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Neisseria meningitidis is the cause of septicemia and meningococcal meningitis. During the course of infec-
tion, N. meningitidis encounters multiple environments within its host, which makes rapid adaptation to
environmental changes a crucial factor for neisserial pathogenicity. Employing oligonucleotide-based DNA
microarrays, we analyzed the transcriptome of N. meningitidis during two key steps of meningococcal infection,
i.e., the interaction with epithelial cells (HeLa cells) and endothelial cells (human brain microvascular
endothelial cells). Seventy-two genes were differentially regulated after contact with epithelial cells, and 48
genes were differentially regulated after contact with endothelial cells, including a considerable proportion of
well-known virulence genes. While a considerable number of genes were in concordance between bacteria
adherent to both cell types, we identified several open reading frames that were differentially regulated in only
one system. The data obtained with this novel approach may provide insight into the pathogenicity mechanisms
of N. meningitidis and could demonstrate the importance of gene regulation on the transcriptional level during
different stages of meningococcal infection.

The gram-negative bacterial pathogen Neisseria meningitidis
is a major cause of morbidity and mortality worldwide, with an
estimated 500,000 to 1 million cases of septicemia and menin-
gitis reported every year. Invasive meningococcal infections
represent a major childhood disease with a mortality of 10%
and high morbidity in survivors (3). Vaccines specific for N.
meningitidis serogroups A, C, Y, and W135 have been devel-
oped, but there is no vaccine for serogroup B, which is respon-
sible for most meningococcal disease in the United States and
Europe (23). A thorough understanding of the neisserial vir-
ulence mechanisms is a prerequisite for the rational design of
novel approaches for the treatment and prevention of disease.

Meningococcal infection starts with colonization of the na-
sopharyngeal and tonsillar mucosa. Following adherence, me-
ningococci initiate endocytosis, cross the epithelial barrier, and
gain access to the bloodstream (29). Meningococci are char-
acterized by a marked tropism towards the central nervous
system. As a result of the ability to cross the blood-brain
barrier, patients develop purulent meningitis (2). During the
different stages of infection, meningococci have to adapt to
rapidly changing environments and to escape innate and ac-
quired immune responses (19, 21, 36). N. meningitidis virulence
mechanisms employ a variety of strategies for host adaptation.
Excessive exchange and mutation of their DNA, including
phase variation due to slipped-strand mispairing (9, 14, 16, 27),
ensures the existence of a highly diverse bacterial population,
which is an important condition for the preadaptation to spe-
cific microenvironmental conditions (1). Alternatively, menin-
gococci can directly respond to environmental changes on the

transcriptional level. Recently, a transcriptional regulator re-
sponsible for the cross talk between meningococci and target
cells during infection has been described (5).

Sequencing of the genomes of a serogroup A strain and a
serogroup B strain of N. meningitidis (22, 32) provided us with
a tremendously broad range of information, but a full under-
standing of the interaction between meningococci and their
human host requires the knowledge of meningococcal gene
expression during infection. DNA microarrays offer an ideal
tool for the simultaneous transcriptional analysis of all genes
present in a bacterial genome (reviewed in references 4 and
25). However, the complex interplay of bacteria and host dur-
ing infection has been investigated only for the host cell tran-
scriptional response, e.g., for human monocytes infected with
different Salmonella strains (6) and meningothelial cells after
infection with serogroup B meningococci (38). In the present
work we employed oligonucleotide-based DNA microarrays as
a technology platform to analyze transcriptional changes in N.
meningitidis serogroup B during infection of the two key target
cells of meningococcal infection: human epithelial and endo-
thelial cells. Isolation of RNA from cell-adherent serogroup B
meningococci and subsequent hybridization to whole-genome
DNA microarrays enabled us to characterize the meningococ-
cal transcriptome during the infection of these two cell types.
Therefore, this study provides the first analysis of bacterial
gene regulation during infection on a global scale.

MATERIALS AND METHODS

Bacterial strains. The meningococcal strain used in this study is the piliated N.
meningitidis serogroup B strain MC58 (belonging to the ET-32 complex) which
was isolated in 1983 from a clinical case in the United Kingdom (33). The
unencapsulated MC58 siaD mutant strain has been previously described (19).
Briefly, the siaD gene encoding the polysialyltransferase as a key enzyme of the
capsular polysaccharide biosynthesis machinery was inactivated by the insertion
of a chloramphenicol resistance cassette. The resulting capsule-deficient mutant
was chosen for the experiments in this study to ensure that sufficient RNA could
be isolated; infections with wild-type bacteria resulted in insufficient RNA yields
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due to the weak adherence of encapsulated bacteria to epithelial or endothelial
cells (15, 34). Therefore, the utilization of encapsulated meningococci in the
present study was not feasible in our hands.

