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Brian Christopher Russo, Ph.D.
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Tularemia is a debilitating, febrile illness caused by Francisella tularensis. Delayed activation of
host responses is associated with the virulence of F. tularensis. The bacterium can use several
signals, including spermine, to adapt to the intracellular environment to limit its stimulation of
host cells. However, the bacterial genes responsible for these responses remain unknown.
Transposon mutagenesis in F. tularensis subsp. holarctica Live Vaccine Strain (LVS) identified
FTL_0883 as important for spermine responsiveness. In-frame deletion mutants of FTL_0883
and FTT_0615c, the homolog of FTL_0883 in F. tularensis subsp. tularensis Schu S4 (Schu S4)
were generated. These mutants demonstrated that the spermine response is associated with
changes in capsule concentration on the surface of F. tularensis. Additionally, this locus was
important for the virulence of LVS and Schu S4 in vitro and in vivo. FTL_0883 and FTT_0615c
were needed in F. tularensis to limit the stimulation of host cells, but only LVS required
FTL_0883 for its replication within macrophages. This attenuation depended on host responses
to elevated levels of pro-inflammatory cytokines. The mutants were biochemically characterized
to identify how they stimulated host cells more robustly than wild-type strains. There were not
consistent changes in these mutants, which suggested there are divergent roles for the proteins in
LVS and Schu S4. Collectively, these data define a novel function of FTL_0883/FTT_0615c in

the virulence and evasion of the immune response of F. tularensis.



To further understand the requirements for the host response to virulent strains of F.
tularensis, wild-type and MyD88 KO mice were infected with Schu S4. Schu S4 infected
MyD88 KO had higher bacterial burdens, decreased pro-inflammatory cytokine responses,
increased cell death in the lungs, and accelerated mortality compared to wild-type mice. These
data highlight a beneficial role for the innate immune response generally and MyD88 signaling
specifically against F. tularensis. Overall, the data presented in this thesis furthers our
understanding of the genes required for F. tularensis adaptation to the host intracellular

environment to avoid immune detection, a process dependent on the presence of MyD88.
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1.0 INTRODUCTION

1.1 FRANCISELLA TULARENSIS

A febrile illness was identified in ground squirrels in Tulare County, California in 1911
(Keim et al., 2007; McCoy, 1910; McCoy and Chapin, 1912). In the following year, a gram-
negative bacterium, Francisella tularensis was isolated as the causative agent of the febrile
illness (McCoy and Chapin, 1912). The first case of human tularemia was reported in 1914
(Wherry and Lamb, 1914), and it was realized that several febrile illnesses were all the result of
infection with F. tularensis (Keim et al., 2007). Currently, there are between 100-200 cases of
tularemia within the US each year.

F. tularensis is a non-motile bacterium (McCoy and Chapin, 1912). It is able to maintain
both intracellular and extracellular phases within infected hosts (Forestal et al., 2007; White et
al., 1964). The bacterium suppresses the host response, which delays the pro-inflammatory
response compared to other gram-negative organisms (Bosio et al., 2007; Carlson et al., 2007;
Hall et al., 2008). Host immune cells and epithelial cells are readily infected by F. tularensis
(Hall et al., 2008; White et al., 1964). In addition to infecting a variety of cell types, F.
tularensis has been isolated from over 250 species, ranging from amoeba to man (Oyston et al.,

2004).



Tularemia in humans has a variety of presentations based on the route of exposure.
Pulmonary tularemia is the most severe form of disease (Dennis et al., 2001; Francis, 1928). The
bacterium is readily aerosolized, and disease can occur after exposure to as few as 10 colony
forming units (Dennis et al., 2001). Infection with F. tularensis results in significant morbidity,
and without effective treatment, mortality can be as high as 60% (Dennis et al., 2001). The ease
of infection and the virulence of F. tularensis prompted governments to utilize the bacterium in
their bioweapons programs during the 20™ century (Oyston et al., 2004; World Health
Organization., 1970). Following the anthrax releases in 2001, there has been renewed interest in

Francisella.

