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Abstract

The cholesterol-dependent cytolysins (CDCs) are a large family of pore-forming toxins that are
produced by numerous Gram-positive bacterial pathogens. These toxins are released in the
extracellular environment as water-soluble monomers or dimers that bind to cholesterol-rich
membranes and assemble into large pore complexes. Depending upon their concentration, the
nature of the host cell and membrane (cytoplasmic or intracellular) they target, the CDCs can elicit
many different cellular responses. Among the CDCs, listeriolysin O (LLO), which is a major
virulence factor of the facultative intracellular pathogen Listeria monocytogenes, is involved in
several stages of the intracellular lifecycle of the bacterium and displays unique characteristics. It
has long been known that following L. monocytogenes internalization into host cells, LLO disrupts
the internalization vacuole, enabling the bacterium to replicate into the host cell cytosol. LLO is
then used by cytosolic bacteria to spread from cell to cell, avoiding bacterial exposure to the
extracellular environment. Although LLO is continuously produced during the intracellular
lifecycle of L. monocytogenes, several processes limit its toxicity to ensure the survival of infected
cells. It was previously thought that LLO activity was limited to mediating vacuolar escape during
bacterial entry and cell to cell spreading. This concept has been challenged by compelling
evidence suggesting that LLO secreted by extracellular L. monocytogenes perforates the host cell
plasma membrane, triggering important host cell responses. This chapter provides an overview of
the well-established intracellular activity of LLO and the multiple roles attributed to LLO secreted
by extracellular L. monocytogenes.
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Listeriolysin O is a Major Virulence Factor of L. monocytogenes Listeriosis

The Gram-positive, facultative anaerobe Listeria monocytogenes is the causative agent of
listeriosis, a life-threatening disease associated with a very high rate of mortality in humans
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(20-30 %) and numerous other vertebrate species [1, 2]. This bacterium was isolated from
diseased rabbits in 1926 by E. G. D. Murray and was recognized as the cause of a severe
human foodborne illness in the early 1980s [3-5]. L. monocytogenes is ubiquitous in the
environment, where it is found in soils, water, and plants, and frequently contaminates a
large variety of raw and processed foods. The versatility of this organism comes from its
ability to grow at a wide range of temperatures (1-45 °C) and pH (4.4-9.6), at high
concentrations of salts (up to 10 % NaCl), and to resist the harsh environment of the animal
gut [6-9]. It is estimated that a brief intestinal carriage of L. monocytogenes, below 4 days,
occurs at least twice a year in healthy adults [10]. Although healthy individuals typically
remain asymptomatic, a self-limiting flu-like illness and gastroenteritis may develop [2, 11,
12]. L. monocytogenes is a greater concern for several high-risk populations, in brain, and
placenta. The L. monocytogenes blood-brain or placental barriers [13-18]. In
immunocompromised individuals, mainly the elderly, L. monocytogenes can cause
bacteremia, meningitis, encephalitis, liver abscesses, and cardiac infections. Women are
about twenty times more susceptible to listeriosis during pregnancy. While the mother may
only exhibit mild symptoms, infection has devastating consequences for the developing
fetus, resulting in miscarriages, preterm birth, still birth, or severe infection of the newborn
[16]. Listeriosis is generally treated with ampicillin or amoxicillin, sometimes in
combination with gentamicin [19]. However, late diagnosis combined with the
immunodeficiency of the listeriosis patients and the high virulence of the bacterium likely
explains the elevated rate of morbidity and mortality despite treatment [20].

Listeriolysin O Plays a Critical Role in the L. monocytogenes Intracellular

Lifecycle

L. monocytogenes is a facultative intracellular pathogen that infects professional phagocytes
and cells that are normally nonphagocytic in multiple organs: the intestines, spleen, liver,
heart, brain, and placenta. The L. monocytogenes intra-cellular lifecycle is critical for
pathogenesis since L. monocytogenes strains that are unable to infect host cells cannot cause
disease. Major efforts have been devoted to the discovery of L. monocytogenes virulence
factors and virulence mechanisms that orchestrate host cell invasion. Throughout the 1980s
and 1990s, advancement of molecular biology techniques such as transposon mutagenesis,
cloning, and sequencing led to the identification of a number of virulence genes. These
genes are clustered on the Listeria Pathogenicity island-1 (LIPI-1) and the inlAB operon on
the bacterial chromosome [21, 22]. Elucidating the role of these genes and discovering
additional virulence genes is still the object of extensive studies [23, 24, 25].

The first step of the L. monocytogenes intracellular lifecycle is the entry of the pathogen into
a host cell (Fig. 9.1). L. monocytogenes is phagocytosed with high efficiency by professional
phagocytes, which express multiple phagocytic receptors such as complement,
immunoglobulin, and scavenger receptors. This is in contrast to normally nonphagocytic
cells that ingest L. monocytogenes with a lower efficiency. L. monocytogenes produces
several virulence factors to promote its attachment to normally nonphagocytic cells and
activate its internalization [26]. In particular, the surface proteins internalin (InlA) and InlB,
encoded by the inlAB operon, specifically bind to their respective host cell receptors, E-
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cadherin and the hepatocyte growth factor receptor (HGF-Rc/c-Met) to stimulate L.
monocytogenes internalization [27-34]. Following internalization into phagocytic or
nonphagocytic cells, the bacterium is located into an endosome, called the primary vacuole.
This vacuole is rapidly disrupted by the secreted pore-forming toxin listeriolysin O (LLO)
encoded by hly on LIPI-1. LLO was initially identified as a hemolytic factor [35, 36], its role
in host cell invasion was discovered later by performing electron microscopy analysis of
macrophages and epithelial cells incubated with wild type or LLO-deficient L.
monocytogenes. At an early stage of infection, wild type bacteria were located within a
vacuole, and were then observed to proliferate in the cytosol. In contrast, L. monocytogenes
strains in which hly was either interrupted by the insertion of a transposon or deleted,
remained trapped in the vacuole, unable to divide [26, 37]. LLO-deficient bacteria were also
nonvirulent in vivo, revealing the essential role of this toxin and the bacterial intracellular
lifecycle in pathogenesis [37-41]. Additional studies showed that the L. monocytogenes
surface protein ActA (encoded by actA on LIPI-1) is enriched at one pole of the bacterium,
where it recruits the host cell F-actin polymerization machinery to generate a propulsive
actin comet tail [42, 43]. F-actin polymerization randomly propels L. monocytogenes until it
forms an extracellular protrusion that can invade an adjacent cell [44, 45]. Once the adjacent
cell has ingested the protrusion, L. monocytogenes is located into a secondary vacuole made
of two membranes that originate from the donor and recipient cells. LLO is also required for
the disruption of the secondary vacuole, releasing the bacterium into the cytosol of the
newly infected cell. Cell-to-cell spreading is a very efficient process that propagates the
bacterium within tissues, while avoiding exposure to the many antimicrobial molecules and
phagocytes present in the extracellular environment [46, 47]. In addition to LLO, two
bacterial phospholipases, PI-PLC and PC-PLC respectively encoded by plcA and plcB on
LIPI-1, facilitate L. monocytogenes escape from the primary and secondary vacuoles [48].
As further developed in the next paragraphs, recent studies suggest that LLO plays
additional roles during the intracellular lifecycle of the bacterium. For example, LLO can
also act as an invasin that stimulates L. monocytogenes internalization and affects the
transcriptional activity of infected cells [49, 50].

