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Abstract

The pili and outer membrane proteins of Neisseria meningitidis (meningococci)

facilitate bacterial adhesion and invasion into host cells. In this context expression

of meningococcal PilC1 protein has been reported to play a crucial role. Intracellular

calcium mobilization has been implicated as an important signaling event during

internalization of several bacterial pathogens. Here we employed time lapse

calcium-imaging and demonstrated that PilC1 of meningococci triggered a

significant increase in cytoplasmic calcium in human brain microvascular

endothelial cells, whereas PilC1-deficient meningococci could not initiate this

signaling process. The increase in cytosolic calcium in response to PilC1-

expressing meningococci was due to efflux of calcium from host intracellular stores

as demonstrated by using 2-APB, which inhibits the release of calcium from the

endoplasmic reticulum. Moreover, pre-treatment of host cells with U73122

(phospholipase C inhibitor) abolished the cytosolic calcium increase caused by

PilC1-expressing meningococci demonstrating that active phospholipase C (PLC)

is required to induce calcium transients in host cells. Furthermore, the role of

cytosolic calcium on meningococcal adherence and internalization was

documented by gentamicin protection assay and double immunofluorescence (DIF)

staining. Results indicated that chelation of intracellular calcium by using BAPTA-

AM significantly impaired PilC1-mediated meningococcal adherence to and

invasion into host endothelial cells. However, buffering of extracellular calcium by

BAPTA or EGTA demonstrated no significant effect on meningococcal adherence

to and invasion into host cells. Taken together, these results indicate that
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meningococci induce calcium release from intracellular stores of host endothelial

cells via PilC1 and cytoplasmic calcium concentrations play a critical role during

PilC1 mediated meningococcal adherence to and subsequent invasion into host

endothelial cells.

Introduction

Neisseria meningitidis (N. meningitidis) are Gram-negative human-specific

pathogens and the leading cause of meningitis and sepsis worldwide [1, 2]. Since

meningococci can be transmitted by direct contact from person to person the

carriage rate in healthy individuals is very high (10 to 40%), and the human upper

respiratory tract serves as a reservoir for meningococci [2–4]. Despite high

carriage rates, only few bacteria can invade the blood stream to cause septicemia

or disrupt the blood-brain barrier (BBB) to cause meningitis [2]. Lack of

appropriate in vivo and in vitro models has contributed to the incomplete

understanding of meningococcal pathogenesis, which in turn leads to high

morbidity and mortality (10 to 50%) in people suffering from meningococcal

septicemia [5]. In order to cause disease, the pathogens have to survive in hostile

environment, have to overcome the host cell defense and have to breach different

barriers like the BBB [6]. Bacterial pathogens like meningococci, Escherichia coli

K1 (E. coli), Streptococcus agalactiae (S. agalactia), S. pneumoniae and

Haemophilus influenza type b (H. influenza) are equipped with different virulence

factors and have also evolved different strategies to cross the BBB to cause

meningitis in people of different age groups [7, 8]. Among meningococcal

virulence factors, pili serve as primary adhesins and thus initiate the infectious

process of meningococci by providing initial attachment and promoting adhesion

to host cells [9, 10].

Meningococcal pili belong to type IV class of pili and these pili play a critical

role during adherence and subsequent invasion of several bacterial pathogens to

host cells [11]. Pilin (PilE) and PilC are two major components of neisserial pili.

Type IV pili primarily consist of monomeric PilE protein and are extended from

bacterial surface as a filamentous structure [12]. Besides adhesion, cytotoxicity,

twitching motility, DNA transformation and auto-aggregation are some peculiar

attributes of meningococcal pili [13, 14]. PilC acts as a tip-associated bacterial

adhesion [15]. Most pathogenic N. meningitidis and Neisseria gonorrhoeae (N.

gonorrhoeae) express two PilC alleles, pilC1 and pilC2, and these two variants are

independently expressed from separate loci and regulated distinctly [16–19].

Type IV pili-mediated meningococcal interaction with host cells leads to

cytoskeleton rearrangements and modulates the host cell signaling cascades [20].

During this interaction, eukaryotic membrane-associated proteins such as

Intercellular Adhesion Molecule 1(ICAM-1), Epidermal growth factor receptor

(EGFR), CD44 and CD46 get accumulated and lead to actin polymerization [21–
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24]. CD46 is a complement regulator, expressed by almost all human cell types

except erythrocytes and it has been reported to be involved during interaction of

pathogenic Neisseria with human host cells [25, 26]. During infection of N.

gonorrhoeae CD46 gets phosphorylated [27, 28] to induce cell signaling and

transient release of calcium (Ca2+) from intracellular stores in human cervical

carcinoma epithelial cells (ME180) [29]. Calcium signaling plays a key role in cell

proliferation, gene expression, vascular contraction, and enzyme secretion [30].

Moreover, virulence factors of several bacterial pathogens like Salmonella

typhimurium (S. typhimurium) [31, 32], Listeria monocytogenes (L. monocytogenes)

[33, 34], Campylobacter jejuni (C. jejuni) [35], Pseudomonas aeruginosa

(P.aeruginosa) [36] Kingella kingae (K. kingae) [37] and S. pneumoniae [38, 39]

have been reported to induce calcium influx in host cells, and such modulation of

calcium signaling facilitates the bacterial adherence to and subsequent

internalization into their respective host cells. Bacterial toxins, like hemolysin A

from Staphylococcus aureus (S. aureus), have been shown to induce calcium

transients in host epithelial cells [40]. However, the role of calcium mobilization

during meningococcal interaction with human endothelial cells and its

subsequent effect on meningococcal adherence to host endothelial cells has not

been addressed yet.

In this study, we analyzed the role of calcium signaling during meningococcal

interaction with Human Brain Microvascular Endothelial Cells (HBMEC) in

detail. During the last two decades, HBMEC have emerged as a prime model to

study the impact of meningitis causing pathogens on the human blood-brain

barrier [41–47]. Our study demonstrated that meningococci induce calcium efflux

from intracellular stores of host endothelial cells by PilC1 and this release of

calcium was dependent on phospholipase C. Furthermore, calcium release from

intracellular stores was critical for efficient adherence and subsequent invasion of

meningococci into HBMEC.

Materials and Methods

Bacterial strains and culture conditions

The N. meningitidis serogroup C strains FAM20 (WT), FAM20.1 (DpilC1) and

FAM20.2 (DpilC2) were grown overnight at 37 C̊ and 5% CO2 on chocolate agar

plates supplemented with 1% Polyvitox (Oxoid, Wesel, Germany). FAM20 and its

isogenic mutants of pilC1 (FAM20.1) and pilC2 (FAM20.2) have previously been

described [48]. Lactococcus lactis (L. lactis) MG1363 were cultured statically at

30 C̊ in M17 broth (Oxoid) supplemented with 0.5 % glucose (GM17) to mid-

exponential phase or grown on GM17 agar plates (Oxoid).

Chemicals and reagents

1,2-bis-(o-Aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid, tetraacetoxymethyl

ester (BAPTA-AM) was purchased from Calbiochem (Darmstadt, Germany).
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Trypsin (without EDTA) was purchased from Invitrogen (Darmstadt, Germany).

U73122, U73343, 2-APB, BAPTA, CaCl2 and EGTA were obtained from Sigma-

Aldrich (St. Louis, MO, USA). Fluo-8 No Wash Calcium Assay Kit was purchased

from Abcam (Cambridge, UK). All other chemicals were obtained from Roth

(Karlsruhe, Germany).

