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1 | INTRODUCTION

Listeria monocytogenes is a Gram-positive pathogen responsible for
human listeriosis, a leading cause of deaths due to food-transmitted
bacterial pathogens. After ingestion of contaminated food, Listeria
can breach the intestinal and blood-brain barriers, leading to febrile
gastroenteritis, septicemia, and meningitis. In pregnant women, Listeria
can furthermore breach the placental barrier leading to abortion or
neonatal infections.

At the cell level, Listeria has the ability to enter and replicate in
both phagocytic and nonphagocytic cells (Cossart, 2011; Pizarro-
Cerda, Kuhbacher, & Cossart, 2012). Listeria’s intracellular life cycle
involves hijacking of host-cell pathways and interference with host cell
organelles (Lebreton, Stavru, & Cossart, 2015). Indeed, it has been

Bacterial pathogens can interfere during infection with host cell organelles, such as mitochondria,
the endoplasmic reticulum-Golgi system or nuclei. As important cellular functions are often com-
partmentalized in these organelles, their targeting allows pathogens to manipulate key host func-
tions during infection. Here, we identify lysosomes as a new class of organelles targeted by the
pathogenic bacterium Listeria monocytogenes. We demonstrate that extracellular Listeria, via
secretion of the pore-forming toxin listeriolysin O, alters lysosomal integrity in epithelial cells
but not in macrophages. Listeriolysin O induces lysosomal membrane permeabilization and
release of lysosomal content, such as cathepsins proteases, which remain transiently active in
the host cytosol. We furthermore show that other bacterial pore-forming toxins, such as
perfringolysin O and pneumolysin, also induce lysosomes alteration. Together, our data unveil a
novel activity of bacterial cholesterol-dependent cytolysins.

reported that Listeria alters the dynamic of mitochondria fission/fusion
events (Stavru, Bouillaud, Sartori, Ricquier, & Cossart, 2011; Stavru,
Palmer, Wang, Youle, & Cossart, 2013), activates the endoplasmic
reticulum (ER) stress responses (Pillich, Loose, Zimmer, & Chakraborty,
2012), and reshapes host nuclear functions by altering histone modifi-
cations and chromatin condensation (Eskandarian et al., 2013; Hamon
et al., 2007; Hamon & Cossart, 2011; Lebreton et al., 2011). Among the
different virulence factors of Listeria involved in these alterations of
host organelle functions, the listeriolysin O (LLO) toxin plays a central
role (reviewed in Hamon, Ribet, Stavru, & Cossart, 2012). This pore-
forming toxin was first reported for its role in the destabilization of
the internalization vacuole and escape of bacteria in the host cell cyto-
sol (Cossart et al, 1989; Gaillard, Berche, & Sansonetti, 1986;
Kathariou, Metz, Hof, & Goebel, 1987; Portnoy, Jacks, & Hinrichs,
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1988). Several studies have now established that LLO can also be
secreted by extracellular Listeria and forms pores in the host plasma
membranes (reviewed in Hamon et al., 2012). These pores allow
potassium efflux and calcium influx, which alter the ionic balance of
the host cell and trigger several signaling pathways leading to
inflammasome activation and IL-1B secretion, mitochondria fragmen-
tation, or histone posttranslational modifications (Hamon & Cossart,
2011; Meixenberger et al., 2010; Stavru et al., 2011; Stavru et al,,
2013). Pores formed at the plasma membrane can also alter other cel-
lular processes, independently of ion fluxes, such as SUMOylation
(Impens, Radoshevich, Cossart, & Ribet, 2014; Ribet et al., 2010).

The endomembrane system is a privileged target of Listeria dur-
ing infection (Lebreton et al., 2015). In nonphagocytic cells, internal-
ization of Listeria and its escape from the internalization vacuole
requires tight control of the host endocytic compartments (Hamon
et al, 2012; Pizarro-Cerda et al., 2012). In professional phagocytes
such as macrophages, survival of Listeria is promoted by intracellu-
lar secretion of LLO. This toxin alters phagosome integrity, delays
their acidification, inhibits their fusion with lysosomes, and eventu-
ally participates in the disruption of phagosomal membranes (Henry
et al., 2006; Shaughnessy, Hoppe, Christensen, & Swanson, 2006).

In contrast to the reported effect of LLO on host endosomes or
phagosomes, the consequences of Listeria infection on lysosomes remain
poorly characterized. Lysosomes are single membrane-bound cytoplas-
mic organelles specialized in the degradation and recycling of macromol-
ecules. These dynamic vacuoles are characterized by low pH and contain
numerous hydrolases, such as cathepsins, as well as specific membrane
proteins. Lysosomes are able to fuse and thus to degrade the content

(a)
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of a wide range of vesicles, including endocytic and phagocytic vacuoles,
autophagosomes, or post-Golgi originating vacuoles. Besides their cata-
bolic properties, lysosomes have been shown to have broader functions
in cell homeostasis and are involved in secretion, membrane repair, cell
growth, or cell death (Aits & Jaattela, 2013; Andrews, Almeida, &
Corrotte, 2014; Luzio, Hackmann, Dieckmann, & Griffiths, 2014;
Settembre, Fraldi, Medina, & Ballabio, 2013).

