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Abstract

Salmonella is a gram negative bacterial pathogen that can cause
human disease. Salmonella pathogenesis is complicated and only beginning
to be understood on a molecular level. However, many of the virulence
properties of Salmonella as well as other pathogens can be attributed io two
distinct classes of proteins: those that are surface exposed and those that are
injected directly into host cells.

Surface exposed proteins are often sought in pathogenesis research
because they are so frequently implicated in virulence. These proteins can
mediate adhesion and entry into host cells, and also are useful in the
development of diagnostic tests and vaccines. In the first section of this thesis,
the development of a novel genetic method for the identification of such
proteins is described.

In addition to surface exposed proteins, proteins that are secreted
directly into host cells are also important in bacterial pathogenesis.
Salmonella secretes multiple proteins into host cell cytosol via a type III
secretion system harbored by Salmonella pathogenicity island two (SPI-2).
The injected effectors subvert cytoplasmic components of host cells to
promote virulence. SsrAB is a two component regulator encoded within SPI-2
that activates the SPI-2 effectors, which are adjacent to the export apparatus

on the chromosome. SsrAB has been thought to exclusively act within SPI-2. I



have found that ssrB in fact controls a global regulon of previously

undescribed genes.



CHAPTER 1: Introduction
Salmonella overview

Salmonella is a gram negative bacterial pathogen that can infect
diverse hosts including birds, reptiles and mammals. Salmonella
typhimurium causes a self limiting gastroenteritis in humans whereas
Salmonella typhi causes frequently fatal typhoid fever. Salmonella infection is
a major public health problem with three million cases of infection per year in
the U.S. alone (Neidhardt, 1996).

In addition to immediate public health concerns, Salmonella is also
studied because it is a convenient model pathogen for dissecting basic
pathogenic processes. Salmonella is able to invade eukaryotic cells and can
evade detection and destruction by the immune system — traits that are
essential to many human pathbgens. Further, a murine model for studying
Salmonella exists, allowing for the dissection of the complex interactions that
occur between a pathogen and a eukaryotic immune system. In addition,
Salmonella is easily cultivated, is genetically tractable and amenable to
molecular biology manipulations.

Salmonella generally enters the body with the ingestion of
contaminated foodstuffs. After passing through the stomach, Salmonella

preferentially invades the M cells of the intestinal epithelium which is usually



accompanied by a large inflammatory response, characterized by the |
infiltration of professional phagocytes into the area and water flux. This ﬁrst
level of the disease is referred to as the intestinal phase (Baumler et al., 1997a;
Baumler et al. 1997b; Baumler et al., 1996). After pengtrating the intestinal
epithelium, the systemic phase e}nsues, characterized by Salmonella’s ability
to survive within normally bactericidal macrophages (Rous and Jones, 1916).
The ability of Salmonella to survive within macrophages, professional
phagocytes of the immune system, is a critical component of systemic
virulence (Fields et al., 1986). Salmonella not only survives within, but
actually replicates (Fields et al., 1986) within macrophages and eventually
kills them (Chen et al., 1996; Lindgren et al., 1996; Hersh et al., 1999);
presumably after using them as vehicles for dissemination into the spleen and
liver (Lindgren et al., 1996; Lindgren and Heffron, 1997). At these systemic
sites of infection, little is known about the disease except that Salmonella
rei)licates extensively (Richter-Dahlfors,et al., 1997; Shea et al., 1999). There
are three possible outcomes to the systémic phase of disease: first, a large
infiltration of leukocytes into the spleen and liver can clear the infection; .
second, the disease can be fatal; or third, a person can be converted to an
asymptomatic carrier and shed the pathogen continuously for life, with no
overt symptoms.of disease (Baumler et al., 1998).

od L e

Figure 1. Salmonella course of infection. Worley, M.J., unpublished.
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Salmonella disease is obviously very complicated and multi-factorial.
However, exported proteins are implicated in nearly all of its pathogen‘ic‘
processes. In fact, virtually all Virulence, factors are exported to the cell
envelope or secreted into host cells. Because these proteins are so frequently
implicated in pathogenic processes, it is desirable to be able to readily identify

“them. In the first section of this thesis, a new genetic systém for identifying
surface exposéd proteins is described.

Salmonella not only promotes virulence with surface exposed’pro‘teins,
but also with ones that it secretes directly into eukaryotic cells through a‘fype
Ir éxport pathway. Type III protein secretion systems are sophisticated

‘export apparatuses that deliver virulence effectors directly from bacterial to
host cell cytosol. The secreted proteins intimately engage components of
eukaryotic cells, subverting them to promote virulence. In the second half of
this thesis, a genetic study that analyzes the regulation of a Salmonella type

III secretion system is described.



