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Invasive typhoidal and nontyphoidal Salmonelloses are a significant global burden
affecting tens of millions of individuals each year. Typhoid fever and invasive nontyphoidal
Salmonellosis (iINTS) are caused by Salmonella enterica serovar Typhi (S. Typhi) and
Typhimurium (S. Typhimurium) respectively but share similar disease manifestations in humans
like high fever, hepato-splenomegaly and infrequent diarrhea. Despite these clinical similarities
each serovar interacts differently with the human immune system. Individuals with congenital or
acquired immunodeficiencies resulting in impaired Tp1 immunity, such as HIV/AIDS, are more
susceptible to INTS but not typhoid fever. This suggests nontyphoidal serovars and S. Typhi
differ in their propensity to initiate a Tp1 immune response in infected hosts. | have found that S.
Typhi-infected macrophages exhibit reduced innate immune responses to infection including
macrophage apoptosis, pyroptosis and M1 activation in comparison to S. Typhimurium-infected
cells. A hu-SRC-SCID humanized mouse model of infection mirrors these results. Apoptosis,
pyroptosis and M1 polarization of human macrophages by S. Typhimurium is dependent upon

the Salmonella pathogenicity island 2 (SPI2) type three secretion system (T3SS). While the



specific effector(s) required for S. Typhimurium-induced pyroptosis and M1 activation have not
been identified, intramacrophage expression of SPI2 is lower in S. Typhi compared to S.
Typhimurium. Differences in intramacrophage SPI2 expression may account for differences in
S. Typhi- and S. Typhimurium-induced pyroptosis and M1 activation.

While S. Typhi dampens intramacrophage SPI2 expression to evade M1/T,1 responses
to infection, INTS strains exploit the compromised host immune system to cause systemic
infection. Non-typhoidal S. Typhimurium is a frequent cause of bloodstream infections in
children and HIV-infected adults in sub-Saharan Africa. Most isolates from African patients with
bacteremia belong to a single sequence type, ST313, which is genetically distinct from
gastroenteritis-associated ST19 strains such as 14028s. One important difference between
ST19 strains and the sequenced ST313 strain D23580 is an increase in genomic decay in
D23580, a hallmark of host-adaptation. ST313 strains were originally hypothesized as becoming
more typhoid-like and thereby explaining the increased incidence of associated invasive
infections. We have found that, like the enteritis-associated strain 14028s, D23580 is able to
elicit an acute inflammatory response and cause enteritis in mice and rhesus macaque
monkeys. However, iNTS strains are becoming more typhoid-like in their ability to survive in the
environment. We have identified and demonstrated two loss-of-function mutations in D23580,
not present in the ST19 strain 14028s, that impair multicellular stress resistance associated with
survival outside the host. These mutations result in inactivation of the KatE stationary-phase
catalase that protects high-density bacterial communities from oxidative stress and the BcsG
cellulose biosynthetic enzyme required for the RDAR (red, dry and rough) colonial phenotype.
Collectively, these observations suggest that African S. Typhimurium ST313 strain D23580 is
becoming adapted to an anthroponotic mode of transmission while retaining the ability to infect
and cause enteritis in multiple host species.

We have also identified a novel, 5-gene operon in S. Typhi and S. Typhimurium that is

required for virulence in mice. Previously, humanized mice susceptible to S. Typhi infection



were infected with a high-density S. Typhi transposon mutant library to identify novel
determinants required for invasive S. Typhi disease. From the screen, a novel, 5-gene operon
was identified as required for virulence. We confirmed this requirement in additional mouse
models of invasive Salmonella infection. Multiple genes in the operon have homology to
carbohydrate metabolism genes. While we were unable to identify a role for these genes during
growth on single carbon sources we identified a putative role for this operon in maintaining
bacterial membrane stability. We measured the membrane polarization of Salmonella 5-gene
operon mutant strains and found they were hyperpolarized as compared to wt further confirming
a role for these genes in maintaining bacterial membrane stability. While the specific function of
these genes is still unknown we continue to investigate how this novel operon promotes

membrane stability in Salmonella.
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Chapter 1

Background and significance

Typhoid fever and invasive nontyphoidal Salmonellosis: A growing burden for
developing nations

Typhoid fever, caused by the bacterium Salmonella enterica serovar Typhi (S. Typhi)
has plagued man since ancient times (1) but remains a serious public health issue, causing an
estimated 21.7 million illnesses and 217,000 deaths each year (2). In developed nations like the
United States, typhoid fever is primarily of concern to persons traveling abroad. However, in
developing nations where sanitation measures are poor and water sources contaminated,
typhoid fever remains a great concern and public health burden (3).

In contrast to invasive salmonellosis in most parts the world, which consists primarily of
typhoid or paratyphoid fever, bloodstream Salmonella infections in sub-Saharan Africa are
primarily caused by non-typhoidal serovars such as Salmonella Typhimurium (S. Typhimurium),
Enteritidis (S. Enteritidis) and Dublin (S. Dublin) (3-6). The last three decades have witnessed
an epidemic of invasive non-typhoidal Salmonellosis (iNTS) in this region. A recent study
estimates the global burden of INTS to be 3.4 million cases per year, with the highest burden in
children and young adults (7). Prior to the advent of the HIV pandemic, iNTS in sub-Saharan
Africa primarily afflicted young children, often with malaria co-infection, and was rarely seen in
adults (4, 8). However, as HIV began to sweep across sub-Saharan Africa in the 1980s,
Salmonella was increasingly identified as the most common cause of bacterial bloodstream

infection in HIV-infected adults (9-11).

Salmonelia evolution and host-adaptation
The genus Salmonella is comprised of gram negative, rod-shaped, facultative anaerobic
bacteria found in the intestines of animals. The pathogen Salmonella evolved from the enteric

commensal Escherichia coli (E. coli). The evolution of Salmonella can be described as occurring

11



in three phases with each phase being punctuated by the acquisition of foreign DNA enabling
survival in new host niches (12, 13). The acquisition of Salmonella pathogenicity island 1 (SPI1)
marked the initial divergence of Salmonella from E. coli (14-16). SPI1 enabled Salmonella to
invade intestinal epithelial cells and escape the competitive environment in the intestinal lumen
(17). The Salmonella genus is comprised of only two species: enterica and bongori. Salmonella
enterica and bongori are distinguished by the presence or absence of Salmonella pathogenicity
island 2 (SPI2), respectively (18). SPI2 is important for survival and replication in phagocytes
and systemic infection (19). SPI2 enabled Salmonella enterica to survive gut-associated
immune barriers and colonize extra-intestinal sites. While the acquisition of foreign DNA by
bacteria can be advantageous it also presents challenges. Unchecked gene expression can be
toxic to an organism (20). Salmonella minimizes this toxicity by dampening or restricting
expression of foreign genes by employing nucleoid-associated, gene-silencing proteins like H-
NS (21). H-NS does not recognize specific nucleotide sequences but instead binds foreign DNA
based on its reduced GC content (21). H-NS counter-silencers, like PhoP, facilitate integration
of foreign DNA expression into existing Salmonella regulatory networks (22, 23). Salmonella
enterica is further divided into the subspecies |, Il, llla, Illb, IV and VI (13). Salmonella enterica
subspecies | (enterica) includes 99% of the Salmonella that infect warm-blooded animals (13).
The remaining subspecies and bongori mostly infect cold-blooded animals (13). Within
subspecies enterica, over 2,500 known serovars exist, a designation that reflects the organism’s
unique cell-surface antigenic structure, specifically the O and H antigens (24). Subspecies
enterica serovars are diverse in their host-range including generalists like Typhimurium (S.
Typhimurium) that can infect multiple animals including mice, cows, chickens and humans. In
contrast, serovar Typhi (S. Typhi) is host-restricted, only causing disease in humans (25).
Despite their differences, serovars Typhimurium and Typhi are closely related, with 89% shared
gene content (26). Increased genomic decay is correlated with Salmonella host adaptation. The

S. Typhimurium genome is only 0.6% pseudogenes in contrast to 5% in S. Typhi (26).
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Human Salmonellosis

In humans, the clinical outcome of Salmonella infection depends upon the infecting
Salmonella strain and the immunological status of the host. Most Salmonella infections in
humans can be described as one of three syndromes: 1) invasive typhoid fever in
immunocompetent hosts 2) nontyphoidal Salmonella gastroenteritis in immunocompetent hosts
and 3) nontyphoidal Salmonella bacteremia in immunocompromised hosts.

The onset of symptoms in S. Typhi-infected immunocompetent humans occurs
approximately 1-2 weeks following exposure (27). Symptoms of typhoid fever may include high
fever (up to 104°F), anorexia, prostration and abdominal tenderness due to hepato-
splenomegaly (27). Diarrhea is infrequent. Antibiotic treatment is required for timely resolution of
disease and may decrease the rate of carriage (which occurs following ~2-10% of infections)
(27, 28). In the absence of antibiotic treatment the fatality rate of S. Typhi infection is 10-30%,
compared to 1-4% with treatment (2). The high fatality rate in the absence of antibiotic treatment
is of great concern given the increase in multiple-drug resistant strains of S. Typhi worldwide
(29-33). Asymptomatic carriers of S. Typhi intermittently shed bacteria in their feces for an
indefinite period of time (27). The most famous typhoid carrier, Mary Mallon, also known as
Typhoid Mary, shed S. Typhi in her stool for her entire life following her initial infection and was
responsible for directly infecting at least 122 people (34). Typhoid carriers shed bacteria in the
feces that arise in the gallbladder. Asymptomatic carriage has been associated with gallstones,
likely due to S. Typhi’s ability to form robust biofilms on their surfaces (35, 36).

In contrast, the incubation period for nontyphoidal Salmonella infections (NTS) in
immunocompetent humans is brief: 12-72 hours following exposure. After ingestion, S.
Typhimurium induces an influx of neutrophils to the site of infection (37—-39). The presence of
neutrophils in the stool is a hallmark of S. Typhimurium-induced diarrhea (40, 41). Symptoms of

S. Typhimurium infection include gastroenteritis (inflammatory diarrhea), nausea and vomiting
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(41, 42). S. Typhimurium-induced gastroenteritis is typically self-limiting and rarely requires
medical intervention except in complicated cases. Carriage and fecal shedding of S.
Typhimurium occurs in less than 1% of infected patients (43).

Symptoms  of invasive nontyphoidal  Salmonella infections  (iNTS) in
immunocompromised hosts are diverse and share features with both typhoid and non-typhoidal
infections of immunocompetent humans. While diarrhea is infrequent in typhoid patients and
minimal or absent in 20-50% of children and HIV-infected adults with iINTS infections in sub-
Saharan Africa it is the most common symptom of nontyphoidal Salmonella (NTS) infections in
immunocompetent hosts (44, 45). Additionally, as in typhoid fever, high fever and hepato-
splenomegaly are common symptoms associated with iNTS infections (45). The fatality rate of
iINTS infections in sub-Saharan Africa is high (~20-25%), presumably due to the lack of
supportive medical care, the compromised immune status of infected patients, and the

prevalence of multi-drug resistant isolates causing infections (6, 45).

Vaccines against invasive Salmonellosis

Two vaccines are currently available to protect against typhoid fever: the Vi antigen
polysaccharide and the live attenuated vaccine strain Ty21a (46). The Vi antigen subunit
vaccine contains purified S. Typhi Vi capsule. Unlike S. Typhimurium, S. Typhi possesses a
polysaccharide capsule that resists phagocytosis and impairs innate immune responses by host
cells (47-50). The Ty21a live attenuated vaccine strain contains multiple metabolic mutations
and lacks the Vi capsule (46). Both vaccines confer incomplete protection: ~70% protection is
elicited by the Vi antigen vaccine with revaccination required every 2-3 years, and 60-70%
protection is elicited by the Ty21a vaccine with revaccination required every 5-7 years (51). Both
vaccines are unsuitable for widespread distribution in developing countries where they are most
needed. Ty21a requires cold-chain storage and a multiple dosing regimen for maximal

protection, a requirement that is impractical for rural, impoverished areas where refrigeration
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and reliable electricity is scarce. Unlike Ty21a, the Vi antigen vaccine does not require
refrigeration and is dispensed as a single dose. However, administration of this vaccine requires
trained health professionals. Since the Vi antigen vaccine only recognizes a S. Typhi-specific
antigen, it is ineffective against Salmonella enterica Paratyphi serovars, which have similar
clinical manifestations and geographical distribution to typhoid fever (52). In contrast, the Ty21a
vaccine protects against paratyphoid fever but is not suitable for immunocompromised
individuals due to the live nature of the vaccine (53). Therefore improved typhoid vaccines with
improved efficacy and ease of storage and administration are needed. Large-scale
immunization campaigns have shown to be effective and feasible (54). Currently, no vaccines
against invasive or diarrheal NTS are available, although several conjugate and attenuated live

oral vaccines are currently in development (51).

Salmonella interactions with the small intestine

Much of what we know regarding Salmonella pathogenesis in humans has been gleaned
from the study of nontyphoidal Salmonella infection of mice. S. Typhi is a host-specific human
pathogen that fails to replicate and cause disease in mice. However, susceptible mice infected
with S. Typhimurium succumb to a somewhat typhoid-like illness. Animal models of infection
have been further developed to examine both the acute gastroenteritis and chronic phases of
Salmonella infection (55).

Salmonella infection of animals begins when bacteria are orally ingested through
consumption of fecally-contaminated water or food. Over 99% of ingested Salmonellae are
killed in the stomach or pass through the intestine without consequence (56). Remaining
bacteria invade the intestinal epithelium, primarily Microfold (M) cells, using the Salmonella
pathogenicity island 1 (SPI1)-encoded type lll secretion system (T3SS) (57-59). The SPI1
T3SS translocates effectors from the bacterium into the host cell cytosol to facilitate

internalization of Salmonella by host cells (60). Invasion of M cells allows direct access to the
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underlying lymphoid tissue known as Peyer’'s patches (61). Once within the Peyer’s patches,
Salmonella preferentially infects phagocytic cells, specifically macrophages and dendritic cells,
that traffic to the mesenteric lymph nodes and beyond (spleen, liver) (62). Salmonella can also
gain access to systemic sites in a SPI1-independent manner via CD18" dendritic cells that
directly sample the intestinal lumen (63). The ability of Salmonella to survive and proliferate
within mononuclear phagocytes is integral to Salmonella’s ability to cause systemic infection
(64). The small intestine mounts an immune response against Salmonella that is dependent on
the infecting serovar. This response and its determinants will be covered in greater depth later

in this chapter.

Survival of Salmonella within macrophages

In 1986, Fields et al. performed a large-scale screen for S. Typhimurium transposon
mutants that were unable to survive in cultured murine macrophages (64). These investigators
demonstrated that S. Typhimurium mutants unable to proliferate within macrophages failed to
cause systemic infection in mice. This highlights the importance of intramacrophage survival for
the establishment of invasive Salmonellosis. No comparable study has been performed for S.
Typhi in human macrophages.

Once inside macrophages, Salmonella utilizes a second T3SS, encoded on Salmonella
pathogenicity island 2 (SPI2), to translocate effectors across the phagosomal membrane into
the host cell cytoplasm (65). S. Typhimurium SPI2 mutants are defective for survival and
proliferation in murine macrophages as well as in their ability to cause systemic disease (66).
There are over 30 known SPI2 effectors with roles ranging from manipulation of the host cell’s
actin cytoskeleton, vesicular trafficking and signal transduction pathways (65). Interestingly,
Forest et al. reported that SPI2 is not required for the survival of S. Typhi in either primary or
immortalized human macrophages (67), although the same group reported in a 2001 study that

S. Typhi up-regulates SPI2 expression inside human macrophages (68). Although the prevailing
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paradigm has held that SPI2 is required for Salmonella survival inside host macrophages, SPI2
may serve an alternative role in S. Typhi interactions with the host immune system. This

possibility will be discussed further in Chapter 2.

Intracellular defenses against Salmonella

Despite Salmonella’s ability to manipulate the host and shape its replicative niche, host
mechanisms exist to prevent the replication of intracellular Salmonella. Macrophages have an
extensive repertoire of anti-bacterial defense mechanisms. Upon phagocytosis of bacteria,
vacuolar pH decreases to ~5.0-5.5, thereby activating phagosomal enzymes with potent anti-
microbial activity (69—71). Bactericidal reactive oxygen species (ROS) are produced rapidly
upon bacterial internalization via the NADPH phagocyte oxidase (Nox2), and production of
reactive nitrogen species (RNS) by inducible nitric oxide synthase (iINOS) occurs subsequently
(72-75). The generation of ROS in response to bacterial internalization is also observed in
neutrophils (73, 76). The phagosomal compartment deprives microbes of essential nutrients
such as metals like iron, which are withheld from the phagosome by metal pumps like the
natural resistance associated membrane protein 1 (Nramp1, also known as Sic11a1). The
importance of Nramp1 during Salmonella infection is demonstrated by the severe susceptibility
of Nramp1-/- mice to Salmonella infection (77). Programmed host cell death is another
mechanism by which Salmonella infection can be controlled. The most well studied form of

Salmonella-induced cell death, pyroptosis, is described in more detail below.

Salmonella-induced macrophage death

Salmonella-induced host cell death occurs at multiple sites in the body and in multiple
cell types including macrophages and epithelial cells (78). For the purposes of this discussion,
only Salmonella-induced macrophage death will be considered. The best-characterized

mechanism of Salmonella-induced macrophage death is pyroptosis. Salmonella-induced
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macrophage pyroptosis was initially regarded as apoptotic in nature, however it was later
designated as a distinctive form of macrophage death that is more inflammatory than apoptosis
(79, 80).

Pyroptosis is an inflammatory form of cell death that releases intracellular bacteria into
the extracellular milieu where they are ingested and killed by neutrophils (81). Additionally,
pyroptosis stimulates systemic innate immune responses through the production and secretion
of the inflammatory cytokines IL-13 and IL-18 (82—-85). Pyroptosis is characterized as either
rapid or delayed in onset. Rapid pyroptosis is dependent upon the Salmonella SPI1 T3SS (86,
87). During invasion of host cells, Salmonella employs the SPI1 T3SS to translocate effector
proteins into the host cell cytosol and facilitate invasion (17). Simultaneously, flagellin and SPI1
T3SS structural components may be translocated through the secretion apparatus into the host
cytosol. Host cells have exploited these events to detect and respond to invading intracellular
bacteria. Host cytosolic pattern-recognition receptors called NAIPs (NLR family apoptosis
inhibitor proteins) directly bind Salmonella flagellin or the SPI1 T3SS rod protein PrgJ (88-90).
The NAIP-bound protein then associates with the NOD-like receptor (NLR) NLRC4 (88-90).
Mice encode seven different NAIPs, with NAIPs 5 and 6 specifically recognizing flagellin and
NAIP2 specifically recognizing PrgJ (88). Interestingly, humans only encode a single NAIP that
does not recognize flagellin or PrgJ but instead recognizes the T3SS needle protein Prgl (91).
The NAIP/NLRC4 oligomer then associates with the inflammasome adapter protein ASC to form
an active inflammasome complex (86, 90). Pro-caspase-1 is recruited to the inflammasome and
cleaved into its active form (78, 83, 84). Consequently, the inflammatory cytokines IL-13 and IL-
18 are processed and activated by caspase-1 and released from infected cells (82). Membrane
pores are formed in the infected host cell in a caspase-1-dependent manner, eventually
resulting in host cell swelling and osmotic lysis that culminates in the release of intracellular
bacteria (85). Cell lysis is not required for the release of IL-13 and IL-18, which recruit additional

immune cells including neutrophils to the site of infection to aid in killing of Salmonella (78).
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NLRC4 and a second inflammasome-associated NLR protein, NLRP3, are thought to represent
different pathways of inflammasome activation, with NLRP3 recognizing distinctive stimuli from
those recognized by NLRC4, although a recent publication has demonstrated recruitment of
NLRP3 by NLRC4 during Salmonella infection of macrophages (92).

In contrast to rapid pyroptosis, delayed Salmonella-induced macrophage death does not
require the SPI1 T3SS but rather requires the SPI2 T3SS (93, 94). While caspase-1 is known to
be involved in delayed Salmonella-induced macrophage death, the precise inflammasome
components involved in this process have not been characterized (78, 94). The rod protein of
the SPI2 T3SS, Ssal, has been ruled out as an activator of delayed macrophage pyroptosis
(95). However to our knowledge, no reports have yet confirmed or excluded the involvement of
flagellin in delayed macrophage cytotoxicity (addressed further in Chapter 2). In fact it is unlikely
that flagellin is involved, as flagellin is downregulated following macrophage uptake of
Salmonella (96). In addition, no studies have directly demonstrated the ability of SPI2 to
translocate flagellin under natural conditions (97, 98), although SPI2-dependent detection of
heterologously-expressed flagellin in macrophages by NLRC4 has been demonstrated (81). The
pro-inflammatory cytokine IL-1( is expressed in delayed as in rapid pyroptosis (94). SpvB, an
ADP-ribosylating toxin encoded on the Salmonella virulence plasmid pSLT (which is absent in
S. Typhi) and translocated by the SPI2 T3SS, also triggers delayed macrophage death in
infected cells (99-101). However, the mechanism by which SpvB induces macrophage cell
death may be distinct from Salmonella-induced delayed pyroptosis, which will be discussed in
further detail in Chapter 2.

Since pyroptosis has primarily been studied in the context of S. Typhimurium-infected
murine macrophages and mice, the importance of pyroptosis in S. Typhi-human macrophage
interactions is less clear. Nevertheless, several studies have addressed the ability of S. Typhi to
cause cell death in human macrophages. S. Typhi induces both rapid and delayed cytotoxicity

in cultured human macrophages (79, 80, 93). S. Typhi and S. Typhimurium induce similar
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amounts of rapid SPI1-dependent macrophage cytotoxicity in human macrophages (94), but S.
Typhi induces less delayed macrophage death than S. Typhimurium (102). The ability of S.
Typhi to persist within human macrophages and disseminate to systemic sites might be related
to its ability to modulate macrophage death in a manner distinct from non-typhoidal serovars
such as S. Typhimurium. However the mechanism by which S. Typhi avoids the induction of

delayed human macrophage cell death is incompletely understood.

The immune response to Salmonella infection

The immune response to Salmonella infection begins in the small intestine. Intestinal
epithelial cells rapidly respond to Salmonella infection by secreting inflammatory cytokines, such
as IL-8 and hepoxilin As, that recruit neutrophils to the site of infection (50, 103). Neutrophil-rich
diarrhea is a hallmark of Salmonella-induced gastroenteritis, whereas diarrhea is infrequent in
patients with typhoid fever (37-39). This is likely due to the differential interactions of S. Typhi
and S. Typhimurium with the intestinal epithelium. Epithelial cells secrete IL-8 in response to
Salmonella infection by detecting Salmonella flagellin through the pattern-recognition receptor
(PRR) TLR5 (50). In contrast, less IL-8 is secreted from the intestinal epithelium and
macrophages during infection with S. Typhi (50). S. Typhi expresses the polysaccharide
capsule Vi that prevents TLR recognition of pathogen-associated molecular patterns (PAMPSs)
like flagellin and LPS. A Vi mutant of S. Typhi was shown to induce secretion of higher levels of
IL-8 from both epithelial cells and macrophages upon infection (50).

In addition to efficiently killing Salmonella, neutrophils are also an important early source
of interferon-y (IFN-y), a potent antimicrobial cytokine that activates resident phagocytes (104).
The importance of neutrophils in fighting Salmonella infection is highlighted by a study from
Cheminay, et al., in which antibody-mediated neutrophil depletion rendered mice more
susceptible to oral Salmonella infection and resulted in higher organism burdens in Peyer's

Patches and spleens compared to wild-type mice (105).
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Additional cell types including macrophages and NK cells are also recruited to the site of
intestinal infection (104, 106, 107). Resident dendritic cells (DCs) are activated by Salmonella
PAMPs and migrate to the Peyer’s Patches to activate naive T-cells (108—110). A 2001 study by
Sierro, et al. demonstrated that recognition of Salmonella LPS and flagellin by resident dendritic
cells results in maturation and translocation of dendritic cells to the T-cell-enriched area of
intestinal lymphoid tissue to initiate an adaptive immune response (108). While T-cells in the
Peyer’'s patches and mesenteric lymph nodes are activated within hours of oral Salmonella
infection, clonal expansion of Salmonella-specific T-cells can take weeks (109, 110).

In addition to a robust cell-mediated immune response, Salmonella also induces a
strong antibody response (111). Secretory IgA (slgA) is released from the intestine and is an
important local anti-Salmonella defense (112). Interestingly, a slgA response is only initiated
when Salmonella actively invades via M cells (113). Salmonella that bypass M cells to penetrate
the intestinal barrier fail to provoke a sIgA response in mice (113), although IgG responses are
initiated from both primary and secondary sites of infection (mesenteric lymph nodes and
spleen) (113). B cells are not only important during Salmonella infection because of their ability
to secrete anti-Salmonella antibodies, but also serve as antigen-presenting cells (114).