Regulation of Listeriolysin O Expression and Activity

Listeriolysin O Expression

Transcriptional regulation of hly, the 1590-base pair gene coding for LLO, is predominantly
controlled by the positive regulatory factor A (PrfA) [51-53]. PrfA binds to a 14-base pair
palindromic sequence upstream of the promoter region to positively regulate the
transcription of the major virulence genes of L. monocytogenes, which form the PrfA
regulon [52, 54]. PrfA expression and activity are regulated at the transcriptional,
translational, and post-translational levels [52]. Among the several factors that control PrfA
expression or activity, temperature, carbon source, bacterial growth phase, and
environmental stresses play an important role [55-57]. Of particular significance, the prfA
MRNA functions as a thermosensor that selectively allows the translation of PrfA at 37 °C
once the bacterium is within its animal host. The prfA mRNA 5 untranslated region (UTR)
adopts a hairpin structure that masks the ribosome binding site at temperatures below 30 °C,
whereas this structure melts at the temperature of the host, 37 °C, leading to PrfA synthesis
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and transcription of hly and other virulence genes [58, 59]. Additionally, the hly promoter is
more active when the bacterium is within host cells. This is independent of PrfA and
requires the hly 5’ UTR, but the underlying mechanism remains unknown [60, 61]. Finally,
the 5’ coding region of the hly mRNA is also thought to control LLO translation in the
cytosol [62].

The open reading frame of hly codes for a preprotein of 529 residues with an amino-terminal
secretion signal sequence typical of those found in Gram-positive bacteria [63]. Upon
secretion by the general secretory pathway, the signal sequence is cleaved by a signal
peptidase releasing a mature protein of 504 residues. Due to the central role LLO plays
during pathogenesis, molecular strategies preventing its synthesis, secretion, and/or activity
are of great medical interest. For example, human antimicrobial peptides that belong to the
a-defensin family, such as HNP1, prevent both LLO release by the bacterium and LLO
activity via unknown mechanisms [64, 65]. Once these mechanisms are solved, the
development of defensin-like molecules could constitute promising therapeutic tools against
L. monocytogenes and other CDC-producing pathogens [66].

Mechanism of Assembly of the CDC Pore Complex

LLO crystallization and X-ray crystallographic analysis were recently carried out; however,
detailed structural determination is not yet established [67]. Structural information and
models for pore formation are available for several other CDCs including PFO
(perfringolysin O, produced by Clostridium perfringens) [68, 69]. Based upon the high
degree of identity between their amino acid sequences (28-99 %), CDCs likely share a
similar three-dimensional organization into four domains (referred to as D1 to D4) (Fig. 9.2)
and mechanism of pore formation [70-73]. These toxins are produced as water soluble
monomers or dimers that bind to the lipid bilayer in an upright position through three
hydrophobic loops—L1 to L3—located at the base of the carboxy-terminal domain (D4) and
form an oligomeric pore complex. It has been proposed that CDCs could form pores of
different sizes [74]. In particular, studies using the patch-clamp technique or measuring the
traversal of various membrane impermeant dyes across LLO pores, suggested that the size
and/or shape of LLO pores formed in mammalian membranes could vary [75, 76]. However,
the model for CDC pore formation that currently prevails proposes that CDCs assemble into
a large ring-shaped pore oligomer. Whether there is some variation in size and/or shape of
the pores among the CDC family members remain to be established.

Cholesterol is the receptor for most CDCs and plays an essential role in initiating the
structural transitions required for formation of the pore complex [77, 78]. A threonine-
leucine pair conserved in all CDCs and located in L1, mediates direct binding of PFO, SLO
(streptolysin O, secreted by Streptococcus pyogenes), and PLY (pneumolysin, produced by
Sreptococcus pneumoniae) to cholesterol [79]. We recently confirmed that the
corresponding amino acid pair (Thr515/Leu516 in LLO) is required for LLO binding to
cholesterol and pore formation (our unpublished observations). To date, cholesterol is the
only known mammalian cell receptor for LLO, but the existence of additional lipid and/or
protein receptors cannot be excluded [80, 81]. Also, preloading LLO with cholesterol does
not abrogate its binding to biological membranes and a few CDCs utilize the surface protein
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CD59 as initial receptor before binding to cholesterol [81-84]. Following binding to
cholesterol, the two proximal hydrophobic loops, L2 and L3, insert into the lipid bilayer.
The undecapeptide signature sequence of CDCs -ECTGLAWEWWR- at the tip of D4, is
then critical for stable monomer—-monomer interactions, which transmit structural changes to
D3, leading to the formation of stable prepore oligomers of 35-44 subunits [85]. During the
prepore-to-pore transition, D3 a-helices convert of into two amphipathic fhairpins per toxin
monomer, which insert across the lipid bilayer to form a f-barrel pore [71, 86, 87].

Most studies on CDC structural remodeling during pore-formation have used PFO. For
example, substitution of Gly57 and Ser190, (which are in close proximity in the folded
protein) with cysteine residues generated an intramolecular disulfide bridge between D2 and
D3. Formation of this disulfide bridge did not affect PFO binding to host membranes and
oligomerization into a prepore complex, but halted structural rearrangements necessary for
pore formation [88]. This construct allowed the authors to refine their model of CDC pore
formation and establish that the rate-limiting step in the formation of the PFO pore is the
assembly of the prepore complex and not the prepore-to-pore transition at the temperature of
the animal host [88]. Importantly, amino acid substitutions at corresponding locations in
LLO (G80C/S213C), determined by protein sequence alignment, also arrested LLO at the
prepore stage [77, 89]. Also, amino acid substitution into cysteines at similar locations in
LLO (K344C/1359C) and PFO blocked formation of the prepore complex in both toxins [88,
89]. Therefore, LLO and PFO adopt a similar fold and undergo similar intra- and inter-
molecular remodeling to form a pore complex.

Regulation of LLO Activity by pH, Oxidation, and Cholesterol

Several physicochemical parameters control the formation of LLO pores, among which are
the temperature and pH [35]. Indeed, the formation of LLO pores is pH-sensitive at the
temperature of the host (37 °C), LLO being more active at acidic pH [90]. Therefore, LLO
activity is likely increased in acidic environments, such as the acidifying phagosome. The
pH sensitivity of LLO is due to unfolding of the D3 transmembrane beta-hairpins at 37°C
and neutral pH leading to LLO aggregation [91, 92]. Denaturation involves three acidic
residues located in D3 (Asp208, Glu247, and Asp320) that act as a pH sensor. At neutral
pH, the combination of charge repulsions between acidic residues and thermal fluctuations
leads to unfurling of the twin a-helical bundles in D3, exposing hydrophobic residues and
causing LLO aggregation [92]. Denaturation operates on a relatively long timescale, since it
takes several minutes to inactivate LLO in physiological buffer at 37 °C (at pH 7.4) [79, 89].
However, if bound to a lipid bilayer, LLO appears protected from denaturation and remains
active [89]. The slow pH-dependent inactivation of LLO has two important biological
implications. First, LLO secreted by extracellular L. monocytogenes can still perforate host
cells at physiological temperature and neutral pH, affecting the biology of the host cell from
the extracellular compartment [80]. Second, the lifetime of LLO in extracellular fluids is
limited, lessening its cytotoxicity [49, 89, 93, 94].

The efficiency of LLO pore formation also involves the amino acid Leu461, which
exchange with a threonine generates a LLO variant that retains full activity at neutral pH
[95]. This observation led to the initial conclusion that Leu461 was responsible for the pH-
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dependent activity of LLO. However, the LLO L461T variant was later shown to display
similar rates of pH- and temperature-dependent denaturation, but an increased rate of
hemolysis, suggesting that L461 rather controls the rate of LLO oligomerization [92].

CDCs were initially named the sulfhydryl-activated hemolysins for their ability to cause
hemolysis in their reduced state, while they were inactive when oxidized [35]. Indeed, a
unique cysteine in the undecapeptide sequence in D4 acts as a redox switch that turns off the
activity of the oxidized toxin [35]. However, a cysteine-free LLO variant (LLO C484A) is
still able to form pores, albeit with a lower efficiency [96]. The biological significance of
this redox switch remains uncertain. A study proposed that L. monocytogenes exploits the
gamma-interferon inducible lysosomal thiol reductase (GILT), located in lysosomes of
antigen-presenting cells, to maintain LLO in its active reduced state [97].