Protein Export

All bacteria need to secrete proteins to the cell envelope and to the
external milieu. For this reasbn, bacteria have developed complex molecular
machines to translocate proteins across membranes. Salmonella, like most
gram negative bacterial pathogens, has three primary export pathways for

secreting proteins to its surface or into host cells (Finlay and Falkow, 1997).
Type I secretion

Type I (ABC transporters) exporters are universally cohserved among
gram negative bacteria. These exporters are generally specific for a single
substrate that is targeted to its cognate transporter through a poorly defined
carboxyl terminal signal. With the hydrolysis of ATP, the substrate is extruded
directly to the outside of the cell in a one-step process, without a periplasmic
intermediate. While ABC transporters are often used to promote virulence,
they can also be used for benign purposes. The type I secretion system is
exemplified by the extrusion of haemolysin to the external environment from
the cytoplasm of pathogenickstrains of Escherichia coli, ‘prbteases by Erwinia
chrysahthemi, and alkaline protease by Pseudomonas aeurginosa (Fath and

~ Kolter, 1993; Salmond and Reeves, 1993; Binet et al., 1997).



The general secretory pathway

The invasin system described in chapter two, is a tool for analyzing
type II export. The type II export system is frequently referred to as the
general secretory pathway ‘(GSP). It is the primary protein secretion system
for gram negative bacteria. Many proteins that travel through the GSP fulfill
housekeeping roles. However, in pathogens, many critical virulence factors
also travel through the GSP.

Substrates of this system contain a characteristic signal Sequence at
their amino terminus that promotes interaction with components of the GSP
machinery. Signal sequences have little primary sequence homology, but their
overall features are conserved, permitting functional complementation. Signal
sequences are generally rich in alanine and leucine, favoring the formation of
an alpha helix. They are generally hydrophobic and often contain a glycine in
the middle (Pugsley, 1993; Danese and Silhavy, 1998). Secretory proteins
carrying a signal sequence that includes a conserved peptidase cleavage site
are proteolytically processed at the inner membrane by one of two signal
peptidase enzymes, and released into the periplasmic space. Some will remain
in the periplasm, while some will insert into the outer membrane and a feW :
will be secreted across it. The majority of secretory proteins contain signal
sequences without cleavage sites, resulting in their permanent association

with the inner membrane (Figure 2) (Pugsley, 1985; Pugsley, 1988; Pugsley,



1989; Pugsley, 1993; Danese and Silhavy, 1998; Worley et al., 1998). The only
characterized componenfs of the GSP are SecA, which recognizes the
secondary structure of signal sequences (which allows for signal sequence
complementation), binds them, and pilots them to the membrane; SecB,
‘which binds along secretory proteins to act as a chaperone to prevent
premature foldingi and SecY, SecE, SecG, SecD and SecF which are inner
membrane proteins that form a ‘translocase’ complex that transports proteins
across the inner membrane. The terminal branch of the GSP that can secrete
proteins across the outer membrane to the éxternal milieu is not well

understood (Pugsley, 1993; Danese and Silhavy, 1998).
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Figure 2. The general secretory pathway. Proteins that enter the GSP can

localize to four distinct areas. The majority of these proteins insert into the

inner membrane; those with cleavable signal sequences are released from the

inner membrane into the periplasm, some of these will remain in the

periplasm, some will insert into the outer membrane, and a few will be

secreted across it to the external milieu. Worley, M.J., unpublished.



Type III secretion

The third chapter of this thesis deals with research centered around
regulatory circuits that control type III export. Type III secretion systems
function exclusively to promote virulence. These elaborate devices are
composed of 20-25 membrane proteins that can facilitate a pseudo-fusion
event between the two blacterial membranes and the plasma membrane, or
vacuolar membrane of a eukaryotic cell. This sophisticated secretion system
acts as a ‘molecular syringe’, injecting proteins directly from the baéterial
cytoplasm into the eukaryotic cytoplasm. The injected effectors have a variety
of effects on host ceHs that promote bacterial survival and proliferation
(Cirillo et al., 1998; Hensel et al., 1998), often by interfering with the host
cell’s normal signaling pathways (Kaniga et al., 1996; Mecsas and Strauss,
1996). These effectors extensively and elegantly manipulate fundamental host
cell processes, largely governing how bacterial pathogens interact with their
hosts (Stephens and Shapiro, 1996; Cornelis, 1997;'Cornelis and Wolf-Watz,
1997). Thus, understanding the relationships dictated by these effectors
enhances our knowledge of both the host and the pathogen, making them of
considerable interest in bacterial pathogenesis. Further, because homologous
type III protein secretion systems are present in almost all gram negative
bacterial pathogens, they are an attractive target for new anti-microbial

therapies.