While a variety of host immune responses are generated in response to Salmonella
infection, we can learn much about which immune responses are integral to restricting
Salmonella to the intestine by examining immunodeficiencies that predispose individuals to
invasive nontyphoidal Salmonella infections (INTS). Three immunodeficiencies are known to
predispose individuals to iNTS but not typhoid fever. First, the phagocytes of individuals with
chronic granulomatous disease (CGD) are unable to mount a potent enough respiratory burst to
kill intracellular bacteria, including nontyphoidal Salmonella (115). Second, individuals with
defects in their ability produce IL-12/23 in response to infection are more susceptible to iINTS
(116). Third, individuals with reduced levels of CD4" T-cells, such as those infected with HIV,

are more susceptible to iINTS infections but not typhoid fever (9-11). Immunodeficiencies that
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predispose individuals to invasive Salmonellosis primarily appear to involve an inability to initiate
or sustain a Tp1 immune response. Additional observations underscore the importance of a
robust Tp1 response in controlling iNTS infection, which will be discussed in further detail in
Chapter 2 (114, 117). While the host immunodeficiencies that predispose individuals to iINTS
inform us of the host defenses important to resisting nontyphoidal Salmonella infection, the
infections these individuals are not more susceptible to, like typhoid fever, can be just as
informative about the pathogenesis of an organism. We know that a robust gut Ty1 immune
response is important to preventing iNTS, and that when these defenses are compromised
Salmonella that normally induce enteritis are able to infect the peripheral organs. However,
whether an individual has these same gut immune responses is of little consequence to S.
Typhi. While S. Typhimurium relies upon the absence of these defenses to cause systemic
infection, S. Typhi does not; suggesting S. Typhi possesses mechanisms to neutralize detection

by and/or activation of these responses.

Objectives of this thesis

Currently available typhoid vaccines are sub-optimal, and vaccines for invasive
nontyphoidal Salmonellosis (iINTS) do not yet exist. However, vaccination against these
infections are likely to be an important component of efforts to prevent invasive Salmonellosis
until comprehensive infrastructural remedies to ensure universal access to clean water and
adequate sewage disposal are instituted. The need for better vaccines is hastened by the rising
prevalence of multi-drug resistant strains of both S. Typhi and S. Typhimurium (118, 119). An
improved understanding of immune responses to typhoidal and nontyphoidal Salmonella will
enhance vaccine development efforts. Human Salmonellosis is most often studied in a murine
S. Typhimurium model system that recapitulates selected aspects of human typhoid fever.
While these studies are essential and useful to understanding the molecular basis of Salmonella

pathogenesis, unique pathogenic mechanisms employed by S. Typhi to subvert human immune
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responses cannot be studied in this model. This thesis seeks to understand the novel
pathogenic relationship between S. Typhi and human macrophages. The specific objectives are
three-fold: 1) to understand the molecular basis of S. Typhi persistence in human macrophages
and avoidance of macrophage cell death; 2) to understand the ability of S. Typhi to evade
immune detection in human macrophages and humanized mice; and 3) to characterize novel

determinants of S. Typhi virulence during infection of humanized mice.
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Chapter 2

Salmonella enterica serovar Typhi persists in human macrophages

by avoiding the elicitation of protective immune responses

LAS contribution: Conceived and designed study with F.C.F. and wrote manuscript. L.A.S.
performed all experiments, with assistance from Taylor Stepien on screening of SPI-2 effector
mutants for STAT1 phosphorylation and from Stephen J. Libby on humanized mouse infection

experiments.

Abstract

The human pathogen Salmonella enterica serovar Typhi (S. Typhi) causes more than 20
million infections and 200,000 deaths each year. Typhoid fever is characterized by a prolonged
incubation period, invasive disease and a high rate of asymptomatic carriage following disease
resolution. Survival within macrophages is an essential feature of Salmonella pathogenesis.
Accordingly, a Ty1 helper T cell response and M1 macrophage activation in response to T,1
cytokines are important for host resistance to intracellular pathogens such as Salmonella.
Individuals with congenital or acquired immunodeficiencies resulting in impaired Tp1 immunity,
such as HIV/AIDS, are more susceptible to invasive nontyphoidal salmonellosis but not typhoid
fever, suggesting that nontyphoidal serovars and S. Typhi may differ in their propensity to
promote a Tp1 immune response in infected hosts. We have found that S. Typhi persists within
cultured human THP-1 macrophages, in contrast to the nontyphoidal serovar S. Typhimurium,
by avoiding Salmonella-induced macrophage cell death, an important innate immune defense
against intracellular infection. S. Typhimurium induces macrophage death via caspase-3
activation as well as by caspase-1/4/5-dependent mechanisms, in a process dependent upon
the Salmonella pathogenicity island 2 (SPI2) type Il secretion system (T3SS) and the ADP-

ribosylating toxin SpvB encoded on the Salmonella pSLT virulence plasmid. Furthermore, S.
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Typhi-infected macrophages exhibit reduced activation of the M1 transcription factor STAT1 and
secretion of the T,1 cytokine IL-12 in comparison to S. Typhimurium-infected macrophages. A
hu-SRC-SCID humanized mouse model mirrors these results, with S. Typhi-infected mice
displaying significantly lower levels of serum IL-12 and IFN-y in comparison to S. Typhimurium-
infected mice. The M1 polarization of human macrophages by S. Typhimurium is also SPI2-
dependent. However, in contrast to macrophage death, M1 polarization is not dependent on
SpvB. Although the specific effector(s) responsible for the observed differences in STAT1
activation have not been identified, intramacrophage S. Typhi expresses SPI2 at lower levels
relative to S. Typhimurium, which may account for the different macrophage responses to these
Salmonella serovars. Collectively these observations suggest that S. Typhi is able to cause
persistent infection by avoiding host cell death and the elicitation of M1/T,1 immune responses

related to intramacrophage SPI2 expression.

Introduction

Typhoid fever afflicts more than 20 million people each year resulting in over 200,000
deaths (2). Typhoid fever is a disease characterized by bacterial persistence. Following
ingestion of Salmonella enterica serovar Typhi (S. Typhi), the causative agent of typhoid fever,
a prolonged incubation period occurs with symptoms, including high fever, appearing 1-2 weeks
after exposure (27). Invasive disease, primarily involving the reticuloendothelial system (27), is a
hallmark of typhoid fever. This is in contrast to infection with genetically similar but clinically
distinct nontyphoidal serovars such as Salmonella enterica serovar Typhimurium (S.
Typhimurium). Following ingestion of S. Typhimurium, infected individuals develop a self-limiting
gastroenteritis within 1-2 days. While chronic carriage of S. Typhimurium bacteria is rare,
approximately 2-10% of typhoid fever patients suffer long-term persistence and fecal shedding

of S. Typhi from the gallbladder (27, 28, 43).
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As S. Typhi is an obligate human pathogen, what is known about typhoid fever
pathogenesis in humans is largely gleaned from studies of S. Typhimurium infection of mice. In
immunocompetent humans, S. Typhimurium infections cause gastroenteritis, while in mice a
typhoid-like, invasive infection occurs (55). However, it is evident from their clinical
presentations in humans that S. Typhi and S. Typhimurium interact differently with the human
immune system. Individuals with congenital or acquired immunodeficiencies resulting in
impaired T,1 immunity, such as mutations in the IL-12/23 signaling axis or HIV/AIDS, are more
susceptible to invasive nontyphoidal Salmonellosis (iNTS) but not typhoid fever, suggesting that
nontyphoidal serovars, like S. Typhimurium, and S. Typhi may differ in their propensity to initiate
a Ty1 immune response in infected hosts (9—11, 116). In addition, S. Typhimurium infection of
mice cannot recapitulate all aspects of S. Typhi infection in humans, as S. Typhi possesses
unique virulence traits that are absent in S. Typhimurium, and vice versa. For example, S. Typhi
expresses a polysaccharide capsule called Vi, which is absent from S. Typhimurium and which
masks lipopolysaccharide (LPS) recognition by TLRs to blunt downstream inflammatory
cytokine expression (48-50). Conversely, S. Typhimurium possesses an ADP-ribosylating toxin
called SpvB, which is encoded on the virulence plasmid pSLT and absent from S. Typhi, that is
important for intracellular Salmonella survival and systemic infection of mice (120, 121).

I hypothesize that S. Typhi and S. Typhimurium interact with and elicit differential
immune responses in human macrophages, and that S. Typhi avoids and/or dampens immune
responses to infection such as M1 macrophage polarization, T,1 immune responses and
macrophage death. Through direct comparison of human macrophage responses to infection
with either serovar, we have found that S. Typhi is better able to persist in human macrophages
compared to S. Typhimurium, which may contribute to the ability of S. Typhi to cause persistent
infection. Persistence in human macrophages correlates with the ability of each serovar to
induce macrophage death, with S. Typhi inducing less macrophage death than S. Typhimurium.

Similarly, S. Typhi-infected macrophages are less M1-polarized than S. Typhimurium-infected
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cells, a trend that is mirrored in humanized mice. In addition, the macrophage responses to
infection with S. Typhi and S. Typhimurium correlate with differential intramacrophage
expression of virulence genes encoded by SPI2 (Salmonella Pathogenicity Island-2) and in the
case of S. Typhimurium are dependent upon the SPI2 T3SS (Type Ill Secretion System). These
observations suggest S. Typhi may have evolved to avoid immune detection during infection, in
contrast to S. Typhimurium, and that S. Typhi may dampen anti-bacterial responses through

downregulation of intramacrophage SPI2 expression.

Results
S. Typhi persistence in human macrophages

Typhoid fever is a disease characterized by the sustained survival of Salmonella Typhi
within host macrophages, an essential aspect of Salmonella pathogenesis (64). | therefore
compared the ability of S. Typhi and S. Typhimurium to persist within human macrophages in
vitro. Phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1 human macrophage-like cells
were infected with the human-serum opsonized, stationary-phase S. Typhi strain Ty2 or S.
Typhimurium strain 14028s at a multiplicity of infection (MOI) of ~15. Bacteria were centrifuged
onto macrophage monolayers to synchronize infection and internalized for 1 hr. Macrophage
monolayers were then washed with medium containing the membrane-impermeant antibiotic
gentamicin. Gentamicin was maintained in the medium for the duration of the experiment. At
specific timepoints, macrophages were lysed and intracellular colony-forming units (cfu)
enumerated. Survival was expressed as the percent intracellular Salmonella surviving as
compared to 1 hr post-infection (hpi). Both Ty2 and 14028s initially replicated inside human
macrophages, but by 48h and 72h, the survival of Ty2 was significantly greater than that of
14028s (Fig. 1). By light microscopy, 14028s-infected macrophages appeared to lose integrity in

comparison to Ty2-infected cells, thus | investigated whether differences in macrophage viability
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might account for differences in the persistence of S. Typhi and S. Typhimurium in human

macrophages.

Reduced cell death in S. Typhi-infected macrophages.

Multiple mechanisms of Salmonella-induced macrophage death have been described,
including pyroptosis and apoptosis (78, 100). One feature of pyroptotic cell death is the loss of \
membrane integrity followed by leakage of intracellular contents into the supernatant, including
the cytoplasmic protein lactate dehydrogenase (LDH) (85). Cleavage of the caspase-3 protease
was monitored as a specific indicator of apoptotic cell death (122). Human THP-1 macrophage-
like cells were infected as above with S. Typhi strain Ty2 or S. Typhimurium strain 14028s. At
24 hpi, supernatants from Salmonella-infected macrophages were collected and the
concentration of LDH quantified (Promega CytoTox96 Cytotoxicity Kit). Macrophage monolayers
were then lysed and total protein collected for Western blot analysis of activated caspase-3
levels. The concentration of LDH in the supernatant of 14028s-infected macrophages was
higher than from supernatants of Ty2-infected cells (Fig. 2A). LDH release also occurs during
necrotic cell death and sometimes during late-stage apoptosis and is not as specific for
macrophage pyroptosis as the activation of caspase-1 (78). We therefore employed the
caspase-1 inhibitor Z-YVAD-FMK to determine whether Salmonella-induced macrophage LDH
release is caspase-1 dependent. Human THP-1 macrophage-like cells were pre-treated with 50
pm of the inhibitor for 2 hrs prior to infection, and the inhibitor was maintained throughout
infection. At 24 hpi, supernatants from Salmonella-infected macrophages were collected, and
LDH was quantified. While LDH release from Ty2-infected cells was unchanged in the presence
of the caspase-1 inhibitor Z-YVAD-FMK, LDH release from 14028s-infected macrophages was
reduced by almost 40%, to levels similar to Ty2-infected cells (Fig. 2A). Similarly, more
activated caspase-3 was present in 14028s-infected macrophages than in Ty2-infected cells

(Fig. 2B). Taken together, these results indicate that Ty2 is less cytotoxic for human
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macrophages than 14028s and that Ty2 elicits less macrophage death than 14028s, including

both pyroptosis and apoptosis.

Reduced M1 Polarization in S. Typhi-infected Human Macrophages.

Macrophage death is an innate immune response to Salmonella infection that releases
bacteria from their intracellular niche for killing by neutrophils (81). We hypothesized that S.
Typhi avoidance of cell death might represent one facet of a coordinated evasion of anti-
bacterial host defenses. This is consistent with clinical observations indicating that susceptibility
to S. Typhi infection does not correlate with impaired M1/Ty1 responses, in contrast to non-
typhoidal Salmonella infections (Table 1). | hypothesized that S. Typhi may inhibit or fail to
initiate an M1/T1 response in infected hosts, whereas a robust M1/Ty1 response is required for
resistance to non-typhoidal Salmonellosis (Table 1). | therefore investigated whether S. Typhi-
infected human macrophages are less M1-polarized than S. Typhimurium-infected cells. Human
THP-1 macrophage-like cells were infected as above with S. Typhi strain Ty2 or S. Typhimurium
strain 14028s. At 24 hpi, supernatants from Salmonella-infected macrophages were collected
and the concentration of the M1 cytokine IL-12 quantified by ELISA. Macrophage monolayers
were then lysed and total protein collected for Western blot analysis of phosphorylated
(activated) STAT1 (phospho-STAT1), an M1 transcription factor (123). S. Typhi Ty2-infected
human macrophages were found to contain reduced levels of phospho-STAT1 in comparison to
14028s-infected cells (Fig. 2C). As predicted by differences in STAT1 activation, Ty2-infected
human macrophages also secreted less IL-12 than 14028s-infected cells (Fig. 2D), and the
quantity of IL-12 secreted by Ty2-infected macrophages was not significantly different from the
very low levels of IL-12 produced by uninfected macrophages (Fig. 2D).

| next investigated whether the observations in THP-1 cells were also seen in primary
human macrophages. Peripheral mononuclear blood cells (PBMCs) isolated from leukocyte

reduction filters were differentiated into macrophages in the presence of 10 ng ml" human
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granulocyte-macrophage colony stimulating factor (hGM-CSF) for 6 d and infected with S. Typhi
or S. Typhimurium under the same experiment conditions used for the THP-1 cells . At 24 hpi,
supernatants were collected and the concentration of LDH and IL-12 quantified as previously.
Macrophage monolayers were lysed and total protein collected for Western blot analysis of
activated caspase-3 and phospho-STAT1 levels. In agreement with the THP-1 infections, Ty2-
infected primary human macrophages released less LDH into the supernatant and had reduced
activated caspase-3, phospho-STAT1, and IL-12 secretion as compared to 14028s-infected
primary human macrophages (Fig. 3A-D), although the difference in LDH release between Ty2-
and 14028s-infected cells did not reach statistical significance, possibly as a consequence of

variability between cells derived from different human donors.

Reduced Ty1 Polarization in S. Typhi-infected Humanized Mice.

| next examined the relevance of these observations in human macrophages to infection
in an animal model. This was a challenging proposition, as S. Typhi is a human-restricted
pathogen that fails to cause disease in normal mice. However, in collaboration with researchers
at the University of Massachusetts and Jackson Laboratories, our lab has developed a
humanized mouse model of systemic S. Typhi infection (124). To create this model, newborn or
21 day-old nonobese diabetic-scid /L2ry™" (NOD-scid IL2ry™") mice are irradiated then
engrafted with T cell-depleted, CD34" human umbilical cord hematopoietic stem cells (124—
126). Engraftment levels must be confirmed by flow cytometry of peripheral blood to identify
human CD45" (leukocytes), CD3" (T cells) and CD20" (B cells) cell subsets. These mice will
heretofore be referred to as humanized mice. Humanized mice were infected intraperitoneally
(i.p.) with ~6x10* cfu of S. Typhi Ty2 or ~1x10° cfu S. Typhimurium 14028s. Uninfected mice
received an equal volume of sterile PBS. Inoculua were based on pilot experiments to optimize
the infection rate for each group. However since each mouse varies in engraftment level and

donor blood cell origin, disease severity and time to death is variable. Infected humanized mice
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were sacrificed after becoming moribund or at 7 d post-infection. At the time of sacrifice,
peripheral blood, livers and spleens were aseptically harvested. Peripheral blood was
immediately frozen and stored at -80°C until assayed for cytokine concentration using an assay
that differentiated between human and mouse cytokines. Liver and spleens were homogenized
and cfu enumerated. Mice with organ burdens below the limit of detection were excluded from
cytokine analysis. S. Typhi Ty2-infected humanized mice had nearly 100-fold less circulating
human IL-12 than S. Typhimurium 14028s-infected humanized mice (Fig. 3E). We also
measured the T,1 cytokine human interferon-y (IFN-y). IFN-y is secreted by T cells that have
undergone differentiation to Ty1 cells in response to IL-12 (127). Although the difference in
circulating human IFN-y between Ty2- and 14028s-infected humanized mice did not reach
statistical significance, Ty2-infected humanized mice strongly trended towards less circulating
human IFN-y than 14028s-infected humanized mice (Fig. 3E). We also determined the bacterial
burden (cfu) of infected mice at the time of sacrifice (Fig. 3F). Taken together these results
confirm that S. Typhi Ty2 elicits lower levels of pyroptosis, apoptosis and M1 macrophage
polarization in THP-1 human macrophage-like cells and primary human macrophages, as well
as lower levels of Ty1 cytokine production in humanized mice, consistent with evasion or

suppression of host anti-bacterial immune responses.

Genetic Determinants of Salmonella-induced Cell Death.

Multiple bacterial and host determinants of Salmonella-induced macrophage pyroptosis
and apoptosis are known (78). Salmonella-induced macrophage pyroptosis is categorized as
either rapid (~4 hpi) or delayed (~18-24 hpi) in onset (78). In vitro, rapid onset pyroptosis can be
induced by infecting macrophages with bacteria grown to late-logarithmic phase and is
dependent upon flagellin and Salmonella Pathogenicity Island 1 (SPI1), with the type 3
secretion system (T3SS) proteins Prgd and Prgl specifically impliclated in inflammasome

activation (88, 89, 91). In contrast, delayed onset macrophage pyroptosis is induced when
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infecting bacteria are grown to stationary phase and is dependent on Salmonella Pathogenicity
Island 2 (SPI2) rather than SPI1 (93, 94). | tested the involvement of these determinants in my
experimental system. THP-1 human macrophage-like cells were infected as in previous
experiments with stationary-phase S. Typhi strain Ty2 or S. Typhimurium strain 14028s. At 24
hpi macrophage supernatants were collected and LDH release quantified as a measure of
macrophage death. Macrophages infected with S. Typhimurium 14028s strains lacking the SPI1
T3SS subunit InvA or the flagellar subunits FliC and FIjAB exhibited LDH release similar to that
of macrophages infected with wild-type S. Typhimurium, confirming that SPI1 and flagellin are
not required for late 14028s-induced macrophage LDH release (Fig. 4A). In contrast, the loss of
SsrB or PhoP, regulators of SPI2 expression, resulted in a significant decrease in LDH release
from infected macrophages, demonstrating that 14028s-induced human macrophage cell death
is SPI2-dependent (Fig. 4A). S. Typhi expresses a polysaccharide capsule called Vi on its
surface, which has anti-phagocytic, anti-complement and anti-inflammatory properties (47-50).
As Vi is an important typhoid virulence determinant, we investigated whether Vi had an
influence on the release of LDH from Ty2-infected human macrophages. However infection of
macrophages with a vexA mutant of Ty2 (Vi phenotype) did not significantly increase levels of
macrophage LDH release (Fig. 4A).

Genetic determinants of Salmonella-induced macrophage apoptosis are less well
characterized than for Salmonella-induced pyroptosis. As for delayed Salmonella-induced
macrophage pyroptosis, SPI2 and its regulators PhoP and OmpR, are required for Salmonella-
induced macrophage apoptosis (93, 94, 128, 129). To further investigate this question, human
THP-1 macrophage-like cells were infected as before with S. Typhi Ty2 or S. Typhimurium
14028s. At 24 hpi, macrophage monolayers were lysed and total protein collected for Western
blot analysis of activated caspase-3 and phospho-STAT1 levels. Macrophages infected with
either 14028s ssrB or phoP mutants had reduced caspase-3 activation and phospho-STAT1

levels as compared to 14028s wt-infected macrophages (Fig. 4B,C). We also tested whether
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secretion of Ty1 cytokines in infected humanized mice was dependent upon 14028s SPI2.
Humanized mice were infected as before with ~6x10* cfu of S. Typhi Ty2, ~1x10° cfu S.
Typhimurium 14028s or ~1x10° cfu of S. Typhimurium 14028s AssrB. Uninfected mice received
an equal volume of sterile PBS. Serum levels of the human IL-12 in 14028s AssrB-infected
humanized mice were significantly lower than in 14028s wt-infected humanized mice, similar to
S. Typhi Ty2-infected humanized mice (Fig. 4D). Although the difference in circulating human
IFN-y between 14028s AssrB- and 14028s wt-infected humanized mice did not reach statistical
significance, 14028s AssrB-infected humanized mice strongly trended towards less circulating
human IFN-y than 14028s wt-infected humanized mice (Fig. 4D). Taken together, these results
demonstrate that SPI2, and its regulator PhoP, are required for 14028s-induced pyroptosis,
apoptosis, and M1 polarization of human macrophages, as well as for T,1 cytokine secretion in
humanized mice.

We have demonstrated that multiple pathways of S. Typhimurium-induced macrophage
death as well as M1 macrophage polarization are dependent upon SPI2 (Fig. 4). LDH release,
caspase-3 activation and phospho-STAT1 levels in human macrophages infected with 14028s
ssrB mutants are similar to those observed in S. Typhi Ty2-infected cells. This suggested that
the differences in macrophage responses to infection with S. Typhi or S. Typhimurium might
relate to serovar-specific variation in SP12. Extensive genome degradation is a hallmark of host-
adapted pathogens such as S. Typhi, and S. Typhi SPI2 contains a number of pseudogenes in
comparison to S. Typhimurium (Table 2). | hypothesized that the absence of specific SPI2
effectors in S. Typhi might explain serovar-specific differences in intramacrophage persistence,
macrophage death and macrophage polarization (Figs. 1, 2). The pSLT virulence plasmid of S.
Typhimurium, absent in S. Typhi, has previously been shown to induce apoptosis in Salmonella-
infected macrophages (99-101). The ADP-ribosylating toxin and SPI2-translocated effector
SpvB is encoded on this plasmid (130). PMA-differentiated THP-1 human macrophage-like cells

were infected as before with S. Typhi Ty2, S. Typhimurium 14028s, or S. Typhimurium 14028s
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carrying an spvB mutation. At 24 hpi macrophage supernatants were collected and LDH release
quantified as a measure of macrophage death. Human macrophages infected with 14028s
lacking SpvB had no significant change in macrophage LDH release levels as compared to
those infected with wt 14028s (Fig. 5A). However, when macrophages were lysed and total
protein collected for Western blot analysis of activated caspase-3 and phospho-STAT1 levels, a
14028s spvB mutant was found to induce less caspase-3 activation during infection than
14028s wt (Fig. 5B). This result was not entirely surprising given a previous report that
apoptosis ofmS. Typhimurium-infected primary human macrophages is dependent upon the spv
regulator SpvR (100). We next investigated the effect of an spvB mutation on S. Typhimurium
intramacrophage persistence. At the timepoints listed in Fig. 5C, macrophages were lysed and
intracellular cfu enumerated. Survival is expressed as the percent survival of intracellular
Salmonella as compared to one hpi. While a, spvB S. Typhimurium mutant did not have
significantly greater intramacrophage survival at day three as compared to wt 14028s, it did
trend towards greater survival (Fig. 5C). A 14028s ssrB mutant, lacking SPI2 expression, had
greatly increased intramacrophage persistence compared to either the wt or the AspvB mutant
strains of 14028s, indicating that the absence of SpvB does not fully restore 14028s
intramacrophage persistence and that additional SPI12-related mechanisms of cell death remain

to be characterized (Fig. 5C).

