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ABSTRACT Type IV pili (Tfp) are expressed by many Gram-negative bacteria to promote aggregation, adhesion, internalization,
twitching motility, or natural transformation. Tfp of Neisseria meningitidis, the causative agent of cerebrospinal meningitis, are
involved in the colonization of human nasopharynx. After invasion of the bloodstream, Tfp allow adhesion of N. meningitidis to
human endothelial cells, which leads to the opening of the blood-brain barrier and meningitis. To achieve firm adhesion,
N. meningitidis induces a host cell response that results in elongation of microvilli surrounding the meningococcal colony. Here
we study the role of the major pilin subunit PilE during host cell response using human dermal microvascular endothelial cells
and the pharynx carcinoma-derived FaDu epithelial cell line. We first show that some PilE variants are unable to induce a host
cell response. By engineering PilE mutants, we observed that the PilE C-terminus domain, which contains a disulfide bonded
region (D-region), is critical for the host cell response and that hypervariable regions confer different host cell specificities.
Moreover, the study of point mutants of the pilin D-region combined with structural modeling of PilE revealed that the
D-region contains two independent regions involved in signaling to human dermal microvascular endothelial cells (HDMECs)
or FaDu cells. Our results indicate that the diversity of the PilE D-region sequence allows the induction of the host cell response
via several receptors. This suggests that Neisseria meningitidis has evolved a powerful tool to adapt easily to many niches by
modifying its ability to interact with host cells.

IMPORTANCE Type IV pili (Tfp) are long appendages expressed by many Gram-negative bacteria, including Neisseria meningiti-
dis, the causative agent of cerebrospinal meningitis. These pili are involved in many aspects of pathogenesis: natural competence,
aggregation, adhesion, and twitching motility. More specifically, Neisseria meningitidis, which is devoid of a secretion system to
manipulate its host, has evolved its Tfp to signal to brain endothelial cells and open the blood-brain barrier. In this report, we
investigate, at the molecular level, the involvement of the major pilin subunit PilE in host cell response. Our results indicate that
the PilE C-terminal domain, which contains a disulfide bonded region (D-region), is critical for the host cell response and con-
tains two independent regions involved in host cell signaling.
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Neisseria meningitidis is a commensal bacterium of the human
nasopharynx that, after bloodstream invasion, is responsible

for cerebrospinal meningitis and septicemia. The ability to inter-
act with host cells is essential for meningococcal pathogenesis.
Initial binding to human epithelial cells is the first step for rhino-
pharynx colonization. Interaction with the microvasculature is
responsible for the specific aspects of meningococcal pathogene-
sis—i.e., crossing of the blood-brain barrier, peripheral thrombo-
sis, and purpuric lesions. The ability of N. meningitidis to adhere to
human cells relies on several factors, including type IV pili (Tfp)
(1), outer membrane proteins, such as Opa and Opc (2–4), and
minor adhesins, like NadA, NhhA, or PorB (5–7). In the blood-

stream, the polysaccharide capsule, which is essential to bacterial
dissemination by inhibiting the bactericidal activity of the com-
plement, prevents the interaction of the outer membrane proteins
with their cellular ligands. In the bloodstream, Tfp are believed to
be the only factor that allows the initial colonization of the micro-
vasculature by promoting a direct interaction with endothelial
cells (1). This was recently confirmed by experiments showing
that, in vivo, Tfp are essential (i) to colonize human vessels and (ii)
to induce microvasculature lesions and inflammation, both of
which are responsible for the clinical symptoms (8, 9). These data
clearly demonstrate that, besides adhesion, Tfp induce in vivo an
endothelial host cell response that is essential for meningococcal
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pathogenesis. Data obtained in vitro have demonstrated that the
endothelial host cell response following meningococcal Tfp inter-
action is due to the recruitment and activation of the �2-
adrenergic receptor–�-arrestin pathway that triggers the recruit-
ment of host cell components at the site of bacterial adhesion, such
as cellular receptor, adhesion molecules, junctional components,
proteins of the actin polymerization machinery, and ezrin, which
links actin filaments to the cell membrane (10–13). Ezrin is
thought to be essential for the accumulation of proteins under
colonies (14). The recruitment of these factors leads to the forma-
tion of membrane protrusions that enhance cohesion of the me-
ningococcal microcolonies adhering on the apical surface of the
host cell and open the paracellular route, allowing invasion of the
surrounding tissues (10–13). These data point out the essential
role of the Tfp-induced host cell response in meningococcal
pathogenesis.

Tfp are long filamentous structures primarily composed of a
major pilin subunit PilE. They are shared by many Gram-negative
bacteria, such as Pseudomonas aeruginosa, Vibrio cholerae, and en-
teropathogenic Escherichia coli (EPEC). Pilin subunits consist of
an extended hydrophobic N-terminal domain and an �-helical
region followed by a globular C-terminal domain containing a
disulfide bonded region between the two conserved cysteines (D-
region) (for review, see reference 15). Pilin subunits are reversibly
assembled into polymeric fibers, and their globular C-terminal
domains are exposed on the outer surface of the fiber. Tfp mediate
several phenotypes, such as adherence, aggregation, motility,
competence, and biofilm formation. In most cases, the C-terminal
domain of the structural pilin is responsible for recognition of
cellular receptors. For instance, the D-region of the Pseudomonas
aeruginosa PAK pilin is involved in adhesion to a biotic surface,
through interaction with glycosylated receptor, or an abiotic sur-
face, such as steel (16, 17). The C-terminal domain of V. cholerae
pilin is involved in colonization of epithelial cells (18, 19), while
the D-region of the bundle-forming pili of EPEC is needed for
adhesion to HEp-2 cells (20, 21). N. meningitidis has developed
specific strategies to manipulate the host cell. Indeed, meningo-
coccal Tfp were shown to promote remodeling of the host cell
plasma membrane (22), while other adhesins of N. meningitidis
(such as Opa, Opc, NadA, PorB, and NhhA) are involved in bac-
terial engulfment inside epithelial cells (for review, see reference
1).

