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A panel of six murine monoclonal antibodies (MAbs) recognizing inner core lipopolysaccharide (LPS)
epitopes of Neisseria meningitidis was prepared and characterized in order to determine the diversity of inner
core LPS glycoforms among disease and carrier isolates. Two of these MAbs, L2-16 (immunoglobulin G2b
[IgG2b]) and LPT3-1 (IgG2a), together with a third, previously described MAb, L3B5 (IgG3), showed reac-
tivity, either individually or in combination, with all except 3 of 143 disease and carriage isolates (125 of 126
strains from blood, cerebrospinal fluid, or skin biopsy samples and 15 of 17 from nasopharyngeal cultures).
MAbs L3B5, L2-16, and LPT3-1 were further characterized in an indirect immunofluorescence assay. All three
MAbs bound to the bacterial cell surface, findings that correlated strongly with whole-cell enzyme-linked
immunosorbent assay and immunodot blots. However, in contrast to our findings with L3B5, cell surface
binding of L2-16 or LPT 3-1 did not correlate with functional activity as determined by bactericidal or infant
rat passive protection assays against wild-type N. meningitidis strains. These findings are provocative with
respect to the requirements for protective activity of antibodies and the development of inner core LPS vaccines
against invasive meningococcal disease.

Invasive meningococcal disease remains a major cause of
meningitis and septicemia in children under 2 years of age.
Effective polysaccharide-based conjugate vaccines are avail-
able for all the major serogroups except for serogroup B, which
remains the most common cause of meningococcal meningitis
and septicemia in the developed world (36). There is an urgent
requirement for a serogroup B vaccine. The capsular polysac-
charide of Neisseria meningitidis group B (NmB) is �-2,8-linked
polysialic acid, which is also expressed on human neuronal cell
adhesion and other surface-expressed molecules, and there-
fore poses potential problems of autoimmunity as a vaccine
candidate (6). Alternative approaches include outer mem-
brane vesicles (7, 28), a variety of outer membrane proteins
identified through exploitation of whole genome sequences
(26, 31, 41), signature-tagged mutagenesis (40), and an ap-
proach based on the induction of cross-reactive antigens of
Neisseria lactamica (29). We have taken an approach that in-
volves the use of inner core lipopolysaccharide (LPS) epitopes
of N. meningitidis as vaccine candidates (32, 33, 34, 35). The
LPS structure of Neisseria comprises a lipid A backbone at-
tached to a core oligosaccharide unit with an inner core di-
heptose-N-acetyl-glucosamine backbone, wherein the two hep-
tose residues can provide a point of attachment for the outer
core oligosaccharide residues (20).

Meningococcal LPS has been classified into 12 distinct LPS
immunotypes (L1 to L12), originally defined by monoclonal
antibody (MAb) reactivities (37), and further defined by sub-
sequent structural analyses of immunotypes L1/6 (5, 43), L2
(8), L3 (30), L4/7 (23), L5 (27), and L9 (12). A key determinant
of the immunotyping scheme is the location of a phosphoeth-
anolamine (PEtn) moiety on the distal inner core heptose
residue (HepII) at either position 3 or position 6 or this moi-
ety’s absence. The length and nature of oligosaccharide exten-
sion from the proximal heptose residue (HepI) and the pres-
ence or absence of an �-linked glucose unit at HepII also
dictate the immunotype. Oligosaccharides extending from
HepI often mimic human glycolipid structures and include
sialylated lacto-N-neotetraose (L2, L3, L4, and L5), lactose
(L8), and globotriose (Pk antigen) (L1). The genes encoding
the glycosyltransferases are known, including lgtA, lgtB, and
lgtE (13); lgtC (9); rfaC (39); lgtF and rfaK (21, 22); rfaF (14);
and lgtG (2). A characteristic of meningococcal LPS is revers-
ible, high-frequency phase variation of outer core oligosaccha-
ride structures mediated by mutation in homopolymeric DNA
tracts present in LPS biosynthetic genes (16). These homopoly-
meric tracts are absent in inner core LPS biosynthetic genes
such as rfaC, rfaK, rfaF, and lgtF. This inner core structure (Fig.
1a) is therefore relatively conserved and an attractive candi-
date for incorporation into a vaccine (33). An understanding of
the genes involved in the biosynthesis of N. meningitidis LPS
has provided us with the genetic tools to construct genetically
defined mutants, including those expressing truncated LPS gly-
coforms. These have been used to produce and characterize
antibodies to defined inner core LPS structures. The absence
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of galactose residues in the conserved inner core structure of
meningococcal LPS has led to the utilization of mutants de-
fective in the enzyme UDP glucose-4-epimerase (GalE) in the
construction of truncated LPS structures. This enzyme is es-
sential for N. meningitidis to synthesize UDP-Gal for incorpo-
ration of galactose into its LPS and is encoded by the gene galE
(15). Mutation of this gene results in truncation of the oligo-
saccharide chain at the glucose residue attached to HepI. Pre-
viously we have described an inner core LPS epitope defined
by a MAb, L3B5, that is conserved in 76% of NmB strains
(70% of all major N. meningitidis serogroups) and is accessible
in fully encapsulated N. meningitidis (33). This epitope is ac-
cessible in N. meningitidis grown in vivo, and the MAb has
functional activity in vitro (bactericidal, opsonic) and in vivo
against wild-type NmB strains (32, 34, 35). L3B5 recognizes an
inner core LPS epitope in immunotype L3 that has an absolute
requirement for PEtn at position 3 of HepII (33) (Fig. 1c). In

previous studies of L3B5 reactivity, it was clear that two genes,
lpt3 and lgtG, were critical in determining the structures of the
inner core epitopes. The gene lpt3 codes for an LPS PEtn
transferase that adds PEtn to position 3 of HepII and com-
petes with lgtG, which encodes the enzyme that adds glucose
(Glc) to position 3 of HepII (24). Whether lgtG is switched on
or off depends on the number of cytidines in the homopoly-
meric tract that affects whether the gene is in or out of frame
and therefore affects the nature and functionality of the trans-
lated product. One mechanism resulting in N. meningitidis
strains that do not react with L3B5 is when the lgtG gene has
a number of cytidines permissive for transcription of lgtG. This
results in the addition of glucose at position 3 of HepII instead
of PEtn rendering the LPS nonreactive with L3B5. The gene
responsible for the transfer of PEtn to position 6 of HepII is
currently unknown.

