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Abstract

Deciphering howListeria monocytogenesxploits the host cell machinery to invade mammalian cells during infection is
a key issue for the understanding how this food-borne pathogen causes a pleiotropic disease ranging from gastro-enteritis t
meningitis and abortions. Using multidisciplinary approaches, essentially combining bacterial genetics and cell biology, we
have identified two bacterial proteins critical for entry into target cells, InlA and InIB. Their cellular ligands have been also
identified: InlA interacts with the adhesion molecule E-cadherin, while InIB interacts with the receptor for the globular head
of the complement factor C1q (gC1g-R), with the hepatocyte growth factor receptor (c-Met) and with glycosaminoglycans
(including heparan sulphate). The dynamic interaction between these cellular receptors and the actin cytoskeleton is currently
under investigation. Several intracellular molecules have been recognized as key effedtistefa entry into target cells,
including catenins (implicated in the connection of E-cadherin to actin) and the actin depolymerising factor/cofilin (involved in
the rearrangement of the cytoskeleton in the InIB-dependent internalisation pathway). At the organism level, species specificity
has been discovered concerning the interaction between InlA and E-cadherin, leading to the generation of transgenic mice
expressing the human E-cadherin, in which the critical role of InlA in the crossing of the intestinal barrier has been clearly
determinedListeriaappears as an instrumental model for addressing critical questions concerning both the complex process of
bacterial pathogenesis and also fundamental molecular processes, such as phagbeyitsitis article: J. Pizarro-Cerda
etal., C. R. Biologies 327 (2004).
0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Exploitation du cytosquelette et de la machinerie de signalisation de la cellule héte pendant I’entrée de Listeria
monocytogenes. Comprendre commeritisteria monocytogenesxploite la machinerie de la cellule héte pour rentrer dans
les cellules de mammiferes pendant I'infection est essentiel pour comprendre comment ce pathogene est capable de causer u
infection générale, qui va de la gastro-entérite a la méningite et a I'avortement. En utilisant des approches multidisciplinaires,
qui associent la génétique bactérienne a la biologie cellulaire, nous avons identifié deux protéines bactériennes essentielles po
I'entrée delListeria dans les cellules cibles : InlA et InIB. Leurs récepteurs cellulaires ont été identifiés : InlA interagit avec
la molécule d’adhésion E-cadhérine, et InIB interagit avec le récepteur du premier composant de la cascade du complémen
Clq (gC1g-R), le récepteur du facteur de croissance hepatocytaire (c-Met) et avec les glycosaminoglycanes (y compris les
I’héparines sulfates). L'interaction dynamique entre ces récepteurs et le cytosquelette d’actine est actuellement en cours d’étude
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plusieurs molécules intracellulaires ont été reconnues comme essentielles pour I'ehtséerdadans les cellules, par exemple

les caténines (impliquées dans la liaison de la E-cadhérine a I'actine) et le facteur de dépolymérisation de I'actine, la cofiline
(nécessaire aux réarrangements du cytosquelette observés lors de I'entrée InIB-dépendante). Linteraction InlA/E-cadherine
s’est révélée spécifique d’'espéce, et a mené a la génération de souris transgéniques exprimant I'E-cadhérine humaine &
niveau de l'intestin et a la démonstration du role clé d’'InlA dans la traversée de la barriére intekistat@a est un modele
expérimental de choix pour I'étude des processus infectieux complexes ainsi que pour I'élucidation de processus moléculaires
fondamentaux, comme la phagocytoBeur citer cet article: J. Pizarro-Cerda et al., C. R. Biologies 327 (2004).
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1. Introduction meningitis, abortions and severe gastroenteritis [11].

Such diverse clinical symptoms are related to one crit-
Several microbial pathogens have developed differ- ical feature of this microorganisnisteriais able, as

ent — and however convergent — evolutionary strate- stated above, to induce its own internalisation into dif-

gies to invade and replicate in the intracellular mi- ferenttypes of cells including professional phagocytes

lieu of eukaryotic cells, escaping from specific host (macrophages) as well as non-professional phagocytes

immune-system defenses such as antibodies, comple{enterocytes, hepatocytes, etc.) [12]. This attribute en-

ment or NOD molecules [1,2]. Members of thy- dows Listeria with the capacity to traverse three hu-

cobacterium, Salmonella, Legionella, Chlamydiad man barriers — the intestinal, the blood-brain and the

Brucellaspecies use diverse approaches to enter into feto-placental barriers — explaining the pleiotropy of

target cells, such as receptor-mediated phagocytosis patho-physiological outcomes associated with listerio-

macropinocytosis or coiling phagocytosis. Once in- Sis.

