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Abstract

N. meningitidis (NM) is an opportunistic gram-negative human pathogen that colonizes the human
nasopharyngeal epithelium. Asymptomatic carriage is common, but some meningococcal strains
can invade nasopharyngeal epithelial cells and proceed to cause severe and often fatal infections.
Invasion is predominantly driven by expression of bacterial virulence factors and host cell cognate
receptors for bacterial recognition. Porins are among the Neisserial components involved in host
cell activation and bacterial internalization processes. Similar to other virulence factors, porins
present antigenic and structure variability among strains. Such sequence variability in the surface-
exposed loop regions has been correlated to bacterial invasiveness and to variability in host cell
responses via Toll-like receptor 2 (TLR2). Here, we examined whether TLR2 signaling by porins
influences recovery of intracellular Neisseriae from epithelial cells /n vitro. Our results show that
TLR2 stimulation, either by the organism or exogenously, generally enhances NeJsseriae
internalization by epithelial cells. TLR2-driven intracellular signaling via ERK1/2, JNK and
particularly NF-xB plays a role in this process. Based on these results, it is possible that
expression of porin sequence variants that strongly induce TLR2 activation may be a mechanism
to enhance the invasive features of pathogenic Neisseriae strains.
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1. Introduction

Neisseria meningitidis (NM) is a Gram-negative organism that colonizes the human
nasopharyngeal epithelium. Colonization can be asymptomatic in a large number of
individuals [1] and these organisms are generally referred to as carriage strains, but can also
proceed to cause life-threatening infections with high morbidity and mortality in some
patients or mild and banal infections in others. These organisms are referred to as invasive
and, in some cases, hyper-invasive. Host cell invasion is followed by bacteria dissemination
into the bloodstream and penetration of the blood—brain barrier, the causes of sepsis and
meningitis, respectively.

NM express virulence factors, i.e. capsule, pili, lipo-oligosaccharide (LOS), major and
minor adhesins, that promote bacterial invasion of epithelial cells by interacting with
cognate host cell receptors [2, 3]. A common feature of most virulence factors is their
antigenic variability and fluctuating expression levels among strains and during the bacteria
life cycle (phase variability). The role of many virulence factors has been clearly defined,
but invasion mechanisms independent of these have also been reported, as well as variability
between bacterial clones and strains, and /7 vitro conditions and assays [4].

Porins are antigenically variable pan-Neisserial outer membrane proteins [5] with a trimeric
structure, composed of monomers with a S-barrel core and 8 surface-exposed loop regions
with high sequence variability among strains [6]. NM expresses two porins, PorA and PorB
(the latter with two molecular mass variants, PorB2 and PorB3), while N. gonorrhoeae (GC)
and the commensal N. /actamica (NL) only express PorB. The structure of PorB has been
characterized in greater detail than that of PorA [7-10].

Porins are involved in bacterial pathogenicity. NM and GC porins promote epithelial cell
invasion [11-16] while NL PorB reduces it as shown in a GC mutant strain expressing NL
PorB in place of GC PorB [17]. The sequence variability of PorB has been linked to the
pathogenicity of hyper-invasive and invasive meningococcal strains [18, 19] and to some of
its host cell-associated functions (serum resistance, host cell survival, immune stimulation
[20]). Critical residues in the surface-exposed loops of PorB influence organisms’ invasion
of epithelial cells and the direct interaction of PorB with host cell receptors associated with
bacterial adhesion/invasion (i.e. the laminin receptor LamR [21], the gp96 and Scavenger
Receptor SREC [14]), with complement components [22] and with members of the Toll-like
receptor family, specifically TLR2 and TLR1 [23]. Residues that likely mediate PorB/TLR2
interaction and subsequent host cell activation have been identified in the surface-exposed
regions of loops 5 and 7 of PorB [24].

In this work, we examined the influence of PorB on ANeJsseriae internalization by epithelial
cells and the contribution of PorB-induced TLR2 signaling to this process. We suggest that
expression of PorB sequence variants by different MVeisseriae strains may represent a
mechanism to strengthen the virulence of certain NM organisms by rendering host cells
more susceptible to bacterial internalization via stimulation of TLR2.
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2. Materials and Methods

2.1 Bacterial cultures

NL strain Y92-1009 (ND:P1.ND,ND:F-ND:ST-3493, ST-613), NM serogroup B strain
H44/76 (B:15;P1.7,16; L3,7,9, ST-32) A1A4 variant (lacking expression of PorA and Rmp),
and the NM mutant strain expressing PorB from NL (NM-[N/ac PorB]) [24] were cultured
from frozen stocks on GC agar plates containing 1% Isovitalex at 37°C in a 5% CO ,
atmosphere in candle jars. The next day, colonies were resuspended in GC liquid medium
containing 1% lIsovitalex and grown for approx. 2-3h to exponential phase, measured
spectrophotometrically by optical density at ODggp. The O.D. of the cultures was adjusted to
0.2 and used as standard condition. Bacterial suspensions were appropriately diluted prior to
co-incubation with BEAS-2B and HEK cells at a multiplicity of infection (MOI) of approx.
10 and 100 bacteria/cell, confirmed by viable count of the inoculum. No differences in the
growth of these strains were reported.