Type 111 secretion systems share several core structural components.
These include séveral predicted outer and inner membrane proteins. The type
IIT export apparatus of S. typhimuvrium was recently isolated and visualized
with electron microscopy (Kubori et al., 1998). The supramolecular structure
appeared as a ‘needle complex’, spanning the inner and outer membranes of
the bacterial cell envelope. Two distinct regions were clearly identifiable: a
cylindrical base that presumably anchors the complex in the cell envelope,
and a needle—like extension that reaches ,away‘from the envelope. The ‘needle’ -
appeared to be a hollow structure about 120nM in length. It may serve as a
c‘oynduit through which the effectors can traverse the three membranes.
Recent evidence suggests that the type III apparatus is‘evolutionarily related
to the flagellar basal body (Young et al., 1999).

The nature of the secretion signal that directs effectors into the type III
machinery is controversial. For some time it has been known that the amino
termini of type III effectors can be fused to a variety of other proteins, and
these hybrids will be secreted. However, sequence alignments revéal no
common motifs at the amino termini of type III effectors, ahd the amino
termini are not processed as with GSP substrates (Sory et al., 1995). It was
reported that a type III export signal resided within the mRNA that encodes
the effectors. This study by Schneewind et. al. élegantly demonstrated that
frameshift mutations that completely altered the peptide séquence for the first

15 amino acids did not abolish secretion. But point mutations in this region of



the mRNA that were predicted to interfere with a predicted RNA hairpin ( but
did not alter the peptide sequence) did inhibit secretion (Anderson and
Schneewind, 1997). This result indicated that there was a typé III secretion
signal within the 5" mRNA of the effectors.

The significance of the mRNA signal is complicated by the observation
that an alternative pathway appears to be present. The signal for this second
pathway lies within the peptide sequence, in the middle of the protein rather
than at the amino terminus. Because chaperone binding sites were mapped to
these regions, it was proposed that in this sécond pathway, chaperones might |
pilot their cognate effectors to the export apparatus. Interestingly,
inactivating either signal does not significantly diminish secretion (Cheng et
al., 1997). Thus it seems that the mRNA signal pathway and the chaperone
pilot pathway coexist and are at least partially redundant. The salient feature
of both may be their ability to prevent intrabacterial protein aggregation. For
reasons that are not clear, effectors tend to aggregate with each other as well
as with the translocation machinery (Wattiau et al., 1996; Woestyn et al.,

'1996; Cheng et al.‘, 1997). A specialized chaperone that recognizes a cognate
effector and delivers it to the export machinery Woiild obviously prevent
aggregation. Recently, translation and secretion of YopQ by Yersinia were
shown to be coupled (Anderson and Schneewind, 1999). Thus, an mRNA
signal coupled with co-translational extrusion could also prevent premature

association of the effectors. It is not clear why both pathways are maintained.

10



Pathogenicity islands

Type III exporters, which are important in the third chapter of this
thesis, are intimately associated with pathogenicity islands. Pathogenicity
islands are species specific genome regions that harbor virulence genes. These
blocks of DNA are referred to as pathogeni’city islands, ‘b‘ecause they are
missing from a pathogen’s nearest non-pathogenic relative. Some of these
islands harbor type III exporters. The islands that encode type III exporters
are essentially ‘virulence cassettes’; encoding the structural components of a
type III secretion system, as well as an array of cognate effectors and
chaperones. Acquisition of such an island can confer super powers upon a
previously innocuous organism allowing it to wreak havoc upon eukaryotic
cells. Interestingly, pathogenicity islands are often associated with mobile
genetic elements such as plasmids, transposons and bacteriophages (So et al.,
1979; Mel and Mekalanos, 1996; Waldor and Mekalanos, 1996; Boyd et al.,
1997). Frequent lateral transfer of pathogenicity islands has been predicted to
occur, and td greatly affect the evolution of bacterial virulence (Mel and
Mekalanos, 1996).
Escherichia coli is the nearest non-pathogenic relative of Saimonella;
the two diverged approximately 100 million years ago, and retain 90%
homology at the gene level (Neidhardt, 1996; Lawrence and Ochman, 1997;

