Common Themes in Cytoskeletal
Remodeling by Intracellular Bacterial
Effectors

Guy Tran Van Nhieu and Stéphane Romero

Contents

1 Introduction: Cytoskeletal Remodeling During Bacterial Infections
Bacterial Actin-Based Motility (ABM)
2.1 The ABM Input on Fundamental Principles of Actin Dynamics
2.2 Bacterial Models of Actin-Based Motility
Induction and Hijacking of Filopodia by EPEC/EHEC and Shigella
4 Intracellular Delivery of Bacterial Effectors via “Injectisomes”
4.1 WXXXE Effectors
5 Cytoskeletal Remodeling at the Plasma Membrane by T3SS-Expressing Bacteria
5.1 EPEC/EHEC Pedestals
5.2 Shigella Invasion
5.3 Salmonella Invasion
5.4 Chlamydia Invasion
The Role of Phosphoinositides During T3SS-Mediated Cytoskeletal Reorganization
Type III Effectors as Actin-Binding Proteins and Cytoskeletal Linkers
Type III Effectors Interfering with Tyrosine Kinase Signaling
Concluding Remarks
eferences

W

7O 00 3 O

Abstract

Bacterial pathogens interact with various types of tissues to promote infection.
Because it controls the formation of membrane extensions, adhesive processes,
or the junction integrity, the actin cytoskeleton is a key target of pathogens
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during infection. We will highlight common and specific functions of the actin
cytoskeleton during bacterial infections, by first reviewing the mechanisms of
intracellular motility of invasive Shigella, Listeria, and Rickettsia. Through the
models of EPEC/EHEC, Shigella, Salmonella, and Chlamydia spp., we will
illustrate various strategies of diversion of actin cytoskeletal processes used by
these bacteria to colonize or breach epithelial/endothelial barriers.
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1 Introduction: Cytoskeletal Remodeling During Bacterial
Infections

The ability of the pathogens to promote disease depends critically on their ability to
adhere to the target cells. For this, bacteria have developed a variety of adhesins,
surface appendages such as fimbriae or pili, often acting as lectins, binding to
sugars that are present at the intestinal mucosal surface of the host cells. For these
extracellular pathogens, the disease symptoms may be associated with the secretion
of toxins or cytotoxins, leading to the destabilization of tissue integrity and loss of
homeostasis (Aktories et al. 2011; Lemichez and Aktories 2013). In some instances,
however, the loss of tissue homeostasis is not linked to the production of secreted
toxins, but to the pathogen’s ability to reorganize the actin cytoskeleton of host
cells.

Invasive bacterial pathogens have evolved a diversity of specialized secretion
systems allowing the specific injection of effectors into target cells which, as
opposed to diffusely acting toxins, function at the close to precisely divert or
reprogram processes of the infected cell. The pathogenic bacteria discussed here
are Gram negative and express the T3SS protein complex that serves to inject
effectors into host cells (for details, see below). For all infectious processes, one can
distinguish three phases: at the onset of infection, bacterial pathogens promote their
adherence or internalization beyond epithelial or endothelial barriers (Fig. 1, 1).
Adhesins or invasins expressed by these bacterial pathogens may show specificities
for receptors reflecting tissue tropism. In a second phase and depending on the
pathological strategies, disease progression depends on the bacterial ability to
multiply within the epithelial/endothelial tissue, to spread from cell to cell using
actin-based motility, or to disseminate to deeper tissues (Fig. 1, 2). Specifically for
pathogens responsible for chronic infection, persistence may be determined by the
bacterial ability to survive within macrophages and reach deeper tissues. Finally,
acute phases are associated with the loss of tissue integrity corresponding to the
pathogen’s replicative niche, associated with uncontrolled bacterial replication and
inflammation (Fig. 1, 3). These phases can be accompanied with the release of
bacteria from lysed infected cells, the shedding of bacteria-loaded cells, or cell buds
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EPEC/EHEC Shigella Salmonella Chlamydia

Fig. 1 Colonization and breaching of epithelial/endothelial tissues by T3SS-expressing
pathogens. Epithelial/endothelial interaction models of various T3SS-expressing bacteria are
depicted. Three stages implicating cytoskeletal reorganization can be distinguished: (1) an initial
interaction stage, leading to the injection of T3 effectors inducing adhesion and pedestal formation
for EPEC/EHEC, or invasion for Shigella, Salmonella, and Chlamydia (arrow). Following inva-
sion, Shigella rapidly lyses the phagocytic vacuole, while Salmonella and Chlamydia reside and
multiply within vacuoles. For Chlamydia, invasion and intracellular replication occur through the
EB (small blue circle) and RB (bigger blue circle) forms, respectively; (2) a replication/dissemi-
nation stage, where EPEC may surf at the surface of infected epithelial cells, Shigella uses actin-
based motility to spread from cell to cell, and Salmonella may infect macrophages and disseminate
to other tissues; (3) an acute phase, where bacterial replication is not controlled by host responses,
leading to loss of tissue integrity. This stage is usually associated with mounting inflammation and
in the case of invasive bacteria, release of bacteria in the extracellular milieu. Such release may
correspond to lysis of infected cells or an egress strategy in the case of cells infected with bacteria
that freely replicate in the cytosol for Salmonella or the budding of Chlamydia-containing vesicles

from infected tissues (Fig. 1, 3). In this chapter, we will mostly focus on the initial
phases of bacterial infection corresponding to the interactions with epithelial or
endothelial tissues.

2 Bacterial Actin-Based Motility (ABM)
2.1 The ABM Input on Fundamental Principles of Actin Dynamics

A number of invasive bacterial pathogens such as Shigella sp., Listeria
monocytogenes, Burkholderia pseudomallei, Mycobacterium marinum, and Rick-
ettsia sp. induce actin comet tails to move intracellularly and spread from cell to
cell (Kuehl et al. 2015; Stevens et al. 2006; Truong et al. 2014; Welch and Way
2013; Willcocks et al. 2016).
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Actin-based motility of intracellular pathogens has provided key insights into
the mechanism regulating actin polymerization. Intracellular motile bacteria were
initially observed as inducing the polymerization of long actin comet tails
associated with the spreading in epithelial or endothelial cells (Kuehl et al. 2015;
Welch and Way 2013). Intracellular motility is promoted by the bacterial surface
proteins IcsA/VirG for Shigella and ActA for Listeria (Bernardini et al. 1989;
Kocks et al. 1992), the latter being key to the identification of the first cellular
endogenous actin nucleator, the Arp2/3 complex from platelet extracts (Welch
et al. 1997). ActA and IcsA, localized at one bacterial pole, induce the formation
of actin comet tails by directly or indirectly activating the Arp2/3 complex,
respectively (Egile et al. 1999; Suzuki et al. 1998; Welch et al. 1998).

Major advances were subsequently achieved using purified proteins to reconsti-
tute bacterial motility in vitro (Loisel et al. 1999). ActA-mediated actin comet tail
formation was shown to only require at minima, the Arp2/3-mediated nucleation of
filaments, ADF/cofilin, and capping proteins to maintain a high pool of actin
monomers at steady state (Loisel et al. 1999). Profilin and the actin-bundling
protein alpha-actinin render bacterial motility more effective. (1) ADF/cofilin
enhances the depolymerization rate of actin filaments, resulting in an increase in
the pool of monomeric ADP-G-actin; (2) profilin binding to ADP-G-actin
accelerates nucleotide exchange to regenerate ATP-G-actin and catalyzes its exclu-
sive assembly at barbed ends; (3) by preventing barbed end growth, capping
proteins funnel the polymerization flux to newly created uncapped filaments and
increase the Arp2/3 branching frequency through the capping of newly created
filaments (Akin and Mullins 2008; Pantaloni et al. 2001; Wiesner et al. 2003). Actin
filaments polymerizing against the bacteria create a propelling pushing force
(Loisel et al. 1999; Theriot et al. 1994) that has been modeled at different scales.
At the molecular scale, in the “elastic Brownian ratchet” model, the incorporation
of monomers at the filament’s end is rendered possible by the undulations of the
actin fiber, the growing filament providing an elastic force pushing the bacteria
forward (Mogilner and Oster 1996, 2003). At the mesoscopic scale, the actin
meshwork growing from the bacterial surface is considered as a viscoelastic gel,
responsible for elastic forces in addition to those mediated by the pushing actin
comet tail and accounting for the saltatory intracellular motility observed for some
bacteria (Boukellal et al. 2004; Gerbal et al. 2000; Jasnin et al. 2013; Soo and
Theriot 2005).

