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ARTICLE INFO ABSTRACT

Membrane vesicles (MVs) are produced by various Gram positive and Gram negative pathogenic bacteria and
play an important role in virulence. In this study, the membrane vesicles (MVs) of L. monocytogenes were isolated
from the culture supernatant. High-resolution electron microscopy and dynamic light scattering analysis re-
vealed that L. monocytogenes MVs are spherical with a diameter of 200 to 300 nm in size. Further, comprehensive
proteomic analyses of MVs and whole cells of L. monocytogenes were performed using LC/MS/MS. A total of 1355
and 312 proteins were identified in the L. monocytogenes cells and MVs, respectively. We identified that 296
proteins are found in both whole cells, and MV proteome and 16 proteins were identified only in the MVs. Also,
we have identified the virulence factors such as listeriolysin O (LLO), internalin B (InlB), autolysin, p60, NLP/
P60 family protein, UPF0356 protein, and PLC-A in MVs. Computational prediction of host-MV interactions
revealed a total of 1841 possible interactions with the host involving 99 MV proteins and 1513 host proteins. We
elucidated the possible pathway that mediates internalization of L. monocytogenes MV to host cells and the
subsequent pathogenesis mechanisms. The in vitro infection assays showed that the purified MVs could induce
cytotoxicity in Caco-2 cells. Using endocytosis inhibitors, we demonstrated that MVs are internalized via actin-
mediated endocytosis. These results suggest that L. monocytogenes MVs can interact with host cell and contribute
to the pathogenesis of L. monocytogenes during infection.
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1. Introduction as 1/2a, 1/2b, 1/2c¢, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, and 7 based on
the surface antigenic determinants (Seeliger and Hohne, 1979; Orsi
et al., 2011., Shen et al., 2013., Karthikeyan et al., 2015; Wang et al.,

2017). Of these, most of the clinical isolates from the sporadic and

Listeria monocytogenes is a Gram-positive intracellular foodborne
pathogen that causes listeriosis in human as well as in animals. The

major symptoms of human listeriosis include meningitis, septicemia,
miscarriage and fetal death. The fatal rate among the high-risk group is
approximately 20-30%, which is relatively high among food-borne
diseases (Hernandez-Milian and Payeras-Cifre, 2014). L. monocytogenes
infection is acquired by ingestion of contaminated food and subsequent
invasion of cells in the host duodenum. L. monocytogenes can also enter
the bloodstream and spread systemically to other organs, including the
placenta and the central nervous system (Lecuit, 2005). L. mono-
cytogenes is widespread in nature, and it can survive in a wide range of
temperature, pH and osmolarity (Farber and Peterkin, 1991; Ribeiro
and Destro, 2014). L. monocytogenes is classified into 13 serotypes, such

* Corresponding authors.

outbreak cases in humans were reported to belong the serotype 4b,
followed by serotypes 1/2a and 1/2b (Jacquet et al., 1995; Pan et al.,
2009; Burall et al., 2017; Maurella et al., 2018)

L. monocytogenes expresses multiple virulence factors for the entry
and intracellular survival in the host cells (Ireton, 2007; Mostowy and
Cossart, 2012). The internalin A encoded by inlA helps to cross the
intestinal epithelial cell barrier (Ireton, 2007). The internalin B encoded
by inlB is responsible for the entry of L. monocytogenes into intestinal
cells (Pentecost et al., 2010). To establish the intracellular survival, L.
monocytogenes must escape from the hostile phagosomal environment.
L. monocytogenes secrets a cholesterol-dependent cytolysin, listeriolysin
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O (LLO) that mediates the destruction of the phagosome (Schnupf and
Portnoy, 2007), and two phospholipases encoded by LIPI-1 (Listeria
Pathogenicity Island 1) that mediate L. monocytogenes escape from the
endocytic vesicle into the cytoplasm. Subsequently, L. monocytogenes
divides and undergo F-actin based motility to spread from cell to cell
(Camejo et al., 2009).

The majority of the virulence proteins are located on the cell surface
or secreted to the extracellular milieu. L. monocytogenes contains highly
specialized secretion systems to deliver the proteins and to reach spe-
cific targets. Six secretion systems were identified in L. monocytogenes
(Desvaux and Hébraud, 2006). Components of the Sec and flagella
export apparatus (FEA) systems were reported to be required for viru-
lence (Carvalho et al., 2014). Also, L. monocytogenes can interact with
the host cells through MVs (Vdovikova et al., 2017). However, very
little information is available on MVs of L. monocytogenes.

MVs are the bilayered structure of 50 to 500 nm in size containing
various macromolecules, such as phospholipids, proteins, lipopoly-
saccharide (LPS), and nucleic acids. The synthesis and release of MVs
are common phenomena in growing bacterial populations. MVs are
produced by the outward bulging of the outer membrane, followed by
constriction and subsequent release from the bacterial cell, a process
referred as vesiculation (Schwechheimer et al., 2014). A wide variety of
Gram-negative bacterial species release MVs. Recently, Gram-positive
bacteria such as Staphylococcus aureus, Bacillus spp. Clostridium perfrin-
gens, Streptococcus spp, Lactobacillus and L. monocytogenes were reported
to produce MVs (Gurung et al., 2011., Lee et al., 2013; Brown et al.,
2014; Olaya-Abril et al., 2014; Grande et al., 2017). MVs play a mul-
tifunctional role such as, transferring DNA and toxic protein to other
cells, promoting biofilm formation, providing resistance to anti-
microbial compounds and phages. MVs also have roles in interaction
with other bacteria and cell to cell communication and protecting the
bacteria from various stresses (Tashiro et al., 2017).

Recently, it has been shown that L. monocytogenes secretes active
MVs and play a role in the inhibition of autophagy in host cell
(Vdovikova et al., 2017). We here report the comprehensive proteome
analysis of MVs of L. monocytogenes 4b. We have identified protein
profiles of MVs secreted by L. monocytogenes 4b strain, which could be
relevant to its virulence. Also, we have validated the proteomics data by
acetylation of the tryptic peptide followed by mass spectrometry, and
the activity of MV-associated proteases using zymogram analysis. We
determined and compared the proteomes of whole cells and MVs. We
found that large numbers of proteins in MVs. Also, we found that L.
monocytogenes MVs are internalized by epithelial cells via actin-de-
pendent endocytosis. The in vitro infection assays showed that purified
MVs induced cytotoxicity in Caco-2 cells, suggesting a role of MVs in
pathogenesis. Therefore, MVs might be an important vehicle for deli-
vering virulence factors to host cells during L. monocytogenes infection.
Also, we have constructed a L. monocytogenes MV and the host protein-
protein interaction (PPI) network based on bioinformatics prediction.
The predicted network analysis indicated that the internalin B, lister-
iolysin O, ClpB, PepT, GroL proteins of MVs interact with human pro-
teins involved in endocytosis, autophagy, immune response and mi-
tochondrial-mediated apoptotic pathways. These findings may serve as
the basis for understanding the interactions between L. monocytogenes
MVs and human host cells at the molecular level.