Lawrence and Ochman, 1998). Many of the virulence properties that

11



distinguish Salmonella from E. coli are attributable to two 40Kb Salmonella
islands termed Salmonella pathogenicity island 1 (SPI-1) and Salmonella
pathogenicity island 2 (SPI-2) (Galan et al., 1992; Galan and Ginocchio, 1994;
Groisman and Ochman, 1996; Hensel et al., 1998; Uchiya et al., 1999). SPI-1
and SPI-2 encode distinct type III secretion systems. SPI-1 confers upon
Salmonella the ability to invade epithelial cells and invoke the inflammatory
response (Galyov et al., 1997; Galaﬁ et al., 1092) — important components of
the early, intestinal phase of disease. SPI-2 allows Salmonella to proliferate
intracellularly (Ochman et al., 1996; Cirillo et al., 1998; Hensel et al., 1998)

and is involvéd in the late, systemic stages of infection (Baumler et al., 1998).
Salmonella type III exported effectors

Type III effector functions are key to understanding how bacterial
pathogens manipulate their hosts. SopB, SopE and SipA are three Qf the best
characterized Salmonella type III secreted effectors. All three are secreted
into epithelial cells via SPI-1 during the intestinal phase of disease. SopB
mediates virulence by interdicting inositol phosphate signaling pathways in a
manner that mediates water flux and induces an inflammatory response.
Spécifically, SopB was found to hydrolyze phosphatidylinositol 3,4,5-
trisphosphate, which normally acts to inhibit Ca2+ dependent chloride

secretion. SopB also hydrolyzes inositol 1,3,4,5,6 pentabisphosphate,

12



producing inositol 1,4,5, 6-tetrabisphosphate. This is a signaling moleéule that
increases chloride secretion by antagonizing the chloride secretion inhibition
mediated by phosphatidylinositol 3,4,5-trisphosphate (Galyov et al., 1997;
Jones et al., 1998; Norris et él., 1998; Wood et al., 1998).

The function of the effectors SopE and SipA were both recently
described. SopE was elegantly demonstrated to trigger a eukaryotic
- phenomenon termed ruffling. Ruffling is a large reorganization of the
cytoskeleton that is accompanied by membrane protrusions (ruffles). A
concomitant macropinocytic event promotes bacterial internalization.
Microinjecting purified SopE or eXpressing it inside eukaryotic cells from a
viral vector is sufficient to promote ruffling. SopE was shown to stimulate
GDP/GTP nucleotide exchange in several Rho GTPases, including Rac-1 and
CDC42, which provokes the cytoskeletal rearrangements associated with
ruffling. Interestingly, mutating sopE does not diminish the ability of
Salmonella to induce ruffling. Thus, SopE is sufficient but not necessary for
the ruffling phenotype, indicating complete functional redundancy (Hardt et
al., 1998).

SopE induced ruffling is global, instead of localized to the point of
- bacterial contact as it is normally. SipA was recently found to act in concert
with SopE, focussing the ruffles to the site of bacterial contact. SipA
accomplishes this by binding directly to actin, décreasing its critical

concentration, and inhibiting the depolymerization of actin filaments. This

13



results in a more pronounced outward extension of the membrane ruffles,
facilitating more efficient bactefial uptake (Kaniga et al., 1995; Zhou et al.,
1999). ,

Interestingly, SopB and SopE are both injected into host cell Cytosol by
the SPI-1 encoded type III export apparatus, despite not being genetically
linked to it. Until this recent finding, type III exported effectors were thought
to be exclusively located on the same pathogenicity island as their cognate
export apparatus. Considering these findings, one can easily envision that
individual effectors could be ‘shuffled’ between different bacteria, allowing for
new combinations of effectors to be rapidly generated. Thus, once a bacterial
pathogen gained a type III ‘gun’, it could easily amass ‘ammunition’ for it that

would allow it to explore new host niches and quickly evolve as a pathogen.
Pathogenicity island regulation

Bacterial pathogens are confronted with radically different
microenvironments within a host in rapid succession. Salmonella must
survive passage through the stomach, navigate and survive within the
intestine, cross the kintestinal epithelium and then survive within phagocytic
cells of the immune system. Adapting to these new microenvironments
k requires elaborate environmental regulation of distinct arrays of genes. For

example, extracellular expression of LPS modifications important for survival

14



within macrophages precipitates annihilation by the immune system (Guo et
al., 1997). For a bacterial pathogen, precise gene regulation is literally a
matter of life or death.