2.2 Bacterial Models of Actin-Based Motility

Shigella flexneri and S. dysenteriae, the causative agents of bacillary dysentery,
invade the colonic mucosa where they elicit an intense inflammation responsible for
the tissue destruction. Following uptake by intestinal epithelial cells, Shigella lyses
the phagocytic vacuole to replicate in the cytosol. During this replication phase,
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Shigella uses actin-based motility to spread from cell to cell (Fig. 2). Shigella also
uses a T3SS to invade and to disseminate within intestinal epithelial cells. To
activate Arp2/3, the Shigella IcsA/VirG protein mimics the activated form of
Cdc42 by binding to the N-terminal autoregulatory domain of the N-WASP NPF
(Fig. 2a). This interaction releases the C-terminal VCA domain of N-WASP, which
binds to and activates Arp2/3 (Egile et al. 1999; Rohatgi et al. 1999; Suzuki
et al. 1998, 2002). In addition, the Btk and Abl kinases that phosphorylate
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Fig. 2 Bacterial actin-based motility and intercellular spreading. (a) Bacterial actin-based motil-
ity. The Shigella autotransporter surface protein IcsA binds to N-WASP and activates Arp2/3-
dependent actin polymerization to generate an actin comet tail composed of branched filaments.
T3SS also triggers the recruitment of Toca-1 that relieves the WIP-mediated inhibition of
N-WASP. The Rickettsia uses two modes of actin-based motility via distinct bacterial surface
proteins: (/) RickA directly binds to Arp2/3 to induce actin polymerization; (2) at later stages of
infection, Sca2 induces the polymerization of unbranched actin filaments, in a formin-like manner.
The Listeria ActA protein activates Arp2/3 and binds to VASP. Lamellipodin (Lpd) is also
recruited at the bacterial surface to enhance VASP-dependent bacterial motility and directionality.
(b) The formation of Shigella protrusion is favored by the formin Dial and by tricellulin at multi-
junctions (/). Protrusion elongation is facilitated by Myosin-X. PI(3,4,5)P; at the protrusion
membrane may trigger the activation of PI3K and the phagocytosis of the protrusion by the
recipient cell in a noncanonical clathrin and dynamin-dependent pathway (2). Listeria-containing
protrusion formation is favored by the formins Dial, Dia2, and Dia3. The InlC protein releases
cell-cell junctions’ tension by interfering with tuba-mediated activation of N-WASP, thus favoring
protrusion formation. Tuba contributes to cell-cell junctions’ tension trough its GEF activity for
Cdc42 or by allowing the recruitment of N-WASP at cell junctions. The tuba GEF (blue inset) and
SH3 (pale green) domains are depicted. An unidentified Listeria factor (?) also contributes to
cortical tension release by inhibiting Cdc42
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N-WASP (Burton et al. 2005; Dragoi et al. 2013), as well as Toca-1, which prevents
N-WASP inhibition by WIP, are also major components required for Shigella actin-
based motility (Ho et al. 2004; Leung et al. 2008).

Rickettsia spp. are obligate intracellular bacteria that include R. parkeri,
R. rickettsii, and R. conorii, the causative agents of spotted fever. Rickettsia also
uses actin-based motility to disseminate within tissues. Rickettsia-mediated actin
comet tails consist of long and parallel actin filaments (Gouin et al. 1999; Van Kirk
et al. 2000). The discovery of RickA, a surface protein of Rickettsia that acts as a
NPF for Arp2/3 through a canonical VCA domain, was puzzling, since this protein
induced a branched actin network (Gouin et al. 1999; Harlander et al. 2003; Jeng
et al. 2004). However, recent studies showed that Rickettsia actin-based motility
involves two distinct phases (Fig. 2a). The first phase based on RickA activity
occurs within the first 2 h following bacterial internalization, during which short
Arp2/3-containing actin comet tails propel bacteria in the cytosol at a slow speed.
The second phase occurring after 12-24 h post internalization is based on Sca2,
another Rickettsia surface protein (Reed et al. 2014). Sca2 nucleates unbranched
actin filaments while remaining attached to the barbed end of elongating actin
filaments, thus accelerating actin assembly in a formin-like manner, but using a
different molecular mechanism (Haglund et al. 2010; Reed et al. 2014) (Fig. 2a).
This formin-like nucleation and accelerated processive elongation of actin
filaments explain the structure of actin comet tails associated with bacteria and
the enhanced velocity of bacterial propulsion (Gouin et al. 1999; Reed et al. 2014).

Listeria monocytogenes is an enteroinvasive bacterium responsible for septice-
mia, encephalomeningitis, and abortion. Following ingestion and invasion of the
intestinal mucosa, Listeria uses actin-based motility to disseminate within infected
tissues. The Listeria ActA protein acts as a NPF, which, through a VCA domain
located at its N-terminal part, directly activates Arp2/3 (Egile et al. 1999; Welch
et al. 1998). In addition to Arp2/3, profilin and VASP have been involved in the
formation of Listeria actin comet tails (Smith et al. 2010) (Fig. 2a). The proline-rich
domain of ActA interacts with the EVH1 domain of VASP, and profilin is recruited
through the proline-rich domain of VASP (Niebuhr et al. 1997; Reinhard
et al. 1995). VASP tetramers in cooperation with profilin can processively acceler-
ate barbed end elongation in a formin-like manner (Breitsprecher et al. 2011). Thus,
ActA may nucleate new actin filaments through Arp2/3 activation and processively
elongate these filaments by recruiting the VASP/profilin (Fig. 2a). This model is
consistent with the role of VASP in the shape of Listeria actin comet tails and the
increased bacterial velocity, as well as in the elastic modulus of the actin comet tails
(Samarin et al. 2003; Auerbuch et al. 2003; Diakonova et al. 2007; Suei et al. 2011).
Lamellipodin, a cytoskeletal protein involved in cell migration, is also recruited at
Listeria surface, via its Ena-VASP homology 1 (EVHI1) and plekstrin homology
(PH) domains interacting, respectively, with VASP and PI(3,4)P, present at the
surface of intracellular bacteria in an ActA-dependent manner (Wang et al. 2015).
As for VASP depletion, depletion of Lamellipodin also affects Listeria intracellular
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velocity and directionality, suggesting a role for Lamellipodin as a scaffold protein
organizing ActA and VASP at the surface of bacteria.

Propulsion of bacteria against the plasma membrane induces filopodia-like
protrusions that are internalized by the neighboring cells allowing bacterial spread-
ing. However, recent studies showed that other cellular factors facilitate the forma-
tion of bacteria-containing protrusions. For Shigella, the formin nucleator Dia
might contribute to force generation required to form protrusion at cell-cell
junctions (Heindl et al. 2010). Myosin-X could also contribute to protrusion
formation by carrying membranes or host cell components at the protrusions’ tip
(Bishai et al. 2013) (Fig. 2b). Phagocytosis of the protrusions also requires active
signaling to neighboring cells, such as a clathrin noncanonical pathway implicating
the multicellular junction protein tricellulin, PI3K, and dynamin and myosin II
(Fukumatsu et al. 2012; Lum and Morona 2014; Rathman et al. 2000) (Fig. 2b).