2. Materials and methods
2.1. Bacterial strains and culture growth
L. monocytogenes MTCC 1143 (serotype 4b) (Microbial Type Culture

Collection, IMTECH, Chandigarh, India) was routinely grown on brain
heart infusion agar (BHI) (Himedia; Mumbai India) at 37 °C.
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2.2. Cell culture and growth conditions

The Caco-2 human colon adenocarcinoma cell line was obtained
from the American Type Culture Collection (ATCC; Virginia USA). Cells
were routinely maintained in Dulbeccos Modified Eagle Medium
(DMEM) F12 Ham supplemented with r-glutamine, sodium pyruvate,
antibiotics and 20% of heat-inactivated fetal bovine serum (FBS) at
37 °C in a humidified chamber with 5% CO, supply. The cryopreserved
cells were thawed rapidly by placing the vial at 37°C. Cells were
transferred to a Tys flask containing 5ml of pre-warmed complete
culture media (DMEM with 20%FBS). The cells were seeded at a density
of 4.2 x 10° cells/ml and grown at 37°C in a 95% air-5% CO, for
10-15 days till they form a monolayer with 70% confluency. At
70-80% confluence, cells were trypsinized (1X) for 3-5 min. Complete
medium was added to flask and mixed with the trypsinized cells to
inactivate trypsin. Cells were centrifuged at 1000 rpm for 2 min at room
temperature in a 15-ml centrifuge tube. The supernatant was removed,
and the pellet was resuspended in 5ml of culture medium.

2.3. Extraction of L. monocytogenes whole cell proteome

Colonies from freshly streaked plates of L. monocytogenes 1143 was
inoculated into BHI broth and grown overnight at 37 °C on a rotary
shaker. After overnight growth, cultures were diluted in the ratio of
1:100 in 20 ml of BHI broth and grown again with shaking at 37 °C until
the optical density at 600 nm (OD 600) reached approximately 1.0.
Cells were harvested by centrifugation (8000 x g for 10 min at 4 °C) and
resuspended in 4 ml of lysis solution (2% Triton X-100, 0.1 M Tris (pH
8.0), 8 mM phenylmethanesulfonyl fluoride). Subsequently, lysozyme
(2 mg/ml) was added and incubated for 2 h at 37 °C. Cells were lysed by
sonication with four 30-s pulses (Sonics Vibra Cell, Model VCX 750,
USA) on ice with 1 min interval between pulses. Samples were treated
with DNase I and RNase A for 30 min at 37 °C, and cell debris was
pelleted by centrifugation (18,000 x g for 5min at 4 °C). The super-
natant containing the cellular proteins was stored at -20 °C until further
use.

2.4. Isolation and purification of MVs

L. monocytogenes was inoculated into fresh BHI broth and incubated
overnight at 37 °C. A 10 ml of overnight culture was transferred to 11 of
medium and was allowed to grown until the optical density at 600 nm
(OD 600) reached 1.0 at 37 °C with shaking. Cells were pelleted using
centrifugation at 6000 X g for 20 min at 4 °C twice. The supernatant
was collected and filtered through 0.4 ym membrane filter (Millipore,
Billerica, USA). The filtrate thus obtained was subjected to ultra-
centrifugation at 142,032 x g, for 2h at 4 °C in Type 45 Ti in Beckman
Ultracentrifuge. The MVs settled as pellet were then resuspended in
100 ul of PBS. The MVs were further purified by sucrose density gra-
dient centrifugation as described earlier (Kulkarni et al., 2014). Briefly,
layers of equal volumes of 70%, 60%, and 20% sucrose were added in
polyallomer tubes from bottom to top, and the MV suspension was
added on the top of the layers. The tubes were ultracentrifuged in
Beckman SW 60 Ti at 164,609 x g at 4 °C for 6 h. Different fractions
were collected and diluted in 50 mM phosphate buffer (pH 7.4), and the
presence of MVs was detected by dynamic light scattering (Nano par-
ticle analyser, Horiba scientific, Z-100 obtained from Japan) . The
fractions containing MVs were pooled together and ultracentrifuged
again in Beckman Type 60 Ti for 90 min at 250,000 x g at 4 °C. The
pellet thus obtained was reconstituted in 50 mM phosphate buffer (pH
7.4) and stored at — 80 °C until further use.

2.5. Particle size characterization or dynamic light scattering (DLS)

Purified MVs were diluted with PBS to a final protein concentration
of 0.06ug/ml. The size distribution analysis was performed and
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recorded by at 90°angle with a laser of wavelength 632 nm. The data
was analyzed by Horiba software and the average hydrodynamic radius
was obtained. The measurements were conducted at 25 °C with 40 to 50
runs for each sample, and the average intensity weighted diameter was
calculated. The average diameter was obtained for MVs isolated from
three independent batches.

2.6. TEM analysis of isolated MVs

Three microlitres of purified MVs were negatively stained with
freshly prepared 3% uranyl acetate for 1 min on 300 mesh-size formvar
carbon-coated copper grids (Electron Microscopy Sciences, USA).
Excess of stain was blotted, and the grid was washed once with distilled
water and dried. Micrographs were obtained by screening around 30
fields of each grid from three independent batches of MVs with a high-
resolution transmission electron microscope (FEI Tecnai F20 S/TEM) at
120 kV and JEOL, Japan).

2.7. SDS PAGE and in-gel digestion

The cellular and MV proteins of L. monocytogenes were precipitated
and resolved in 12% SDS-PAGE. The protein samples (150 ug) were
dissolved in SDS-PAGE loading buffer, and heated at 95 °C for 5 min and
finally loaded in different wells of 1 mm thick gel. Once the protein
separation is completed, the gel lanes were cut into 5 pieces and sub-
jected to trypsin in-gel digestion. In brief, the gel pieces were cut into
1 mm x 1 mm fragments washed using 50 mM ammonium bicarbonate
solution for 15 min, later with 50% acetonitrile and treated with 50 mM
IAA for 1h at 60 °C. The samples were then subjected to in-gel trypsin
digestion for 16 h. Finally, obtained peptides were dried in vacuum and
were dissolved in 50% acetonitrile with 5% trifluro acetic acid and
subjected to MALDI-TOF MS (Applied Biosystems, Foster City, CA, USA)
and Q-Exactive LC/MS/MS (Thermo Scientific, San Jose, CA, USA).