Cell culture. The epithelial cell line used in this study, HEp-2, was recently
identified as being identical to HeLa cells (as analyzed by the American Type
Culture Collection (ATCC) (ATCC catalogue; ATCC, Manassas, Va.). How-
ever, for reasons of clarity, the HEp-2 cell nomenclature is used throughout this
report. The HEp-2 cells were originally obtained from A. E. Moore. HEp-2 cells
were propagated in RPMI 1640 medium plus 10% fetal calf serum (FCS) (both
from Gibco Life Technologies, Karlsruhe, Germany) and 2 mM L-glutamine
(Biochrom, Berlin, Germany). Human brain microvascular endothelial cells
(HBMEC) were described previously (30). HBMEC were cultured in RPMI
1640, supplemented with 10% FCS, 10% Nu Serum IV (Becton Dickinson,
Bedford, Mass.), 1% vitamins, 1 mM sodium pyruvate, 2 mM L-glutamine,
heparin (5 U/ml) (all reagents were from Biochrom), and 30 �g of endothelial
cell growth supplement (Cell Systems Clonetics, St. Katharinen, Germany)/ml in
T75 flasks (Noras, Würzburg, Germany) coated with 0.2% gelatin to mediate cell
adherence. Both cell lines were grown in a humidified atmosphere at 37°C and
5% CO2.

Bacterial adhesion and invasion assay and isolation of cell-adherent menin-
gococci. Cells were propagated in T75 flasks to confluent monolayers (1 � 107

cells/flask). All cell infection experiments were done with the unencapsulated
strain MC58 siaD since the host cell adherence and infectivity of the encapsu-
lated wild-type strain is insufficient for isolation of amounts of RNA suitable for
DNA microarray hybridization. Although a genetically engineered mutant was
used in this study, the interaction of capsule-negative bacteria with epithelial
cells principally correlates to the physiological conditions on the nasopharyngeal
mucosa among meningococcal carriers and individuals with developing menin-
gococcal disease since the bacteria are nonencapsulated during the intimate
phase of host cell attachment (16, 33–35). The cells were infected at a multiplicity
of infection of 10 with MC58 siaD in RPMI 1640 medium alone (HEp-2) or
RPMI 1640 medium with 10% heat-inactivated FCS (HBMEC) at 37°C and 5%
CO2 for 6 h before the numbers of nonadherent, total cell-associated, and
intracellular bacteria were determined as described previously (19). For assess-
ment of bacterial numbers that could be dissociated from the cell surface, cells
were washed three times with phosphate-buffered saline (PBS) followed by
treatment with trypsin-EDTA (Gibco Life Technologies) and gentle shaking for
10 min. Mammalian cells were removed by two centrifugation steps at 1,000 � g
for 10 min at 4°C, leaving only the bacteria in the supernatant. Bacterial numbers
dissociated from the host cells were assessed by plating serial dilutions of the
supernatant on GC agar.

Isolation of RNA from host-cell-adherent bacteria. HEp-2 and HBMEC cells
(1 � 107 cells/T75 flask) were infected at a multiplicity of infection of 10 with
MC58 siaD in RPMI 1640 medium alone (HEp-2) or RPMI 1640 medium with
10% heat-inactivated FCS (HBMEC) for 6 h before isolation of cell-adherent
bacteria. Cells were washed three times with PBS to remove the nonadherent
bacteria. The adherent bacteria were subsequently dissociated from host cells by
treatment with trypsin-EDTA and harvested by centrifugation. RNA was iso-
lated from the neisserial pellet as described previously (13). Control bacteria
were treated identically to bacteria from infections, i.e., all incubations, and wash
and centrifugation steps were performed, except that no host cells were present
during incubation in RPMI medium with FCS (HBMEC controls) or without
FCS (HEp-2 controls). The quality of the RNAs was assessed by formaldehyde-
agarose gel electrophoresis. Potential traces of DNA were removed by treatment
with RNase-free DNase I (Roche Diagnostics GmbH, Mannheim, Germany).
The absence of neisserial DNA was confirmed by PCR with primers specific for
the open reading frames (ORFs) NMB0829 (hsdM) and NMB1972 (groEL). The
absence of nucleic acids from human cells was confirmed by reverse transcriptase
(RT)-PCR with primers specific for the human ORFs XM_004814 (ACTB) and
XM_009352 (GAPDS).

