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Abstract

Successful initiation of infection with the enteric pathogen Salmonella
typhimurium depends on bacterial adlf]esion to- and colonization of- the intestinal
mucosa. Numerous in vitro studies suggest that these processes may depend on
fimbrial adhesins. However, mutations in individual fimbrial biosynthetic genes
only moderately alter mouse virulence, suggesting that fimbriae play only a minor
role during infection in vivo. Here, an alternative interpretation of these
observations is evaluated, namely that fimbrial adhesins of S. typhimurium are
functionally redundant and coordinately facilitate bacterial attachment to the
intestinal mucosa. Using a genetic approach, it is demonstrated that multiple
fimbrial adhesins are required for full virulence in mice and that fimbrial operons
act in synergy during infection in vivo. Together, our results imply that loss of a
single attachment factor is compensated for by the production of alternate
adhesins.

Following attachment, S. typhimurium penetrates the intestinal epithelium
and enters the lamina propria, where resident macrophages ingest invading
bacteria. Despite the fact that S. typhimurium has devised strategies to survive
-and replicate within this hostile environment, recent studies indicate that S.
typhimurium can induce apoptosis in infected macrophages in vitro. This probess
is rapid, and depends on Salmonella pathogenicity island 1 (SPI 1). Here, we

report that S. fyphimurium activates programmed macrophage cell death in the



absence of SPI1 gene expression. SPI1 independent induction of apoptosis in
infected macrophages is delayed and depends on ompR and SPI2. Furthermore,
it is demonstrated that rapid- and delayed activation of programmed macrophage
cell death are independent processes. Our model predicts that S. typhimurium
induces apoptosis in infected macrophages under discrete physiological

conditions and at distinct locations within an infected host.



Chapter 1: Introduction

l. Epidemiology of Salmonella infections in humans

The enteric pathogen Salmonella is the leading cause of bacterial
gastroenteritis in humans and a major cause of morbidity and mortality
worldwide. Primary sources of infection with Salmonella are contaminated foods.
Infections with Salmonelia range in severity from seli-limiting gastroenteritis and
transient bacteremia to typhoid fever. Occasionally, Salmonelia colonizes the
gallbladder, thereby chronically infecting its host. This carrier state ig
characterized by continuous fecal shedding and increased frequency of
transmission (85, 147, 197). Estimafes predict that annually, Salmonella is the
cause of 3.7 million cases of gastroenteritis in the US alone and 12.5 million
cases of typhoid fever worldwide. As a result, over three million people die every

year (147).

A. Taxonomy

Based on their 5S and 16S ribosomal RNA sequences, multi-locus
-enzyme electrophoresis, and antigenic serotyping, over 2,300 Salmonella
species have been identified and categorized into two lineages, S. enterica and
S. bongori. These two lineages are further divided in seven subspecies (S.

enterica subspecies I-1V, VI, Vil and S. bongori [subspecies V]) (11, 203). Most



Salmonella species infect warm-blooded vertebrate hosts, although important
reservoirs include cold-blooded animals and birds (11, 203). The majority of
clinical isolates (>99%) belong to S. enterica subspecies | (208), including
Salmonella enterica serovars Typhimurium and Enteritidis (S. typhimurium and
S. enteritidis, respectively), which cause self-limiting gastroenteritis in man, and
S. enterica serovar Typhi (S. typhi), the causative agent of human typhoid fever

(85, 147, 197, 203).

ll. Evolution of Salmonella virulence

Salmonella virulence is a complex, multi-factorial process. Virulence
genes are scattered throughout the chromosome and an estimated four percent
of the genome is required for virulence (30). Recent studies indicate that a
variety of genetic alterations, including the acquisition of colonization factors,
epithelial cell invasion genes, and intracellular survival genes, contributed to the
evolutionary divergence between Salmonella and Escherichia coli, its closest
non-pathogenic relative (2, 11, 12, 16, 20, 83, 84, 86, 129, 166, 203, 210).
Salmonella horizontally acquired at least five large virulence gene clusters
(Salmonella pathogenicity island (SPI1-5) (27, 28, 72, 74, 90, 150, 167, 205, 238,
239), two of which will be discussed in greater detail below.

Evolutionary changes continue to expand the large, already existing

arsenal of virulence determinants in Salmonella and may account for the



infection of (and transmission to-) a wide variety of warm-blooded animals,

reptiles, and birds, making Salmonella a most successful parasite.

lll. Pathogenesis of systemic infection

Because humans are the only known reservoir for S. typhi, a good animal
model to study this host specific pathogen does not exist (16, 85, 147). However,
mice infected with S. typhimurium develop a typhoid-like disease (186).
Consequently, the murine model of infection is an excellent experimental system
to study systemic disease caused by Salmonella.

S. typhimurium infection in mice can be divided into an intestinal phase
and a systemic phase. During the intestinal phase of infection, Salmonella
adheres to and colonizes the intestinal mucosa prior to penetration of this
epithelial barrier. During the systemic phase of infection, Salmonella primarily,
but not exclusively, resides and proliferates within macrophages. In fact,
professional phagocytes within the liver and spleen are the major sites for
bacterial replication within the mouse. In this respect, this dissertation focuses on
two key aspects of Salmonella virulence, (i) bacterial adhesion and colonization
.during early stages of infection, and (ii) interactions between Salmonella and the

macrophage.



A. Intestinal phase of infection

The oral infectious dose for Salmonella is much higher than for Shigella,
the causative agent of bacillary dysentery, because unlike Shigella, less than one
percent of the ingested bacteria surviv)e the acidic environment of the stomach
(87, 222). Upon arrival in the intestinal lumen, Salmonella faces new barriers,
including bile salts, peristaltic bowel movements and resident gut flora. Here,
Salmonella must compete with commensals for attachment sites and nutrients
(182, 196), as bacterial adhesion and colonization is a prerequisite for efficient
penetration of the intestinal mucosa.

Several studies indicate that Salmonella adheres most tightly to murine
tissue derived from the terminal ileum (37, 105), a process that depends on
various filamentous cell-surface organelles that are collectively referred to as
fimbriae (18, 46). Within the distal ileum, Salmonelia resides primarily within
specialized lymphoid follicles (Peyer's patches), despite the fact that they
account for only a small fraction of the small intestine (37, 43,79, 105, 113, 213,
221). Here, Salmonella efficiently invades and destroys M cells in the follicle
associated epithelium (FAE) overiaying Peyer's patches (42, 113). M cells play
an important role in mucosal immunity and are structurally and functionally
distinct from other cells found in the FAE (including Goblet cells, Paneth cells and
enterocytes). M cells efficiently sample and subsequently present lumenal

antigens to immune cells following transcytosis (112, 117, 119, 161 , 237). These



characteristics suggest that Salmonella may have exploited M cells to reach its
preferred niche within a host, the macrophage.

Invasion and destruction of M cells is accompanied by uncontrolled
bacterial replication, polymorphonucie)ar (PMN) cell infiltration, intestinal
ulceration, perforation, and hemorrhage (26, 42, 78, 112, 113, 173). Penetration
of the intestinal mucosa depends on a highly specialized type IlI protein secretion
system encoded within SPI1 (55, 72, 74), although a SPI1 independent strategy

to cross the intestinal epithelial barrier has recently been described (21, 233).

1. Bacterial adhesion to- and colonization of the intestinal mucosa

The importance of bacterial adhesion during infection was first recognized
in the late 1940s (121). However, fimbriae, non-conjugative pili that mediate
bacterial attachment, were not described until later (60). These thin, filamentous
proteinaceous cell-surface organelles are structurally distinct from flagellar
filaments, which mediate bacterial motility. Fimbriae are 1-2 um in length and
range from 2-8 nm in diameter, whereas flagella are 5-10 um long with a

diameter of circa 20 nm (139, 141).

2. Salmonella fimbriae
S. typhimurium produces at least four distinct fimbrial structures,
designated type |, long polar (LP), plasmid encoded (PE), and thin aggregative

(curli) fimbriae, which are encoded by the fim, Ipf, pef, and agf operons,



respectively (13, 44, 48, 49, 69) (Fig. 1-2). Recently, a fifth fimbrial operon (sth)
was identified in S. typhimurium by subtractive hybridization between S.
typhimurium and S. typhi (157). However, it is not known whether this operon is
functional.

Salmonella fimbriae can be grofuped according to their assembly
mechanism. Type |, LP, and PE fimbriae require outermembrane ushers and
periplasmic chaperones for successful pilus assembly on the cell-surface,
whereas thin aggregative fimbriae are assembled via a novel extracellular
nucleation and precipitation pathway. Sequence homologies indicate that the stf
operon encodes both a chaperone and usher homologue (157). The periplasmic
chaperone is necessary for both release of newly synthesized pilus subunits into
the periplasmic space and subsequént docking of the chaperone-subunit
complex to the usher. The usher forms an outermembrane pore that facilitates
ordered translocation- and incorporation of fimbrial subunits into a growing pilus
structure (57, 108, 110, 114, 128, 171, 200, 211, 224). Assembly of thin
}aggregative fimbriae requires extracellular nucleation and subsequent
precipitation of secreted fimbrial subunits onto the bacterial cell surface. This
process depends on a membrane associated nucleator protein and an
outermembrane lipoprotein that may either function as a chaperone during the
secretion of pilus subunits or form a pore that facilitates translocation of subunits

(25,91, 92, 138, 170, 188).



Figure 1-1. Structural organization of fimbrial operons in S. typhimurium.

S. typhimurium encodes at least four distinct fimbrial operons. PE, LP, and type |
fimbriae (encoded by the pef, jof and fim operon, respectively) are assembled via
a chaperone and usher dependent pathway. Based on sequence homology, the
stffimbrial operon also encodes a putative outer membrane usher and putative
chaperone. Thin aggregative (curli) fimbriae (encoded by the agfoperon) are

assembled via a novel extracellular nucleation and precipitation pathway.
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3. Role of Salmonella fimbriae in adhesion

Numerous studies indicate that fimbrial adhesins of S. typhimurium play a
role in bacterial adhesion and invasion of the intestinal mucosa (21, 63, 106, 115,
116, 136, 137, 223). Mixed infection gg(periments using murine ileal loop assays
show that LP fimbriae mediate adhesion to Peyer's patches (19), whereas PE
fimbriae promote binding to the villous intestinal epithelium (15). Other in vitro
studies indicate that thin aggregative fimbriae and type | fimbriae play a role in
bacterial attachment to tissue culture cells. Thin aggregative fimbriae mediate
attachment to murine derived H10 cells (small intestine), whereas type | fimbriae
promote binding to human derived HeLa cells (cervix carcinoma) (15, 106, 219).

Despite the role of Salmonella fimbriae in mediating adhesion to epithelial
cells in vitro, blockage of individual fimbrial adhesins does not strongly reduce
mouse virulence (105). In addition, mutations in essential fimbrial biosynthetic
genes only moderately decrease (15, 19), or even slightly increase (137) mouse
virulence. Thus, the contribution of individual fimbrial adhesins to Salmonella
virulence in vivo is not apparent from these studies. In order to gain new insights
into the role of Salmonella fimbriae during infection in vivo, we have evaluated

the possibility that fimbrial adhesins in S. typhimurium are functionally redundant.

B. Systemic phase of infection
Following successful penetration of the intestinal mucosa, Salmonella is

released into the intestinal subepithelium, where bacteria are ingested by



resident phagocytes. Salmonella survives and replicates within macrophages
and disseminates systemically via the mesenteric lymph nodes and
reticuloendothelial system, eventually reaching the bloodstream. Transient
bacteremia is usually controlled by res;ident macrophages in the liver and spleen.
However, bacteria that resist phagocyte killing re-enter the bloodstream after
extensive replication inside macrophages and cause a second round of
bacteremia that kills the infected host (85, 147, 197). Collectively, these studies
indicate that Salmonelia interacts extensively with host macrophages and may
have even exploited the longevity of these terminally differentiated cells to

escape serum antibodies and complement attack.

1. Salmonella survives and replicates within macrophages

Intracellular Salmonella reside within altered membrane-bound vacuoles
(4, 5, 34, 109, 135, 152, 169, 183, 184, 229). Numerous studies indicate that
Salmonella survives and replicates within professional phagocytes, including (i)
the direct observation of Salmonella within hepatic phagocytes (61, 187), (ii)
persistance of infection in mice treated with gentamicin (an antibiotic that kills
extracellular, but not intracellular bacteria) (29, 61), (iii) protection from
bactericidal serum components after uptake by phagocytic cells (192), and (iv)
comparative infection studies in strains of mice that produce macrophages with

varying resistance to Salmonella (153, 165). Furthermore, genetic studies

10



demonstrate that Salmonella mutants that cannot survive or replicate inside
macrophages are attenuated for systemic infection in mice (14, 64, 71).
Long-term survival and growth inside macrophages depends on multiple
genetic loci that are scattered through)out the Salmonella genome (6, 14, 31, 32,
35, 64, 65, 71, 82, 134, 148, 210). Moreover, numerous bacterial genes are
specifically induced within these host cells (33, 36, 68, 97, 142, 180, 230, 231). In
particular, the SPI2 encoded type lil protein secretion system is highly induced
inside macrophages and plays a role in intracellular proliferation at systemic sites

of infection (41, 98-100, 167, 205, 229, 231, 234).

2. Salmonelia kills infected macrophages

While all of these studies indicate that Salmonella survives and replicates
within macrophages, several groups have recently demonstrated that Salmonella
is also able to kill these host cells in vitro (7, 39, 135, 156). However, it is not
clear how induction of macrophage cell death contributes to Salmonella virulence
in vivo since intramacrophage survival is required for a persistent systemic
infection. One report indicates that Salmonella kills macrophages as late as 18
hours post-infection (135), whereas other studies show that the SPI1 encoded
type Ill protein secretion system is necessary for rapid induction of apoptosis
(programmed cell death) (39, 140, 156). Similarly, Shigella and Yersinia, two
other enteric pathogens, also use a type Ill protein secretion system to induce

apoptosis in infected macrophages (40, 151, 155, 156, 246), suggesting that

11



Figure 1-2. Course of infection and Salmonella genes required during the

development of murine typhoid fever.

Course of infection and Salmonella genes required during the development of
murine typhoid fever. Bacterial genes required for infection may vary depending
on the route of infection (intragastric, intraperitoneal, or intraveous). A number of
virulence genes are studied in greater detail in this dissertation (bold). Adapted

from Baumler et al. (ref. 20) with permission.
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these pathogens may use similar strategies to activate programmed macrophage

cell death.

IV. Bacterial induced apoptosis

A. Overview of apoptosis

Programmed cell death or apoptosis is an essential developmental
process in multi-cellular eukaryotes. It is characterized by DNA fragmentation,
chromatin condensation, membrane blebbing, production of reactive oxygen
species (ROS), and exposure of phosphatidyl serine (PS) on the outer leaflet of
the cell (122, 125, 143, 202, 226). Apoptosis is an important host defense
mechanism against a variety of intracellular parasites as cell death prevents
replication and spread of invading pathogenic microorganisms.

Cells that are instructed to die activate “effector” proteases that
disassemble and degrade cellular components and structures before membrane
integrity is lost, thereby minimizing the release of cytoplasmic and nuclear
contents into the extracellular environment. These events account for ordered
proteolysis in apoptotic cells, which prevents excessive localized inflammation
typical of necrotic cell death. Thus, programmed cell death can be divided into
three distinct phases: (i) an initiation phase, (i) an effector phase, and (iii) a

degradation phase (125, 226).

14



1. Initiation phase

Irreversible activation of the apoptotic machinery is initiated when a cell
either (i) no longer receives necessary survival signals, (ii) receives conflicting
signals during the cell cycle, or (iii) is §pecifica|ly instructed to die (8, 235). This
latter process depends on the transmission of pro-apoptotic signals via cell
surface receptors, which include members of the tumor necrosis factor receptor
(TNFR) superfamily (CD95 and TNFR1). The cytoplasmic tails of these receptors
contain domains that interact with numerous pro-survival and pro-apoptotic
adaptor proteins that ultimately lead to activation of either (i) NF-xB, a pro-
survival transcription factor, or (ii) a family of death effectors (including caspase-

8) (8, 160).

2. Effector phase

Many effector molecules are involved in determining cell fate, including
Bcl-2 protein family members and a family of cysteine proteases collectively
referred to as caspases (1, 124, 162, 185, 198, 227). Thus far, fifteen
mammalian Bcl-2 family members have been identified. The Bcl-2 protein
subfamily includes Bcl-2, Bel-x,, and Bcl-w, and promotes cell survival, whereas
the Bax subfamily (including Bax, Bak and Bok) and BH3 subfamily (including
Bik, Blk, and Bad) promote apoptosis (1, 185). Various Bcl-2 protein family
members play a key role in determining cell fate as they are located in the

mitochondrial outer membrane where they may form pores that monitor the

15



mitochondrial membrane potential. An apoptotic stimulus (such as ceramide)
results in a drop in mitochondrial membrane potential, which triggers the release
of pro-apoptotic molecules including cytochrome c, apoptosis inducing factor 1
(APF-1), and possibly procaspase-3, caspase-2 and caspase-9 (1, 80, 81, 93,
94, 111,126, 179, 212, 220). Thus far, thirteen mammalian caspases have been
identified. Initiator caspases (including caspase-8, 9) subsequently activate
effector caspases (including caspase-3, 6, 7), which play & major role in
disassembling and degrading cellular structures. Other caspases (including
caspase-1, 11) provoke an inflammatory response (80, 227, 235) that may be
required for subsequent removal of apoptotic bodies and cellular debris.

Two subdomains of a proteolytically processed pro-caspase
heterodimerize, after which two heterodimers form a tetramer with two
independent active sites (8, 227). Rapid autoproteolytic activation of initiator pro-
caspase-8 depends on “death receptor” mediated signalling (TNFR1 and CDgs5),
whereas activation of initiator pro-caspase-9 requires the release of

mitochondrial cytochrome ¢ and capase-8 (8, 227).

3. Degradation phase

During the degradative phase, effector caspases degrade and
disassemble cellular structures and components through specific proteolysis.
Proteins or protein complexes targeted for destruction include DNA repair

proteins, structural components of the nuclear envelope, the actin cytoskeleton,

16



and cell signaling molecules (160, 162, 198). During later stages of apoptosis,
membranes become porous and the remaining intracellular contents are
released into the extracellular environment. This results in a local inflammatory
response characterized by ingestion apd subsequent degradation of apoptotic

bodies by neighboring phagocytes.

B. Bacterial type lll protein secretion and induction of apoptosis

Activation of programmed cell death is an important host defense
mechanism against a variety of pathogenic microorganisms. However, several
viruses have devised strategies to inhibit apoptosis (191), while various bacterial
pathogens actively induce apoptosis to enhance their chances of survival and
spread within the host (236). Here, activation of programmed macrophage cell

death through bacterial type Il protein export systems is reviewed in more detail.

1. Type lll protein secretion in bacterial pathogens

Type Ill protein export systems are conserved amongst a variety of Gram
negative bacterial pathogens in which they promote virulence by translocating
multiple effectors into the cytoplasm of an infected eukaryotic cell through what
has been referred to as a “molecular syringe” (50-53, 72, 73, 107,127, 131, 146).
Type lll secreted proteins share only limited homology and have distinct targets
and roles within the host-cell cytosol (40, 70, 786, 87,95, 101, 120, 151, 155, 163,

172,189, 190, 243, 244). Interestingly, numerous reports indicate that

7



Salmonella, Shigella, Pseudomonas, and Yersinia employ their respective type Ili
protein secretion systems to deliver cytotoxins into the cytoplasm of a target cell
(40, 66, 101, 151, 155, 172, 189, 190, 244). Moreover, various studies indicate
that delivery of a subset of type IlI sec‘reted effectors into the host cell cytoplasm
results in activation of the cellular apoptotic machinery (39, 40, 96, 151, 155, 1586,
244, 246). However, the various mechanisms through which these pathogens

induce apoptosis are not completely understood.