Cell culture and infection experiments

HBMEC were a kind gift from Prof. K.S. Kim [49]. HBMEC were regularly

cultivated in RPMI-1640 medium (Biochrom AG, Berlin, Germany) containing

0.42 mM calcium, supplemented with 10% Fetal Calf Serum (FCS) (PAA

Laboratories GmbH, Cölbe Germany), 10% Nu-Serum (BD Biosciences,

Heidelberg, Germany), 2 mM L-glutamine, 1 mM sodium pyruvate, 1% minimal

essential medium (MEM)-vitamins, and 1% non-essential amino acids (all from

Gibco, Life Technologies, Karlsruhe, Germany), at 5% CO2, 37 C̊. Confluent

HBMEC were diluted in fresh media and cultivated in tissue culture flasks

maximum to passage 32. HBMEC were seeded on glass cover slips (diameter

12 mm) or directly in wells of a 24-well plate (Star lab, Hamburg, Germany).

26105 cells per well were cultured for 24 h prior to infection to form monolayers.

Prior to the infection with meningococci, HBMEC were washed three times with

Dulbecco’s modified Eagle’s medium (DMEM) without phenol red (Gibco, Life

Technologies, Karlsruhe, Germany) supplemented with 1.0% FCS (infection

medium). Endothelial cells were infected for four hours with N. meningitidis by

using a multiplicity of infection (MOI) of 50 bacteria per host cell as described

previously [43]. The infection dose (CFU) per cell/well was controlled by serial

plating of meningococci on chocolate agar plates [43]. Infections were carried out

for 4 h at 37 C̊ and 5% CO2.

Determination of free cytoplasmic calcium source in infected

HBMEC

Several pharmacological inhibitors, which inhibit or modulate the calcium

signaling pathway, were used in this study. Inhibitors were dissolved in

dimethylsulfoxide (DMSO) or according to manufacturer instructions. HBMEC

were pre-incubated with inhibitors at 37 C̊ for 5–10 min prior to host cell

infection, and the infection assays were performed in the presence of the

inhibitors as described earlier [38]. Pharmacological inhibitors and DMSO had no

effect on bacterial growth and on cell viability as determined by bacterial growth

curve and trypan blue exclusion method after 4 h incubation. The trypan blue

assay is based on the principle that dead cells take up certain dyes, such as trypan

blue, Eosin and propidium iodide, whereas live cells having intact cell membranes,

exclude such dyes. In this assay, cells are suspended with dye and examined under

the fluorescence microscope to see the presence or absence of the dye in

cytoplasm. Dead cells will take up the dye and will display blue stained cytoplasm,

while viable cells will display a clear cytoplasm [50].
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Enumeration of adhered and internalized meningococci

To estimate the total amount of bacteria associated with host cells, unbound

bacteria from the supernatant of the infected cells were removed by thoroughly

washing with infection medium. Cells were lysed with saponin (1% w/v in

DMEM) for 10 min, serial dilutions of lysate were plated on chocolate agar plates

for over-night incubation at 37 C̊, 5% CO2 and total numbers of meningococci

associated with endothelial cells (adhered and invasive bacteria) were quantified.

Intracellular meningococci were determined after 1 h of incubation with infection

medium containing gentamicin (Sigma-Aldrich St. Louis, MO, USA) at a

concentration of 200 mg ml21 and bacterial quantification was done as described

above. The used antibiotic concentration killed all extracellular meningococci

efficiently, however, no detrimental effect of the antibiotic was observed on

internalized bacteria [43]. The adhered bacteria were estimated by subtracting the

internalized bacteria from total associated bacteria. All experiments were

performed in duplicate and repeated at least five times or as otherwise indicated.

Measurement of intracellular calcium in HBMEC

Calcium imaging is a common and useful technique to measure calcium signaling

in cultured cells. Calcium imaging techniques mostly take advantage of calcium

indicator dyes that change their spectral properties in response to the binding of

Ca2+ ions and act independent of dye concentration [51]. Cell permeable Fluo-8

no wash calcium assay kit (Abcam, Ltd., Cambridge, UK) was used to evaluate the

effect of meningococci on intracellular calcium mobilization in HBMEC. Once

Fluo-8 is inside the cell, the lipophilic blocking groups of Fluo-8 are cleaved by

esterase, which results in a negatively charged fluorescent dye which remains

inside the cells. Its fluorescence is greatly enhanced upon binding to calcium. The

experiments were performed according to manufacturer instructions with minor

modifications. Briefly, host cells were trypsinized and 86104 cells/well/100 ml

were cultured overnight with regular growth medium in 96 well plates. Before

calcium measurements growth medium was replaced with Hank’s balanced salt

solution to minimize background fluorescence and compound interference with

serum. Cells were treated with or without pharmacological inhibitors at indicated

time points. Dye-loaded cells were further incubated for 30 min at 37 C̊ and 5%

CO2. Cytoplasmic calcium level at different time points was documented by

monitoring the fluorescence intensity under a fluorescence microscope using a

206 objective lens. Alexa-Fluor-488 fluorescence channel with filters of

appropriate wavelengths (Ex/Em5490/565) was used to monitor the fluorescence

intensity. The exposure time was kept constant during image acquisition of all

samples. Meningococci at a MOI of 50 per cell were used. Bacteria were added to

the well in presence or absence of inhibitors just before starting the fluorescence

measurement. The change of free cytosolic calcium in HBMEC infected with

meningococci was calculated as follows: the fluorescence intensity in HBMEC at

different time points (Fx)/the fluorescence intensity in the same cells before

infection (F0) x 100% [52, 53].
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Fluorescence staining and microscopy

Double immunofluorescence (DIF) staining and microscopy of infected host cells

was carried out as described recently [54]. Briefly, the HBMEC grown on cover

slips and infected with meningococci were washed repeatedly to remove unbound

bacteria and fixed on glass cover slips (diameter, 12 mm) using 3.7% para-

formaldehyde. Extracellular meningococci were incubated with a polyclonal anti-

meningococcal antiserum [54] for 1 h and stained with secondary goat anti-

chicken IgG coupled to Alexa-Fluor-594 (red) (Invitrogen Darmstadt, Germany).

After washing, the host cells were permeabilized with 0.1% Triton X-100 for

10 min, and blocked with 3% BSA for 45 minutes. Extracellular and intracellular

bacteria were incubated with anti-meningococcal antiserum for 1 h and later

stained with secondary goat anti-chicken IgG coupled to Alexa-Fluor-488 (green)

(Invitrogen, Darmstadt, Germany), while host cell nuclei were stained with DAPI.

The coverslips were then mounted on microscope slides by using

ProLongAntifadeReagent (Invitrogen, Darmstadt, Germany) and stored at 4 C̊ in

dark until examination. This staining procedure resulted in yellow (red and green)

extracellular meningococci, green intracellular meningococci, and blue host cell

nuclei. The stained samples were viewed with a Zeiss Apotome microscope using a

636/1.4 objective lens. ZEN 2012 software was used for image acquisition (Carl

Zeiss, Jena, Germany).

Statistical analysis

All data are reported as mean ¡ standard deviation. Results were statistically

analyzed using the paired two–tailed student’s t-test and a value of p,0.05 was

accepted as indicating significance.

Results

N. meningitidis elevates cytoplasmic calcium in HBMEC

Cytosolic Ca2+ concentration was assessed by monitoring fluorescence intensity in

HBMEC infected with meningococcal strains FAM20 (wild type), FAM20.1

(DpilC1), FAM20.2 (DpilC2) or infected with L. lactis or left uninfected.

