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ABSTRACT Several pathogens have evolved to infect host
cells from within, which requires subversion of many host
intracellular processes. In the case of Gram-negative pathogenic
bacteria, adaptation to an intracellular life cycle relies largely on
the activity of type Ill secretion systems (T3SSs), an apparatus
used to deliver effector proteins into the host cell, from where
these effectors regulate important cellular functions such as
vesicular trafficking, cytoskeleton reorganization, and the
innate immune response. Each bacterium is equipped with

a unique suite of these T3SS effectors, which aid in the
development of an individual intracellular lifestyle for their
respective pathogens. Some bacteria adapt to reside and
propagate within a customized vacuole, while others establish
a replicative niche in the host cytosol. In this article, we review
the mechanisms by which T3SS effectors contribute to these
different lifestyles. To illustrate the formation of a vacuolar

and a cytosolic lifestyle, we discuss the intracellular habitats of
the enteric pathogens Salmonella enterica serovar Typhimurium
and Shigella flexneri, respectively. These represent well-
characterized systems that function as informative models

to contribute to our understanding of T3SS-dependent
subversion of intracellular processes. Additionally, we

present Vibrio parahaemolyticus, another enteric Gram-
negative pathogen, as an emerging model for future studies

of the cytosolic lifestyle.

INTRODUCTION

Many bacterial pathogens have evolved to infect host
cells from the inside. In fact, some bacteria, such as
Rickettsia spp. and Coxiella spp., are entirely reliant on
host intracellular resources to propagate (1). The adap-
tation of bacteria to an intracellular lifecycle is thought
to confer a means to avoid the harsh extracellular milieu
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(low pH, physical stress, host defenses), to gain access to
a nutrient-rich environment, and to facilitate the spread
of the pathogen to neighboring host tissues (2, 3).

The intracellular lifecycle of a bacterium initiates with
its entry into a host cell. Cell entry can be a host-induced
event, as in the case of bacterial uptake by phagocyte
macrophages, or a bacteria-active process, as in the case
of bacterial invasion of epithelial cells (4). Internalized
bacteria are initially contained in a membrane-bound
vacuole derived from the host cell plasma membrane (4).
This vacuole is destined to traffic along the endocytic
pathway, a route that defaults to vacuolar fusion with
the lysosome, where vacuolar contents are degraded
(i.e., bacterial killing) (5). To counteract this detrimen-
tal route, classic mechanisms used by pathogenic bac-
teria include avoidance of vacuole-lysosome fusion or
conversion of the phagolysosomal environment into one
permissive to bacterial survival (4, 5). In both instances,
bacteria are referred to as vacuolar pathogens (4, 5).
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Alternatively, some bacteria avoid lysosomal killing by
disrupting the vacuole membrane and escaping into the
host cytosol; these bacteria are termed cytosolic (5). The
classic vacuolar/cytosolic distinction is not always clear
because, under some circumstances, some vacuolar bac-
teria escape into the cytosol and some cytosolic bacteria
are recompartmentalized into a vacuole (3).

Crafting an intracellular lifestyle requires bacterial
subversion of the host cell’s machinery. One virulence
factor used to subvert cellular processes is the type III
secretion system (T3SS), encoded by many pathogenic
Gram-negative bacteria. The T3SS is a syringe-like se-
cretory apparatus used by the bacteria to deliver a spe-
cial set of proteins, effectors, into the host cytosol (6).
The apparatus is composed of 20 to 30 proteins that are
relatively well conserved among different pathogens (6).
The apparatus assembly initiates with formation of a
basal body containing two sets of rings spanning both
the inner and outer bacterial membranes (6). The basal
body projects a hollow, syringe-like conduit through
which the effectors travel to the eukaryotic host cell (6).
At the tip of the conduit lies a protein complex that upon
sensing the host cell acts as a scaffold for the formation
of a translocon pore on the host cell membrane (6). The
effectors, delivered through the pore, are often mimics
of eukaryotic proteins; coevolution with their hosts
led bacteria to usurp host protein functionalities, which
were then subverted to facilitate infection (7, 8). Cellular
processes commonly disrupted by T3SS effectors include
the innate immune response, the cytoskeleton machin-
ery, and cargo trafficking (7, 8).

It is expected that pathogens will distinctively employ
their T3SSs to support growth inside a vacuole versus
growth in the host cytosol. In this article we discuss how
T3SSs promote the intracellular lifestyle of Salmonella
enterica serovar Typhimurium and Shigella flexneri.
Both bacteria are well-characterized enteric pathogens;
the former is the causative agent of salmonellosis, one
the most common foodborne illnesses, and the latter
is the major causal agent of bacillary dysentery (8, 9).
S. Typhimurium is primarily a vacuolar pathogen, while
S. flexneri colonizes the host cytosol (8, 9). Therefore,
a parallel comparison of these two pathogens’ intra-
cellular lifestyles provides a comprehensive overview of
the mechanisms used by T3SSs to subvert cellular func-
tions. Additionally, we discuss Vibrio parabaemolyticus,
a major cause of seafoodborne enteritis (10). Recently, it
was revealed that this bacterium adopts a T3SS-dependent
intracellular lifecycle, positioning V. parahaemolyticus
as a model for future discoveries of T3SS-mediated in-
tracellular subversion (11, 12).

