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Introduction

The genus Listeria contains six species, two of
which are pathogenic: Listeria monocytogenes,
the food-borne human pathogen responsible for
listeriosis, on which this chapter is focused, and
L. ivanovii, an animal pathogen. Listeriae are
Gram-positive rod-shaped bacteria with low
G+C content, which are found in a variety of
animals and niches, including processed food.
They are resistant to extreme conditions, such as
low temperature or high salt, demonstrating
a great adaptability to their environment
(Vazquez-Boland et al., 2001).

Listeria monocytogenes infections cause
gastroenteritis, meningitis, neuro-encephalitis,
chorioamnionitis, abortions, and neonatal infec-
tions. Listeriosis is associated with a high mortal-
ity rate, particularly in immunocompromized
individuals (Schlech, 2000). In addition to its
medical importance, L. monocytogenes contam-
ination of food products raises important eco-
nomic issues in the food industry.

Listeria monocytogenes is a facultative intra-
cellular pathogen. It has evolved a panoply of
virulence factors, which exploit important cellular
processes during infection (Cossart et al., 2003;
Cossart and Sansonetti, 2004). Listeria monocy-
togenes has emerged as a genetically manipulable
tool to address key cell biology processes, such
as phagocytosis, actin-based motility and signal-
ing through growth factor receptors (Cameron et
al., 2000; Cossart and Bierne, 2001; Bierne and
Cossart,2002a). Moreover, as a result of its intra-
cellular life, L. monocytogenes mediates a strong
T-cell response and is widely used as a model to
study the CD8-mediated immunity of intracellu-
lar parasites (Edelson and Unanue, 2000; Badov-
inac et al., 2003; Lara-Tejero and Pamer, 2004).
The detailed mechanisms of the immune
response to L. monocytogenes will not be treated
in this review, as they are elegantly and largely
reviewed (Edelson and Unanue, 2000; Unanue,
2002; Badovinac et al., 2003; Lara-Tejero and
Pamer, 2004, Pamer, 2004). The combined use of
genetics, cell biology, functional genomics and

post-sequencing studies has led to a precise
understanding of L. monocytogenes infections.
Comparative genomics of L. monocytogenes with
the nonpathogenic species L. innocua, and other
Listeria species can now be fully exploited for the
study of virulence, regulation and biodiversity of
Listeriae (Glaser et al.,2001; Cabanes et al.,2002;
Buchrieser et al., 2003; Doumith et al., 2004a).

The Discovery of Listeriosis
and Listeriae

Listeriosis was first described in the late 1920s
and proposed to be contracted through oral con-
tamination. This hypothesis was confirmed in the
1960s. A series of outbreaks in industrialized
countries during the 1970s and 1980s definitely
established that L. monocytogenes was indeed
responsible for food-borne listeriosis (Schlech,
1984; Rocourt and Cossart, 1997).

The first official strain of the human pathogen
L. monocytogenes was isolated in 1924 after an
animal carehouse outbreak among rabbits and
guinea pigs exhibiting severe mononucleosis
(Murray et al., 1926). A clinical isolate of L.
monocytogenes from a case of human meningitis
was deposited at the Institut Pasteur in 1921
(Dumont and Cotoni, 1921). The first strain of
the animal pathogen, L. ivanovii, was identified
in the 1960s from lambs with congenital listerio-
sis (Ivanov, 1962).

Classification

Listeria spp. are small Gram-positive, nonspore
forming, noncapsulated bacilli, generally motile
at low temperatures (20°C), although some List-
eria strains are nonmotile at 37°C because of lack
of flagellin expression at this temperature (Way
et al.,2004). Their DNA is characterized by a low
G+C content (36-42%). They are related to
Clostridium, Bacillus, Enterococcus, Streptococ-
cus and Staphylococcus (Seeliger and Jones,
1986; Schmid et al., 2005). On the basis of DNA-
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DNA hybridization, multi-locus enzyme electro-
phoresis (MEE), rRNA gene restriction pat-
terns, and 16S rRNA sequencing, the genus
Listeria comprises six species and two subspe-
cies: L. monocytogenes, L. ivanovii subsp.
ivanovii, L. ivanovii subsp. londoniensis, L.
seeligeri, L. innocua, L. welshimeri and L. grayi.
Listeria monocytogenes is a human and animal
pathogen, and L. ivanovii is pathogenic for ani-
mals, mainly sheep and cattle. On rare occasions,
L. ivanovii and L. seeligeri were shown to be
associated with human infections (Rocourt and
Cossart, 1997; Schmid et al., 2005).

Isolation and Characterization

Reservoirs

Listeriae are found in a wide variety of reservoirs
ranging from soil, rotting plants, water, cattle
milk and food to numerous animal species and
humans. There is an asymptomatic carriage of L.
monocytogenes in the intestinal tract (Seeliger
and Jones, 1986; Grif et al., 2001). Listeriae can
also colonize various inert surfaces and can form
biofilms on food-processing surfaces (Roberts
and Wiedman, 2003).

Detection and Isolation

Isolation of Listeria from contaminated or
infected material can be obtained by direct plat-
ing on tryptic soy base agar supplemented with
blood for human samples, but an enrichment step
followed by plating on selective media is recom-
mended for polycontaminated samples, such as
food products. Enrichment procedures vary but
are generally based on a one- or two-step enrich-
ment in liquid selective broth, followed by plating
on selective solid media, which allow identifica-
tion of Listeriae (LPM, Oxford, or PALCAM
agar), or specific identification of L. monocyto-
genes strains (Rapid L. Mono, ALOA [Agar List-
eria Ottavani and Agosti], and Chromagar) (Figs.
1 and 2). Rapid detection of Listeriae in food
isolates, for example, can be performed using
immunoassay-based kits. However, PCR (poly-
merase chain reaction) is the technique of choice
for rapid detection of L. monocytogenes in both
clinical and food isolates. Isolation remains indis-
pensable for epidemiological studies (Swami-
nathan et al., 1995; Allerberger, 2003).

Identification

Genus identification is based on classical tests
including Gram staining, observation of motility,
and biochemical reactions, such as catalase and
acid production from D-glucose (Swaminathan
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Fig. 1. Listeria spp. grown on RAPID’L. MONO medium.
Listeria monocytogenes appears as blue colonies while other
Listeria spp. appear as white colonies. Reproduced with per-
mission from BIO-RAD, Marnes La Coquette, France.
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Fig.2. Listeria spp. grown on ALOA (Agar Listeria Ottavani
and Agosti) chromogenic medium. Listeria monocytogenes
colonies are surrounded by a halo while other Listeria spp.
are not. Reproduced with permission from AES Laboratoire,
Ker Lann, France.

et al., 1995). Identification of Listeria spp. is
based on a few biochemical markers and on
hemolysis (Table 1). Listeria spp. can be identi-
fied using an API-Listeria® test, a set of 10 bio-
chemical tests, including arylamidase, which
discriminates pathogenic L. monocytogenes from
nonpathogenic L. innocua (Swaminathan et al.,
1995) (Fig. 3). Hemolysis is produced by L.
monocytogenes but also by L. ivanovii and L.
seeligeri. Hemolysis of L. monocytogenes is nar-
row and does not develop beyond the edge of
colonies. It is due to listeriolysin O (LLO), a B-
hemolysin known to be a major virulence factor.
Hemolysis of L. ivanovii is wider, often bizonal,
with a first ring of complete hemolysis and a
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Table 1. Biochemical properties of Listeria species.
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Property L. monocytogenes

L. ivanovii

L. seeligeri L. innocua L. welshimeri L. grayi

B-Hemolysis + +
CAMP reaction
S. aureus + -
R. equi
Acid production from
Mannitol
o-Methyl-p-mannoside
L-Rhamnose
Soluble starch
D-Xylose - +
Ribose - \'%
Hippurate hydrolysis + +
Reduction of nitrate - -

|
+

I+ + |

+ — — —

[

<+
< +

+ 1+ o+ +

ND -
- - - +

Symbols and abbreviations: +, present; —, absent; CAMP, Christie. Atkins, Munch-Peterson; V, variable; and ND, not deter-
mined.
From Swaminathan et al. (1995).

Fig. 3. The API-Listeria® test. Dis-
crimination between L. monocytoge-
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second ring of incomplete hemolysis. Listeria
seeligeri is weakly hemolytic (Fig. 4). Hemolysis
of L. ivanovii and L. seeligeri is due to listeriol-
ysin homologues, ivanolysin O and seeligerolysin
O, respectively, and for L. ivanovii to the sphin-
gomyelinase SmcL (Leimeister-Wachter and
Chakraborty, 1989; Vazquez-Boland et al., 1989;
Haas et al., 1992; Gonzalez-Zorn et al., 1999).
The natural hemolysis of Listeriae is specifically
enhanced by the products released by other
hemolytic bacteria, Staphylococcus aureus for
L. monocytogenes and L. seeligeri, or Rhodo-
coccus equi for L. ivanovii in the CAMP test
(Christie, Atkins, Munch-Petersen). In this assay,
the streaking of Listeriae and S. aureus or
Rhodococcus equi in close proximity and per-
pendicularly gives rise to a characteristic shovel-
shaped patch of synergistic hemolysis (Swami-
nathan et al., 1995). In L. ivanovii, the bizonal
hemolysis and the effect observed in the CAMP
test are due to the SmcL phospholipase (Gonza-
lez-Zorn et al., 1999) (Fig. 5).

Other approaches, such as growth on chro-
mogenic selective media, Rapid L-mono, or

nes (upper panel) and L. innocua
(lower panel). From Allerberger et al.
(2003), with permission.

ALOA, allow identification of L. monocytoge-
nes. Identification on Rapid L-mono plates is
based on chromogenic detection of phosphati-
dylinositol (PI) phospholipase C (PLC-A) and
on xylose fermentation differentially produced
by Listeria species. Listeria monocytogenes
appears as blue colonies (phospholipase C [PLC]
positive) without halo (xylose negative), while L.
ivanovii appears as blue colonies surrounded by
a yellow halo (PLC and xylose positive). Other
Listeria species appear as white colonies. In addi-
tion, chemiluminescent DNA probe assays allow
rapid confirmation of L. monocytogenes from
primary isolation colonies. Finally, sequencing of
the 16S rRNA, ribotyping, or pulsed-field gel
electrophoresis (PFGE), can be used as an iden-
tification method for species determination or
subdivision within species (Brosch et al., 1996;
Allerberger, 2003).

Typing
Although different methods are available to char-
acterize isolates L. monocytogenes [phage typing,
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ribotyping, DNA macro-restriction analysis, ran-
dom amplified polymorphic DNA (RAPD) and
multi-locus enzyme electrophoresis (MEE)],
serotyping and DNA macro-restriction analysis
are methods of choice for outbreak investiga-
tions. The 16 serovars of Listeria are based on the
expression of somatic (O) and flagellar (H) anti-
gens (Table 2), with 13 L. monocytogenes sero-
vars that can cause disease. Approximately 95%
of the human isolates belong to serovars 4b, 1/
2a, and 1/2b. Strikingly, serovars 4b are found in
most of the invasive foodborne outbreaks world-
wide and in up to 50% of the sporadic cases of
listeriosis, while serogroups 1/2 (including 1/2a,
1/2b and 1/2¢) are mostly associated with sporadic
cases (Rocourt and Cossart,1997). More recently,
multiplex PCR was proposed as an alternative to
serotyping (Doumith et al., 2004b). The method
allows to differentiate the major serovars, 1/2a,
1/2b, 1/2c and 4b, of L. monocytogenes.
Techniques based on phenotypic differentia-
tion (phage typing and bacteriocinotyping) or on

L. monocytogenes

L. ivanovii

Fig. 4. Hemolysis on blood agar plates after 24 h. Listeria
monocytogenes produces a narrow zone of hemolysis and L.
ivanovii produced a wider bizonal hemolysis. From Vazquez-
Boland et al. (2001), with permission.

Table 2. Serovars of the genus Listeria.
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molecular characterization (MEE and DNA typ-
ing methods) were developed to further charac-
terize strains of the same serovar. Phage typing
is based on the testing of the isolates for their
sensitivity to a set of phages isolated from
lysogenic Listeria strains. MEE allows the deter-
mination of a pattern of enzyme activities that
are specific for Listeria subtypes. Both techniques
have been successfully applied for epidemiolog-
ical studies. Molecular methods, such as charac-
terization of chromosomal DNA by restriction
endonuclease analysis, ribotyping, RAPD, or
PFGE are also used to type Listeria strains. PEFGE
is the most discriminatory method to identify L.
monocytogenes and is recommended, together

Fig. 5. The CAMP (Christie, Atkins, Munch-Peterson) test.
Blood agar plates streaked horizontally with L. monocytoge-
nes (A), L. seeligeri (B), L. ivanovii (C), L. innocua (D), L.
grayi (E) and L. welshimeri (F) or vertically with Rhodococ-
cus equi (left) or Staphylococcus aureus (right). Adapted
from Allerberger et al. (2003), with permission.

L. monocytogenes L. ivanovii L. seeligeri L. innocua L. welshimeri L. grayi
1/2a, 1/2b, and 1/2¢ 5 1/2a, 1/2b, and 1/2c 1/2b
3a, 3b, and 3¢
4a, 4ab, 4b, 4c, 4d, and 4e 4b and 4d 4ab 4c
6b 6a and 6b 6a and 6b
7 UsS* Us Us S

Abbreviations: US, undesignated serovar; S, specific; and * is both US and S.

From Swaminathan et al. (1995).



408 N. Khelef et al.

with serotyping, for epidemiological surveillance
(Swaminathan et al., 1995; Brosch et al., 1996).

Serodiagnosis and Determination
of Pathogenicity

Serologic tests cannot be used directly for diag-
nosis because of an antigenic cross-reactivity
between L. monocytogenes and other Gram-
positive bacteria (Swaminathan et al., 1995).
However, detection of anti-listeriolysin antibod-
ies, after adsorption on streptolysin O of Strep-
tococcus pyogenes, is a good indicator of
infection (Berche et al., 1990). Determination of
the pathogenicity of Listeriae in animal models
is not used routinely for identification (Swami-
nathan et al., 1995).

Physiology

Growth Conditions: pH, Temperature
and Salts

Listeriae are facultative anaerobic bacteria, a
property that might be advantageous during
infection. They grow perfectly well in laboratory
aerobic conditions. Although BHI (brain heart
infusion) is the medium of choice for growth in
vitro, Listeriae can grow in several other media
such as Luria broth (LB). A minimal medium
previously used (Premaratne et al., 1991) was
recently readapted based on the analysis of the
genome sequence of L. monocytogenes (Tsai and
Hodgson, 2003). One of the key properties of L.
monocytogenes resides in its ability to grow in a
wide range of temperatures (1-45°C), which
favors resistance and enrichment in foods. How-
ever, optimal growth occurs at 30-37°C. Listeriae
are killed at 60°C, making pasteurization a good
technique to eliminate the bacteria from dairy
products (Seeliger and Jones, 1986). Analysis of
L. monocytogenes grown at different tempera-
tures and of cold-sensitive mutants revealed that
temperature adaptation involves modifications
of the fatty acid composition of the bacterial
membrane (Annous et al., 1997). Listeriae also
resist relatively extreme pH and salt conditions
(pH 4.5-9 and 10% NaCl), but optimal growth
occurs at neutral pH and 0.5% NaCl (McClure
et al., 1991). The striking resistance of Listeriae
to harsh external conditions accounts for its wide
distribution in multiple habitats and explains the
increasing numbers of food-borne outbreaks in
industrialized countries.

Nutrients

Carbohydrates, amino acids (cysteine, glutamine,
isoleucine, leucine and valine) and vitamins
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(biotin, riboflavin, thiamine and thioctic acid)
are required for Listeria growth (Seeliger and
Jones, 1986). An extensive study of the beha-
vior of several auxotrophic mutants revealed
that threonine, adenine or phenylalanine—
tryptophan-tyrosine auxotrophs were less viru-
lent (Marquis et al., 1993). Iron and some amino
acids (arginine, histidine, methionine and tryp-
tophan) stimulate L. monocytogenes growth.
Activated charcoal or cellobiose have no effect
on growth but modulate the expression of viru-
lence genes (Cowart and Fosters, 1985; Seeliger
and Jones, 1986; Park and Kroll, 1993; Ripio et
al., 1996; Huillet et al., 1999).

Inhibitory Agents and Antibiotics

Virulent Listeria strains are resistant to bile (up
to 40%) on agar plates. This is partly due to the
expression of a bile salt hydrolase, encoded by
the bsh gene (Dussurget et al., 2002) and other
bile tolerance genes encoded by the locus btlA
(Begley et al., 2003). Disinfectants are active on
Listeriae allowing efficient treatment of surfaces
in contact with food, but serum and milk reduce
their bactericidal activities, emphasizing the
attention drawn to hygiene in food industries
(Best et al., 1990).

While antibiotic sensitivity might vary
between strains, most Listeriae are sensitive to
many antibiotics, such as aminoglycosides, tetra-
cyclines, macrolides, chloramphenicol and peni-
cillins. Some of them are used to treat listeriosis,
e.g., usually ampicillin in combination with an
aminoglycoside (Charpentier et al., 1995; Hof et
al., 1997; Troxler et al., 2000). Listeria strains are
naturally resistant to antibiotics such as cepha-
losporins or sulfonamides. Resistance to nalid-
ixic acid is exploited to enrich samples in L.
monocytogenes, and most enrichment media
contain this antibiotic. Although antibiotic resis-
tance of Listeriae is not yet a concern for clinics,
new tetracycline- or trimethoprim-resistant
strains have recently emerged (Poyart-Salmeron
et al., 1990; Poyart-Salmeron et al., 1992; Char-
pentier et al., 1995; Charpentier and Courvalin,
1999).

The Human Disease:
Epidemiological and
Clinical Aspects

Epidemiology

Listeria monocytogenes had been isolated in
humans as early as the 1920s (Murray et al., 1926;
Pirie, 1927). Nevertheless, it was not identified as
an important cause of neonatal infection until
after World War II in Germany (Potel, 1952). The
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development and use of immunosuppressive
agents in the second half of the twentieth century
led to the identification of listeriosis cases in
immunocompromized patients (Louria et al.,
1967). Subsequently, the development of highly
immunosuppressive therapies for organ or bone
marrow transplantations led to a great expansion
of the immunocompromized population and the
subsequent identification of immunosuppression
as a major risk factor for listeriosis (Stamm et al.,
1982). More recently, the human immunodefi-
ciency virus (HIV) epidemic has markedly
enlarged the immunodeficient population, with a
relative risk of developing listeriosis 500 times
higher in acquired immunodeficiency syndrome
(AIDS) patients as compared to the general pop-
ulation (Jurado et al., 1993). Globally, human
listeriosis remains a rare disease, and its preva-
lence is declining in industrialized countries in
which food control measures have been imple-
mented. The attack rate is considered to be
around 7 per million, leading to 2500 cases and
around 500 deaths per year in the United States
(Gellin et al.,, 1991; Lorber, 1997; Vazquez-
Boland et al., 2001; Wing and Gregory, 2002).
Infection is more common in children (100 cases
per million) and elderly (14 cases per million).
Pregnant women are 20 times more likely to
develop listeriosis than the general population
(Broome, 1993).

It has been observed very early in ruminants
that oral ingestion of L. monocytogenes was
associated with listeriosis (Low and Renton,
1985). This led to the hypothesis that L. mono-
cytogenes was also a human foodborne patho-
gen. However, not until the 1980s was the
validity of this hypothesis formally demon-
strated, and it has now been widely confirmed by
other investigators (Schlech et al., 1983). A num-
ber of listeriosis outbreaks and sporadic cases
consequent to the ingestion of contaminated
food products have been reported, as well as the
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origin of contamination (Table 3). Indeed, vege-
tables can become contaminated from the soil or
from manure used as fertilizer, and animals can
carry the bacterium asymptomatically and con-
taminate foods of animal origin, such as meats
and dairy products. Listeria monocytogenes is
found in a variety of raw foods, such as
uncooked meats and vegetables, or processed
foods that become contaminated after process-
ing, such as soft cheeses and cold cuts at deli
counters (Fleming et al., 1985; Linnan et al.,
1988; Schwartz et al., 1989; Riedo et al., 1994;
Bula et al., 1995; Salamina et al., 1996; Dalton et
al., 1997; Goulet et al., 1998; Aureli et al., 2000;
Ooi et al., 2005). Unpasteurized milk or foods
made from unpasteurized milk may contain the
bacterium. Listeria monocytogenes is killed by
pasteurization and cooking. However, in certain
ready-to-eat foods such as hot dogs and deli
meats, contamination may occur after cooking
before packaging. Government agencies and the
food industry have taken steps to reduce con-
tamination of food by L. monocytogenes. The
United States Food and Drug Administration
(FDA) (http://www.fda.gov/) and the United
States Department of Agriculture (USDA)
(http://www.usda.gov) monitor food regularly.
When a processed food is found to be contami-
nated, food monitoring and plant inspection are
intensified, and if necessary, the implicated food
is recalled (for details, see the web sites of the
World Health Organization (http://www.who.int/
foodsafety/en/), Centers for Disease Control and
Prevention (CDC) (http://www.cdc.gov), (http:/
www.foodsafety.gov/~fsg/fsgprobs.html{Gateway
to Government Food Safety Information} or http:/
/www.afssa. fr{Agence frangaise de sécurité sani-
taire des aliments}).

Most human foodborne infections are associ-
ated with high prevalence but low morbi-
mortality. The situation is different for human
listeriosis, which is a rare but very serious infec-

Table 3. Main listeriosis outbreaks in Europe and the United States.

Number Perinatal Mortality
Year Location of cases cases (%) rate (%) Source of contamination
1980-1981 Canada 41 83 34 Cole slaw
1983 New England, USA 49 14 29 Pasteurized milk
1983-1984 Switzerland 57 9 32 Soft cheese
1985 California, USA 142 65 34 Mexican cheese
1986-1987 Pennsylvania, USA 36 11 44 Unknown
1989 Connecticut, USA 10 20 10 Shrimps
1992 France 38 82 32 Deli meat (rillettes)®
1993 Italy 39 Unknown Unknown Rice salad
1994 Tllinois, USA 45 Unknown Unknown Chocolate milk
1997 Italy 1566 Unknown Unknown Corn salad
1998-1999 United States 1001 Unknown Unknown Hot dogs
1999 France 32 12 21 Pork deli meat
2002 Illinois, USA 43 28 31 Turkey deli meat

“Rilettes, a spread similar to paté, usually made of pork.
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tion, associated with a mortality of up to 30%,
even when an adequate treatment is adminis-
tered. This accounts for the high economic
impact associated with listeriosis despite its rela-
tive low prevalence (Table 4). Moreover, listeri-
osis remains under-diagnosed, particularly at its
early stages, and this leads to delay in the admin-
istration of antimicrobial therapy, which is abso-
lutely critical for a favorable outcome, contrary
to most other foodborne infections (Lorber,
1997; Wing and Gregory, 2002). More detailed
informations concerning epidemiology can be
found at  http://www.cdc.gov/ncidod/dbmd/
diseaseinfo/listeriosis_t.htm; http://www.who.int/
foodsafety/micro/jemra/assessment/listeria/en/;

http://www.invs.sante.fr/beh/2004/09/index.htm.

Clinical Manifestations

Listeria monocytogenes infects humans through
the ingestion of contaminated food products. The
bacteria can cross the intestinal barrier and dis-
seminate from the mesenteric lymph nodes to
the spleen and the liver, from which they may
reach the brain or the placenta, resulting in men-
ingitis or encephalitis in immunocompromized
patients, abortions in pregnant women, or gener-
alized infections in infected neonates (granulo-
matosis infantiseptica) (Fig. 6). If not controlled
properly by the immune system, L. monocytoge-
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nes infection may also cause septicemia. Highly
contaminated food products also infect healthy
individuals, resulting mainly in gastroenteritis
(Aureli et al., 2000; Vazquez-Boland et al., 2001;
Wing and Gregory, 2002; Ooi et al., 2005).

DIGESTIVE MANIFESTATIONS Studies reported by
the CDC have shown that 11% of the food
samples collected in the framework of food
monitoring programs were contaminated with
L. monocytogenes and that L. monocytogenes
grew from at least one refrigerator sample of
64% of patients with listeriosis (Pinner et al.,
1992). For long, this first step of the infectious
process—consumption of L. monocytogenes-
contaminated food—was considered to be
almost always clinically silent. However, it was
clearly demonstrated that it may lead to the
development of a genuine gastroenteritis (with
digestive signs such as nausea, aqueous or
bloody diarrhea, abdominal pain, and fever)
with an attack rate of up to 70%, particularly
in cases of high inocula (Dalton et al., 1997,
Schlech, 1997; Aureli et al., 2000). Although a
number of L. monocytogenes associated gastro-
enteritis outbreaks have been reported, cases of
sporadic enteritis appear to be relatively rare
(Schlech et al., 2005). The importance of the
inoculum size in the onset of these early clini-
cal signs is supported by the results of oral

Table 4. Cost of foodborne infections in the United States in 1992.

Number of cases

in the United Global Cost per
Bacteria States in 1992 cost ($US) patient ($US)
Salmonella 1,920,000 1,388,000,000 723
Campylobacter jejuni 2,100,000 961,500,000 458
Escherichia coli O157H7 14,058 388,000,000 27,600
Listeria monocytogenes 1,550 221,000,000 142,581

For detailed information about the economics of foodborne diseases, see USDA listing of foodborne diseases.

Successive steps of human listeriosis

Contaminated Liver

food ©

Blood
Blood ; 4
Lymph node
Intestine
Gastroenteritis Spleen
(intestinal barrier)

Brain
Meningitis

Encephalitis

(blood-brain barrier)

y

Placenta Fig. 6. Successive steps of listeriosis.
Fetal Organs affected by the infection,
Infections

symptoms and epithelial barriers

(materno-fetal barrier)
crossed by L. monocytogenes.
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challenges in healthy nonhuman primates, in
whom the ingested inoculum had to be higher
than 109 organisms to produce a detectable
clinical effect (Farber et al., 1991b). Whether
these digestive clinical signs mostly account for
a toxic effect of L. monocytogenes on the intes-
tinal tissue or for the crossing and invasion of
the mucosal barrier by L. monocytogenes is not
known. These digestive manifestations are usu-
ally self-limited and resolve spontaneously.

BacTeremia In the population at risk for inva-
sive listeriosis, signs accounting for generalized
infection most frequently occur after an incuba-
tion period that can be very long (10-70 days).
Hematogenous seeding of the pathogen result-
ing in L. monocytogenes bacteremia might be
responsible for an influenza-like febrile illness,
accompanied by myalgias, arthralgias, headache
and backache but might also be clinically silent
(Goulet and Marchetti, 1996).

PREGNANCY-ASSOCIATED LisTERIOSIS During preg-
nancy, particularly the third trimester when preg-
nancy-associated immunosuppression is the
most intense, benign common cold symptoms
may be due to L. monocytogenes-associated bac-
teremia and should be treated a priori as listeri-
osis because of the seriousness of possible
obstetrical and neonatalogical complications.
The specific complications of listeriosis during
pregnancy lie in the ability of L. monocytogenes
to cross the maternofetal barrier and result in
placental abscesses, chorioamnionitis, and finally
infection of the fetus. This infection is responsi-
ble for premature labor, stillbirth, abortion, and
neonatal infection, with high mortality. Dissemi-
nated infection to the fetus is called granuloma-
tosis infantiseptica and is characterized by the
widespread presence of microabscesses and
granulomas in liver, spleen and skin. The highest
concentrations of L. monocytogenes being
encountered in the gut and in the lung, infection
might be amplified through ingestion of contam-
inated amniotic fluid rather than solely as a con-
sequence of the hematogenous transplacental
route (Lorber, 1997; Schlech, 2000). In cases of
neonatal contamination during parturition, a pri-
mary septicemic syndrome similar to that associ-
ated with Streptococcus agalactiae infection
occurs sometimes with purulent conjunctivitis
and disseminated papular rash evocative of
neonatal listeriosis and late-onset meningitis.
Listeria monocytogenes meningitis is one of the
three major causes of meningitis in neonates
(Lorber, 1997; Dawson et al., 1999; Schlech,
2000; Lecuit and Cossart, 2001a).