Besides the major pilin PilE, Tfp of N. meningitidis possesses 3
minor pilins, PilV, PilX, and ComP, that are involved in signaling,
aggregation, and natural transformation, respectively (11, 13, 23–
25). In addition, N. meningitidis has evolved to express a wide
diversity of major pilin PilE amino acid sequences. This process,
known as antigenic variation (26), involves the recombination of
silent pilS cassettes at the pilE locus by resolution of a G4 structure
(27). This particular gene and cassette organization favors “paral-
lelized” evolution of pilE (28) and promotes a high rate of vari-
ability in the pilE sequence, especially in a “hypervariable” domain
containing the surface-exposed D-region (29, 30). Recombina-
tion of pilS loci with the pilE locus occurs at a high rate in vivo (31),
and N. meningitidis is able to express many different pilin variants
during colonization of the same host. To date, variation of PilE
primary sequence has only been associated with bacterial aggrega-
tion.

The mechanism by which Tfp induce a host cell response is not
fully understood. The minor pilin PilV has been proposed as “the”

signaling pilin of N. meningitidis in endothelial cells (11). Indeed,
a pilV mutated strain is unable to signal to endothelial cells. How-
ever, a PilV mutation does not alter the ability of meningococci to
signal to epithelial cells (32), thus suggesting that Tfp have another
means by which they can promote host cell responses. Here we
demonstrate that the major pilin subunit of the Tfp is also a sig-
naling component of N. meningitidis. By engineering various chi-
meric pilin molecules and performing a structure homology mod-
eling of PilE variants, we show that various hypervariable regions
express different host cell specificities carried by two different
parts of the D-region. Altogether, these results demonstrate that a
regulation of the meningococcal host cell response occurs via an-
tigenic variation.

RESULTS
The major pilin subunit PilE is involved in host cell responses.
As mentioned above, a pilV-mutated strain is unable to signal to
endothelial cells, thus demonstrating the essential role of PilV to
induce a host cell response in endothelial cells. However, two sets
of data argue that Tfp can induce a host cell response in a PilV-
independent manner. (i) It has been clearly shown that PilV is not
involved in Tfp signaling in epithelial cells (32), suggesting that
Tfp may induce a host cell response by other means. (ii) Consid-
ering previous results showing that the loss of phenotypes due to
some mutations in the pilin-related machinery could be restored
in a pilus retraction-deficient background (PilT�) (33), we tested
the ability of a PilT� PilV� strain to signal to endothelial cells. We
used ezrin recruitment as the hallmark of meningococcal cell sig-
naling, since ezrin is recruited under the microcolonies after ad-
hesion to both endothelial and epithelial cells. As shown in Fig. 1,
a pilT mutation restored, at least partially, the ability of a PilV�

strain to induce a response in human dermal microvascular endo-
thelial cells (HDMECs), as determined on the basis of ezrin re-
cruitment (Fig. 1A and B). Altogether, these data clearly demon-
strate that Tfp have other means besides PilV to induce a host cell
response.

Considering that purified PilE molecules have been previously
shown to recruit the �2-adrenergic receptor, the Tfp signaling
receptor on endothelial cells (13), we hypothesized that the major
pilin subunit may be involved in the PilV-independent host cell
response and that different pilin variants may have different abil-
ities to signal to cells. Two major pilin variants of strain 8013 have
been extensively described—PilESA and PilESB (34). Both of these
pilins are known to promote an interaction with epithelial and
endothelial cells. However, the major phenotypic difference
known is that strains expressing PilESA do not form clumps, unlike
strains expressing PilESB (34). These two PilE variants were intro-
duced by allelic exchange in the parental strain as a transcriptional
fusion with the kanamycin (Kmr) gene, as previously described
(34). Strains expressing these variants were then tested for their
ability to induce a host cell response in both epithelial and endo-
thelial cells (FaDu cells and HDMECs, respectively). To address
the mechanism of PilV-independent Tfp signaling, infections of
endothelial cells were all performed in a PilV� PilT� background,
as described in Materials and Methods. As shown in Fig. 1C, the
strain expressing the PilESA variant was dramatically impaired in
its ability to recruit ezrin but not the strain expressing PilESB.
These data demonstrate that the major pilin subunit PilE is the key
component involved in the PilV-independent signaling and that
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FIG 1 The major pilin subunit PilE is involved in endothelial and epithelial cell response. (A and B) HDMECs were infected with strains 2C4.3 and the �PilT,
�PilE, �PilV, �PilV �PilT derivatives (Nm and Nm T-, E-, V-, and V-/T-, respectively). (C) HDMECs and FaDu cells were infected with strain 2C4.3 or the PilV�

PilT� derivative, expressing the major pilin subunit PilESB or PilESA (A to C). The host cell response was assessed by monitoring the recruitment of ezrin using
an immunofluorescence assay. The ezrin recruitment index was estimated by determining the proportion of colonies that efficiently recruit ezrin at the site of
adhesion and expressed as normalized mean values (�standard errors of the mean [SEM]) of three independent experiments in duplicate. *, P � 0.001 (Student’s
t test). It is noteworthy that 90% of the bacterial microcolonies of the wild-type (WT) strain 2C4.3 recruit ezrin at the site of adhesion. (B) Ezrin was

(Continued)
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only some variants of the major pilin subunit are involved in host
cell responses.