In the case of Listeria, the 3 Dia formins may also play a similar role in
facilitating protrusion formation (Fattouh et al. 2015). In addition, the high tension
at cell-cell contacts was shown to limit the formation of protrusions and cell-to-cell
spread (Fig. 2b). By acting on tuba, an activator of N-WASP and GEF for Cdc42,
the Listeria-secreted protein InlC releases junctional tension (Rajabian et al. 2009).
Clearly, beyond actin-based motility, much is yet to be learned about cytoskeletal
processes that involved bacterial dissemination in tissues.

3 Induction and Hijacking of Filopodia by EPEC/EHEC
and Shigella

Filopodia are fingerlike thin cell extensions present on the surface of a variety of
cell types, including epithelial and endothelial cells. Filopodia are generally con-
sidered as sensing organelles that cells use to probe their environment to establish
adhesion structures. An increasing number of viral and bacterial pathogens such as
HIV, or MLV, Yersinia, Shigella, or Borrelia have been reported to divert filopodial
function to adhere to or invade host cells (Hoffmann et al. 2014; Lehmann
et al. 2005; Romero et al. 2011; Young et al. 1992).

Enteropathogenic E. coli (EPEC) is an important cause of infantile diarrhea in
developing countries. Upon interaction with enterocytes, EPEC induces the disap-
pearance of microvilli in a process referred to attaching-effacing (A/E) lesions. The
AJE lesions induced by EPEC/EHEC strains are closely linked to virulence, with
the loss of electrolytes from infected enterocytes and epithelial integrity. EPEC/
EHEC AJE lesions are associated with the formation of F-actin-rich structures
supporting bacteria coined “pedestals” (Fig. 3a). The physiological relevance of
EPEC/EHEC pedestals has been a matter of debate.

During early phase of adhesion, EPEC and EHEC induce filopodia-like
structures at the sites of bacterial contact with epithelial cells (Kenny et al. 2002).
These filopodia only form transiently and disappear as actin pedestals are formed.
EPEC-/EHEC-induced filopodia are triggered by the type III effector MAP, acting
as a GEF for the Cdc42 GTPase (Huang et al. 2009). In addition to its GEF domain,
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Fig. 3 Immunofluorescence micrographs of EPEC- and Shigella-induced cytoskeletal reorgani-
zation at the surface of epithelial cells. HeLa cells were infected for 45 min (a) or 15 min (b) with
bacteria. Samples were fixed and processed for F-actin (green) and bacterial (red) staining.
Various F-actin-containing structures are observed. EPEC induces the formation of pedestals
composed of several actin shafts, reminiscent of the “medusa” phenotype (a, left; (Smith
et al. 2010)) and pedestal-like structures (a, right). Shigella induces the formation of actin foci-
forming filopodia (b, left) and ruffles (b, right). Scale bar =5 pm

MAP contains a carboxyterminal PDZ (PSD-95/Disc Large/ZO-1) domain that
interacts with the ezrin-binding protein Epb50. Binding of MAP to Ebp50 and
ezrin promotes the formation of MAP scaffolds at the plasma membrane, which
determine the local activation of Cdc4?2 and actin polymerization (Alto et al. 2006).
The role of MAP and filopodia during EPEC/EHEC infection remains unclear.
MAP was shown to synergize with the Tir-translocated effector to promote EPEC/
EHEC invasion of epithelial cells (Jepson et al. 2003). An EPEC mutant lacking
MAP induces the formation of pedestal structures, which do not appear to support
the stable adhesion of bacteria (Shaw et al. 2005). This evidence suggests that,
rather than performing antagonistic functions, MAP and other type III effectors
contribute to the “maturation” of pedestals through the activation of Cdc42 and
actin polymerization. MAP-induced filopodia may increase the surface of contact
between bacteria and the plasma membrane, thereby stabilizing EPEC/EHEC
adhesion upon pedestal formation.

To invade host cells, viruses glide along the side of filopodia in a myosin-II-
dependent process. In contrast, prior to invasion of epithelial cells, Shigella
interacts with the tip of filopodia, presumably via the T3SS tip complex. Following
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contact, filopodia retract and drag bound bacteria into contact with the cell body
(Fig. 3b). This retraction process depends on the activity of MAP kinase Erk, which
controls the retrograde flow of actin filament bundles in filopodia in epithelial cells
(Romero et al. 2011). This retrograde flow is driven by the polymerization of actin
in the cortical actin network that constantly pulls on filopodial actin filaments. Upon
bacterial interaction, filopodia retract because actin polymerization at filopodia tips
fails to compensate the pulling of filopodia actin filaments by the retrograde flow
(Bornschlogl et al. 2013). The mechanism underlying the decrease of actin poly-
merization at the filopodia tip following bacterial contact has not been elucidated,
but is likely to involve cell receptors of the T3SS tip complex and barbed end
capping proteins. Filopodial capture may represent an explanation for the paradox-
ical cell invasion properties of Shigella in the absence of constitutive cell-binding
activity.

4 Intracellular Delivery of Bacterial Effectors via
“Injectisomes”

To date, up to nine types of secretion systems have been described in bacteria, three
of which enable the delivery of effectors into host target cells, illustrating the
striking capacity of pathogens to adapt and improve molecular machines. Histori-
cally the type III secretion system (T3SS) was the first one described to allow the
injection of bacterial effectors into host cells. T3SSs are widely spread among
Gram-negative bacterial pathogens and are expressed in a wide variety of
enteropathogens, such as EPEC/EHEC, Salmonella enterica, Yersinia, or Shigella
spp- The structure of these macromolecular machines is related to the bacterial
flagella, with the notable difference that the basal body is prolonged by a needle and
a so-called tip complex. This tip complex negatively regulates secretion and allows
sensing of host cell membranes (for review see Galan et al. 2014). While there may
be variations between bacterial models, it is generally admitted that the mechanism
of type III secretion is conserved. Upon host cell contact, the T3SS activity is
triggered, leading to the insertion of two hydrophobic proteins, called the
translocon, into the host cell plasma membrane. The translocon forms a ring
connecting to the T3SS needle through which type III effectors are channeled
directly into the host cell cytosol without extracellular steps. In the case of Yersinia,
however, it has been shown that type III substrates can also follow an alternate,
ABS5-toxin-like route of delivery into host cells (Akopyan et al. 2011). Because of
the estimated inner diameter of the T3SS needle or the T4SS secretion conduit
(1.5-3 nm), it is thought that substrates are secreted in a fully or partially unfolded
state, to adopt their final conformation upon translocation into host cells. These
considerations are important, because post-secretion folding may potentially pro-
vide means to control the effector activity, for example, by posttranslational
modification or association with host cell cofactors (Cui and Shao 2011).
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4.1 WXXXE Effectors

A variety of EPEC, Shigella, and Salmonella type III effectors contain the
“WXXXE” sequence (Orchard and Alto 2012). Structural and in vitro assays
confirmed that WXXXE effectors are GEFs for Rho GTPases. Strikingly, structural
analysis of WXXXE effectors revealed a highly conserved fold, with two helical
bundles forming a V-shaped structure connected by a “catalytic” loop. The conser-
vation of the WXXXE motif, located at the interface between the two bundles, is
explained by its key structural role. All WXXXE effectors promote their GEF
activity by interacting via key residues located in their alpha-2 helix and catalytic
loop, with the Rho GTPase Switchl and Switch2 domains (Huang et al. 2009).
Sequence comparisons, supported by modeling and mutagenesis studies, indicate
that the specificity of interaction is determined by contacts between residues of the
alpha-2 and alpha-6 helixes of the WXXXE effector that pair to the beta-2-3 inter-
switch strand residues of the GTPase (Huang et al. 2009).

