing immunization schedules.

Optimizing short-term protection
Vaccine-induced protection against meningococcal B infections depends on two 
major components of the adaptive immune system: a (short-term) protective immune 
response, measured as SBA titers, and long-term B cell memory. For protection against 
meningococcal disease, SBA is still regarded as the best correlate of protection and 
despite the lower immunogenicity of certain PorA proteins, short term protective 
SBA responses against these antigens could be markedly enhanced using adapted 
heterologous immunization schedules with monovalent priming (chapter 3). As a 
monovalent P1.7-2,4 OMV vaccine has been used in a clinical study [6] and was proven 
to induce memory [25], one might consider incorporating it in a priming dose preceding 
the normal (two dose) immunization schedule with HexaMen. Based on our results in 
chapter 3, good SBA titers against all PorA proteins can be anticipated after pre-priming 
with subdominant PorA serosubtypes.
If the mouse model immunization schedule were to be extrapolated to a clinical study 
in which infants are the target population, a monovalent priming dose should be given 
at 2 months, followed by a HexaMen immunization at 4 months and a third Hexamen 
immunization given again 2-6 months later. One problem that may arise is the presence 
of maternally-derived antibodies and the immaturity of the immune system of infants 
[26]. Aspects of the neonatal immune system that are less efficient include a low 
responsiveness of APC and delayed and deficient plasma cell formation. This was also 
reflected in previous clinical studies with MenC conjugate vaccines in which multiple 
doses were required to induce an antibody response before the age of 12 months. 
Older infants (>12 months) required only one immunization [27]. In contrast to plasma 
cell formation and thus induction of antibody responses, CTL responses and the B cell 
memory can be induced in early life [26]. Therefore, priming with monovalent OMVs 
in infants may not induce protective titers instantly, but as B cell memory induction is 
likely to be successful, protective antibody titers will rapidly develop after the second 
immunization at 4 months. Whether this can indeed be applied in clinical studies to 
induce protective antibody titers against the subdominant and prevalent PorA antigens 
remains to be investigated further. To be able to better predict vaccine efficacy in 
infants, neonatal mice (1-2 weeks instead of 6-8 weeks) could be used for immunization 
studies.   
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Optimizing long-term protection
In contrast to the directly induced SBA responses, the role of long-term B cell memory 
in protection against meningococcal disease is less clear [28]. It was suggested that 
persons with low antibody titers after Hib vaccination may be protected [29, 30]. On the 
other hand, in some vaccinees, successful priming alone was not sufficient to induce 
protection and effectiveness dropped one year after vaccination. After MenC conjugate 
vaccination, occasional vaccine failures were associated with low levels of anti-capsular 
antibodies. However there is very little known about the long-term maintenance of B 
cell immunity after meningococcal vaccination and about te relevance of B cell memory, 
in relation to the decline in vaccine induced titers. Therefore, we mimicked the decline 
of clinical antibody titers in mice using extended monovalent OMV immunizations 
schedules (chapter 5). Several important observations were made. 
Firstly, the mouse model mimicked the human response after OMV vaccination well, 
with declining titers over the period of one year. Despite that, we found a stable long-
term memory B cell pool specific for both a dominant and a subdominant PorA that gave 
rise to an increased number of plasma cells upon a booster dose. Surprisingly despite 
waning antibody titers, the plasma cell pool remained constant for a one-year period 
as well. Whether this pool consists of long-lived plasma cells or whether this pool is 
continuously replenished from the memory B cell pool is unclear. More long-term B cell 
studies will be required to further understand and optimize the maintenance of the PorA-
specific long-term memory B cell compartments and replenishment of the PorA-specific 
plasma cell pool. Whether this correlates with long-term memory B cell kinetics after 
OMV vaccination in clinical studies needs to be investigated as well. Human research 
on (long-term) memory B cells and plasma cells is however dependent on the presence 
of these B cell types in the peripheral blood. As the percentages of antigen-specific B 
cells in PBMC after immunization or colonization are expected to be low, monitoring 
of PorA-specific B cells may not be feasible in a clinical setting. Therefore, the most 
practical intervention upon declining titers is the administration of a booster dose after 
approximately one year. In terms of an optimized immunization schedule in clinical 
studies, priming for memory can be done early (2 months), followed by a second dose 
to induce SBA titers (at approximately 4-6 months) and a third dose depending on the 
decline of titers at 12-18 months.   
Secondly, we observed that extending the immunization interval may be beneficial for 
the booster response (chapter 5), as HexaMen priming followed by a monovalent boost 
at week 15 induced an SBA equally as good as the improved short-term monovalent 
prime, hexavalent boost schedule (chapter 3). This enhanced booster response 
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compared to boosting at week 6 (chapter 3) could be explained by a prolonged period 
of ongoing affinity maturation and selection of memory B cell in long-lived GCs [31], 
resulting in a higher average avidity of memory B cells. In contrast to an extended 
immunization interval, a booster dose given relatively soon after priming will stimulate 
most if not all antigen-specific memory B cells to proliferate into plasma cells, including 
those memory B cells with lower affinity. We found that this was beneficial at inducing 
short-term protective titers (chapter 3) but not for inducing high avidity long-term antibody 
titers (chapter 5). A beneficial effect of extending the immunization interval was also 