Genetic Determinants of Salmonella-induced M1 Polarization of Macrophages.

Finally, the activation of STAT1 was examined in human macrophages infected with a
14028s spvB mutant. Human macrophages infected with a 14028s spvB mutant had similar
levels of phospho-STAT1 as those infected with wild-type S. Typhimurium 14028s (Fig. 5D).
Collectively these results confirm that Salmonella-induced macrophage death influences the
persistence of intramacrophage Salmonella. We have identified one pro-macrophage death

SPI2 effector, SpvB, which both induces apoptosis and impairs S. Typhimurium 14028s
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intramacrophage persistence (Fig. 5B,C). However, SpvB does not account for the SPI2-
dependent differences in LDH release and STAT1 activation observed during human

macrophage infection with S. Typhi and S. Typhimurium (Fig. 5A,D).

Differential STAT1 activation is not attributable to differences in LPS sensing between
serovars

Although the S. Typhimurium ADP-ribosylating toxin SpvB can account for the different
abilities of these Salmonella serovars to induce macrophage cell death, it does not explain the
differences in STAT1 activation (Fig. 5D). STAT1 is activated in response to IFN-y or -B
stimulation (131). IFN-y is secreted by differentiated T and NK cells (132), whereas IFN-B is
secreted by macrophages in response to TLR4 stimulation by bacterial lipopolysaccharide
(LPS) an mediates autocrine STAT1 activation (133, 134). To further investigate the mechanism
of STAT1 activation, | first measured the secretion of IFN-B by S. Typhi and S. Typhimurium-
infected human macrophages. PMA-differentiated THP-1 human macrophage-like cells were
infected as before with S. Typhi Ty2 or S. Typhimurium 14028s. At indicated timepoints,
macrophage supernatants were collected and IFN-B quantified by ELISA. IFN-B secretion in
response to Salmonella infection was rapid and robust, but no significant differences at any
timepoint were observed between Ty2- and 14028s-infected macrophages (Fig. 6A). This
suggested that macrophage TLR4-sensing of S. Typhimurium and S. Typhi LPS is similar. This
conclusion was further supported by infecting THP-1 macrophages with a Vi capsular mutant of
Ty2 (AvexA). Vi is reported to shield S. Typhi LPS from TLR4 recognition to reduce
inflammatory cytokine stimulation (50, 135). However an S. Typhi vexA mutation did not restore
phospho-STAT1 levels to those of macrophages infected with wt S. Typhimurium (Fig. 6B). This
indicates that reduced STAT1 activation in S. Typhi-infected macrophages is not caused by

inhibitory actions of the Vi capsule.
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| further determined whether differences in STAT1 phosphorylation were a consequence
of pyroptosis. Pyroptotic cell death culminates in the lysis of infected cells and the release of
bacteria into the extracellular milieu. Consequently, extracellular bacteria might stimulate TLR4-
dependent STAT1 activation in adjacent macrophages. To test this possibility, THP-1
macrophages were pretreated with the pan-caspase inhibitor Z-VAD-FMK, including caspases 1
and 3, for two hours, then infected as above, with Z-VAD-FMK maintained throughout the
infection. At 24 hpi macrophage supernatants were collected and LDH release quantified as a
measure of macrophage cell death. Addition of the pan-caspase inhibitor Z-VAD-FMK to
14028s-infected macrophages reduced LDH release from cells to a level similar to that
measured in Ty2-infected macrophages (Fig. 6C). This effect was specific to caspase inhibition,
as the negative control molecule Z-FA-FMK, an inhibitor of non-caspase cysteine proteases,
had no effect on LDH release from 14028s-infected macrophages (Fig. 6C). Pan-caspase
inhibition of 14028s-infected human macrophages did not significantly change intramacrophage
phospho-STAT1 (Fig. 6D). A decrease in phospho-STAT1 levels was observed in infected
human macrophages containing the negative control molecule Z-FA-FMK, likely due to a non-
specific consequence of cysteine protease inhibition. | conclude that differences in LPS
recognition or the amount of macrophage death does not account differential STAT1 activation
in human macrophages infected S. Typhi and S. Typhimurium.

I next investigated whether differences in STAT1 phosphorylation at 24 hpi resulted from
the failure of S. Typhi-infected macrophages to activate STAT1, or the dephosphorylation of
phospho-STAT1. Human THP-1 macrophage-like cells were infected as above with S. Typhi
Ty2 or S. Typhimurium 14028s. At the indicated times macrophage monolayers were lysed and
total protein collected for Western blot analysis of phospho-STAT1. At 1 and 6 hpi, phospho-
STAT1 levels were similar in Ty2- and 14028s-infected macrophages. However, at later
timepoints, differences in phospho-STAT1 levels were evident (Fig. 7A). The activation and

deactivation of STAT1 in Ty2-infected macrophages correlated with human IFN-§ secretion (Fig.
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6A). Having shown that Ty2-infected human macrophages were capable of activating STAT1 to
levels similar to that of 14028s-infected cells at initial time points, | tested the ability of Ty2-
infected human macrophages to respond to exogenous human IFN-B. In the event that Ty2
infection prevents activation of STAT1, the response of Ty2-infected cells to exogenous IFN-
would be expected to be attenuated. Human THP-1 macrophage-like cells were infected as
above but at 18 hpi, exogenous human IFN- was added and maintained throughout infection.
At 24 hpi macrophage monolayers were lysed and total protein collected for Western blot
analysis of phospho-STAT1 levels. Ty2-infected human macrophages treated with exogenous
IFN-B exhibited reduced phospho-STAT1 levels in comparison to 14028s-infected human
macrophages, consistent with the hypothesis that S. Typhi blunts the responsiveness of
macrophage JAK-STAT signaling pathways (Fig. 7B). Taken together, the observations show
that differences in STAT1 activation between Ty2- and 14028s-infected human macrophages
cannot be attributed to differential LPS sensing, Vi capsular polysaccharide or pyroptosis (Figs.
6B,D). Rather, S. Typhi appears to inhibit JAK-STAT signaling in response to IFN-B, the

mechanism of which is an object of ongoing investigation in the lab.

S. Typhi Virulence Gene Expression in Human Macrophages.

As my initial studies found that S. Typhimurium-induced macrophage pyroptosis,
apoptosis, STAT1 activation and Ty1 cytokine secretion are all dependent upon the virulence
locus SPI2 (Salmonella Pathogenicity Island 2) (Fig. 4), | investigated whether differences in
SPI2 between S. Typhi and S. Typhimurium might be responsible. A preliminary screen
(performed with the assistance of Taylor Stepien) in human macrophages infected with S.
Typhimurium mutants lacking individual SPI2 effectors failed to identify an individual effect
required for STAT1 activation. | next measured intramacrophage SPI2 gene expression using a
SPI2 expression reporter plasmid from /barra et al. (136). In this system, the promoter of the

SPI2 structural gene ssaG drives GFP expression (136). Human THP-1 macrophage-like cells
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were infected as above with S. Typhi Ty2 or S. Typhimurium 14028s carrying the SPI2 reporter
plasmid. At 24 hpi, macrophage monolayers were lysed and bacteria separated from
macrophage debris by gentle centrifugation. Bacteria were then harvested, fixed and subjected
to flow cytometric analysis for GFP expression on a BD FACSCanto Il flow cytometer. A
pronounced difference in intramacrophage SPI2 expression between S. Typhi Ty2 and S.
Typhimurium 14028s was observed (Fig. 8). Although most intracellular S. Typhimurium
exhibited high levels of GFP expression, lower levels and a broader distribution of GFP
expression was observed in intracellular S. Typhi (Fig. 8). In additionally, a larger number of
GFP-negative S. Typhi-infected macrophages were detected (Fig. 8). These data suggest that
differences in intramacrophage SPI2 expression between the S. Typhi and S. Typhimurium may
play an important role in the different host immune responses to these Salmonella serovars
(Figs. 4,8). Studies in progress to enhance SPI2 expression in S. Typhi Ty2 will determine

whether macrophage pyroptosis and STAT1 activation are increased as a result.

Discussion
Clinical and epidemiological observations suggest that S. Typhi and S. Typhimurium
have fundamentally different interactions with the human immune system. This study examined
the immune response during S. Typhi and S. Typhimurium infection of human macrophages
and humanized mice to test the hypothesis that S. Typhi causes persistent infection by evading
critical components of the immune response. | found that S. Typhi is better able than S.
Typhimurium to cause persistent infection of human macrophages by avoiding the induction of
pyroptosis and apoptosis. Moreover, reduced M1/Ty1 polarization and initiation of T,1 immune
responses were observed in S. Typhi-infected human macrophages and humanized mice.
Salmonella gastroenteritis caused by non-typhoidal serovars is an acute self-limited
illness, whereas typhoid fever is characterized by bacterial persistence. This is further

evidenced by S. Typhi's longer incubation period and higher rate of carriage (27, 28). My
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research has shown that the same is true for S. Typhi and S. Typhimurium infection of human
macrophage-like cells (Fig. 1). | found that both S. Typhi Ty2 and S. Typhimurium 14028s are
initially able to replicate in THP-1 human macrophage-like cells, but by 48 and 72 hpi, the
intramacrophage viability of S. Typhi was higher than that of S. Typhimurium (Fig. 1). Enhanced
persistence of S. Typhi in human macrophages may underlie clinical phenomena such as
typhoid fever's prolonged incubation period, sustained infection in the host, relapse in
convalescent patients and chronic carriage (27). Typhoid fever relapse occurs in ~5-20% of
recovering patients and can occur within weeks or months of recovery (137). Few determinants
of relapsing typhoid fever are known, although relapse has been demonstrated in a mouse
model of persistent infection that Salmonella can persist in a mesenteric lymph node reservoir
(138). Salmonella has also been reported to persist within non-activated monocytes at low
levels (138). | have not determined whether the persistent S. Typhi that | have observed in
cultured human macrophages are metabolically active and replicating.

One mechanism of S. Typhi persistence in human macrophages is the avoidance of
Salmonella-induced macrophage death. S. Typhi infection of THP-1 human macrophage-like
cells and primary human macrophages elicits less pyroptosis and apoptosis than S.
Typhimurium (Figs. 2A,B & 3A,B). S. Typhimurium-induced pyroptosis and apoptosis is
dependent upon the SPI2 T3SS (Fig. 4A,B). The ADP-ribosylating toxin SpvB which is
translocated by the SPI2 T3SS (130), has been implicated in Salmonella-induced apoptosis. |
constructed an isogenic mutation of spvB of S. Typhimurium 14028s and confirmed that SpvB is
required for caspase-3 activation by S. Typhimurium in infected human macrophages (Fig. 5B).
Importantly, the absence of SpvB allowed S. Typhimurium 14028s to persist within human
macrophages to an extent similar to S. Typhi (Fig. 5C). Interestingly, SpvB is commonly found in
gastroenteritis-causing Salmonella serovars such as S. Typhimurium and S. Enteritidis, which

rarely cause systemic disease in immunocompetent humans (139), whereas the enteric fever
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serovars S. Typhi, S. Paratyphi A and S. Paratyphi B all lack SpvB in their genome, consistent
with the idea that the avoidance of apoptosis is required for persistent infection (139).

Although the absence of SpvB in S. Typhimurium abrogated caspase-3 activation during
infection of human macrophages, it did not influence Salmonella-induced pyroptosis or STAT1
activation (Fig 5A,D). The possibility that differential STAT1 activation might result from
differences in LPS activation was assessed. Macrophages secrete IFN-§ in response to TLR4
activation by bacterial LPS (131, 133, 134). Autocrine responses to IFN-f result in STAT1
activation by the JAK1 kinase (131). | hypothesized that S. Typhi might exhibit reduced TLR4
activation due to inhibitory actions of the Vi polysaccharide capsule (12). However, no
differences in IFN-B secretion by S. Typhi- or S. Typhimurium-infected human macrophages
were observed (Fig. 6A). Furthermore, , a Vii mutation in S. Typhi failed to restore phospho-
STAT1 activation at 24 hpi (Fig. 6B). Inhibition of cell death with a pan-caspase inhibitor failed to
inhibit STAT1 activation by S. Typhimurium at 24 hpi, indicating that increased extracellular LPS
release from dying macrophages did not account for sustained STAT1 activation in S.
Typhimurium-infected human macrophages (Fig. 6C,D). Knowing that Salmonella-induced cell
death, STAT1 activation and the downstream activation of T,1 immune responses are all
dependent on the SPI2 virulence genes, | next investigated whether differences in SPI2
effectors or expression could account for the observed differences in the macrophage immune
response to S. Typhi and S. Typhimurium.

After performing a preliminary screen in human macrophages infected with S.
Typhimurium mutants lacking individual SPI2 effector proteins and failing to identify a specific
effector that was responsible for differences in STAT1 activation, | determined that
intramacrophage expression of the SPI2 structural gene ssaG was significantly lower in S. Typhi
than S. Typhimurium (Fig. 8). The acquisition of SPI2 was a critical evolutionary event for the
ability of Salmonella to survive intracellularly and cause invasive infections (Hensel, 2000). Early

studies of the systemic virulence of S. Typhimurium in mice identified SPI2 as essential for
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macrophage and systemic replication (66). However, SPI2 is not required for the persistence of
S. Typhi or S. Typhimurium in human macrophages (Fig. 5C) (67). In fact, SPI12 mutants are
better able than wild-type S. Typhimurium to survive in human macrophages when assayed at
late timepoints (Fig. 5C). The importance of SPI2 for Salmonella intracellular and systemic
replication appears to depend on the host cell type and time interval. Levels of SPI2 expression
are also important, as SPI2 dysregulation can impair S. Typhimurium replication and virulence
even in murine cells (140). A nucleoid-associated protein called YdgT has been identified as a
negative regulator of SPI2 that is thought to optimize expression levels (140). | hypothesize that
S. Typhi has evolved mechanisms to reduce SPI2 expression levels in order to minimize the
stimulation of host immune responses, whereas S. Typhimurium expresses SPI2 at higher
levels and exploits host inflammation (Geddes, 2010; Rivera-Chavez, 2015).

It must be acknowledged that a role for differences in the complement of SPI2 effectors of
S. Typhi and S. Typhimurium has not been excluded. A number of S. Typhimurium SPI2
effectors are absent or present only as pseudogenes in S. Typhi (Table 2), and it is also
possible that differences in the expression or activity of other factors is contributory. For
example, SseL is a SPI2-translocated effector, present in both S. Typhi and S. Typhimurium,
that has been suggested to promote macrophage death and inflammation in mice (141, 142),
and PhoP, a regulator of SPI2 expression, can directly activate sseL (143). In fact our laboratory
has preliminary evidence indicating that PhoP-dependent gene expression is reduced in S.
Typhi relative to S. Typhimurium under in vitro conditions (S. Libby, unpublished data).
Additional SPI2 effector candidates include PipB, a proinflammatory SPI2 effector (144) and
SptP, a SPI2 effector with homology to the Yersinia cytotoxin YopE (145). Both PipB and SptB
are presentin S. Typhi and S. Typhimurium.

This study is novel in its use of humanized mice to examine S. Typhi avoidance of T,1
immune responses to infection. | have demonstrated that humanized mice infected with S. Typhi

have significantly lower serum levels of human IL-12 than humanized mice infected with S.

41



Typhimurium 14028s (Fig. 3E). Of note, S. Typhimurium-elicited Ty1 cytokine responses in this
model are dependent upon SPI2 (Fig. 4D). A caveat with regard to these data is that organ
burdens (cfu) between different infection groups were different and might influence serum
cytokine levels. At later time points, organ burdens were more similar (Fig. 9B), with IL-12 levels
trending higher (p = 0.11) in the S. Typhimurium 14028s-infected mice than S. Typhi Ty2-
infected mice (Fig. 9A).

This work has important implications for understanding the pathogenesis of typhoid fever
and developing new strategies for the prevention and treatment of Salmonella infections. The
observations underscore the importance of studying pathogens in their native hosts and host
cells whenever possible. While mouse models have proven to be an invaluable resource for
understanding Salmonella pathogenesis, ordinary laboratory mice cannot recapitulate the
aspects of S. Typhi infection that are unique to humans. Infection studies in human cells and
humanized systems will continue to complement murine Salmonellosis models in the future. The
evasion of T,1 immune responses by S. Typhi explain the longstanding observation that only
non-typhoidal Salmonella serovars cause opportunistic infections in patients with HIV infection
and suggest that S. Typhi vaccines may require specific strategies to augment cellular immune
responses. The importance of STAT1 for MHC class | expression (Zhou, 2009) suggests that
antigen presentation may also be inhibited by S. Typhi, as has been demonstrated during S.
Typhimurium infection of murine dendritic cells (146). Like S. Typhi itself, further elucidation of
the mechanisms of evasion of host immunity during typhoid fever will require both persistence

and ingenuity.

Materials and Methods
Bacterial genetic manipulations, growth conditions and chemicals
Unless otherwise stated, chemicals were purchased from Sigma-Aldrich (St. Louis, MO)

or Fisher Scientific (Waltham, MA). The A-red recombinase system was used to construct
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Salmonella mutants (147). PCR was performed with primers containing ~40 bp of homology to
the 5’ or 3’ end of the gene of interest and ~20 bp of homology to the kanamycin-resistance
gene of pKD4 or pKD13. Mutant construction was confirmed by PCR. Strains were cultured in
Luria-Bertani (LB) media for 18 hrs with shaking at 250 rpm at 37°C. Kanamycin and

carbenicillin were supplemented in the appropriate cultures at 50 ug ml™”.

Animals
All animal experiments were approved by the University of Washington Institutional

Animal Care and Use Committee in accordance with guidelines regarding animal welfare.

Salmonella intramacrophage survival assay

Prior to infection, human THP-1 monocytes were differentiated into macrophage-like
cells with 100 nm of phorbol 12-myristate 13-acetate (PMA) for 48 hrs. PMA-free medium was
added to macrophages 24 hrs prior to infection. Human peripheral blood mononuclear cells
(PBMCs) were harvested from leukocyte reduction filters (Bloodworks Northwest) and
differentiated in 10 ng mI" human granulocyte-macrophage colony stimulating factor (GM-CSF)
for 6 d. GM-CSF-free media was added to macrophages 24 hrs prior to infection. Salmonella
strains were grown in LB broth (Fisher Scientific) for 18 hrs with shaking at 37°C. Salmonella
cultures were adjusted to ODgg 1.0 and washed twice with sterile PBS (Cellgro). Equal parts
Salmonella and 100% AB human serum (Cellgro) were mixed and incubated at 37°C in 5% CO,
for 20 min to opsonize bacteria. Opsonized bacteria were then used to infect 3x10° THP-1
human macrophage-like cells/well or human peripheral blood mononuclear cells/well (24-well
plate) at a MOI of ~15. Infected monolayers were centrifuged for 5 min at 1000 rpm to
synchronize infection then incubated at 37°C for 1 hr to promote internalization. Following

internalization, monolayers were washed with RPMI supplemented with 20 pg ml” gentamicin to
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kill extracellular bacteria. At the times listed, medium was removed from wells and macrophages

lysed with 1% Triton X-100 to enumerate intramacrophage bacteria.

Salmonella-induced human macrophage cytotoxicity assay

The concentration of lactate dehydrogenase in the supernatant of infected human
macrophages was assayed using the CytoTox96 Cytotoxicity Kit per the manufacturer’s protocol
(Promega). Percent cytotoxicity was calculated as follows: ((Experimental release-Spontaneous
release)/(Maximum release-Spontaneous release)) x 100. For caspase inhibitor assays, the
inhibitors Z-YVAD-FMK (R&D Systems) and Z-VAD-FMK (BD Biosciences) were added to
medium 2 hrs prior to infection at 50 and 20 um, respectively, and maintained throughout the
infection. The negative control molecule Z-FA-FMK (BD Biosciences) was used at the same

concentration used for its respective caspase inhibitor.

Humanized mouse infections

Humanized mice susceptible to S. Typhi infection were constructed as previously
described (124). Briefly, NOD-SCID IL2ry null mice engrafted with human umbilical cord stem
cells were infected with ~6x10* cfu of S. Typhi Ty2 Nal®?, ~1x10°® cfu S. Typhimurium 14028s wt
or ~1x10° cfu of S. Typhimurium 14028s AssrB. Infection inoculua were chosen to obtain similar
duration of infection in humanized mice. Humanized mice were sacrificed upon becoming
moribund or at 7 d post-infection, whichever occurred first. Upon sacrifice, intracardiac blood
was harvested then centrifuged in BD Microtainer tubes with serum separator additive for 5 min
at 15000 rpm. Serum was removed, transferred to a new tube, then stored at -80°C until
analysis. Serum cytokines were measured with a cytokine bead array (Becton Dickinson)
followed by analysis on a LSRII flow cytometer (Becton Dickinson) or on a multiplex microbead
cytokine array with analysis on a Luminex 200 (Luminex). Mice with no detectable organ burden

were excluded from cytokine analysis. The spleen and liver from each mouse were aseptically
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removed, weighed, then homogenized in 1 ml sterile PBS using a Power Gen 125 tissue
homogenizer (Fisher Scientific). Homogenates were serially diluted in sterile PBS, plated on LB

agar plates and incubated overnight at 37°C. Cfu/gram tissue were enumerated.

Cell culture

Human THP-1 monocytes were obtained from the American Type Culture Collection
(ATCC). THP-1 cells were cultured in RPMI 1640 1X (Mediatech, Manassas, VA) supplemented
with 10% heat-inactivated fetal bovine serum (Cellgro). THP-1 cells were propagated according

to ATCC recommendations at 37°C in 5% CO..

Human peripheral blood mononuclear cell harvest

One-day-old leukocyte reduction filters (LRFs) were purchased from Bloodworks
Northwest (Seattle, WA). Each LRF was backflushed with 100 ml sterile PBS (Cellgro). Eluate
was overlaid on Ficoll-Paque PLUS (GE Healthcare) and centrifuged at room temp for 35 min at
2000 rpm (brake off). Following gradient separation, the monocyte-containing layer was
removed and washed twice in sterile PBS. Cells were suspended in a solution of RPMI 1640 1X
containing human granulocyte macrophage colony stimulating factor (GMCSF, Peprotech) at a
concentration of 10 ng ml" and filtered using a 70 um nylon mesh sterile cell strainer
(Fisherbrand) to remove coagulated material. Cells were incubated in untreated tissue culture
flasks for 48 hrs. Adherent cells were scraped and seeded into tissue culture wells where they
were allowed to adhere for 5 more d. GMCSF-free media was added to cells 24 hrs prior to

infection.

Immunoblotting
Infected human macrophages were lysed in 1X RIPA buffer (Cell Signaling Technology)

with added 1X phosphatase and protease inhibitors (Cell Signaling Technology). Total protein
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lysates were frozen at -20°C until assayed. Total protein was quantified using the BCA protein
assay kit (Pierce). Fifty pg total protein was combined with SDS loading dye and incubated for 5
min at ~95°C. Denatured total protein was loaded into a 4-15% SDS polyacrylamide gel (Bio-
rad) and electrophoresed with 150 volts for 45 min. Proteins were wet-transferred onto a
Immobilon-P Polyvinylidene fluoride (PVDF) membrane (Millipore) with 120 milliamps for 42
min. Protein-containing membranes were blocked in 5% bovine serum albumin (RPI Corp.) for
30 min. Membranes were then incubated with rabbit anti-human caspase-3 or rabbit anti-human
phospho-STAT1 (Tyr701) antibodies (Cell Signaling Technology) at a 1:500 or 1:1000 dilution,
respectively, overnight at 4°C with gentle rocking. Membranes were washed three times for 5
min each in 1X Tris-buffered saline with 0.05% Tween (TBST). Membranes were then incubated
in goat, anti-rabbit IgG HRP-linked secondary antibody (Cell Signaling Technology) at a 1:1000
or 1:2000 dilution for caspase-3 and phospho-STAT1, respectively, for 30 min at 25°C with
rocking. Membranes were washed three times for 5 min each in 1X TBST. Chemiluminescent
substrate (ECL western blotting substrate, Thermo Scientific) was applied to the membrane and
immediately exposed to CL-X Posure film (Thermo Scientific). Film was developed using an
AFP Imageworks MM90. Membranes were subsequently stripped and reprobed with rabbit anti-
human B-actin antibody (Cell Signaling Technology) at a 1:1000 dilution to confirm equal

loading. All washes, secondary antibody incubations and developing were as above.