Since the signaling receptor has only been identified in endo-
thelial cells, we next aimed at assessing whether the lack of signal-
ing observed in HDMECs with the strain expressing PilESA was
due to a lack of interaction of the major pilin subunit with the
�2-adrenergic receptor. We subsequently purified the PilESA vari-
ant fused to the maltose-binding protein (MBP). Indeed, recom-
binant PilESB fused to MBP and bound to live staphylococci via
anti-MBP antibodies is able to induce the recruitment of the �2-
adrenergic receptor overexpressed in HEK-293 cells, as previously
shown (13). We subsequently compared the recruitment of the
�2-adrenergic receptor by both MBP-PilESB and MBP-PilESA (i.e.,
the major pilin variants fused to MBP). ComP, another minor
pilin involved in DNA uptake, fused to MBP and MBP alone were
used as negative controls (Fig. 1D). In agreement with our previ-
ous work, MBP-PilESB was able to recruit the endothelial signaling
receptor. On the other hand, MBP-PilESA did not recruit the �2-
adrenergic receptor (Fig. 1D). These data are consistent with those
reported above and strongly suggest that pili expressing the major
pilin PilESA variant do not induce a host cell response because of
the lack of recruitment of the �2-adrenergic receptor.

The hypervariable D-region of the major pilin subunit is re-
sponsible for PilE-mediated host cell responses. To understand
the molecular basis of PilE-dependent signaling, we next com-
pared the sequences of the two pilin variants PilESB and PilESA

(Fig. 2A). Out of the 20 differences observed in the peptidic se-
quence, 13 were in the hypervariable D-region. Modeling of the
three-dimensional structures of the PilESB and PilESA variants
based on Neisseria gonorrhoeae pilin structure (29) (Fig. 2B; see
Fig. S1 in the supplemental material) confirmed that the
D-regions are protrusive and that most of the variable residues are
exposed at the Tfp surface. We subsequently hypothesized that
modifications within the D-region sequence may interfere with
the process of signaling to human cells.

To confirm the role of the D-region in signaling to human cells,
we replaced, as described in Materials and Methods, the D-region
of the PilESB variant with that of PilESA and with those of two other
pilin variants obtained from two serogroup A strains, Z2491 and
Z5463. The corresponding alleles were designated PilESB(SA
D-region), PilESB(Z2491 D-region), and PilESB(Z5463 D-region),
respectively. Alignments of the D-region sequences are shown in
Fig. 3B. On the basis of the primary sequence, two regions can be
identified among the D-region residues: Var1 from Q122 to T132
and Var2 from A135 to N146. These two regions are linked by two
conserved residues (D133 and V134). These pilin variants were
then introduced as transcriptional Km fusions into strain 2C4.3,
to select for recombination at the pilE locus and not in one of the
pilS loci (Fig. 3A). The corresponding strains were tested for PilE
expression, competence, aggregation, and adhesion, and all have
similar phenotypes (see Table S1).

We next assessed the ability of these strains to induce a host cell
response in endothelial cells. The strains expressing a PilESB(SA

D-region) or PilESB(Z2491 D-region) are defective in Tfp-
induced signaling in endothelial cells (Fig. 3C and E). On the other
hand, colonies expressing PilESB(Z5463 D-region) are able to re-
cruit ezrin, and the intensity of this recruitment was identical to
that of the parental strain expressing PilESB (Fig. 3C and E).

Similar experiments were performed using epithelial cells. Un-
expectedly, the strain expressing the pilin PilESB(Z2491
D-region), which is not able to induce recruitment of ezrin in
endothelial cells, induced a host cell response identical to that of
the PilESB-expressing strain on epithelial cells. On the other hand,
colonies expressing PilESB(SA D-region) and PilESB(Z5463
D-region) were unable to recruit ezrin at the site of bacterial ad-
hesion (Fig. 3D and F). Altogether, these data confirm the role of
the pilin hypervariable D-region in host cell response and suggest
that pilin variants have different ability to induce a host cell re-
sponse on different cell types.

The hypervariable region of the major pilin subunit encom-
passed two distinct signaling regions with different specificities.
To further characterize the D-region domain of the pilin PilE,
point mutations were performed in the sequence of PilESB, and the
ability of the corresponding mutated pilin to signal to human cells
was tested. We targeted 11 residues of interest and replaced them
with alanine using PCR mutagenesis: (i) Q122, T125, T127, and
T130 are unconserved residues located in the Var1 region, (ii)
D133 is a conserved residue over many pilin variants (30), and (iii)
N138, G139, K140, D142, D143, and D144 are unconserved resi-
dues located in the Var2 region (Fig. 4A). Each allele was intro-
duced into strain 2C4.3 as a transcriptional fusion with the Kmr

gene. All the corresponding strains have similar pilus-related phe-
notypes (see Table S1). PilV� PilT� derivatives of these strains
were engineered to study the host endothelial cells’ response. Four
mutants were significantly impaired in ezrin recruitment in HD-
MECs: the T130A, K140A, D143A, and K144A mutants (Fig. 4B
and D). It is noteworthy that these 4 mutants were capable of
inducing ezrin recruitment in FaDu cells. However, strains ex-
pressing the two T127A and D133A pilin mutants were defective
in ezrin recruitment in epithelial cells (Fig. 4C and E). These 6
residues were mapped on the PilESB model (Fig. 5A and B). Resi-
dues K140, D143, and K144 are located on the lower part of the
D-region. Surprisingly, T130 is not located close to these latter
residues. Residues D133 and T127 appear to be located on the top
part of the D-region, which is enriched in threonine and aspartic
acid (in dark blue and cyan, respectively). This suggests that two
different parts of the PilESB D-region are associated with two dif-
ferent signaling specificities.