Construction of oligonucleotide-based whole-genome DNA microarrays. For
each of the 2,158 ORFs present in the published genome of N. meningitidis
serogroup B strain MC58 (32), oligonucleotide-based microarrays were manu-
factured as previously described (13). Three oligonucleotides (40-mers) per gene
comprising gene-specific internal fragments (covering 5�, central, and 3� parts)
were designed. All oligonucleotides (manufactured by MWG Biotech AG,
Ebersberg, Germany) carried a C6 amino linker modification at the 5� end for
covalent attachment to the slide surface. The oligonucleotides were spotted by
using the Affymetrix 417 Arrayer (MWG Biotech AG) on super aldehyde slides
(TeleChem International, Sunnyvale, Calif.), and the slides were processed ac-
cording to the manufacturer’s instructions.

Preparation of labeled cDNA, microarray hybridization, and data analysis.

Equal amounts of the RNAs to be compared were labeled differentially with
Cy3-dCTP and Cy5-dCTP (Amersham Pharmacia, Freiburg, Germany) during a
first-strand reverse transcription reaction with Superscript II RNase H� RT (Life
Technologies) and a balanced mixture (20 pmol each) of C-terminal primers
specific for all genes present on the microarrays. The two differentially labeled
cDNA samples were combined, brought to 3� SSC (1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate)–0.1% (wt/vol) sodium dodecyl sulfate, and hybridized to
the array at 50°C for 16 h. Arrays were washed and scanned by using the
Affymetrix 418 scanner (MWG-Biotech AG). The average signal intensity and
local background measurements were obtained for each spot with ImaGene,
version 4.0, software (Biodiscovery Inc., Los Angeles, Calif.). The two channels
were normalized with respect to the mean values of all N. meningitidis DNA
spots, and the Cy3/Cy5 fluorescence ratios were calculated from the normalized
values. The transcript ratios of all ORFs were calculated from the average signal
ratios of all oligonucleotides per gene. Biological experiments and subsequent
hybridizations were repeated five times, and data of the independent experi-
ments were combined. ORFs, minimally exhibiting a 1.6-fold deregulation on
average and being deregulated more than 1.6-fold in at least three experiments,
were defined as differentially transcribed; this cutoff is based on previous results
which showed a 1.6-fold difference to be detected at a level of confidence of
above 99.7% (13).

Real-time RT-PCR. Before RT reactions were performed, the absence of
DNA from RNA samples was verified by PCR amplification of the genes to be
assayed with 1 �g of RNA as a template. For quantitative RT-PCR cDNA
synthesis, 2 �g of total RNA (experiment and control) and 6 ng of random
hexamer primers (Life Technologies) were heat denatured for 5 min at 70°C and
chilled on ice before adding the remaining components for the RT reaction: 0.5
mM (each) dATP, dCTP, dGTP, and dTTP, 1 mM dithiothreitol, 200 U of
Superscript II RNase H� RT (Life Technologies), and reaction buffer to a final
concentration of 1�. Reactions proceeded for 10 min at 25°C and 2 h at 42°C.
PCR was done in a final volume of 20 �l in glass capillaries with the LightCycler
(Roche Diagnostics). PCR was performed according to the manufacturer’s pro-
tocol with the FASTStart DNA master kit SYBR green I (Roche Diagnostics).
A 4 mM MgCl2 concentration proved to be suitable for all reactions. Cycling
conditions were as follows: initial denaturation at 95°C for 8 min and 40 cycles of
95°C for 0 s, 64°C for 5 s, and 72°C for 15 s followed by a melting cycle from 65
to 95°C.

For quantification of RT-PCRs, amplicons corresponding to the genes of
interest (mdaB, siaA, ctrC, secY, NMB0200, NMB0985, and NMB2052) were
cloned into a PCR II vector (TA cloning kit; Invitrogen, Leiden, The Nether-
lands). Serial dilutions of the resulting plasmids served as an external standard
(corresponding to 107 to 102 copies). RT-PCRs were quantified for experi-
ments and controls with the appropriate standard curve. Normalization for all
results was performed with a second quantification in the same run for a gene
(NMB2052) with no measurable deregulation. Specificity for all amplicons was
confirmed via melting curves and gel analysis.