2.2 Cell cultures and stimulation

The human bronchial epithelial cell line, BEAS-2B cells (ATTC CRL-9609) was grown at
37°C/5% CO 5 in DMEM F-12 supplemented with 5% FBS, 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin in flasks coated with 0.01 mg/ml BSA, 0.03 mg/mi
bovine collagen type | and 0.01 mg/ml fibronectin to favor adherence to the plastic. HEK
cells stably over-expressing TLR2 and TLR4 (TLR2 HEK cells and TLR4 HEK cells,
respectively) or an empty vector ()cDNA HEK cells) (24) were grown in DMEM with 5%
FBS, 2mM L-glutamine and 10 g/ml ciprofloxacin. For stimulations, cells were plated at 104
cells/well in 24-well plates in antibiotic-free medium. BEAS-2B cells were always plated in
FBS-free medium, unless otherwise specified. Stimulations included purified recombinant
PorBWT and PorBPPE/AKR (10 pg/ml) [24], Pam3CSK4 (EMC Microcollections, Tubingen,
Germany) (200 ng/ml) and phenol-purified £. coli LPS (Sigma) (200 ng/ml) overnight.
Cytochalasin D (CytD) (Calbiochem) (5 pug/ml) and the inhibitors SB03580, U0126,
SP600125 and parthenolide (PA) (all at 25 uM) were added for 1h using medium containing
equal volumes of DMSO (diluent control) as described in the Results.

2.3 Bacterial adherence and internalization assays

To assess adherence, cells were incubated with bacterial suspension at MOls of 10 and 100
at 37°C in 5% CO 5 in candle jars for 2h, 4h and 24h, washed with PBS to remove free and
non-adherent bacteria and lysed by addition of 200 ul of a 1% sterile saponin/PBS solution
for 10 minutes at room temperature followed by vigorous pipetting. To assess intracellular
bacteria, cells were washed to remove non-adherent bacteria followed by addition of
medium containing gentamicin (Sigma) (100 pg/ml) for 1h for killing of extracellular and
adherent organisms [25] and lysed to release intracellular bacteria. Appropriately diluted cell
lysate aliquots were plated on GC agar plates and incubated overnight as described above for
quantification of colony-forming units (CFU) per well by colony counting. Each experiment
was performed in a minimum of two individual wells and repeated at least three times.
When cells were stimulated prior to infection, intracellular organisms were reported as
percent relative to control wells (represented by a dashed line in the corresponding Figures).
No cytotoxic effects by saponin were observed on cells or bacteria.
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2.4 Cytokines ELISA

Secretion of IL-8 was quantified in cell supernatants by ELISA using OptEIA ELISA Kkits
(BD Biosciences) as specified by the manufacturer.

2.5 Statistical Analysis

3. Results

Statistical analyses were calculated using GraphPad PRISM software. Statistical significance
was determined by using the Mann Whitney test (among conditions) and the one sample t
test (experimental groups vs. control groups set as 100%) £ SEM. p values were assigned
and considered significant when lower than 0.05.

3.1 Neisseriae attachment to BEAS-2B cells and bacteria internalization

The ability of NL and NM to adhere to the human airway epithelial cell line BEAS-2B cells
in vitrowas examined. Cell monolayers were incubated in antibiotic-free and FBS-free
medium for 2h, 4h and 24h with NL and NM at MOI of 10. Free and non-adherent bacteria
were removed by washing and the total cell-associated organisms (adherent and
intracellular) were quantified by colony counting. A time-dependent increase of total cell-
associated NM was reported, shown in Fig. 1A. No variation of total cell-associated NL was
observed at 2h and 4h, and an increase was measured at 24h (Fig. 1B), although less
pronounced than NM. The 2h time-point was also examined using bacteria at MOI of 100,
and demonstrated a dose-dependent increase of cell-associated NM and NL (Fig. 1C, gray
and white bars, respectively). No statistical difference was detected among the two strains
and no differences in their growth curves [24]. Collectively, these results indicate that both
NM and NL can associate with BEAS-2B cells.

Next, intracellular Neisseriae were examined using the gentamicin assay, a well-established
method to evaluate intracellular organisms [25]. Cells were incubated with NM and NL at
MOlIs of 10 and 100 for 2h, free and non-adherent organisms were removed by washing and
medium containing gentamicin (100 pg/ml) was added for 1h for killing of extracellular
attached bacteria. Cells were lysed for releasing intracellular organisms, and bacteria were
quantified by colony counting. A dose-dependent statistically significant increase of
intracellular NM was measured (Fig. 1D, gray bars) and a more modest and non-statistically
significant increase of intracellular NL (Fig. 1D, white bars). Comparison of intracellular
NM and NL at MOI 10 after 2h was not statistically significant while intracellular NM at
MOI 100 were significantly more than NL at the same MOI (Fig. 1D).

Actin-dependent mechanisms contribute to internalization of numerous bacteria by host
cells, and inhibition of actin polymerization by cytochalasin D is known to reduce or block
invasion of NM and NL [25-27]. BEAS-2B cells were treated with CytD (5 pug/ml) for 1h
prior to incubation with NM or NL at MOI of 100 for 2h and intracellular bacteria were
quantified as above. In Fig. 1E, a significantly lower number of intracellular bacteria was
measured than in cells not treated with CytD (Fig. 1E, dashed line). No statistically
significant difference was measured among intracellular NM and NL recovered in the
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presence of CytD, and treatment did not affect cell survival, determined by light microscopy
evaluation of cell morphology and adherence to the plastic (not shown).