INFECTION OF THE CENTRAL NERVOUS SYSTEM
Listeria monocytogenes has, in addition to its
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ability to cross initially the intestinal barrier and
the maternofetal barrier in pregnant women, the
capacity to cross the blood-brain barrier and
reach the central nervous system (CNS). Inter-
estingly, it has been proposed, based on animal
studies, that infected bone marrow myeloid cells
may promote Listeria invasion of the CNS (Join-
Lambert et al., 2005). L. monocytogenes capacity
to cause both acute meningitis and parenchymal
brain infection differentiates it from other bacte-
ria frequently responsible for meningitis such as
Streptococcus pneumoniae, Neisseria meningiti-
dis and Haemophilus influenzae. Among all bac-
terial meningitides, L. monocytogenes meningitis
has the highest mortality rate (22%). L. mono-
cytogenes meningitis accounts for 11% of all bac-
terial meningitis and was the second most
common cause of meningitis after Streptococcus
prneumoniae meningitis in patients older than 50
years (Lecuit and Cossart, 2001a). The clinical
features of L. monocytogenes meningitis differ
from those of other bacterial meningitides in that
L. monocytogenes meningitis may have a sub-
acute course, and be associated with abnormal
movements, seizures, and alteration of con-
sciousness. The onset of such signs is evocative
of dissemination to the brain parenchyma. Two
different types of dissemination to the brain can
occur: encephalitis or intraparenchymal brain
abscesses. Encephalitis usually involves parti-
cularly the rhombencephalon and clinically
appears as a meningitic syndrome that is compli-
cated with cranial nerve deficits, a cerebellar syn-
drome, or central motor and sensitivity deficits.
In two-thirds of the cases, blood cultures are pos-
itive. Cerebrospinal fluid culture is positive in
half of the cases. The onset of rhombencephalitis
is not confined to the immunocompromized host
and may also be reported in otherwise healthy
adults (Armstrong and Fung, 1993). In a small
proportion of L. monocytogenes CNS infections
(10% with half of them in immunocompro-
mized patients), macroscopic brain abscesses
are observed. Listeria monocytogenes brain
abscesses are preferentially located in subcorti-
cal areas, thalamus, pons or medulla. These
unusual locations are evocative of their listerial
origin (Lorber, 1997; Schlech, 2000). Both
encephalitis and parenchymal abscesses are
associated with high neurological sequelae and
mortality rates.

Locavrizep INFECTIONS Rare cases of L. mono-
cytogenes endocarditis have been reported,
accounting for less than 10% of all L. monocy-
togenes infections and occurring in patients at
risk for endocarditis. Rare localized infections in
patients at risk for listeriosis have also been
reported and include infections due to direct
inoculation (conjunctivitis, skin infection or
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lymphadenitis), digestive involvement (peritoni-
tis or cholecystis), or hematogenous seeding
(abscesses of liver and spleen, pleuropulmonary
infections, joint infection and osteomyelitis, peri-
carditis, myocarditis, arteritis or endophtalmitis)
(Lorber, 1997; Schlech, 2000; Lecuit and Cossart,
2001a).

Genetics of Listeria

Genetic Elements of Listeria

PHAGEs Lysogenic bacteriophages have been
isolated from Listeria species. They belong to the
Siphoviridae and Myroviridae families and con-
tain double-stranded DNA of about 40 kb. They
do not appear to be involved in virulence, but
some have been used to classify Listeria strains
by phage typing (Cossart and Mengaud, 1989a;
McLauchlin et al.,, 1996). Phages of Listeria
monocytogenes are, with a few exceptions, spe-
cific with respect to the serogroup of the host
cells. The major serogroups (1/2 and 4) can be
differentiated on the basis of somatic antigen
composition and sugar substitution of cell wall
teichoic acids (TAs) (Fiedler and Ruhland,
1987). These carbohydrates also serve as a pri-
mary receptor for the serogroup specific phages
(Wendlinger et al., 1996). In 2000, the complete
nucleotide sequence and structural analysis of
the serogroup 1/2-specific bacteriophage A118
were reported (Loessner et al., 2000). The A118
genome is a 40.8-kb, linear, circularly permuted,
terminally redundant collection of double-
stranded DNA molecules. Site-specific integra-
tion of the A118 prophage occurs into a gene
homologous to comK from Bacillus subtilis,
resulting probably in the inactivation of this
gene. Comparative analysis of the A118 genome
structure with other bacteriophages revealed
local, but sometimes extensive similarities with a
number of phages spanning a broader phyloge-
netic range of low G+C bacteria, implying rela-
tively recent exchange of genes and genetic
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modules (Loessner et al.,2000). The genome and
the proteome of a serogroup-4-specific phage,
PSA, were described in 2003 (Zimmer et al.,
2003). PSA is a temperate phage isolated from
L. monocytogenes strain Scott A, a clinical epi-
demic strain. The genome of the bacteriophage
PSA is 37.6 kb long and contains 57 open-
reading frames, which are organized into three
major transcriptional units. The PSA integration
site is attB located at the 3" end of the single-copy
tRNA”® gene, where phage nucleotides reconsti-
tute its function (Lauer et al., 2002). Bioinfor-
matics revealed only few similarities of PSA with
the Listeria phage A118. The analyses also
revealed the first case of a +1 frameshifting
among dsDNA phages, and the utilization of a 3’
pseudoknot to stimulate such an event (Zimmer
et al.,2003). On the basis of the analyses of these
two bacteriophages and the identification of
their respective integration sites, two site-specific
integration vectors, pPL1 and pPL2, which uti-
lize the listeriophage U153 integrase, were con-
structed (Lauer et al., 2002) (Fig. 7). pPL1
integrates in the comK attachment site and pPL2
uses the PSA attachment site in the tRNAA®
gene. These plasmids were used in L. monocyto-
genes enabling complementation experiments
(Lauer et al., 2002).

PrLasmips Many strains of Listeria species con-
tain one large cryptic plasmid. Several plasmids
of various sizes were detected in Listeria, but
hybridization and restriction analysis revealed a
high degree of homology between them (Kolstad
et al., 1991). In certain cases, L. monocytogenes
plasmids were associated with cadmium resis-
tance (Lebrun et al., 1992) or antibiotic resis-
tance (Charpentier and Courvalin, 1999).
Studies on the conjugative abilities of the plas-
mids associated with antibiotic resistance
showed that they were transferable to Listeria
spp. as well as to other Gram-positive bacteria
and suggested that they were probably acquired
from the Enterococci-Streptococci  group
(Poyart-Salmeron et al., 1990; Lebrun et al.,

PSA int

Fig. 7. Maps of the site-specific
integration vectors pPL1 and pPL2.
Chloramphenicol resistance genes
(CAT) and origin of replication in
E. coli are represented in gray; RP4
origin of transfer is represented in
white. The U153 and PSA inte-
grases (U153int and PSAint) and
the p60 promoter of L. monocyto-
genes are represented in black.
MCS is the multicloning site.
Adapted from Lauer et al. (2002),
with permission.
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1992; Charpentier and Courvalin, 1999). Plasmid
vectors originating from Bacillus subtilis or
Escherichia coli replicate in Listeria and thus are
used for genetic studies in L. monocytogenes,
including allelic exchange of chromosomal
DNA, cloning, gene expression, or reporter gene
fusion (Freitag, 2000).

TraNspPOsONS Some L. monocytogenes strains
harbor a natural transposon Tn5422, which con-
tains 40-bp inverted repeats, two genes confer-
ring cadmium resistance, and two genes
encoding a transposase and a resolvase (Lebrun
et al., 1994). Listeria can also naturally acquire
Enterococci-Streptococci transposons from the
Tni545-Tn916 family, conferring on strains tet-
racycline resistance and other resistance genes
(Poyart-Salmeron et al., 1989; Poyart-Salmeron
et al., 1992). The conjugative properties of these
transposons were widely used for mutagenesis
and constituted the first genetic tools to study L.
monocytogenes virulence and physiology (Gail-
lard et al., 1986; Kathariou et al., 1987; Portnoy
et al., 1988; Cossart et al., 1989b; Marquis et al.,
1993). Contrary to conjugative transposons, non-
conjugative transposons such as Tn9/7 or Tn917-
lac do not generate multiple insertions and are
consequently more powerful tools (Cossart et al.,
1989b). More recently, Tn1545 or Tn917-derived
tagged transposons were also used for signature-
tagged mutagenesis in L. monocytogenes, allow-
ing the identification of new virulence genes
(Autret et al., 2001; Dramsi et al., 2004; Mandin
et al., 2004).

Genetic Techniques and Tools

Genetic techniques used to modify the Listeria
genome are derived from those (including con-

Listeria monocytogenes and the Genus Listeria 413

jugation of self-conjugative transposons or plas-
mids, and transformation of plasmids) utilized to
modify other Gram-positive bacteria (Cossart
and Mengaud, 1989a). Interestingly, L. monocy-
togenes itself has been used as a genetic vehicle
to deliver functional genes into eukaryotic cells
(Mollenkopf et al., 2001; Grillot-Courvalin et al.,
2002; Pilgrim et al., 2003b).

Prasmip VEcTORS Several shuttle plasmid vec-
tors from Bacillus subtilis have been used in L.
monocytogenes. They contain multicloning sites
and genes encoding antibiotic resistance, allow-
ing genetic studies (Freitag, 2000).

Plasmids Preferentially Used for Complementa-
tion or Gene Expression Among the broad host
range shuttle plasmids replicating in Escherichia
coli and L. monocytogenes, pMK4 and pAM401
are the most extensively used for complementa-
tion of mutants obtained by transposon insertion
or for expression of gene products via their own
promoters (Sullivan et al., 1984; Wirth et al.,
1986; Cossart et al., 1989b; Freitag, 2000) (Fig. 8).
Similarly, derivatives of the conjugative plasmid,
pAT18 (Trieu-Cuot et al., 1991), allowed comple-
mentation of deletion mutants (Gaillard et al.,
1991; Dramsi et al., 1995) as well as green fluo-
rescent protein (GFP) expression (Fortineau et
al., 2000). pPBR474 derivatives have also been
used to successfully express L. monocytogenes
proteins. They combine the advantage of an easy
selection of recombinants (because of the high
natural sensitivity of Listeria strains to chloram-
phenicol) and a high level expression of inserts
(because of the presence of a strong promoter)
(Lecuit et al., 1997). The recent construction of
a plasmid, pLIV1, carrying an isopropyl-p-D-
thiogalactoside (IPTG)-inducible SPAC pro-
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Sullivan et al. (1984), with permission.
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moter permitted in vivo studies in which expres-
sion of L. monocytogenes genes were followed
intracellularly (Freitag and Jacobs, 1999; Dancz
et al.,, 2002). The construction of integrative
phage-derived plasmids, pPL1 and pPL2, has
also allowed complementation of deletion
mutants (Fig. 7). Their advantage resides in their
ability to integrate at a specific location, which
may facilitate fine genetic analysis of mutants or
gene transfer in L. monocytogenes (Lauer et al.,
2002).

Plasmids  Preferentially Used for Allelic
Exchange Thermosensitive vectors such as
pKSV7 (Smith and Youngman, 1992) (Fig. 9) or
pAUL-A (Schaferkordt and Chakraborty, 1995)
allow allelic exchange, in frame deletion
mutagenesis (Brundage et al., 1993; Dramsi et
al.,, 1995; Domann et al., 1997), or site-specific
mutagenesis (Boujemaa-Paterski et al., 2001). A
novel thermosensitive plasmid, pMAD, harbor-
ing the (-galactosidase gene fused to the strong
constitutive promoter of clpB from Staphylococ-
cus aureus (Fig. 10), facilitates the screening and
the generation of allelic exchanges (Arnaud et
al., 2004).

Transposons Different transposons were used
for random mutagenesis in L. monocytogenes.
Conjugative transposons from the Tn1545-Tn916
family or Tn917 transposons were initially
exploited to generate libraries of mutants, which
allowed the characterization of several virulence
factors of L. monocytogenes (Gaillard et al.,
1986; Kathariou et al., 1987; Portnoy et al., 1988;
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Cossart et al., 1989b). More recently, tagged
Tni1545 derivatives carried by an integrative
vector were utilized for signature-tagged
mutagenesis in L. monocytogenes, allowing the
identification of new virulence genes (Autret et
al., 2001). The use of Tn917 or Tn917 derivatives
(pTV1, pTV32, pTLV1 and pTLV3), carried on
vectors with temperature-sensitive origins, facil-
itated the screening and the generation of large-
scale libraries of mutants, in particular those of
L. monocytogenes virulence genes (Camilli et al.,

HSpPSXBSmKSsE
Pv

N\

s

bla

Fig. 9. Map of the pKSV7 thermosensitive plasmid. bla is the
B-lactamase gene of pUCIS; cat is the chloramphenicol
acetylase transferase gene of pCl94; o is the lac alpha-
complementing gene fragment of pUCI18. From Smith and
Youngman (1992), with permission.
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Swal allow selection in E. coli and L.
— monocytogenes, respectively. bgaB
in

Stul is the B-galactosidase gene fused to
the strong constitutive promoter of
clpB from Staphylococcus aureus
(PclpB). From Arnaud et al. (2004),
with permission.
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Fig. 11. Map of the pTV1, pTV31 7 - !
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1990; Sun et al., 1990; Mengaud et al., 1991b)
(Fig. 11). Some of these transposons have also
the advantage of allowing the direct cloning of
the flanking regions of the transposon insertion
site (pTLV1 and pTLV3) or carry a promoterless
lacZ gene permitting transcriptional gene fusion
(pTV32) (Camilli et al., 1990; Francis and
Thomas, 1997).

REPORTER GENEs Transcriptional fusions to
reporter genes, mostly lacZ, lux or GFP, have
been used to monitor Listeria gene expression
in vitro or intracellularly (Klarsfeld et al., 1994;
Bubert et al, 1999; Freitag, 2000). More
recently, a transposon carrying a modified ver-
sion of the /ux operon fused to promoterless L.
monocytogenes genes (Francis et al., 2000) has
opened a new way to monitor infection using in
vivo bioluminescence imaging in mice (Hardy et
al., 2002).

ConNjuGatioN Self-conjugative transposons,
plasmids, and phage-derived vectors are used for
genetic studies in Listeria. Most often, conjuga-
tion is performed on filters onto which donor and
recipient bacteria are deposited (Cossart and
Mengaud, 1989a). pAT18 vectors or derivatives
were used for complementation studies of
mutants affected in virulence determinants
(Gaillard et al., 1991) or to generate L. monocy-
togenes expressing GFP, allowing their detection
and tracking in vivo (Fortineau et al.,2000). Con-
jugative transposons of the Tn1545-Tn916 family
transfer from the donor bacteria to the recipient
bacteria, where they integrate randomly into the
chromosome. This strategy was the first used to

generate a large set of defective mutants (Gail-
lard et al., 1986; Kathariou et al., 1987; Portnoy
et al., 1988; Cossart et al., 1989b; Marquis et al.,
1993). Recently, conjugation of listeriophage-
derived integrative vectors, pPL1 and pPL2, was
successfully exploited for complementation stud-
ies of L. monocytogenes mutants (Lauer et al.,
2002).

TRANSFORMATION Listeriae are not naturally
competent, although competence genes have
been found in L. monocytogenes genome (Gla-
ser et al., 2001). However, transformation with
plasmid DNA can be obtained on protoplasts or
by electroporation (Vicente et al., 1987; Luchan-
sky et al., 1988). Treatment of bacteria with low
concentration of penicillin optimizes the effi-
ciency of electroporation (Park and Stewart,
1990). Genetic studies resulting from L. mono-
cytogenes  transformation include  allelic
exchange of chromosomal DNA, complementa-
tion of defective genes, and reporter gene fusion
(Cossart et al., 1989b; Dramsi et al., 1995; Dubail
et al., 2000).

TranspucTioN Until recently, transduction was
not possible in L. monocytogenes. It has now
been successfully performed using bacterioph-
ages that grow at 30°C but not at 37°C. Transduc-
tion at low multiplicity of infection, at 37°C, and
in presence of citrate resulted in elimination of
transductant and lysogeny, allowing the isolation
of several L. monocytogenes transductants of dif-
ferent serotypes, and opening the way to new
genetic approaches to modify the Listeria
genome (Hodgson et al., 2000).
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Fig. 12. Electron microscopy images of the successive steps
of L. monocytogenes infection. Thin sections of cells infected
with L. monocytogenes are examined by electron microscopy.
A and B: entry and formation of the phagocytic cup; C and
D: intracellular movements; E and F: cell-to-cell spread;
G and H: formation and lysis of the two-membrane vacuole.
From Cossart and Lecuit (1998), with permission.
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Fig. 13. Model for L. monocytogenes infection. The succes-
sive steps of L. monocytogenes infection as well as the bacte-
rial factors are indicated. Adapted from Tilney and Portnoy
(1989), with permission.

The Cell Biology of
L. monocytogenes Infection

While our knowledge of the different steps lead-
ing to listeriosis remains rather elusive, the cell
biology of the infectious process has been widely
studied (Figs. 12 and 13). The main feature of L.
monocytogenes is its capacity to enter into non-
phagocytic cells and to survive and multiply in
the cytosol of most cell types, including macroph-
ages. Intracytoplasmic bacteria exploit the host
cytoskeleton to move intracellularly through an
actin-dependent process. (Lecuit and Cossart,
2001; Cossart and Sansonetti, 2004). Interest-
ingly, it was shown that intracytosolic L. mono-
cytogenes avoids recognition by the ubiquitin-
dependent degradation system, as a possible
consequence of its motility (Perrin et al., 2004).
L. monocytogenes form protrusions that invade
adjacent cells, allowing dissemination by direct
cell-to-cell spread, without reaching the extracel-
lular milieu, therefore avoiding the extracellular
defenses, such as antibodies and complement
(Lecuit and Cossart, 2001a; Cossart and San-
sonetti, 2004). These features, including the
avoidance of lysosomal enzymes and serum com-
ponents, strongly account for the virulence of L.
monocytogenes.

Bacterial Internalization

Both in vivo and in cultured cells, L. monocyto-
genes can be phagocytosed by macrophages
(Harrington-Fowler et al., 1981; Campbell et al.,
1994), neutrophils (Arnold and Konig, 1998),
or dendritic cells (Guzman et al., 1995; Kolb-
Maurer et al., 2000; Pron et al., 2001). Listeria
monocytogenes can also induce its own internal-
ization in a wide variety of nonphagocytic cells,
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Fig. 14. Electron microscopy of L.
monocytogenes invading Caco-2 cells.
Scanning electron microscopy images
of cells infected for 15 min (A) or
30 min (B) by L. monocytogenes.
Transmission electron microscopy
images of cells infected by L. monocy-
togenes at low (C) or high (D) magnifi-
cation. Scale bar, 0.5 pm. From
Mengaud et al. (1996), with permission.

including enterocytes (Gaillard et al., 1987,
Lecuit et al., 2001b), hepatocytes (Gaillard et al.,
1996; Gregory et al, 1996b), fibroblasts
(Portnoy et al., 1988), endothelial cells (Dre-
vets et al., 1995; Greiffenberg et al., 1998; Parida
et al., 1998) or glial cells of the CNS (Dramsi et
al., 1998). Phagocytosis of L. monocytogenes in
epithelial cells does not produce an extensive
remodeling of the cell surface, as seen with Sal-
monella- or Shigella-induced ruffling (Swanson
and Baer, 1996). Rather it occurs by a zipper-like
mechanism, characterized by an intimate bacte-
rium-cell membrane interaction, followed by the
progressive invagination of the plasma mem-
brane leading to the bacterial engulfment into
the adjacent cell (Mengaud et al., 1996; Figs. 12A
and 14). Listeria entry into non-phagocytic cells
was shown to be dependent on membrane cho-
lesterol (Seveau et al., 2004) and to exploit the
clathrin-dependent endocytic cell machinery
(Veiga and Cossart, 2005). The entry process is
predominantly promoted by two leucine-rich
repeat (LRR) proteins, InlA and InlB, expressed
at the surface of L. monocytogenes and belong-
ing to the internalin (Inl) multigenic family
(Gaillard et al., 1991; Dramsi et al., 1995; Braun
et al., 1999).

Intracellular Multiplication

After phagocytosis, the vacuole containing L.
monocytogenes acidifies and, most often, is lysed
by the bacterium in less than 30 min (Gaillard et
al., 1987; Tilney and Portnoy, 1989; Fig. 12B). In
macrophages, escape from the phagosome
occurs for approximately 50% of the bacterial
population and prevents bacterial destruction by
the phagolysosomal components (Tilney and
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Portnoy, 1989; De Chastellier et al., 1994). It
involves principally three bacterial proteins, the
pore forming toxin, LLO (Gaillard et al., 1987),
PLC-A (Camilli et al., 1993), and the phosphati-
dylcholine (PC) phospholipase C (PLC-B)
(Grundling et al, 2003). Recently, it was
suggested that lipoproteins might also partici-
pate in the bacterial escape from the phagosome
(Reglier-Poupet et al., 2003a). In macrophages,
L. monocytogenes delays phagosome matura-
tion, which probably accounts for the vacuolar
escape (Alvarez-Dominguez, 1997a). L. mono-
cytogenes also inhibits the exchange activity of
the endosomal trafficking regulator Rab5a,
blocking the recruitment of lysosomal proteins
to the phagosomes and avoiding the intraphago-
somal killing of L. monocytogenes (Prada-
Delgado et al., 2001; Prada-Delgado et al., 2005).
However, acidification of the phagosomes con-
taining L. monocytogenes occurs and is required
for membrane disruption induced by the bacteria
(Beauregard et al., 1997). In non-phagocytic
cells, phagosomes containing InlA- or InIB-
coated latex beads contain not only endosomal-
lysosomal markers but also MSF, which is a
member of the septin family involved in mem-
brane fusion events (Pizarro-Cerda et al., 2002).

Escape from phagosomes involves principally
three bacterial proteins, the pore forming toxin,
LLO (Gaillard et al., 1987), the phosphatidyli-
nositol (PI) phospholipase (PLC-A) (Camilli et
al., 1993), and the phosphatidylcholine (PC)
phospholipase C (PLC-B) (Grundling et al.,
2003). It was suggested that lipoproteins might
also participate in the bacterial escape from the
phagosome (Reglier-Poupet et al., 2003a).

Once free in the cytosol, L. monocytogenes
starts multiplying, with an approximate doubling
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time of one-hour (Tilney and Portnoy, 1989; Fig.
12C). This is true for most cells studied, but cer-
tain listericidal macrophages do not permit intra-
cellular growth, especially when phagocytosis
occurs through the C3bi complement receptor
CR3 (Drevets et al., 1993). Several genes encod-
ing virulence or metabolic determinants are
induced during L. monocytogenes intracellular
life, including those involved in phagosomal lysis,
actin-based motility, and cell-to-cell spreading
(Klarsfeld et al., 1994; Freitag et al., 1999; Bubert
et al., 2000). Unlike most bacteria, L. monocyto-
genes replicates in the cytosol when it is directly
microinjected into cells (Goetz et al., 2001). The
cytosol permissiveness for L. monocytogenes
growth is probably due to its ability to use a
variety of cytosolic nutrients, as suggested by the
fact that intracellular multiplication of several
auxotrophic mutants is not affected (Marquis et
al., 1993). Intracytosolic growth of L. monocyto-
genes is dependent on the hexose phosphate
transporter hpt gene. Expression of Atp is under
the control of the transcriptional activator PrfA
(positive regulatory factor A), which regulates
most virulence genes (Goetz et al., 2001).

Actin-Based Motility

Upon escape from the phagosome, L. monocy-
togenes gets surrounded by actin filaments and
actin binding proteins. The bacteria start moving
in the cytosol, where they induce the formation
of an actin tail at their rear end, which resem-
bles a comet constantly depolymerizing at its
distal end (Tilney and Portnoy, 1989; Cossart
and Kocks, 1994; Figs. 12D, 15 and 16). Listeria
monocytogenes comets are composed of a dense
meshwork of cross-linked actin filaments, simi-
lar to that induced by Shigella flexneri but differ-
ent from that induced by Rickettsia conorii,
which are composed of unbranched actin fila-
ments (Gouin et al., 1999, 2005) (Fig. 16). Actin
tails are on average 5 wum but can be as long as
40 um (Tilney and Portnoy, 1989). Listeria
monocytogenes motility results from the poly-
merization of cellular actin by the ActA protein
expressed at one pole of the bacterial body (Til-
ney and Portnoy, 1989; Domann et al., 1992;
Kocks et al., 1992). The speed of moving bacte-
ria correlates with the length of the comet and is
0.25 um/s on average. The process of actin poly-
merization is very dynamic, since the actin tail is
constantly polymerizing and depolymerizing,
generating the forces to push the bacteria
forward (Theriot et al., 1992). Occasionally,
propelled bacteria encounter a membrane and
form a protrusion (Fig. 12E). When it occurs in
the vicinity of an adjacent cell, it allows bacte-
rial dissemination from cell to cell without

CHAPTER 1.2.11

Fig. 15. Actin comets formed in PTK2 after infection with L.
monocytogenes. PTK2 cells are infected with L. monocyto-
genes for 5 h and fixed. Actin is stained with fluorescein-
phalloidin (green) and L. monocytogenes are labeled with an
anti-L. monocytogenes antibody detected by a secondary
rhodamine-labeled antibody (red). From N. Khelef, unpub-
lished image.
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Fig. 16. Electron micrograph of myosin S1 decorated actin
comets formed by L. monocytogenes (A), Shigella flexneri
(B) and Rickettsia conorii (C) in Hep-2 cells. Adapted from
Gouin et al. (1999), with permission.

reaching the extracellular milieu, therefore
avoiding the humoral immune response (Tilney
and Portnoy, 1989) (Fig. 12F). The actin tail is
composed of actin and actin binding proteins.
These include the Arp2/3 complex, which is
involved in actin nucleation and polymerization
(Welch et al., 1997), and VASP, the vasodilator-
stimulated phosphoprotein, which directly binds
actin (Chakraborty et al., 1995). The actin tail
also colocalizes with proteins involved in actin
depolymerization, such as cofilin (David et al.,
1998; Gouin et al., 1999), or the actin-bundling
protein o-actinin (Dabiri et al., 1990) (Fig. 17).
The process of L. monocytogenes actin based
motility involves an Arp2/3-dependent nucle-
ation step and an Arp2/3-independent step,
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Fig. 17. Localization of the actin partners during the formation of comets in cells infected by L. monocytogenes. Actin is
labeled with fluorescein isothiocyanate-phalloidin or bodipy-phallacidin (green). Vasodilator-stimulated phosphoprotein
(VASP), a-actinin, ezrin, actin-related protein Arp3, cofilin and capZ (capping protein Z) are labeled using specific antibodies
detected with secondary fluorescent antibodies (red). Images are acquired by confocal scanning microscopy. From Gouin

et al. (1999), with permission.

which requires fascin, an actin bundling protein
(Brieher et al., 2004). In addition, it was shown
that PI-3K plays a role in L. monocytogenes
action motility (Sidhu et al., 2005). Using green
fluorescent protein fusions proteins (pleckstrin
homology domains of phospholipase C and of
Akt, respectively), which bind PI(4,5)P2 and
PI(3,4,5)P3 or PI(3,4)P2, to detect these phos-
phoinositides, it was shown that phosphoinositi-
des are recruited around the moving bacteria
and then concentrate at the comet tail, explain-
ing the involvement of PI3-K in L. monocytoge-
nes motility (Sidhu et al., 2005). The actin-based
motility of L. monocytogenes is a good example

of the exploitation of the host cell machinery by
pathogenic bacteria to promote their own sur-
vival (Cossart, 1997). Moreover, this model was
efficiently exploited for a better comprehension
of complex cellular processes such as the forma-
tion of the leading edge during cell migration
(Machesky, 1997; Marx, 2003).