Transmembrane domain prediction. The transmembrane regions of the pro-
teins were predicted by use of the PSORT software (Kenta Nakai, Tokyo,
Japan).

RESULTS

Isolation of N. meningitidis adherent to human epithelial
cells (HEp-2) and HBMEC. HEp-2 cells were infected at a
multiplicity of infection of 10 with the N. meningitidis strain
MC58 siaD. At 6 h postinfection (p.i.), meningococci in the
supernatant were removed by washing with PBS. At this time
point, about 30% of the meningococci present in the flask were
cell associated. Of the cell-associated bacteria, only 1% were
found to be located intracellularly in gentamicin killing assays,
the remaining 99% were localized on the cell surface. The
cell-surface-adherent bacteria were dissociated from the HEp-
2 cells by treatment with trypsin-EDTA and recovered by cen-
trifugation. By application of this protocol, more than 95% of
the bacteria could be removed from the cell surface and RNA
could be extracted from over 90% of the bacteria in total.
Similar results were obtained during the infection of HBMEC
with strain MC58 siaD. The high recovery achieved with this
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method allowed us to analyze the transcriptome of a represen-
tative population of surface-associated bacteria.

Analysis of the transcriptome of meningococci associated
with the surface of HEp-2 cells. Oligonucleotide DNA mi-
croarrays were employed which previously exhibited high sen-
sitivity, specificity, and reproducibility, allowing a 2-fold dereg-
ulation to be detected at a level of confidence of 99.9% and a
1.6-fold difference at a level of confidence of above 99.7% (13).
HEp-2 cells were infected with N. meningitidis strain MC58
siaD, and at 6 h p.i., the cell-adherent bacteria were recovered.
Immediately thereafter, the meningococcal RNA was isolated.
As a control, MC58 siaD bacteria were incubated in cell cul-
ture medium for 6 h. The RNAs of cell-adherent and control
meningococci were labeled differentially and hybridized to
whole-genome DNA microarrays. Five independent RNA iso-
lations and hybridizations were performed, and ORFs differ-
entially regulated above 1.6-fold on average and in three or
more experiments were defined as deregulated.

This experimental approach revealed the differential regu-
lation of 72 genes upon adherence of meningococci to HEp-2
cells, 67 of these were upregulated and 5 were downregulated
(Table 1). The degree of differential regulation ranged from
3.7-fold upregulated to 1.8-fold downregulated. The number of
differentially regulated genes accounts for 3.3% of the menin-
gococcal genome.

The meningococcal genes differentially regulated during
HEp-2-cell interaction can be clustered in several functional
groups: genes encoding membrane proteins and transporters,
gene expression regulators, and genes involved in protein bio-
synthesis and general metabolism. Furthermore, we found a
wide range of hypothetical ORFs and ORFs with unknown
function to be differentially regulated. A high proportion (fif-
teen) of the ORFs upregulated after interaction with HEp-2
cellsrepresentpreviouslyidentifiedvirulencegenes:genesencod-
ing capsule synthesis and export functions (siaB, siaA, ctrC, and
ctrD), immunoglobulin A (IgA) protease (iga), lipooligosac-
charide biosynthesis enzymes (rfaF), several iron uptake sys-
tems (tonB, exbD, lbpB, fbpB), type IV pilus assembly proteins
(pilN and pilO), invasins (opa andporA), and potential toxins
(frpC). Interestingly, all differentially regulated virulence-asso-
ciated genes were found to be induced. A total of 20 genes
encoding membrane proteins and transporters were differen-
tially regulated. Of these, 18 were upregulated and 2 were
downregulated. Twenty-four differentially regulated genes
were involved in transcription, translation, and metabolism. All
of these were induced upon meningococcal adherence to
HEp-2 cells. Twenty differentially transcribed ORFs had no
known function. Of these, 17 were upregulated and 3 were
downregulated. Eleven of the hypothetical ORFs had a size of
�200 amino acids, and 5 ORFs encoded proteins for which
transmembrane regions were predicted by the PSORT soft-
ware (Kenta Nakai).

Analysis of the transcriptome of HBMEC cell-surface-asso-
ciated meningococci. HBMEC were infected with N. meningi-
tidis strain MC58 siaD, and RNA was isolated from cell-adher-
ent bacteria 6 h p.i. Again, five independent RNA isolations
and hybridizations were performed, and the data of the inde-
pendent experiments were combined. ORFs were defined as
deregulated if they exhibited a differential transcript level of
above 1.6-fold on average and in at least three experiments.