observed in clinical studies with Hib conjugate vaccines, measured in final antibody 
titers, immunological priming and avidity [32-34]. Therefore, we suggest that the second 
dose should not be given at 4, but preferably at 6 months, allowing memory B cells to be 
selected for higher affinity before reactivation.  
Thirdly, a single HexaMen dose was sufficient to induce B cell memory against the 
subdominant PorA that was reactivated upon mucosal encounter with the pathogen, in 
the absence of “pre-colonization” SBA titers (chapter 5). This indicates that SBA alone 
is not a good indicator of induced immunological memory, and suggests that protection 
provided by memory B cells rapidly differentiating into plasma cells upon colonization 
with N. meningitidis may be underestimated. The increase in serum IgG and SBA titers 
in the presence of a constant number of bone marrow plasma cells after intranasal 
exposure indicates a more mucosally directed type of booster immune response. 
Plasma cells may have homed to mucosal lymphoid tissue where they can mediate rapid 
protection against infection upon colonization. This mucosal immune response is also 
the most important immune mechanism involved in naturally acquired protection through 
(repetitive) colonization of N. meningitidis and N. lactamica. Repetitive colonization most 
likely plays a role in frequent upregulation and maintenance of specific serum antibody 
titers. Upregulation of these antibody levels, and thus clearance of infection, will be 
more rapid in the presence of pre-existing vaccine-induced B cell and T cell memory. 
In clinical settings, the main question remains however whether, in the absence of 
SBA titers, memory is able to induce protective titers more rapidly than invasion of N. 
meningitidis occurs. 
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Mucosal versus systemic immunization to improve vaccine induced protection
Not only the immunization schedule, but also the route of immunization, can be of great 
importance in improving vaccine-induced immune responses. Repetitive colonization 
with (low virulence) meningococci and commensal Neisseria species mediates naturally 
acquired protection against meningococcal infection [35]. This naturally acquired 
immunity is firstly composed of mucosal immunity and only later also includes systemic 
serum antibodies. Measuring the mucosal parameters, including local memory T cells, 
B cells and plasma cells as well as IgG and IgA levels in the mucosa, is a daunting 
task compared to the straightforwardness of measuring serum humoral parameters. 
Therefore, it is not surprising that already in the 1960s serum antibody levels were 
found to correlate with protection which set serum bactericidal activity (SBA) as the 
standard for protection. However, this bypasses the role of mucosal immunity and does 
not represent the total repertoire of protective immune mechanisms. Thus, current 
vaccine-induced protection studies are primarily focused on meeting the requirement 
of high SBA, thereby ignoring the role of the mucosal immune response. If the mucosal 
immune response is activated by colonization while vaccine-induced serum bactericidal 
activity is still present, it is very likely that this will lead to long-term protective immunity 
composed of both systemic and mucosal immunity. However, after vaccination with either 
polysaccharide conjugate (MenC) or OMV (MenB) vaccines, serum titers decline over 
time. If colonization with a virulent strain occurs later after immunization, in the absence of 
SBA, it remains questionable whether the parenteral vaccine-induced systemic memory 
can be reactivated rapidly enough to induce protection. As colonization-invasion interval 
estimates vary from hours to weeks, large efficacy studies are required to investigate 
the efficacy of systemic memory. Here, based on our data (chapter 5), we hypothesize 
that a mucosal (i.e. intranasal) boost immunization after systemic priming can redirect 
the immune response to the site where the primary contact with of the pathogen occurs, 
which will greatly accelerate protective mucosal immunity upon colonization with virulent 
strains. Mucosal immunizations with PorA-based OMVs [36-40], NadA-adjuvated LT 
mutants [41] and live attenuated Neisseria strains have been investigated in a mouse 
model and in humans [42, 43], and induced mucosal immune responses, but only low 
serum antibodies. To improve the outcome of mucosal vaccination, several strategies 
may be followed. These include improvement of adjuvants [44], repetitive vaccinations 
with sufficiently large intervals [36] or mucosal immunization, preceded or followed 
by systemic immunization, which is thought to induce efficiently both (mucosal and 
systemic) compartments of immunity that are involved in long-term protection against 
meningococcal disease [45, 46]. Whether mucosal priming followed by a systemic 
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booster or the reverse order of immunizations induces the most efficient protective 
immunity is an interesting issue. Glynn et al. [47] showed that intranasal priming with F1 
Yersinia pestis antigen followed by a sub- or transcutaneous booster vaccination induced 
superior total IgG responses against this antigen compared to the reverse order of 
prime-boost or two homologous immunizations. As Heyderman et al. [46] suggested, this 
approach would also most closely resemble the acquisition of natural immunity against 
meningococci: first mucosal contact and activation of the mucosal immune response 
take place, while only later or after repetitive colonization events, the systemic immune 
response is activated resulting in serum antibody titers. The absence of pre-colonization 
with N. lactamica or low virulence N. meningitidis may be an additional explanation for 
the lowest responses in infants after systemic vaccinations. Although most prime-boost 
studies show that mucosal priming followed by systemic boosting is superior in efficacy, 
there are also studies in which the reverse order of immunizations offered protective 
responses [48]. Our data (chapter 5) suggest that redirection of a systemically primed 
immune response to a mucosal site by an intranasal boost is feasible.

