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Interactions between microbial pathogens and their hosts
can be extremely complex. A good example is the facultative
intracellular pathogen Salmonella enterica, which causes ty-
phoid fever and gastroenteritis in humans. In order to subvert
host cell functions, Salmonella uses type 111 secretion systems
(TTSSs) to translocate effector proteins directly into the host
cell. Salmonella pathogenicity island 1 (SPI1) and SPI2 encode
two TTSSs that are required for invasion and intracellular
survival, respectively. Although the functions of most TTSS
effector proteins have yet to be elucidated, it is clear that these
proteins affect a diverse set of eukaryotic processes. Research
has predominantly concentrated on identifying the host pro-
tein targets of Salmonella effectors; however, there is now
significant evidence that phosphoinositide signaling pathways
are also targeted. The implications of this possibility are con-
siderable since it dramatically increases the number of pro-
cesses that can be modulated by the pathogen.

PHOSPHOINOSITIDES

Phosphoinositides are the phosphorylated products of phos-
phatidylinositol, which consists of a myo-inositol headgroup
connected to a diacylglycerol (DAG) via a phosphodiester
linkage (Fig. 1). The free hydroxyl groups at positions 3, 4, and
5 of the inositol ring can be phosphorylated in different com-
binations, yielding seven different phosphoinositides that are
essential components of cellular signaling pathways. Together,
these molecules regulate the basic processes which determine
cell function and activity, including cell growth and differenti-
ation, actin assembly, cell motility, cell death, membrane traf-
ficking, and glucose transport (9, 21, 49, 58). Even though
phosphoinositides are minor membrane lipids, their synthesis
and degradation must be exquisitely controlled, both spatially
and temporally, and there is an almost bewildering array of
lipid kinases, phosphatases, and phospholipases (49).

In essence, phosphoinositides initiate cellular processes by
recruiting proteins from the cytosol to specific membrane lo-
calizations. Proteins that interact with phosphoinositides con-
tain recognition domains, such as the FYVE, PH (pleckstrin
homology), and PX (phox homology) domains (26), that asso-
ciate with various degrees of affinity and specificity with par-
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ticular phosphoinositides. It should be emphasized that phos-
phoinositides also act as precursors for soluble inositol
polyphosphates and DAG, which are important second mes-
sengers. For example, hydrolysis of phosphatidylinositol-4,5-
bisphosphate [P1(4,5)P, (PIP2)] by phospholipase C yields ino-
sitol  1,4,5-triphosphate  [Ins(1,4,5)P5], which mediates
intracellular calcium release, and DAG, which can activate
protein kinase C (1). Given the essential and all-encompassing
nature of these processes in cell biology, it is not surprising that
phosphoinositides also play vital roles in pathogen-host cell
interactions. In this minireview we summarize recent data per-
taining to the involvement of phosphoinositides in Salmonella
invasion, vacuole biogenesis, and signal transduction.

PHOSPHOLIPIDS AND BACTERIAL PATHOGENS

A variety of bacterial pathogens modulate phospholipids
during interactions with host cells. As reviewed recently (3),
receptor-mediated phagocytosis, which involves phosphoinosi-
tide 3-kinase (PI3K), is primarily used by host cells to inter-
nalize and kill bacteria, but it can also be used by pathogens as
a way to gain entry into cells. For example, internalin B, a
protein on the surface of Listeria monocytogenes, activates
PI3K and can mediate internalization of coated latex beads or
noninvasive bacteria (2). Type 1 pilus-mediated invasion of
uropathogenic Escherichia coli also involves PI3K (28). In con-
trast, invasion by Salmonella spp. and Shigella flexneri is PI3K
independent, and some pathogens, such as enteropathogenic
E. coli, may actively prevent phagocytosis by blocking PI3K
activation (6). Inactivation of the PI3K pathway can also have
significant downstream effects, as illustrated by the prevention
of monocyte chemoattractant protein 1 expression in macro-
phages and T-cell proliferation by Yersinia enterocolitica YopH
tyrosine phosphatase (39). Bacterial pathogens also secrete
phospholipases, which have been reviewed elsewhere, that can
have dramatic effects on host cells and are often cytolytic (41).