1.1.1 Taxonomy

McCoy and Chapin identified a plague-like illness in ground squirrels in Tulare County
in California in 1911, and in the following year, they isolated Bacterium tularense as the
causative agent (Keim et al., 2007; McCoy, 1910; McCoy and Chapin, 1912; McLendon et al.,
2006). The first case of tularemia in humans was identified in 1914 (Wherry and Lamb, 1914),
and it soon became apparent that several diseases throughout North America, Europe, and Japan
were the result of the same infectious agent (Keim et al., 2007). Between 1919 and 1922,
Edward Francis named the disease tularemia, defined the clinical presentations, and identified
transmission could occur through contact with contaminated meats or from biting insects
(Francis, 1928; Kugeler et al., 2009). Continued investigation of Bacterium tularense revealed
that it did not fit within the Bacterium genus, and a unique genus should be created. As a result

of his pioneering work, Bacterium tularense was renamed Francisella tularensis in 1947 in



honor of Edward Francis (Keim et al., 2007; Kugeler et al., 2009; McLendon et al., 2006;
Olsufiev et al., 1959).

The genus Francisella now contains six species: tularensis, novicida, philomiragia,
noantunensis, piscicida, and hispaniensis (Huber et al., 2010; Ottem et al., 2007; Oyston et al.,
2004). F. philomiragia is only associated with disease in humans in cases of near downing and is
typically a pathogen of fish (Wenger et al., 1989). F. novicida is frequently only associated with
disease of immunocompromised humans (Oyston et al., 2004). Less restrictive biocontainment
is required for F. novicida than the virulent F. tularensis strains, and genetic manipulation has
historically been easier with F. novicida, making it a useful model for the Francisella genus
(McLendon et al., 2006). Analysis of the 16S rRNA of members of the Francisella genus
initially characterized F. novicida as a subspecies of F. tularensis; however, due to the
biochemical, genetic, and clinical differences, this is not an appropriate classification (Forsman
et al., 1990; Forsman et al., 1994; Johansson et al., 2010). As a result F. novicida is now
considered its own species within the Francisella genus (Johansson et al., 2010).

Francisella tularensis is the most clinically relevant species of Francisella (Dennis et al.,
2001; Kugeler et al., 2009; Olsufiev et al., 1959). By 1959, two varieties of tularemia were
identified and classified based upon geographic localization and disease severity (Olsufiev et al.,
1959; Oyston et al., 2004). It was apparent that the Old World had less clinically severe form of
tularemia than the New World, which suggested that there could be multiple F. tularensis
subspecies causing disease (Keim et al., 2007; Kugeler et al., 2009; Olsufiev et al., 1959). In
1961, these observations were further clarified and F. tularensis was classified as either Type A
or Type B (Keim et al., 2007). While only Type A is found in North America, Type B is found

throughout the northern hemisphere (Keim et al., 2007; Kugeler et al., 2009). Currently, F.



tularensis can be divided into three subspecies, which differ based upon their geographic
localization, virulence, and genetic makeup (Table 1). F. tularensis subsp. medisiatica is found
in Central Asia and is not believed to cause disease in humans (Keim et al., 2007). F. tularensis
subsp. holarctica (Type B) is found throughout the northern hemisphere. Infection with Type B
results in a milder form of disease, which is almost never lethal (Keim et al., 2007; Olsufiev et
al., 1959). F. tularensis subsp. tularensis (Type A) is found only in North America. Type A
causes the most severe form of tularemia, with a mortality rate up to 60% in untreated
individuals and 1-2% for individuals who do receive treatment (Keim et al., 2007). Type A can
be broken down further, again by virulence and geographic localization, into Type Al and Type
All (Farlow et al., 2001). Type All is found only in the Western half of North America and is a
milder form of disease with a low fatality rate (Farlow et al., 2001; Molins et al., 2010; Petersen
and Molins, 2010). Type Al is found across North America and is associated with the severe
morbidity and high fatality rate described above for Type A (Farlow et al., 2001; Molins et al.,

2010; Petersen and Molins, 2010).