To refine our analysis, we mapped these 6 residues of the PilESB

D-region on the D-region sequences of the various PilE variants
engineered above (Fig. 5C and D). The two residues (T127 and
D133) involved in host cell response on FaDu cells are conserved
in the PilESB(Z2491 D-region) sequence. Consistently, pili of this
pilin variant are able to promote ezrin recruitment in FaDu cells.
We next mapped the four residues T130, K140, D143, and K144,
which are involved in host cell response on HDMECs. Residues

Figure Legend Continued

immunostained (in green), and DNA was stained using DAPI (in blue). Microcolonies are shown by arrows. Scale bars, 10 �m. (D) PilESA is not able to recruit
the �2-adrenergic receptor. HEK cells overexpressing the �2-adrenergic receptor tagged with YFP were infected with Staphylococcus aureus coated with anti-MBP
antibody and MBP-pilin fusion proteins, as described in Materials and Methods. Receptor recruitment was counted in infected cells and expressed as normalized
mean values (�SEM) of three independent experiments in duplicate. *, P � 0.001 (Student’s t test).
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T130, D143, and K144 are only conserved in PilESB(Z5463
D-region) sequence (Fig. 5D), while residue K140 is only present
in the sequence of the PilESB D-region. Consistently, only the
strain expressing PilESB(Z5463 D-region) is able to promote ezrin
recruitment following adhesion to HDMECs.

To support the importance of these residues in epithelial and
endothelial cell signaling, we correlated the percentage of con-
served signaling residues with the ezrin recruitment. The results
are reported in Fig. S2 in the supplemental material and show that
this correlation is statistically significant for both epithelial and
endothelial cells (Spearman’s r � 0.8365; r2 � 0.6826). Altogether,
these results strongly suggest (i) that the proper localization of a

set of threonine and aspartic acid is essential (T127 and D133 in
the PilESB model) for the epithelial cell host response and (ii) that
a well-organized lysine-aspartic acid-rich motif in the D-region is
required for the endothelial cell host response.

To confirm the above data, chimeric D-regions were engi-
neered. We first modified PilESB(Z2491 D-region), which was un-
able to induce the endothelial cell response, by replacing
A142N143G144K145Q146 with KTDDK (Fig. 6A). This modification
of PilESB(Z2491 D-region) should restore a PilESB-like phenotype.
The second chimeric pilin was engineered by a modification of
N127D128 by TTA in the PilESB(Z5463 D-region) (Fig. 6B). We first
confirmed that both mutated strains adhere to cells as PILESB. We

FIG 2 Structure homology modeling of PilE. (A) ClustalW sequence alignment of the two variants PilESB and PilESA. Unconserved residues between PilESA and
PilESB are highlighted in red. The D-region is underlined in yellow. (B) Surface representation of N. meningitidis PilESB filament model and of the PilESB and
PilESA subunit models based on the helical reconstruction of the N. gonorrhoeae GC pilus into an electron cryomicroscopy map (PDB code 2HIL). Unconserved
residues within the D-region between PilESA and PilESB are highlighted in red.
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FIG 3 PilESB(D-region) variants are differentially involved in endothelial and epithelial cell responses. (A) Schematic representation of the PilE/Km transcrip-
tional fusions used in this study. (B) ClustalW sequence alignment of the D-region of four different PilE variants: SB, SA, Z2491, and Z5463. Two variable
domains (Var1 highlighted in blue and Var2 highlighted in red) were discriminated on the basis of alignment. (C, D, E, and F) HDMECs (C and E) and FaDu cells
(D and F) were infected with strains of N. meningitidis expressing PilESB or PilESB(SA D-region), PilESB(Z2491 D-region), and PilESB(Z5463 D-region). HDMECs
were infected with the PilV� PilT� derivatives of these strains. (C and D) The ezrin recruitment index was estimated by determining the proportion of colonies
that efficiently recruit ezrin at the site of adhesion and expressed as normalized mean values (�SEM) of three independent experiments in duplicate. *, P � 0.002
(Student’s t test). (E and F) Ezrin was immunostained (in green), and DNA was stained using DAPI (in blue). Microcolonies are shown by arrows. Scale bars,
10 �m.
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FIG 4 Point mutations reveal residues specifically involved in endothelial or epithelial cell response. (A) Mutated residues of PilESB D-region are indicated by
a red asterisk. (B, C, D, and E) HDMECs (B and D) and FaDu cells (C and E) were infected with N. meningitidis strains expressing mutated PilESB. HDMECs were
infected with the PilV� PilT� derivatives of these strains. (B and C) The ezrin recruitment index was estimated by determining the proportion of colonies that
efficiently recruit ezrin at the site of adhesion and expressed as normalized mean values (�SEM) of three independent experiments performed in duplicate. *P
� 0.002 (Student’s t test). (D and E) Ezrin was immunostained (in green), and DNA was stained using DAPI (in blue). Microcolonies are shown by arrows. Scale
bars, 10 �m.
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then assessed the abilities of these two mutants to recruit ezrin on
HDMECs and FaDu cells. A strain expressing the mutated
PilESB(Z2491 D-region ANGKQ¡KTDDK) is able to recruit ez-
rin in HDMECs at a level similar to that of a strain expressing
PilESB (Fig. 6C and E). A strain expressing the mutated
PilESB(Z5463 D-region ND¡TTA) partially restored its ability to
recruit ezrin on FaDu cells (Fig. 6D and F). Altogether, these re-
sults confirm the above hypothesis that the D-region encompasses
two signaling regions: one specific for the host epithelial cell re-
sponse and one specific for the host endothelial cell response.