Comparison of RNA isolated from HBMEC-associated bacte-
ria with RNA derived from control meningococci revealed
significant transcriptional changes for 48 ORFs (Table 2),
equivalent to 2.2% of all ORFs present in strain MC58. Forty-
one of these were induced, and seven were repressed. The
degree of differential regulation ranged from 4.5-fold upregu-
lated to 1.9-fold downregulated (Table 2).

Most of the differentially regulated genes were involved in
virulence, transport, protein biosynthesis, and metabolism or
comprise a range of hypothetical ORFs. The virulence-as-
sociated genes were responsible for lipooligosaccharide bio-
synthesis (rfaF), iron uptake (tonB), a putative hemolysin
(NMB1646), and an NADP-specific glutamate dehydrogenase
(NMB1710), and they encoded essential metabolic functions
(ilvC, ilvH, and ilvI). Interestingly, all virulence genes were
again induced upon host cell interaction of the meningococci.
Likewise, all four membrane proteins and transporters are
upregulated. Of the 26 deregulated genes involved in metab-
olism, transcription, and translation, 23 were induced and 3
were repressed. The differentially regulated genes encom-
passed 15 hypothetical ORFs, of which 12 were upregulated
and 3 were downregulated. Seven of them had a size of �100
amino acids, and one gene encoded a putative transmembrane
protein (predicted by the PSORT software).

Global analysis of genes differentially regulated during
HEp-2 and HBMEC interaction. We analyzed the genomic
localization of the genes regulated differentially during inter-
action with HEp-2 and HBMEC cells. These genes exhibit a
mainly random distribution throughout the meningococcal ge-
nome (Fig. 1). Thirteen ORFs are differentially regulated in
both HEp-2- and HBMEC-adherent meningococci (Table 3).
The majority of the differentially regulated genes are also
present in the genome of N. meningitidis serogroup A strain
Z2491. However, 14 differentially transcribed ORFs are absent
from this strain (Tables 1 and 2).

A total of 5 differentially regulated ORFs are phase variable;
of these, opa, porA, fetA, and NMB0065 were induced in HEp-
2-associated bacteria and funZ was induced during HBMEC
interaction. Interestingly, none of these were regulated differ-
entially in meningococci during interaction with both cell types
(Table 3). Phase variation occurs due to variation in the length
of simple sequence repeats caused by slipped-strand mispair-
ing. If the repeat is present within an ORF, sequence variation
leads to an alteration of the translational reading frame. If
the repeat is present within the promoter sequence, it can
influence the transcription of the ORF. While for opa, fetA,
NMB0065, and funZ, the repeats are localized within the
ORFs, porA carries the sequence repeat within the promoter
sequence. The ORFs opa, porA, fetA, and NMB0065 are all
present in serogroup A strain Z2491, and funZ is absent from
this strain.

Analysis of specific changes by RT-PCR. Quantitative RT-
PCR with the LightCycler was employed as an independent
method to confirm the differential regulation of selected
ORFs. These experiments were done with RNAs isolated in
three independent infections of HEp-2 and HBMEC cells in-
fected with strain MC58 siaD. In this experiment, we analyzed
ORFs that had been identified as differentially regulated in
both systems (NMB0200 and mdaB) only during interac-
tion with HEp-2 cells (siaA and ctrC) or HBMEC (secY and
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NMB0985). The RT-PCR data confirmed the microarray-ob-
served regulation of mdaB, siaA, ctrC, secY, NMB0200, and
NMB0985 during the interaction with both host cell types
(Table 4). In addition, the stable transcription of NMB2052
during host cell interaction was confirmed and served to nor-
malize the increased transcript levels of induced genes. Hence,
all genes detected as induced by microarrays were also found
to be upregulated by the RT-PCR analysis. Likewise, the re-
sults for the genes identified as nonderegulated (i.e., being
below the 1.6-fold cutoff) were almost identical for both tech-
nology platforms (Table 4). This close correlation of the RT-
PCR data to the microarray-assessed transcription profile of
the genes investigated underlines the relevance of the microar-
ray data for both experimental conditions.

