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NadA is a novel vaccine candidate recently identified in Neisseria meningitidis and involved in adhesion to
host tissues. The nadA gene has been found in approximately 50% of the strains isolated from patients and in
three of the four hypervirulent lineages of non-serogroup A strains. Here we investigated the presence of the
nadA gene in 154 meningococcal strains isolated from healthy people (carrier strains). Only 25 (16.2%) of the
154 carrier isolates harbored the nadA gene. The commensal species Neisseria lactamica was also found not to
have the nadA gene. Eighteen of the carrier strains belonged to the ET-5 and ET-37 hypervirulent clusters,
indicating that only the 5.1% of the genuine carrier population actually harbored rnadA (7 of 136 strains). Five
of the seven strains harbored a novel allele of the nadA gene that was designated nadA4. The NadA4 protein
was present on the bacterial surface as heat-stable high-molecular-weight oligomers. Antibodies against the
recombinant NadA4 protein were bactericidal against homologous strains, whereas the activity against other
NadA alleles was weak. In conclusion, the nadA gene segregates differently in the population of strains isolated
from healthy individuals and in the population of strains isolated from patients. The presence of NadA can
therefore be used as a tool to study the dynamics of meningococcal infections and understand why this

bacterium, which is mostly a commensal, can become a severe pathogen.

Neisseria meningitidis, a gram-negative diplococcus that is
able to colonize the upper respiratory tract of humans, is a
major cause of meningitis and septicemia. In most industrial-
ized countries, even if about 10% of the human population is
colonized by the bacterium in endemic periods, only 1 to 3
individuals per 100,000 people develop disease (13). There-
fore, N. meningitidis should be considered a commensal which
on rare occasions becomes a very dangerous pathogen. The
reasons why meningococcus can be a commensal and a patho-
gen at the same time are poorly understood (23).

Meningococci are classified in serogroups based on the
chemical composition of the polysaccharide capsule. Sero-
groups A, B, C, Y, and W-135 are associated with disease.
Most of the meningococcal strains isolated from invasive dis-
ease have been classified by multilocus enzyme electrophoresis
(4) into hypervirulent lineages (electrophoretic types ET-37
and ET-5, cluster A4, lineage III, and subgroups I, III, and
IV-1) or by multilocus sequence typing (MLST) (17) into se-
quence type complexes (ST-11, ST-32, ST-8, ST-41/44, ST-1,
ST-5, and ST-4). Meningococcal carrier populations are much
less defined, and they include some proportion of strains which
belong to hypervirulent clusters that apparently are identical to
the strains isolated from patients. However, most strains nor-
mally isolated from healthy individuals are rarely able to cause
the disease (14).

Meningococcal carriage is believed to be the natural reser-
voir of strains responsible for outbreaks. The appearance of
strains belonging to an hypervirulent cluster correlates with
increased disease frequency, and meningococcal carriage may
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increase during outbreaks (up to 50%) compared to the car-
riage during endemic periods (average, 10%) (2, 19). Menin-
gococcal carriage has been shown to be an immunizing event
both in children and in adults (3, 10) and is able to induce a
bactericidal response. However, the efficacy of immunization
for preventing disease is controversial since it has also been
shown that carriage cannot induce protection against coloni-
zation and invasion (1). Carrier strains are genetically quite
diverse compared to disease-associated strains (5, 14). The
polysaccharide capsule, which is the most important pathoge-
nicity factor of meningococci, is frequently missing in carrier
strains, and this may partially account for the difference in
pathogenicity (5, 8). While capsule switching could temporarily
occur as a consequence of phase variation (20), the absence of
the capsule is often due to the absence of the whole capsule
operon (6). Along with the hypervariability of serotype and
subserotype antigens, this is the main cause of the inadequacy
of the conventional serological markers for tracing the fate of
meningococcal isolates, particularly carrier strains (1). In this
work we studied the presence and molecular features of NadA,
a new adhesin, potential virulence factor, and vaccine candi-
date recently identified in N. meningitidis, in a large panel of
carrier strains obtained from various sources and in the com-
mensal species Neisseria lactamica. The nadA gene is known to
be present in approximately 50% of meningococcal isolates
and is more frequently associated with strains which belong to
hypervirulent clusters. It is always present in members of three
of the four major non-serogroup A meningococcal hyperviru-
lent clusters, namely, the ET-5 complex, the ET-37 complex,
and the cluster A4, whereas it is never present in lineage III
strains. NadA is an adhesin which exhibits homology with a
family of proteins involved in invasion and pathogenesis. Its
sequence is unusually well conserved, and only three alleles
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(alleles 1, 2, and 3) have been identified. Allele 1 is harbored
by all of the ET-5 strains tested so far, whereas alleles 2 and 3
are present mainly in strains belonging to the ET-37 complex
and A4 cluster and also in strains not belonging to any hyper-
virulent cluster. Our analysis showed that the nadA4 gene is
underrepresented in carrier strains and that in a subset of these
strains there is a new allele that we designated allele 4 (nadA4).