S. TYPHIMURIUM AND LIFE IN THE
SALMONELLA-CONTAINING VACUOLE:
ROLE OF THE T3SS IN VACUOLE
BIOGENESIS AND MAINTENANCE

S. Typhimurium invades intestinal epithelial cells through
the activity of its first T3SS, Salmonella pathogenicity
island 1 (SPI-1) (9). Following cell entry, the bacterium
is contained within a unique membranous compartment,
the Salmonella-containing vacuole (SCV), which tran-
siently acquires early endosomal features (9). Later, the
SCV matures through selective attainment of late en-
dosomal and lysosomal content but does not become
bactericidal (9). Activation of the second T3SS, SPI-2,
occurs several hours after invasion, and from that mo-
ment on, SPI-2 effectors work to adapt the SCV to a
replicative niche (7).

Therefore, SPI-1 effectors are not only critical during
bacterial cell invasion, but also regulate the early steps of
SCV biogenesis. The SPI-1 effectors SopE and SopE2 are
homologs to each other and mimics of host guanidine
exchange factors (GEF), triggering the release of GDP to
facilitate GTP-binding and activation of Cdc42 and Racl
(13-15). SopkE is sufficient to promote plasma membrane
ruffling and S. Typhimurium invasion (15). While most
SopE/E2 becomes degraded shortly after bacterial inva-
sion (16), a small fraction of these effectors remain active
for several hours postinvasion (17). These active pools of
SopE/E2 localize to the membrane of the nascent SCV
(17), where they activate the small GTPase RabS5 through
their GEF activity. Rab5 promotes homotypic fusion be-
tween early-endosomal compartments and fusion events
between the SCV and early endosomes (18).

The SPI-1 effector SopB (also known as SigD) is a
phosphatidylinositol phosphatase that hydrolyzes a wide
range of phosphoinositide substrates iz vitro (19) with
specific phosphatidylinositol 4,5-biphosphate phospha-
tase [PI(4,5)P,] activity in vivo (20). Although not essen-
tial for cell invasion, SopB plays an important role in
nascent SCV formation (21-23). Depletion of PI(4,5)P,
by SopB promotes fusion between the SCV and vesicles
containing Rab$ (23). One of the Rab$5 effectors that is
associated with the SCV is Vps34, a phosphatidylinositol-
3 (PI-3) kinase (21, 23). Vps34 phosphorylation of local
pools of phosphatidylinositol (PI) forms phosphatidyl-
inositol 3-phosphate [PI(3)P] that recruits the early endo-
somal component early-endosome antigen 1 (EEA1) to the
SCV membrane (21, 23). Therefore, the early biogenesis
of the SCV is dependent on the activity of SopB, which
promotes the acquisition of Rab5, PI(3)P, and EEAT1.

The maturation of the SCV leads to the progressive
loss of these early endosomal markers and acquisition
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of late endosomal content, such as lysosome-associated
membrane protein 1 (Lamp-1) (24). Lamp-1 recruitment
to the SCV is dependent on Rab7, which accumulates
on the SCV early during infection (maximal level of as-
sociation at 40 min postinfection) (24). Rab7 is a key
regulator of late endosome trafficking to lysosomal com-
partments (25). During this process, Rab7 binds one of
its host signaling partners, Rab-7 interacting lysosomal
protein (RILP), which engages the late endosomes to the
microtubule motor complex dynein-dynactin (25). This
enables movement of late endosomes along microtubules
toward the lysosomes located at the minus end of the
microtubule-organizing center (25). Therefore, by recruit-
ing Rab7 to the SCV, S. Typhimurium hijacks the endo-
cytic pathway to promote the translocation of the SCV to
the host cell perinuclear region (26, 27).

While Rab7-dependent juxtanuclear positioning of
the SCV is crucial for SCV development, Salmonella
must impede Rab7-mediated transport of the SCV to
lysosomal (bactericidal) compartments. One mechanism
to avoid lysosomal degradation of the SCV is to block
the activity of Rab7. The SPI-2 effector SopD2 localizes
to the SCV via its N-terminal domain, which also binds
to Rab7 (28). SopD2 association with Rab7 precludes
the interaction of the small GTPase with RILP, thereby
preventing delivery of the SCV to the lysosome (28).

SopD2 further limits the interaction of the SCV with
lysosomal compartments through its concerted activity
with GtgE, another SPI-1 effector. GtgE is a cysteine
protease that specifically cleaves the switch I region of
the highly homologous Rabs 28, 29, and 32 when in
their GDP-bound form, thereby disrupting interactions
with downstream signaling partners (29-32). Rab32 is
involved in the biogenesis of lysosome-related organ-
elles, an intracellular membrane-bound compartment
that shares many features with endosomes and lyso-
somes, such as Lamp-1 recruitment and acidic luminal
pH (33). Because the SCV is similar to lysosome-related
organelles, it can accumulate Rab32. In fact, the SCV of
S. enterica serovar Typhi (the causal agent of typhoid
fever), which lacks GtgE, accumulates Rab32, result-
ing in lower intracellular replicative rates than its GtgE-
carrying counterpart, S. Typhimurium (29). Interestingly,
while GtgE reduces Rab32 availability, the SCV of the S.
Typhimurium g#gE~ mutant still maintains poor associ-
ation with Rab32, indicating that an additional effector(s)
is involved in precluding Rab32 from this vacuole (34).
The activity of SopD2 provides a striking example of
cooperation between effectors. SopD2, unlike GtgE, does
not affect the cellular levels of Rab32; instead, it inac-
tivates Rab32 by accelerating hydrolysis of Rab32-GTP
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through its C-terminally encoded guanine-activating pro-
tein domain (34). Thereby, SopD2 enriches for Rab32-
GDP, an inactive GTPase that does not interact with the
SCV and the preferred form of Rab32 as the substrate for
GtgE (34).