2.8. MALDI-TOF/TOF mass spectrometric analysis

Tryptic digested peptides were extracted from gel plugs by adding
50 pl of 5% (v/v) trifluoroacetic acetic acid, and 50% acetonitrile and
vortexed for 15min. Then, samples were desalted and concentrated
using Zip-Tip columns (Millipore) and loaded onto the MALDI plate
using 5 mg/ml of CHCA in 50% acetonitrile as the matrix. The samples
were analyzed on 4800 MALDI TOF/TOF (Applied Biosystems, Foster
City, CA, USA) equipped with Nd: YAG laser (355nm). The mass
spectra were recorded in positive ion reflector mode. The CID mass
spectra were recorded for different peaks manually selected from MS
spectra. The collision gas used was air. The most abundant peptide ions
were then subjected to fragmentation analysis (MS/MS). The MS/MS
spectra were analyzed/observed using Data explorer software provided
by the manufacturer. The MALDI spectra were recorded to evaluate
trypsin digestion and also to identify the sequence of some peptides
randomly and compare the results with ESI-MS/MS.

2.9. LC/MS/MS analysis

The tryptic peptides of cellular proteins and MVs of L. monocytogenes
4b were subjected using an LC — ESI — MS/MS Orbitrap velos (Thermo
Scientific, San Jose, CA, USA) and Q-Exactive HF LC/MS/MS (Thermo
Scientific, San Jose, CA, USA) respectively. The collected mass spec-
trometry (MS/MS) spectra of the peptides were analyzed using the
SEQUEST and PEAKS algorithm (Matrixscience) against databases of L.
monocytogenes serotype 4b str. LL195 (For L. monocytogenes MTCC1143
4b). The search parameters were (i) enzyme specificity, trypsin; (ii)
maximum allowed missed cleavages of 2; (iii) carbamidomethylation at
cysteine residues (C) as a fixed modification; (iv) oxidation at methio-
nine residues as variable modification; (v) MS tolerance of 10 ppm and
(vi) MS/MS tolerance of 0.6 Da. The LC — ESI MS/MS spectra were
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analyzed using the Proteome Discoverer Version 1.4.0.288 (Thermo
Scientific, San Jose, CA, USA). All the MS/MS spectra were analyzed
using SEQUEST (Thermo Fisher Scientific) and PEAKS (Thermo
Scientific, San Jose, CA, USA) selecting the enzyme trypsin, the pre-
cursor tolerance of 10 ppm and a fragment tolerance of 0.6 Da. The
increase in mass due to the oxidation of methionine (15.99 Da) and
carbamidomethylation of cysteine (57.02 Da) was set as a variable and
fixed modification, respectively. Only peptides identified with high
confidence were considered and all the proteins were identified by at
least two unique peptides. Proteins were also identified by PEAKS 6
software, using the same search parameters. Peaks algorithm de-
termines the de novo sequencing of the peptides from the MS/MS
spectra, and matched against the database for identification of the
proteins. The average local confidence (ALC) score of 30 and above
were considered for de novo sequences. Since the total local confidence
depends upon the length of an individual peptide cutoff values were not
fixed. The —10 log P score was set at 50 for accepting the match from
the database search. The probability of a wrong hit at this score is
<0.001%. The SEQUEST and PEAKS result files were exported and
filtered for a false-discovery rate (FDR) of less than 5% at the peptide
level.

2.10. Validation of MV proteomics data

The tryptic peptides obtained from proteins of L. monocytogenes MVs
were acetylated as described earlier with slight modification
(Kuchibhotla et al., 2017). The acetylation mixture of 12% acetic an-
hydride and 3% triethylamine and were prepared in methanol. Five
microlitres of the acetylation mixture was added to the tryptic digests of
proteins and incubated for 20 min. After incubation, the samples were
completely dried and re-dissolved in 10 pul of 5% ACN containing 0.1%
formic acid and analysed by Q-Exactive HF LC/MS/MS. The collected
mass spectrometry (MS/MS) spectra of the peptides were analyzed
using the SEQUEST. A mass difference of 42 Da was observed in each of
the peptides after acetylation, indicating that the reaction leads to the
formation of acetylated derivatives.

Proteolytic activity of MVs was determined by zymogram analysis
as described earlier (Elhenawy et al., 2014; Frankowski et al., 2012). L.
monocytogenes MVs were solubilized in urea buffer and total protein
content was quantified by Lowry et al., 1951 method. SDS acrylamide
(12%) was co-polymerized with 0.5% (w/v) porcine skin gelatin (Ge-
latin, Sigma Aldrich, St. Louis, MO) as a protein substrate. MV proteins
(20 ug) was used loaded into appropriated wells and electrophoresis
was performed at 4 °C for until the dye front reaches the bottom of the
gel. Following separation under denaturing conditions, the proteins
were renatured to allow substrate cleavage. Colloidal Coomassie bril-
liant blue G-250 staining of gel was used to visualize areas where the
substrate (gelatin) was digested by proteases.

2.11. Bioinformatic analysis of proteomic data

The subcellular localization of a protein and the pathway analysis
was predicted by PSORTb (version PSORTb v3.0) (Yu et al., 2010) and
CELLO2GO (Yu et al., 2014) respectively. Virulence proteins associated
with MVs were predicted by VirulentPred (Garg and Gupta, 2008).
Cellular and MV associated lipoproteins were predicted using LipoP
(Juncker et al., 2003), DOLOP (Babu et al., 2006), and PredLipo (Bagos
et al., 2008). Prediction of a signal peptide for the general secretory
(Sec) or the twin-arginine translocation (Tat) pathway of the vesicular
proteins was performed by PRED-TAT (Bagos et al., 2010), and the
predicted Tat motif was obtained from TATFIND 1.4 server (Rose et al.,
2002). Additional prediction of the signal peptide for vesicular proteins
was made using the SignalP 4.1 (Petersen et al., 2011). Also, non-
classical secretary proteins were identified by SecretomeP (Bendtsen
et al., 2005).



R. Karthikeyan, et al.

2.12. Prediction of MV-host protein interaction network

We retrieved the proteome of Homo sapiens (human) (Proteome id:
UP000005640; 71, 599) from UniProt. Protein-protein interactions
(PPI) of MV proteome and the host proteome were predicted using the
Host-Pathogen Interaction Database (HPIDB) (Kumar and Nanduri,
2010) with percentage identity and query coverage of MV proteins as
30% and the host percentage identity and query coverage as 50%, re-
spectively. The HPIDB predicts PPI based on the homology approach
from the plentiful template eukaryotic-prokaryote inter-species PPIs
available among 68 hosts and 602 pathogens. The PPI network analysis
and its visualization were performed using Cytoscape (Shannon et al.,
2003). The cellular localization of host proteins that interact with MVs
was predicated using EuLoc (Chang et al., 2013) and CELLO2GO (Yu
et al., 2014).

