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We have previously shown that during late stages of the infectious process, serogroup B meningococci (MenB) are able to escape
the phagosome of in vitro-infected human epithelial cells. They then multiply in the cytosolic environment and spread intracel-
lularly and to surrounding cells by exploiting the microtubule cytoskeleton, as suggested by results of infections in the presence
of microtubule inhibitors and evidence of nanotubes connecting neighboring cells. In this study, by using microtubule binding
assays with purified microtubule asters and bundles and microtubule bundles synthesized in vitro, we demonstrate that the
MenB capsule directly mediates the interaction between bacteria and microtubules. The direct interaction between the microtu-
bules and the MenB capsular polysaccharide was confirmed by coimmunoprecipitation experiments. Unexpectedly, serogroup C
meningococci (MenC), which have a capsular polysaccharide that differs from that of MenB only by its anomeric linkage,
�(2¡9) instead of �(2¡8), were not able to interact with the microtubules, and the lack of interaction was not due to capsular
polysaccharide O-acetylation that takes place in most MenC strains but not in MenB strains. Moreover, we demonstrate that the
MenB capsular polysaccharide inhibits tubulin polymerization in vitro. Thus, at variance with MenC, MenB may interfere with
microtubule dynamics during cell infection.

Neisseria meningitidis (meningococcus) is a transitory colo-
nizer of the human nasopharynx that occasionally provokes

life-threatening diseases, including meningitis and sepsis. This
microorganism is highly variable, and variants that are modified
in their virulence and/or transmissibility are continually gener-
ated. Meningococcal surface variation serves as an adaptive mech-
anism to modulate tissue tropism, immune evasion, and survival
in the changing host environment (1). This concept is exemplified
by phase and antigenic variation of the capsular polysaccharide.

Traditionally, meningococcal strains have been classified into
13 serogroups based on the immunological specificities of their
capsular polysaccharide. Of these, five serogroups (A, B, C, Y, and
W135) are responsible for most of the diseases worldwide, each
with various epidemiological features, including prevalence, viru-
lence, immunogenicity, geographical, and temporal distribution
(2). In particular, infection by serogroup B meningococci (MenB)
is typically associated with higher morbidity and mortality rates in
young infants (2–4). MenB disease can be devastating: 5 to 10% of
children with the disease do not survive, and another 10 to 20%
experience long-term sequelae, such as hearing loss, limb loss, and
neurologic deficits. Moreover, lack of immunogenicity of the
MenB polysialic acid capsule is a major problem in development
of a capsule-based vaccine.

However, the meningococcal capsule plays contrasting roles
depending on the host microenvironment. On one hand, the anti-
phagocytic capsules are essential for meningococcal growth/sur-
vival in many host environments, including the bloodstream and
cerebrospinal fluid (5). Moreover, there is evidence that the MenB
capsule is important for meningococcal survival within human
cells, and that capsular biosynthetic genes are upregulated in the
intracellular environment (6). There is also evidence that the me-
ningococcal capsule contributes to protect the bacteria against
cationic antimicrobial peptides (CAMP), including the human

cathelicidin LL-37 (6, 7), while at the same time, by interacting
with the capsule, LL-37 seems to inhibit the proinflammatory ac-
tivity of the capsular polysaccharide (8). On the other hand, the
expression of the capsular polysaccharide inhibits the coloniza-
tion and invasion of the nasopharyngeal barrier by masking the
meningococcal adhesins/invasins (9). For these reasons, capsular
polysaccharide expression is subject to frequent phase variation
via slipped-strand mispairing or reversible insertion of mobile
elements (9–11) and is tightly regulated at the transcriptional
level. Indeed, there is evidence that capsule biosynthesis and as-
sembly are downregulated during the early stages of the infectious
cycle to facilitate the adhesion to and invasion of the host cells
(12).

In a previous study, we showed that during the late stages of the
infectious process, MenB are able to escape the phagosome of in
vitro-infected human epithelial cells. They then multiply at high
rates in the cytosolic environment and spread to surrounding cells
by exploiting the microtubule cytoskeleton, as suggested by results
of infections in the presence of microtubule inhibitors (6, 13, 14).
In this study, we demonstrate that the MenB capsular polysaccha-
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ride directly mediates the interaction between bacteria and micro-
tubules and inhibits tubulin polymerization in vitro.

MATERIALS AND METHODS
Bacterial strains and growth conditions. N. meningitidis strains have
been reported previously (11, 15–18). In particular, MenB strain B1940
(B:NT:P1.3,6,15; lipooligosaccharide [LOS] immunotype L3,7,9) and its
derivatives, the B1940 cps mutant and the B1940 siaD(�C) mutant, have
been described previously (9, 19). The B1940 cps mutant lacks both the
capsule and the lipooligosaccharide (LOS) outer core. The B1940
siaD(�C) mutant lacks the capsule but retains the LOS outer core due to
frameshift mutation, a cytosine deletion in a polycytidine repeat located in
the coding region of the polysialyltransferase gene (siaD). MenB H44/76 is
an isolate from a patient with invasive meningococcal disease (20) and is
an international reference strain classified as B:15:P1.7,16, LOS immuno-
type L3,7,9 (21, 22). 205900 and XL929 are N. meningitidis serogroup A
(MenA) and serogroup X (MenX) strains, respectively. Serogroup C me-
ningococcal strain 2120 (sequence type 11 [ST-11]; OatC�) and isogenic
mutant 2948 (oatC::�Kanr) (23) were kindly provided by H. Claus (Uni-
versität Würzburg, Germany). Capsulation of meningococcal strains was
checked by the latex slide agglutination test (Directigen N. meningitidis
group B/Escherichia coli K1 and Directigen N. meningitidis groups A, C, Y,
and W135 test kits; Becton, Dickinson and Company). Neisseria lactamica
strains NL4627 and NL995 and Neisseria sicca strain NS407 have been
described previously (24). All Neisseria sp. strains were cultured in gono-
coccus (GC) broth or agar with 1% Polyvitox at 37°C in a 5% CO2 incu-
bator. Wild-type Escherichia coli K-12 strain FB8 (25) was grown in Luria-
Bertani medium.