In addition to its role in early SCV biogenesis, SopB
also limits SCV acquisition of late-endosomal and lyso-
somal content as a mechanism to avoid bacterial deg-
radation. SopB-mediated formation of PI(3)P on the SCV
allows for recruitment of sorting nexin-1, which is a com-
ponent of the retromer complex involved in recycling of
endosomal proteins to the trans-Golgi network (35). Sort-
ing nexin-1 prevents accumulation of the late endosomal
protein cation-independent mannose 6-phosphate recep-
tor (MPR) on the SCV (35). Importantly, SopB-mediated
hydrolysis of PI(4,5)P, at the plasma membrane generates
SCVs devoid of this phosphoinositide, which is a nega-
tively charged lipid that contributes to the net negative
surface charge of the inner leaflet of the plasma membrane
(36). Rab35, which promotes phagosomal-lysosomal fu-
sion, localizes to the plasma membrane through these
electrostatic interactions (36). As a result, in the absence
of PI(4,5)P, the SCV membrane cannot be targeted by
Rab335, and SCV-lysosome fusion is prevented (36).

While the initial nuclear apposition of the SCV is not
SPI-2 dependent, the retention of the vacuole in this po-
sition is dependent on three SPI-2 effectors: SseG, SseF,
and SifA (26, 37, 38). SseG and SseF share about 35%
amino acid identity, bind to each other, and both inter-
act with the Golgi network-associated protein 60/Golgi
protein acyl coenzyme A binding domain-containing 3
(GCP60/ACBD3) (39, 40). The SseG, SseF, and GCP60/
ACBD3 complex tethers the SCV to the Golgi network,
sustaining the SCV in its perinuclear position (40). In
fact, SseG-mediated interaction with the Golgi network
was shown to restrict SCV motility (26).

An additional strategy to maintain the SCV in its
juxtanuclear position involves antagonizing the activity
of kinesin-1, a microtubule motor protein that mediates
cargo trafficking toward the cell periphery, plus-end of
the microtubule-organizing center (41). PipB2, an SPI-2
effector, localizes to the SCV and directly binds kinesin
light chain 1, thereby recruiting kinesin-1 to the SCV (42,
43). The accumulation of kinesin-1 directs movement
of the SCV to the cell periphery and scattering of these
vacuoles (44). To counteract anterograde SCV redistri-
bution, the bacterium employs another SPI-2 effector,
SifA, that interacts with the host protein SKIP (SifA and
kinesin-interacting protein) and binds kinesin-1, inhibit-
ing the centrifugal movement of the SCV (44). Therefore,
S. Typhimurium balances the antagonizing activities of
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PipB2 and SifA in such a way that the inhibitory activity
of SifA predominates over the activating role of PipB2
for kinesin-1 to maintain the SCV juxtanuclear position
(43).

SipA is an SPI-1 effector known for its contribution
during host cell invasion. This effector promotes actin
polymerization and stability of actin filaments, thereby
enhancing the local concentration of F-actin necessary
to support membrane ruffle entry structures (45-47).
Like the SPI-1 effectors discussed above, SipA remains
active after S. Typhimurium entry into host cells (48).
Following apposition to the nucleus, the SCV is stabi-
lized by an F-actin meshwork that is less evident during
sipA” mutant infections, consistent with SipA targeting
of actin (48). The F-actin stabilization of the SCV in a
SipA-dependent manner is important to maintain the
localization of SifA on the SCV (48). In the absence of
SipA, SifA exhibits poor localization to the SCV, which
results in PipB2/kinesin-mediated scattering of the SCV
to the cell periphery (48). Therefore, SipA cooperates to
localize SifA to the SCV, thereby maintaining the nuclear
positioning of the SCV.

Following apposition to the nucleus, the SCV devel-
ops tubular extensions known as Salmonella-induced
filaments (Sifs) (49). Sif formation coincides with the
onset of S. Typhimurium intracellular replication (50),
and disruption of Sif formation correlates with attenu-
ated virulence iz vivo (51). Sifs elongate along microtu-
bules in a centrifugal fashion, which implicates PipB2/
kinesin-1 in this process (52, 53). In fact, SCVs formed
with infection of a pipB2~ S. Typhimurium mutant result
in shorter filaments compared to wild-type bacteria (42).
SifA is the principal effector involved in Sif formation.
SifA binds active Rab7 on Sif membranes and impedes
the interaction of the small GTPase with its effector RILP
(54). RILP is thereby excluded from Sifs and cannot re-
cruit dynein, which precludes retrograde extension of the
filament (54). SifA also binds the N-terminal domain
RUN (RPIP8, UNC-14, and NESCA) of SKIP (53). SifA
and SKIP then interact with kinesin-1 and trigger the
fission of SCV-derived PipB2/kinesin-1 vesicles, whose
anterograde movement contributes to Sif growth (53).

The SPI-1 effector SptP further promotes Sif formation.
The N terminus of SptP contains a guanine-activating
protein domain that inactivates Racl and Cdc42, enabl-
ing the actin cytoskeleton to recover its normal appear-
ance after S. Typhimurium invasion (55). SptP localizes
to the SCV and persists there for many hours after bac-
terial invasion (56). The postinvasion role of SptP relies
on its C-terminally encoded phosphatase domain (56,
57). SptP directly binds to and activates, via dephospho-

rylation, the valosin-containing protein, a member of the
AAA+ (ATPase associated with diverse cellular activities)
family of ATPases. Dephosphorylated valosin-containing
protein participates in vesicle fusion by binding to the
t-SNARE (N-ethylmaleimide-sensitive-factor attachment
protein receptor) syntaxin 5. Thereby, SptP promotes
membrane fusion events that contribute to Sif formation
and biogenesis of the S. Typhimurium intracellular rep-
licative niche (56).