2.13. Fluorescent labeling of MVs

Purified MVs were fluorescently labeled by incubating with fluor-
escein isothiocyanate (FITC) reagent (Sigma-Aldrich) (1 pug FITC/ug
vesicle protein in 50 mM Na,COg3, pH 9.2), for 2 h at 25 °C with mixing.
Free FITC was removed by washing three times in HEPES (100,000 X g,
30 min). Labelled vesicles were resuspended in PBS.

2.14. MVs association with Caco-2 cells

To monitor MVs entry into Caco-2 cells, a total of 1 x 10® Caco-2
cells were seeded and grown in coverslip till reaching 70% confluence.
The Caco-2 cells were stained with Hoechst (1 pg/ml), incubated for
30 min at 37 °C in a 5% CO.,. Cells were then washed once with PBS.
The medium was replaced with FITC-labelled MVs (10 pug/well) sus-
pended in DMEM without fetal bovine serum and antibiotics. Cells were
incubated for various time points (30 min, 2h, 4h, 6 h, and 12h) and
fixed to glass slide using methanol and glycerol. The fixed cells were
observed, and images were captured using high content screening
system (Operetta, PerkinElmer, USA).

2.15. Kinetics of MVs uptake by Caco-2 cells

MVs were isolated from L. monocytogenes were labelled with FITC.
Cells were grown to confluence in 75 cm2 culture flasks, trypsinized
and resuspended in cell culture medium. To monitor the kinetics of MV
uptake, 10 pg of FITC labelled MVs were added to a suspension of Caco-
2 cells and incubated for various time points 30 min, 2h, 4h, 6 h and
12h at (37 °C, 5% CO,). Samples were taken at each time points and
fixed to glass slide using methanol and glycerol. The fixed cells were
observed, and images were captured using high content screening
system (Operetta, PerkinElmer, USA). To determine the proportion of
internalized MVs, extracellular FITC-MV fluorescence was quenched
with trypan blue (final concentration of 0.2% (w/v)) and thus allows to
detect only internalized MVs. Fluorescence intensities were measured
before (total amount of cell-associated MVs) and after (internalized
MVs) adding trypan blue using a Enspire multimode plate reader.

To determine the mechanism involved in the endocytosis process,
inhibition assay was performed as described earlier (Kunsmann et al.,
2015). Briefly, monolayers of Caco-2 cells grown in 96-well plates were
pre-treated with the endocytosis inhibitors: 3-Methyl cyclodextrin (f-
MCD), chlorpromazine 15 pg/ml, Cytochalsin B 10 pg/ml, and nystatin
10 ug/ml (Sigma-Aldrich) for 1h at 37 °C prior to the addition of la-
beled-MVs. Control cells were not treated with the inhibitors. FITC la-
belled MVs (10 pg protein/well) were added to the monolayer and in-
cubated at 37°C for 4h. After washing with PBS twice, and cell
permeabilization with 1% Triton-X-100 (3min), fluorescence was
measured by Enspire multimode plate reader and normalized to FITC
labeled MVs incubated without cells. MV uptake in the presence of each
inhibitor was expressed as the percentage of MV uptake by inhibitor-
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untreated cells. Cells were observed, and images were captured using
high content screening system-Operetta.

2.16. Cell viability assay

Cell viability was assessed by the MTT (3-(4,5-Dimethylthiazol-2-
y1)-2,5-diphenyl tetrazolium bromide) assay, based on the mitochon-
drial reduction of tetrazolium to formazan. Cells were treated with
different concentration of MVs and incubated for 24 h. The medium was
then removed, and 1 ml of solubilization reagent (99% dimethyl sulf-
oxide) was added (Himedia, Mumbai). Cell viability was measured at
570 nm in enspire multimode plate reader (PerkinElmer). The results
were expressed as a percentage of cell survival relative to untreated
cells.

2.17. Statistical analysis

All experiments were performed in triplicates. Values were ex-
pressed as mean * standard deviation of the mean. GraphPad statis-
tical software was used. Data were analysed using the paired Student’s
t-test and p < 0.05 was considered as significant. Variables were
compared using two way analysis of variance.

3. Results
3.1. Isolation and characterization of MVs of L. monocytogenes

The isolated MVs were fixed and examined by high-resolution
transmission electron microscopy (Fig. 1A). The secreted MVs were
observed on the surface of the bacterial cells and the surrounding
milieu (Fig. 1B). The electron micrographs revealed that the MVs of L.
monocytogenes are spherical and 200 nm-300 nm in size (Fig. 1C). The
mean hydrodynamic radius of vesicles was 263.9 nm as determined by
DLS (Fig. 1D). All further experiments were performed using these
purified MVs.

3.2. Comprehensive proteome analysis of L. monocytogenes cells and MVs

L. monocytogenes cells and density gradient fractions were resolved
by SDS-PAGE to visualise the MV associated proteins (Fig. S1). The
proteome of the L. monocytogenes cells and purified MVs were analyzed
by LC-MS/MS. Based on SEQUEST and PEAKS analysis, 12,124 and
1437 high confident peptides were identified in L. monocytogenes cells
and MVs respectively. The complete list of the identified peptides and
proteins are provided in Table S1 and S2, respectively. The total
number of 1355 and 312MV proteins were identified in L. mono-
cytogenes cells and MV respectively. Of these, 60 vesicular proteins were
predicted to be localized via the sec pathway while 46 proteins were
identified to use the nonclassical secreted pathway (Fig. S2). The oli-
gopeptide transport system permease protein (oppB) was predicted to
use the Tat apparatus. Among the proteins identified, few MV proteins
posses LPXTG motif, known to mediate the covalent attachment of the
protein to the cell wall and a few carry LysM motif that allows non-
covalent attachment of the protein to peptidoglycan. The PSORTb 3.0
was used to predict the subcellular localisation. Among the 312 proteins
of MVs, 187 (60%) were predicted as cytoplasmic, 66 (21%) as a cy-
toplasmic membrane, 10 (3%) as cell wall-associated protein, 13 (4%)
as extracellular. Localization of 36 proteins (11%) could not be pre-
dicted using Psortb. (Fig. S3).

