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a  b  s  t  r  a  c  t

Bacterial  pathogens  display  an impressive  arsenal  of molecular  mechanisms  that  allow  survival  in diverse
host niches.  Subversion  of plasma  membrane  and  cytoskeletal  functions  are  common  themes  associated
to  infection  by both  extracellular  and  intracellular  pathogens.  Moreover,  intracellular  pathogens  modify
the  structure/stability  of  their  membrane-bound  compartments  and  escape  degradation  from  phagocytic
or autophagic  pathways.  Here,  we review  the  manipulation  of  host  membranes  by  Listeria  monocytogenes,
Francisella  tularensis,  Shigella  flexneri  and  Yersinia  spp.  These  four  bacterial  model  pathogens  exemplify
eywords:
isteria monocytogenes
rancisella tularensis
higella flexneri
ersinia pseudotuberculosis
hagocytosis

generalized  strategies  as well  as  specific  features  observed  during  bacterial  infection  processes.
©  2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
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. Introduction

The eukaryotic cell is a complex environment. Vital functions
uch as internalization of external solutes, synthesis of novel pro-
eins or genetic information storage are compartmentalized in

embrane-bound structures. From the perspective of a pathogen,
he eukaryotic cell might be considered as a rich source of nutrients
s well as a protected environment in which microbial replication
ay  take place, avoiding contact with extracellular host defenses

uch as the complement or antibodies. Cells have adapted molecu-
ar strategies (e.g. phagocytosis or autophagy) to counteract and
estroy intracellular pathogens, which in turn have developed
trategies to cope with host cell defenses.

Four major bacterial pathogenesis paradigms are Listeria mono-
ytogenes, Francisella tularensis,  Shigella flexneri and Yersinia spp.
isteria monocytogenes is responsible for a food-borne disease asso-
iated with meningitis and abortions. Francisella tularensis is the
gent of tularemia, responsible for ulcero-glandular and pneu-
onic severe infections. Shigella flexneri is the etiological agent

f human bacillary dysentery. Yersinia pseudotuberculosis and Y.
nterocolitica are responsible for enteritis, ileitis, and mesenteric
ymphadenitis in humans, and are closely related to Y. pestis, the
lague agent. Besides their clinical importance, these bacteria are
seful paradigms to understand the diverse strategies used by
icrobial pathogens to subvert host cell functions. While Listeria

nd Yersinia invade cultured epithelial cells by interacting with
ost cell plasma membrane receptors via bacterial surface proteins,
higella injects bacterial effectors within the host cell cytoplasm
o promote internalization and Francisella induces spacious pseu-
opods to invade macrophages. Once inside epithelial cells, Yersinia
roliferates in a membrane-bound compartment while Listeria,
higella and Francisella disrupt their internalization vacuole and
scape into the host cell cytoplasm.  In vivo, Yersinia is mainly extra-
ellular. We  will review here the major interactions that occur
etween these important bacterial pathogens and host membranes.

. Listeria monocytogenes

Listeria monocytogenes is a Gram-positive bacterial pathogen
esponsible for listeriosis, a disease causing meningitis in the new
orn and abortions in pregnant women. Listeria is now a clas-

ical model in the study of bacterial intracellular parasitism [1].
he pathogenic potential of Listeria is intimately associated with
ts capacity to traverse the intestinal, the foeto/placental and the
lood/brain barriers, which requires invasion of host cells [2]. Using
 .  . .  . . . .  . . .  . . . . .  .  . . . . .  . .  .  .  . . .  . . .  . . . . . . .  .  . . .  .  . . . .  .  .  . . . . .  . . . . . . .  .  .  .  . . .  .  . .  . . . .  .  164

tissue cultured cells, it has been observed that upon internalization
Listeria is able to disrupt its membrane-bound compartment and
to escape to the host cytoplasm, where it proliferates [3]. Listeria is
then able to avoid the autophagosomal machinery by polymerizing
host cell actin, which drives bacterial cytoplasmic movement and
cell-to-cell spread [4] (Fig. 1). Exceptions to this canonical intracel-
lular cycle model have been observed in vivo, particularly during the
traversal of the intestinal barrier. Indeed, in goblet cells Listeria does
not escape from the internalization vacuole and is transcytosed to
the lamina propia [5]. It may  also persist in spacious phagosomes
[6].

2.1. Cell invasion mediated by InlA and InlB

Listeria induces its internalization within mammalian cells by
using surface invasion molecules that activate host plasma mem-
brane receptors. These proteins belong to the internalin family,
whose members are characterized by the presence of N-terminal
leucine-rich repeats which drive protein–protein interactions [7].
The prototype internalin (InlA) is a covalently-anchored bacterial
cell wall protein that binds the cellular adherens junction molecule
E-cadherin [8] and triggers Listeria internalization in polarized
epithelial cells and tissues, particularly during traversal of the
intestinal and the foeto/placental barriers [9,10]. InlB is a second
bacterial surface molecule loosely attached to lipoteichoic acids
which can interact with the host molecule Met  [11], the receptor
for the hepatocyte growth factor. In vitro, InlB promotes Listeria
internalization in a wide variety of epithelial cells; in vivo, InlB has
been shown to cooperate with InlA in crossing the foeto/placental
barrier [2] (Fig. 1A).