Meningococcal strains expressing pilC1 (WT and DpilC2) significantly elevated

the cytosolic Ca2+ concentration in infected cells compared to control or host cells

infected with L. lactis (Figure 1A and 1B). However, DpilC1 did not induce

calcium efflux, and there was no difference in Ca2+ concentration compared to

uninfected cells or host cells infected with L. lactis (Figure 1A and 1B). The

transients in calcium concentration started after 5 min of bacterial infection,

reached at peak within the next five minutes and almost went back to basal level

after 20 min of infection (Figure 1). These results indicated that meningococcal

pilC1 caused host cell calcium concentration elevation.
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Figure 1. Meningococci mediate calcium mobilization in host cells via pilC1. (A) Changes of host cells intracellular calcium concentrations during
infection with the meningococcal strains WT, DpilC1 and DpilC2 for the indicated times were monitored by performing immunofluorescence microscopy of
Fluo-8 labeled HBMEC. Uninfected cells (control) and cells infected with L. lactis (L. lactis), respectively, were used as controls. Representative images from
an individual experiment repeated five times in triplicate are shown. Scale bars represent 50 mm in all panels. (B) Quantification of changes in calcium
concentrations in host endothelial cells during infection with different meningococcal strains are shown at the indicated time points. Uninfected cells (control)
and cells infected with L. lactis (L. lactis), respectively, were used as controls. Data are expressed as the mean ¡ S.D of fifteen independent readings.
*P,0.05, **P,0.01, versus values from control samples by Student’s t-test.

doi:10.1371/journal.pone.0114474.g001
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Interaction of PilC1 with HBMEC induces calcium release from

intracellular stores

To further determine if cytosolic Ca2+ changes in HBMEC observed during

meningococcal infection were due to influx of calcium from the extracellular

medium or release from intracellular stores, we used 2-aminobiphenyl borate (2-

APB), a cell-permeable channel blocker of inositol 1,4,5-triphosphate (InsP3)

receptors on endoplasmic reticulum [55]. The endoplasmic reticulum (ER) is the

main organelle capable of taking up, storing and releasing calcium ions, serves as a

dynamic Ca2+ pool in almost all eukaryotic cells and is involved in Ca2+ signaling

upon stimulation [56, 57]. InsP3 serves as a channel for Ca2+ release from

intracellular Ca2+ stores (ER) upon stimulation [57] and can be efficiently blocked

by 2-APB [55]. Therefore, HBMEC were treated with 2-APB (50 mM) prior to

infection with meningococci, and Ca2+ concentrations were monitored by

immunofluorescence microscopy (Figure 2A and 2B). Interestingly, calcium

efflux induced by meningococcal PilC1 was abolished under the effect of 2-APB

(Figure 2A and 2B), suggesting that Ca2+ release in response to PilC1- expressing

meningococci (WT and DpilC2) was from intracellular stores of HBMEC

(Figure 1 and 2).

Cytoplasmic Ca2+ concentrations play a critical role during adherence and

invasion of N. meningitidis to host cells

To investigate the role of free cytosolic Ca2+ concentrations during the

internalization process of meningococci into HBMEC, host cells were pre-treated

with 2-APB (50 mM) for 30 min to block calcium signaling via IP3 receptors on

the endoplasmic reticulum surface. Total associated meningococci were estimated

by performing DIF staining (Figure 3A) as has been described in Material and

Methods. The pre-treatment of 2-APB causes a significant decrease of bacterial

host cell association in case of pilC1- expressing meningococci relative to

respective controls (Figure 3A). However, blocking of calcium signaling has no

effect on bacterial association to host cells in case of DpilC1 (middle panel

Figure 3A). The results demonstrate that calcium signaling is required for efficient

adherence and internalization of meningococci into cells of the BBB. To further

confirm these results, data were quantified by performing gentamicin protection

assays as described in Material and Methods. The quantified data further

confirmed the pattern observed by immunofluorescence staining. Presence of 2-

APB decreased the number of adhered bacteria from 1.356106 and 1.56106 to

1.316105 and 1.366106 for WT and DpilC2, respectively. About 80% decrease in

adherence (Figure 3B) and subsequent invasion of PilC1-expressing meningococci

was observed due to pre-treatment of host cells with 2-APB (Figure 3B and 3C).

However, under the effect of 2-APB no difference in adherence and invasion of

the PilC1-deficient meningococcal strain (DpilC1) was observed (Figure 3B and

3C). The numbers of adhered DpilC1 meningococci in absence or presence of 2-

APB remained 1.266105 and 1.276105, respectively. This depicts no inhibitory
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Figure 2. Meningococcal pilC1 mediates calcium efflux from intracellular stores of host endothelial cells. HBMEC were pre-treated with 50 mM of 2-
APB before meningococcal infection. 2-APB inhibits IP3 receptors and blocks release of calcium from store operated channels. Fluorescence microscopy
was performed at the indicated time points. Uninfected cells (control) and cells infected with L. lactis (L. lactis), respectively, were used as controls.
Representative images from an individual experiment repeated five times in triplicate are shown. Scale bars represent 50 mm in all panels. (B) Quantification
of changes in calcium concentrations in host endothelial cells pre-treated with 2-APB during infection with different meningococcal strains are shown at the
indicated time points. Uninfected cells (control) and cells infected with L. lactis (L. lactis), respectively, were used as controls. Data are expressed as the
mean ¡ S.D of fifteen independent readings. *P,0.05, **P,0.01, versus values from control samples by Student’s t-test.

doi:10.1371/journal.pone.0114474.g002
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effect of 2-APB on DpilC1. Taken together, these data suggest a critical role of

cytoplasmic calcium concentrations during PilC1-mediated meningococcal

adherence to and invasion into host endothelial cells.

Figure 3. Intracellular release of calcium ions facilitates meningococcal internalization. HBMEC were grown on (A) cover slips or (B and C) directly in
wells of 24 well plates. Host cells were treated with or without 2-APB and infected with meningococcal strains WT, DpilC1 and DpilC2 for 4 h at 37˚C. (A)
After removing unbound bacteria by washing, adherent meningococci were incubated with chicken anti-meningococcal primary IgG and Alexa-Fluor-594
(red) coupled anti-chicken secondary antibodies. Cells were permeabilized by Triton X-100 and extra- and intracellular meningococci were further incubated
with chicken anti-meningococcal IgG and Alexa-Fluor-488 (green) coupled anti-chicken antibodies. DAPI was used to stain the host cell nuclei.
Fluorescence microscopy was performed using a Zeiss Axiobserver Z1 microscope equipped with an Apotome. Extracellular bacteria appear yellow (red
and green) and intracellular bacteria appear red. Representative images from an individual experiment repeated five times in triplicate are shown. Scale bars
represent 50 mm in all panels. (B) The total number of bacteria associated with host cells was determined after removing unbound extracellular bacteria by
washing the cells grown in wells of 24 well plates with infection medium. Host cells were lysed with saponin followed by plating of the serially diluted cells on
chocolate agar plates overnight at 37˚C. Control of WT was taken as 100% and other values are presented as relative to this control. (C) After removing
unbound bacteria by repeated washing steps, the number of internalized meningococci was determined by the antibiotic protection assay after 4 h of
infection in presence of 2-APB. Data are expressed as the mean ¡ S.D of five independent experiments performed in duplicate. *P,0.05, ***P,0.001,
versus values from control samples by Student’s t-test.

doi:10.1371/journal.pone.0114474.g003
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Role of Phospholipase C during meningococcal interaction with HBMEC

Cytosolic Ca2+ is regulated by several different pathways [57]. Among these

pathways, the PLC signaling pathway has also been reported to play a critical role

in mediating Ca2+ signaling in host cells during infection processes of different

pathogens by catalyzing phosphatidylinositol-4,5-biphosphate (PIP2) to form

inositol-1,4,5-triphosphate (IP3) [38, 58, 59]. To determine the role of PLC during

meningococcal infection, HBMEC were either pre-treated with the cell permeable

PLC inhibitor U73122 or its inactive analogue U73343 [59] or left untreated as

control. U73122 is a specific inhibitor of phospholipase C and thereby inhibits the

generation of InsP3 and the release of Ca2+ from intracellular stores in various cell

types, whereas its inactive analogue U73343 has no effect and was employed as a

negative control [59]. Cells infected with L. lactis were also used as control

(Figure 4A and 4B). Results indicated that pre-treatment of host cells with

U73122 significantly blocked meningococcal PilC1-mediated Ca2+ release in

HBMEC compared to cells treated with the inactive analogue U73343. Taken

together, these data suggest that activation of PLC plays a critical role during

PilC1- mediated meningococcal calcium release in host endothelial cells.

