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General introduction

History

The genus Salmonella is a member of the Enterobacteriaceae, a family of
microorganisms that reside within the gastrointestinal tracts of humans and higher animals.
Already in the early 1980s Theobald Smith pointed out that not all members of the
Enterobacteriaceae behaved the same. He noticed that the organisms that were
pathogenic to humans and animals failed to ferment lactose, while the organisms that were
thought to be normal inhabitants of the intestinal tracts of humans and higher animals did
ferment lactose. This observation led to the early separation of two genera, later called
Salmonella and Shigella, from the rest of the Enterobacteriaceae on the basis of their
pathogenicity. The Salmonellae are named after Dr. Daniel E. Salmon (1850-1914), a
veterinary medical scientist who pioneered research in bacterial diseases and in
immunology. His efforts in research on Salmonella led to the development of killed typhoid
vaccines and to the naming of the bacterial genus in his honor. In 1885 he discovered the
first strain of Salmonella from the intestine of a pig with hog cholera, later called S.
choleraesuis. It is argued that this pathogen should in fairness be called Smithella, since it
was Theobald Smith who was the true discoverer of the first member of the Salmonellae
(77). However, it was his supervisor Daniel E. Salmon who wrote the paper “The bacterium
of swine plague” (141). Since 1885 a lot more Salmonella strains were discovered and
nowadays, 2,463 different strains are known (132).

Daniel Elmer Salmon (1850-1914)

Taxonomy

Originally, the Salmonellae were named according to the one serotype-one species
concept proposed by Kaufmann (78) and nomenclature was based upon host specificity,
the presence of specific surface antigens (i.e. lipopolysaccharide (LPS), O antigens, and
flagellar H antigens), and sensitivity to phages. This resulted more than 2,100 different
Salmonella “species” that were named after their favorite host or the place where they
were originally isolated. However, with DNA-DNA hybridization techniques it became clear
that all of the Salmonella strains, with the exception of the S. bongori strain, were related at
the species level (28) and therefore, belonged to a single species, which was called
Salmonella (S.) enterica (125). S. enterica has been divided into six subspecies (spp.) on
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the basis of genetic similarity and host range: enterica (or choleraesuis, Group 1), salamae
(Group 1), arizonae (Group llla), diarizonae (Group llIb), houtenae (Group IV), and indica
(Group VI). S. bongori was originally classified as ssp. V, but since it differed too much
from the other Salmonella it is generally considered a separate species (136). Group |
contains most of the serotypes that are pathogenic to humans, including S. typhi and S.
typhimurium. The Salmonellae are nowadays classified as S. enterica with numerous
subspecies and serovars (9). For example, S. typhimurium is now officially referred to as S.
enterica spp. enterica serovar Typhimurium. Although this is the official classification, the
common species names, used before reclassification, are still widely used.

The pathogen

The Salmonellae are rods that are approximately 2-3 x 0.4-0.6 ym in size with parallel
sides and rounded ends. They are gram-negative, non-acid-fast bacteria that do not form
spores and show no granules. The Salmonellae are motile because of the presence of
flagellae, with the exception for the non-motile S. gallinarum and S. pullorum, the
pathogens that cause fowl typhoid and pullorum disease in birds, respectively. Most of the
Salmonella strains cannot survive in animals and humans and, as a result, do not cause
disease. Only a few of the Salmonella enterica strains are pathogenic to humans and
animals. Salmonella infections are one of the most common food-borne infections in the
world. Annually, an estimated 1.41 million cases occur in the United States and are
responsible for +600 reported deaths (103). Salmonella infections have become a major
food borne disease in the developed world, but are even a greater health problem in the
developing countries where a lot of people, especially children, get infected and die due to
infection with typhoidal as well as non-typhoidal Salmonella strains (reviewed in (56)).
Severe Salmonella infections in the Western world are mainly a problem in the
immunocompromized, the elderly, in people with AIDS and very young children. These
groups of people can suffer from very severe infections and can die as a consequence.
Recurrent infection with a Salmonella strain that persisted in the host after a previous
episode has also been described for people with AIDS or other immune defects like
IL12RB1 receptor deficiency (17, 52, 69, 152).

Bacterial organization

The bacterial cell is composed of a nucleoid containing the chromosomal DNA,
cytoplasm, and a cell envelope. All structural components have different functions and help
the bacterium to survive and replicate in certain environments and to protect the cell
against damage.
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Chromosomal DNA

As for most bacteria, the chromosomal DNA is a single, covalently linked, ring-shaped
molecule. The S. enterica serovar Typhimurium strain LT2 chromosome (4,857 kilobases)
and 94-kb virulence plasmid have been sequenced and revealed 4,597 suspected genes
(100), encoding proteins involved in many processes and many of which were previously
unknown. The chromosomal DNA is surrounded by the cytosol that is densely packed with
ribosomes that often form polysomes, i.e. special structures that are formed when mRNA is
translated by more than one ribosome at the same time.

Cell envelope

The cell envelope is composed of an inner cell membrane surrounded by a cell wall
and an outer membrane. The cell envelope plays a very important role in the adaptation
strategies of Salmonella since the structural components are adapted to take up nutrients,
to exclude certain toxic compounds, and to adhere to surfaces or cells. The cell membrane
is a lipid bilayer composed of phospholipids and is very much alike that of other biological
membranes. The inner membrane is surrounded by a cell wall, which is a thin layer of
peptidoglycan that confers structural strength and helps determine cellular shape. The
region between the cell membrane and the outer membrane is called the periplasm. The
periplasm has an osmotic strength that under most conditions is greater than the
surroundings thereby maintaining the turgor necessary for growth of the bacterium. The
periplasm is iso-osmotic to the cytosol (155) and contains catabolic enzymes, binding
proteins involved in the uptake of nutrients, enzymes involved in inactivation of toxic
compounds, and enzymes promoting the biogenesis of major envelope protein or polymers
(reviewed in (122)).