It has also long been known that CDCs are inactivated by preloading with cholesterol prior
to their binding to host membranes are inactive [35, 84]. This inactivation is attributed to
premature and irreversible structural transitions in D3 of the CDC monomer. This property
has been used as an experimental approach to establish the role of pore-formation in CDC
activity. However, preloading CDCs with cholesterol raises several concerns. First,
cholesterol insolubility in agueous buffer may lead to uncontrolled formation of toxin/
cholesterol aggregates, decreasing toxin binding to host cells in addition to inhibiting pore
formation. Also, the proportion of CDC associated to cholesterol is difficult to establish and
some residual pore-forming activity may persist. As an alternative approach, amino acid
variations in the LLO undecapeptide sequence were proposed to decrease the LLO pore-
forming activity; however it is unclear if binding and/or pore-formation are affected and
these variants retain substantial capacity to form pores [96]. To unambiguously dissect the
contribution of each stage of the LLO pore formation, i.e. binding as a monomer, formation
of the prepore oligomer, and prepore-to-pore transition, in LLO function, two full length
recombinant LLO variants were constructed (LLO monomer-locked and LLO-prepore-
locked). These variants retain the membrane binding capability of native LLO, but the LLO
monomer-locked variant fails to oligomerize into a prepore complex, while the LLO
prepore-locked variant forms a prepore complex that cannot undergo the prepore-to-pore
conversion (Fig. 9.2) [89]. These variants are of great value to establish the structure-
function relationship of LLO.

Listeriolysin O is an Intracellular Pore-Forming Toxin with Reduced

Cytotoxicity

LLO Facilitates L. monocytogenes Escape from the Endocytic Vacuoles

An essential function of LLO is to mediate L. monocytogenes escape from the primary and
secondary vacuoles (Fig. 9.1). This activity is facilitated by three additional virulence
factors: phosphatidylinositol-specific (PI1-PLC) phospholipase, phosphatidylcholine-specific
(PC-PLC) phospholipase, and a metalloprotease (Mpl) that activates PC-PLC, encoded
respectively by plcA, plcB, and mpl on LIPI-1 [90].
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Escape from the Primary Vacuole—LLO is critical for L. monocytogenes escape from
the primary endocytic vacuole in most cells, including professional phagocytes and
nonphagocytic cells [26]. However, there are exceptions, since LLO-deficient L.
monocytogenes can reach the cytosol of some nonphagocytic human cell lines [98]. In those
cells, PC-PLC plays a major role in vacuolar escape in the absence of LLO [99, 100]. On the
contrary, in cells that require LLO for vacuolar escape, PI-PLC, but not PC-PLC, facilitates
escape [48, 101]. Therefore, the process of vacuolar escape is controlled by both the L.
monocytogenes virulence factors and host cells. The molecular basis for such variation in the
mechanism of escape in different cell types or species is not yet understood. Also, how LLO
alone or in cooperation with the bacterial phospholipases dismantles the primary endocytic
vacuole is not fully explained. Many studies have addressed this question leading to
multiple, non-mutually exclusive, hypotheses. Overall, LLO and the phospholipases delay
the maturation of the vacuole and decrease its toxicity toward the bacterium, while
compromising the integrity of the membrane. These virulence factors even affect host cell
signaling before the bacterium is fully internalized. Indeed, extracellular LLO and PIPLC
induce the translocation of the host protein kinase C fisoforms (PKCp) from the cytosol to
endosomal membranes, which increases the efficiency of escape, possibly by altering
endosomal recycling during early stages of phagosomal maturation [102]. The process of
vacuolar escape takes 15-30 min in murine macrophages [76] and requires early maturation
of the phagosome, such as its acidification and some low level of fusion with lysosomes.
Phagosomal acidification may increase LLO pore-forming activity [95, 103]. Perforation of
the phagosome by LLO then perturbs the intraphagosomal pH and calcium concentration,
which in turn decreases the rate of phagosome fusion with lysosomes, giving time to the
bacterium to fully disrupt the phagosomal membrane without being harmed by the toxic
lysosomal contents [76, 104]. Indeed, LLO delays the acquisition of the late endosomal and
lysosomal marker LAMP-1 [104]. The host thiol reductase GILT, which accumulates in the
phagosome of macrophages, facilitates L. monocytogenes phagosomal escape in a cell
culture model and is also important for L. monocytogenes virulence in mice. The direct role
of GILT in maintaining LLO in its reduced active state is supported by the fact that purified
GILT activates the hemolytic activity of recombinant LLO [97]. Beyond Ca2* and H* ions,
the intraphagosomal concentration of CI™ also affects the efficiency of vacuolar escape.
Interestingly, the cystic fibrosis transmembrane conductance regulator (CFTR), which
increases CI~ concentration in the phagosome, facilitates bacterial escape in vitro and
potentiates L. monocytogenes virulence in mice [105]. This activity might be explained by
the fact that high CI™ concentrations enhance the rate of LLO oligomerization, thereby
facilitating pore-formation [105]. Recently, the L. monocytogenes PLCs were shown to
stimulate the production of reactive oxygen species (ROS), which is unfavorable to L.
monocytogenes intra-cellular survival. However, LLO counteracts this activity, importantly
decreasing the toxicity of the phagosome [106]. When LLO and the phospholipases
cooperate for escape, LLO may translocate the PLCs to grant them access to both sides of
the lipid bilayer for more efficient digestion of their target phospholipids. A role for LLO in
the translocation of the PLCs has not yet been shown, but another CDC, SLO was shown to
translocate the virulence factor nicotinamide adenine dinucleotide-glycohydrolase into the
host cell cytosol [107]. In conclusion, in addition to physical and biochemical damages
inflicted to the phagosomal membrane, LLO and the PLCs also modify the maturation of the
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phagosome in multiple ways, which collectively leads to the release of the bacterium into
the cytosol.

The Efficiency of Escape is Cell-Type Dependent and Varies with the Cell
Activation State—L. monocytogenes does not escape from all phagosomes. The
efficiency of escape depends upon the nature and activation status of the host cell, and can
vary from phagosome to phagosome within the same cell. For example, LLO and the PLCs
are less efficient in activated than resting macrophages and are unable to protect L.
monocytogenes from intracellular killing in human neutrophils [108, 109]. In these
examples, it appears that host cells can use various strategies to limit or even prevent
vacuolar escape. These include exacerbated bactericidal activity of the phagosome, direct
inhibition or degradation of LLO, or increased physical resistance of the endolysosomal
compartment. In activated murine macrophages, the rapid production of reactive oxygen and
nitrogen intermediates likely damage bacteria, limiting their ability to secrete the virulence
factors required for escape [110]. Also, lysosomal cathepsin-D degrades LLO in murine
fibroblasts and macrophages, limiting the efficiency of L. monocytogenes escape in cultured
cells, and impacting the course of infection in a murine model of listeriosis [111]. A similar
enzymatic process was recently proposed to exist in neutrophils in which the matrix
metalloproteinase-8, stored in secondary granules, degrades LLO [109]. Also, the
antimicrobial peptides, a-defensins, stored at high concentrations in neutrophil primary
granules, inhibit LLO release from the bacterium in addition to blocking its activity [64, 65].
Paradoxically, during L. monocytogenes phagocytosis by neutrophils, LLO triggers its own
inactivation by stimulating the exocytosis of secondary and primary granules [109]. Finally,
macrophage activation by multiple stimuli (TNF-q, peptidoglycan, etc.) diminishes the
susceptibility of the phagosome and more generally, the endolysosomal network, to
disruption by LLO and other stresses [112]. The molecular basis for this increased resistance
of the endolysosomal network to multiple physical stressors remains to be elucidated. The
process of autophagy also limits host cell invasion by targeting newly internalized bacteria
that reside in damaged phagosomes [113, 114]. LLO was shown to be necessary and
sufficient to activate autophagy of the phagosome. However, the impact of autophagy varies
with the nature of the infected cells: autophagy decreases infection of fibroblasts, but not of
bone marrow derived macrophages [115]. It is important to highlight that autophagy does
not affect L. monocytogenes growth in the cytosol since several bacterial factors prevent
cytosolic recognition of the bacterium by the autophagy pathway (Fig. 9.1) [113, 114, 116].