To further decipher the role of PLC during adherence and subsequent invasion

of meningococci in HBMEC, U73122 and U73343 were used during infection

assay. HBMEC pre-treated with U73122, U73343 or controls were infected with

three different meningococcal strains for the indicated time and concentrations of

the inhibitors (Figure 5). Enumeration of adhered and internalized meningo-

coccal enumeration was performed as described in Material and Methods. The

data revealed a significant decrease in PilC1 expressing meningococcal (WT and

DpilC2) adherence to and invasion into host cells under the effect of U73122

(Figure 5A and 5B). However, no effect of U73122 was observed on adherence

and invasion of DpilC1 (Figure 5A and 5B). Almost 50% decrease in

meningococcal (WT and DpilC2) adherence (Figure 5A) and invasion (Figure 5B)

to HBMEC pre-treated with U73122 was observed. As expected, U73343, the

inactive analogue of U73122, demonstrated no significant effect on all used

meningococcal strains (Figure 5C and 5D). Immunofluorescence staining also

confirmed the above mentioned observations (Figure S1). These results

deciphered the key role of PLC during meningococcal interaction with the BBB.

Chelation of free cytosolic Ca2+ has an inhibitory effect on meningococcal

interaction to HBMEC

To examine the role of intracellular calcium concentrations on meningococcal

adherence and subsequent invasion, we used BAPTA-AM in infection experi-

ments. BAPTA-AM is a cell permeable cytosolic calcium chelator [60]. Treatment

of eukaryotic cells with this pharmacological inhibitor results in lower cytosolic

calcium concentration due to closure of calcium release channels located on the

endoplasmic reticulum surface [61]. Thus, HBMEC were treated with BAPTA-

AM for 30 min prior to infection with meningococci. Adherence and invasion

were estimated by performing DIF staining or the bacterial colony forming units

were determined by plating the bacteria on chocolate agar plates for overnight at
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37 C̊ and 5% CO2. Interestingly, the results demonstrated a significant decrease in

adherence and invasion of PilC1-expressing meningococci to HBMEC (Figure 6A,

6B and 6C). However, adherence and invasion of the PilC1-deficient

meningococcal strain (DpilC1) remained unchanged (Figure 6A, 6B and 6C). DIF

Figure 4. Phospholipase C is required to induce calcium signaling by meningococci. Host endothelial cells were treated with Fluo-8 calcium dye for
1 h prior to infection with meningococcal strains. (A, B and C) Cells were either treated with the PLC inhibitor U73122 or its negative control U73343.
Uninfected cells (control) and cells infected with L. lactis (L. lactis), respectively, were used as controls to monitor the calcium fluxes by fluorescence
microscope. (A) Representative images from an individual experiment repeated five times in triplicate are shown. U73122 significantly blocked the calcium
efflux mediated by meningococci (pilC1+ strains) compared to non-treated or control-treated (U73343) cells. Scale bars represent 50 mm in all panels. (B and
C) Data are expressed as the mean ¡ S.D of five independent experiments performed in duplicate. *P,0.05, ***P,0.001, versus values from control
samples by Student’s t-test.

doi:10.1371/journal.pone.0114474.g004

Figure 5. Meningococcal pilC1-mediated adherence to and invasion into host cells require PLC. Host cells were grown in wells of 24 well plates, pre-
treated with different concentrations of U73122 (A and B), U73343 (C and D) or left untreated (control). Infection assays with three meningococcal strains
(WT, DpilC1 and DpilC2) were carried out for 4 h at 37˚C and 5% CO2. (A and C) The total number of bacteria associated with host cells was determined
after removing unbound bacteria by washing the cells grown in wells of 24 well plates with infection medium. Subsequently, host cells were lysed with
saponin and serial dilutions of the lysates were plated on chocolate agar and incubated overnight at 37˚C. Control of WT was taken as 100% and other
values are presented as relative to this control. (B and D) After removing unbound bacteria by washing, the number of internalized meningococci was
determined by the antibiotic protection assay after 4 h of infection in presence of 2-APB. Data are expressed as the mean ¡ S.D of five independent
experiments performed in duplicate. *P,0.05, **P,0.01 versus values from control samples by Student’s t-test.

doi:10.1371/journal.pone.0114474.g005
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staining revealed that the numbers of meningococci (WT and DpilC2) associated

with host cells were strongly reduced under the effect of BAPTA-AM (Figure 6A).

Furthermore, enumeration of adhered and internalized bacteria showed a

significant decrease due to intracellular calcium chelation by BAPTA-AM

(Figure 6B and 6C). This inhibitory effect was observed in a dose-dependent

manner (Figure 6B and 6C). Importantly, the effect of BAPTA-AM was only

observed in case of PilC1-expressing meningococci and the interaction of the

PilC1-deficient meningococcal strain (DpilC1) with host cells remained

Figure 6. Chelating intracellular calcium inhibits meningococcal invasion into host endothelial cells. BAPTA-AM (50 mM) pre-treated host cells were
grown on (A) glass cover slips for microscopy or directly in (B and C) wells of 24 well plates to quantify the adhered and internalized bacteria. HBMEC were
infected with meningococci (MOI50) for 4 h at 37˚C and 5% CO2. After infection, host cells were washed thoroughly to remove the unbound meningococci.
(A) Cells were fixed with paraformaldehyde, incubated with anti-meningococcal IGg, followed by an Alexa-Fluor-594 labelled secondary antibody. Host cells
were permeabilized to stain intracellular bacteria with Alexa-Fluor-488 and nuclei with DAPI. Scale bars represent 50 mm. (B) The number of adhered
meningococci to host cells grown in wells of 24 well plates was determined after removing unbound extracellular bacteria and plating the recovered bacteria
on blood agar plates. (C) Effect of pre-treating host endothelial cells with BAPTA-AM on internalization meningococci after 4 h of infection of HBMEC as
determined by the antibiotic protection assay. Adherence and internalization of WT meningococci by host cells in the absence of BAPTA-AM was set to
100% and other values are presented as relative percentage relative to the WT control. Data represent means ¡ S.D (n55) (*P,0.05).

doi:10.1371/journal.pone.0114474.g006

Role of Ca2+ during Meningococcal Infection

PLOS ONE | DOI:10.1371/journal.pone.0114474 December 2, 2014 14 / 24



unchanged (Figure 6). Moreover, the effect of intracellular calcium chelation

subsequently to bacterial infection was monitored by administering BAPTA-AM,

20 min post bacterial infection to host cells (Fig. S2). As expected, there was no

significant effect on meningococcal association to host cells. Taken together, these

results indicated that manipulation of calcium signaling pathways and buffering

of intracellular calcium by pharmacological inhibitors prior to bacterial infection

resulted in impaired meningococcal adherence to and invasion into HBMEC.

Extracellular Ca2+ concentration has no significant effect on meningococcal

adherence and invasion to HBMEC

In order to determine if extracellular calcium concentrations influence

meningococcal association and entry to host cells, HBMEC were either pre-treated

with the extracellular calcium chelators BAPTA (non-cell permeable) and EGTA

or CaCl2 was added to increase the calcium level in the extracellular medium.

Infection assays were carried out as described above. The effect of low or high

extracellular calcium concentration on meningococcal adherence and invasion

was investigated separately by plating the associated and internalized bacteria on

chocolate agar plates overnight at 37 C̊ and 5% CO2. The results showed that

extracellular calcium has no significant effect on meningococcal adherence to

(Figure 7A, 7C and 7E) and invasion (Figure 7B, 7D and 7F) into host endothelial

cells. Double immunofluorescence staining also confirmed that employing

BAPTA, EGTA or CaCl2 did not affect the meningococcal association to and

internalization into host endothelial cells (Figure S3). Taken together, this study

demonstrates that PilC1 of meningococci mediates calcium efflux from

intracellular calcium stores of HBMEC via a PLC pathway. This calcium

mobilization plays a key role during meningococcal adherence to and subsequent

invasion into host cells.