SifA is also involved in both inhibiting and promoting
trafficking of lysosomal content to the SCV. Newly syn-
thesized hydrolytic enzymes in the trans-Golgi network
are transported to endosomes through cation-dependent
and cation-independent MPRs (58). Endosomal matura-
tion promotes activation of these hydrolases, which are
then transported to lysosomes (58). One pathway that
mediates recycling of MPRs from endosomes back to the
trans-Golgi network involves the SNARE syntaxin 10
and its upstream effector Rab9 (58). SifA and SKIP se-
quester Rab9, thereby subverting the Rab9-dependent
recycling of MPR, which compromises lysosomal func-
tion (58).

The fusion of lysosomes with membrane-bound com-
partments requires Rab7, as previously discussed, as well
as the small GTPase Arl8b and the tethering factor HOPS
(homotypic fusion and protein sorting) complex (59).
HOPS is a hexameric complex whose subunit Vps (vac-
uole protein sorting) 41 is targeted to lysosomes via Arl8b.
Another HOPS subunit, Vps39, interacts with SKIP (59).
During S. Typhimurium infection, ArI8b localization to
SCV allows recruitment of the HOPS complex (59). SKIP,
localized to SCV and Sifs through binding to SifA, is also
involved in recruitment of the HOPS complex (59). Teth-
ering of the HOPS complex to the SCV enables fusion
of late endosomal and lysosomal content with the SCV,
which is important for Sif formation and nutrient access
that support bacterial intravacuolar replication (59).

In addition to SifA, the regulation of the SCV and Sif
membrane dynamics appears to involve another SPI-2
effector, SseJ. During infection with S. Typhimurium
sifA” mutants, the SCV is destabilized, causing the bac-
terium to escape from the vacuole into the host cytosol
to experience either robust replication in epithelial cells
or death in macrophages (60, 61). However, during in-
fection with the S. Typhimurium sifA~ sseJ~ double mu-
tant, the SCV remains intact, ascribing a role for Sse] in
vacuolar membrane loss (61). SseJ belongs to the GDSL
motif-containing family of lipases and shares 29% amino
acid identity with the glycerophospholipid-cholesterol
acyltransferase (GCAT) enzyme members of this family.
GCAT enzymes catalyze the transfer of fatty acid acyl
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groups from phospholipids to cholesterol to form cho-
lesterol esters (62). Sse] exhibits deacylase, phospholipase
A, and acyltransferase activities (62—-66). Importantly, the
enzymatic activity of SseJ is potentiated upon its binding
to the active, GTP-bound form of RhoA (65, 66).

The esterification of cholesterol by Sse] results in the
accumulation of cholesterol esters in the form of lipid
droplets in infected cells, with the concurrent depletion
of cholesterol from the plasma membrane and perinu-
clear region (63). In the absence of Sse], cholesterol is
found on the SCV and Sif membranes, whereas an excess
of SseJ inhibits Sif formation. Therefore, Sse] appears to
modulate membrane dynamics by regulating cholesterol
levels (61, 63). The SseJ-mediated loss of SCV mem-
brane integrity in the absence of SifA and inhibited Sif
formation upon Sse] overexpression suggest an antag-
onist relationship between SifA and SseJ (61-63). In-
terestingly, SifA and Sse] were found to form a protein
complex with RhoA, resulting in the formation of tu-
bular extensions reminiscent of Sif filaments. These ob-
servations support a cooperative interaction between
Sse] and SifA to fine-tune the membrane composition of
SCV and Sifs (67).

One other T3SS effector involved in SCV and Sif mem-
brane dynamics is SteA. This effector is one of a few S.
Typhimurium T3SS effectors translocated by both SPI-1
and SPI-2 (68, 69). Bacterially translocated SteA localizes
to the SCV and Sif membranes in a phosphatidylinositol 4-
phosphate [PI(4)P]-dependent manner (70). The molecular
target(s) of SteA remain uncharacterized, but deletion of
this effector results in compact SCVs that contain several
bacteria (as opposed to an SCV containing a single wild-
type S. Typhimurium bacterium) and display a decreased
number of Sifs (71). This mutant phenotype can be
counteracted with pharmacological inhibition of dynein
and kinesin, implicating SteA in the regulation of the
activity of these microtubule protein motors (71).

Several hours (6 to 7 h) after bacterial invasion of
epithelial cells, the SCV becomes surrounded by an F-
actin meshwork (72). As previously discussed, the SPI-1
effector SipA participates in this process, and SipA-
mediated actin accumulation around the SCV maintains
Sif localization to the SCV as well as SCV perinuclear
positioning (48). SPI-2 effectors also regulate actin as-
sembly near the SCV, and this appears to contribute
to maintenance of the vacuole integrity (72). The SPI-2
effector SteC is sufficient to induce F-actin accumulation
around the SCV (73). At its C terminus, SteC contains
a kinase domain (73) that mediates phosphorylation of
MEK1, resulting in a conformational change that in-
duces MEK-autophosphorylation and activation (74).
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MEK1 then stimulates a signaling cascade that includes
extracellular signal-regulated kinase, myosin light chain
kinase, and myosin II. The latter is responsible for the
bundling of actin filaments as is observed upon ectopic
expression of SteC (74).

The accumulation of F-actin around the SCV results
from the de novo actin assembly, i.e., polymerization of
actin monomers (G-actin) instead of local recruitment
of preexisting filaments (72). As with many other cel-
lular events regulated by S. Typhimurium, the forma-
tion of an F-actin meshwork surrounding the SCV is
also the product of a bacterial fine-tuning of effectors
with antagonizing activities. The SPI-2 effector SpvB,
which inhibits actin polymerization by ADP-ribosylating
G-actin, offsets the SteC-induced F-actin meshwork (75—
77).