Value of animal models in vaccine development
Finally, as most vaccine studies are performed in rodents and some in adult human 
volunteers, it is important to remember that the target population for vaccination against 
meningococcal group B are infants with an immature immune system but with maternally 
derived antibodies [26, 49]. Therefore, immunization schedules may work in the animal 
model, but may be less efficient in infants. In addition, animals lack human receptors for 
N. meningitidis, such as hCD46, hCEACAM, and are therefore resistant to infection via 
the natural mucosal route. Existing challenge models (intraperitoneal challenge in mice, 
infant rat model) are unsuitable for mimicking human colonization and investigating 
efficacy of vaccine induced (mucosal) immunity. Therefore, new transgenic animal 
models that express human CD46, CEACAM and possibly other proteins are required 
[50]. Only in these mouse models might it be possible to elucidate some of the important 
remaining issues like, 1) the efficacy of serum bactericidal antibody titers, 2) the 
relationship between the presence of memory B cells and protection (e.g. how does the 
time window needed for differentiation into plasma cells upon re-encounter with antigen 
relate to the interval between meningococcal colonization and infection), and 3) the 
question whether mucosal immunity, even in the absence of SBA, is sufficient to protect 
against meningococcal disease. In expectation of such animal models, large clinical 
trials are still required to test efficacy of candidate vaccines and different immunization 
schedules.
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Conclusion
To date, a multivalent PorA OMV vaccine is the best vaccine to protect against 
meningococcal disease in an endemic situation. Differences in PorA-specific immune 
responses are caused by intrinsic properties of PorA and the interaction with the complete 
immune system. Understanding the cellular and humoral components involved in the 
PorA-specific immune response may result in strategies to improve current candidate 
PorA-based vaccines. On the other hand, the induction of protective antibody levels and 
immunological memory using available multivalent PorA vaccines can be enhanced by 
optimizing the schedule and/or route of immunization.
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Nederlandse samenvatting
Neisseria meningitidis of meningokok is een bacterie die regelmatig voorkomt in de 
neus-keelholte van de mens zonder klachten te veroorzaken. Echter, in sommige 
gevallen, en dan met name bij kleine kinderen en tieners, veroorzaakt de bacterie 
een meningokokken-infectie. De bacterie dringt dan door de slijmvliezen van de neus-
keelholte heen en bereikt de bloedbaan. Tijdens een meningokokken–infectie scheiden 
bacteriën blaasjes of vesicles van de buitenmembraan af (Outer Membrane Vesicle, 
OMV) in het bloed, waarin veel endotoxine (of LPS) zit. Dit LPS is voor een groot 
deel verantwoordelijk voor het ziektebeeld. De infectie kan beperkt blijven tot enkele 
kleine bloeduitstortinkjes, maar kan zich ook door het hele lichaam verspreiden (sepsis 
of bloedvergiftiging) en/of door de bloed-hersen barrière het hersenvlies bereiken 
(hersenvliesontsteking). Dit zijn beide ernstige aandoeningen die binnen enkele uren 
na aanvang fataal kunnen aflopen. Tien tot dertig procent van de patiënten overlijdt aan 
deze infectie en nog eens 15-20% procent houdt (ernstig) blijvend letsel, met name 
door amputaties van ledematen, doofheid en concentratiestoornissen. De bacterie zelf 
is goed te bestrijden met antibiotica, maar dit vermindert niet de grote hoeveelheid 
OMVs met LPS die aanwezig is in het lichaam. Door het beperkte direkte effect van 
antibiotica op het door de bacterie uitgescheiden endotoxine en de snelheid waarmee 
de meningokokken-infectie verloopt, is de medische behandeling niet altijd effectief 
meer. Juist daarom is vaccinatie tegen deze ziekte de beste manier om het aantal 
meningokokken-infecties te verminderen.  
Als meningokokken in de neus-keelholte voorkomen (kolonisatie), worden ze opgenomen 
door bepaalde cellen in de slijmvliezen  (M-cellen) die de bacterie laten zien aan cellen 
van het immuunsysteem (dendritische cellen of DCs). Ook na toediening van een vaccin 
nemen DCs deze vaccin componenten (antigenen) op zodat een immuunrespons in gang 
gezet wordt. Deze immuunrespons, die leidt tot de vorming van specifieke antilichamen, 
wordt grofweg in enkele fases verdeeld. Eerst wordt de bacterie opgenomen door 
antigeen presenterende cellen (APC) zoals DCs. Deze vernietigen de bacterie en knippen 
daarbij de bacterie-eiwitten in kleine peptide-stukjes (processing). De bacterie-peptiden 
(of T-cel epitopen) worden aan specifieke T-cellen getoond die vervolgens geactiveerd 
worden en gaan delen. Vaccin of bacterie-componenten worden ondertussen ook door 
specifieke B-cellen met het membraan gebonden antilichaam gezien die vervolgens 