3.2 PorB contribution to Neisseriae internalization by BEAS-2B cells

PorB is a TLR2 ligand that induces TLR2/TLR1 and MyD88-dependent epithelial and
immune cell responses [23]. Variability in cell responses to purified PorB from NM or NL
has been shown, likely due to differences in the amino acid sequence and structure features
of these porins that ultimately affect TLR2 activation [10, 24]. Similarly, host cell responses
to a mutant NM strain in which the original PorB was replaced with NL PorB (NM-[N/ac
PorB]) are also influenced by the PorB exchange.

To examine whether PorB influences bacteria/host cell interactions, BEAS-2B cells were
incubated with NM-[N/ac PorB] (MOI 100, 2h) and total and intracellular bacteria were
quantified as described above. No difference was observed in NM-[A/ac PorB] or NM
association with BEAS-2B cells (MOI 10 for 24h) (not shown). However, an approx.
30-40% decrease of intracellular NM-[A/ac PorB] was measured relative to NM (Fig. 2A,
gray dotted bar and dashed line, respectively) suggesting that PorB replacement interferes
with uptake of this otherwise invasive organism, similar to previous studies using a mutant
GC strain expressing NL PorB [17]. An approximately 25% higher number of intracellular
NM-[Nlac PorB] was observed as compared to NL (Fig. 2A, white dotted bar and dashed
line, respectively), indicating that the type of PorB that is expressed contributes, in part, to
bacteria internalization regardless of the presence or absence of other invasion-related
molecules.

To further evaluate the contribution of PorB to bacteria internalization, cells were stimulated
overnight with purified recombinant meningococcal PorB (PorBWT) (10 pg/ml) followed by
incubation with bacteria. As shown in Fig. 2B, PorBWT significantly increased the number
of intracellular bacteria compared to non-PorBWT stimulated cells (Fig. 2B, dashed line). No
statistically significant differences were observed among the three strains. These results
suggested a potential mechanism by which host cell susceptibility to Neisseriae
internalization may be enhanced by PorBWT-mediated cell stimulation.

3.3 TLR2 stimulation favors Neisseriae internalization by BEAS-2B cells

To examine whether the increased number of intracellular bacteria induced by PorBWT is
due to TLR2 activation, the synthetic TLR2 ligand Pam3CSK, was used. As shown in Fig.
2C, cell stimulation with Pam3zCSK4 (200 ng/ml) also increased the number of intracellular
bacteria relative to non-Pam3CSK, stimulated cells (Fig. 2C, dashed line), particularly for
NM (Fig. 2C). Next, cells were stimulated with the TLR2-inactive PorBWT loop mutant
(PorBPPE/AKR) (10 pg/ml), which failed to enhance bacteria internalization relative to non-
PorBPPE/AKR treated cells (Fig. 2D), and also appeared to interfere with this process,
regardless of PorB expression. Overall, these results suggest that TLR2 stimulation may
enhance the susceptibility of BEAS-2B cells to Meisseriae internalization. Additional
experiments aimed at blocking or silencing TLR2 in these cells will clarify the direct
contribution of TLR2.
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The responsiveness of BEAS-2B cells to TLR2 stimulation by these ligands and whole
Neisseriae has been previously established /n vitro [24, 28]. Low levels of I1L-8 were
reported in response to NM and NL (MOI 10) at early time-points, but measurable IL-8 was
assessed using bacteria at MOI 100 for 2h (Supplemental Fig. 1A). No statistically
significant difference was measured among the three strains, but a trend of higher I1L-8
induction by NM than NM-[N/ac PorB] and NL was observed, consistent with the previous
findings.

3.4 Neisseriae internalization by HEK cells

As an alternative model to further examine the contribution of TLR2 to Neisseriae
internalization, HEK cells over-expressing TLR2 (TLR2 HEK cells) were used and pcDNA
HEK cells (containing an empty vector) as TLR2-negative control. Cells were incubated in
antibiotic-free medium with bacteria at MOI 100 for 2h for quantification of bacteria
adherence and internalization. No statistically significant difference in NM and NL
association with pcDNA HEK cells and TLR2 HEK cells was observed (not shown). As
shown in Fig. 3A, a generally higher percent of intracellular organisms was reported in
TLR2 HEK cells than in pcDNA HEK cells, particularly for NM (Fig. 3A, gray bar), an
approx. 3-fold increase for NM-[ NV/ac PorB] and a 2-fold increase for NL (Fig. 3A, striped
and white bars, respectively). When the number of intracellular NM-[ MV/ac PorB] was
compared to that of NM, approx. 60% less intracellular NM-[ A/ac PorB] were detected (not
shown), a trend similar to BEAS-2B cells.