We compared the MV and cellular proteomes of L. monocytogenes
using Markov Clustering (MCL) of OrthoMCL software. As shown in
venn diagram, we determined that 296 common proteins were found in
both whole cell and MV proteome (Fig. 2). A total of 16 unique proteins
were identified only in MVs, including PI-PLC, autolysin, un-
characterized protein yabE, competence protein ComEC/Rec2, flagellar
proteins and other uncharacterized proteins (Table 1). These proteins
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Fig. 1. Characterization of MVs produced by L. monocytogenes. (A) Purification of L. monocytogenes MVs using sucrose density gradient centrifugation. Black arrow
indicates the clear white band observed in 60% sucrose fraction composed of MVs. (B) HR-TEM image of the negatively stained L. monocytogenes cells in mid-log
phase. Black arrows indicate the MVs released in surrounding milieu and middle arrow indicates MVs being released or blebbing out from L. monocytogenes cell. (C)
Bilayer and spherical structures of purified vesicles of L. monocytogenes. (D) Mean size distribution of vesicles released from L. monocytogenes cells, determined by

dynamic light scattering method.

Fig. 2. Proteomic profiling of L. monocytogenes. The venn diagram describes
individual differences in the total number of proteins identified exclusively (the
proteins were not identified in cells proteome) MVs. LM WCL- L. monocytogenes
whole cell lysate, LMMV- L. monocytogenes membrane vesicles.

have roles in virulence, adaptation, metabolism, and regulation. Fla-
gellar hook protein (FIgE), flagellin, cell wall binding protein (YocH),
M48 family peptidase, listeriolysin O, internalin B, a serine protease
(yyxA), probable endopeptidase p60, flagellin, Lmo0955 were also
identified in MVs. These proteins, which are low abundant in the
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bacteria could have enriched in the MVs. Also, we have identified
several transcriptional regulator proteins in MVs, included Rex reg-
ulatory protein, TR/Xre regulatory proteins, lacl family regulator, padR
negative transcription regulator and redox sensing transcriptional reg-
ulatory protein. The vesicular proteins were categorized by the sub-
cellular localizations and biological functions (Fig. 3A-B).

3.3. Virulence factors associated with MVs

Known virulence factors of L. monocytogenes such as, listeriolysin O,
internalin B, autolysin, p60, PLC-A, prsA, oligopeptide-binding protein
OppA, murA X- prolyl aminopeptidase, SecDF, SecA2, superoxide dis-
mutase, FlaA, were found in the purified MVs (Table 2). The antigenic
lipoprotein TcsA, peptidase T were also identified in MVs. Using the
Virulentpred tool, several other MV proteins were predicted to be as-
sociated with virulence (Table S4).

3.4. Validation of MV proteomics data

In bottom up approaches of proteomics, determining the sequence
of the peptide plays a crucial role in the identification and validation of
proteins. We found that acetylation at the N-terminal end of the tryptic
peptides resulted in an increase in the relative intensity of b ions or
detection of b1 ion or greater number of b ions in the MS/MS spectra as
compared to unacetylated peptide. In some peptides all the three fea-
tures were observed. The MS/MS spectra of a peptide generated from
listeriolysin O and its acetylated peptides are shown in Fig. 4A which
confirms the sequence of the peptides. The proteins of the MVs were
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Table 1
List of proteins identified only in MVs of L. monocytogenes.
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Gene Protein L. monocytogenes EGD-e locus Subcellular localization
plcA 1-phosphatidylinositol phosphodiesterase 1mo0201 Extracellular
parC DNA topoisomerase 4 subunit A 1mo1287 Cytoplasmic
YabE Uncharacterized protein 1Imo0186 Extracellular
BN389_02980 Competence protein ComEC/Rec2-related protein 1mo0275 Membrane
pcrA ATP-dependent DNA helicase Imo1759 Cytoplasmic
BN389_26590 Autolysin Imo2691 Extracellular
gTA DNA gyrase subunit A Imo0007 Cytoplasmic
Smc Chromosome partition protein 1mo01804 Cytoplasmic
parE DNA topoisomerase 4 subunit B 1Imo1286 Cytoplasmic
&TB DNA gyrase subunit B 1mo0006 Cytoplasmic
ispG 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (flavodoxin) Imo1441 Cytoplasmic
ytG Exo-glucosaminidase Imo1216 Extracellular
¥q8S Lipoteichoic acid synthase-like Imo0644 Membrane
BN389.17790 Uncharacterized protein 1Imo1752 Membrane
figk Flagellar hook-associated protein 1 1mo0705 Extracellular
BN389_26820 Uncharacterized protein 1mo2713 Extracellular

also identified after acetylating the tryptic peptides. Using these cri-
teria, 210 proteins from the MVs of the L. monocytogenes were also
identified/validated. The MS/MS spectra of some representative pep-
tides were shown the supplementary Fig. S4. As shown in the venn
diagram (Fig. 4B and C), 210 proteins and 512 peptides were common
in normal and acetylated MV proteins. The complete list of the identi-
fied acetylated peptides and proteins are provided in Table S3.

We identified a few proteins in MVs that were annotated as pro-
teases. Therefore, we tested if they display activity using a zymogram
analysis. MVs were harvested from L. monocytogenes and run on an SDS
PAGE gel containing gelatin as the substrate for protease. Following
renaturation and incubation at 37 °C, the gel was stained with coo-
massie blue to detect proteolytic activity. As shown in Fig. 4D, several
clear bands were visualized after staining the gel, indicating that gelatin
was digested at these sites. Thus, we can conclude that at least some of
the proteases detected in the vesicles are active.