side host cells, these microorganisms modify their pri-

mary phagosomal vacuoles, generating compartments

in which pathogen multiplication can take place [3—7]. 3. Main Listeria effectorsrequired for the

The Shigella, Rickettsiaand Listeria species also  intracellular life cycle

invade cells through different entry pathways, but

have developed an original strategy to handle the The use of several in vitro approaches has per-

damaging mechanisms of phagocytosis: they lyse their mitted the identification of the main bacterial fac-

internalisation compartments and escape directly to tors required for the intracellular life cycle dfis-

the host cell cytoplasm where they polymerise the teria (Fig. 1). Invasion of host cells occurs through

cellular actin and spread from cell to cell [8-10]. the association of at least two bacterial surface pro-
In this review we will focus on exploitation of the  teins belonging to the family of internalins, InlA and
host cell machinery by isteria monocytogenethat InIB, with their specific cellular receptors E-cadherin

permits the invasion of different types of target cells by and c-Met (see below for details). This interaction
manipulating and diverting several cellular receptors leads to a receptor-mediated phagocytosid isfe-
and engaging the actin cytoskeleton in interactions that ria in a tight phagocytic vacuole. A pore-forming
lead to infection. toxin, listeriolysin O (LLO), lyses then the membrane-
bound compartment, allowing the pathogen to reach
the host-cell cytoplasm. In this new environment,
2. Theinfection by Listeria monocytogenes Listeria is able to proliferate and also polymerises
the cellular actin through the activity of the protein
Listeria monocytogenes a food-borne pathogen  ActA: the bacteria now move randomly inside infected
that affects essentially immuno-compromised individ- host cells and can even reach neighbouring cells by
uals and is associated with several pathologies, such aformation of protrusions. These membranous exten-
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I of LPXTG proteins to the proteoglycan [17]. |Aste-

: T T iyesort ria mutant presenting a deletion of the sortase A gene
shows a diminished survival in the guinea pig com-
paredto an InIA mutant, suggesting thatindeed other
LPXTG molecules (belonging or not to the internalin
family) could be involved in cellular invasion. This hy-
pothesis is also highlighted by the fact thatialAB
Listeria mutant presents a residual level of internali-
sation, suggesting again that other surface-associated
. proteins are necessary for entry.

S N InIB, the second member of the internalin family
Intracellular mouvement . . .
showed to be required for invasion of a broad range
of cellular targets [18], is attached loosely to the
_Fig. 1. Intr_acellular infectioys cycle oIf_iste_ria monocytogenes lipoteichoic acids of the bacterial cell wall through
:Ed?;Z?;?zfg tgft";r%?f;ﬁgi | factors required for each step are C-terminal domain that contains repeats of 80
amino-acids carrying the Gly—-Trp (GW) dipeptide
) o motif at their starting sequence [19]. This protein
sions (formed initially by a the plasma membranes s consequently easily released in the supernatant of
of both the primary- and secondary-infected cells) are st isteria strains [20]. Interestingly, sonlssteria
lysed by two additional bacterial toxins, PICA and  strajns present an InlA molecule carrying a mutation at
PIcB. The bacteria are found in the cytoplasm of the {he | PXTG motif that prevents its covalent linkage to
secondary-infected cell and the intracellular cycle can he proteoglycan and also promoting its release to the
start again [12]. external milieu [21]. However, only strains expressing
The actin-based motility oListeria has been re-  the full-length InlA are detected in clinical isolates
viewed extensively elsewhere [13]. We will discuss from human listeriosis [22].
here in detail the molecular players and the known sig- Initially, the study of transposon-inducddste-
nalling events involved in the invasion of host cells by iz mutants that were non-invasive in known target
Listeria. cells permitted the identification of the internalins as
bacterial-encoded factors involved in invasion [15].
Subsequently, the coating of latex beads with ei-
4. Theinternalin family ther InlA or InIB, or their expression in the non-
invasive specied.isteria innocuademonstrated that
The recent sequencing of thésteriagenome [14] these molecules (and in particular, their LLR mo-
revealed the presence of 24 proteins belonging to the tifs) are sufficient to promote internalisation [23—25].
family of internalins, which are proteins characterised These properties enabled later independent studies of
by the presence of different numbers of leucine-rich the InlA- and InIB-internalisation pathways.
repeats (LRR) at their amindV()-terminal region, fol-
lowed by an inter-repeat (IR) region and diverse car-
boxyl (C)-terminal motifs. InlA, the first molecule 5. ThelnlA-internalisation pathway: the
of this family revealed to mediate invasion into host InlA/E-cadherin interaction allows crossing of the
cells [15], presents at it€'-terminus the Leu—-Pro— intestinal barrier
X=Thr-Gly (LPXTG) motif that permits the covalent
linkage of the protein to the bacterial peptidoglycan. The first cellular receptor ever identified for any
Listeriaencodes 41 LPXTG proteins (only 19 of these bacterial invasion protein was the integnBgl, the
molecules belong to the internalin family), which are receptor for the invasin ofersinia enterocoliticaan
potential surface-associated molecules that could be affinity chromatography approachwas used to perform
involved in interactions with target host cells [16]. this identification by running cellular extracts of target
An enzyme named sortaseA achieves the anchoringcells over an invasin column [26]. A similar method
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was used successfully to isolate the receptor for InlA,
E-cadherin, a member of the broad cadherin family of
adhesion molecules [27]. E-cadherin is a transmem-
brane molecule that is involved in the formatioreaf-
herensjunctions in polarized epithelial cells through
homophilic interactions of E-cadherin dimers located
both on the basolateral sides of adjacent cells. Genetic
and biochemical studies have revealed that the LRR
domain of InlA interacts with the outmost extracellular
domain of E-cadherin [28]. A proline at position 16 of
the E-cadherin is critical for its interaction with InlA,