naar hetzelfde lymfoïde weefsel (milt of lymfeklieren) migreren waar de geactiveerde 
T-cellen zijn. Deze B-cellen nemen ook antigenen op en processen deze ook tot T-
cel epitopen. Als een specifieke T-cel deze epitopen op de geactiveerde B-cel herkent 
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(cognitieve interactie), krijgt deze B-cel de juiste signalen van deze T-cel om verder te 
delen en een kiemcentrum (germinal center, GC) te starten. In deze GC delen de B-
cellen, waarbij het oppervlakte antilichaam van de B-cellen verandert. In de GC wordt 
een selectie gemaakt van de B-cellen die het antigeen het beste binden, dus met een 
hoge affiniteit (affiniteitsmaturatie). Antilichamen met een hoge affiniteit zijn effectiever 
in het herkennen, binden en neutraliseren van antigenen en een toename in de affiniteit 
van alle antilichamen (ofwel aviditeit) wordt gezien als een maat voor immunologisch 
geheugen. B-cellen met hoge affiniteit verlaten de GC vervolgens of als geheugen B-cel 
(memory B-cell) of als plasmacel. Plasmacellen migreren meestal naar het beenmerg 
en maken grote hoeveelheden antilichaam aan die het lichaam beschermen tegen (her) 
infectie met dezelfde bacterie. Antilichamen hebben echter geen oneindige levensduur 
waardoor de hoeveelheid van deze antilichamen meestal weer afneemt. Memory B-
cellen kunnen bij een eventuele herinfectie snel uitrijpen tot nieuwe plasmacellen die 
beschermende antilichamen maken. Het immuunsysteem is dus een complex geheel 
met meerdere cruciale processen die nodig zijn voor een goede immuunrespons.
De meningokok wordt op basis van oppervlakte structuren ingedeeld: het suikerkapsel 
van de bacterie bepaalt de serogroep, het PorB eiwit bepaalt het serotype en het PorA 
eiwit het serosubtype. Momenteel zijn er dertien serogroepen bekend, maar de meeste 
infecties wordt veroorzaakt door slechts vijf serogroepen: A, B, C, Y en W135. Deze 
serogroepen laten een regionale verdeling zien, waarbij serogroep A en W135 veel 
infecties veroorzaken in Afrika, terwijl in gematigde klimaten serogroepen B en C de 
meeste infecties veroorzaken. In West-Europa werd in de afgelopen decennia ongeveer 
80% van de infecties veroorzaakt door serogroep B. In 2001 was er een sterke toename 
van serogroep C infecties (tot ongeveer 50%), hetgeen in verschillende West-Europese 
landen leidde tot een vaccinatie-campagne tegen deze serogroep. De vaccinaties waren 
erg effectief en hierna liep het aantal serogroep C infecties weer drastisch terug. Het 
serogroep C vaccin bestaat uit suikerkapsel geconjugeerd aan een eiwit. Helaas kan 
het suikerkapsel van serogroep B niet gebruikt worden als vaccin omdat dit structurele 
overeenkomsten heeft met de suikerketens op menselijke hersencellen van met name 
jonge kinderen. Dat is waarschijnlijk ook de reden dat het suikerkapsel van serogroep 
B nauwelijks antilichamen opwekt. Vaccinonderzoek heeft zich daarom gericht op de 
buitenmembraan eiwitten van de serogroep B meningokok. Helaas vertonen deze eiwitten 
meestal een mate van variatie. Dit beperkt de bescherming van een vaccin. Ondanks 
intensief onderzoek is er nog geen geconserveerd eiwit gevonden dat bescherming 
geeft tegen het merendeel van de serogroup B meningokokken. Het PorA eiwit is een 
buitenmembraan-eiwit dat bacteriedodende (bactericide) antilichamen opwekt. Omdat 
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deze antilichamen vaak in hoge titers aanwezig zijn na vaccinatie met een PorA kandidaat 
vaccin of na infectie, wordt PorA beschouwd als een immunodominant antigeen. Er zijn 
verschillende monovalente, PorA gebaseerde OMV vaccins ontwikkeld, waarvan er twee 
geregistreerd zijn. Deze vaccins induceren de productie van bactericide antilichamen, 
hetgeen als maat voor bescherming wordt gezien. Helaas is ook het PorA eiwit variabel 
in de twee gebieden waar de antilichamen aan binden (epitopen). Deze variatie beperkt 
de bescherming van het vaccin tot stammen van het zelfde serosubtype, dus alleen 
tegen bacteriën met (bijna) hetzelfde PorA eiwit. In een situatie waarbij het merendeel 
van de infecties door een enkele stam wordt veroorzaakt, zoals bijvoorbeeld in Nieuw-
Zeeland, hoeft dat geen probleem te zijn. In een situatie zoals in Nederland, waarbij de 
variatie in de circulerende meningokokken veel groter is, geeft een monovalent vaccin 
maar beperkte bescherming. Om deze dekking te verbreden heeft het Nederlands Vaccin 
Instituut (NVI) een vaccin ontwikkeld, gebaseerd op twee genetisch gemodificeerde 
bacteriestammen die elk drie PorA serosubtypes tot expressie brengen. OMVs van deze 
twee stammen samen bevatten dus zes serosubtypes. Dit hexavalente OMV vaccine 
(HexaMen) kan bescherming bieden tegen 50-80% van de klinische isolaten in Nederland. 
Een voorwaarde voor deze bescherming is dat na vaccinatie tegen alle aanwezige 
PorAs bactericide antilichamen worden opgewekt. Klinische studies met dit vaccin in 