Next, the effect of exogenous TLR2 stimulation was examined in TLR2 HEK cells. PorBWT
stimulation led to significantly higher intracellular NM-[ M/ac PorB] and NL relative to non-
PorBWT stimulated cells (Fig. 3B, striped and white bars, and dashed line, respectively).
However, unlike in BEAS-2B cells, the number of intracellular NM was not further
increased (Fig. 3B, gray bar). Similar results were obtained for Pam3CSK, stimulation (Fig.
3C). Lastly, PorBPPE/AKR stimulation did not increase intracellular bacteria (Fig. 3D) and
generally recapitulated the lower bacteria numbers observed in BEAS-2B cells. Overall,
these results support the hypothesis that TLR2 stimulation enhances Neisseriae
internalization by epithelial cells. However, TLR2 stimulation with PorBWT or Pam3CSK,
followed by incubation with NM (which expresses a PorB that is also a potent TLR2
agonist) did not further increase the number of intracellular NM, possibly due to a TLR2-
saturating effect. HEK cell responses to PorBWT, PamsCSK, and Neisseriae are also well-
established [24, 28]. Similar to the results in BEAS-2B cells, incubation with Nersseriae at
MOI of 10 for 2h induced very low IL-8, and this was slightly increased by bacteria at MOI
of 100 for 2h (not shown). A higher IL-8 secretion was induced in response to bacteria at
MOI of 10 for 24h and to stimulation with PorBWT, Pam3CSK, and PorBPPE/AKR
(Supplemental Figure 1B).

3.5 Intracellular signaling pathways in Neisseriae internalization

TLR2 stimulation leads to activation of intracellular signaling pathways including MAPKs
and NF-xB. To verify whether these pathways contribute to Neisseriae internalization, the
following chemical inhibitors were used in BEAS-2B cells: SB03580 (p38 inhibitor), U0126
(ERK1/2 inhibitor), SP600125 (JNK inhibitor) and parthenolide (PA) (NF-xB inhibitor).
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Cells were incubated in FBS-free and antibiotic-free medium with each inhibitor (25 pg/ml)
for 1h prior to addition of bacteria MOI 100 for 2h, and intracellular bacteria were reported
as percent relative to cells incubated in the absence of inhibitors or with DMSO as inhibitor
diluent control (Figs. 4A-D, dashed line).

Overall, inhibition of p38 signaling by SB03580 had the least inhibitory effect on
intracellular bacteria compared to inhibition of ERK1/2 and JNK. In fact, NM was not
affected by SB03580 (Fig. 4A, gray bar) and only a small decrease of intracellular NM-
[Nlac PorB] and NL was observed (Fig. 4A, striped and white bars, respectively). The effect
of ERK1/2 and JNK inhibition was more substantial on both NM-[ MV/ac PorB] (Fig. 4B and
4C, striped bars) and NM (Fig. 4B and 4C, gray bars), but only inhibition of JNK had a
major effect on NL (Fig. 4B and 4C, white bars). These results suggest a potential
redundancy in the role of MAKPs in the cellular processes leading to Neisseriae
internalization, and that inhibition of the INK pathway has a larger effect than that of
ERK1/2, while p38 inhibition has minor consequences. A consistent reduction of 50% or
more in intracellular bacteria was observed by inhibition of NF-xB by PA for each organism
(Fig. 4D), suggesting a relevant role for this pathway. Since all these pathways are induced
by TLR2 stimulation with PorBWT and Pam3CSK 4, whether preventing their induction
affects bacterial internalization was also examined. Cells were treated with the inhibitors
prior to stimulation with PorBWT and Pam3CSK, and incubated with bacteria, MOI 100, 2h.
Intracellular organisms from each condition were quantified and normalized to cells
stimulated in the absence of inhibitors. Blockade of PorBWT-and Pam3CSK4-mediated
activation of p38 strongly reduced intracellular NM and NM-[N/ac PorB] (approx. 50%)
(Fig. 4E, SB03580, gray and striped bars, respectively), but did not significantly affect NL
(Fig. 4E, SB03580, white bar), suggesting that blocking activation of p38 may influence
both porin-dependent and porin-independent mechanisms for bacterial internalization.
Inhibition of PorBWT-and Pam3CSK 4-mediated ERK1/2, INK and NF-xB signaling led to a
> 50% reduction for all organisms (Fig. 4E, U0126, SP600125 and PA, respectively),
confirming that multiple intracellular signaling pathways downstream of TLR2 stimulation
can influence cell sensitivity to Neisseriae internalization, with a possible redundancy
among MAPKSs pathways.

3.6 TLR4 stimulation does not enhance intracellular Neisseriae

The role of TLR4 on internalization of Neisseriae by epithelial cells was also examined. In
BEAS-2B cells, this receptor is scarcely expressed on the cell surface and has an abundant
intracellular localization, but upon cell stimulation, it is re-directed to the cell surface.
However, these cells lack expression of MD-2 and are intrinsically hypo-responsive to TLR4
signaling, as shown by the low levels of IL-8 measured in response to £. coli LPS
stimulation (200 ng/ml, 24h) (Supplemental Fig. 1C, white bars). By providing exogenous
MD-2 using FBS-supplemented medium (TLR4-permissive condition), LPS stimulation
leads to higher levels of IL-8 (Supplemental Fig. 1C, black bars) [24, 28]. However, in
TLR4-permissive conditions, stimulation with bacteria at MOI 100 for 2h only slightly
increased 1L-8 in response to NM-[A/ac PorB] and NL (Supplemental Fig. 1D, striped and
white bars) (**p = 0.043 by Mann Whitney test, not shown) than in FBS-free medium, but
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not NM (Supplemental Fig. 1D, gray bar), suggesting that at this early time point, TLR4
signaling may not be a major driver of IL-8 induction by Neisseriae in BEAS-2B cells.