Cell culture and invasion assay. For standard invasion assays, HeLa
cells (ATCC CCL-2) or HEp-2 cells (ATCC CCL-23) (2 � 105) were
seeded in 24-well tissue culture plates (Falcon) in Dulbecco’s modified
Eagle medium (DMEM) with 10% fetal bovine serum (FBS; Gibco), 2 mM
L-glutamine, and antibiotics for 24 h at 37°C in 5% CO2. Before the addi-
tion of bacteria, cells were washed three times with DMEM supplemented
with 2% fetal calf serum (FCS) and 2 mM L-glutamine (without antibiot-
ics). Meningococci grown overnight as described above were harvested
from GC agar plates and resuspended in DMEM. Cells were infected at a
multiplicity of infection (MOI) of 50 for 1 h. Adherence of viable bacteria
was evaluated after removing nonadherent bacteria by sequential washing
with phosphate-buffered saline (PBS). For invasion assays, bacteria were
centrifuged (60 � g for 5 min) onto cells to start the infection. Cells then
were washed twice with PBS to eliminate the majority of extracellular
bacteria and then exposed to gentamicin to kill the remaining extracellu-
lar bacteria. Cells were washed extensively with PBS to remove gentamicin
and dead extracellular bacteria and then lysed with saponin. Gentamicin
treatment was performed at 100 �g/ml, a concentration about 10-fold
above the MIC, for 30 min. We determined that this treatment was suffi-
cient to kill all extracellular bacteria by plating the culture medium before
and after gentamicin treatment onto GC agar medium. No viable bacteria
were detected after treatment with either 100 or 500 �g/ml gentamicin,
indicating a survival value of �10�8. When required, cells were reincu-
bated in fresh culture medium at various time intervals (0 to 7 h) after
gentamicin treatment. For quantification, bacteria present in culture me-
dium (extracellular) or released by saponin from HeLa cells (intracellular)
were plated, and CFU were counted the day after. Infected cells were also
analyzed by confocal laser-scanning microscopy (CLSM) or immunoflu-
orescence microscopy (IFM).

Immunofluorescence analysis. HeLa cells were seeded onto 12-mm-
diameter glass coverslips, infected as described above, and processed for
immunofluorescence as described previously (10, 26). To detect intracel-
lular bacteria, primary polyclonal antibody against whole-cell prepara-
tions of serogroup A, B, and C N. meningitidis (Omnitope, Viro Stat) or
against MenB (R30167501; Remel Europe Ltd.) or serogroup C meningo-
cocci (MenC) (R30166901; Remel Europe Ltd.) capsular polysaccharides
were used after permeabilization with 0.25% saponin, in combination

with fluorescein isothiocyanate (FITC)-conjugated secondary antibody.
To detect cellular markers, we used Alexa 568 phalloidin (Molecular
Probes), anti-�-tubulin (Sigma), or anti-transferrin receptor (Roche) in
combination with tetramethyl rhodamine isothiocyanate (TRITC)-con-
jugated secondary antibody. All antibodies used were diluted 1:500.

Interaction of meningococci with purified microtubules. Cell-free
microtubules were extracted from HeLa cells and used in an interaction
assay with bacteria as described previously (27). Briefly, HeLa cells were
washed with 1� PBS/protease inhibitor, scraped, and centrifuged at
20,000 � g for 20 min at 4°C; the pellet was resuspended in 5 volumes of
buffer A (30 mM Tris-HCl, pH 7.5, 120 mM KCl, 5 mM Mg[OAc]2, where
OAc is acetate) and centrifuged at 20,000 � g for 20 min at 4°C; the pellet
then was resuspended in 2 volumes of buffer B (10 mM Tris-HCl, pH 7.5,
10 mM KCl, 1.5 mM Mg[OAc]2), incubated for 5 min on ice, and homog-
enized for 15 s. In the next step, 0.1 volume of buffer C (230 mM Tris-HCl,
pH 7.5, 1.27 M KCl, 40 mM Mg[OAc]2) was added to the sample, and the
mix was centrifuged at 20,000 � g for 20 min at 4°C. One mM paclitaxel
was added to the supernatant. B1940 and the mutant bacterial cells (5 �
106 CFU) were added to purified microtubules and incubated at room
temperature for 40 min. For fluorescence microscopy, meningococcal
cells were either detected by using polyclonal antibody against whole-cell
preparation of N. meningitidis or were stained with 4=-6-diamidino-2-
phenylindole (DAPI), and the purified microtubules were labeled with
tubulin tracker green reagent GT500. Each experiment was performed at
least three times. Student’s t test was used to analyze differences between
groups. A P value below 0.05 was considered statistically significant.