Since their first description by Christian DeDuve in 1950s, lyso-
somes were often referred to as “suicide bags”, as lysosomal membrane
damage results in leakage of lysosomal content to the cytosol, which
can then trigger apoptosis, pyroptosis, or necrosis (Boya & Kroemer,
2008; Repnik, Stoka, Turk, & Turk, 2012). Indeed, various components,
such as H,O,, or sphingosine, can increase lysosomal membrane perme-
ability, leading to the neutralization of lysosomal lumen and the release
of cathepsins and other hydrolases into the cytosol (Boya & Kroemer,
2008). The consequences of lysosomal membrane permeabilization
(LMP) vary according to the extent of lysosomal damage and the cell
type. While extensive LMP is often linked to necrosis or apoptosis,
moderate LMP may trigger oxidative stress, due to the release of pro-
tons from the lysosomes into the cytosol and reduction of lysosomal
catabolic capacities (Appelqvist, Waster, Kagedal, & Ollinger, 2013;
Boya & Kroemer, 2008; Repnik, Hafner Cesen, & Turk, 2014).

Here, we investigated whether Listeria interferes with host lyso-
some functions during infection. We demonstrated that the bacterial
pore-forming toxin LLO triggers host lysosomes permeabilization and
release of lysosomal proteases such as cathepsins in the cytosol. Our
results identify host lysosomes as new targets of Listeria during

infection.

5h of infection

100 100 Il uninfected
o E 801 80 BEwr
82 W 2nly
= £ 60- 60 -
5 £
(0]
o &~ 404 ]
S 40
35 0
€& o 20 1
0 T Y 0 r
167 10° 10" 107 10° 10"

Acridine Orange

Acridine Orange

150 -
(b) > * *
2
2
-GE) S 100+
e
5 3
O ©
o X 504
£
S
2
0- T T T
- WTAhly - WTAhly
1h 5h

FIGURE 1

Neutralization of host acidic compartments during Listeria infection. Acridine orange-stained Hela cells were infected for 1 or 5 hr with

wild-type (WT) or Ahly Listeria monocytogenes. (a) Representative flow cytometry analysis of uninfected or infected acridine orange-stained Hela
cells. (b) Data represent the geometric mean of acridine orange fluorescence in infected cells normalized to that of uninfected cells, as measured by
flow cytometry analysis (mean = SD from at least three independent experiments; *, p < 0.05; unpaired two-tailed Student’s t test)
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2 | RESULTS

2.1 | Listeria infection neutralizes host cell acidic
compartments

In order to determine whether Listeria alters host lysosome integrity dur-
ing infection, we stained cells with acridine orange (AO), a
lysosomotropic dye that emits red fluorescence when accumulating in
acidic compartments such as lysosomes. AO-stained Hela cells were
infected with L. monocytogenes for 1 or 5 hr, fixed and analyzed by flow
cytometry. We observed that infection by L. monocytogenes induces a
significant decrease in AO fluorescence intensity, both at 1 or 5 hr of
infection, which indicates a neutralization of host acidic compartments
(Figure 1). To decipher whether the pore-forming toxin LLO was involved
in this process, we infected Hela cells with a Listeria mutant deleted for
hly, the gene coding for LLO. Of note, in Hela cells, LLO is not strictly
required for bacterial escape from the internalization vacuole and Ahly
Listeria are thus able to reach the host cytosol and replicate intracellu-
larly in this cell type (Grindling, Gonzalez, & Higgins, 2003). Strikingly,
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infection of cells with a Ahly Listeria mutant does not affect AO fluores-
cence intensity, suggesting that LLO is the virulence factor responsible
for the observed loss of acidity of host compartments (Figure 1).

To confirm the involvement of LLO in this process, we treated
AO-stained Hela cells with sublytic concentrations of purified LLO
(from 0.3 to 3 nM). Flow cytometry analysis showed that purified
LLO can trigger a dose-dependent and time-dependent decrease of
AO fluorescence intensity of treated cells (Figure 2a,b). Neutralization
of acidic compartments in response to LLO was further confirmed by
microscopic analysis of cells stained with Lysotracker, another acido-
philic dye (Figure 2c).

We further assessed whether LLO-induced loss of AO fluores-
cence intensity is pore-dependent using an LLO mutant, LLOW492A,
able to bind to cell membrane but unable to form pores (Ribet et al.,
2010). Hela cells treated with LLO™4°?A do not show a decrease in
AO fluorescence intensity indicating that pore formation is critical to
induce changes in host compartments acidity (Figure 2d).

We then determined whether LLO alters the acidity of intracellu-

lar compartments in other cell lines. Hep G2, a human liver epithelial
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FIGURE 2 Neutralization of host acidic compartments in response to extracellular LLO. (a) Representative flow cytometry analysis of acridine
orange-stained Hela cells treated with different concentrations of purified LLO, for 10 or 30 min. (b, d) Geometric mean of acridine orange

fluorescence in HelLa cells treated with various concentrations of LLO (b) or with 3 nM wild-type LLO or the pore-deficient LLOW47?A mutant (d),
normalized to that of untreated cells, as measured by flow cytometry analysis (mean + SD from at least three independent experiments). (c)

Microscopic analysis of Hela cells stained with Lysotracker and treated with 3 nM LLO or 2 mM of the LMP inducer L-leucyl-L-leucine-methyl ester
(LeuLeuOMe) (scale bar; 2 um). (e) Geometric mean of acridine orange fluorescence in Hep G2, Caco-2, RAW264.7, or J774A.1 cells after 30 min of
treatment with increasing concentrations of LLO, normalized to that of untreated cells (mean + SD from at least three independent experiments)
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cell line; Caco-2, a human intestinal cell line; RAW 264.7 and
J774A.1, two murine macrophage-like cell lines were stained with
AO and treated with various concentrations of LLO. We observed a
dose-dependent decrease in AO fluorescence intensity in Hep G2
and Caco-2 cells lines in response to LLO, indicating that this toxin
alters intracellular compartments acidity in different epithelial cell
types (Figure 2e). Interestingly, no variation in AO fluorescence was
observed in macrophages treated with LLO (even at a high LLO con-
centration of 9 nM), suggesting that alteration of acidic compartments
in response to LLO is cell-type specific and does not occur in macro-
phages (Figure 2e).