The aim of this study was to develop additional MAbs to
inner core LPS epitopes so as to increase our capacity to detect
structural diversity. These MAbs were used to identify inner
core LPS variants and to determine their diversity (number
and frequency) in different N. meningitidis strains taken from
patients during carriage or invasive disease. The MAbs were
characterized in terms of their cross-reactivity to purified LPS,
binding to whole cells by whole-cell enzyme-linked immu-
nosorbent assay (whole-cell ELISA [WCE]), indirect immuno-
fluorescence (IF), and functional activity in vitro (opsonoph-
agocytosis and serum bactericidal [SB] assays). These MAbs
have also resulted in the identification of novel inner core LPS
glycoforms (3).

MATERIALS AND METHODS

Bacterial strains. The N. meningitidis wild-type and mutant strains used in this
paper are described in Table 1. The disease and carriage sets of isolates are
described in Table 2. All N. meningitidis strains used were encapsulated (sero-
group B or C). Bacterial strains were grown overnight (18 h) at 37°C on solid
brain heart infusion (BHI) medium (Merck) in an atmosphere of 5% CO2.

LPS extraction and purification. LPS samples of N. meningitidis were obtained
as described previously (33). LPS was O-deacylated (odA) with anhydrous hy-
drazine and dephosphorylated (HF) using 48% aqueous hydrogen fluoride.

FIG. 1. (a) Structural representation of seven inner core galE LPS
structures of the N. meningitidis immunotypes. (b to h) Three-dimen-
sional space-filling molecular models of the galE mutant inner core
structures color coded as follows: PEtn (orange), Glc (green), GlcNAc
(pale blue), heptose (Hep) (red), 2-keto-3-deoxyoctulosonic acid
(KDO) (dark grey), and lipid A (pale grey). Molecular models were
constructed using a Metropolis Monte Carlo approach and are drawn
with the same orientation for the KDO residue. The lipid A moiety is
shown in panel c. (b) L2 galE (R1 � PEtn-6, R2 � Glc-�1,3, R3 � H);
(c) L3 galE (R1 � H, R2 � PEtn-3, R3 � H); (d) L4 galE (R1 �
PEtn-6, R2 � H, R3 � H); (e) L5 galE (R2 � Glc-�1,3, R1 � H, R3
� H); (f) MC58 lpt3 galE (R1, R2, R3 � H); (g) 1000 galE (R1 � H,
R2 � H, R3 � Glc-�1,2); and (h) 2220Y galE (R1 � PEtn-6, R2 �
PEtn-3, R3 � H). L2-16 was raised to structures b and d, LPT3-1 was
raised to structure f, and L3B5 was raised to structure c (see Materials
and Methods).

TABLE 1. N. meningitidis strains used in this study

Strain Immunotype and/or
genotype Source and/or reference

H44/76 L3 10
galE 14

MC58 L3 35
galE 14
lpt3, lpt3 galE 23

35E L2 7
galE 28

89I L4 22
galE 28

8047 L3 30
lpt3 This study

2996 L3 30
lpt3 This study

M981 L5 25
1000 NT 33

galE 3, 28
NGH38 L2 and L5 33

galE 28
2220Y lgtA siaD This study
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Structural analysis of purified LPS. Mass spectrometry (MS) (negative ion
electrospray-MS) and nuclear magnetic resonance techniques were employed to
determine structural features of purified LPS-derived oligosaccharides as de-
scribed previously (33).

Preparation of inner core LPS MAbs. MAbs to inner core N. meningitidis LPS
were developed as described for L3B5 (33). Briefly, female BALB/c mice, 6 to 8
weeks of age, were immunized intraperitoneally (i.p.) with formalin-killed galE
mutant whole cells. Each mouse received 108 cells in 0.5 ml of phosphate-
buffered saline (PBS). The mice received boosters on days 14 and 35, and blood
samples were taken on day 45. One or two mice showing a high antibody titer to
the homologous galE and wild-type LPS antigens were given two final injections
on about day 56, an i.p. injection as described previously, and an intravenous
injection of 2 � 107 cells in 0.1 ml of PBS. The fusion was performed 3 days
following the last injections. Stimulated spleen cells were fused with SP2/O-Ag14
myeloma cells at a ratio of 10:1 in 33% polyethylene glycol 1450. Putative hybrids
resulting from hypoxanthine-aminopterin-thymidine selection were screened
against the purified immunizing galE mutant and/or the complete LPS of the
same immunotype in an ELISA. Hybrids producing antibodies of interest were
selected and cloned twice by limiting dilution to ensure stability and clonality.
Immunoglobulin (Ig) subclass was determined with spent supernatant by using
an enzyme immunosorbent assay mouse MAb isotyping kit (Amersham Canada,
Oakville, Ontario, Canada). Clones were expanded as ascites by i.p. injection of
106 hybridoma cells in BALB/c mice 10 to 14 days following i.p. priming with 0.5
ml of 2,6,10,14-tetramethyl-pentadecane (pristane). Ascitic fluid was tapped 7 to
14 days postinjection.