In a competitive binding assay, MenB strain B1940 (5 � 106 CFU) and
3 �g of capsular polysaccharides from MenB strain B1940 or MenC strain
93/4286 were added to purified microtubules, incubated at room temper-
ature for 40 min, and then stained with tubulin tracker green reagent
GT500 and DAPI for fluorescence microscopy as described above.

Interaction of meningococci with in vitro-synthesized microtu-
bules. Paclitaxel-stabilized microtubules were obtained by using a 	99%
pure X-rhodamine-labeled tubulin preparation from porcine brain (Cy-
toskeleton, Inc.). The lyophilized X-rhodamine-labeled tubulin was re-
suspended in general tubulin buffer supplemented with 10% glycerol and
1 mM GTP to a final concentration of 3 mg/ml. Bacterial suspensions (5 �
106 CFU) from strain B1940 and from mutant strains were added to this
tubulin solution and then incubated at 37°C for 30 min to polymerize the
tubulin and form microtubules. In the next step, 0.7 �l of 200 �M pacli-
taxel stock was added to the microtubule reaction mix and incubated at
37°C for 5 min to stabilize the microtubules. The bacterial cells were
stained with Syto-9, and then bacterium-microtubule interactions were
visualized by fluorescence microscopy using a 100� oil immersion lens.

Preparation of extracts enriched in capsular polysaccharide. Ex-
tracts enriched in capsular polysaccharide were prepared from MenB
strain B1940 or MenC strain 93/4286 according to the protocols of
Gotschlich (28), modified as follows. One liter of culture was vigorously
aerated in supplemented GC broth for 16 h at 125 rpm. To precipitate the
capsular polysaccharide complex, 10% hexadecyltrimethyl ammonium
bromide (Cetavlon) was added to a final concentration of 0.1% (wt/vol).
Samples were incubated at 4°C overnight. Hexadecyltrimethyl ammo-
nium bromide results in bacterial lysis and release of capsular polysaccha-
ride. The precipitate and bacterial debris were collected by centrifugation
(5,000 rpm for 40 min) and then resuspended in 50 ml of distilled water.
To dissociate the polysaccharide-hexadecyltrimethyl ammonium bro-
mide complex, 1 volume of 2 M CaCl2 was added, and the mixture stirred
for 2 h at 4°C. Absolute cold ethanol was added to a final concentration of
25% (vol/vol) to precipitate nucleic acids at 4°C. After 2 h, the precipitated
nucleic acids and the bacterial debris were removed by centrifugation
(10,000 rpm for 40 min). The ethanol concentration of the supernatant
was raised to 80% (vol/vol) to precipitate polysaccharide. This polysac-
charide was collected by centrifugation (10,000 rpm for 40 min), washed
three times with absolute ethanol to remove CaCl2 and hexadecyltri-
methyl ammonium bromide, washed three times with acetone, washed
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twice with diethyl ether (with centrifuging at 10,000 for 10 min between
washes), and dried in a vacuum. The pellet was dissolved in 0.2 M sodium
phosphate buffer, pH 7, and centrifuged at 10,000 rpm for 30 min to
collect the supernatant. Contaminating proteins were then removed from
the aforementioned supernatant by cold phenol extraction at neutral pH.
The phenol-extracted aqueous phase was dialyzed against distilled water
for 48 h. The aqueous solution was then lyophilized to yield the crude
capsular polysaccharide. The lyophilized polysaccharide was treated with
1% acetic acid-hydrochloride (pH 2) for 1 h on ice to disrupt the putative
phospholipid-polysaccharide bond, kept on ice for 1 h at pH 10 (by add-
ing cold 0.1 M NaOH) to saponify lactone rings, and finally neutralized
with 0.1 M acetic acid. After lyophilization, the extract was dissolved in
sterile deionized water and the sialic acid content was measured by a
resorcinol reaction (29) with N-acetylneuraminic acid as a standard.

Coimmunoprecipitation. Coimmunoprecipitation assays were per-
formed using a cross-link immunoprecipitation kit (Pierce) by following
the manufacturer’s instructions. Briefly, mouse anti-�-tubulin antibody
(Sigma) or mouse IgG was cross-linked to a resin using disuccinimidyl
suberate (DSS) and incubated with HeLa lysate that had been incubated
previously with capsular extracts for 1 h at 4°C with agitation. To reduce
nonspecific binding of proteins to the resin, the HeLa lysate was pre-
cleared with a control resin according to the manufacturer’s instructions
before coimmunoprecipitation. After washing and elution, coimmuno-
precipitates were subjected to immunoblot analysis using anti-MenB or
anti-MenC capsule monoclonal antibodies and anti-�-tubulin antibody
(Sigma).

Immunoblot analysis. Coimmunoprecipitates were transferred onto
polyvinyl difluoride (PVDF) membranes from Millipore (Milan, Italy)
under vacuum by using a slot-blot manifold (Bethesda Research Labora-
tories). The PVDF membranes were preventively immersed into 100%
methanol for a few seconds, transferred into distilled water for 2 to 3 min,
and then incubated in a transfer buffer containing 25 mM Tris, 192 mM
glycine (pH 8.3), and 20% methanol. After blotting, the membranes were
air dried, blocked in 5% milk in 1� PBS for 30 min at room temperature,
incubated with primary antibody (anti-MenB or anti-MenC capsule-spe-
cific antibody at 1:500 dilution and anti-� tubulin antibody at 1:10,000
dilution) for 2 h, washed in 0.1% Tween in 1� PBS, and then incubated
with a secondary antibody conjugated with horseradish peroxidase, di-
luted 1:5,000, for 1 h. Bands were visualized using enhanced chemilumi-
nescence (GE, Milan, Italy). All incubations and washings were carried
out at room temperature with gentle shaking.