DISCUSSION

Type IV pili are responsible for meningococcal rhinopharyngeal
colonization and adhesion of bacterial colonies on the blood ves-
sel wall (8, 9, 11). Regarding endothelial cells, Mikaty et al. have
shown that firm adhesion of meningococci requires a PilV-
dependent host cell response (11). PilV is required to activate the
�2-adrenergic receptor, which promotes the formation of mi-
crovilli that surround the colony and protect it from blood flow
(13). Here we show that a PilT mutation restored the ability of a
PilV-deficient strain to induce signaling in HDMECs, and we
demonstrated that in a PilT-deficient strain, PilE induced a host

cell response. Interestingly, upon adhesion, the wild-type Tfp
switch between a thick conformation and an elongated conforma-
tion (35) that is necessary to promote a host cell response (33). We
have previously shown that a PilT-deficient strain only expresses
Tfp in an elongated conformation (33). Here we hypothesize that
a PilT mutation allows the proper presentation of PilE and in-
creases its ability to induce a host cell response.

In this work, we aimed at studying the role of the major struc-
tural pilin PilE in inducing host cell membrane reorganization.
Here we showed that the pilin variant PilESA is unable to recruit
the �2-adrenergic receptor onto endothelial cells and probably
the still unknown epithelial signaling receptor. We subsequently
demonstrated that the D-region of PilE, which is highly variable,
was responsible for the induction of a host cell response. The PilE
D-region is also known to be essential for bacterial aggregation
and adhesion (34). Here the role of aggregation in Tfp-induced
signaling can be questioned. However, statistical analysis revealed
that no link exists between aggregation of the strains and variants
engineered in this work and their signaling in FaDu cells or HD-
MECs (data not shown).

We identified several residues of the PilESB D-region region
involved in signaling to different cell types. These residues form

FIG 5 Point mutations involved in ezrin recruitment are localized on two distinct regions of the D-region. (A and B) Surface representation of PilESB homology
models (D-regions are highlighted in yellow). (A) In the top part, threonine and aspartic acid are important for the FaDu cell response. Threonines are
highlighted in dark blue and aspartic acids in cyan. The PilESB signaling residues T127 and D133 are in red. (B) The bottom part of the D-region is important for
the HDMEC response. The PilESB signaling residues K140, D142, and K144 are highlighted in red, while threonines of the top part are highlighted in brown.
Signaling residues are written in blue. (C and D) ClustalW sequence alignment of the D-regions of four different pilin variants: SB, SA, Z2491, and Z5463.
Residues involved in the endothelial cell response are highlighted in cyan, and those involved in the epithelial cell response are highlighted in red.
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two potent host cell response domains exposed at the surface of
the fiber— one located in the top part of the D-region and another
one located in the lower part (results are summarized in Fig. 7).
The former is associated with the epithelial cell host response,
whereas the latter is associated with signaling to endothelial cells.
These two domains may vary independently by antigenic varia-
tion. Indeed, we have observed that a pilin variant of strain Z2491
is unable to induce an endothelial cell response, while it induced
an epithelial cell response. These data are consistent with previ-

ously reported results demonstrating that the signaling receptor
involved in the FaDu cells’ response is different from that of en-
dothelial cells (32). Interestingly, we observed that endothelial cell
response required a well-organized lysine- and aspartic acid-
enriched domain and a threonine located at the top of the
D-region. However, it is reasonable to think that a signaling
epitope for endothelial cells may encompass several pilin mono-
mers that may form a binding pocket. This was previously ob-
served for the PilS pilin of Salmonella enterica serovar Typhi (36).

FIG 6 Mutations in PilESB(Z2491 D-region) and PilESB(Z5463 D-region) restore ezrin recruitment. (A and B) Sequence alignment of D-regions from pilin
variants SB, Z2491 and Z2491ANGKQ¡KTDDK, Z5463, and Z5463ND¡TTA. Mutated residues are circled in red. (C to F) HDMECs (C and E) and FaDu cells (D and
F) were infected with strains of N. meningitidis expressing PilESB(Z2491 D-region) and PilESB(Z2491 D-region)ANGKQ¡KTDDK, PilESB(Z5463 D-region) and
PilESB(Z5463 D-region)ND¡TTA. HDMECs were infected with the PilV� PilT� derivatives of these strains. (C and D) The ezrin recruitment index was estimated
by determining the proportion of colonies that efficiently recruit ezrin at the site of adhesion and expressed as normalized mean values (�SEM) of three
independent experiments in duplicate. *, P � 0.002 (Student’s t test). (E and F) Ezrin was immunostained (in green), and DNA was stained using DAPI (in blue).
Microcolonies are shown by arrows. Scale bars, 10 �m.
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Importantly, we and others have already shown that Tfp can tran-
sit into two conformations and that adhesion to cells will promote
this transition (33, 35, 37). This suggests that one of the two con-
formations allows the right alignment of pilin monomers, sup-
porting the idea that at least two pilin monomers are involved
during interaction with the �2-adrenergic receptors.