This elaborate gene regulation is largely achieved via two component
regulators. Two component regulators, typified by ToxRS and OmpR/EnvZ
are composed of an inner membrane protein (the sensor kinase) and a
cognate DNA binding protein (the response regulator/transcription factor)
that is free in the cytoplasm (Figure 3). In response to external cues, the
sensor kinase autophosphorylates and then phosphorylates the response
regulator, modifying its activity (Stock et al., 1989k; Groisman and Heffrori,
1995). Upon activation, the response regulator binds promoters to activate or
repress gene transcription. Two component regulators are thus simple
phosphorelay systems that allow bacteria to coordinate gene expfession with
the external environment.

Pathogenicity‘islands extensively ‘listen’ to endogenous two component
housekeeping regulators to senée where they are within a host, andi regulate
gene expression appropriately. For example, in both E. coli and Salmonella;
the two component regulator PhoPQ activates magnesium uptake systems in
response to Mg2+ starvation. However, because divalent cation levels are low
in the endosome, Salmonella also uses PhoPQ to activate intracellular
virulence genes (Garcia Vescovi et al., 1996; Blanc-Potard and Groisman,

1997; Vescovi et al., 1997; Groisman, 1998; Blanc-Potard et al., 1999).

15



Many pathogenicity islands achieve even greater control over’their
expression by encoding their own transcriptional regulators. These regulators ‘
are sometimes referred to as adapter regulators because they are often
regulated by endogénous two component regulators. Until recently, adapter
regulators were thought to exclusively activate genes within thé island in
which they reside (Ahmer et al., 1999).

HilA is the best characterized adapter regulator. It is encoded within
SPI-1 and can activate SPI-1 gene expression (Lee et al., 1992; Bajaj et al.,
1995). Mlﬂtiple» distihct environmental signals activate hilA transcription,
including osmolarity, pH, oxygen and divalent cation concentration (Bajaj et
al., 1996). ssrAB is the adapter regﬁlator for SPI-2 (Figure 4) and is required
for expression of all of the genes within SPI-2 (Cirillo et al., 1998; Hensel et
al., 1998). The environmental cue sensed by SsrA that results in SPI-2 gene

expression is not known (Deiwick et al., 1999).

16



Figure 3. Model of a two component regulator. Two component regulators
allow bacteria to coordinate gene expression with environmental conditions.
Worley, M.J., unpublished. '
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Figure 4. Map of the SPI-2 area of the Salmonella genome. Structural
operons I & II encode >20 membrane proteins. The intervening region
encodes 7 effectors and two specialized chaperones. ssrAB is the adapter
regulator for SPI-2; in response to an unknown cue in the eukaryotic
intracellular micro-environment, SsrA activates SsrB which in turn activates
the expression of all of the genes in SPI-2. Until recently, SstAB was thought
to only act locally. Figure is not drawn to scale. Worley, M.J., unpublished.
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Intracellular pathogenesis

The ability of Salmonella to survive within phagocytes was first noticed
83 years ago (Rous and Jones, 1916). The third chapter of this thesis revolves
around the molecular basis for this observation: SPI-2.

When thinking about intracellular pathogenesis, it is useful to first
consider the typical fate of bacteria that become internalized within
eukaryotic cells. Bacteria that enter animal cells are generally enveloped in a
membranous vacuole referred to as an endosome (for normally non-
phagocytic célls), or a i)hagosome (for professional phagocytes). Normally
these vesicles will fuse with lysosomes where the bacteria are subjected to an
acidic micro—environment, degradative enzymes, and in the case of
professional phagocytes, a barrage of bactericidal compounds. Many
pathogens, including Salmonella, posses a variety of mechanisms to either
survive within the lysosomes of professional phagocytes, prevent being
delivered to them, or break out of them and run amuck in the cytoplasm
(Goren et al., 1976; Sansonetti et al., 1986; Fields et al., 1989; Hacker et al.,
1991; Falkow et al., 1992; Martinez de Tejada et al., 1995; Alvarez-Dominguez
et al., 1997; Gunn et al., 1998; Guo et al., 1998; Uchiya et al., 1999).