Discussion

Meningococci employ several virulence factors including surface-expressed

proteins such as Opa, Opc and type IV pili to invade host cells. Type IV pili are

crucial for bacterial adhesion to host cells as non-piliated encapsulated

meningococci are unable to interact with human cells [8]. These pili facilitate

meningococcal division of initially attached bacteria on host cell surfaces and thus

increase the number of bacteria interacting with host cells [2]. PilE encodes the

major subunit of meningococcal pili and is involved in antigenic variation, which

modulates the degree of bacterial virulence. PilC is known as a minor subunit of

meningococcal pili and carries two homologous alleles, pilC1 and pilC2, which are

expressed independently of each other. Expression of the PilC1 protein has been

shown to be critical for meningococcal adherence to host cells [15].

Ca2+ plays a key role as a second messenger to regulate several cellular functions

such as gene expression, vascular contraction, cytoskeletal rearrangements and cell

signaling [30]. Interestingly, several bacterial pathogens have evolved strategies to
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Figure 7. Extracellular Ca2+ concentration has no effect on meningococcal adherence to and subsequent invasion into HBMEC. Host cells pre-
treated with extracellular calcium chelators BAPTA and EGTA or CaCl2 were infected with three different strains of meningococci with MOI of 50 for 4 h at
37˚C and 5% CO2. (A, C and E) The number of meningococci adhered to host endothelial cells was determined in the absence (control) or presence of
BAPTA, EGTA or CaCl2 by lysing the host cells and plating of the lysates on agar plates for overnight at 37˚C and 5% CO2. (B, D and F) The number of
meningococci invaded into HBMEC was determined by using the antibiotic protection assay. Adherence and invasion of WT meningococci in the absence of
inhibitors was set to 100%. Meningococcal adherence to and subsequent invasion into host cells was not altered by manipulation of the extracellular
calcium. Data represent means ¡ S.D (n55) (*P,0.01).

doi:10.1371/journal.pone.0114474.g007
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interfere with intracellular calcium signaling in order to promote their invasion

into host cells [31, 33, 38]. However, the impact of calcium signaling and

cytoplasmic concentrations of calcium in host cells on meningococcal adherence

to and invasion into human endothelial cells are the major questions yet to be

answered.

This study deciphers the role of calcium signaling mediated by PilC1 during

meningococcal adherence and subsequent invasion of host endothelial cells in

detail. Meningococcal strains expressing (FAM20 and FAM20.2) or lacking PilC1

(FAM20.1) were used to analyze the interaction with HBMEC, which are

commonly used as in vitro model of the human BBB [49]. Several pathogens

employ their virulence factor(s) to mediate calcium signaling in host cells

[31, 33, 38, 58], meningococcal PilC1 serves the same purpose here. This

hypothesis was confirmed as a meningococcal strain deficient of PilC1 (FAM20.1)

was not able to increase the cytosolic Ca2+ concentration in host cells. The

fluorescence microscopy of host cells loaded with the calcium-binding

fluorescence dye Fluo-8 and infected with meningococci showed significantly

increased fluorescence intensity (increase in cytosolic calcium) after 10 min of

bacterial addition. Free cytosolic calcium in host cells was observed for a

minimum of 20 min post infection to fully monitor the signaling cascade. To rule

out the effect of non-specific calcium signaling due to bacterial stimulation, L.

lactis were used as a control along with uninfected cells. However, PilC1-

expressing meningococci exhibited significantly higher cytoplasmic calcium

concentrations in HBMEC. Similar effects caused by virulence factors of S.

pneumonia, Chlamydia trachomatis (C. trachomatis) and C. Jejuni have been

reported previously [35, 38, 62]. Virulence factors of S. pneumonia (PspC) and C.

trachomatis (elementary bodies) induce Ca2+ influx, which in turn facilitates

bacterial internalization to host cells.

In response to external stimuli Ca2+ transients in eukaryotic cells mainly occur

either via influx of exogenous Ca2+ into the cell or release of Ca2+ from internal

stores as the endoplasmic reticulum (ER). The classical pathway to release Ca2+

ions from intracellular stores (i.e. ER) is the stimulation of muscarinic receptors

to activate PLC. PLC catalyzes PIP2 to IP3, which in turn stimulates the receptors

located on calcium stores to release calcium [55, 63]. To dissect between

extracellular calcium influx and release of calcium from intracellular stores in host

cells, specific inhibitors have been employed in this study as has been described

previously [55].

2-APB acts as an IP3-specific receptor antagonist and inhibits Ca2+ release via

store-operated calcium channels (SOCs) [55, 64]. In presence of 2-APB, calcium

efflux induced by PilC1-expressing meningococci (WT and DpilC2) was almost

completely blocked. Additionally, meningococcal adherence and subsequent

invasion was significantly impaired in 2-APB pre-treated host cells as observed by

DIF staining and gentamicin protection assays. These results indicate a key role of

calcium release from intracellular stores via IP3 receptors during meningococcal

interaction with host endothelial cells. These findings are in agreement with

previous studies performed with different bacterial pathogens [31, 32, 35, 38, 65].
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For example, C. jejuni induces calcium transients via IP3 receptors during

interaction with host epithelial cells [35] and these effects were significantly

abolished in presence of 2-APB.

Since, PLC catalyzes the conversion of PIP2 to IP3, which leads to release of

calcium from intracellular stores [66], the activation of PLC is required for

formation of IP3 and calcium efflux from intracellular stores. The pharmacolo-

gical substance U73122 is commonly used as an inhibitor of PLC. Efficient

internalization of several pathogens to their respective host cells has been linked to

PLC activity [35, 38, 67]. For example, pre-treatment of HBMEC with a PLC

inhibitor (U73122) almost completely blocked the traversal of Borrelia burgdorferi

(B. burgdorferi) [67]. Similarly, efficient internalization of C. jejuni into human

embryonic intestinal cells (INT407) is also dependent on activation of PLC [35].

This study shows that PLC plays a critical role and regulates the calcium signaling

during meningococcal interaction with host endothelial cells. Cells pre-treated

with a PLC inhibitor (U73122) were unable to release calcium from intracellular

stores in response to meningococci expressing PilC1 (WT and DpilC2). However,

release of calcium was not effected in cells pre-treated with U73343 (inactive

analogue of U73122) or untreated cells (control). Furthermore, inactivation of

PLC significantly reduced the adherence to and invasion into host endothelial

cells. These results clearly indicate that meningococci induced the release of

calcium from endoplasmic reticulum via a PLC-regulated pathway and dependent

on the expression of PilC1 protein by meningococci.

To gain effective invasion into host cells, many pathogens subvert the host cell

signaling system, which may result in phosphorylation of certain host cell proteins

and rearrangements of the host cytoskeleton. For example, S. typhimurium and

enteropathogenic E. coli (EPEC) infection of host cells induce calcium release by

activating IP3 receptors on cellular stores [31, 32, 65]. Calcium transients induced

by EPEC were monitored by immunofluorescence microscopy, and only virulent

strains were able to cause calcium transients in HEp2 cells [65]. Studies have also

revealed that actin pedestal formation by enteropathogenic E. coli is regulated by

calcium signaling along with other effector proteins [68]. Invasive strains of S.

typhimurium have been reported to induce rapid increase in the levels of free

intracellular calcium and mutants defective in invasion were unable to induce

these calcium fluxes. Furthermore, addition of calcium antagonists blocked the

wild-type S. typhimurium invasion into host cells [31]. Similar to our findings,

PilY1 of P. aeruginosa binds to integrins in a calcium-dependent manner and is

also required for bacterial twitching and swarming motility as well as adherence to

target host cells [36, 69]. The pilus-associated protein PilY1 of P. aeruginosa shares

functional similarities with neisserial proteins. Studies have demonstrated that

either calcium chelation or mutation of a single residue in PilY1 blocked the

bacterial twitching motility and binding to host integrin, which resulted in low

adherence to host cells [36, 69]. Furthermore, it has been shown that PilC1 of K.

kingae and N. gonorrhoeae shares homology with the calcium-binding site of PilY1

from P. aeruginosa [37, 70]. Studies performed with PilC1 and PilC2 with

mutations in their calcium-binding domains demonstrated that only PilC is
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necessary for adherence to host epithelial cells, whereas PilC1 and PilC2 are

dispensable for bacterial piliation [37, 70]. Importantly, our findings are in

agreement with these studies.