2.1.1. InlA-invasion pathway
Lipid rafts are cholesterol-rich signaling platforms that allow

the clustering of signaling proteins or lipids, and which play a cen-
tral role in the infectious process of many bacterial pathogens.
Interaction between InlA and E-cadherin leads to E-cadherin clus-
tering, a process which is alleviated if lipid rafts are disorganized
[12]. This event is followed by E-cadherin cytoplasmic tail phos-
phorylation and ubiquitylation by Src and Hakai, respectively [13],
allowing clathrin recruitment via its adaptor Dab2 [14]. Clathrin
is a major membrane coat implicated in the endocytosis of many

surface receptors, and clathrin-mediated endocytosis is involved in
the infectious process of several important viruses [15]. The study
of Listeria internalization demonstrated that during bacterial entry,
clathrin does not function as a classical endocytic coat but instead
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Fig. 1. Listeria intracellular cycle. Listeria surface invasion proteins interact with host cell receptors in epithelial cells triggering bacterial engulfment (A). Listeria transiently
resides in an internalization vacuole (B), but bacterial secreted toxins lyse the vacuole (C) and bacteria are released in the host cell cytoplasm. Cytoplasmic bacteria multiply
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ompartment by bacterial secreted toxins allows the start of new infection cycle.

s a molecular hub that triggers actin reorganization at bacterial
ntry sites [16–18]. Indeed, clathrin coats are stabilized by phos-
horylation of the clathrin heavy chain, followed by the sequential
ecruitment of Hip1R, actin and myosin VI [14]. PI 3-kinase activ-
ty, constitutively present in intestinal goblet cells, is also required
or the InlA-dependent bacterial crossing of the intestinal barrier
ollowing the InlA/E-cadherin interaction [19] (see below for dis-
ussion on phosphoinositide metabolism).

.1.2. InlB-invasion pathway
The second Listeria invasion protein InlB activates the recep-

or tyrosine kinase Met  and triggers recruitment of several protein
daptors [20,21]. Cbl is a ubiquitin ligase which post-translationally
odifies Met, favoring clathrin recruitment and actin reorganiza-

ion during cell entry [14,22,23]. Cbl, together with the protein
daptors Shc, Gab-1 and CrkII, also contributes to the infection
rocess by recruiting PI 3-kinase to the Listeria entry foci [24]. PI 3-
inase is a central enzyme in many signaling cascades which locally
roduces the phosphoinositide PI(3,4,5)P3 and promotes further
ecruitment of cellular effectors that link receptor activation with
ctin cytoskeleton rearrangements. In the InlB-invasion pathway,
holesterol-rich lipid rafts are not required for the initial Met  clus-
ering but instead, for optimal PI(3,4,5)P3 distribution within the

nner leaflet of the plasma membrane, and for subsequent Rac1
ecruitment [12,25]. Rac1 is a member of the Rho family of small
TPases which modulates cortical actin polymerization during Lis-

eria entry by activating WASP-related complexes WAVE-1/-2 [26].
ls the bacteria and allows escape from the autophagic pathway (E). Upon reaching
re found in double-membrane vacuoles in secondary cells (G). Disruption of this

The Arp2/3 complex is the final component of this signaling cascade
which directly promotes nucleation of actin polymerization at bac-
terial entry foci [27]. The Arp2/3 complex has been traditionally
considered as a single molecular entity composed of 7 subunits:
ARPC1/p41, ARPC2/p34, ARPC3/p21, ARPC4/p20 and ARPC5/p16
together with the Arp2 and Arp3 subunits [28]. A genome-wide
siRNA screen recently determined that the subunits ARPC4/p20 and
ARPC5/p16 are not strictly required to drive Listeria internaliza-
tion within host cells, revealing the presence of alternative Arp2/3
complexes in mammalian cells [29]. Another cytoskeletal element
implicated in Listeria infection are septins, a family of small GTPases
which form non-polar filaments [30]. The septin cytoskeleton con-
tributes to the anchorage of Met  to the actin cytoskeleton [31]
and different members of the septin family have been shown to
modulate host cell invasion by Listeria [32–34].

As mentioned above, PI 3-kinase activity is constitutive in
intestinal cells but not in the placenta, and therefore InlB plays a
critical role in the traversal of the foeto/placental barrier by pro-
moting the PI 3-kinase-dependent production of PI(3,4,5)P3 [19].
Additionally, in epithelial cells PI 4-kinase activity is necessary
for efficient Listeria internalization [35–37]. PI4P production takes
place downstream of the tetraspanin CD81 [38], a plasma mem-
brane molecular hub which interacts with integrins and has been

also implicated in cellular entry of Plasmodium falciparum [39] and
the hepatitis C virus [40]. In vivo, it has been recently demon-
strated that CD81-associated signaling inhibits T-cell anti-Listeria
responses [41].



1 & Dev

s
e
b
P
e

2

c
t
c
h
i
l
A
L
p
c
e
d
C
t
p
t
i
m
a
f
p
h
c

2

i
c
W
A
b
A
g
c
p
c
i
t
w
[
i
i
I
c
a
t
i
s
r
s
I
o
i
a

58 J. Pizarro-Cerdá et al. / Seminars in Cell 

Host molecules may  also counterbalance plasma membrane
ignaling triggered by Listeria and down-regulate infection: for
xample, the host phosphatidyinositol 5-phosphatase Oculocere-
rorenal Syndrome of Lowe Protein (OCRL) cleaves PI(4,5)P2 and
I(3,4,5)P3, inhibiting actin polymerization and therefore bacterial
ntry [42].