Moreover, while the nature of the signaling receptor of epithe-
lial cells is still unknown, we hypothesize that there may be more
than one possible receptor for epithelial cells; thus, antigenic vari-
ation gives to Neisseria meningitidis a large repertoire of possible
interactions with host cell receptors. Because Neisseria meningiti-
dis is a commensal of the human nasopharynx, under some cir-
cumstances, it may be beneficial for Neisseria meningitidis to ex-

press nonsignaling pilins. Consistent with this hypothesis, we
observed that the threonine aspartic region is poorly conserved
among sequenced PilE variants (30).

This work provides a new insight into the role of PilE during
colonization of human tissues. The strategy consisting of a con-
stant renewal of pilE sequences appears to be critical, not only for
immune escape but also to broaden the array of targets with which
it can interact. Indeed, N. meningitidis has evolved an extraordi-
nary tool to adapt to its host without losing its capacity to spread.

MATERIALS AND METHODS
Bacterial strains and infection conditions. Strains Z2491 and Z5463
were isolated during the same epidemic in the Gambia in 1983 (38).

FIG 7 Schematic representation of PilE-dependent signaling to host cells. In the top panel, the residues T130, K140, D142, and K144 are highlighted in red on
the PilESB model. These residues are involved in endothelial cell signaling via the �2-adrenergic receptor. In the lower panel, the residues T127 and D133 are
highlighted in blue on the PilESB model. These residues are involved in the epithelial cell response via an unknown receptor. Ezrin polymerization is indicated by
the green box, while recruitment of �-arrestin 2 and that of Src is represented as an orange or blue box, respectively.
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Z5463PI is a derivative of Z5463 (31). 2C4.3 is a variant of strain 8013, a
meningococcal serogroup C strain previously described (34). All deriva-
tives used in this work to test meningococcal host cell interaction were
noncapsulated (SiaD�) Opa� variants of 2C4.3 (2, 12). A noncapsulated
Opa� strain is indeed able to adhere on eukaryotic cells expressing carci-
noembryonic antigen-related cell adhesion molecules (CEACAMs) inde-
pendently of Tfp expression. As previously shown, a piliated noncapsu-
lated Opa� strain is not affected in its ability to signal to cells via Tfp
(Fig. 1) (12). The noncapsulated derivatives were engineered by introduc-
tion of a cat resistance cassette into the siaD gene. When needed, PilT�

derivatives were engineered by introduction of an ermB resistance cassette
into the pilT gene (39). The PilV-deficient derivative was engineered by
introduction of an aadA resistance cassette into the pilV gene.

N. meningitidis strains were grown on GCB agar plates (Difco) con-
taining Kellogg’s supplements with appropriate antibiotics in a moist at-
mosphere containing 5% CO2 at 37°C. The day of infection, a suspension
of the bacteria from an overnight culture on a GCB agar plate was adjusted
to an optical density at 600 nm (OD600) of 0.05 and incubated for 2 h at
37°C in a prewarmed cell culture medium. Cells were infected with bac-
teria at a multiplicity of infection (MOI) of 100 for 30 min to allow
N. meningitidis adhesion and then washed with cell culture medium and
maintained in appropriate fresh medium for 30 min or 2 h.

Cell lines. Human dermal microvascular endothelial cells (HDMECs)
were purchased from Promocell and grown in Promocell endothelial cell
growth medium MV supplemented with Promocell endothelial cell
growth medium supplement mix and 1% penicillin-streptomycin-
amphotericin B (PSA). The pharynx carcinoma-derived FaDu epithelial
cells were obtained from the American Type Culture Collection (ATCC
HTB-43). FaDu cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (PAA Laboratories) supplemented with 10% fetal bovine serum
(FBS) and 1% PSA. Human embryonic kidney 293 (HEK-293) cells were
grown in DMEM supplemented with 10% fetal calf serum. HDMECs and
FaDu cells were grown in flasks coated with 5 �g/cm2 of rat tail collagen
type I (R&D Systems) at 37°C in a humidified incubator in 5% CO2.

Engineering of PilE-Kanr vector. To introduce a specific pilin variant
at the pilE expression locus, a transcriptional fusion of the pilE coding
sequence with the aph3= gene (confers resistance to kanamycin) was en-
gineered as previously described (34). Briefly, the DNA encoding the
PilESB variant, the pilE downstream sequence, and the aph3= coding se-
quence were amplified from genomic DNA or TOPO 2.1 vector (aph3=
amplification). The pilE gene with its promoter was amplified using the
following primers: pilE [EcoRI] FW (CGGAATTCGCCCGCGCACAAG
TTTCC) and pilE [BamHI] RV (CGCGGATCCGCGTACCTTAGCTGG
CAGATGAAT). The downstream sequence was amplified using pilE 3=
DN [HindIII] FW (CCCAAGCTTGGGCAAGCGGTAAGTGATT TT
CCA) and PilE 3= DN [EcoRI] RV CGGAATTCGGAATTCCATAAAGA
CCGTCGGGCATCT. The aph3= coding sequence was amplified by
aph3=sp [BamHI] FW CGGGATCCCGGCCGTCTGAAVTGATCAA-
GAGACAGGATGAGG and aph3= [HindIII] RV CCCAAGCTTTCAGA
AGAACTCGTCAAGAAGGCG. The three fragments were restricted by
EcoRI/BamHI, HindIII/EcoRI, and BamHI/HindIII, respectively, and
cloned into the EcoRI-restricted pUC19 vector. This construct was then
transformed in TOP10 chemically competent Escherichia coli cells (Life
Technologies), and vectors from positive white colonies were recovered
by Miniprep (Nucleospin II; Macherey-Nagel) before sequencing (GATC
Biotech). A sequence-positive clone was conserved and serves as the tem-
plate for site-directed mutagenesis. The sequence of the pilESA variant
fused to the coding sequence of the aph3= gene was engineered previously
(34).