SALMONELLA TRANSLOCATES AN INOSITOL
PHOSPHATASE INTO HOST CELLS

The first indication that Salmonella could modulate phos-
phoinositide pathways in host cells was the observation that
D-myo-inositol 1,4,5,6-tetrakisphosphate [Ins(1,4,5,6)P,] levels
were elevated in epithelial cells infected with S. enterica sero-
var Dublin but not in cells infected with other enteric patho-
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FIG. 1. Phosphoinositide metabolism and involvement of SigD. The actions of phosphoinositide kinases and phosphatases generate seven
phosphoinositides from the precursor phosphatidylinositol. Although the Salmonella effector protein SigD dephosphorylates several phosphoi-
nositides in vitro (shaded boxes), only PIP2 has been shown to be hydrolyzed in infected mammalian cells (open box) (27, 33, 48, 59).

gens, including S. flexneri (10). Subsequent studies revealed
that the SPI1 TTSS effectors SigD/SopB (SigD) and SopE are
responsible for the accumulation of Ins(1,4,5,6)P,, albeit via
different mechanisms (11, 33, 59).

Initial characterization of SigD revealed the presence of two
motifs highly similar to motifs found in inositol polyphosphate
4-phosphatases (Fig. 2). Motif 2 includes a conserved cysteine
residue (CKSGKDRTGM), which is essential for the activity
of the mammalian enzymes (33). SigD also contains a small
region of homology with the mammalian type II inositol
5-phosphatase synaptojanin (27). Although the in vivo sub-
strate(s) is still to be conclusively determined, it has been
suggested that SigD hydrolysis of Ins(1,3,4,5,6)Ps, yielding
Ins(1,4,5,6)P,, is crucial for fluid secretion in infected calf
intestine loops (33). In vitro SigD can hydrolyze a variety
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K525
C460 K528

[ ] [T [ 561aa

Motif 1  Motif 2 T
Synaptojanin
homology

SigD/SopB |

Inositol
polyphosphate
phosphatase
homology

FIG. 2. Schematic representation of SigD/SopB (accession number
AAL20023). Regions of homology with human inositol phosphatases
and residues essential for phosphatase activity are indicated. aa, amino
acids.

PI(3,4,5)P5, PI(3,4)P,, and PI(3,5)P, (Fig. 1). This activity is
dependent on the conserved cysteine residue in motif 2 and at
least two lysine residues in the synaptojanin domain (27, 33). A
homologous protein, IpgD, is found in Shigella and contains
the same conserved motifs (27, 33). While it is unclear whether
these homologs have the same in vivo function, they appear to
have different substrate specificities in vitro, and S. flexneri
infection does not increase Ins(1,4,5,6)P, levels (27, 31-33). To
date, SigD has been shown to affect a number of host cell
processes, and, given that multiple pathways are regulated by
phosphoinositides and inositol phosphates, it is almost cer-
tainly involved in others.

SALMONELLA INVASION OF HOST CELLS

Salmonella invasion of nonphagocytic cells, such as epithelial
cells, is absolutely dependent on the SPI1 TTSS. Essentially,
invasion requires the translocation of a number of SPI1 effec-
tors into the host cell, which leads to rearrangement of the
actin cytoskeleton, formation of membrane ruffles, and ulti-
mately internalization of the bacteria. Three SPI1 effectors,
SigD, SopE, and SopE2, cooperatively induce the actin rear-
rangements necessary for invasion. Deletion of any one of
these effectors has little effect on invasion, but the triple mu-
tant is noninvasive. This cooperative activity is due to the
ability of these effectors to modulate different host cell path-
ways that ultimately affect actin polymerization. SopE and
SopE2 directly activate the Rho-related small GTPases Cdc42
and Rac (14, 20), the major functions of which are the regu-
lation and organization of the actin cytoskeleton. In contrast,
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SigD modulates actin polymerization indirectly by altering
phospholipid and/or inositol phosphate levels (48, 59). How-
ever, further analysis of the roles of SigD and SopE/SopE2 in
invasion has revealed some overlap in function. Thus, SigD-
mediated entry involves Cdc42, and increases in intracellular
Ins(1,4,5,6)P, levels can be attributed to SopE in addition to
SigD (59). Although the molecular basis of these events has
not been characterized, it has been hypothesized that SopE,
which has no inositol phosphatase activity, must activate a
cellular phosphatase or phospholipases to increase
Ins(1,4,5,6)P, levels (59). Indeed, both Cdc42 and Rac, which
are activated by SopE, can activate phospholipases (19, 22,
55-57). Altogether, these findings indicate that the actin rear-
rangements necessary for invasion are the result of a complex
series of events involving Rho GTPases and phospholipids or
inositol phosphates.