.2. Phagosomal membrane disruption by LLO, PlcA and PlcB

Upon cellular invasion, Listeria is located in a phagosomal
ompartment (Fig. 1B) that is disrupted via the lytic action of
he pore-forming toxin listeriolysin O (LLO), a member of the
holesterol-dependent cytolysin (CDC) family. CDCs can mediate
emolysis in their reduced state, and the cellular enzyme �-

nterferon-inducible lysosomal thiol reductase (GILT) present on
ysosomes contributes to activate LLO within phagosomes [43].
n acidic pH also potentiates LLO lytic activity [44]. Insertion of
LO in the Listeria phagosome allows Ca+2 leakage which inhibits
hagosomal maturation and blocks interaction with lysosomal
ompartments [45,46]. Rupture of the phagosomal membrane is
nhanced by the two bacterial phospholipases PlcA and PlcB which
isplay phosphatiylinositol-specific and broad-range phospolipase

 activities, respectively [47] (Fig. 1C). It is important to mention
hat besides its critical function in disrupting phagosomal com-
artments, LLO released by extracellular Listeria also contributes
o infection by inducing Ca+2 influx [48] that promotes bacterial
nternalization [49], while triggering the targeting of late endoso-

al  compartments to the bacterial entry sites (Kühbacher, Cossart
nd Pizarro-Cerda, unpublished observations) as has been observed
or the internalization process of parasites like Leishmania or Try-
anosoma [50,51]. LLO also favors Listeria infection by influencing
ost protein sumoylation [52], histone post-translational modifi-
ations [53] and mitochondrial dynamics [54].

.3. Autophagy escape mediated by ActA and InlK

After vacuolar escape, cytosolic Listeria replicate and polymer-
ze host actin via the recruitment to bacterial poles of the Arp2/3
omplex by the Listeria surface protein ActA [55,56]. ActA mimics

ASP and activates actin filament barbed-end branching by the
rp2/3 complex [57]. Similar to what has been mentioned above for
acterial entry, it has been recently found that the Arp2/3 subunit
RPC5/p16 is not required for the Listeria actin-based motility, sug-
esting that other cellular molecules may  associate with the Arp2/3
omplex to modulate its function and/or localization [29]. A similar
henotype has been recently observed for the motility of the Vac-
inia virus [58], indicating that the diversity of Arp2/3 complexes
s more widespread than initially appreciated. The actin comet
ails formed by Listeria contain more than 20 different molecules
hich stabilize the actin filaments or modulate force generation

59] (Fig. 1D). Actin-based motility is important not only to favor
nvasion of host neighboring cells (see below) but it is also crit-
cal to escape from the autophagy machinery [60–62] (Fig. 1E).
ndeed, the autophagic pathway has been shown to limit Listeria
ytoplasmic growth [63]. Besides ActA, the surface molecule InlK
lso protects Listeria from autophagic degradation by recruiting to
he bacterial surface the major vault protein and therefore inhibit-
ng autophagic recognition [64]. In addition, it has been recently
hown that the ubiquitin-like protein ISG15 is induced upon Liste-
ia infection, modifies a subset of host proteins involved in cytokine
ecretion and restricts Listeria proliferation both in vitro and in vivo.

nterestingly, ISG15 leads to increased cytokine secretion following
ver-expression or infection, a phenomenon that could explain the

n vivo phenotype. How ISG15 leads to fewer bacteria in vitro is still
n open question [65].
elopmental Biology 60 (2016) 155–167

2.4. Cell-to-cell spread

Initial studies suggested that actin-based motility was  sufficient
to induce the formation of host membrane protrusions and uptake
by neighboring cells during Listeria cell-to-cell spread [66–68]
(Fig. 1F). Attachment of actin tails to plasma membrane by the
phosphorylated form of the actin-binding molecule ezrin has been
also proposed to promote the formation of Listeria protrusions
[69]. Interestingly, formins seem to catalyze the generation of
unbranched actin filaments that assist the formation of Listeria pro-
trusions initially triggered by the propulsive force generated by
the Arp2/3 complex [70]. A siRNA screen has revealed a role for
the CNSK1A1 kinase in actin-tail formation and for the CNSK2B in
favoring cell-to-cell spread, but their precise mechanism of action
remains to be identified [71].

Interestingly, the secreted molecule InlC has been shown to con-
tribute to cell-to-cell spread by directly interacting with the host
cell molecule Tuba [72]. Tuba normally controls the structure of
cortical actin structures by recruiting N-WASP and by interacting
with COPII components: by sequestering Tuba, InlC induces loose
membrane junctions that are more permissive to Listeria protru-
sion formation [72,73]. More recently, it has been proposed that
Listeria cell-to-cell spread exploits efferocytosis, which is a pro-
cess by which dying or dead cells are removed by phagocytosis
[74]. Listeria uptake in secondary-infected cells leads to bacterial
sequestration within a double-membrane compartment (Fig. 1G).
The phospholipases PlcA and PlcB are required for disruption of
the inner membrane while LLO is involved in lysis of the outer
membrane, allowing initiation of a new Listeria intracellular cycle
[75].

3. Francisella tularensis

Francisella tularensis is a Gram-negative bacterium and the
causative agent of the zoonotic disease tularemia. This highly infec-
tious bacterial pathogen can infect a broad variety of animal species,
from mammals to arthropods. Tularemia can be transmitted to
humans in numerous ways [76] and the clinical outcome of the
disease depends on the route of infection and bacterial subspecies
(subsp) [77]. Four major F. tularensis subsps exist that differ in vir-
ulence and geographic distribution. They are designated subsps
tularensis, holarctica,  mediasiatica and novicida. The most virulent
subsp tularensis,  capable of causing a life-threatening disease in
humans, is considered a potential bioterrorism agent [78] by the
U.S. Centers for Disease Control and Prevention (CDC). Francisella is
an intracellular pathogen which upon adhesion and invasion of host
cells resides transiently in a phagosomal compartment; disruption
of this phagosome is followed by active cytosolic multiplication.
Dissemination to adjacent cells does not involve actin polymeriza-
tion and relies instead in cell lysis and bacterial dissemination.