Intercellular Spreading

During intracellular multiplication within pri-
mary infected cells, L. monocytogenes generates
an actin comet tail, which propels the bacteria in
random directions and occasionally to the cell
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Fig. 18. Plaque formation in 3T3 fibroblasts produced by L. monocytogenes infection. Cells were infected with increasing
amounts (Al to A3 and B1 to B3) of L. monocytogenes wild-type or plcB mutant, or with similar amounts of L. monocyto-
genes wild-type (D), actA mutant (C) or actA complemented mutant (E). Plaques were visualized by Giemsa staining after
3 days infection. Adapted from Kocks et al. (1992), with permission.

periphery, generating a protrusion, which con-
tains the bacteria. If the moving bacterium
encounters the membrane of an adjacent cell, the
protrusion invaginates in this cell, generating a
double membrane vacuole containing L. mono-
cytogenes and part of the actin tail (Fig. 12F and
G). The vacuole of the secondarily infected cell
is then lysed liberating bacteria into the cytosol
and starting a new infectious cycle (Tilney and
Portnoy, 1989). Lysis of the double membrane
requires both listeriolysin O (LLO) and the
phosphatidylcholine phospholipase C (PLC-B),
which is matured by the metalloprotease, Mpl
(Mengaud et al., 1991c; Domann et al., 1999;
Vazquez-Boland et al., 1992; Smith et al., 1995a).
The direct cell-to-cell spreading of L. monocyto-
genes can be followed in a plaque formation
assay. In this assay, a fibroblast monolayer is
infected, covered by an agarose layer containing

gentamicin, which kills extracellular bacteria.
After a few hours, plaques corresponding to
islets of cells killed by the bacteria can be visu-
alized by Giemsa or crystal violet staining
(Kocks et al., 1992; Brouqui et al., 1994; Fig. 18).
Their size is proportional to the bacterial ability
to infect adjacent cells and disseminate in the
monolayer (Havell, 1986). At the molecular
level, it was shown that ezrin, a membrane-
cytoskeleton linker of the ERM (ezrin-radixin-
moesin) family, accumulates at Listeria protru-
sions. Interaction of ERM proteins with mem-
brane components and actin is required for the
formation of protrusions and for efficient cell to
cell spread (Pust et al., 2005). The L. monocyto-
genes protein ActA plays a key role in cell-to-cell
spread since it is required for the efficient actin
polymerization responsible for the bacterial
motility (Kocks et al., 1992; Cossart and Bierne,
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2001). Cell-to-cell spread is an important feature
of L. monocytogenes pathogenicity since
mutants unable to spread from cell to cell is
strongly attenuated (Barry et al., 1992). This abil-
ity to spread from cell to cell allows bacterial
dissemination through an epithelial tissue with-
out reaching the extracellular medium and its
antibacterial products including antibodies.

Virulence Factors

Several proteins produced by L. monocytogenes
are involved in virulence, either in animal or in
cellular models. Most of them were identified by
transposon mutagenesis in the 1990s (Gaillard et
al., 1986; Gaillard et al., 1991; Kathariou et al.,
1987; Cossart et al., 1989b; Mengaud et al.,
1991b; Kocks et al., 1992). Recently, new tech-
niques, including signature tagged mutagenesis
and comparative genomics between pathogenic
L. monocytogenes and nonpathogenic L.
innocua isolates, led to the identification of new
virulence factors or putative ones (Autret et al.,
2001; Glaser et al., 2001; Cabanes et al., 2002,
2004; Dussurget et al., 2002, 2004a; Dramsi et al.,
2004; Mandin et al., 2005).

The best characterized virulence factors of L.
monocytogenes are involved in the four steps of
the cell infectious cycle. Entry into epithelial
cells is mediated by the internalins InlA and InIB
(Gaillard et al., 1991; Dramsi et al., 1995). Lysis
of the primary vacuole involves LLO, PLC-A
and PLC-B (Gaillard et al., 1987; Camilli et al.,
1993; Grundling et al., 2003). Intracellular motil-
ity is promoted by the ActA protein (Domann et
al., 1992; Kocks et al., 1992). Intercellular spread-
ing involves the ActA protein, LLO, PLC-B, and
Mpl, which activates PLC-B (Mengaud et al.,
1991c; Kocks et al., 1992; Vazquez-Boland et al.,
1992; Smith et al., 1996). Expression of these
virulence factors is controlled by the transcrip-
tional regulator PrfA (Kreft and Vazquez-
Boland, 2001).

Internalins

Internalins belong to a multigenic family of pro-
teins characterized by a N-terminal domain con-
taining several successive LRR of 22 amino
acids. They harbor a signal peptide and are there-
fore exported at the cell surface (Gaillard et al.,
1991; Dramsi et al., 1997; Engelbrecht et al.,
1998a; Raffelsbauer et al., 1998). Nine interna-
lins were first identified in the strain EGD (InlA
to InlH and InlC2) (Gaillard et al., 1991; Dramsi
et al., 1997; Engelbrecht et al., 1998a; Raffels-
bauer et al., 1998). The determination of the
genome sequence of the strain EGDe then
revealed the presence of larger numbers of inter-
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nalin or internalin-like genes in the strain EGDe
(Cabanes et al., 2002) (Fig. 19). The internalin
family can be divided into three classes. The first
class comprises internalins containing a LPXTG
motif in their C-terminal region (LPXTG pro-
teins), through which they are covalently
anchored to the cell wall (Fig. 20). InlA is the
best characterized member of this protein family,
which contains 18 other members in strain
EGDe (Fig. 19A). The second class comprises
one internalin in strain EGDe, InlB, which con-
tains a C-terminal region of 80 amino-acid
repeats starting with the dipeptide GW modules
(Fig. 19B). GW modules mediate a loose associ-
ation of InIB to the bacterial surface (Fig. 20). A
third class is composed of internalins that do not
display any surface targeting domain and are
therefore secreted in the extracellular medium.
InlC is the best characterized member of this
family (Fig. 19C). The two first groups of inter-
nalins also contain a region of repeated
sequences, named B repeats (Vazquez-Boland et
al., 2001; Cabanes et al., 2002).

The first internalins to be discovered, InlA and
InlB, are the major effectors of L. monocytoge-
nes entry into nonphagocytic cells (Gaillard et
al., 1991; Dramsi et al., 1995). The functions of
the other internalins remain unclear. Single or
multiple deletions of internalin genes, including
inlC, inlC2-inlD-inlE (in strain EGD) or inlG-
inlH-inlE (in strain EGDe), decreased the viru-
lence of L. monocytogenes but did not affect
entry into epithelial cells or intracellular multi-
plication (Domann et al., 1996; Dramsi et al.,
1997; Raffelsbauer, 1998). This suggests a role for
one of these genes in pathogenicity besides inva-
sion. Deletion of the inl/F gene has no effect on
bacterial entry and virulence (Dramsi et al.,
1997). A recent study examining double mutants
affecting different internalin genes, including,
inlA, inlB, inlG, inlH and inlE, showed that effi-
cient InlA-dependent entry requires the func-
tions of InlC and InlG-InlH-InlE, suggesting a
cooperation between the various internalins for
efficient cell invasion (Bergmann et al., 2002), as
previously shown for InlA and InlB. The pres-
ence of multiple internalins suggests that they
may also be important for the biology of L.
monocytogenes besides pathogenesis.

GENETIC ORGANIZATION AND TRANSCRIPTION OF
INTERNALIN GENES Internalin genes are dis-
persed along the chromosome, but some of them
are associated in clusters, such as the operon
inlAB or the clusters inlG-inlC2-inlD-inlE or
inlG-inlH-inlE in L. monocytogenes (Vazquez-
Boland et al., 2001). Gene rearrangements are
suggested by the fact that one internalin locus is
different in two other L. monocytogenes EGD
isolates. Indeed, comparison of the in/G-inlC2-
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Fig. 19. Alignment of internalin-like LPXTG proteins (A), GW proteins (B), and InlC-like proteins (C). Determined from
the annotation of the L. monocytogenes genome sequence. The numbers within domains represent the number of repeats.
From Cabanes et al. (2002), with permission.
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Fig. 20. Association of L. monocyto-
genes surface proteins. Some surface
proteins are covalently anchored to
the cell wall through a LPXTG motif
or loosely attached to the LTAs
(lipoteichoic acids) through GW
domains. Others are anchored to the
cytoplasmic membrane through a
hydrophobic tail or a lipid anchor
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Fig. 21. Model for cell wall sorting.
The precursor is exported from the
cytoplasm via an N-terminal signal
sequence (1).The protein is transiently
retained in the cytoplasmic membrane
by its charged tail and hydrophobic
domain (2) allowing recognition and
processing of the LPXTG motif by
sortase A between the threonine and
the glycine residues (3). Sortase A cat-
alyzes the formation of an amide bond
between the carboxyl group of threo-
nine and the amino group of the m-
diaminopimelic acid (DAP) of the cell
wall peptidic cross-bridges within a
peptidoglycan precursor (4). The
precursor is then incorporated into
the cell wall by transpeptidation
and transglycosylation reactions (5).
Adapted from Navarre and Schnee-
wind (1999), with permission.
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inlD-inlE locus of strain EGD and inlG-inlH-
inlE locus of another isolate of strain EGD
showed that the in/H gene probably resulted
from the rearrangement between inlC2 and in/D
(Dramsi et al., 1997; Raffelsbauer et al., 1998).
The inlA and inlB genes can be transcribed indi-
vidually or cotranscribed as an operon (Lingnau
et al., 1995; Dramsi et al., 1997). Transcription of
the inlA gene occurs from three promoters, but
only one of them is controlled by the transcrip-
tional activator PrfA, which regulates several
virulence factors. This PrfA-dependent promoter
also controls in/B gene expression (Lingnau et
al., 1995; Sheehan et al., 1995; Dramsi et al.,
1997). Several internalins (including InlA, InlB,
InlC2, InlD and InlE) are also positively regu-
lated by the sigma B factor (Kazmierczak et al.,
2003). Transcription of the in/C gene is also
strongly dependent on the PrfA regulator
(Engelbrecht et al., 1996), while the inlGHE
genes are transcribed individually from a major
PrfA-independent promoter (Raffelsbauer et al.,
1998).

ANCHORING OF INTERNALINS The various surface
proteins of L. monocytogenes are associated to
the bacterial surface, by interacting with either
the plasma membrane, peptidoglycan, or cell
wall secondary polymers (Fig. 20). In Gram-
positive bacteria, anchoring of LPXTG proteins
is mediated by sortase A (SrtA), which catalyzes
the covalent linkage of the LPXTG motif to the
peptidoglycan, after cleavage of the T-G bond of
this motif (Mazmanian et al., 1999; Mazmanian
et al., 2001; Navarre and Schneewind, 1999) (Fig.
21). In L. monocytogenes, deletion of the SrtA
gene abolishes the anchoring of most peptidogly-
can associated proteins, including InlA (Bierne
et al., 2002b; Garandeau et al., 2002). In the
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mouse model of infection, after injection by
intravenous or oral routes, the virulence of a
SrtA-deficient mutant is attenuated, as com-
pared with the isogenic parental strain and with
an InlA-deficient mutant. This suggests that
LPXTG proteins other than InlA are required
for full virulence in this animal model (Bierne et
al.,2002b). InIB is not covalently anchored to the
peptidoglycan by a LPXTG motif but instead
possesses a 232-amino acid region made of two
long tandem repeats starting with the dipeptide
GW (Fig. 20). These GW modules are responsi-
ble for the loose association of InlB to the bac-
terial membrane through direct interaction with
the lipoteichoic acids (LTAs). In addition, the
GW modules of InlB interact with two host cell
receptors, the glycosaminoglycans (GAGs) and
the complement receptor gClgR (Braun et al.,
1997; Jonquieres et al., 1999; Braun et al., 2000;
Marino et al., 2002). InlC and InlC-like proteins
lack the LPXTG motif, as well as the B repeat
region, and are therefore secreted by L. mono-
cytogenes (Engelbrecht et al., 1996).

LRRs Mortirs oF INTERNALINS The LRRs
motifs are often involved in protein-protein
interactions. This was demonstrated in the inter-
action of both InlA and InIB with their specific
cellular receptors, respectively the human E-
cadherin (Lecuit et al., 1997) and the Met recep-
tor (Shen et al.,, 2000). In prokaryotes, LRR
motifs are present in different virulence factors
(Table 5). In eukaryotes, LRR proteins are
involved in protein-protein interactions in vari-
ous cellular processes, including recognition of
bacterial pathogens by the Toll-like receptors
and Nod proteins (Barton and Medzhitov, 2003;
Chamaillard et al., 2003), as well as in plant
pathogen defenses (Rathjen and Moffett, 2003).
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Table 5. Virulence factors containing LRR motifs.
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Names Pathogens Involved in References

FHA Bordetella pertussis Adhesion Makhov et al., 1994

YopM Yersiniae Cellular kinase activation Leung and Straley, 1989
McDonald et al., 2003

IpaH Shigella flexneri Phagosomal escape Hartman et al., 1900

Slr Group A Streptococcus Adhesion and phagocytosis Reid et al., 2003

SirP Salmonella typhimurium Host adaptation Tsolis et al., 1999

SspH2 Salmonella typhimurium Cytoskeleton binding protein Miao et al., 2003

SspH1 Salmonella typhimurium Inhibition of NF-xB pathway Haraga and Miller, 2003

Abbreviations: LRR, leucine-rich repeats; FHA, filamentous hemagglutinin; YopM, Yersinia outer protein M; IpaH, invasion
plasmid antigen; Slr, streptococcal leucine-rich; Ssp, salmonella serine protease.

This similarity could be used as a potential
molecular mimicry of the host cell system by the
microorganisms.

CELLULAR SPECIFICITY OF INLA AND INLB Both
InlA and InlB promote invasion of nonphago-
cytic cells when coated onto latex beads or
expressed by noninvasive bacteria, demonstrat-
ing that they are both sufficient for entry (Lecuit
et al., 1997; Braun et al., 1998). However, they
have different cell specificity, probably due to the
presence of their respective receptors on differ-
ent cell types. InlA mediates entry into cells
expressing its receptor, the human E-cadherin,
as first shown in vitro for the human enterocyte-
like epithelial cell line, Caco-2, and for certain
hepatocyte cell lines, such as HepG-2, or placen-
tal cells (Dramsi et al., 1995; Mengaud et al.,
1996; Lecuit et al., 1997; Lecuit et al., 2004;
Bakardjiev et al., 2004). Studies on InlA-
dependent entry are now often performed using
embryonic fibroblast cells L2071 transfected with
the human E-cadherin (Lecuit et al., 2000). In
contrast, InlB promotes invasion into several cell
types, including certain epithelial cell lines
(HeLa, Hep-2 and Vero), hepatocytes (HepG2
and TIB73), brain microvascular endothelial
cells (HBMEC), endothelial cells (HUVEC) and
fibroblasts (Dramsi et al., 1995; Lingnau et al.,
1995; Gregory et al., 1997; Greiffenberg et al.,
1998; Parida et al., 1998). Entry through InlA
and InIB-dependent pathways were shown to be
both dependent on plasma membrane choles-
terol, although at different molecular steps
(Seveau et al., 2004).

INTERACTION OF INLA wiTH 1TS RECEPTOR E-
CADHERIN AND CONSEQUENCES InlA is the major
factor required for L. monocytogenes entry into
the human enterocyte-like epithelial cell line
Caco-2 (Gaillard et al., 1991; Dramsi et al., 1995).
When coated onto beads or expressed in non-
invasive bacteria, InlA is sufficient to promote
invasion of nonphagocytic cells expressing cad-
herin. Structure function studies showed that the
LRRs and the inter-repeat regions of InlA are

sufficient to promote entry into epithelial cells
(Lecuit et al., 1997).

Interaction with E-cadherin The receptor for
InlA was identified by affinity chromatography
as the human E-cadherin, an intercellular adhe-
sion protein, which is highly expressed at the
basolateral membrane, in adherens junctions,
and possibly on the apical membrane of polar-
ized epithelial cells (Mengaud et al., 1996). E-
cadherin is also expressed in hepatocytes,
microvascular endothelial cells and choroid
plexus cells in the CNS, cytotrophoblastic cells at
the placental level, and dendritic cells, suggesting
that InlA may target these cells during infection.
Interaction of InlA with E-cadherin is the key
step in bacterial entry into epithelial cells and in
the formation of the phagocytic cup at the entry
site. The extracellular domain of E-cadherin
interacts with the LRR domain of InlA. Listeria
monocytogenes recruits o-catenin at its entry site
to create a link between E-cadherin and the
cytoskeleton through B- and o-catenins (Lecuit
et al., 1999; Lecuit et al., 2000) (Fig. 22). Vezatin
mediates the bridge between the cadherin-
catenins complex and the unconventional myo-
sin VIIa (Kussel-Andermann et al., 2000). Veza-
tin and myosin VIla are recruited to the L.
monocytogenes entry site (Fig. 23) and are
involved in the cytoskeleton rearrangements
required for efficient InlA-dependent phago-
cytosis of beads or bacteria (Sousa et al., 2004)
(Fig. 24).

Specificity of the InlA-E-cadherin Interaction
The InlA-E-cadherin interaction is species spe-
cific, since InlA recognizes the human E-
cadherin but not the mouse E-cadherin. This
specificity is due to a single amino acid, a proline
located at position 16 in the binding site of
human E-cadherin, which is a glutamic acid res-
idue in the mouse or rat E-cadherins (Lecuit et
al., 1999). The completion of the tridimensional
structure of the InlA-cadherin complex revealed
that the LRR domain of InlA forms a cavity,
which is filled by the N-terminal domain of the
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Fig.22. Recruitment of human E-cadherin, B-catenin, o-catenin and actin during InlA-dependent entry. Caco-2 cells infected
with L. innocua expressing InlA are observed by phase contrast (A, B and C) or by immunofluorescence microscopy after
labeling of actin with fluorescent phalloidin (I) or with E- cadherin (D), B-catenin (E and G) and a-catenin (F and H)
antibodies detected using secondary fluorescent antibodies. Arrows and arrowheads indicate sites where protein are or are

not recruited around bacteria, respectively. Scale bars, 1 um. From Lecuit et al. (2000), with permission.

human E-cadherin (Fig. 25). Access of E-
cadherin to this pocket is blocked when the pro-
line 16 is changed to a glutamic acid (Fig. 26),
promoting a steric hindrance, which abolishes
the interaction between the two molecules

(Schubert et al., 2002).

Role of InlA in Virulence Before the discovery
of the species specificity of the E-cadherin-
internalin interaction, no role in virulence could
be demonstrated for InlA using the mouse
model (Gaillard et al., 1996; Gregory et al.,
1996a; Pron et al., 1998). The recent demonstra-
tion of the specificity of InlA for human E-
cadherin explains these data and has allowed
further studies. The role of InlA was assessed in
a transgenic mouse model, in which the human
E-cadherin is expressed at the intestinal level.
Infection of these transgenic mice with a wild-
type or a AinlA mutant showed that InlA was
important for the crossing of the intestinal bar-

rier (Lecuit et al., 2001b). In guinea pigs, which
possess a permissive E-cadherin, infection of the
liver, spleen, lymph nodes and small intestine
was strongly reduced after oral inoculation with
a AinlA mutant as compared with wild-type L.
monocytogenes (Lecuit et al., 2001b). These
results confirm that, in permissive species, InlA
plays a role in the crossing of the intestinal bar-
rier. Recently, a comparative study between L.
monocytogenes isolates from sporadic or epi-
demic cases or associated with healthy human
carriages revealed that a high proportion of
isolates from food expressed a truncated InlA
(35%), whereas expression of a truncated inter-
nalin is rare in clinical isolates (7%) and notably
absent in isolates from maternofetal infections
(Jacquet et al., 2004). Interestingly, these iso-
lates with truncated InlA were affected in their
invasive ability, as well as in their pathogenic
potential in the chick embryo model, suggesting
a role for InlA in the establishment of listeriosis
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Fig. 23. Recruitment of unconventional myosin VIIa (red)

and actin (green) during InlA-dependent entry. Immunoflu-  Fig. 24. Model for InlA-dependent entry of L. monocytoge-
orescence microscopy images of Caco-2 cells infected with L. nes into epithelial cells. Proteins involved in entry are E-
innocua expressing InlA. Actin is labeled with fluorescent cadherin, o- and B-catenins, vezatin, myosin VIIa, and actin.
phalloidin. Unconventional myosin VIla is labeled with spe- Adapted from Sousa et al. (2004), with permission.

cific antibodies detected with secondary fluorescent antibod-

ies. Myosin VIla is present at the adherens junctions of

epithelial cells and is also recruited with actin at the L. mono-

cytogenes entry site. Courtesy of Sandra Sousa, unpublished

image.
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Fig.25. Model of the three-dimensional structure of InlA’ complexed or not with human E-cadherin. A) Uncomplexed InlA.
B) InlA’ in complex with the EC1 Ig-like extracellular domain of human E-cadherin. C) 90° complex viewed in (B) rotated
90°. InlA’ is the functional domain of InlA (residues 36-496). The cap, leucine-rich repeat, and Ig-like inter-repeat domains
of InlA’ are represented in pink, purple and blue, respectively. The EC1 domain of human E-cadherin containing the crucial
proline 16 required for efficient recognition is depicted in green. From Schubert et al. (2002), with permission.



CHAPTER 1.2.11

listerial cell membrla_\lne
i R
-Ilsterlal_ cell wall b+
4+ 1 1 +

.........................

; i &
E-Cadherin EC3 :‘\h L. monocytogenes

;,,

EC4 }

L Sy ™
3 -t

T2
EC5 ',_'*’ " g r—
E 3 intestinal epithelial cell
cytoplasm =

Fig. 26. Representation of the InlA-human E-cadherin com-
plex. InlA, covalently bound to the cell wall of L. monocyto-
genes, binds to the human E-cadherin. EC1 to ECS are the
extracellular domains of human E-cadherin. The cap, leucine-
rich repeat and Ig-like inter-repeat domains of InlA’ are rep-
resented in pink, purple and blue, respectively. From Schubert
et al. (2002), with permission.

(Jonquieres et al., 1998; Olier et al., 2003).
Exchange of the regions encoding InlA between
strains expressing full length or truncated InlA
confirmed the requirement for InlA in entry
(Olier et al., 2005). The role of InlA in L.
monocytogenes fetoplacental tropism has now
been experimentally addressed. The results
show that the ability of L. monocytogenes to tar-
get the placental villi and cross the placental
barrier is dependent upon internalin interaction
with trophoblast E-cadherin (Lecuit et al,
2004). Thus, L. monocytogenes deploys a com-
mon strategy to target and cross the intestinal
and placental barriers. This raises the possibility
that L. monocytogenes placental tropism may be
a consequence of its evolved mechanism for tar-
geting the intestinal epithelium. Interestingly,
the blood-brain barrier is composed of
microvascular endothelium and choroid plexus
epithelium expressing E-cadherin. Thus, it is
tempting to speculate that L. monocytogenes
targeting to and invasion of the CNS may also
be mediated by the interaction between InlA
and E-cadherin.

INTERACTIONS OF INLB wiTH ITs RECEPTORS The
inlB gene was first identified as the second gene
of the inlAB operon involved in L. monocytoge-
nes invasion of epithelial cells (Gaillard et al.,
1991). InIB has a role in virulence predominantly
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for hepatic colonization, as evaluated in the
murine model after intravenous infection (Gail-
lard et al., 1996; Dramsi et al., 1997). InlB is the
major protein required for invasion in a variety
of cell types in which InlA plays no role, such as
hepatocytes, endothelial cells and fibroblasts
(Dramsi et al., 1995; Lingnau et al., 1995; Gre-
gory et al., 1997; Greiffenberg et al., 1998; Parida
et al., 1998). InIB is sufficient to promote entry
of noninvasive bacteria or beads into nonphago-
cytic cells (Braun et al., 1998). Soluble InlB
induces important cytoskeletal rearrangements
(Ireton et al., 1999), generating cell membrane
ruffling or cell scattering (Shen et al., 2000).
These observations support the hypothesis that
InIB, when released from the bacterial surface,
may facilitate the disruption of epithelial barri-
ers, allowing dissemination of L. monocytogenes
to deep tissues. Soluble InIB also stimulates the
phagocytosis of noninvasive bacteria, probably
as a consequence of cell membrane ruffling
(Braun et al., 1998).

Structure and Cell Wall Association of InlB As
a member of the internalin multigenic family,
InlB possesses a LRR domain and a series of
repeats starting with a GW dipeptide at its C-
terminus. Both the LRR domain and the GW
modules are involved in cell receptor recognition
(Braun et al., 2000; Shen et al., 2000; Jonquieres
et al., 2001; Marino et al., 2002; Machner et al.,
2003). The GW modules of InlB mediate its loose
association with the bacterial cell wall through
interaction with the membrane-associated LTAs
(Braun et al., 1997; Jonquieres et al., 2001) (Fig.
27). However, InlB can also be released in the
medium and act as a soluble molecule (Jon-
quieres et al., 1999). Dissection of the tridimen-
sional structure of the different domains of InIlB
and of the entire molecule revealed that InlB
exhibits an elongated and curved structure, facil-
itating multiple protein-protein interactions. In
addition, the X-ray structure revealed that
calcium ions are bound to the N-terminal part
of InlB (Fig. 28). Interestingly, the 80-amino
acid long GW modules of InIB resemble SH3
domains, although the homology appears rather
structural than functional (Marino et al., 1999;
Marino et al., 2002).

Interactions of InlB with Its Receptors and
Consequences InlB interacts with several cellu-
lar receptors, gClqR, Met and GAGs, which
probably cooperate to promote bacterial uptake,
but their respective roles in the signaling
responses to InlB remain to be clarified. The first
InlB receptor was identified by affinity chroma-
tography as gC1qR (Braun et al., 2000). gC1qR
was initially identified as the receptor for Clq,
the first component of the complement cascade
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Fig.27. Modelillustrating the synergy
between the N- and C-terminal
domains of InlB to induce efficient sig-
naling. The GW modules of the C-
terminal domain are responsible for

LRRs the loose association of InlB with the
LRRs GW bacterial cell wall lipoteichoic acids
(LTAs) and bind to the glycosami-
LTRs noglycans (GAGs). This interaction
Membrane can detach InIB from the bacterial sur-
il face and allow the interaction of its N-
Met  gC1aR Met gC1aR terminal leucine-rich repeat (LRRs)
domain with Met, the hepatocyte
growth factor receptor. From Jon-
. . quieres et al. (2001), with permission.
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Fig. 28. Three-dimensional structure of InIB. Two different conformers of InlB differing in the path of the B-repeats are
represented as ribbons. The red dotted lines represent the B-repeats (not modeled). From Marino et al. (2002), with

permission.