Intracellular bacteria were evaluated in BEAS-2B cells in TLR4-permissive conditions
relative to FBS-free conditions (Fig. 5A, dashed line). A non-statistically significant small
increase was observed for NL (Fig. 5A, white bar), no effect on NM and even a reduction of
NM-[Nlac PorB] were observed (Fig. 5A, gray and striped bars, respectively), indicating
that TLR4-permissive conditions did not generally favor bacteria internalization. It is
possible that, due to the nature of TLR4 expression and signaling in these cells, its potential
role in Neisseriae internalization may be difficult to detect. Thus, intracellular NM and NL
were evaluated in HEK cells over-expressing TLR4 (since NM and NM-[N/ac PorB] have
the same lipid composition and no effect of PorB is expected in TLR4 HEK cells). As shown
in Fig. 5B, an increase in intracellular NL was measured in TLR4 HEK cells compared to
pcDNA HEK cells, similar to the previous results in TLR2 HEK cells (Figs. 5B and 3A,
white bars); however, approx. one third less intracellular NM were recovered from TLR4
HEK cells than in TLR2 HEK cells, (Figs. 5B and 3A, gray bars), suggesting a less
prominent role for TLR4 than TLR2 in this process.

Since exogenous TLR2 stimulation increased the number of intracellular bacteria, the effect
of exogenous TLR4 stimulation by £. coli LPS (200 ng/ml) was also examined. In
BEAS-2B cells in TLR4-permissive conditions, the number of intracellular NM-[ MV/ac PorB]
and NM were significantly reduced by cell stimulation with LPS (Fig. 5C, striped and gray
bars, respectively) while NL was not quite affected (Fig. 5C, white bar). Similar results were
observed in TLR4 HEK cells (Fig. 5D, gray and white bars), suggesting that TLR4
stimulation may not represent a sensitizing event, but rather inhibitory for Neisseriae
internalization by epithelial cells. Whether inhibition of LPS-induced intracellular signaling
enhanced or reversed this effect was also examined using the MAPKs and NF-xB inhibitors.
In TLR4-permissive BEAS-2B cells, NF-xB inhibition caused a > 50% reduction of
intracellular bacteria (not shown), supporting a central role for this pathway. MAPKs
inhibition had a variable effect: ERK1/2, JINK and also p38 inhibition substantially reduced
intracellular NM and NM-[N/ac PorB] (>50%, not shown), regardless of porin expression,
suggesting that blocking MAPKSs in TLR4-permissive conditions affects both porin-
dependent and porin-independent mechanisms. In contrast, internalization of NL in TLR4-
permissive conditions was not susceptible to ERK1/2 and JNK inhibition and was even
increased by p38 inhibition (not shown). Thus, while TLR2 and TLR4 signaling converge on
NF-xB for influencing cell susceptibility to Neisseriae uptake, MAPKSs likely play different
roles in this process depending on different TLRs and their downstream effectors.
Nevertheless, since TLR2 signaling in BEAS-2B cells in TLR4-permissive conditions is not
precluded, the contribution of each individual pathway may not be easy to tease out at this
time.

4. Discussion

The duality of human infections by Neisseriae carriage strains and invasive/hyper-invasive
strains is remarkable and, while the mechanisms of such different outcomes are not
completely clear, it is well accepted that both the microbe and the host cell play important
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roles in Nefsseriae infections. At the site of colonization, the nasopharynx, strain-specific
and environmentally-regulated phase- and antigenically-variable virulence factors interact
with host cell cognate receptors [3], which are also variable in expression, cellular
localization (i.e. intracellular vs. extracellular, basal vs. apical) and tissue-dependence (i.e. in
epithelial and endothelial cells or immune cells). Cells with high surface receptor levels are
likely more vulnerable than cells with absent, insufficient or restricted interactor molecules.
Therefore, meningococcal pathogenicity may reflect the sum of expression and cooperative
interaction of both virulence factors and their host cell receptors. In this study, to avoid bias
due to Opa-mediated cell invasion processes and to the scarce information on their cellular
receptors in BEAS-2B cells (CEACAML gene up-regulation is reported upon cristobalite
silica and ashestos exposure [29]), no specific Opa phenotype was selected for NM and NL.
However, BEAS-2B cells can sustain bacteria adhesion and infection, for example, by
Moraxella[30] or E. coli mutants expressing meningococcal outer membrane adhesins (App
or MspA [31]). In HEK cells, CEACAMs are often experimentally over-expressed [32].

Direct and indirect mechanisms that contribute to cellular internalization of Ne/sseriae do
not solely rely on conventional virulence factors/host cell receptors, but also include those
mediated by Neisserial porins [11-16]. Porins also favor bacterial survival following host
infection by inhibiting phagocyte functions [33, 34] and modulating host cell death [35, 36].
It has been established that criticalr esidues in the surface-exposed loop regions of PorB
influence organisms’ internalization by host cells [9, 13, 17] and may be involved in the
hyper-invasive features of some NM strains [18]. Our group has recently reported a
prevalence of negative surface charges is reported in loops 1, 4, 6 and 7 of PorB from
invasive meningococcal serogroup B clinical isolates, while overall positive charges are
reported in the corresponding PorB loops of invasive meningococcal serogroup C clinical
isolates [19]. The sequence variability of PorB also influences interactions with TLR2 and
the subsequent intracellular signaling pathways [23, 24, 28]. In contrast, NL porin reduces
the number of intracellular organisms [17]. It is possible that PorB sequence variability also
affects internalization of Neisseriae by airway epithelial cells, where initial establishment of
host colonization occurs.