In our experimental design, a capsule-deficient mutant with
an insertionally inactivated polysialyltransferase gene (siaD)
was chosen to increase the adhesion of meningococci to epi-
thelial and endothelial cells. Since we observed an increased
transcriptional activity in the sia operon, in which siaD is one
of four genes (8), we had to exclude effects of the insertional
inactivation of siaD on the transcription rate of the entire sia
operon. For this purpose, HEp-2 cells were infected with en-
capsulated MC58 wild-type bacteria under the same experi-
mental conditions described above for the siaD mutant. After
6 h of infection, mRNA was prepared and the siaA cDNA was
amplified according to the quantitative RT-PCR LightCycler
protocol. For siaA, a 1.6-fold increase in transcription was
observed, thus confirming the results from the microarray ex-
periments with the siaD mutant.

DISCUSSION

In the present study, we characterized for the first time the
transcriptome of a bacterial pathogen (N. meningitidis) during
interaction with human host cells. As a technology platform,
oligonucleotide-based DNA microarrays encompassing the en-
tire genome of N. meningitidis serogroup B strain MC58 (2,158
ORFs) were employed. The same arrays had recently been
used for the elucidation of the heat shock transcriptome of
N. meningitidis (13). In those studies, the oligonucleotide ar-
rays exhibited high sensitivity, specificity, and reproducibility.
They allow a 1.6-fold deregulation to be detected at a level of
confidence of 99.7%, clearly demonstrating the suitability of
the oligonucleotide DNA arrays for transcriptional profiling in
N. meningitidis (13). Here, we describe the use of these arrays
to analyze the transcriptional profile of meningococci adherent
to human epithelial and endothelial cells.

The present study revealed a wide range of ORFs which are
transcriptionally deregulated during different stages of menin-
gococcal infection of the human host. Upon adherence to
human epithelial cells, 72 genes were found to be differentially
regulated. In bacteria adherent to brain endothelial cells, 48
ORFs were deregulated. The differentially transcribed genes
could be classified in several categories: genes encoding mem-
brane proteins and transporters, gene expression regulators,
and genes involved in protein biosynthesis and general metab-
olism. Furthermore, we found a wide range of hypothetical
ORFs and ORFs with unknown function to be differentially
regulated. Several of the differentially regulated genes are
known to contribute to the virulence of meningococci, andH
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their corresponding gene products are involved in the interac-
tion of pathogenic neisseriae with epithelial and endothelial
cells (7, 16, 18, 24, 28, 33, 35). In addition, NMB1857 exhibits
high homology to a gene encoding the drug modulator protein
MdaB present in a wide range of pathogenic bacteria, and
NMB0995 codes for a putative FK506-inhibitable rotamase
which is homologous to mip, encoding the macrophage infec-
tivity potentiator of Legionella and Streptococcus (26). Of the
genes differentially regulated during interaction with HEp-2
and HBMEC cells, five (rfaF, ilvI, tonB, exbD, and gdhA) were
recently identified as being essential for meningococcal patho-
genesis in the infant rat model (31). Interestingly, while tran-

scription of exbD was induced only upon HEp-2 contact and
gdhA was upregulated only upon HBMEC adherence, three
ORFs (rfaF, ilvI, and tonB) were upregulated upon contact
with both HEp-2 and HBMEC cells.

Of particular interest for the pathogenesis of meningococcal
disease are the genes involved in the synthesis and export of
the polysaccharide capsule (10). The current concept of the
role of capsule expression for the invasion of epithelial cells
suggests that the capsule inhibits meningococcal uptake by the
epithelial cell, a process known to be mediated by the subcap-
sularly located membrane proteins Opa and Opc (34). Previ-
ously, it was shown that capsule expression undergoes phase

FIG. 1. Genomic distribution of differentially regulated genes throughout the N. meningitidis strain MC58 genome. Differential regulation of
genes of N. meningitidis adherent to HEp-2 cells and HBMEC is shown. The positions of differentially transcribed ORFs within the MC58 genome
(32) are shown on the x axis, and the level of deregulation is shown on the y axis. NMB, Neisseria meningitidis serogroup B; IHT, islands of
horizontal DNA transfer.