Escape from the Secondary Vacuole—The secretion of LLO, PI-PLC, and PC-PLC is
also critical for L. monocytogenes escape from the secondary vacuole during cell-to-cell
spreading [46, 48]. To demonstrate the role of LLO in this process, LLO-deficient L.
monocytogenes were noncovalently coated with recombinant LLO. This coating was
sufficient to promote bacterial escape from the primary vacuole, allowing the bacterium to
proliferate in the cytosol and undergo F-actin-based motility; however, bacteria were unable
to escape from the secondary vacuole and failed to spread to adjacent cells [46]. Also, the
construction of L. monocytogenes wild type and plcA/plcB double deletion mutant strains
that express hly under the control of an IPTG-inducible promoter, confirmed that both LLO
and the PLCs are critical for L. monocytogenes escape from the secondary vacuole [117,
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118]. Electron microscopy analysis of infected macrophages showed that in the absence of
continued LLO expression, but in the presence of the PLCs, L. monocytogenes remained
predominantly trapped in secondary vacuoles made of one membrane. This observation
indicates that the PLCs are critical for the disruption of the inner membrane (originating
from the donor cell), whereas LLO is mostly involved in the disorganization of the outer
membrane (originating from the recipient cell) [117]. Consistent with this model, when L.
monocytogenes is transmitted to a recipient cell in which LLO was dispensable for the
disruption of the primary vacuole, LLO was also dispensable for dissolution of the
secondary vesicle [117].

Mechanisms Reducing the Cytotoxicity of Listeriolysin O

In the cytosol, L. monocytogenes continuously produces LLO in order to spread from cell to
cell [119]. L. monocytogenes tightly controls LLO synthesis and activity in order to disrupt
vacuolar membranes without Killing the infected cell. It has been well-established that L.
monocytogenes mutant strains with increased LLO expression or activity escape from
primary and secondary vacuoles, but are less virulent because they lyse the host cells,
destroying their replicative niche [120, 121]. Also, hly replacement by genes encoding other
CDCs, such as PFO, ALO (anthrolysin O, produced by Bacillus anthracis), or ILY
(intermedilysin O, produced by Streptococcus intermedius), under the control of the hly
promoter, allowed L. monocytogenes vacuolar escape, but resulted in increased host cell
lysis and loss of virulence in animal models [122-124]. Therefore, unlike other CDCs, LLO
displays unique characteristics that limit its cytotoxicity. Additional studies revealed that the
low cytotoxicity of LLO results from the combination of several processes including
translational repression in the cytosol, pH-dependent denaturation, and degradation by the
proteasome.

pH-Dependent Denaturation of Listeriolysin O—LLO displays a relatively short
lifetime in biological fluids and the cytosol, due to its propensity to aggregate at neutral pH
(developed in section “Regulation of LLO Activity by pH, Oxidation, and Cholesterol”).
However, it should be noted that the pH-dependent denaturation of LLO does not
instantaneously nor completely abrogate its activity. For example, intravenous injection of
recombinant LLO in mice has multiple biological effects and can be lethal to the animal [35,
125]. Therefore, LLO has acquired additional features to decrease its cytotoxicity.

Listeriolysin O Expression and Degradation in the Cytosol—Sequence
comparison between LLO and the more cytotoxic PFO revealed the presence of an
additional region in the LLO N-terminal domain. Deletion of the corresponding DNA
sequence from the L. monocytogenes genome increased LLO toxicity and severely
decreased bacterial virulence. However, this deletion did not affect the efficiency of pore-
formation or vacuolar escape, indicating that the N-terminal region does not control LLO
activity [120, 126]. This sequence contains eukaryotic PEST-like motifs (enriched in proline
(P), glutamic acid (D), aspartic acid (E) and serine (S) or threonine (T)), known to target
proteins for degradation by the proteasome. Therefore, it was initially believed that the
PEST-like sequences target LLO for degradation. Additional studies disproved this
hypothesis. Even though LLO is phosphorylated and ubiquitinated within the PEST-like
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sequences and is degraded by the proteasome, LLO proteasomal degradation is independent
of the PEST-like sequences. Furthermore, inhibition of the proteasome did not significantly
affect the cytotoxicity of wild type L. monocytogenes [62]. It was then proposed that the 5
coding sequence of the hly mRNA, corresponding to the N-terminal PEST-like sequences,
negatively controls LLO translation in the cytosol [62]. Indeed, this sequence was shown to
specifically decrease LLO synthesis during L. monocytogenes exponential growth in cell
culture medium and in host cell cytosol [120]. When this sequence was inserted in the gene
coding for PFO, PFO synthesis was also decreased [120]. Interestingly, when the PEST-like
sequences were deleted, the resulting excess of cytosolic LLO was degraded by the
proteasome, decreasing LLO cytotoxicity. Therefore, proteasomal degradation is an
additional process that protects host cells in case of excessive production of LLO. LLO
proteasomal degradation was proposed to involve the N-end rule pathway [127]. Finally,
several hours post-infection, LLO was associated with numerous perinuclear aggregates of
polyubiquitinated proteins in murine bone marrow derived macrophages [128]. The
mechanism of formation and the fate of such LLO aggregates are unknown. It is possible
that the pH-dependent denaturation of LLO facilitates their formation. Also, such aggregates
may sequester LLO and favor its subsequent degradation by the proteasome or the
autophagy pathways. Formation of aggregates may represent an additional mechanism to
reduce LLO cytosolic toxicity [128].

Does Cytosolic Listeriolysin O Cause Organelle and/or Plasma Membrane Lesions?

Mechanisms that decrease LLO concentration and activity in the cytosol are sufficient to
ensure host cell survival; however, these mechanisms may not fully inhibit the activity of
LLO in the cytosol. Moderate membrane damage caused by cytosolic LLO is likely difficult
to observe, since host cells can undergo rapid repair of their organelles and plasma
membrane. In favor of the idea that cytosolic LLO can target and perforate host cell
membranes, it has been reported that, at late stages of cellular infection, a LLO-dependent
Ca?* rise is responsible for NF-kappa B activation and production of 1L-6 [129]. The
authors concluded that LLO released by L. monocytogenes in the cytosol damages the
plasma membrane, leading to an influx of Ca*, which activates cytokine production without
killing infected cells [129]. Also, a more recent study suggested that LLO perforates the
plasma membrane of bone marrow-derived macrophages at late stages of infection.
Interestingly, the plasma membrane of caspase 7/~ macrophages was more damaged,
revealing a role for this cysteine protease in maintaining the integrity of infected cells [130].
Therefore, LLO secreted into the cytosol may undergo moderate perforation of host cell
membranes affecting the biology of infected cells. Such a process is likely to be detected at
late stages of cell infection when the number of replicating bacteria is substantial. Studying
LLO activity in the cytosol emerges as a relevant research focus. In this line of investigation,
several points need to be clarified: (i) it is necessary to confirm that cytosolic LLO
perforates host cell membranes and determine which membranes are preferentially targeted
by LLO; (ii) establish if and how such membrane damage affects the course of infection;
and if so, (iii) whether membrane damage favors the host or the pathogen. Finally, future
studies will focus on elucidating the plasma membrane and organelle repair mechanisms,
which are still poorly understood.
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Listeriolysin O is an Extracellular Pore-Forming Toxin