5 Cytoskeletal Remodeling at the Plasma Membrane by
T3SS-Expressing Bacteria

5.1 EPEC/EHEC Pedestals

Through actin treadmilling, EPEC-mediated pedestal formation is associated with
the “surfing” motility of bacteria on the cell surface and has been proposed to
enable bacterial dissemination over the intestinal mucosa (Lai et al. 2013; Wong
etal. 2011) (Fig. 3). Alternatively, EPEC-mediated pedestal formation on epithelial
cells (Fig. 3a) may reflect the diversion of cytoskeletal processes involved in the
inhibition of phagocytosis by macrophages (Fallman et al. 2002; Westermark
et al. 2014).

EPEC pedestal formation is dependent on the injection of effectors mediated by
the T3SS. Upon cell contact, EPEC injects the Tir protein that inserts in host cell
plasma membrane (Fig. 4). Folding of Tir in the plasma membrane results in the
cell surface exposure of a loop, which is recognized by the EPEC/EHEC intimin, a
bacterial surface adhesin containing a cell-binding domain with structural
similarities with the Yersinia invasin protein. As commonly observed during cell
outside-in receptor-mediated signaling, clustering of Tir molecules by multimers of
intimin induces the tyrosyl phosphorylation of Tyr474 of Tir. Host cell tyrosine
kinases involved in Tir phosphorylation include members of the Src, Arg/Abl, or
Tec family kinases (Bommarius et al. 2007; Swimm et al. 2004) (Fig. 4). Tir
phosphorylation probably involves loops of amplification through the recruitment
and activation of various tyrosine kinases. Tir phosphorylation at Y474 mediates
the recruitment of the Nck adaptor through its SH2 domain. Nck SH3 domains, in
turn, allow the recruitment and activation of N-WASP, itself responsible for the
activation of the Arp2/3 complex leading to pedestal formation (Campellone and
Leong 2003) (Fig. 4). This view, however, is probably oversimplistic and has been



Common Themes in Cytoskeletal Remodeling by Intracellular Bacterial Effectors

EPEC / EHEC Shigella Salmonella Chlamydia
Crk écm SO Abl 5 Crk
Koy I a Arg
sre” 7 ELMO Arg src CAS S 4
Abl“ A Dock180 PI3P e ~
ag Sy A 1PIP3\ A A FAK
®. i e & Y ADIL-Eps8  pj3i
pise 4/ [/ ARNO (€ ARNO SeEf) PIP3
\ ;o J \ Vav2
A\ - \
B @ @ @® 6 @
&&j v Arfl & + Arfl & ‘#I—”I ‘ Arfé
Cdc42 Rac Rho Cdc42 Rac ' Rho Rac Cdc42
\ \, , a
Vv S v ' < 7
N-WASP ‘ v ‘ N Abi/WAVE ROCK Abi/WAVE /
v \ \
cortactin  Arp2/3 Yy X - eritin vy
~ v Arp2/3 < cortactin <= cortactin’ Ar 2/3 Arp2/3
actin
o @ @ W v prasn\ e l/.»
5y & & b -y vinculin i Kvmculln
Cdc42  Rac  Rho actin = @il actin

Fig. 4 Common and specific processes targeted by T3SS-expressing bacteria to induce cytoskel-
etal reorganization at the host cell plasma membrane. Components implicated in cytoskeletal
reorganization are indicated. Boxes correspond to pale yellow, tyrosine kinases (red), adaptor
(orange), phosphoinositides (green), BAR-domain-containing proteins, and GEFs (purple); dark
yellow, Rho GTPases; orange, WAVE-family proteins; green, cytoskeletal proteins; and blue
circles, type III effectors. Solid arrows indicate direct interaction/activation. Dashed arrows
indicate activation. See main text for description. (EPEC/EHEC), gray box: type III effectors
contributing to cytoskeletal reorganization but not critical for pedestal formation. F' EspF, Fu
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challenged by the observations that N-WASP is required for the recruitment of Nck
and that the Nck-binding region of N-WASP is dispensable for its localization at
pedestal (Garber et al. 2012). While Tir Y474 phosphorylation is the major route for
actin pedestal formation, the existence of Nck-independent pathways involving two
other phosphorylated tyrosine residues of Tir could account for N-WASP recruit-
ment in the absence of direct interaction with Nck (Lai et al. 2013).

In EHEC, tyrosine phosphorylation at Y458 (the EPEC equivalent of Y454) does
not appear to play a prominent role in actin polymerization and pedestal formation
(Fig. 4). Instead, the EHEC NPY458 motif was shown to bind to the I-BAR
containing proteins IRTKS and Irsp53. In addition, EHEC injects the type III
effector EspFu/Tccp that binds to the carboxyterminal SH3 domains of IRTKS/
Irsp53 through a proline-rich repeated sequence and to N-WASP through an
N-terminal helix. The EspFu N-terminal helix acts as a super-mimic that
outcompetes the N-WASP inhibitory helix and relieves its intramolecular interaction
with the Arp2/3-activating domain VCA (Lai et al. 2013). While this Tir “NPY™-
dependent actin polymerization pathway appears to function with low efficiency in
EPEC, the presence of EspFu/Tccp renders it predominant in EHEC (Campellone
and Leong 2003). Other minor pathways include the EPEC Tir-dependent
Nck-independent and EHEC EspFu-/Tccp-dependent N-WASP-independent
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pathways (Wong et al. 2011). Interestingly, some EPEC strains also express EspF,
which shares homology and can functionally substitute for EHEC EspFu/Tccp.
Through its proline-rich repeats, however, EspF was shown to bind and activate
Snx9, a BAR-domain protein, leading to the formation of tubular membrane
structures (Alto et al. 2007). The interaction of EspF with Snx9 appears to deter-
mine its localization at the plasma membrane and N-WASP-dependent actin poly-
merization, although its role during bacterial infection is not entirely clear.

While MAP and Tir are present in all EPEC/EHEC strains, other EPEC/EHEC
type III effectors that are strain specific might control cytoskeletal reorganization.
Because the functions of these effectors are potentially antagonistic, their expres-
sion is likely to be coordinated during the course of the infection. The type III
effector EspH binds the Dbl homology/pleckstrin homology domains present in
endogenous GEFs, thereby inhibiting the GTPase activation (Wong et al. 2012).
EspM1/2 is a WXXXE effector acting as a RhoA GEF. Expression of EspM1/
2 accelerates the disappearance of pedestals and perturbs the distribution of tight
junction components in polarized epithelial cells, while decreasing the epithelial
barrier permeability (Simovitch et al. 2010). The function of EspM1/2 during
infection is not clear; as postulated for the CNF1/2 toxins, EspM1/2 may serve to
limit inflammation associated with leakage from tight junctions (Arbeloa
et al. 2010). EspT, another WXXXE effector expressed only in a minority of
EPEC strains, is a GEF for Cdc42 and Rac, associated with membrane ruffling
and with higher invasive properties (Bulgin et al. 2009). The EspH inhibitory
activity on GTPases has been linked to the ability of EPEC strains to prevent
their phagocytosis by macrophages and to inhibition of MAP-induced filopodia.
While inhibiting Rho GTPase activation, EspH stimulates actin polymerization and
the formation of EPEC pedestals in a Tir-WIP- and N-WASP-dependent but Nck-
and Rac-independent manner. These seemingly paradoxical functions of EspH have
led to speculations that EPEC/EHEC strains “reprogram” signaling downstream of
Rho GTPases (Cui and Shao 2011). In this view, “reprogrammed” cytoskeletal
reorganization would ensue from the capacity of EspH to inhibit the activation of
endogenous Rho GTPases, without affecting that of WXXXE effectors (Cui and
Shao 2011).

