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Bacterial pathogens have evolved two major strategies
to colonise the intestinal epithelium. Adherent
microorganisms bind to the apical pole of the intestinal
epithelium, whereas invasive microorganisms disrupt
and invade the epithelium. Recognition of the genetic
bases of bacterial pathogenicity and analysis of the
molecular cross talks established between pathogens
and their mammalian target cells have illuminated this
diversity of interactions. We have compared the
strategies of enteroinvasive pathogens, with emphasis
on bacterial species such as Shigella, Yersinia, and
Salmonella, that represent paradigms of interaction.
Cross talks leading to alteration of the epithelial cell
actin cytoskeleton appear as a recurrent theme during
entry and dissemination into epithelial cells. Other cross
talks alter the trafficking of cellular vesicles and induce
changes in the intracellular compartment in which they
reside, thus creating niches favourable to bacterial
survival and growth. Finally, a variety of strategies also
exist to deal with other components of the epithelial
barrier, such as macrophages. Pro-phagocytic,
anti-phagocytic, and pro-apoptotic processes appear to
be of particular importance.
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The intestinal epithelium, in addition to its

absorptive and digestive properties, repre-

sents an efficient barrier against the com-

mensal flora and pathogens. Exclusion of the

pathogens is not only a result of the continuous

physical barrier formed by the tightly bound epi-

thelial cells1; it also reflects the presence of the

apical brush border microvilli and their prolonga-

tion by a layer of heavily glycosylated, membrane

associated mucins forming the glycocalyx.2 Other

associated factors are also involved in the defence

process such as the mucus layer, intestinal

peristalsis, and an array of innate antibacterial

factors such as lactoferrin, lysozyme, and crypt-

dins, a family of short hydrophobic antibacterial

peptides produced by Paneth cells in intestinal

crypts.3

In addition, the intestinal mucosa has a

function of specific immunological protection

that is largely mediated by secretory IgAs. Induc-

tion of this function requires sampling of

microbial antigens through sites in the epithe-

lium which translocate those antigens or the

microbes themselves to the antigen presenting

cells associated with the lymphoid follicles that

are components of the inductive arm of the

mucosal immune system. These sites correspond

to the follicle associated epithelium (FAE) charac-

terised by the presence of M cells which are

derived from regular villous epithelial cells4; they

lack microvilli, produce very little glycocalyx, and

express high endocytic activity which accounts

for active translocation of particulate antigens to

the underlying lymphoid tissue. Differentiation of

FAE into M cells is a complex process that

involves close interaction between epithelial and

lymphoid cells.5

MECHANISMS OF EPITHELIAL CELL
INVASION
Entry of enteroinvasive bacteria into the intesti-

nal epithelial cell is key to a successful invasive

process. We will consider it first, in order to review

the major signalling processes that an invasive

microorganism may elicit to force its way into a

non-phagocytic cell. We will then incorporate this

essential step into the more global picture of these

invasive microorganisms disrupting and invading

the intestinal barrier, a process that involves

interaction with other cellular components of this

barrier, as reviewed above.

There are essentially two major mechanisms of

bacterial internalisation.6 The “zippering” process

corresponds to tight envelopment of the bacterial

body by the mammalian cell membrane, involv-

ing a surface bound bacterial protein binding an

adherence molecule of the mammalian cell

surface with high affinity—that is, the invasin

(Inv) of Yersinia binding integrins of the β1

family,7 or internalin A of Listeria monocytogenes
binding to E cadherin.8 The “trigger” process cor-

responds to bacteria inducing massive cytoskel-

etal changes in the mammalian cell underneath

its site of contact, thereby causing a ruffling proc-

ess that internalises the bacterial body in a mac-

ropinocytic vacuole.9

Y pseudotuberculosis is a paradigm of “zippering”