In vitro tubulin polymerization assay. The effects of MenB capsular
polysaccharide on tubulin polymerization in vitro were determined by a
turbidity assay developed by Cytoskeleton, Inc. (HTS-tubulin polymer-
ization assay kit; CytoDYNAMIX Screen 01). Lyophilized porcine tubulin
(HTS03; Cytoskeleton, Inc.) was resuspended in G-PEM buffer (80 mM
1,4-piperazinediethane sulfonic acid, pH 6.9, 0.5 mM EGTA, 2 mM
MgCl2, 1 mM GTP) to a final concentration of 3 mg/ml and kept at 4°C.
The extracts enriched in capsular polysaccharide from strain B1940 and
the control extract from strain B1940 siaD(�C) were dotted onto pre-
warmed 96-well plates (product no. 3696; Corning Costar, Lowell, MA).
Cold tubulin was added to the wells, plate contents were mixed by shak-
ing, and the plates were immediately transferred to a 37°C plate reader
(Victor X5 multilabel plate reader; Perkin-Elmer). The absorbance at 340
nm was read every minute for 200 min, and the percentages of tubulin
polymerization were calculated by following the manufacturer’s instruc-
tions.

RESULTS
Adherence of serogroup B meningococci to purified microtu-
bules. Consistent with previous findings, CLSM images of MenB
infecting HeLa cells show that, at late infection time points, the
internalized meningococci were mostly found at the periphery of
the cells, close to the cell membrane (Fig. 1a to d). They were
detected rarely in the perinuclear region, while they were often

observed in cell protrusions joining adjacent cells resembling
nanotubes that contained microtubules and actin filaments.
CLSM images also demonstrate extensive rearrangements of the
actin cytoskeleton of infected cells with an apparent decrease in
cortical actin and formation of many actin-containing intercellu-
lar bridges (Fig. 1a and b). Similar images were obtained by im-
munofluorescence microscopy (IFM) with MenB infecting hu-
man HEp-2 epithelial cells (see Fig. S1 in the supplemental
material).

This finding prompted us to examine the possibility that a
microtubule network provides a track by which N. meningitidis
can move and spread. Therefore, we tested the ability of N. men-
ingitidis to bind paclitaxel-induced microtubule asters and bun-
dles compared to that of Escherichia coli K-12 or other nonpatho-
genic Neisseria species, such as Neisseria lactamica and Neisseria
sicca. E. coli, N. lactamica, or N. sicca bound to microtubules only
occasionally, and often asters on coverslips were completely de-
void of bacteria (Fig. 2e and f and unpublished data). In contrast,
MenB strains H44/76 and B1940 specifically bound to asters and
bundles (Fig. 2a to d). In some cases, binding was prominent at the
plus end of the filaments, but often the entire microtubules were
covered with bacteria (Fig. 2c and d; also see File S1 in the supple-
mental material).

Involvement of serogroup B capsular polysaccharide in the
adherence to purified microtubules. To gain insight into the me-
ningococcal surface structure responsible for adherence to micro-
tubules, we used two isogenic derivative strains of B1940: the
B1940 cps mutant (lacking both the capsule and the LOS outer
core) and the B1940 siaD(�C) mutant (lacking the capsule but
possessing the LOS outer core). DAPI-stained mutant or wild-
type bacteria were incubated with purified microtubules labeled
with tubulin tracker green reagent GT500. The IFM images shown

FIG 1 CLSM analysis of HeLa cells infected by N. meningitidis strains. HeLa
cells were infected with N. meningitidis serogroup B strain B1940. After appli-
cation of gentamicin treatment to selectively kill extracellular bacteria, infected
cells were analyzed by CLSM. Images were taken 7 h after infection. To detect
intracellular bacteria, polyclonal antibody against a whole-cell preparation of
N. meningitidis was used after permeabilization with saponin, in combination
with FITC-conjugated secondary antibody. To detect cellular markers (actin,
�-tubulin, and transferring receptor), we used Alexa 568 phalloidin (a and b),
anti-�-tubulin (c), or anti-transferrin receptor (d) antibody in combination
with TRITC-conjugated secondary antibody. Merged images of the different
channels are shown. Bars, 10 �m. Panels a and b are different views of the same
bacteria infecting phalloidin-stained HeLa cells.
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in Fig. 3 confirm tight adhesion of encapsulated bacteria to micro-
tubule asters, with most bacteria localizing at microtubule tips
(Fig. 3a and b). Interestingly, adherence was dramatically reduced
in bacteria lacking capsule or both capsule and LOS outer core
(Fig. 3c to e), suggesting a prominent role of the capsular polysac-
charide in microtubule binding.

Specificity of serogroup B capsular polysaccharide in the ad-
herence to purified microtubules. We tested the specificity of the
interaction of the capsular polysaccharide with purified microtu-
bules by using N. meningitidis strains belonging to different sero-
groups. MenB capsular polysaccharide is composed of a linear
homopolymer of �(2¡8) N-acetyl-neuraminic acid (polysialic
acid). MenC have a capsular polysaccharide that differs from that
of MenB only by its anomeric linkage, �(2¡9) instead of �(2¡8).
In spite of this small difference, MenC of strain 93/4286 were not
able to bind to purified microtubules with specificity. Only occa-

sionally were these bacteria binding to microtubule asters (Fig. 4a,
b, and g). In contrast, both MenA (strain 205900) (Fig. 4c, d, and
g) and MenX (strain XL929) (Fig. 4e to g), which have capsular
polysaccharides composed of homopolymers of �(1¡6)
N-acetyl-D-mannosamine-1-phosphate and �(1¡4) N-acetyl-D-
glucosamine-1-phosphate, respectively, were able to interact with
purified microtubules in our assay. These results demonstrated
that the interaction was, at the same time, specific and extended to
other serogroups.