Measurement of secreted cytokines from macrophages

Supernatants were collected from infected human macrophages and stored at -20°C
until assayed for human interferon-f or IL-12p70. Human IL-12p40 was assayed on fresh
material. Human interferon-f (PBL Assay Science Verikine ELISA), IL-12p70 and IL-12p40

(R&D systems Quantikine ELISA) were assayed by ELISA per the manufacturer’s protocol.

Interferon-B macrophage stimulation assay
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Exogenous human interferon-B (Peprotech) was added to infected human THP-1
macrophage-like cells at a final concentration of 10 ng ml™" at 18 hrs post-infection. Exogenous

human interferon- remained in the medium until the end of infection.

Intramacrophage bacterial SPI2 expression assay

Bacterial cultures were grown with carbenicillin overnight and used to infect human
macrophages as described previously. Infected macrophages were lysed in 1% Triton. Lysates
were gently centrifuged at 2500 rcf for 5 min. The supernatants were removed and bacteria
pelleted by centrifugation at 15000 rpm for 5 min. Bacterial pellets were resuspended in freshly-
made 2.5% paraformaldehyde and fixed for 10 min at 37°C. Fixed bacteria were washed once

in PBS then analyzed for GFP expression using a BD FACSCanto Il flow cytometer.
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Figure 1. Salmonella persistence in a human macrophage cell line. Differentiated human
THP-1 macrophage-like cells were infected with opsonized stationary-phase S. Typhi Ty2 or S.
Typhimurium 14028 at an MOI of ~15. At designated timepoints, macrophages were lysed and
intracellular bacteria enumerated. Salmonella survival is expressed as the proportion of
internalized bacteria at 1 h post-infection. Statistical significance was determined using a RM

one-way ANOVA and is indicated as * P < 0.05.

48



A- ns B . é& ,@6

O
Kkkk *% $\ ‘tbg ‘0‘\0

2’ 551 & B
©

(] = |

© 50 cleaved caspase-3 | -

z 45- T

= 40-

> h

.*5 35+ -|_ B-actin e p— - |
8 304

o

< 254

o

X 20- T T T

G & S
4&\' Aq’ \b‘ 4“ Q
2 < ) sV
N W
»®
N
C NS éeb D ns
$\ (ib@ . é@ -
&S 1501

phospho-STAT1 [

100+

B-actin | o s |

IL-12p40 (pg/ml)

Figure 2. Innate immune responses of a human macrophage cell line to Salmonella.
Differentiated human THP-1 macrophage-like cells were infected with opsonized stationary-
phase S. Typhi Ty2 or S. Typhimurium 14028 at an MOI of ~15. (A) Fifty uM of the caspase-1,
4, and 5 inhibitor Z-YVAD-FMK or the non-specific control molecule Z-FA-FMK were
administered to differentiated THP-1 cells beginning 2h prior to infection. Supernatants were
collected 24h post-infection and LDH quantified as a measure of macrophage cell death. (B)
Fifty ug of total protein from macrophages 24h post-infection were subjected to Western blot

analysis for activated Caspase-3, an executioner caspase of apoptosis. -actin was included as
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a loading control. (C) Fifty ug of total protein from macrophages 24h post-infection were
subjected to Western analysis for phosphorylated STAT1, an M1 transcription factor. 3-actin
was included as a loading control. D) Supernatants from macrophages 24h post-infection were
assayed for human IL-12p40, a Ty1 cytokine. Statistical significance was determined using a

Ordinary one-way ANOVA and is indicated as ** P < 0.01; **** P < 0.0001
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Increased susceptibility to
Congenital/Acquired Invasive non-typhoidal . ”
Immune Defect Salmonellosis (iNTS)? Typhoid fever?
NADPH phagocyte
oxidase/respiratory burst yes no
(e.g. chronic granulomatous disease)
IL-12 and IFN-y signaling yes no
CD4" T-cells
(e.g. HIV/AIDS) yes no

Table 1. Inmune defects causing increased susceptibility to invasive Salmonellosis.
Multiple congenital or acquired immune defects predispose individuals to invasive nontyphoidal

Salmonellosis but not typhoid fever.
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Figure 3: Immune responses of primary human macrophages and humanized mice to
Salmonella infection. (A-D) Whole-blood was recovered from leukocyte reduction filters ~24h
post-collection from human volunteers. Peripheral blood mononuclear cells (PBMCs) were
isolated from PBS-diluted whole blood following Ficoll gradient separation. After washing,
PBMCs were incubated in the presence of human GM-CSF for 7d prior to Salmonella infection.
Infection of PBMCs was identical to that of THP-1 human macrophage-like cells in Figure 2. (A)
Supernatants were collected 24h post-infection and LDH quantified as a measure of
macrophage cell death. (B) Fifty ug of total protein from PBMCs 24h post-infection were
subjected to Western analysis for the presence of activated caspase-3. (C) Fifty ug of total
protein from PBMCs 24h post-infection were subjected to Western analysis for the presence of
phosphorylated STAT1. (D) 24h post-infection, culture supernatants were assayed for the

presence of IL-12p70 by ELISA. (E,F) Humanized NOD-SCID IL2ry null mice engrafted with
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human umbilical cord stem cells were infected with ~6x10* cfu wild-type S. Typhi or ~1x10° cfu
wild-type S. Typhimurium. Humanized mice were sacrificed when moribund or 7d post-infection,
whichever came first. (E) Serum human IL-12p70 and IFN-y were measured by cytokine bead
array (Becton Dickinson) or multiplex microbead cytokine array (Luminex). Dotted line indicates
assay limit of detection. (F) Spleens and livers were aseptically harvested from infected
humanized mice and homogenized for enumeration of cfu. Mice without detectable organ
burdens were excluded from analysis. Each symbol represents one mouse with the horizontal
lines representing the median. Statistical significance for PBMC LDH release data was
determined using a ordinary one-way ANOVA. Statistical significance for PBMC IL-12p70 data
was determined using a ratio paired t-test. Statistical significance for humanized mouse data
was determined using a Kruskal-Wallis test. Statistical significance is indicated as * P < 0.05; **

P <0.01.
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Figure 4: Innate immune responses of a human macrophage cell line to wild-type and
mutant Salmonella strains. (A-C) Differentiated human THP-1 macrophage-like cells were
infected with opsonized stationary-phase Salmonella at an MOI of ~15. Mutant bacterial strains
included S. Typhi vexA lacking the Vi polysaccharide capsule, S. Typhimurium invA lacking a
functional SPI1 T3SS (type Ill secretion system), S. Typhimurium fliC fljAB lacking flagellin, S.
Typhimurium ssrB lacking the SPI2 T3SS regulator SsrB, and S. Typhimurium phoP lacking the
transcriptional regulator PhoP. (A) Lactate dehydrogenase (LDH) was quantified in
supernatants 24h post-infection as a measure of macrophage cell death. (B) Fifty ug of total
protein from macrophages 24h post-infection were subjected to Western blot analysis of

activated Caspase-3. B-actin was included as a loading control. (C) Fifty pug of total protein from
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macrophages 24h post-infection were subjected to Western blot analysis of phosphorylated
STAT1. B-actin was included as a loading control. S. Typhimurium-induced caspase-3
activation, THP-1 cell death and STAT1 activation are dependent on SPI2 and PhoP. (D,E)
Humanized NOD-SCID IL2ry null mice engrafted with human cord blood hematopoietic stem
cells were infected with ~6x10* cfu wild-type S. Typhi, ~1x10® cfu wild-type S. Typhimurium or
~1x10° cfu of S. Typhimurium 14028s AssrB. Humanized mice were sacrificed when moribund
or 7d post-infection, whichever came first. (D) Serum human IL-12p70 and IFN-y were
measured by cytokine bead array (Becton Dickinson) or multiplex microbead cytokine array
(Luminex). Dotted line indicates assay limit of detection. (E) Spleens and livers were aseptically
harvested from infected humanized mice and homogenized for enumeration of cfu. Mice without
detectable organ burdens were excluded from analysis. Each symbol represents one mouse
with horizontal lines representing the median Salmonella organ burden for each group.
Statistical significance for THP-1 data was determined using ordinary one-way ANOVA.
Statistical significance for humanized mouse data was determined using a Kruskal-Wallis test.

Statistical significance is indicated as * P < 0.05; ** P < 0.01; ***<0.001; **** P < 0.0001.
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SPI-2 effector +/-in S. Typhi
gogB -
CigR pseudogene
gtgA -
pipB +
pipB2 +
SifA +
SifB +
sopD2 pseudogene
spiC/ssaB +
spvB -
spvC -
spvD -
srfdJ -
sseF +
sseG +
ssel/srfH -
sseJ pseudogene
sseK1 -
sseK?2 -
sseK3 -
sselL
SspH?2
steC
steD
steE -
gtgE -
avrA N
sirP pseudogene
sptP +
SspH1 -
steA T
steB Z

Table 2. Salmonella Pathogenicity Island-2 (SPI2) effectors. Multiple S. Typhimurium SPI2
effectors are absent or present only as pseudogenes in S. Typhi. Each effector listed has a Ty2

gene number designation and a published demonstration of translocation by the SPI2 T3SS.
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Figure 5. Determinants of wild-type and mutant Salmonella-induced cell death or
persistence in human macrophages. Differentiated human THP-1 macrophage-like cells were
infected with opsonized stationary-phase Salmonella at an MOI of ~15. Mutant bacterial strains
included S. Typhimurium spvB lacking the SPI2-translocated ADP-ribosylating toxin SpvB and
S. Typhimurium ssrB mutant lacking the SsrB regulator of the SPI2 T3SS. (A) Lactate
dehydrogenase (LDH) was quantified in supernatants 24h post-infection as a measure of
macrophage cell death. (B) Fifty ug of total protein from macrophages 24h post-infection were
subjected to Western blot analysis of activated Caspase-3. B-actin was included as a loading
control. (C) At designated timepoints, macrophages were lysed and intracellular bacteria
enumerated. Salmonella survival is expressed as the proportion of internalized bacteria at 1h
post-infection. (D) Fifty ug of total protein from macrophages 24h post-infection were subjected
to Western blot analysis of phosphorylated STAT1. B-actin was included as a loading control.

S. Typhimurium-induced cell death under these conditions is dependent on SPI2 but not SpvB.
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Caspase-3 activation correlates with the failure of S. Typhimurium to persist in THP-1 cells and
is dependent on SPI2 and partially dependent on SpvB. S. Typhimurium-induced STAT1
activation is not dependent on SpvB. Statistical significance was determined using a ordinary
one-way ANOVA (A) and RM one-way ANOVA (C) and is indicated as * P < 0.05; ** P < 0.01;

*** P <0.001; **** P <0.0001.
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Figure 6. Determinants of innate immune activation in a human macrophage cell line
infected with Salmonella. Differentiated human THP-1 macrophage-like cells were infected
with opsonized stationary-phase Salmonella at an MOI of ~15. (A) At designated timepoints,
culture supernatants were assayed for the presence of human interferon- by ELISA. (B) Fifty
pg of total protein from macrophages 24h post-infection were subjected to Western blot analysis
of phosphorylated STAT1. B-actin was included as a loading control. S. Typhi vexA mutant
lacks the Vi polysaccharide capsule. (C-D) THP-1 cells were treated with 20 ym of the pan-
caspase inhibitor Z-VAD-FMK or the non-specific control molecule Z-FA-FMK beginning 2h prior
to infection. (C) Lactate dehydrogenase (LDH) was quantified in supernatants 24h post-infection
as a measure of macrophage cell death. (D) Fifty ug of total protein from macrophages 24h

post-infection were subjected to Western blot analysis of phosphorylated STAT1. B-actin was
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included as a loading control. Statistical significance was determined using a ordinary one-way

ANOVA and is indicated as ** P < 0.01; **** P < 0.0001.
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Figure 7. STAT1 activation over time in a human macrophage cell line infected with

Salmonella. (A) Differentiated human THP-1 macrophage-like cells were infected with

opsonized stationary-phase Salmonella at an MOI of ~15. Fifty yg of total protein from

macrophages at designated

time

intervals were subjected to Western analysis for

phosphorylated STAT1. Y = S. Typhi Ty2, M = S. Typhimurium 14028s, - = Uninfected. 3-actin
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was included as a loading control. (B) Thirty-to-three hundred pg ml™" of human interferon-g
were administered to differentiated THP-1 cells 18h post-infection to stimulate STAT1
phosphorylation. Fifty ug of total protein from macrophages at 48h post-infection were subjected

to Western analysis for phosphorylated STAT1. 3-actin was included as a loading control.
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Figure 8. Intramacrophage Salmonella SPI2 expression. Differentiated human THP-1
macrophage-like cells were infected with opsonized, stationary-phase Salmonella carrying
ssaG::gfp reporter plasmids at an MOI of ~15. Macrophages were lysed 24h post-infection and
bacteria separated by gentle centrifugation. Isolated bacteria were fixed and then assayed for
GFP expression as a measure of SPI2 ssaG expression. Histograms depicting individual
biological replicates demonstrate a leftward shift in GFP intensity in intracellular S. Typhi in
comparison to S. Typhimurium. The median GFP intensity of bacteria is also plotted.
Intramacrophage S. Typhi exhibit reduced expression of SPI2 ssaG in comparison to S.
Typhimurium. Statistical significance was determined using a ordinary one-way ANOVA and is

indicated as ** P < 0.01.
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Figure 9. Immune responses of humanized mice to Salmonella infection. Humanized NOD-
SCID IL2ry null mice engrafted with human umbilical cord stem cells were infected with ~6x10*
cfu wild-type S. Typhi, ~1x10° cfu wild-type S. Typhimurium or ~1x10° cfu of S. Typhimurium
14028s AssrB cfu. Mice were sacrificed when moribund. (A) Serum human IL-12p70 and IFN-y
was measured by cytokine bead array (Becton Dickinson) or multiplex microbead cytokine array
(Luminex). Dotted line indicates assay limit of detection. (B) Spleens and livers were aseptically
harvested from infected humanized mice and homogenized for enumeration of cfu. Mice without
detectable organ burdens were excluded from analysis. Each symbol represents one mouse
with horizontal lines representing the median Salmonella organ burden for each group.

Statistical significance was determined using a Kruskal-Wallis test.
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Table 3. Strains, plasmids, primers.

Genotype, relevant
Strain, plasmid or primer characteristics, or Source or reference
sequence®
Salmonella Typhimurium
This study (constructed by J.
JK377 14028s fliC::tetRA
Karlinsey)
fliAB::FRT-kan
Salmonella Typhimurium
JK1217 (148)
14028s invA::FRT-kan
Salmonella Typhimurium
LAS5 ATCC
wild-type strain 14028s
Salmonella Typhimurium
LAS18 This study
14028s ssrB::FRT-kan
Salmonella Typhimurium This study (constructed by S.
LAS85
14028s spvB::FRT-kan Libby)
Salmonella Typhimurium
LAS269 14028s pMPMAS3 APz Pssac This study; (136)
GFP
Salmonella Typhimurium
LAS270 14028s pMPMAS3 AP, null This study; (136)
GFP
Salmonella Typhi Ty2
LAS273 This study; (136)
PMPMA3 AP zc Pssac GFP
Salmonella Typhi Ty2
LAS274 This study; (136)
pPMPMA3 AP, null GFP
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Salmonella Typhimurium

This study (constructed by S.

SL4330
14028s phoP::FRT-kan Libby)
Salmonella Typhi wild-type
TY3 JSG624 from J. Gunn
strain Ty2
Salmonella Typhi Ty2 This study (constructed by J.
TY76
vexA::FRT-kan Karlinsey)
Salmonella Typhi Ty2 Nal® This study (constructed by J.
TY196

(mouse infections)

Karlinsey)
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Abstract

Non-typhoidal Salmonella enterica serovar Typhimurium (S. Typhimurium) is a frequent
cause of bloodstream infections in children and HIV-infected adults in sub-Saharan Africa. Most
isolates from African patients with bacteremia belong to a single sequence type, ST313, which
is genetically distinct from gastroenteritis-associated ST19 strains such as 14028s and SL1344.
Some studies suggest that the rapid spread of ST313 across the African subcontinent has been
facilitated by anthroponotic (person-to-person) transmission, eliminating the need for Salmonella
survival outside the host. While these studies have not ruled out zoonotic or other means of

transmission, the anthroponotic hypothesis is supported by evidence of extensive genomic
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decay, a hallmark of host-adaptation, in the sequenced ST313 strain D23580. We have
identified and demonstrated two loss-of-function mutations in D23580, not present in the ST19
strain 14028s, that impair multicellular stress resistance associated with survival outside the
host. These mutations result in inactivation of the KatE stationary-phase catalase that protects
high-density bacterial communities from oxidative stress and the BcsG cellulose biosynthetic
enzyme required for the RDAR (red, dry and rough) colonial phenotype. However, we have
found that like 14028s, D23580 is able to elicit an acute inflammatory response and cause
enteritis in mice and rhesus macaque monkeys. Collectively, these observations suggest that
African S. Typhimurium ST313 strain D23580 is becoming adapted to an anthroponotic mode of

transmission while retaining the ability to infect and cause enteritis in multiple host species.

Introduction

Prior to the advent of the HIV pandemic, invasive Salmonella infections in sub-Saharan
Africa primarily afflicted young children, often with malaria co-infection, and were rarely seen in
adults (4, 8). However, as HIV began to sweep across sub-Saharan Africa in the 1980s,
Salmonella was increasingly identified as the most common cause of bacterial bloodstream
infections in HIV-infected adults (9-11). In contrast to invasive salmonellosis elsewhere in the
world, which consists primarily of typhoid or paratyphoid fever, bloodstream Salmonella
infections in sub-Saharan Africa are non-typhoidal and most often caused by the Salmonella
enterica serovars Typhimurium (S. Typhimurium), Enteritidis (S. Enteritidis) and Dublin (S.
Dublin) (3-6). Of note, while inflammatory enteritis is the most common clinical manifestation of
S. Typhimurium and S. Enteritidis infections among immunocompetent hosts in the developed
world, diarrhea may be minimal or absent in as many as 20-50% of children and HIV-infected
adults with invasive Salmonella infections in Africa (44, 45).

Initial reports emphasized the genetic diversity of non-typhoidal Salmonella (NTS)

causing bloodstream infections in Africa and their similarity to strains responsible for
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uncomplicated gastroenteritis (149). However, multi-locus sequence typing of more than 50
Salmonella isolates isolated from blood or cerebrospinal fluid specimens of patients in Malawi
and Kenya found that many belong to a dominant sequence type, ST313 (150). Subsequent
analysis has shown that the majority of invasive S. Typhimurium strains from sub-Saharan
Africa fall within two closely related ST313 lineages that emerged during the HIV pandemic
(151). These isolates are genetically distinct from well-characterized gastroenteritis-inducing
ST19 strains such as 14028s and SL1344. Sequencing of a representative ST313 isolate,
D23580, revealed a large number of pseudogenes and deletions (150). As genomic
degradation is a hallmark of host-adapted or -restricted Salmonella serovars like Salmonella
enterica serovar Typhi (S. Typhi), in contrast to most strains of generalist serovars like S.
Typhimurium (25, 26), S. Typhimurium ST313 is thought to be evolving to become more host-
adapted to humans (150). This suggestion is consistent with earlier reports that failed to detect
Salmonella strains resembling invasive human isolates in the food and household animals of
index patients with NTS infections (152) and suggests that S. Typhimurium in sub-Saharan
Africa might be transmitted from person-to-person rather than from common-source vehicles
(153). The latter investigation analyzed fecal samples from relatives, animals and the home
environments of Kenyan index patients with NTS bloodstream infections (153). A maijority of
isolates from human fecal samples, but not from animals or the environment, matched the index
patient isolates.

Since those initial studies, it has been demonstrated that S. Typhimurium ST313 strains
are not host-restricted, as they have retained the ability to infect a variety of hosts including
chickens and mice (154-156). The absence of diarrhea in some patients with invasive S.
Typhimurium ST313 infections has been attributed to a reduced propensity of these strains to
elicit host inflammatory responses and suggested to result from the absence of pipD and ratB in
the D23580 genome, genes associated with diarrhea and colonization of the mammalian

intestine by S. Typhimurium ST19 strains (144, 150, 157-160). However, we show in the
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present study that S. Typhimurium ST313 strain D23580 is comparable to the conventional S.
Typhimurium ST19 strain 14028s in its ability to cause invasive disease and inflammation in
murine and primate models of intestinal and systemic infection. However, S. Typhimurium
D23580 is distinctive in its loss of oxidative stress resistance and the ability to form RDAR (red,
dry and rough) colonies that are required for multicellular development (161-164). These
phenotypes result from point mutations in the katE and bcsG genes, encoding stationary-phase
catalase and a cellulose biosynthetic protein, respectively. These observations suggest that
although, in contrast to S. Typhimurium ST19 strain 14028s, S. Typhimurium D23580 appears
to have adapted to an anthroponotic mode of transmission by losing traits associated with
environmental persistence, it remains typical of other S. Typhimurium strains in its virulence

characteristics and ability to cause enteritis in multiple host species.

Results
D23580 is adhesive, invasive and cytotoxic for mammalian cells

Clinical descriptions of S. Typhimurium ST313 and ST19 human infections have
suggested that these NTS strains differ in their interactions with the intestinal tract. S.
Typhimurium ST313 infections appear to be less frequently associated with diarrheal symptoms
than ST19 infections (44). We compared the interaction of S. Typhimurium ST313 strain
D23580 and ST19 strain 14028s with cultured human epithelial cells. Confluent layers of HelLa
human cervical epithelial cells were infected with stationary phase Salmonella. Bacteria were
centrifuged onto HeLa monolayers to synchronize infection, and bacteria were allowed to
adhere to the cells for 15 minutes at 37°C. Infected monolayers were then washed four times
with sterile PBS to remove transiently associated bacteria before lysing of the cells and
enumeration of adherent bacterial colony-forming units (cfu). Bacterial adherence is expressed
as the percent of the bacterial inoculum that adhered to HelLa cells normalized to total 14028s

adherence. D23580 was over three times more adherent to HelLa cells than 14028s (Fig. 10A).
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We next assayed the invasiveness of D23580 for HelLa cells. Confluent layers of HelLa cells
were infected with late-logarithmic phase bacteria at a multiplicity of infection (MOI) of ~100.
Ten minutes post-invasion, cell monolayers were washed and then lysed to enumerate
intracellular bacteria. D23580 was approximately three times as invasive for HelLa cells in
comparison to 14028s (Fig. 10B). Strains lacking the Salmonella pathogenicity island 1 (SPI1)
type 3 secretion system (T3SS) subunit InvA were completely non-invasive, confirming that
invasion by either strain is dependent upon the SPI1 T3SS.

We next compared the ability of D23580 and 14028s to induce early macrophage
pyroptosis (pro-inflammatory cell death), another SPI1-dependent phenotype. Early
Salmonella-induced pyroptosis occurs when flagellin is translocated through the SPI1 T3SS into
the host cell cytoplasm (78). One hallmark of pyroptotic cell death is the loss of membrane
integrity and subsequent leakage of intracellular contents into the extracellular milieu, including
the host cell protein lactate dehydrogenase (LDH). RAW264.7 murine macrophage-like cells
were infected with late-logarithmic phase bacteria at an MOI of ~10. Following infection,
macrophages were washed to remove extracellular bacteria and incubated at 37°C for 4 hrs.
Supernatant samples were then assayed for the release of LDH. In agreement with the
epithelial cell invasion experiments, D23580 was more than three times as cytotoxic for
macrophages as 14028s (Fig. 11A). Uptake of D23580 by macrophages was three times more
efficient than uptake of 14028s, which may account for the enhanced cytotoxicity. This
phenotype was dependent upon the SPI1-encoded T3SS, as isogenic invA mutants of each
strain failed to induce a significant degree of macrophage pyroptosis (Fig. 11A). Despite the
differences in early pyroptosis, both D23580 and 14028s exhibited similar levels of long-term
survival within murine macrophages (Fig. 11B). The transcription factor PhoP, of the two-
component PhoPQ regulatory system, was required for intramacrophage survival of both
14028s and D23580, as isogenic phoP mutants of either strain failed to replicate or survive

inside murine macrophages (Fig. 11B). We also assayed the ability of D23580 to induce
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macrophage death and survive in human THP-1 macrophage-like cells. Phorbol 12-myristate
13-acetate (PMA)-differentiated THP-1 human macrophage-like cells were infected with late-
logarithmic phase bacteria at an MOI of ~10. Following infection, macrophages were washed to
remove extracellular bacteria and incubated at 37°C for 4 hrs. Supernatant samples were then
assayed for LDH release. In contrast to the observations in murine macrophages, D23580 and
14028s were similarly cytotoxic for THP-1 human macrophages (Fig. 11C). This phenotype was
partially dependent upon the SPI1-encoded T3SS, as isogenic invA mutants of each strain
induced less macrophage pyroptosis (Fig. 11C). A second type of Salmonella-induced
macrophage death known as delayed pyroptosis was assayed in infected THP-1 human
macrophages. PMA-differentiated THP-1 cells were infected with human-serum opsonized,
stationary-phase bacteria at an MOI of ~15. Bacteria were centrifuged onto macrophage
monolayers to synchronize infection and internalized for one hr. Macrophage monolayers were
then washed with medium containing the membrane-impermeant antibiotic gentamicin. Twenty-
four hpi supernatants were assayed for LDH release. S. Typhimurium D23580 and 14028s
induced similar amounts of delayed pyroptosis in THP-1 cells (Fig. 11D). This phenotype was
dependent upon the SPI2-encoded T3SS, as isogenic ssrB mutants of each strain failed to
induce as much delayed macrophage pyroptosis as wt strains (Fig. 11D). D23580 and 14028s
exhibited similar levels of survival within human THP-1 macrophages (Fig. 11E). Collectively
these results demonstrate that D23580 is adherent, invasive and cytotoxic for mammalian cells,
and these phenotypes are dependent on the SPI1 and SPI2 T3SS, as observed in other

Salmonella strains.