Previous reports established that host plasma membrane
wounding by pore-forming toxins such as LLO induces a calcium-
dependent fusion of membrane proximal lysosomes with the damaged
membrane, which is critical for the resealing of wounded cells
(Andrews et al., 2014; Jaiswal, Andrews, & Simon, 2002; Reddy, Caler,
& Andrews, 2001; Tam et al., 2010). To confirm that our observed
LLO-dependent loss of AO fluorescence intensity is not due to
lysosomal fusion with the plasma membrane, and thus to the release
of lysosomal content in the extracellular milieu, we repeated our
experiments in the presence of the calcium chelator EGTA to block
LLO-dependent calcium influx and lysosomes fusion to the plasma
membrane. We validated that EGTA efficiently inhibits LLO-induced
lysosomes fusion with the plasma membrane by monitoring the
release of lysosomal acid sphingomyelinase in the supernatant of cells
treated with LLO (Figure S1). Whereas EGTA inhibited lysosomes
fusion with the plasma membrane, it did not block the decrease in
AO fluorescence intensity observed in Hela cells treated with LLO
(Figure 3). This result confirms that LLO triggers the neutralization
of intracytoplasmic lysosomes. To definitely rule out a role for calcium
in LLO-induced neutralization of host lysosomes, we repeated our
experiments in the presence of the cell permeant calcium chelator
BAPTA-AM. Pre-incubation with BAPTA-AM alone, or with BAPTA-
AM and EGTA, does not inhibit the decrease in AO fluorescence trig-
gered by LLO, indicating that neither extra-cellular calcium influx nor
calcium mobilized from intracellular stores is involved in this process
(Figure 3).

Altogether, our results indicate that LLO, secreted by Listeria
during infection, modifies the acidity of intracellular compartments
such as lysosomes, which may reflect LMP (Boya et al., 2003; Erdal
et al., 2005).

2.2 | Listeria triggers host cell lysosomes
permeabilization during infection

To assess whether host lysosomes are permeabilized in response to
LLO, we monitored if intralysosomal proteins such as Cathepsin D
(CtsD), a lysosomal aspartyl-protease, can be translocated from the
lysosomes to the cytosol after exposure to the toxin. Hela cells were
first treated or not with LLO, lysed mechanically, and fractionated to
obtain lysosome-depleted cytosolic fractions. The absence of lyso-
somal components in the cytosolic fractions was controlled by immu-
noblot analysis of LAMP1, a lysosomal transmembrane glycoprotein
(Figure 4a). Compared to non treated cells, we observed a significant
increase in the level of the mature CtsD heavy chain (27 kDa) in the
cytosolic fractions of cells treated with LLO, indicating that mature
CtsD has been released from lysosomes to the cytosol, and demon-
strating that LLO does trigger LMP (Figure 4a). Quantification of CtsD
signal showed that only a fraction of lysosomes are permeabilized in
response to LLO, or that only a fraction of intralysosomal Cathepsin
D is transferred to the cytosol.

Cathepsins, once released from the lysosomes, can be inactivated
either by the neutral pH of the cytosol or by intracellular inhibitors
such as stefins and serpins (Lee, Gulnik, & Erickson, 1998; Repnik
et al.,, 2012; Turk et al., 1995). Some cathepsins, however, were shown
to retain their proteolytic activity at neutral pH for several hours
(Kirschke, Wiederanders, Bromme, & Rinne, 1989; Pratt, Sekedat,
Chiang, & Muir, 2009). Thus, cathepsins released from lysosomes
may be transiently active in the cytosol. To assess if cytosolic cathep-
sins released in response to LLO retain some proteolytic activity, we
monitored cathepsins activity in cytosolic fractions of LLO-treated
cells using cathepsins-specific fluorogenic substrates. We observed a
significant threefold increase in cathepsins activity in cytosolic frac-
tions of LLO-treated cells compared to control cells (Figure 4b). This
confirms that cathepsins can be translocated from lysosomes to the
cytosol and that these cathepsins remain, at least transiently, proteo-
lytically active even at the neutral pH of the cytosol.