2. Intracellular Shigella induce apoptosis in macrophages

Shigella is unable to enter apical surfaces of colonic epithelial cells and
depends on successful M cell invasion to gain access to basolateral epithelial cell
surfaces in the large intestine (158, 199, 245). However, resident macrophages
in the lamina propria engulf invading bacteria in response to infection (245).
Shigella escapes from the macrophage phagosome and activates programmed
cell death by secreting IpaB, a type lll effector that binds to and activates
caspase-1 (interleukin 13 converting enzyme, ICE). Caspase-1 in turn activates
both the host apoptotic machinery and interleukin 1p (IL-1B), a potent pro-
inflammatory cytokine (40, 88, 89, 102-104, 225, 244, 248, 247) that is secreted
by the apoptotic macrophage. The massive influx of PMNs following the release
of pro-inflammatory cytokines subsequently destabilizes the intestinal epithelial
barrier, thereby permitting bacterial invasion of basolateral epithelial cell surfaces

(22, 145, 177, 178). Rapid bacterial growth, followed by intercellular
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dissemination, results in extensive tissue damage characteristic of Shigellosis
(158, 199, 245). Together, these observations indicate that induction of
macrophage apoptosis contributes to Shigella virulence by facilitating intestinal

dissemination.

3. Extracellular Yersinia induce apoptosis in macrophages

In contrast to Shigella, Yersinia successfully resists ‘phagocytosis by
resident macrophages in the lamina propria after penetrating M cells in ileal
Peyer’s patches (51, 52). Y. pseudotuberculosis induces apoptosis in infected
macrophages by translocating YopJ (YopP in Y. enterolitica), a type |l effector,
into the macrophage cytoplasm (151, 155, 195). Here, Yopd inhibits
phosphorylation of various members of the mitogen activated protein kinase
kinase (MAPKK) superfamily, as well as IxB-o. and IkB-B, two NF-xB inhibitory
proteins. These processes prevent activation of MAPKK superfamily members
and inhibit prolonged degradation of IxB. Interference with these signalling
pathways delay pro-survival responses that depend on NF-xB. Furthermore,
these processes result in downregulation of IL-1¢ transcription and reduced
secretion of other pro-inflammatory cytokines, including IL-8 and TNFa, (172,
174,175, 193, 194, 201). Thus, YopJ/P dependent induction of apoptosis in
infected macrophages is an important immune evasion mechanism as
macrophages and PMNs efficiently kill intracellular Yersina (152). In support of

this view, it was recently shown that yopJ mutant bacteria are attenuated in their
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ability to establish a systemic infection (154), directly demonstrating that

induction of macrophage apoptosis contributes to Yersinia virulence in vivo.

4. Macrophages infected with Salmonella undergo apoptosis

Several studies indicate that SipB, a SPI1 secreted type Il effector
molecule, and the SPI1 encoded type Ill protein export apparatus itself are
required for the induction of apoptosis in infected macrophages (39, 101, 140,
156). The sipB gene is homologous to jpaB in Shigella and can functionally
complement an jpaB defect with respect to epithelial cell invasion. Like IpaB,
microinjection of SipB into the macrophagé cytoplasm results in apoptosis (40,
101). SipB binds to and activates caspase-1, which results in production of IL1p,
a potent pro-inflammatory cytokine. Additionally, SipB dependent induction of
apoptosis is blocked in the presence of acetyl-Tyr-Val-Ala-Asp-chloromethyl
ketone (Ac-YVAD-cmk), a chemical caspase-1 inhibitor. Lastly, peritoneal
macrophages isolated from caspase-1 deficient mice are resistant to Saimonella
induced programmed cell death (101). Cumulatively, these observations indicate
that SipB is both necessary and sufficient for the induction of apoptosis in
infected macrophages.

Unlike in Shigella and Yersinia, however, it is not clear how induction of
apoptosis in infected macrophages contributes to Salmonelia virulence in vivo,
since long-term residence inside professional phagocytes is required for a

persistent systemic infection (64). Interestingly, apoptotic phagocytes can be
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detected in hepatic tissue derived from mice intravenously infected with
Salmonella (187), suggesting that Salmonelia induce apoptosis in host cells at
systemic sites of infection. However, SPI1 mutant bacteria are attenuated only
when administered to mice orally, indicating that the SPI1 encoded type Il
protein secretion system is dispensable during systemic infection (74). These
observations suggest that Salmonella induced apoptosis in phagocytic cells at
systemic sites of infection depend on genes other than those encoded within

SPI1. Here, we have examined the possibility that Salmonella induces

macrophage apoptosis independently of SPI1. We demonstrate that Salmonella

can induce macrophage apoptosis via two independent pathways, both of which

depend on a type lll protein secretion system.
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Figure 1-3. Various enteric pathogens interfere with the apoptotic machinery of

the host by injecting type 1l secreted effectors into the macrophage cytoplasm.

Shigella, Yersinia, and Salmonella induce macrophage apoptosis using a type lli
protein secretion system. Translocation of the type Il secreted effectors IpaB
(Shigella), YopJ/P (Yersinia), or SipB (Salmonella) into the macrophage
cytoplasm results in apoptosis. This diagram indicates at what step these various
proteins interfere with the apoptotic machinery of the host. See text for further

details.
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V. Research objectives

This dissertation focuses on two key aspects of Salmonella virulence. We
will investigate the role of individual fir)nbrial adhesins in vivo by evaluating the
possibility that S. typhimurium fimbriae are functionally redundant and
coordinately facilitate bacterial adhesion and colonization during the development
of murine typhoid. Furthermore, we will investigate the possibility that Salmonella

activates programmed macrophage cell death independently of SPIA.
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Abstract

Adhesion is an important initial step during bacterial colonization of the
intestinal mucosa. However, insertione}l inactivation or deletion of the Salmonella
typhimurium fimbrial operons Ipf, pef, or fim only moderately alter mouse
virulence. The respective adhesins may thus play only a minor role during
infection or S. typhimurium may encode alternative virulence factors that can
functionally compensate for their loss. To address this guestion, we constructed
mutations in all known fimbrial operons of S. typhimurium: fim, lpf, pef, and agf. A
mutation in the agfB gene resulted in a three-fold increase in the oral 50% lethal
dose (LDy,) of S. typhimurium for mice. In contrast, a S. typhimurium strain
carrying mutations in all four fimbrial operons (quadruple mutant) had a 26-fold
increased oral LD,,. The quadruple mutant, but not the agfB mutant, was
recovered in reduced numbers from murine fecal pellets, suggesting that a
reduced ability to colonize the intestinal lumen contributed to its attenuation.
These data are evidence for a synergistic action of fimbrial operons during

colonization of the mouse intestine and the development of murine typhoid fever.
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Introduction

S. typhimurium causes murine typhoid fever. This systemic infection is
initiated by colonization and penetration of the intestinal mucosa, which is
commonly accepted as a necessary first step in the establishment of infection.
Indeed, recent evidence suggests that fimbrial adhesins of S. typhimurium play a
role during bacterial attachment to and invasion of the intestinal mucosa in vitro
and in vivo (15, 19, 21, 137). For example, attachment mediated by fimbrial
adhesins appears to be important for invasion of cultured epithelial cell lines in
vitro (17, 59, 63). In addition, a mutation in pefC, encoding the putative outer
membrane usher of plasmid encoded (PE) fimbriae, reduces the ability of S.
typhimurium to attach to the murine villous small intestine (15). Furthermore,
insertional inactivation of /pfC, encoding the putative outer membrane usher of
long polar (LP) fimbriae, impairs colonization of murine Peyer’s patches by S.
typhimurium (19, 21). However, since mutations in fimbrial biosynthetic genes
cause only a subtle decrease (19) or even a slight increase (137) in mouse
virulence, it is not evident from these data that adhesion mediated by fimbriae is
essential during the development of murine typhoid.

Neutralizing antibodies that block individual adhesins do not strongly
reduce mouse virulence of S. typhimurium (105). It has therefore been
speculated that attachment is not essential during murine typhoid (105).

However, more recent evidence suggests an alternative interpretation of these
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data, namely that S. typhimurium encodes alternate pathways for intestinal
penetration (21, 137, 233). The presence of additional entry mechanisms may
mask the effect of mutations in individual virulence genes of a single pathway.
For example, a synergy of virulence factors involved in penetrating the intestinal
mucosa is suggested by the fact that an S. typhimurium IpfC invA double mutant
has a 150-fold increased oral 50% lethal dose (LDy,). In contrast, isogenic strains
carrying a single insertion in either [pfC or invA are only 5-15-fold attenuated in
mouse virulence, respectively (21). In addition, a similar synergistic effect has
been observed for motility and type | fimbriation. Loss of motility has no effect on
mouse virulence, and deletion of the fim operon, encoding type | fimbriae, results
in @ modest decrease in LDy,. However, a S. typhimurium strain that is both
nonmotile and lacks type | fimbriae is 150-fold attenuated (137).

The presence of at least four distinct fimbrial operons in S. typhimurium,
fim (45), Ipf (13), pef (69), and agf (48), raises the possiBility that S. typhimurium
compensates for a functional defect of any individual fimbrial adhesin by
producing alternate attachment elements. Redundancy in virulence determinants
involved in intestinal colonization may explain why mutations that affect the
expression of only one fimbrial structure have little to no effect on the ability of S.
“typhimurium to cause a lethal systemic infection in mice. Thus, a simultaneous
loss of several fimbrial adhesins would be expected to reduce S. typhimurium
virulence to a greater degree than mutations in individual fimbrial operons. To

investigate whether inactivation of the genes essential to assembling distinct
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fimbrial adhesins has a synergistic effect on the ability of S. typhimurium to cause

murine typhoid, we determined the virulence properties of strains carrying

mutations in one or more fimbrial operons.
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Materials and Methods

Bacterial strains, bacteriophages, and recombinant DNA techniques.
Bacteria were grown overnight in Luria-Bertani (LB) broth at 37°C. Antibiotics,
when required, were incorporated into the media at the following concentrations:
naladixic acid, 50 mg/l; kanamycin, 60 mg/l; chloramphenicol, 30 mg/l;
carbenicillin, 100 mg/l. Analytical-grade chemicals were pu'rchased from Sigma
(St. Louis, Mo.) or Boehringer Mannheim (Indianapolis, Ind.). AJB3 is a fully
mouse virulent naladixic acid resistant derivative of S. typhimurium strain SR-11
(15). SR-11 derivatives carrying a pefC::Tet' allele (AJB9) or a deletion of the fim
operon (AJB4) have been described previously (15, 17). Bacteriophage KB1int or
P22HTint was used to transduce pefC::Tet" and [pfC::Kan" mutations from S.
typhimurium strains AJB7 (15) and AJB1 (19), respectively, into the desired SR-
11 background. Recombinant DNA techniques and Southern hybridizations were
performed using standard protocols (9).

A 927-bp fragment internal to agfB was amplified from 4252 (wild type
SR-11 (137)) using primers 5'-CTGACAGATGTTGCACTGCTGTG-3'and 5 '-
TTCGCCCGATTATTTCCTCC-3". This PCR product was cloned into the EcoRV
site of pBluescript SK to yield plasmid pAV326. The agrB allele was inactivated
upon insertion of a chloramphenicol resistance gene (a 1.2 kb Smal fragment
from pCMXX (21)) into a unique Nrul site (nucleotide 466). This plasmid was

digested with Sacl and Kpnl, and a 2.2 kb fragment was cloned into suicide
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vector pGP704 (149). The resulting piasmid (pAV328) was transformed into
Escherichia coli $17Apir (123) and conjugated into S. typhimurium AJB3 (wild
type) and AJB12 (Afim IpfC pefC). A double cross-over was obtained by
homologous recombination. Chloramphenicol-resistant, carbenicillin-sensitive
(loss of vector pGP704) exconjugants were screened for and named AWM394
(agfB) and AWM401 (Afim IpfC pefC agfB).

DNA fragments specific for fim, lpf, pef, and agf were used as probes for
Southern hybridization. In brief, a Sphl fragment of pISF101 (45) and a Sacl-Kpnl
fragment of pMS1054 (13) served as probes to detect fim- and [pf- specific loci,
respectively. A 520-bp fragment internal to pefA was amplified by PCR, with
primers 5'- GGGAATTCTTGCTTCCATTATTGCACTGGG-3"'and 5 -
TCTGTCGACGGGGGATTATTTGTAAGCCACT-3" and cloned into the EcoRV
site of pBluescript (206) to give rise to plasmid pAV323. The EcoRI- and Clal-
restricted insert of pAV323 was labeled and used as a pef- specific probe. A
Sacl-Kpnl fragment of pAV326 was used to generate an agf- specific DNA probe.
Restriction enzyme-digested chromosomal DNA was separated on an agarose
gel and transferred onto a positively charged membrane (Boehringer Mannheim).
The predicted sizes of hybridizing fragments were as follows. A fim- specific
probe detected a 13.7-kb fragment in Sphl-restricted chromosomal DNA of fim*
strains (AJB3, AJB5, AJB9, AJB11, AWM394, and AWM400) and 10.5- and 3.1-
kb fragments in Sphl-restricted chromosomal DNA of fim mutants (AJB4, AJBS6,

AJB12, and AWMA401). A Ipf-specific probe detected a 3.7-kb fragment in Pst-
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restricted chromosomal DNA of [pfC” strains (AJB3, AJB4, AJB9, and AWM394)
and 2.8- and 1.7-kb fragments in Psil-restricted chromosomal DNA of [pfC
mutants (AJB5, AJB6, AJB11, AJB12, AWM400, and AWM401). A pef-specific
probe detected a 3.6-kb fragment in I:icoRI— and Hindlll-restricted chromosomal
DNA of pefC* strains (AJB3, AJB4, AJB5, AJB6, and AWM394) and a 2.8-kb
fragment in EcoRI- and Hindlll-restricted chromosomal DNA of pefC mutants
(AJBY, AJB11, AJB12, AWMA400, and AWMA401). An agf-specific probe detected
a 1.8-kb fragment in EcoRI- and Salfl-restricted chromosomal DNA of agfB*
strains (AJB3, AJB4, AJB5, AJB6, AJB9, AJB11, and AJB12) and a 3.0-kb
fragment in EcoRlI- and Sall-restricted chromosomal DNA of agfB mutants
(AWM394, AWM400, and AWM401). Detection was performed using the
Renaissance random primer fluorescein dUTP labeling and detection system

from DuPont NEN (Boston, Mass.).

Mouse experiments. Six- to eight-week-old female BALB/c mice
(Jackson laboratories, Bar Harbor, Maine) were used throughout this study. To
determine the (two-step) LDy, a series of 10-fold dilutions of overnight cultures in
a 0.2-ml volume were injected intragastrically into groups of four mice. The LD,,s
were calculated 28 days postinfection by the method of Reed and Muench (186).
For course of infection studies, approximately 10° bacteria were administered to
groups of four mice by intragastric injection. Five days postinfection, the animals

were sacrificed, after which internal organs (Peyer's patch, villous small intestine,
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mesenteric lymph node, spleen, and liver) were collected and homogenized in 5
ml phosphate-buffered-saline (PBS) by using a stomacher (Tekmar, Cincinnati,
Ohio). To test the ability of bacterial strains to colonize the intestinal lumen, fecal
pellets were collected at days 1, 3 anc{ 5 post infection and homogenized in 5 ml
PBS. Ten-fold dilution series were plated on LB-agar plates containing the
appropriate antibiotics to determine the number of colony forming units (CFU).
Results are reported in CFU per organ or per gram of feces (single strain
infections), or as percentages of total number of bacteria recovered (mixed
infections). A paired  test was used to calculate statistical differences between

arithmetic means.

Electron microscopy. Bacterial strains were grown as 3-ml static broth
cultures to promote expression of fimbrial structures. Subsequently, 15 pl of
bacterial suspension was pipetted onto a Formvar-coated grid (Ted Pelia Inc.,
Redding, Calif.). Bacteria were allowed to adhere for 2 min and then fixed for 1
min using 1.5% glutaraldehyde in sodium cacodylate buffer (100 mM, pH 7.4).
The grids were rinsed twice with water and negatively stained with 0.75% (wtivol)
uranyl acetate (pH 6.4) for 1 min. The grids were drained, and subjected to

‘microscopic studies.
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Table 2-1. Bacterial strains used in this study.

Strain Genotype Reference

E. coli

DH5a endA 1 hsdR17 supE44 thi-1 recA1 gyrA relA1 Laboratory
A(lacZYA-argF) U169 deoR [¢0 dlac A(lacZ)M15] collection

S17Apir pro thi recA hsdR; chromosomal RP4-2 ' (123)
(Tn7:1SR1 tet::Mu Kan"::Tn7); Apir

S. typhimurium

AJB3 wild type (SR11y4252 Nal") (15)

AJB4 Alfim-aph-11::Tn10}-391 Nal" (15)

AJB5 Alaph-11::Tn10]-251 Nal’ JpfC::Kan' This study

AJB6 Alfim-aph-11::Tn 10]-391 Nal’ JofC::Kan' This study

AJB9 Alaph-11::Tn10]-251 Nal’ pefC::Tet’ (15)

AJB11 Alaph-11::Tn10]-251 Nal’ [ofC::Kan' pefC::Tet' This study

AJB12 Alfim-aph-11::Tn 10]-391 Nal' /pfC::Kan’ pefC::Tet' This study

AWM394 Alaph-11::Tn10}-251 Nal" agfB::Cam" This study

AWM400 Alaph-11:Tn10]-251 Nal' [pfC::Kan' pefC::Tet' This study
agfiB::.Cam’

AWMA401 Alfim-aph-11::Tn 10]-391 Nal’ [pfC::Kan" pefC::Tet" This study

7 agfB:.Cam'

IR715 ATCC14028 Nal (215)

AJB1 IR715 [pfC::Kan' (19)

AJB7 IR715 pefC::Tet’ (15)

SR-11x4252 wild type Alaph-11::Tn 10]-251 (137)
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Results

Construction of S. typhimurium fimbrial mutants. Mutations in three
fimbrial operons, including fim, Ipfand pef have been reported previously (15, 19,
137), and were used to construct a set of isogenic S. typhimurium mutants that
carried deletions of and/or insertions in essential fimbrial biosynthesis genes
(Table 2-1). The pfC::Kan" allele of S. typhimurium ATCC 14028 derivative AJB1
(19) was transduced into SR-11 derivatives AJB3 (wild type) and AJB4 (Afim),
yielding strains AJB5 (/pfC) and AJB6 (Afim IpfC), respectively. The pefC::Tet'
allele of strain AJB7 (15) was transduced into AJB3 and AJB6 to give rise to
strains AJB9 (pefC) and AJB12 (Afim IpfC pefC), respectively (Table 2-1). The
IpfC::Kan' allele of AJB1 was then transduced into AJB9 to give rise to AJB11
(IpfC pefC) (Table 2-1). All mutants were confirmed by Southern blot analysis
with the appropriate DNA probes (Fig. 2-1).

Thin aggregative fimbriae, which are encoded by the S. typhimurium agf
operon, are assembled by an export machinery that is distinct from the
chaperone and usher dependent transport systems of type 1 fimbriae, PE
fimbriae or LP fimbriae. Curli, encoded by the csg operon in E. coliis the

-prototypic member of this novel pilus assembly class. Recent evidence by
Hammar et al. suggests that CsgB, a membrane associated nucleator protein, is
required for the assembly of curli fimbriae on the bacterial cell surface (92). It
was therefore decided to inactivate agfB, the csgB homologue in S. typhimurium

(48). An agfB allele (carried on plasmid pAV328) was inactivated by insertion of a
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Figure 2-1. Southern blot analysis of fimbrial mutants.