entry (fig 11) requiring Inv, an outer membrane

protein of 986 aa.10 Inv interacts with β1 integrins

(α3β1, α4β1, α5β1, α6β1, and αVβ1) which are

involved in adherence of epithelial cells to the

extracellular matrix.7 The C terminal domain of
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Inv (“super domain”) interacts with the integrin molecule. In

spite of its lack of an RGD motif that is characteristic of the

binding site of matrix proteins to integrins, it is a competitive

inhibitor of fibronectin binding to β1 integrins. Inv is able to

oligomerise and to bind β1 integrins with an affinity constant

much higher than fibronectin.11 These two properties that

allow strong engagement of integrins, compared to matrix

proteins, may account for the transition between adherence

and internalisation. The cytoplasmic domain of β1 integrins

transmits signals to the cell cytoskeleton that mediate

internalisation. In physiological conditions, it interacts with

components of focal complexes, adherence plaques, and

p125FAK, the major tyrosine kinase of adherence plaques is

involved.12 The cytoplasmic domain of the integrin α chain is

not required for internalisation. Surprisingly, certain altera-

tions of the cytoplasmic domain of the β chain increase inter-

nalisation, suggesting that loosening of these interactions may

increase receptor motility in the membrane and consequently

facilitate internalisation.

Shigella and Salmonella (fig 2) are paradigms of “triggering”

entry involving a type III secretory system (TTSS). However,

they show strinkingly different intracellular behaviours. TTSS

have been visualised in both species: Mxi-Spa in Shigella13 and

Inv-Spa in Salmonella,14 and have started to be characterised

with regard to their protein components in both species.14–16

These TSSS (fig 3) are composed of a cytoplasmic bulb

followed by a disk like structure that spans the inner and outer

membranes. A needle like structure crosses the previous

domains and extends outside the outer membrane with an

average length of 60 microns and internal diameter of 2–3 nm.

They are involved in the secretion of a series of bacterial effec-

tors on contact between bacteria and their target cells. The

first event is the insertion of two of these effectors in the

eukaryotic cell membrane: IpaB and IpaC in the case of Shig-
ella, SipB and SipC in the case of Salmonella. These proteins

form a pore like translocator that accounts for the intracellu-

lar transfer of the other effectors.13 17

Effectors of Salmonella entry into epithelial cells are

delivered via the TTSS Inv-Spa (fig 2). Two homologues, SopE1

and SopE2, are exchange factors (GEF) for the small GTPases

Cdc42 and Rac.18 They catalyse the exchange of GDP for GTP

on these small GTPases, leading to a cascade of activation sig-

nals causing actin polymerisation.19 Activated, GTP binding,

GTPases then interact with proteins of the WASp family that,

in turn, bind and activate Arp2/3, a complex of seven proteins

that induces actin nucleation.20 Alternatively, or in a coordi-

nated manner, SipC, an effector protein encoded by SIP1 that

gets inserted into the eukaryotic cell membrane, induces

direct actin nucleation in vitro.21 SipA, another product of

SPI1, binds and stabilises actin filaments, thereby improving

organisation of the entry focus.22 SopB, an inositol phos-

phatase, is also transferred through the TTSS, although its

exact role in the entry process is unknown.23 In order to be able
to complete its entry process and repair local cytoskeletal
alterations, Salmonella initiates actin depolymerisation
through the translocation of another effector protein, SptP.
This protein is a hybrid of a tyrosine phosphatase and a GAP
(GTPase activating protein) that down regulates the function
of Cdc42 and Rac by stimulating their GTPase activity, thus
producing their inactive GDP binding form.24