(Peerschke et al., 1994). gC1gR is a ubiquitous
protein, also called p32. It is present in different
subcellular locations and has been involved in
various cellular processes, including inflamma-
tion and immunity (Ghebrehiwet et al., 2001).
InlB-dependent entry is blocked by anti-gC1qR
antibodies and by Clq. Moreover, transfection
with human gClqR enhances cell invasion
(Braun et al., 2000). These results suggest that
gClIgR is an important mediator of bacterial
invasion, but since it has neither a transmem-
brane domain nor a GPI-anchored domain, it
was concluded that gC1qR would behave as a co-
receptor for a signaling protein. This signaling
receptor was later identified as Met, the receptor
for the hepatocyte growth factor (HGF). Indeed,
Met is a transmembrane protein with a tyrosine
kinase activity, which mediates several signaling
pathways triggered by InlB. Cells expressing lit-
tle or no Met are not permissive for InlB-medi-
ated entry and signaling but become permissive
when transfected with the human Met receptor
(Shen et al., 2000). Both InlB and HGF induce
the clathrin-dependent endocytosis and lysoso-

mal degradation of Met (Li et al., 2005; Veiga
and Cossart, 2005). The Cbl ubiquitin ligase
monoubiquitinates Met and is critical for Listeria
entry into cells (Veiga and Cossart, 2005). InIB
also binds directly to cellular GAGs through its
GW modules. InIB-dependent entry into epithe-
lial cells is strongly affected by depletion of the
cellular plasma membrane GAGs. Finally, hep-
arin, which is a GAG, promotes the detachment
of InIB from the bacterial surface and its cluster-
ing, suggesting the following model for InIB
interaction with its different receptors. Interac-
tion of InlB with GAGs through its GW modules
leads to its detachment from the bacterial sur-
face, allowing its clustering at the cellular surface
through binding to Met by its LRR domain and
favoring the local activation of the signaling
pathway downstream of Met (Jonquieres et al.,
2001).

Regions of InlB Involved in  Receptor
Recognition It was shown that the GW modules
of InIB interact with gClqR and GAGs and the
LRR domain of InIB binds to Met (Jonquieres
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et al.,2001; Marino et al., 2002; Shen et al., 2000).
Both regins of InlB, the GW modules and the
LRR domain, cooperate for Met activation and
InlB-dependent entry (Banerjee et al., 2004).

Species Specificity of InlB As for InlA, InlB was
shown to be species specific. It is able to promote
entry and ruffling through its Met interaction in
humans and mouse cells, but not in guinea pig
and rabbit cells, as a problable consequence of
Met differences between species (Khelef et al.,
in press).

InlB-Induced Activation of Phosphoinositide 3-
Kinase Cell stimulation with InlB, either soluble
or expressed by bacteria, promotes activation of
the phosphoinositide 3-kinase (PI3K) (Ireton et
al., 1996). This activity strictly depends on the
activation of Met. Met recruits and phosphory-
lates the ubiquitin ligase, Cbl, and the adaptor
molecules, Gabl and Shc, allowing the recruit-
ment of the p85 subunit of type I PI3K to the
plasma membrane (Ireton et al., 1999; Shen et
al., 2000; Sun et al., 2005). The formation of
Gabl-p85 and Gabl-Crk complexes induced by
InlB was shown to be important for bacterial
entry (Sun et al., 2005). PI3K converts the phos-
phoinositide PIP2 (phosphatidylinositol 4,5-
bisphosphate) into the potent second messenger
PIP3 (phosphatidylinositol 3,4,5-trisphosphate),
which controls several signaling pathways. In the
case of InlB, stimulation of the PI3K through
Met activation is critical for phagocytosis, ruf-
fling, and cell scattering, as shown by the inhibi-
tory effects of wortmannin and LY294002, two
PI3K inhibitors (Ireton et al., 1996; Ireton et al.,
1999; Shen et al., 2000). However, PI3K activa-
tion was shown to be dispensable for InlB- or
HGF-induced internalization of Met but essen-
tial for its lysosomal degradation (Li et al., 2005).

IniB-Induced Phagocytosis Several regulators
of actin polymerization and depolymerization
are involved in the cytoskeletal rearrangements
generated by the interactions of InlB with its
receptors have been identified (Bierne and Cos-
sart, 2002a). WASP-related proteins, Abil, Ena/
VASP (Bierne et al., 2005) and the actin nuclea-
tor Arp2/3 (Bierne et al., 2001) are recruited to
InlB-induced phagocytic cups and membrane
ruffles and are required for efficient phagocytosis
(Fig. 29). Completion of phagocytosis requires
the action of cofilin, which locally depolymerizes
actin, allowing the retraction of the cup. Cofilin
is recruited to the InlB entry site and accumu-
lates transiently around the nascent phagosome
(Fig. 29). The importance of this function was
demonstrated by inactivating cofilin, by main-
taining it in its inactive form, or by either over-
expressing a constitutively activated cofilin
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mutant or using a dominant negative mutant of
the LIM Kkinase, which inactivates cofilin. The
recruitment of Arp2/3, cofilin, and LIM kinase to
the entry site is proposed to occur through the
activation of the small GTPase Rac and Cdc42
depending on the cell type (Bierne et al., 2001;
Bierne et al., 2005).

IniB-Induced Signaling In addition to its role
in phagocytosis, InlB also stimulates other
PI3K-dependent pathways, such as the PLC-y
(Bierne et al., 2000), the Ras-Akt-NF-x B sig-
naling cascade (Mansell et al., 2000; Mansell et
al., 2001), and the Ras-MAP kinases pathway
(Copp et al., 2003) (Fig. 30). These different
pathways have been involved in the regulation
of cell survival and anti-apoptosis by growth
factors, suggesting that InlB might induce these
activities to counteract the deleterious effect of
L. monocytogenes infection. Since cell mem-
brane ruffling and scattering are also observed
after stimulation with InlB and HGF, revealing
that InIB behaves as a growth factor (Bierne
and Cossart, 2002a).

INTERNALINS IN  OTHER LISTERIA  SPECIES
Five internalin genes were first identified in L.
ivanovii strains, but DNA hybridization experi-
ments showed that internalin-like genes were
also present in other Listeria species (Gaillard et
al., 1991; Dramsi et al., 1997). Listeria ivanovii
internalins harbor the typical LRR domain. They
are small-secreted proteins, while most L. mono-
cytogenes internalins are associated with the
bacterial cell wall (Engelbrecht et al., 1998b;
Vazquez-Boland et al., 2001). Importantly, the
two major proteins involved in invasion by the
human pathogen L. monocytogenes, InlA and
InlB, are absent from the animal pathogen L.
ivanovii suggesting that internalins are critical
for Listeriae interactions with their hosts and
environment.

Listeriolysin

Listeriolysin O or LLO was the first, and so far
the most potent, virulence factor identified in L.
monocytogenes (Gaillard et al., 1986) (Fig. 4).
LLOis a 60-kDa hemolysin belonging to a family
of antigenically related cholesterol-dependent
pore-forming toxins or cholesterol-dependent
cytolysins, which also includes the streptolysin O
(SLO) of Streptococcus pyogenes and perfringol-
ysin O (PFO) of Clostridium perfringens (Gil-
bert, 2002). Cholesterol-dependent cytolysins
are inhibited by oxidation or by thiol-reacting
products but reactivated by thiol-reducing com-
pounds (Alouf, 1999). They are characterized by
a ECTGLAWEWWR motif, which includes the
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Fig. 29. Recruitment of Met (hepatocyte growth factor receptor), Arp2/3 complex, cofilin and actin during InlB-dependent
entry. Immunofluorescence microscopy images of Vero (A and B) or Ref52 (C) cells infected with L. monocytogenes. Bacteria
appear in blue. Actin is labeled with fluorescent phalloidin (green). Met, Arp2/3 and cofilin are labeled with specific antibodies
detected with secondary fluorescent antibodies (red). Colocalization corresponds to overlays of green and red images. From

Bierne et al. (2001), with permission.

unique cysteine residue of the LLO. However,
mutation of this residue is not essential for
hemolysis, while the last Trp residue of the motif
(Trp-432) was shown to play a crucial role for full
hemolytic activity and virulence (Michel et al.,
1990; Gilbert, 2002).

LLO is encoded by the hly gene, which was
first identified as a factor absolutely required for
virulence by analyzing nonhemolytic mutants
obtained by transposon mutagenesis (Gaillard et
al., 1986; Kathariou et al., 1987). Virulence of the
nonhemolytic mutants is strongly attenuated in
the mouse model, with a four log difference in
the LD, after intravenous inoculation (Gaillard
et al., 1986; Kathariou et al., 1987). Nonhemolytic
mutants are also affected in both epithelial and
phagocytic cellular models of infection, in which
they fail to escape from the phagosomes and to
multiply intracellularly (Berche et al., 1988; Kuhn
et al., 1988). Genetic analysis of these mutants
showed that the LLO defect could be comple-
mented by the reintroduction in trans of the hly
gene (Cossart et al., 1989b). Similarly, spontane-

ous hly revertants recover their hemolytic and
pathogenic properties (Gaillard et al., 1986), con-
firming the central role of LLO in these processes.

LLO is required for escape from both the
primary vacuole and of the double membrane-
bound phagosomes, cooperating with the PLC-
A and PLC-B. It is essential for intracellular
multiplication (Gaillard et al., 1987; Bielecki et
al., 1990; Gedde et al., 2000). It is proposed that
the pore forming ability of LLO mediate the lysis
of the vacuoles. In addition, LLO is also respon-
sible for important features of L. monocytogenes
interactions with the host. They include activa-
tion of several signaling pathways (Wadsworth
and Goldfine, 1999; Repp et al., 2002; Wadsworth
and Goldfine, 2002; Dramsi et al., 2003), produc-
tion of cytokines (Nishibori et al., 1996), induc-
tion of apoptosis of dendritic cells and
lymphocytes in vitro (Guzman et al., 1996; Car-
rero et al.,2004) and of lymphocytes during mice
infection (Carrero et al.,2004), and development
of a protective immune response against L.
monocytogenes infection (Berche et al., 1987a;
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Fig. 30. The InlB-mediated signaling pathway. InlB buried in the bacterial cell wall may dissociate from the bacterial surface
by interacting with glycosaminoglycans (GAGs) and possibly gClqR (Clq complement component receptor), becoming
accessible to bind Met (hepatocyte growth factor receptor). The surface-exposed InlB will trigger entry of the bacteria (1)
while a pool of soluble InIB released in the medium will signal independently or as a prelude to bacterial entry (2). Interaction
of InlB with Met induces the recruitment of adaptor proteins, the recruitment and activation of the phosphoinositide 3-kinase
(PI3K). This triggers actin cytoskeletal rearrangements involving Rho-GTPases and cytoskeletal regulatory proteins and
membrane reorganization, which lead to bacterial uptake. Activation of other signaling molecules such as phospholipase C
v (PLC-y) and the kinase Akt might affect the fate of bacteria and/or cells. From Bierne and Cossart (2002a), with permission.

Pamer, 2004). Antibodies specific for LLO are
produced during human listeriosis and their
detection is used for diagnosis (Berche et al.,
1990). Interestingly, because it can lyse phagoso-
mal membranes, LLO (alone or included in lipo-
somes) has been used as an intracytosolic
delivery system for antigens, DNA, or antisense
oligodeoxynucleotides. This strategy has been
exploited to facilitate research progress in gene
therapy, cancer treatment, and vaccination (Lee
et al., 1996; Dietrich et al., 2001; Mathew et al.,
2003; Provoda et al., 2003).

RoLE oF ListerioLysiN The pathogenic poten-
tial of Listeriae has been linked to their ability
to induce hemolysis, and therefore to the produc-
tion of LLO. However, despite its fundamental
role in virulence, LLO by itself is not sufficient
to confer a pathogenic potential to nonpatho-
genic Gram-positive bacteria (Portnoy et al.,
1992). Moreover, L. seeligeri, which has weak

hemolytic activity, is rarely pathogenic for
humans, suggesting that hemolysin is not the
only factor required for L. monocytogenes viru-
lence (Seeliger and Jones, 1986; Hof and Hefner,
1988). Heterologous expression of the hly gene
in Bacillus subtilis enabled this organism to lyse
primary phagosomes and to multiply intracellu-
larly, confirming the role of LLO escaping from
the primary vacuole (Bielecki et al., 1990). When
this experiment was performed with the genes
encoding PFO or SLO, it was found that only
PFO, and not SLO, promoted phagosomal
disruption (Portnoy et al., 1992). This shows
that despite the high level of homology of
Cholesterol-dependent cytolysins, their ability
to disrupt the phagosomal membrane is not
conserved. Similarly, expression of ivanolysin,
the LLO homologue expressed by L. ivanovii,
can replace LLO to allow vacuolar escape of L.
monocytogenes. However, it is not sufficient to
confer full virulence in mice, as a ®hly L. mono-
cytogenes mutant expressing ivanolysin colonizes
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efficiently the liver but does not persist in the
spleen (Frehel et al., 2003).

MECHANISMS UNDERLYING LISTERIOLYSIN
Activity On the basis of structure-function and
biochemical studies, as well as the sequence
homology between LLO, PFO and SLO, the
mechanism of LLO interaction with membranes
is currently thought to be as follows. After an
initial step of binding to membrane cholesterol,
the toxin monomers diffuse laterally to form
ring-shaped oligomers inserted in the membrane
bilayer, forming ion-permeable pores (30 nm in
diameter) without disrupting the plasma mem-
brane (Vazquez-Boland et al., 2001; Repp et al.,
2002) (Fig. 31). Optimal hemolytic activity of
LLO is observed at acidic pH, as in the case of
phagosomes containing L. monocytogenes, sup-
porting the idea that LLO is activated inside the
phagosome and inactivated in the cytosol, pre-
venting cellular damage (Geoffroy et al., 1987,
De Chastellier and Berche, 1994; Beauregard et
al., 1997). Interestingly, LLO is degraded at neu-
tral pH, as a consequence of its denaturation,
which results from the unfolding of its trans-
membrane domain. This process also contributes
to the control of LLO activity (Schuerch et al.,
2005). Permeabilization of the vacuolar mem-
brane occurs as the pH rises, probably resulting
from the equilibration with the cytosol (Beaure-
gard et al., 1997). Experimental evidence for the
role of LLO in this process was provided using a
mutant of L. monocytogenes carrying an IPTG-
inducible hly gene. IPTG induction was per-
formed when bacteria were in the phagosome,
resulting in production of active LLO and dis-
ruption of the phagosomal membrane that pro-
moted bacterial release in the cytoplasm (Dancz
et al., 2002). Disruption of the primary phago-
some and of the double membrane vacuole
requires the concomitant effect of the LLO and
phospholipase activities (PLC-A and PLC-B,
respectively) and leads to disruption of the pha-
gosome, releasing L. monocytogenes into the

CHAPTER 1.2.11

cytosol (Beauregard et al., 1997; Glomski et al.,
2002). Interestingly, LLO is not always essential
for phagosome disruption, as in certain cell types
(HeLa and HenLe 407), the lysis of the vacuole
occurs in absence of LLO and is only mediated
by PLC-B (Marquis et al., 1995; Grundling et al.,
2003).

Interactions of Listeriolysin with Cholesterol
Cholesterol is an important factor for LLO bind-
ing to plasma membrane. However, preincuba-
tion of LLO with cholesterol inactivates its
hemolytic activity without blocking its binding to
plasma membranes (Geoffroy et al., 1987; Jacobs
et al., 1988; Coconnier et al., 2000). Inhibition
appears to occur at the step of toxin oligomer-
ization rather than at the initial step of mem-
brane association (Jacobs et al., 1998; Coconnier
et al., 2000). In polarized intestinal cells, LLO is
specifically targeted to plasma membrane lipid
rafts, probably because of its high affinity for
cholesterol, and is internalized through caveolae
(Coconnier et al., 2000). In agreement with this,
LLO was also shown to aggregate several raft-
associated molecules, including a signaling mol-
ecule, the Lyn kinase, a process which is pro-
posed to mediate LLO signaling ability. This
aggregation is independent of the cytolytic activ-
ity of LLO and results from the oligomerization
of LLO monomers in the membrane (Gekara et
al., 2005). In polarized intestinal cells, internal-
ization of LLO through caveolae leads to stimu-
lation of mucus exocytosis in cultured intestinal
mucus secreting cells (Coconnier et al., 2000).

pH Dependence of Listeriolysin As compared
with other Cholesterol-dependent cytolysins, the
main feature of LLO is its optimal activity at
acidic pH (Geoffroy et al., 1987). This property
has important consequences since LLO is fully
active in acidic vacuoles, which allows escape
from the phagosome without destroying the
plasma membrane (Beauregard et al., 1997). An
elegant study has shown that this property is

Fig. 31. Electron micrograph of red
blood cells after treatment with liste-
riolysin (A) or cholesterol-inactivated
listeriolysin (B). Scale bars, 100 nm.
From Jacobs et al. (1998), with
permission.
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important for completion of L. monocytogenes
infectious cycle. Indeed, intracellular expression
of PFO under the control of the hly promoter
resulted in lysis of the phagosomal membrane
but was followed by cell lysis. Mutations in PFO
modifying its optimal pH (from neutral to acidic)
abolished its cytotoxicity without affecting its
ability to disrupt the phagosome (Jones et al.,
1996). Conversely, mutations in LLO modifying
its pH optimum (from acidic to neutral) con-
ferred a stronger hemolytic activity but also a
lower pathogenic potential. Indeed, a L. mono-
cytogenes mutant with a LLO active at neutral
pH was able to lyse the primary phagosome and
to disseminate by cell-to-cell spreading. It was
more cytolytic than the wild-type strain. Its LDs,
was 100-fold higher in the mouse model (Glom-
ski et al., 2002). This attenuated virulence is
probably due to the release of cytolytic bacteria
into the extracellular milieu and their exposure
to antimicrobial defenses. Similarly, mutants of
LLO that fail to compartmentalize its activity
were more cytotoxic in vitro but less virulent in
vivo (Glomski et al., 2003).

PEST-like Motif of Listeriolysin A recent anal-
ysis of the N-terminal domain of LLO revealed
the presence of a PEST-like sequence, which is
involved in targeting proteins to the proteasome
dependent degradation pathway. LLO mutants
lacking this sequence were cytotoxic and were
affected in virulence (Decatur and Portnoy, 2000;
Lety et al.,2001). The presence of this PEST-like
motif could appear as another strategy to over-
come the toxic potential of LLO by targeting the
toxin to the degradation pathway when released
in the cytosol. However, this theory is challenged
by controversial results concerning the role of
the PEST motif. One group showed that deletion
of the PEST sequence resulted in LLO accumu-
lation in the cytosol without defect in escape
from the phagosome (Decatur et al., 2001).
Another group showed that mutations in or near
the PEST motif of LLO did not promote accu-
mulation of the toxin in the cytosol but
decreased LLO ability to disrupt the phagosome.
This suggests that the conformation of the
domain surrounding the PEST motif, rather than
the PEST sequence itself, is important for this
activity (Lety et al., 2002; Lety et al., 2003).

LISTERIOLYSIN-INDUCED SIGNALING IN EUKARYOTIC
CeLLs LLO is a very potent inducer of cell sig-
naling involved in several biological processes,
ranging from crucial features of the infectious
process to other signals whose roles remain to be
clarified. These include stress responses, cell pro-
liferation, secretion of mucus, immunomodula-
tion, or activation of proinflammatory cascades.
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Activation of Second Messengers In epithelial
and endothelial cells, the pore forming ability of
LLO stimulates a transient influx of extracellular
calcium, which is mediated by its pore forming
ability (Wadsworth et al., 1999; Rose et al., 2001;
Repp et al., 2002; Dramsi et al., 2003). The con-
sequences of this activity include modulation of
cellular gene expression, signaling, and modula-
tion of L. monocytogenes invasion in epithelial
cells. LLO modifies the phosphoinotide metabo-
lism and the generation of lipid mediators, such
as diacylglycerol, platelet-activating factor, cera-
mide, and prostaglandins in endothelial cells or
platelet-activating factor and leukotrienes in
polymorphonuclear leukocytes (PMN) (Sibelius
et al., 1996a; Sibelius et al., 1996b; Sibelius et al.,
1999; Rose et al., 2001). LLO also induces PMN
degranulation characterized by elastase secre-
tion (Sibelius et al., 1999). In macrophages, LLO
induces an increase in phosphoinositide hydrol-
ysis, activation of the host PI-PLC, phospholi-
pase D, and protein kinase C (PKC) o and B
(Goldfine et al., 2000; Wadsworth and Goldfine,
2002).

Activation of MAP Kinases and Nuclear Factor
Cascades LLO induces several well-known sig-
naling cascades, including the Raf-MEK-MAP
kinase pathway (Tang et al., 1996; Tang et al.,
1998; Weiglein et al., 1997), the NF-k B and the
AP-1 nuclear factor pathways (Kayal et al., 2002;
Lievin-Le Moal et al., 2002), as well as calcium-
or lipid-dependent signaling pathways. LLO-
dependent activation of MAP kinases in HeLa
cells concerns Erk2, p38§ MAPK, and c-Jun.
Hemolytic activity is required for the activation
of MAP-kinase activation and for L. monocyto-
genes invasion of HeLa cells (Tang et al., 1998).
LLO-induced activation of NF-x B is implicated
in cytokine production, endothelial cell activa-
tion, and mucus secretion (Kayal et al., 1999;
Rose et al., 2001; Lievin-Le Moal et al., 2002).
Activation of NF-x B involves the classical inac-
tivation of the NF-x B inhibitor Ik B kinase in a
process that does not involve the interleukin 1
(IL1) signaling pathway (Kayal et al., 2002).

Activation  of  Mucus  Secreting  Cells
Interestingly, LLO activates the expression of
mucin genes and the exocytosis of mucins by
polarized intestinal mucus-secreting  cells
through activation of NF-x B and AP-1 tran-
scription factors (Lievin-Le Moal et al., 2002).
This process is independent of the pore-forming
activity of LLO (Coconnier et al., 2000). Impor-
tantly, induction of these activities by LLO
results in the inhibition of L. monocytogenes
entry into mucin secreting cells (Lievin-LeMoal
et al., 2005).
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Activation  of  Proinflammatory  Cytokines
Among the most important signaling activities
mediated by LLO is its ability to induce the
expression of a wide range of proinflammatory
molecules in both macrophages and endothelial
cells (Krull et al., 1997; Rose et al., 2001). LLO,
either purified or expressed by L. monocytoge-
nes, induces the production of interleukins (IL1
and IL12), tumor necrosis factor o (TNFo) and
type I interferon B (IFNB) by macrophages as
well as interferon y (IFNYy) by natural killer (NK)
cells (Yoshikawa et al., 1993; Nishibori et al.,
1996; Kohda et al., 2002; Nomura et al., 2002;
Stockinger et al., 2002). Interestingly, both IL1
and IFNy production are independent of the
hemolytic activity of LLO (Yoshikawa et al.,
1993; Nishibori et al., 1996). LLO also activates
endothelial cells by stimulating the production of
nitic oxide, adhesion molecules (ICAM-1, V-
CAM-1 and E-selectin), chemokines and pro-
inflammatory cytokines (MCP-1, IL6, IL8 and
GM-CSF), probably through NF-x B activation
(Krull et al., 1997; Drevets, 1998; Kayal et al.,
1999; Rose et al., 2001). It has been proposed
that, in vivo, the production of IFNy or TNFa
mediate the endothelial cell activation, allowing
the recruitment of T cells to the site of infection
and contributing to the protective acquired
immune response against L. monocytogenes
(Xiong et al., 1994; Vazquez et al., 1995). In the
epithelial cell line Caco-2, membrane permeabi-
lization by LLO was shown to trigger expression
of the interleukin IL6, in a Ca** dependent man-
ner (Tsuchiya et al., 2005).

ROLE OF LISTERIOLYSIN IN THE PROTECTIVE
IMMUNE REsponNse LLO is involved in the
induction of a protective immune response
against L. monocytogenes infection in different
ways. LLO is a major protective antigen
recognized by cytotoxic CD8" lymphocytes, in
agreement with the cellular immune response
characterizing L. monocytogenes infection
(Berche et al., 1987a; Bouwer et al., 1992; Sirard
et al., 1997). Moreover, presentation of major
histocompatibility complex (MHC)-I restricted
antigens of L. monocytogenes and induction of a
specific protective immune response result from
the release of bacteria inside the cytosol and
their intracellular growth. Since LLO mediates
this process, it is therefore important for an effi-
cient cellular immune response against L. mono-
cytogenes (Darji et al., 1995; Darji et al., 1997).
However, LLO also elicits a strong humoral im-
mune response, which, in restricted cases, can be
protective against L. monocytogenes infection
(Berche et al., 1990; Gholizadeh et al., 1996;
Grenningloh et al., 1997; Edelson et al., 1999).
This has led to the reconsideration of the previ-
ous thought that protective immunity against L.
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monocytogenes infection was only cellular and
not humoral. Finally, LLO mediates the delivery
of soluble antigen to the MHC-I presentation
pathway, which is another way of participating in
the induction of specific cellular immunity
(Berche et al., 1987b; Brunt et al., 1990; Hitbold
et al., 1996; Lee et al., 1996).

Phospholipases and Metalloprotease

Two phospholipases are produced by L. mono-
cytogenes, PLC-A or PI-PLC and PLC-B or PC-
PLC (Mencikova, 1989; Geoffroy et al., 1991;
Leimeister-Wachter et al., 1991; Mengaud et al.,
1991a; Mengaud et al., 1991c). Another phospho-
lipase SmcL is produced by L. ivanovii (Mencik-
ova, 1989; Gonzalez-Zorn et al., 1999). The three
phospholipases have a membrane damaging
activity and are involved in bacterial escape from
primary and/or/or secondary phagosomes
(Vazquez-Boland et al., 1992; Camilli et al., 1993;
Marquis et al., 1995; Gonzalez-Zorn et al., 1999;
Grundling et al.,2003). Each of the two L. mono-
cytogenes phospholipases is important for viru-
lence since mutants deficient in either PLC-A or
PLC-B are attenuated (Camilli et al., 1991; Smith
et al., 1995). More importantly, double mutants
deficient in both phospholipases are 500 times
less virulent than single mutants, emphasizing
the importance and the complementarity of
these factors in listeriosis (Smith et al., 1995).

PHospHOLIPASE PLC-A The  phospholipase
PLC-A is a 33-kDa secreted protein, whose enzy-
matic activity is specific for PI (PI-PLC) (Men-
gaud et al., 1991a). PLC-A is produced by L.
monocytogenes and L. ivanovii and is similar to
the PI-PLCs of Bacillus thuringensis, Bacillus
cereus and Staphylococcus aureus (Leimeister-
Wachter et al., 1991; Mengaud et al., 1991a).
PLC-A is encoded by the plcA gene, which is
upstream of the transcriptional activator gene
prfA and opposite the hly gene encoding listeri-
olysin O (Leimeister-Wachter et al., 1991; Men-
gaud et al., 1991a; Mengaud et al., 1991b). During
early exponential growth, the plcA and prfA
genes are cotranscribed in a 2.2-kb plcA-prfA
transcript. During late exponential growth, plcA
gene expression is monocistronic. PLC-A expres-
sion is dependent on the transcriptional activator
PrfA (Mengaud et al., 1991b). The PLC-A crystal
structure revealed that it consists of a single
(Bot)s-barrel domain with its active site at the C-
terminal side of the B-barrel (Fig. 32). This struc-
ture is highly homologous to the B. cereus PI-
PLC despite the low sequence homology
between the two proteins (Moser et al., 1997).