In addition to disrupting the primary and secondary vacuoles, LLO has been recently
proposed to exert novel roles during the L. monocytogenes intracellular lifecycle. Indeed, a
large body of evidence supports the idea that LLO secreted by extracellular L.
monocytogenes perforates the host cell plasma membrane before bacterial entry, activating
multiple signaling pathways. If cells are exposed to a moderate number of bacteria, the
plasma membrane repair process maintains the integrity of the host cell. Nevertheless, the
signaling activity of extracellular LLO modifies the biology of the host cell, potentially
influencing the course of infection. Indeed, extracellular LLO was proposed to control L.
monocytogenes internalization into nonphagocytic cells, vacuolar escape, organelle
homeostasis, transcriptional activity, and the production of inflammatory mediators (Fig.
9.3). It is clear that we are only starting to appreciate the complexity and diversity of the
activities of extracellular LLO.

Listeriolysin O Released by Extracellular L. monocytogenes Activates Multiple Signaling

Pathways

Listeriolysin O Perforates the Host Cell Plasma Membrane—Extracellular L.
monocytogenes perforates host cells in a LLO-dependent fashion. Perforation is indicated by
a rapid, LLO-dependent influx of extracellular Ca?* upon addition of L. monocytogenes to
animal cells [75]. Cell perforation can also be directly detected by measuring the entry of
small cell-impermeant fluorescent dyes into host cells, as for example ethidium homodimer
or propidium iodide [89, 131]. Plasma membrane perforation is a very dangerous situation
for host cells, which must immediately eliminate the toxin pore in order to survive.

Host Cells Repair their Plasma Membrane—Animal cells are frequently wounded in
tissues subjected to mechanical stress such as skeletal muscles, heart, intestine, lung, and
skin. Mechanical lesions can span several micrometers and do not spontaneously reseal. The
immediate consequence of membrane damage is a massive influx of extracellular Ca2* into
the cytosol, which is sensed as a membrane damage signal, triggering a complex multistep
Ca?*-dependent membrane repair program [132-134]. Pore-forming proteins of the host
immune system (perforin, complement membrane attack complex) or toxins produced by
pathogens can also injure the host cell plasma membrane. Despite their relatively small size
(<50 nm), these transmembrane pores are very stable. If too many pores are formed, the
target cell is rapidly lysed. However, active processes can restore the integrity of animal
cells exposed to lower concentrations of toxins [135, 136]. Recent studies proposed that host
cells injured by the CDC SLO are repaired by Ca?*-dependent endocytosis of the toxin
pores. The model for the repair of cells damaged by SLO shares some similarities with the
repair model of large mechanical wounds. In this model, the influx of extracellular Ca2*
activates Ca2*-sensitive fusogenic proteins, such as the members of the SNARE family of
proteins, inducing rapid lysosome fusion with the plasma membrane [137-139]. The
exocytosed lysosomal enzyme acid sphingomyelinase (ASM) then converts sphingomyelin
into ceramides on the outer leaflet of the plasma membrane. Ceramides were shown to
induce inward curvature of the plasma membrane, which likely facilitates the endocytosis of
SLO pores [139, 140]. Once internalized, the toxin pores are trafficked to, and degraded
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within the lumen of multivesicular bodies [141]. Alternatively, other studies proposed that
vesicles containing the SLO pores bud from the plasma membrane and are released in the
extracellular compartment. This process is also activated upon Ca2* influx and involves a
family of CaZ*-regulated cytosolic proteins, the annexins [135, 142]. Resealing of the
plasma membrane of cells exposed to low concentrations of LLO is Ca%*-dependent, but
K*-, F-actin-, dynamin-, and clathrin-independent, which is compatible with the two
proposed models [89]. Whether these two repair mechanisms coexist in a same cell, are cell
type-dependent, or depend upon the extent of membrane damage remains to be elucidated.
Also, it is possible that these models only incompletely describe the complex process of
plasma membrane repair. Importantly, resealing of the plasma membrane may not always
suffice to maintain cell viability. Indeed, if the rise in cytosolic Ca2* is too high, a state of
“Ca2* overload” is reached, leading to the activation of cell death pathways despite recovery
of the plasma membrane integrity [143].

Extracellular Listeriolysin O is a Potent Signaling Molecule—LLO signaling is
not limited to the activation of the plasma membrane repair process. LLO activates multiple
signaling pathways via two major mechanisms. First, similar to other CDCs, LLO is thought
to bind to and reorganize cholesterol-rich microdomains, affecting the dynamics and
signaling activities of these signaling platforms [144]. Second, CDCs form a large pore
complex that measures 30-50 nm, allowing ions and small molecules to diffuse across the
plasma membrane, thereby eliciting multiple signaling events. For example, Ca?* and K*
fluxes subsequent to cell perforation by LLO and other pore-forming toxins activate
multiple pathways. Also, cell depolarization, Na* and CI~ perturbations, exposure to the
oxidative extracellular environment, loss of ATP and small proteins, etc., all likely affect
signaling.

The Versatility of Ca?* and K* Signaling: Eukaryotic cells maintain a very low cytosolic
concentration of Ca?* (~100 nM) in comparison to the extracellular environment (~1 mM).
The endoplasmic reticulum (ER) and mitochondria also store Ca2*. This provides cells a
means for rapid and sensitive signaling by increasing the cytosolic Ca2* concentration
through the activation of diverse channels and pumps on cytoplasmic and organelle
membranes. Ca2" is a universal second messenger that regulates a large array of cellular
processes. How a cytosolic rise in Ca2* controls many different pathways can be explained
by the fact that cells integrate the amplitude, duration, pattern, and localization of the Ca2*
rises in any given cellular context. In the light of the central role Ca2* plays, it is not
surprising that pathogens have evolved to manipulate Ca2* signaling. Upon interaction with
host cells, LLO released by L. monocytogenes rapidly induces a rise in intracellular Ca2*,
which was shown to result from: (1) Ca2* influx across LLO pores and activation of Ca2*
channels at the plasma membrane; (2) release of Ca2* from intracellular stores via PLC-
dependent activation of Ca2* channels, (3) release of intracellular Ca2* stores due to a direct
insult of the ER [75, 145-148]. Many signaling pathways activated by extracellular LLO are
linked to the rise in intracellular Ca2*. For example, a rise in intracellular Ca2* affects L.
monocytogenes internalization and organelle homeostasis. However, if the Ca2" rise is too
high, the situation of “calcium overload” can damage organelles such as the mitochondria
and ER, potentially activating cell death pathways.
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Cells maintain a high intracellular concentration of K* (~140 mM) in comparison to the
extracellular environment (~5 mM). The efflux of K* upon LLO perforation is also
responsible for various cellular effects including activation of protein phosphorylation,
autophagy, and transcriptional regulation [149]. Numerous Ca2*-sensitive transducers are
known to respond to cytosolic variations in Ca2* concentration; however, it is unclear how
host cells sense and respond to variation in intracellular K*. Adding more complexity, the
combinatorial effect of simultaneous ionic and molecular fluxes should be considered when
studying how extracellular LLO controls host cell signaling [131].