3.1. Adhesion and invasion

Francisella is able to infect and multiply in vitro within numerous
cell types including hepatocytes, endothelial cells and fibroblasts,
to which bacterial attachment is mediated by subsps-specific outer
membrane proteins and the type IV pilus [79]. However, in vivo the
Francisella main cellular niche is the macrophage, used for bacte-
rial dissemination [80]. Different macrophage receptors involved
in Francisella uptake have been identified over the past ten years,
including the complement receptor CR3 (CD11b/CD18), the man-

nose receptor (MR), the scavenger receptor A (SRA), Fc�Rs and
surface-exposed nucleolin [81]. The subversion of phagocytic or
scavenger receptors to invade macrophages is not specific to
Francisella and is common to a subset of bacterial intracellular
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Fig. 2. Francisella intracellular cycle. Francisella interact with innate immune receptors at the surface of macrophages in order to get internalized by large pseudopodia (A).
Inside  cells, bacteria reside in a large spacious phagosome that matures into a late phagocytic compartment but avoids fusion with lysosomes (B). A type VI secretion system
i ella is 
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athogens including Mycobacterium tuberculosis [82], which do not
ctively promote surface cytoskeletal rearrangements and instead
ely on the internalization machineries of host cells. As observed
or the vast majority of bacterial intracellular pathogens, Francisella
nternalization is dependent on actin polymerization; remarkably,
rancisella is captured by macrophages via a unique engulfment
echanism which involves the initial formation of large loops or

seudopodia [83] (Fig. 2A). As in the case of Listeria, lipid rafts are
equired for efficient Francisella internalization [84]. In order to
void cellular recognition by the host immune system, Francisella
arbors a peculiar lipopolysaccharide (LPS) which does not acti-
ate host Toll-like receptor 4 (TLR4); nevertheless, the bacterial
ipoproteins (BLPs) do activate TLR2, the primary TLR involved in
he inflammatory response to Francisella infection.

.2. Phagosomal stage

.2.1. Spacious phagosome maturation
After engulfment by phagocytic cells, Francisella transiently
esides in a spacious phagosome (Fig. 2B). This bacterial-containing
ompartment sequentially displays membrane markers of early
EEA1) and late endosomes/lysosomes (LAMP-1 and -2) but fails
o acquire the hydrolase cathepsin D or lysosomal tracers [85].
found in the host cell cytoplasm, where is takes advantage of available resources
 can be released from dying cells (F) or can be trapped by ‘trogocytosis’ in double

Depending on the uptake route, the phagosomal stage may last
30 min  for non-opsonized bacteria to 2–4 h for opsonized Fran-
cisella. While the importance of phagosomal acidification has been
shown to be an absolute prerequisite for Listeria to escape from
the phagosome as mentioned above [44], controversy exists on the
importance of this process on the ability of Francisella to access to
the host cytosol. Indeed, some studies indicate that compartments
containing Francisella become acidified prior to phagosomal disrup-
tion [86,87] while others report that Francisella phagosomes resist
acidification and acquire limited amounts of vacuolar ATPases,
while still capable of accessing the cellular cytoplasm [88].

3.2.2. Inhibition of NADPH oxidase
During this transient time spent in the phagosome, Francisella

must actively evade several host antimicrobial defenses, including
anti-microbial peptides and reactive oxygen species (ROS) pro-
duced by the NADPH oxidase. Francisella is precisely one of the
few bacteria capable of surviving within human polymorphonu-
clear neutrophils (PMNs), which are potent ROS producers, due

to its ability to block either the assembly of the NADPH oxidase
integral membrane gp91phox/p22phox components, or the phos-
phorylation and recruitment of the its cytosolic p47phox/p40phox

subunits [89]. Francisella-infected monocytes or macrophages also
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ail to trigger a robust oxidative burst [90]. Francisella is additionally
quipped with a series of enzymes that include superoxide dismu-
ase, catalase and acid phosphatases that allow bacterial survival
n the hostile phagosomal environment [91].

.2.3. Phagosomal disruption by a T6SS
Bacterial secretion systems are sophisticated nano-machines

hat allow protein export from the bacterial cytosol toward spe-
ific external environments. Type VI secretion systems (T6SS) have
een recently discovered in Gram-negative bacteria and are crit-

cal to the virulence of many pathogens such as Vibrio cholerae
nd Pseudomonas aeruginosa.  A Francisella pathogenicity island
FPI) has been presumed to encode a T6SS apparatus, and many
enes expressed from this locus or regulating expression of this
ocus, including IglC and mglA [92], iglI and iglJ [89] or fevR [93],

ere previously implicated in promoting Francisella escape from
ts phagosome and bacterial cytoplasmic proliferation (Fig. 2C). The
tomic structure of the Francisella T6SS was recently solved by cryo-
lectron microscopy, demonstrating for the first time in this type of
ystem how its two main components, IglA and IglB, are interdig-
tated into a single fold [94]. Moreover, it is the first T6SS which
isplays assembly upon KCl stimulus or intracellular residence,
nd its contribution to phagosomal escape and intra-macrophage
eplication has been confirmed [94]. However, the precise molec-
lar contribution of the Francisella T6SS effectors to phagosomal
embrane disruption, together with additional not FPI-encoded

roteins also implicated in this process, remain to be identified.