Given the essential role of phosphoinositides, particularly
PIP2, in actin assembly (58), it is not surprising that PIP2 and
PIP3 levels are locally increased in Sal/monella-induced mem-
brane ruffles (45, 48). Rapid recruitment of the PIP3 interact-
ing protein AKT/PKB to ruffles indicates that there is signifi-
cant accumulation of this phosphoinositide (45). However, the
role of PIP3 in invasion remains unclear since inhibition of
PI3K activity by wortmannin (WTM) does not prevent Salmo-
nella invasion of epithelial cells (44). PIP2 also accumulates in
Salmonella-induced ruffles and has an essential, although com-
plex, role in invasion. To speculate on the origin of PIP2 in
ruffles, one possibility is that Salmonella-induced activation of
Rho GTPases activates phosphoinositide 4-phosphate-5-OH
kinase, a mediator of Rac-stimulated actin assembly (50).
Meanwhile, the PIP2 increase in ruffles is accompanied by a
SigD-dependent PIP2 decrease in the invaginating regions
(48). SigD-mediated hydrolysis of PIP2 in these regions is a
prerequisite for efficient membrane fission and thus initial for-
mation of the Salmonella-containing vacuole (SCV) (48). Cor-
roboration of these findings has come from studies with IpgD,
the SigD homolog in S. flexneri, which mediates hydrolysis of
PIP2 that leads to increased membrane blebbing and actin
rearrangement (31). Nevertheless, SigD and IpgD are not es-
sential for invasion, and, unlike Salmonella, Shigella does not
cause increases in intracellular levels of Ins(1,4,5,6)P,. In con-
trast, IpgD has been shown to increase the intracellular levels
of PI(5)P (by hydrolysis of PIP2) and PIP3 (5, 31). In this
respect it is important to remember that these proteins, despite
their similarities, are delivered by very different pathogens and
with different cohorts. It is likely that other translocated effec-
tors are involved in the final outcome in vivo.

BIOGENESIS OF THE SCV

Characterization of the SCV remains largely incomplete
since numerous attempts to purify the vacuole to homogeneity
have failed. In spite of this, analysis of the distribution of
specific proteins in Salmonella-infected cells has yielded a basic
characterization of SCV biogenesis (24) which indicates that
certain phosphoinositides are involved. Newly formed SCVs
are characterized by the presence of the early endosomal pro-
teins EEA1 and Rab5, which are rapidly replaced by lysosomal
membrane glycoproteins, such as Lamp1 (46). The monophos-
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phorylated phosphoinositide PI(3)P, not to be confused with
PIP3, directs membrane association of EEA1 and Rab5 and is
usually restricted to early endosomes and the internal mem-
branes of multivesicular endosomes (17). In Salmonella-in-
fected epithelial cells, however, it is also found transiently on
membrane ruffles and the SCVs, although its role remains
unclear (34, 43). Inhibition of PI3K, and thus PI(3)P produc-
tion, with WTM causes Salmonella to escape from the SCV
several hours after internalization, and surprisingly, this in-
creases bacterial replication in epithelial cells (4, 44). Since
both EEALI and a PI(3)P probe, FYVE-green fluorescent protein,
remain associated with early SCVs after WIM treatment, PI(3)P
apparently still accumulates on the vacuole (34, 44). This raises
the possibility that Salmonella either activates a WITM-insensitive
host PI3K or, alternatively, translocates a WTM-insensitive PI3K
of its own.

Although the origin, function, and regulation of PI(3)P on
the SCV remain unclear, this molecule is likely to play an
important role in vacuole biogenesis since it is a key regulator
of endocytic and phagocytic membrane trafficking (12, 16, 25,
35, 54). A large number of proteins possess PI(3)P binding
domains (42, 47). Several of these, including EEA1, contain
the well-characterized FYVE domain and are involved in en-
docytic membrane trafficking or receptor signaling from the
endosome (18, 37, 47). PX domains, originally identified in two
components of the phagocyte oxidase (p40”"** and p47°"°¥),
also bind PI(3)P and are found in a variety of proteins impli-
cated in membrane trafficking, protein sorting, and lipid mod-
ification (36). Interestingly, phagocyte oxidase is excluded from
the SCV in macrophages, via an SPI2-dependent process (7, 8,
15, 52, 53). Hence, one or more SPI2 effectors may be required
for the removal of PI(3)P from the SCV. Characterization of
the localization of other PI(3)P-binding proteins in Salmonel-
la-infected cells is now essential if we are to determine the role
of this phosphoinositide in SCV biogenesis.