The outer membrane is built up outside the peptidoglycan layer and these two
structures are connected by the outer membrane lipoproteins and porins. The outer
membrane is also a bilayer, but the composition is rather different from that of the cell
membrane and has the capacity to resist damaging chemicals. The inner leaflet of the
outer membrane is similar to the cell membrane and is built up of phospholipids. The outer
leaflet, however, does not contain phospholipids, but contains lipopolysaccharide (LPS)
instead, which is involved in excluding hydrophobic compounds. Within the outer
membrane special channels are formed by porins through which passive diffusion of
hydrophilic compounds and certain ions takes place. Other structural components of the
outer membrane are the pili and the flagellae. The pili are organelles of attachment to
surfaces and minor proteins of pili, termed adhesins, play a role in Salmonella-host
interaction. The flagellae are organelles of bacterial locomotion composed of basal body,
hook, and flagellin forming the helical filament. Flagellae and LPS are antigenic and host
immune responses are often directed against these surface H and O antigens, respectively
(135).
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Salmonella lipopolysaccharide

LPS is the major constituent of the outer membrane of Salmonella that is involved in
protection of the bacterial cell and is a potent inducer of host immune responses. LPS is
composed of three major structural parts, the hydrophilic O-antigen polysaccharide, the
hydrophobic lipid A, and the connecting core oligosaccharide (134) (Fig. 1A). The lipid A
portion is also called endotoxin, as this the bioactive component that is responsible for
some of the pathophysiology (septic shock) associated with severe Salmonella infection.
Lipid A is the pathogen-associated molecular pattern (PAMP) that is recognized by Toll-like
receptor (TLR) 4, leading to MyD88-mediated signal transduction and activation of the
phagocytic cell. During infection, lipid A is bound by an acute phase serum protein (LBP,
for LPS binding protein) and is delivered to CD14. CD14 is a cell surface protein expressed
by macrophages (and other cell types) that delivers LPS to TLR4 that then induces
intracellular signaling and activation of the macrophage.

A.
n _ | S
| Repeating unit I Outer core Inner core Il |
| O-antigen Core Lipid A
J
Polysaccharide
O: Sugars .: Kdo .: GIcN
~ : Fatty acid .: Hep O: Phosphate
: Gal-1-P
Flgure 1. LPS B. transferase
structure of S. enterica
serovar  Typhimurium  (A) M B DA C | F GH J X V UNWMEK P
and organization of the rfb [ S S W W ESJ S W~ Wi EJ= M~ S~ Wl W)~ s~ sl
operon encoding genes
involved in the formation of pr— CoP ab Rha. Abo. M cor
the O—antigen (B) rhamnose abequose a, e, Man -

synthesis synthesis transferases mannose
synthesis

The LPS core region is a short series of sugars and is composed of two 3-deoxy-D-
manno-octulosonic acid (KDO) residues and a heptose. The core is required for the outer
membrane to function as a barrier to antibiotics (144, 176) and connects the lipid A to the
O-antigen polysaccharide. The O-antigen is an immunogenic repeating oligosaccharide of
1-40 units and each unit is composed of three sugars (mannose, rhamnose, and
abequose). The components that are involved in the formation of the O-antigen are all
encoded by genes of the rfb operon (73) (Fig. 1B). The presence of an intact O-antigen is
important for Salmonella as it may enhance bacterial virulence and mediate resistance to
complement-mediated killing, as the shorter the LPS chain, the more sensitive these
mutants get to complement-mediated serum lysis and the less these S. enterica serovar
Typhimurium mutants are able to colonize the intestines (89, 116, 146).
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Clinical manifestations of Salmonella infection

Human infection with Salmonella may occur in five different (clinical) forms including
enteric fever and its asymptomatic chronic carrier state, gastroenteritis, bacteremia, and
extra-intestinal localized complications, i.e. in the bones (osteomyelitis), joints (arthritis), or
vasculature (endovasculitis). The strictly human serovars typhi and most of the paratyphi
cause enteric fever.

Asymptomatic chronic carrier state

The most well known asymptomatic carrier of Salmonella is Typhoid Mary Mallon, a
40-year-old Irish woman who emigrated to the United States to start working as a cook.
She was shown to be a healthy carrier of S. typhi and spread the disease to at least 45
people of whom three died (121). This illustrates the problem of chronic carriage of S. typhi
since chronic carriers may show no signs of illness but shed the bacteria through their
stools being the cause of spread of S. typhi to other individuals, especially by those
working in the food industry. Both the typhoidal as well as the non-typhoidal Salmonella
strains are able to persist within the host, although this is rare for the non-typhoidal strains.
Chronic carriage, which is clinically defined as the situation in which the bacteria are shed
in the stool for periods exceeding 1 year, occurs only in about 0.1% of non-typhoidal
Salmonella cases and might even represent reinfection instead of true chronic carriage.
Usually, the bacteria are shed during 6 weeks or 3 months depending on the serotype. In
typhoidal infections, however, chronic carriage occurs more often as approximately 2-5%
of untreated typhoidal infections results in a chronic carrier state. Better hygiene care can
diminish the risk of spread of the bacteria.

Gastroenteritis

Gastroenteritis can be caused by several Salmonella strains, including S. enterica
serovar Enteritidis and serovar Typhimurium. Infection occurs via ingestion of food or water
that is contaminated with animal waste. Salmonella-induced enteritis leads to the
development of an inflammatory reaction that is characterized by the infiltration of
neutrophils. Patients show an acute onset of nausea and vomiting that is followed by
diarrhea, abdominal pain, and fever after an incubation time that usually lies between 6
and 72 h depending upon the host and the inoculum. Enteric infection with Salmonella is
hardly distinguishable from that caused by other enteric pathogens like E. coli or Shigella
as the symptoms are not very specific. The infection is usually cleared within 5 to 7 days
without treatment, although Salmonella pathogens can be found in the stool four to five
weeks after resolution of gastroenteritis (80, 107, 143). Salmonella gastroenteritis can be
life-threatening in the elderly, children, and other immunocompromised individuals. The
worldwide incidence of acute gastroenteritis has been estimated at 1.3 billion by the WHO,
resulting in approximately 3 million deaths (124). S. enteritidis has surpassed S.
typhimurium as the major source of gastroenteritis.
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Enteric (typhoid) fever

Enteric fever is a severe disease caused by the human-specific strains S. typhi or S.
paratyphi. Infection occurs through the ingestion of food or water that is contaminated with
human waste and disease occurs within 5 to 21 days post-infection. Patients suffer from a
systemic infection resulting in high fever, diarrhea, constipation, and sometimes a
characteristic rash. Sometimes, very severe complications such as gut perforation,
hemorrhage, and septic shock can occur (80, 107, 143). As for gastroenteritis, the severity
of the disease depends on the type of strain and the immune status of the host. This type
of Salmonella disease is a very serious threat since about 10-15% of the
immunocompetent people will die due to the infection when no antibiotics are administered
and even when proper antibiotic treatment is started mortality rates can be as high as 5-7%
in some regions throughout the world. It was estimated that typhoid fever caused
approximately 21 million illnesses and 200,000 deaths during 2000 and that paratyphoid
fever caused an additional 5 million illnesses (29). Fortunately, most people clear the
infection and due to better living conditions and hygiene care the number of cases has
declined dramatically in the Western countries. In the developing countries, however,
typhoid fever remains a significant problem of morbidity and mortality (38) since typhoid
fever is endemic in many developing countries, particularly India, South and Central
America, and Africa. These nations share several characteristics that form a risk for
spreading typhoid fever; inadequate human waste treatment and limited water supply in
combination with a rapid growth of the population, an increased urbanization, and an
overloaded healthcare system (105).