Altogether, these SPI effectors commandeer host ve-
sicular trafficking and the cytoskeleton to establish a
vacuolar replicative niche for S. Typhimurium while
avoiding lysosomal degradation (Fig. 1 and Table 1).

S. FLEXNERI AND LIFE IN THE HOST
CYTOSOL: ROLE FOR T3SS IN VACUOLE
ESCAPE

The development of shigellosis starts with S. flexneri pen-
etration of the intestinal epithelial barrier through the M
cells that overlay lymphoid nodules (3, 78). Once reaching
the underlying lymphoid tissue, Shigella is phagocytosed
by resident macrophages, and shortly after, ruptures the
phagosome to escape into the cytoplasm, where it initiates
replication (3, 78). Shigella-induced death of the macro-
phages releases cytoplasmic bacteria that subsequently
invade the neighboring enterocytes through their baso-
lateral surface (3, 78). Following enterocyte invasion, S.
flexneri lyses its vacuole to replicate within and move
across the host cytosol (3, 78). The encounter of a mo-
tile bacterium with the cell plasma membrane generates a
protrusion that forces the bacterium into adjacent
enterocytes (3, 78). Movement across two cell plasma
membranes (from primary and secondary invaded host
cells) causes bacterial entry into the adjacent cell through
a double-membrane vacuole that is also lysed by S. flex-
neri to then initiate another round of infection (3, 78).
Therefore, the ability of Shigella to escape from a
vacuole, be it the macrophage phagosome or the single-
or double-membrane enterocyte vacuole, is paramount
for this bacterium’s virulence. Vacuole escape for Shigella
is a T3SS-dependent mechanism (3). One T3SS effector
involved in this process is IpgD, a P1(4,5)P, 4-phosphatase
(79). Hydrolysis of PI(4,5)P, by this effector disrupts the
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S. Typhimurium
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FIGURE 1 Schematic of the contribution of T3SS effectors to the intracellular lifecycle of S. Typhimurium (1). Following invasion
of epithelial cells, S. Typhimurium employs the effectors SopE/E2 and SopB to transiently recruit early endosomal markers to the
Salmonella-containing vacuole (SCV) (2). SCV maturation and acquisition of Rab7 lead to dynein-mediated translocation of this
vacuole to the host cell perinuclear region (3). Development of the SCV into a bactericidal compartment is precluded by the
action of SopB, GtgE, and SopD2, which collectively, inhibit the endosomal-lysosomal fusion activities of Rab35, Rab32, and Rab7.
SseF and SseG, in complex with GCP60/ACBD3, maintain the SCV juxtanuclear position. Additionally, SifA, through its eukaryotic
effector SKIP, inhibits PipB2/kinesin-1-mediated centrifugal movement of the SCV (4). Next, the SCV develops Sifs, which
coincides with the onset of S. Typhimurium intravacuolar replication. Sif formation is the product of the concerted action of SifA,
PipB2, and SseJ. SifA and PipB2 coordinate the centrifugal extension of the Sifs, while SifA and Ssed regulate SCV and Sif mem-
brane dynamics that support Sif growth. Filament growth is further promoted by SptP (5). The SCV is surrounded by an actin
meshwork which contributes to maintaining SCV integrity. The effectors SipA, SpvB, and SteC modulate actin dynamics in the
surroundings of the SCV.
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TABLE 1 SPI-1 and SPI-2 effectors that contribute to the intracellular lifecycle of S. Typhimurium

Secretion

References

Effector system Cellular target  Biochemical activity
SopE/E2  SPI-1 Cdc42 and Racl  GEF
SopB SPI-1 PI(4,5)P, Phosphatidylinositol
phosphatase
GtgE SPI-1 Rab32 Cysteine protease
SopD2 SPI-2 Rab32, Rab7 GAP
SseG SPI-2 GCP60/ACBD3 Unknown
SseF SPI-2 GCP60/ACBD3 Unknown
SifA SPI-2 SKIP Unknown
SipA SPI-1 Actin Actin polymerization,
PipB2 SPI-2 Kinesin-1 Unknown
SptP SPI-1 Valosin-containing Phosphatase
protein
Ssed SPI-2 Cholesterol, RhoA Glycerophospholipid:
cholesterol acyltransferase
SteA SPI-1, Unknown Unknown
SPI-2
SteC SPI-2 MEK1 Kinase
SpvB SPI-2 G-actin ADP-ribosylating protein

Biological function

SCV formation 13-18

SCV formation, maturation, and avoidance 19-23, 35, 36

of lysosomal degradation

SCV avoidance of lysosomal degradation 29-34

SCV avoidance of lysosomal degradation 28, 34

SCV perinuclear positioning 26, 37, 39, 40

SCV perinuclear positioning 37-40

SCV perinuclear positioning, Sif formation, 43,44, 48, 49, 52-54,

SCV integrity
SCV perinuclear positioning 4
Sif formation 4

Sif formation 55-57
SCV and Sif membrane dynamics 60-67
SCV and Sif membrane dynamics 68-71
SCV-surrounding actin meshwork 73,74
SCV-surrounding actin meshwork 75-77