An increased cytosolic calcium concentration has been reported to play an

important role in virulence of bacterial pathogens. For example, S. pneumoniae

induces calcium efflux in host epithelial cells via the interaction of the

pneumococcal surface protein C (PspC) with human polymeric immunoglo-

bulin receptor (hpIgR), and release of calcium from intracellular stores promote

bacterial internalization to Calu-3 and MDCK-hpIgR epithelial cells [38].

Moreover, heterologous expression of the S. pneumoniae virulence factor PspC

on the surface of L. lactis also induced calcium release from intracellular stores

and calcium signaling enhanced bacterial adherence and subsequent invasion

into host epithelial cells. Similar to our findings, intracellular Ca2+ concentration

has been associated with the invasion of C. jejuni, L. monocytogenes, and C.

trachomatis [33-35, 62]. C. trachomatis has been reported to mobilize Ca2+ in

intracellular stores of host cells via its elementary bodies, which promotes

internalization and intracellular survival of this pathogen [62]. Invasion of C.

jejuni is dependent on calcium transients and markedly reduced either by

chelating host intracellular Ca2+ with BAPTA-AM or by blocking the release of

Ca2+ from intracellular stores with U73122, however, buffering of extracellular

calcium with EGTA or BAPTA has no effect on bacterial invasion into host cells

[35]. These findings are in agreement with our results and importantly such

calcium fluxes are required at early time points of meningococcal interaction

with host cells to trigger the signaling cascades, which in turn promote their

adherence to host cells. Once this signaling plethora has been switched on it

cannot be blocked or reversed by employing the calcium chelating inhibitors, as

has been demonstrated by addition of BAPTA-AM at 20 min post meningo-

coccal infection.

In conclusion, this study demonstrates clearly that meningococci mediate Ca2+

release in host endothelial cells via PilC1 in a PLC-dependent manner by

activating the IP3 receptors on the surface of the endoplasmic reticulum.

Furthermore, PilC1-mediated meningococcal adherence to and invasion into

HBMEC are associated with host intracellular calcium content but are

independent of extracellular calcium concentrations. Buffering the cytosolic

calcium resulted in a higher number of meningococci adhered to host cells and

facilitate meningococcal internalization into endothelial cells of the BBB.

Supporting Information

Figure S1. Role of PLC during pilC1 mediated calcium signaling in host cells.

HBMEC were grown on cover slips, pre-treated with U73122 (10 mM), U73343

(10 mM) or left untreated (control). Infection assays were carried out with three

different meningococcal strains (WT, DpilC1 and DpilC2) for 4 h at 37 C̊ and 5%
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CO2. DIF and fluorescence microscopy were performed as described in Materials

and Methods.

doi:10.1371/journal.pone.0114474.s001 (TIF)

Figure S2. Intracellular calcium chelation after bacterial infection has no effect

on meningococcal interaction with host cells. Host cells grown on (A) glass

cover slips for microscopy or directly in (B and C) wells of 24 well plates to

quantify the adhered and internalized bacteria. Host cells were infected with the

indicated meningococcal strains for 20 min and subsequently treated with

BAPTA-AM. HBMEC were infected with meningococci (MOI50) for 4 h at 37 C̊

and 5% CO2. After infection, host cells were washed thoroughly to remove the

unbound meningococci. (A) Cells were fixed with paraformaldehyde, incubated

with anti-meningococcal IGg, followed by an Alexa-Fluor-594 labelled secondary

antibody. Host cells were permeabilized to stain intracellular bacteria with Alexa-

Fluor-488 and nuclei with DAPI. Scale bars represent 50 mm. (B) The number of

adhered meningococci to host cells grown in wells of 24 well plates was

determined after removing unbound extracellular bacteria and plating the

recovered bacteria on blood agar plates. (C) Effect of BAPTA-AM (20 min post

infection) on meningococcal internalization to cells as determined by the

antibiotic protection assay. Adherence and internalization of WT meningococci

by host cells in the absence of BAPTA-AM was set to 100% and other values are

presented as relative percentage of the WT control. Data represent means ¡ S.D

(n55) (*P,0.05).

doi:10.1371/journal.pone.0114474.s002 (TIF)

Figure S3. Extracellular Ca2+ concentration has no effect on meningococcal

adherence to and subsequent invasion into HBMEC. Host cells pre-treated with

extracellular calcium chelators BAPTA and EGTA were infected with three

different strains of meningococci (WT, DpilC1 and DpilC2) with an MOI of 50 for

4 h at 37 C̊ and 5% CO2. Adhered and internalized meningococci to host

endothelial cells were visualized by double immunofluorescence staining and

fluorescence microscopy as described in Materials and Methods.

doi:10.1371/journal.pone.0114474.s003 (TIF)

Acknowledgments

The authors would like to thank Prof. K.S. Kim (John Hopkins University,

Baltimore, USA) for providing the HBMEC. We are especially thankful to Prof.

Christian Schultz (CBTM, Medical Faculty Mannheim, and Heidelberg

University, Germany) for allowing us to use his lab facility. We are also thankful

to Julia Borkowski, Carolin Stump-Guthier and Silke Vorwald (Medical Faculty

Mannheim, Heidelberg University, Germany) for their technical support.

Role of Ca2+ during Meningococcal Infection

PLOS ONE | DOI:10.1371/journal.pone.0114474 December 2, 2014 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114474.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114474.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114474.s003


Author Contributions
Conceived and designed the experiments: TMA HS CS. Performed the

experiments: TMA. Analyzed the data: TMA. Contributed reagents/materials/

analysis tools: ABJ. Wrote the paper: TMA HS CS TT ABJ.

References

1. Maiden MC, Frosch M (2012) Can we, should we, eradicate the meningococcus? Vaccine 30 Suppl 2:
B52–56.

2. Coureuil M, Join-Lambert O, Lecuyer H, Bourdoulous S, Marullo S, et al. (2013) Pathogenesis of
meningococcemia. Cold Spring Harb Perspect Med 3.

3. Caugant DA, Maiden MC (2009) Meningococcal carriage and disease–population biology and
evolution. Vaccine 27 Suppl 2: B64–70.

4. Sim RJ, Harrison MM, Moxon ER, Tang CM (2000) Underestimation of meningococci in tonsillar tissue
by nasopharyngeal swabbing. Lancet 356: 1653–1654.

5. Zeerleder S, Stephan F, Emonts M, de Kleijn ED, Esmon CT, et al. (2012) Circulating nucleosomes
and severity of illness in children suffering from meningococcal sepsis treated with protein C. Crit Care
Med 40: 3224–3229.

6. Nikulin J, Panzner U, Frosch M, Schubert-Unkmeir A (2006) Intracellular survival and replication of
Neisseria meningitidis in human brain microvascular endothelial cells. Int J Med Microbiol 296: 553–558.

7. Shah S, Gross JR, Stewart CT (2013) A case report of meningococcal disease in a neonate. WMJ 112:
28–30; quiz 31.

8. Virji M (2009) Pathogenic neisseriae: surface modulation, pathogenesis and infection control. Nat Rev
Microbiol 7: 274–286.