Southern blot analysis of chromosomal DNA digested with Sphl using a fim-
specific probe (A), of chromosomal DNA digested with Pstl using an Ipf-specific
probe (B), of chromosomal DNA digested with EcoRl and Hindlll using a pef-
specific probe (C), and of chromosomal DNA digested with EcoRl and Sall using
an agf-specific probe (D). For further details, see Materials and Methods.

Molecular sizes in kilobases (kb) are shown at right.
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1.2 kb chloramphenicol resistance cassette and introduced into strains AJB3
(wild type), AUB11 (IpfC pefC), and AJB12 (Afim IpfC pefC). A double cross-over
events were obtained by homologous recombination, and the resulting strains
were designated AWMB394 (agfB), AWMA400 (IpfC pefC agfB) and AWM401 (Afim
IpfC pefC agfB), respectively (Table 2-1). All three mutants were confirmed by

Southern blot analysis with an agfB specific DNA probe (Fig. 2-1).

Synergistic effect of mutations in fimbrial operons on mouse
virulence. LD, studies were conducted to investigate the effect of mutations in
fimbrial operons on mouse virulence (Table 2-2) (186). Strains carrying mutations
in a single fimbrial operon were either more virulent (AJB4, Afim) or less than
five-fold attenuated (AJB5, IpfC; AJB9, pefC; and AWM394, agrB) in comparison
with the wild type (AJB3). Strain AJB12 (Afim IpfC pefC) also exhibited slightly
increased virulence, suggesting that the phenotype of a fim deletion mutant is
dominant over the attenuating effect of mutations in /pf and pef. Interestingly,
AWMA400 (/pfC pefC agfB), is more strongly attenuated (> 29-fold) than the
AWMA401 (Afim IpfC pefC agfB) (below and Table 2-2). We and others observed
that all fim mutants tested had a slight increase in virulence when compared to
the wild-type (137) (Table 2-2 and our unpublished results) These data suggest a

dominant phenotype for mutant fim alleles.
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Table 2-2. Virulence properties of fimbrial mutants of S. typhimurium when

administered orally to BALB/c mice.

Strain Relevant i.g.® Fold Reference
genotype LD, attenuation
AJB3 wild type 5.8 x 10° 1.0 17)
AJB4 Afim 1.5x10° 0.3 (17)
AJB5 IpfC 2.8 x10° 4.8 This study
AJB9 pefC 1.4 x 10° 2.4 (15)
AWM394  agfB 1.9 x 10° as This study
AJB12 Afim [pfC pefC 1.7 x10° 0.3 This study
AWM400  [pfC pefC agfB 1.7x10"  >29 This study
AWM401 Afim IpfC pefC agiB 1.5 x 107 26.4 This study

?1.g., intragastric
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Figure 2-2. Bacterial recovery from internal organs and féces after infection with
AJB3 (w1), AWM394 (agfB), or AWMA401 (Afim IpfC pefC agrB).

Bacterial recovery from internal organs 5 days postinfeétion (p.i.) (A) and feces 1,
3, and 5 days postinfection (B) reported in CI;U per organ (three Peyer’s patches
in the distal ileum, close to the cecum, were collected and pooled for each
mouse) or CFU per gram of feces. Three groups of four mice were each orally
infected with 10° CFU of AJB3 (wild type [wi]), AWM394 (agfB), or AWM401

(Afim [pfC pefC agfB). Data are arithmetic means. Error bars indicate standard

deviations.
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AWM401 (Afim [pfC pefC agfB), a quadruple fimbrial mutant, was more
strongly attenuated (26-fold) than AJB12 (Afim IpfC pefC) or any of the strains
carrying a single fimbrial mutation. This result suggested an additive attenuating
effect of these mutations on the ability. of S. typhimurium to cause murine typhoid
(Table 2-2). Furthermore, the increased virulence of strain AJB12 (Afim IpfC
pefC) compared to AWM401 (Afim [pfC pefC agfB) supports the idea that the
insertional inactivation of agfB is one of the mutations respbnsible for the strong

attenuation of the quadruple mutant.

The quadruple mutant has a reduced ability to colonize liver, spleen
and intestine. To investigate at which step during the infection process the
AWMA401 (Afim IpfC pefC agfB) is impaired, course of infection studies were
conducted. Since our mouse virulence data (Table 2-2) suggested that a
mutation in agfB in combination with a mutation in at least one other fimbrial
operon is responsible for the attenuation of AWM401 (Afim [pfC pefC agfB),
strain AWMB394 (agfB) was included in these studies. Groups of four mice were
orally infected with 10° colony forming units (CFU), upon which bacteria were
recovered from the Peyer's patch, mesenteric lymph node and spleen on days 3
‘(data not shown) and 5 postinfection (Fig. 2-2A). In addition, bacteria were
recovered from the feces on days 1, 3 and 5 postinfection to monitor intestinal
colonization (Fig. 2-2B). Compared to the wild type (AJB3), reduced numbers of

both AWM401 (Afim IpfC pefC agfB) and AWM394 (agfB) were recovered from
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internal organs and fecal pellets. However, these differences proved not to be
statistically significant (P > 0.05). As bacterial numbers recovered from individual
animals may vary greatly during infection, small differences between wild type
and mutant may go undetected. In order to control for the variability betweenv
experimental animals, mixed infections with AJB3 (wild type), AWM394 (agfB)
and AWM401 (Afim IpfC pefC agfB) were performed, permitting a direct
comparison between wild type and mutants. A group of four mice was orally
infected with 10° CFU of a mixture containing approximately equal amounts of
AJB3 (wild type), AWM394 (agfB), and AWM401 (Afim IpfC pefC agfB). On day 5
postinfection, CFU in internal organs (Peyer's patch, villous intestine, mesenteric
lymph node spleen and liver) were determined. In addition, bacteria were
recovered from the feces up to 5 days postinfection to monitor intestinal
colonization (Fig. 2-3). Both AWM394 (agfB) and AWM401 (Afim IpfC pefC agfB)
were able to compete with the wild type (AJB3) for colonization of Peyer's
patches and villous intestinal tissue in the terminal ileum. Interestingly, increased
numbers of both quadruple mutant (AWM401) and agfB mutant (AWMB394) were
recovered from the mesenteric lymph node compared to that of the wild type
(AJB3). These differences were not statistically significant (Fig. 2-3, P> 0.05).
‘However, both AWM394 (agfB) and AWM401 (Afim IpfC pefC agfB) were
outcompeted by the wild type (AJB3) for colonization of liver and spleen (P <
0.05 and P < 0.01, respectively). In addition, AWM401 (Afim IpfC pefC agfB)

failed to compete with the wild type for colonization of the intestine as suggested
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Figure 2-3. Bacterial recovery from internal organs and feces 5 days
postinfection after 1:1:1 mixed infection with AJB3 (wi), AWM394 (agfB), and

AWMA401 (Afim [pfC pefC agfB).

Bacterial recovery from internal organs and feces 5 days postinfection (p.i.)
reported as percentages of the total number of bacteria recovered. Three groups
of four mice each were orally infected with a 1:1:1 mixture of three strains, AJB3
(wild type [wi]), AWMB94 (agfB), or AW M401 (Afim IpfC pefC agfB), respectively,
for a total of 10° CFU per mouse. Three Peyer’s patches in the terminal ileum,
close to the cecum, were collected and pooled for each mouse. Data are
arithmetic means. Error bars indicate standard deviations. *, P < 0.05 (paired t

test); **, P < 0.01 (paired t test).
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by recovery of significantly reduced numbers from fecal pellets (P < 0.05). These
results provide evidence that fimbrial adhesins act synergistically during

colonization of the mouse intestinal tract.

Identification of new fimbrial structures. Although we have
demonstrated that fimbrial adhesins of S. typhimurium play an important role
during infection (Table 2-2), AWM401 (Afim IpfC pefC agfB) was still able to
cause a lethal systemic iliness in mice when administered at higher doses. These
data suggest that AWM401 (Afim IpfC pefC agfB) may express yet other factors
for intestinal attachment. To investigate this possibility, we examined strain
AWMA401 (Afim IpfC pefC agfB) for the presence of fimbriae by electron
microscopy. Interestingly, this mutant (AWM401) expressed thus far
uncharacterized fimbrial structures (Fig. 4-4A), which could easily be
distinguished from flagellar filaments required for cell motility (Fig. 4-4). Flagellar
filaments varied in length from 5 to 10 um, with a diameter of approximately 20
nm (141). Fimbriae could be distinguished from flagella by means of morphology
and diameter (typically between 2 to 8 nm (139)). These data provide direct
evidence for the expression of at least one other, yet uncharacterized fimbrial
‘structure in S. typhimurium which may contribute to the redundancy of virulence

factors involved in colonization of the intestinal mucosa.
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Figure 2-4. ldentification of a novel fimbrial structure.

Electron micrographs of AWM401, which harbors mutations in the fim, [pf, pef,
and agf fimbrial operons. This quadruple mutant expresses a thus far
uncharacterized fimbrial structure (A, arrows) that can be distinguished from

flagellar filaments (A and B, arrowheads). Magnification, x35,000 (A) and x8,000

(B).
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Discussion

Our results demonstrate that despite the moderate effect on mouse
virulence of individual mutations in fim)brial operons, the simultaneous
inactivation of genes involved in the biosynthesis of four distinct fimbrial adhesins
markedly attenuates S. fyphimurium virulence. To our knowledge, this is the first
study to provide direct evidence for a synergistic effect of fimbrial adhesins
during infection. Previous studies have shown that inactivation of biosynthetic
genes for type-1 fimbriae, LP fimbriae, or PE fimbriae attenuate S. typhimurium
mouse virulence only fivefold or less (15, 19, 137). Here, we report that a
mutation in a fourth S. fyphimurium fimbrial operon, agf, resulted in a threefold
reduction in mouse virulence. A recent study indicated that thin aggregative
fimbriae mediate adhesion to murine small intestinal epithelial cells in vitro (219).
We have observed that strains carrying the agfB mutation have an altered colony
morphology (data not shown). A pleiotropic effect for agf mutants regarding
colony morphology has also been reported by others (219). However, our
virulence data strongly suggests that this pleiotropic effect does not reduce the
ability to cause murine typhoid (Table 2-2, Fig. 2-2, AWM394 [agfB]).
Furthermore, from these data it is evident that inactivation of individual adhesins
does not strongly reduce the ability of S. typhimurium to cause a lethal systemic
infection in mice. However, strain AWM401, in which all four known fimbrial

operons have been inactivated, was 26-fold attenuated when orally administered
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to mice. These results are consistent with the idea that mutations in individual S.
typhimurium fimbrial operons have only moderate effects on mouse virulence
because lack of a single attachment factor can be compensated for by the
presence of other adhesins.

Because a strain carrying mutations in fim, [pfand pef (AJB12) was not
attenuated, insertional inactivation of agfB must, be partly, responsible for the
strong attenuation of AWMA401 (Afim IpfC pefC agfB). Neither the agfB mutant
| (AWMB394) nor the quadruple mutant (AWM401) were able to compete with the
wild type (AJB3) for colonization of the liver and spleen (P < 0.05 and P < 0.01,
respectively). However, during mixed infection experiments, only AWM401 (Afim
IpfC pefC agfB) was recovered in reduced numbers from fecal pellets (P < 0.05),
suggesting that the decreased virulence of AWM401, compared to AWM394
(agfB), is caused by a defect in intestinal colonization. From these results, we
conclude that the absence of at least two fimbrial structures (encoded by the agf
and fim, Ipf, or pef operons) may significantly decrease adherence to murine
intestinal tissue and further reduce mouse virulence. Additional virulence studies
and course of infection studies are needed to identify precisely which
combination of mutations in fimbrial operons reduces virulence.

The ability of AWM401 (Afim IpfC pefC agfB) to cause a lethal systemic
infection in mice upon intragastric injection of large inocula suggested that a
quadruple mutant might express additional means of adhesion and colonization.

Electron microscopic studies demonstrated that, in addition to flagellar filaments,
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AWM401 (Afim [pfC pefC agfB) expresses at least one additional, yet
uncharacterized, fimbrial structure. Thus, this fimbrial structure, and possibly
others, may be the adhesive organelle(s) that allow residual colonization of the
mouse intestine by S. typhimurium in the absence of type-1, LP, PE, and thin

aggregative fimbriae.
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Abstract

Salmonella enteritidis expresses SEF14, SEF17, and SEF21 fimbriae.

Although Ipfand peffimbrial operons are present, their role in S. enteritidis
pathogenesis is unclear. Here, we show that these fimbrial operons are
functional and contribute to S. enteritidis colonization of the murine intestinal

mucosa and development of murine typhoid fever.
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Results and Discussion

Salmonella enterica serotype Enteritidis (S. enteritidis), a common cause
of food poisoning, causes acute gastn))enteritis and is a major health problem
worldwide. Necessary first steps in the establishment of a Salmonella infection
include colonization and penetration of the intestinal mucosa. Indeed, recent
evidence indicates that fimbrial adhesins of Salmonella play an important role
during bacterial adhesion to and invasion of the intestinal barrier (15, 19, 21, 137,
168, 219, 232). S. enteritidis expresses at least three fimbrial structures,
designated SEF14, SEF17 (curli), and SEF21 (type I) fimbriae, encoded by the
sef, agf, and fim operons, respectively (47, 48, 159). Furthermore, S. enteritidis
encodes genes homologous to the /pf and pef fimbrial operons in S. typhimurium
(12-14, 69). In S. typhimurium, these operons encode long polar fimbriae and
plasmid encoded fimbriae, respectively, while S. typhimurium also encodes
homologs of both fim and agf operons. S. typhimurium long polar (LP) fimbriae
mediate attachment to murine Peyer’s patches (19), whereas plasmid encoded
(PE) fimbriae permit binding to murine small intestine (15). However, the role of
the Jof and pefoperons in S. enteritidis pathogenesis is not known. Since the S.
-enteritidis and S. typhimurium pefA genes share only 82% amino acid identity
(240), it is unclear whether these fimbrial operons function similarly because
most genes from these two organisms share > 90% identity and > 95% homology

on the amino acid level. Mutations in either the /pf or pef operon do not reduce
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the ability of S. enteritidis to adhere to chick gut explant (3), even though PefA
specific antibodies can be detected in chicks infected with wild type S. enteritidis
(240). Thus, these fimbrial operons may either be non-essential, non-functional,
or play only a minor role in S. enteritidjs adhesion to chicken intestinal tissue.
Alternatively, the cognate fimbrial receptors may not be present on these
epithelial cell surfaces. Here, we have inactivated essential fimbrial biosynthetic
genes [pfC and pefC to study the effect of these mutations ‘on the ability of S.
enteritidis to adhere to murine intestinal tissue.

Bacteria were grown as described previously (232). Defined mutations in
either [pfC (19) or pefC (15) were introduced into a spontaneous naladixic acid
resistant-, mouse-virulent strain of S enteritidis (134). Insertional inactivation was
confirmed by Southern hybridization (data not shown). The oral 50% lethal dose
(LD4,) was determined in BALB/c mice. The oral LD, was similar for all strains
tested. The oral LD50 for the wild type (AJB72) was 2.1 x 10° colony forming
units (CFU), whereas 3.9 x 10° and 1.4 x 10° CFU were required to kill 50% of
mice infected orally with either AJB73 (IpfC) or AWM255 (pefC), respectively.
Although these data indicate that the Jof and pefoperons are not essential during
the development of murine typhoid fever, these results do not exclude the
possibility that S. enteritidis compensates for a defect in the Ipf or pef fimbrial
operons by producing alternate attachment factors, possibly including SEF 14,
SEF17, and SEF21 fimbriae. This view is supported by a recent study in which it

was demonstrated that, in S. typhimurium, fimbrial adherence factors are
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Figure 3-1. Bacterial association with the murine small intestine after 1:1 mixed

infection with AJB72 (wf) and AJB73 (/pf).

Bacterial association with the murine small intestine after 1:1 mixed infection with
AJB72 (wi) and AJB73 (Ipf). Three Peyer's patches in the terminal ileum were
collected and pooled. Data are arithmetic means of three independent

experiments. Error bars indicate standard devations. *, P < 0.001 ’(paired ttest).
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functionally redundant and act in synergy to facilitate adhesion and colonization
of the murine intestinal mucosa (232).

Next, we tested the ability of AJB73 (/pfC) and AWM255 (pefC) to compete with
the wild type (AJB72) for adherence to‘ murine intestinal tissue in vitro using the
intestinal organ culture model (10C) developed in our laboratory (15, 19). In
short, bacteria were grown as standing ovemight cultures in 3 mi of Luria-Bertani
(LB) broth at 37 °C and 5% CQO, to promote fimbrial expression. Murine ileal
loops were infected with 1 ml of a 1:1 mixture (6-8 x 10° CFU total) of either wild
type (Nal') and /pfC mutant (Kan"), or wild type (Nal') and pefC mutant (Tet"). After
incubating for 30 min at 37 °C and 5% CO,, non-adherent bacteria were removed
by washing with PBS. A 10-fold dilution series was plated on LB agar plates
containing the appropriate antibiotics to determine the number of CFU for each
strain. Compared to the wild type, similar numbers of IofC mutant bacteria were
recovered from the villous intestinal tissue. However, reduced numbers of IpfC
mutant bacteria were recovered from the Peyer’s patch (Fig. 3-1). These results
indicate that the S. enteritidis Ipf operon is important during bacterial attachment
to murine ileal Peyer’s patches. Compared to the wild type, reduced numbers of
pefC mutant bacteria were recovered from both murine Peyer’s patches and

small intestine (Fig. 3-2).
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Figure 3-2. Bacterial association with the murine small intestine after 1:1 mixed

infection with AJB72 (wf) and AWM255 (pef).

Bacterial association with the murine small intestine after 1:1 mixed infection with
AJB72 (wif) and AWM255 (pef). Three Peyer's patches in the terminal ileum were
collected and pooled. Data are arithmetic means of three independent

experiments. Error bars indicate standard devations. *, P < 0.001 (paired t test).
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These results indicate that the S. enteritidis pef operon plays a role in mediating
attachment to murine ileal tissue.