The specificity of MenB interaction with purified microtu-
bules was further tested using a bacterial cell extract enriched in
capsular polysaccharide from MenB strain B1940 as the inhib-
itor of the interaction (see Fig. S2 in the supplemental mate-
rial). Results demonstrated a physical interaction between mi-
crotubules and capsular polysaccharide (which was stained by
DAPI molecules carrying a divalent positive charge), prevent-
ing binding of bacteria to microtubule asters (see Fig. S2a).
Very rarely, bacteria were seen adhering to microtubule tips
(see Fig. S2b). In contrast, the capsular polysaccharide from
MenC strain 93/4286 did not inhibit the interaction between
strain B1940 and asters (see Fig. S2c and d).

The different behaviors of MenB and MenC in our assay were

FIG 2 Interaction between N. meningitidis strains and purified microtubules.
Paclitaxel-induced microtubule asters and bundles were purified from HeLa
cells and incubated with MenB strain B1940 (a) or H44/76 (b to d) or with the
N. lactamica NL995 (e) or NL4627 (f) strain. After incubation, samples were
analyzed by IFM. Microtubules were detected using an anti-�-tubulin anti-
body followed by a secondary antibody labeled with TRITC. Bacteria were
detected by using a primary polyclonal antibody against a whole-cell prepara-
tion of N. meningitidis followed by a secondary antibody labeled with FITC (a
and b) or labeled with FM4-64 dye (c to f). Bars, 10 �m.

FIG 3 Interaction between MenB encapsulated and unencapsulated strains
and purified microtubules. Paclitaxel-induced microtubule asters and bundles
were purified from HeLa cells, labeled with tubulin tracker green reagent
GT500, and incubated in the presence of DAPI-stained MenB strain B1940 (a
and b) or the B1940 siaD(�C) (c) or B1940 cps (d) mutant as indicated. After
incubation, samples were analyzed by IFM. The two channels for tubulin
tracker green reagent GT500 (green) and DAPI (blue) staining were merged
using Adobe Photoshop, version 6. The blue channel for DAPI staining was
replaced with the red channel to improve visualization of DAPI-stained bac-
teria. Bars, 10 �m. Panels a and b are different views of B1940 interacting with
microtubules. The average numbers 
 standard deviations (SD) of adherent
bacteria per microtubule aster are reported in panel e. For statistical analysis, at
least 100 asters were counted for each strain. Asterisks indicate statistically
significant differences (P � 0.05).
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rather surprising, because these bacteria have similar polysialic
acid capsules. However, at variance with MenB, MenC capsule can
be O-acetylated at C-7 or C-8 of the sialic acid residue (30) by the
capsular polysaccharide O-acetyltransferase encoded by the
phase-variable gene oatC (23). Therefore, we decided to test
the possible effect of O-acetylation on meningococcal interaction
with microtubule asters. For this purpose, the serogroup C strain
2120 (OatC�) and its isogenic mutant 2948 (OatC�) were used in
the microtubule-binding assay (Fig. 4h to l). The results clearly
showed that the behavior of these two strains was similar to that of
the previously tested 93/4286, indicating that the interaction with
microtubules was not prevented by capsular polysaccharide O-
acetylation.

Adherence of serogroup B meningococci to microtubules
synthesized in vitro. To dissect at the molecular level the nature
of the interaction between encapsulated meningococci and the
microtubule cytoskeleton, the adhesion process was studied by
using microtubules synthesized in vitro. Paclitaxel-stabilized mi-

crotubule bundles were obtained by using a 	99% pure X-rhod-
amine-labeled tubulin preparation from porcine brain. Microtu-
bule bundles were then challenged with Syto-9-labeled N.
meningitidis strain B1940, B1940 cps, or B1940 siaD(�C) and an-
alyzed by IFM. The images shown in Fig. 5 demonstrate the ability
of the encapsulated strain to adhere to the in vitro-synthesized
microtubules. Also in this assay, adherence was greatly reduced in
bacteria lacking capsule or both capsule and LOS outer core. No-
ticeably, encapsulated bacteria formed chains along the microtu-
bule bundles, suggesting cooperative binding with polymerized
tubulin.