Recent studies have revealed that actin accumulates around
the SCV several hours postinvasion and is necessary for main-
taining SCV integrity (29). Thus, actin and presumably its
phosphoinositide regulator PIP2 are implicated in SCV bio-
genesis, as well as invasion. Two SPI2 effectors, SspH2 and
Ssel, colocalize with the SCV-associated actin and can interact
with the actin-binding proteins profilin and filamin (30), which
in turn interact directly with PIP2 (23). SselJ is another SPI2
effector that may modulate phosphoinositide levels in the SCV
membrane (38). SseJ has homology to several acyltransferases
from Aeromonas and Vibrio species that belong to the GDSL
group of lipolytic enzymes (38, 51). Although Ssel is targeted
to the SCV membrane after translocation and the acyltransferase
activity is required for SseJ-mediated endosome aggregation, no
host substrate has been identified for this effector (13, 38). Thus,
since no specific SPI2 effector has been shown to be essential for
actin accumulation, the mechanism by which PIP2 is generated
remains unclear. One intriguing possibility is that the SPI1 effec-
tor SigD, by consuming PIP2, actively prevents actin accumula-
tion on the early SCV. According to this hypothesis SPI1 down-
regulation would be a prerequisite for increased PIP2 levels and
the subsequent SPI2-dependent actin accumulation.
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INDUCTION OF SIGNAL TRANSDUCTION
IN HOST CELLS

Salmonella induces multiple signal transduction pathways in
host cells, some of which involve phosphoinositide or inositol
phosphate pathways. Most of the identified signal transduction
events require the cooperative activity of multiple Salmonella
effector proteins (59). The exception is the activation of Akt/
PKB in epithelial cells that is dependent on the actions of SigD
or the Shigella homolog IpgD (5, 45). While the mechanism of
Akt activation by Salmonella has yet to be elucidated, several
interesting details have been revealed.

The canonical mechanism of Akt activation involves agonist-
mediated activation of PI3K (40). This leads to the generation
of PIP3 and PI(3,4)P, in the plasma membrane, which pro-
mote the translocation of Akt and its kinase PDKI1 to the
membrane. Akt is subsequently phosphorylated at two sites,
Ser473 and Thr308. The active form is then released into the
cytosol and nucleus, where it stimulates a number of pathways
involved in cell growth, cell survival, and glucose metabolism
(40). Salmonella-induced activation of Akt deviates from this
classical model. In particular, activation is potentiated such
that Akt is phosphorylated for at least 2 h postinfection, com-
pared to the 5 to 10 min observed after stimulation by epider-
mal growth factor (45). Perhaps most interesting is the finding
that while Akt phosphorylation is SigD dependent, the initial
membrane recruitment of Akt is not SigD dependent (45).
This has provided us with a novel means to separate the re-
cruitment and activation of Akt into two distinct steps.

SUMMARY

The importance of phosphoinositides in cell biology has only
been recognized in the last decade, largely because of the
difficulty of working with these molecules. This difficulty has, to
some extent, recently been overcome by the development of
new technologies. We now know that phospholipids and their
metabolites affect almost every process in the eukaryotic cell,
and the mechanisms involved in these processes are gradually
being elucidated. It is clear that Salmonella is also able to
modulate the levels of phosphoinositides, both at the plasma
membrane and on the SCV. The significance of this cannot be
overemphasized since it provides the pathogen with numerous
mechanisms to modulate essential host cell processes, includ-
ing actin remodeling, signal transduction, and membrane traf-
ficking. Unfortunately, at this point there are more questions
than answers. For example, what is the function of Akt activa-
tion by SigD? Recent data from our laboratory suggest that
this process may prevent or delay apoptosis in infected epithe-
lial cells (Knodler and Steele-Mortimer, unpublished observa-
tions). What is clear, as we begin to identify the multiple
mechanisms by which Salmonella interacts with host cells, is
that this remarkable interplay presents us with unique oppor-
tunities to decipher complex eukaryotic pathways.
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