Enzymatic Activities of PLC-A PLC-A is spe-
cifically active on PI but not on PC, phospha-
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Fig. 32. Three-dimensional structure of phosphatidylinositol
phospholipase C (PLC-A). Ribbon diagram of the structure
of PLC-A viewing towards the active site pocket with a
bound inositol molecule (Ins, bonds in yellow). o-Helices, -
strands and loops are colored in red, blue and green, respec-
tively. From Moser et al. (1997), with permission.

tidylethanolamine or phosphatidylserine
(Goldfine and Knob, 1992). It is active on
eukaryotic GPI-anchored proteins including
those of Trypanosoma brucei membranes,
although with a low efficiency as compared with
B. thuringensis PLC (Goldfine and Knob, 1992;
Gandhi et al., 1993). PLC-A has a pI of 9.4 and
an optimal pH of 5.5-6.5 in Triton X-100
micelles, in agreement with its intraphagosomal
activity (Goldfine and Knob, 1992). Its activity is
stimulated by salts, such as CaCl,, MgCl, or KClI,
with no specific dependence on divalent cations,
and is not inhibited by EDTA (ethylene diamine
tetraacetic acid) (Goldfine and Knob, 1992).
Using a fluorigenic substrate analog of PI, the
enzymatic properties of the PLC-A were ana-
lyzed. It was shown that a short-chain phospho-
lipid (diC(6)PC) activates the enzyme in a
process fitting with a two-site model, in which the
substrate and the activator bind to different sites
interacting with each other (Ryan et al., 2002).
Mutations of the two potential active-site histi-
dine residues (H38 and H86) revealed that they
are both required for the enzymatic activity and
for efficient escape from primary phagosomes
(Bannam and Goldfine, 1999). The phospholi-
pase activity of PLC-A can be detected on
ALOA chromogenic media, on which Listeria
expressing PLC-A appear surrounded by a green
halo (AES Laboratoires).

Signaling Induced by PLC-A PLC-A mediates
endothelial cell activation, characterized by the
production of ceramide, activation of NF-xB,
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and an increased expression of E-selectin, which
stimulates PMN rolling and adhesion (Schwarzer
et al., 1998). In endothelial cells and in neutro-
phils, PLC-A also enhances the phosphoinositide
metabolism and the generation of lipid media-
tors induced by listeriolysin O but is not able to
promote this effect by itself when expressed by
L. innocua (Sibelius et al., 1996a; Sibelius et al.,
1999; Goldfine et al., 2000). In macrophages, L.
monocytogenes infection induces a biphasic acti-
vation of NF-x B. The first transient phase is
stimulated by bacterial binding or by purified
LTAs. The second persistent phase appears when
the bacteria reach the cytosol and correlates with
the intracellular expression of PLC-A and PLC-
B (Hauf et al., 1997; Goldfine et al., 2000). In
addition, PLC-A, along with LLO and PLC-B, is
in part responsible for the Ca®" signaling pro-
duced by L. monocytogenes infection. Indeed,
instead of the three calcium spikes produced
upon bacterial infection, a AplcA mutant gener-
ates only a single spike, with no consequence on
the efficacy of entry (Wadsworth and Goldfine,
1999).

Role of PLC-A in Infection and Virulence
PLC-A has a minor individual role in escape
from the primary phagosome but rather acts in
synergy with listeriolysin O and PLC-B to fulfill
this function, as shown by using simple or double
mutants (Camilli et al., 1993; Marquis et al., 1995;
Smith et al., 1995). It has no role in cell-to-cell
spread, suggesting no role in escape from the
double membrane vacuole (Smith et al., 1995).
In macrophages, L. innocua expressing PLC-A
are able to grow inside phagosomes but do not
escape from these vacuoles, while L. innocua fail
to replicate intracellularly, suggesting that PLC-
A may possess a secondary function required
during intracellular growth (Schwan et al., 1994).
plcA mutants are slightly less virulent in mice
after intravenous inoculation and are defective
for liver but not spleen infection (Camilli et al.,
1993). However, double AplcA-AplcB mutants
are much less virulent than AplcB mutants, con-
firming the synergy of the two phospholipases in
promoting an efficient infection (Smith et al.,
1995).

ProspHOLIPASE PLC-B The phospholipase PLC-
B is a 29-kDa protein with phosphatidylcholine
phosphohydrolase activity (PC-PLC, also named
lecithinase) produced by L. monocytogenes and
L. ivanovii (Ralovich et al., 1972; Geoffroy et al.,
1991; Vazquez-Boland et al., 1992). PLC-B is
encoded by the gene plcB and is expressed as an
inactive precursor. It can be activated by pro-
teolytic cleavage involving the zinc-dependent
metalloprotease Mpl, encoded by the gene mpl,
and also by cellular proteases (Geoffroy et al.,
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1991; Raveneau et al., 1992; Marquis et al., 1997).
The plcB and mpl genes are part of an operon,
which is controlled by the transcriptional activa-
tor PrfA (Mengaud et al., 1991b). The gene plcB
is homologous to the genes encoding the lecithi-
nases of Bacillus cereus and Clostridium perfrin-
gens (Vazquez-Boland et al., 1992).

Production and Activation of PLC-B In vitro,
the PLC-B precursor and its activator Mpl are
both secreted and tightly but noncovalently asso-
ciated with the bacterial cell wall (Snyder and
Marquis, 2003). During intracellular growth,
translocation of PLC-B is inefficient and it
remains at the membrane-cell wall interface.
Upon acidification of phagosomes, pools of inac-
tive PLC-B are translocated across the bacterial
cell wall (Marquis et al., 1997; Snyder and Mar-
quis, 2003). Activation of PLC-B requires the
cleavage of a propeptide. The Mpl-dependent
cleavage of PLC-B correlates with its cell wall
translocation (Yeung et al.,2005). However, it was
shown that PLC-B activation also occurs through
a Mpl-independent process mediated by a lysos-
omal cysteine protease (Marquis et al., 1997).

Enzymatic Activities of PLC-B PLC-B is a zinc-
dependent, calcium-independent enzyme, with
an optimal activity at pH 5.5-7, in agreement
with its role in acidic phagosomes containing L.
monocytogenes (Geoffroy et al., 1991; Marquis
and Hager, 2000). It has a lecithinase activity and
is weakly hemolytic (Geoffroy et al., 1991). PLC-
B has a broad substrate spectrum and hydrolyzes
several lipids, including PC, phosphatidylethano-
lamine or phosphatidylserine and, to a lesser
extent, sphingomyelin and PI (Geoffroy et al.,
1991; Goldfine et al., 1993).

Signaling Induced by PLC-B Like PLC-A,
PLC-B induces endothelial cell activation char-
acterized by the production of ceramide, activa-
tion of NF-x B, and an increased expression of
E-selectin, which stimulates PMN rolling and
adhesion, an event which might be important
during systemic listeriosis (Schwarzer et al.,
1998). Similarly, PLC-B mediates the persistent
phase of NF-x B activation in macrophages when
delivered into the cytoplasm during L. monocy-
togenes infection (Hauf et al., 1997). In addition,
PLC-B, along with LLO and PLC-B, mediates
the Ca® signaling produced by L. monocytoge-
nes infection, which is normally characterized by
three calcium spikes. Instead, a Ap/cB mutant
generates only the first spike resulting in a
delayed bacterial internalization rate (Wad-
sworth and Goldfine, 1999).

Role of PLC-B in Infection and Virulence PLC-
B deficient mutants, generated by deletion of the
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plcB or mpl gene, are less virulent in mice after
intravenous injection (Raveneau et al., 1992).
PLC-B also plays a crucial role during murine
cerebral listeriosis, since AplcB mutants are
strongly attenuated in the intracranial model of
infection (Schluter et al., 1998). PLC-B is
involved in the lysis of the double membrane
vacuole and therefore in cell-to-cell spreading, as
shown with a AplcB mutant, which forms small
plaques on fibroblast cultures (Vazquez-Boland
et al., 1992). In certain cell types, such as HenLe
407 and HelLa, but not in macrophages, PLC-B
lyses the membrane of primary phagosomes con-
taining L. monocytogenes in the absence of list-
eriolysin (Gaillard et al., 1987; Bielecki et al.,
1990; Marquis et al.,, 1995; Grundling et al.,
2003). This suggests that depending on the cell
type, PLC-B may act alone or only help LLO to
lyse the primary vacuole.

The Sphingomyelinase SmcL of Listeria
ivanovii The sphingomyelinase SmcL is pro-
duced by the ruminant pathogen L. ivanovii. It
is encoded by the gene smcL, which is present
only in L. ivanovii but is highly homologous to
the sphingomyelinase of Staphylococcus aureus,
Bacillus cereus and Leptospira interrogans. SmcL.
expression is not controlled by the transcrip-
tional regulator PrfA. Its enzymatic activity is
responsible for the bizonal hemolysis of L.
ivanovii and for the CAMP-like reaction, which
corresponds to the synergistic hemolysis of
Rhodococcus equi and L. ivanovii (Figs. 4 and 5).
SmcL is required for virulence in mice and has a
membrane damaging activity, which is required
for vacuolar escape of L. ivanovii and its intrac-
ellular growth (Gonzalez-Zorn et al., 1999). The
crystal structure of SmcL has been solved ata 1.9
angstroms resolution, revealing that SmcL
adopts a DNasel-like fold and may bind to phos-
pholipids (Openshaw et al., 2005).

AcTA ActA is the protein that mediates actin-
based motility (Cossart and Bierne, 2001; Frisch-
knecht and Way, 2001). ActA plays a key role in
intracellular movements of L. monocytogenes,
cell-to-cell spread, and consequently bacterial
dissemination into host tissues (Kocks et al.,
1992). ActA mutants grow as microcolonies in
infected cells (Fig. 33) and their virulence is
strongly affected (Domann et al., 1992; Brund-
age et al., 1993). ActA has also been reported to
be required for L. monocytogenes entry into epi-
thelial cells (Suarez et al., 2001) and for the rec-
ognition of the heparan sulfate receptor at the
cell surface (Alvarez-Dominguez et al., 1997).
ActA is a surface protein, which is 610 amino
acids long after cleavage of the signal peptide
(Domann et al., 1992; Kocks et al., 1992). Note
that articles differ in the way they number posi-
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Fig. 33. Microcolonies formed by an ActA mutant in Vero cells. After infection for 6 h with L. monocytogenes wild-type (A)
or ActA mutant (B), Vero cells were fixed. Actin was stained with rhodamine phalloidin (red) or with an anti-L. monocyto-
genes antibody. The ActA mutant, unable to move intracellularly, develops as microcolonies (arrows in B).
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tions in the sequence, the codon 1 being either
the first codon of the gene (Kocks et al., 1992) or
that of the mature protein (Domann et al., 1992).

ActA is anchored to the bacterial membrane
by its C-terminal hydrophobic region. Interest-
ingly this region also allows anchoring of heter-
ologous proteins on the mitochondrial surface
when these proteins are expressed in eukaryotic
cells (Pistor et al., 1994; Friederich et al., 1995).
The ActA protein comprises a highly charged N-
terminal domain (amino-acids 1-233), a central
part made of four proline-rich repeats (amino
acids 234-394) and a C-terminal part (amino
acids 395-584) (Fig. 34). The ActA protein is a
dimer, as originally shown by a yeast two-hybrid
approach (Mourrain et al., 1997). In mammalian
cells, it is phosphorylated, but the role of this
phosphorylation, if any, has not been addressed
(Brundage et al., 1993). ActA has been shown to
bind phosphoinositides in vitro (Cicchetti et al.,
1999; Steffen et al., 2000), but this property has
not been investigated in detail. ActA could
titrate PIP2, a phosphoinositide that controls the
activity of some actin-binding proteins such as
capping protein (Steffen et al., 2000).

ActA is polarly distributed on the bacterial
surface (Fig. 35). Efforts to understand the origin
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of this polar distribution have led to the conclu-
sion that the protein accumulates on the two old
poles during growth and before division and is
not incorporated at the septum during cell divi-
sion (Kocks et al., 1993). After division, ActA is
thus essentially located at one pole and absent
from the new pole (Fig. 35). Interestingly,
although the polar distribution of ActA, when
discovered, appeared quite striking in view of its
function in the formation of a polar actin tail
(Smith et al., 1995), it has now been shown that
many other, but not all, listerial surface proteins
display a similar distribution. InlA, for example,
is polarly distributed on the bacterial surface
(Lebrun et al., 1996), but the amidase Ami does
not seem to be polarly distributed (Braun et al.,
1997).

ActA is necessary and sufficient to promote
actin polymerization. This was first shown by
expression of the actA gene after transfection in
mammalian cells (Pistor et al., 1994). In this
experiment, the ActA protein induced actin
polymerization and aberrant membrane defor-
mation when targeted to the inner face of the
plasma membrane (Friederich et al., 1995). The
critical role of ActA was demonstrated by
expression of actA in the closely related species
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Fig. 35. Polarized distribution of ActA at the L. monocytogenes surface. Confocal microscopy images of L. monocytogenes
labeled with ActA specific antibodies detected with fluorescent secondary antibodies large view (A) and close up (C and D).
Linear scale of fluorescence intensities corresponding to images A, C and D (B). Scale bars, 10 pum (A) and 1 um (C and D).

From Kocks et al. (1993), with permission.

Listeria innocua, a bacterium that is totally non-
pathogenic and lives in the environment. Listeria
innocua expressing actA were able to move in
cell extracts (Kocks et al., 1995). The final dem-
onstration was achieved by the generation of
latex beads coated with ActA, which, like L.
innocua expressing ActA, were able to move
inside cell extracts (Cameron et al., 1999).
Genetic analysis has greatly contributed to the
analysis of the ActA protein and its mode of
action. It was first shown that the N-terminal
part of ActA is the critical part for movement.
Bacteria expressing a chimera made of the N-
terminal part of ActA and the o fragment of
LacZ can move in cell extracts, demonstrating
that the first 233 amino acids are sufficient for
movement (Lasa et al., 1995). A series of con-
verging analyses, combined with biochemical
approaches, has then demonstrated that this
region is structurally and functionally similar to
WASP/N-WASP  (Wiskott-Aldrich syndrome
protein) family proteins of eukaryotic cells and
binds actin and Arp2/3 (Lasa et al., 1997; Skoble
et al., 2000; Boujemaa-Paterski et al., 2001;
Skoble et al., 2001; Auerbuch et al., 2003).
WASP/N-WASP proteins, first identified as
mutated proteins in genetic disorders such as the
Wiskott-Aldrich syndrome, communicate signals
downstream from activated small GTPases to
the actin cytoskeleton (Machesky and Insall,
1998). They interact with and activate the multi-
protein complex Arp2/3, which is normally inac-

tive in resting cells. Upon activation of cells, e.g.
after interaction of a growth factor with its recep-
tor, small GTPases can become activated—they
switch from a GDP form to a GTP form—and
are thus able to interact directly or indirectly
with WASP/N-WASP family proteins, which in
turn recruit and activate the Arp2/3 complex.
This complex is a seven-protein complex able to
stimulate de novo actin nucleation and the gen-
eration of a branched meshwork of actin fila-
ments that grow from the sides of existing
filaments leading to distinctive 70° branches. The
C-terminal part of WASP/N-WASP proteins
(called VCA or CA domain) stimulates the actin
nucleating activity of Arp2/3 complex. This VCA
domain is made of a N-terminal verprolin
homology region, which binds actin (V or AB for
actin binding in Fig. 34), a hydrophobic region
termed the central region C, and a C-terminal
segment rich in aspartate and glutamate termed
the acidic region A in (Fig. 34). The primary
Arp2/3 binding site is the A region, while the C
region acting in concert with the V region and a
bound actin monomer may drive the conforma-
tional changes necessary to stimulate nucleation
(Machesky and Insall, 1998). Mutations in the 5’
end of the actA gene, in the regions encoding
peptidic segments similar to the C and A regions,
have definitively established similarities between
ActA and other Arp2/3 activators. However, it is
important to note the amino-acid stretches that
bind Arp2/3 and actin in ActA, in contrast to
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WASP/N-WASP family proteins, are not contig-
uous (Pistor et al., 2000; Skoble et al., 2000;
Boujemaa-Paterski et al., 2001). Thus L. mono-
cytogenes mimics activation of the Arp2/3 com-
plex by WASP/N-WASP family proteins to
achieve motility. However, Arp2/3 activation
alone is not sufficient to promote actin-based
motility in vitro (Loisel et al., 1999). An actin
filament capping protein, either CapZ or gelso-
lin, and the filament depolymerizing and sever-
ing protein ADF/cofilin are also required to
achieve motility. CapZ or gelsolin ensure that
the actin polymerization driving Listeria motility
is limited to uncapped filaments closely apposed
to the bacterium, whereas ADF/cofilin ensures
that actin monomers are made available by
depolymerizing actin at the pointed end of the
filaments in the tail (Loisel et al., 1999) (Fig. 36).

Another important component of the system,
although not absolutely essential, is VASP whose
absence decreases the rate of motility ten times
(Geese et al., 2002). VASP binds to the proline
rich region of ActA. VASP by its property to
recruit profilin, which in turn facilitates the for-
mation of ATP-actin from ADP-actin, could pro-
vide polymerization competent actin monomers
to the ActA-Arp2/3 machinery (Grenklo et al.,
2003). Other hypotheses have been proposed
(Skoble et al., 2001; Bear et al., 2002; Auerbuch
et al., 2003; Samarin et al., 2003). VASP by its
ability to compete with capping proteins could
stimulate filament elongation (Bear et al., 2002).
Alternatively, VASP could increase branch spac-
ing (Samarin et al., 2003).

While ActA is now recognized as a bacterial
protein mimicking WASP/N-WASP family pro-
teins, it is important to insist on the very instru-
mental role that this protein has played in
deciphering the role of the Arp2/3 complex in
actin-based motility. Indeed, while Arp2/3 com-

Fig. 36. Model of actin assembly
induced by ActA. ActA is repre-
sented as a dimer localized in the
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plex had been isolated from a profilin-sepharose
column in 1994 (Machesky et al., 1994), its role
had remained totally mysterious until Mitchison
and colleagues fractionated platelet cell extracts
and showed that the fraction containing the
Arp2/3 complex was able to stimulate an actin
cloud around ActA-expressing Listeria and that
ActA was able to activate Arp2/3 (Welch et al.,
1997; Welch et al., 1998). The next important step
was the two-hybrid approach used by Machesky
and colleagues who showed that one of the sub-
units of the Arp2/3 complex (used as a bait) binds
to WASP/N-WASP family proteins (Machesky
and Insall, 1998). Then it was shown that WASP
coated beads can move in cell extracts as do List-
eria bacteria (Yarar et al., 1999). There is no
better example of such a large contribution of a
bacterial protein to the understanding of a key
cell biology process, i.e., actin-based motility.
How the force generated by the actin polymer-
ization itself is producing movement is now being
studied in detail with ActA-coated objects
(Bernheim-Groswasser et al., 2002).

Several other bacteria can use actin to move
intracellularly. Listeria ivanovii uses a protein
similar to ActA (Gouin et al., 1995). Interest-
ingly, Shigella uses the outer membrane protein
IcsA that recruits N-WASP, which in turn
recruits and activates Arp2/3 (Egile et al., 1999).
In contrast, Rickettsia express an outer mem-
brane protein, RickA, that is similar to WAVE,
a member of the WASP/N-WASP family pro-
teins and recruits the Arp2/3 complex (Gouin et
al., 2004). However, the actin filaments in the
Rickettsia tails are totally unbranched raising the
possibility that another factor is unbranching
the filaments or that the RickA protein itself is
also unbranching the filaments. Possibly, other
bacteria use variations on the theme to promote
their intracellular movements. Recent reports

hatched area in agreement with its 2 a-actinin Jidlale Actin filament s ActA
polar distribution. The bacterium is

moving from left to right (arrow). Capping Arp2/3 complex ® VASP
From Cossart and Bierne (2001), with protein 4, Cotilin (L) Protilin

permission.
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indicate that Mycobacterium marinum (Stamm
et al., 2003) and Burkholderia pseudomallei
(Breitbach et al., 2003) are other examples of
intracellular bacteria able to move inside cells.

PepriDOGLYCAN AND CELL WALL ASSOCIATED
PorymEeRrs Peptidoglycan (PG) is one of the prin-
cipal components of the cell wall of Gram-
positive bacteria, along with associated poly-
mers, such as the teichoic acids (TAs) and lipote-
ichoic acids (LTAs) (Fig. 37). It is a thick and
rigid structure that covers the plasma membrane,
protecting the cytoplasmic content (Merchante
et al., 1995). The peptidoglycan and its associated
polymers (TAs and LTAs) participate in the
maintenance of the bacterial architecture and in
anchoring bacterial surface proteins (Jonquieres
et al., 1999; Navarre and Schneewind, 1999;
Cossart and Jonquieres, 2000). They also possess
several biological functions, such as resistance to
lysozyme (Kamisango et al., 1982), bacterioph-
age receptors (Wendlinger et al., 1996), modula-
tor of intracellular signaling in response to
infection (Greenberg et al., 1996; Hauf et al.,
1997), mitogenicity (Hether et al., 1983b; Paquet
et al., 1986), and bacterial adhesion to and inva-

Extracellular milieu

Lipoteichoic acid

CHAPTER 1.2.11

sion of eukaryotic cells (Cowart et al., 1990;
Autret et al., 2001).

Composition of the Peptidoglycan The pepti-
doglycan is a polymer composed of peptides and
carbohydrates forming a dense and thick tridi-
mensional network (20-50 nm). The glycans are
organized as polymers of N-acetylglucosamine
(GlecNAc) and N-acetylmuramic acid (MurNAc)
residues connected by a B1-4 bond (Fig. 38). The
glycan heteropolymers are bound by peptidic
bridges through the lactyl group of the MurNAc
residue, allowing the constitution of a reticulate
network (Archibald et al., 1993). The peptidic
polymers are composed of a pentapeptide L-
Ala-D-Glu-meso-diaminopimelic acid (mDAP)-
D-Ala-D-Ala and are connected by a direct
transpeptidation of the mDAP residue with the
D-Ala residue of the peptidic bridges (Schleifer
and Kandler, 1972; Fiedler et al., 1988; Archibald
et al., 1993).

Synthesis and Degradation of the Peptidoglycan
Despite its robustness, the peptidoglycan is not
an inert structure and the rapid multiplication of
L. monocytogenes suggests a rapid turnover for

Fig. 37. Model representing a Gram-
positive bacterial envelope and its
major constituents. Note that a S-

Polysaccharide layer has not been described in the
S Layer Teichoic acid case of L. monocytogenes. From Del-
cour et al. (1999), with permission.
i
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Cell Wall ’
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Plasma membrane
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e cross-bridge m-[i)pm (pentapetide) Fig. 38. Schematic representation of
(direct to m-Dpm) D-Ala the structure of L. monocytogenes
[ peptidoglycan. From Navarre and
D-Ala Schneewind (1999), with permission.
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its cell wall components, including the pepti-
doglycan. The peptidoglycan synthesis occurs as
a four-step process. First, there is a sequential
ATP-dependent addition of the pentapeptide to
the UDP-MurNAc residues. The newly formed
molecule binds the lipid transporter undecapre-
nol-phosphate to the plasma membrane, which
releases the UDP residue. The addition of
GlcNAc from the UDP-GIcNAc forms lipid
II, which is exported to the external face of the
membrane. Finally, the lipid II transfers
GlcNAc-MurNAc-pentapeptide groups to the
forming peptidoglycan. The transglycosylation
and transpeptidation steps are made by diverse
penicillin-binding proteins (Navarre and Schnee-
wind, 1999). The rapid degradation of the pep-
tidoglycan is mediated by autolysins and
endolysins, produced by L. monocytogenes or its
bacteriophages, respectively (Fig. 39). Autolysins
and endolysins can cleave different bonds of the
peptidoglycan, including the MurNAc(1-
4)GlcNAc (N-acetylmuramidases), the
GlcNAc(1-4)MurNAc  (N-acetylglucosamini-
dases), the bond between the lactyl group of
MurNAc and the amino group of L -Ala of the
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branched polypeptide (N-acetylmuramoyl-L
-alanine amidases), the branched polypeptide at
the bond between D-iso-Glu and the mDAP res-
idues (endopeptidases), and the peptide bridges
cross-linking the peptidoglycan between the L-
Ala and D-Gln residues (L-alanoyl-D-glutamate
peptidases) (Ghuysen et al., 1966; Schleifer and
Kandler, 1972).

Composition of the Cell Wall Associated
Polymers In L. monocytogenes, these polymers
comprise TAs and LTAs. In other Gram-positive
bacteria, they also include the teichuronic acids
and the polysaccharides. These associated poly-
mers are most of the time essential for bacterial
growth and viability (Neuhaus and Baddiley,
2003).

TAs are electronegative polymers of ribitol-
phosphates covalently bound to the peptidogly-
can (Fig. 40). They are substituted by D -Ala
residues and diverse sugars, which vary depend-
ing on serotypes (Ruhland and Fiedler, 1987;
Fiedler et al., 1988; Fischer et al., 1988). LTAs are
polymers of glycerophosphate substituted by
Ala, galactose, and lipid residues (Fig. 41).

Glucosaminidase

Muramidase
GIcNAc MurNAc | GicNAc MurNAc
CH20H CH20H CH20H CH20H
0 o
N N O,
SN SIAN NTEAN AN
HNCOCHs ~ HNCOCH: * pnGocHs |\ HNCOCHS
CH20H CH20H
A (0] N O .
o\l H o | o Amidase
N \ e
HNCOCHs \ HNCOCHSs 0
| O
I O H20—C—C\
H20—C—=C| H LAl
LAl DG
Endopepidase D-iGlu -II N
Fig. 39. Schematic representation of  (D-iGluT-mDAP peptilase)_> | mDAP
autolysin cleavage sites in L. mono- m[I)AP\D_l Ala
cytogenes peptidoglycan. From Lenz et ——D-Ala |
al. (2003), with permission. D-}-\Ia D-Ala
L. monocytogenes
Fig. 40. Schemati i co HZCO iy
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the peptidoglycan. From Navarre n repeats S lactyl-wall peptide
and Schneewind (1999), with i ,
permission. Teichoic Acid Linkage Unit Peptidoglycan



442 N. Khelef et al.

X =-H, —D-Ala, —Galactose

0]

CHAPTER 1.2.11

Fig. 41. Schematic representation of
the structure of L. monocytogenes
lipoteichoic acids. From Greenberg

[
0=P=0=CH, et al. (1996), with permission.
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Recently, the dlt operon, which catalyzes the
incorporation of D -Ala residues into LTAs, has
been characterized. It comprises four genes, ditA
to ditD, with ditA supposedly encoding the D-
alanine-D-alanyl carrier protein ligase (Abachin
et al.,, 2002). The glycerophosphate chain of
LTAs is uncovalently anchored to the outer leaf-
let of the plasma membrane through a lipid
anchor, composed of galactose bound to glycerol
and substituted by fatty acids (Gal[a1-2]Glc[o 1-
3]diacyl-glycerol) (Hether and Jackson, 1983a;
Ruhland and Fiedler, 1987; Greenberg et al.,
1996). Contrary to TA, the LTA structure does
not vary with serotypes (Fiedler et al., 1988).
However, in some Listeria strains, LTAs possess
an additional phosphatidyl residue, which
strengthens their association with the plasma
membrane (Fischer et al., 1990). The LTAs are
both membrane associated and secreted in the
growth medium (Fischer et al., 1988). Their X-
ray structure suggests that they adopt a compact
organized micellar form with a length of 10-
20 nm. Since the cell wall thickness ranges from
20 to 50 nm, some membrane LTAs are probably
not exposed to the external medium (Labischin-
ski et al., 1991).