Activation of MAPKSs: LLO and many other pore-forming toxins are known to activate
members of the large family of the mitogen-activated protein kinases (MAPKSs) which
include the extracellular signal-regulated kinase (ERK), p38, and Jun N-terminal kinase
(JNK) subfamilies. These protein kinases transduce environmental and developmental
signals into essential cell responses such as differentiation, apoptosis, and inflammation
[150]. These kinases act through regulating transcription, but also exert more rapid effects
that are independent of de novo protein synthesis. LLO is a potent activator of all three
subfamilies, ERK1/2, p38, and JNK [149, 151]. Activation of ERK and p38 is independent
of Ca2* influx, but requires K* efflux [149]. Furthermore, ERK and p38 activation is
important for recovering ion homeostasis following perforation by LLO [149]. Reflecting
the diversity of events regulated by these transducers, it was reported that MEK-1/ERK?2 is
required for L. monocytogenes internalization into epithelial cells [151, 152].

SUM Oylation: Another class of post-transcriptional modification more recently attributed
to LLO is SUMOylation [93]. SUMO (Small Ubiquitin-like Modifier) is an ubiquitin-like
polypeptide that can be covalently conjugated to proteins by three enzymes designated E1,
E2, and E3. SUMOylation is reversible, as deSUMOylation proteases, the
“deSUMOylases”, cleave the SUMO group from the target protein. SUMOylation controls
multiple cellular processes such as intracellular transport, transcriptional regulation, stress
responses, cell cycle, and apoptosis [153, 154]. L. monocytogenes was shown to decrease the
level of SUMOQylated proteins in infected cells, in a LLO-dependent fashion [93]. This effect
is due to the degradation of the unique human E2 enzyme, Ubc9, possibly via an aspartyl-
protease. Demonstrating the relevance of this pathway during pathogenesis, Ubc9
degradation was also observed in mice infected by L. monocytogenes [93]. As a
consequence of Ubc9 degradation, there is an overall decrease in protein SUMOylation in L.
monocytogenes infected cells. LLO alone, as well as other CDCs, is sufficient to exert this
activity. Since increasing the global level of SUMOylated proteins by SUMO
overexpression protects cells against L. monocytogenes infection, it was proposed that
deSUMOylation subsequent to cell exposure to LLO favors pathogenesis. Which proteins
are deSUMOylated during L. monocytogenes infection and how SUMOylated proteins
protect host cells from infection remain to be established.

Roles of Extracellular Listeriolysin O in L. monocytogenes Internalization and Vacuolar

Escape

Extracellular Listeriolysin O is Sufficient to Activate L. monocytogenes
Internalization—A particularity of L. monocytogenes s its ability to infect a large variety
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of normally nonphagocytic cells. To invade nonphagocytic cells, bacterial surface adhesins
anchor the bacterium to the host cell, while a second class of virulence factors, the invasins,
activates the host cell internalization machineries. Some virulence factors can exert the dual
function of adhesin and invasin. For example, InlA promotes both bacterial attachment and
internalization by interacting with the cell adhesion molecule E-cadherin on epithelial cells.
InIB only acts as an invasin by activating several receptors including HGF-Rc or c-Met [34].
L. monocytogenes uptake by normally nonphagocytic cells is poorly efficient when
compared to professional phagocytes. Therefore, L. monocytogenes internalization into
nonphagocytic cells is likely a limiting factor during pathogenesis. Thus, multiple adhesins
and invasins may be required to facilitate L. monocytogenes internalization. Also with the
wide range of cells L. monocytogenes infects, it is not surprising that this bacterium employs
several adhesins and invasins to target diverse host cell receptors. It was reported that LLO
alone can increase the efficiency of bacterial internalization into nonphagocytic cells, likely
by mediating an influx of the second messenger Ca2* [145]. It was shown more recently that
LLO can act as an invasin, i.e. LLO is sufficient to induce the internalization of L.
monocytogenes into some nonphagocytic cell lines [89]. This study showed for the first time
that a pore-forming toxin can activate bacterial internalization. This novel internalization
pathway requires host cell tyrosine kinase activity, F-actin polymerization, dynamin, but is
microtubule- and clathrin-independent [131]. The organization of the plasma membrane into
signaling, cholesterol-rich microdomains is essential for L. monocytogenes internalization
[155, 156]. Thus, LLO binding to cholesterol-enriched microdomains may favor the creation
a favorable signaling microenvironment. Furthermore, only native LLO, but not the LLO
prepore-locked variant could induce bacterial internalization, revealing that formation of the
LLO pore complex is strictly required for bacterial entry. This led to the hypothesis that
membrane perforation is sufficient to activate F-actin remodeling and the host cell
internalization machineries. In support of this, the CDC PLY also induces L. monocytogenes
internalization and the parasite Trypanosoma cruz was shown to perforate the host cell
plasma membrane to stimulate its internalization [89, 157]. More recent studies propose that
a combination of Ca?*- influx and K*-efflux is required for the LLO-dependent
internalization pathway. Further linking ion fluxes to bacterial internalization, cell treatment
with both Ca2* and K* ionophores, in the absence of LLO, could induce the internalization
of large cargoes such as 1 pm polystyrene beads or bacteria [131]. Thus, damaging the host
cell plasma membrane emerges as an invasion strategy, shared by unrelated pathogens, that
involves ion fluxes across the perforated plasma membrane. This invasion mechanism is
relevant to many pathogens since pore-forming proteins are commonly produced by viruses,
bacteria, and eukaryotic intracellular pathogens. The relationship between membrane
perforation and pathogen internalization is certainly complex. Although some CDCs are
required for uptake of Streptococcus and Listeria species, SLO exerts an anti-phagocytic
activity for group A Streptococcus [89, 158, 159]. Additional studies are necessary to
determine how membrane perforation can positively or, in some instances, negatively,
regulate bacterial internalization.

Extracellular Listeriolysin O Controls the Efficiency of Vacuolar Escape—It
was proposed that host cell signaling activated by LLO before or during bacterial
internalization influences subsequent vacuolar escape. Indeed, extracellular LLO and PI-
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PLC activate the translocation of PKC g1 on endosomal membranes, which controls L.
monocytogenes escape from the phagosome in murine macrophages [102]. Therefore, early
signaling by extracellular LLO may importantly affect the composition and properties of the
phagosome and the properties of the endosomal network that fuses with the phagosome.
Further studies are necessary to better understand the role of extracellular LLO and PKC £l
in endosomal trafficking and bacterial escape.

Effects of Extracellular Listeriolysin O on Organelle Homeostasis and Transcription

LLO secreted by L. monocytogenes in the extracellular compartment or recombinant LLO
added exogenously to animal cells affect the ER and mitochondria. These effects result most
likely from perforation of the plasma membrane, giving rise to an increase in intracellular
Ca?*. Interestingly, it is proposed that the ER and mitochondria responses to LLO
perforation then regulate positively or negatively host cell invasion.