5.2 Shigella Invasion

Upon host cell contact, activation of the Shigella T3SS leads to the insertion of the
IpaB and IpaC translocon components, required for the injection of type III
effectors (Picking and Picking 2016). In addition to being involved in type III
effector translocation, IpaC also triggers the recruitment and activation of the Src
tyrosine kinase through its carboxyterminal moiety, by a process that remains ill
defined (Fig. 4). Src-dependent tyrosyl phosphorylation of cortactin allows its
interaction with the Crk adaptor at the plasma membrane and actin polymerization
via the cortactin Arp2/3-binding domain (Valencia-Gallardo et al. 2015). Inhibition
of Src- and cortactin-mediated signaling results in actin-rich smaller structures and
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in a partial defect in bacterial internalization, suggesting that rather than triggering,
Src signaling amplifies actin polymerization at bacterial invasion sites (Bougneres
et al. 2004). Cytoskeletal reorganization also results from the activity of injected
type III effectors acting at different levels to control dynamics of actin polymeriza-
tion/depolymerization. IpgB1 and IpgB2 are WXXXE effectors acting as GEFs for
Rac and Rho, respectively (Alto et al. 2006). While the activation of Rac and Rho is
generally considered antagonistic, both IpgB1 and IpgB2 are required for efficient
Shigella invasion in polarized intestinal epithelial cells for reasons that are still
unclear (Hachani et al. 2008). Through its GEF activity for Rac, IpgB1 stimulates
actin polymerization and membrane ruffling at invasion sites, thereby amplifying
Shigella invasion. IpgB1 has also been involved in the hijacking of the ELMO/
Dock180 pathway, by acting as a mimic of the RhoG GTPase (Handa et al. 2007).
In light of compelling evidence for the role of IpgB1 as a Rac GEF, how this
WXXXE effector could also mimic the function of RhoG deserves clarification.
Interestingly, other studies have shown that Arg/Abl are involved in actin polymer-
ization at Shigella invasion sites and in bacterial entry (Burton et al. 2003; Wessler
and Backert 2011). Abl/Arg are tyrosine kinases implicated in cytoskeletal reorga-
nization downstream of growth hormone receptor signaling. Transactivation of
Abl/Arg may occur upon binding of their proline-rich domain to the Crk adaptor,
but the activity of these kinases is also regulated by direct interaction with cortactin.
Abl/Arg can also act upstream of the Rac GTPase by stabilizing a Crk/ELMO/
Dock180 complex (Wessler and Backert 2011). It is therefore likely that actin
polymerization during Shigella invasion is subjected to loops of amplification
dependent on tyrosine kinase signaling and Rac GTPase, making the deciphering
of pathways downstream of Shigella effectors a complex task.

53 Salmonella Invasion

Salmonella enterica enterica regroups various serovars predominantly responsible
for food-borne gastroenteritis and enteric fever. The vast majority of studies have
been performed on Salmonella enterica serovar Typhimurium. Salmonella contains
two pathogenicity islands SPI-1 and SPI-2, each encoding a T3SS critical for
virulence. While the SPI-2 locus is implicated in intracellular survival in
macrophages and bacterial dissemination to various organs, the SPI-1 T3SS is
involved in the crossing of the intestinal barrier and cytoskeletal reorganization
during Salmonella invasion (Valdez et al. 2009). Interestingly, similar actors
involved in tyrosine kinase signaling have also been implicated during Salmonella
invasion (Ly and Casanova 2009; Shi and Casanova 2006). Consistent with the
notion that T3SSs may bypass receptor-mediated signaling, Salmonella invasion
implicates many components involved in cell adhesion, with the exception of beta
1 integrins (Fig. 4). During cell adhesion, tyrosyl phosphorylation of the focal
adhesion kinase FAK determines the recruitment of the Src kinase and subsequent
maturation of adhesion structures through the scaffolding activity of adaptor
proteins such as p130Cas (Shi and Casanova 2006) (Fig. 4). FAK and p130Cas
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are also involved in Salmonella invasion, in a process that does appear to depend on
the FAK kinase but through its scaffolding activity. Although their inactivation
leads to a reduction of bacterial-induced actin foci of invasion, FAK and Cas play
distinct roles during Salmonella invasion, since, as opposed to FAK —/— cells,
remaining foci in Cas —/— cells also present a defect in phagocytic cup formation
suggesting a defect in actin organization (Shi and Casanova 2006). Also, Salmo-
nella invasion does not require the focal adhesion protein paxillin, suggesting that
bacterial invasion implicates different levels of cytoskeletal tethering than those
associated with the maturation of cell adhesion structures. Like for Shigella, the
CrklII adaptor, as well as the Arg/Abl kinases, participates in Salmonella invasion
suggesting common invasion mechanisms between these bacterial pathogens
(Ly and Casanova 2009).

The type III Salmonella effector SopE is a WXXXE effector acting as a GEF for
Cdc42 and Rac, implicated in actin polymerization and Arp2/3-dependent mem-
brane ruffling during bacterial invasion (Hardt et al. 1998; Orchard and Alto 2012).
SopE activates Cdc42 and Rac during bacterial invasion. The role of Cdc42 during
invasion, however, requires clarification. Targeted RNAI inhibition indicated that
Cdc42 was dispensable and Racl was essential for actin polymerization and
membrane ruffling at invasion sites (Patel and Galan 2006).

The sopE gene is not present in all pathogenic Salmonella enterica serovars, as
opposed to sopE2 sharing 64% identity with sopE, and showing a broader specific-
ity. As opposed to SopE, SopE2 shows GEF activity specific to Cdc42 (Friebel
et al. 2001). Inactivation of sopE or sopE?2, as opposed to double mutants, leads to
partial inhibition of membrane ruffling and bacterial invasion, indicating a joint
action of these type III effectors (Zhou et al. 2001). While actin polymerization
determines membrane ruffling during the early stages of Salmonella contact with
host cells, actin depolymerization is required to complete the internalization pro-
cess. To this end, Salmonella injects another type III effector, SptP, into host cells,
which has a dual tyrosine phosphatase and GAP activity toward Cdc42 and Rac
(Stebbins and Galan 2001). The dual activity of SptP depends on two distinct
domains: an N-terminal GAP domain and a C-terminal tyrosine phosphatase
domain. The SptP GAP domain shares sequence and structural homologies with
the Pseudomonas ExoS and Yersinia YopE type III effectors, while the tyrosine
phosphatase domain shows some homology with the Yersinia YopH phosphatase
(Stebbins and Galan 2001). The SptP GAP domain is the smallest characterized
RhoGAP and is structurally distinct from endogenous GAPs. Various structural
SptP features argue in favor of convergent evolution, where minimal domains of
various eukaryotic GAPs appear to have been hijacked to compose a particularly
effective bacterial GAP (Stebbins and Galan 2001). In particular, the catalytic
mechanism of SptP is similar to that of endogenous GAPs and involves a
so-called arginine finger, with an arginine residue exposed in the GTPase active
site and neutralizing the negative charge at the p-phosphate during the GTPase
transition state. In the case of SptP, however, the arginine residue is exposed on a
helical bundle, as opposed to the loop structure of endogenous “arginine fingers.”
The regulation of potentially antagonistic activities of SopE/SopE2 and SptP was
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proposed to be mediated by a differential stability of these type III effectors
following injection into host cells, following their ubiquitination and proteasomal
degradation (Kubori and Galan 2003). Imaging of the kinetics of delivery of these
effectors into host cells also argues that SopE is injected faster than SptP, providing
another levels of temporal control of their activity during invasion (Van
Engelenburg and Palmer 2008).