1.1.2 Tularemia

Infection with Francisella tularensis causes the disease tularemia, which can present in
several different forms: ocular, ulceroglandular, oropharyngeal, pneumonic, and typhoidal
(Dennis et al., 2001; Francis, 1928). The presentation is based on the route of exposure, and the
pneumonic form of disease is the most lethal in humans (Dennis et al., 2001; Evans et al., 1985;
Francis, 1928; Sjostedt, 2007; Syrjala et al., 1984). In Europe, infection with F. tularensis occurs
most frequently from biting insects (Eliasson et al., 2002). Mosquitos, ticks, and flies are
capable of being infected with Francisella and transmitting it to humans (Dennis et al., 2001,

4



Olsuf'Ev et al., 1950; Schmid et al., 1983). In the United States, infection can also occur from
contact with contaminated carcasses, ingestion of contaminated food and water, or inhalation of
aerosolized bacteria (Keim et al., 2007).

Three to five days following infection, there is an abrupt appearance of flu-like
symptoms; fever, chills, aches, coryza, and sore throat (Dennis et al., 2001; Evans et al., 1985;
Francis, 1928; Syrjala et al., 1984). Often there is a cough associated with the illness independent
of pneumonic form of disease. Clinical symptoms worsen with disease progression, and
tularemia can rapidly incapacitate the afflicted individual (Dennis et al., 2001). Studies with
human volunteers showed that within 24-48 hours of the start of symptoms, study participants
were significantly impaired in their ability to perform daily activities, which could continue for
several days after treatment (Dennis et al., 2001; Francis, 1928; McCrumb, 1961; Sawyer et al.,
1966). The overall case fatality rate within the US is currently less than 2% (Dennis et al., 2001;
Martone et al., 1979). However, prior to the advent of antibiotics, the overall case fatality rate
was between 10-15% and pneumonic forms of tularemia had reported fatality rates up to 60%
(Dennis et al., 2001; McCrumb, 1961).

Ulceroglandular tularemia is associated with a papule at the site of infection, which is
often the result of a biting vector (Dennis et al., 2001). The papule fills with pus and eventually
ruptures (Dennis et al., 2001; Francis, 1928). Regional lymph node involvement results in
significant enlargement of the organ, which can become extensive enough to result in the rupture
of the lymph node independent of antibiotic treatment (Dennis et al., 2001; Syrjala et al., 1984).
Ocular tularemia occurs after direct contact of the eye with F. tularensis, most commonly
occurring after handling contaminated meat (Hanna and Lyford, 1971; Pfunder, 1925). It is

characterized by ulceration on the conjunctiva, chemosis, and regional lymphadenitis (Dennis et



al., 2001; Pfunder, 1925). Ingestion of food or water contaminated with F. tularensis leads to
oropharyngeal tularemia. Symptoms can include vomiting, diarrhea, stomatitis, tonsillitis, and
pharyngitis. Pulmonary tularemia develops following direct inhalation of Francisella or after
dissemination from a primary location. The symptoms vary from those associated with systemic
illness, but include evidence of pleuritis, pleuropneumonitis, bronchiolitis, and there may be
bronchial infiltrates visible through radiologic examination (Dennis et al., 2001; McCrumb,
1961; Sawyer et al., 1966). Typhoidal tularemia is a form of disease when the origin of infection

remains unknown (Evans et al., 1985).