Functions and Biological Activities of the
Peptidoglycan and Associated Polymers

Functions Important for Bacterial Structure
Probably the most important function of PG
and its associated polymers, TAs and LTAs,
resides in their participation in the mainte-
nance of the cell wall and bacterial structures.
Because of their negative charges, TAs are pro-
posed to participate in the maintenance of a
polarized membrane, as well as an electro-
chemical gradient within the cell wall, which
locally concentrates certain ions (Hugues et al.,
1973; Jolliffe et al., 1981; Kemper et al., 1993).
Similarly, LTAs appear to favor the local con-
centration of Mg* ions, which may stabilize the
plasma membrane (Roberts et al., 1985). LTAs
regulate the activity of autolysins, which are
involved in the peptidoglycan degradation
required for bacterial growth and division (Fis-
cher et al., 1981).

L]
c-O—P 0=CH,
(l) N N =0=CO=R
O c—-o CO-R

Role in Anchoring Bacterial Surface Proteins
and as Bacteriophage Receptors PG and LTAs
are also essential in that they anchor several
L. monocytogenes surface proteins. Indeed,
LPTXG-containing proteins, such as certain
internalins, are covalently anchored to the PG
allowing their exposure at the bacterial surface.
This anchoring is mediated by SrtA (Navarre
and Schneewind, 1999). Recently, another sor-
tase, sortase B (SrtB), has been characterized in
L. monocytogenes. It is required for the anchor-
ing of a small subset of surface anchored proteins
and probably recognizes its targets through a
NXZTN sorting motif (Bierne et al., 2004). The
gene encoding SrtB (s7¢B) is homologous to the
Staphylococcus aureus srtB gene (Mazmanian et
al., 2002). Both are part of an operon that con-
tains at least one of their respective targets and
exhibits a Fur (ferric uptake regulator) box, sug-
gesting that their expression might be regulated
by iron. One of the substrates of SrtB is the
surface protein SvpA (Bierne et al., 2004), which
was proposed to act as a virulence factor of L.
monocytogenes (Borezee et al., 2001). By anal-
ogy with the SrtB of S. aureus, L. monocytogenes
SrtB was proposed to be involved in bacterial
adaptation to environmental conditions (Maz-
manian et al., 2002; Bierne et al., 2004). InlB
binds to the LTAs through its GW modules,
although this noncovalent linkage appears to be
relatively labile since InlB can also be released
in the medium (Braun et al., 1998; Jonquieres et
al., 1999). Ami, an autolysin involved in bacterial
adhesion, also binds to the bacterial surface
through its GW modules (Braun et al., 1997). It
has also been suggested that the ribose groups of
TAs and their associated cations may stabilize
external bacterial proteins, protecting them from
proteolysis (Chambert and Petit-Glatron, 1999;
Hyyrylainen et al., 2000). Finally, the glycan res-
idues of PG and TAs act as receptors for bacte-
riophages at the surface of L. monocytogenes
(Wendlinger et al., 1996).

Role in Infection and Immunity In addition to
its role in resistance to lysozyme (Kamisango et
al., 1982), many reports point to a role of PG in
stimulating the immune response. PG was shown
early on to activate macrophages and to have
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some mitogenic and adjuvant activities (Saiki et
al., 1982; Hether et al., 1983b; Paquet et al.,
1986). PG induces the production of the migra-
tion inhibition factor (Paquet et al., 1986). It
enhances the NK activity in vivo and the gener-
ation of cell-mediated toxicity against tumor tar-
get cells (Saiki et al., 1982; Paquet et al., 1986).
PGs were initially proposed to interact with the
Toll-like receptor TLR2. However, the use of
highly purified fraction of L. monocytogenes PGs
revealed that they are detected intracellularly by
the Nod2 protein and that LTAs contaminants
contained in PGs preparations were sensed by
TLR2 (Chamaillard et al., 2003; Girardin et al.,
2003; Travassos et al., 2004).

TAs share some of the PG properties. They
activate macrophages and are mitogenic (Hether
et al., 1983b; Paquet et al., 1986). Interestingly,
L. monocytogenes TAs appear to play a role in
adhesion to and entry into epithelial cells. It was
recently shown that the glycosylation of TAs
favor these processes (Cowart et al., 1990; Autret
et al., 2001).

LTAs bind to scavenger receptors on mac-
rophages (Greenberg et al., 1996) and are sensed
by TLR2 on epithelial cells (Travassos et al.,
2004). In the L. monocytogenes strain LO28, a
dItA mutant affected in the ability to incorporate
D-Ala residues into LTAs is less virulent in the
mouse model and less adherent to macrophages
and epithelial cells (Abachin et al., 2002), sug-
gesting a major role for peptidoglycan in
virulence. However, deletion of the ditA gene in
strain EGD seems to have less effect (Mandin et
al., 2005).

AutoLySINS AND ENDOLYSINS Listeria monocy-
togenes produces several autolysins that digest its
own cell wall peptidoglycan and are therefore
listeriolytic. Listeria monocytogenes autolysins
are proposed to be involved in numerous cellular
processes including cell growth and division, sep-
tation, cell wall turnover, and peptidoglycan
maturation, motility, protein secretion, and viru-
lence (Ward and Williamson, 1984; Blackman et
al., 1998; Smith et al., 2000). In addition, certain
bacteriophages of L. monocytogenes produce
endolysins, which are cell wall hydrolases synthe-
sized during late gene expression of the lytic
cycle. Endolysins enable the release of progeny
virions from infected bacteria through degrada-
tion of the bacterial peptidoglycan (Loessner
and Scherer, 1995a).

The profile of L. monocytogenes peptidogly-
can hydrolases comprises multiple bacteriolytic
enzymes, as determined by using renaturing
SDS gel electrophoresis, with gels containing
different bacterial cell wall extracts. Interest-
ingly, the bacteriolytic profiles of different Liste-
ria species appear very heterogeneous,
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Fig. 42. Alignment of p60-like proteins. Determined from
the annotation of the L. monocytogenes genome sequence.
From Cabanes et al. (2002), with permission.

highlighting the specificity of these enzymes
(MacLaughlan and Foster, 1997). Several L.
monocytogenes autolysins have been more char-
acterized, including p60, p45, Ami, NamA/
MurA, and Auto (Wuenscher et al., 1993; Schu-
bert et al., 2000; Carroll et al., 2003; Lenz et al.,
2003; Cabanes et al., 2004). In addition, the L.
monocytogenes genome sequence determination
revealed seven other putative autolysins, with
amidase or glucosamidase homology domains
(Glaser et al., 2001; Cabanes et al., 2004) (Fig.
42).

Autolysin and Endolysin Activities The pepti-
doglycan of L. monocytogenes is composed of a
copolymer of GlcNAc alternating with MurNAc,
from which are branched polypeptide side
chains. Crosslinks result from transpeptidation
between the D -alanine of one peptide side chain
and the free amino group of the mDAP of
another (Dhar et al.,, 2000). Autolysins and
endolysins are classified according to their
hydrolytic specificity towards the peptidoglycan
bonds (Fig. 39). N-acetylmuramidases and N-
acetylglucosaminidases cleave the MurNAc(1-
4)GlcNAc or the GlcNAc(1-4)MurNAc bonds,
respectively. N-acetylmuramoyl-L-alanine ami-
dases cleave the bond between the lactyl group
of MurNAc and the amino group of L-Ala of the
branched polypeptide. Endopeptidases directly
cleave the branched polypeptide at the bond
between D-iGlu (isoglutamine) and the
mDAP residues (Ghuysen et al., 1966). L-
Alanoyl-D-glutamate peptidases cleave the pep-
tide bridges crosslinking the peptidoglycan
between the L-Ala and D-Gln residues (Schlei-
fer and Kandler, 1972).

Autolysins

p60 The autolysin p60 is encoded by the iap
(invasion-associated protein) gene, which is tran-
scribed independently of the transcriptional acti-
vator PrfA and whose expression is controlled at
the post-transcriptional level (Kohler et al., 1991;
Bubert et al., 1997; Bubert et al., 1999). It is both
secreted and associated with the bacterial cell
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wall (Kuhn and Goebel, 1989; Ruhland et al.,
1993; Wuenscher et al., 1993). Secretion is medi-
ated by the recently identified auxiliary secretion
system SecA2, which mediates the secretion of
at least seventeen secreted and surface proteins
of L. monocytogenes (Lenz et al., 2003). p60 is
expressed by all Listeria species with specific
protein sequences for each species (Bubert et al.,
1992b; Bubert et al., 1994; Gutekunst et al.,
1992a). This finding can be exploited as a way to
identify Listeria species (Bubert et al., 1992a;
Bubert et al., 1994). On the basis of its similarity
to LytF from Bacillus subtilis, p60 is proposed to
have a D-iGlu-mDAP endopeptidase activity
(Lenz et al., 2003).

In agreement with its peptidoglycan activity,
p60 has been shown to be important for septum
formation during bacterial division and there-
fore for bacterial viability (Wuenscher et al.,
1993). For a long time, Aiap mutants could not
been obtained, suggesting that the protein was
essential for bacterial viability. Therefore, the
role of p60 was first evaluated in rough mutants
expressing lower levels of p60 and forming long
filamentous structures composed of bacterial
chains (Kuhn and Goebel, 1989). The rough
mutants are less virulent and enter less efficiently
in certain eukaryotic cells, suggesting a role for
p60 in bacterial invasion (Kuhn and Goebel,
1989; Gutekunst et al., 1992b; Hess et al., 1995).
A viable Aiap mutant was recently obtained,
allowing more precise studies of the role of p60
in virulence. As for rough mutants, they also had
a defect in septum formation and in virulence
after intravenous infection of mice. In addition,
the Aiap mutant is impaired in bacterial move-
ment and spreading from cell to cell because of
an improper localization of the ActA at the sur-
face L. monocytogenes. This abolishes the ability
of ActA to polarly polymerize actin and to gen-
erate normal comet tails (Lenz et al., 2003; Pil-
grim et al., 2003a).

p60 plays an important role in the immune
response towards L. monocytogenes infection.
Antibodies specific for p60 can act as opsonins
and may play a role in preventing systemic infec-
tions in immunocompetent individuals (Kolb-
Maurer et al., 2001). Moreover, p60 is a major
protective antigen that induces both T-CDS8 and
Th1 protective immune responses, highlighting
that both cellular and humoral immunity are
important to fight L. monocytogenes infection
(Harty and Pamer, 1995; Bouwer and Hinrichs,
1996; Geginat et al., 1998; Geginat et al., 1999).

p45 The autolysin p45, encoded by the spl/ gene,
was identified using a monoclonal antibody
raised in mice against heat-killed bacteria. It is a
45-kDa protein with peptidoglycan lytic activity
against L. monocytogenes. p45 is homologous to
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the autolysin p60 of L. monocytogenes and to
Gram-positive secreted proteins of unknown
activity, P54 of Enterococcus faecium, and Usp45
of Lactococcus lactis. p45-like proteins are
present in all Listeria species, except L. grayi. p45
is found both as a secreted protein, as expected
from the presence of a 27-amino acid signal pep-
tide, and associated with the cell wall, in a strong
but noncovalent fashion, as determined by SDS
extraction. This behavior is reminiscent of p60
and of the two main effectors of L. monocytoge-
nes invasion, InlA and InlB (Schubert et al.,
2000).

Ami The autolysin Ami is a 102-kDa protein
produced by L. monocytogenes. It is probably an
amidase according to the sequence homology of
its catalytic domain with other amidase domains
(Braun et al., 1997). It is associated to the bacte-
rial surface by a domain containing a series of
GW modules, similar to those of one of the major
proteins required for L. monocytogenes inva-
sion, InlB (Braun et al., 1997; Jonquieres et al.,
1999) (Fig. 19B). There is increasing evidence
that certain autolysins, like Ami, may act as com-
plementary adhesins during infection. Indeed,
inactivation of Ami in mutants devoid of either
one or two of the main effectors of L. monocy-
togenes invasion, InlA and/or InlB, resulted in a
strong reduction of adhesion to hepatocytes,
HepG2, and to the enterocyte-like cell line,
Caco-2. On the contrary, inactivation of Ami
alone affected only slightly the adhesion to hepa-
tocytes, HepG2 (Milohanic et al., 2001). As for
InlB, the cell wall-anchoring (CWA) domain
containing the GW modules appears to promote
Ami adhesion to cells (Heilmann et al., 1997;
Hell et al., 1998; Milohanic et al., 2001). As a
probable consequence of its role in adhesion, a
mutant with inactivated Ami is slightly attenu-
ated in the liver of mice infected intravenously,
indicating a role for Ami in L. monocytogenes
virulence (Milohanic et al.,2001). Ami from two
different epidemic serovars (1/2a and 4b) were
compared and their CWA domains were shown
to be variable, as compared with the rest of the
molecule. The purified CWA domain of Ami
from serovar 4b binds less efficiently to Hep-G2
cells as compared with that of serovar 1/2a (Milo-
hanic et al., 2004).

NamA/MurA Two recent concomitant studies
identified a new peptidoglycan-hydrolyzing
enzyme in L. monocytogenes, which was named
by the authors “NamA” for N-acetylmuramidase
or “MurA” for muramidase (Carroll et al., 2003;
Lenz et al., 2003). Comparative analysis of bio-
chemical and genetic properties of the two mol-
ecules revealed NamA is the same protein as
MurA (D. Cabanes, personal communication).
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Characterization of the auxiliary protein secre-
tion system, SecA2, revealed that the secretion
of several proteins was dependent on this system,
including the autolysin p60 and a protein homol-
ogous to NamA (Lenz et al., 2003). In parallel, a
cell wall hydrolase (MurA) encoded by the
murA gene was detected by a L. monocytogenes-
specific monoclonal antibody (EM-7G1), which
also recognizes the autolysin p60 (Carroll et al.,
2003).

MurA is a major cell surface protein of L.
monocytogenes. The C-terminal domain of
MurA contains four copies of a KM repeat motif,
which is also present in p60 and is proposed to
be involved in cell wall anchoring. MurA shares
homologies with the autolysin p60 and with
muramidases. In agreement with this, MurA
exhibits a peptidoglycan lytic activity specific for
Micrococcus lysodeikticus. A deletion mutant of
murA lacking the cell wall hydrolase activity
is affected in L. monocytogenes autolysis and
grows as long chains during exponential growth,
as a consequence of a septation defect (Carroll
et al., 2003). The role of MurA in cell infection
and in virulence was not tested in this study, but
the study of NamA revealed a moderate role in
L. monocytogenes persistence in mouse organs
(Lenz et al., 2003).

Auto Recently, a novel autolysin encoding gene,
aut, was identified. It is the only autolysin gene
that is absent from the nonpathogenic bacteria
L. innocua. The aut gene is expressed inde-
pendently of the virulence gene regulator PrfA
and encodes a surface protein, Auto, with an
autolytic activity, as expected from the presence
of a domain harboring homologies with autolysin
encoding genes, especially N-acetylglucosamini-
dases. The protein Auto possesses a C-terminal
cell wall-anchoring domain made up of four GW
modules, similar to those observed in the other
autolysin Ami and in InlB, one of the major inva-
sion proteins of L. monocytogenes. The morphol-
ogy of a Aaut deletion mutant was similar to
those of the wild-type, with no defect in septation
and cell division, suggesting no role for Auto in
these functions (Cabanes et al., 2004).

Auto is required for entry of L. monocytoge-
nes into different nonphagocytic eukaryotic cell
lines but is not required for efficient adhesion,
formation of comet tails, or cell-to-cell spread-
ing. A Aaut deletion mutant has a reduced viru-
lence following intravenous inoculation of mice
and oral infection of guinea pigs, which corre-
lates with its low invasiveness. However, the
autolytic activity of Auto by itself, rather than an
invasive ability, might be critical for virulence.
Indeed, Auto may control the general surface
architecture exposed to the host by L. monocy-
togenes and/or the composition of the surface
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products released by the bacteria, highlighting
the possible direct role of autolysins in pathoge-
nicity (Cabanes et al., 2004).

FlaA Listeria monocytogenes can move by
means of flagella-based motility. The flagellum is
composed of a single protein, FlaA (Dons et al.,
1992). FlaA also facilitates initial contact with
epithelial cells and contributes to effective inva-
sion in vitro (Dons et al.,2004). It was shown that
the purified FlaA protein functions as a pepti-
doglycan hydrolase (Popowska and Markiewicz,
2004). The flagellar protein FlgJ of Salmonella,
was previously shown to have peptidoglycan
hydrolyzing activity, locally digesting the murein
sacculus to permit assembly of the rod structure
of the flagellum (Nambu et al., 1999). FlaA of L.
monocytogenes is the first gram-positive flagellar
protein demonstrated to have a peptidoglycan
hydrolyzing activity.

Endolysins Three endolysins, Ply118, Ply500
and Ply511, produced respectively by the bacte-
riophages A118, A500 and A511, have been char-
acterized in L. monocytogenes. They induce
rapid lysis of Listeria strains from all species but
not of other bacteria (Loessner and Scherer,
1995a). Ply511 is an N-acetylmuramoyl-L-ala-
nine amidase, while Ply118 and Ply500 are L-
alanoyl-D-glutamate peptidases (Schleifer and
Kandler, 1972). A cell wall binding site has been
characterized in the C-terminal domains of
Ply118 and Ply500 as being sufficient to direct
the enzymes to their substrates (Loessner et al.,
2002). Listeria innocua carries a cryptic phage
2438, which produces the Cpl2438 enzyme highly
similar to Ply500 (Zink et al., 1995). A gene
homologous to the Plyl18 endolysin was
detected in the genome sequence of the cryptic
phage of L. monocytogenes strain EGDe (Glaser
et al., 2001). The specificity of these endolysins
for Listeria cells was exploited in different appli-
cations, such as rapid in vitro lysis of Listeria cells
(Loessner et al., 1995b; Dhar et al., 2000), or
programmed self-destruction of intracellular
Listeria cells within the cytosol of macrophages
(Dietrich et al., 1998).

OTHER FACTORS INVOLVED IN L. MONOCYTOGENES
INrECTION Several factors have been involved in
the L. monocytogenes infection process either at
the level of adhesion, entry, escape from the pha-
gosome, or intracellular multiplication, or at an
unknown step.

LAP LAP (Listeria adhesion protein) is a
104-kDa protein present both in the cytoplasm
and secreted by L. monocytogenes. LAP is
expressed by all Listeria spp. except by L. grayi
(Pandiripally et al., 1999). LAP mediates L.
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monocytogenes binding to intestinal epithelial
cells but not to nonintestinal epithelial cells, such
as liver, kidney or skin cells. Interestingly, the
specificity of LAP is even more restricted since
it is required for full adhesion to intestinal epi-
thelial cells lines from the ileum-cecum and colon
but not from the duodenum or jejunum. These
results suggest that LAP may play a role during
the intestinal phase of the infection (Jaradat et
al.,2003).The heat shock protein Hsp60 has been
reported to act as a cellular receptor for LAP on
the intestinal cell line Caco-2 (Wampler et al.,
2004).

SvpA SvpA (surface virulence-associated pro-
tein) is a 64-kDa protein both anchored at the
bacterial surface by SrtB and secreted in the
extracellular medium (Borezee et al., 2001;
Bierne et al., 2004). Its expression is not con-
trolled by PrfA, the transcriptional activator of
most virulence factors. A mutant deficient in
SvpA was reported to be less virulent in the
mouse model after intravenous infection
(Borezee et al.,2001). However, the relevance of
this result is unclear since virulence of a mutant
deficient in SrtB, in which SvpA is no longer
exposed at the surface, is not affected (Bierne et
al., 2004). The growth defect of the sypA mutant
may explain its virulence attenuation (H. Bierne
and P. Cossart, unpublished results). Another
possibility is that the expression of SvpA at the
bacterial surface is not important for its role in
virulence.

LpeA LpeA (lipoprotein promoting entry) is a
35-kDa protein identified by in silico analysis
of the L. monocytogenes genome sequence.
Despite its homology with PsaA, a Streptococcus
pneumoniae adhesin, LpeA is not involved in
adhesion of L. monocytogenes. Instead, it is
required for entry into the intestinal and hepatic
cell lines. Interestingly, a Lpe A-deficient mutant
survive longer in macrophages than wild-type
bacteria and is slightly more virulent for mice
(Reglier-Poupet et al., 2003b).

FbpA FbpA (fibronectin binding protein) is a
60-kDa protein identified by signature-tagged
mutagenesis. It is required for efficient liver col-
onization of mice inoculated intravenously and
for intestinal and liver colonization after oral
infection of transgenic mice expressing human
E-cadherin. FbpA binds to immobilized human
fibronectin and increases adherence of wild-type
L. monocytogenes to HEp-2 cells in the presence
of exogenous fibronectin. Despite the lack of
conventional secretion/anchoring signals, FbpA
is detected on the bacterial surface. Strikingly,
FbpA expression affects the secretion of two vir-
ulence factors, LLO and InIB, and coimmuno-
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precipitates with these two proteins. Thus, FbpA,
in addition to being a fibronectin-binding pro-
tein, may behave as a chaperone or an escort
protein for two important virulence factors and
appears to be a novel multifunctional virulence
factor of L. monocytogenes (Dramsi et al., 2004).

Stp Analysis of the L. monocytogenes EGDe
genome sequence revealed the presence of puta-
tive eukaryotic-like phosphatases. Accordingly,
the stp gene encodes a membrane associated
Mn*-dependent serine-threonine phosphatase,
required for L. monocytogenes virulence. Using
a phosphoproteomic approach, the translation
elongation factor EF-Tu was identified as the
first target of Stp (Archambaud et al., 2004).

Vip Vip is a novel virulence factor of L. mono-
cytogenes, identified by comparative genomics.
Vip is a LPXTG surface protein anchored to the
cell wall by sortase A. It is positively regulated
by PrfA, the transcriptional activator of the
major L. monocytogenes virulence factors. Vip is
implicated in entry into some mammalian cells.
Gp96, an endoplasmic reticulum resident chap-
erone protein (Li et al.,2002), which is also local-
ized at the cell surface, was identified as a cellular
receptor for Vip (Cabanes et al., 2005). The Vip-
GpY6 interaction is critical for bacterial entry
into cells. In murine models, Vip plays a role in
L. monocytogenes virulence at the intestinal
level and at late stages of the infectious process.
Vip appears as a new virulence factor exploiting
Gp96 as a receptor for cell invasion and/or sig-
naling events that may interfere with the host
immune response in the course of Listeria infec-
tion (Cabanes et al., 2005).

RESISTANCE TO STRESS Listeria monocytogenes is
ubiquitous in nature and can infect many animal
species. The pathogenic bacterium is adapted to
survive and/or multiply under a wide variety of
harsh environmental conditions, outside as well
as inside the host. In food-processing plants, food
products, and nature, L. monocytogenes has to
contend with suboptimal growth conditions, such
as refrigeration temperatures, heat, high osmo-
larity, high pH, and low water activity. Survival
has been reported from —0.4°C to 45°C (Farber
and Peterkin, 1991a), at salt concentrations up to
10% (McClure et al., 1991), alkaline conditions
up to pH 9 (Cheroutre-Vialette et al., 1998). In
the human host, L. monocytogenes encounters
stressors such as lysozyme in saliva, blood, neu-
trophils and monocytes, reactive oxygen and
nitrogen species in the host cell phagosomes, bile
salts, digestive enzymes in the small intestine,
and stressful microenvironments (such as nutri-
ent deprivation in the host cell cytoplasm, acidic
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pH of the stomach, and low oxygen tension and
high osmolarity in the intestine). Listeria mono-
cytogenes survives and/or grows at a pH as low
as 4, even 3 after acid adaptation (Cotter and
Hill, 2003) and in the presence of a high concen-
tration of bile (Begley et al., 2002). Listeria
monocytogenes has evolved a series of adaptive
responses to cope with this large variety of
stresses.

The first step in stress survival strategies is the
sensing of stress conditions and/or stressors and
the transduction of a signal leading to an appro-
priate response (Fig. 43). Two-component signal
transduction systems are used for stress sensing
by many bacteria, including L. monocytogenes.
Deletion of L. monocytogenes LO28 lisK, the
gene encoding the membrane-associated sensor
histidine kinase of the LisRK two-component
system, affects acid and ethanol tolerance and
attenuates virulence in mice (Cotter et al., 1999).
Using a deletion mutant of the response regula-
tor gene lisR, Kallipolitis et al. confirmed the role
of the LisRK system in virulence, acid and etha-
nol tolerance. LisR was also shown to be
involved in response to oxidative stress, as
growth of the /isR mutant was strongly inhibited
by 0.025% hydrogen peroxide. Two other res-
ponse regulators contribute to pathogenicity and
stress response in L. monocytogenes 1028
strain, a regulator showing 52% identity with the
potassium uptake protein KdpE of Clostridium
acetobutylicum and a regulator showing 43%
identity with the Enterococcus faecium VanR
protein involved in vancomycin resistance (Kal-
lipolitis and Ingmer, 2001).

Many stress response mediators have been
identified in L. monocytogenes, including chap-

Acid
stress

H+

He B e

H+

Betaine

Carnitine

Osmotic stress

Fig. 43. Schematic representation of the
stress resistance process in L. monocyto-
genes. From Hill et al. (2002), with per-
mission.
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erones that maintain protein integrity under
damaging conditions and proteases that degrade
damaged proteins. The DnaK heat shock chap-
erone is required for survival of L. monocytoge-
nes under high temperatures and acidic
conditions, as well as for phagocytosis by mac-
rophages (Hanawa et al., 1995; Hanawa et al.,
1999). The major heat shock chaperones GroES
and GroEL are induced at high temperature
(Hanawa et al., 1995; Gahan et al., 2001), at low
pH and during infection of J774 cells (Gahan et
al., 2001). The ClpC stress protein, an ATPase
that belongs to the HSP-100/Clp family, is
required for survival under iron deprivation,
high temperature or high osmolarity, in bone
marrow macrophages and in organs of mice
infected by L. monocytogenes (Rouquette et al.,
1996; Rouquette et al., 1998). Two other pro-
teases have been reported to be involved in
stress response and virulence, namely the HSP-
100 family member CIpE (Nair et al., 1999) and
the serine protease ClpP (Gaillot et al., 2000).
Several other proteins involved in specific stress
responses have been characterized in L. mono-
cytogenes. The major cold shock protein of L.
monocytogenes is the nonheme ferritin-like
protein Flp, also designated Fri (Hebraud and
Guzzo, 2000). Fri promotes adaptation to nutri-
tional and thermal shifts, provides protection
against reactive oxygen species in vitro and is
required for full virulence of L. monocytogenes
(Olsen et al., 2005; Dussurget et al., 2005). The
glutamate decarboxylase system plays an impor-
tant role in survival at low pH found in food
(Cotter et al., 2001b) and in gastric fluid (Cotter
et al., 2001a). The F,F,-ATPase could also con-
tribute to acid tolerance of L. monocytogenes
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(Cotter et al.,2000). Adaptation to osmotic stress
depends on the intracellular accumulation of
osmolytes, e.g., betaine, carnitine and proline
(Ko et al., 1994; Fraser et al., 2000). Uptake sys-
tems include the Na*-dependent betaine porter I
BetL (Sleator et al., 1999), the ATP-dependent
betaine porter II GbuABC (Ko and Smith,
1999), the carnitine uptake systems OpuC
(Fraser et al., 2000; Sleator et al., 2001a; Sleator
et al., 2003; Wemekamp-Kamphuis et al., 2002),
and the oligopeptide permease OppA (Borezee
et al., 2000). In addition, one osmolyte synthesis
system has been described in L. monocytogenes,
that of proline. Mutation of the proAB operon
leads to an increased sensitivity to salt (Sleator
et al.,2001a). Several of these systems have been
shown to play a role in the virulence potential of
L. monocytogenes, e.g., OpuC (Sleator et al.,
2001b) and OppA (Borezee et al., 2000). Bile
tolerance of L. monocytogenes involves the bile
salt hydrolase Bsh, an enzyme that deconjugates
bile salts and that is required for both intestinal
and hepatic phases of listeriosis (Dussurget et al.,
2002; Begley et al., 2005). The transporter BtlA
(Begley et al., 2003) and other systems (such as
the putative transporter of the glutamate decar-
boxylase GadE, the penicillin V amidase Pva, the
bile tolerance protein BtIB, the bile exclusion
system BilE and the zinc uptake regulator ZurR)
contribute to tolerance to bile or various other
stresses, e.g., low pH, salt, ethanol, detergents
and antibiotics (Begley et al., 2002; Sleator et al.,
2005a; Begley et al., 2005).