ELISA. Purified and well-characterized wild-type and mutant LPS were used
in a solid-phase indirect ELISA to determine the binding specificities of the
MAbs (34). Nuclear magnetic resonance, MS, and/or sodium dodecyl sulfate-
polyacrylamide gel electrophoresis confirmed the structural integrity of each
antigen utilized. Nunc Maxisorp EIA (96-well) plates were coated with 1.0 �g of
purified LPS in 0.05 M carbonate buffer containing 0.02 M MgCl2, pH 9.8, at
37°C for 1 h. Wells were then blocked with 1% bovine serum albumin (BSA)-
PBS for 3 h at room temperature, wells were washed with PBS–0.05% Tween 20
(PBS-T), culture supernatants or ascites were added, and the plates were incu-
bated for 1 to 3 h at room temperature. Following washing with PBS-T, alkaline
phosphatase-labeled goat anti-mouse IgG (Cedarlane Laboratories, Hornby,
Ontario, Canada) diluted 1:3,000 in 1% BSA-PBS was added for 1 h at room
temperature. The plates were then washed and developed with Phosphatase
Substrate System (Kirkegaard and Perry Laboratories, Gaithersburg, Md.). After
30 to 60 min the A405–410 was determined.

Immunotyping MAbs. To determine the immunotype of N. meningitidis strains
studied, the following murine MAbs were used in dot blots: MN42F12.31 (L2
and L5), MN4A8B2 (L3, L7, and L9), MN4C1B (L4, L6, and L9), MN40G11.7
(L6), MN3A8C (L5), MN14F21-11 (L1), and MN 14-1-L10 (L10). These MAbs
were obtained from the National Institute of Public Health and the Environ-
ment, Bilthoven, The Netherlands.

Purification of inner core LPS MAbs. Murine MAbs were raised against LPS
mutants of encapsulated strains as described above. Culture supernatant or
ascites fluid was purified as described previously (35). This was achieved using a
Sephadex G-25 precolumn (to remove phenol red from the medium) and anion
exchange column chromatography (Resource 15Q anion). The concentration of
pure antibody was quantified by absorbance at 280 nm and by a standard protein
assay (2 mg/ml; Harlan Sera Lab Ltd., Leicester, United Kingdom). The purity
of the antibody was confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and the antigenic specificity was determined by LPS ELISA (34).

WCE. The WCE was performed as described by Abdillahi and Poolman (1)
and Plested et al. (33). Wells of Nunc Maxisorp EIA plates were coated with 100
�l of either phenol-killed or ethanol-fixed bacteria (optical density at 620 nm
[OD620] of 0.1) for 1 to 3 h at 37°C and then stored at 4°C prior to use. Plates
were blocked, washed, and incubated with MAb for 1 h at room temperature.
Plates were washed prior to addition of anti-mouse IgG conjugated to alkaline
phosphatase for 1 h at room temperature and development with nitrophenyl

phosphate substrate (1 mg/ml; Sigma). OD was measured at A405–410 using a
microtiter plate reader.

IBs. Bacterial suspensions of whole-cell lysates were prepared for each N.
meningitidis strain as described previously (33) and standardized to 5 � 107

cells/ml. Two microliters of each bacterial suspension was applied to a nitrocel-
lulose filter (Schleicher and Schuell), allowed to air dry, blocked with 1% BSA–
PBS, incubated with primary MAb, washed, incubated with anti-mouse IgG
alkaline phosphatase, and developed using 5-bromo-4-chloro-3-indoyl phos-
phate–Nitro Blue Tetrazolium substrate, as described previously for WCE (33).

IF microscopy. Cultured 16HBE140 epithelial cells were cultured using stan-
dard methods (33) and infected with strains of N. meningitidis for 3 h at 37°C.
The accessibility of inner core LPS epitopes of live whole-cell N. meningitidis to
specific MAbs was determined using immunofluorescence and confocal micros-
copy as described previously. Briefly, glass coverslips coated with monolayers of
16HBE140 cells were infected with N. meningitidis strains for 3 h at 37°C.
Coverslips were washed, blocked in 3% BSA–PBS, incubated with primary an-
tibody (MAb), washed, and then incubated with secondary fluorescein isothio-
cyanate (FITC). Coverslips were then washed, incubated with a MAb, L4A3,
conjugated directly to Rhodamine Red X (RRX; Molecular Probes kit) for 1 h,
washed, and then mounted and viewed for immunofluorescence by using appro-
priate filters (Zeiss microscope with Fluorograbber and Adobe Photoshop).
L4A3 recognizes a common outer membrane component conserved in all N.
meningitidis strains tested (unpublished data). Coverslips were either fixed after
primary antibody (MAb) incubation stage or after addition of secondary FITC.
As there was no difference in immunofluorescence comparing these two different
stages of fixation, in all subsequent experiments bacteria were fixed after the
primary antibody incubation.

OPA. The opsonophagocytic activity of MAbs with NmB strains was deter-
mined using the flow cytometry-based opsonophagocytosis assay (OPA) as de-
scribed previously (32). Briefly, fluorescently stained (with RRX) ethanol-fixed
NmB cells were opsonized with MAb and human complement in a 96-well
microtiter plate (Costar) for 10 min at 37°C with shaking at 500 rpm. The human
complement source used for the OPA is from a patient with hypogammaglob-
ulemia (IgG, 0.6 g/liter; IgM, 0.2 g/liter; IgA, �0.1 g/liter). Polymorphonuclear
leukocytes (PMNs) were prepared as described previously from heparinized
donor blood and added to each well (1.25 � 107 cells/ml), and the plates were
incubated for a further 10 min (32). The reaction was stopped by addition of 150
�l of PBS-EDTA kept on ice and then added to a tube containing 50 �l of trypan
blue. Approximately 10,000 PMNs were collected using flow cytometry
(FACScan and Cellquest; Becton Dickinson). The percentage phagocytosis was
defined as the percentage of gated cells and refers to the percentage of PMNs
that have taken up fluorescently labeled bacteria (32).