Mutagenesis. Site-directed mutagenesis was conducted using the
GeneTailor site-directed mutagenesis system (Life Technologies) accord-
ing to the manufacturer’s instructions. The template vector pilESB-Kn,
engineered as described above, was methylated and PCR amplified using
divergent overlapping primers, one of them containing the mutated site.
The PCR product was then transformed in E. coli DH5�-T1R, permitting

circularization of the linear PCR product and degradation of the methyl-
ated nonmutated template vector. Plasmids from positive clones were
recovered by Miniprep (Promega) and sequenced before transformation
in N. meningitidis. Three clones from N. meningitidis transformation were
isolated, and the pilE locus was sequenced to ensure that the proper mu-
tation was introduced in the sequence.

Exchange of the sequences coding for the D-region domain was per-
formed using PCR mutagenesis and recircularization of the PCR product.
Sequences of the PilE D-region of the three strains SA, Z2491, and Z5463
were determined (31, 34). Ten nanograms of template vector pilESB-Kn
was amplified using the dedicated primer. Each sequence encoding the
D-regions was amplified using the following primers: PilESA D-region Fw
(CACCGACGTCAAAGCCGACACCACCGACAACATCAACACCAAG
CACCTGCCGTCAACCTGC), PilESA D-region Rv (GCGCTGTCGGTG
TCGTCGCGCGCAACCGGCAGTCCGCAGAACCATTTGACCGAAC
CGTTTTGACG), PilEZ2491 D-region Fw (CTTTGACGTCGTCGTTGGT
GGTGGCGGTGTCGTTGCGCTTAACCGGCTGTCCGCAGAACCAT
TTGACCGAACCGTTTTG), PilEZ2491 D-region Rv (CCGACACCGCCG
CCAACGGCAAGCAGATCGACACCAAGCACCTGCCGTCAACCTG
CCGCGATGATTCATCTGCCAGCTAAG), and PilEZ5463 D-region Fw
(CTGTCGGCGGCGACGTCGGTAGCGGTGTCGTTGCGCTTAACCG
GCTGTCCGCAGAACCATTTGACCGAACCGTTTTGACG), and
PilEZ5463 D-region Rv (CGGCAACGACAAAATCGACACCAAGCACCT
GCCGTCAACCTGCCGCGATGATTCATCTGCCAGCTAAGAG). The
PCR products were purified (Promega) and then circularized by ligation
using T4 DNA ligase (Fermentas GmbH) and transformed in DH5�. Plas-
mids from positive clones were recovered by Miniprep (Promega) and
sequenced before transformation in N. meningitidis. Three clones from
each transformation were kept, and the pilE locus was sequenced.

Immunofluorescence assay. Infected cells were fixed for 20 min in
phosphate-buffered saline (PBS) with 4% PFA and permeabilized for
5 min in PBS containing 0.1% Triton X-100. Cells were then incubated
with rabbit polyclonal antiezrin primary antibodies (generously provided
by P. Mangeat, CNRS, UMR5539, Montpellier, France) in PBS containing
0.3% bovine serum albumin (BSA). After 3 washes with the same buffer,
DAPI (4[prime],6-diamidino-2-phenylindole) was added to Alexa-
conjugated secondary antibodies for 1 h at room temperature. After ad-
ditional washes, coverslips were mounted in Mowiol (Citifluor, Ltd.).
Image acquisitions were performed on an inverted microscope equipped
with a QIclick digital charge-coupled device (CCD) camera (Qimaging)
and Qcapture software (Qimaging).

Quantitative analysis of the bacterial host cell interactions and sta-
tistical analysis. The Tfp-mediated signaling to host cells was estimated
by determining the proportion of colonies that efficiently recruit ezrin in
a “‘honeycomb shape’” just under the colonies. Ezrin is considered the
marker of the meningococcal host cell response. At least 50 colonies were
scrutinized per coverslip. Each experiment was performed in duplicate
and repeated at least 3 times. Data were examined for significance using
Student’s t test (GraphPad Prism 5 software). Results were then expressed
as normalized values to ezrin recruitment using the control strain. Corre-
lation Spearman’s tests were performed using GraphPad Prism 5 software.
A correlation is considered statistically positive when r is �0.5 and P is
�0.05 (confidence interval). In that case the goodness of fit is given (r2). A
goodness of fit equal to 1 means that 100% of value X is due to value Y.

Expression and purification of recombinant MBP-pilin proteins.
Recombinant MBP-pilin fusion proteins were produced as described be-
fore (13, 24). Briefly, fragments of pilESB, pilESA, and comP lacking the
region coding for the first 28 amino acid residues were amplified by PCR
and subcloned in pMAL-p2X vector (New England Biolabs). The result-
ing plasmids, pMAL-pilESB, pMAL-pilESA, and pMAL-comP, contain in
frame the malE gene, which encodes the maltose-binding protein (MBP),
followed by the factor Xa protease recognition site and the truncated pilin
coding regions. These plasmids were transformed in the PAP5198 E. coli
strain (generously provided by Olivera Francetic, Institut Pasteur, Paris,
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France), deleted for the periplasmic enzymes: OmpT, Prt, and DegP. The
fusion proteins were purified on amylose resin (New England Biolabs).