3.5. Prediction of MVs-host protein-protein interaction (PPI) network and
pathogenicity mechanisms

We predicted the interactions of L. monocytogenes MV proteins with
the human proteome (Homo sapiens). We have predicted a total of 1841
possible interactions with the host involving 90 MV proteins and 1513
host proteins. The targeted proteins are predicted to be localized in the
cellular compartments relevant to the pathogenesis mechanisms. The
predicted host proteins that could interact with MV proteins were lo-
calized extracellularly or associated with the respective organelles such
as, lysosome, mitochondria, Golgi complex, endoplasmic reticulum
(ER), nucleus, plasma membrane and the cytoplasm (Fig. S5). L.
monocytogenes MVs may interact with endocytosis pathway at multiple
stages and internalize via an actin-dependent endocytic pathway. The
roles of these predicted target proteins in the host endocytosis-signaling
pathway and other possible host interactions are schematically re-
presented in Fig. 5. We have predicted that InlB, ClpB from MV could
interact with the host proteins dynamin-binding protein, signal trans-
ducing adapter molecule 2, respectively (Fig. S6). The MetK and AlsS of
MVs predicted to be interact with cathepsin L1 and WD repeat domain
phosphoinositide-interacting protein 2 (WIPI-2) of the host protein (Fig.
S7). These predicted proteins are essential for the autophagy during L.
monocytogenes infection. The PepT, GroL, PpaC, BN389_16270, GlyA,
DeoB, Pyc, DnaK, HemL1, and UvrA_2 were predicted to interact with
host immune system related proteins. The highest connected node in
this sub-network include predicted MV proteins such as InlB, Tkt,
OppD, UrA and ClpP of MVs and these proteins may interact with NF-xB
signaling pathway (Fig. 5 and Fig. S8). The predicted host proteins
involved in this pathway include the inhibitor of nuclear factor kappa-B
kinase subunit alpha, nuclear factor NF-kappa B pl05 subunit, rab
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GTPase-activating protein, histone acetyltransferase type B catalytic
subunit. These proteins are essential for degrading IkBa and activating
NF-kB. The MV proteins Hly, ClpP, Gap, DeoB, Dak2, DnaK, MetK,
Hemll1, and AckA2 are predicted to be associated with host mitochon-
drial proteins such as thioredoxin-interacting protein, BCL2, SAFB-like
transcription modulator, serine protease HTRA2, thioredoxin-depen-
dent peroxide reductase (Fig. 5 and Fig. S8).

3.6. MVs-host interaction and cytotoxicity

We evaluated the role of MVs in pathogenicity using Caco-2 cell line
as a model. Fluorescently labeled MVs (FITC-MVs) from late log-phase
cultures were incubated with Caco-2 cells, and examined under high
content screening imaging facility, and the kinetics of MVs uptake were
monitored over time using a multimode plate reader. We found that the
FITC-MVs bound to the cells, and internalized in to the Caco-2 cells in a
time-dependant and dose dependant manner (Fig. 6). After 30 min, MVs
were observed on the cell membranes (Fig. 6A, 30 min). After 2 and 4 h,
MVs were internalized and accumulated in perinuclear regions.

3.7. Uptake of MVs by Caco-2 cells

MVs were labelled with FITC and fluorescence was quenched with
trypan blue. Uptake of FITC MVs by Caco-2 cells showed a time-de-
pendent increase in fluorescence, which was consistent with MVs in-
ternalization (Fig. 6B and C, p < 0.05). The fluorescence level of
control samples containing only Caco-2 cells did not increase above the
background levels. To distinguish internalized from cell surface-bound
MVs, extracellular MV fluorescence was quenched with trypan blue.
Results presented in Fig. 6A shows that FITC-labelled MVs were bound
and internalized in Caco-2 cells in a time dependent manner.

To understand the mechanism of the L. monocytogenes MVs uptake,
we studied the effect of endocytosis inhibitors on the internalization of
MVs. Cytochalasin B, an inhibitor of actin formation, inhibited the MV
uptake to a level of more than 75% when compared to the untreated
control cells (P < 0.001) (Fig. 7A and B). In contrast, f-methyl cyclo-
dextrins which disrupt lipid rafts and caveolae and chlorpromazine an
inhibitor of clathrin-mediated endocytosis had no significant effects on
MV uptake by the Caco-2 cells (Fig. 7A and B). These experiments in-
dicated that L. monocytogenes MVs are internalized via actin-dependent
endocytosis.

To determine the MVs induced cytotoxicity, Caco-2 cells were
treated with various concentrations of MVs for 24 h and a cytological
change was observed. The morphology of Caco-2 cells treated with
50 ug/ml of MVs showed cellular shrinkage, nuclear condensation
suggesting that L. monocytogenes MVs induce host cell cytotoxicity. Cell
viability was analyzed using the MTT assay. MVs induced Caco-2 cell
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Table 2

List of virulence proteins in MVs of L. monocytogenes.

Reference

function

Subcellular localization

L. monocytogenes EGD-e Locus

Protein

Gene

Cabanes et al., 2004

Response to stress, pathogenesis
Pathogenesis,cell death

Pathogenesis

ular

Gedde et al., 2000; Carrero et al., 2008; Seveau, 2014; Hamon et al., 2012

Sashinami et al.,

ular

2015

2010; Chandrabos et al.,

ular

Mengaud et al., 1996; Mansell et al., 2000

Way et al., 2004; Wu et al., 2010

Schmidt et al., 2011

Pathogenesis, locomotion

ular

Locomotion and pathogenesis

catabolic process
Pathogenesis

ular

ular

1993

Camargo et al., 2016; Camilli et al.,

Laursen et al., 2015

ular

Extrace!

Imo02713
Imo0202
1mo0582

Autolysin

BN389.26590

Extrace!
Extrace!
Extrace:

Thiol-activated cytolysin

hly

iap

Probable endopeptidase p60

Internalin B

Extrace!
Extrace!
Extrace!

'mo0690

'mo0394

Stress response

Cytoplasmic

flaA

inlB.2

Flagellin OS

NLP/P60 family protein

BN389. 04110

1-phosphatidylinositol phosphodiesterase OS

Lmo0955 protein

plcA

BN389.09840
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cytotoxicity at a concentration of > 20 ug/ml and was dose-dependent
(Fig. 70).

4. Discussion

Extracellular MVs are playing major roles in pathogenicity of sev-
eral pathogens. MVs of Gram negative bacteria and their roles in pa-
thogenesis are well characterised (Mondal et al., 2016; Jung et al.,
2016; Bielaszewska et al., 2017; Bauman and Kuehn, 2009; Finethy
et al.,, 2017). Recent data suggest that MVs of Gram positive bacteria
also shown to involve in pathogenesis. MVs of pathogenic bacteria
deliver toxins and other virulence factors in to the host cells (Jin et al.,
2011; Bielaszewska et al., 2017). The synthesis and release of MVs into
extracellular milieu appears to be similar in both Gram negative and
Gram-positive bacteria (Deatheragea and Cooksona, 2012). However,
very little information is available on the MVs of L. monocytogenes.