Stress-responsive sigma factors play an impor-
tant role in regulating expression of both viru-
lence genes and stress response genes in bacteria,
including L. monocytogenes. The alternative
sigma factor sigma B contributes to the ability of
L. monocytogenes to survive and/or multiply
under stressful conditions outside the host, e.g.,
acid, osmotic or oxidative stresses (Becker et al.,
1998; Ferreira et al., 2001; Ferreira et al., 2003),
low temperature (Becker et al., 2000) or carbon
starvation (Ferreira et al., 2001). Sigma B also
plays a role in the capacity of L. monocytogenes
to persist within the host during the infectious
process. It has been demonstrated that sigma B
contributes to transcription of the virulence gene
activator PrfA (Nadon et al., 2002). Character-
ization of the sigma B-dependent general stress
regulon confirmed the broad role of this sigma
factor. Indeed, the regulon includes genes encod-
ing both general stress response proteins (e.g.,
the RNA-binding protein Hfq, glutamate decar-
boxylase GadB, general stress protein Ctc, and
the glutathione reductase), and virulence factors
(e.g., the internalins InlA and InlB, the bile salt
hydrolase Bsh, the bile exclusion system BilA
and the stress-responsive solute transporter
OpuC (Sleator et al., 2001b; Kazmierczak et al.,
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2003; Sue et al., 2003; Christiansen et al., 2004;
Kim et al., 2004; Sleator et al., 2005a). Listeria
monocytogenes stress response is also controlled
by CtsR, a transcriptional repressor of c/pC, clpE
and clpP. A ctsR deletion mutant was not
affected for virulence in mice and displayed an
increased survival at high temperature and under
salt stress (Nair et al., 2000). Finally, the regula-
tory RNA-binding protein Hfq is required for
resistance to osmotic and ethanol stress, and full
virulence in mice (Christiansen et al., 2004).

Gene Regulation in Listeria

Analysis of the complete genome sequence of L.
monocytogenes EGDe revealed its extraordinary
regulatory capacity as 201 regulatory proteins
have been identified (Glaser et al.,2001). The L.
monocytogenes genome contains the highest pro-
portion of regulatory genes (7%) after that of
Pseudomonas aeruginosa (8.4%) (Stover et al.,
2000). This observation is in line with the fact
that L. monocytogenes is an ubiquitous, oppor-
tunistic pathogen that needs a variety of combi-
natorial pathways to adapt its metabolism to a
given niche. However, only a few of these regu-
lators have been studied experimentally.

Two-CompoNENT SysteMs The L. monocytoge-
nes genome contains several two-component sys-
tems consisting of 15 histidine kinases and 16
response regulators. Several of them have been
studied in detail: lisR/lisK (Cotter et al., 1999;
Cotter et al., 2002), cheY/cheA (Flanary et al.,
1999), agrA/agrC (Autret et al., 2003), cesR/cesK
(Kallipolitis et al., 2003) and virS/virR (Mandin
et al., 2005). The LisR/LisK system is involved in
acid, ethanol and oxidative stress, and the inac-
tivation of /isRK resulted in a slight decrease of
virulence (Cotter et al., 1999). The LisRK signal
transduction system is also involved in the sensi-
tivity of L. monocytogenes to nisin and cepha-
losporins (Cotter et al., 2002). The genes
regulated by this system are a putative penicillin-
binding protein (/m02229), a histidine kinase
(Imo1021), and a protein of unknown function
(Imo2487). A novel role for the two-component
regulatory system LisRK in osmosensing and
osmoregulation has been shown (Sleator and
Hill, 2005b). Furthermore, htrA, a gene linked to
osmotolerance and virulence potential in L.
monocytogenes, was reported to be under the
transcriptional control of LisRK (Stack et al.,
2005).

Insertional inactivation of the L. monocytoge-
nes cheYA operon abolished response to oxygen
gradients and reduced flagellin expression and
affected the ability of L. monocytogenes to
attach to the mouse fibroblast cell line 3T3
(Flanary et al., 1999). A deletion mutant cheA
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had impaired swarming and the cheY and cheYA
double mutants were unable to swarm on soft
agar plates, suggesting that cheY and chaA genes
encode proteins involved in chemotaxis (Dons et
al., 2004). Autret and colleagues identified by
signature-tagged mutagenesis the agrABCD
locus (Autret et al., 2003). The production of
several secreted proteins was modified, indicat-
ing that the agr locus influenced protein secre-
tion. Although the ability of the mutant to invade
and multiply in cells in vitro was not affected,
virulence of the agrA mutant was affected in the
mouse model, indicating that the agr locus is
involved in virulence of L. monocytogenes
(Autret et al., 2003).

Kallipolitis and colleagues inactivated five
putative response regulators identified by using
degenerate primers in L. monocytogenes strain
LO28 (Kallipolitis et al., 2003). These corre-
spond to the genes [mo2583, Imo2678/kdpE,
Imo2501/phoP, Imo2422/cesR, and Imol377/lisR.
Three of these putative response regulators,
Imo2678/kdpE, Imo2422/cesR, and Imo1377/lisR,
contributed to pathogenicity in a mouse infec-
tion model either by intragastric or intraperito-
neal injection. Recently, cesRK was studied in
more detail (Kallipolitis et al., 2003), showing
that this two-component system responds to the
presence of cell wall-acting antibiotics and
affects B3-lactam resistance.

The new two-component system of L. mon-
ocytogenes,named VirS/VirR, which is necessary
for virulence, was recently identified using
signature-tagged mutagenesis (Mandin et al.,
2005). A transcriptomic analysis revealed that
VirS controls the expression of 108 other genes,
probably by crosstalking with another response
regulator, and that 12 genes are regulated by
VirR, including the dit operon (Mandin et al.,
2004), previously shown to be important for L.
monocytogenes virulence (Abachin et al., 2002).
A conserved DNA sequence located upstream of
all the transcriptional units regulated by VirR
was identified by in silico analysis, probably rep-
resenting the DNA binding site of VirR. The role
of all sixteen putative two-component systems of
L. monocytogenes was undertaken systemati-
cally, by the introduction of in frame deletions
into 15 out of the 16 response regulator genes
and the resulting mutants were characterized.
With one exception, the deletion of the individ-
ual response regulator genes has only minor
effects on in vitro and in vivo growth of the bac-
teria. The mutant carrying a deletion in the
orthologue of the Bacillus subtilis response reg-
ulator gene degU showed reduced virulence in
mice, indicating that DegU is involved in the
regulation of virulence-associated genes (Will-
iams et al., 2005). Knudsen and colleagues have
shown that the DegU response regulator is a
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pleiotropic regulator involved in expression of
both motility at low temperature and in vivo vir-
ulence in mice (Knudsen et al., 2004).

PrrFA —KEY REGULATOR OF LISTERIA
MONOCYTOGENES VIRULENCE GENES The PrfA
(positive regulatory factor A) protein of L.
monocytogenes functions as a master regulator,
which is required and directly involved in the
control of the differential expression of the L.
monocytogenes virulence genes. PrfA is a 237-
amino acid protein encoded by the first gene of
the virulence gene cluster of L. monocytogenes
whose expression is under the control of this
transcriptional regulator (Leimeister-Wachter et
al., 1990; Mengaud et al., 1991b; Chakraborty et
al., 1992; Dramsi et al., 1993). The prfA gene lies
downstream from and is co-transcribed with
plcA-prfA is transcribed as either a monocis-
tronic or a bicistronic plcA-prfA transcript,
thereby creating an autoregulatory loop essen-
tial for the appropriate expression of virulence
genes (Mengaud et al., 1991b) (Fig. 44). Evi-
dence for an overexpression of PrfA inside cells
has been observed (Klarsfeld et al., 1994; Ren-
zoni et al., 1999).

Molecular and Structural Features On the basis
of structural and functional features shared with
the cAMP receptor protein (Crp) of E. coli, PrfA
is clearly a member of the Crp/Fnr (fumarate

44— > >
prfA plcA® hly @ mpl @ actA plcB
ik &

i

“PrfA>

r

@

inlA inlB

L

@
inlC

L
D —— —.
hpt

® >
bsh|

Fig. 44. The PrfA regulon in L. monocytogenes. prfA: positive
regulatory factor; plcA: phosphatidylinositol phospholipase C;
hly: listeriolysin O; mpl: metalloprotease; actA: actin-polymer-
ization protein; plcB: broad-range phospholipase C (lecithi-
nase); inlA, inlB: large cell wall associated internalins A and
B; inlC: small secreted internalin, spt: hexose phosphate trans-
porter; bsh: bile salt hydrolase; and + indicates transcriptional
induction. Thin arrows above the gene arrows indicate the
different transcripts.
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nitrate reductase regulator) family of transcrip-
tional regulators (Lampidis et al., 1994). Inter-
estingly this family of regulators seems to be of
particular importance for Listeria insofar as
there are 15 Crp/Fnr family members in L.
monocytogenes in contrast to only one in B. sub-
tilis and two in E. coli (Glaser et al.,2001). Figure
45 shows the domain organization of PrfA from
L. monocytogenes compared to that of Crp from
E. coli. In the N-terminal domain, both contain
several B-sheets delimited by glycine residues
forming a B-roll structure and an o-helical
region. In Crp, both are involved in binding of
the cofactor cAMP. In PrfA several of the amino
acids required for cAMP binding are not con-
served and the role of this B-roll structure is not
known yet. Two of the three activating regions of
Crp, which mediate the interaction with the
RNA polymerase, are conserved in PrfA (Fig.
45). PrfA has in its C-terminal region a DNA-
binding helix-turn-helix (HTH) region with 70%
similarity to the corresponding HTH in Crp. The
crystal structure of PrfA has recently been
solved confirming the above information (Thiru-
muruhan et al., 2003; Protein Data Bank (http://
www.rcsb.org/pdb), accession code 10MI; Eiting
et al., 2005). Activation of genes by PrfA
requires binding of this HTH region to a 14-bp
palindromic sequence present at PrfA regulated
promoters, the PrfA-box (Freitag et al., 1993;
Bockmann et al., 1996; Sheehan et al., 1996). This
palindrome is centered at position —41 relative to
the transcriptional start site and partially over-
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laps the —35 promoter regions. It was shown that
the two critical elements of PrfA-dependent pro-
moters, the PrfA-box and the —10 box, can be
functionally exchanged as long as the distance in
between is maintained to 22 or 23 bp (Luo et al.,
2005). PrfA activates all genes of the virulence
gene cluster (prfA, plcA, hly, mpl, actA and
plcB) as well as the inlA and inlB (Dramsi et
al., 1997), inlC (Engelbrecht et al., 1996; Ling-
nau et al., 1996), bsh (Dussurget et al.,2002) and
hpt (uhpT) genes (Chico-Calero et al., 2002).
Table 6 shows the PrfA-box sequences of these
PrfA regulated virulence genes in L. monocyto-
genes. That the PrfA box is indeed the recogni-
tion sequence for PrfA has been suggested by the
effect of mutations in this sequence (Freitag et
al., 1992). Further evidence came from gel retar-
dation assays and in particular from DNAse I
protection experiments (Bockmann et al., 1996).
At the C-terminus, PrfA has an extension as
compared to Crp with the characteristics of a
leucine zipper (Lampidis et al., 1994). However,
different studies indicate that the mechanisms
regulating the L. monocytogenes virulence genes
are very complex and show that PrfA is not the
only regulatory factor. By using an in vitro tran-
scription assay for L. monocytogenes genes, it
was shown that overlapping PrfA-dependent
and -independent promoters that are differen-
tially activated by GTP are present for the PrfA-
dependent genes inlC and mpl, indicating that
these genes are not solely regulated by PrfA.
Furthermore, PrfA-independent transcription of

@ @O Fig. 45. Domain organization of
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Table 6. PrfA (positive regulatory factor)-box of PrfA regulated virulence genes in L. monocytogenes.

Promoter PrfA-box Spacer —10 box Startcodon
P2hly 5’ CA TTAACATTTGTTAA -N23-TAGAAT-N139-ATG-3’
PplcA S’ CG TTAACAAATGTTAA -N22-TAAGAT-N31-TTG-3
Pmpl 5 AA TTAACAAATGTAAA —-N22-TATAAT-N156-ATG-3’
PactA 5 GA TTAACAAATGTTAG -N21-GATATT-N157-GTG-3’
PinlA 5 GG ATAACATAAGTTAA —-N22-TATTAT-N402-GTG-3’
PinlC 5’ AT TTAACGCTTGTTAA -N22-TAACAT-N106-TTG-3’
Phpt 5’ TG ATAACAAGTGTTAA —N23-TATATT-N152-ATG-3’
Pbsh 5’ AT TTAAAAATTTTTAA -N30-TATGAG-N109-ATG-3’
PprfA S’ AG CTAACAATTGTTGT -N21-TATTTT-N37-ATG-3’

TTAACANNTGTTAA
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inlC and mpl was shown to be strongly inhibited
by PrfA because of the close proximity of the
PrfA binding site to the —35 box (Luo et al.,
2004). Shen and Higgins demonstrate that the
hly 5 UTR plays a critical role in regulating
expression of LLO during intracellular infection
(Shen and Higgins, 2005). They suggest that the
hly 5" UTR functions independently of PrfA-
mediated transcription and can enhance
expression of cis-associated genes through a
mechanism that appears to act at both a post-
transcriptional and post-translational level.
Deletion of the hly 5* UTR, while retaining the
hly ribosome binding site, had a moderate effect
on LLO production during growth in broth cul-
ture, yet resulted in a marked decrease in LLO
levels during intracellular infection (Shen and
Higgins, 2005).

Functional Changes Due to Alterations in
Defined Positions Specific amino acid changes in
PrfA correlates with high or low level of
hemolytic activity, because of high- or low-level
expression of the hly gene. A Glyl45Ser substi-
tution (Fig. 45) is responsible for a high
hemolytic phenotype (Ripio et al., 1997b). This
mutation freezes PrfA in its active conformation
leading to the expression of a constitutively
active PrfA* form (Ripio et al., 1996). The crystal
structure of PrfA* has been solved and com-
pared to that of wild-type PrfA, showing that the
HTH motifs and adopt a conformation similar to
cAMP-induced Cap, which favors DNA binding
(Eiting et al., 2005). The correlation of the high
hemolytic phenotype with the altered PrfA pro-
tein is also supported by the observation that the
transfer of the prfA* gene to a strain with low
hemolytic activity shifts it to a strain with high
hemolytic activity (Bohne et al., 1996; Ripio et
al., 1997b). A Leul40Phe mutation and an
Ile45Ser mutation, mapping to the N-terminal 3-
roll structure, also cause a constitutive overex-
pression of the PrfA regulon (Vega et al., 2004;
Wong and Freitag, 2004). Wong and Freitag
report that the mutation Leul40Phe results in
the aggregation of L. monocytogenes in broth
culture and, unlike previously described prfA
mutations, appears to be slightly toxic to the bac-
teria (Wong and Freitag, 2004). As shown by
Sheehan and colleagues, a Ser183Ala exchange
also leads to increased binding of PrfA causing
enhanced expression of virulence genes, whereas
a Ser184Ala exchange leads to decreased bind-
ing of PrfA to its target sequence and thus to
reduced expression of virulence genes (Sheehan
et al., 1996) (Fig. 45). Shetron-Rama and col-
leagues selected L. monocytogenes mutants
expressing high levels of actA during in vitro
growth after chemical mutagenesis (Shetron-
Rama et al., 2003). This led to the identification
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of two different amino acid substitutions within
PrfA (Glu77Lys and Glyl155Ser), which also
appear to lock PrfA in its activated state. Both
prfA Glu77Lys and prfA Glyl55Ser strains are
more efficient than wild-type bacteria in gaining
access to the host cell cytosol and in initiating the
polymerization of host cell actin, and both are
capable of mediating LL.O-independent lysis of
host cell vacuoles in cell lines for which L. mono-
cytogenes vacuole disruption normally requires
LLO activity (Mueller and Freitag, 2005). Posi-
tive selection of mutations leading to loss or
reduction of transcriptional activity of PrfA led
to the identification of mutations in three regions
of the PrfA protein: 1) between amino acids 58—
67 in the B-roll domain, 2) between amino acid
169-193, corresponding to the DNA-binding
HTH motif, and 3) in the 38 C-terminal amino
acids of PrfA, which form the putative leucine-
zipper-like structure. Mutations in the HTH
motif and the leucine-zipper-like structure lead
to PrfA proteins unable to bind to the PrfA-
binding site (Herler et al., 2001).

Physicochemical Parameters Influencing PrfA
A number of physicochemical parameters are
known to affect the expression of PrfA-
dependent genes. For example, elevated iron
concentrations in the medium repress transcrip-
tion of hly and actA, whereas growth in activated
charcoal-containing BHI or in minimum essen-
tial medium results in induction of prfA and
PrfA-dependent gene expression. Furthermore,
the presence and utilization of different carbohy-
drates has a remarkable impact on the virulence
of L. monocytogenes (Kreft and Vazquez-
Boland, 2001). For instance, growth on glucose-
1-phosphate (G-1-P) as sole carbon source is
strictly PrfA-dependent (Ripio et al., 1997a). It
was shown that the PrfA-dependent utilization
of this compound is necessary for efficient cyto-
solic replication of L. monocytogenes (Chico-
Calero et al., 2002). An interesting observation
is that metabolizable unphosphorylated sugars
inhibit the expression of PrfA-dependent viru-
lence genes. This mechanism was first discovered
with cellobiose, but later any fermentable carbo-
hydrate was found to trigger the downregulation
of PrfA-dependent virulence genes. CcpA
(catabolite control protein A) was suggested to
be an important element of carbon source regu-
lation in L. monocytogenes, but utilizable sugars
still downregulate the expression of Aly. In a
ccpA mutant, CcpA does not seem to be
involved in carbon source regulation of virulence
genes (Behari and Youngman, 1998). Inter-
estingly, in the presence of cellobiose, PrfA is
fully expressed, suggesting that PrfA is post-
transcriptionally modified (Renzoni et al., 1997)



452 N. Khelef et al.

and can switch between a transcriptionally active
and inactive form upon interaction with an hypo-
thetical activating factor (Renzoni et al., 1997,
Ripio et al., 1997b, Vega et al., 1998). This is also
suggested by the fact that L. monocytogenes
strains producing a constitutively active PrfA
form are refractory to sugar-mediated virulence
gene expression (Ripio et al., 1997a). Isolation of
mutants that exhibit high levels of PrfA-
controlled gene expression in the presence of
cellobiose or glucose led to the identification of
mutations in two different genetic loci, gcr and
csr, both unlinked to the major virulence cluster.
A mutation in gcr deregulates the expression of
PrfA-controlled genes in the presence of several
repressing sugars and other environmental con-
ditions, a phenotype similar to that of a
Glyl145Ser substitution in PrfA itself. A muta-
tion in the csr locus, within csrA, results in a
cellobiose-specific defect in virulence gene regu-
lation. Mutations in both gcr and csr are required
for full relief of cellobiose-mediated repression
of the PrfA regulon, suggesting the existence of
two semi-independent pathways for cellobiose-
mediated repression (Milenbachs Lukowiak et
al., 2004). Expression of prfA and hly in murine
macrophage-like J774.1 cells, with or without
activation by IFN-y plus LPS, showed that
expression of hly inside activated macrophage
was abolished by addition of SOD and catalase,
suggesting that reactive oxygen intermediates
contribute to the upregulation of prfA and hly
transcriptions. Moreover, exposure of L. mono-
cytogenes to H,O, dramatically enhanced the
expression of both prfA and hly mRNAs, sug-
gesting that oxygen radicals generated in acti-
vated macrophages provide a positive signal for
up-regulation prfA and the prfA-regulated viru-
lence genes in L. monocytogenes (Makino et al.,
2005).

The PrfA-regulon Analyzed at the Genome
Level The PrfA-regulon and the influence of
physicochemical factors on gene regulation by
PrfA have been studied at the complete genome
level by a transcriptomics approach (Milohanic
et al., 2003; Rauch et al., 2005). Using whole-
genome arrays based on the sequenced L. mono-
cytogenes EGDe strain (Glaser et al., 2001), the
expression profiles of two L. monocytogenes
wild-type strains (EGDe and P14*) were com-
pared to those of their prfA-deleted mutant
strains. The study of three different growth con-
ditions, rich-medium (BHI), BHI supplemented
with active charcoal, and BHI supplemented
with cellobiose allowed three groups of genes
differently regulated by PrfA to be identified.
One group included the already known virulence
genes and two newly identified genes (/mo2219
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and Imo0788), which all contain a PrfA-box.
These results indicate that the core set of genes
directly regulated by PrfA is quite small (i.e., in
the conditions tested, only 12 genes [hly, mpl,
actA, plcB, plcA, prfA, inlA, inlB, inlC, hpt,
Imo2219, and Imo0788]). Most interestingly, a
second group of genes encoding a putative sugar
transport system was shown to be negatively reg-
ulated by PrfA, indicating that PrfA can also act
as a repressor. The most surprising result was the
identification of a third group of 53 genes (group
3), which was regulated but did not contain a
PrfA binding site. In depth analysis revealed
sigma B like promoters in front of nearly all the
genes of this group 3, suggesting interplay
between PrfA and sigma B (Milohanic et al.,
2003). This finding is substantiated by a report by
Nadon and colleagues who reported the P,prfA
is a sigma B dependent promoter (Nadon et al.,
2002). A transcriptome analysis comparing a
wild-type and a sigB deleted mutant strain using
focused microarrays containing 208 putative
sigma B regulated genes and known L. monocy-
togenes virulence genes showed that sigma B reg-
ulates the stress response. It also confirmed the
previous implication of sigma B in regulation of
virulence functions (Kazmierczak et al., 2003).

Temperature Regulation of PrfA Expression
Pathogenic Listeriae face a sudden increase in
temperature during the transition from the envi-
ronment to a warm-blooded host. This tempera-
ture shift correlates with a maximal expression
of the virulence genes at 37°C but nearly no
expression at 30°C. The low expression of viru-
lence genes coincides with the absence of PrfA
protein, although the prfA gene is still transcribed
(Leimeister-Wachter et al., 1992; Renzoni et al.,
1997; Johansson et al., 2002). At low tempera-
tures, prfA is transcribed from its own promoter,
giving rise to a monocistronic prfA transcript. At
37°C, transcription originates both from the prfA
promoter and from the PrfA-dependent plcA-
promoter (Fig.46). However, the absence of PrfA
protein at temperatures lower than 30°C is not
due to a general untranslatability of the prfA
monocistronic messenger. The mechanisms
underlying thermoregulated production of PrfA
have recently been elucidated. At low tempera-
ture, the untranslated mRNA region (UTR) pre-
ceding prfA forms a secondary structure, which
masks the ribosome-binding site. At high temper-
ature, the structure is destabilized (Fig. 47). Thus,
a RNA “thermosensor” controls the expression
of virulence genes in L. monocytogenes (Johans-
son et al., 2002).

Regulation through Sigma Factors L. monocy-
togenes is predicted to contain only five sigma
factors in comparison to 18 in B. subtilis (Kunst
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Fig. 46. Transcription of the prfA (positive regulatory factor ) gene at both 20°C and 37°C. A) Schematic representation of
prfA transcription. The mono- and the bicistronic mRNA at 20°C and 37°C are indicated as dotted flashes under the map.
The intergenic region between plcA (phosphatidylinositol phospholipase C) and prfA are enlarged above the map indicating

the transcriptional start (+1) and the prfA-UTR (untranslated

region). B) Northern blot analysis of prfA transcription. Wild-

type L. monocytogenes strain LO28 was grown to late logarithmic phase in brain-heart infusion (BHI) media at either 20°

or 37°C. From Johansson et al. (2002), with permission.
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et al., 1997) and 13 in Mycobacterium tuberculo-
sis (Cole et al., 1998). These are similar to B.
subtilis SigA, SigB, SigH, SigLL (RpoN, sigma 54)
and ECF-type sigma factors. Sigma 54 of L.
monocytogenes has been described to be
involved in sensitivity to antibacterial peptides,
the subclass Ila bacteriocins (Robichon et al.,
1997). One sigma 54-dependent operon,
mptACD, has been characterized in details in L.
monocytogenes. Its expression is controlled by
the ManR activator, which belongs to the LevR
family (Dalet et al., 2001). The mptACD operon
encodes the AB, C and D subunits of a PTS
permease of the mannose family, EIItMan. The
lack of mptACD expression, in a mpt or a rpoN
mutant, leads to resistance of L. monocytogenes
to subclass Ila bacteriocins. The ElltMan per-
mease was thus proposed to be the receptor for
these antibacterial peptides (Dalet et al., 2001;
Duché et al., 2002; Gravesen et al., 2002). Study

Virulence gene
expression

of the role of the alternative sigma 54 factor by
comparing the global gene expression and the
protein content of L. monocytogenes strain
EGDe suggested that sigma 54 is mainly
involved in the control of carbohydrate metabo-
lism in L. monocytogenes via direct regulation of
the PTS activity, alteration of the pyruvate pool
and modulation of carbon catabolite regulation
(Arous et al., 2004).

The alternative sigma factor sigma B modu-
lates the stress response of several Gram-positive
bacteria, including Bacillus subtilis and the food-
borne human pathogens Bacillus cereus, L.
monocytogenes and Staphylococcus aureus. In all
these bacteria, sigma B is responsible for the
transcription of genes that can confer protection
to the cell against adverse conditions. Upon
exposure to stress, the stress has to be sensed and
signaled through a regulatory cascade, leading to
the activation of sigma B and, subsequently, to
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the transcription of the set of sigma B-regulated
genes (the Sigma B regulon). The encoded pro-
teins perform specific functions, which protect
the cell against stress. In L. monocytogenes,
sigma B was shown to have a role in growth and
survival under low temperatures, acid tolerance,
survival under environmental, energy, and intra-
cellular stress conditions (Becker et al., 2000;
Wiedmann et al., 1998; Chaturongakul and Boor,
2004). This condition is of special interest for
practical reasons, as chilled storage is often a
crucial factor in the preservation of minimally
processed foods. The deletion of sigB had only
very minor effects on virulence, as tested in ani-
mals models (Wiedmann et al., 1998), even
though several virulence factors in this organism
are under the control of sigma B (see below). The
bsh gene encoding the bile salt hydrolase and two
genes from the internalin family, which contrib-
ute to bacterial entry are partially sigma B-
dependent and also contribute to PrfA-mediated
virulence in Listeria monocytogenes (Kazmierc-
zak et al., 2003; Sue et al., 2003; Nadon et al.,
2002; Milohanic et al., 2003). Furthermore, the
central role of sigma B in the regulatory network
is illustrated by the fact that sigma B can control
other important regulatory proteins like the
RNA-binding protein Hfq in L. monocytogenes.
Hfq is thought to play a crucial role in the post-
transcriptional regulation of gene expression by
small RNAs and the dependency of this regulator
on sigma B adds another level of complexity to
the function of sigma B in L. monocytogenes
(Christiansen et al., 2004).