Interaction of MenB capsular polysaccharides with microtu-
bules in coimmunoprecipitation experiments. To prove directly
that the interaction with microtubules was mediated by the menin-
gococcal capsule, the bacterial cell extracts enriched in capsular poly-
saccharide from MenB strain B1940 or MenC strain 93/4286 were
challenged with HeLa cell lysate in coimmunoprecipitation assays by
using mouse anti-�-tubulin antibody cross-linked to a resin. Coim-

FIG 4 Interaction between MenC, MenA, and MenX strains and purified microtubules. Paclitaxel-induced microtubule asters and bundles were purified from
HeLa cells, labeled with tubulin tracker green reagent GT500, and incubated in the presence of DAPI-stained meningococcal strain 93/4286 (MenC) (a and b),
205900 (MenA) (c and d), XL929 (MenX) (e and f), 2120 (MenC OatC�) (h and i), or 2948 (MenC OatC�) (j and k) as indicated. After incubation, samples were
analyzed by IFM. The two channels for tubulin tracker green reagent GT500 (green) and DAPI (blue) staining were merged using Adobe Photoshop, version 6.
The blue channel for DAPI staining was replaced with the red channel to improve visualization of DAPI-stained bacteria. Bars, 10 �m. Average numbers 
 SD
of adherent bacteria per microtubule aster are reported in panels g and l. For statistical analysis, at least 100 asters were counted for each strain. Asterisks indicate
statistically significant differences (P � 0.05).
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munoprecipitates and control extracts were then analyzed by immu-
noblotting with anti-�-tubulin and anti-MenB or anti-MenC capsule
antibodies (Fig. 6). The results clearly confirmed that binding of
MenB to microtubule cytoskeleton was mediated by the capsular
polysaccharide and that binding was capsule specific, because the an-
ti-�-tubulin antibody did not immunoprecipitate the MenC capsular
polysaccharide.

Effects of purified capsular polysaccharides on microtubule
polymerization in vitro. Considering its ability to bind �-tubulin,
we wondered whether the capsular polysaccharide could interfere
with microtubule polymerization. To this purpose, the microtu-
bule polymerization assay in vitro was carried out in the presence
of the extract enriched in capsular polysaccharide from B1940 and
the control extract from B1940 siaD(�C). The assay is based on an

adaptation of the original method of Shelanski et al. (31) and Lee
and Timasheff (32), which demonstrated that light is scattered by
microtubules to an extent that is proportional to the concentra-
tion of microtubule polymer. Polymerization was started at 37°C
and monitored spectrophotometrically in real time by monitoring
the change in optical density (OD) at 340 nm (Fig. 7). Under the
assay conditions, polymerization reached a maximal OD variation
(about 0.06, approximately corresponding to 0.6 mg/ml of poly-
mer mass and 20% of the tubulin polymerized) within 200 min in
both the untreated sample and in the sample containing the con-
trol extract. In contrast, the extract from B1940 slowed down mi-
crotubule polymerization in a dose-response manner (Fig. 8).

Dynamics of infection of HeLa cells with MenB and MenC
strains. The lack of interaction of MenC with microtubules led us
to suspect some differences between MenB and MenC in cell in-
fection dynamics. To clarify this matter, HeLa cells were infected
with strain B1940 (MenB) or 93/4286 (MenC), and a number of
parameters were evaluated (Fig. 8). The two strains exhibited sim-
ilar adherence to HeLa cells (Fig. 8a), while the relative invasion
rate (determined as the normalized CFU ratio between intracellu-
lar and adherent bacteria) of 93/4286 was slightly lower (about
60%) than that of B1940 (Fig. 8b). In these assays, the number of
adherent bacteria was evaluated by CFU counts after 1 h of infec-
tion, while that of intracellular bacteria was determined after 1 h of
infection followed by 30 min of gentamicin treatment to kill ex-
tracellular/adherent bacteria. Under these experimental condi-
tions, the ratio between intracellular and adherent B1940 bacteria
was equal to about 1.59%.

To monitor intracellular replication, exit from infected cells,
and extracellular replication, HeLa cells were infected for 1 h with
the bacteria, treated with gentamicin for 30 min, and then reincu-
bated for various times (0 to 7 h) (Fig. 8c to e). Bacteria were then
recovered from saponin-lysed HeLa cells or from the culture me-
dium. In these assays, the two strains behaved similarly. Indeed,
the number of recoverable CFU from cells decreased during the
first 3 h after infection and then started to increase from 5 up to 7
h (Fig. 8c). A parallel increase in the number of recoverable bac-

FIG 5 Interaction between N. meningitidis strains and microtubule bundles
synthesized in vitro. Paclitaxel-stabilized microtubule bundles were obtained
by using a 	99% pure X-rhodamine-labeled tubulin preparation from por-
cine brain. Microtubule bundles were then challenged with Syto-9-labeled N.
meningitidis strain B1940 (a and b), B1940 siaD(�C) (c), or B1940 cps (d) as
indicated. After incubation, samples were analyzed by IFM. Bars, 10 �m.

FIG 6 Interaction between MenB capsular polysaccharide and microtubules
in coimmunoprecipitation experiments. Bacterial cell extracts enriched in
capsular polysaccharide (cps) from MenB strain B1940 or MenC strain 93/
4286 were challenged with precleared HeLa cell lysate in coimmunoprecipita-
tion assays by using mouse anti-�-tubulin antibody cross-linked to a resin.
Coimmunoprecipitates and control extracts were then analyzed by immuno-
blotting with anti-�-tubulin and anti-MenB or anti-MenC capsule antibodies.