MATERIALS AND METHODS

Bacterial strains, culture conditions, and chromosomal DNA isolation. A total
of 154 carrier strains of N. meningitidis and 18 strains of N. lactamica were
selected for analysis. The meningococcal strains came from six different countries
(Norway, People’s Republic of China, United States, Chile, Iceland, and Oman),
whereas the N. lactamica strains came from England and Oman. The years of
isolation ranged from 1972 to 2000. Strain 2996, an example of a clinical isolate
harboring allele 3 of nadA, and NGH38, a strain that did not contain the nadA
gene, were used in functional assays as positive and negative controls, respec-
tively (7). In order to extract chromosomal DNA, bacteria were grown overnight
at 37°C in the presence of 5% CO, in gonococcus agar supplemented with
Kellog’s solution (0.22 M p-glucose, 0.03 M L-glutamine, 0.001 M ferric nitrate,
and 0.02 M cocarboxylase) (Sigma Aldrich). A starting culture of each strain at
an optical density at 600 nm of 0.05 was grown to the stationary phase in 5 ml of
gonococcus medium. Then 1.5 ml was pelleted by centrifugation at 16,060 X g for
15 min, and chromosomal DNA was prepared by using a Macherey-Nagel Nucle-
oSpin tissue kit according to the manufacturer’s protocol. Escherichia coli DH5a
and BL21(DE;) were used as a cloning strain and an expression host, respec-
tively, and were used as indicated by the supplier (Invitrogen).

PCR and nucleotide sequencing. PCR amplification of the nadA gene was
performed with about 10 ng of chromosomal DNA by using primers located
upstream and downstream of the nadA gene coding region. The forward primer
was Al (GTGGACGTACTCGACTACGAAGG), and the reverse primer was
B2 (CGAGGCGATTGTCAAACCGTTC). The Invitrogen Accuprime Tag
DNA polymerase system was used. The PCR conditions were as follows: 30
cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, and extension
at 68°C for 1 min. The amplified fragments were purified with a QIAquik PCR
purification kit (QIAGEN) and were sequenced with an ABI 377 automatic
sequencer (Applied Biosystems). A sequence analysis was performed by using
the Al and B2 primers used for gene amplification and primers 1 (TATGTAA
ACAAACTTGGTGGGG), 2 (GAAATAGAAAAGTTAACAACCAAGTT), 3
(GACATCAAAGCTGATATCGCTAC), 4 (TTTCGAGGTGGCGCGTTCG
GG), 5 (GTAGCGATATCAGCTTTGATGTC), and 6 (CTTGGTTGTTAAC
TTTTCTATTTC). Sequences were analyzed by using the EditView program
(Perkin-Elmer), a GeneJockey II sequence processor (Biosoft), MacBoxshade,
and the GCG Wisconsin package.