T3SS-mediated invasion by Salmonella was shown to involve two distinct
signaling pathways. In addition to the SopE-Rac-/Cdc42-dependent pathway lead-
ing to Arp2/3 complex-dependent actin polymerization and membrane ruffle for-
mation, the type III effector SopB induced the activation of the RhoA GTPase
leading to Rho kinase (ROCK) activation and bacterial uptake in a myosin-II-
dependent process (Hanisch et al. 2011). In independent studies, SopB was
shown to mediate the activation of the FHOD-1 formin downstream of ROCKI
(Truong et al. 2013). In these aspects, Salmonella invasion presents similarities to
CR3-mediated phagocytosis in macrophages, which involves a Rac-WAVE-Arp2/3
and a RhoA-formin-/myosin-II-dependent pathway (Sarantis and Grinstein 2012).
However, it is unclear how independent the SopE- and SopB-mediated pathways
are, since SopE is also involved in FHOD-1 phosphorylation, and as described
earlier, SopB synergizes with SopE to mediate activation of the Abil-WAVE
complex and Arp2/3-dependent actin polymerization (Humphreys et al. 2012;
Truong et al. 2013).

5.4 Chlamydia Invasion

Chlamydia trachomatis is a member of the obligate intracellular bacterial
pathogens Chlamydiae, responsible for infectious keratoconjunctivitis, a predomi-
nant cause of blindness in developing countries, and for sexually transmitted
diseases, which can lead to infertility (Bastidas et al. 2013; Mehlitz and Rudel
2013). Chlamydia has a biphasic cycle with elementary bodies (EBs) able to resist
in the extracellular environment and invade host cells and reticulate bodies (RBs)
associated with intracellular replication (Fig. 1). While the genetic manipulation of
Chlamydiae is still at its infancy, the genomic analysis and use of orthologous
systems have allowed significant advance in the study of bacterial invasion
mechanisms. Various adhesins triggering host cell signaling during initial
interactions with the host have been described and reviewed elsewhere (Mehlitz
and Rudel 2013). Through screening using RNA interference, tyrosine kinase
signaling implicating the Arg/Abl family was shown to be required for
C. trachomatis invasion (Elwell et al. 2008; Mital and Hackstadt 2011). Remark-
ably, Chlamydia also possesses a T3SS that has been involved in the cytoskeletal
reorganization during invasion, in particular, through the injection of the T3
effector TarP (Clifton et al. 2005) (Fig. 4). TarP is phosphorylated by Arg/Abl
and Src kinases at the level of tyrosine-rich tandem repeats triggering the recruit-
ment of the Rac GEFs Sosl and Vav2 (Jewett et al. 2008; Lane et al. 2008).
Phosphopeptide pulldown experiments showed that Sos1 associates with the TarP
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tyrosyl-phosphorylated domain through Abil and Eps8. Vav2, on the other hand,
requires PI(3,4,5)P3 synthesized by class I PI3Ks also recruited at bacterial cell
interaction sites, through its interaction with the TarP phosphorylated domain (Lane
et al. 2008). Thus, following Arg/Abl-mediated tyrosyl phosphorylation, TarP
permits the recruitment of the Sosl and Vav2 GEFs, Rac, and the Abil-WAVE2.
The recruitment of the Abil-WAVE2 complex downstream of Rac activation is
potentiated by the concurrent activation of Arf6 and Arfl to trigger Arp2/3
complex-dependent actin polymerization (Krause and Gautreau 2014). While the
precise link with TarP-mediated activation of Rac has not been established, former
studies have shown that Arf6 is required for Chlamydia-mediated cytoskeletal
rearrangements suggesting the induction of pathways similar to those observed
during Shigella and Salmonella invasion (Balana et al. 2005). Downstream of the
tyrosine-rich domain, TarP contains an LD motif similar to that found in the focal
adhesion protein paxillin, involved in the recruitment of the focal adhesion kinase
(FAK) (Thwaites et al. 2014). TarP-mediated FAK recruitment is required for the
downstream activation of Cdc42 and Arp2/3 complex-dependent actin polymeriza-
tion. The molecular links between FAK and Cdc42 leading to the activation of the
GTPase and actin polymerization during Chlamydia invasion are not as yet
identified and could potentially include the GEFs from the DOCK family (Thwaites
et al. 2014). Hence, through various modules, TarP may trigger actin polymeriza-
tion through tyrosine kinase signaling and activation of the Cdc42 and Rac
GTPases.

6 The Role of Phosphoinositides During T3SS-Mediated
Cytoskeletal Reorganization

Phosphatidyl inositol phosphates (PIPs) are implicated in fundamental cell pro-
cesses, including vesicular trafficking and cytoskeletal remodeling (Sarantis and
Grinstein 2012; Viaud et al. 2016). The phosphatidyl moiety of PIPs mediates their
association with membranes, and various kinases and phosphatases phosphorylate/
dephosphorylate the inositol ring at different positions, generating a variety of
second messengers (Viaud et al. 2016). Among these, PI(4,5)P, regulates the
localization of cytoskeletal linkers at the plasma membrane by allowing their
recruitment through so-called pleckstrin homology (PH) domains. PI1(3,4,5)P5 is
upregulated following activation of class I PI3Ks downstream of receptor-mediated
signaling and is pivotal in the recruitment of GEFs for Rho GTPases or actin
nucleating-promoting factors (Viaud et al. 2016).

The Shigella type 1II effector IpgD was found to harbor a PI(4,5)P,-5 phospha-
tase activity leading to the synthesis of PISP (Niebuhr et al. 2002). IpgD has been
implicated in various processes during Shigella infection, which are linked to PI
(4,5)P, hydrolysis or PI(5)P synthesis. Through its P1(4,5)P, hydrolysis, IpgD was
shown to disconnect cortical actin from the plasma membrane as shown by the
membrane-pulling experiments using beads manipulated by magnetic tweezers in
IpgD-transfected cells (Niebuhr et al. 2002). In epithelial cells, disconnection of
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cortical actin by IpgD would facilitate actin polymerization at bacterial invasion
sites. In T lymphocytes, however, hydrolysis of P(4,5)P, at the plasma membrane
by injected IpgD prevents cell migration via the phosphorylation of ERM proteins,
thereby impeding cell migration and function (Konradt et al. 2011). These results
indicate that through PI(4,5)P, hydrolysis, Shigella not only locally regulates the
dynamics of actin polymerization but also may interfere with the global cytoskele-
tal machinery. PI(5)P synthesized by IpgD may also directly bind to the PH domain
of Tiam 1 and stimulate its exchange factor for Cdc42 and Rac (Viaud et al. 2014).
While activation of Tiam 1 leading to Rac-dependent actin polymerization and
ruffle formation was demonstrated in cells transfected with IpgD, it remains unclear
whether this pathway is triggered during Shigella invasion. IpgD upregulates the
levels of PI(3,4,5)P; at entry sites, presumably through an interplay between PIPs
phosphatases and kinases, and the activation of PI3K (Garza-Mayers et al. 2015).
PI3K has been involved in the regulation of Rac activity through the activation of
various GEFs. In the case of Shigella, PI3K activation is required for the recruit-
ment of ARNO, a GEF for the Arf6, a GTPase involved in endocytic process at the
plasma membrane and endosome recycling (Garza-Mayers et al. 2015). Arf6 has
also been implicated in the activation of the Rac GEF ELMO/Dock180 (Santy
et al. 2005). Because Arf6 also contributes to actin polymerization at Shigella
invasion sites in an IpgD-dependent manner, it is proposed that IpgD triggers a
positive  feedback loop implicating PI3K-ARNO-Arf6 that amplifies
Rac-dependent actin polymerization (Garza-Mayers et al. 2015).