Perturbation of the Endoplasmic Reticulum—The ER ensures essential cellular
functions including posttranslational modification, folding, and sorting of newly synthesized
proteins, lipid metabolism, and Ca2* storage. In case of stress, the accumulation of unfolded
proteins in the ER lumen is sensed by three ER-associated signal transducer proteins
(PERK, ATF6, and IRE1) that activate the unfolded protein response (UPR). The UPR is
conserved among all mammalian species and ensures cell survival until homeostasis is
restored [160]. This response is characterized by a decrease in protein translation to limit the
incoming pool of proteins in the ER, and by transcription of UPR target genes [161].
However, if the stress is too severe to be resolved, the UPR leads to apoptotic cell death
[160]. Viral and bacterial pathogens have been shown to perturb ER homeostasis, activating
the UPR. In particular, extracellular L. monocytogenes activates the UPR in a LLO-
dependent fashion and recombinant LLO, added exogenously to the cell culture medium,
was sufficient to activate the UPR [162]. How LLO activates the UPR is not known. It can
be speculated that LLO indirectly triggers this response via perturbation of Ca2*
homeostasis. Indeed, cell exposure to LLO leads to depletion of the ER Ca2* store, which is
known to stimulate the UPR [163, 164]. Apoptotic cell death via activation of the ER-
resident procaspase-12 upstream from the pro-apoptotic caspase-3 was observed in a
substantial proportion of cells infected with L. monocytogenes [162]. Cell treatment with
UPR-activating chemicals before infection decreased the intracellular load of L.
monocytogenes. Therefore, UPR activation can be considered as a host cell response that
decreases L. monocytogenes infection and may lead to cell death, thereby destroying the
bacterial replication niche [162]. Similarly, other studies on the pore-forming Crystal (Cry)
produced by the invertebrate pathogen Bacillus thuringiensis have revealed that the UPR
sensor IRE1, activated downstream from p38MAPK, protects Caenorhabditis elegans and
mammalian cell lines against Cry toxins [165]. In addition to the UPR, other pathways likely
control protein synthesis in cells exposed to pore-forming toxins, since recombinant LLO
halted protein synthesis in a K*-dependent, but UPR-independent fashion [149]. This
process was proposed to maintain the target cell in a quiescent state, while it recovers from
toxin attack [149]. The ER is physically and functionally connected to the mitochondrial
network [166]. It is therefore not surprising that pore forming toxins such as LLO affect the
homeostasis of both ER and mitochondria.
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Transient Fragmentation of the Mitochondrial Network—Infection of epithelial
cells by L. monocytogenes is paralleled with a transient fragmentation of the mitochondrial
network [94]. LLO was identified as the virulence factor responsible for this effect, since
recombinant LLO, but not LLO-deficient bacteria, induced mitochondrial fragmentation
[94]. LLO also caused a loss of mitochondrial membrane potential and a decrease in
respiration and cellular ATP. Mechanistically, these effects require an intact F-actin
cytoskeleton and involve the ER rather than the canonical mitochondrial fission and fusion
proteins Drpl and Opa 1 [167]. Importantly, fragmentation of the mitochondrial network
was transient and the cellular levels of ATP were recovered after a few hours [94]. The
influx of extracellular Ca2* was strictly required for mitochondrial fragmentation and
recombinant LLO variants with lowered capacity to form pores were inactive, revealing the
involvement of plasma membrane perforation by LLO in mitochondrial remodeling.
Interestingly, this process was observed to be “all or nothing”, which could reflects that a
threshold level of LLO and subsequently of intracellular Ca2* concentration is required
[166]. Blocking mitochondrial remodeling could modulate the efficiency of L.
monocytogenes invasion of host cells [94]. Mitochondrial fragmentation may maintain host
cell viability by limiting an otherwise lethal Ca2* overload since mitochondrial remodeling
was not paralleled with apoptosis [94]. Such a protective response would advantage the
bacterium by mediating host cell survival. It is also possible that L. monocytogenes affects
the cell bioenergetics to favor infection.

Roles of Extracellular Listeriolysin O in Inflammatory and Cell Death Pathways

Transcriptional Reprogramming via Histone Modifications—The DNA of all
eukaryotic cells is wrapped around histone octamers made of two copies of each of four
histones H2A, H2B, H3, and H4, forming nucleosomes. Posttranslational modifications of
histones by acetylation, methylation, phosphorylation, or other modifications regulate gene
expression, repair, replication, and recombination [168]. Pathogens also target histones in
order to control the transcriptional activity of the infected host. LLO secreted by
extracellular L. monocytogenes or recombinant LLO, but not LLO-deficient bacteria,
induces the dephosphorylation of Ser10 on histone H3 and deacetylation of histone H4 [49].
Although it was initially thought that this function was independent of the formation of LLO
pore complex, a more recent study by the same authors showed that this effect indeed results
from an efflux of K* subsequent to LLO pore formation [169]. It was proposed that L.
monocytogenes exploits histone modification to decrease the expression of some immunity
genes, thereby lowering inflammation [49].

Activation of Innate and Adaptive Immunity—LLO affects the inflammatory
response of the host through several processes. First, the toxin activates the inflammatory
response by releasing L. monocytogenes into the cytosol, where the bacterium directly
activates multiple NOD-like receptors (NLRs) [170-172]. Second, LLO alone released in
the extracellular environment activates caspase-1 and the transcription of inflammatory
genes. More specifically, K* efflux subsequent to plasma membrane perforation by LLO or
several other pore-forming toxins activates the NALP3 inflammasome leading to caspase-1-
dependent processing of pro-1L15[169, 173, 174]. Caspase-1 was also shown to induce the
translocation of the transcription factor SREBP to the nucleus, activating transcription of
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genes controlling lipid metabolism and cell survival [173, 175]. L. monocytogenes invasion
of endothelial cells activates the pro-inflammatory transcription factor NF-KB and cytokine
production in a LLO-dependent fashion [176]. Indeed, plasma membrane perforation by
extracellular or intracellular LLO is responsible for NF- KB activation, surface expression of
adhesion molecules, and the production of pro-inflammatory cytokines in epithelial cells
[129, 176]. It was also proposed that LLO and other CDCs activate Toll-like receptor 4,
which then modulates the inflammatory response [177].

Additionally, LLO is an immunogenic protein that contains several T and B cells epitopes.
Two CD4+ (corresponding to the amino acids 189-201 and 215-226) and one CD8+ (amino
acids 91-99) immunodominant epitopes have been identified in LLO [178]. Thus LLO,
which is indispensable for pathogenesis, will ultimately be used by the immuno-competent
host to drive the activation of immune cells, permanently eliminating the pathogen. In
addition to providing major antigens, LLO is an immunomodulatory molecule. Several
highly promising anti-tumor vaccine candidates use LLO or LLO variants as adjuvants
[178]. The molecular basis of the LLO adjuvant properties is still unclear, but highlights the
key role LLO plays in the control of innate and adaptive immune responses. It is proposed
that LLO immunomodulatory activities are independent of its poreforming activity [179].

Activation of Cell Death Pathways by Extracellular Listeriolysin O—L.
monocytogenes has long been known to cause rapid—one to three days post-infection—
apoptotic lesions in the spleen, lymph nodes, brain, and liver of infected mice [180]. In the
liver, lesions are associated with infected hepatocytes, suggesting that cellular infection is
responsible for activating the cell death pathway [181]. Although L. monocytogenes can
activate apoptosis in macrophages and dendritic cells, T lymphocytes is the predominant cell
type involved in apoptotic lesions in vivo [180]. In the spleen, massive lesions containing
apoptotic T lymphocytes were observed independently of the mouse and L. monocytogenes
strains and route of infection [125, 180]. Several lines of evidence strongly support that LLO
secreted in the extracellular environment is responsible for lymphocyte apoptosis. First,
apoptotic lymphocytes were not infected with L. monocytogenes, but free L. monocytogenes
were observed in the affected areas. Thus, an extra-cellular factor such as LLO is likely
responsible for apoptosis. Second, apoptosis was LLO-dependent, required LLO secretion,
and could be induced in the draining lymph nodes following injection of recombinant LLO
in the mouse footpads [125, 182]. Lymphocyte apoptosis decreased with bacterial burden
when LLO-neutralizing antibodies were injected in infected mice [183, 184]. Finally, in
support of a direct role of LLO, sublytic concentrations of LLO induce lymphocyte
apoptosis in vitro [125]. Indeed, LLO can activate caspase-dependent (rapid) and
independent (slow) pathways leading to apoptosis. A rapid activation of capase-3, -6, and -9,
was observed in cells treated with LLO and was followed by exposure of phosphatidylserine
on the outer leaflet of the plasma membrane, mitochondrial depolarization, and DNA
fragmentation [125]. Granzymes play a major role in LLO-induced T-cell apoptosis in vitro
and in vivo [185]. LLO is likely endocytosed and acts intracellularly to disrupt the lytic
granules, thereby releasing granzymes into the cytosol, where the enzymes activate
apoptosis [185]. Importantly, it was shown that LLO facilitates the production of type |
interferon, which sensitizes T lymphocytes to the apoptogenic function of LLO [186].
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Apoptosis facilitates L. monocytogenes infection by decreasing host resistance and
facilitating bacterial proliferation [187]. Thus the role of extracellular LLO in lymphocyte
apoptosis is clearly characterized in vitro and in vivo. Importantly, this extracellular activity
of LLO substantially affects the course of infection.