In spite of a certain degree of homology between the Salmo-
nella Sip proteins and the Ipa proteins in Shigella, their entry
mechanisms into epithelial cells show clear differences (fig 2).
Recent sequence of the Shigella virulence plasmid that is nec-
essary and sufficient to promote entry into epithelial cells has
not shown homologues to sopE or sptP.25 Three proteins have
been shown so far to induce the signals required for entry via
cytoskeletal rearrangements that cause the formation of a
macropinocytic vacuole. IpaC, which is a component of the
pore allowing the translocation of effector proteins, is also
involved, through its C terminal domain exposed into the host
cell cytoplasm, in triggering actin nucleation/
polymerisation.26 The mechanism by which IpaC operates is
still unknown and does not involve a GEF activity on Cdc42
and Rac. IpaA is involved in entry by inducing maturation of
the entry focus. IpaA binds to vinculin and activates functions
of this protein that belongs to focal adherence plaques and
orchestrates organisation of the actin filaments.27 High affinity
binding of IpaA to the N terminal head of vinculin triggers its
unfolding, thereby promoting its actin binding capacity on its
C terminus. This leads to the formation of an actin cup, a focal
plaque like structure that seems essential to carry out Shigella
entry.28 Surprisingly, the ultimate consequence of this interac-
tion is actin depolymerisation,29 which carries out the
transition from filopodial/lamellipodial structure to actin cup
formation and final repair of the entry focus once entry is
completed. IpgD, another secreted effector protein has a phos-
phatidyl inositol phosphatase activity that seems to account
for the relaxation of the membrane–cytoskeletal association,
thus facilitating extension of actin filaments at the early stage
of the entry process.30 Organisation of the signalling process
induced by Shigella is orchestrated by c-src which is recruited
at the entry site, and depending on the stage of the entry
process, either enhances or down regulates the development
of actin filaments.31 32

The differential intracellular behaviour of Salmonella and
Shigella accounts for differential pathogenic properties. Once
intracellular, Salmonella remain trapped in a vacuolar compart-
ment, whereas Shigella disrupt their vacuole and escape into
the cytoplasm.33 Shigella is thereby allowed to express
intracellular motility and cell to cell spread, permitting
efficient epithelial invasion. Mutants that have lost this capac-
ity are strongly attenuated, both in vitro and in vivo.34–36 Intra-
cellular motility of Shigella is caused by the polar expression of
IcsA, an outer membrane protein of 1102 aa that is also
encoded by the virulence plasmid of Shigella.35 The N terminal
portion of IcsA, through a series of glycine rich repeats
(GRRs), binds N-WASP37 and activates this protein by causing
its unfolding in a way that makes its C terminal domain (the
VCA domain) available for recruitment and binding of the
Arp2/3 complex, thereby causing actin nucleation and
polymerisation.38 In consequence, this complex (IcsA,
N-WASP, and Arp2/3) appears necessary and sufficient to
cause actin nucleation–polymerisation and to promote bacte-
rial motility in the cytoplasm. Cell to cell spread also involves
engagement by Shigella of components of the intermediate
junction.39 The protrusion formed by the spreading microor-
ganism is actively endocytosed by the adjacent cell in a proc-
ess that requires activation of myosin II.40 Following internali-
sation of the protrusion, the two membranes are destroyed
following secretion of the pore forming IpaB and IpaC
proteins.41–43

A majority of studies have addressed the intracellular behav-
iour of Salmonella inside macrophages.44 Salmonella containing

Figure 1 A paradigm of “zippering” entry of a bacterial pathogen
into epithelial cells. Invasin mediated binding of Yersinia
pseudotuberculosis to β1 integrins and internalisation.
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vacuoles, in HeLa cells, were initially shown to form two popu-

lations: one that appeared separated from the endocytic route

and one that followed a “classical” phagocytic pathway.45 Both

compartments may be favourable to Salmonella survival and

intracellular growth. However, live pathogenic Salmonella are

now associated with an atypical compartment that acquires

lysosomal markers such as Lgp or Lamp, but not the mannose-

6-phosphate receptors and cathepsin D/L which are markers of

late maturation towards terminal lysosomes.46 These data indi-

cate that Salmonella interrupt the maturation of their compart-

ments in order to survive and grow intracellularly. Rab-7 may

control addition of the membranous material constituting this

compartment by recruiting and fusing vesicles rich in Lpg and

poor in cathepsins.46 This compartment is also characterised by

its capacity to form tubular structures in HeLa cells.47 The SPI2

pathogenicity island of Salmonella is essential for controlling this

maturation process.