Animal Models

CONSIDERATIONS FOR THE CHOICE OF AN
ADEQUATE ANIMAL MoODEL An infection is a
multistep process integrating a number of host
and microbial variables. For this reason, compre-
hension of the pathophysiology of a human
infection necessitates an animal model in which
the infectious agent has the same cell and tissue
tropism as in humans. Similarly, an animal model
should allow observation of the same direct
effects and indirect immunopathological dam-
ages occurring in humans. Such a model should
allow testing the in vivo relevance of results
acquired using more reductionist in vitro
approaches. Ideally, both the microbial pathogen
and the animal model should be genetically ame-
nable, thus allowing assessment of the role of
critical microbial and host factors during the
infectious process. The genetic manipulation of
both the pathogen and the host may lead to a
better understanding of their respective contri-
butions in the complex interplay that results in
disease (Finlay, 1999; Harvill and Miller, 2000;
Lecuit and Cossart, 2002).

CHAPTER 1.2.11

Since animal listeriosis exists, animal species
naturally infected by L. monocytogenes can be
used as models to study the pathophysiology of
human listeriosis. However, this also implies
important technical limitations: the animals
developing a disease closely resembling human
listeriosis are not classical laboratory animals
such as the rat or the mouse but rather farm
animals such as sheep, cattle and goats. As for
other human diseases, the murine model became
the most widely used animal model in mammal
biology. Indeed, mice have all the necessary
qualities to make them good laboratory animals:
smallness, resistance and adaptation to captivity,
easy reproduction, abundant offspring, short ges-
tation period, and a physiology and pathophysi-
ology in most respects comparable to humans.
However, certain human pathogens are not
mouse pathogens, and mouse disease induced by
human pathogens can be manifestly different
from the actual human disease. With this in mind,
the mouse is frequently regarded as an unsatis-
factory model for the study of human infectious
diseases, which still continues to be used in the
absence of better models (Lecuit and Cossart,
2002).

A review of the literature did not find reports
of symptomatic natural L. monocytogenes infec-
tion in mice and rats. Experimentally, the mouse,
like the rat, which is phylogenetically extremely
close to the mouse species, cannot be easily
infected with L. monocytogenes by the oral route.
Most studies using mice or rats fail to induce a
reproducible lethal infection after oral infection
with L. monocytogenes, even using extremely
high inocula (Zachar and Savage, 1979; Roll and
Czuprynski, 1990; Okamoto et al., 1994; Gaillard
et al., 1996; MacDonald and Carter, 1996; Marco
et al., 1997; Pron et al., 1998; Huleatt et al., 2001;
Manohar et al., 2001). This implies that one has
to consider with caution results of in vivo studies
using dose-response mathematical models to
determine the theoretical lethal dose in humans
after oral ingestion of contaminated food (Haas
and Thayyar-Madabusi, 1999).

To circumvent the low susceptibility of mice
infected via the oral route, alternate routes of
administration were used, although they do not
mimic the natural route for infection. They
include intravenous and intraperitoneal, or more
rarely intranasal, subcutaneous, conjunctival,
intracardiac or intracerebral routes, not only in
mice but also in guinea pigs, rabbits and sheep
(Kautter et al., 1963; Racz et al., 1970; Khan et
al., 1972; Dustoor et al., 1977; Scheld et al., 1979;
Prats et al., 1992). In mice, inoculation via the
intravenous rather than the oral route can pro-
duce a lethal infection, and thus allows the deter-
mination of the LDs, and comparison of the
virulence of various mutants. This route of
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administration was particularly instrumental in
characterization of most L monocytogenes viru-
lence genes (Gaillard et al., 1986; Kathariou et
al., 1987; Cossart et al., 1989b; Domann et al.,
1992; Kocks et al., 1992; Raveneau et al., 1992).
It also allowed demonstrating that immunosup-
pression, young age and gravidity were associ-
ated with a reduced LDs,. Finally, it revealed
granulomatous hepatitis due to intravenously-
acquired murine listeriosis was similar to that
observed in granulomatosis infantiseptica (Luft
and Remington, 1982; Stelma et al., 1987; Gen-
ovese et al., 1999). However, this symptomatic
septicemic infection seems different from what is
observed in the human species, for which the
phase preceding the feto-placental or CNS infec-
tion is mostly clinically silent.

Infection by the intravenous route in the
mouse model also allowed the discovery of cel-
lular immunity and its cellular basis (CD8+ lym-
phocytes) (Mackaness, 1962; Mackaness and
Hill, 1969; North, 1969; Pearson and Osebold,
1973; Kaufmann, 1988). The pioneering studies
carried out by Mackaness in the 1960s made L.
monocytogenes one of the best-characterized
and most instrumental models of intracellular
microbes (Mackaness, 1962; Mackaness and Hill,
1969). However, the low capacity of L. monocy-
togenes to infect mice via the oral route has lim-
ited the use of L. monocytogenes to the field of
systemic immunity at the expense of mucosal
immunity. This model of infection also made it
possible to demonstrate that genetic background
played a part in the susceptibility to L. monocy-
togenes, since BALB/c mice are more sensitive
to L. monocytogenes than C57 BL/6 following
intravenous inoculation (Cheers and McKenzie,
1978). The molecular mechanisms underlying
these susceptibility differences are unknown.
Their identification should lead to a better
understanding of the human inter-individual
variation in susceptibility to L. monocytogenes
(Boyartchuk et al., 2001).

ADDRESSING THE SPECIES-SPECIFICITY OF L.
MONOCYTOGENES IN ANIMAL MODELS A number
of human pathogens exhibit stringent host spec-
ificity. For some of them, the molecular basis of
their restricted host-tropism has been at least
partially deciphered. It implicates the species-
specific interaction of a microbial ligand with its
cellular receptor(s), as demonstrated for viruses
such as the poliovirus, the measles virus, HIV
and hepatitis C virus, but also for bacteria such
as Neisseria gonorrhea and Neisseria meningiti-
dis, and more recently L. monocytogenes (Dal-
gleish et al., 1984; Mendelsohn et al., 1989; Dorig
et al., 1993; Alkhatib et al., 1996; Dragic et al.,
1996; Virji et al., 1996; Chen et al., 1997; Gray-
Owen et al., 1997; Pileri et al., 1998; Lecuit et al.,
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1999; Lecuit et al., 2001b). Study of a species-
specific ligand-receptor interaction, thought to
play a critical role in human infection, should be
possible in an animal model that allows this
interaction to occur. Two possibilities exist to
establish such a model: the simplest one is to
identify an animal species in which the interac-
tion does occur (such as cattle, sheep and goats
for L. monocytogenes) and to use it as a model.
A more sophisticated approach is to generate a
genetically modified animal, generally a trans-
genic mouse line that expresses the human
receptor and to look at the effect of the trans-
gene expression on the infectious process. The
human receptor can be expressed either in place
of or in addition to its nonfunctional mouse
orthologue, either ubiquitously or under the con-
trol of a tissue-specific promoter that drives
expression of the transgene in the cell types tar-
geted by the pathogen during the human infec-
tion (Lecuit and Cossart, 2002).

As mentioned above, in mice, oral inoculation
is a very inefficient way to trigger systemic liste-
riosis, because L. monocytogenes translocation
across the intestinal barrier is low and not higher
than that of the closely related nonpathogenic
species L. innocua. The few detectable foci of
bacterial multiplication are restricted to Peyer’s
patches, areas that contain M-cells, i.e., cells pos-
sessing a phagocytic activity. Thus, L. monocyto-
genes is not an enteropathogen for mice.
Moreover, in mice, the brainstem and the feto-
placental unit do not appear as elective targets,
as is the case in humans (M. Lecuit, unpublished
results).

Following mouse intravenous inoculation,
LLO, ActA, PLC-A, and PLC-B but not interna-
lin act as virulence factors. Indeed, despite the
well-established prominent role of internalin in
the internalization process in vitro, its role in
vivo has long remained elusive since an interna-
lin mutant behaves as its wild-type parent after
mouse intravenous or oral inoculation.
Strikingly, shortly after the discovery of human
E-cadherin as the internalin receptor, it was
established that, in contrast to human E-cad-
herin, mouse E-cadherin is unable to promote
entry of L. monocytogenes into cells. This speci-
ficity was shown to depend on a single amino
acid of the mature E-cadherin peptidic chain, the
sixteenth, which is proline in humans and
glutamic acid in mice. This result led to the con-
clusion that L. monocytogenes exhibits a species-
specificity towards its host, and that the mouse
model is inappropriate to study internalin func-
tion (Lecuit et al., 1999). Similarly, InIB was
shown to be species-specific being able to pro-
mote entry and ruffling in human and mice cells
but not in guinea pig and rabbit cells. As a con-
sequence, no role could be demonstrated for
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InIB in guinea pigs and rabbit infections
although it played a role in liver and spleen col-
onization in mice (Khelef et al., in press).

A more appropriate animal species for study-
ing the putative role of internalin interaction
with E-cadherin in vivo turned out to be the
guinea pig. Indeed, internalin-dependent entry
of L. monocytogenes was demonstrated in cul-
tured guinea pig cells expressing E-cadherin,
harbouring a proline at position 16 as human E-
cadherin (Lecuit et al., 1999). Moreover, induc-
tion of a gastroenteritis by L. monocytogenes
resembling that observed in humans was
observed in the guinea pig (Racz et al., 1972;
Dalton et al., 1997; Pron et al., 1998; Aureli et al.,
2000; Lecuit et al., 2001b). In addition, it is able
to cross the intestinal barrier and induce a dose-
and internalin-dependent lethality following dis-
semination into the systemic circulation (Lecuit
et al., 2001b). Yet, this model remains inappro-
priate to study concomitantly the role of both
InlA and InlB. To investigate the role of the
internalin-E-cadherin interaction in the ability of
L. monocytogenes to cross the intestinal barrier,
a transgenic mouse model was generated. The
human E-cadherin cDNA was placed under the
control of the promoter of the intestinal fatty
acid binding protein (iFABP) gene, which is
exclusively active in post-mitotic nonprolifera-
tive small intestinal enterocytes. In this trans-
genic model, L. monocytogenes directly targets
enterocytes by interacting with enterocytic E-
cadherin. This interaction leads to L. monocyto-
genes internalization into these cells and allows
the subsequent crossing of the intestinal barrier,
followed by bacterial multiplication in the small
intestine lamina propria, and dissemination to
mesenteric lymph nodes, liver and spleen (Fig.
48). This is the first transgenic model to reveal
the role of a bacterial virulence factor and to
demonstrate its critical implication in a key step
of an infection process. The enterocyte-restricted
human E-cadherin expression has been critical
to demonstrating at a molecular level the direct
in vivo targeting of enterocytes by L. monocyto-
genes and the genuine enteropathogenicity of L.
monocytogenes. Furthermore, this transgenic
model not only provides the molecular explana-
tion for the innocuity of L. monocytogenes in
mice following oral infection but also explains
the enteropathogenicity of L. monocytogenes in
guinea pigs, and most probably in humans
(Lecuit et al., 2001b). A mouse model for orally
acquired listeriosis is now available. The host
response to listeriosis can now be studied in
depth from its starting point (the intestinal
lumen) using the combined approaches of micro-
bial genetics, transgenesis, gnotobiology, and
functional genomics, coupled to laser capture
microdissection, as described in the study of host
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Fig. 48. Listeria monocytogenes multiplication within the
lamina propria of a small intestinal villus of an iFABP-hEcad
(intestinal fatty acid binding protein-human E-cadherin)
transgenic mouse 48 h after intragastric inoculation. A sec-
tion through the small intestine of an iFABP-hEcad trans-

genic mouse is immunolabeled with rabbit anti-L.
monocytogenes R11 polyclonal antibody and the Listeria are
revealed with anti-peroxidase antibodies (red). Listeria
monocytogenes have crossed the intestinal barrier and repli-
cate in the lamina propria, a phenomenon that is never
observed in nontransgenic mice. Scale bar 10 um. From
Lecuit et al. (2001b), with permission.

responses to commensal bacteria by Hooper and
Gordon (2001). The availability of the L. mono-
cytogenes genome, together with that of its
nonpathogenic counterpart L. innocua, will
probably be very helpful in identifying additional
virulence factors in this new model. This system,
however, as the models for human viral infec-
tions presented above, has its limits. These were
anticipated when the transgenesis strategy was
designed. Indeed, since human E-cadherin
expression is restricted to enterocytes in the
iFABP-human E-cadherin transgenic mice, the
role of other cell types expressing E-cadherin
(such as dendritic cells, hepatocytes, microvascu-
lar endothelial cells, epithelial cells of the chor-
oid plexus, and cytotrophoblastic cells, all of
which are putative L. monocytogenes targets
during human listeriosis) cannot be addressed.
Mice overcoming this limitation are now being
generated by changing the codon for glutamic
acid 16 of mouse E-cadherin at the endogenous
mouse E-cadherin locus Cdhl on chromosome 8
into a codon for proline. This unique change in
murine E-cadherin has indeed been shown to be
sufficient to convert mouse E-cadherin into an
internalin receptor in transfected cultured cells
expressing this modified Glul6Pro mouse E-cad-
herin (Lecuit et al., 1999). The new transgenic
mouse line should permit the study of the tro-
pism of L. monocytogenes for the CNS and the
feto-placental unit (which is responsible for the
lethality of human listeriosis) and to further
investigate the role of internalin E-cadherin
interaction in extraintestinal tissues. This model
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should also allow addressing the role of InlB in
mice after oral infections. The importance of
these future studies is emphasized by the results
of our recent epidemiological investigations,
which showed that 100% of L. monocytogenes
isolates obtained from pregnancy-associated list-
eriosis and collected in a one-year period express
a functional internalin, whereas only 65% of
food isolates collected during the same period
express functional internalin. These results
strongly argue in favor of a role for internalin in
crossing the maternofetal barrier (Jacquet et al.,
2004). This hypothesis has now been confirmed
experimentally (Lecuit et al.,2004). Recent stud-
ies using different L. monocytogenes strains
reveal that, in contrast to strains from other sero-
vars, serotype 4b epidemic strains appear to be
able to cause systemic infection in mice infected
orally. This suggests that serovar-specific viru-
lence factors might be playing a role in mouse
susceptibility to orally acquired listeriosis. These
observations highlight that the properties of an
animal model may vary from strain to strain of a
single bacterial species (Czuprynski et al., 2003).

Comparative Genomics

Comparative genomics and related technologies
are helping to unravel the molecular basis of
pathogenesis, host range, evolution and pheno-
typic differences of Listeriae. The first applica-
tion of genomics to Listeria research was the
determination by a consortium of 10 European
laboratories of the complete genome sequences
of the pathogen L. monocytogenes (strain
EGDe) and the closely related nonpathogenic
species L. innocua (strain CLIP11626) (Glaser et
al.,2001). The availability of these two sequences
(see ListiList Worldwide Web Server (http:/
genolist.pasteur.fr/ListiList/)) opens the way to
comparative and functional genomics and the use
of new approaches like bioinformatics, microar-
rays and proteomics to gain functional informa-
tion (Fig. 49). Additional sequence information
is available as a second L. monocytogenes isolate,
strain F2365 (Scott A), is being sequenced by the
TIGR {Technical Institute of Genomic Research}
in collaboration with the USDA. Furthermore,
the determination of the genome sequences of L.
ivanovii, L. seeligeri, L. welshimeri and L. grayi
strains by the German PathoGenomik network
in collaboration with the Institut Pasteur are
nearing completion. The availability of these dif-
ferent genome sequences of Listeriae will pave
the way for in-depth comparative genomics
and the identification of unknown virulence
determinants.

THE GENOME SEQUENCE OF L. MONOCYTOGENES
EGDE anp L. invocua CLIP11262 The L.
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Fig. 49. Circular genome maps of L. monocytogenes EGD-e
and L. innocua CLIP 11262 showing the position and orien-
tation of genes. Circle 1 and 2, L. innocua and L. monocyto-
genes genes on the + and — strands, respectively. Listeria
innocua genes, green; L. monocytogenes genes, red; genes
specific for L. monocytogenes or L. innocua, black; rRNA
operons, orange; and prophages, purple. Numbers on the sec-
ond circle indicate the position of known virulence genes: 1,
virulence locus (prfA-plcA-hly-mpl-actA-plcB); 2, clpC; 3,
inlAB; 4, iap; 5, dal; 6, cIpE; 7, lisRK; 8, dat; 9, inlC; 10, arpJ;
11, clpP; 12, ami; and 13, bvrABC. Circle 3, G/C bias (G1C/
G-C) of L. monocytogenes. Circle 4, G1C content of L.
monocytogenes (32.5% G1C in light yellow, 32.5-43.5% in
yellow, and >43.5% G1C in dark yellow). The scale in mega-
bases is indicated on the outside of the genome circles, with
the origin of replication at position 0. From Glaser et al.
(2001), with permission.

monocytogenes EGDe genome comprises
2,944,528 bp with an average G+C content of
39% and 2853 predicted protein-coding genes.
The L. innocua CLIP11626 chromosome is
3,011,209 bp long with an average G+C content
of 37% and 2981 predicted protein-coding genes
(Glaser et al., 2001). Analysis of the two Listeria
genomes allowed common and particular fea-
tures of Listeriae to be determined, as well as
differences between a pathogenic and a non-
pathogenic Listeria strain. One interesting com-
mon feature is the finding that 2587 of the 2853
L. monocytogenes genes have an orthologue in
the L. innocua genome (Glaser et al., 2001). Fur-
thermore, a perfect conservation of the order as
well as the relative orientation of these ortholo-
gous genes was identified, indicating a high sta-
bility in the genome organization of Listeriae
and a close phylogenetic relationship of the two
Listeria genomes (Buchrieser et al., 2003). How-
ever, despite this high number of common genes,
considerable differences in gene content exist
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between the two Listeria genomes, some of
which are undoubtedly related to the ability of
L. monocytogenes to cause disease in humans
and animals.

A particular feature of the Listeria genomes is
the presence of an exceptionally large number of
surface proteins, as 4.8% of all predicted genes
of L. monocytogenes EGDe and 4.3% of the L.
innocua genome code for surface proteins. Inter-
estingly, the differences between the two Listeria
genomes are also the most pronounced within
genes encoding surface proteins, in particular
among those that encode proteins possessing
a peptidoglycan anchoring domain (LPXTG
motif) (Navarre and Schneewind, 1999). The L.
monocytogenes EGDe genome encodes 41 such
proteins, 19 of which are absent from the L.
innocua CLIP11626 genome. In contrast L.
innocua contains 34 LPXTG proteins, 14 of
which are L. innocua CLIP11626 specific (Glaser
et al., 2001; Cabanes et al., 2002). The difference
in surface proteins may be related to the addi-
tional capacity of L. monocytogenes to interact
with various eukaryotic cell types.

Besides surface proteins, an abundance of
transport proteins (331 genes in L. monocytoge-
nes EGDe and 313 in L. innocua CLIP11626)
and an extensive regulatory repertoire (209
genes in the L. monocytogenes EGDe and 203 in
L. innocua) are characteristic for the Listeria
genomes. These data correlate with the capacity
of Listeria to adapt and respond to a wide variety
of different environments and to its property to
colonize a broad range of ecosystems. A high
percentage of the encoding capacity of the two
Listeria genomes is dedicated to transport pro-
teins (11.6% and 11.4%, respectively) and to reg-
ulatory proteins (7.3% and 7.1%, respectively).
However, the differences between the two List-
eria genomes are not as pronounced as the
differences identified in the surface protein rep-
ertoire, suggesting their implication primarily in
specific features common to the lifestyle of List-
eriae outside a mammalian host.

SPECIES-SPECIFIC GENES AND STRAIN-SPECIFIC
GENES: A GroBaL VIEw The genome compari-
son of L. monocytogenes EGDe and L. innocua
CLIP11626 identified a conserved genome orga-
nization and a high number of orthologous
genes, but it also revealed the presence of 270 L.
monocytogenes EGDe-specific genes (9.5%) and
149 L. innocua CLIP11626-specific genes (5%),
when prophages were not taken into account.
The L. monocytogenes EGDe-specific genes are
present in 100 DNA fragments scattered
throughout the entire chromosome, and the L.
innocua CLIP11626 specific genes are clustered
in 63 regions containing 1-7 genes (Glaser et al.,
2001; Buchrieser et al., 2003). This particular
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organization of a number of small regions within
the Listeria genomes suggests that multiple
acquisition, but also deletion events, have led to
the present genome content. The question arises
now whether these genes (e.g., the 41 genes of L.
monocytogenes EGDe encoding for surface pro-
teins with a LPXTG motif) are consistently
present in all L. monocytogenes isolates or
whether further differences exist among the dif-
ferent L. monocytogenes strains. To this end
additional sequence information and compara-
tive genomic approaches using the DNA-array
technique were employed. Listeria monocytoge-
nes strains belonging to different sub-groups
other than the EGDe strain (serovar 1/2a), e.g.,
serovar 4b strains, exhibit considerable differ-
ences in their gene content. Indeed, about 8% of
the genes are specific to this group of strains but
absent from L. monocytogenes serovar 1/2a
(Doumith et al.,2004a). These results are in line
with a previous report (Herd and Kocks, 2001)
that identified 39 specific gene fragments for the
epidemic L. monocytogenes strain F4565 as com-
pared to L. monocytogenes EGDe using a sub-
tractive hybridization method. When comparing
genes encoding for different protein families
among the three Listeria strains sequenced (L.
monocytogenes EGDe, L. monocytogenes sero-
var 4b, and L. innocua CLIP11262), the impor-
tance of the surface protein encoding genes, in
particular those with a LPXTG anchor motif,
was clearly underlined. Genes encoding proteins
belonging to the LPXTG family showed the
most pronounced differences among the strains.
We identified a core gene pool of 20 genes
encoding for LPXTG proteins and specific ones
in each strain. This indicates that this protein
family might be strongly implicated in strain-
specific and species-specific features of Listeriae.
These findings were further substantiated by the
results obtained from DNA-DNA hybridization
of 93 L. monocytogenes strains and 20 strains
belonging to the remaining five species of the
genus Listeria using DNA-arrays (Doumith et
al., 2004a). Again, the distribution of surface-
protein encoding genes was very heterogeneous.
However, each sub-group within the species L.
monocytogenes was characterized by the pres-
ence of specific surface protein-coding genes and
only a small group is consistently present in all
the L. monocytogenes isolates tested. For
instance, differences among genes encoding
phosphotransferase system (PTS) components
or regulatory proteins were much less pro-
nounced, suggesting that they account less for
intra- or inter-species differences (Doumith et
al., 2004a). These results further provide an
explanation why previous studies have found an
association between various characteristics of L.
monocytogenes and serovars, leading to the def-
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inition of three lineages within the species L.
monocytogenes, which are correlated with sero-
vars, suggesting that this association is due to an
evolutionary differentiation.

Analysis of the hybridization profiles of differ-
ent strains revealed distinct patterns of gene
presence and absence in different subgroups of
L. monocytogenes and also allowed identifica-
tion of 30 L. monocytogenes-specific and several
serovar-specific marker genes (Doumith et al.,
2004a). Based on these results, four serovar-
specific marker genes were selected and
exploited to design a multiplex PCR, allowing
the differentiation of the major Listeria monocy-
togenes serovars (Doumith et al., 2004b). These
patterns and markers should further prove to be
powerful tools for the rapid tracing of listeriosis
outbreaks by PCR for instance, but they also
provide a basis for the functional study of viru-
lence differences between L. monocytogenes
strains. These marker genes and the specific
primers are available at Website of Genomic of
Microbial Pathogens Unit at Institut Pasteur
(http://www.pasteur.fr/recherche/unites/gmp/
sitegmp/biodiversitylist. html).

A similar approach using a shotgun microar-
ray and DNA-DNA hybridization corroborated
these results by identifying genes specific for L.
monocytogenes serovar 1/2a as compared to L.
monocytogenes serovar 4b and 1/2b strains
(Zhang et al., 2003). Based on prfA virulence
gene cluster sequences from 113 L. monocytoge-
nes isolates, the presence of three evolutionary
lineages among the species L. monocytogenes
was confirmed and it was shown that the human
epidemic associated serotype 4b is prevalent
among strains from lineage 1 and lineage 3
(Ward et al, 2004). These results also
allowed to develop a PCR-based test for lineage
identification.

These different genomic approaches applied
to the genus Listeria provide for the first time a
global view and a more complete knowledge of
the gene distribution and the genetic content
present in the gene-pool of the genus Listeria.
This information represents a fundamental basis
for functional studies to better understand phe-
notypic and virulence differences between L.
monocytogenes strains.

Unsolved Questions and
Concluding Remarks

In nearly two decades, Listeria has become one
of the best-documented intracellular bacteria.
Our knowledge of the bacterial factors contrib-
uting to infection is increasing daily. Yet under-
standing the function of the many factors
encoded by the genome, involved or not in viru-
lence, will require years of work. When are they

Listeria monocytogenes and the Genus Listeria 459

expressed, to which regulators are they sub-
jected, when are they active? What is the func-
tion of the intergenic regions? Are there some
small RNAs involved in virulence? All these
questions will require the help of system biology
and large-scale genomic analysis.

Several groups are also now addressing bio-
diversity issues. It is clear that we do not have yet
an answer to the question of why some strains
are more epidemic than others. However, this
information should be available soon, and genes
and factors absolutely required for human infec-
tion, in addition to the well-established virulence
markers LLO and ActA, should be identified
soon and fully characterized. Information will
also come from large epidemiological studies
such as those showing that a complete and
functional internalin is as critical as LLO for
pathogenesis in humans (Jacquet et al., 2004;
Rousseaux, 2004). More interestingly, all serovar
4b strains have a functional internalin, which is
not the case for strains of other serovars (Jacquet
et al., 2004).

A point that remains unclear is what the infec-
tive dose for humans? This is unknown and obvi-
ously depends on many individual factors and in
particular on the immune status of the host.
While ongoing research on adaptive immunity to
Listeria infections is highly documented (Lara-
Tejero and Pamer, 2004), efforts to understand
the innate response to Listeria are now a priority.

Progress was accomplished to understand how
Listeria cross barriers. We now know that inter-
nalin is used to cross both the intestinal and pla-
cental barriers. How does Listeria cross the
blood brain barrier? There are arguments to pre-
dict that internalin may also be used, but the ad
hoc animal model is not yet available.

Listeria is one of the “stars” in cellular micro-
biology (Cossart and Sansonetti, 2004). Its
behavior, when in contact with the cell or when
spreading intra- and intercellularly, is one of the
most sophisticated bacterial behaviors. Many
cellular factors contributing to infection have
been identified. It is clear that what is lacking
now is the spatiotemporal description of all these
events at the cellular level, as well as in vivo. All
the new in vivo imaging techniques are there. We
just need to use them!

In conclusion, it is good that this chapter can
be electronically corrected. We are at a period
where information is constantly changing, and
we still have a lot to learn by studying this amaz-
ing organism.
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