Concluding Remarks

LLO has emerged as a multifunctional toxin that regulates the intracellular life-cycle of L.
monocytogenes in diverse cell types and affects the innate and adaptive immune responses.
Many more studies are necessary to better delineate the mechanisms of action of this toxin.
In particular, how LLO facilitates the disruption of the endocytic vacuoles containing L.
monocytogenes is still unclear. LLO secreted by extracellular bacteria also targets and
affects the biology of multiple cell types, from epithelial cells to T lymphocytes.
Extracellular LLO may control several stages of the L. monocytogenes intracellular lifecycle
including bacterial internalization, vacuolar escape, and efficient intracellular replication.
Extracellular LLO may also affect many cell types that the bacterium does not infect. For
example, LLO can modulate the production of inflammatory messengers and cell death
pathways independently of host cell invasion. A major challenge in the field is how to
distinguish the extracellular from intracellular activities of LLO in vivo, and to determine
which, if not all, of the host cell responses to LLO observed in cell culture models play a
substantial role during pathogenesis. A fascinating aspect of LLO is its dual role during
infection: whereas LLO is indispensable for pathogenesis, it is a major immunogenic
molecule that ultimately elicits Listeria monocytogenes killing by the immunocompetent
host. Due to its unique set of properties, LLO has emerged as a promising tool for the
development of vaccine adjuvants. However, the molecular basis of the LLO
immunomodulatory activity is poorly understood. Gaining knowledge on the interplay
between LLO and host cells will importantly benefit basic research on pathogen-host
interaction, pore-forming toxins, immunity, as well as the design of vaccines.
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Abbreviations

ALO Anthrolysin O

ASM Acid sphingomyelinase

CDC Cholesterol-dependent cytolysin

CFTR Cystic fibrosis transmembrane conductance regulator
ER Endoplasmic reticulum

ERK Extracellular-signal-regulated kinase

GILT Gamma-interferon inducible lysosomal thiol reductase
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HGF Hepatocyte growth factor receptor
HNP1 Human neutrophil peptide
ILY Intermedilysin O
InlA Internalin A
InIB Internalin B
IPTG Isopropyl #-D-1-thiogalactopyranoside
JNK C-Jun N-terminal kinase
LIPI-1 Listeria pathogenicity island
LLO Listeriolysin O
MAPK Mitogen-activated protein kinase
MHC Major histocompatibility complex
Mpl Metalloprotease
NLRs NOD-like receptors
PERK Double-stranded RNA activated protein kinase (PKR)-like ER kinase
PC-PLC Phosphatidylcholine-specific phospholipase
PI-PLC Phosphatidylinositol-specific phospholipase
PFO Perfringolysin O
PLY Pneumolysin
PrfA Positive regulatory factor A
ROS Reactive oxygen species
SLO Streptolysin O
SUMO Small ubiquitin-like modifier
UPR Unfolded protein response
UTR Untranslated region
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Fig. 9.1.
Depiction of the canonical intracellular lifecycle of L. monocytogenes. L. monocytogenes

expresses virulence factors that orchestrate the various stages of its intracellular lifecycle
[33, 34, 90, 188]. The surface proteins InlA and InIB facilitate L. monocytogenes
internalization into normally nonphagocytic cells. Additional virulence factors, such as the
secreted CDC toxin LLO, also mediate L. monocytogenes entry into host cells (cell 1) [33,
89]. Secreted in the primary vacuole, LLO, PI-PLC, and PC-PLC target and disrupt the
vacuolar membrane to release the bacterium into the cytosol. In the cytosol, L.
monocytogenes replicates, while avoiding autophagy recognition by recruiting the host
proteins F-actin and the major vault protein, through interaction with the bacterial surface
proteins ActA and InlK, respectively [116]. ActA recruits the host F-actin polymerization
machinery at one pole of the bacterium. F-actin-mediated propulsion of the bacterium leads
to the formation of an intercellular protrusion; this process is facilitated by the bacterial
protein InlC that decreases the plasma membrane surface tension [189]. The resulting
intercellular protrusion is ingested by the adjacent cell (cell 2). LLO and the phospholipases
(PI-PLC and PC-PLC) disrupt the newly formed secondary vacuole to release the bacterium
into the cytosol, where it repeats its intracellular lifecycle (Host proteins are italicized)
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Fig. 9.2.
Model for LLO pore formation. a Model for LLO ribbon structure based upon PFO crystal

structure (PBD#1PFO) generated with Pymol [69]. LLO, similar to other CDCs, is thought
to be organized into four domains (D1-D4). D4 is involved in binding to the lipid bilayer
through three hydrophobic loops (L1-L3) located at the base of D4. L1 contains the
cholesterol-binding motif T515/L516. Leucine 461 controls the LLO oligomerization rate.
The undecapeptide sequence, which contains the unique cysteine, controls conformational
remodeling in D3 during toxin oligomerization. The a-helices in D3 convert into two £
strands per monomer to form the £ barrel pore. The acidic triad in D3 is responsible for LLO
denaturation at neutral pH (at the temperature of the host). Amino acid substitutions in LLO
monomer-locked and LLO preporelocked variants are indicated by the red boxes. Dr.
Eusondia Arnett (Ohio State University, USA) helped designing the LLO model. b
Transmission electron microscopy of the LLO pore formed on lipid droplets. The images
represent oligomers of native LLO, LLO prepore-locked, and LLO monomer-locked
variants (scale bar = 50 nm) [89]. The transmission electron microscopy images were
captured by Dr. Elisabeth M. Wilson-Kubalek (The Scripps Research Institute, USA)
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Fig. 9.3.
Model for the multifaceted activity of LLO during the L. monocytogenes intracellular

lifecycle. LLO is secreted as a water-soluble monomer that binds to cholesterol in the host
plasma membrane (1). The toxin assembles into a prepore complex (2), which then
vertically collapses to form the transmembrane pore, leading to rapid fluxes of ions and
small molecules (3). It is proposed that LLO interaction with and remodeling of lipid raft
signaling platforms (in yellow), and fluxes of ions and molecules across the LLO pore
complex, activate multiple signaling pathways. Downstream events include plasma
membrane repair, which may involve the internalization (4a) and/or extrusion (4b) of LLO
vesicles; F-actin remodeling and activation of the endocytic uptake of the bacterium (5).
Also, signaling initiated by LLO at the plasma membrane may influence vacuolar escape
(6). Independently of bacterial internalization, extracellular LLO exerts multiple effects on
target cells including modifications of ER and mitochondria; protein synthesis; histone
modifications; and apoptosis. The signaling activities of LLO though activation of
transcription factors and histone modifications affect the production of inflammatory
mediators; however, it is not always clear whether LLO exerts a pro- or anti-inflammatory
function. LLO produced in the primary and secondary (not shown in the figure) vacuoles
release the bacterium into the cytosol. Once LLO is produced in the cytosol, several
mechanisms decrease its activity and production. Nevertheless, at late stages of intracellular
replication, when the number of bacteria is very high, an excess of LLO may not be
efficiently inactivated leading to cell damage. Finally, digestion of LLO in the phagosome or
cytosol generates peptides for presentation by Class Il or | MHC molecules, activating the
adaptive immune response
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