We have shown that NeJsseriae attach to and are internalized by the human airway epithelial
cell line BEAS-2B cells in a dose-dependent and time-dependent fashion, with NM being
more efficient than NL. Although bacterial internalization is not exclusively actin-
dependent, actin cytoskeleton rearrangements strongly contribute to Ne/sseriae
internalization and a role for porins in these events has been shown. Our results confirm that
the number of intracellular NM and NL is reduced by inhibiting actin polymerization with
cytochalasin D in BEAS-2B cells. In these cells, internalization of a NM strain expressing
NL PorB (NM-[N/ac PorB]) was lower than that of NM but it remained higher than that of
NL, suggesting that the type of PorB expressed by the organisms contributes to this process,
as previously shown for NL PorB expression in GC. It is possible that NM PorB expression
into NL may enhance internalization, but introduction of a bacterial pathogen product into a
commensal organism may not be a safe experimental choice. Therefore, as an alternative
approach /n vitro, purified PorB from NM was used to stimulate cells prior to incubation
with bacteria. This not only restored the number of intracellular NM-[ MV/ac PorB] to levels
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comparable to NM but also increased that of NL, suggesting an enhancement of cell
susceptibility to Neisseriae uptake.

Since PorB is a TLR2 ligand, this effect may be driven by TLR2 stimulation, and, in fact, a
similar increase of intracellular bacteria is induced by the TLR2 agonist Pam3CSKy; in
converse, the TLR2-inactive PorB mutant PorBPPE/AKR reduced intracellular bacteria,
suggesting that TLR2 engagement and activation provide a positive signal for bacteria
internalization. BEAS-2B cells express low, constitutive TLR2 surface levels (a potential
mechanism to confer hypo-responsiveness to commensal bacteria). TLR2 is upregulated by
pathogen-induced cell activation and pro-inflammatory cytokines, representing a potential
cause of cell responses variability depending on the stimulus. While future experiments
should be aimed at silencing TLR2 mRNA expression in these cells, HEK cells over-
expressing TLR2 were used to validate our findings and to further examine the effect of
TLR2 stimulation on internalization of Neisseriae. In TLR2 HEK cells, an increased
susceptibility to NM-[Nac PorB], NL and particularly NM internalization was reported than
in HEK cells lacking TLR2. Similarly, TLR2 HEK cells stimulation by PorBWT and
Pam3CSKy4 recapitulated the increase of intracellular NL and NM-[N/ac PorB] - (both NL
PorB-expressing organisms) shown in BEAS-2B cells, but did not affect intracellular NM. It
is possible that simultaneous stimulation with potent TLR2 ligands and NM (which
expresses a PorB that also induces robust TLR2 stimulation) leads to a TLR2 signaling
saturation. /n toto, these results indicate a role of PorB on host cell susceptibility to
Neisseriae internalization and link TLR2 expression and stimulation to this process.

Previously, protein tyrosine kinases (PTKSs), Src-mediated and NF-xB signaling have been
shown to participate in Nefsseriae internalization processes [26, 27, 37]. Since PorB from
NM and NL induce TLR2 cell activation via similar, but not identical signaling mechanisms,
we examined individual pathways downstream of TLR2 using specific inhibitors of MAPKs
(p38, ERK1/2 and JNK) and NF-xB pathways [24, 38]. While inhibition of NF-xB strongly
reduced intracellular organisms, variability was observed for MAPKS: inhibition of INK
signaling generally led to lower intracellular bacteria, the effect of ERK1/2 inhibition was
less considerable and that of p38 inhibition was rather dubious, consistent with previous
observations [26] and with a potential function redundancy among these pathways. Blocking
signaling downstream of TLR2 stimulation was similarly variable: inhibition of p38 strongly
reduced intracellular NM, partially reduced intracellular NM-[A/ac PorB] and did not affect
intracellular NL, regardless of the TLR2 ligand used. This could be attributed to a
competitive effect of NL PorB, which may counteract TLR2 stimulation and ultimately
result in dampened cell activation. This may also explain the partial inhibition of
internalized NM-[A/ac PorB], an organism that expresses the same virulence factors as NM
(except for PorB). Blocking TLR2-inducible ERK1/2, INK and NF-xB activation
consistently reduced the number of intracellular organisms, and confirmed a role for these
pathways in Neisseriae internalization by epithelial cells.

TLR2 is not the only cellular receptor responding to Neisseriae and the role of TLR4 is well
established. BEAS-2B cells normally express TLR4 within the Golgi compartment and lack
expression of MD-2, resulting in TLR4 hypo-responsiveness; however, when TLR4 is
translocated to the cell surface and exogenous MD-2 is provided, signaling is permitted.
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However, “TLR4-permissive” BEAS-2B cells did not show overall increased intracellular
bacteria. When TLR4 HEK cells were used to validate these results, comparable intracellular
NL were reported than in TLR2 HEK cells, but intracellular NM were 3-fold lower, likely
because the sensitizing effect of PorB was lacking. The central role for NF-xB in Neisseriae
internalization was confirmed in TLR4-permissive conditions, as well as the variability of
the MAPKSs pathways contribution. Interestingly, exogenous TLR4 stimulation by LPS did
not enhance intracellular bacteria in either type of cell, and had a rather (likely PorB-
independent) inhibitory effect on NM-[N/ac PorB] and NM. Thus, unlike TLR2, TLR4
stimulation does not appear a sensitizing event for Nefsseriae internalization.