.3. Cytoplasmic life and interactions with the autophagic
athway

Once in the cytosol, Francisella adapts its nutritional needs to the
vailable nutrient sources, a function that has been recently coined
s ‘nutritional virulence’ [95] (Fig. 2D). Asparagine uptake has been
dentified as critical for efficient bacterial cytosolic multiplication
96]. It has been proposed that in mouse embryonic fibroblasts
MEFs), cytoplasmic Francisella stimulates an ATG5-independent
utophagy process which further supply nutrients that supports
acterial growth [97]. An early report by Celli et al. indicated that,
t late stages of infection in bone-marrow derived macrophages,

 subset of intracellular Francisella could be found inside LC3-
ositive, double membrane-bound vacuoles [98]. This observation
uggested that late residency within autophagic compartments
onstitutes an intrinsic part of the Francisella intracellular life cycle
98]. However, further studies in other cell types contradicted this
otion by demonstrating that metabolically active Francisella in

act avoid autophagic capture [85] (Fig. 2E) whereas mutant bac-
eria displaying impaired cytosolic multiplication are captured and
estroyed by autophagy. In addition, guanylate-binding proteins
GBPs) represent another cell system to attack cytosolic Francisella
n order to activate the Absent in Melanoma 2 (AIM2) inflamma-
ome, which controls Francisella replication [99].

.4. Cell-to-cell spread

Unlike Listeria (mentioned above) or Shigella (see below), Fran-
isella is not able of actin-based cytosolic movements. Hence,
rancisella dissemination to adjacent cells was thought to occur
xclusively after their release from lysed infected cells following
poptotic or pyroptotic cell death (Fig. 2F). A novel cell-to-cell
issemination mechanism was very recently described by which
rancisella can also infect adjacent cells without passing through

n extracellular stage: this unique process, designated trogocy-
osis, allows bacterial transfer from infected cells to uninfected

acrophages through a transient, contact-dependent mechanism,
eaving both donor and recipient cells intact and viable [100]
elopmental Biology 60 (2016) 155–167

(Fig. 2G). Therefore, Francisella is able to exploit natural host cell
cytosolic exchange mechanisms to directly transfer from infected
to non-infected cells.

4. Shigella flexneri

The Gram-negative pathogenic bacteria Shigella spp. cause bacil-
lary dysentery in humans, also known as shigellosis. Shigella
transmission takes place generally through the fecal-oral route by
the uptake of contaminated food or water, giving rise to a disease
that results in colonic epithelium destruction and elevated intesti-
nal inflammation. Annually, about 160 million cases of shigellosis
with about 1 million deaths have been estimated to occur mainly
in the developing world; hence, Shigella infections constitute an
important health burden, particularly for young children [101]. The
rise in antibiotic resistance and the absence of an efficient vaccine
against Shigella underline the urgency for the development of novel
antibacterial strategies against this important pathogen [102].

Four Shigella species have been described: S. dysenteriae, S.
flexneri, S. boydii and S. sonnei.  The molecular basis of infection
has been studied using the Shigella flexneri model (referred from
now on as Shigella). Primordial for Shigella infectivity is the pres-
ence of a large virulence plasmid that encompasses the mxi-spa
pathogenicity island, encoding the structural genes for a type 3
secretion system (T3SS) and about 25 effector proteins that are
injected into targeted host cells upon contact with the bacterium
[103,104]. The T3SS is a major virulence determinant that has been
described in many pathogenic bacteria including E. coli, Salmonella
and Yersina (see below). The Shigella T3SS is expressed and assem-
bled at 37 ◦C together with a first wave of effector proteins, however
secretion together with the expression of a second wave of effec-
tors is only triggered upon contact with the host cell. The effectors
are translocated directly from the bacterial cytoplasm into the host
cytoplasm through the needle complex that connects with the bac-
terial translocon, made of the two proteins IpaB and IpaC spanning
the host cell membrane. Subsequently, the translocated effector
proteins subvert host cellular processes resulting in cytoskeletal
rearrangements, bacterial invasion and the modulation of the host
immune response. Injection of the bacterial effectors is a rapid pro-
cess with half the pre-stored proteins translocated within 240 s
[104,105].

4.1. T3SS effector injection triggers Shigella internalization

The cellular mechanisms that take place during the early con-
tact between Shigella and the host cells have been investigated in
detail over the last two decades. Recent data have highlighted the
capture of the pathogen in the vicinity of host cells through cel-
lular extensions that resemble filopodial-like structures involving
a functional T3SS. The interactions between the pathogen and the
filopodial tips induce their retraction to give rise to close contacts
between the bacterium and the cellular surface [106]. Additionally,
the bacterial translocator/effector IpaB, the bacterial factor IcsA and
the host receptors CD44 and �5�1-integrin have been proposed in
the establishment of early bacterial-host contacts [107–109]. Also,
the presence of cholesterol in lipid-raft-like domains is required for
proper translocon assembly and bacterial internalization [110,111].
Together, these interactions promote Shigella entry through a site-
specific invasion process [112].