Nederland en in het Verenigd Koninkrijk toonden verschillen aan in de immuunrespons 
tegen de PorAs, die voor ongeveer 90% van hun bouwstenen (aminozuren) identiek 
zijn. Serosubtype P1.7-2,4 is verantwoordelijk voor maximaal 40% van de serogroep 
B meningokokken infecties, maar antilichaam titers tegen dit antigeen waren relatief 
zwak en zouden mogelijk verbeterd kunnen worden. Om dit te doen zullen de factoren 
die een rol spelen in de ontwikkeling van de immuunrespons tegen PorA verduidelijkt 
moeten worden, inclusief de rol van B en T-cellen. Ook zou de immuunrespons verbeterd 
kunnen worden door alternatieve formuleringen en immunisatie schema’s met de 
beschikbare monovalente en hexavalente kandidaat vaccins te bestuderen. Om deze 
onderzoeksvragen te beantwoorden zijn in dit proefschrift studies gedaan met P1.7-2,4 
als model voor een zwak immunogeen PorA antigeen, terwijl P1.5-1,2-2 is gebruikt als 
een sterk immunogeen PorA antigeen.
In hoofdstuk 1 wordt achtergrond informatie gegeven over meningokokken infecties 
en mogelijke serogroep B vaccin kandidaten. Tevens wordt een kort overzicht gegeven 
van de belangrijkste immunologische parameters die betrokken zijn bij de antilichaam 
gerichte immuunrespons tegen een bacterieel eiwit antigeen als PorA. Ook worden de 
onderzoeksvragen behandeld die uiteindelijk leidden tot dit proefschrift.
De invloed van de samenstelling van een PorA OMV vaccin op de immuunrespons 
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wordt besproken in hoofdstuk 2. De immuunrespons tegen de individuele PorAs 
werd bestudeerd, waarbij HexaMen werd vergeleken met zes monovalente OMVs 
gecombineerd en de zes monovalente OMVs afzonderlijk. Per PorA serosubtype 
induceerden twee immunisaties van elk vaccin slechts kleine verschillen in de ratio van 
IgG antilichamen en hun bactericide activiteit. Onafhankelijk van het gebruikte vaccin 
induceerden sommige PorAs hogere antilichaam titers, terwijl andere weer lagere 
responsen lieten zien. Het verschil in immunogeniciteit van deze PorAs wordt blijkbaar 
niet veroorzaakt door mogelijke interferentie door de presentatievorm in HexaMen, maar 
door intrinsieke eigenschappen van de antigenen. Dit betekent dat HexaMen, oftewel het 
gebruik van trivalente OMVs, een waardevolle benadering blijft voor het verkrijgen van 
een brede bescherming in een situatie waarbij de meningokokken infecties veroorzaakt 
worden door een breed spectrum aan meningokokken. 
Om de immuunrespons tegen de zwak immunogene PorAs te optimaliseren, werden 
immunisatieschema’s met monovalente en hexavalente OMV vaccins onderzocht, 
zoals is beschreven in hoofdstuk 3. In een klinische studie in Nederland, waarbij 
2,5 jaar na HexaMen vaccinaties een monovalente P1.7-2,4 OMV booster vaccinatie 
werd gegeven, werden goede responsen tegen P1.7-2,4 gevonden. Dit monovalente 
booster schema na HexaMen werd herhaald in een muis model en vergeleken met het 
omgekeerde vaccinatie schema - met eerst het monovalente en daarna het hexavalente 
vaccin – en met alleen het monovalente of hexavalente vaccin. Niet de monovalente 
booster immunisatie, maar een monovalente priming immunisatie induceerde de beste 
anti P1.7-2,4 bactericide respons. Affiniteitsmaturatie van de antilichamen, hetgeen 
een indicatie voor is voor de vorming van memory B-cellen en dus immunologisch 
geheugen, was echter relatief laag. Door eerst te immuniseren met een combinatie 
van twee zwak immunogene PorAs gevolgd door twee HexaMen vaccinaties, werden 
goede bactericide antilichamen opgewekt tegen alle serosubtypes met ook een betere 
affiniteitsmaturatie. Dit laat zien dat een heteroloog priming-booster immunisatieschema 
de specifieke responsen tegen zwak immunogene PorAs sterk kan verbeteren en 
daarmee de bescherming door HexaMen kan vergroten. 
Om meer inzicht te krijgen in de mechanismen die leiden tot verschillen in de 
antilichaamresponsen tegen een sterk (P1.5-1,2-2)  en een zwak immunogeen PorA 
(P1.7-2,4) werd, behalve de ontwikkeling van antilichamen in het bloed, ook die van 
PorA specifieke B-cellen bestudeerd na vaccinatie (hoofdstuk 4). De aanmaak van 
(bactericide) antilichamen was vertraagd voor het zwak immunogene PorA. Ook de 
affinitieitsmaturatie van antilichamen tegen dit antigeen vond pas plaats na een tweede 
immunisatie, terwijl affiniteit van P1.5-1,2-2 specifieke antilichamen al was toegenomen 
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voor deze booster immunisatie. We hebben een PorA specifieke ELISPOT ontwikkeld, 
die het mogelijk maakte PorA specifieke memory B en plasmacellen te kwantificeren. 
Deze methode liet zien dat de lagere IgG and bactericide titers niet werden veroorzaakt 
door een gebrek aan specifieke memory B-cellen in de milt en plasmacellen in het 
beenmerg. In tegenstelling, het aantal P1.7-2,4 specifieke B-cellen nam verder toe na 
een tweede vaccinatie, terwijl de P1.5-1,2-2 specifieke B-cellen gelijk bleven in aantal. 