In conclusion, S. enteritidis encodes at least five functional fimbrial
operons. In addition to sef, agf, and fim, evidence presented here indicates that
S. enteritidis encodes two additional fimbrial operons, [pfand pef, that play a role
in pathogenesis. Mutations of [pfC and pefC reduce the ability of S. enteritidis to
adhere to murine ileal Peyer’s patches and villous intestine, respectively.
Reduced adherence of an /pfC mutant to murine Peyer’s patches, but not to
villous intestinal tissue, suggests that the S. enteritidis Ipf operon mediates
attachment to cells unique to Peyer’s patch tissue. In contrast, reduced
adherence of the pefC mutant to both villous intestine and Peyer's patches
suggests that the S. enteritidis pef operon mediates attachment to enterocytes
abundantly present in both Peyer's patches and villous intestinal tissue. S.
enteritidis strains mutated in [pfC and pefC are not significantly attenuated in
virulence when administered to mice orally. We propose that alternate
attachment factors, including SEF14, SEF17, and SEF21 fimbriae, functionally
complement the lack of either LP fimbriae or PE fimbriae in vivo. This hypothesis
is supported by a recent study in which it was demonstrated that multiple fimbrial

-adhesins in S. typhimurium coordinately facilitate adhesion and colonization of
murine intestinal mucosa (232). The presence of yet additional fimbrial structures
is suggested by the fact that S. enteritidis encodes genes homologous bfp genes

in Escherichia coli (209). However, evidence for the expression of
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bundle forming pili in S. enteritidis has not yet been presented.
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Abstract

The enteric pathogen Salmonella enterica serotype Typhimurium {(S.
typhimurium) induces apoptosis in infgcted macrophages. This process is rapid,
specific, and depends on the type Il protein secretion system encoded within
Salmonella pathogenicity island 1 (SPI1). Here, we demonstrate that S.
typhimurium can activate programmed macrophage cell death independently of
SPIH1. SPI1 independent induction of apoptosis in infected macrophages is
observed as early as 12-13 hours post-infection, even in the absence of
intracellular bacterial replication. Delayed activation of programmed macrophage
cell death is not observed with S. typhimurium strains mutated in ompR or SPI2.
Even though SPI2 mutants have a defect in intracellular proliferation, our results
indicate that long-term intracellular survival and growth are not required for
delayed macrophage killing per se, as Salmonella mutants that are severely
defective in intracellular growth still induce delayed apoptosis. Inactivation of
genes required for either rapid or delayed induction of apoptosis results in a
conditional non-cytotoxic phenotype, whereas simultaneous inactivation of genes
required for both rapid and delayed induction of apoptosis renders S.
‘typhimurium non-cytotoxic under all conditions tested. We hypothesize that
differential activation of programmed macrophage cell death by S. typhimurium
occurs under discrete physiological conditions at distinct locations within an

infected host.
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Introduction

Salmonella enterica serotype Typhimurium (S. typhimurium) is a
facultative intracellular pathogen that causes a typhoid like disease in mice.
Following oral infection, bacteria actively invade the intestinal mucosa and enter
the bloodstream via the gut associated lymphoid tissue (GALT). Subsequent
residence within professional phagocytes of the liver and spleen is required for a
persistent infection, which ultimately leads to death of the mouse. Growth and
survival of Salmonella within macrophages is supported by numerous studies,
including the direct observation of Salmonella within hepatic phagocytes (187),
comparative infection studies in genetic strains of mice that produce
macrophages with varying resistance to Salmonella (153, 165), and the
persistence of infection in mice treated with gentamicin, an antibiotic that
primarily kills extracellular bacteria (29, 61). Finally, genetic studies indicate that
Salmonella mutants that are attenuated for intramacrophage survival are also
attenuated for systemic infection in mice (64). While all of these studies
demonstrate that Salmonella survives and replicates within macrophages,
several groups have recently shown that Salmonelia is also able to kill these host
cells (7, 39, 135, 156).

Contradictory results have been reported for Salmonella genes required
for the induction of apoptosis as well as the timing at which it takes place. One

study showed that S. typhimurium kills macrophages as late as 18 hours post-
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infection (135). This process depends on the two component regulatory system
ompR/envZ, as ompR was the only gene identified in a stringent selection to find
Salmonella mutants that are unable to kill macrophages. InvA is an essential
structural component of the SPI1 encgded type lll export apparatus, whereas
SipB is a SPI1 secreted effector molecule (72, 118). Null mutations in either invA
or sipB, two genes within Salmonella pathogenicity island | (SPI1), had no effect
on the ability of S. typhimurium to kill infected macrophages in this study (135).
However, other studies appear to contradict these observations and demonstrate
that within a few hours upon contact, S. typhimurium induces apoptosis in
infected macrophages in an invA (thus SPI1) dependent process (39, 140, 156).
SipB is both necessary and sufficient for the rapid activation of this apoptotic
pathway (101).

Here, we resolve this apparent controversy by demonstrating that S.
typhimurium Kills macrophages via two independent processes. We demonstrate
that SPI1 gene expression accounts for rapid induction of apoptosis, whereas
delayed induction of apoptosis depends on ompR and SPI2. Implications of these

results for understanding Salmonella pathogenesis are discussed.
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Materials and Methods

Bacterial strains, bacteriophages, and recombinant DNA techniques.
Bacteria were grown overnight in Luria-Bertani broth at 37 °C. Antibiotics, when
required, were used at the following concentrations: naladixic acid (nal), 50
ng/ml; chloramphenicol (cam), 30 ug/ml; kanamycin (kan), 60 pg/ml; ampicillin
(amp), 100 pg/ml. Recombinant DNA techniques and Southern hybridizations
were performed using standard protocols (9, 144). Analytical grade chemicals
were purchased from Sigma (St. Louis, MO, USA) or Roche
Biochemicals/Boehringer Mannheim (Indianapolis, IN, USA).

Mutations in the ompR, invA, spiB, and prc genes have been described
previously (64, 74, 135, 228) and were used to construct a set of isogenic S.
typhimurium mutants (Table 1). Bacteriophage KB1int was used to transduce the
ompAR::MudJ allele of SWL350 (135) into SR-11 x3041 (wf), yielding strain
AWM405 (ompR). Bacteriophage P22HTint was used to transduce the
invA::TnphoA allele of AJB75 (21) into AWMS501 (sipB, see below), and AWM527
(ssrB, see below), yielding AWMS544 (invA sipB), and AWM545 (ssrB invA),
respectively. Bacteriophage P22HTint was used to transduce the spiB::mTn5
allele of STN119 (228) into SR-11 %3041 (wi), yielding strain AWM568 (spiB).
Bacteriophage P22HTint was also used to transduce the pre::Tn 70 allele of

MS4290 (64) into SR-11 %3041 (wi), yielding strain AWM®664 (prc).
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Allelic exchange was performed to disrupt the S. typhimurium invA gene.
An internal fragment of the invA gene was amplified from S. typhimurium
ATCC14028 (wi) using primers 5'- GCATGAATTCGCAGAACAGCGTCG -3
and 5'- GTTGTCTAGATCTTTTCCTTAATTAAGCC -3, which generated a PCR
fragment with unique 5'- EcoRIl and 3'- Xbal sites, respectively. This PCR
product was cloned into the EcoRYV site of pBluescript II-SK* and sequenced.
Subsequently, the invA allele was inactivated by insertion of a chloramphenicol
resistance gene (a 1.2 kb Smal fragment from pCMXX (21)) into a unique
internal SnaBl site, and cloned into suicide plasmid pKAS32 (208). The resulting
plasmid was electroporated into E. coli SM10Apir and conjugated to S.
typhimurium ATCC14028 derivative BA715 (rpsL) (2). A double cross-over at the
invA allele was obtained via homologous recombination. A chloramphenicol- and
streptomycin- resistant exconjugant was selected and named SWL2020 (invA).
Bacteriophage KB1inf was used to transduce the invA::cat mutation into SR-11
%3041 (wi), yielding strain AWMA472 (invA).

Allelic exchange was performed to disrupt the S. typhimurium sipB gene.
A fragment of the sipB gene was amplified from S. typhimurium SR-11 (wi) using
primers 5'- GAAGGTACCGAAGATGAGTCTCTGCGG -3'and 5 -
GAGCTCTTCTCAACAGAATGAT -3, which generated a PCR fragment with
unique 5'- Kpnl and 3'- Sacl sites, respectively. The resuliing PCR product was
blunt-end ligated into the EcoRV site of pBluescript SK* and sequenced to verify

its accuracy. Subsequently, the sipB allele was inactivated by insertion of a
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chloramphenicol resistance gene (a 1.2 kb Smal fragment from pCMXX (21)) into
a unique Smal site. This plasmid was restricted with Kpnl and Sacl, and the
insertionally mutagenized sipB::cat allele was cloned into suicide plasmid
pJP5603 (176). The resulting plasmid was electroporated into E. coli S17Apir
(123) and conjugated to AJB3, a naladixic acid resistant derivative of S.
typhimurium SR-11 (232). A chloramphenicol- and naladixic acid resistant
exconjugant was selected and named SWL2025 (sipB). Bacteriophage KB1int
was used to transduce the sipB::cat mutant allele into SR-11 3041 (w1) and
AWM405 (ompR), yielding strains AWMS501 (sipB) and AWM499 (ompR sipB),
respectively.

Allelic exchange was performed to disrupt the S. typhimurium ssrB gene.
An 853-bp fragment of the ssrB allele was amplified from S. typhimurium
ATCC14028 (wi) using primers 5'- CTTAATTTTCGCGAGGGCAGC —-3'and 5 -
TAGAATACGACATGGTAAAGCCCG —3'. This PCR product was cloned into
pCR-Blunt (Invitrogen, Carlsbad, California, USA). The ssrB allele was
inactivated upon insertion of a chloramphenicol resistance gene (a 1.2 kb Smal
fragment from pCMXX (21)) into a unique Sspl site. This plasmid was digested
with EcoRl and the disrupted ssrB allele was ligated into suicide vector pKAS32
(208). The resulting plasmid (pMJW99) was transformed into E. coli SM10Apir
and conjugated to S. typhimurium ATCC14028 derivative BA715 (rpsL) (2). A
double cross-over at the ssrB allele was obtained via homologous recombination.

A chloramphenicol- and streptomycin- resistant exconjugant was selected and

73



named MJW129 (ssrB). Bacteriophage P22HTint was used to transduce the
ssrB::cat mutant allele into SR-11 x3041 (wf) and AWMA405 (ompR), yielding

strains AWMS527 (ssrB) and AWM543 (ompR ssrB), respectively.

Macrophage assays. The murine derived macrophage cell lines J774
(American Type Culture Collection, Manassas, VA, USA) and RAW264.7 (ATCC)
were cultured (37°C/5% CO,) in Dulbecco's Modified Eagle Medium (DMEM,
Gibco-BRL, Rockville, MD, USA), supplemented with 10% Fetal Bovine Serum
(FBS,Gibco-BRL), glutamine (Gibco-BRL), sodium pyruvate (Gibco-BRL), and
non-essential amino acids (Gibco-BRL). Bone marrow derived macrophages
(BMDM) were isolated from C57BL/6 mice (Jackson Laboratories, Bar Harbor,
ME, USA) and cultured for 6 days (37 °C, 5% CO,) in DMEM supplemented with
10% FBS, 20% L929 supernatant (a generous gift from H. G. A. Bouwer,
immunology Research, VAMC, Portland, OR, USA), giutamine and sodium
pyruvate (Gibco-BRL).

Macrophage survival assays (gentamicin protection assays) were
performed as described by Fields et al. (64). In brief, 1 x 10° J774 macrophages
were infected with stationary phase cultures (below) at a number of input bacteria
(IB) 1. Use of the term “multiplicity of infection (MOI)” as it relates to these
assays is confusing as the actual rate at which macrophages are infected
depends on many factors, including the number of input bacteria (IB) and the rate

at which they infect macrophages (usually about 1 percent). We will therefore
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use the term IB and leave MOI as the term to describe the actual number of
internalized bacteria. At 18 hours post-infection, monolayers were washed three
times with phosphate-buffered saline (PBS) and lysed with Triton X-100 (Sigma).
Bacterial viability was determined by plating for intracellular colony forming units
(CFU) at various times post-infection. Similar results were obtained using
RAW264.7 macrophages (data not shown).

The percentage of macrophage cytotoxicity was determined by measuring
the release of host cytoplasmic lactate dehydrogenase (LDH). J774 and
RAW264.7 macrophages were infected with bacterial cultures grown to either
late-log phase or stationary phase (below) at an IB~60. At one hour postinfection,
infected monolayers were washed three times with PBS and lysed with Triton X-
100 (Sigma), after which bacterial uptake was determined by plating for viable
intracellular CFU. Differences between strains were observed and taken into
account by normalizing to the number of internalized bacteria (approximately one
percent of input bacteria). At 6 h and 18 h post-infection, the release of LDH was
quantified colorimetrically using the CytoTox 96° Non-Radioactive Cytotoxicity
Assay (Promega, Madison, WI, USA). The absorbance (A,g,..) was determined
on a microplate reader (Dynatech Laboratories, Inc., Chantilly, VA, USA), after
‘which the percentage of cytotoxicity was calculated using the following formula:
100% x ((experimental release — spontaneous release)/(maximum release —

spontaneous release)). Spontaneous release is the amount of LDH released
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from the cytoplasm of uninfected macrophages, whereas the maximum release is
the amount of LDH present in whole cell lysates from uninfected macrophages.

In addition to measuring the release of LDH, quantitative macrophage
cytotoxicity assays were performed as) described by Lindgren et al. (135) (data
not shown). In brief, to determine the number of input bacteria (IB) at which 50%
of the infected macrophages are killed (IB¢ps,), 1 x 10° J774 macrophages were
infected with 2-fold serial dilutions of bacterial cultures (31 < IB < 1000, the limits
of detection) as verified by plating for Colony Forming Units (CFU). At 6 h and 18
h post-infection, the remaining viable macrophages were fixed in a 10% formalin
solution (10-15 min.) and stained in a 0.13% crystal violet solution (> 2 h). The
absorbtion (Asgs.,,) was determined on a microplate reader (Dynatech
Laboratories, Inc., Chantilly, VA, USA); the MOI for the well that gave 50% of the
absorbtion recorded for uninfected wells was considered the By, (50% of the
cytotoxic dose). Similar results were obtained using RAW264.7 macrophages
(data not shown).

The Cell Death Detection ELISA™ S Assay (Roche Diagnostics Corp.,
USA) was used to determine whether S. typhimurium infected macrophages
were undergoing apoptosis. This assay has been used successfully to study
.Pseudomonas aeruginosa induced apoptosis in eukaryotic cells (96).
Macrophages were infected with bacterial cultures grown to either late-log phase
(data not shown) or stationary phase (below) at an infection rate of 1.5 bacteria

per macrophage (MOI). The amount of cytoplasmically located histones bound to
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fragmented DNA was quantified colorimetrically at 18 h post-infection, after which
the absorbance (A,;..) was determined on a microtiterplate reader. An
enrichment factor indicative of apoptosis was calculated using the following
formula: (A4 onm [experimental]) / (A, o5 [uninfected]).

Bacterial cultures were grown under various conditions. To obtain
stationary phase cultures, bacteria were grown aerobically in LB broth (3 ml) for
15 h at 37°C. To obtain late-log phase cultures, bacteria were grown overnight
(aerobically, 15 h at 37°C) in LB broth (3 ml), subcultured 1:20 in LB broth (3 ml),
and grown to late-log phase (3 h) under the same culture conditions. Using a
MudJ transcriptional fusion to sipB, optimal transcription of SPI1 genes in late-log

phase cultures was confirmed as under these culture conditions, high levels of B-

galactosidase were produced (data not shown).
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Table 4-1. Bacterial strains used in this study.

Strain Genotype Reference
E. coli )
DH5a endA1 hsdR17 supE44 thi-1 recA1 gyrA relA1 Laboratory

A(lacZYA-argF) U169 deoR [¢80 dlac A(lacZ)M15] collection
S17Apir pro thi recA hsdR: chromosomal RP4-2

(Tn7::ISR1 tef.:Mu Km::Tn7); Apir (123)
S. typhimurium
AJB3 SR-11 x4252 (Nal’) (232)
AJB75 ATCC14028 invA:: TnphoA (Kan') (21)
ATCC14028 wild type ' ATCC
BA715 ATCC14028 rpsL (Str) )
MJW129 ATCC14028 ssrB::cat (Cam’) This study
MS4290 ATCC14028 prc::Tn10 (Tet) (64)
SR11x3041 wild type R. Curtiss
STN119 IR715 spiB::mTn5 (Kan') (228)
SWL350 SR-11 ompR::MudJ (Kan'") (135)
SWL2020 SR-11 invA:cat This study
SWL2025 SR-11 sipB::cat This study
AWMA405 SR-11 x3041 ompR::MudJ This study
AWM472 SR-11 x3041 invA::cat This study
AWMS501 SR-11 43041 sipB::cat This study
AWM498  SR-11 %3041 ompR:Mudd invA:cat This study
AWM499 SR-11 43041 ompR::MudJ sipB::cat This study
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Table 4-1. (Continued)

Strain Genotype Reference
AWM527  SR-11 %3041 ssrB::cat | This study
AWM543  SR-11 43041 ompR::MudJ ssrB::cat This study
AWM544 SR-11 43041 sipB::cat invA::TnphoA This study
AWM545 SR-11 %3041 ssrB::cat invA::TnphoA This study
AWMS568  SR-11 %3041 spiB::imTnb This study
AWMG664 SR-11 3041 prc::Tn10 This study
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Results

S. typhimurium kills macrophages independently of SPI1. Conflicting
reports on macrophage killing (39, 135, 156) prompted us to investigate the
effect of bacterial growth phase on the ability of S. typhimurium to kill
macrophages. Throughout this study, two complementary methods were used to
determine Salmonella induced cell death in both J774 and-RAW264.7
macrophages. In addition to measuring the release of cytoplasmic
dehydrogenase (LDH), macrophage killing was calculated using a quantified
macrophage cytotoxicity assay (data not shown)(135). Strikingly similar results
were obtained with these two independent assays. Salmonella induced
macrophage cell death was determined by measuring the release of LDH at
infection rates of about 0.7 and 1.5 bacteria per macrophage. Other multiplicities
of infection were also tested with identical results (data not shown).

Under SPI1 inducing conditions (late-log phase, see materials and
methods) (39), rapid, SPI1 dependent macrophage killing was observed (Fig.
1A). In contrast, bacterial cultures grown to stationary phase, while unable to
rapidly kill infected macrophages, induced a delayed cytotoxic effect (Fig. 1B).
Delayed induction of macrophage cell death required neither invA nor sipB (Fig.
1B) and was observed as early as 12-13 hours post-infection (Fig. 1C). These
results suggest that S. typhimurium induces delayed macrophage cell death

independently of SPI1.
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Figure 4-1. S. typhimurium kills macrophages independently of SPI1.

J774 macrophages were infected with late-log phase (A) or stationary phase (B)
cultures of wild-type S. typhimurium, or strains carrying null mutations in invA or
sipB. Bacterial growth was monitored by measuring optical density at ODy,
(experimental procedures, data not shown). Macrophage cell death was
quantitated at 6 h (A) and 18 h (B) p. i. by measuring the release of LDH. Using
stationary phase cultures of either wild-type S. typhimurium or an invA deficient
strain, macrophage cytotoxicity was monitored for 20 h (C) and quantitated at 2 h
intervals by measuring the release of LDH. Data from graphs (A) and (B) are
arithmetic means of at least three independent experiments. Error bars indicate
standard deviations of the mean. Data from graph (C) are representative of two

independent experiments.
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Figure 4-2. SPI2 and ompR are required for delayed macrophage killing.

J774 macrophages were infected with stationary phase cultures of either wild-
type S. typhimurium or an ompR deficient strain, after which macrophage
cytotoxicity was monitored for 20 h and quantitated at 2 h intervals by measuring
the release of LDH (A). In addition, J774 macrophages were infected with
stationary phase (B) or late-log phase (C) cultures of wild-type S. typhimurium, or
strains carrying null mutations in ompR, ssrB, or spiB. Macrophage cell death
was quantitated at 18 h (B) and 6 h (C) p. i. by measuring the release of LDH.
Data from graph (A) are representative of two independent experiments. Data
from graphs (B) and (C) are arithmetic means of at least three independent

experiments. Error bars indicate standard deviations of the mean.
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SPI2 and ompR are required for delayed macrophage killing. Delayed
cytotoxicity was dependent on a functional ompR locus, as ompR mutant
bacteria have a reduced ability to kill infected macrophages (Fig. 2A). Recent
evidence suggests that OmpR activates transcription of the SPI2 encoded
regulon ssrA/B (130). This operon is essential for the transcription of SPI2 genes
(41), which are highly induced inside macrophages (56, 230). To test whether, in
addition to ompR, SPI2 is required for delayed induction of macrophage cell
death, S. typhimurium strains mutated in ssrB and spiB were tested. These
genes encode a transcriptional activator and a structural component of the SPI2
encoded type Il protein export apparatus, respectively (167). As shown in Fig.
2B, S. typhimurium strains mutated in ompR, ssrB, or spiB had a strongly
reduced ability to kill infected macrophages when grown to stationary phase prior
to infection. However, these strains were fully cytotoxic under SPI1 inducing
conditions (Fig. 2C), indicating that ompR and SPI2 are not required for rapid
induction of macrophage cell death. Cumulatively, these results suggest that
delayed, SPI1 independent cytotoxic effects are masked under conditions that
turn on SPI1 gene expression.