Western blot analysis. Total cell extracts and outer membrane vesicles
(OMVs) were prepared as described previously (7, 22). The protein concentra-
tion in each sample was evaluated by Bradford analysis. Equal amounts of total
proteins and OMVs were boiled for 10 or 30 min, either alone, in the presence
of the zwitterionic detergent Triton X-100 at a concentration of 2%, or in the
presence of the anionic detergent sodium dodecyl sulfate (SDS) at a concentra-
tion of 2%. Samples were subjected to SDS-polyacrylamide gel electrophoresis
on 5 to 15% Bio-Rad polyacrylamide gels, transferred onto nitrocellulose trans-
fer membranes (Schleicher & Schuell), and hybridized with a 1:200 dilution of an
anti-NadA4 mouse polyclonal antiserum. The blots were incubated with a 1:2,000
dilution of the DAKO anti-mouse peroxidase conjugate secondary antibody, and
the signal was developed with a Bio-Rad Opti-4CN substrate Kkit.

nadA4 gene cloning and NadA4 protein expression and purification. The
nadA4 gene (encoding amino acids 28 to 268) was amplified by PCR by using
chromosomal DNA of strain NGE28, forward primer 961-13F (CGCGGATCC
CATATGCCACCGCTGACGAAATTG), and reverse primer 961-C REV (CC
CGCTCGAGACCCACGTTGTAAGGTTG) (an Ndel restriction site in the
forward primer and an Xhol restriction site in the reverse primer are under-
lined). The PCR conditions were as follows: five cycles of denaturation at 94°C
for 30 s, annealing at 52°C for 30 s, and elongation at 68°C for 1 min and 25 cycles
of denaturation at 94°C for 30 s, annealing at 65°C for 30 s, and elongation at
68°C for 1 min. The PCR was performed by using 10 ng of chromosomal DNA
and High Fidelity Tag DNA polymerase (Invitrogen). The amplified DNA, after
purification and Ndel/Xhol digestion, was cloned into the pET21b" vector
(Novagen). The plasmids were transformed into E. coli BL21(DE3) to express
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the proteins as COOH-terminal histidine fusions. Recombinant proteins were
expressed and purified as previously described (18).

Dot blotting. Aliquots (10 pl) of total extracts of each strain were boiled for 10
min and spotted onto nylon membranes (Boehringer Mannheim). The DNA on
the membranes were cross-linked by 2 min of exposure to UV light, and the
membranes were stored at room temperature. For probe preparation, the nadA
gene was amplified from strain 2996 by using inner primers 961-F (GCCACAA
GCGACGACG) and 961-R (CTCGTAATTGACGCC) and Platinum High Fi-
delity Tag DNA polymerase (Invitrogen). The PCR conditions were as follows:
30 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s, and
elongation at 68°C for 1 min. After purification with a QIAquik column (QIA-
GEN), the DNA (~350 ng) was labeled with digoxigenin by using a DIG High
Prime DNA labeling and detection starter kit II (Roche). Prehybridization,
hybridization, and detection of digoxigenin-labeled nucleic acids were per-
formed as recommended by the DIG system user’s guide (Boehringer Mann-
heim).

Binding assay. Chang epithelial cells (Wong-Kilbourne derivative, clone
1-5¢-4, human conjunctiva) were maintained in Dulbecco modified Eagle me-
dium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 15 mM L-glutamine, and antibiotics. Cells were nonenzymatically de-
tached from the support by using cell dissociation solution (Sigma), harvested,
and resuspended in RPMI medium supplemented with 1% FBS. Then 1 X 10°
cells were mixed with either medium alone or three concentrations (175, 43, and
10 wg/ml) of histidine-tagged NadA3, NadA4, or GNA2132 proteins and incu-
bated for 30 to 40 min at 4°C. After two washes with 1% FBS in phosphate-
buffered saline, cells were incubated with mouse polyclonal antiserum against
each protein for 1 h on ice. After two washes, the preparations were incubated
on ice for 30 min with R-phycoerythrin-conjugated goat F(ab), antibody to
mouse immunoglobulin, and the cells were finally analyzed with a FACS-Scan
flow cytometer. The mean fluorescence intensity for each population was calcu-
lated.

Serum bactericidal assay. Twenty micrograms of purified recombinant protein
was used to immunize 6-week-old CD1 female mice (Charles River Laborato-
ries) intraperitoneally (four to six mice per group). Immunization was performed
on days 0, 21, and 35 by using Freund’s adjuvant or a solution containing 3 mg
of aluminum hydroxide per ml. Blood samples for analysis were taken on day 49.
Serum bactericidal activity was evaluated as described previously (7) by using
baby rabbit serum (CedarLane) as the complement source. The serum bacteri-
cidal titer was defined as the serum dilution that resulted in a 50% decrease in
the number of CFU per milliliter after 60 min of incubation compared with the
number of CFU per milliliter at time zero.