Een soortgelijke B-cel hyper-proliferatie is ook waargenomen in bepaalde knock-out 
muizen die geen antilichaam affiniteitsmaturatie meer konden ondergaan. Dit suggereert 
dat de P1.7-2,4 specifieke B-cellen moeite hebben om hoog affine antilichamen aan te 
maken en meer proliferatie nodig hebben om voldoende antilichamen te produceren. 
Omdat OMV vaccin geïnduceerde antilichaam titers afnemen in de loop van de tijd, zou 
de vorming van lange-termijn PorA specifieke memory B-cellen een belangrijke factor 
voor bescherming kunnen zijn. Daarom werd in onderzoek, beschreven in hoofdstuk 5, 
het mechanisme van PorA specifieke B-cel memory onderzocht in een muis model. Twee 
immunisaties met monovalente OMVs met een sterk of een zwak immunogeen PorA 
induceerden memory B-cellen, waarvan de aantallen stabiel bleven gedurende meer dan 
een jaar. De kinetiek van de immuunresponsen tegen de twee PorAs was wel verschillend, 
want de antilichaam titers tegen het zwak immunogene PorA bereikten het hoogtepunt 
later, hetgeen overeenkomt met de vertraagde respons in de korte-termijn immunisatie 
studie (hoofdstuk 4). Als vervolgens een derde immunisatie werd gegeven resulteerde 
dit in een duidelijke memory respons, waarbij zowel antilichaam titers en plasmacel 
aantallen toenamen. We vroegen ons af of deze memory B-cellen ook gevormd worden 
na slechts één immunisatie met HexaMen. Hoewel één immunisatie met HexaMen nog 
geen bactericide antilichamen opwekte tegen het zwak immunogene PorA, werden wel 
specifieke memory B cellen gevonden die voor een sterke memory respons zorgden  
bij een tweede monovalente immunisatie 17 weken later. In tegenstelling tot wat in 
een korte-termijn immunisatie schema werd gevonden (hoofdstuk 3), was deze booster 
respons even sterk als in de monovalent geïmmuniseerde groepen. Dit impliceert dat het 
verlengen van het interval tussen vaccinaties beter zou kunnen zijn voor de ontwikkeling 
van hogere antilichaam titers en B-cel memory tegen een zwak immunogeen PorA. 
Verder hebben we ons afgevraagd of deze memory B-cellen na HexaMen vaccinatie 
ook geactiveerd kunnen worden door kolonisatie met levende bacteriën in de neus-
keelholte. Dit zou betekenen dat er een beschermend mechanisme zou kunnen zijn in 
de afwezigheid van bactericide antilichamen. Na intranasale toediening van bacteriën 
werd er inderdaad een memory respons waargenomen, hoewel de kinetiek anders was 
dan bij de gebruikelijke subcutane OMV immunisatie. Afhankelijk van het tijdsinterval 
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tussen kolonisatie van de meningokok en infectie, zou een gevaccineerd persoon 
middels B-cel memory beschermd kunnen zijn tegen alle serosubtypes in Hexamen 
ook in de afwezigheid van PorA specifieke bactericide titers.   
Hoofdstuk 6 beschrijft de poging om de immuunrespons tegen het zwak immunogene 
P1.7-2,4 te verbeteren in een goed gedefinieerde presentatievorm, waarbij het werd 
gezuiverd en ingebouwd in een lipide membraan in liposomen in de aanwezigheid van 
verschillende LPS-afgeleide adjuvantia. Van de geteste adjuvantia waren alleen galE 
LPS en LpxL1 LPS in staat om de bactericide antilichaam titers te verbeteren. Deze 
formuleringen zorgden er ook voor dat alle dieren een bactericide antilichaam respons 
lieten zien, wat niet altijd het geval is met het gebruik van OMVs. Na immunisatie 
met LpxL1 geadjuveerde liposomen werd een verhoogde PorA specifieke IL-2 
productie waargenomen in gestimuleerde milt cellen. Deze data impliceren dat LpxL1 
geadjuveerde liposomen een goede alternatieve presentatievorm zijn om de P1.7-2,4 
respons te bestuderen en bovendien in staat zijn om PorA specifieke IL-2 productie op 
te wekken, waarschijnlijk afkomstig van PorA specifieke CD4 T-cellen.   
In onderzoek beschreven in hoofdstuk 7, werd de rol van de CD4 T-cellen in de PorA 
specifieke respons verder bestudeerd.  Er werd een PorA specifieke T-cel hybridoma 
gegenereerd na immunisatie met P1.5-1,2-2 in LpxL1 geadjuveerde liposomen. Met 
deze hybridoma werd een P1.5-1,2-2 specifieke epitoop geïdentificeerd. Het epitoop 
werd gelokaliseerd in een transmembraan gebied van PorA met weinig variatie tussen 
bacterie-stammen. Toch werd de herkenning van peptides afkomstig van het P1.7-2,4 
eiwit bijna volkomen teniet gedaan door het verschil van slechts twee aminozuren. 
Toen de antigeen processing en epitoop presentatie van verschillende PorAs werden 
vergeleken, bleek dat een PorA met een identieke epitoop regio als P1.5-1,2-2  met een 
veel lagere efficiëntie werd herkend. Deze resultaten impliceren dat stamvariaties in 
PorA, zowel binnen als buiten een CD4 T-cel epitoop kunnen bijdragen aan de efficiëntie 
van PorA specifieke CD4 T-cel activatie.    
In hoofdstuk 8 worden de bevonden resultaten bediscussieerd in samenhang met 
de literatuur. Bovendien worden enkele suggesties gegeven om de PorA specifieke 
immuunrespons te verbeteren.