9. Pujol C, Eugene E, Marceau M, Nassif X (1999) The meningococcal PilT protein is required for
induction of intimate attachment to epithelial cells following pilus-mediated adhesion. Proc Natl Acad
Sci U S A 96: 4017–4022.

10. Coureuil M, Join-Lambert O, Lecuyer H, Bourdoulous S, Marullo S, et al. (2012) Mechanism of
meningeal invasion by Neisseria meningitidis. Virulence 3: 164–172.

11. Wolfgang M, van Putten JP, Hayes SF, Dorward D, Koomey M (2000) Components and dynamics of
fiber formation define a ubiquitous biogenesis pathway for bacterial pili. EMBO J 19: 6408–6418.

12. Rudel T, van Putten JP, Gibbs CP, Haas R, Meyer TF (1992) Interaction of two variable proteins (PilE
and PilC) required for pilus-mediated adherence of Neisseria gonorrhoeae to human epithelial cells. Mol
Microbiol 6: 3439–3450.

13. Parge HE, Forest KT, Hickey MJ, Christensen DA, Getzoff ED, et al. (1995) Structure of the fibre-
forming protein pilin at 2.6 A resolution. Nature 378: 32–38.

14. Jen FE, Warren MJ, Schulz BL, Power PM, Swords WE, et al. (2013) Dual pili post-translational
modifications synergize to mediate meningococcal adherence to platelet activating factor receptor on
human airway cells. PLoS Pathog 9: e1003377.

15. Scheuerpflug I, Rudel T, Ryll R, Pandit J, Meyer TF (1999) Roles of PilC and PilE proteins in pilus-
mediated adherence of Neisseria gonorrhoeae and Neisseria meningitidis to human erythrocytes and
endothelial and epithelial cells. Infect Immun 67: 834–843.

16. Jonsson AB, Rahman M, Normark S (1995) Pilus biogenesis gene, pilC, of Neisseria gonorrhoeae:
pilC1 and pilC2 are each part of a larger duplication of the gonococcal genome and share upstream and
downstream homologous sequences with opa and pil loci. Microbiology 141 (Pt 10): 2367–2377.

17. Jonsson AB, Nyberg G, Normark S (1991) Phase variation of gonococcal pili by frameshift mutation in
pilC, a novel gene for pilus assembly. EMBO J 10: 477–488.

18. Taha MK, Morand PC, Pereira Y, Eugene E, Giorgini D, et al. (1998) Pilus-mediated adhesion of
Neisseria meningitidis: the essential role of cell contact-dependent transcriptional upregulation of the
PilC1 protein. Mol Microbiol 28: 1153–1163.

Role of Ca2+ during Meningococcal Infection

PLOS ONE | DOI:10.1371/journal.pone.0114474 December 2, 2014 21 / 24



19. Rudel T, Boxberger HJ, Meyer TF (1995) Pilus biogenesis and epithelial cell adherence of Neisseria
gonorrhoeae pilC double knock-out mutants. Mol Microbiol 17: 1057–1071.

20. Opitz D, Clausen M, Maier B (2009) Dynamics of gonococcal type IV pili during infection.
Chemphyschem 10: 1614–1618.

21. Riley-Vargas RC, Gill DB, Kemper C, Liszewski MK, Atkinson JP (2004) CD46: expanding beyond
complement regulation. Trends Immunol 25: 496–503.

22. Gill DB, Atkinson JP (2004) CD46 in Neisseria pathogenesis. Trends Mol Med 10: 459–465.

23. Johansson L, Rytkonen A, Bergman P, Albiger B, Kallstrom H, et al. (2003) CD46 in meningococcal
disease. Science 301: 373–375.

24. Merz AJ, Enns CA, So M (1999) Type IV pili of pathogenic Neisseriae elicit cortical plaque formation in
epithelial cells. Mol Microbiol 32: 1316–1332.

25. Källström H LM, Atkinson JP, Jonsson AB (1997) Membrane cofactor protein (MCP or CD46) is a
cellular pilus receptor for pathogenic Neisseria. Mol Microbiol 25: 639–647.

26. Gill DB AJ (2004) CD46 in Neisseria pathogenesis. Trends Mol Med 10: 459–465.

27. Weyand NJ, Lee SW, Higashi DL, Cawley D, Yoshihara P, et al. (2006) Monoclonal antibody detection
of CD46 clustering beneath Neisseria gonorrhoeae microcolonies. Infect Immun 74: 2428–2435.

28. Lee SW BR, Higashi DL, Atkinson JP, Milgram SL, So M (2002) CD46 is phosphorylated at tyrosine
354 upon infection of epithelial cells by Neisseria gonorrhoeae. J Cell Biol 156: 951–957.

29. Kallstrom H IM, Berggren PO, Jonsson AB (1998) Cell signaling by the type IV pili of pathogenic
Neisseria. J Biol Chem 273: 21777–21782.

30. Berridge MJ, Lipp P, Bootman MD (2000) The versatility and universality of calcium signalling. Nat Rev
Mol Cell Biol 1: 11–21.

31. Pace J, Hayman MJ, Galan JE (1993) Signal transduction and invasion of epithelial cells by S.
typhimurium. Cell 72: 505–514.

32. Gewirtz AT, Rao AS, Simon PO Jr, Merlin D, Carnes D, et al. (2000) Salmonella typhimurium induces
epithelial IL-8 expression via Ca(2+)-mediated activation of the NF-kappaB pathway. J Clin Invest 105:
79–92.

33. Gekara NO, Westphal K, Ma B, Rohde M, Groebe L, et al. (2007) The multiple mechanisms of Ca2+
signalling by listeriolysin O, the cholesterol-dependent cytolysin of Listeria monocytogenes. Cell
Microbiol 9: 2008–2021.

34. Bierne H, Dramsi S, Gratacap MP, Randriamampita C, Carpenter G, et al. (2000) The invasion
protein InIB from Listeria monocytogenes activates PLC-gamma1 downstream from PI 3-kinase. Cell
Microbiol 2: 465–476.

35. Hu L, Raybourne RB, Kopecko DJ (2005) Ca2+ release from host intracellular stores and related
signal transduction during Campylobacter jejuni 81–176 internalization into human intestinal cells.
Microbiology 151: 3097–3105.

36. Johnson MDL, Garrett CK, Bond JE, Coggan KA, Wolfgang MC, et al. (2011) Pseudomonas
aeruginosa PilY1 Binds Integrin in an RGD- and Calcium-Dependent Manner. Plos One 6.

37. Porsch EA, Johnson MDL, Broadnax AD, Garrett CK, Redinbo MR, et al. (2013) Calcium Binding
Properties of the Kingella kingae PilC1 and PilC2 Proteins Have Differential Effects on Type IV Pilus-
Mediated Adherence and Twitching Motility. Journal of Bacteriology 195: 886–895.

38. Asmat TM, Agarwal V, Rath S, Hildebrandt JP, Hammerschmidt S (2011) Streptococcus pneumoniae
infection of host epithelial cells via polymeric immunoglobulin receptor transiently induces calcium
release from intracellular stores. J Biol Chem 286: 17861–17869.

39. Asmat TM KK, Jensch I, Burchhardt G, Hammerschmidt S (2012) Heterologous expression of
pneumococcal virulence factor PspC on the surface of Lactococcus lactis confers adhesive properties.
Microbiology 158: 771–780.

40. Eichstaedt S, Gabler K, Below S, Muller C, Kohler C, et al. (2009) Effects of Staphylococcus aureus-
hemolysin A on calcium signalling in immortalized human airway epithelial cells. Cell Calcium 45: 165–
176.