contact between cortical actin and the plasma membrane,
contributing to formation of plasma membrane ruffles at
bacterial entry sites (79). Collapse of membrane ruffles
and fusion with the plasma membrane leads to engulf-
ment of the bacterium in a process similar to macro-
pinocytosis (80). Interestingly, IpgD enhances invasion
efficiency but is not required for this process (81). Inter-
nalized Shigella is briefly contained within a tight, uni-
form vacuole (S. flexneri-containing vacuole, SfCV) that
ruptures 10 min after invasion (80). Initially, the SfCV is
surrounded by macropinosomes formed as a result of the
IpgD-ruffling activity (80). The small GTPase Rab11,
known to primarily associate with recycling endosomes,
is directly recruited to the SfCV-surrounding macropi-
nosomes in an IpgD-dependent manner (80, 82). Once
the Rab11-macropinosomes come in contact with SfCV,
the bacterial vacuole ruptures by a not yet defined mech-
anism (80, 82). In the absence of IpgD, the availability of
macropinosomes is diminished, and a delay in bacterial
vacuole escape is observed (82). Additionally, the SfCV of
Shigella ipgD™ mutants is surrounded by an actin mesh-
work (actin cage) that obstructs Shigella’s escape (82).
The overall delay effect indicates that, in addition to
IpgD, other T3SS components may be playing a role in
vacuole rupture. IpaB and IpaC are components of the
T3SS apparatus, specifically, translocon proteins that in-
sert into host membranes through their hydrophobic
regions to form membrane pores (83, 84). The translocon-
pore activity of each of these two proteins contributes
to destabilizing the membrane of phagosomes, in mac-
rophages, as well as the entry and protrusion vacuole

membranes of infected epithelial cells, allowing S. flex-
neri to escape into the host cytosol (85-88). An elegant
study demonstrated that the reconstitution of Shigella’s
T3SS apparatus into a nonpathogenic Escherichia coli
strain was sufficient to promote bacterial escape from a
vacuole (89).

Following escape into the host cytosol, S. flexneri
employs the secreted protein IcsA (also known as VirG)
to spread both across and between epithelial cells (90).
IcsA is a type V secreted autotransporter that uses the
Sec secretion pathway to translocate across the bacterial
inner membrane (91). Despite not being a T3SS effector,
IcsA plays a seminal role to the intracellular lifestyle of S.
flexneri and, therefore, merits discussion here. IcsA is
delivered to the surface of the bacterium’s old pole, and
this polarized distribution is sustained by outer mem-
brane properties such as fluidity and by IcsP-mediated
proteolysis of nonpolarized IcsA (92, 93). The C-terminal,
transporter domain of IcsA inserts into the bacterial
outer membrane, while the N-terminal, passenger do-
main is exposed on the bacterial surface (94). The pas-
senger domain specifically recruits and activates neural
Wiskott-Aldrich syndrome protein (N-WASP) (94-96).
N-WASP possesses several domains: an N-terminal WASP
homology 1, a central GTPase-binding (GDB), and a C-
terminal verprolin homology/cofilin/acidic (VCA) domain.
The inactive conformation of N-WASP is established
through the auto-inhibitory intramolecular interaction
between the GDB and VCA domains; upon association
of the Rho-GTPase Cdc42 with the GDB domain, the
VCA domain is released, leading to the activation of
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N-WASP (97). The IcsA passenger domain directly binds
both the WASP homology 1 and the GBD domain, ex-
posing the VCA domain that subsequently binds G-actin
and activates the actin filament nucleator Arp2/3 com-
plex (94). The IcsA-mediated unidirectional actin poly-
merization leads to the polarized formation of an actin
comet-like tail that propels the bacterium forward dur-
ing intra- and intercellular motility (98).

Actin-dependent movement of S. flexneri enables the
bacterium to protrude and enter the neighboring cell via
a double-membrane vacuole (protrusion SfCV) (3, 78).
The T3SS effector IcsB facilitates escape from this vacu-
ole (99-101), albeit with no role in bacterial escape from
the single-membrane (entry) vacuole. IcsB binds choles-
terol through its cholesterol-binding domain (102). Be-
cause there is a noted difference in plasma membrane
leaflet orientation in single- and double-membrane vac-
uoles and membrane cholesterol content, this could ac-
count for IcsB’s specific activity (101).

The protrusion SfCV is targeted for autophagy through
the recruitment of the autophagosome marker light chain
3 (LC3) (101). Previous works attributed a role to IcsB
in autophagy evasion because higher numbers of LC3-
positive vacuoles were present during infections with
icsB™~ mutants compared to the parental strain (100, 102,
103). However, a recent study demonstrated that vacu-
oles containing either wild-type or icsB” bacteria equally
recruit LC3, with the failure of vacuole escape in the ab-
sence of IcsB being causal for LC3 enrichment (101).

LC3 recruitment to the protrusion SfCV can be mod-
ulated by the T3SS effector VirA (100, 104). VirA is a
guanine-activating protein that preferentially targets the
GTPase Rab1l (104). In addition to its well-established
role in regulating endoplasmic reticulum-Golgi and intra-
Golgi trafficking, Rab1 is also involved in autophago-
some formation (105). Therefore, it has been proposed
that VirA hydrolyzes Rabl as a mechanism to control
antibacterial autophagy (104).

The entry into a host cell, the escape from the vac-
uoles, and the movement of Shigella from one cell to
another are mediated by a small number of effectors that
use the host cell resources to facilitate invasion, repli-
cation, and virulence (Fig. 2 and Table 2).