In order to show that the LMP observed in response to purified
LLO is also induced during bacterial infection, we performed the same
experiments on Hela cells infected for 1 or 5 hr with Listeria. Again, we
could detect an increase in cathepsin activity in the cytosolic fractions
of cells infected for 1 hr with WT Listeria, which correlates with an
increased level of CtsD in these fractions (Figure 4c,d). These results
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FIGURE 3 LLO-induced neutralization of acidic compartments is calcium-independent. Geometric mean of acridine orange fluorescence, as
measured by flow cytometry analysis, in Hela cells pre-incubated with 1 or 10 mM EGTA, or with 0.1 mM BAPTA-AM, and treated with 3 nM

LLO (mean + SD from at least three independent experiments)
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FIGURE 4 Release of active lysosomal proteases in the host cytosol in response to LLO. Hela cells were treated with 3 nM purified LLO, or
infected with wild-type (WT) or Ahly Listeria monocytogenes for 1 or 5 hr. (a, ¢) Immunoblot analysis using anti-cathepsin D (CtsD), anti-
lysosomal-associated membrane protein-1 (LAMP-1) and anti-actin antibodies of cell fractions from Hela cells treated with LLO or infected with
Listeria (“cytosol” = cytosolic fraction devoid of lysosomes; “pellet” = fraction containing lysosomes). (b, d) Quantification of cathepsin activity in
cytosolic fractions from Hela cells, treated with LLO or infected with Listeria, normalized to that of control cells (“CtsB” = substrate specific for
cathepsin B; “cys-cathepsins” = substrate specific for cathepsins belonging to cysteine proteases) (mean + SD from three independent
experiments; *, p < 0.05; **, p < 0.01; NS = not significant; unpaired two-tailed Student’s t test)

confirm that host cell lysosomes are permeabilized during infection.
Infection with the Ahly mutant also showed a slight increase in
cytosolic cathepsin levels and activity compared to uninfected cells,
suggesting that LLO-independent LMP may occur during infection in
Hela cells (Figure 4c,d). Interestingly, cytosolic cathepsins activity
could not be detected after 5 hr of infection, suggesting that
cathespins released to the cytosol are only transiently active and loose
their activity after a few hours (Figure 4d).

As LMP may be a downstream consequence of cell death (Boya &
Kroemer, 2008; Vanden Berghe et al., 2010), we finally monitored cell
mortality after treatment with purified LLO or infection with Listeria.
Hela cells were treated with 3 nM LLO for 30 min or infected for
5 hr with WT and Ahly Listeria mutant. Cells were then labeled with
a fluorescent dye allowing quantification of dead cells (see Experimen-
tal Procedures). Less than 10% of dead cells were observed in all tested
conditions, indicating that neither LLO nor Listeria infection induces
cell death in our experimental settings (Figure S2). Thus, the observed

LLO-induced LMP is not a downstream consequence of cell death.

2.3 | LLO-dependent Ubc9 degradation is
independent of lysosomal permeabilization

We have previously demonstrated that plasma membrane perforation

by LLO triggers the degradation of Ubc9, an essential enzyme of the

host SUMOylation machinery, and a remodeling of the host cell
SUMOylome (Impens et al., 2014; Ribet et al., 2010). This degradation
can be partially blocked by an aspartyl-protease inhibitor (Ribet et al.,
2010). As several lysosomal proteases, such as Cathepsin D and
Cathespin E, belong to the family of aspartyl-proteases, we assessed
whether lysosomal proteases released by LMP might be involved in
LLO-induced Ubc9 degradation. To do so, we inactivated lysosomal
proteases by using a well-established protocol based on horseradish
peroxidase (HRP)-mediated chemical crosslinking, which selectively
targets endosomes and lysosomes (Laulagnier et al., 2011; Stoorvogel,
1998). Hela cells were incubated with HRP at 37 °C for 15 min (pulse)
to internalize HRP into endosomes by fluid-phase endocytosis. After a
chase period, allowing HRP to reach late endosome and lysosomes
through the endocytic pathway, cells were incubated with H,O, and
3,3'-diaminobenzidine (DAB) that diffuses through cell membranes.
The peroxidase activity of HRP-containing compartments triggers
polymerization of DAB monomers and selective fixation of these
organelles through chemical crosslinking of the luminal and integral
membrane protein to the DAB polymer.

We quantified lysosomal cathepsins activity after HRP/DAB-
mediated crosslinking of lysosomes and demonstrated that these
proteases were indeed inactivated by this chemical treatment
(Figure 5a). We then monitored Ubc9 degradation in response to
LLO in Hela cells pretreated or not with HRP/DAB. No significant
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Inhibition of lysosomal proteases does not block LLO-dependent Ubc9 degradation. HRP was endocytosed in HelLa cells for 15 min.

After different chasing period (0, 30, or 90 min), cells were incubated with DAB and H,O, to cross-link lysosomal content. (a) Quantification of
cathespin activity in HeLa whole cell extracts treated or not with HRP/DAB (“CtsB” = substrate specific for cathepsin B; “Cys-cathepsins” = substrate
specific for cathepsins belonging to cysteine-proteases) (mean + SD from at least three independent experiments; *, p < 0.05; NS, not significant;
unpaired two-tailed Student’s t test). (b) Immunoblot analysis using anti-Ubc9 and anti-actin antibodies of whole cell extracts from Hela cells

pretreated with HRP/DAB and incubated with 3 nM LLO for 10 or 30 min

differences in Ubc9 degradation could be observed in Hela cells pre-
incubated with HRP/DAB compared to control cells (Figure 5b). These
results suggest that Ubc9 degradation is independent of lysosomal

proteases released into the cytosol after exposure to LLO.