SB assay. N. meningitidis cells were harvested from BHI agar plates following
overnight growth and suspended in PBS at approximately 109 CFU/ml. The SB
assay was performed as described previously (35). Briefly, bacteria were incu-
bated with the appropriate MAb for 10 min at 37°C prior to 45 min of incubation
at 37°C without agitation. The final reaction mixture contained 50 �l of N.
meningitidis in buffer (PBS–0.1% glucose) or N. meningitidis with MAb, 50 �l of
buffer, and 50 �l of serial dilutions of the complement source (final range from
40 to 0.04% [vol/vol]). Twenty-five microliters of reaction mixture from each well
was transferred to BHI agar plates and incubated to determine the number of
CFU per milliliter. A sample of bacteria was taken at time zero and plated out
to enumerate the CFU per milliliter in the starting inoculum. The percentage
survival was calculated by comparing the number of CFU in each sample to that
of decomplemented control.

Infant rat model. Five-day-old outbred Wistar infant rats were used to deter-
mine the ability of MAbs L2-16 and LPT3-1 to protect against challenge with
infant rat-passaged N. meningitidis strains when given simultaneously with anti-
body, as described previously (35). Strains 35E (C:20:P1.1), 89I (C:NT:P1.16),
MC58 (B:15:P1.7,16b), MC58 lpt3, MC58 lpt3 galE, 8047 (B:2b:P1.5,2), 8047 lpt3,
2996 (B:2b:P1.5-1,2-2), and 2996 lpt3 were passaged three times in the infant rat
model prior to use in the passive protection model. Blood samples were taken at

TABLE 2. Details of N. meningitidis strain collections used in this study

Strain collection No. of strains Serogroups Country of origin (yr) Reference and/or
source

Global 100 All major groups Global (1963–1996) 24, 28
United Kingdom 26 B, C, Y United Kingdom (1996–1999) 9; this study
Czech 17 B, C Czech Republic (1993) 18
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6 and 18 h postchallenge to determine the number of CFU per milliliter relative
to negative controls given PBS-BSA and positive controls given antibodies that
were expected to protect in vivo. These included murine anticapsular serogroup
C MAb from the National Institute for Biological Standards and Control
(NIBSC); human serum containing anticapsular serogroup C antibodies at a
concentration of 12 to 15 �g/ml; and murine anti-porin P1.1, P1.16, and P1.7
MAbs from NIBSC.

Molecular modeling. Molecular modeling of LPS epitopes was carried out as
described previously (33, 35).

RESULTS

The aim of this study was to make MAbs to N. meningitidis
strains in which the LPS lacks the inner core epitopes recog-
nized by a MAb, L3B5. Our previous studies had shown that N.
meningitidis strains of the LPS immunotypes L2, L4, and L5
were nonreactive with L3B5. Thus, BALB/c mice were immu-
nized with formalin-killed galE mutants of N. meningitidis
strains 35E (L2) and 89I (L4) (Fig. 1) in which PEtn is located
at position 6 of HepII. In addition, we used a double mutant
(lpt3 galE) of MC58 to immunize mice and raise MAbs to an
inner core structure lacking PEtn at both positions 3 and 6 of
HepII.

Preparation and selection of MAbs. Following immuniza-
tion with the galE mutant of 89I (L4), nine stable hybridomas
were identified from one fusion. The hybridomas were tested
for reactivity by LPS ELISA with purified galE mutant LPS of
immunotypes L4, L2, and L3. One of these MAbs, L4A4
(IgG2a), reacted with glycoforms of strain 35E (L2) and 89I
(L4). In a second series of immunizations, mice were given a
mixture of the galE mutants of strains 35E (L2) and 89I (L4),
but this time the screening LPS antigens were fully extended
LPS of strains L2, L4, and L5 (M981). Two fusions were
carried out, the first one resulting in 10 hybridomas. Two of
these were selected for more detailed characterization: L4-7
(IgG2a) reacted with fully extended L4 LPS, and L5-10 (IgG1)
reacted with L5 LPS. In a second fusion, resulting in 13 hy-
bridomas, an IgG2b MAb (L2-16) was identified that recog-
nized the fully extended (wild-type) LPS glycoforms from both
L4 and L2 immunotypes. Finally, we sought to produce MAbs
that would react with inner core structures that did not require
the presence of PEtn at either the 3 or 6 position of HepII. To
this end, we immunized mice with the double mutant MC58
lpt3 galE strain, a strain known to be deficient in any addition
of PEtn to HepII (24). Three hybridomas producing MAbs
that did not require the presence of PEtn at HepII were es-
tablished as a result of three fusions. The most reactive of
these, LPT3-1, an IgG2a producer, was chosen for further
testing.

Characterization of MAbs by LPS ELISA. ELISA results for
the newly established MAbs, together with our previously pub-
lished results for L3B5 (IgG3), are summarized in Fig. 2. To
determine the importance of O-acyl groups and of PEtn at
HepII as determinants in the reactivity of the six MAbs, galE
LPS obtained from strains of L2, L3, and L4 immunotypes was
treated with hydrazine and HF to remove O-acyl and PEtn
groups, respectively.

The ELISA reactivity of the MAbs against odA and HF LPS
indicated that L3B5 binds an inner core epitope that requires
PEtn at the O-3 position of HepII regardless of the presence or
absence of O-acyl groups (Fig. 2a).

L4A4 bound an inner core epitope in which PEtn is not
present. This MAb recognized the epitope in both the L2 and
L4 inner core environment (Fig. 2b) but not when PEtn is at
the O-3 position of HepII (data not shown).