PATHOGEN INTERACTIONS WITH THE INTESTINAL
EPITHELIAL BARRIER
Intestinal pathogens can either adhere to the intestinal

epithelium and colonise its surface, or invade and cause

inflammatory lesions. Vibrio cholerae and enterotoxigenic

Escherichia coli (ETEC) are representative of the first category.

They express surface adhesins that specifically bind carbohy-

drates linked to glycoproteins or glycolipids of the brush bor-

der membrane, without causing significant alteration of the

cytoskeleton of the microvilli. They also produce toxins (chol-

era toxin (CT) or thermolabile (LT) and thermostable (ST)

toxins) that act as pharmacological antagonists of sodium/

water reabsorption and agonists of chloride/water secretion,

thus causing the net hydroelectrolytic flux that accounts for

diarrhoea. Enteropathogenic E coli (EPEC) and enterohaemor-

rhagic E coli (EHEC) belong to the same category as they

remain extracellular. However, the type of interaction they

establish with the apex of epithelial cells is closer to that of the

invasive microorganisms as they secrete protein effectors

which mediate intimate adherence to and effacement of the

microvilli of the brush border involving major rearrangement

of the actin cytoskeleton.48 EHEC, in addition, secrete Shiga

like toxins (SLT1 and 2) that act as potent cytotoxins, both

locally and systemically. The category of enteroinvasive patho-

gens encompasses bacterial species such as Shigella, Salmonella,

and Yersinia. From their initial site of invasion, several

scenarios are observed: Shigella remains essentially local, caus-

ing major inflammatory destruction of the colonic and rectal

mucosa. Yersinia proceeds to loco-regional infection, involving

the mesenteric lymph nodes draining the ileum that is gener-

ally infected. Salmonella can subsequently proceed to systemic

dissemination, such as in the case of typhoid fever.
These different patterns reflect genetic differences among

these invasive pathogens that dictate particular patterns of
infection. Horizontal transmission of genes by plasmids,
transposons, and bacteriophages, integration of pathogenicity
islands in these genomes characterise the speciation of these
microbes towards a particular pathogenicity profile. This
review focuses on the strategies used by enteroinvasive patho-
gens to disrupt, invade, and proceed to the inflammatory
destruction of the intestinal mucosa.

Figure 2 A paradigm or “triggering” entry of pathogens into epithelial cells: TTSS mediated translocation of Salmonella and Shigella
effectors of entry inducing the formation of a macropinocytic vacuole.
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CELLULAR ROUTES OF TRANSLOCATION OF THE
EPITHELIAL BARRIER BY ENTERIC PATHOGENS
Recent contributions combining cell assay systems and in vivo

models of intestinal invasion by bacteria have revealed a com-

plex picture. Three routes of invasion can currently be consid-

ered: M cells, villous epithelial cells, and a “CD18 dependent”

pathway.49

M cells of the FAE as a route of translocation
A variety of bacterial species, viruses, and protozoans translo-

cate through the intestinal epithelium via M cells.50 51 These

pathogens take advantage of a physiological route of mucosal

sampling of antigens to cross the epithelial barrier. Unlike the

classic concept involving initial translocation through the vil-

lous epithelium, a process that appears difficult to achieve,

even for invasive microbes,52 here the pathogens need prima-

rily to survive the deleterious effect of resident phagocytic

cells that prevail in the follicular dome, instead of entering

straight into epithelial cells via their apical pole. Invasion of

the villous epithelium thus becomes the second event in the

chronology of intestinal invasion.
Shigella infection (fig 4): prior to development of dysentery,