Interestingly, prior to the Shigella study, it was shown that the Salmonella type
IIT effector SopB triggers a similar pathway involved in actin polymerization during
bacterial invasion (Humphreys et al. 2012). SopB was first characterized as an
inositol-polyphosphate (InsPPs) phosphatase leading to the production of InsPg,
involved in Salmonella invasion of epithelial cells (Zhou et al. 2001). It became
clear that SopB also harbored PIPs dual 4- and 5-phosphatase activity and that both
activities were required for bacterial-induced cytoskeletal remodeling (Piscatelli
et al. 2016). SopB leads to higher levels of PI(3)P, either through its direct
4-phosphatase activity toward PI(3,4)P, or via the Rab5- and Vps34-dependent
recruitment of PI(3)P-enriched vesicles, at Salmonella invasion sites (Mallo
et al. 2008). In a process that is not fully understood, SopB is also responsible for
the increases in PI(3,4)P, and PI(3,4,5)P; at Salmonella invasion sites in a
wortmannin-insensitive manner, suggesting that it is independent of PI3K (Mallo
et al. 2008).

In response to the PI(3,4,5)P; increase induced by SopB, ARNO was shown to
recruit and activate Arf6 (Humphreys et al. 2012). It is not known, however,
whether Arf6 recruitment stimulates the activation of a Rac GEF such as DOCK/
ELMO180 during Salmonella invasion. Instead, Arf6 leads to the recruitment of
Arfl, a GTPase involved in the trans-Golgi network trafficking. Arfl, in turn, is
proposed to stimulate the activation of the Abi/WAVE complex downstream of Rac
and actin polymerization at Salmonella invasion sites, in a scheme similar to that
proposed for lamellipodia formation upon growth factor receptor stimulation
(Humphreys et al. 2012; Krause and Gautreau 2014). Consistent with a cooperative
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action of injected type III effectors, Salmonella sopB and sopE double mutants are
severely impaired in bacterial invasion (Zhou et al. 2001).

PIPs also regulate EPEC pedestal formation. PI(4,5)P, is enriched in
microdomains at the site of interaction of EPEC/EHEC with the host cell plasma
membranes (Sason et al. 2009). Tyrosine phosphorylation of Tir at Y454 was
proposed to mediate the recruitment and activation of PI3K through its SH2
domain, which phosphorylates PI(4,5)P, to generate PI(3,4,5)P; proposed to par-
ticipate in actin polymerization during the formation of bacterial pedestals (Sason
et al. 2009). How the recruitment of IRTKS/Irsp53 and that of PI3K are regulated
by EPEC Tir Y454 is not known. Tir also contains tyrosine-based motifs at its C
terminus, similar to ITIM motifs found in immunoreceptors, involved in the
recruitment of lipid phosphatases via their SH2 domains (Smith et al. 2010).
These motifs, including EPEC Tir Y483 and Y511, serve as docking motifs for
the SHIP2 phosphatase that hydrolyzes P1(3,4,5)P5 into PI(3,4)P2. P1(3,4)P, was
shown to permit the recruitment at EPEC pedestal of Lamellipodin through its PH
domain, an adaptor protein regulating the dynamics of lamellipodia formation
(Smith et al. 2010). SHIP2 was also shown to act as a scaffold by recruiting the
cytoskeletal adaptor SHC. Strikingly, upon inhibition of SHIP2, EPEC induces the
formation of longer pedestal containing multiple stalks reminiscent of “medusa”
tentacles (Fig. 3a) (Smith et al. 2010). Thus, while PI3K kinase, through PI(3,4,5)
P, stimulates Tir-mediated actin polymerization and pedestal elongation, the
recruitment of SHIP2, and of Lamellipodin through the synthesis of PI(3,4)P2, is
required for the formation of a dense actin network in EPEC pedestals. Interest-
ingly, despite the presence of putative ITIMs motifs in EHEC Tir, SHIP2 does not
appear to control the dynamics of EHEC pedestals (Smith et al. 2010). It is possible
that the role of SHIP2 in the regulation of actin polymerization in pedestal is
restricted to signaling implicating the tyrosyl phosphorylation of Tir Y474 and
Nck, as observed for EPEC but not EHEC.

7 Type Il Effectors as Actin-Binding Proteins
and Cytoskeletal Linkers

Bacterial pathogens may also inject effectors into host cells, which directly affect
the dynamics of actin polymerization/depolymerization, or cytoskeletal anchorage.
In addition to injected effectors, the Salmonella translocon component SipC was
shown to directly nucleate actin polymerization (Hayward and Koronakis 1999).
During Salmonella invasion, SipC may contribute to actin polymerization induced
by the injected SopE and SopB type III effectors. The Salmonella type 111 effector
SipA was shown to bind to and stabilize actin filaments, acting in concert with SipC
to promote Salmonella invasion (McGhie et al. 2001). The crystal structure of the
SipA carboxyterminal fourth region shows a packed globular structure with a large
basic patch likely involved in the positioning of SipA onto actin filaments, extended
at opposite ends by non-globular arms that “tether” opposite actin strands (Lilic
et al. 2003). By stabilizing actin filaments, SipA decreases the critical concentration
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of G-actin monomers, thereby enhancing actin polymerization (Lilic et al. 2003).
SipA was also shown to protect actin filaments from disassembly mediated by
ADF/cofilin and gelsolin. Both activities, together with the decrease in critical
concentration, can account for increased actin polymerization and membrane
ruffling at Salmonella invasion sites (Lilic et al. 2003). Remarkably, following
bacterial invasion, SipA remains associated with the cytoplasmic side of the
Salmonella-containing vacuole (SCV) (Brawn et al. 2007). A precise balance of
SCV-associated SipA levels appears to be critical for the stabilization of SCVs and
their perinuclear positioning (Brawn et al. 2007). In this context, SipA is required
for the proper localization on the SCVs of the Salmonella type SPI-2 effector SifA,
another WXXXE effector described to antagonize the function of the Rab9 small
GTPase and involved in the membrane tubulation of SCVs (Brawn et al. 2007;
Jackson et al. 2008).

The Salmonella sip and Shigella ipa operons encode the T3SS translocator
components and the SipA and IpaA orthologs. While SipA and IpaA share signifi-
cant homology in the amino-terminal two-thirds of their primary sequence, the
carboxyterminal region of SipA, corresponding to the F-actin-binding domain,
differs from that of IpaA. Instead, the IpaA carboxyterminal region contains three
binding sites for vinculin (Park et al. 2011). Vinculin is a cytoskeletal linker, which,
upon activation, bridges integrin and cadherin receptors to the cytoskeleton
(Atherton et al. 2016). Vinculin is composed of a globular head domain and a
carboxyterminal tail domain containing an F-actin-binding site. Under its inactive
form, intramolecular interactions between the vinculin head and tail domains
maintain vinculin in a folded conformation where most ligand-binding sites are
masked (Bakolitsa et al. 2004). Endogenous activators of vinculin, such as the focal
adhesion protein talin, often contain several vinculin-binding sites (VBSs). For all
VBSs described to date, vinculin activation occurs through binding to the amino-
terminal region of the vinculin head domain, promoting major conformational
changes that disrupt the head-tail intramolecular interactions, freeing the vinculin
F-actin-binding region and enabling its binding to actin filaments (Izard et al. 2004).
The IpaA carboxyterminals VBS1 and VBS2 act together as a super-mimic of
endogenous VBSs. By binding to vinculin’s amino-terminal domain with an
extremely high affinity, they promote vinculin activation (Nhieu and Izard 2007).
The more proximal IpaA VBS3 functionally cooperates with IpaA VBS1 and VBS2
to trigger the recruitment of vinculin at bacterial invasion sites (Park et al. 2011).
Through its VBSs, IpaA triggers the formation of an adhesion structure, stabilizing
the bacteria at sites of invasion and potentially bypassing receptor-mediated
anchorage (Valencia-Gallardo et al. 2015).