A lack of reactivity with odA L4 indicated that L4-7 requires
O-acyl groups for presentation of the epitope. The binding to
L4 galE was completely lost after O-deacylation of the LPS,
and there was no binding to L2 galE (Fig. 2c).

L2-16 demonstrated a complete loss of binding with both L2
galE and L4 galE once the PEtn had been chemically removed,
indicating a requirement for PEtn at the O-6 position of HepII
(Fig. 2d). This inner core epitope is also presented in fully
extended LPS (data not shown).

N. meningitidis epitopes recognized by L5-10 are presented
in the L2 inner core environment but appear to require O-acyl
groups for appropriate presentation when HepII does not have
a Glc present at the O-3 position, as seen in L4 galE (Fig. 2e).
Thus, L5-10 weakly recognized L4 galE, but this recognition
was lost on O-deacylation of the LPS.

LPT3-1 binding (Fig. 2f) to L4 galE was not affected by loss
of O-acyl groups or the presence or absence of PEtn at position
6 of HepII, but the results with L2 galE demonstrated that
di-substitution with both PEtn at position 6 and Glc at position
3 of HepII inhibits binding. Electrospray-MS analysis of L2
galE showed two major glycoforms, one with Glc at position 3
and PEtn at position 6 of HepII (60%) and the other glycoform
without PEtn at position 6 (40%) (data not shown). This mixed
population of LPS containing 40% of glycoforms having no
PEtn present at position 6 of HepII did not react, suggesting
that Glc at position 3 of HepII alone is sufficient to preclude
binding of LPT3-1. Corroborating evidence was obtained from
LPS ELISA on immunotype L5 LPS which has only mono-
substitution of Glc at position 3 of HepII (27) and was also
nonreactive (Tables 3 and 4). PEtn at position 3 of HepII as in
L3 galE is recognized. Thus, LPT3-1 can recognize epitopes in
which HepII is unsubstituted or mono-substituted with either
PEtn at position 6 or 3, but recognition is lost with Glc at
position 3 and with di-substitution at positions 3 and 6 of
HepII.

Novel inner core LPS glycoforms. During this work a novel
variant inner core LPS structure was discovered in strain
2220Y that has PEtn at both positions 3 and 6 of HepII (4).
The strain was not recognized by any of the six MAbs (data not
shown). Thus, at present there appear to be six different inner
core LPS structures in NmB showing differences in substitution
patterns at HepII (Table 3). These are as follows: (i) immu-
notype L3-like with PEtn at position 3 of HepII; (ii) L3 lpt3-
like with no extension from HepII; (iii) L5-like with Glc at
position 3 of HepII; (iv) L4-like with PEtn at position 6 of
HepII; (v) L2-like with both Glc at position 3 and PEtn at
position 6 of HepII; and (vi) the novel variant with PEtn at
both position 3 and position 6 of HepII.

Reactivity of MAbs to whole cells of N. meningitidis strains.
To further characterize these inner core LPS structures, whole-
cell lysates were prepared from various N. meningitidis strains
and immunoblotting analysis performed as described previ-
ously (33) using the subset of inner core LPS MAbs (L3B5,
L2-16, LPT3-1) and immunotyping MAbs (37). A summary of
MAb cross-reactivity and immunotyping of 3 collections of N.
meningitidis strains described in Table 2 is shown in Fig. 3.
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Global collection of hypervirulent N. meningitidis strains.
All 100 N. meningitidis hypervirulent strains of all major sero-
groups in the global strain collection (Table 2) were recognized
using the three MAbs (L3B5, L2-16, and LPT3-1) compared to

14 that were nontypeable using conventional immunotyping
MAbs (Fig. 3a, panels i and ii). Generally there was a good
correlation between inner core LPS MAb reactivity and im-
munotype. Three out of 100 N. meningitidis strains cross-re-

FIG. 2. ELISA (OD410) of six inner core LPS MAbs against a series of galE, galE odA, and galE odA and HF LPS from N. meningitidis strains
(see Materials and Methods). (a) L3B5 against LPS from L3 (MC58) and L2 (35E) N. meningitidis strains; (b) L4A4; (c) L4-7; (d) L2-16; and (e)
L5-10 against LPS from L4 (89I) and L2 (35E) N. meningitidis strains; (f) LPT3-1 against LPS from L4 (89I), L2 (35E), and L3 (MC58) N.
meningitidis strains.

TABLE 3. MAb reactivities to LPS inner core N. meningitidis structures

Inner core typing
MAb

Reactivityc major LPS inner core structure in N. meningitidisa

L3B5 � � � � � �
L4A4d � � � � � �
L4-7 � � � �b � �
L5-10e � � � �/�b � �
L2-16 � � � � � �
LPT3-1 � � � �f � �

a PE, PEtn in structural models.
b O-Acyl groups important.
c Symbols: �, reactive; �, not reactive; �/�, reactivity just above background.
d R � H only.
e R � Glc or R � H only.
f R � H.
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acted with all three MAbs. One strain, 1000, did not react with
MAbs L3B5 or L2-16, but did react with LPT3-1. Structural
analysis of 1000 LPS revealed a novel structure for meningo-
coccal LPS where the core oligosaccharide contained a major
glycoform with an extra glucose at position 2 of HepI (3). The
other three MAbs (L5-10, L4-7, and L4A4) bound to 16, 56,
and 100 of the 100 N. meningitidis isolates, respectively.