1.1.3 Francisella as a bioweapon

The idea of biological weapons is not a new one. The first confirmed reported use of a
biological weapon was in 400BC, when Scynthian archers dipped their arrow heads in feces or
cadavers (Lesho et al., 1998). The long-term psychological impact of biological weapons is
probably greater than the clinical harm they inflict (Beeching et al., 2002). Biological weapons
are the most cost effective and probably one of the most potent weapons that can be produced,
with conventional weapons costing about $2,000 to generate mass casualties on a 1 Km area and
biological weapons costing about $1 (Lesho et al., 1998). The Biological Weapons Convention
was signed by 165 countries in 1972 to ban their use, but the effectiveness of the treaty has been
questioned. It is suspected that the Russian biological weapons program continued at least into
the 1990’s (Alibek and Handelman, 1999), and there is continued concern biological and
chemical weapons could be used in the Middle East (N. A. J. Taylor, 2013). As Dr. Ishii, a
General of the Japanese Army, said “If it is important enough to be included in a treaty, it must
be worth having in your arsenal” (Lesho et al., 1998).

6



The intentional use of F. tularensis during combat has a long history. While
unconfirmed, it is speculated that F. tularensis was first used as a biological weapon during the
Antolian war in 1300 BC (Oyston et al., 2004; Trevisanato, 2007). There is also speculation that
F. tularensis was intentionally released by the Soviet Union in the battle of Stalingrad during
World War Il (Dennis et al., 2001). Between 1932 and 1945, the Japanese tested F. tularensis as
a bioweapon at secrete germ research units in Manchuria (Harris, 1992). The US developed
bioweapons using F. tularensis in the 1950’s and 1960’s, but following executive order in 1970,
the stockpiles were destroyed (Oyston et al., 2004). F. tularensis used in bioweapons created in
Russia included strains that were resistant to both vaccines and antibiotics (Alibek and
Handelman, 1999; Oyston et al., 2004), which would have made treating individuals infected by
these strains nearly impossible.

Francisella tularensis can induce significant morbidity and mortality in humans. It is
easily aerosolized allowing easy dissemination of the organism. It has a very low infectious dose
compared to other pathogens, with less than 10 CFU required to induce pulmonary tularemia,
compared to 8,000-50,000 spores to induce pulmonary anthrax (Dennis et al., 2001). In 1970,
the World Health Organization modeled the release of 50Kg of F. tularensis over a population of
five million (World Health Organization., 1970). They determined such a release would result in
250,000 cases of disease and 19,000 deaths, with one third of the population fleeing the city
(World Health Organization., 1970). Due to its desirable attributes for intentional release, the
CDC had listed F. tularensis as a Category A select agent. Now, under the revised
classifications, F. tularensis is categorized as a Tier 1 pathogen with only thirteen other

organisms such as Yersinia pestis, Ebola virus, and SARS coronavirus (2012).



1.1.4 Intracellular lifecycle

A hallmark of the virulence of F. tularensis is an ability to replicate within host cells.
Historically, there has been an emphasis on its ability to replicate within macrophages, and they
are one of the first cells infected by the pathogen within a mammal (Hall et al., 2008; White et
al., 1964). The intracellular lifecycle is complex requiring the involvement of over 180 host
genes and over 200 Francisella genes (Asare and Abu Kwaik, 2010). F. tularensis is able to
enter the cell using the endocytic machinery, escape the phagosome, and replicate within the host
cytosol (Figure 1)(Santic et al., 2006). How the bacterium egresses the host cell is still undefined

(Santic et al., 2006).
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Figure 1: Intracellular lifecycle of F. tularensis
Graphical representation of the intracellular lifecycle of Francisella tularensis. Adapted from (Chong and Celli,

2010) with permission.

F. tularensis is capable of engaging the host cell using a variety of receptors (Santic et
al., 2006). The mannose receptor and complement receptor 3 are the primary receptors employed

by F. tularensis for entry (Asare and Kwaik, 2010; Geier and Celli, 2011; Schulert and Allen,



2006). However, F. tularensis can use FCR-y, scavenger receptor class A, and nucleolin (Barel
et al., 2010; Chong and Celli, 2010; Clemens and Horwitz, 2007). Interestingly, the receptor
engaged determines the rate of escape from the phagosome as well as the strength of the pro-
inflammatory response produced by the host cell in response to F. tularensis (Geier and Celli,
2011).