D23580 is highly invasive following oral infection
To better understand how S. Typhimurium ST313 interacts with the mammalian
intestine, D23580 and IR715 (a spontaneous nalidixic-acid resistant mutant of ST19 strain

14028s) were orally administered to mice and monitored in the feces, mesenteric lymph nodes
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and Peyer's patches. D23580 has previously been shown to cause systemic disease in mice
following intragastric (i.g.) or intraperitoneal (i.p.) inoculation (155, 156, 165). However, early
interactions between D23580 and the mammalian gut and the subsequent course of infection
have been less well studied. CBA/J mice were administered streptomycin i.g. prior to
Salmonella infection to disrupt the gut microbiota and allow Salmonella to establish colonization
of the intestinal tract. Following streptomycin treatment, 10% cfu of a ~1:1 mixture of D23580
and IR715 were administered i.g. At the indicated time points, mice were sacrificed and their
organs homogenized prior to plating on selective medium to enumerate cfu of each strain.
Values greater than 1 indicate a competitive advantage of D23580 over IR715. Similar to the
observations in cultured human epithelial cells, D23580 was able to invade the murine intestinal
tract to a greater degree than IR715 on the first day post-infection (Fig. 12A). In the small
intestine, Salmonella gains access to lymphoid immune follicles known as Peyer's patches via
specialized epithelial cells called M cells or can be taken up by dendritic cells in the lamina
propria (63). The former pathway is SPI1-dependent, whereas the latter is SPI1-independent
(63, 166). Following translocation across the intestinal epithelium by either route, the bacteria
are able to reach the mesenteric lymph nodes. On day 1 post-infection, D23580 was found in
10-fold greater abundance than IR715 in the mesenteric lymph nodes and nearly 100-fold
greater abundance in the colonic contents (Fig. 12A). In parallel, D23580 was shed at 10- to
100-fold higher levels in fecal pellets (Fig. 12B). However, by day 4 post-infection, levels of
D23580 in the Peyer's patches, mesenteric lymph nodes, colon and fecal pellets were
comparable to those of IR715, or even somewhat reduced in certain sites (Figs. 3A, B). Despite
rapid transit from the small intestinal lumen to deeper lymphoid tissues, D23580 was not found
in higher abundance in the spleen and liver on day 1 and was only found in moderately higher
abundance on day 4 post-infection (Fig. 12A). We also examined long-term fecal shedding of
Salmonella in 129/Sv mice. These mice were orally infected with approximately 4x108 cfu of a

~1:1 mixture of S. Typhimurium D23580 and 14028s. At the timepoints indicated, fresh fecal
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pellets were harvested from individual mice, homogenized in sterile PBS, and cfu were
enumerated. The quantity of D23580 in each sample was determined by patching 100 colonies
onto selective medium. In contrast to short-term fecal shedding, there was no significant

difference in the quantity of D23580 and 14028s shed in the feces of infected mice (Fig. 12C).

D23580 induces inflammation in the intestinal tract

Having determined that S. Typhimurium D23580 is able to colonize and disseminate
from the murine intestinal tract, we next sought to determine whether D23580 differs from the
ST19 strain IR715 (a spontaneous nalidixic-acid resistant mutant of 14028s) in its ability to elicit
mucosal inflammation. As mentioned previously, the absence of significant diarrhea in some
patients with invasive ST313 infections and the reduced inflammatory responses observed in
tissue culture (157, 158) have suggested that D23580 might elicit less inflammation than IR715.
Previous studies in mice and cattle have also suggested that D23580 elicits less inflammation
than ST19 strains in the intestine (157, 159), although the strain of S. Typhimurium ST19 used
in those studies (SL1344) is recognized to be particularly pro-inflammatory (167). In contrast to
these findings, Parsons et al. reported that D23580 elicits more inflammation in the chicken
intestine early in infection (154). In an attempt to clarify these disparate findings, we performed
histopathological examination of infected cecal tissue from streptomycin pre-treated mice
inoculated i.g. with S. Typhimurium. The results of these experiments revealed no significant
difference in intestinal pathology, with both D23580- and IR715-infected samples exhibiting
moderate to severe levels of inflammation (Fig. 12D). Further, similar degrees of cecal exudate,
epithelial damage, submucosal edema and infiltration of the lamina propria by mononuclear and
polymorphonuclear cells were noted (Fig. 12D).

To determine whether D23580 and IR715 differ in their early interaction with the
intestinal mucosa, we compared inflammatory responses in a rhesus macaque ligated ileal loop

assay after intraluminal inoculation with S. Typhimurium. Comparable quantities of fluid
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accumulation, a correlate of intestinal inflammation, were measured following inoculation of
D23580 or IR715 (Fig. 13A). Similarly, no significant differences in the expression of
inflammatory cytokine genes Lcn2 (lipocalin-2), Mip3a (macrophage inflammatory protein-3a),
Ifny (interferon-y), /117 (interleukin-17) and //22 (interleukin-22) were measured following
inoculation of D23580 or IR715 into ligated ileal loops (Fig. 13B). The numbers of tissue-
associated IR715 and D23580 bacteria in infected ileal loops were also similar (Fig. 13C). In
summary, S. Typhimurium ST313 strain D23580 is capable of eliciting an inflammatory
response in the mammalian intestine and does not appear to differ in this regard from the well-

characterized ST19 strain IR715.

D23580 exhibits enhanced susceptibility to oxidative stress due to mutation of the katE
catalase gene

Following investigation of host-related phenotypes, we evaluated D23580 for traits
associated with environmental stress resistance, which may be lost during host-adaptation of
pathogens. First we evaluated the enzyme catalase, which converts hydrogen peroxide (H205)
to oxygen and water. H,O, detoxification by catalase is dispensable for Salmonella survival in
phagocytes or during infection but required during high density or multicellular colonial growth
(161, 168). Catalase activity can be detected by adding H,O, to cultured bacteria and
monitoring the elaboration of oxygen bubbles over time. S. Typhimurium ST313 strain D23580
was found to exhibit decreased catalase activity by this assay when compared to the ST19
strains 14028s and SL1344, a phenotype that has also been recently reported by others (156)
(Fig. 14A, left panel). The ST19 strains LT2, 14028s rpoS* and 14082s ArpoS carry mutations
in rpoS, rendering them extremely sensitive to H,O,. 14028s rpoS* has an rpoS mutation
resulting in reduced expression of the o° (RpoS) regulon and enhanced sensitivity to H,O..
These strains were included as known catalase-deficient controls (169) (Fig. 14A, left panel).

Often, laboratory-passaged bacteria may appear catalase-negative due to the loss of a fully-
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functional RpoS, prompting us to determine whether this was a universal characteristic of
ST313 strains. Nine additional ST313 isolates were tested and all were found to be catalase-
deficient, in contrast to the ST19 strains 14028s and SL1344 (Fig. 14A, right panel).

The reduced catalase expression of S. Typhimurium ST313 strain D23580 correlated
with enhanced susceptibility to H,O, (Fig. 14B). The lag phase of D23580 cultured in the
presence of H,O, was prolonged in comparison to 14028s (Fig. 14B). Growth of D23580 in the
presence of H,O, was similar to that of rpoS mutant strain 14028s rpoS™ (Fig. 14B). As rpoS
mutations are common among archival Salmonella isolates (170) and result in reduced catalase
expression, the possibility of an rpoS mutation in D23580 was investigated. However,
sequencing of the D23580 rpoS promoter and coding region yielded no mutations when
compared to 14028s. Moreover, expression of the o°-dependent spvB (encoding an ADP-
ribosylating toxin), ofsA (trehalose biosynthesis) and katE (catalase) genes was found to be
comparable in S. Typhimurium D23580 and 14028s (Fig. 14C). In contrast, the rpoS” 14028s
derivative showed 5-to-10-fold lower expression of spvB, otsA and katE in comparison to wild-
type 14028s (Fig. 14C). Thus the reduced catalase activity of D23580 could not be attributed to
a defect in o° regulation.

We next examined the sequence of kafE, encoding the stationary-phase catalase, in
D23580 and 14028s. A single amino acid change distinguishing KatE in the 2 sequence types
was identified at position 117, with glutamic acid in 14028s corresponding to glycine in D23580.
We also examined the KatE sequence of 8 additional ST313 isolates for which sequence was
available and found the E117G mutation present in all strains analyzed. The 14028s allele of
katE, including its promoter, was cloned onto a plasmid and transformed into D23580, thereby
restoring catalase activity (Fig. 15). In contrast, replacement of the 14028s katE allele with the
D23580 katE allele abolished catalase activity (Fig. 15). As a control to exclude involvement of
the heat-labile Salmonella catalase KatG, samples were heat-treated for 15 min and catalase

activity measured. No difference in catalase activity before and after heat treatment was
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observed (Fig. 15). We conclude that D23580 has lost catalase activity as the result of an

E117G KatE mutation.

D23580 is unable to form RDAR (red, dry and rough) colonies due to a mutation of the
bcsG cellulose biosynthetic gene

At room temperature, many strains of Salmonella are able to form RDAR (red, dry and
rough) colonies resulting from the formation of thin aggregative fimbriae (curli) and the
production of cellulose and other polysaccharides (162, 171, 172). RDAR colonies represent a
form of multicellular behavior that enhances Salmonella stress resistance in the environment
and allows biofilm formation (173). To observe RDAR colony formation, Salmonella strains
were grown on no-salt, Congo Red-containing medium at room temperature (~25°C) for 7 days
(162). D23580 is unable to form RDAR colonies in contrast to the ST19 strain 14028s, which
exhibits the typical RDAR colonial phenotype (Fig. 16, top panel). RDAR colony formation was
not observed at 37°C in 14028s or D23580 because RDAR gene expression is repressed at this
temperature (Fig. 16, bottom panel). Three genes implicated in RDAR colony formation were
found to differ between D23580 and 14028s: csgE, required for the production of curli fimbriae,
and 2 genes required for cellulose biosynthesis, bcsC and bcsG (174). CsgE in D23580
contains the amino acid mutation Q36H, whereas the only difference in bcsC between the two
sequence types is a synonomous single nucleotide change from T to G at position 1461. The
most impactful sequence change between 14028s and D23580 occurs in BcsG, with the
introduction of a premature stop codon approximately halfway through the protein at position
247 (W->STOP). The 14028s bcsG allele, with promoter, was cloned into a plasmid and
transformed into D23580. Transformants were plated onto nutrient-rich, no-salt Congo Red
medium and incubated for 7 days at 25° or 37°C. The 14028s bcsG gene rescued the RDAR-
deficient colonial phenotype of D23580 (Fig. 16), confirming that D23580 has lost the ability to

form RDAR colonies and biofilms as the result of a besG nonsense mutation. The difference in
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appearance of the bcsG-complemented colony from 14028s is likely due to enhanced
expression of bcsG from a multi-copy plasmid (175). Overexpression of cellulose-synthetic
genes has previously been shown to enhance the RDAR phenotype (176). Eight additional
ST313 isolates were tested for the RDAR morphology. Five isolates, all of lineage II, were
negative for the RDAR morphology and harbored the mutant bcsG allele identical to lineage Il
isolate D23580 (unpublished data). The remaining three isolates, of lineage |, had weak or
intermediate RDAR morphologies and contained the wild-type bcsG allele. The basis of the
defective RDAR morphology of lineage | isolates is not known. The incidence of invasive
nontyphoidal Salmonellosis increases during the rainy season (177). We therefore hypothesized
that the RDAR status of D23580 could influence its survival in water. Salmonellae were
inoculated into sterile water and incubated at room temperature without shaking. At the
timepoints listed, cfu were enumerated. Despite differences in the RDAR phenotype of each

strain, no difference in the survival of D23580 and 14028s in water were evident (Fig. 17).

Discussion

This study examines S. Typhimurium ST313, an NTS (non-typhoidal Salmonella) lineage
responsible for invasive infections in young children and HIV-infected adults throughout sub-
Saharan Africa, to test the hypothesis that S. Typhimurium ST313 represents an evolutionary
transition to a more typhoid-like pathogen that is host-adapted to humans and preferentially
causes systemic infection rather than inflammatory enteritis (150). We did not find that S.
Typhimurium ST313 strain D23580 has become host-restricted for humans, in contrast to S.
Typhi, nor impaired in its ability to cause inflammatory enteritis in multiple infection models,
including rhesus macaques. However, we found that D23580 has lost its ability to exhibit
multicellular behaviors associated with environmental persistence, which is consistent with

epidemiological evidence of person-to-person transmission (152, 153).
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Clinical reports have suggested that S. Typhimurium ST313 has a reduced propensity to
cause diarrhea in comparison to conventional S. Typhimurium strains (44, 45). However, we
found that D23580 has retained the capacity to elicit inflammatory responses in the mammalian
intestine. Inflammation-associated pathology and levels of inflammatory cytokines elicited by S.
Typhimurium D23580 or the ST19 strain IR715, a spontaneous nalidixic acid-resistant mutant of
14028s, were similar in a murine and primate colitis model (Fig. 12D, 4B). These findings, the
latter of which represents the first report of ST313 virulence in non-human primates, is
consistent with recent reports that D23580 is able to cause enteritis and invasive infections in
chickens (154). However, our observations contrast with in vitro studies suggesting that
D23580 elicits reduced inflammatory responses relative to S. Typhimurium ST19 strain SL1344
when infecting cultured cells (157, 158) or murine and bovine models of intestinal infection
(159). We suggest that this may in part relate to heterogeneity among ST19 strains with regard
to Salmonella Pathogenicity Island 1 (SPI1) expression and related proinflammatory sequelae
(167). ST19 S. Typhimurium strain SL1344 exhibits particularly high levels of SPI1 expression,
and this was one of the comparator strains used in previously published in vitro and in vivo
studies. It is also important to point out differences in the genetic backgrounds of the mice used
in each study, C57/BL6 (Salmonella-susceptible, Nramp1~) versus CBA/J and 129P2/olaHsd
(Salmonella-resistant, Nramp1*) mice, which may account for some of the differences observed.
Regardless of the ST19 comparator strain examined, our observations suggest that D23580 has
not in fact lost the ability to induce inflammation in the mammalian intestine and cause enteritis,
in contrast to the host-restricted serovar S. Typhi (49, 50, 178). The systemic virulence of
D23580 also appears comparable to that of IR715 (Fig. 12A). It is therefore likely that the
reduced incidence of diarrhea and the high frequency of invasive disease associated with S.
Typhimurium ST313 in Africa are attributable to differences in host innate immune responses
rather than solely to intrinsic properties of ST313. This is supported by recent studies in which

experimental malarial co-infection with increased expression of IL-10 was associated with
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enhanced susceptibility to invasive NTS infection and blunted intestinal inflammation (165), as
well as epidemiological data showing increased incidence of NTS bacteremia in HIV-positive
adults, children with malaria, and children less than one year of age (165, 179, 180).

The enhanced adherence and invasiveness of S. Typhimurium D23580 in cultured
epithelial cells (Fig. 10A, B) correlated with increased cfu in the mesenteric lymph nodes of
infected mice (Fig. 12A) and with enhanced fecal shedding at early time points following
infection (Fig. 12B). Both epithelial cell invasion and fecal shedding of Salmonella are
influenced by the SPI1 type Il secretion system (181). Previous studies have reported
differential expression of the SPI1 effector sopE2 between ST19 and ST313 strains (157).
These observations described here further support that SPI1 genes may be differentially
expressed in the ST313 strain D23580 and the ST19 strain 14028s, which might be investigated
in future studies.

In corroboration of findings in a recent publication (156), we found that multiple S.
Typhimurium ST313 strains express reduced catalase activity. Although reduced catalase
activity is typically a result of reduced activity of the alternative sigma factor o° (RpoS) (182—
184), we found that activation of the o° regulon is intact in ST313 strain D23580 (Fig. 14C).
Instead, an E117G mutation in the stationary phase catalase KatE was found to be responsible
for the reduced catalase activity of D23580 (Fig. 15) and other ST313 strains. Other
investigators previously reported D23580 to be “weakly positive” for catalase activity (156),
while our data indicate that D23580 lacks catalase activity (Fig. 15, lighter bars). This is most
likely because we assayed catalase during stationary phase, in which catalase activity is KatE-
dependent, whereas the earlier study assayed catalase from growing colonies in which both
KatE and KatG catalases are expressed. Catalase is not required for Salmonella virulence
(168) but is required for oxidative stress resistance during multicellular colonial growth (161).
This suggests that S. Typhimurium D23580 has lost a functional katE gene by mutation

because it no longer requires multicellular behavior for transmission and/or survival in the
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environment. It is interesting to note that the human-adapted Salmonella serovar S. Typhi also
exhibits reduced catalase activity. However, in the case of S. Typhi, the reduced catalase
activity is more often a consequence of reduced o® activity (184). This difference may reflect
the requirement of NTS serovars to retain ¢° in order to preserve expression of spv virulence
genes carried by the plasmid pSLT (182), whereas the negative regulatory influence of 6° on Vi
polysaccharide expression (185) may favor the accumulation of rpoS mutations in S. Typhi.

We also found that D23580 no longer exhibits a RDAR (rough, dry and red) colonial
phenotype, a correlate of biofilm formation (Fig. 16). RDAR colonies are resistant to a variety of
environmental stresses including desiccation and nutrient deprivation (162, 163, 172, 186). The
failure of D23580 to form RDAR colonies results from a nonsense mutation in the cyclic-di-
GMP-sensitive cellulose biosynthetic gene bcsG (171, 174). As with catalase, the RDAR
phenotype is not required for Salmonella virulence but is required for environmental stress
resistance during multicellular growth (187). The RDAR colonial phenotype is seen in a majority
of generalist S. Typhimurium isolates but is variable in chicken-adapted S. Gallinarum and
absent in human-adapted S. Typhi or swine-adapted S. Choleraesuis (188). In addition, the
loss of RDAR in S. Typhimurium ST313 strain D23580 contrasts with other S. Typhimurium
isolates associated with endemic infection in Africa (189), which may still require the ability to
survive outside the host for effective transmission to susceptible hosts. Alternatively, the loss of
RDAR colony formation has also been reported to increase the fitness of Salmonella in plants
(190), and the involvement of an as-yet unidentified food vector cannot be excluded.
Interestingly, the premature stop codon in bcsG is only found in ST313 lineage Il but not in
lineage | isolates. In contrast, the KatE E117G mutation is present in all ST313 isolates tested.
This suggests the KatE mutation was acquired prior to lineage divergence, while the bcsG
mutation was subsequently acquired by lineage Il isolates only.

In conclusion, the studies described herein provide novel insights into the evolution of

host-specific strains of the enteric pathogen Salmonella enterica. Specifically, the robust early
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fecal shedding and loss of environmental resistance phenotypes observed in S. Typhimurium
ST313 strain D23580 are consistent with epidemiological evidence suggesting anthroponotic
transmission (153). Furthermore, we have shown that D23580 has retained its ability to induce
inflammatory colitis in mammalian models of infection, suggesting that the reduced incidence of
diarrhea and increased incidence of invasive disease associated with these strains most likely
reflect differences in host susceptibility rather than in intrinsic virulence properties of the

pathogen.

Materials and Methods
Bacterial strains, genetic manipulations and growth conditions

Bacterial strains, plasmids and primers are listed in Table 4. Unless otherwise stated, all
chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Waltham,
MA). Unless otherwise stated, all strains were routinely cultured in Luria-Bertani (LB) medium
with shaking at 250 rpm at 37°C. Antibiotic supplementation is as follows unless otherwise
stated: kanamycin (50 pg ml™), ampicillin (100 pg ml™”), tetracycline (20 ug ml™) and nalidixic
acid (50 ug ml™).

The A-red recombinase system of E. coli was used to generate Salmonella mutants
(147). Briefly, PCR was performed with primers containing ~40 bp of homology to the 5" or 3
end of a gene of interest and ~20 bp of homology to the kanamycin-resistance gene of pKD4 or
pKD13. Confirmation of mutant construction was performed by PCR using gene-specific
primers.

Construction of a multi-drug sensitive (MDS) ST313 was performed by isolating a
spontaneous nalidixic acid-resistant mutant of a representative ST313 strain, D23580, by plating
~10® cfu of overnight culture onto LB plates containing 50 pg ml™ nalidixic acid; the derivative
was designated JK1124. The gyrA locus of JK1124 was sequenced, and a single TCC>TTC

mutation was found to result in an S83F amino acid change. The tetRA element conferring
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tetracycline resistance was PCR-amplified with primers JKP409/JKP410 using genomic DNA
from strain JK18 as template. The tetRA element was inserted using A red-mediated
recombination (191) at bp 337269-337270 of the Salmonella virulence plasmid pSLT of wild-
type 14028s, to create strain JK1115. A mating was performed as described (192) using donor
JK1115 and recipient JK1124 at a ratio of 1:10 on a 0.45 yM filter on M9 minimal media with
0.2% glucose. The mating was incubated overnight at 37°C followed by suspension of bacteria
in 10 mM MgSO, and plating onto LB agar containing nalidixic acid and tetracycline. The
concurrent loss of pSLT-BT and gain of pSLT-14028s::tetRA in D23580 was confirmed by PCR
and sensitivity to multiple antibiotics.

Allelic replacement of ST19 strain 14028s KatE E177 with ST313 strain D23580 KatE
G117 was performed by A-Red homologous recombination and counter selection for tetracycline
resistance (191) as follows. Genomic DNA from JK18 served as template to amplify the fefRA
element with flanking sequences to katE using primers JKP539/JKP540. Subsequent A-Red
mediated recombination resulted in tetRA element insertion immediately following the 14028s
KatE codon E117, designated JK1228. To insert the D23580 katE allele into 14028s primers
JKP541 and JKP542 were used to amplify a 335 bp katE fragment from D23580. The PCR
fragment was electroporated into JK1228 and by A-Red mediated recombination and counter
selection of tetracycline resistance on tetracycline sensitive plates (191) resulted in colonies
with KatE G117 replacement into 14028s. Allelic replacement of KatE E117G in 14028s was
confirmed by DNA sequencing and the strain designated JK1250.

The katE and bcsG mutations of D23580 were complemented by cloning the promoters
and full coding sequences of the ST19 strain 14028s alleles of each gene, STM14_1600 and
STM14_4364, respectively, into the BamHI and Hindlll sites of the low-copy expression vector
pRB3 (175). The PCR product was double-digested with BamHI and Hindlll then ligated into the

vector.
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Animals
All animal experiments were approved by the University of California at Davis or the
University of Washington Institutional Animal Care and Use Committee. Animal experiments

were performed in accordance with guidelines regarding animal welfare.

Epithelial cell adhesion assay

Salmonella strains were grown overnight in LB broth. Stationary phase bacteria were
used to infect 3x10* HelLa cells/well (96-well plate) at a multiplicity of infection of ~100:1.
Bacteria were centrifuged at 1000 rpm for 5 min onto HeLa monolayers to synchronize infection.
Infected monolayers were incubated for 15 min at 37°C. Infected monolayers were then washed
four times with sterile PBS to remove transiently associated bacteria. HeLa cells and associated
bacteria were lifted from the dish by addition of 1% Triton X-100, and the adherent bacterial
colony-forming units (cfu) were enumerated. Bacterial adherence is expressed as the percent of

the bacterial inoculum that adhered to HelLa cells normalized to total 14028s adherence.