United Kingdom collection of virulent N. meningitidis
strains. Of the 26 N. meningitidis virulent strains from the

United Kingdom strain collection (Table 2), all except one
strain (NM93) were reactive with the three MAbs and none of
the strains reacted with all three MAbs (Fig. 3b, panels i and
ii). Generally there was a good correlation between inner core
LPS MAb reactivity with immunotype determined using con-
ventional MAbs and 8 of the strains were nontypeable. Strain
NM115 (serogroup B) was not reactive with either L3B5 or
L2-16 (but did react very weakly with LPT3-1). Structural anal-
ysis of LPS from this strain revealed glycoforms in which HepI

FIG. 3. Venn diagrams showing (i) the cross-reactivity of three inner core LPS MAbs (L3B5, L2-16, and LPT3-1) and (ii) LPS immunotypes
using immunotyping MAbs, in three collections of N. meningitidis strains (see Materials and Methods). (a) Global strain collection (n � 100); (b)
United Kingdom strain collection (n � 26); (c) carriage isolates from Czech Republic (n � 17). The numbers in the Venn diagrams indicate the
actual numbers of strains reacting to each specific MAb by immunoblot.
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is further substituted at position 2 with glucose (3). A second
strain, NM93 (serogroup Y), was not reactive with any of the
three MAbs and the LPS structure is currently under investi-
gation.

Czech collection of N. meningitidis carriage strains. Of the
17 isolates studied in the Czech N. meningitidis strain collection
(Table 2) all except two strains (425/93 and 30/93) reacted with
the inner core LPS MAbs, and 2 of the 17 strains were non-
typeable using immunotyping MAbs (Fig. 3c, panels i and ii).
Structural analysis revealed strain 425/93 (B:NT:NST ST-144;
virulent prediction) to have the same previously unidentified
structure as strain NM115 (3), and strain 30/93 (PA:NT:P1.5,
10: L2,5 L3,7,9: nonvirulent prediction) is currently under in-
vestigation.

Collection of N. meningitidis LPS mutants. Wild-type and
galE mutants of L2, L3, L4, and MC58 lpt3 were tested using
inner core LPS MAbs for accessibility by WCE (Tables 4 and
5). This shows that the majority of these inner core LPS MAbs
have a preference for epitopes in a truncated LPS environ-
ment. With the exception of L4A4 and L5-10, the MAbs can
recognize inner core LPS in wild-type strains, although it can-
not be definitively ruled out that this recognition may be due to
the presence of a minority of truncated glycoforms in the
wild-type population.

Accessibility studies using live whole cells of N. meningitidis.
IF microscopy with live N. meningitidis adherent to monolayers
of 16HBE140 epithelial cells was used to determine the bind-
ing of MAbs L2-16, LPT3-1, and L3B5 to live whole cells from
N. meningitidis wild-type and galE mutants of L2 (35E), L4
(89I), MC58 lpt3 and MC58 (L3) (Fig. 4a to p). This demon-
strated that L2-16 binds to L2 wild type, L2 galE, and L4 galE
but not L4 wild-type whole cells (Fig. 4a, c, e, and g). LPT3-1
binds to MC58 lpt3 galE whole cells and shows very low binding
to MC58 lpt3 wild-type cells (Fig. 4k and i). L3B5 prefers to
bind to MC58 (L3) galE whole cells with very low binding to
MC58 (L3) wild-type cells (Fig. 4m and o). A strong correla-
tion was obtained with MAbs L3B5, L2-16, and LPT3-1 using
the three different accessibility assays, IF, WCE, and IBs (Ta-
ble 5).

Functional assays in vitro and in vivo using MAbs. The
inner core LPS MAbs were studied using the following func-
tional assays: an OPA, an SB assay, and an infant rat model of
infection, as described previously (34, 35).

(i) OPA. OPA was performed using ethanol-fixed fluores-
cently labeled whole bacteria with human donor PMNs and
human complement. Purified L2-16 demonstrated opsonic ac-
tivity against L2 (35E) wild type, L2 (35E) galE, and L4 (89I)

galE but not L4 (89I) wild-type strain (Fig. 5a). MAbs L4-7,
L5-10, and L4A4 had very low opsonic activity against L2 wild
type (5.1, 4.0, and 3.4%, respectively), against L2 galE mutant
(7.2, 6.0, 11.1%, respectively), and against L4 wild type (10.6,
3.2, and 3.7%, respectively) (data not shown). MAbs L4-7 and
L4A4 had some opsonic activity against L4 galE mutant (15.9
and 23.5%, respectively), whereas L5-10 had none (0%). Pu-
rified LPT3-1 was opsonic against MC58 lpt3 galE and MC58
lpt3 wild type, but not against the MC58 galE mutant or MC58
wild type as expected (Fig. 5b).

FIG. 4. IF of live N. meningitidis strains on monolayers of
16HBE140 cells probed with inner core LPS MAbs (see Materials and
Methods), either MAbs L2-16 (a, c, e, and g) or LPT3-1 (i and k) or
L3B5 (m and o) and detected using anti-mouse IgG-FITC (green),
followed by direct staining using a MAb, L4A3-RRX conjugate (red),
respectively (b, d, f, h, j, l, n, and p) (see Materials and Methods).
Consecutive pairs of letters—e.g., a and b, c and d, and so on—indicate
the same field of view observed for green or red fluorescence. L4A3
recognizes a common outer membrane component conserved in all N.
meningitidis strains tested. N. meningitidis strains were as follows: 35E
(L2) wild type (a and b), 89I (L4) wild-type (c and d), 35E (L2) galE
mutant (e and f), 89I (L4) galE mutant (g and h), MC58 (L3) lpt3 (i and
j), MC58 (L3) lpt3 galE mutant (k and l), MC58 (L3) galE (m and n),
and MC58 (L3) wild type (o and p).