F. tularensis uses a novel mechanism for entry coined “looping phagocytosis”, which is
phenotypically different from membrane ruffling or coiling phagocytosis used by other bacteria
(Chong and Celli, 2010; Clemens et al., 2005). This looping phagocytosis of F. tularensis is
characterized by the formation of large pseudopod loops that engulf the bacteria (Clemens et al.,
2005). The mechanism F. tularensis uses to induce the loops is still poorly defined; it is known
that live bacteria are not required (Clemens et al., 2005). Additionally, about 1% of F. tularensis
observed entering cells via looping phagocytosis have protrusions from their surface that contact
the host membrane, suggesting some form of secretion system or pili might be present to
coordinate the process (Clemens et al., 2005). For looping phagocytosis to occur, active C3
complement is needed as well as the expression of complement receptors on the surface of the
macrophage (Clemens et al., 2005). The loops are believed to form through actin rearrangement
as cytochalasin B blocks their formation (Clemens and Horwitz, 2007). Interestingly, C3 binds
to the O-antigen of F. tularensis, but mutants lacking O-antigen are still competent for looping
phagocytosis (Clemens and Horwitz, 2007). Further work is needed to mechanistically define
the F. tularensis and host components required for looping phagocytosis and to delineate how
the process changes when F. tularensis uses other receptors for bacterial entry.

Once inside the macrophage, F. tularensis is contained within a phagosome (Chong and

Celli, 2010). The Francisella-containing phagosome (FCP) matures into a late endosome, and



then becomes positive for LAMP-1 (Chong and Celli, 2010). The colocalization of F. tularensis
with LAMP-1 incorrectly lead to the conclusion that the FCP fused with the lysosome (Chong et
al., 2008). It is now clear that the FCP never acquires cathepsin D, a lysosomal acid hydrolase,
and it is now known that LAMP-1 is present on the late endosome as well as the lysosome
(Clague, 1998). Independent of lysosomal fusion the acidification of the FCP is controversial.
There are some reports that the v-ATPase is rapidly acquired on the FCP surface and
acidification occurs (Santic et al., 2008). When acidification is blocked by ammonium chloride
treatment, phagosomal escape is delayed, suggesting acidification is an important attribute of the
FCP (Gauvrilin et al., 2006). Conversely, there are reports that the pH within the FCP never goes
below 6.7, indicating the FCP does not acidify (Clemens et al., 2004). Interestingly, the studies
that conclude acidification occurs used opsonized bacteria for the infection, whereas a lack of
acidification is observed when unopsonized bacteria are used (Chong and Celli, 2010).

After a period of time in the FCP, Francisella escapes into the cytosol where it is able to
replicate exponentially (Chong and Celli, 2010). All reports agree that Francisella escapes, but
the timing of escape varies from 1-4 hours post infection (Checroun et al., 2006; Clemens et al.,
2004; Santic et al., 2008). It has been difficult to determine Francisella genes important for the
cytosolic phase as many Francisella mutants never make it out of the phagosome. Still, at least
34 genes are required in the cytosol and not in the phagosome (Asare and Abu Kwaik, 2010).
Many of the genes identified were required for amino acid metabolism and transport (Asare and
Abu Kwaik, 2010). After approximately 16 hours post infection, a minority of Francisella can
be found within Francisella containing vacuoles (FCV) (Checroun et al., 2006; Chong and Celli,
2010). The formation of the FCV coincides with the peak of intracellular replication (Cremer et