~ In agreement with the literature, we observe a defect (2-10 fold) in
Jintracellular proliferation for SPI2 mutant strains at 15 hours post-infection (41,
99, 100, 167, 204). However, long-term intracellular survival and proliferation are
not required for delayed macrophage killing per se, as a prc mutant, encoding a

periplasmic protease (14, 64) required for intracellular survival and growth (Fig.
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Figure 4-3. Long term intracellular survival and growth is not required for delayed

macrophage killing.

J774 macrophages were infected with stationary phase cultures (conditions
shown to turn off SPI1 dependent rapid induction of macrophage cell death) of
wild-type S. typhimurium, a spiB mutant strain, or a macrophage sensitive prc
deficient strain, after which macrophage survival was determined at 15 and 18
hours p. i. (three times each) by measuring viable intracellular CFU (A).
Macrophage cytotoxicity was quantitated at these times by measuring the
release of cytoplasmic LDH (B). Data are arithmetic means of at least three
independent experiments from 15 h time points. Error bars indicate standard

deviations of the mean.
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3A)(31, 71), kills infected macrophages as efficiently as the wild-type (Fig. 3B).
Thus, despite a profound macrophage survival defect, the prc mutant was fully
cytotoxic. In fact, the prc mutant strain was representative of a large panel of S.
typhimurium mutants that are defective in intramacrophage survival, yet were still
cytotoxic (data not shown). Collectively, these observations suggest that long-
term intramacrophage survival and growth are not required for delayed, ompR
and SPI2 dependent macrophage killing. We are currently in the process of

identifying SPI2 secreted effector(s) that mediate this delayed cytotoxic effect.

Rapid and delayed macrophage killing processes are independent.
To determine whether rapid and delayed macrophage killing were independent of
one anothér, double mutant strains were constructed. Strains were constructed
that carried null mutations in genes required for either rapid macrophage killing
only (invA sipB), delayed macrophage killing only (ompR ssrB), or genes
required for both rapid and delayed macrophage killing (ompR sipB and ssrB
invA). Under SPI1 inducing conditions, ompR sipB, invA sipB, and ssrB invA
double mutants were non-cytotoxic, whereas an ompR ssrB double mutant was
as cytotoxic as the wild-type (Fig. 4A). Under conditions that favored delayed
‘macrophage killing, an invA sipB double strain was fully cytotoxic, whereas
ompR sipB, ompR ssrB, and ssrB invA double mutants were unable to kill
infected macrophages (Fig. 4B). To demonstrate that these observations were

not specific to J774 macrophages, these results were confirmed using
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Figure 4-4. Rapid and delayed macrophage killing processes are independent.

J774 macrophages were infected with wild-type S. typhimurium, or double
mutants, inactivated in ompR sipB, ompR ssrB, invA sipB, or ssrB invA,
respectively. Bacterial cultures were grown to either late-log phase (A) or
stationary phase (B) prior to infection. Macrophage cell death was quantitated at
6 h (A) and 18 h (B) p. i. by measuring the release of LDH. Data from each
graph are arithmetic means of at least three independent experiments. Error bars

indicate standard deviations of the mean.
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Figure 4-5. S. typhimurium induces rapid and delayed macrophage cell death in

bone marrow derived macrophages.

To demonstrate that S. typhimurium induced rapid and delayed macrophage cell
death was not specific to J774 macrophages, these results were repeated in
RAW264.7 macrophages (data not shown). In addition, bone marrow derived
macrophages were established from C57BL/6 mice and infected With mutant
strains defective in inducing either rapid macrophage cell death (sipB, invA sipB),
delayed macrophage cell death (ompR, ompR ssrB), or a mutant strain defective
in both rapid and delayed macrophage killing (ssrB invA). Bacterial strains were
grown to either late-log phase (A) or stationary phase prior to infection.
Macrophage cell death was quantitated at 6 h (A) and 30 h (B) post-infection by
measuring the release of LDH. Data from each graph are arithmetic means of
three independent experiments. Error bars indicate standard deviations of the

mean.
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RAW264.7 macrophages (data not shown) and bone marrow derived
macrophages (Fig. 5).

Collectively, these results indicate that bacterial strains mutated in genes
required for either rapid or delayed induction of macrophage cell death are non-
cytotoxic only under specific growth conditions. However, bacterial strains
mﬁtated in loci that affect both rapid and delayed macrophage killing are non-
cytotoxic under all conditions tested. These observations are evidence that rapid

and delayed macrophage killing processes act independently of one another.

ompR and SPI2, but not SPI1, are required for delayed induction of
apoptosis in infected macrophages. Next, we investigated the nature of S.
typhimurium induced rapid and delayed macrophage cell death. Thus far, a non-
specific method, measuring the release of host cytoplasmic lactate
dehydrogenase (LDH), was used as a readout for macrophage cytotoxicity. To
determine whether macrophages were undergoing apoptosis upon infection with
S. typhimurium, the amount of cytoplasmically located histones bound to
fragmented DNA was quantified. Under SPI1 inducing conditions, S. typhimurium
rapidly induced apoptosis via a SPI1 dependent process (data not shown). Under
‘conditions that favored delayed macrophage cytotoxicity, induction of apoptosis
was independent of SPI1 (Fig. 6). Delayed induction of apoptosis in infected
macrophages was abrogated in strains defective in either ompR or SPI2 (Fig. 6).

These results indicate that S. typhimurium induces either rapid or delayed
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macrophage apoptosis. As shown previously, rapid activation of programmed cell
death depends on SPI1. Here, we demonstrate that delayed activation of

programmed macrophage cell death depends on ompA and SPI2.
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Figure 4-6. ompR and SPI2, but not SPI1, are required for delayed induction of

apoptosis in infected macrophages.

J774 macrophages were infected with eitherwild-type S. typhimurium or mutant
strains defective in either rapid killing (sipB, invA, invA sipB), delayed killing
(ompAR, ssrB, spiB, ompR ssrB), a mutant strain defective in both rapid and
delayed macrophage killing (ssrB invA), or a strain defective in mécfophage
survival (prc). The ability of these strains to induce apoptosis was determined at
18 h p. i. by measuring the amount of cytoplasmically located histones bound to
fragmented DNA. Data from this graph are arithmetic means of three

independent experiments. Error bars indicate standard deviations of the mean.
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Discussion

In this study, we demonstrate that macrophages undergo either rapid or
delayed apoptosis upon infection with S. typhimurium. Delayed activation of
programmed cell death is masked when SPI1 genes are expressed. Mutations
that affect either rapid or delayed induction of apoptosis result in non-cytotoxic
phenotypes only under specific growth conditions. However, mutants defective in
both rapid and delayed macrophage killing are unable to induce apoptosis under
any condition tested, even at a high multiplicity of infection (data not shown).
Rapid activation of programmed macrophage cell death depends on SipB and
the SPI1 encoded type Il protein export machinery, whereas delayed induction
of apoptosis is SPI1 independent. Our results indicate that ompR and a
functional SPI12 encoded type lli protein secretion system are required for
delayed induction of apoptosis. However, a non-specific effect such as
uncontrolled intracellular proliferation can not be excluded until we have identified
a SPI2 effector(s) that is both necessary and sufficient for the activation of
delayed programmed macrophage cell death.

In agreement with the literature, we observe a defect (2-10 fold) in
intracellular proliferation for SPI2 mutants at 15 and 18 hours postinfection (41,
99, 100, 167, 204). However, pre, hirA, and eleven other macrophage sensitive

mutants tested are fully cytotoxic, yet more severely defective in their ability to
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survive and grow inside phagocytic cells (Fig. 3A) (31, 64). In fact, MS4290 (prc)
was the most sensitive mutant isolated in an extensive search for Salmonella
mutants that can not survive inside macrophages (31, 64). Despite this
substantial defect, prc mutant bacteria, as well as a large panel of other
macrophage sensitive S. typhimurium mutants, induced both rapid (data not
shown) and delayed apoptosis in infected macrophages (Fig. 3B and Fig. 6).
These results strongly support an additional role for SPI2 if delayed induction of
apoptosis in infected macrophages.

Our observations indicate that rapid and delayed activation of
programmed macrophage cell death are independent of one another since
mutations in SPI1 do not affect delayed induction of apoptosis and mutations in
SPI2 do not affect rapid induction of apoptosis. Recent studies support this view
by demonstrating that distinct regulatory circuits control these two specialized
protein secretions systems. For example, substrates for the SPI1 encoded type
[l protein export apparatus are secreted under mildly alkaline conditions (54),
whereas SseB, a substrate for the type Ill protein export system encoded within
SPI2, is secreted at pH 5.0 (24). Furthermore, numerous studies suggest that,
once inside a phagocytic host, S. typhimurium represses SPI1 gene expression
and turns on genes that are important for long-term residence, growth, and
survival inside these host cells (6, 10, 23, 41, 56, 63, 75, 77, 132, 133, 180, 181,

230). It is therefore unlikely that substrates for SPI1 and SPI2 encoded type IlI
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Figure 4-7. Model of S. typhimurium induced apoptosis in vivo.

We propose that S. typhimurium induces rapid and delayed apoptosis in infected
macrophages under discrete physiological conditions at distinct times and
locations during the natural course of infection. Because the SPI1 encoded type
Ill protein secretion system is important primarily during the intestinal phase of
infection (74), we propose that rapid, SPI1 dependent induction of apoptosis in
macrophages of the GALT results in increased inflammation and recruitment of
phagocytes that may be required for systemic dissemination. Our model predicts
that Salmonella represses the rapid macrophage killing mechanism upon
internalization, permitting extensive intracellular proliferation and systemic spread
prior to delayed, ompR and SPI2 dependent induction of apoptosis at systemic
sites of infection. In support of this view, ompR and SPI2, unlike SPI1, are
required during the systemic phase of infection (38, 56, 58, 167, 205, 230). This
model predicts that Salmonella induces delayed apoptosis in infected

macrophages to spread intercellularly within apoptotic bodies.
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protein export systems are secreted simultaneously.

We hypothesize that S. typhimurium induces rapid and delayed apoptosis
in infected macrophages under distinct physiological conditions at distinct times
and locations during the natural course of infection in the host (Fig. 7).
Accumulating evidence suggests that the SPI1 encoded type llI protein secretion
system is important primarily during the intestinal phase of infection, as SPI1
mutants are significantly attenuated only when administered to mice orally (72,
and references therein, 74). In contrast, ompR and SPI2 are absolutely required
during the systemic phase of infection (38, 56, 58, 167, 205, 230). In fact, ample
evidence suggests that plays a role in growth inside phagocytic cells at systemic
sites of infection (38, 56, 58, 167, 205, 230j. A possible consequence of the
rapid, SP11-dependent induction of apoptosis in macrophages of the GALT is that
additional phagocytic cells are attracted to the site of inflammation. Our model
suggests that Salmonella represses the SPI1 dependent killing mechanism upon
internalization by macrophages, allowing continued proliferation and systemic
spread prior to ompR and SPI2 dependent induction of delayed apoptosis at
systemic sites of infection. Because neighboring phagocytes ingests apoptotic
cells, we propose that delayed induction of apoptosis in infected macrophages
‘may allow Salmonella to spread intercellularly within apoptotic bodies. This
model is supported by (i) a recent study demonstrating that S. typhimurium is

transported from the intestine, via the bloodstream, to the liver and spleen by
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CD18-expressing monocytes in a SPI1 independent process (233) and (ii)
studies demonstrating that Salmonella virulence was unaffected by treatment

with antibiotics that kill extracellular bacteria (29, 61).
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Chapter 5: Discussion

Salmonella virulence is a complex, multi-factorial process that requires
numerous genes that are scattered throughout the genome. This dissertation
focuses on two important aspects of Salmonella typhimurium virulence, (i) the
role of fimbrial adhesins during infection in vivo, and (i) the ability of this enteric

pathogen to induce apoptosis in infected macrophages.

Initiation of S. typhimurium infection in mice depends on successful
attachment to- and colonization of the intestinal mucosa in the distal ileum.
Although Salmonella fimbriae play a role in mediating attachment to epithelial
cells in vitro, the role of individual fimbrial adhesins during infection is not clear as
blockage of individual adhesins does not greatly affect mouse virulence.
Furthermore, inactivation of essential fimbrial biosynthetic genes only moderately
affects Salmonella virulence in the mouse model of infection. Here, we present
evidence that S. typhimurium fimbriae are functionally redundant and act in
synergy during colonization of the intestinal mucosa and subsequent
development of a typhoid-like systemic infection in mice. A S. typhimurium
mutant that lacks all four known fimbrial adhesins (quadruple mutant) is
significantly attenuated for mouse virulence. Despite its attenuation, however,
this strain still causes a lethal systemic infection in mice, suggesting that

Salmonella produce alternate attachment factors. Indeed, our electron
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microscopic studies demonstrate that the quadruple mutant expresses at least
one additional, yet uncharacterized fimbriae-like structure.

This structure, and possibly others, may contribute to residual adhesion
and colonization of the murine intestinal mucosa by S. typhimurium in the
absence of type-1, LP, PE, and thin aggregative fimbriae. It remains to be
determined whether the novel fimbrial structure observed in our studies is
encoded by the recently identified stf operon (157). Several studies suggest that
Salmonella may produce bundle forming (type V) pili (67, 209). We have
attempted to identify Salmonella homologues of type IV pilus assembly genes
using a genetic screen that relies on functional complementation of a
Pseudomonas aeruginosa pilD mutation. The pilD gene encodes a highly
conserved pillin-specific leader peptidase (217) that is required for proteolytic
processing and subsequent secretion of type IV pilus subunits (164, 216, 218).
Although a similar screen was used successfully to identify bfpP, a pilD
homologue in enteropathogenic E. coli (242), we were unable to functionally
complement the pilD defect in P. aeruginosa using a S. typhimurium cosmid
library. It is possible that this library is not representative of the entire genome,
however, other interpretations of this result include (i) S. typhimurium does not

“encoded a functional pilD homolog, or (ii) the putative pilD homologue in S.
typhimurium cannot complement a pilD defect in P. aeruginosa.

Following adhesion to- and colonization of epithelial cells in the distal

ileum, S. typhimurium penetrates the intestinal mucosa and enters the lamina
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propria, where bacteria are taken up by resident macrophages and eventually
reach the bloodstream. Although long-term survival and growth within
macrophages is required for a persistent systemic infection in mice, recent
studies indicate that S. typhimurium can also kill these host cells in vitro. One
study shows that S. typhimurium induces macrophage cell death as late as 18
hours postinfection in a process that depends on ompR. Other reports indicate
that S. typhimurium induces macrophage apoptosis within a few hours after
infection in a process that depends on SipB, a SPI1 secreted type lll effector.
Finally, one study reports that hepatic phagocytes undergo apoptosis upon
intravenous infection with S. typhimurium. Because SPI1 is not required for
systemic infection in mice, these findings suggest that S. typhimurium has
devised an alternate strategy to induce apoptosis in phagocytes at systemic sites
of infection. Here we evaluate this possibility using a genetic approach to study
the kinetics of Salmonella induced macrophage cell death. We demonstrate that
macrophages undergo either rapid- or delayed apoptosis upon infection with S.
typhimurium. Rapid activation of programmed macrophage cell death requires
SPI1, whereas delayed induction of apoptosis is SPI1-independent and is
abrogated in S. typhimurium strains mutated in either ompR or SP12. Rapid- and
delayed induction of apoptosis are two independent processes, as only mutants
that are defective in both rapid and delayed macrophage killing are unable to
induce apoptosis under all conditions tested. Even though SPI2 mutants have a

defect in intracellular growth, our results indicate that long-term intracellular
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survival and proliferation are not required for delayed macrophage killing per se,
as Salmonella mutants that are severely defective in intracellular growth still
induce delayed apoptosis.

These findings have important implications for understanding Salmonella
pathogenesis and suggest that S. typhimurium activates rapid- and delayed
programmed macrophage cell death under discrete physiological conditions at
distinct times and locations within an infected host. Because the SPI1 encoded
type Il protein secretion system is important primarily during the intestinal phase
of infection, we propose that rapid induction of apoptosis in macrophages of the
GALT results in increased inflammation and recruitment of phagocytes that may
be required for systemic dissemination. Subsequent repression of rapid killing
upon internalization is necessary for systemic dissemination, allowing continued
proliferation and systemic spread prior to ompR and SPI2 dependent induction of
delayed apoptosis at systemic sites of infection. In support of this view, ompR
and SPI2, unlike SPI1, are absolutely required during the systemic phase of
infection. Finally, this model predicts that Salmbne//a induces delayed apoptosis
in infected macrophages to spread intercellularly without being exposed to the
extracellular environment since apoptotic cells are taken up by neighboring
‘phagocytes.

We are currently further characterizing delayed induction of apoptosis in
infected macrophages and have preliminary evidence for two novel Salmonella

specific genes that may play a role in this process (van der Velden and Heffron,
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data not shown; Chai and Heffron, personal communication). Delayed induction
of apoptosis depends on a functional SPI2 encoded type llI protein export
apparatus, suggesting that Sa/monella translocates a type Ill secreted toxin into
the macrophage cytoplasm. However, a non-specific effect cannot be excluded
until we have identified a SPI2 secreted effector(s) that is both necessary and
sufficient for the delayed activation of programmed cell death. SsrB, a
transcriptional activator, may regulate the expression of such a toxin because a
S. typhimurium strain mutated in ssrB cannot induce delayed programmed cell
death in infected macrophages. It was recently demonstrated that SsrB controls
a global regulon of putative intracellular virulence genes in S. typhimurium (241).
Interestingly, SsrB activates a gene (srfJ) that is remarkably homologous to
human glucosyl ceramidase (24 1), an enzyme that is necessary for the
production of ceramide, a potent activator of the cellular apoptotic machinery (93,
94, 111, 179, 212). We used a genetic selection to identify mutations in SsrB
regulated genes that affected the ability of these strains to induce delayed
macrophage cell death. Unfortunately, this selection was not successful (van der
Velden, Worley, and Heffron, data not shown). We interpret these observations
to mean that either (i) the SPI2 export apparatus, but not the SPI2 secreted toxin,
is regulated by SsrB, or (ii) Salmonella may translocate multiple SPI2 secreted
toxins into the macrophage cytoplasm. Alternatively, the SsrB regulated gene

screen may have failed to represent the entire S. typhimurium genome. This
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latter interpretation is supported by the fact that not all known SsrB regulated
genes were recovered (Worley and Heffron, unpublished).

Besides increasing the size of our SsrB regulated gene screen, we are
currently testing two additional strategies to identify Salmonella genes that play a
role in delayed activation of programmed macrophage cell death. The first
strategy is based on the assumption that a toxin translocated into the
macrophage cytoplasm is subject to proteolytic degradation and subsequent
presentation onto the macrophage cell surface in the context of a class | major
histocompatibility complex (MHC) molecule. Ellefson et al. developed a
resolvable Tn5-based transposon that randomly distributes a class | MHC
epitope tag throughout the bacterial genome (62). S. typhimurium mutants that
secrete fusion proteins into the macrophage cytoplasm are isolated by
fluoresence activated cell sorting (FACS) using an antibody that specifically
recognizes cell surface located class | MHC epitopes in context of Class | MHC
receptors. We are currently using this strategy to identify secreted proteins of S.
typhimurium that play a role in delayed induction of apoptosis in infected
macrophages. The second strategy also uses a Tn5-based transposon that
contains a constitutive neomycin promoter (133, 207, 214). Upon random

-insertion throughout the genome, the transposon creates promoter fusions that
result in constitutive expression of the target gene. We are currently using this
strategy to select for mutants that have an increased ability to induce delayed

macrophage cell death.
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Cumulatively, these strategies should provide new means to identify the
putative SPI12 secreted macrophage toxin(s). Information gained from these
experiments will contribute important new insights into the molecular mechanism
Salmonella induced apoptosis in infected macrophages. These studies will allow
us to identify cellular targets of the SPI2 encoded type lll protein secretion

system during delayed activation of programmed macrophage cell death.