RESULTS

Distribution of NadA among N. meningitidis carrier strains
and N. lactamica. We used a panel of 154 carrier strains iso-
lated from healthy individuals; 74 strains were nongroupable,
52 strains belonged to serogroup B, 6 strains belonged to
serogroup C, 1 strain belonged to serogroup K, 1 strain be-
longed to serogroup I, 4 strains belonged to serogroup W-135,
6 strains belonged to serogroup Y, 3 strains belonged to sero-
group X, and 7 strains belonged to serogroup Z. By using PCR
and dot blotting, 25 (16.2%) of the 154 strains were found to be
positive for the nadA gene. This frequency is much lower than
the frequency observed for strains isolated from patients (ap-
proximately 50%). The presence of NadA in the different
strains is shown in Table 1. The genes in all positive strains
were sequenced, and the sequences were compared to the
sequences of the three previously described nadA alleles. The
strains harboring NadA are described in Table 2. Allele 1 was
found in all strains belonging to the ET-5 hypervirulent cluster
as previously described for ET-5 strains, isolated from patients
(7). Allele 2 was found in all strains belonging to the ET-37
hypervirulent cluster and in the 16747 strain (ST-189). Strain
2022 carried a nadA2 gene interrupted by the insertion se-
quence IS7301 (11), as sometimes occurs in clinical isolates.
The remaining five positive strains (3.2% of the total), which
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TABLE 1. Presence and distribution of nadA alleles

No. of strains with the following

Organism ET NadA alleles:
cluster
Allele 1 Allele2  Allele 4  None
Neisseria meningitidis  ET-5 13
ET-37 5
Others 2 5 129
Neisseria lactamica 18

did not belong to any hypervirulent cluster, had a new nadA
allele that we designated nadA4 (associated with carrier
strains). The nadA4 allele is located in the meningococcal
chromosome like the other nadA alleles, and there are direct
repeats before and after the gene insertion, putative promoter
and terminator sequences, and a variable number of tet-
ranucleotide repeats at the promoter level (7). All the nadA4-
harboring strains were isolated in Norway during three differ-
ent surveys spanning 8 years. These strains have different
serotypes and serosubtypes, and from a genetic point of view,
four of them are closely related. They belong to ST-26 and
ST-1301, which differ by one allele only in the MLST scheme,
whereas one strain (16260) belongs to a very different genetic
environment (ST-37), which differs from ST-26 and ST-1301 in
all seven MLST genes. NadA is not present in the 18 strains of
the nonpathogenic human commensal N. lactamica examined.
By analyzing the PCR patterns obtained with primers external
to the nadA gene insertion site (7) of eight N. lactamica strains,

TABLE 2. Description of the 25 NadA-positive carrier strains

Allele or

insertion Strain (cluster)® Classification Country
Allele 1 2034 B:15:P1.16 Norway
727/6 B:15:P1.3 Chile
569/6 B:15:P1.3 Chile
64/69 NG:15:P1.7,16 Norway
2201731 NG:4:P1.15 Iceland
16148 B:15:P1.5,2 Norway
16471 NG:15:P1.7,16 Norway
16194 B:15:P1.7,16 Norway
16516 NG:15:- Norway
16467 NG:15:P1.17,16 Norway
30973 NG:NT:NST Iceland
40475 NG:4:P1.15 Iceland
40973 NG:4:P1.15 Iceland
Allele 2 E013-15 (ET-37) Y United States
16381 (ET-37) C:2a:P1.5,2 Norway
16438 (ET-37) C:2a:- Norway
38VI (ET-37) B Norway
50775 (ET-37) C:2a:- Iceland
16747 (ST-189) C:NT:P1.10 Norway
Allele 4 NGE?28 (ST-26) B:4:- Norway
65/96 (ST-26) B:4:P1.14 Norway
149/96 (ST-1301) B:1,19:P1.5,2 Norway
16260 (ST-37) B:11:P1.1,7 Norway
16282 (ST-1301) NG:1:P1.5,2 Norway
1S1301 2022 NG:4:P1.10 Norway