V. PARAHAEMOLYTICUS: AN
INTRACELLULAR BACTERIUM REVEALING
NEW MECHANISMS FOR SURVIVAL AND
REPLICATION

The diversity of T3SS-dependent mechanisms of intra-
cellular subversion devised by S. Typhimurium and S.

flexneri underscores the uniqueness of each bacterium’s
intracellular lifestyle and advocates for the investigation
of new bacterial models as a way to uncover yet unknown
mechanisms. The marine bacterium V. parabaemolyticus
was first identified in 1950 as the causative agent of a
diarrheal outbreak in Japan (106). The sequencing of the
V. parabaemolyticus genome revealed the presence of
two T3SSs: the first apparatus, T3SS1, was ancestrally
acquired and is present in both environmental and clinical
strains, and the second apparatus, T3SS2, was recently
acquired (via horizontal transfer) and is present exclu-
sively in clinical strains (107). T3SS2 is the virulence
factor that governs acute gastroenteritis, the bacterium’s
principal manifestation in humans (108).

Since its discovery, this bacterium has been regarded as
an exclusive extracellular bacterium, i.e., one that resides
and propagates entirely outside of a host cell during in-
fection. In fact, it was demonstrated that, in vitro, the
potent cytotoxicity of the first T3SS masks the activity of
the T3SS2 (albeit with no significant role for entero-
toxicity; the T3SS1 can be activated upon culturing of the
bacterium in tissue culture growth media) (109, 110). The
T3SS1 effectors work in a temporal manner to orches-
trate the death of the host cell within about 3 hours: first,
VopQ inhibits autophagic flux by disrupting the host
lysosomal V-ATPase; second, VPA0450 induces plasma
membrane blebbing by hydrolyzing PI(4,5)P,; third, VopS
contains a Fic domain that AMPylates Rho GTPases, re-
sulting in cell rounding (111). These events, and possibly
the activity of one other uncharacterized effector, VopR
(112), contribute to the final lysis of the host cell.

The use of a bacterial strain lacking both the hemo-
lysins and the T3SS1 provided insight into the patho-
genesis of the T3SS2 and revealed an intracellular lifecycle
for V. parabaemolyticus. The T3SS2 effector VopC is a
homolog of cytotoxic necrotizing factors that catalyzes
the deamidation of Rho GTPases, specifically, Cdc42 and
Racl (11). As a result, the deamidated Cdc42 and Racl
adopt a constitutively active conformation resulting in
dramatic rearrangements of the actin cytoskeleton (11).
At sites of bacterial contact with the host epithelial cells,
active Cdc42 and Racl reorganize the actin into mem-
brane ruffles that promote the engulfment of V. parahae-
molyticus, enabling bacterial invasion in nonphagocytic
cells (Fig. 3) (11, 12). Upon uncovering VopC’s activity,
it became clear that V. parabaemolyticus is a facultative
intracellular bacterium, i.e., one that resides and pro-
pagates both outside and inside of its host cell.

Following VopC-mediated invasion of epithelial cells,
V. parabaemolyticus is enclosed within a vacuole that
interacts with the endocytic pathway. The vacuole tran-
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FIGURE 2 Schematic of the contribution of virulence factors to the intracellular lifecycle
of S. flexneri (1). S. flexneri briefly resides within its entry vacuole (SfCV) (2). The SfCV is
ruptured by the pore-forming activity of the T3SS translocon proteins IpaB and IpaC. IpgD
facilitates vacuolar disruption by generating Rabll-macropinosomes that fuse to S. flex-
neri (3). Upon rupture of the SfCV, Shigella escapes into the host cytosol, from where the
bacterium employs its IcsA to recruit actin cytoskeleton machinery, namely, N-WASP and
Arp2/3 that polymerize actin filaments at one pole of the bacterium (4). Unidirectional
actin polymerization propels the bacterium across the host cytosol, leading to protrusions
that enable bacterial spread into the neighboring cell (5). In the secondary cell, S. flexneri is
initially contained within a double-membrane vacuole (protrusion SfCV) (6). Recruitment
of LC3 to the protrusion vacuole is controlled by the T3SS effector VirA, which targets the
Rho GTPase Rabl (7). IpaB, IpaC, and the T3SS effector IcsB promote bacterial escape
from the protrusion of SfCV into the cytosol, enabling the bacterium to complete another
infection cycle.

siently acquires early endosomal features, such as the
EEA1 protein, and subsequently matures into a late
endosome-like organelle, given by the acquisition of
LAMP-1 and the acidification of its lumen (12). Luminal

acidification is an important cue that triggers the bac-
terium to break out of its vacuole and escape into the
host cytosol, where prolific bacterial replication (100 to
300 bacteria/cell) takes place (Fig. 3) (12). The bacterial
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TABLE 2 Virulence factors that contribute to the intracellular lifecycle of S. flexneri

Effector Secretion system Cellular target Biochemical activity Biological function References
IpgD T3SS PI(4,5)P, 4-Phosphatase Vacuole rupture 79-82

IpaB T3SS Membrane lipids Pore-forming Vacuole rupture 83-85, 87-89
IpaC T3SS Membrane lipids Pore-forming Vacuole rupture 84, 86-89
IcsA T5SS/T2SS Actin Actin filament Cell motility 90-98

lcsB T3SS Unknown/cholesterol Unknown Vacuole rupture 99-103

VirA T3SS Rabl GTPase hydrolysis Autophagy evasion 100, 104

factors that contribute to each of these steps remain
completely unknown.

A decade went by between the genome sequencing
that revealed V. parahaemolyticus’ T3SSs and the dis-
covery of the V. parahaemolyticus intracellular lifestyle
(11, 107). During this period, many of the bacterium’s
T3SS2 effectors were characterized from the realm of
V. parabaemolyticus being an exclusively extracellular
bacterium. As a result, the cellular targets and biochem-
ical activities of these effectors were uncovered, but the
relevant roles they play during invasive infection remained
unknown. An example is VopL, previously identified as
a potent nucleator of actin filaments that initially was
thought to induce the formation of stress fibers but later
was found to catalyze the formation of nonfunctional
actin linear strings (113, 114).