Bacteremia

Approximately 5% of individuals with gastrointestinal illness caused by non-typhoidal
Salmonella develop bacteremia, a serious and potentially fatal condition in which the
bacteria pass the intestinal barrier and enter the bloodstream. Bacteremia is a serious
complication of non-typhoidal Salmonella infections and can be lethal if not treated with
antibiotics. Bacteremia has been most often described for the immunocompromised like
HIV infected patients or patients with genetic defects in cellular immunity like Interleukin 12
receptor B1 (IL12Rp1) deficiency (2, 3, 33, 164) or Interferon y receptor 1 (IFNyR1)
deficiency (76, 117, 164). In these groups of patients also recurring infections with the
same Salmonella isolate have been described (17, 52, 69, 152).

Infection with Salmonella

Infection with Salmonella occurs by the fecal-oral route, i.e. via ingestion of food or
water that is contaminated with animal or human waste. A generally known risk factor is
the consumption of raw eggs and non-pasteurized milk, but a risk factor that cannot be
ruled out is the food-handler. Especially in places where there is no good hygiene care, the
risk of infection is high.
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Natural infection

Natural infection with Salmonella occurs through the ingestion of contaminated food or
water. The first natural barrier of the host is the low pH of the stomach. This pH usually is
below 1.5 and most of the bacteria are killed. However, if for some reason the pH is slightly
above 1.5, Salmonella can escape killing since it has evolved mechanisms to survive at
low pH. Also when there are large numbers of bacteria present in the food or water, some
of the bacteria will pass the stomach intact. Once Salmonella has passed, it enters the
small intestines where it encounters several defense mechanisms like the thick mucus
layer and competing naturally occurring intestinal flora. In the small intestine Salmonella
will eventually encounter membranous epithelial (M) cells overlying the Peyer’s patches.
The Peyer’s patches are organized mucosa-associated lymphoid tissues in the gut that are
overlaid by specialized follicle-associated epithelium (FAE) in which the M cells reside.
These M cells function as antigen-sampling cells transporting material across the FAE to
the underlying lymphoid tissues where protective immune responses are initiated
(reviewed in (115)). Some pathogens use these M cells to pass the intestinal lining and to
invade the body (reviewed in (72)). Since reduced amounts of mucus are present at the
FAE surface, Salmonella preferentially invades these M cells. In addition, M cells have an
irregular brush border and a thinner glycocalyx than enterocytes, promoting invasion.
Salmonella is then transported through the cytoplasm to the underlying lymphoid cells
where it it preferentially infects phagocytes within the lamina propria. The phagocytes
infected with Salmonella then enter the lymphatics and bloodstream, allowing for spread to
the liver and the spleen (165). Depending on the type of Salmonella strain two major types
of diseases occur in humans. When the gut is colonized by the typhoidal strains S. typhi or
S. paratyphi, the bacteria spread to the lymph nodes, become systemic, reaching the liver
and spleen and causing a chronic inflammatory response (typhoid fever). Non-typhoidal
strains, on the other hand, reside within the Peyer's patches and induce a local
inflammatory response mediated by cytokines, chemokines, and neutrophils
(salmonellosis).

Experimental infection

The most widely used in vivo model for Salmonella infection is the mouse model,
although studies are also performed in chickens, cows, guinea pigs, and rats. The human-
specific Salmonella strains S. enterica serovar Typhi and Paratyphi cannot be used in
these models due to their host-specificity. However, S. enterica serovar Typhimurium, the
causative agent of gastroenteritis in humans, causes a disease in mice that is comparable
to that of enteric fever in humans and therefore serves a good model for human infection
with S. enterica serovar Typhi and is most widely used.

The natural route of infection is the oral one, but in the experimental setting infections
can also be initiated after injecting the bacteria intravenously, intraperitoneally, or
subcutaneously. Once Salmonella has disseminated into the bloodstream and thus has
become systemic, all these systems are equivalent to the natural infections. Within a few
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days after local infection the bacteria spread to the spleen and liver where they reside and
replicate within macrophages. The disease caused by S. enterica serovar Typhimurium is
characterized by the influx of inflammatory cells (macrophages and neutrophils), which,
together with the bacterial replication, result in hepatosplenomegaly, focal necrosis, and
bacteremia. Depending on the dose and the type of mouse used in the infection model, the
infection can either cause death within a few days, or an immune response is generated
and the mice survive being protected against a second infection (96, 118). Vaccination is
therefore an effective tool for the prevention of Salmonellainfections (95).

Four stages of infection

Once S. enterica serovar Typhimurium has become systemic, the infection in mice is
characterized by four different phases (Fig. 2). In the bloodstream, the bacteria are rapidly
killed by resident macrophages and granulocytes (phase 1) (20, 160). In humans
complement-mediated killing is also important in innate defense mechanisms. In mice,
however, complement is not that potent and cannot Kkill virulent S. enterica serovar
Typhimurium, although it might be involved in opsonisation of the bacteria to promote
uptake and killing by macrophages and granulocytes (86-88, 142, 154, 172). Bacteria that
survive reside within the liver and spleen where they survive and replicate within
polymorphonuclear cells or macrophages or extracellularly (36, 37, 137). Bacteria that
have adapted to the intracellular macrophage environment divide exponentially within
these cells during the first week (phase 2). Survival and replication within macrophages is
essential for immuno-pathogenesis as mutants unable tot do so are avirulent (43).
Eventually, bacterial growth is halted by the macrophages resulting in a plateau-phase
(phase 3). Then the adaptive immune response is initiated and mainly T cells mediate the
elimination of S. enterica serovar Typhimurium during this late (fourth) phase.