FIG 7 Effects of purified capsular polysaccharides on microtubule polymer-
ization in vitro. The microtubule polymerization assay in vitro was carried out
in the presence of different amounts (0.01 to 1 �l; corresponding to a final
sialic acid content of 2 to 200 �g/ml) of a bacterial cell extract enriched in
capsular polysaccharide from strain B1940 or a control extract (1 �l) from
strain B1940 siaD(�C). Polymerization was started at 37°C and was moni-
tored spectrophotometrically in real time by monitoring the change in optical
density (OD) at 340 nm.
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FIG 8 Adhesion, invasion, intracellular replication, and exit from infected HeLa cells of MenB and MenC strains. HeLa cells were infected at a multiplicity of infection
(MOI) of 50 for 1 h. (a) Adherence of viable bacteria was evaluated by the CFU method after removing nonadherent bacteria by sequential PBS washes. Values are relative
to B1940 adherence, and the data are expressed as the means 
 SD from at least three independent experiments with triplicate samples. (b) Relative invasion rates
(determined as the normalized CFU ratio between intracellular and adherent bacteria) of strains B1940 (MenB) and 93/4286 (MenC) are reported. The number of viable
intracellular bacteria was determined after 1 h of infection, followed by 30 min of gentamicin treatment to kill extracellular/adherent bacteria and lysis with 0.1% saponin
to release intracellular bacteria. Lysates were serially plated on GC agar to determine the CFU. Values are means 
 SD from at least three independent experiments with
triplicate samples and are relative to B1940 with a ratio between intracellular and adherent B1940 bacteria equal to about 1.59%. (c) To monitor bacterial intracellular
replication, HeLa cells were infected for 1 h, treated with gentamicin for 30 min, washed to remove gentamicin, reincubated for different time intervals (0 to 7 h) in
DMEM, and lysed with 0.1% saponin. Lysates were serially plated on GC agar to determine the CFU. (d) To count the number of extracellular bacteria, HeLa cells were
infected as described for panel c. Medium was collected at different time intervals after infection and serially plated onto GC agar. In panels c and d, values are relative to
B1940 at time zero (0 h). The data are expressed as the means 
 SD from at least three independent experiments with triplicate samples. (e) Ratios between extracellular
and intracellular bacteria. (f) The numbers of infected cells at two time intervals (0 and 7 h) after 1 h of infection and 30 min of gentamicin treatment. Data were obtained
by IFM by analyzing at least 100 microscope fields for each strain in a single experiment. Values are expressed as the means 
 SD. In panels a to f, asterisks indicate
statistically significant differences (P � 0.05). (g) HeLa cells were infected with strain 93/4286. After application of gentamicin treatment to selectively kill extracellular
bacteria, infected cells were analyzed by CLSM. Images were taken 7 h after infection. To detect intracellular bacteria, antibody against MenC capsule was used after
permeabilization with saponin, in combination with FITC-conjugated secondary antibody. Actin was stained by Alexa 568 phalloidin. Merged images of the different
channels are shown. Bars, 10 �m.
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teria from the culture medium was observed between 5 and 7 h
after infection (Fig. 8d). Even though the dynamics of the infec-
tion appeared similar, some quantitative differences were ob-
served between the two strains. In particular, at later time points
(7 h), the number of recoverable intracellular bacteria was about
1.9-fold higher for 93/4286 than for B1940 (Fig. 8c), and a parallel
increase of percentages of infected cells was observed by IFM (Fig.
8f). The number of recoverable extracellular bacteria was also sig-
nificantly higher for 93/4286 (about 3.3-fold) than for B1940 (Fig.
8d). By assuming similar growth rates in the extracellular environ-
ment (B1940 and 93/4286 exhibited similar growth rates in
DMEM cell culture medium [data not shown]) and negligible
reinfection (due to low invasion rate), the ratio between extracel-
lular and intracellular bacteria was taken as a measure of bacteria
egression from infected cells (Fig. 8e). The results suggested egres-
sion rates that are significantly higher for 93/4286 than for B1940.

All observed quantitative differences could be unrelated (or
only partially related) to the nature of the capsular polysaccharide,
as the two strains analyzed were not isogenic, and other bacterial
determinants might be involved. More interestingly, the extensive
rearrangements of the actin cytoskeleton, which were often ob-
served with MenB strains with a decrease in cortical actin and
formation of intercellular bridges (Fig. 1a and b), were never de-
tected in HeLa cells infected with MenC 93/4286 (Fig. 8g).

DISCUSSION

A crucial factor in meningococcal pathogenesis is the ability of N.
meningitidis to traverse cellular barriers in humans. This patho-
gen, after crossing the nasopharyngeal mucosa, occasionally
spreads into the bloodstream before moving across the blood-
brain barrier, causing fatal sepsis and meningitis in otherwise
healthy individuals. In spite of numerous efforts, the mecha-
nism(s) by which N. meningitidis crosses these cellular barriers
remains one of the most poorly elucidated aspects of meningococ-
cal pathogenesis. There are conflicting data regarding the route of
traversal (paracellular or transcellular) and the intracellular loca-
tion (cytosolic or vacuolar) of meningococci in experiments with
organ cultures or cell lines (14, 33–39). Although we are aware of
the inherent limitations of in vitro systems in their ability to model
processes that occur in vivo, we have previously shown that during
the late stages of the infectious process MenB have a tendency to
localize primarily to the cytosol in in vitro-infected human epithe-
lial cells (6, 13, 14). They were mostly found at the periphery of the
cells, close to the cell membrane, and were often observed in cell
protrusions joining adjacent cells resembling nanotubes, raising
the possibility that they could move and spread to surrounding
cells by using the microtubule and actin cytoskeleton (Fig. 1; also
see Fig. S1 in the supplemental material).