early inflammatory lesions of the colorectal mucosa often
resemble aphthoid ulcers with the presence of a lymphoid
follicle.53 Experimental infection in macaque monkeys36 and in
the rabbit ligated intestinal loop model of infection,54 confirm
these clinical observations. In the rabbit, bacteria selectively
translocate through M cells.55 No specific adherence system
mediating the interaction between Shigella and the luminal side
of M cells has been identified so far. However, invasive Shigella
translocate much more efficiently through M cells than a non-
invasive mutant, indicating that expression of an invasive phe-
notype plays a major role in Shigella–M cell interaction. Follow-
ing translocation, shigellae are phagocytosed by dendritic cells
and resident macrophages present in the dome. The survival
strategy of Shigella is to cause apoptosis of the macrophage,55 56

thereby allowing access to the basal side of epithelial cells where
bacteria can efficiently enter. Apoptotic killing of macrophages
by Shigella involves activation of caspase 1,57 58 which also
initiates inflammation by causing the maturation of two
inflammatory cytokines: interleukin 1β and interleukin 18.59

This early inflammatory process leads to quick disruption of the
epithelial barrier, thereby facilitating further Shigella invasion.

Yersinia enterocolitica (fig 5) usually causes a diarrhoeal disease,
whereas Y pseudotuberculosis causes mild enteric symptoms that
may be followed by mesenteric lymphadenitis and sometimes
systemic diffusion. Yersiniae cross the intestinal epithelium pri-
marily through the FAE, in the Peyer’s patches of the ileum.60

Invasin (Inv), a 103 kDa outer membrane protein of Y pseudotu-
berculosis binds β1 integrins that are also expressed apically on

M cells. Inv negative mutants still adhere to and invade M cells,

but at a much lower level than the wild type strain and their

colonisation potential for Peyer’s patches is considerably

reduced.61 Other Yersinia surface proteins such as Ail, PsaA, and

YadA may account for residual invasion of inv mutants.62 Once

the dome is reached, yersiniae survive attack by resident

macrophages by expressing an antiphagocytic strategy caused

by the injection, through a plasmid encoded type III secreton, of

three protein effectors, YopH, T, and E, that disrupt cytoskeletal

assembly.63 64 YopH, a tyrosine phosphatase, dephosphorylates

paxilin, p130cas, and FAK that are involved in the assembly of

cytoskeletal complexes required for phagocytosis.65 YopT pro-

vokes the depolymerisation of actin filaments by inducing

redistribution of the RhoA GTPase.66 YopE expresses a GAP

function that inhibits the small GTPases of the Rho family

involved in phagocytosis.67 Yersiniae therefore remain essen-

tially extracellular in infected Peyer’s patches and mesenteric

lymph nodes. This allows their extracellular survival and possi-

ble Inv mediated entry into epithelial cells.

Salmonella typhimurium (fig 6) crosses the epithelial barrier

and causes systemic dissemination, resulting in fatal septicae-

mia in mice. A similar situation is observed in humans

infected by Salmonella typhi. S typhimurium binds to M cells and

translocates through the FAE in the murine intestine.68 69 It is

cytotoxic for M cells.69 70 Long Lpf fimbriae mediate adherence

to murine M cells.71 However, Lpf is likely to be one component

of a repertoire of adherence factors also comprising a

carbohydrate containing galactose-β(1–3)-galactosamine

shown on Caco-2 cells.72 Adherence of S typhimurium to M cells

is followed by ruffling of the cell membrane and macropinocy-

tosis, reflecting cytoskeletal changes similar to those occuring

in vitro in cultivated cells.73 The invasion system encoded by

Salmonella pathogenicity island 1 (SPI1) and additional

proteins secreted through the TTSS encoded by SPI1 contrib-

ute to invasion of M cells. SPI1 negative mutants are not cyto-

toxic for M cells and their capacity to cross the intestinal bar-

rier is impaired, whereas their virulence remains intact

following systemic infection.74 Once it has reached the dome of

lymphoid follicles, following its phagocytosis by resident mac-

rophages and dendritic cells,75 S typhimurium, via SPI1, causes

SipB dependent apoptotic killing of these macrophages

following activation of caspase-1.76 However, Salmonella has

also evolved a strategy of survival inside phagocytes,

particularly macrophages, which may facilitate its systemic

dissemination. SPI2, another pathogenicity island encoding

an alternative type III secreton and its dedicated effector

Figure 4 Physiopathological scheme of Shigella infection.
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proteins,77 as well as a series of phoP/phoQ regulated genes,78

are essential for Salmonella survival and growth inside macro-

phages. How a balance is achieved between macrophage kill-

ing and survival in a preserved cell is as yet unknown.