The reason for such differences in the recovered intracellular Neisseriaein TLR2 and TLR4
stimulation remains unclear. It is possible that, while both receptors induce similar patterns
of intracellular signaling, the components of each cascade (i.e. NF-xB subunits and MAPKs
phosphorylation patterns) may differ, or that multiple sighaling complexes may be formed,
and even that temporal differences in signaling may ultimately influence the epithelial cells
vulnerability to bacteria internalization. It is also accepted that the local inflammatory
cytokine milieu influences epithelial tissues susceptibility to bacterial invasion [39]. It may
be possible that Nersseriae strains expressing PorB molecules with certain sequences,
structure and TLR2-dependent features predispose airway epithelial cells to infection by
inducing a particular inflammatory environment. In contrast, PorB variants from carriage or
commensal strains may not equally sensitize target cells. To this end, severe and fatal
meningococcal disease correlate with high levels of IL-6, IL-8, TNF-a and IFN-y
production [40-42], cytokines that are all are highly induced by NM and its PorB and not by
NL and its PorB [24, 28]. Expression of bacterial recognition receptors on airway epithelial
cells may be also driven by TLR2-dependent molecular mechanisms and further favor cell
vulnerability to infection in a predetermined inflammatory environment [43]. For example,
expression of CEACAM s is upregulated in airway epithelial cells by TLR3 signaling [44]
and that of PAFr (platelet activating factor receptor, involved in airway epithelial cell
interaction with Neisseriae and other pathogens [45, 46]) is linked to TLR2 [47]. In addition,
TLR2 surface expression itself is up-regulated by NM and its PorB but not by NL and its
PorB, providing an additional feedback loop for enhancing cell activation and possibly
internalization of invasive strains, but not carriage and commensal strains that express other
PorB variants. Lastly, analysis of TLR polymorphisms incidence in humans indicates a
potential correlation between TLR signaling and meningococcal pathology, by increased risk
of infection and susceptibility to NM with TLR2, TLR4 and TLR9 polymorphisms [48-51].

In conclusion, the cooperative interaction of bacterial virulence factors and host cell
components, the specific cell signaling cascades and the inflammatory responses induced in
host cells are all events that contribute to Neisseriae pathogenicity. We have shown that
TLR2 stimulation enhances cellular internalization of Ne/sseriae and propose that
expression of PorB molecules with distinct loop residues, structure and functional features
that promote TLR2 signaling may represent a mechanism to strengthen the virulence of
pathogenic NM strains. Such a mechanism may be particularly relevant for the disease
caused by serogroup B strains that may express PorBs that are potent TLR2 activators.
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Fig. 1. Neisseriae attachment and internalization by BEAS-2B cells
BEAS-2B cells incubated in antibiotic-free and FBS-free culture medium with A) NM MOI

10, 2h, 4h and 24h. Adherent bacteria are reported as CFU/well + SEM. **p = 0.004 and
0.0021; ****p < 0.0001 by Mann Whitney test; B) NL MOI 10, 2h, 4h and 24h. ***p =
0.0004 and ****p < 0.0001 as above; C) NM (gray bars) and NL (white bars), MOls of 10
and 100, 2h. **p = 0.0028 and ***p = 0.0007 as above. D) Intracellular NM (gray bars) and
NL (white bars), MOIs of 10 and 100, 2h by gentamicin assay (100 pg/ml, 1h) reported as
CFEU/well + SEM. ***p = 0.0004 and *p = 0.043 as above. E) Intracellular NM (gray bar)
and NL (white bar), MOI 100, 2h, following cytochalasin D (CytD) treatment (5 ug/ml, 1h).
Intracellular bacteria are reported as percent relative to non CytD-treated cells (dashed line)
+ SEM. ***p = 0.0007 and ****p < 0.0001 by one sample t test; p = n.s. by Mann Whitney
test.
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Fig. 2. PorB and TLR2-dependent Neisseriae internalization in BEAS-2B cells
A) BEAS-2B cells were incubated in antibiotic-free and FBS-free culture medium with NM-

[Nlac PorB] MOI 100, 2h. Intracellular bacteria are expressed as percent of recovered
intracellular NM (gray dotted bar and dashed line, respectively), or NL (white dotted bar and
dashed line, respectively) £ SEM. *p = 0.02 and ****p < 0.0001 by one sample t test. B)
Intracellular NM-[A/ac PorB] (striped bar), NM (gray bar) and NL (white bar) (MOI 100,
2h) recovered following cell stimulation with purified recombinant PorB (PorBWT) (10
pg/ml, 24h) and expressed as percent of non PorBWT-stimulated cells (dashed line) +
SEM.**p = 0.007; ***p = 0.0002 and 0.0001 by one sample t test. Among strains, p = n. s.
by Mann Whitney test. C) Intracellular bacteria as above following stimulation with
Pam3CSKy (200 ng/ml, 24h). *p = 0.015; ***p = 0.0008 and 0.0003 as above. Among
strains, *p = 0.016 and ***p = 0.0009 as above. D) Intracellular bacteria as above following
stimulation with PorBPPE/AKR (10 yg/ml, 24h). **p = 0.0017 and ****p < 0.0001 as above.
Among strains, p = n. s. as above.
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Fig. 3. Neisseriae internalization by HEK cells
A) pcDNA and TLR2 HEK cells incubated in antibiotic-free culture medium with NM-[N/ac