al., 2009a). However, a replication defective mutant of F. tularensis, 4ripA, still forms the FCV,
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which suggests intracellular replication is not needed for FCV formation (Cremer et al., 2009a).
Activation of autophagy and formation of the autophagosome is needed for the formation of the
FCV, which then fuses with a lysosome (Checroun et al., 2006). LC3 is detectable on the
surface of the FCV, and knockdown of autophagy components will block the formation of FCV
(Cremer et al., 2009a). MHCII is also present on the surface of FCV, but its role is unknown
(Hrstka et al., 2007). The presence of FCV has only been observed within murine cells and their
contribution to Francisella virulence is unknown particularly in the human host (Checroun et al.,
2006). Finally, through a yet to be determined mechanism, Francisella escapes from the host

cell.

1.1.5 Virulence factors

Francisella has been identified in greater than 250 host species, which is one of the most
diverse host repertoires of any pathogen (Kugeler et al., 2009). Francisella thrives in diverse
environmental conditions, suggesting the bacterium has numerous virulence attributes to thwart
mechanisms toxic to its survival. Surprisingly, there are not Type Ill, IV, or V secretion systems
that near ubiquitously contribute to the virulence of other gram-negative bacterial species, and
there are no known secreted toxins (Larsson et al., 2005). A pathogenicity island was identified
to be critical for the intracellular replication of F. tularensis (Nano and Schmerk, 2007). The
LPS of Francisella contains a unique structure and is non-toxigenic, and the bacterium produces
several capsules (Meibom and Charbit, 2010). With over 300 unique genes, it is becoming clear

that F. tularensis uses alternative mechanisms for its extreme virulence (Larsson et al., 2005).
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1.1.5.1 Francisella pathogenicity island

The F. tularensis pathogenicity island (FPI) comprises 17 genes, which are nearly
conserved across the Francisella genus (Figure 2) (Nano and Schmerk, 2007). In the virulent
strains, the FPI is present in two copies, while in F. novicida there is only one copy (Nano and
Schmerk, 2007). F. novicida has become a model to study virulence of F. tularensis since there
is only one copy of the FPI enabling detection of the FPI genes in large genetic screens (de Bruin
et al., 2011). It is now know that 14 of the 18 genes are required for Francisella to replicate
within a cell (de Bruin et al., 2011). Interestingly, the pdpD gene in the pathogenicity island
differs among the members of the Francisella genus. The pdpD gene is truncated in Type B but
not in F. novicida or Type A (Nano and Schmerk, 2007). The ability of Francisella to replicate
in almost any cell type from an exceptionally diverse host range suggests that the pathogenicity
island has evolved to target general eukaryotic mechanisms rather than a subset unique to any

one organism or cell type.

iglIE  iglF/ igIH igll iglD iglB
pdpA pdpB/ vgrG iglG dotU igld pdpC pdpE/ iglC iglA pdpD
icmF hep

Figure 2: Francisella Pathogenicity Island
Schematic representation of the Francisella pathogenicity island from F. tularensis Schu S4. Adapted from (Barker

et al., 2009) with permission.

iglC was the first of the FPI genes to be identified. It was discovered by comparing gene
expression in F. tularensis after replication within a macrophage to cultivation in broth culture

(Golovliov et al., 1997). The operon that contains iglC also encodes iglA, iglB, and iglD, and the
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entire operon is required for virulence and phagosomal escape (Lai et al., 2004; Nano et al.,
2004; Santic et al., 2005).