The translocon complex assembles within the host membrane
and is connected with the T3SS, to allow the injection of the bacte-

rial effectors into the host cytoplasm or in association with the host
membrane complex. These effectors include IpaA, IpaB, IpaC, IpgB1,
IpgB2, IpgD and VirA, all involved in the entry of Shigella through
a trigger-like process [113] (Fig. 3A). IpaA has been found to inter-
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Fig. 3. Shigella intracellular cycle. Shigella promotes its uptake into host cells by triggering plasma membrane rearrangements through injection of type III secretion system
effectors in the cytosol of host cells. Bacteria are transiently found in an internalization vacuole (B), which is disrupted upon recruitment of Rab11-positive macropinosomes
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C),  leading the uptake of vacuole remnants by autophagosomes (D). Cytoplasmic ba
s  bacterial traps (F). Upon reaching the host cell plasma membrane, Shigella induces
n  neighboring cells (H). Disruption of this compartment allows the start of a new i

ct directly with human vinculin, which would allow a link with
he actin cytoskeleton [114]. More precisely, IpaA promotes the
apping of F-actin barbed ends via vinculin controlling the poly-
erization dynamics of actin at the bacterial contact sites [114].
lso, the targeting of �1-integrin by IpaA has been suggested to

ndirectly stimulate the GTPase activity of the small GTPase RhoA,
hich would lead in turn to the loss of actin stress fibers via the
OCK/myosin-II pathway [115]. Such stress fiber disassembly may

acilitate the availability of actin for the formation of membrane
uffles at the bacterial entry site (Fig. 3A). IpaC is a constituent of
he T3SS translocon complex and plays a direct role in the bacterial
ntry process. It recruits and activates the host tyrosine kinase Src
o the site of bacterial contact where it phosphorylates the actin-
inding protein cortactin that implicates the Arp2/3 complex and

eads to actin remodeling and polymerization [116]. In addition,
he activated form of cortactin interacts also with the Src-related
yrosine kinase CrK that further boosts actin polymerization at the
higella entry site [117].

The two homologues effectors, IpgB1 and IpgB2, play a key role
n Shigella entry. IpgB1 stimulates Rac and Cdc42 [118]. It binds
LMO, a protein involved in engulfment and cell motility, leading to

he activation of Rac1 through the ELMO/Dock180 pathway. Conse-
uently, it induces Arp2/3 complex-dependent membrane ruffling
t the bacterial contact site [119], and it has also been revealed as
 polymerize actin and move intracellularly (E), while septin cages can also function
rmation of protrusions (G) and subsequently localize in double-membrane vacuoles
n cycle.

a pace maker for Shigella internalization [120]. In contrast, IpgB2
binds to mDia1 and to ROCK, which leads to actin nucleation
and stress fiber formation, thus mimicking RhoA [121,122]. Even
though IpgD, a PI(4,5)P2 phosphatase that specifically depletes
PtdIns(4,5)P2 into PtdIns(5)P, does not affect Shigella entry in gen-
eral, it may  weaken the connection between cortical actin and
the plasma membrane to facilitate membrane extensions [15].
Another effector that has been implicated during the early entry
of Shigella is VirA, which correlates with local degradation of
microtubules, which indirectly affects ruffle formation through a
feedback loop via RhoA and Rac1 [123–125]. This illustrates, how
different enzymatic activities of the bacterial effectors lead to finely
tuned spatiotemporal modulations of the host cytoskeleton at the
contact site allowing the internalization of Shigella in a vacuolar
compartment.

4.2. Rupture of the Shigella containing vacuole

Shigella ruptures its endocytic vacuole rapidly upon internaliza-
tion to reach the host cytoplasm (Fig. 3B). The T3SS in particular,

through the action of the translocon complex proteins IpaB and
IpaC, has been proposed to play a crucial role in the direct desta-
bilization of the Shigella containing vacuole: the T3SS translocon
proteins IpaB and IpaC could form a pore complex in cholesterol-
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ich membrane domains of the vacuole, causing its disruption and
ubsequent bacterial escape to the cytosol [126,127]. This was  sub-
tantiated through experiments that demonstrated red blood cell
emolysis via IpaB and IpaC [128]. Recently, T3SS reconstitution
f the Shigella injection device in E. coli resulted in the destabi-
ization of the vacuole containing the E. coli expressing the T3SS
n macrophages and hinted at the capacity of the T3SS to disrupt
ndocytic vacuoles [129]. Nevertheless, it has been puzzling that
ther T3SS containing bacteria, including Salmonella and Yersinia
emain mainly within phagolysosomes without damage arguing
or a vacuolar damage mechanism that requires additional factors.
or example, a non characterized region on the Shigella virulence
lasmid has been implicated in the uncoupling of Shigella entry step
nd the vacuolar escape step [130]. Novel approaches for the track-
ng of vacuolar damage in single cells at high temporal resolution
eveals that this process occurs in less than 10 min  after bacterial
ntry [120,131,132]. Using this method, a new mechanism of vac-
olar membrane damage caused by Shigella has been discovered,
hich depends on the subversion of host membrane trafficking
athways through the injection of Shigella T3SS effectors. A high-
ontent small interfering RNA (siRNA) screen identified several
ost proteins that modulate S. flexneri vacuolar membrane rupture
133]. They include a network of Rab GTPases, namely Rab5 and
ab11, a component of the host recycling pathway (Fig. 3C). Deple-
ion of Rab5 and Rab11 delays vacuolar rupture, and both GTPases
re recruited to the bacterial entry site through the effector IpgD
hat converts of PI(4,5)P2 to PI(5)P. Also, the ipgD mutant increases
he time of vacuolar escape by Shigella. Using correlative light elec-
ron microscopy (CLEM) in three dimensions, it was  further shown
hat Rab11 was only recruited to macropinosomes in the surround-
ng of the bacterial containing vacuole, and that Shigella was not
aken up within such spacious compartments [134]. It was  there-
ore identified that Shigella exclusively interacts with in situ induced

acropinosomes having no contact with other endomembrane
ompartments. The interaction between the Shigella containing
acuole and surrounding macropinosomes through membrane
ontacts is necessary for vacuolar rupture through a mechanism
hat requires further investigation [134].