“All strains in allele 1 belong to cluster ET-5.
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1 AAAACTCATC GTCCACCACA ATCTGAAGCT CAAAAAGAAA ATGCCGTCTG

51 AAAAGGGGCT AACTTTCCCA GTCGATGCCG CATATGCCGC CGTCGGCGAA
101 CAGTTTGACG GCCAGTATTT CGTCGCTTTT TTCTCGGTCT ATCATGTAGT
151 CCATCACAAT CGAGTCGCAG TTTGGCAGTIT CCTCCGTCCA TAAAGAGATG
201 CTCTCCAAAC GCATGGCGCG GGCAAATTCT TCGGGGTTGT CGGGGTAGTC
251 CGCATCTTCT ATTTCAGTGA TGTGGAAATT CAAATATTCG CCGICTTCGG
301 TTAAATATTC GGCAATGGCG GCGCGGGCCA TTTTGTCCGC TTCTTCCAAA
351 CGCGCTAAAA ACGCGGCAAA TGCGTCTAAT TTTTCGGCAG TCAGTTCATC
401 GTCGCCGCCA GTCCATAAAC AGACTTCGAC GGTATCGCCG TTGACAGGCA
451 GCTCGCGTTC CCAGCAAACG TCTGGTCCGT TTTCCGGGCT TCCTGCCGAT
501 AAGGTTTCAA AATAAGGATG TGAAACAGGC ATAATTGGTT TTCCTTGAAT

551 TATTGGCGGG GTGGIGTTTT CCTGCCGTCT GAAAAGGGGT ATTCCGCGTT

601 TCAGACGGCA TTTCCATTCC AAACGCTCAA ACCGCCGCGT CCGAACGTTC

FIG. 1. Nucleotide sequence of the nadA locus of the four N. lac-
tamica strains, showing the 542-bp insertion. The insertion sequence is
indicated by red type. The sequences located upstream and down-
stream of the insertion site of nadA gene and found in all meningo-
coccal strains are indicated by black type. Blue type indicates the 16 bp
present in all N. lactamica strains and in the N. meningitidis strains
lacking nadA. When the nadA gene is present in a meningococcus, it
always replaces these 16 bp. The direct repeats of the N. lactamica
insertion and the 6-nucleotide direct repeats found in all meningococ-
cal strains are underlined.

we found that four of them gave the results typical of menin-
gococcal strains lacking the nadA gene (that is, a 400-bp PCR
product). Interestingly, the other four N. lactamica strains had
in addition a 542-nucleotide insertion, a result different from
those obtained for the other neisserial strains lacking the nadA
gene. The insertion was sequenced and analyzed. There were
no homologous sequences in the database. The insertion is
flanked by 17-nucleotide direct repeats and is located 10
nucleotides upstream of the locus of insertion of the other
nadA alleles (Fig. 1). The presence of this sequence in a
subset of strains could be considered a relic of the early
differentiation of two N. lactamica subgroups. This sequence
is found only in this species.

nadA4 and its encoded peptide. The nadA4 gene codes for a
protein (NadA4) consisting of 323 amino acids, which is
shorter than the proteins encoded by alleles 1, 2, and 3
(NadAl, NadA2, and NadA3), which are composed of 362,
398, and 405 amino acids, respectively. An alignment of the
four NadA alleles and the overall similar secondary structures
of NadA4 and the other alleles are shown in Fig. 2. Secondary-
structure analysis of NadA1, NadA2, and NadA3 revealed that
each protein can be divided into three domains: an N-terminal
globular head, an internal region with high coiled-coil propen-
sity, and a C-terminal membrane anchoring region. Secondary-
structure analysis of NadA4 revealed that the amino-terminal
region (amino acids 24 to 90) exhibits 63% homology with the
proteins encoded by the other alleles and has an undefined
secondary structure. The internal region exhibits only 25%
identity with other NadA forms, but surprisingly it maintains
the a-helix propensity (60%). The carboxy-terminal region
(amino acids 244 to 323), which spans the four amphipatic
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allele2 393:
allele3 400:
allelel 357:
allele4 318:

FIG. 2. (A) Predicted topology of NadA and comparison of the secondary structures of NadA4 and other NadA forms. (B) Alignment of the
four nadA-encoded peptide sequences. The arrows indicate the end of the leader peptide and the first amino acid of the membrane anchoring
domain.
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FIG. 3. Evaluation of the presence and stability of the NadA4 pro-
tein. Unless indicated otherwise, all samples were loaded on the gel
after addition of sample buffer and boiling for 10 min. Lane 1, strain
2996 (NadA3) total protein; lane 2, strain 65/96 (NadA4) total protein;
lanes 3, 4, and 5, strain 65/96 (NadA4) OMVs boiled for 30 min,
resuspended in 2% Triton X-100, and resuspended in 2% SDS, re-
spectively; lanes 6, 7, and 8, strain 2996 (NadA3) OMVs boiled for 30
min, resuspended in 2% Triton X-100, and resuspended in 2% SDS,
respectively; lane 9, strain NGH38 OMVs (negative control).

B-strands and is predicted to form the membrane anchor of
the protein, is perfectly conserved (100%). Compared to oth-
er forms, NadA4 has a disrupted form of the leucine zipper
motif.

To verify that the carrier strains were able to express NadA,
total cell extracts and/or OMVs were loaded on an SDS gel and
incubated with an anti-NadA4 mouse polyclonal antibody. All
carrier strains carrying NadA1l or NadA2 were able to express
detectable levels of the protein as high-molecular-mass oli-
gomers, like the strains isolated from patients (data not
shown). The results of the Western blot analysis of strain 65/96,
bearing NadA4, are shown in Fig. 3. NadA4 was present in the
total extract of strain 65/96 (Fig. 3, lane 2) and migrated at a
molecular mass lower than that of NadA3 (Fig. 3, lane 1). The
protein migrated at an apparent molecular mass of approxi-
mately 150 kDa and probably represented high-molecular-
mass oligomers, most probably trimers (Fig. 3). As expected,
NadA was not present in the NGH38 strain used as a negative
control (Fig. 3, lane 9). The presence of NadA4 in the OMV
fractions (strain 65/96) suggests that the protein is successfully
exported to the outer membrane. Interestingly, NadA4 was
recognized in Western blots by antisera raised against each of
the three alleles, indicating that the differences in the se-
quences do not impair immune recognition (data not shown).
To confirm that NadA4 forms stable high-molecular-weight
oligomers, like the other forms, the OMV fractions were sub-
jected to particularly severe denaturing conditions (Fig. 3,
lanes 3 to 8). The remarkable stability in the presence of heat
and reducing agents even in the absence of the leucine zipper
motif (Fig. 2A) suggests that the coiled-coil region alone is able
to promote stable oligomerization of protein monomers. The
lack of cysteine residues in NadA4, like the lack of such resi-
dues in the other NadA forms, indicates that disulfide bonds
are not involved in this phenomenon either. This result is
consistent with results obtained for YadA (an adhesin/invasin
of Yersinia species), which is homologous to NadA (12) and
which is able to form stable high-molecular-mass aggregates,
even if cysteine residues and a leucine zipper motif are not
present.

NadA IN N. MENINGITIDIS 4221

TABLE 3. Comparison of the serum bactericidal activity titers
induced by NadA3 and NadA4 against homologous
and heterologous strains

Serum bactericidal activity titer

Antigen Adjuvant

Strain 2996 Strain 65/96
(allele 3) (allele 4)
NadA3 Freund’s 32,768 <16
Alum 16,384 256
NadA4 Freund’s 32 4,096
Alum 128 2,048