Collectively, this dissertation describes the characterization of two key
virulence mechanisms of the enteric pathogen Salmonella. It is demonstrated
that S. typhimurium fimbriae act synergistically during the colonization of mouse
intestinal tissue and subsequent development of murine typhoid in vivo.
Furthermore, evidence is presented that two fimbrial operons in S. enteritidis, Ipf
and pef, mediate attachment to murine intestinal tissue in vitro and contribute to
mouse virulence in vivo. Finally, it is demonstrated that S. typhimurium has
devised two independent strategies to induce apoptosis in infected
macrophages. Our findings have important implications for understanding
Salmonella pathogenesis and provide new insights into the complexity of

Salmonella virulence.

110



Chapter 6: References

1.Adams, J. M., and S. Cory. 1998. The Bcl-2 protein family: arbiters of cell
survival. Science. 281(5381):1322-6.

2.Ahmer, B. M., J. v. Reeuwijk, P. R. Watson, T. S. Wallis, and F. Heffron.
1999. Salmonella SirA is a global regulator of genes mediating
enteropathogenesis. Mol. Microbiol. 31:971-82.

3.Allen-Vercoe, E., and M. J. Woodward. 1999. The role of flagella, but not
fimbriae, in the adherence of Salmonella enterica serotype Enteritidis to chick gut
explant. J. Med. Microbiol. 48(8):771-80.

4 Alpuche-Aranda, C. M., E. P. Berthiaume, B. Mock, J. A. Swanson, and S.
I. Miller. 1995. Spacious phagosome formation within mouse macrophages
correlates with Salmonella serotype pathogenicity and host susceptibility. Infect.
Immun. 63:4456-62.

5.Alpuche-Aranda, C. M., E. L. Racoosin, J. A. Swanson, and S. |. Miller.
1994. Salmonella stimulate macrophage macropinocytosis and persist within
spacious phagosomes. J. Exp. Med. 179:601-8.

6.Alpuche-Aranda, C. M., J. A. Swanson, W. P. Loomis, and S. |. Miller.
-1992. Salmonella typhimurium activates virulence gene transcription within
acidified macrophage phagosomes. Proc. Natl. Acad. Sc. USA. 89(21):10079-83.
7.Arai, T., K. Hiromatsu, H. Nishimura, Y. Kimura, N. Kobayashi, H. Ishida,

Y. Nimura, and Y.Yoshikai. 1995. Endogenous interleukin 10 prevents

111



apoptosis in macrophages during Salmonella infection. Biochem. Biophys. Res.
Comm. 123(2):600-7.

8.Ashkenazi, A., and V. M. Dixit. 1998. Death receptors: signaling and
modulation. Science. 281(5381):1305-8.

9.Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1994. Current protocols in molecular biology. J.
Wiley & Sons.

10.Bajaj, V., R. L. Lucas, C. Hwang, and C. A. Lee. 1996. Co-odinate
regulation of Salmonella typhimurium invasion genes by environmental factors is
mediated by control of hilA expression. Mol. Microbiol. 22:703-714.

11.Baumler, A. J. 1997. The record of horizontal gene transfer in Salmonella.
Trends in Microbiol. 5:318-322.

12.Baumler, A. J., A. J. Gilde, R. M. Tsolis, A. W. M. van der Velden, B. M. M.
Ahmer, and F. Heffron. 1997. Contribution of horizontal gene transfer and
deletion events to the development of distinctive patterns of fimbrial operons
during evolution of Salmonella serotypes. J. Bacteriol. 179:317-322.
13.Baumler, A. J., and F. Heffron. 1995. Identification and sequence analysis of
IpFABCDE, a putative fimbrial operon of Salmonella typhimurium. J. Bacteriol.
177:2087-97.

14.Baumler, A. J., J. G. Kusters, I. Stojiljkovic, and F. Heffron. 1994.
Salmonella typhimurium loci involved in survival within macrophages. Infect.

Immun. 62:1623-1630.

112



15.Baumler, A. J., R. M. Tsolis, F. Bowe, J. G. Kusters, S. Hoffmann, and F.
Heffron. 1996. The pef fimbrial operon mediates adhesion to murine small
intestine and is necessary for fluid accumulation in infant mice. Infect. Immun.
64:61-68.

16.Baumler, A. J., R. M. Tsolis, T. A. Ficht, and L. G. Adams. 1998. Evolution
of host adaptation in Salmonella enterica. Infect. Immun. 66(10):4579-87.
17.Baumler, A. J., R. M. Tsolis, and F. Heffron. 1996. Contribution of fimbrial
operons to attachment to and invasion of epithelial cell lines by Salmonella
typhimurium. Infect. Immun. 64:1862-1865.

18.Bdumler, A. J., R. M. Tsolis, and F. Heffron. 1997. Fimbrial adhesins of
Salmonella typhimurium - role in bacterial interactions with epithelial cells. /In P.
S. Paul, D. H. Francis, and D. Benfield (ed.), Mechanisms in the pathogenesis of
enteric diseases, vol. In press. Plenum Publishing Corporation.

19.Baumier, A. J., R. M. Tsolis, and F. Heffron. 1996. The /[pf fimbrial operon
mediates adhesion to murine Peyer's patches. Proc. Natl. Acad. Sci. USA.
93:279-283.

20.Béumler, A. J., R. M. Tsolis, and F. Heffron. 2000. Virulence Mechanisms
of Salmonella and their Genetic Basis, p. 54-72. In C. W. A. Wray (ed.),
-Salmonella in domestic animals. CAB International.

21.Baumler, A. J., R. M. Tsolis, P. J. Valentine, T. A. Ficht, and F. Heffron.
1997. Synergistic effect of mutations in invA and [pfC on the ability of Salmonella

typhimurium to cause murine typhoid. Infect. Immun. 65:2254-2259.

113



22.Beatty, W. L., and P. J. Sansonetti. 1997. Role of lipopolysaccharide in
signaling to subepithelial polymorphonuclear leukocytes. Infect. Immun.
65(11):4395-404.

23.Behlau, 1., and S. J. Miller. 1993. A PhoP repressed gene promotes
Salmonella typhimurium invasion of epithelial cells. J. Bacteriol. 175:4475-4484.
24.Beuzon, C. R., G. Banks, J. Deiwick, M. Hensel, and D. W. Holden. 1999.
pH-dependent secretion of SseB, a product of the SPI-2 type Il secretion system
of Salmonella typhimurium. Mol. Microbiol. 33(4):806-16.

25.Bian, Z., and S. Normark. 1997. Nucleator function of CsgB for the assembly
of adhesive surface organelles in Escherichia coli. Embo J. 16(19):5827-36.
26.Bitar, R., and J. Tarpley. 1985. Intestinal perforation and typhoid fever: a
historical and state-of-the-art review. Rev. Infect. Dis. 7:257.

27.Blanc-Potard, A. B., and E. A. Groisman. 1997. The Salmonella selC locus
contains a pathogenicity island mediating intramacrophage survivali. EMBO J.
16:5376-85.

28.Blanc-Potard, A. B., F. Solomon, J. Kayser, and E. A. Groisman. 1999.
The SPI-3 pathogenicity island of Salmonella enterica. J. Bacteriol. 181:998-
1004.

-29.Bonina, L., G. B. Costa, and P. Mastroeni. 1998. Comparative effect of
gentamycin an pefloxacin treatment on the late stages of mouse typhoid. New

Microbiol. 21(1):9-14.

114



30.Bowe, F., C. J. Lipps, R. M. Tsolis, E. A. Groisman, F. Heffron, and J. G.
Kusters. 1998. At least four percent of the Salmonella typhimurium genome is
required for fatal infection of mice. Infect. Immun. 66:3372-3377.
31.Buchmeier, N. A., and Heffron, E 1989. Intracellular survival of wild-type
Salmonella typhimurium and macrophage-sensitive mutants in diverse
populations of macrophages. Infect. Immun. 57(1):1-7.

32.Buchmeier, N. A., S. Bossie, C. Y. Chen, F. C. Fang, D: G. Guiney, and S.
J. Libby. 1997. SlyA, a transcriptional regulator of Salmonella typhimurium, is
required for resistance to oxidative stress and is expressed in the

intracellular environment of macrophages. Infect. Immun. 65:3725-30.
33.Buchmeier, N. A., and F. Heffron. 1990. Induction of Salmonella stress
proteins upon infection of macrophabges. Science. 248:730-2.

34.Buchmeier, N. A,, and F. Heffron. 1991. Inhibition of macrophage
phagosome-lysosome fusion by Salmonella typhimurium. Infect. Immun.
59:2232-8.

35.Buchmeier, N. A., C. J. Lipps, M. Y. So, and F. Heffron. 1993.
Recombination-deficient mutants of Salmonella typhimurium are avirulent and
sensitive to the oxidatove burst of macrophages. Mol. Microbiol. 7:933-936.
-36.Burns-Keliher, L., C. A. Nickerson, B. J. Morrow, and R. C. lil. 1998. Cell-

specific proteins synthesized by Salmonella typhimurium. Infect. Immun. 66:856-

61.

115



37.Carter, P. B., and F. M. Collins. 1974. The route of enteric infection in
normal mice. J. Exp. Med. 139:1189-1203.

38.Chatfield, S. N., C. J. Dorman, C. Hayward, and G. Dougan. 1991. Role of
ompHR-dependent genes in Salmonella tyhimurium virulence: Mutants deficient in
both OmpC and OmpF are attenuated in vivo. Infect. Immun. 59(1):449-52.
39.Chen, L. M., K. Kaniga, and J. E. Galan. 1996. Salmonella spp are cytotoxic
for cultured macrophages. Mol. Microbiol. 21:1101-15.

40.Chen, Y., M. R. Smith, K. Thirumalai, and A. Zychlinsky. 1996. A bacterial
invasin induces macrophage apoptosis by binding directly to ICE. Embo J.
15(15):3853-60.

41.Cirillo, D. M., R. H. Valdivia, D. M. Monack, and S. Falkow. 1998.
Macrophage-dependent induction of the Salmonella pathogenicity island 2 type
Il secretion system and its role in intracellular survival. Mol. Microbiol. 30(1):175-
88.

42.Clark, M. A., B. H. Hirst, and M. A. Jepson. 1998. Inoculum composition and
Salmonella pathogenicity island 1 regulate M-cell invasion and epithelial
destruction by Salmonella typhimurium. Infect. Immun. 66:724-31.

43.Clark, M. A., M. A. Jepson, N. L. Simmons, and B. H. Hirst. 1994.
Preferential interaction of Salmonella typhimurium with mouse Peyer's patch M
cells. Res. Microbiol. 145:543-552.

44.Clegg, S., and G. F. Gerlach. 1987. Enterobacterial fimbriae. J. Bacteriol.

169:934-938.

116



45.Clegg, S., B. K. Purcell, and J. Pruckler. 1987. Characterization of genes
encoding type 1 fimbriae of Klebsiella pneumoniae, Salmonella typhimurium, and
Serratia marcescens. Infect. Immun. 55:281-87.

46.Clegg, S., and D. L. Swenson. 1994. Salmonella fimbriae. In P. Klemm (ed.),
Fimbriae: adhesion, genetics, biogenesis, and vaccines. CRC Press, Boca
Raton, FL.

47.Clouthier, S. C., K.-H. Miiller, J. L. Doran, S. K. Collil:isdn, and W. W. Kay.
1993. Characterization of three fimbrial genes, sefABC, of Salmonella enteritidis.
J. Bacteriol. 175:2523-2533.

48.Collinson, S. K., S. C. Clouthier, J. L. Doran, P. A. Banser, and W. W.
Kay. 1996. Salmonella enteritidis agfBAC operon encoding thin aggregative
fimbriae. J. Bacteriol. 178:662-667. |
49.Collinson, S. K., P. S. Doig, J. L. Doran, S. Clouthier, T. J. Trust, and W.
W. Kay. 1993. Thin, aggregative fimbriae mediate binding of Salmonella
enteritidis to fibronectin. J. Bacteriol. 175:12-18.

50.Cornelis, G. R. 1997. Contact with eukaryotic cells: a new signal triggering
bacterial gene expression. Trends Microbiol. 5(2):43-4.

51.Cornelis, G. R. 1998. The Yersinia deadly kiss. J. Bacteriol. 180(21):5495-
504,

52.Cornelis, G. R., A. Boland, A. P. Boyd, C. Geuijen, M. Iriarte, C. Neyt, M.
P. Sory, and I. Stainier. 1998. The virulence plasmid of Yersinia, an antihost

genome. Microbiol. Mol. Biol. Rev. 62(4):1315-52.

117



53.Cornelis, G. R., and H. Wolf-Watz. 1997. The Yersinia Yop virulon: a
bacterial system for subverting eukaryotic cells. Mol. Microbiol. 23(5):861-7.
54.Daefler, S. 1999. Type Il secretion by Salmonella typimurium does not
require contact with a eukaryotic host. Mol. Microbiol. 31(1):45-51.

55.Darwin, K. H., and V. L. Miller. 1999. Molecular basis of the interaction of
Salmonella with the intestinal mucosa. Clin. Microbiol. Rev. 12:405-28.
56.Deiwick, J., T. Nikolaus, S. Erdogan, and M. Hensel.w1999. Environmental
regulation of Salmonella pathogenicity island 2 gene expression. Mol. Microbiol.
31(6):1759-1773.

57.Dodson, K. W., F. Jacob-Dubuisson, R. T. Striker, and S. J. Hultgren.
1993. Outer-membrane PapC molecular usher discriminately recognizes
periplasmic chaperone-pilus subunit complexes. Proc. Natl. Acad. Sci. USA.
90(8):3670-4.

58.Dorman, C. J., S. Chatfield, C. F. Higgins, C. Hayward, and G. Dougan.
1989. Characterization of porin and ompR mutants of a virulent strain of
Salmonella typhimurium: ompR mutants are attenuated in vivo. Infect. Immun.
57:2136-40.

59.Duguid, J. P., M. R. Darekar, and D. W. F. Wheather. 1976. Fimbriae and
infectivity in Salmonella typhimurium. J. Med. Microbiol. 9:459-473.
60.Duguid, J. P., I. W. Smith, G. Depmster, and P. N. Edmunds. 1955. Non-
flagellar filamentous appendages (*fimbriae") and haemagglutinating activity in

Bacterium coli. J. Pathol. Bacteriol. 70:335.

118



61.Dunlap, N. E., W. H. B. Jr., R. D. M. Jr., A. B. Tilden, and D. E. Briles.
1991. A 'safe-site’ for Salmonella typhimurium is within splenic cells during the
early phase of infection in mice. Microb. Path. 10(4):297-310.

62.Ellefson, D. E., A. W. M. van der Velden, D. Parker, aﬁd F. Heffron. 2000.
Identification of bacterial class | accessible proteins (CAPs) by disseminated
insertion of classl epitopes (DICE). Meth. Enzymol. Accepted for publication.
63.Ernst, R. K., D. M. Dombroski, and J. M. Merrick. 19@0; Anaerobiosis, type
1 fimbriae, and growth phase are factors that affect invasion of HEp-2 cells by
Salmonella typhimurium. Infect. Immun. 58:2014-6.

64.Fields, P. I, Swanson, R.V., Haidaris, C.G., and Heffron, F. 1986. Mutants
of Salmonella typhimurium that cannot survive within the macrophage are
avirulent. Proc. Natl. Acad. Sci. USA. 83:5189-5193.

65.Fields, P. I., Groisman, E.G., and Heffron, F. 1989. A Salmonella locus that
controls resistance to microbicidal proteins from phagocytic cells. Science.
243:1059-1062.

66.Finck-Barbancon, V., J. Goranson, L. Zhu, T. Sawa, J. P. Wiener-Kronish,
S. M. Fleiszig, C. Wu, L. Mende-Mueller, and D. W. Frank. 1997. ExoU
expression by Pseudomonas aeruginosa correlates with acute cytotoxicity and
epithelial injury. Mol. Microbiol. 25(3):547-57.

67.Finlay, B. B., and S. Falkow. 1990. Salmonelia interactions with polarized

human intestinal Caco-2 epithelial cells. J. Infect. Dis. 162(5):1096-106.

118



68.Francis, K. P., P. D. Taylor, C. J. Inchley, and M. P. Gallagher. 1997.
Identification of the ahp operon of Salmonella typhimurium as a macrophage-
induced locus. J. Bacteriol. 179(12):4046-8.

69.Friedrich, M. J., N. E. Kinsey, J. Vila, and R. J. Kadner. 1993. Nucleotide
sequence of a 13.9 kb segment of the 90 kb virulence plasmid of Salmonella
typhimurium: the presence of fimbrial biosynthetic genes. Mol. Microbiol. 8:543-
58.

70.Fu, Y., and J. E. Galan. 1999. A Salmonella protein antagonizes Rac-1 and
Cdc42 to mediate host-cell recovery after bacterial invasion. Nature.
401(6750):293-7.

71.Gahring, L. C., Heffron, F., Finlay, B.B., and Falkow, S. 1990. Invasion and
replication of Salmonella typhimurium in animal cells. Infect. Immun. 58(2):443-
448,

72.Galan, J. E. 1996. Molecular genetic basis of Salmonella entry into host cells.
Mol. Microbiol. 20(2):263-71.

73.Galan, J. E., and A. Colimer. 1999. Type Il secretion machines: bacterial
devices for protein delivery into host cells. Science. 284(5418):1322-8.
74.Galan, J. E., and R. Curtiss lll. 1989. Cloning and molecular characterization
of genes whose products allow Salmonella typhimurium to penetrate tissue

culture cells. Proc. Natl. Acad. Sci. USA. 86:6383-6387.

120



75.Galan, J. E., and R. Curtiss Ill. 1990. Expression of Salmonella typhimurium
genes required for invasion is regulated by changes in DNA supercoiling. Infect.
Immun. 58:1879-1885.

76.Galyov, E. E., S. Hakansson, A. Forsberg, and H. Wolf-Watz. 1993. A
secreted protein kinase of Yersinia pseudotuberculosis is an indispensable
virulence determinant. Nature. 361(6414):730-2.

77.Garcia-Vescovi, E., F. C. Soncini, and E. A. Groisma'n.'1996. Mg2+ as an
extracellular signal: environmental regulation of Salmonella virulence. Cell.
84(1):165-74.

78.Giannella, R. A. 1979. Importance of the intestinal inflammatory reaction in
Salmonella-mediated intestinal secretion. Infect. Immun. 23:140-145.
79.Gordon, J. l., and M. L. Hermiston. 1994. Differentiation and self-renewal in
the mouse gastrointestinal epithelium. Curr. Opin. Cell. Biol. 6(6):795-803.
80.Green, D. R. 1998. Apoptotic pathways: the roads to ruin. Cell. 94(6):695-8.
81.Green, D. R., and J. C. Reed. 1998. Mitochondria and apoptosis. Science.
281(5381):1309-12.

82.Groisman, E. A, E. Chiao, C. J. Lipps, and F. Heffron. 1989. Sa/monella
typhimurium phoP virulence gene is a transcriptional regulator. Proc. Natl. Acad.
Sci. USA. 86:7077-81.

83.Groisman, E. A., and H. Ochman. 1997. How Salmonella became a

pathogen. Trends Microbiol. 5:343-9.

121



84.Groisman, E. A., and H. Ochman. 1994. How Salmonella became a
pathogen. Trends Microbiol. 2:289-94.

85.Groisman, E. A., and H. Ochman. 2000. The path to Sa/monella. ASM
News. 66:21-7.

86.Groisman, E. A., and H. Ochman. 1996. Pathogenicity islands: bacterial
evolution in quantum leaps. Cell. 87:791-4.