.3. Shigella lifestyle after vacuolar rupture and cell-to-cell
pread

Vacuolar rupture and bacterial escape into the cytoplasm results
n the generation of small vesicles derived from vacuolar membrane
emnants, which are associated with poly-ubiquitinated proteins.
he autophagy marker LC3 and the adaptor p62 are recruited, as
ell as inflammasome components and caspase-1, and the mem-

rane remnants are targeted to autophagic degradation [120,135]
Fig. 3D). Therefore, the vacuolar rupture process itself represents

 site for the establishment of a signaling platform in the host cell.
ithin the cytoplasm, Shigella polymerizes actin at one of its poles
ith the help of the outer membrane protein IcsA (or VirG). IcsA

nteracts with and recruits N-WASP, which in turn activates the
rp2/3 complex to form an actin comet tail [136] (Fig. 3E). Intracel-

ular bacterial motility can reach speeds of 3–26 �m/min  [136,137].
tructurally, as for Listeria,  actin comet tails are composed of short,
ighly branched cross-linked actin filaments that can leave a long
rail behind one of the bacterial poles. A subset of intracytoplas-

ic  Shigella may  be found surrounded by septin-cages that impede
heir mobility and interact with the host autophagy machinery

138] (Fig. 3F). As Listeria, intracellular moving Shigella make pro-
rusions upon reaching the host cell plasma membrane (Fig. 3G)
hich allows them to invade neighboring cells, in which bacte-

ia will be found in two-membrane secondary vacuoles (Fig. 3H).
elopmental Biology 60 (2016) 155–167

Rupture of these secondary vacuoles by still non-identified mech-
anisms initiate a new intracellular infection cycle.

5. Yersinia spp.

Yersinia spp. are Gram-negative, facultative anaerobes that
belong to the Enterobacteriaceae family, for which eighteen species
have been reported, including three species that display pathogenic
features in humans and animals [139]. Y. pseudotuberculosis and Y.
enterocolitica are enteropathogenic bacteria responsible for enteri-
tis, ileitis, and mesenteric lymphadenitis; Y pestis, the etiological
agent of bubonic plague, is still endemic in rodent populations
on several continents and considered by the World Health Orga-
nization as a reemerging disease. Y. pseudotuberculosis and Y.
enterocolitica (referred from now on as Yersinia) are mainly trans-
mitted by ingestion: upon uptake of contaminated food or water,
bacteria gain access to the gastrointestinal tract, reach the terminal
ileum and translocate across the epithelial barrier by transcytosis
through antigen-sampling M cells associated with Peyer’s patches
[140]. Thereafter, Yersinia predominantly survives extracellularly
(Fig. 4A), inhibiting its internalization by PMNs and monocytes
(Fig. 4B).

5.1. Facultative intracellular life

5.1.1. Cell invasion
In the gastrointestinal tract, Yersinia displays on its surface at

high density the outer membrane protein (OMP) invasin [141].
Invasin is related to the intimins OMPs present in enteropathogenic
and enterohemorragic Escherichia coli, and binds with high affinity
to multiple members of the �1 chain integrin family on a variety of
cells, including M cells [142,143]. Binding of �1 integrins by invasin
promotes recruitment at bacterial entry sites of the focal adhesion
kinase (FAK) and Src, which normally drive actin-dependent rear-
rangements required for cellular migration, but which are used
by Yersinia to promote bacterial invasion [144,145]. Indeed, as in
the case of Listeria infection process, the small GTPase Rac1 is
subsequently recruited at Yersinia entry sites, where it induces
actin polymerization via the Arp2/3 complex [146] and bacte-
rial engulfment through zipper phagocytosis (Fig. 4C). The small
GTPase Arf6 also participates in the bacterial invasion process and
cooperates with Rac1 in the localized activation of PIP 5-kinase,
which produces a focal increase of the phosphoinositide PI(4,5)P2
[147], probably required to recruit other actin-remodeling proteins
required for Yersinia invasion. The final stages of Yersinia entry into
host cells require PI 3-kinase-dependent fusion of Rab5-positive
vesicles with bacterial-containing compartments that are still open
to the extracellular space: the host lipid phosphatase OCRL is then
recruited to these non-sealed vacuoles promoting hydrolysis of
PI(4,5)P2 and vacuole scission from the plasma membrane [148]
(Fig. 4D). Clathrin coats are, as for Listeria, critical for Yersinia inter-
nalization in host cells [23]. The lollipop-shaped multifunctional
adhesin YadA also facilitates epithelial cell entry in the absence
of invasin activity, through indirect binding of �1 integrins via
engagement of extra-cellular matrix molecules [149].

5.1.2. Autophagy subversion
Yersinia actively inhibits its own internalization in PMNs and

macrophages (see below). Interestingly, while Y. enterocolitica upon
internalization in phagocytic cells is degraded by autophagy [150],
Y. pestis replicates within intracellular compartments positive for
the autophagy marker protein LC3 and which do not acidify [151].