Role of Ca2+ during Meningococcal Infection

PLOS ONE | DOI:10.1371/journal.pone.0114474 December 2, 2014 22 / 24



41. Prasadarao NV, Wass CA, Huang SH, Kim KS (1999) Identification and characterization of a novel
Ibe10 binding protein that contributes to Escherichia coli invasion of brain microvascular endothelial
cells. Infection and Immunity 67: 1131–1138.

42. Greiffenberg L, Goebel W, Kim KS, Weiglein I, Bubert A, et al. (1998) Interaction of Listeria
monocytogenes with human brain microvascular endothelial cells: InlB-Dependent invasion, long-term
intracellular growth, and spread from macrophages to endothelial cells. Infection and Immunity 66:
5260–5267.

43. Sokolova O, Heppel N, Jagerhuber R, Kim KS, Frosch M, et al. (2004) Interaction of Neisseria
meningitidis with human brain microvascular endothelial cells: role of MAP- and tyrosine kinases in
invasion and inflammatory cytokine release. Cell Microbiol 6: 1153–1166.

44. Teng CH, Cai M, Shin S, Xie Y, Kim KJ, et al. (2005) Escherichia coli K1 RS218 interacts with human
brain microvascular endothelial cells via type 1 fimbria bacteria in the fimbriated state. Infection and
Immunity 73: 2923–2931.

45. Mu R, Kim BJ, Paco C, Del Rosario Y, Courtney HS, et al. (2014) Identification of a Group B
Streptococcal Fibronectin Binding Protein, SfbA, That Contributes to Invasion of Brain Endothelium and
Development of Meningitis. Infection and Immunity 82: 2276–2286.

46. Magalhaes V, Andrade EB, Alves J, Ribeiro A, Kim KS, et al. (2013) Group B Streptococcus Hijacks
the Host Plasminogen System to Promote Brain Endothelial Cell Invasion. Plos One 8.

47. Seo HS, Mu R, Kim BJ, Doran KS, Sullam PM (2012) Binding of glycoprotein Srr1 of Streptococcus
agalactiae to fibrinogen promotes attachment to brain endothelium and the development of meningitis.
PLoS Pathog 8: e1002947.

48. Rahman M, Kallstrom H, Normark S, Jonsson AB (1997) PilC of pathogenic Neisseria is associated
with the bacterial cell surface. Mol Microbiol 25: 11–25.

49. Stins MF, Badger J, Sik Kim K (2001) Bacterial invasion and transcytosis in transfected human brain
microvascular endothelial cells. Microb Pathog 30: 19–28.

50. Strober W (2001) Trypan blue exclusion test of cell viability. Curr Protoc Immunol Appendix 3: Appendix
3B.

51. Barreto-Chang OL, Dolmetsch RE (2009) Calcium imaging of cortical neurons using Fura-2 AM. J Vis
Exp.

52. Zhao JF, Chen HH, Ojcius DM, Zhao X, Sun D, et al. (2013) Identification of Leptospira interrogans
phospholipase C as a novel virulence factor responsible for intracellular free calcium ion elevation during
macrophage death. PLoS One 8: e75652.

53. Macmillan D, McCarron JG (2010) The phospholipase C inhibitor U-73122 inhibits Ca(2+) release from
the intracellular sarcoplasmic reticulum Ca(2+) store by inhibiting Ca(2+) pumps in smooth muscle.
Br J Pharmacol 160: 1295–1301.

54. Schwerk C, Papandreou T, Schuhmann D, Nickol L, Borkowski J, et al. (2012) Polar invasion and
translocation of Neisseria meningitidis and Streptococcus suis in a novel human model of the blood-
cerebrospinal fluid barrier. PLoS One 7: e30069.

55. Boulay G, Brown DM, Qin N, Jiang M, Dietrich A, et al. (1999) Modulation of Ca(2+) entry by
polypeptides of the inositol 1,4, 5-trisphosphate receptor (IP3R) that bind transient receptor potential
(TRP): evidence for roles of TRP and IP3R in store depletion-activated Ca(2+) entry. Proc Natl Acad
Sci U S A 96: 14955–14960.

56. Verkhratsky A (2004) Endoplasmic reticulum calcium signaling in nerve cells. Biol Res 37: 693–699.

57. Bootman MD, Berridge MJ (1995) The elemental principles of calcium signaling. Cell 83: 675–678.

58. Ko Y, Cho NH, Cho BA, Kim IS, Choi MS (2011) Involvement of Ca(2)+ signaling in intracellular
invasion of non-phagocytic host cells by Orientia tsutsugamushi. Microb Pathog 50: 326–330.

59. Rebecchi MJ, Pentyala SN (2000) Structure, function, and control of phosphoinositide-specific
phospholipase C. Physiol Rev 80: 1291–1335.

60. Son SM, Byun J, Roh SE, Kim SJ, Mook-Jung I (2014) Reduced IRE1alpha mediates apoptotic cell
death by disrupting calcium homeostasis via the InsP3 receptor. Cell Death Dis 5: e1188.

61. Tsien RY (1981) A non-disruptive technique for loading calcium buffers and indicators into cells. Nature
290: 527–528.

Role of Ca2+ during Meningococcal Infection

PLOS ONE | DOI:10.1371/journal.pone.0114474 December 2, 2014 23 / 24



62. Majeed M, Ernst JD, Magnusson KE, Kihlstrom E, Stendahl O (1994) Selective translocation of
annexins during intracellular redistribution of Chlamydia trachomatis in HeLa and McCoy cells. Infect
Immun 62: 126–134.

63. Lindqvist SM, Sharp P, Johnson IT, Satoh Y, Williams MR (1998) Acetylcholine-induced calcium
signaling along the rat colonic crypt axis. Gastroenterology 115: 1131–1143.

64. Appleby PA, Shabir S, Southgate J, Walker D (2013) Cell-type-specific modelling of intracellular
calcium signalling: a urothelial cell model. J R Soc Interface 10: 20130487.

65. Baldwin TJ, Ward W, Aitken A, Knutton S, Williams PH (1991) Elevation of Intracellular Free Calcium
Levels in Hep-2 Cells Infected with Enteropathogenic Escherichia-Coli. Infection and Immunity 59:
1599–1604.

66. Nagata K, Nozawa Y (1992) [Role of GTP-binding proteins in phospholipid metabolism in human
platelets]. Nihon Rinsho 50: 223–229.

67. Grab DJ, Nyarko E, Nikolskaia OV, Kim YV, Dumler JS (2009) Human brain microvascular endothelial
cell traversal by Borrelia burgdorferi requires calcium signaling. Clin Microbiol Infect 15: 422–426.

68. Brown MD, Bry L, Li Z, Sacks DB (2008) Actin pedestal formation by enteropathogenic Escherichia coli
is regulated by IQGAP1, calcium, and calmodulin. J Biol Chem 283: 35212–35222.

69. Orans J, Johnson MD, Coggan KA, Sperlazza JR, Heiniger RW, et al. (2010) Crystal structure
analysis reveals Pseudomonas PilY1 as an essential calcium-dependent regulator of bacterial surface
motility. Proc Natl Acad Sci U S A 107: 1065–1070.

70. Cheng Y, Johnson MD, Burillo-Kirch C, Mocny JC, Anderson JE, et al. (2013) Mutation of the
conserved calcium-binding motif in Neisseria gonorrhoeae PilC1 impacts adhesion but not piliation.
Infect Immun 81: 4280–4289.

Role of Ca2+ during Meningococcal Infection

PLOS ONE | DOI:10.1371/journal.pone.0114474 December 2, 2014 24 / 24


	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Figure 1
	Section_14
	Figure 2
	Section_15
	Figure 3
	Section_16
	Figure 4
	Figure 5
	Figure 6
	Section_17
	Section_18
	Figure 7
	Section_19
	Section_20
	Section_21
	Section_22
	Section_23
	Section_24
	Section_25
	Section_26
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64
	Reference 65
	Reference 66
	Reference 67
	Reference 68
	Reference 69
	Reference 70