Epithelial cell invasion assay

Invasion assays were adapted from (193). Salmonella strains were grown overnight in
LB broth supplemented with sodium chloride to a final concentration of 0.3 M. Overnight
cultures of Salmonella were subcultured 1:33 in 10 ml of LB supplemented with sodium chloride
and grown with shaking at 37°C for 3.5 hrs when bacteria reached late-logarithmic phase (ODggo
~1.0). Bacteria were used to infect 3x10* HeLa cells/well (96-well plate) at a multiplicity of
infection of ~100:1. Infected cells were incubated at 37°C for 10 min to promote invasion.
Following invasion, epithelial cells were washed 3 times with PBS then incubated at 37°C for 20
min in antibiotic-free growth medium. After 20 min, the medium was supplemented with

gentamicin at a final concentration of 50 ug ml™”". Cells were incubated for 40 min at 37°C then
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lysed with 1% Triton X-100 to enumerate internalized bacteria. Results are expressed as

percent of the bacterial inoculum internalized.

Salmonella-induced rapid macrophage cytotoxicity assay

Salmonella strains were grown overnight in LB broth supplemented with sodium chloride
to a final concentration of 0.3 M. Overnight cultures of Salmonella were adjusted to ODggy ~2.5
then subcultured 1:100 in LB supplemented with sodium chloride and grown with shaking at
37°C for 4 hrs when bacteria reached late-logarithmic phase. Bacteria were then used to infect
1.4x10° RAW264.7 murine macrophage-like cells/well (96-well plate) or 3x10° THP-1 human
macrophage-like cells/well (24-well plate) at a multiplicity of infection of ~10:1 or 30:1,
respectively. For THP-1 human macrophage-like cell infections, 72 hrs before infection THP-1
monocytes were differentiated into macrophages with 4 nM phorbol 12-myristate 13-acetate
(PMA). Twenty-four hrs prior to infection, the PMA was removed, and macrophages were rested
until infection. Infected monolayers were incubated at 37°C for 30 min to promote
internalization. Following internalization, monolayers were washed twice with DMEM
supplemented with 20 ug ml™ gentamicin to kill extracellular bacteria. Infected monolayers were
incubated at 37°C for 4 hrs before supernatant levels of lactate dehydrogenase were assayed
using the CytoTox96 Cytotoxicity Kit (Promega, Madison, WI) per the manufacturer’s protocol.
Percent cytotoxicity was calculated as follows: ((Experimental release-Spontaneous

release)/(Maximum release-Spontaneous release)) x 100.

Salmonella-induced delayed macrophage cytotoxicity and intramacrophage survival
assay

Salmonella strains were grown overnight in LB broth. For murine macrophage
infections, 1 ml of bacterial culture was centrifuged, supernatant was removed and pellets

resuspended in 100 pl of 100% normal mouse serum. For human macrophage infections,
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Salmonella cultures were adjusted to ODgoo 1.0 and washed twice with sterile PBS (Cellgro).
Equal parts Salmonella and 100% AB human serum (Cellgro) were mixed. Opsonized bacteria
were incubated at 37°C for 15-20 min. Eight x 10° RAW246.7 murine macrophage-like cells/well
or 3x10° THP-1 human macrophage-like cells/well were infected with opsonized Salmonella at a
multiplicity of infection of ~10:1 or ~15:1, respectively. For THP-1 human macrophage-like cell
infections, 72 hrs before infection THP-1 monocytes were differentiated into macrophages with
4 nM phorbol 12-myristate 13-acetate (PMA). Twenty-four hrs prior to infection, the PMA was
removed, and macrophages were rested until infection. Infected macrophage monolayers were
centrifuged at 1000 rpm for 5 min then incubated at 37°C for 15 min (RAW264.7 cells) or 1 hr
(THP-1 cells) in 5% CO,. Following internalization, macrophages were washed with RPMI 1640
1X containing 20 ug ml”" gentamicin to kill extracellular bacteria, then lysed with 1% Triton X-100
to enumerate intramacrophage bacteria at 0 and 18 hrs post-infection (RAW264.7 cells) or 24
hrs post-infection (THP-1 cells). To measure Salmonella-induced delayed macrophage
cytotoxicity, the concentration of lactate dehydrogenase in the supernatant of infected human
macrophages was assayed using the CytoTox96 Cytotoxicity Kit (Promega) per the
manufacturer’s protocol. Percent cytotoxicity was calculated as follows: ((Experimental release-

Spontaneous release)/(Maximum release-Spontaneous release)) x 100.

Mouse infections

Mouse infections were performed similarly to those previously described with
modifications as noted (179). Male and female CBA/J mice were treated with 20 mg
streptomycin Q1 i.g. 24 hrs prior to Salmonella infection. Mice were infected by gavage with 100
ul of 10® bacteria in LB broth. For competitive infections, a 50/50 mixture of D23580 and IR715
was used to infect mice. To determine the numbers of viable Salmonella, colon contents,
Peyer's patches (3 per mouse), mesenteric lymph nodes, livers, and spleens were

homogenized in PBS using an Ultra Turrax T25 Basic mixer (IKA). Homogenates were serially
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diluted and plated on LB agar plates containing nalidixic acid (0.05 mg ml™") for IR715 or
chloramphenicol (0.03 mg ml™") for D23580. After overnight growth at 37°C, cfu/gram of tissue
were enumerated. Competitive indices (Cl) were determined as cfu of D23580 over cfu of
IR715, normalized to input inocula. Histopathological samples were scored in a blinded fashion

by trained pathologist MXB.

Mouse long-term fecal shedding assay

Ten 129/Sv mice were orally infected with ~4x10® cfu of a ~1:1 mixture of S.
Typhimurium D23580 and 14028s. The total inoculum volume was 20 pl. To harvest feces,
individual mice were transferred to small cardboard buckets for 5-10 minutes. Five-to-ten fresh
fecal pellets were harvested then homogenized in 1 ml sterile PBS. Homogenate was plated
onto nonselective media to enumerate total cfu. The amount of D23580 in each sample was

determined by patching 100 colonies onto medium containing chloramphenicol (0.03 mg mI™).

Rhesus macaque ileal loop infections

Rhesus macaque ileal loop infections were performed as described (179, 194). Briefly,
4 healthy male rhesus macaques were anesthetized prior to a laparotomy to expose the ileum.
lleal loops averaging 4 cm in length were created by ligation and infected by intra-lumenal
injection of 1 ml of 1x10° cfu of Salmonella or sterile LB broth. Five hrs following infection,
loops were collected and the change in intra-lumenal fluid accumulation or RNA expression of
inflammatory cytokines over mock-infected loops was measured. Monkeys were designated
37248, 36171, 38498 and 36782. Loops used in this study were loop 11 (LB media), loop 13

(IR715) and loop 14 (D23580).

Hydrogen peroxide susceptibility assays
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To measure the ability of Salmonella strains to detoxify hydrogen peroxide (H,0,), 20 ul
of ~8.8M H,0O, was added to 1 ml of an overnight culture (~16-18 hrs of growth) of Salmonella
and incubated at room temperature for 5 minutes. The height of the oxygen bubble column
correlates with the ability of a strain to detoxify H,O,. To measure growth in the presence of
H,0O,, overnight cultures of Salmonella were diluted to a final ODgg of 0.002 in LB broth with or
without 0.5 mM H,0,. The ODgoo was measured at 15 min intervals in a Bioscreen C microplate

reader (Labsystems, Helsinki, Finland).

Catalase activity assay

Salmonella catalase activity was measured as described with modifications as noted
(195). Briefly, 2 ml of overnight culture were washed twice and resuspended in a final volume of
400 pl wash buffer to reduce frothing during sonication. Bacteria were subjected to 4 rounds of
sonication at power level 2 for 5 sec each (Mixonix, Farmingdale, NY). Lysates were centrifuged
and the protein concentration of the supernatant determined using a Coomassie (Bradford)
Protein Assay Kit (Pierce, Waltham, MA). Twenty ul of lysate were combined with H,O, and the
decay measured colorimetrically at OD,4o over time. The specific activity of catalase was
calculated using the formula: (1000 x AAz4/min (average))/(43.6 x mg of protein/ml of reaction
mixture). Heat-stable KatE activity was measured by heating cell extracts to 55C for 15 min

prior to assaying catalase activity.

Detection of the RDAR colonial morphotype

Bacteria were grown overnight in LB broth then diluted to a concentration of ~100 cfu/ml.
One-hundred pl were plated onto LB agar without salt and supplemented with 40 ug ml™ Congo
Red and 20 pg ml” Coomassie Blue. Plates were incubated at 25°C or 37°C for 7 d without

inversion (162).

88



Water survival assay

Bacteria were grown overnight in LB broth at 37°C. Bacteria were then washed twice in
sterile PBS and once in sterile water. Bacteria were inoculated into sterile water at a final
concentration of ~5x10® cfu/ml and incubated at room temperature without shaking in a closed
microfuge tube. At the timepoints listed, microfuge tubes were quickly vortexed to resuspend

bacteria, and the cfu were enumerated on nonselective media.

Cell culture

All cell lines were obtained directly from the American Type Culture Collection (ATCC).
HelLa human cervical adenocarcinoma epithelial cells were cultured in Dulbecco’s Modified
Eagle Medium (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT). RAW264.7 murine macrophage-like cells were cultured in RPMI 1640 1X
(Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum. All cell lines were

propagated at 37°C in 5% CO..

RNA expression analysis (primates and bacteria)

RNA expression analysis of inflammatory cytokines in rhesus macaque tissues was
performed as described (179). For RpoS-regulated gene expression analysis in Salmonella
strains, RNA isolation, cDNA synthesis and quantitative PCR (qPCR) was performed as
previously reported with modifications as noted (196). Briefly, bacteria were grown in LB broth to
ODggo ~2.0. One-half ml of bacterial culture was combined with 1 ml of Qiagen RNAprotect
Bacteria Reagent (Qiagen, Valencia, CA), the suspension was pelleted by centrifugation and
the supernatant removed. RNA isolation was performed using a Qiagen RNeasy Mini Kit per the
manufacturer’s protocol. Five-hundred ng of total RNA were converted to cDNA using a
QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA). Primers used for gPCR are listed

in Table S1. qPCR was performed using a SYBR Green master mix and CFX96 real-time
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machine (Bio-Rad, Hercules, CA). Target expression levels were normalized to the

housekeeping gene rpoD.
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Fig. 10. D23580 is more adhesive and invasive for cultured cells than 14028s. (A)
Confluent monolayers of HeLa human cervical epithelial cells were infected with stationary
phase S. Typhimurium ST313 strain D23580 or ST19 strain 14028s at an MOI of ~100 for 15
min. Following PBS washing, intracellular cfu were enumerated by lysis and plating. Bacterial
adhesion is expressed as a proportion of the starting inoculum. (B) Confluent monolayers of
HelLa human cervical epithelial cells were infected with late-logarithmic phase S. Typhimurium
ST313 strain D23580 or ST19 strain 14028s at an MOI of ~100 for 10 min. Intracellular cfu were
enumerated 1 hr after internalization by lysis and plating. Bacterial invasion is expressed as a
proportion of the starting inoculum. invA mutants were included as controls for reduced
invasion. Statistical significance was determined using a paired t-test and is indicated as *, P <

0.05; ** P < 0.01.
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Fig. 11. D23580 is more invasive and cytotoxic for cultured cells than 14028s. (A)
RAW264.7 murine macrophage-like cells were infected with late-logarithmic phase S.
Typhimurium D23580 or 14028s at an MOI of ~10. Four hrs post-infection, culture supernatants
were assayed for released lactate dehydrogenase as a measure of macrophage death. invA
mutants were included as SPI1-deficient controls. (B) RAW264.7 murine macrophage-like cells
were infected with opsonized stationary-phase S. Typhimurium D23580 or 14028s at an MOI of
~10. Eighteen hrs post-infection, macrophages were lysed and intracellular cfu enumerated.
Bacterial survival is expressed as a proportion of internalized bacteria remaining at 18 hrs post-
infection. phoP mutants were included as controls with reduced intramacrophage survival. (C)
THP-1 human macrophage-like cells were infected with late-logarithmic phase S. Typhimurium
D23580 or 14028s at an MOI of ~30. Four hrs post-infection, culture supernatants were
assayed for released lactate dehydrogenase as a measure of macrophage death. invA mutants
were included as SPI1-deficient controls. 1 biological replicate shown. No statistical analysis
performed. (D) THP-1 human macrophage-like cells were infected with opsonized stationary-

phase S. Typhimurium D23580 or 14028s at an MOI of ~15. Twenty-four hrs post-infection,
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culture supernatants were assayed for released lactate dehydrogenase as a measure of
macrophage death. ssrB mutants were included as SPI2-deficient controls. (E) THP-1 human
macrophage-like cells were infected with opsonized stationary-phase S. Typhimurium D23580
or 14028s at an MOI of ~15. Twenty-four hrs post-infection, macrophages were lysed and
intracellular cfu enumerated. Bacterial survival is expressed as a proportion of internalized
bacteria remaining at 24 hrs post-infection. Strain D23580 MDS was included as a control to
exclude effects from deletion of plasmid-borne antibiotic-resistance determinants. Bars
represent the mean £ SD. ND = Not detected. Statistical significance was determined using a

paired t-test and is indicated as *, P < 0.05; *** P < 0.001.
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Fig. 12. D23580 efficiently colonizes the murine intestine. (A) CBA/J mice were pretreated
with streptomycin for 24 hrs and i.g. infected with an ~1:1 mixture of S. Typhimurium ST313
strain D23580 and ST19 strain IR715. On days 1 and 4 post-infection, co-infected mice (n=10)
were euthanized and cfu in Peyer’s Patches (PP), mesenteric lymph nodes (mLN), colonic
contents, liver and spleen were enumerated. Values greater than 1 indicate a competitive
advantage of D23580 over IR715. Bars represent the median of values. Each symbol
represents 1 mouse. Statistical significance was determined using an unpaired Wilcoxon signed

rank test and is indicated as **, P < 0.01. (B) Fecal pellets from streptomycin-treated, i.g.-
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infected CBA/J mice (n=10 per group) were collected and homogenized, and cfu were
enumerated on days 1, 2, and 4 post-infection. Values represent the median * range. Statistical
significance was determined using a Mann-Whitney test and is indicated as *, P < 0.05 or ***, P
< 0.001. (C) 129/Sv mice (n=10) were orally infected with an ~1:1 mixture of S. Typhimurium
ST313 strain D23580 and ST19 strain 14028s. Fecal pellets of infected mice were collected and
homogenized, and cfu were enumerated on days 7, 15, and 24 post-infection. Values represent
the median + range. Statistical significance was determined using a Mann-Whitney test. (D)
Streptomycin-treated CBA/J mice were infected i.g. with S. Typhimurium D23580 or IR715. At
24 hrs post-infection, mice were euthanized followed by removal of the cecum for
histopathological analysis. Blinded general and detailed cecal pathology scores for D23580-
and IR715- and mock-infected mice (n=4) mice (n=4) are shown. For detailed analyses, each
bar represents 1 mouse. Statistical significance was determined using a Mann-Whitney test on

total histopathology scores.
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Fig. 13. D23580 elicits acute inflammation in the rhesus macaque intestine. Ligated ileal
loops of anesthetized rhesus macaques (n=4) were infected with S. Typhimurium ST313 strain
D23580, ST19 strain IR715 or an equivalent volume of sterile LB broth. (A) Fluid accumulation
in the infected ileal loops was measured 5 hrs following injection. Results are expressed as the
volume of fluid accumulated during infection compared to the volume of fluid accumulated
following injection of sterile LB broth into a loop from the same animal. (B) Expression of
inflammatory cytokines in the ileal mucosa of S. Typhimurium D23580- or IR715-infected ileal
loops 5 hrs following injection. Results are shown as the amount of expression in infected ileal
loops compared to the amount of expression in loops injected with sterile LB broth from the
same animal. (C) Tissue-associated bacteria were measured 5 hrs following injection of the ileal
loop. Bars represent the median of values. Each symbol represents 1 animal. Statistical

significance was determined using a Wilcoxon matched-pairs signed rank test (P > 0.05).
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Fig. 14. D23580 exhibits deficient detoxification of hydrogen peroxide despite retaining
o°-dependent gene expression. (A) Stationary-phase cultures of S. Typhimurium were grown
for ~16-18 hrs before 20 pl of hydrogen peroxide (H.O;) were added to 1 ml of each culture.
The height of the oxygen bubble column correlates with the ability of each strain to detoxify
H,0,. (Left panel) S. Typhimurium strains 14028s rpoS*, 14028s ArpoS, and LT2 are known
rpoS-mutants and exhibit enhanced sensitivity to H,O,. (Right panel) Multiple independent
ST313 strains exhibit deficient H,O, detoxification. D23580 MDS was included as a control to
exclude effects from deletion of plasmid-borne antibiotic-resistance determinants. *ST313
isolate A32793 was not sequenced and is of unknown lineage. (B) Stationary-phase cultures of
S. Typhimurium were grown in the presence (open symbols) or absence (closed symbols) of 0.5
mM H,0,, and optical density was measured over time. A delay in the time to log-phase
indicates an enhanced susceptibility to H,O,. The data shown are an average of 3 biological
replicates. (C) S. Typhimurium strains were grown to stationary phase prior to harvesting of

RNA. gPCR was performed to determine relative levels of mRNA for the 0° (RpoS)-regulated
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genes spvB (an ADP-ribosylating toxin), katE (stationary-phase catalase) and otsA (trehalose
biosynthetic gene). Absolute qPCR values were normalized to the bacterial housekeeping gene
rpoD and expressed as fold-change over wild-type 14028s. 14028s rpoS* was included as a
control for the effects of reduced o°-dependent gene expression. Statistical significance was

determined using a paired t-test.
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Fig. 15. D23580 fails to detoxify hydrogen peroxide due to a mutation in the stationary-
phase catalase KatE. Stationary-phase cultures of S. Typhimurium were sonicated over ice to
release intracellular KatE before the addition of hydrogen peroxide (H,O;). Decay of H,O, was
monitored colorimetrically (Az4) over time. Heat-treated lysates were incubated at 55°C for 15
min to inactivate KatG, the heat-sensitive Salmonella catalase, before assaying for KatE activity.
The strain 14028s katE::tetRA contains a targeted mutation inactivating katE. 14028s
katE::tetfRA is a KatE-null strain, a control for reduced stationary-phase catalase activity.
D23580 MDS was included as a control to exclude effects of deleting plasmid-borne antibiotic-
resistance determinants. Statistical significance was determined using a paired t-test and is

indicated as **, P < 0.01.
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Fig. 16. D23580 is unable to form RDAR colonies due to a mutation in the cellulose
synthetic enzyme BcsG. S. Typhimurium strains were grown overnight in LB broth and plated
onto LB agar containing the dyes Congo Red and Coomassie Blue without salt. Colonies were
grown for 7 d at 25°C or 37°C. RDAR (rough, dry and red) colonies are characteristically

formed at 25°C and not 37°C. Pictures shown are representative examples.

100



150+

T 195
2 125 - 14028s wt
5 100 === D23580 wt
(/)]
8 75
g
S 50+
(a1}
25

c | | | | | | | | 1

0 1 2 3 4 5

Days

Fig. 17. Survival of D23580 and 14028s in water over 5 days. Bacteria were grown overnight
in rich medium at 37°C, washed 2 times in PBS, and once in sterile water. Washed bacteria
were then diluted 10-fold into sterile water, incubated without shaking at room temperature, and
assayed for cfu at indicated timepoints. Data shown are the mean of three biological replicates.

Statistical significance was determined using a paired t-test.
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Table 4. Strains, plasmids, primers.

Genotype, relevant
Strain, plasmid or primer characteristics, or Source or reference
sequence®
Strains
Salmonella Typhimurium
A130 (150)
ST313 wild-type strain
Salmonella Typhimurium
A680 (150)
ST313 wild-type strain
Salmonella Typhimurium
A32773 (150)
ST313 wild-type strain
Salmonella Typhimurium
A32793 (150)
ST313 wild-type strain
Salmonella Typhimurium
A38589 (150)
ST313 wild-type strain
Salmonella Typhimurium
A39051 (150)
ST313 wild-type strain
Salmonella Typhimurium
A39129 (150)
ST313 wild-type strain
Salmonella Typhimurium
A39155 (150)
ST313 wild-type strain
Salmonella Typhimurium
C2110 (150)
ST313 wild-type strain
Salmonella Typhimurium
FLS267 This study
strain D23580 Nal® GyrA
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S83F pSLT-14028s::tetRA

invA::FRT-kan

FLS

Salmonella Typhimurium
strain D23580 Nal® GyrA
S83F pSLT-14028s::tetRA

ssrB::FRT-kan

This study

JK560

Salmonella Typhimurium

14028s phoP120::Tn10dCm

(197)

JK999

Salmonella Typhimurium

14028s rpoS’

(21)

JK1114

Salmonella Typhimurium
ST313 wild-type strain

D23580 wild-type (Fang Lab)

(150)

JK1115

Salmonella Typhimurium

14028s pSLT-14028s::tetRA

This study

JK1124

Spontaneous Nal® derivative
(GyrA S83F) of Salmonella

Typhimurium D23580

This study

JK1128

Multiple drug sensitive
derivative of Salmonella
Typhimurium D23580. Nal®
GyrA S83F pSLT-

14028s::tetRA

This study

JK1168

Salmonella Typhimurium

D23580 GyrA S83F pSLT-

This study
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14028s::tetRA/pKD46

JK1217

Salmonella Typhimurium

14028s invA::FRT-kan

This study

JK1222

Salmonella Typhimurium
D23580 Nal® GyrA S83F
pSLT-14028s::tetRA

phoP::FRT-kan

This study

JK1228

Salmonella Typhimurium

14028s katE::tetRA

This study

JK1250

Salmonella Typhimurium

14028s KatE E117G

This study

JK1269

Salmonella Typhimurium

14028s rpoS::FRT-cat

This study

KLL6

Salmonella Typhimurium
ST313 wild-type strain

D23580 (Tsolis Lab)

(150)

KLL24

Salmonella Typhimurium
ST19 strain IR715 (pHP45Q)
resistant to nalidixic acid,

ampicillin, and streptomycin

(198) (199)

LAS18

Salmonella Typhimurium
ST19 wild-type strain 14028s

ssrB::FRT-kan

This study

LAS120

Salmonella Typhimurium

ST19 wild-type strain 14028s

ATCC
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Salmonella Typhimurium

LAS206 via C. Detweiler
ST19 wild-type strain SL1344
Salmonella Typhimurium
LAS209 ATCC
ST19 wild-type strain LT2
Salmonella Typhimurium
SL2759 14028s katE::Tn10 (168)
katG::pRR10AtrfA Pen®
Plasmids
bla FRT kan FRT PS1 PS2
pKD4 (147)
ori6K
bla FRT kan FRT PS1 PS4
pKD13 (147)
ori6K
bla araC-PasY B €exo
pKD46 (147)
oriR101 repA101(Ts)
pLAS1 pRB3::14028s katE This study
pLAS2 pRB3::14028s bcsG This study
par RK2 bla stable low-copy-
pRB3 (175)
number cloning vector
Primers
ACAACCAGCAGCGCGGAG
AATTTGTGTCTGCAGAGTA
JKP409-pSLT-tetR This study
AGATTAAGACCCACTTTCA
CATT
CACTTTACGGCTATGCCC
JKP410-pSLT-tetA This study
GCGTTTCAACCAGCGATC
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AGGACTAAGCACTTGTCTC

CTG
CATCGTCAAATGGTTGTTC
JKP428-rpoS F This study
G
TTTCACGGCCTACATCTTC
JKP429-rpoS R This study
C
GCGGTATTCCACGCAGTT
JKP430-katE F This study
AT
CAGTGGAAACGGACAAAG
JKP431-katE R This study
GT
GTGGCTTGCAATTCCTTGA
JKP432-rpoD F This study
T
ACCAGGTTGCATAGGTGG
JKP433-rpoD R This study
AG
GGGCGATTGTAGAGGAAT
JKP434-spvB F This study
CA
TCACTGGGTTCATTTGTGG
JKP435-spvB R This study
A
AGGCGGAACTGAAAAATG
JKP444-0tsA F This study
TG
TAACGAATTTTTCCCCGAT
JKP445-0fsA R This study
G
ATACCTATAGTGCTGCTTT
JKP507-invAP1 CTCTACTTAACAGTGCTCG This study
TTGTGTAGGCTGGAGCTG
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CTTC

JKP508-invAP2

TAATTAAGCCCTTATATTG
TTTTTATAACATTCACTGA
CTCATATGAATATCCTCCT

TAG

This study

JKP511-phoPP1

ATGATGCGCGTACTGGTT

GTAGAGGATAATGCATTAT

TACGTGTAGGCTGGAGCT

GCTTC

This study

JKP512-phoP4

GACCAGCGCCACTATGCC

ATATGCCAAAGAAAGCAC

CAGCATTCCGGGGATCCG

TCGAC

This study

JKP539-KatE-E127-TetR

TTTTATCCTGCGCGAGAAA

ATTACCCACTTTGACCATG

AGTTAAGACCCACTTTCAC

ATT

This study

JKP540-KatE-E127-TetA

CTGCAGATCCGCGGGCGT
GAACGATCCTCTCCGGGA
TGCGCTAAGCACTTGTCTC

CTG

This study

LASP500-14028s katE-5'

BamHl|

TCTAGAGTCGGGATCCTT

CCGCTCTCCCCCAGCATA

A

This study

LASP501-14028s katE-3’

GCATGCCTGCAAGCTTTTA

This study
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Hindlll TGCAGGAATCGCGTTAAT
TCTAGAGTCGGGATCCGC
LASP502-14028s bcsG-5’
CGTATCAGTGATACGACC This study
BamHl
C
LASP503-14028s bcsG-3’ GCATGCCTGCAAGCTTTTA
This study
Hindlll CTGCGGGTAAGGCACCCA
TTGCTAGTTCCGTCAAGG
SP27-rpoS cat replacement
GATCACGGGTAGGAGCCA
F This study
CCTTGTGTAGGCTGGAGC
TGCTTC
AAGGCCAGTCGACAGACT
SP28-rpoS cat replacement
GGCCTTTTTTTGACAAGGG
R This study
TACATGGGAATTAGCCATG
GTCC
AGTTCACACTGGGCAACA
Lcn2 F (200)
T
Lcn2R TTCTCCTTTAGTTCCGAAG (200)
TCCTGGCTGCTTTGATGTC
Mip3a F (200)
A
GAAGGATACGGTCTGTAT
Mip3a R (200)
ATCGAAGAC
CCAAGTGATGGCTGAACT
Ifny F (200)
GTCG
TCTGACTCCTTTTTCGCTT
Ifny R (200)
CCC
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CAATCCCACGAAATCCAG
17 F (200)
GATG
GGTGGAGATTCCAAGGTG
117 R (200)
AGG
TCCGCGGAGTCAGTATGA
1122 F (200)
GTGAGC
GAACCTATCCGATTGAGG
1122 R (200)
GAGCAGC

°FRT, Flippase recombination target; All primer sequences are listed 5°-3'.
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Chapter 4

Characterization of a novel operon contributing to Salmonelia virulence

LAS contribution: Conceived study with F.C.F. and performed all experiments. Data in Fig. 18
were collected with assistance from Stephen J. Libby (mouse infections). Data in Fig. 19 were
collected with Taylor Stepien. Unpublished preliminary data referenced in this chapter include S.
Typhi TraDIS library construction, humanized mouse infections and bioinformatic analysis
performed by Joyce Karlinsey with help from Stephen J. Libby (animal infections) and the Fred

Hutchinson Cancer Research Center (FHCRC) bioinformatics group.