CFU in the liver

10.0+ Figure 2. Three of the four phases of

2B phase primary S. enterica serovar Typhimurium
infection in the livers of C3H/HeN mice. The
7.54 first phase is characterized by rapid killing of
the bacteria by resident macrophages and
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5.0- the bacteria have spread to the liver and
' spleen and reside within macrophages, they
start dividing exponentially. Bacterial growth is
halted during the third phase by the
2.54 macrophages and the bacteria are eventually
cleared during the fourth phase that is mainly
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Salmonella: an intracellular pathogen

S. enterica serovar Typhimurium is a facultative intracellular pathogen that
preferentially invades mononuclear cells and is able to survive and replicate within these
professional phagocytes. Like some other intracellular pathogens, S. enterica serovar
Typhimurium has the capacity to adhere to host cells and to induce its own ingestion, even
by nonprofessional phagocytes. These processes are induced by proteins that are
expressed at the bacterial surface (adhesins and invasins) and can interact with host cell
receptors (5, 6, 23, 24, 45, 51, 59, 74, 75, 133, 161). This leads to tha activation of
intracellular signaling pathways resulting in cytoskeletal rearrangements and endocytosis
(as in professional phagocytes).

The interaction between bacteria and host cells also induces the synthesis of new
proteins by the bacteria. This probably reflects an adaptive response to a new environment
and illustrates the cross talk between bacteria and host cells. S. enterica serovar
Typhimurium contains two very important gene clusters in localized regions of the
chromosome that are involved in the invasion of and survival within phagocytes. These
regions are called Salmonella pathogenicity islands (SPI-1 and SPI-2) and they contain
several genes that are involved in the delivery of virulence proteins into the host cell. They
encode type Ill secretion systems (TTSSs) that are needle-like structures through which
proteins are injected into the host cell (46) (93). The action of the proteins encoded by
these genes leads to the uptake of the bacteria and to intracellular survival and replication.

Salmonella Pathogenicity Island 1

SPI-1 contains genes that encode proteins involved in the uptake of Salmonella by
intestinal epithelial cells and the induction of intestinal secretory and inflammatory
responses (reviewed in (179)). Upon contact with the cells via invasins and adhesins,
Salmonella starts producing the first TTSS, a needle-like structure that spans the inner and
outer membrane of the bacterial envelope and secretes the translocon and at least 13
effector proteins into the host cell cytosol to induce several cellular changes promoting the
uptake of the Salmonella (reviewed in (179)). The effector proteins encoded by genes of
the SPI-1 induce cytoskeleton rearrangements that lead to a process called membrane
ruffling and leads to the phagocytosis of Salmonella, even by non-professional phagocytes.
SPI-1 mutants are attenuated when administered orally, however, when given
intraperitoneally, these mutants are as virulent as the wild type strain indicating that SPI-1
does not play a role in survival and replication within the liver and spleen (47).

One of the genes encoded by SPI-1 that is involved in Salmonella virulence is sipB,
which is injected into the host cell cytosol upon entry. SipB binds to and activates caspase-
1 (64), an IL-1B converting enzyme capable of cleaving the pro-forms of the inflammatory
cytokines IL-1p and IL-18 (65). Caspase-1 activation then leads to the secretion of IL-1p
and IL-18 and results in macrophage death. This Salmonella-induced cell death is
characterized by DNA fragmentation and membrane instability leading to lactate
dehydrogenase (LDH) leakage and probably does not reflect a host response to infection,
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but rather a bacterial strategy to promote disease by enabling cell-to-cell spread (8) since it
has been shown that Salmonella mutants deficient in sipB are not cytotoxic and cannot
induce apoptosis (64). In addition, Salmonella induces less cell death in cells deficient for
caspase-1 and induces no acute inflammation in caspase-1"" mice and is less virulent in
these mice compared to wild-type mice (111).

Salmonella-containing vacuole (SCV)

Once inside the macrophage, Salmonella resides within a vacuole that is modulated
by the bacterium. The SCV, as it is called, will undergo a few maturation steps during this
intracellular lag period of 2-3 h to prevent bacterial killing and to promote bacterial survival
and replication. The SCV is entirely Salmonella-specific (7, 14, 49, 67, 108) and its
formation is an active process that is induced by Salmonella (1, 18, 50, 140) and includes
the translocation of several bacterial proteins into the host cell cytosol and the cytoskeleton
remodelling (10, 81, 104, 106). The SCYV is different from the endosomes, although it does
acquire the early endosome and recycling compartment markers such as EEA1 and
transferrin receptor (reviewed in (54)), but these are recycled from the SCV once it
matures. During maturation the SCV acquires the late endosome/lysosomal glycoproteins
Lamp 1, Lamp 2 and CD63, but excludes the lysosomal enzymes and mannose 6-
phosphate receptors (reviewed in (54)). Once the SCV has completely matured and
Salmonella has had the time to adapt to this intracellular environment (e.g. after ~3 h), a
milieu has been created that enables bacterial growth. In non-phagocytic cells, at the same
time, membrane tubules called Salmonella induced filaments (Sif) are formed that originate
in the SCV and extend into the cell (10, 12, 60, 140). However, for reasons unknown, these
Sifs are not formed in macrophages (7), although sifA encoding the SPI-2 effector protein
SifA is required for intracellular survival and replication and for in vivo virulence (11, 153). It
has been suggested that the SCV eventually acidifies and fuses with the lysosomes, while
others have stated that fusion with the lysosomes is prevented by Salmonella (61, 112).
After this ~3 h lag period of SCV maturation, Salmonella starts expressing the SPI-2 genes
to enable intracellular maintenance and growth.

Salmonella Pathogenicity Island 2

The proteins encoded by genes of SPI-2 are effectors or structural proteins that form a
second TTSS involved in intracellular survival and replication. SPI-2 encodes 31 genes
that are organized in four operons involved in production of structural components and
several effector proteins such as SseB, SseC, and SseD (reviewed in (173)). In addition to
these structural and effector proteins SPI-2 encodes at least three chaperone proteins
called SscA, SscB and SseA (173). The SPI-2 TTSS is involved in virulence of S. enterica
serovar Typhimurium and is activated once the bacterium is inside the cell (21) (83,
126)and facilitates intracellular bacterial replication and in vivo virulence (21, 63, 120). SPI-
2 has been shown to be involved in many processes including inhibition of fusion of the
Salmonella-containing vacuole (SCV) and the lysosomes (SpiC) and evasion of NADPH
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oxidase dependent superoxide production, all of which are involved in prolonged
intracellular survival and replication (48, 163, 168).

Host (mouse) immune response to Salmonella

In the host's defense against Salmonella several processes play a role. During the first
three phases of Salmonella infection the innate immune system plays an important role in
containing the extra- and intracellular growth. The fourth phase of infection, the elimination
phase, is mediated by the adaptive immune response that leads to the T and B cell-
mediated killing and elimination of Salmonella.