Coating of Staphylococcus aureus cells with MBP-pilin fusion pro-
teins and infection. S. aureus ATCC 25923 cells expressing specific recep-
tors for the Fc domain of IgG immunoglobulins were used for this exper-
iment, as described before (13). Briefly, about 108 bacteria were incubated
with the anti-MBP rabbit polyclonal antibody for 20 min at room tem-
perature. Bacteria were then centrifuged at 4,000 rpm for 5 min, washed
with warm LB 3 times, and incubated with 2.5 �g of each recombinant
fusion protein for 20 min at room temperature. After several washes using
DMEM supplemented with 10% fetal calf serum, bacteria were incubated
for 30 min with HEK293 cells previously transfected with a plasmid en-
coding the yellow fluorescent protein (YFP)-tagged human �2-adrenergic
receptor and the myc-tagged �-arrestin 2 (40). Cells were then fixed using
4% PFA in PBS and analyzed by immunofluorescence assay for �2-
adrenergic receptor–YFP recruitment underneath S. aureus colonies.

Detection of the pilin PilE by immunoblotting. Whole-cell lysates
were washed with ice-cold PBS and lysed in modified radioimmunopre-
cipitation assay (RIPA) buffer (50 mM Tris [pH 7.5], 150 mM NaCl,
25 mM HEPES, 2 mM EDTA, 1% [wt/vol] SDS) buffer containing a pro-
tease inhibitor cocktail (Fermentas GmbH). Equal amounts of whole-cell
lysates were then boiled and analyzed by SDS-PAGE. After transfer on
nitrocellulose (Optitran BA-S 83; Millipore), blots were probed with anti-
PilE (SM1) (41) antibody or an anti Rmp4 and a secondary antimouse
antibody coupled to horseradish peroxidase (HRP) (Cell signaling). Im-
munoblots were revealed by enhanced chemiluminescence (ECLplus and
Hyperfilm ECL; Thermo Scientific and GE Healthcare Life Sciences, re-
spectively). Expression of PilE was normalized to that of Rmp4, an inner
membrane protein used as a loading control.

Aggregation assay. Aggregation of each strain was assessed in a 24-
well plate in DMEM with 10% FBS. Briefly, on the day of infection, a
suspension of bacteria from an overnight culture on a GCB agar plate was
adjusted to an OD600 of 0.05 and incubated for 1 h at 37°C in a 24-well
plate in prewarmed DMEM–10% FBS under agitation. Then the aggre-
gates were mechanically disrupted by being pipetted up and down 10
times. Bacteria were incubated for 1 more hour without agitation, and
images of aggregates were acquired on an inverted microscope.

Adhesion assay. Adhesion of each capsulated strain was assessed (i) on
HDMECs under shear stress to recapitulate the in vivo condition and (ii)
on FaDu cells under the static condition.

HDMECs were grown on disposable flow chambers (15�-Slide VI;
IBIDI) coated with 5 �g/cm2 of rat tail collagen type I. A total of 107

capsulated PilV� PilT� bacteria were allowed to adhere for 20 min under
a shear stress of 0.2 dyne/cm2, and then the chambers were washed several
times and fixed in PBS– 4% PFA. Bacteria were stained using DAPI, and
then 10 images per chamber were acquired on an inverted microscope.
Individual bacteria were counted using ImageJ.

FaDu cells were grown in a 24-well plate. A total of 2.106 capsulated
bacteria were allowed to adhere for 2 h under static conditions, and then
the cells were washed six times with phosphate-buffered saline (PBS) to
remove nonadherent bacteria. Cells were incubated for 10 min in PBS–
0.2% saponin, harvested, and vortexed in order to dissociate the bacteria.
Bacteria were enumerated by plating dilutions on GCB agar. The number
of CFU was then compared to that of the control strain of the same ex-
periment. CFU determination was performed at least twice in duplicate.

Homology modeling of the pilin PilE. Structural models of the dif-
ferent N. meningitidis PilE variants were generated thanks to the high
sequence identity (78 to 82%) with the known X-ray structure of N. gon-
orrhoeae major pilin GC (PDB code 2HI2). The program Modeler from
the server ModBase (42) was used to generate the different homology
models of the PilE variants, and each of the models shows a reliable Mod-
Pipe protein quality score (MPQS): 1.84 � MPQS �1.89. (The MPQS is
explained in more detail below.) The same symmetrical operation param-
eters as the reconstructed GC pilus filament (PDB code 2HIL) were ap-
plied to generate the PilE filament model (29). Pictures were generated

using the molecular graphics system PyMOL (Schrödinger, LLC). Note
that structural modeling and comparison of the C-terminal domain of the
pilin variants are not hampered by the apparent flexibility of the
N-terminal �-helix domain, presumably induced by the hinge at Pro 22.

The ModPipe protein quality score (MPQS) is a composite score com-
prising sequence identity to the template, coverage, and the three individ-
ual scores E value, z-Dope, and GA341. An MPQS of �1.1 is considered
reliable (http://modbase.compbio.ucsf.edu/modbase-cgi/index.cgi).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.01024-13/-/DCSupplemental.
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