PorB] (striped bar), NM (gray bar) and NL (white bar), MOI 100, 2h. Intracellular bacteria
are reported as percent of intracellular organisms from TLR2 HEK cells relative to pcDNA
HEK cells (dashed line) £ SEM. **p = 0.0062 and ***p = 0.0001 and 0.0002 by one sample
t test. Among strains, ****p < 0.0001 by Mann Whitney test. B) Intracellular NM-[N/ac
PorB] (striped bar), NM (gray bar) and NL (white bar), MOI 100, 2h in TLR2 HEK cells
following cell stimulation with purified recombinant PorB (PorBWT) (10 pg/ml, 24h)
expressed as percent of non PorBWT-stimulated cells (dashed line) + SEM. *** p = 0.0007
and ****p < 0.0001 by one sample t test as above. Among strains, **p = 0.0061, ***p =
0.0001 and ****p< 0.0001 by Mann Whitney test as above. C) Intracellular bacteria as
above following stimulation with Pam3zCSK4 (200 ng/ml, 24h). **p = 0.0063 by one sample
t test as above. Among strains, p = n. s. as above. D) Intracellular bacteria as above
following stimulation with PorBPPE/AKR (10 ng/ml, 24h). **p = 0.0028 and 0.0098 as
above. Among strains, *p = 0.024 as above.
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Fig. 4. Intracellular signaling pathways in Neisseriae internalization
BEAS-2B cells incubated in antibiotic-free and FBS-free culture medium with A) SB03580

(black bars), B) U0126 (gray bars), C) SP600125 (white bars) and D) parthenolide (PA)
(striped bars) (25 ug/ml) for 1h followed by addition of NM-N/ac PorB] (striped bars), NM
(gray bars) and NL (white bars), MOI 100, 2h. Intracellular bacteria are expressed as percent
relative to control cells in the absence of inhibitors (medium/DMSO as inhibitors diluent
control) (dashed line) £ SEM. SB03580: **p = 0.0084 by one sample t test; U0126: *p =
0.045 and ***p = 0.0002 as above, and *p = 0.026 by Mann Whitney test; SP600125: *p =
0.012, **p = 0.0011 and ****p < 0.0001 as above; PA: **p = 0.0013 and ****p < 0.0001 as
above. E) BEAS-2B cells incubated with inhibitors as above prior to stimulation with
PorBWT (10 pg/ml, 24h) or Pam3CSK4 (200 ng/ml, 24h) and addition of NM-[ AV/ac PorB]
(striped bars), NM (gray bars) and NL (white bars) MOI 100, 2h. Intracellular bacteria are
expressed as percent relative to cells stimulated in the absence of inhibitors (dashed line) +
SEM. SB03580: ***p = 0.0003 and 0.0005 (PorBWT); **p = 0.0042 and ****p < 0.0001
(Pam3CSKy) by one sample t test. U0126: ***p = 0.0005 and 0.0007, and ****p< 0.0001
(PorBWT): **p = 0.0027, ***p = 0.0004 and ****p < 0.0001 (Pam3CSK,) as above.
SP600125: **p = 0.0011, ***p = 0.0004 and ****p < 0.0001 (PorBWT); *p = 0.015 and
*xkp < 0,0001 (Pam3CSKy,) as above. PA: *p = 0.012 and ****p < 0.0001 (PorBWT); ***p
=0.0001 and ****p < 0.0001 (Pam3CSK,) as above.
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Fig 5. Intracellular Neisseriae in TLR4-permissive conditions
A) BEAS-2B cells incubated in antibiotic-free medium supplemented with 5% FBS with

NM-[Nlac PorB] (striped bars), NM (gray bars) and NL (white bars), MOI 100, 2h.
Intracellular bacteria are expressed as percent relative to cells incubated with bacteria in
FBS-free medium (dashed line) £ SEM. ***p = 0.0009 by one sample t test. B) Intracellular
NM (gray bar) and NL (white bar), MOI 100, 2h in TLR4 HEK cells, expressed as percent
relative to pcDNA HEK cells (dashed line) £ SEM. p = n.s. by one sample t test (not shown),
and *p = 0.039 by Mann Whitney test. C) Intracellular bacteria NM-[A/ac PorB] (striped
bar), NM (gray bar) and NL (white bar) (MOI 100, 2h) in BEAS-2B cells in medium
containing 5% FBS following stimulation with £. coli LPS (200 ng/ml, 24h) is expressed as
percent of non LPS-stimulated cells (dashed line) £ SEM. *p = 0.0 and ****p < 0.0001 by
one sample t test. D) Intracellular NM (gray bar) and NL (white bar), MOI 100, 2h, in TLR4
HEK cells following stimulation with £. co/i LPS as above. ****p < 0.0001 by one sample t
test as above.
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