2.4 | Host lysosomal permeabilization is triggered by
other bacterial pore-forming toxins

Listeriolysin O belongs to the family of cholesterol-dependent
cytolysins (CDCs), which includes toxins secreted by several extracel-
lular pathogens (Hamon et al., 2012; Peraro & van der Goot, 2016).
To decipher whether other bacterial pore-forming toxins may also
induce host-cell lysosomal permeabilization, we treated AO-stained
Hela cells with Perfringolysin O (PFO; secreted by Clostridium
perfringens) or Pneumolysin (PLY; secreted by Streptococcus
pneumoniae). We observed that these two other CDCs also lead to a
concentration-dependent decrease in acridine-orange fluorescence
intensity, as observed with LLO (Figure 6a). To assess whether pore-
forming activity of PFO and PLY was required to trigger LMP, as
observed for LLO, we purified mutated versions of these toxins that
are unable to form pores (PFOW47A and PLYW43¢A  designed by
homology to LLOW472A Treatment of AO-stained Hela cells with
these nonhaemolytic toxins does not induce a decrease in fluorescence
intensity, demonstrating that pores formation is strictly required for
these CDCs to trigger lysosomal permeabilization in epithelial cells
(Figure 6b). These results suggest that alteration of host lysosomes
integrity may occur in response to infection by different pathogenic

bacteria secreting pore-forming toxins in the extracellular milieu.

3 | DISCUSSION

In this study, we identify lysosomes as a new host cell organelle
targeted by L. monocytogenes during infection. We show that secretion
of LLO by Listeria triggers host lysosome loss of integrity, leading to
their neutralization and the translocation of active lysosomal proteases
in the host cytosol.

Many bacterial pathogens have evolved the ability to interfere
with host cell organelles (Escoll, Mondino, Rolando, & Buchrieser,
2016; Lebreton et al., 2015). Important cellular functions are com-
partmentalized in these organelles, such as DNA maintenance and
gene expression in the nucleus, sorting of newly synthetized proteins
and lipids in the ER and in the Golgi or bioenergetics and programmed
cell death in mitochondria. Targeting of these organelles allows bacte-
ria to manipulate key functions of the host cell in order to promote
infection. Besides the numerous examples of bacteria targeting either
mitochondria, the ER-Golgi system or the nucleus, only few patho-
genic bacteria were previously reported to target lysosomes. Vibrio
parahaemolyticus constitutes one such example, as it can translocate
into host cells the cytotoxic VepA effector protein, which induces
LMP through the targeting of the subunit C of lysosomal V-ATPase
(Matsuda, Okada, Kodama, Honda, & lida, 2012). Pseudomonas
aeruginosa is another example that secretes a toxic metabolite called
pyocyanin, inducing LMP and apoptosis in neutrophils (Prince et al.,
2008). Infection with S. pneumoniae was also shown to trigger LMP
and apoptosis of host macrophages (Bewley et al, 2011). The
involved mechanism is complex and partially requires the
pneumolysin toxin but not its pore-forming activity, as well as
additional bacterial factors (Bewley et al., 2014). This mechanism
differs from the one observed in our study in epithelial cells, which
strictly requires PLY pore-forming activity (Figure 6b). Finally, the a-
toxin from Clostridium septicum, which belongs to a different family
of pore forming toxins than CDCs, was shown to trigger programmed
necrosis in myoblast cells and cathepsins release from lysosomes
(Kennedy, Smith, Lyras, Chakravorty, & Rodd, 2009). The mechanism
involves pores-mediated calcium influx and is associated with cell
necrosis, which, again, differs from the mechanism observed here
with LLO (Figure 3 and Figure S2).

Here, in the case of L. monocytogenes, we identified that LLO
induces lysosomes permeabilization in epithelial cells but not in
macrophages. In epithelial cells, it remains to be determined whether
LLO and other CDCs directly target lysosomes and form active pores
in lysosomal membranes or if pore formation at the level of the
plasma membrane triggers signaling cascades leading, indirectly, to
LMP. Indeed, large pores such as those formed by LLO and other
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FIGURE 6 Neutralization of host acidic compartments induced by
PFO and PLY toxins. Acridine orange-stained Hela cells were treated
with wild-type or pore-deficient LLO, PFO, or PLY toxins for 10 or
30 min. (a) Wild-type toxins were used at various hemolytic titres (a
titre of 10 A.U. corresponds to the hemolytic activity of 3 nM LLO). (b)
Wild-type toxins were used at a hemolytic titre of 10 A.U. Mutant
toxins were used at similar protein concentration than the
corresponding wild-type. Geometric means of acridine orange
fluorescence, as measured by flow cytometry analysis are represented,
normalized to that of untreated cells (mean + SD from three
independent experiments)

CDCs are rapidly repaired, compared to smaller pores formed by
other class of toxins (Gonzalez et al., 2011; Idone et al., 2008).
Endocytosis of membrane-bound toxins is one possible repair
mechanism of perforated plasma membranes (Andrews et al., 2014;
Corotte et al., 2013; Corotte, Fernandes, Tam, & Andrews, 2012).
One could envisage that endocytosed CDCs pores traffic through
the cell and fuse with lysosomal membranes leading to their
permeabilization. Pores formed at the plasma membrane may also
constitute an entry gate for toxin monomers to reach intracellular
targets such as lysosomes. On the other hand, pores in the plasma
membrane are known to trigger several signaling cascades. One of
these cascades may indirectly lead to lysosome permeabilization,
which can be triggered in response for example to oxidative stress
or DNA damage (Boya & Kroemer, 2008).