TABLE 3. N. meningitidis serogroup B ORFs differentially regulated in HEp-2- and HBMEC-adherent MC58 siaD meningococci

Functional
category

Serogroup B
ORF no.a

HEp-2
regulation

(fold)

HBMEC
regulation

(fold)
Encoded protein Virulence

genec
Serogroup A

ORF no.b

Membrane NMB1730 1.8 1.7 TonB � NMA1985
Metabolism NMB1527 2.1 1.6 ADP-heptose:lipopolysaccharide heptosyltransferase II, RfaF � NMA1727

NMB1574 2.2 1.7 Ketol acid reductoisomerase, IIvC � NMA1763
NMB1576 2.3 1.7 Acetolactate synthase isozyme III small subunit, IIvH � NMA1765
NMB1577 2.7 1.6 Acetolactate synthase isozyme III large subunit, IIvI � NMA1766
NMB1845 2.7 2.0 Putative periplasmic thioredoxin � NMA0612
NMB1857/NMB0977 2.2 2.4 Modulator of drug activity B, MdaB � NMA0600/NMA1174

Translation NMB0159 1.7 1.6 30S ribosomal protein S5, RpsE � NMA0112
NMB0167 1.7 2.0 30S ribosomal protein S4, RpsD � NMA0104

Hypothetical NMB0200 2.1 2.1 Hypothetical protein � Absent
NMB0744 3.7 1.6 Hypothetical protein � NMA0957
NMB1575 2.1 1.6 Conserved hypothetical protein � NMA1764
NMB1889 1.6 1.6 Hypothetical protein � Absent

a ORF numbers from the published N. meningitidis serogroup B genome sequence (32) are given.
b ORF numbers from the published N. meningitidis serogroup A genome sequence (22) are given.
c �, yes; �, no.
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variation either by a slipped-strand mispairing-based mecha-
nism within the siaD gene (16) or, alternatively, by a reversible
insertion of an insertion element (IS1301) in other genes of the
capsular polysaccharide biosynthesis pathway (15). In contrast
to a recent report of a negative transcriptional control mech-
anism of capsule expression in serogroup C meningococci con-
trolled by the transcription factor CrgA (5), we could not
confirm this by use of transporter gene systems (37). The data
of the present study even indicate a slight increase in transcrip-
tion of the capsule biosynthesis genes after contact with HEp-2
cells and are therefore in accordance with the view that capsule
expression is not negatively regulated at the transcriptional
level. It should be noted, however, that the meningococcal
strain used in this study is nonencapsulated. Wild-type menin-
gococci expressing the polysaccharide capsule exhibit weak
adherence to both HEp-2 cells and HBMEC, which in turn
does not allow isolation of sufficient amounts of RNA for
microarray hybridization.

The upregulation of the iga gene is in accordance with the
requirements for the IgA protease within the epithelial cell.
Here, the IgA protease cleaves Lamp1 (17), and the resulting
alterations of the lysosomes are thought to play a significant
role in intracellular survival and trafficking (18). Among the
genes upregulated upon cell adherence, we also found multiple
known iron acquisition systems, suggesting iron limitation in
close vicinity to the host cell surface. Of particular interest we
found tonB and exbD to be upregulated. TonB is a conserved
macromolecule of the inner membrane which, together with
ExbB and ExbD, triggers conformational changes in TonB-
dependent outer membrane receptors, including iron-uptake
receptors. Recently, it was shown that tonB-dependent iron-
uptake is essential for intracellular multiplication of meningo-
cocci (20). Thus, the significant upregulation of genes encoding
the TonB complex and also the elevated expression rates of the
igaA gene are in concordance with the requirements of the
bacterium for the intracellular environment and therefore
form part of the bacterial adaptation process. Interestingly,
this adaptation of the meningococcus for the intracellular life-
style already occurs upon close contact of the bacteria with the
cell surface before meningococci enter the intracellular com-
partments.

At a first glance, the high proportion of the differentially
regulated genes involved in metabolism seems to be intriguing,

since it is generally assumed that virulence factors are the main
determinants of the outcome of bacterial infection and that the
human host cell represents a milieu rich in nutrients for bac-
terial growth. However, proper adaptation of bacterial metab-
olism to the host environment seems to be essential for in vivo
replication (11). In addition, a wide range of genes encoding
metabolic functions has recently been shown to be crucial for
meningococcal pathogenicity in the infant rat model (31).

A substantial proportion of the ORFs in the meningococcal
genome have no known function. A high number of ORFs for
which no specific role has been assigned so far are transcribed
differentially upon cell contact, suggesting that they may con-
tribute to meningococcal host cell interaction. DNA microar-
rays may therefore provide a suitable technology platform to
unravel the role of ORFs for which no biological function has
previously been found.