Innate immune response

The innate immune response involves aspecific defense mechanisms that are not
acquired upon exposure, but are constitutively present. Initial innate immune responses
involved in defense against Salmonella include gastric acid, antimicrobial peptides
(reviewed in (123)), complement (172), opsonins (25, 71), cytokines (reviewed in (174))
and lysozyme. Upon adhesion and invasion of the macrophages or granulocytes,
Salmonella encounters innate defense mechanisms used by these phagocytic cells to
resist infection such as antimicrobial defense mechanisms inside the phagosomes
(including low pH, nitrites, oxygen radicals, nitric oxide, and antimicrobial peptides such as
defensins, cathelicidins, and thrombocidins), and the secretion of cytokines and
chemokines such as IL-1B, IL-6, GM-CSF, MIP-1B, and melanocyte growth stimulating
factor (175). Cellular innate immunity is initiated by the recognition of bacterial components
called Pathogen-associated molecular patterns (PAMPs) that are recognized via pattern
recognition receptors, leading to the induction of an innate response to kill and eliminate
Salmonella (53). Cells expressing such pattern recognition receptors that are involved in
innate defense against Salmonella include neutrophils, macrophages/monocytes, NK cells,
and dendritic cells (DC’s) (53). These cells are involved in the engulfment and killing of
Salmonella, antigen presentation, and production of cytokines and chemokines in response
to the infection. These mechanisms act together to kill and eliminate Salmonella and to
prevent systemic infection.

Major cell types involved in innate immune response to Salmonella

Neutrophilic granulocytes (neutrophils) are phagocytic cells that are necessary for the
initial destruction of Salmonella and are also involved in the lysis of hepatocytes that are
invaded by Salmonella during the first few days of infection (26, 27). Neutrophils are
efficient in killing S. enterica serovar Typhimurium as these cells are capable of producing
large amounts of damaging antimicrobial products like lysozyme and radicals such as
superoxide. Especially when bacteria have been opsonized with serum components
(complement, antibodies) bacteria are taken up at a high rate and are killed efficiently.
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Macrophages/monocytes are phagocytic cells that play a crucial role in innate
defense. Monocytes circulate in the blood while macrophages reside in the tissues.
Macrophages are mainly activated by T cells, but may also be stimulated upon infection by
live bacteria or upon contact with PAMPs (including LPS, porins and outer membrane
proteins, fimbrial proteins, flagella, lipoproteins, glycoproteins, and peptidoglycan) (62).
Macrophages have evolved mechanisms to respond to such PAMPs by expressing pattern
recognition receptors that recognize the PAMPs and initiate the innate immune response to
clear the infection (157). Macrophages that are of special interest in Salmonella infection
are the Kupffer cells in the liver and macrophages in the spleen since these are in the
target organs of S. enterica serovar Typhimurium. Macrophages play a special role in
Salmonella infection, since they are crucial in innate defense against Salmonella but also
act as a Trojan horse to mediate spread to the to the liver and spleen (84). The innate
defense mechanisms of macrophages are mainly stimulated by IFNy and TNFa that
activate the macrophages in such a way that they should be able to kill and eliminate the
intracellular Salmonella. However, despite the multitude of antimicrobial defense systems
that are present in these phagocytic cells as part of the innate defense system, Salmonella
has developed mechanisms to resist such killing and for some time is able to survive and
even replicate within these cells.

DC’s are antigen-presenting cells that have been shown to contain intracellular S.
enterica serovar Typhimurium, especially those in the Peyer's patches of the small
intestine after oral infection (158). After phagocytosis of Salmonella, these cells are
capable of presenting Salmonella antigen to T and B cells leading to the development of an
adaptive immune response.

Innate resistance/susceptibility
Susceptibility to S. enterica serovar Typhimurium in mice is determined by several factors
as many processes play a role in the defense against Salmonella. One major factor
contributing to resistance is the /ty (for immunity to S. typhimurium) locus. Ity controls the
growth rate of Salmonella in cells of the reticuloendotheial system and is present in two
allelic forms, resistant alleles (/ty’) and susceptible alleles (/ty®) and. Mice expressing the
Ity alleles are relatively resistant to Salmonella infection as they can control growth of the
bacteria. Those expressing the Ity® alleles show an increased growth rate of Salmonella
and cannot control the infection and are therefore susceptible. Ity appeared to be identical
to Beg and Lsh, two loci that were discovered to be involved in resistance to
Mycobacterium and Leishmania respectively (128, 150). This locus plays an important role
in regulating innate resistance to these pathogens that is mediated by macrophages. By
positional cloning it was revealed that /ty/Bcg/Lsh is homologous to the human Nramp1
(natural resistance associated macrophage protein 1) (169). Nramp1 is a gene locus on
chromosome 1 that is only expressed in macrophages in the reticuloedothelial organs
(spleen and liver) and by the macrophage cell lines J774A and RAW264.7 (55, 170) and
encodes a divalent metal (Fe?*, Zn**, Mn?*) pump phosphoglycoprotein (90—100 kDa) that
is rapidly recruited to the bacteria-containing phagosome (170, 171) and is involved in
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resistance against Salmonella (127, 169). Expression of Nramp1 is greatly increased by
activation of macrophages with IFNy and LPS (55). Mice expressing the resistant allele of
Nramp1 (Nramp1G169) can control the growth rate of S. enterica serovar Typhimurium in
vivo, allowing the development of an acquired, predominantly, T cell-mediated immune
response, which is essential for the eventual clearance of S. enterica serovar Typhimurium
(66, 98, 99). However, mice expressing the sensitive allele Nramp1°'®® cannot control the
growth rate of S. enterica serovar Typhimurium and will die due to the infection.

Another locus involved in resistance against Salmonella is Ips. Two alleles of the Ips
gene have been assigned; Ips” (responsive) lpsd (hyporesponsive). Mice expressing the
Ipsd allele do not mount an immune response upon injection with LPS and are
hypersusceptible to infection with S. enterica serovar Typhimurium while those expressing
the Ips” allele do mount an immune response and are resistant to infection. The Jps gene
appeared to be identical to the Toll-like receptor 4 (tir4) gene (129). This tlr4 gene encodes
an important part of the LPS receptor complex and is part of the TLR family of pattern
recognition receptors involved in innate immunity. TLR4 is expressed by all cells of the
immune system as well as by several non-immune cells and activation of TLR4 by LPS has
been shown to lead to the production of cytokines, chemokines, and NO (85, 114) (167).
Null mutations in tIr4, as seen in C3H/HeJ mice, lead to hyporesponsiveness to LPS and
cause these mice to be hypersusceptible to S. enterica serovar Typhimurium and other
Gram-negative bacteria (68, 118, 119, 129).