Salmonella first becomes internalized within eukaryotic cells as it
breaches the intestinal epithelium by invading intestinal M cells apically and
rapidly passing through them. M cells are specialized epithelial cells that play

a role in immunological surveillance (Clark et al., 1994; Jones et al., 1995).
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In vitro, when Salmonella has resided within cultured epithelial cells
for approximatély six hours, structures tefmed Salmonella induced filaments
(sifs) become noticeab]e. Sifs are filamentous tubular structures chtaining
lysosomal glycoprotein. Sifs are not known to be induced by any other
pathogen and thus are assumed not to be a host response to infection, but
rather a Salmonella directed process. The function of sifs are unknown,
however their formation is associated with intracellular bacterial replication
(Garcia-dei Portillo et al., 1993b; Garcia-del Portillo et al., 1993a).

Sif production requires a gene termed sifA. sifA displays no homology

to any entries in the database and is associated with mobile element remnants
(Stein et al., 1996); both features are hallmarks of horizontally acquired
virulence factors. Because SPI-2 is induced inside epithelial cells (Cirillo et al.,
1998), it is possible that sifA is a SPI-2 effector.
In addition to sifA, the two component regulator OmpR/EnvZ is also required
for sif formation (Mills et al., 1998). The pprins encoded by ompC, ompF and
tppB, which are the only genes known to be regulated by ompR in S.
typhimurium, are not required for sif formation (Mills et al., 1998). Sif
formatioh dependence on ompR may be attributable to the ompR regulation
of the ssrB regulon demonstrated in CHapter &,

When Salmonella exits the M cells of the intestinal epithelium, it
encounters underlying professional phagocytes of the immune system,

predominantly macrophages. Macrophages are specialized immune system

19



cells that posses a variety of mechanisms for destroying microorganisms.

Salmonella can éntef macrophages via two distinct mechanisms. First, as

previously discussed, Salmonella can cause many eukaryotic cells, including

macrophageé, to ruffle, resulting in Salmonella internalization. Second,
macrophages are naturally phagocytic, so Salmonella can enter passively via

receptor-mediated endocytosis.

Once internalized within macrophages, two distinct populations of
Salmonella can be observed (Buchmeier and Heffron, 1991) (Figure 5). One
population is preseht is ‘spacious phagosomes’ (Alpuche—Araﬁda et al., 1994).
These endocytic vesicles differ from macropinosomes (which completely
shrink within 15 minutes) by persisting in the ‘cytoplasm, often fusing with
macropinosomes as well as cher spacious phagosomes. Over time, this
vesicle can grow to the point that it occupies the majority of the cell (Figure
5). The second distinct population of Salmonella persists in a tight
phagosome. Quite interestingly, these bacteria are viable, but are not growing,
whereas the bacteria present in ‘the spacioué phagosome are proliferating
rapidly (Abshire and Neidhardt, 1993). It appears that the ‘remodeling’ of the
phagosome occurs immediately after Salmonella entry (Rathman et al., 1997)
and is dependent upon PhoPQ (Alpuche-Aranda et al., 1994). The molecular
mechanism underlying the existence of the two different populations of

Salmonella in the macrophage is not understood.
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Salmonella has been reported independently by three different groups
to. ‘be cytotoxic to cultured macrophages. However, there has been
disagreement Over the timing and mechanism of cytotoxicity. Two groups
reported that cytotoxicity was dependent on the type III export apparatus of
SPI-1 and happened early in infection (Chen et al., 1996; Monack et al., 1996).
One of these groups reported that internalization was not required and that
killing could be observed in as little as five minutes (Chen et al., 1996).
However, a seemingly contradictory»report suggested that macrophage killing
did not require SPI-1 and could be observgd very late in infectibn‘, and was
dependent upon ompR (Lindgren et al., 1996). This discrepancy has been
recently resolved through the observation that there are in fact two distinct
killing pafhways. One pathway acts early in infection and involves SPI-1. The
SPI-1 type III export system injects the effector SipB into macrophages that
activates the proapoptotic protease caspase-1 to trigger cell death k(Hersh et
al., 1999). A second pathway is also present however, and is independent of
SPI-1. This second pathway involves SPI-2 (A. van der Velden and F. Heffron,
unpub. data), is dependent on ompR, and acts late in infection (Lindgren et
al., 1996). The observation that ompR regulates the ssrB regulon (Chapter 3),
coupvled with the fact that ompR affects SPI-1 gene expression in response to
osmqlarity (B. Ahmer, personal communication), indicates that OmpR is a

shared component of both killing pathways. This may explain why ompR was
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originally isolated as the least cytotoxic mutant possible (Lindgren et al.,
'1996;