Recently, it has been suggested that the small GTPase Rab1 plays
a critical role in the inhibition of acidification by directly inhibit-
ing the maturation of the Y. pestis-containing compartment [152]. Y.
pseudotuberculosis has been also found to proliferate in LC3-positive



J. Pizarro-Cerdá et al. / Seminars in Cell & Developmental Biology 60 (2016) 155–167 163

Fig. 4. Yersinia cycle. Yersinia proliferate mainly as extracellular pathogens (A), as they actively inhibit cellular uptake by injecting type III secretion system effectors into
h  intera
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ost  cells, blocking actin cytoskeleton rearrangements (B). However, through the
nternalization in specific cell lines (C). Bacteria are found initially within internaliz

ultiple (E) or single (F) membrane compartments, depending on the cell type. Yers

acuoles: in bone marrow-derived macrophages, the bacteria are
etected in classical autophagosomes characterized by multiple

imiting membranes which also avoid acidification [153] (Fig. 4E).
urprisingly, in epithelial HeLa cells, Y. pseudotuberculosis resides
n single-membrane compartments also labelled by LC3, suggest-
ng an autophagosomal origin [154] (Fig. 4F). The vesicle-associated

embrane protein 7 (VAMP7), which belongs to the SNARE family
f mediators of membrane docking and fusion, was  found to regu-
ate the association of LC3 to both single- and multiple-membrane
ompartments supporting Y. pseudotuberculosis replication; how-
ver, VAMP3 was shown to play a critical role in the commitment
f bacteria towards single-membrane LC3-positive compartments
n HeLa cells, suggesting that this SNARE functions as a molecular
heckpoint for bacterial trafficking to single- or double-membrane
utophagosomes [154]. The potential functional differences of
hese two types of autophagosomes are unknown. Interestingly,
acuolar escape for Y. enterocolitica has been described [155] but
he relevance of this observation requires further investigation.

.2. Extracellular life

As mentioned above, Yersinia spp. has developed molecular
daptations to survive within macrophages if uptake takes places.
owever, the first bacterial defense strategy to avoid degradation

s to actively inhibit internalization within professional phago-
ytes. The T3SS of Yersinia, which is one of the first to have been
horoughly characterized, delivers into the cytoplasm of host cells,

olecules which interfere with actin cytoskeleton rearrangements
n order to inhibit phagocytosis [156]. The effector YopH is a
yrosine phosphatase that dephosphorylates critical cytoskeletal-
elated proteins such as FAK, p130Cas and paxillin [157], inhibiting

ac1 activation required for bacterial internalization, as mentioned
bove [145]. Direct manipulation of Rho GTPases is performed by
opE, which functions as a GTPase-activating protein (GAP) for
ho, Rac1 and Cdc42, completely inhibiting the rearrangement
ction of surface invasion proteins and host cell receptors, Yersinia can induce its
vacuoles (D) which, through interaction with autophagic vacuoles, can mature into
e probably released upon cell death in cells permissive for bacterial replication (G).

of the actin cytoskeleton [158,159]. The effector YopO/YpkA is a
multidomain effector which displays a GDP-dissociation inhibitor
(GDI)-like domain which sequesters the GDI-free pool of Rac1
localized at the plasma membrane [160] and which also displays
a phosphatase domain which targets the vasodilator-stimulated
phosphoprotein (VASP), another critical regulator of actin assem-
bly [161]. Finally, the Y. enterocolitica-specific YopT is a cysteine
protease that cleaves the carboxy-terminal prenylyl groups of Rho,
Rac1 and Cdc42, disrupting their membrane localization [162].

6. Conclusions

In the course of infection, bacterial pathogens manipulate host
cell membranes in exquisite ways. During internalization, the sub-
version of small Rho GTPases and phosphoinositide metabolism
has been extensively characterized as mechanisms to control actin
cytoskeleton rearrangements and vesicular traffic. Several recent
findings have now refined our current view of bacterial infec-
tion strategies to harness host membranes, and clathrin stands
as a novel critical regulator of actin polymerization for zippering
pathogens such as Listeria and Yersinia [23]. Bacterial transcytosis
has also emerged as a novel invasion mechanism for Listeria that
allows translocation across the epithelial barrier [5]. It would be
interesting to determine whether Yersinia, which also uses a zip-
per invasion mechanism based on the activation of surface host cell
receptors, exploits a similar strategy during the initial steps of host
infection. Another important finding concerns the co-existence of
diverse Arp2/3 complexes in cells which differentially participate
in Listeria entry or actin comet tail formation [29]. Similar obser-
vations have been made for viral infection [58] and focal adhesion
formation [163], highlighting that cellular functions implicating the

Arp2/3 complex may  need to be re-investigated.

The rupture process of bacterial-containing compartments has
been also recently enriched by the characterization of the Fran-
cisella T6SS, that appears essential for bacterial escape to the host
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ytosol [94] and by the identification of small GTPases of the Rab
amily which are required for Shigella cytosolic translocation [133].
n the future, it will be important to determine whether other
ost molecules can directly influence vacuolar membrane stability
nd what are the specific molecular contributions of T6SS effectors
or Francisella phagosomal escape. Concerning bacterial replication
ithin host cells, the finding that Yersinia may  reside in single- or
ultiple-membrane compartments [154] highlights the versatility

f bacterial pathogens to adapt their molecular survival strategies
o their specific local infection environment. This is also exemplified
y the Francisella nutritional virulence phenotype [95].

Infectious diseases are still a major public health problem in the
1st century. Profound knowledge of how host cellular components
re subverted by bacterial pathogens should allow identification of
ost targets to be used in novel therapeutic strategies.
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