Adaptive immune response

Eventually, in immunocompetent (ity') mice an adaptive immune response is
generated that is mediated by T and B cells to completely eliminate Salmonella from the
body (99, 102, 109). B cells that recognize a certain antigen presented by DC’s or
macrophages will mature and respond to the S. enterica serovar Typhimurium infection by
the production of antibodies (109). Mice with reduced B cell function are susceptible to
infection with virulent S. enterica serovar Typhimurium infection, but are able to resist
infection with an attenuated AaroA mutant suggesting that other defense mechanisms play
a more important role (109). It is of no doubt that antibodies produced by B cells do play an
important role in clearing the infection, but despite the presence of these antibodies,
reactivation of the infection can occur when IFNy is neutralized (110), suggesting that the
production of antibodies by B cells is not enough to completely eliminate the bacteria from
the body. For complete elimination of primary infection and protection against secondary
infection with S. enterica serovar Typhimurium, T cells, especially CD4" T cells, are
absolutely necessary since depletion of T cells early in infection leads to a very severe and
life-threatening infection (113) and infection of nude mice or MHCII deficient mice cannot
even clear the attenuated AaroA mutant (66, 149). CD8" T cells also play a role in defense
against Salmonella infection although little is known about their exact function (91, 98, 99).

23

@*
0



Chapter 1

Reactive oxygen intermediates (ROI)

One of the major early defense mechanisms against microorganisms is the production
of toxic superoxide by the phagocyte NADPH oxidase and the subsequent generation of
superoxide derivatives, both in vitro (97) and in vivo (147, 148, 166). Reactive oxygen
intermediates (ROI) play an important role by targeting vulnerable lipid proteins, certain
enzymes, and DNA (70, 82), thereby damaging the bacteria. ROI play a crucial role in
Salmonella infection since mice deficient in a functional NADPH oxidase system are highly
susceptible to infection (97).

Sources of ROI

Every aerobically growing organism is exposed to ROI formed as a by-product of
respiration. Therefore part of the mechanisms that Salmonella has evolved o cope with
superoxide stress is aimed at fighting endogenously formed ROI. Under experimental
conditions, superoxide stress can be generated by addition of redox-cycling agents such
as menadione and paraquat, which raise the intracellular levels of ROI.

Upon invasion of macrophages, Salmonella is exposed to large amounts of
superoxide in its direct environment, generated by the anti-microbial defense mechanism
of the eukaryotic cell. ROl formed by the NADPH-oxidase upon contact with or uptake of
Salmonella may cause microbial damage, and will ultimately lead to bacterial death,
unless appropriate microbial defenses are activated. The phagocyte NADPH oxidase is
composed of two membrane-bound components gp91°"™ and p22°"*, and four cytosolic
factors, p47°"™, p67°"°* p40°"* and RacGTPase (phox for phagocyte oxidase). The active
NADPH-oxidase is formed after recruitment and assembly of these components, resulting
in the formation of cytochrome bsss that accepts electrons from NADPH and donates them
to molecular oxygen (reviewed in (4)). Thus, upon stimulation of the phagocyte with
opsonized microorganisms or any other activating agent, the oxygen consumption
increases dramatically (“respiratory burst”’) and a large amount of superoxide is produced.
Superoxide is believed not to pass over membranes, but it can diffuse through anion
selective pores and will in this manner reach the periplasmic space of Gram-negative
bacteria like Salmonella. Spontaneous or enzymatic dismutation of superoxide results in
the generation of hydrogen peroxide, which is more reactive than superoxide and unlike
this compound, can diffuse readily across cell membranes. Together with Fe(ll), hydrogen
peroxide can form hydroxyl radicals, which are an even more potent oxidant species.

Phagocytes also generate nitric oxide (NO) using the inducible nitric oxide synthase.
Together with superoxide, the highly reactive and toxic peroxynitrite is formed. In murine
models, the role of NO in anti-microbial defense is well established, but its importance in
human defense is to date less clear, although NO can be produced by human
macrophages (40). It also appears that production of superoxide and NO are separated in
time. Superoxide is produced early, i.e., immediately after uptake of Salmonella, whereas
NO is produced at a later stage (166).
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Chronic Granulomatous Disease

The importance of the superoxide-mediated defense system is made evident by a rare
inherited syndrome, chronic granulomatous disease (CGD), in which the patient’s
phagocytes fail to produce any superoxide. This leads to susceptibility to life-threatening
microbial infections in these patients, mainly by Staphylococcus aureus, Aspergillus
species, Candida species, Pseudomonas species, and Salmonella species (90). These
infections can cause lymphadenitis, pyodermia, pneumonia, skin abscesses, and hepatic
abscesses. CGD can be caused by mutations in either one of the genes encoding p47ph°x,
p67°"* p22°"° and gp91°"* of the NADPH oxidase complex (31, 139, 162). CGD affects
about 1 in 500,000 individuals and 60% of these cases show an X-linked deficiency in
gp91"h°x resulting either in absence, inactivity, or reduced activity of the protein.
Approximately 40% of the patients have autosomal recessive deficiencies and lack p47ph°"
(£30%), p67°"* (+5%), or p22°"™ (+5%) (19, 22, 30, 34, 138, 151).

Oxidative damage

Superoxide radicals inactivate iron-sulfur clusters present in bacterial enzymes, for
instance, enzymes involved in branched amine acid synthesis (82). Therefore, superoxide
dismutase mutant strains are auxotrophic for branched amino acids. As a result of iron-
sulfur cluster damage, iron is released into the cytosol (Fig. 3). Hydrogen peroxide can
cause damage to membranes, enzymes and DNA directly, however, in conjunction with
iron, hydroxyl radicals are formed in the Fenton reaction. Hydroxyl radicals are highly
reactive and will not diffuse over log distances but cause damage at the site of production.
Fe(ll) is present in the backbone of DNA and it is likely that most of the cell death that
occurs secondary to hydrogen peroxide exposure is caused by DNA damage via hydroxyl
radicals (reviewed in (70)). DNA repair mechanisms are therefore crucial for Salmonella in
order to cope with ROI. Their relative importance is exemplified by the fact that RecA
mutants are attenuated in vivo whereas catalase mutants are not (15). The amount of
available iron in host cells is limited and bound to a range of host proteins including
transferring, lactoferrin, hemoglobin, ferritin and cytochromes. Bacteria have evolved
elaborate, high-affinity mechanisms to ensure uptake of sufficient iron even in this
environment. Therefore, intracellular iron levels must be tightly controlled. Genes involved
in the uptake of iron are regulated by fur, the ferric iron uptake repressor. When complexed
to Fe(ll) Fur generally represses the iron uptake genes. The fur regulon will only be
expressed when the amount of iron is limiting and Fe(lll) needs to be taken up from the
environment. Just how toxic a role iron can play in oxidative damage mediated by
hydrogen peroxide, is illustrated by the fact that chelation of intracellular Fe(ll) protects the
bacteria from killing by hydrogen peroxide. In addition, superoxide dismutase mutants are
more sensitive to hydrogen peroxide-mediated killing, presumable due to increased
complexed intracellular iron levels in these mutants (101). Interestingly, catalase does not
have an effect on this process, indicating that not the actual hydrogen peroxide
concentration but the intracellular level of Fe(ll) is rate limiting in this process (101).
Recently, it was also shown that Fur complexed to Fe(ll) can enhance the expression of
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several proteins including the cytoplasmic iron superoxide dismutase (SodB) (35, 94). This
positive regulation by Fur is mediated by a small anti-sense RNA encoded by ryhB, which
is regulated by fur. This small anti-sense RNA is expressed under iron limitation and
inhibits expression of iron-storage genes.