By using a number of complementary approaches, in this study
we provide evidence that MenB have the ability to interact with the
microtubule cytoskeleton of human epithelial cells. Encapsulated
bacteria bind to paclitaxel-induced microtubule asters and bun-
dles purified from HeLa cells (Fig. 2 and 3) and to microtubule
bundles synthesized in vitro (Fig. 5). Binding was dramatically
reduced in isogenic unencapsulated bacteria (Fig. 3), leading us to
hypothesize a direct role of capsule in binding. This hypothesis
was confirmed by competition and coimmunoprecipitation ex-
periments with partially purified MenB or MenC capsules (Fig. 6;
also see Fig. S2 in the supplemental material). Interestingly, MenC
were not able to bind the microtubules in spite of a small differ-

ence in the capsular polysaccharide with respect to MenB support-
ing specificity in binding, and the lack of interaction was not due
to capsular polysaccharide O-acetylation that takes place in most
of the MenC strains but not in MenB strains (Fig. 4). Together
these findings raise questions concerning the biological signifi-
cance of the observed interaction and its effect on the infectious
cycle.

During the infectious process, many pathogenic bacteria mod-
ulate the dynamics of microtubules in the host cells (40). The role
of microtubule dynamics in bacterial infection varies between dif-
ferent species, and different processes may be affected by bacterial
manipulation of the microtubule network, ranging from invasion
to intracellular movement to cell-to-cell spreading (40–42). In
some ways the behavior of serogroup B N. meningitidis within
infected cells is similar to that of the oral periodontopathogen
Actinobacillus actinomycetemcomitans (43, 44). Similar to MenB,
after entering epithelial cells, this bacterium escapes from the host
cell vacuole and spreads intracellularly and to adjacent cells via
intercellular protrusion. Drugs that inhibit microtubule polymer-
ization and those which stabilize polymerized microtubules pre-
vent both spreading and egression from host cells, indicating a
role in microtubule dynamics. Interestingly, strains that are both
invasive and egressive interact specifically with the plus end of the
filaments of microtubule asters in a KB cell extract, suggesting that
the surfaces of these microorganisms have a kinesin- or dynein-
like protein that mediates the bacterium-microtubule interaction
(44).

Here, we show that the capsular polysaccharide directly medi-
ates the interaction of MenB with the microtubule network and
inhibits microtubule polymerization in vitro (Fig. 7). The video
microscope sequences (see Movie S1 in the supplemental mate-
rial) give a visual demonstration of how the MenB-microtubule
interaction was strong, with the bacteria firmly attached to the
microtubules withstanding the forces produced by fluid flow. Un-
der these conditions, the tight attachment of bacteria to microtu-
bules may represent an obstacle to their intracellular spreading,
and capsule shedding (45) might be required for detachment of
bacteria from microtubules and their movement along the micro-
tubule axis. This hypothesis seems to be supported by reduced
intracellular replication of B1940 (MenB) with respect to 93/4286
(MenC) in the infection assay with HeLa cells (Fig. 8), although
these data should be confirmed in an isogenic background. In-
deed, MenC, which seem to be unable to interact with microtu-
bules, should move and replicate faster than MenB in the host cell.
In this context, it is noteworthy that an epidemiological study
suggested that the acquisition of the serogroup C polysaccharide
capsule results in increased virulence and a higher case fatality rate
(CFR) in strains belonging to the hypervirulent ST-32 complex
(46).

Whether there is any biological significance of the observed
inhibition of microtubule polymerization in vitro by MenB cap-
sule is another question that should be addressed.

Destabilization of host microtubules is a strategy adopted by
many bacterial pathogens, such as Shigella flexneri, enteropatho-
genic E. coli, Citrobacter rodentium, Chlamydia, Edwardsiella
tarda, and Listeria monocytogenes (40). Microtubule destabiliza-
tion benefits these pathogens in many ways, including the free
movement of pathogens through the cytoplasm and modulation
of actin cytoskeleton through the activation of small GTPases,
leading to formation of membrane ruffles and pseudopodia that
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promote bacterial invasion and intercellular spreading (40). By
inhibiting tubulin polymerization, the capsular polysaccharide
might induce microtubule destabilization locally. Several lines of
evidence indicate that microtubule dynamics and microfilament
reorganization are linked. Actin is regulated by small GTPases of
the Rho family, in particular Rac1, Rho, and Cdc42, and there is
evidence that microtubule dynamics locally modulate the activity
of Rho GTPases and influence the actin cytoskeleton (47, 48). In
this regard, it may be noteworthy that CLSM images show exten-
sive rearrangements of the actin cytoskeleton of HeLa cells in-
fected by MenB with destruction of cortical actin cytoskeleton and
formation of many actin-containing intercellular bridges (Fig. 1a
to c). Intriguingly, these rearrangements of the actin cytoskeleton
were never observed in HeLa cells infected with MenC, although
several aspects of cell infection dynamics, including the ability to
survive/replicate inside and egress from infected cells were similar
in MenB and MenC strains (Fig. 8).

Thus, at variance with MenC, by exploiting microtubule dy-
namics, MenB might modulate the actin cytoskeleton. It is inter-
esting that tunneling nanotubes are now recognized as structures
for intercellular communication and organelle transfer (49–51).
There are at least two types of nanotubes: thin nanotubes contain
actin, while nanotubes with diameters of at least 0.7 �m contain
both actin and microtubules (49–51). These nanotubes are also
exploited by pathogens to spread among cells. Indeed, bacterial,
viral, and prion infective agents spread intracellularly and extra-
cellularly using these structures (50). Therefore, it is tempting to
speculate that MenB induces the formation of nanotubes by acting
on microtubule and actin cytoskeleton. Experiments with isogenic
MenB and MenC strains and actin cytoskeleton inhibitors will be
useful to test this hypothesis.
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