Lee et al. (2013) have reported that the stress transcription factor oB
play an essential role in the MV production by L. monocytogenes.
Vdovikova et al. (2017) have demonstrated that L. monocytogenes se-
cretes active MVs inhibiting the autophagy in the host cells. Protective
role of MVs in the inhibition of LLO-mediated pore formation, autop-
hagy and the cell lysis, which helps L. monocytogenes to survive inside
the eukaryotic cells. Recently, Lee et al., (2018) have reported that salt
stress affects the MV production by L. monocytogenes. Proteomic ana-
lyses showed that the number of MV proteins expressed in the wild-type
strain was similar to that in AsigB mutant under the salt stress. Earlier
studies have reported the presence of approximately 130-150 proteins
in the MVs of L. monocytogenes (Lee et al., 2013, 2018), whereas, we
have identified 312 proteins in the MVs. Majority of the previously
reported proteins were identified in this study too. However, we could
detect a large number of proteins in MVs when compared to the earlier
studies. The variation in the number of MV proteins could be due to the
use of advanced Q-Exactive HF LC/MS/MS, which could detect lower
levels of proteins. Presence of the major virulence proteins such as
Listeriolysin O (LLO), internalin B (InlB), and several transporters in-
cluding osmotic stress (OpuCA, OpuCB, OpuCC, and OpuCD) was re-
ported previously. Consistent with the earlier studies, we have also
identified these proteins in the L. monocytogenes MVs. In addition,
several other virulence proteins could be detected in this study, which
includes PI-PLCA, PrsA, oligopeptide-binding protein (OppA), murA X-
prolyl aminopeptidase, secDF, secA2, flaA, mnt (manganese bind lipo-
protein), Yidc (membrane protein insertase), NLP/P60 family protein,
etc. The analysis of the MV proteome unveiled the vesicular protein
pool providing insight into the role of MVs in bacterial physiology and
pathology. From the infection point of view, the compositions of the
listerial MV proteomes are important as they can interact with host
cells.

In this study, 312 proteins were identified in L. monocytogenes MVs.
The present study focused on the comprehensive proteome analysis of
MV proteins from the pathogenic serotype 4b of L. monocytogenes MTCC
1143. As far as we are aware, this is the first comprehensive MV protein
catalog of L. monocytogenes serotype 4b. The majority of them were
predicted to be cytoplasmic proteins. Recent studies on Gram-positive
bacteria are suggesting that MVs naturally incorporate a large number
of cytoplasmic proteins into MVs (Gurung et al.,, 2011; Haas and
Grenier, 2015; Resch et al., 2016). In contrast, few recent studies are
reported that cytoplasmic proteins in MVs are depleted in Gram-nega-
tive OMVs (Choi et al., 2011; Yun et al., 2017; Veith et al., 2014). The
mechanism by which these cytoplasmic proteins are differentially en-
riched is uncertain. Many of the identified cytoplasmic proteins are
considered to be moonlighting proteins at the cell surface of L. mono-
cytogenes. This group includes many conserved proteins involved in
central metabolic pathways, cellular responses to stress, and/or viru-
lence. Also, L. monocytogenes MVs are enriched with extracellular and
surface-associated virulence proteins which could play critical roles in
host-pathogen interactions. Several of these proteins have been
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reported to be immunogenic and have clear implications in virulence
(Camejo et al., 2011).

MVs act as corgo for delivering various virulence factors, especially
toxin delivery, such as cytolysin A in Escherichia coli (Wai et al., 2003),
the heat-labile toxin in enterotoxigenic E. coli (Horstman and Kuehn,
2000), hemolytic phospholipase C in Pseudomonas aeruginosa
(Bomberger et al., 2009), leukotoxin in Actinobacillus actinomyce-
temcomitans (Kato et al., 2002) and listeriolysin O in L. monocytogenes
(Vdovikova et al., 2017). We identified several virulence factors in the
L. monocytogenes MVs, including listeriolysin O, internalin proteins, PI-
PLC, serine proteases, autolysin and pheromone lipoproteins. Flagellin
is another important virulence factor associated with the host-pathogen
interaction during infection (Dons et al., 2004). Also, we have identified
several lipoproteins in MVs. In Gram-positive bacteria, lipoproteins are
involved in nutrient transport, Toll-like receptor 2 activations, and
pathogenicity (Shahmirzadi et al., 2016). A recent study has demon-
strated that lipoproteins are essential for the virulence of L. mono-
cytogenes (Machata et al., 2008).

Interestingly, we have found few transcriptional regulatory proteins
in MVs. These regulatory proteins are located in the cytoplasm. The
presence of transcriptional regulators, such as AbrB and TR/Xre in MVs
is curious because regulator-mediated transcriptional activity occurs in
the cytoplasm harboring nucleic acids and other transcription ma-
chinery and their role in MVs are unknown.

The comprehensive proteomic profiling of MVs performed in this
study provides a foundation for understanding the virulence regulation
and the general physiological attributes of MVs and the MV-mediated
virulence mechanisms in L. monocytogenes. The MVs from Gram-nega-
tive bacteria could interact with host cells via either a receptor-medi-
ated endocytic pathway or fusion with the host cell plasma membrane
(Canas et al., 2016). Bomberger et al. (2009) showed that MVs secreted

by Pseudomonas aeruginosa delivered multiple virulence factors directly
into the cytoplasm of host cells by fusion of OMV with lipid rafts in the
plasma membrane. A recent study has also shown that uptake of Heli-
cobacter pylori vesicles via clathrin-dependent and independent
pathway (Olofsson et al., 2014). We found that L. monocytogenes MVs
were internalized into host cells through the interactions with actin-
mediated machinery.

Also, we have validated our proteomics data by the acetylation of
tryptic peptides generated from the proteins as described in earlier
method (Kulkarni et al., 2010). The chemical modification of the tryptic
peptides followed by mass spectrometry support the validation of the
peptide sequence and also improved the efficiency of de novo sequen-
cing. It was observed that acetylation influenced the fragmentation of
synthetic peptides and also tryptic peptides (Jagannadham et al., 2018).
Acetylation facilitated the formation of more fragments in the CID mass
spectra (mostly b ions, or y ions) that allows the confirmation of the
sequence of the peptides. The MS/MS spectra of the peptide from Lis-
teriolysin O and its acetylated derivative corresponding to the sequence
YAQAYPNVSAK are shown in Fig. 4A. The increase in b-ion intensities
in acetylated peptides were clearly validated the sequence obtained by
database search.

Further, we assessed the proteolytic activity of MVs by zymogram
analysis. We have identified few proteolytic activities in MVs as men-
tioned earlier. Previous reports suggested the presence of active pro-
teases in OMVs from other bacteria (Ramirez Rico et al., 2017;
Elhenawy et al., 2014; Surve et al., 2016). Although this study was
conducted in vitro, these proteases could participate in the pathogen-
esis process.