as revealed by the fact that species that express a dif-
ferent residue at this position (for example, glutamic
acid in the case of the mouse species) are not permis-
sive to infection by translocation across the intestinal
barrier, as opposed to humans and guinea pigs [10,29,
30]. The recent crystallography of the InlJA/E-cadherin
complex demonstrated that the proline at position 16
coincides with the only incomplete leucine-rich repeat
on InlA, confirming the exquisite specificity of this in-
teraction [31].

The cytoplasmic domain of the E-cadherin is crit-
ical for invasion as demonstrated by a series of ex-
periments showing that an E-cadherin truncated at its
transmembrane level and expressing only the extra-
cellular domain is unable to support entrylagteria
in target cells [32]. Several molecules are known to
interact with the cytoplasmic tail of E-cadherin con-
tributing to formation ofadherengunctions, in par-
ticular members of the catenin family. The cytoplas-
mic part of E-cadherin binding-catenin is essential
for entry. Moreover, sincg-catenin is known to in-
teract witha-catenin (which provides a direct struc-
tural link to the actin cytoskeleton), an E-cadherin
chimera was constructed expressing its ectodomain
fused with the C-terminus o&-catenin: this mole-
cule was able to support full invasion of target cells
through the InlA-dependent pathway, demonstrating
that the E-cadheri@-cateniné-catenin link is suffi-
cient to permitisteria entry [32].

Most probably, other molecules normally associ-
ated to theadherengunctions, and in particular to the
cytoplasmic tail of E-cadherin, are also involved in the
process of cell invasion blisteria, but their identity
remains to be established. In particular, the proteins
and lipid effectors that could regulate the dynamic
assembly of the entry complex (see below to com-
pare with the actin polymerization/depolymerization

ologies 327 (2004) 115-123
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Fig. 2. Model for InlA-dependent entry aifsteriain epithelial cells.
Proteins known to play a role in invasion are depicted. The model
highlights how mysion Vlla could move along the actin filaments to
induce membrane rearrangements during the entry process.

rearrangements necessary to the InIB-mediated entry)
still have to be identified. Rac-1 and Cdc42, members
of the Rho family of small GTPases, as well as the
actin nucleator complex Arp2/3 (that have a known
role in the formation of junctions), could be positive
regulators of the reorganization mechanisms presumed
to occur; their roles irListeria entry are being cur-
rently investigated. Recent data suggest that the un-
conventional myosin Vlla and its ligand vezatin [33]
are involved in the entry process, providing a molecu-
lar motor for bacterial internalization [34] (Fig. 2).

At the organism level, the identified species speci-
ficity of InlA concerning its receptor E-cadherin led
to the idea of generating a transgenic mice model ex-
pressing the human E-cadherin at the intestinal level to
evaluate the role of InlA in the crossing of the intesti-
nal barrier. In these animalkjsteria directly targets
enterocytes by interacting with the human E-cadherin
and this interaction allows the bacterial translocation
across the intestinal barrier, followed by its multi-
plication in the small intestintéamina propria and
dissemination to mesenteric lymph nodes, liver and
spleen [10]. This transgenic model not only provides
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the molecular explanation for the innocuity biste-
ria in mice following oral infection but also explains
the enteropathogenicity dfisteria in guinea pigs and
most probably in humans.