TABLE 4. WCE to N. meningitidis strains using six inner core LPS MAbs

MAb
OD410

a of whole cells of:

MC58 Mc58 galE MC58 lpt3 MC58 lpt3 galE L4 L4 galE L2 L2 galE

L3B5 � � � � � � � �
L4A4 � � � ��� � �� � ��
L4-7 � � � ��� � ��� � �
L5-10 � � � � � �� � ���
L2-16 � � � � � �� ��� ���
LPT3-1 � � ���� ���� �/� ���� � �

a Symbols: ����, 	2.0; ���, 	1.0; ��, 	0.5; �, 	0.2; �/�, 	0.1.
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(ii) SB assay. SB activity was observed, using purified
LPT3-1 and human complement source, against only the
MC58 lpt3 galE mutant, not against the MC58 lpt3 or MC58
galE mutants or the MC58 wild-type strain (Fig. 5c). No SB
activity was observed with L2-16 against wild type or galE
mutants of L2 (35E) or L4 (89I) strains (data not shown).

(iii) Infant rat model. An infant rat model was used to
determine the ability of MAbs (i) L2-16 and (ii) LPT3-1 to
passively protect against i.p. challenge with infant rat-passaged
strains, either (i) 35E (L2) wild type, 89I (L4) wild type and
their galE mutants with L2-16 or (ii) MC58, MC58 lpt3, and
their galE mutants, 8047, 8047 lpt3, 2996, and lpt3 with LPT3-1.
There was no protection observed with L2-16 (20 �g/rat) at 6 h
or 18 h postchallenge following simultaneous injection of bac-
teria and MAb with any of the N. meningitidis strains tested
(Fig. 5d). Complete protection was achieved with anticapsular
serogroup C MAb (undiluted) against all N. meningitidis sero-
group C strains tested and human sera protected against 35E
but not 89I (Fig. 5d). With LPT3-1 (20 �g/rat), although there
was a slight reduction in bacteremia at 6 and 18 h against the
double mutant MC58 lpt3 galE, there was not a consistently
high level of bacteremia in the control PBS-BSA group with
this strain (data not shown). Therefore, this experiment was
repeated with strains 8047, 8047 lpt3, 2996, and 2996 lpt3 pre-
viously shown to produce high bacteremia in PBS-BSA con-
trols. These results demonstrated a 2-log reduction in bacte-
remia at 18 h with LPT3-1 (20 �g/rat) compared to PBS-BSA
controls against 8047 lpt3 mutant (Fig. 5e). This was consistent
with the bactericidal activity observed against MC58 lpt3 galE
(Fig. 5c). L3B5 (20 �g/rat) and anti-porin P1.2 (1:1,000 dilu-
tion) protected against 8047 and 8047 lpt3 (Fig. 5e). No pro-
tection was observed with LPT3-1 against 2996 or 2996 lpt3
(data not shown).

Hence, the results of the functional assays show that L2-16,
despite binding to whole cells and having opsonic activity, is
not bactericidal and not able to protect in vivo using an infant
rat model of infection. In comparison, LPT3-1, which prefer-
entially binds to truncated galE mutants rather than wild type,
is bactericidal and may partially protect in vivo against MC58
lpt3 galE.

DISCUSSION

This work describes different inner core LPS structures of
NmB reflecting variations in substitution of HepII (Table 3).
During the course of this study, six MAbs specific to the inner
core LPS of N. meningitidis were obtained which exhibit spe-
cific recognition patterns corresponding to these distinct inner
core structures. Of these MAbs, two (L2-16, LPT3-1) were
studied in greater detail and extend our previous studies with
L3B5 (32–35).

All N. meningitidis strains tested from a genetically diverse
collection of invasive isolates representing all major sero-
groups (global strain collection) were recognized using one or
more of a panel of three inner LPS MAbs (L3B5, L2-16, and
LPT3-1). There are a few exceptions, including strain NM93
from a set of 26 United Kingdom invasive isolates and two
strains from a collection of Czech carriage isolates (425/93 and
30/93). Nonetheless, this set of inner core LPS MAbs provides
a robust tool for immunotyping the inner core LPS of N.
meningitidis strains and can be used to identify candidate
epitopes of relevance to the development of a vaccine against
hypervirulent N. meningitidis strains. In assessing the binding
of these MAbs to N. meningitidis strains, we have established a
correlation between WCE, IBs, and surface accessibility using
IF microscopy. We conclude that WCE and/or IBs using fixed
N. meningitidis strains (whole cells or whole-cell lysates) cor-
relate strongly with surface accessibility of inner core LPS
epitopes of fully encapsulated live N. meningitidis bacteria.

Using MAbs L2-16 and LPT3-1, SB, OPAs, and an infant rat
model of passive protection have demonstrated that the ability
to bind to the surface of whole cells did not necessarily corre-
late with functional in vitro activity or in vivo. L2-16 (IgG2b)
was not bactericidal and not able to protect in vivo despite
binding to and having opsonic activity against L2 (35E) galE,
L2 (35E) wild-type, and L4 (89I) galE N. meningitidis strains.
In addition, L2-16 failed to have any bactericidal activity
against a number of L2 immunotype strains, representing both
serogroups B and C that bound L2-16 strongly (unpublished
data). In comparison, LPT3-1 (IgG2a) was opsonic and bacte-
ricidal against the double mutant MC58 lpt3 galE but not the
wild-type MC58 lpt3 strain. In an infant rat model of infection,
LPT3-1 reduced bacteremia against a challenge infection with
the 8047 lpt3 mutant compared to untreated controls (Fig. 5e).

Previous studies with L3B5 (IgG3) have demonstrated bac-
tericidal activity and passive protection in vivo against N. men-
ingitidis strains with mainly truncated glycoforms and opsonic
activity against N. meningitidis expressing wild-type and trun-
cated glycoforms (35).