Conclusie
Tot op heden is een multivalent PorA OMV vaccin het beste vaccin om een brede 
bescherming te kunnen bieden in een gebied met veel stamvariatie in de circulerende 
serogroup B meningokokken. Verschillen in PorA specifieke immuunresponsen 
worden veroorzaakt door intrinsieke eigenschappen van PorA en de interactie met 
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het complete immuunsysteem. Meer kennis van de cellulaire en humorale onderdelen 
die betrokken zijn bij de PorA specifieke respons, kan resulteren in strategieën om de 
huidige PorA vaccins te verbeteren. De inductie van beschermende antilichaam titers 
en immunologisch geheugen door multivalente PorA vaccins kan ook verbeterd worden 
door het immunisatieschema en/of -route te optimaliseren.
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Woordenlijst

Affiniteit de bindings-sterkte van een interactie, in deze context tussen een 
antilichaam met zijn specifieke epitoop.

Affiniteitsmaturatie een succesvolle rijping en selectie van B-cellen die antilichamen 
met een hoge affiniteit hebben. Affiniteitsmaturatie wordt gezien als 
maat voor een succesvolle inductie van memory B-cellen en dus 
immunologisch geheugen.

Antigeen  een stof die een immuunrespons opwekt.
Antilichaam  door plasmacellen uitgescheiden eiwitten die heel specifiek een 

bepaald epitoop binden.
APC  antigeen presenterende cellen: cellen van het immuunsysteem die 

antigenen opnemen, processen en aan andere immuun-cellen laten 
zien.

B-cel  afweer cel met celmembraan-gebonden antilichamen die aan hun 
specifieke toegankelijke epitopen van antigenen kunnen binden. B-
cellen kunnen na stimulatie doorgroeien naar memory B-cellen en/of 
plasmacellen. 

Bactericide  bacteriedodend. De hoeveelheid bactericide antilichamen wordt 
gezien als maat voor bescherming tegen meningokokken-infectie.

Booster (dosis) latere vaccinaties in een vaccinatieschema.
CD4 co-receptor van de TCR op een bepaalde set T-cellen. Deze CD4 of T 

helper cellen zijn nodig voor B-cel activatie, proliferatie en selectie.
DC dendritische cel: de meest effectieve APC.
epitoop stukje van een antigeen dat herkend wordt door B of T-cellen.
IgG immunoglobuline G: bepaald type antilichaam. IgG antilichamen zijn 

het belangrijkste type antilichaam na vaccinatie.
GC Germinal Center of kiemcentrum: een uitgroei van specifieke B-cellen 

waarin B-cellen met de beste epitoop-bindende antilichamen worden 
geselecteerd. B-cellen verlaten een GC als een memory B-cel of als 
plasmacel.

Hexavalent zes (serosub)types bevattend.
IL-2 Interleukine-2: signaalmolecuul dat door geactiveerde T-cellen wordt 

uitgescheiden. 
Immunogeen in staat tot het opwekken van een immuunrespons.
Immunogeniciteit mate waarin een antigeen een immuunrespons opwekt.
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Immunologisch geheugen het voorkomen van specifieke afweer cellen (T- en B-cellen) die 
eerder (door vaccinatie of infectie) door hun specifieke antigeen zijn 
gestimuleerd en hierdoor lange tijd later sneller en efficiënter een 
(memory- of booster-) immuunrespons kunnen opstarten.