6. ThelnlIB-internalisation pathway

Three cellular receptors have been currently iden-
tified for InIB, suggesting that this molecule could
play different complementary roles during the inva-
sion process [35] (Fig. 3).

6.1. gC1g-R
Using also an affinity chromatography approach

(see above for E-cadherin identification as the InlA
ligand), the receptor for the globular head of the
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lular partner [36]. Besides binding the C1g molecule
and InIB, gC1g-R has been shown to interact with sev-
eral viral proteins such as HIV-1 Rev and Tat [37],
adenovirus protein V [38], Epstein-Barr virus nuclear
antigen-1 [39], hepatitis C virus core protein [40]
and protein A fromStaphylococcus aureyd1] but

the actual biological function of gC1g-R remains elu-
sive. Furthermore, its cellular distribution is contro-
versial, since it has been reported to be present at
the mitochondria, the nucleus and the plasma mem-
brane [42,43]. Its mechanism of attachment to mem-
branes is unknown, since it does not possess any trans-
membrane domain and is not glycosylphosphatidyl
inositol-anchored. In any case, expression of gClg-
R in cells that normally do not express this mole-
cule permits invasion through an InIB-dependent path-
way [36]. Indeed, anti-gC1g-R antibodies and the
molecule C1q itself compete with InIB for binding to

first component of the complement cascade C1q (also gC1g-R and inhibit the InIB-dependent entry lgé-

known as gC1g-R) was isolated as the first InIB cel-
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Fig. 3. Model for InIB-dependent entry dfisteria in mammalian

teria in target cells. The absence of obvious cytoplas-
mic (and potentially signalling) domains in the gC1g-
R molecule suggests that it could play a role dur-
ing invasion as a co-factor for another cellular recep-
tor.

6.2. c-Met

A second receptor for InIB was then identified,
c-Met (the receptor for the hepatocyte growth fac-
tor or HGF/scatter factor), a tyrosine kinase receptor
that can actually promote recruitment to the plasma
membrane of several proteins already known to be
activated through the InIB-dependent pathway [44].
c-Met is a disulfide-linked heterodimer formed by a
45-kDa extracellularx- and a 145-kDa transmem-
braneg-subunit that contains the tyrosine kinase cat-
alytic domain [45]. In vivo, the interaction between
HGF and c-Met has been shown to be critical for the
development of the liver, placenta and specific mus-
cle groups [46,47]. In vitro, this interaction leads to

cells. InlB can dissociate from the bacterial surface by interacting the scattering of target cells, a phenomenon that is
with GAGs (1) and its soluble form can access gC1g-R and Met on directly related to the invasive phenotype of cancer
the host cell, inducing signals either as a prelude or independently cells, in which Met expression is deregulated. InIB,
from entry. The su_rface-bound InIB tnggel_’s the activation _of as HGF does but with different kinetics, stimulates
Met and the recruitment of adaptor proteins (some of which h h horvlati f two T id in the tvro-
become tyrosine-phosphorylated) and of the p85-p110 PI 3-kinase. t_e P .OSp oryla an 0 0 yr resiaues ”? e er'
Downstream events involving activation of Rho GTPases and Sine kinase catalytic domain of c-Met, leading to acti-
cytoskeletal regulatory proteins lead to membrane rearrangements vVation of its intrinsic kinase activity, promoting auto-

and bacterial uptake (dashed arrows indicate hypothetical steps).  phosphorylation of two additional Tyr residues at the
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C-terminal domain that function as docking sites for 6.4. InIB domains involved in ligand binding

Gab1l, Cbl and Shc [44,48]. Phosphorylation of these

adaptor molecules induces the recruitment of the phos-  The resolution of the crystal structure of InIB [54—
phoinositide 3-kinase (Pl 3-K) p85-P110 and genera- 56] revealed an L-shaped molecule with a slightly
tion of phosphatidylinositol 3,4,5-phosphate (PIP3) at curved tube composed of successgstrand-loop-
the plasma membrane [48,49]. The direct downstream 310-helix-loop motifs at theN-terminal LRR region
effectors of Pl 3-K remain to be identified. However, and the IR-region projecting at almost a right angle
formation of InIB-induced actin ruffles at the plasma from the base of the LRR tube with the Gly—Trp
membrane of target cells is dependent on the Pl 3-K repeats (which have are structurally related to the Src
activity [48], suggesting that the reorganization of homology domain 3) at the other end of the molecule.
the cortical actin cytoskeleton is under the control of The N-terminal LRR tube presents a fold that is
the Pl 3-K downstream molecules. The actin nucle- Predicted to be suitable for interacting with several
ator complex Arp2/3 has been implicated in the InIB- ligands [54]. Indeed, the LRR region has been shown
dependentisteria entry process as well as the small to be (_:rltlcal for the binding of InIB to the_extrace_llular
GTPase Racl, the Racl downstream effector Lin-11/ domain of c-Met [44,57]. However, the interaction of
Isl-1/Mec-3 kinase-1 (LIMK-1) and the LIMK-1 sub- InIB with gC1g-R and GAGs seems to be dependent