While release of cathepsins during LMP was shown to induce
apoptosis in some instances (Boya & Kroemer, 2008), we could not
detect activation of caspase 3 nor induction of cell death in Hela cells
treated with LLO or infected with Listeria (Figure S2). These results
are consistent with previous studies showing that exposure to LLO
or infection by Listeria does not trigger classical apoptosis in Hela
cells, in contrast to infection by other bacterial pathogens such as Shi-
gella flexneri or Salmonella Typhimurium (Stavru et al., 2011; Tattoli
et al., 2008). This absence of cell death induction, despite LMP, may
result from a limited amount of destabilized lysosomes, and thus a
limited amount of released cathepsins, or from the only transient
activity of cathepsins detected in the cytosol after infection. The
rapid resealing of LLO pores in epithelial cells may also contribute
to the lack of accumulation of permeabilized lysosomes over time
(Andrews et al., 2014; Gonzalez et al., 2011; Idone et al., 2008; Peraro
& van der Goot, 2016).

One interesting hypothesis would be that LLO-induced LMP has
different consequences depending on the cell type and may participate
to cell death induction in only a specific subset of host cells. Apoptosis
induced in response to Listeria infection has indeed been previously
reported in vivo (Carrero & Unanue, 2012). At the liver level,
hepatocytes can die from apoptosis following infection, independently
of circulating immune cells, which then triggers the release of
neutrophils chemoattractants (Rogers, Callery, Deck, & Unanue,
1996). Intracerebral infection leads to apoptosis of specific neurons
from the hippocampal region (Schluter et al., 1998). Finally, LLO can
induce apoptosis of T lymphocytes at infective loci by both caspase-
dependent and caspase-independent pathways. One proposed
mechanism is that LLO triggers the release of granzyme from lytic
granules to the lymphocyte cytosol (Carrero, Vivanco-Cid, & Unanue,
2008). As lytic granules are functionally related to lysosomal
compartments, this mechanism interestingly echoes our observed
LLO-dependent release of lysosomal cathepsins in epithelial cells.

Previous studies have reported a role for LLO in the alteration of
Listeria internalization vacuole integrity, following bacterial entry
(Henry et al., 2006; Shaughnessy et al., 2006). These effects are
mediated by LLO secreted intracellulary by engulfed bacteria and are
restricted to the internalization vacuoles. In this study, we report an
independent role of LLO, which, when secreted extracellularly, triggers
host lysosomes permeabilization. The fact that other toxins, secreted
by strictly extracellular pathogens, also induce lysosomes alterations
strengthens our conclusions that LLO, as other CDCs, act in this case
from the outside of host cells.

In conclusion, we have identified lysosomes as a previously
overlooked target of Listeria infection. As lysosomes play a central
role in the cell homeostasis, our study suggests that Listeria infection
may affect important cellular pathways linked to lysosomal functions,
which may be cell type-dependent. This alteration of host lysosomal
functions may either be beneficial for Listeria and thus participates
to the strong attenuated virulence of the Listeria Ahly mutant, or,
conversely, be sensed as a danger signal triggering host antibacterial
responses. This study provides another example of the role of
extracellular LLO on the modulation of host cell activities and
possibly of cells that are not invaded by Listeria, in addition to the

initially described role of this toxin in bacterial escape from the
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internalization vacuole. Our results also suggest that other pore-
forming toxin secreting pathogens may target host lysosomes and
trigger host lysosomal permeabilization during infection. Finally, our
study identifies LLO as an interesting tool to study mechanisms
and consequences of lysosomal permeabilization in cell physiology

and diseases.

4 | EXPERIMENTAL PROCEDURES

4.1 |

Hela cells (American Type Culture Collection (ATCC) CCL-2), Hep G2
(ATCC HB-8065), Caco-2 (ATCC HTB-37), RAW 264.7 (ATCC TIB-
71), and J774 A.1 (ATCC TIB-67) were cultivated at 37 °C in a 10%

CO, atmosphere in Minimum Essential Medium (MEM) (Invitrogen).

Cell culture

Culture media for HelLa and Hep G2 cells were supplemented with
2 mM Glutamax (Invitrogen), 10% Fetal Bovine Serum (FBS), MEM
nonessential aminoacids (Invitrogen), and 1 mM sodium pyruvate.
Culture medium for Caco-2 cells was supplemented with 2 mM
Glutamax, 20% FBS, MEM nonessential aminoacids, and 1 mM
sodium pyruvate. Culture medium for RAW 264.7 and J774A.1 cells
was supplemented with 4 mM Glutamax, 10% FBS, and 1 mM sodium
pyruvate.

4.2 | Bacterial strains

Listerias strains were grown in brain heart infusion broth or agar plates
(BD Difco) at 37 °C. Strains used in this study were L. monocytogenes
EGD (BUG 600), the corresponding isogenic deletion mutants EGD
Ahly (BUG 3650; see below), and chromosomally GFP-tagged EGD
(EGD-GFP; BUG 2539) (Balestrino et al., 2010) and EGD Ahly (EGD
Ahly-GFP; BUG 2786; see below).