Abstract

Salmonella enterica serovar Typhi (S. Typhi), the etiologic agent of typhoid fever,
causes over 20 million infections and 200,000 deaths annually. These numbers underscore the
need for better strategies for typhoid prevention. S. Typhi is an obligate human pathogen, which
makes the study of S. Typhi pathogenesis challenging. Salmonella enterica serovar
Typhimurium (S. Typhimurium) is said to cause a 'typhoid-like' illness in mice and is employed
as a model for typhoid fever. However, although S. Typhi and S. Typhimurium are genetically
similar, there are substantial differences between these Salmonella serovars with regard to their
genetic composition and interaction with host immunity. Consequently, S. Typhimurium
infections in mice do not fully recapitulate crucial aspects of S. Typhi infection in humans.
Human tissue culture cells and humanized mouse models of infection may provide novel
insights into S. Typhi virulence determinants. A screen of a high-density S. Typhi transposon
mutant library during infection of humanized mice revealed that a novel 5-gene operon was
required for survival in the liver and spleen. A targeted ppo deletion was constructed and
confirmed that this operon was also required for S. Typhimurium virulence in conventional mice.

Based on partial sequence homology to known transport systems, the operon was tentatively
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designated the "putative permease operon," henceforth referred to as ppo. Although some
genes in the operon were related to loci involved in carbohydrate metabolism, Salmonella ppo
mutants failed to exhibit growth defects on various single-carbon sources. Screening for the
ability of a S. Typhi ppo mutant to grow a broad range of alternative nutrient sources or in the
presence of chemical stressors identified a potential role for the ppo operon in the maintainance
of membrane stability. Salmonella ppo mutants failed to grow as rapidly as isogenic wild-type
bacteria in the presence of the metal chelator EDTA and were resistant to the toxic effects of the
amino acid D-serine. EDTA-sensitivity and D-serine resistance can result from altered proton-
motive force in bacteria. Using the fluorescent dye DIOC,(3), | have discovered that Salmonella
ppo mutants exhibit hyperpolarization of the membrane potential compared to wild-type.
Investigation of the contribution of this operon to Salmonella membrane physiology is presently

under investigation.

Introduction

Salmonella enterica serovar Typhi (S. Typhi), the causative agent of typhoid fever, is a
human-restricted pathogen. Much of what is known about human typhoid pathogenesis is
gleaned from studies of Salmonella enterica serovar Typhimurium (S. Typhimurium) infection of
mice. However,such studies cannot recapitulate all aspects of S. Typhi infection of humans as
~12% of the S. Typhi genome is unique and absent in generalist serovars like S. Typhimurium
(26). Additionally, S. Typhimurium encodes several novel elements in its genome, not found in
S. Typhi, that influence it's pathogenesis in both mice and humans (26, Table 2 of chapter 2).
For example, S. Typhimurium carries the virulence plasmid pSLT that encodes an ADP-
ribosylating toxin, SpvB, which is important for virulence in mice (26, 120, 121, 130) and
correlates the bloodstream infections in humans (Flerer, J Infect Dis, 1992). Given the important
genetic differences between S. Typhi and S. Typhimurium, there are limitations to what can be

inferred about typhoid pathogenesis from animal models of Salmonella infection (55). Although
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multiple human cell lines exist, until recently no whole animal model systems were available to
allow the direct study of S. Typhi pathogenesis. In 2010, the our laboratory published a study
characterizing the development of a humanized mouse model for acute lethal typhoid infection
(124). Non-humanized mice are highly resistant to infection with S. Typhi, even at high
infectious doses (124). However, when mice are engrafted with human hematopoietic stem
cells, a human hematopoietic system is reconstituted, rendering the engrafted mice susceptible
to S. Typhi infection (124). Following development and characterization of this humanized
mouse model of typhoid infection, a high-density S. Typhi transposon mutant library was
constructed (J. Karlinsey, unpublished data) (201, 202) and used to infect humanized mice in
order to identify essential virulence factors (J. Karlinsey and S. Libby, unpublished data). This
approach was validated by the demonstration that mutants harboring insertions in known S.
Typhi virulence factors, such as the Vi capsule, were highly counterselected following
intraperitoneal (ip) infection of humanized mice (J. Karlinsey, unpublished data). Mutants with
insertions in a 5 gene operon (t4474-t4478) were also counterselected in the humanized mouse
typhoid model (J. Karlinsey, unpublished data). Although this putative 5-gene operon is present

in S. Typhimurium, it has not been previously implicated in Salmonella virulence.

Results
A novel operon is important for typhoid virulence in humanized mice

A transposon-mutant library of S. Typhi strain Ty2 was constructed using a Tn22
transposon-derivative to generate a library of over 1 million discrete Ty2 mutants (J. Karlinsey,
unpublished data) (201). Typhoid-susceptible humanized mice were infected with the Ty2
mutant library to identify genes essential for systemic virulence (J. Karlinsey and S. Libby,
unpublished data) (124). Upon becoming moribund, the mice were euthanized, and their livers
and spleens were aseptically removed, homogenized and plated onto sterile LB agar plates (J.

Karlinsey and S. Libby, unpublished data). Salmonella mutants counterselected during
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humanized mouse infections were identified using transposon-directed insertion-site sequencing
(TraDIS) (J. Karlinsey, unpublished data) (201, 203).

The S. Typhi Ty2 genes t4475-4478 were counter-selected during infection (J. Karlinsey,
unpublished data). These genes are not unique to S. Typhi and have counterparts in S.
Typhimurium designated STM14_5332-5335 in strain 14028s, and are also found in several
non-Salmonella genera (139). As humanized mice are a limited and expensive resource, we
elected to further investigate a possible role in virulence in a conventional mouse model of S.
Typhimurium infection. Twenty C3H/HeN mice were infected i.p. with ~1700 cfu of a 1:1 mixture
of S. Typhimurium 14028s wt and an isogenic, kanamycin-resistant STM14_5332-5335 deletion
mutant. Five days post-infection (pi), the mice were sacrificed and their livers and spleens
aseptically removed, homogenized and plated onto sterile LB agar. Single colonies were picked
and grown on kanamycin-containing LB plates to determine the proportion of STM14_5332-
5335 mutant Salmonellae in each organ. In liver and spleens, the 14028s STM14_5332-5335
mutant was significantly underrepresented in comparison to wt (Fig. 18A), confirming a
requirement for these genes for full virulence. We also investigated whether STM14_5332-5335
influenced survival of non-humanized mice during Salmonella infection. Twelve and 13 non-
humanized C3H/HeN mice were infected with 1000 cfu of 14028s wt or an isogenic
STM14_5332-5335 mutant, respectively. Mice were sacrificed once moribund or upon reaching
the study end date (21 days pi), whichever came first. Mice infected with the 14028s
STM14_5332-5335 deletion mutants had a significant increase in median survival compared to
wt-infected mice (Fig. 18B). These studies confirmed the results of the humanized mouse Ty2-
mutant library screen indicating that this operon is important for invasive Salmonellosis in mice.

We next investigated whether S. Typhimurium STM174_5332-5335 deletion mutants
were defective for growth and/or Salmonella-induced macrophage cytotoxicity in murine
RAW264.7 macrophage-like cells. RAW264.7 cells were seeded into tissue-culture wells 24h

before infection. The cells were then infected with mouse-serum opsonized, stationary-phase S.
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Typhimurium strain 14028s or an isogenic STM14_5332-5335 mutant at a multiplicity of
infection (MOI) of ~10. Bacteria were centrifuged onto macrophage monolayers to synchronize
infection and internalized for 1 hr. Following internalization, monolayers were washed with
medium containing the membrane-impermeant antibiotic gentamicin. Twenty-four hr pi,
macrophages were lysed and intracellular cfu enumerated. Supernatants were collected and the
concentration of LDH quantified as a measure of cell death. | found that 14028s STM14_5332-
5335 mutants had a more than three-fold defect in intramacrophage survival as compared to wt
(Fig. 19A; performed in conjunction with T. Stepien). S. Typhimurium 14028s mutants lacking
ssrB, the SPI2 T3SS, or the transcriptional regulator phoP were included as intramacrophage
replication-deficient controls (Fig. 19A; performed in conjunction with T. Stepien). No defect in
Salmonella-induced macrophage cytotoxicity were observed for the 14028s STM14_5332-5335
mutant (Fig. 19B; performed in conjunction with T. Stepien). These data indicate that a defect in
intramacrophage replication of 14028s STM14_5332-5335 mutants correlates with the observed

defect in mouse virulence (Fig. 18, 2).

The operon has no evident role in carbohydrate metabolism

Having identified that the STM14_5332-5335 genes are important for S. Typhi and S.
Typhimurium virulence in mice, | further investigated the possible function of the operon by
employing in silico analytical tools such as PSI-BLAST and I-TASSER. PSI-BLAST iteratively
queries protein sequence databases for similarities or matches to a target sequence (139, 204).
I-TASSER (iterative threading assembly refinement) uses known protein structures from the
Protein Data Bank (PDB) as templates upon which to thread or model unknown amino acid
sequences of interest (205, 206). A summary of this analysis is presented in Table 5. A
schematic depiction of the operon is also provided (Table 5). | included the Ty2 gene t4474
(14028s STM14_5331) in my analysis, despite lack of counter-selection of this locus during the

humanized mouse Ty2 mutant library screen, because of its proximity to the four highly
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counterselected genes, henceforth referred to as the 5-gene operon (Table 5). Both PSI-BLAST
and I-TASSER strongly predicted that 4474, the first gene in the putative operon, was a PTS
(phosphoenolpyruvate:sugar phosphotransferase system) regulation domain (PRD)-containing
protein (Table 5). PRD-containing proteins are typically associated with regulation of
carbohydrate catabolism (207). I-TASSER analysis of 4475 revealed its predicted structure had
strong homology to the Escherichia coli (E. coli) ribose-5-phosphate isomerase RpiB (Table 5).
Bacterial ribose-5-phosphate isomerases are part of the catabolic pentose-5-phosphate
pathway and catalyze the reversible conversion of D-ribose 5-phosphate to D-ribulose 5-
phosphate (208). Salmonellae encode one primary ribose-5-phosphate, rpiA (Ty2 t29817;
14028s STM14_3701), which is responsible for 99% of the ribose-5-phosphate isomerase
activity in cells (209). Some bacteria such as E. coli, but not S. enterica, encode an additional
ribose-5-phosphate isomerase called rpiB (210). The remaining genes in the operon, t4476-
4478, were annotated as hypothetical proteins with poor and unreliable structural models
generated by I-TASSER (Table 5).

As two of the 5 genes in the putative operon had potential links to carbohydrate
metabolism, | examined the ability of S. Typhimurium lacking the 5-gene operon to grow on 13
different pentose-, hexose-, and other sole-carbon sources (Fig. 20). The Salmonella strains
were grown overnight in LB broth with shaking at 37°C. Cultures were normalized to ODggo 2.5
and diluted 100X in M9 minimal medium lacking any carbon source. Thirty ul of this suspension
was used to inoculate 270 pl of M9 minimal medium plus the carbon source of interest. Bacterial
ODgoo was monitored every 15 minutes for 24h with shaking at 37°C using a Bioscreen C
microplate reader (Labsystems, Helsinki, Finland). S. Typhimurium 14028s STM14_5332-5335
mutants exhibited no growth defects on any single carbon source tested (Fig. 20). All strains
tested were unable to grow on D-ribulose, D-lyxose, D-xylose and D-xylulose as a sole carbon

source. Although bioinformatic analysis suggested possible involvement of these genes in
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carbohydrate metabolism, | was unable to demonstrate a specific growth defect of S.

Typhimurium 14028s lacking STM14_5332-5335 on any of the carbon sources tested.

The operon may be important for maintainance of membrane integrity in Salmonella
Having been unable to identify a carbohydrate utilization defect in 14028s lacking
STM14_5332-5335, | performed an extensive phenotypic screen to examine growth of the
mutant in the presence of other single carbon sources or in the presence of various stress
conditions using a Biolog phenotypic microarray (211). S. Typhimurium 14028s wt,
ASTM14_5331-56335 and AspvR (as a control for the kanamycin-resistance marker) strains
were streaked onto LB agar and grown overnight, then streaked onto 0.2X TYE agar and again
grown overnight. Colonies from these plates were harvested and suspended in IF-0 inoculating
broth. The turbidity of each suspension was measured and equalized to 85% transmittance.
Normalized suspensions were combined with a proprietary redox-sensitive dye to monitor
bacterial growth and used to inoculate twenty 96-well phenotypic array microtiter plates (Biolog,
Hayward, CA) (Appendices 1, 2). Growth was monitored for 48h at 37°C without shaking in an
Omnilog machine (Biolog, Hayward, CA). The individual growth curves of each strain under
each condition were compiled into overlapping growth curves to facilitate comparison between
strains (Appendix 3). A summary of the differences in growth between 14028s wt and the
STM14_5331-5335 mutant is included in Table 6. The most dramatic differences between wt
and the STM14_5337-56335 mutant strain were during growth in the presence of the metal
chelator EDTA, the amino acid D-serine, or the antibiotics phleomycin and tobramycin (Table 6).
A possible trend emerged from the significant Biolog phenotypes (Table 6). Both D-
serine and the antibiotic tobramycin are toxic for bacteria (212). 14028s STM14_5331-5335
mutants were resistant to both D-serine and tobramycin toxicity (Table 6). Uptake of tobramycin,
like all aminoglycosides, is dependent upon bacterial proton-motive force (PMF) (213), and

bacteria with altered PMF are resistant to tobramycin toxicity. D-serine is also toxic to some
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bacteria (212) and is transported into cells via the PMF-dependent D-alanine transporter (214,
215). Therefore, resistance of 14028s STM14_5331-5335 mutants to D-serine and tobramycin
toxicity might result from perturbed PMF in these mutants. If perturbation of PMF is due to a loss
of membrane integrity in the STM714_5331-56335 mutant, then growth in the presence of the
metal-ion chelator EDTA or the cell wall-damaging agent phleomycin could further destabilize
bacterial cells and inhibit growth, as we observed (Table 6).

| first confirmed the most significant phenotypes observed in the phenotypic microarrays.
As the phenotypic microarray conditions are largely proprietary, recapitulating the conditions
under which phenotypes were observed required trial and error. Salmonella strains were grown
overnight in LB broth with shaking at 37°C. Overnight bacterial cultures were normalized to
ODggo 2.5 then diluted 100X in LB medium lacking EDTA. Thirty pl of this suspension was used
to inoculate 270 pl of M9 minimal medium plus varying concentrations of EDTA. Bacterial ODgg
was measured every 15 min for 48h with shaking at 37°C using a Bioscreen C microplate
reader (Labsystems, Helsinki, Finland). Both S. Typhi Ty2 and S. Typhimurium 14028s and their
isogenic 5-gene deletion mutants were tested for EDTA sensitivity. Although | had some
difficulty precisely replicating the EDTA-sensitivity phenotype in 14028s, | was able to
demonstrate that the Ty2 t4474-4478 mutant was more sensitive to EDTA compared to wt (Fig.
21). An increased lag phase during growth in the presence of EDTA is indicative of an
organism’s increased sensitivity to that compound. Additional conditions are presently being
employed to assess the S. Typhimurium STM14_5332-5335 deletion mutant.

As for EDTA-sensitivity, confirming the D-serine resistance phenotype in the 5-gene
deletion mutants of S. Typhi Ty2 and S. Typhimurium 14028s proved difficult. Various
concentrations of D-serine were employed but failed to inhibit Salmonella growth (Fig. 22). It is
possible that additional modifications of the culture medium will be required to observe this

phenotype.
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| next investigated whether PMF was altered in mutant bacteria lacking the 5-gene
operon. PMF is generated from electrical and chemical gradients according to the following
equation: PMF = Ay-60ApH where Ay is the membrane potential and ApH is the proton
gradient. A ratiometric assay was employed to measure bacterial membrane potential (216).
Salmonella strains were grown overnight in LB broth. Bacteria were diluted 1000X into fresh LB
and grown to ~ODggo 1.5 at 37°C with shaking. Two pl of ODggo 1.5 bacterial culture were added
to 1 ml of permeabilization buffer containing the membrane polarization-sensitive dye DiOCy(3)
(216). The suspension was vortexed and incubated for 15 min in the dark before assaying a
LSRII flow cytometer (Becton Dickinson). Both S. Typhi Ty2 and S. Typhimurium 14028s 5-
gene mutant strains exhibited membrane hyperpolarization in comparison to their respective wt
parental strains (Fig. 23). Membrane hyperpolarization may be a compensatory response to
changes in the proton gradient resulting from reduced membrane integrity. Further

experimentation will be required to test this hypothesis.

Discussion

Although many studies to identify S. Typhimurium genes required for virulence in mice
have been performed, some important virulence loci may have been overlooked. Our laboratory
recently performed a screen of S. Typhi Ty2 transposon mutants during infection of a unique
humanized mice model. The novel candidate virulence genes identified included a 5-gene
operon designated t4474-4478 (screen performed by J. Karlinsey and S. Libby, unpublished
data). This operon is also found in S. Typhimurium 14028s (STM14_5331-56335) and in several
other enteric bacteria, but has not been previously implicated in virulence. As humanized mice
are a scarce resource, we further evaluated the possible contribution of these genes to
Salmonella virulence using a conventional mouse model and S. Typhimurium strain 14028s.

A S. Typhimurium 14028s STM14_5332-5335 mutant was found to be deficient in

competitive infections with wt S. Typhimurium in C3H/HeN mice (Fig. 18A). In addition,
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STM14_5332-5335 mutants were found to cause reduced mortality than isogenic wt S.
Typhimurium (Fig. 18B). | further found that STM74_5331-5335 mutants were defective in their
ability to replicate in cultured macrophages but not in their ability to induce macrophage cell
death (Fig. 19, performed in conjunction with T. Stepien). The observed defect in
intramacrophage replication may help to account for the virulence defect (Fig. 18), as the ability
to survive inside macrophages is required for systemic infection of mice (64).

A bioinformatic analysis of t4474-4478 using NCBI's PSI-BLAST and I-TASSER (205,
206, 217, 218) suggested that 4474 and t4475 might be involved in bacterial carbohydrate
metabolism (Table 5). Ty2 4474 was predicted to encode a protein contaning a
phosphoenolpyruvate:sugar phosphotransferase system (PTS) regulation domain (Table 5).
PTS regulation domain (PRD)-containing proteins are almost exclusively found in proteins
associated with carbohydrate uptake and metabolism (207) and are activated in response to
specific carbon source availability (219), acting as transcriptional antiterminators or activators
(207, 219). S. Typhi t4475 was predicted to encode a ribose-5-phosphate isomerase (Table 5).
Bacterial ribose-5-phosphate isomerases catalyze the reversible conversion of ribose-5-
phosphate to ribulose-5-phosphate in the pentose phosphate pathway (208). S. enterica
encodes a constitutively expressed ribose-5-phosphate isomerase called RpiA that is
responsible for 99% of the ribose-5-phosphate isomerase activity in cells (209). Some bacteria
including E. coli, but not S. enterica, encode an additional ribose-5-phosphate isomerase called
RpiB (210). The specific in vivo conditions under which RpiB isomerase activity is important
have not been studied. However, RpiB has been implicated in the utilization of the rare sugar D-
allose, a C-3 epimer of glucose (220). However, if Ty2 T4475 is a functional homolog of E. coli
RpiB as predicted (Table 5), it would be unlikely to be involved in Salmonella D-allose
catabolism, as the D-allose degradative pathway is absent in both S. Typhi and S. Typhimurium

(139). Perhaps T4475 is expressed when RpiA is inactive (221, 222).
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Despite in silico evidence for the involvement of these genes in carbohydrate
metabolism, S. Typhimurium 14028s STM14_5332-5335 deletion mutants had no observable
defects in growth on various single-carbon sources (Fig. 20). Growth on D-allose was only
measured in the Biolog phenotypic microarray screen at a single unknown concentration, and
no growth defect was observed (Appendix 3). However, both S. Typhi Ty2 and S. Typhimurium
14028s have intact rpiA genes, so that a defect in carbon source utilization might not be
apparent unless the primary ribose-5-phosphate isomerase encoded by rpiA is abrogated.
Reexamining single carbon source utilization in an rpiAB null background might yield insights
into the function of the STM14_5331-5335 and t4474-4478 operons.

Finding no role for the operon during carbohydrate metabolism, | took a broader
approach to identifying a possible role of these genes in Salmonella metabolism, employing
Biolog phenotypic microarrays to examine the growth of wt 14028s and its isogenic
STM14_5331-5335 mutant derivative during 1,920 different growth conditions (211). A summary
of the significant advantageous and disadvantageous mutant phenotypes is listed in Table 6.
Multiple mutant phenotypes hinted at a role for these genes in maintaining membrane integrity,
the most significant of which were sensitivity to the metal-ion chelator EDTA and resistance to
the toxic host metabolite D-serine and antibiotic tobramycin (Table 6; Fig. 21B; Appendix 3)
(212, 223). The metal chelator EDTA destabilizes bacterial cell membranes by binding to
calcium and magnesium (224). D-serine is transported into cells via the PMF-dependent D-
alanine transporter (214, 215). While some bacteria, including Salmonella, encode a D-serine
tolerance locus dsdA, this locus can be ineffective at high D-serine concentrations (225, 226).
Like D-serine, the antibiotic tobramycin is imported in a PMF-dependent manner (213). Bacteria
with impaired PMF are resistant to tobramycin (227). PMF is generated from electrical and
chemical gradients according to the following equation: PMF = Aw-60ApH, in which Ay is the
membrane potential and ApH is the proton gradient. | measured the membrane potential of S.

Typhi Ty2 and S. Typhimurium 14028s mutants and found that for mutant strains lacking the 5-
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gene operon exhibited a higher membrane potential than wt (Fig. 23) (216). | hypothesize that
this might represent a compensatory response to the loss of the physiologic trans-membrane
pH gradient. Additional studies to measure the intracellular pH will test this hypothesis.