Recently, a domain in the Chlamydia type III effector TarP homologous to the
vinculin-binding domain of IpaA was reported (Thwaites et al. 2015). As for IpaA,
the Chlamydia vinculin-binding carboxyterminal domain contains three VBSs, with
a similar organization and that appear to play similar roles as IpaA VBSs in
triggering vinculin recruitment and bacterial invasion (Thwaites et al. 2015).
TarP was also shown to interact in vitro with G- and F-actin via its carboxyterminal
domain. Two carboxyterminal F-actin-binding TarP domains termed FABI and
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FAB2 were shown to mediate the bundling of actin filaments, an activity which may
account for the formation of actin bundles underneath bound bacteria during the
Chlamydia invasion process (Jiwani et al. 2013). TarP was initially reported as an
actin nucleator, with the actin nucleation being mediated by a~200-residue
proline-rich domain containing the G-actin-binding site with some similarity to
the actin-binding site of WH2-family proteins (Jewett et al. 2006). Interestingly, the
TarP proline-rich domain is also involved in TarP oligomerization, the latter being
inseparable from the actin-nucleating activity. In vitro, TarP induces the formation
of long unbranched filaments, through a mechanism that probably differs from
those reported for the Arp2/3 complex or the endogenous actin nucleators formins
and Spire (Jewett et al. 2006). The TarP proline-rich domain is essential for actin
polymerization, but the precise role of its nucleating activity during Chlamydia
invasion is not entirely clear, because, as discussed above, TarP-mediated actin
polymerization requires Rac and Arp2/3 complex activation (Jewett et al. 2010). As
for the Salmonella SipC translocon component, it has been postulated that follow-
ing injection by the T3SS into host cells, the TarP actin-nucleating activity may
serve to build an initial actin scaffold onto which Arp2/3-dependent actin nucle-
ation would further expand. Interestingly, the number of tyrosine-rich repeats varies
between C. trachomatis isolates, and these repeats are even absent from many
Chlamydia species. The number of actin-binding domains also varies between
species. These observations suggested that TarP is among the few known genes
to play a role in C. trachomatis adaptations to specific niches within the host (Lutter
et al. 2010). TarP was the first T3 effector of infectious Chlamydia to be identified
and remains by far the best characterized one. Several other effectors are
translocated together with TarP, and it is likely that they also contribute to the
actin and membrane remodeling needed for invasion. For instance the effector
CT694 interacts with the cytoskeletal organizing protein AHNAK, but how this
contributes to bacterial uptake is not known (Hower et al. 2009).

8 Type lll Effectors Interfering with Tyrosine Kinase
Signaling

Pathogenic bacteria inject effectors into host cells that act as toxins, interfere with
actin polymerization or actin filament organization. Such activities may serve to
prevent phagocytosis by immune cells, downregulation of inflammatory signals,
and adaptive Thl immunity or to alter the endothelial or epithelial junctional
integrity (Sarantis and Grinstein 2012). As for effectors involved in actin polymeri-
zation, these inhibitory effectors can act at the level of Rho GTPases or directly at
the level of actin. Both these processes have been described in several excellent
reviews (Aktories et al. 2011; Lemichez and Aktories 2013; Aktories et al, this
issue). Tyrosine kinase signaling required for cytoskeletal reorganization is also
targeted by type 111 effectors. Yersinia enterocolitica and Y. pseudotuberculosis are
invasive enteropathogens that multiply extracellularly, following the crossing of the
intestinal epithelial layer. Yersinia injects various type III effectors to prevent
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cytoskeletal reorganization required for phagocytosis at different levels of the
signaling cascade. Among them, YopH is a highly efficient tyrosine phosphatase
that appears to specifically target signaling downstream of p1-integrins, such as
FAK, the Fak homolog Pyk, Cas, and paxillin (Viboud and Bliska 2005). In
addition to the canonical tyrosine phosphatase motif C(X)5R(S/T) present on the
P-loop, the substrate specificity of YopH is determined by two additional domains
allowing its localization to cell adhesion structures and binding to tyrosyl-
phosphorylated proteins (Ivanov et al. 2005). YopH-mediated inhibition of tyrosine
kinase signaling thus prevents the activation of Rac and actin polymerization
downstream of p1-integrin (Viboud and Bliska 2005). The targeting of f1-integrins
by Yersinia via the invasin surface protein suggests a sophisticated pathogen-host
cell interplay, whereby Yersinia hijacks Pl-integrins to invade M cells and to
prevent its phagocytosis by macrophages through the additional action of Yop
proteins.

As discussed earlier, the Salmonella SptP also possesses a tyrosine phosphatase
activity in addition to its RhoGAP function (Stebbins and Galan 2001). The
substrate specificity of SptP is not clear at present. Structural characterization of
SptP indicates that the tyrosine phosphatase domain is not affected by conforma-
tional changes in the carboxyterminal GAP domain (Stebbins and Galan 2001).
This had led to speculations that, following targeting of Cdc42 or Rac via its GAP
domain, SptP may specifically dephosphorylate substrates in complex with these
GTPases.

EPEC also inhibits opsonized phagocytosis by macrophages via FcRgRIIa
receptors through the action of the type III effector EspJ (Young et al. 2014).
Espl harbors a unique dual amidase-ADP-ribosyltransferase activity that modifies
key residues in the catalytic domain of Src family kinases, required for FcRgRIla
phosphorylation and actin polymerization (Young et al. 2014). While the precise
mechanism underlying the dual modification or residues remains undefined, mass
spectroscopy analysis argues in favor of coupled, rather than sequential, amidation
and ADP-ribosylation mediated by EspJ (Young et al. 2014). As for EspH, in
addition to inhibiting bacterial phagocytosis by macrophages, EspJ may also be
involved in the downregulation of pedestal formation during late phases of EPEC/
EHEC infection (Wong et al. 2012; Young et al. 2014).

9 Concluding Remarks

In this chapter, we have tried to illustrate the wide diversity of strategies employed
by bacterial pathogens to move intracellularly or to divert cytoskeletal processes
using injected type III effectors. While being different, the comparison of the
various strategies point to the targeting of converging hubs corresponding to
tyrosine kinase signaling, RhoGTPases, phosphoinositides, and cytoskeletal
proteins. Further investigation on other injected effectors reorganizing the actin
cytoskeleton, as well as on their mechanisms of action, should allow to further
deconvolve specific and fundamental features of each system. Because of the
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functional versatility of the actin cytoskeleton, much is probably yet to be learned
about the manipulation of cytoskeletal processes by bacterial pathogens, beyond the
initial epithelial/endothelial interactions. For example, relevant but less studied
aspects include processes linked to the dissemination or egress of bacteria from
infected tissue. Also, within mucosal surfaces and in addition to epithelial cells,
pathogens also interact with immune cells, such as professional phagocytes, den-
dritic cells, macrophages, or neutrophils. Various pathogens have been reported to
impair cytoskeletal responses involved in phagocytosis or lymphocyte activation.
Because of their role in bacterial clearance or mounting of the inflammation, these
interactions dictate the outcome of infection. Clearly, throughout the course of the
infectious process, disease progression will critically depend on the pathogen’s
ability to counter innate immunity.
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