43 |

To generate L. monocytogenes EGD Ahly strain (BUG 3650), two
~1,000 pb fragments flanking hly gene were PCR amplified from

Generation of Ahly mutant strains

EGD chromosomal DNA. The primers used for the hly 5’ flanking
fragment were 5'-ATACAGTCGACTTATTGTCCGCT-3' and 5'-
TACAAACGCGTGGGTTTCACTC-3', and the primers used for the 3’
fragment were 5'-AACCCACGCGTTTGTAAAAGTAA-3' and 5'-
TGTATAGATCTAAGCGCTTGAAA-3'. After restriction of the ampli-
fied 5" and 3’ fragments with Sall and Mlul, and Mlul and Bglll, respec-
tively, 5" and 3’ fragments were coligated in the thermosensitive
pMAD plasmid (Arnaud, Chastanet, & Debarbouille, 2004) digested
by Sall and Bglll, yielding the pMAD-Ahly plasmid (BUG3621). This
plasmid was electroporated into L. monocytogenes strain EGD, and
gene deletion was performed as described in (Arnaud et al., 2004).
Deletion of the entire hly gene was confirmed by sequencing.

Chromosomally GFP-tagged EGD Ahly strain (BUG 2786) was
obtained by electroporating pAD-cGFP plasmid into EGD Ahly strain
as described in Balestrino et al., 2010.

4.4 | Bacterial infections

Hela cells were seeded at a density of 5 x 10° cells per 960 mm? wells
the day before infection. Bacteria were cultured overnight at 37 °C,
then subcultured 1:20 in brain heart infusion until exponential-phase
(OD¢0o nm Of 1.0), and washed 4 times in PBS. Hela cells were serum-
starved for 2 hr before infection. Bacteria were added to cells at a mul-
tiplicity of infection of 50 and centrifuged on cells for 5 min at 200xg.
After 1 hr of infection, cells were washed and harvested, or incubated
for four additional hours with fresh medium supplemented with 10%
FBS and 50 pg/ml gentamicin (Euromedex) to kill extracellular bacteria.

4.5 | Pore-forming toxins treatment

Bacterial expression vectors for wild type of pore-deficient toxins
were generated by inserting genes coding for C-terminally Hisg-
tagged LLO, PFO, and PLY toxins in pET29b plasmid (Novagen)
(PET29b-His,-LLOWT, BUG1965 (Glomski, Gedde, Tsang, Swanson,
& Portnoy, 2002); pET29b-His,-PFOWT, BUG3888; pET29b-His,-
PLYWT, BUG3889). Punctual mutations were introduced in these
plasmids by PCR mutagenesis to generate expression vectors for
pore-deficient toxins (pET29b-Hiss-LLOW47?A BUG2664 (Ribet et al.,
2010); pET29b-Hiss-PFOW4¢7A BUG4081; pET29b-Hise-PLYW436A
BUG4082). These vectors were then used to purify pore-forming
toxins from E. coli cell extracts as previously described (Glomski et al.,
2002). Purified pore-forming toxins were then added directly in culture

medium of cells serum-starved for 2 hr as indicated in the text.

4.6 | Fluorescent staining of lysosomes

For LLO or LeuLeuOMe treatments, cells were incubated with either
5 mM Acridine Orange (ThermoFisher) for 15 min or 500 nM
Lysotracker Red (ThermoFisher) for 30 min, then washed 3 times with
MEM before treatment with 3 nM LLO or 2 mM LeuLeuOMe (H-Leu-
Leu-OMe-HBr; Bachem). Cells infected for 1 or 5 hr with chromosom-
ally GFP-tagged Listeria were stained for 15 min with Acridine Orange
2 hr before infection or 2 hr postinfection, respectively. Cells stained
with Acridine Orange were harvested using a 1 mM EDTA-1 mM
EGTA-PBS solution, pelleted, and fixed for 20 min using Cytofix/
cytoperm solutions (BD Biosciences). Acridine Orange fluorescence
was quantified by flow cytometry (excitation 488 nm; detection
window: 665-715 nm). Forward- and side-scatter light was used to
identify viable cells, and at least 5,000 events were captured and
analyzed using FlowJo software. Cells stained with Lysotracker were
incubated in phenol red-free DMEM and directly imaged on a
Axiobserver Z1 confocal microscope (Zeiss) in prewarmed culture
chamber for live-cell imaging. Images were analyzed with the ImageJ
software. All displayed images are representative fields of at least

three independent experiments.

4.7 | Chelation of extra- and intracellular calcium

Hela cells were pre-incubated, 20 min before LLO treatment, in
MEM supplemented with 1 or 10 mM EGTA, or with 0.1 mM
BAPTA-AM (Sigma-Aldrich). After removal of the medium, cells were
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incubated again in MEM supplemented with EGTA or BAPTA-AM,
and with 3 nM LLO.

4.8 | Cell fractionation

Fractionation of cells was carried out by mechanical lysis and ultracen-
trifugation. Cells were seeded at 5 x 10° cells per 100 mm dishes the
day before LLO treatment or Listeria infection. After treatment, cells
were gently scrapped in 0.5% BSA-PBS and centrifuged at 300xg for
5 min at 4 °C. Pellets were then washed with chilled homogenization
buffer (8% sucrose, 3 mM imidazole, 1 mM MgCl,) and pelleted at
2000xg for 10 min at 4 °C. Cells were resuspended again in homoge-
nization buffer supplemented with either 0.05% gelatine for cathep-
sins activity assays or 0.05% gelatine, 0.5 mM EGTA, and protease
inhibitors (complete protease inhibitor cocktail tablets; Roche) for
immunoblot analysis. Cell disruption was carried out by multiple pas-
sages through a 25G 5/8 in. needle. Cell lysates were then centrifuged
at 200xg for 5 min at 4 °C. The supernatant was additionally centri-
fuged for 1 hr at 55,000xg at 4 °C. The final supernatants correspond
to cytosolic fractions devoid of lysosomes. The corresponding pellets,

containing lysosomes, were kept for further immunoblot analysis.