L. monocytogenes express arsenal of virulence determinants, which
allow the bacterium to enter the host cells and to establish its in-
tracellular niche. The virulence loci are controlled by the master
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Fig. 5. Schematic representation of predicted L. monocytogenes MV-host protein-protein interactions network. (1) L. monocytogenes secrete biologically active
MVs; (2) MVs are internalized into the host cell via actin-dependent endocytosis pathway; (3) MV carry a cocktail of proteins and enter to the endosomal com-
partment of the host cell and interact with proteins related to autophagy (4), mitochodria (5), cytokines (6) MV proteins interact with host nuclear proteins involved
in NF-kB signaling pathways, MAPK signaling pathway, apoptosis (7) MV proteins interact with inflammasome and activate pro-inflammatory response.

regulator PrfA, which would enable L. monocytogenes to enter into the
non-phagocytic cells, to escape from the internalization vacuole, to
replicate intracellular, and to spread from cell to cell (Lecuit, 2005).
The essential and well-characterized loci of this regulon include the
listeriolysin (LLO) (Schnupf and Portnoy, 2007), actin polymerization
(ActA), the Mpl metalloprotease, two phospholipases encoded by PlcA
and PlcB, major internalins, InlA and InlB, the secreted protein InlC.
Two surface virulence proteins promote internalization of L.
monocytogenes, InlA and InlB, which respectively target E-cadherin
(Mengaud et al., 1996) and the hepatocyte growth factor receptor Met,
which are host plasma membrane proteins. InlB-mediated entry re-
quires localized polymerization of the host actin cytoskeleton. InlB
activated each of these mTOR-containing complexes on the host re-
ceptor tyrosine kinase Met and the activity of PI3K (Bhalla et al., 2017).
Besides, human SNARE proteins are required for the delivery of the
human GTPase Dynamin 2, which promotes InlB-mediated entry (Van
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Ngo et al., 2017). We also found that the InlB as a major virulence
proteins in MVs and predicted to interact with in several host proteins
involved in the modulation of host cell death pathways. Previous stu-
dies have shown that InlB can activate NF-kB signaling to modulate host
death (Mansell et al., 2000). Uptake of Listeria also requires clathrin,
Dynamin 2, and several other host proteins that generally participate in
endocytosis (Veiga and Cossart, 2005).

Another essential virulence factor LLO is found in MVs (encoded by
the hly gene) which primary determinants of L. monocytogenes patho-
genesis. Upon entry to the host cell, LLO mediates the escape from host
cell phagosome before lysosomal fusion. Also, it activates/modulates
various host signaling pathways such as IkB kinase complex-NF-kB
signaling to stimulate immune activity, and modulates host cell epige-
netics through histone modifications and chromatin remodeling (Kayal
et al., 2002; Hamon et al., 2012). LLO induces apoptosis, and in high
concentration, it can cause rapid lysis of the host cells (Carrero et al.,
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2008; Seveau, 2014). LLO is also involved in posttranslational mod-
ifications such as deSUMOylation in the host cell and mitochondrial
fragmentation (Ribet and Cossart, 2010; Stavru et al., 2013). A previous
study on MVs of L. monocytogenes reported that the LLO of the MVs is
essential for the host autophagy (Vdovikova et al., 2017). In this study,
the predicted host-PPI network also suggests that the MV proteins can
interact with the host proteins involved in autophagy machinery. The
PPI network associated with these proteins indicates that L. mono-
cytogenes MV proteins can target multiple host regulators involved in
the autophagy. Another vital virulence factor is PlcA, which affect the
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Fig. 6. Uptake of L. monocytogenes MVs by
Caco-2 cells. (A) Microscopy images of cell
associated and internalised MVs. Caco-2 cells
were incubated with FITC labelled MVs for
30min, 2h, 4h, 6h, 12h. The cells were
stained with Hoechst. Internalized FITC la-
belled MVs are visualized in green. White ar-
rows indicates the accumulation of FITC la-
belled MVs. Scale bars are set at 0.5pum. (B)
Caco-2 cells were incubated at 37 °C with FITC
labelled MVs for 30min, 2h, 4h, 6h, 12h.
Fluorescence was measured in each time
points. Caco-2 cells and MVs alone were used
as controls of background fluorescence. Values
are means * standard error from four in-
dependent experiments (P < 0.01). (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

12h

12 h

lysis of the primary vacuole (Camargo et al., 2016; Camilli et al., 1993).
In this study, PlcA was found in MVs, and thus it could play an essential
role in MV-mediated pathogenesis. Besides, the secreted lipoproteins of
L. monocytogenes interact with the host and induce inflammatory cy-
tokines (tumor necrosis factor a [TNF-a] and interleukin 6) in a Toll-
like receptor 2 (TLR2)-pathway during the infection (Machata et al.,
2008).

Overall, the predicted host proteins in the PPI with L. monocytogenes
MV proteins are involved in NF-kB signaling pathways, MAPK signaling
pathway, apoptosis, endocytosis, autophagy, Wnt signaling pathway, T-
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Fig. 7. Uptake mechanism of L. monocytogenes MVs by Caco-2 cells. (A) Effect of inhibitors on MV uptake. 1. Cells were treated without inhibitors (Control).
Vesicles were internalized in to Caco-2 cells, 2. Cells were treated with B-MCD. 3. Cells were treated with chlopromazine and 4. Cells were treated with cytochalsin B
and reduced uptake of MVs is observed. (B) Caco-2 cell fluorescence was measured and MV uptake in the presence of each inhibitor was expressed as the percentage

of MV uptake by control, inhibitor-untreated cells (100%). Data are means *
(C) Host cell death induced by MVs of L. monocytogenes. Values are means =+
cells).
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standard deviations from three independent experiments. Scale bars are set at 0.5 um
standard error from four independent experiments (P < 0.01, versus untreated control
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cell and B-cell signaling pathways (Fig. 5). The NF-kB is one of the
master regulators of the innate immune response, and it can activate
the host inflammatory signaling pathway and cell survival pathway.
Pathogens use a variety of mechanisms to manipulate the NF-kB-re-
gulated survival pathway to modulate the host cell death response and
thus, promote intracellular replication and pathogenicity. Similarly,
previous studies have shown that listerial glycolipids and lipoproteins
can affect the host immune system and either promote an effective
immune response or inhibit the response (Yu et al., 2007; Zenewicz and
Shen, 2007).

L. monocytogenes MVs serve as a transport system for virulence-as-
sociated components, as the host cell death is induced by MVs. In
conclusion, our study demonstrates that L. monocytogenes MVs provide
an important vehicle for the delivery of bacterial effector molecules to
host cells. We have predicted several important virulence factors in
MVs have the interaction with host cells. To the best of our knowledge,
this work represents the first study to demonstrate the entry me-
chanism, predication of MV-host interaction and cytotoxicity of L.
monocytogenes MVs in host cells. Our findings have significant im-
plications for the study of Gram-positive bacteria pathogenesis and the
development of a new therapeutic target against L. monocytogenes in-
fections.
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