The reasons for the differences in functional activity in vitro
and in vivo between these MAbs may be due to the membrane
attack complex stability, inability to bind due to low-affinity
antibodies, or accessibility problems due to steric hindrance in
extended LPS structure. Studies are currently under way to
determine the binding of complement components of the clas-
sical pathway (C4, C5b-9) to determine at what stage the path-
way may be deficient in mediating bactericidal activity. Opso-
nic activity may be present without SB activity in vitro, and it is
not known whether opsonic activity may correlate with protec-
tion in the infant rat model (present work). There are exam-
ples historically where MAbs raised to Neisseria gonorrhoeae

TABLE 5. Comparison of IF, WCE, and IB to determine
accessibility of three inner core LPS MAbs (L2-16, LPT3-1, L3B5)

to N. meningitidis strains and mutants

MAb Strain
(immunotype) Genotype

Result ofa

IF WCE (OD410) IB

L2-16 35E (L2) Wild type � 1.1 ���
galE � 0.98 ���

89I (L4) Wild type � 0.13 �
galE � 0.63 ���

LPT 3-1 MC58 (L3) Wild type � 0 �
galE � 0.20 �
lpt3 � 1.51 ���
lpt3 galE � 2.01 ���

L3B5 MC58 (L3) Wild type � 0.04 �
galE � 0.58 ���

a Symbols: �, positive; ���, strongly positive; �, negative.
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FIG. 5. Functional assays using MAbs L2-16 and LPT3-1. (a) OPA with ethanol-fixed N. meningitidis (see Materials and Methods) showing
opsonic activity (percent phagocytosis) of L2-16 against 35E (L2) wild type, 35E (L2) galE, and 89I (L4) galE, but not against 89I (L4) wild type.
Complement-only controls for L2 (35E), L2 (35E) galE, L4 (89I), and L4 (89I) galE mutants were 3.2, 4.5, 3.4, and 12.2%, respectively. (b) OPA
with ethanol-fixed N. meningitidis showing opsonic activity (percent phagocytosis) of LPT3-1 against MC58 lpt3 and MC58 lpt3 galE but not against
MC58 galE and MC58 wild type. Complement-only controls for MC58 galE, MC58 lpt3, MC58 lpt3 galE, and MC58 were 16.2, 17.8, 20.3, and
14.6%, respectively. (c) SB assay using N. meningitidis, LPT3-1 and a fixed amount of human complement (see Materials and Methods) showing
a dose-response effect on bactericidal activity of LPT3-1 against MC58 lpt3 galE but not against MC58, MC58 lpt3, and MC58 galE. (d) Passive
protection studies with L2-16 using a 5-day-old infant rat model (see Materials and Methods): showing the geometric mean bacteremia (log10
CFU/ml) in blood samples taken 18 h after simultaneous treatment with L2-16 (20 �g/rat) and challenge with N. meningitidis strains 35E (L2), 35E
(L2) galE, 89I (L4), or 89I (L4) galE. Positive control MAbs include anticapsular serogroup C mouse MAb (NIBSC) (undiluted), anti-porin P1.1
mouse MAb (NIBSC) (1:1,000 dilution in PBS-BSA), and human serum (individual with high-titer anticapsular C antibody; equivalent, 0.2 �g/rat).
Negative controls were given PBS-BSA. (e) Passive protection studies with LPT3-1 using 5-day-old infant rat model (see Materials and Methods)
showing geometric mean bacteremia (log10 CFU/ml) in blood samples taken 18 h after simultaneous treatment with LPT3-1 (20 �g/rat) and
challenge with N. meningitidis strain 8047 or 8047 lpt3. Positive controls included L3B5 (20 �g/rat) and anti-porin P1.2 (NIBSC) (1:1,000 dilution
in PBS-BSA). Negative controls were given PBS-BSA.
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were nonbactericidal against some strains (serum resistant)
and bactericidal against others (serum sensitive). The differ-
ences in bactericidal activity were shown to be due to the
molecular configuration of C5b-9 bound to distinctive outer
membrane proteins on the surface of the bacteria (17, 18).

Using a Metropolis Monte Carlo approach, three-dimen-
sional space-filling molecular models of galE LPS structures
were constructed to compare the seven common inner core
LPS immunotypes in an attempt to understand the interactions
of inner core epitopes for MAbs L3B5, L2-16, and LPT3-1
(Fig. 1). The models show the relative accessibility of PEtn and
N-acetylglucosamine (GlcNAc) with or without glucose in the
different glycoforms. In L3 galE, the PEtn is situated at posi-
tion 3 of HepII, and this group together with the Glc and
GlcNAc form the key groups that are necessary for optimal
epitope required for L3B5 binding (33) (Fig. 1c). By compar-
ison the PEtn is situated at position 6 in L2 galE (Fig. 1b),
where it appears less predominant than the GlcNAc and Glc.
In L4 galE (Fig. 1d), where there is no Glc present at position
3, the PEtn at position 6 seems more exposed (than L2 galE),
which is consistent with the absolute requirement for this
group in L2-16 binding. In L5 galE, the Glc and GlcNAc
substituent at HepII are the most prominent features when
PEtn is absent from the inner core (Fig. 1e). In the galE mutant
of MC58 lpt3, where PEtn and Glc are absent from HepII, the
GlcNAc moiety and the Glc at HepI are the most prominent
structural features, with the heptose backbone being relatively
exposed (Fig. 1f). In the glycoform with two PEtn, e.g., 2220Y
galE, (Fig. 1h), both PEtn groups are prominent and would
cooperatively mask epitopes recognized by MAbs L3B5, L2-16,
and LPT3-1. In the novel glycoforms with an additional Glc at
HepI (e.g., in 1000 galE), GlcNAc is the most predominant
group and the Hep backbone is less exposed due to the two Glc
at HepI (Fig. 1g).

In summary, this work describes and characterizes a panel of
inner core LPS MAbs for immunotyping the inner core LPS of
N. meningitidis strains. These MAbs have been used to identify
novel LPS structures and offer a robust tool for further work
on the development of an LPS-based vaccine against NmB
strains.
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