87.Guan, K. L., and J. E. Dixon. 1990. Protein tyrosine pﬁyosphatase activity of
an essential virulence determinant in Yersinia. Science. 249(4968):553-6.
88.Guichon, A., and A. Zychlinsky. 1996. Apoptosis as a trigger of
inflammation in Shigella-induced cell death. Biochem. Soc. Trans. 24(4):1051-4.
89.Guichon, A., and A. Zychlinsky. 1997. Clinical isolates of Shigella species
induce apoptosis in macrophages. J. Infect. Dis. 175(2):470-3.

90.Hacker, J., G. Blum-Oehler, I. Muhldorfer, and H. Tschape. 1997.
Pathogenicity islands of virulent bacteria: structure, function and

impact on microbial evolution. Mol. Microbiol. 23:1089-97.

91.Hammar, M., A. Arngvist, Z. Bian, A. Olsen, and S. Normark. 1995.
Expression of two csg operons is required for production of fibronectin- and
congo red-binding curli polymers in Escherichia coli K-12. Mol. Microbiol.
18(4):661-70.

92.Hammar, M., Z. Bian, and S. Normark. 1996. Nucleator-dependent
intercellular assembly of adhesive curli organelles in Escherichia coli. Proc. Natl.

Acad. Sci. USA. 93:6562-6.

122



93.Hannun, Y. A. 1996. Functions of ceramide in coordinating cellular responses
to stress. Science. 274(5294):1855-9.

94.Hannun, Y. A., and L. M. Obeid. 1995. Ceramide: an intracellular signal for
apoptosis. Trends. Biochem. Sci. 20(2):73-7.

95.Hardt, W. D., H. Urlaub, and J. E. Galan. 1998. A substrate of the centisome
63 type Ill protein secretion system of Salmonelia typhimurium is encoded by a
cryptic bacteriophage. Proc. Natl. Acad. Sci. USA. 95(5):2&';74-9.

96.Hauser, A. R., and J. N. Engel. 1999. Pseudomonas aeruginosa induces
type lil-secretion-mediated apoptosis of macrophages and epithelial cells. Infect.
Immun. 67:5530-7.

97.Heithoff, D. M., C. P. Conner, U. Hentschel, F. Govantes, P. C. Hanna,
and M. J. Mahan. 1999. Coordinate intracellular expression of Salmonella genes
induced during infection. J. Bacteriol. 181(3):799-807.

98.Hensel, M., J. E. Shea, C. Gleeson, M. D. Jones, E. Dalton, and D. W.
Holden. 1995. Simultaneous identification of bacterial virulence genes by
negative selection. Science. 269:400-3.

99.Hensel, M., J. E. Shea, B. Rapauch, D. Monack, S. Falkow, C. Gleeson, T.
Kubo, and D. W. Holden. 1997. Functionai analysis of ssaJ and the ssaK/U
operon, 13 genes encoding components of the type il secretion apparatus of
Salmonella pathogenicity island 2. Mol. Microbiol. 24:155-67.

100.Hensel, M., J. E. Shea, S. R. Waterman, R. Mundy, T. Nikolaus, G.

Banks, A. Vazquez-Torres, C. Gleeson, F. C. Fang, and D. W. Holden. 1998.

123



Genes encoding putative effector proteins of the type Ill secretion system of
Salmonella pathogenicity island 2 are required for bacterial virulence and
proliferation in macrophages. Mol. Microbiol. 30(1):163-74.

101.Hersh, D., D. M. Monack, M. R. Smith, N. Ghori, S. Falkow, and A.
Zychlinsky. 1999. The Salmonella invasin SipB induces macrophage apoptosis
by binding to caspase-1. Proc. Natl. Acad. Sci. USA. 96:2396-2401.

102.High, N., J. Mounier, M. C. Prevost, and P. J. Sansonetti. 1992. IpaB of
Shigella flexneri causes entry into epithelial cells and escape from the phagocytic
vacuole. Embo J. 11(5):1991-9.

103.Hilbi, H., Y. Chen, K. Thirumalai, and A. Zychlinsky. 1997. The interleukin
1beta-converting enzyme, caspase-1, is activated during Shigella flexnerr-
induced apoptosis in human monocyte-derived macrophages. Infect. Immun.
65(12):5165-70.

104.Hilbi, H., J. E. Moss, D. Hersch, Y. Chen, J. Arondel, S. Banerjee, R. A.
Flavell, J. Yuan, P. J. Sansonetti, and A. Zychlinsky. 1998. Shigella-induced
apoptosis is dependent on caspase-1 which binds to IpaB. J. Biol. Chem.
273(49):32895-900.

105.Hohmann, A. W,, G. Schmidt, and D. Rowley. 1978. Intestinal colonization
‘and virulence of Salmonella in mice. Infect. Immun. 22:763-70.

106.Horiuchi, S., Y. Inagaki, N. Okamura, R. Nakaya, and N. Yamamoto.
1992. Type 1 pili enhance the invasion of Salmonella baenderup and Salmonella

typhimurium to Hela cells. Microbiol. Immunol. 36:593-602.

124



107.Hueck, C. J. 1998. Type Il protein secretion systems in bacterial pathogens
of animals and plants. Microbiol. Mol. Biol. Rev. 62(2):379-433.

108.Hultgren, S. J., C. H. Jones, and S. Normark. 1996. Bacterial adhesins
and their assembly, p. 2730-56. In F. C. Neidhardt, R. C. lll, J. L. Ingraham, E. C.
C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and
H. E. Umbarger (ed.), Escherichia coli and Salmonella typhimurium: cellular and
molecular biology, vol. 2. ASM Press, Washington, D. C.

109.1shibashi, Y., and T. Arai. 1990. Specific inhibition of phagosome-lysosome
fusion in murine macrophages mediated by Salmonella typhimurium infection.
FEMS Microbiol. Immunol. 2:35-43.

110.Jacob-Dubuisson, F., J. Heuser, K. Dodson, S. Normark, and S.
Hultgren. 1993. Initiation of assembly and association of the structural elements
of a bacterial pilus depend on two specialized tip proteins. Embo J. 12(3):837-47.
111.Jacotot, E., P. Costantini, E. Laboureau, N. Zamzami, S. A. Susin, and
G. Kroemer. 1999. Mitochondrial membrane permeabilization during the
apoptotic process. Ann. NY Acad. Sci. 887:18-30.

112.Jepson, M. A., and M. A. Clark. 1998. Studying M cells and their role in
infection. Trends Microbiol. 6:359-65.

‘113.Jones, B. D., N. Ghori, and S. Falkow. 1994. Salmonella typhimurium
initiates murine infection by penetrating and destroying the specialized epithelial

M cells of the Peyer's patches. J. Exp. Med. 180:15-23.

125



114.Jones, C. H., P. N. Danese, J. S. Pinkner, T. J. Silhavy, and S. J.
Hultgren. 1997. The chaperone-assisted membrane release and folding pathway
is sensed by two signal transduction systems. Embo J. 16(21):6394-406.
115.Jones, G. W., Rabert, D.K., Svinarich, M., and Whitfield, H.J. 1982.
Association of adhesive, invasive and virulent phenotypes of Salmonella
typhimurium with autonomous. 60-megadalton plasmids. Infect. Immun. 38:476-
86.

116.Jones, G. W., and L. A. Richardson. 1981. The attachment to, and
invasion of Hel.a cells by Salmonella typhimurium: the contribution of mannose-
sensitive and mannose-resistant haemagglutinating activities. J. Gen. Microbiol.
127:361-70.

117.Kagnof, M. F. 1998. Immunology and inflammation of the gastrointestinal
tract, Sleisinger and Fordtran's Gastrointestinal and liver disea_se, 6th ed, vol. 1.
W. B. Saunders Company, Philidelphia, PA.

118.Kaniga, K., S. Tucker, D. Trollinger, and J. E. Galan. 1995. Homologs of
the Shigella IpaB and IpaC invasins are required for Salmonella typhimurium
entry into cultured epithelial cells. J. Bacteriol. 177:3965-3971.

119.Keljo, D. J., and R. H. S. Jr. 1998. Smali and large intestine, p. 1419-36. In
M. Feldman, B. F. Scharschmidt, and M. H. Sleisinger (ed.), W. B. Saunders

Company, 6th ed, vol. 1. W. B. Saunders Company, Philidelphia, PA.

126



120.Kenny, B., R. DeVinney, M. Stein, D. J. Reinscheid, E. A. Frey, and B. B.
Finlay. 1997. Enteropathogenic E. coli (EPEC) transfers its receptor for intimate
adherence into mammalian cells. Cell. 91(4):511-20.

121.Keogh, E. V., E. A. North, and M. F. Warburton. 1949. Haemagglutinins of
the Haemophilus group. Nature. 160:63.

122 Kerr, J. F., A. H. Wyllie, and A. R. Currie. 1972. Apoptosis: a basic
biological phenomenon with wide-ranging implications in tissue kinetics. Br. J.
Cancer. 26(4):239-57.

123.Kinder, S. A, J. L. Badger, G. O. Bryant, J. C. Pepe, and V. L. Miller.
1993. Cloning of the Yen! restriction endonuclease and methyltransferase from
Yersinia enterocolitica serotype O:8 and construction of a transformable R-M+
mutant. Gene. 136:271-75.

124.Kroemer, G. 1997. The proto-oncogene Bcl-2 and its role in regulating
apoptosis. Nat. Med. 3(6):614-20.

125.Kroemer, G., P. Petit, N. Zamzami, J. L. Vayssiere, and B. Mignotte.
1993. The biochemistry of programmed cell death. Faseb J. 9(13):1277-87.
126.Kroemer, G., N. Zamzami, and S. A. Susin. 1997. Mitochondrial control of
apoptosis. Immunol. Today. 18(1):44-51.

127.Kubori, T., Y. Matsushima, D. Nakamura, J. Uralil, M. Lara-Tejero, A.
Sukhan, J. E. Galan, and S. I. Aizawa. 1998. Supramolecular structure of the
Salmonella typhimurium type Ill protein secretion system. Science.

280(5363):602-5.

127



128.Kuehn, M. J., D. Haslam, S. Normark, and S. J. Hultgren. 1994. Structure,
function, and biogenesis of Eschericha coli P pili, p. 37-52. In P. Klemm (ed.),
Fimbriae: adhesion, genetics, biogenesis, and vaccines. CRC Press, Ann Arbor,
ML.

129.Lawrence, J. G., and H. Ochman. 1998. Molecular archaeology of the
Escherichia coli genome. Proc. Natl. Acad. Sci. USA. 95:9413-7.

130.Lee, A. K,, C. S. Detweiler, and S. Falkow. 2000. OrﬁpR/EnvZ regulates
the two-component system SsrA-SsrB in Salmonella pathogenicity island 2. J.
Bacteriol. 182:771-81.

131.Lee, C. A. 1997. Type Il secretion systems: machines to deliver bacterial
proteins into eukaryotic cells? Trends Microbiol. 5(4):148-56.

132.Lee, C. A,, and S. Falkow. 1990. The ability of Salmonella typhimurium to
enter mamalian cells is affected by bacterial growth state. Proc. Natl. Acad. Sci.
USA. 87:4304-8.

133.Lee, C. A., B. D. Jones, and S. Falkow. 1992. Identification of a Salmonella
typhimurium invasion locus by selection for hyperinvasive mutants. Proc. Natl.
Acad. Aci. USA. 89:1847-1851.

134.Libby, S. J., W. Goebel, A. Ludwig, N. Buchmeier, F. Bowe, F. C. Fang,
D. G. Guiney, J. G. Songer, and F. Heffron. 1994. A cytolysin encoded by
Salmonella is required for survival within macrophages. Proc. Natl. Acad. Sci.

USA. 91:489-493.

128



135.Lindgren, S. W, I. Stojiljkovic, and F. Heffron. 1996. Macrophage killing is
an essential virulence mechanism of Salmonella typhimurium. Proc. Natl. Acad.
Sci. USA. 93:4197-4201.

136.Lindquist, B. L., E. Lebenthal, P.-C. Lee, M. W. Stinson, and J. M.
Merrick. 1987. Adherence of Salmonella typhimurium to small-intestinal
enterocytes of the rat. Infect. Immun. 55:3044-50.

137.Lockman, H. A., and R. C. lll. 1992. Virulence of non-type 1-fimbriated and
nonfimbriated nonflagellated Salmonella typhimurium mutants in murine typhoid
fever. Infect. Immun. 60:491-496.

138.Loferer, H., M. Hammar, and S. Normark. 1997. Availability of the fibre
subunit CsgA and the nucleator protein CsgB during assembly of fibronectin-
binding curli is limited by the intracellular concentration of the novel lipoprotein
CsgG. Mol. Microbiol. 26(1):11-23.

139.Low, D., B. Braaten, and M. van der Woude. 1996. Fimbriae, p. 146-157.
InF. C. Neidhardt, R. C. lll, J. L. Ingraham, E. C. C. Lin, K. B. Low, B.
Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger (ed.),
Escherichia coliand Salmonella typhimurium: cellular and molecular biology, 2
ed, vol. 1. ASM Press, Washington, D. C.

'140.Lundberg, U., U. Vinatzer, D. Berdnik, A. v. Gabain, and M. Baccarini.
1999. Growth phase-regulated induction of Sa/monella-induced macrophage |
apoptosis correlates with transient expression of SPI-1 genes. J. Bacteriol.

181(11):3433-7.

129



141.MacNab, R. M. 1996. Flagella and Motility, p. 123-145. InF. C. Neidhardt, R.
C. ll, J. L. Ingraham, E. C. C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff, M.
Riley, M. Schaechter, and H. E. Umbarger (ed.), Escherichia coli and Salmonella
typhimurium: cellular and molecular biology, 2 ed, vol. 1. ASM Press,
Washington, D. C.

142.Mahan, M. J., J. W. Tobias, J. M. Slauch, P. C. Hanna, R. J. Collier, and
J. J. Mekalanos. 1995. Antibiotic-based selection for bacterial genes that are
specifically induced during infection of a host. Proc. Natl. Acad. Sci. USA.
92(3):669-73.

143.Majno, G., and l. Joris. 1995. Apoptosis, oncosis, and necrosis. An
overview of cell death. Am. J. Pathol. 146(1):3-15.

144.Maniatis, T., J. Sambrook, and E. F. Fritsch. 1989. Molecular cloning, 2nd
ed. Cold Spring Harbor Laboratory Press, New York.

145.McCormick, B. A., A. M. Siber, and A. T. Maurelli. 1998. Requirement of
the Shigella flexneri virulence plasmid in the ability to induce trafficking of
neutrophils across polarized monolayers of the intestinal epithelium. Infect.
Immun. 66(9):4237-43.

146.Mecsas, J. J., and E. J. Strauss. 1996. Molecular mechanisms of bacterial
virulence: type Ill secretion and pathogenicity islands. Emerg. Infect. Dis.
2(4):270-88.

147 Miller, S. L., E. L. Hohmann, and D. A. Pegues. 1995. Salmonella

(including Salmonella typhi), p. 2013-33. In G. L. Mandell, J. E. Bennet, and R.

130



Dolin (ed.), Manell, Douglas and Bennet's Principles and Practice of Infectious
Diseases. Churchill Livingstone, New York, NY.

148.Miller, S. I, A. M. Kukral, and J. J. Mekalanos. 1989. A two-component
regulatory system (phoP phoQ) controls Salmonella typhimurium virulence. Proc.
Natl. Acad. Sci. USA. 86:5054-8.

149.Miller, V. L., and J. J. Mekalanos. 1988. A novel suicide vector and its use
in construction of insertion mutations: osmoregulation of outer membrane
proteins and virulence determinants requires toxR. J. Bacteriol. 170:2575-2583.
150.Mills, D. M., V. Bajaj, and C. A. Lee. 1995. A 40kb chromosomal fragment
encoding Salmonella typhimurium invasion genes is absent from the
corresponding region of the Escherichia coli K-12 chromosome. Mol. Microbiol.
15:749-759.

151.Mills, S. D., A. Boland, M. P. Sory, P. van der Smissen, C. Kerbourch, B.
B. Finlay, and G. R. Cornelis. 1997. Yersinia enterocolitica induces apoptosis in
macrophages by a process requiring functional type Il secretion and
translocation mechanisms and involving YopP, presumably acting as an effector
protein. Proc. Natl. Acad. Sci. USA. 94(23):12638-43.

152.Mills, S. D., and B. B. Finlay. 1998. Isolation and characterization of
‘Salmonella typhimurium and Yersinia pseudotuberculosis-containing
phagosomes from infected mouse macrophages: Y. pseudotuberculosis traffics

to terminal lysosomes where they are degraded. Eur. J. Cell. Biol. 77:35-47.

131



153.Mock, B. A, D. L. Holiday, D. P. Cerretti, S. C. Darnell, A. D. O'Brien,
and M. Potter. 1994. Construction of a series of congenic mice with recombinant
chromosome 1 regions surrounding the genetic loci for resistance to intracellular
parasites (lty, Lsh, and Bcg), DNA responses (Rep-1), and cytoskeletal protein
villin (Vil). Infect. Immun. 62(1):325-328.

154.Monack, D. M., J. Mecsas, D. Bouley, and S. Falkow. 1998. Yersinia-
induced apoptosis in vivo aids in the establishment of a systemic infection of
mice. J. Exp. Med. 188(11):2127-37.

155.Monack, D. M., J. Mecsas, N. Ghori, and S. Falkow. 1997. Yersinia signals
macrophages to undergo apoptosis and Yopd is necessary for this cell death.
Proc. Natl. Acad. Sci. USA. 94(19):10385-90.

156.Monack, D. M., B. Raupach, A. E. Hromockyj, and S. Falkow. 1996.
Salmonella typhimurium invasion induces apoptosis in infected macrophages.
Proc. Natl. Acad. Sci. USA. 93:9833-8.

157.Morrow, B. J., J. E. Graham, and R. C. lll. 1999. Genomic subtractive
hybridization and selective capture of transcribed sequences identify a novel
Salmonella typhimurium fimbrial operon and putative transcriptional regulator that
are absent from the Salmonella typhi genome. Infect. Immun. 67:5106-16.
"158.Mounier, J., T. Vasselon, R. Hellio, M. Lesourd, and P. J. Sansonetti.
1992. Shigella flexneri enters human colonic Caco-2 epithelial cells through the

basolateral pole. Infect. Immun. 60(1):237-48.

132



159.Mdller, K.-H., K. Collinson, T. J. Trust, and W. W. Kay. 1991. Type 1
Fimbriae of Salmonella enteritidis. J. Bacteriol. 173:4765-4772.

160.Nagata, S. 1997. Apoptosis by death factor. Cell. 88(3):355-65.
161.Neutra, M. R., A. Frey, and J. P..Kraechenbuhl. 1996. Epithelial M cells:
gateways for mucosal infection and immunization. Cell. 86(3):345-8.
162.Nicholson, D. W., and N. A. Thornberry. 1997. Caspases: killer proteases.
Trends Biochem. Sci. 22(8):299-306.

163.Norris, F. A., M. P. Wilson, T. S. Wallis, E. E. Galyov, and P. W. Majerus.
1998. SopB, a protein required for virulence of Salmonella dublin, is an inositol
phosphate phosphatase. Proc. Natl. Acad. Sci. USA. 95(24):14057-9.
164.Nunn, D. N., and S. Lory. 1991. Product of the Pseudomonas aeruginosa
gene pilD is a prepilin leader peptidase. Proc. Natl. Acad. Sci. USA. 88(8):3281-
b.

165.0'Brien, A. D. 1986. Influence of host genes on resistance of inbred mice to
lethal infection with Salmonella typhimurium. Curr. Top. Microbiol. Immunol.
124:37-.48.

166.0chman, H., and E. A. Groisman. 1996. Distribution of pathogenicity
islands in Salmonella spp. infect. Immun. 64:5410-5412.

167.0chman, H., F. C. Soncini, F. Solomon, and E. A. Groisman. 1996.
Identification of a pathogenicity island for Salmonella survival in host cells. Proc.