strate actin depolymerising factor(ADF)/cofilin [50]. on t:\de GIy—TLp rT:plgats region [19,56]. ghles% resuilts
Indeed, phosphorylation and inactivation of the ADF would mean that InlB possesses two modular domains

by the LIMK-1 induce accumulation of actin and in- that are _bOth rquired for inva_sion of targ_et cells,
hibits the closure of the phagocytic cup at the site of .bUt tha_t mvc_)Ive _d|verse activation mechanisms by
bacterial entry, while positive activation of ADF by in- interacting with different cellular components.
activation of the LIMK-1 leads to a loss of actin as-
sembly at the phagocytic cup and also inhibits bacter-
ial internalization [50], highlighting the importance of
a tight temporal control of actin dynamics duribig-

teria invasion of host cells.

7. Other bacterial moleculesinvolved in adhesion
and invasion

Other bacterial surface proteins of the internalin
family (different from InlA or InIB) or LPXTG-
6.3. Glycosaminoglycans anchored proteins could be potentially involved in the
interaction betweehisteriaand the plasma membrane

Gl inodl GAGS). including the h of host cells. An unexpected molecule that seems to
ycosaminoglycans ( s), including the hepa- play a role in recognition of target host cells is the sur-

rin-like molecule heparan sulphate (HS), represent a face protein ActA, previously known to be responsi-
third kind of cellular receptor for InlB [19]. GAGS  pjg for the intracellular actin-based motility afste-

are highly charged polysaccharides, presentin the sur-(j (58], The N-terminal region of ActA presents three
face of all eukaryotic cells, which have been impli-  stretches of 40 to 54 amino acids containing a unusual
cated in several modulating functions, such as storagepigh content of clustered positively charged residues
of growth factors (including HGF) at the surface of i close proximity to hydrophobic residues, a pattern
cells, their protection from the activity of extracellular that strongly resembles the domains involved in HS
proteases and oligomerization of growth factors that recognition in HS-binding proteins. An ActAmutant
potentiate their signalling capacities [51-53]. Deple- s indeed less efficient in attachment and invasion of
tion of GAGs reduces by ten fold the invasion of target target cells than wild-typeisteria [59]. Furthermore,
cells through the InIB-dependent pathway [19]. More- while binding of wild type bacteria is affected in cells
over, heparin induces the clustering/aggregation of deficient in HS, the ActA mutant exhibits identical
InIB, suggesting that GAGs could also cluster InlB and  diminished binding to cells, regardless of their expres-
increase the signalling potential of bacterial-released sion of HS, again suggesting that the impaired attach-
InIB by promoting its storage at the cell surface and mentis probably due to absence of HS recognition and
favouring its interaction with c-Met [19]. highlighting a role of ActA in target cell binding [59].
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cells [60]. Interestingly, addition of plasma membrane
calcium channel antagonists or chelation of extracellu-
lar calcium (but not blockade of calcium release from
intracellular stores or intracellular calcium chelation)

B.ondliefiii redu_c_edl__isteria entry in host ce_lls, suggesting that
mobilization of extracellular calcium by LLO (and ac-
tivation of downstream calcium-dependent signalling)
is required for efficient cell invasion [60].

8. Concluding remarks

The expression of two different invasion proteins
by Listeria monocytogeneasises the interesting pos-
sibility that synergy might exist between the two in-
ternalisation pathways used by this pathogen. Several
arguments favour this hypothesis: firstly, tinéA and
inlB genes are part of the same operon and thus are
co-expressed and co-regulated; secondly, E-cadherin
and c-Met co-localise when they are co-expressed in
cells (Fig. 4). An attractive hypothesis is that InIB re-
leased from bacteria can induce cell scattering, junc-
tion opening and other signalling events that lead
to the interaction of InlA with its receptor, explain-
ing how Listeria reaches the normally non-accessible
E-cadherin during the infectious process. Other events
might be also involved, such as the retargeting of
E-cadherin fromadherengunctions to the apical pole
of intestinal epithelial cells, as has been observed af-
ter activation of c-Met by HGF [61]. These hypotheses
are under current investigation.
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