The endothelial cells employed in this study are HBMEC
and should therefore be representative for meningococcal in-
fection of the human blood-brain barrier. The epithelial cell
line used, HEp-2, was recently shown to be identical to HeLa
cells. Ideally, one would use nasopharyngeal epithelial cells for
modeling the first step of the infectious cycle of meningococci,
adherence of the nasopharyngeal mucosa. However, the use of
HEp-2 cells may nevertheless allow the identification of ORFs
which are differentially regulated upon meningococcal infec-
tion of epithelial cells in general, thus allowing conclusions for
nasopharyngeal epithelial cells to be drawn, at least to some
extent. This was also confirmed by a recently published study
on meningococcal interaction with epithelial cells (12). In that
study, MC58 bacteria were used to infect 16HBE14 cells, a
human bronchial epithelial cell line, and the transcriptional
profiles were analyzed at 0.5, 1, 2, and 3 h p.i. by cDNA
microarrays. Twenty-one ORFs were indeed found to be dif-
ferentially regulated in both studies: NMB0124, NMB0129,
NMB0159, NMB0167, NMB0177, NMB0328, NMB0517,
NMB0617, NMB0700, NMB0787, NMB0788, NMB0880,
NMB0881, NMB0977, NMB0994, NMB0995, NMB1017,
NMB1377, NMB1845, NMB1857, and NMB1940. The genes
differentially regulated after the adherence to 16HBE14 cells
could also be classified as virulence genes (cell adherence and
host-pathogen cross talk), various transporters (for iron, amino
acids, and sulfur), genes encoding metabolic functions (like
amino acid biosynthesis), and a variety of hypotheticals. These
similarities clearly show the relevance of the data obtained by
the meningococcal transcriptome analysis after infection of
HEp-2 cells. Nevertheless, there is also a number of noncon-
cordant ORFs found to be differentially regulated in the two
studies. However, this may be due to the use of different cell
lines, bacterial strains, infection times, RNA isolation meth-
ods, microarray types, and stringencies of cutoffs chosen for
the definition of differential regulation.

In our study, 13 of the ORFs (27%) differentially regu-
lated upon cell contact show high agreement in HEp-2-
and HBMEC-adherent meningococci. Interestingly, most vir-
ulence-associated genes differentially regulated in HBMEC-
adherent meningococci are also induced during HEp-2 inter-
action, suggesting that they have a general function for host
cell interaction. The nonconcordant differentially regulated
genes may in contrast be specifically required for infection of
epithelial or endothelial cells. For example, most iron-regu-

TABLE 4. Assessment of differential regulation of N. meningitidis
serogroup B ORFs during interaction with HEp-2 cells and

HBMEC by RT-PCR and comparison to array data

ORF no.a

(gene or protein)

Differential regulation (fold) by
test with cell type:

HEp-2 HBMEC

RT-PCR Array RT-PCR Array

NMB0070 (siaA) 2.0 2.2 1.2 1.4
NMB0073 (ctrC) 3.0 2.2 0.9 1.2
NMB0162 (secY) 1.2 1.0 2.0 1.9
NMB0200 (hypothetical protein) 1.9 2.1 1.7 2.1
NMB0985 (E16-related protein) 1.4 1.4 1.8 2.1
NMB1857 (mdaB) 2.6 2.2 2.4 2.4

a ORF numbers from the published N. meningitidis serogroup B genome se-
quence (32) are given.
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lated genes, pilus and capsule synthesis genes, and iga are
induced only in HEp-2-adherent bacteria. Potentially, the dif-
ferent transcription patterns of HEp-2- and HBMEC-adherent
meningococci may be caused by bacterial interaction with the
host cells through different molecules, e.g., while Opa proteins
play a major role in the infection of epithelial cells (39), Opc
seems to be more important for the infection of endothelial
cells (35). Furthermore, the differences may also be caused by
binding to different receptors on the surface of the host cells.
While most of the differentially regulated genes are also
present in the genome of N. meningitidis serogroup A strain
Z2491, 14 deregulated ORFs are absent from this strain and
may be specific for serogroup B meningococci. Interestingly,
most of these comprise hypothetical ORFs. Future experi-
ments should reveal whether these ORFs either contribute to
specific virulence mechanisms of serogroup B strains or are
just dispensable for meningococcal pathogenicity.

Our data support the model of dynamic interactions be-
tween meningococci and their human hosts during infection.
They add a further level of meningococcal gene regulation and
immune evasion to the already identified mechanisms based on
mutation, horizontal transfer of DNA, and phase variation.
The differentially expressed genes identified in this study are
important candidates for further studies to unravel the patho-
genicity mechanisms and the interaction of meningococci with
their human hosts and will form the basis for the development
of novel strategies to cure or prevent infection by these impor-
tant pathogens.
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