NADPH-oxidase

Figure 3. Schematic overview of superoxide-mediated
damage. Superoxide produced by the NADPH-oxidase
passes the outer membrane and may cause damage to
periplasmic targets or can be converted into hydrogen
peroxide, which will pass the cytoplasmic membrane. In
conjunction with Fe(ll), hydroxyl radicals are formed that
cause DNA and protein damage. Superoxide and NO will
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The genes regulated by this anti-sense RNA include two genes encoding enzymes in the
tricarboxylic acid cycle, acnA and fumA, two ferritin genes, ftnA and bfr, and sodB (94).
Therefore, under high-iron conditions, fur repression not only leads to decreased
expression of proteins involved in iron uptake, but also to increased expression of proteins
involved in binding iron in the cytoplasm of bacteria. Taken together, these data show that
there is a complex interplay between genes involved in defense against oxidative stress
and genes involved in controlling intracellular iron levels.

Defense mechanisms of Salmonella against ROI

Exposure of Salmonella to ROI results in extensive alterations in protein expression
patterns. Although genome-wide transcriptional profiling of the response of Salmonella has
not been evaluated, exposure of Escherichia coli (E. coli) to superoxide stress has shown
that the expression of a total of 112 genes was modulated by exposure to the redox-cycling
agent paraquat (130). Approximately 60% of the genes were upregulated and 40% down-
regulated under these conditions (130). Similar experiments performed with hydrogen
peroxide have shown that under these conditions, 140 genes are induced by E. coli (178).
These data indicate that the defense against ROI involves complex mechanisms and,
although insight into ROl defense mechanisms has increased extensively over the past
decade, the exact function of many of the genes whose expression is modulated under
oxidative stress is still unknown.
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SoxR/S system

Exposure of E. coli or Salmonella to elevated levels of intracellular superoxide results
in activation of the SoxR/S regulon (58, 131). This regulon is composed of at least ten
genes with diverse functions (reviewed in (41, 156)). For instance, the cytoplasmic
superoxide dismutase, which can neutralize superoxide, is regulated by the SoxR/S
system. Other genes regulated by this system include those involved in uptake of
superoxide or oxidizing compounds (e.g. micF which regulates the expression of pore
protein OmpF), those involved in maintenance of the cellular redox state (e.g., the zwf-
encoded glucose-6-phosphate dehydrogenase) and those involved in protection against
superoxide-induced damage. The latter group includes genes involved in the repair of DNA
damage, e.g. nfo, encoding an endonuclease, and genes involved in repairing damaged
iron-sulfur-cluster-containing proteins. In addition, fur, the ferric uptake repressor is
regulated by the SoxR/S system (177). SoxR is a constitutively expressed transcription
factor whose activity is regulated by reduction or oxidation of its iron-sulfur cluster
(reviewed in (156)). When this cluster is in a reduced state, the transcription of factor SoxR
is inactive. Oxidation of the iron-sulfur cluster in conditions of oxidative stress result is in a
conformational change of the protein, leading to its activation. Activated SoxR is a
transcription factor whose only known target gene is soxS which in turn will activate the
whole regulon.

OxyR system

The OxyR system is activated upon exposure to hydrogen peroxide, and the activation
of this transcription factor also involves oxidation of the tetrameric protein (reviewed in (41,
156)). In this case, oxidation of the cysteine residues in this complex results in the
formation of di-sulfide bridges. Only this oxidized form of OxyR is mediated by glutathione.
The genes activated by OxyR include that of a cytosolic catalase, KatG, that can inactivate
hydrogen peroxide, the glutathione reductase, glutaredoxin, and genes involved in
protection of DNA and RNA against oxidative damage (reviewed in (156)). Fur, the ferric
uptake repressor is regulated by both the SoxR/S and the OxyR system (177). This is not
surprising given the role in intracellular iron in damage caused by ROI.

Other regulators of superoxide sensitivity

Several genes involved in resistance against superoxide or hydrogen peroxide are not
regulated by the SoxR/S or OxyR system. For instance katE, encoding another cytosolic
catalase is regulated by rpoS, the sigma factor involved in stationary-phase survival. RpoS
is not only involved in responses of Salmonella to oxidative stress but also in responses to
carbon starvation and acid stress (145). The transcriptional regulator, SlyA, positively and
negatively regulates the expression of a set of unknown genes. Mutants in slyA are highly
sensitive to superoxide-generating agents, indicating that some of the genes regulated by
SlyA are involved in the oxidative stress response (13). The same holds true for the global
regulator ArcA, since arcA mutants are also more sensitive to ROI (92).
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Other genes

Recently, Gralnick et al. (57) identified the YggX protein and proposed that this protein
is involved in blocking superoxide damage to [Fe-S] clusters, since an overexpression
mutant is more resistant to redox-cycling agents. This protein is not controlled by the
SoxR/S system, indicating that genes involved in prevention of damage to proteins can
also be found outside this regulon.

In addition to cytoplasmic superoxide dismutases, Salmonella and E. coli also contain
periplasmic superoxide dismutases, S. enterica serovar typhimurium and several other
Salmonella strains express even two of these copper-zinc superoxide dismutases,
designated SodCl and SodCll (39). In addition, a putative SodClll protein has been
identified in Salmonella (44). E. coli, on the other hand, only contains the sodClIl gene.
These periplasmic superoxide dismutases protect against extracellular superoxide, for
instance, that were produced by the macrophages’ NADPH-oxidase (32, 42). To date, no
clear role of SodClll in the defense against oxidative stress has been established.