A transepithelial route of invasion
Although M cells account for a large part of the initial cross-

ing of the intestinal epithelium by enteroinvasive microorgan-

isms, alternative routes are likely to exist. Electron micro-

scopic evidence exists for apical invasion of villous epithelial

cells by Salmonella in vivo.79 Shigella invade intestinal villi in the

absence of Peyer’s patch in the rabbit ligated loop model of

infection.55 80 81 However, invasion of the villous epithelium

appears later (8 hours instead of 2–4 hours for the FAE) and is

seen with bacterial inocula that are much higher than those

known to cause the natural disease in humans. In addition,

intestinal epithelial cells respond to invasive pathogens by

expressing proinflammatory cytokines and chemokines.82 This

programming of epithelial cells to produce proinflammatory

molecules leads to attraction and transepithelial migration of

polymorphonuclear leucocytes (PMN), thereby disrupting the

permeability of the epithelium.83 Direct interaction of Salmo-
nella without internalisation is sufficient to trigger transepi-

thelial migration of PMNs.84 It is possible that in Salmonella
and Shigella, some of the proteins injected by the TTSS trigger

the activation of proinflammatory transcription factors such

as NF-κB. In the case of Shigella, this process facilitates bacte-

rial invasion of epithelial cells via their basolateral pole which

is more permissive to bacterial entry.80 85 It seems therefore

that transepithelial signalling induced by these bacteria may

ultimately allow epithelial invasion in areas that do not

possess FAE and lymphoid structures. Recent demonstration

that intracellular Shigella LPS is able to induce rapid and pro-

longed activation of NF-κB and Jun terminal kinase through

Nod1, thus causing production of IL-8 by epithelial cells, is

another signalling process that may locally subvert the villous

epithelium and facilitate its invasion.86

A CD18 dependent route of infection for Salmonella
(and other invasive bacteria?)
Even though SPI1 deficient mutants of S typhimurium are

deficient in invading both M cells and villous epithelial cells,

they conserve their capacity to disseminate and to kill infected

mice.87 Likewise, Inv negative mutants of Y enterocolitica are

unable to colonise Peyer’s patches and the corresponding

mesenteric lymph nodes, but they still retain their capacity of

systemic dissemination.88 These observations have suggested

that alternative routes to M cells and villous epithelial cells

may exist for crossing the epithelial barrier. Recent evidence

indicates that in the case of S typhimurium, such an alternative

route exists that permits systemic dissemination. This route

involves CD-18 expressing mononuclear phagocytes.89 Bacte-

rial uptake appears to be mediated by dendritic cells which

open the tight junctions and send dendrites on the luminal

side of the epithelium where they take up the bacteria. These

cells express tight junction proteins, possibly involved in

resealing of the epithelium, thereby preserving impermeabil-

ity of the epithelial barrier.90

CONCLUSION
The complex processes by which enteroinvasive bacterial

pathogens disrupt and invade the intestinal epithelium have

been reviewed with a strong emphasis on the cross talks that

are established between the bacteria and their cellular targets.

Much has been learned over the past years about the signals

occurring at the interface between bacteria and the cells, but

more remains to be learned about the more global signalling

processes that lead to tissue damage and repair in the course

of an infectious process. We are currently witnessing a transi-

tion period between the now classical concept of “cellular

microbiology” and the new concept of “tissular microbiology”.
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