NadA4 is able to induce antibodies with bactericidal activity
and adhere to epithelial cells. To check whether NadA4 is able
to induce antibodies with bactericidal activity, the protein, de-
void of the leader peptide and of the anchoring domain (Fig.
2A), was expressed in E. coli as a His fusion protein, purified,
and used to immunize mice in the presence of either Freund’s
adjuvant or alum as an adjuvant. Immune sera were then tested
with a bactericidal assay by using strains 65/96 and 2996, which
harbor NadA4 and NadA3, respectively. The results (Table 3)
showed that NadA4 was able to induce antibodies which were
bactericidal against the homologous strain when they were
used in combination with either Freund’s adjuvant or alum.
However, the bactericidal activity against a NadA3-harboring
strain was very low or absent. These results indicate that
NadA4 is not able to mount a cross-bactericidal response,
unlike NadA1, NadA2, and NadA3, which have been proven to
induce bactericidal antibodies against each other, regardless of
the sequence variations. Antibodies against NadA3 were highly
bactericidal against the homologous strain (2996), whereas the
bactericidal titer against strain 65/96, expressing NadA4, was
low and present only when immunization was performed in the
presence of aluminum hydroxide as the adjuvant. These results
suggest that there are some protective epitopes which are com-
mon to NadA3 and NadAd4, whose conformation could be
affected by the adjuvant. NadA is able to bind epithelial cells.
To verify that NadA4 has the binding activity of the other
forms, recombinant NadA4 was used in a binding assay. Chang
epithelial cells were incubated with increasing concentrations
of recombinant NadA4 and with either recombinant NadA3 as
a positive control or an unrelated protein, recombinant protein
NMB2132 (18), as a negative control. Binding was detected
by fluorescence-activated cell sorting. As shown in Fig. 4,
NadA4 binding was dose dependent, and the mean fluores-
cence index was approximately 30% reduced compared to
that of NadA3, probably indicating reduced binding affinity.

DISCUSSION

A major unanswered question about N. meningitidis is the
degree of similarity between the strains isolated from healthy
individuals (carrier strains) and the strains isolated from peo-
ple with disease. Apart from the capsule (6), which can account
for the overall higher rate of nongroupable strains in carriage
strains than in pathogens, no other pathogenicity factors could
consistently explain the difference between strains able to
evoke disease and commensals. In this work, we found that the
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FIG. 4. Fluorescence-activated cell sorting analysis to compare the
binding ability of NadA4 with the binding ability of NadA3. Chang
epithelial cells were incubated with medium alone or with three con-
centrations of the recombinant proteins. MFI, mean fluorescence in-
tensity.

nadA gene is an additional genetic marker that segregates
differently in the two populations; while it is present in 50% of
the strains isolated from patients and in members of three of
the four hypervirulent clusters, it is largely absent in most of
the strains isolated from healthy people (only 16.2% of such
strains carry the gene). Remarkably, in this population, most of
the nadA-positive strains (18 of 25 strains) belonged to the
ET-5 and ET-37 hypervirulent lineages. Strains belonging to
hypervirulent clusters are seldom isolated from healthy indi-
viduals (less than 10%) (5) and are apparently indistinguish-
able from homologous strains isolated from patients. The ET-5
and ET-37 strains used in this study represent the overlap
between the two populations. The differences between hyper-
virulent cluster strains isolated from patients and hypervirulent
cluster strains isolated from healthy individuals should be an-
alyzed further in order to understand whether the different
behaviors of genetically similar, if not identical, strains could
be due to different abilities of the isolates to cause disease or
due to different susceptibilities to disease of the different hosts.
When we examined the carrier strains used in the present work
that did not belong to any hypervirulent cluster, we found that
the nadA gene was present in only 5.1% of them. Interestingly,
all but two of these strains harbored a new nadA allele which
we found only in carrier strains and which we designated
nadA4. The NadA4 protein is expressed and found in the
bacterial surface, and it is able to induce antibodies with bac-
tericidal activity and to bind to epithelial cells like the other
three forms of NadA. Questions to be answered in the future
are whether we identified, in the carrier strain population, a
subgroup of isolates which are potentially more virulent than
the isolates lacking NadA and, if NadA4 does not confer any
additional virulence properties, what the function of this pro-
tein is. In conclusion, we believe that a partial answer to the
question of why in most countries only a few individuals colo-
nized by N. meningitidis develop disease is beginning to
emerge. Most of the people are colonized by strains which lack
factors that are essential for virulence, such as the capsule, or
that are potentially important for virulence, like NadA. These
strains are unlikely to be able to cause disease and should be
considered commensals, like N. lactamica, which also lacks
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the capsule and which, as shown in this work, also lacks the
nadA gene. However, the commensal strains are likely to
play an important role in providing exchange of genetic mate-
rial and in priming immunity against the virulent strains (9, 15,
16, 21).
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