Intranasaal in de neus
klinisch isolaat bacteriestam die uit een patiënt is geïsoleerd.
Liposoom blaasje van vetzuurketens, waarbij de hydrofiele kant naar buiten 

gericht is en de hydrofobe vetzuurstaart naar binnen gericht is, op 
dezelfde manier waarop een celmembraan georganiseerd is.

LPS lipopolysaccharide of endotoxine: suikerstructuur met vetketens die 
in de bacteriemembraan zit en wordt uitgescheiden. Grotendeels 
verantwoordelijk voor ziektebeeld van meningokokken-infectie.

Monovalent slechts één (serosub)type bevattend.
Multivalent meerdere (serosub)types bevattend.
OMV Outer Membrane Vesicle: buitenmembraan blaasje van de bacterie 

waarin endotoxine en bacteriële eiwitten zitten.
Plasmacel uitgerijpte B-cel die grote hoeveelheden antilichamen maakt.
PorA Porine A: buitenmembraan-eiwit die het serosubtype van de 

meningokok bepaalt.
PorB Porine B: buitenmembraan-eiwit die het serotype van de bacterie 

bepaalt.
Priming (dosis) eerste vaccinatie(s) in een vaccinatieschema.
Processing het kapotknippen van opgenomen eiwitten of antigenen door een 

APC tot kleine stukjes (peptides) waarbij deze vervolgens weer op 
het oppervlak worden gepresenteerd aan T-cellen.

Proliferatie deling en specialisatie van cellen
Serogroep aanduiding voor type suikerkapsel. Er zijn 13 serogroepen bekend, 

waarvan vijf verantwoordelijk zijn voor bijna alle infecties.
Serotype aanduiding voor type PorB.
Serosubtype aanduiding voor type PorA.
Subcutaan onder de huid.
T-cel afweer cel met T-cel Receptoren (TCR) die aan specifieke epitopen 

van antigenen kunnen binden, nadat deze door een APC worden 
geknipt en gepresenteerd. 

T-cel hybridoma fusie van een specifieke T-cel en een onsterfelijke cellijn, zodat een 
onsterfelijke cellijn verkregen wordt met de eigenschappen van de 
T-cel.
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Het is eindelijk af. Ook al lijkt de hoeveelheid werk die beschreven is in dit boekje 
beperkt, er zit heel wat meer werk en tijd in dan gedacht. Het is dan ook duidelijk dat 
promoveren geen eenmansactie is, maar dat je de hulp nodig hebt van anderen om een 
dergelijk traject tot een goed einde te brengen.
Daarom wil ik allereerst mijn co-promotoren Germie van den Dobbelsteen en Cécile 
van Els ontzettend bedanken. Ten eerste omdat ik ben aangenomen en mocht werken 
aan dit geweldig interessante onderzoek in een bijzonder gezellige werkomgeving. Ik 
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was dan ook een verademing. Ten tweede wil ik Germie en Cécile bedanken voor de 
steun, de betrokkenheid en inhoudelijke bijdragen aan mijn onderzoek. Omdat ik van 
T-cel studies via meer humorale studies van Germie toch weer met B-cel studies bij 
Cécile terecht kwam, vond ik het bijzonder prettig dat jullie elkaar zo goed aanvullen op 
inhoudelijk gebied, wat soms wel tot interessante her-verbeteringen leidde. Ook in de 
laatste fase van het promotie-traject was het contact veelvuldig en het commentaar was 
soms wel even slikken, maar gewoon stug doorgaan tot in de kleine uurtjes.  
Daarnaast wil ik mijn paranimfen Harry en Jacqueline ontzettend bedanken voor het 
te pas en te onpas inspringen als er bij mij weer iets tussen kwam (meestal vakantie, 
hè Harry?) en natuurlijk de SBA’s, de FACS kleuringen en analyses en de hulp bij 
de ELISPOTs. Zonder jullie hulp was het bijna onmogelijk geweest om dit alles in te 
plannen en te doen. En het getuigt natuurlijk ook van het nodige lef om op de dag 
van de verdediging naast mij te durven staan. Hoewel dat inmiddels toch bijna een 
bijbaantje is voor Harry. 
Ook aan onze T-cel guru Martien Poelen heb ik veel te danken, want dankzij zijn stugge 
doorzettingsvermogen hebben we toch nog een T-cel hybridoma te pakken die ook nog 
eens verrassende resulaten liet zien. Ook het inspringen voor mijn OVA experimenten 
waardeer ik enorm, maar wees gerust, ik zal je geen flesjes wijn meer geven.  
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Midjojonogwat (tegen wie praat je nou al die tijd ?), Willem Luijtjes (onze eigen Ab), Roy 
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wilden helpen bij alle obstakels die wij tegen kwamen. Niet alleen de vaste oppasdagen, 
maar ook de goede adviezen en alle klussen van uiteenlopende aard. Jullie nemen ons 
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