4.9 | Immunoblot analysis

For immunoblot analysis, HelLa cells or subcellular fractions were
mixed with Laemmli buffer (125 mM Tris-HCI [pH 6.8], 4% SDS,
20% glycerol, 100 mM dithiothreitol [DTT], 0.02% bromophenol blue),
sonicated, boiled for 5 min, and protein content was resolved by SDS
polyacrylamide gel electrophoresis. Proteins were then transferred on
PVDF membranes (GE Healthcare) and detected after incubation with
specific antibodies using Pierce ECL 2 Western Blotting Substrate
(Fisher Scientific). The following primary antibodies were used for
immunoblot analysis: mouse anti-actin  (A5441; Sigma-Aldrich;
1:10,000 dilution), mouse anti-LAMP1 (555798 ; BD Pharmingen;
1:500 dilution), mouse anti-Ubc9 (610748 ; BD Transduction Lab;
1:1,000 dilution), and goat anti-cathepsin D (sc-6486 ; Santa-Cruz;
1:500 dilution). Anti-mouse and anti-goat HRP-conjugated antibodies
were used as secondary antibodies (Abliance; 1:8,000 and 1:4,000
dilution, respectively). All displayed immunoblots are representative

of at least three independent experiments.

410 | HRP-mediated chemical crosslinking of
lysosomes

Hela cells, seeded at 2.10° cells per 400 mm? wells the day before
treatment, were serum-starved for 2 hr in MEM and then incubated
with 5 mg/ml HRP in MEM, buffered at pH 7.5 with 12 mM Hepes,
for 15 min at 37 °C. Cells were then washed 3 times with 5% BSA-
PBS, followed or not by a 30 or 90 min chase period in HRP-free
MEM without FBS at 37 °C. Cells were incubated on ice with PBS con-
taining 100 pg/ml DAB and 0.003% H,O, for 30 min. After three
washes with PBS and one with MEM without FBS, cells were trans-
ferred again at 37 °C for 5 min and then treated with purified LLO. Cells
were finally lysed either in Laemmli buffer for immunoblot analysis, or
in 8.6% Sucrose; 20 mM Hepes; 10 mM KCI; 1.5 mM MgCl,; 1 mM
EDTA; 8 mM DTT; 1% NP-40 for quantification of cathepsins activity.

WILEY— 2ot

4.11 | Cathepsins activity assay

Proteolytic activity of cathespins was determined using fluorogenic
substrates specific for cysteine cathepsins (Z-FR-AMC) or for Cathep-
sin B (Z-RR-AMC) (Enzo Life Science). Fifty microliter of whole cell
lysates or cytosolic fractions were transfered to microtitre plates and
mixed with 50 uL Cathepsin Reaction Buffer (100 mM Sodium Ace-
tate, 16 mM DTT, 16 mM EDTA, and 50 uM fluorogenic substrate;
pH 7.0). Cathepsins activity was determined by measuring absorbance
at 450 nm using a TriStar LB 941 system (Berthold) and by calculating
the maximum rate of AMC release in each condition.

4.12 | Caspase 3 activity assay

Measurements of caspase-3 activity were performed using Colorimet-
ric Caspase 3 Assay Kit (Sigma) according to manufacturer’s instruc-
tion. After indicated treatments, Hela cells were lysed at 4 °C and
centrifuged. Supernatants were incubated with caspase 3-specific sub-
strate (Ac-DEVD-pNA substrate) overnight. P-Nitroaniline (pNa) pro-
duction was determined by measuring absorbance at 405 nm using a
Tristar LB 941 system (Berthold), and pNa calibration curves were used
to calculate caspase activities.

4.13 | Acid sphingomyelinase activity assay

Hela cells, seeded at 1.10° cells per 200 mm? wells the day before
treatment, were serum-starved for 2 hr in MEM before treatment with
EGTA or BAPTA-AM. Supernatants, recovered after 30 min of 3 nM
LLO treatment, were centrifuged for 5 min at 13,000xg to remove cell
remnants. Quantification of acid sphingomyelinase activity in 50 pL
of these supernatants was then performed using the Acid
Sphingomyelinase Assay Kit (Abcam), following manufacturer’s instruc-
tion and by measuring fluorescence on a Tristar LB 491 system (excita-
tion 530 nm/emission 590 nm; Berthold).

4.14 |

Cell viability was determined using LIVE/DEAD® Fixable Red Dead

Cell Staining Kit (ThermoFischer). Hela cells were seeded at

Quantification of cell death

3.2 x 10° cells per 960 mm? 2 days before LLO treatment or Listeria
infection. After treatment, cells were detached with 0.05% Trypsin-
EDTA (Life Technologies), washed in PBS and stained for 30 min
with LIVE/DEAD® fluorescent dye. Cells were then washed in PBS,
fixed for 30 min in IC Fixation Buffer (eBioscience), and washed
again. Quantification of dead cells was performed by flow cytometry
analysis (excitation 561 nm; detection window: 590-630 nm).
Forward- and side-scatter light was used to exclude cellular frag-
ments, and at least 10,000 events were captured and analyzed using
FlowJo software.
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