Analysis of the activity of VopL demonstrated that
this effector plays a critical role in a process required for
V. parahaemolyticus intracellular survival (115). This
process is the assembly and activation of the NADPH
oxidase enzymatic complex. The NAPDH oxidase is a
major source of bactericidal reactive oxygen species (ROS)
in host cells. In the absence of VopL, host epithelial cells
produce ROS via NADPH oxidase that damage the DNA
of cytosolic bacteria (115). As a result, V. parabaemoly-
ticus exhibits erratic cell division with a resulting fila-
mentous state and defective intracellular replication (115).
VopL antagonizes bacterial deleterious events by inhibit-
ing the actin-dependent movement of NADPH oxidase
subunits to their site of complex assembly (host mem-
branes), thereby precluding ROS generation (Fig. 3) (115).
This was the first example of a T3SS effector that targets
the actin cytoskeleton as a mechanism to suppress the
ROS response.

The novel understanding of V. parahaemolyticus as
an intracellular bacterium compares to a “rediscovery”
of this bacterium, which presents itself as a model poised
for future studies of T3SS-mediated disruption of in-
tracellular processes. Like VopL, many of the already
known T3SS2 effectors need to be reassessed with con-
sideration of V. parahaemolyticus’ intracellular lifecycle
to reveal their relevant biological functions. Moreover,

the pathogenicity island that comprises the T3SS2 is
predicted to encode additional putative effectors that
likely contribute to the bacterium’s intracellular lifestyle
and merits investigation.

CONCLUSIONS

The coexistence of bacterial pathogens and their hosts
enabled many bacteria to establish an intracellular infec-
tion as a result of convergent evolution. T3SS effec-
tors are one of the best examples of convergent evolution,
because they are often mimics of eukaryotic proteins.
Mimicry of eukaryotic proteins by T3SS effectors comes
in different flavors. In some instances, the mimicry is
functional, as in the case of S. Typhimurium’s SopE,
which bears neither sequence nor structural homology to
the Dbl family of eukaryotic GEFs of Cdc42 (116). In-
stead, SopE belongs to a family of bacterial WxxxE GEFs
(116). Importantly, SopE and Dbl members interact with
the switch I and II regions of Cdc42 in a very similar
manner to facilitate nucleotide exchange (116). In other
instances, T3SS effectors are homologous to eukaryotic
proteins but carry out their biochemical functions in a
distinctive manner. One example of this is S. Typhi-
murium SteC, a kinase that exhibits sequence similar-
ity to eukaryotic kinases, including its closest homolog,
Rafl. These kinases target the same substrate, namely
MEK, but while Raf1 phosphorylates residues within the
catalytic domain of MEK, SteC phosphorylates an allo-
steric residue, which induces a conformational change of
MEK (74).

Sometimes, different bacterial effectors possess a con-
served eukaryotic domain and catalyze the same bio-
chemical reaction but play distinct biological roles. For
instance, the S. Typhimurium effector SopB and the
S. flexneri effector IpgD are homologs to each other and
to eukaryotic PI4,5-P, phosphatases (19, 79). PI14,5-P,
hydrolysis by both SopB and IpgD results in formation
of macropinosomes (22, 82). Curiously, SopB-formed
macropinosomes are important as a membrane source
for the formation of the spacious SCV (22). IpgD-formed
macropinosomes, on the other hand, promote rupture of
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FIGURE 3 Schematic of the V. parahaemolyticus intracellular lifecycle and the T3SS effectors that contribute to it (1). The T3SS2
effector VopC induces epithelial host cell plasma membrane ruffling that internalizes V. parahaemolyticus into a nascent vacuole.
The nascent vacuole develops first into an early endosome-like compartment, given by its acquisition of EEA1 (2) and subsequently
matures into a late endosome-like vacuole, given by the recruitment of Lamp-1 (3). (4) The bacterium disrupts its containing
vacuole and escapes into the cytosol, where bacterial replication takes place (5). To evade host immune defenses, V. para-
haemolyticus employs the T3SS2 VopL, which disrupts the actin cytoskeleton and thereby inhibits the actin-dependent assembly

of the ROS-producing NADPH oxidase complex.

the Shigella-containing vacuole (82). Altogether, these
examples underscore the extraordinary ability of bacte-
ria to adapt protein functionalities that best suit these
pathogens during infection. The study of T3SS effectors
also contributes to furthering the understanding of eu-
karyotic cell biology. It was through the characterization
of S. Typhimurium SifA that the protein SKIP was iden-
tified and with that, it was possible to better understand
kinesin-dependent anterograde cargo trafficking (44).

The enteric pathogens S. Typhimurium, S. flexneri,
and V. parahaemolyticus share many of the same cel-
lular hosts but adopt distinct intracellular lifestyles to
survive and propagate within these cells. S. Typhimu-
rium, at large, resides within its crafted SCV, S. flexneri
rapidly (~10 min) ruptures its vacuole to spread across
the host cell, and V. parabaemolyticus maintains longer
residence (~1 h) within its vacuole prior to its escape into
the host cytosol. Adaptation into each of these distinct
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lifestyles is largely a result of the fact that each bacte-
rium is equipped with a unique suite of T3SS effectors,
which underlines the significance of characterizing each
of these systems. S. Typhimurium and S. flexneri are es-
tablished, well-studied models of intracellular infection,
while V. parahaemolyticus provides a new model for fu-
ture discoveries.
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