A possible role of this novel operon is to indirectly maintain bacterial membrane integrity
by translocating carbohydrate intermediates, such as pentose phosphate pathway (PPP)-
generated products. A variety of metabolic precursors are generated by the PPP, such as
erythrose 4-phosphate, generated during the non-oxidative phase of the PPP and used for the
biosynthesis of aromatic amino acids (228). Ribose-5-phosphate, also generated during the
non-oxidative phase of the PPP, is a precursor for nucleotide synthesis (228). Frucose-6-
phosphate, one of the final products of the PPP, serves as a precursor for the synthesis of N-
acetylglucosamine (NAG) and N-acetylmuramic acid (MurNAc) (228). NAG and MurNAc are the
backbone of peptidoglycan, an essential component of the bacterial cell wall (229). It is
important to note that Salmonella aro mutants, defective in their synthesis of aromatic amino
acids, have cell wall defects (230). Moreover, E. coli cell wall mutants are hypersusceptible to
EDTA-stress as well as resistant to the toxic effects of D-methionine in an energy-dependent
manner (231, 232). If STM14_5331-5335 mutants have altered levels of PPP intermediates like
erythrose 4-phosphate, this may result in reductions in membrane integrity and the trans-
membrane proton gradient, leading to EDTA hypersusceptibility and D-serine/tobramycin
resistance (Table 6). In future studies, it may be worth investigating whether these mutants are
hypersensitive to osmotic shock or lysis by agents such as lysozyme (233).

In conclusion, my observations indicate that STM14_5331-5335 and t4474-4478 play an
important role in Salmonella physiology and virulence, and may link carbohydrate metabolism to
the maintenance of PMF. Additional studies to identify the substrate or substrates transported
by the proteins encoded by this operon may reveal their specific function. One possible
approach would be to embed the proteins were in lipid vesicles and analyze the contents by

mass spectrometry (234).

121



Materials and Methods
Bacterial strains, genetic manipulations and growth conditions

Bacterial strains and primers are listed in Table 7. Unless otherwise stated, all chemicals
were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Waltham, MA). The A-
red recombinase system of E. coli was used to generate Salmonella mutants (147). Briefly, PCR
was performed with primers containing ~40 bp of homology to the 5’ or 3’ end of a gene of
interest and ~20 bp of homology to the kanamycin-resistance gene of pKD4 or pKD13.
Confirmation of mutant construction was performed by PCR. Strains were cultured in Luria-
Bertani (LB) medium for 18 hrs with shaking at 250 rpm at 37°C. Kanamycin was supplemented

at 50 ug ml”" unless otherwise stated.

Animals
All animal experiments were approved by the University of Washington Institutional
Animal Care and Use Committee and performed in accordance with guidelines regarding animal

welfare.

Cell culture

All cell lines were obtained directly from the American Type Culture Collection (ATCC).
RAW264.7 murine macrophage-like cells were cultured in RPMI 1640 1X (Mediatech,
Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum (Cellgro). All cell

lines were propagated according to ATCC recommendations at 37°C in 5% CO..

Non-humanized mouse infections
For competitive infections, 20 non-humanized C3H/HeN mice were infected i.p. with

~2000 cfu of a 1:1 mixture of wt S. Typhimurium 14028s and 14028s ASTM14_5332-
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5335::FRT-kan. Five dpi, mice were sacrificed; livers and spleens were aseptically removed and
homogenized using a Power Gen 125 (Fisher Scientific) and plated onto sterile LB agar. Single
colonies were picked and then grown on kanamycin-containing LB agar to determine the
proportion of mutant Salmonella in each organ. Competitive indices were determined as the cfu
of wt 14028s divided by the cfu of 14028s ASTM14_5332-56335::FRT-kan, normalized to input
inocula. For mouse survival experiments, 12 and 13 non-humanized C3H/HeN mice were
infected with ~1000 cfu of wt or ASTM14_5332-5335::FRT-kan S. Typhimurium, respectively.
Mice were sacrificed upon becoming moribund or on the study end date (21 dpi), whichever

came first. These data represent two biological replicates.

Salmonella intramacrophage survival assay

For murine macrophage infections, 7.5x10* RAW264.7 murine macrophage-like cells
were seeded into 96-well tissue-culture plates 24 hrs before infection. Salmonella strains were
grown in LB broth for 18 hrs with shaking at 37°C. Salmonella cultures were adjusted to ODggo
1.0 and washed twice with sterile PBS (Cellgro). Equal parts Salmonella and ice-thawed 100%
mouse serum (Cellgro) were mixed and incubated at 37°C in 5% CO, for 20 min to opsonize
bacteria. Opsonized bacteria were added to 1X RPMI 1640 (ATCC) and used to infect
RAW264.7 murine macrophages an MOI of ~10. Infected monolayers were centrifuged for 5
min at 1000 rpm to synchronize infection then incubated at 37°C for 1 hr to promote
internalization. Following internalization, monolayers were washed with RPMI supplemented
with 20 pg ml™” gentamicin to kill extracellular bacteria. Twenty-four hpi, medium was removed
from wells and macrophages lysed with 1% Triton X-100 to enumerate intramacrophage
bacteria. Survival is expressed as the percent intracellular Salmonella surviving as compared to

To.

Salmonella-induced human macrophage cytotoxicity assay
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RAW264.7 murine macrophage-like cells were infected as for the Salmonella
intramacrophage survival assays. Twenty-four hpi, supernatants from Salmonella-infected
macrophages were collected and the concentration of lactate dehydrogenase quantified using
the CytoTox96 Cytotoxicity Kit (Promega) per the manufacturer’s protocol. Percent cytotoxicity
was calculated as follows: ((Experimental release-Spontaneous release)/(Maximum release-

Spontaneous release)) x 100.

Bioinformatic analysis of genes of unknown function (PSI-BLAST and I-TASSER)

The amino acid sequences of S. Typhi Ty2 {4474, t4475, t4476, t4477 and t4478 were
obtained from the National Center for Biotechnology Information’s (NCBI) GenBank
(AE014613.1) (235, 236). Amino acid sequences were submitted to the NCBI’s standard protein
basic local alignment tool (BLAST) using the position-specific iterated BLAST (PSI-BLAST)
algorithm (217). Each amino acid sequence was also submitted to the University of Michigan’s
iterative threading assembly refinement (I-TASSER) server for protein structure and function

prediction (205, 206, 218).

Analysis of Salmonella growth on sole carbon sources

To measure growth of Salmonella strains on single carbon sources, overnight cultures of
Salmonella were diluted to a final ODgge of 0.0025 in M9 minimal broth supplemented with the
carbon sources indicated at a final concentration of 0.04% w/v. The ODgoo Was measured at 15
min intervals for 24h with vigorous shaking at 37°C in a Bioscreen C microplate reader

(Labsystems, Helsinki, Finland).

EDTA and D-serine susceptibility assays
To measure the ability of Salmonella strains to grow in the presence of the toxic

compounds EDTA or D-serine, overnight cultures of Salmonella were diluted to a final ODggg Of
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0.0025 in dilute LB broth (1:5 in sterile water) with or without EDTA or D-serine at the
concentrations listed. The ODgy Was measured at 15 min intervals for 48h with shaking at 37°C

in a Bioscreen C microplate reader (Labsystems, Helsinki, Finland).

Phenotypic microarray growth analysis

Bacteria were prepared for phenotypic microarray growth analysis as described (237).
Briefly, S. Typhimurium 14028s wt, ASTM14_5331-5335::kan-FRT and AspvR:kan-FRT (a
control for the kanamycin-resistance marker) strains were streaked onto LB agar and grown
overnight. LB-agar grown Salmonella were then streaked onto 0.2X TYE agar and grown
overnight. Colonies from these plates were harvested and suspended in IF-0 inoculating broth.
The turbidity of each suspension was measured and equalized to 85% transmittance.
Normalized suspensions were diluted then used to inoculate 20 phenotypic microarray plates
according to the manufacturer's recommended protocol. Biolog Phenotypic MicroArrays were
used to evaluate the growth of Salmonella strains under 1,920 different conditions. The
following phenotyping plates were used: PM1, PM2A, PM3B, PM4A, PM5, PM6, PM7, PMS8,
PM9, PM10, PM11C, PM12B, PM13B, PM14A, PM15B, PM16A, PM17A, PM18C, PM19,
PM20B. Salmonella growth was monitored for 48h without shaking at 37°C on an Omnilog

machine (Biolog, Hayward, CA).

Membrane potential assay

The membrane potential of S. Typhi Ty2 wt, Ty2 At4474-4478::kan-FRT, S.
Typhimurium 14028s wt and 14028s ASTM14_5331-5335::kan-FRT strains was assayed by a
ratiometric method using the fluorescent dye 3,3’-Diethyloxacarbocyanine iodide (DiOCy(3))
(216). Salmonella strains were grown overnight in LB broth with shaking at 37°C. Overnight
cultures were diluted 100X into fresh LB medium and grown to late-logarithmic phase with

shaking at 37°C. Cultures were diluted into permeabilization buffer (1 mM EDTA in 10 mM Tric-

125



HCI) containing the 30 uM of the dye DiOC,(3). Cultures were incubated for 15 min in the dark

before immediate analysis on a LSRII flow cytometer (Becton Dickinson).
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Figure 18. S. Typhimurium STM14_5332-5335 mutants are attenuated for virulence in
conventional mice. (A) Twenty C3H/HeN mice were infected ip with ~2000 cfu of a ~1:1
mixture of S. Typhimurium 14028s wt and an isogenic STM14_5332-5335 mutant strain. Five
days post-infection, mice were sacrificed and the organism burden (cfu) of each strain in the
liver and spleen enumerated. Values less than one indicate a competitive disadvantage of the
STM14_5332-5335 mutant. Bars represent the median of values. Each symbol represents one
mouse. Statistical significance was determined using an unpaired Wilcoxon signed rank test and
is indicated as ** P < 0.01; *** P <0.0001. (B) Twelve and 13 C3H/HeN mice were infected ip
with ~1000 cfu of S. Typhimurium 14028s wt or the STM14_5332-5335 mutant, respectively.
Mice were sacrificed upon becoming moribund or on the study end date 21d post-infection.

Statistical significance was determined using a log-rank test and is indicated as * P = 0.05.
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Figure 19. Survival of Salmonella in a murine macrophage cell line. Murine RAW264.7
macrophage-like cells were infected with opsonized stationary-phase S. Typhimurium 14028s
wt or an STM14_5332-5335 mutant at a MOI of ~10. At 24h post-infection, macrophages were
lysed and intracellular bacteria enumerated. Bacterial survival is expressed as the proportion of
internalized bacteria compared to Ty. (B) Supernatants were collected 24h post-infection and
LDH quantified as a measure of macrophage cell death. Statistical significance was determined

using a ordinary one-way ANOVA and is indicated as *, P = 0.05.
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Protein
Ty2 # NCBI annotation structure/function Source

prediction
Glycine dehydrogenase; PSI-BLAST
PRD-containing protein

EF_0829 sL_lperfamﬁIy
T4474 Hypothetical protein (PRD domain protein)
PRD-containing I-TASSER
transcriptional regulator
(strong predicted
structure)
Hypothetical protein; PSI-BLAST
transcriptional regulator

Gly-rich-SFCGS and
T4475 Hypothetical protein EF_0830 superfamily

Ribose-5-phosphate I-TASSER
isomerase B RpiB (good
predicted structure)
Hypothetical protein; PSI-BLAST
cytoplasmic protein

T4476 Hypothetical protein DUF4312 superfamily
and EF_0831

Poor model generated I-TASSER

Membrane protein; PSI-BLAST

hypothetical protein;
permease

Putative membrane
protein DUF4311 superfamily
and EF_0832

T4477

Poor model generated |I-TASSER
Membrane protein; PSI-BLAST
hypothetical protein;
phosphotransferase

Putative membrane

T4478 o
protein DUF4310

Poor model generated I-TASSER

s. Typhi Ty2 ¢ | 4474 > 4475 >{ 4476 >—{ 4476 > 4477 >
S Typhimunium 140285 5331 >{ 5332 > 5333 >—{ 5334 > 5335 >

Table 5. Protein structure/function prediction analysis reveals a potential role of T4474-

4478 in carbohydrate metabolism. The amino acid sequences of S. Typhi Ty2 T4474-4478
were submitted to PSI-BLAST and I-TASSER for structure/function prediction analysis. A
summary of the results is presented. A schematic depiction of the operons in S. Typhi Ty2 and

S. Typhimurium 14028s is shown.
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Figure 20. Growth of Salmonella strains on single carbon sources. S. Typhimurium 14028s
wt or the isogenic mutant ASTM14_5332-5335 were grown in the presence of the single carbon
sources indicated. A delay in the time to log-phase indicates a defect in the ability of the

organism to utilize the specified carbon source. The data shown are representative growth

curves.
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Advantageous mutant phenotypes

Compound Function

Menadione Superoxide generator

Metabolism intermediate, precursor of citric
acid cycle substrates

NaCl Osmolyte

Urea Chaotropic agent; osmolyte

Aminoglycoside antibiotic; interferes with
ribosome function

Antibiotic; causes DNA damage

a-keto-butyric acid

Tobramycin

5,7-Dichloro-8-hydroxyquinoline (chloroxine)

May inhibit proton motive force-dependent

Chlorpromazine pumps in gram positive bacteria [Marquez,
2005]
D-serine Toxic to some bacteria like E. coli

Tetracycline antibiotic; interferes with

Oxytetracycline ribosome function

Disadvantageous mutant phenotypes

Compound Function
EDTA Metal ion chelator
Phleomycin Intercalates within DNA
Sodium azide Bacteriostatic agent
Antimony trichloride Genotoxic agent; can _influence the pH of
media
lodonitrotetrazolium violet Redox sensitive dye
8-hydroxy-quinoline Metal ion chelator

Table 6. Biolog phenotypic microarray results summary. Growth of S. Typhimurium 14028s
wt and its isogenic STM14_5331-5335 mutant was monitored under 1,920 different conditions.
The most significant advantageous and disadvantageous mutant growth phenotypes are

summarized above.

131



1:5LB 0.1 mm EDTA 0.4 mm EDTA 1 mm EDTA 10 mm EDTA
0.6
0. 06 X 06 4028wt
14028s A5331-5335
0. 0.4 0. 0. 041
g g g g Ey
o o 5} [} 5
0. 0.2 0.2 0.2 0.2
R PSSR
0T—T—T—TT T T T T 0t+—T—T—T T T T T 1T 0t+—T—T—T—TT T T T 00t+—T—T—TTT—T T T 0t—T—T—T T T T T T T
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Time (hrs) Time (hrs) Time (hrs) Time (hrs) Time (hrs)
B.
1:5LB 0.1 mm EDTA 0.2 mm EDTA 0.3 mm EDTA 0.4 mm EDTA
0. o. 0. 059 059
— Ty2wt
0. 0. 0. 0.4 0.4 Ty2 A4474-4478
0. 203 0. 503 50.34
a Q a o aQ
Oo. O o2 Oo. © 0.2 © 0.24
0.1 0.1 0.1 0.1 0.14
0—T—T—TTTTT T 07717171 0—T—T—TTT T T T o+—T—T—T—T—T T T L —
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Time (hrs) Time (hrs) Time (hrs) Time (hrs) Time (hrs)

Figure 21. Ty2 t4474-4478 mutants are hyper-susceptible to EDTA stress. (A) S.
Typhimurium 14028s wt and 14028s ASTM14_5331-5335 or (B) S. Typhi Ty2 wt and Ty2
At4474-4478 strains were grown in dilute LB broth with or without the addition of EDTA at the

listed concentrations. A delay in the time to log-phase indicates increased susceptibility to EDTA

stress. The data shown are representative growth curves.
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Figure 22. Growth of Salmonella in the presence of the toxic host-metabolite D-serine. S.
Typhimurium 14028s wt, 14028s ASTM14_5331-5335, S. Typhi Ty2 wt and Ty2 At4474-4478
strains were grown in dilute LB broth with or without the addition of D-serine at the
concentrations indicated. A delay in the time to log-phase indicates increased susceptibility to

D-serine toxicity.
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Figure 23. Salmonella STM14_5331-5335 and t4474-4478 operon mutants exhibit
membrane hyper-polarization. S. Typhimurium 14028s wt, 14028s ASTM14_5331-56335, S.
Typhi Ty2 wt and Ty2 At4474-4478 strains were grown to late-logarithmic phase, stained with
the membrane potential sensitive dye DiOC, and analyzed by flow cytometry. Statistical

significance was determined using a ratio paired t-test.
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Table 7. Strains and primers.

Strain, plasmid or primer

Genotype, relevant

characteristics, or

Source or reference

sequence
Strains
Salmonella Typhimurium
LAS5 ATCC
wild-type strain 14028s
Salmonella Typhimurium
LAS93 14028s STM14_5332- This study
5335::FRT-kan
Salmonella Typhimurium
LAS155 14028s STM14_5331- This study
5335::FRT-kan
Salmonella Typhi wild-type
TY3 JSG624 from J. Gunn
strain Ty2
Salmonella Typhi Ty2 t4474-
LAS275 This study
4478::FRT-kan
Salmonella Typhimurium
SL2678 (238)
14028s spvR::Tn5-kan
Primers
ATGGAACAGATTACCGTC
14028s STM14_5332-5335 | GTGATTGGCGATCGCCTG
This study
kan replacement F GGTATGTGTAGGCTGGAG
CTGCT
14028s STM14_5332-5335 | TTAGCTAATCGCAACCGG This study
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kan replacement R GAAGATGGAACCGAGGAT
CATCCATATGAATATCCTC
CTTA
ATGGAACAGATTACCGTC
Ty2 t4475-4478 kan GTAATTGGCGATCGCCTG
This study
replacement F GGTATGTGTAGGCTGGAG
CTGCT
TTAGCTAATCGAAACCGG
Ty2 t4475-4478 kan GAAGATGGAACCGAGGAT
This study
replacement R CATCCATATGAATATCCTC
CTTA
TGGATAACGGAGCAGTAA
Ty2 t4474-4478/14028s
AACACGATGCCGGTGAGC
STM14_5331-5335 kan This study
GAATGTGTAGGCTGGAGC
replacement F
TGCTTC
ACCAGAGAGCCCAGACCA
Ty2 t4474-4478 /14028s
ATAGGAATCGATGCCGTC
STM14_5331-5335 kan This study
ATGGCATATGAATATCCTC
replacement R
CTTAG

Appendix 1. Growth analysis for S. Typhimurium 14028s wt, ASTM14_5331-5335, and
AspvR on plates PM1-20. Black lines = 14028s wt; yellow lines = ASTM14_5331-5335,

red lines = AspvR (control strain for kanamycin-resistance marker).
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Chapter 5:

Future directions

Typhoid fever presents a significant burden to developing countries, yet current typhoid
vaccines are suboptimal. Typhoid vaccine development is limited by the current models of
Salmonella pathogenesis, which have relied upon the use of non-typhoidal Salmonella serovars
in mice. The work presented here employs novel models for studying Salmonella pathogenesis
and has implications for typhoid vaccine research and design.

Preventing S. Typhi infection in humans will become more important as the number of
multi-drug resistant strains of S. Typhi increase and novel antibiotic discovery stagnates (29-33,
239). Current typhoid vaccines are suboptimal and have ~50-80% efficacy rates (51); Vivotif,
the only live-attenuated typhoid vaccine available, has a combined three-dose efficacy of ~51%.
While the Vivotif mechanism of protection is largely attributed to humoral responses, it has been
shown that cell-mediated responses are key to resolving Salmonella infection possibly
explaining the reduced efficacy of the Vivotif vaccine (114, 117, 240, 241).

Vaccine efficacy could be improved through better understanding of how S. Typhi
interacts with and manipulates the human immune response to infection. Due to the use of S.
Typhimurium infection of mice as a model for S. Typhi infection of humans, we may have a
fundamental misunderstanding of S. Typhi’s interaction with the human immune system. | have
shown that S. Typhi decreases expression of SPI2 inside human macrophages and that this
may account for its ability to avoid a M1/T,1 response in human cells (Figures 4,8). This
suggests that higher intramacrophage SPI2 expression promotes macrophage activation during
infection, as is observed during S. Typhimurium infection of human macrophages. In contrast,
several studies of S. Typhimurium infection of conventional mice have emphasized the
importance of SPI2 in avoiding phagocyte activation. Cheminay et al. demonstrated that

increased resistance to Salmonella reinfection occurred after vaccinating mice with a SPI2
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mutant of S. Typhimurium compared to a SPI12-proficient strain (242). Halici et al. demonstrated
that several SPI2 effectors are responsible for interfering with antigen presentation by dendritic
cells during Salmonella infection (243). Given that Ty21a, the Vivotif vaccine strain, was
indiscriminately chemically mutagenized during development it likely retains the ability to
interfere with M1/T,1 responses to infection, through reduced intramacrophage SPI2
expression, thereby possibly explaining one reason for its poor efficacy and lack of cell-
mediated responses (241). Further studies to specifically understand how down-regulation of
SPI2 expression by S. Typhi influences the M1/Ty1 response to infection may prove useful in
development of a better live attenuated typhoid vaccine. Additionally, future typhoid vaccine
research should focus on creating vaccines that target human immune responses specifically
provoked by S. Typhi, not murine responses to S. Typhimurium.

The need to study S. Typhi infection of human-based systems highlights an additional
need for development in this area. Currently, only two humanized mouse models of typhoid
infection exist. One model, previously developed by the Fang lab in collaboration with scientists
at the University of Massachusetts and Jackson Laboratories, is described in chapter two of this
dissertation. Briefly, non-obese diabetic-scid IL2ry™" (NOD-scid IL2ry™") mouse pups are
irradiated then engrafted with T cell depleted, CD34" human umbilical cord blood partially
reconstituting a human immune system in these mice (heretofore referred to as humanized
mice) (124-126). Not only does S. Typhi replicate in these mice, but infected mice display
several pathological and immunological hallmarks of typhoid fever (124). The second
humanized mouse model of typhoid infection engrafts human fetal liver CD34" hematopoietic
stem cells onto Rag2”yc” mice in order to reconstitute a partial human immune system (244).
S. Typhi replicates proficiently in these mice and they develop innate and adaptive immune
responses to infection; however, these mice display no clinical symptoms of infection, in
contrast to the former model (124, 244). Despite the advantages of the Libby et al. humanized

mouse model, these mice are costly, laborious and variable in their engraftment levels.
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Additionally, these mice do not contain Peyer’s patches, a site of early immune responses to
Salmonella infection and the gateway to the mesenteric lymph nodes. Without Peyer’s patches,
oral infection studies cannot be performed, hindering our understanding of early immune
responses to S. Typhi infection.

The 5-gene operon identified during the TraDIS mutant screen in humanized mice is
important to Salmonella virulence and could present a novel therapeutic target independent of
and/or complementary to antibiotics. It has been demonstrated that this novel 5-gene operon is
important to survival of Salmonella in both humanized and non-humanized mice (Figure 18; J.
Karlinsey unpublished data). Structural prediction has implicated the involvement of these
genes in carbohydrate metabolism (Table 5). | demonstrated that the absence of this operon
influences membrane stability and polarization in S. Typhi, which are essential to maintaining
the structural and physiological integrity of the bacterial cell. (Figures 21, 23). This operon could
be targeted in combination with drugs that weaken the bacterial cell wall to synergistically treat
infection. One such drug is ceftriaxone, an inhibitor of bacterial cell wall synthesis, which is
commonly prescribed to typhoid fever patients.

In contrast to S. Typhi, invasive nontyphoidal Salmonellosis (INTS) appears to cause
systemic infection by exploiting the impaired immune system of its hosts (165). Due to the
immunocompromised nature of INTS patients, vaccination against iNTS-causing S.
Typhimurium and other enteriditis strains is unlikely to be effective (240). Instead, a better
understanding of the mode of transmission of these pathogens may prove useful. |, and others,
have provided evidence that S. Typhimurium ST313 strains have adapted to an anthroponotic
mode of transmission (Figure 14, 15, 16) (152, 153). In-depth epidemiological studies would be
required to determine if this hypothesis is true. Future directions will investigate the role of SPI1
in the differences in transmission between ST313 and ST19 strains. Both fecal shedding and
epithelial cell invasion by Salmonella are influenced by the SPI1 T3SS (181). Anthroponotic

transmission of ST313 bacteria may be enhanced due to increased fecal shedding of bacteria in
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infected individuals (Figure 12B). Additionally, ST313 is more invasive for human epithelial cells
as compared to ST19 (Figure 10B). Previous studies have reported differential expression of the
SPI1 effector sopE2 between ST19 and ST313 strains (157). Future studies aimed at better
understanding the differences in SPI1 regulation between ST313 and ST19 may help explain
enhanced fecal shedding of ST313 strains.

The best remedy for invasive and noninvasive Salmonellosis is improvements in public
infrastructure that promote clean water and food sources. However, changes like these are
costly and difficult to implement. In the meantime, a better understanding of how these
pathogens cause disease will continue to inform preventative and therapeutic research and

design in the hopes of reducing the burden of these diseases globally.
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