Recently, the mntH gene, the E. coli and Salmonella homologue of NRAMP, was
identified as being important for resistance against ROL. In E. coli and Salmonella, NRAMP
homologue is a divalent metal (Fe®*, Zn®*, Mn®*) pump phosphoglycoprotein able to
transport manganese, and intracellular manganese is thought to be able to neutralize
hydrogen peroxide (79). As a result, mntH mutants are more sensitive to hydrogen
peroxide. However, an important role for this gene in virulence has not been established
(79). This indicates that metals other than iron are involved in the ROI defense.

Protection against oxidative damage
The genes involved in defense of S. enterica serovar Typhimurium against oxidative

stress do not all act the same. Some proteins may directly scavenge the oxygen species
while others act by producing antioxidants. The cytoplasmic SOD’s encoded by sodA and
sodB and the periplasmic SOD’s encoded by sodC/ and sodCll are enzymes that catalyze
the reaction in which superoxide radicals are converted to oxygen and hydrogen peroxide
as follows:

SODoxidized + *O2” —®  SODreduced + O2

SODreduced + "O2 + 2H+ —> SODoxidized + H202

The hydrogen peroxide produced in this reaction might be damaging to the cells, but S.
enterica serovar Typhimurium has catalases encoded by katE and katG to neutralize it. In
addition, peroxidases might also play a role in destroying hydrogen peroxide in a NADH- or
NADPH-dependent manner.

Glutathione (GSH) is an antioxidant that is synthesized by glutathione synthetase that
is very important in the defense against hydrogen peroxide, superoxide radicals, and
hydroxyl radicals. GSH reacts with these radicals to form a stable glutathione radical GS-
which will dimerize to form oxidized glutathione (GSSG). Glutathione reductase then
transfers an electron from NAPDH to the GSSG leading to the re-formation of the reduced
GSH NADP".
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GSH + -HOO —p GS- + Hy0,
GS- + GS- —» GSSG
GSSG + 2NADPH ——» 2GSH + 2NADP*

Another type of defense against oxidative stress is repair of induced damage. Oxygen
radicals can cause cell, protein or DNA damage. Therefore, S. enterica serovar
Typhimurium has mechanisms to repair the damage (reviewed in (41)). Examples include
RecA, a protein encoded by recA that is involved in the recombinational DNA repair
pathway important for cell survival upon exposure to hydrogen peroxide (15, 16), as well as
endonuclease IV encoded by nfo and exonuclease Ill encoded by xth involved in excision
repair (159). In conclusion, defense mechanisms of S. enterica serovar Typhimurium
against oxidative stress are diverse and complex since many genes are involved and
compensatory systems as well as systems overlapping with other types of stress defense
systems have been described. Further research on S. enterica serovar Typhimurium genes
that are involved in superoxide stress is necessary for better knowledge on the response to
one of the most powerful defense mechanisms of the host: oxidative stress.

Scope of this thesis

One goal of this thesis was to gain more insight into the mechanisms by which S.
enterica serovar Typhimurium is able to persist and reactivate at a later timepoint. This was
done by investigating the possibility of reactivation in a mouse model of latent S. enterica
serovar Typhimurium infection and determining which mechanisms are involved in
prevention of growth during the phase of persistence. The other goal was to get more
insight into the strategies that are used by S. enterica serovar Typhimurium to survive
within macrophages and mice and to resist superoxide produced by the macrophages in
response to infection with the pathogen. Chapter 1 gives an overview of what is currently
known about Salmonella, the interaction with the host, and systems that play a role in the
defense against superoxide and in survival within macrophages.

Chapter 2 describes a novel in vivo mouse model for reactivating S. enterica serovar
Typhimurium infection to elucidate which mechanisms are involved in persistency and
reactivation at a later time point. Since depletion of CD4" T cells and neutralization of IFNy,
as shown by others, resulted in reactivation of the S. enterica serovar typhimurium
infection we investigated in Chapter 3 whether neutralization of TNFa, another very potent
activator of macrophages and a cytokine shown to be involved in suppression of growth
early in infection, was able to cause reactivation of the S. enterica serovar typhimurium
infection as well.

In the research on persistency and survival of S. enterica serovar Typhimurium within
host cells, we have created and selected for mutants that were less able to induce cell
damage and were able to survive for a longer period of time within RAW264.7
macrophages. Chapter 4 deals with these LPS mutants and shows that mutants with the
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rough phenotype are attenuated, although able to survive within macrophages in vitro and
to cause a local infection in the lymph nodes.

To analyze the systems used by S. enterica serovar Typhimurium to resist superoxide
stress we have created many mutants by random MudJ transposon insertion and selected
for increased susceptibility to superoxide as described in Appendix 1. One of the mutants
obtained in this way was studied in further detail and has been described in Chapter 5.
This mutant AVD101 is a mutant in which the MudJ transposon had inserted into the
promotor region of pnp, the gene encoding PNPase which is involved in the degradation of
mRNA and in the growth adaptation at low temperatures and is considered a regulator of
virulence and persistence of S. enterica serovar Typhimurium. We have described an
additional role for PNPase in the resistance to superoxide and for intracellular survival
within macrophages.

In Chapter 6 we describe the isolation and characterization of DLG294, an S. enterica
serovar typhimurium mutant that has a MudJ transposon insertion in a gene designated
sspd that has rendered this mutant hypersusceptible to superoxide and to be attenuated in
vitro. The phenotype of this sspJ mutant was further studied in Chapter 7. We have
determined the in vivo phenotype of this mutant in C3H/HeN and C57BL/6 mice and in
p47°"*" mice that were unable produce any superoxide. To find out whether the in vitro
attenuation of DLG294 was due to differences in the state of activation of the macrophages
we compared the gene expression profiles of RAW264.7 macrophages that had been
infected with the wild-type strain or DLG294 using Affymetrix gene chips and is described
in Chapter 8. Since we did not observe many differences in gene expression profiles of the
wild-type and DLG294-infected cells, we concluded that the difference in outgrowth in
RAW?264.7 cells must have been due to the lack of expression of sspJ. Because it was still
unclear why DLG294 was attenuated in RAW264.7 macrophages we have studied the
phenotype DLG294 in Chapter 9 using a phenotypical array and have studied the
intracellular behavior of DLG294 by looking at the intracellular gene expression profile of
the intracellular bacteria and have compared that to that of the wild-type strain using a
Salmonella gene array. Finally, the results are summarized and discussed in Chapter 10.
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