Natl. Acad. Sci. USA. 93:7800-4.

133



168.0gunniyi, A. D., I. Kotlarski, R. Morona, and P. A. Manning. 1997. Role of
SefA subunit protein of SEF14 fimbriae in the pathogenesis of Salmonella
enterica serovar Enteritidis. Infect. Immun. 65(2):708-17.

169.0h, Y. K., C. M. Alpuche-Aranda, E. Berthiaume, T. Jinks, S. 1. Miller,
and J. A. Swanson. 1996. Rapid and complete fusion of macrophage lysosomes
with phagosomes containing Salmonella typhimurium. Infect. Immun. 64:3877-
83.

170.0lsen, A., A. Jonsson, and S. Normark. 1989. Fibronectin binding
mediated by a novel class of surface organelles on Escherichia coli. Nature.
338:652-5.

171.0rndorff, P. E. 1994. Escherichia colitype | fimbriae, p. 91-111. In V. L.
Miller, J. B. Kaper, D. A. Portnoy, and R. R. Isberg (ed.), Molecular genetics of
bacterial pathogenesis. ASM Press, Washington, D. C.

172.0rth, K., L. E. Palmer, Z. Q. Bao, S. Stewart, A. E. Rudolph, J. B. Bliska,
and J. E. Dixon. 1999. Inhibition of the mitogen-activated protein kinase kinase
superfamily by a Yersinia effector. Science. 285(5435):1920-3.

173.0wen, R. L. 1994. M cells - entryways of opportunity for enteropathogehs. J.
Exp. Med. 180:7-9.

‘174.Palmer, L. E., S. Hobbie, J. E. Galan, and J. B. Bliska. 1998. YopdJ of
Yersinia pseudotuberculosis is required for the inhibition of macrophage TNF-
alpha production and downregulation of the MAP kinases p38 and JNK. Mol.

Microbiol. 27(5):953-65.

134



175.Palmer, L. E., A. R. Pancetti, S. Greenberg, and J. B. Bliska. 1999. YopdJ
of Yersinia spp. is sufficient to cause downregulation of multiple mitogen-
activated protein kinases in eukaryotic cells. Infect. Immun. 67(2):708-16.
176.Penfold, R. J., and J. M. Pembert. 1992. An improved suicide vector for
construction of chromosomal insertion mutations in bacteria. Gene. 118(1):145-
146.

177.Perdomo, J. J., P. Gounon, and P. J. Sansonetti. 1994,
Polymorphonuclear leukocyte transmigration promotes invasion of colonic
epithelial monolayer by Shigella flexneri. J. Clin. Invest. 93(2):633-43.
178.Perdomo, O. J. J., J. M. Cavaillon, M. Huerre, H. Ohayon, P. Guonon,
and P. J. Sansonetti. 1994. Acute inflammation causes epithelial invasion and
mucosal destruction in experimental shigellosis. J. Exp. Med. 180:1307-19.
179.Perry, D. K., and Y. A, Hannun. 1998. The role of ceramide in cell
signaling. Biochim. Biophys. Acta. 1436(1-2):233-43.

180.Pfeifer, C. G., S. L. Marcus, O. Steele-Mortimer, L. A. Knodler, and B. B.
Finlay. 1999. Salmonella typhimurium virulence genes are induced upon
bacterial invasion into phagocytic and nonphagocytic cells. Infect. Immun.
67(11):5690-5698.

181.Pratt, L. A., and T. J. Silhavy. 1995. Porin regulon of Escherichia col, p.
105-27. In J. A. Hoch and T. J. Silhavy (ed.), Two-component Signal

Transduction. American Society for Microbiology, Washington, D. C.

135



182.Que, J. U., and D. J. Hentges. 1985. Effect of streptomycin administration
on colonization resistance to Salmonella typhimurium in mice. Infect. Immun.
48:169-174.

183.Rathman, M., L. P. Barker, and S. Falkow. 1997. The unique trafficking
pattern of Salmonella typhimurium-containing phagosomes in murine
macrophages is independent of the mechanism of bacterial entry. Infect. Immun.
65:1475-85.

184.Rathman, M., M. D. Sjaastad, and S. Falkow. 1996. Acidification of
phagosomes containing Salmonella typhimurium in murine macrophages. Infect.
Immun. 64:2765-73.

185.Reed, J. C. 1997. Double identity for proteins of the Bcl-2 family. Nature.
387(6635):773-6.

186.Reed, L. J., and H. Muench. 1938. A simple method for estimating fifty
percent endpoints. Am. J. Hyg. 27:493-497.

187.Richter-Dahlfors, A., A. M. J. Buchan, and B. B. Finlay. 1997. Murine
Salmonellosis studied by confocal microscopy: Salmonelia typhimurium resides
intracellularly inside macrophages and exerts a cytotoxic effect on phagocytes in
vivo. J. Exp. Med. 186(4):569-580.

188.Romling, U., Z. Bian, M. Hammar, W. D. Sierralta, and S. Normark. 1998.
Curli fibers are highly conserved between Salmonella typhimurium and
Escherichia coli with respect to operon structure and regulation. J. Bacteriol.

180(3):722-31.

136



189.Rosqyvist, R., A. Forsberg, M. Rimpilainen, T. Bergman, and H. Wolf-
Watz. 1990. The cytotoxic protein YopE of Yersinia obstructs the primary host
defence. Mol. Microbiol. 4(4):657-67.

190.Rosqvist, R., A. Forsberg, and H. Wolf-Watz. 1991. Intracellular targeting
of the Yersinia YopE cytotoxin in mammalian cells induces actin microfilament
disruption. Infect. Immun. 59(12):4562-9.

191.Roulston, A., R. C. Marcellus, and P. E. Branton. 1999. Viruses and
apoptosis. Ann. Rev. Microbiol. 53:577-628.

192.Rous, P., and F. S. Jones. 1916. The protection of pathogenic
microorgaisms by living tissue cells. J. Exp. Med. 23:601-12.
193.Ruckdeschel, K., S. Harb, A. Roggenkamp, M. Hornef, R. Zumbihl, S.
Kohler, J. Heesemann, and B. Rouot. 1998. Yersinia enterocolitica impairs
activation of transcription factor NF- kappaB: involvement in the induction of
programmed cell death and in the suppression of the macrophage tumor
necrosis factor alpha production. J. Exp. Med. 187(7):1069-79.
194.Ruckdeschel, K., J. Machold, A. Roggenkamp, S. Schubert, J. Pierre, R.
Zumbihl, J. P. Liautard, J. Heesemann, and B. Rouot. 1997. Yersinia
enterocolitica promotes deactivation of macrophage mitogen- activated protein
‘kinases extracellular signal-regulated kinase-1/2, p38, and c-Jun NH2-terminal
kinase. Correlation with its inhibitory effect on tumor necrosis factor-alpha

production. J. Biol. Chem. 272(25):15920-7.

137



195.Ruckdeschel, K., A. Roggenkamp, V. Lafont, P. Mangeat, J.
Heesemann, and B. Rouot. 1997. Interaction of Yersinia enterocolitica with
macrophages leads to macrophage cell death through apoptosis. Infect. Immun.
65(11):4813-21.

196.Ryan, C. A., M. K. Nickels, N. T. Hargrett-Bean, M. E. Potter, T. Endo, L.
Mayer, C. W. Langkop, C. Gibson, R. C. McDonald, R. T. Kenney, N. D. Puhr,
R. J. McDonnel, R. J. Martin, M. L. Cohen, and P. A. Blake. 1987. Massive
outbreak of antimicrobial-resistant salmonellosis traced to

pasteurized milk. JAMA. 258:3269-74.

197.Ryan, K. J., and S. Falkow. 1994. Enterobacteriaceae, p. 321-44. In K. J.
Ryan (ed.), Sherris Medical Microbiology. An introduction to infectious diseases,
3rd ed. Appleton and Lange, Norwalk, CT.

198.Salvesen, G. S., and V. M. Dixit. 1997. Caspases: intracellular signaling by
proteolysis. Cell. 91(4):443-6.

199.Sansonetti, P. J. 1991. Genetic and molecular basis of epithelial cell
invasion by Shigella species. Rev. Infect. Dis. 13 Suppl 4:5285-92,
200.Saulino, E. T., D. G. Thanassi, J. S. Pinkner, and S. J. Hultgren. 1998.
Ramifications of kinetic partitioning on usher-mediated pilus biogenesis. Embo J.
17(8):2177-85.

201.Schesser, K., A. K. Spiik, J. M. Dukuzumuremyi, M. F. Neurath, S.
Pettersson, and H. Wolf-Watz. 1998. The yopJ locus is required for Yersinia-

mediated inhibition of NF- kappaB activation and cytokine expression: YopJ

138



contains a eukaryotic SH2-like domain that is essential for its repressive activity.
Mol. Microbiol. 28(6):1067-79.

202.Schwartz, L. M., and B. A. Osborne (ed.). 1995. Methods in cell biology,
vol. 46. Academic Press, San Diego, CA.

203.Seelander, R. K., J. Li, and K. Nelson. 1996. Evolutionary genetics of
Salmonella enterica, p. 2691-707. In F. C. Neidhardt, R. C. Ill, J. L. Ingraham, E.
C. C. Lin, K. B. Low, B. Magasanik, W. Reznikoff, M. Riley, M. Schaechter, and
H. E. Umbarger (ed.), Escherichia coli and Salmonella. cellular and molecular
biology, 2 ed, vol. 2. ASM Press, Washington D. C.

204.Shea, J. E., C. R. Beuzon, C. Gleeson, R. Mundy, and D. W. Holden.
1999. Influence of the Salmonella typhimurium pathogenicity island 2 type il
secretion system on bacterial growth in the mouse. Infection and Immunity.
67:213-219.

205.Shea, J. E., M. Hensel, C. Gleeson, and D. W. Holden. 1996. Identification
of a virulence locus encoding a second type lll secretion system in Salmonella
typhimurium. Proc. Natl. Acad. Sci. USA. 93:2593-7.

206.Short, J. M., J. M. Fernandez, J. A. Sorge, and W. D. Huse. 1988. AZAP: a
bacteriophage expression vector with in vivo excision properties. Nucl. Acids
‘Res. 16:7583-7600.

207.Simon, R., J. Quandt, and W. Klipp. 1989. New derivatives of transposon
Tn5 suitable for mobilization of replicons, generation of operon fusions and

induction of genes in gram-negative bacteria. Gene. 80(1):161-9.

139



208.Skorupski, K., and R. K. Taylor. 1996. Positive selection vectors for allelic
exchange. Gene. 169:47-52.

209.Sohel, L., J. L. Puente, W. J. Murray, J. Vuopio-Varkila, and G. K.
Schoolnik. 1993. Cloning and characterization of the bundle-forming pilin gene
of enteropathogenic Escherichia coli and its distribution in Sa/monella serotypes.
Mol. Microbiol. 7:563-575.

210.Soncini, F. C., E. Garcia-Vescovi, F. Solomon, and E. A. Groisman.
1996. Molecular basis of the magnesium deprivation response in Salmonella
typhimurium: identification of PhoP-regulated genes. J. Bacteriol. 178:5092-9.
211.Soto, G. E., and S. J. Hultgren. 1999. Bacterial adhesins: common themes
and variations in architecture and assembly. J. Bacteriol. 181:1059-71.
212.Spiegel, S., D. Foster, and R. Kolesnick. 1996. Signal transduction
through lipid second messengers. Curr. Opin. Cell Biol. 8(2):159-67.
213.Sprinz, H., E. J. Gangarosa, M. Williams, R. B. Hornick, and T. E.
Woodward. 1966. Histopathology of the upper small intestines in typhoid fever.
Am. J. Dig. Dis. 11:615.

214.Stibitz, S., W. Black, and S. Falkow. 1986. The construction of a cloning
vector designed for gene replacement in Bordetella pertussis. Gene. 50(1-
3):133-40.

215.Stojiljkovic, L., A. J. Baumler, and F. Heffron. 1995. Ethanolamine

utilization in Salmonella typhimurium: nucleotide sequence, protein expression,

140



and mutational analysis of the cchA cchB eutE eutJ eutG eutH gene cluster. J.
Bacteriol. 177:1357-1366.

216.Strom, M. S., D. Nunn, and S. Lory. 1991. Multiple roles of the pilus
biogenesis protein PilD: involvement of PilD in excretion of enzymes from
Pseudomonas aeruginosa. J. Bacteriol. 173(3):1175-80.

217.Strom, M. S,, D. N. Nunn, and S. Lory. 1994. Posttranslational processing
of type IV prepilin and homologs by PilD of Pseudomonas ﬁae'ruginosa. Methods
Enzymol. 235:527-40.

218.Strom, M. S, D. N. Nunn, and S. Lory. 1993. A single bifunctional enzyme,
PilD, catalyzes cleavage and N-methylation of proteins belonging to the type IV
pilin family. Proc. Natl. Acad. Sci. USA. 90(6):2404-8.

219.Sukupolvi, S., R. G. Lorenz, J. |. Gordon, Z. Bian, J. D. Pfeifer, S. J.
Normark, and M. Rhen. 1997. Expression of thin aggregative fimbriae promotes
interaction of Salmonella typhimurium SR-11 with mouse small intestinal
epithelial cells. Infect. Immun. 65:5320-5325.

220.Susin, S. A., H. K. Lorenzo, N. Zamzami, . Marzo, C. Brenner, N.
Larochette, M. C. Prevost, P. M. Alzari, and G. Kroemer. 1999. Mitochondrial
release of caspase-2 and -9 during the apoptotic process. J. Exp. Med.
189(2):381-94.

221.Takeuchi, A. 1967. Electron microscope studies of experimental Salmonella
infection. I. Penetration into the intestinal epithelium by Salmonella typhimurium.

Am. J. Pathol. 50:109-36.

141



222.Tauxe, R. V., and A. T. Pavia. 1998. Salmonellosis: nontyphoidal, p. 613-
630. /n S. Evans and P. S. Brachman (ed.), Bacterial infections of humans:
epidemiology and control, 3rd ed. Plenum Medical Book Co., New York, N. Y.
223.Tavendale, A., C. K. H. Jardine,,D. C. Old, and J. P. Duguid. 1983.
Heamagglutination and adhesion of Salmonella typhimurium to HEp2 and HelLa
cells. J. Med. Microbiol. 16(371-80).

224.Thanassi, D. G., E. T. Saulino, M. J. Lombardo, R. Roth, J. Heuser, and
S. J. Hultgren. 1998. The PapC usher forms an oligomeric channel: implications
for pilus biogenesis across the outer membrane. Proc. Natl. Acad. Sci. USA.
95(6):3146-51.

225.Thirumalai, K., K. S. Kim, and A. Zychlinsky. 1997. IpaB, a Shigella
flexneriinvasin, colocalizes with interleukin-1 beta- converting enzyme in the
cytoplasm of macrophages. Infect. Immun. 65(2):787-93.

226. Thompson, C. B. 1995. Apoptosis in the pathogenesis and treatment of
disease. Science. 267(5203):1456-62.

227.Thornberry, N. A., and Y. Lazebnik. 1998. Caspases: enemies within.
Science. 281(5381):1312-6.

228.Tsolis, R. M., S. M. Townsend, T. A. Ficht, L. G. Adams, and A. J.
‘Bé&aumler. 1999. Contribution of Salmonella typhimurium virulence factors to

diarrheal disease in calves. Infect. Immun. 67(9):4879-4885.

142



229.Uchiya, K., M. A. Barbieri, K. Funato, A. H. Shah, P. D. Stahl, and E. A.
Groisman. 1999. A Salmonella virulence protein that inhibits cellular trafficking.
EMBO J. 18:3924-33.

230.Valdivia, R. H., and S. Falkow. 1996. Bacterial genetics by flow cytometry:
rapid isolation of Salmonelfa typhimurium acid-inducible promoters by differential
fluorescence induction. Mol. Microbiol. 22(2):367-78.

231.Valdivia, R. H., and S. Falkow. 1997. Fluorescence-based isolation of
bacterial genes expressed within host cells. Science. 277:2007-11.

232.van der Velden, A. W. M., A. J. Bdumler, R. M. Tsolis, and F. Heffron.
1998. Multiple fimbrial adhesins are required for full virulence of Salmonella
typhimurium in mice. Infect. Immun. 66:2803-8.

233.Vasquez-Torres, A., J. Jones-Carson, A. J. Baumler, S. Falkow, R.
Valdivia, W. Brown, M. Le, R. Berggren, W. T. Parks, and F. C. Fang. 1999.
Extraintestinal dissemination of Salmonelia by CD18-expressing phagocytes.
Nature. 401:804-808.

234.Vasquez-Torres, A., Y. Xu, J. Jones-Carson, D. W. Holden, S. M. Lucia,
M. C. Dinauer, P. Mastroeni, and F. C. Fang. 2000. Salmonelia pathogenicity
island 2-dependent evasion of the phagocyte NADPH oxidase. Science.
287:1655-8.

235.Vaux, D. L., and S. J. Korsmeyer. 1999. Cell death in development. Cell.

96(2):245-54.

143



236.Weinrauch, Y., and A. Zychlinsky. 1999. The induction of apoptosis by
bacterial pathogens. Ann. Rev. Microbiol. 53:155-87.

237.Wolf, J. L., and W. A. Bye. 1984. The membranous epithelial (M) cell and
the mucosal immune system. Ann. Rev. Med. 35:95-112.

238.Wong, K. K., M. McClelland, L. C. Stiliwell, E. C. Sisk, S. J. Thurston,
and J. D. Saffer. 1998. Identification and sequence analysis of a 27-kilobase
chromosomal fragment containing a Salmonella pathogenicity island located at
92 minutes on the chromosome map of Salmonella enterica serovar typhimurium
LT2. Infect. Immun. 66:3365-71.

239.Wood, M. W., M. A. Jones, P. R. Watson, S. Hedges, T. S. Wallis, and E.
E. Galyov. 1998. Identification of a pathogenicity island required for Salmonella
enteropathogenicity. Mol. Microbiol. 29:883-91.

240.Woodward, M. J., E. Allen-Vercoe, and J. S. Redstone. 1996. Distribution,
gene sequence and expression in vivo of the plasmid encoded fimbrial antigen of
Salmonella serotype Enteritidis. Epidemiol. Infect. 117:17-28.

241.Worley, M. J., K. H. L. Ching, and F. Heffron. 2000. Salmonella SsrB
activates a global regulon of horizontally acquired genes. Mol. Microbiol. 36:1-14.
242.Zhang, H. Z., S. Lory, and M. S. Donnenberg. 1994. A plasmid-encoded
‘prepilin peptidase gene from enteropathogenic Escherichia coli. J. Bacteriol.

176(22):6885-91,

144



243.Zhou, D., M. S. Mooseker, and J. E. Galan. 1999. Role of the S,
typhimurium actin-binding protein SipA in bacterial internalization. Science.
283(5410):2092-5.

244 Zychlinsky, A., B. Kenny, R. Mepard, M. C. Prevost, I. B. Holland, and P.
J. Sansonetti. 1994. IpaB mediates macrophage apoptosis induced by Shigella
flexneri. Mol. Microbiol. 11(4):619-27.

245.Zychlinsky, A., J. J. Perdomo, and P. J. Sansonetti. 1994. Molecular and
cellular mechanisms of tissue invasion by Shigella flexneri. Ann. NY Acad. Sci.
730:197-208.

246.Zychlinsky, A., M. C. Prevost, and S. P.J. 1992. Shigella flexneri iduces
apoptosis in infected macrophages. Nature. 358:167-169.

247.Zychlinsky, A., K. Thirumalai, J. Arondel, J. R. Cantey, A. O. Aliprantis,
and P. J. Sansonetti. 1996. /n vivo apoptosis in Shigella flexneri infections.

Infect. Immun. 64(12):5357-5365.

145