The FPI1 is homologous to Type VI secretion systems in other bacteria. F. tularensis has
13 of the 14 genes typically required for a functional Type VI secretion system (Barker et al.,
2009; de Bruin et al., 2011). It is believed that IglA and 1gIB form a tube-like structure spanning
the periplasm from the inner membrane to the outer membrane (de Bruin et al., 2011). Within the
IglA/B tube there is a secondary tube comprised of 1gIC subunits (de Bruin et al., 2011). PdpB
localizes to the inner membrane where it is thought to interact with DotU (de Bruin et al., 2011).
However, there is quite a bit of evidence that T6SS would have to function through alternative
mechanisms in Francisella compared to other bacteria (Barker et al., 2009; Bingle et al., 2008).
The ClpV homolog in Francisella is predicted to lack the ATPase activity required for T6SS to
function in other organisms (Barker et al., 2009). Additionally, there are two secreted
components associated with T6SS, VgrG and Hcp (Bingle et al., 2008). There is not a homolog
for Hcp in Francisella, and the homolog for VgrG that exists is a fragment of the full-length
versions in other bacteria (Barker et al., 2009). Consistent with other organisms, VgrG is
released from F. tularensis, but it is still secreted by a 4FPI mutant demonstrating that \VgrG
secretion is independent of T6SS in F. tularensis (Broms et al., 2012). Despite the release of
VgrG independent of the FPI and T6SS, it appears to contribute to the phagosomal escape and

virulence of F. tularensis (Broms et al., 2012).

1.1.5.2 Surface structures

Lipopolysaccharide (LPS) is a carbohydrate found on the outer surface of gram-negative

bacteria. The LPS from Francisella does not elicit a pro-inflammatory response from host cells
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compared to the LPS from E. coli, which induces a robust pro-inflammatory response through
TLR4 (Duenas et al., 2006; Kieffer et al., 2003; Medzhitov et al., 1997). In Francisella, there
are six genes required for LPS biosynthesis (Gunn and Ernst, 2007). IpxF and IpxE are unique to
Francisella and are responsible for removing phosphate from lipid A, which prevents signaling
through TLR4 (Figure 3) (Gunn and Ernst, 2007; Vinogradov et al., 2002; Wang et al., 2006).
Francisella LPS contains fatty acid chains that are 14-18 carbons long, which is longer than the
12-14 carbon long chains typically observed in other gram-negative bacteria (Duenas et al.,
2006). Additionally, the carbon chains are hypoacylated, which is thought to inhibit proper
engagement with receptors for pro-inflammatory signaling (Figure 3) (Duenas et al., 2006; Gunn
and Ernst, 2007). The LPS also provides an important barrier to complement mediated killing.
C3 attaches to the surface of Francisella, but it is rapidly inactivated to C3bi, which allows the

bacterium to enter the host cell using the CR3 receptor (Clay et al., 2008).
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Figure 3: Lipid A of E. coli and F. tularensis
Graphical representation of the LPS of E. coli and F. tularensis depicting the longer acyl chain length and lack of

phosphate modification of the LPS from F. tularensis. Image adapted from (Duenas et al., 2006) with permission.
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Capsule polysaccharides are present on the surface of bacteria in addition to LPS and
perform a variety of functions for virulence. There are two known types of capsules present on
the surface of Francisella, an O-antigen capsule and a Capsule Like Complex (CLC), which is
comprised of proteins and carbohydrates (Apicella et al., 2010; Bandara et al., 2011). Before
genetic manipulation was routine in Francisella, spontaneous capsule deficient mutants
suggested that the O-antigen capsule played a critical role for F. tularensis virulence (Sandstrom
et al., 1988). The same chemical structure comprises the O-antigen capsule and the O-antigen
modification of LPS in F. tularensis; however, the LPS and capsule biosynthetic pathways
diverge allowing the blockade of a specific O-antigen modification. For instance, O-antigen
modification of LPS can be blocked despite normal O-antigen capsule formation when IpxL is
deleted in F. tularensis (Apicella et al., 2010). Targeted mutagenesis has revealed that the O-
antigen capsule is needed for delayed activation of host cell death, replication within
macrophages, and serum complement resistance (Lindemann et al., 2011). Recently, the CLC
was isolated in F. tularensis; it is not important for serum resistance or intracellular replication in
vitro, but is important for virulence in vivo (Bandara et al., 2011). In contrast to the O-antigen
capsule, which is comprised almost entirely of carbohydrate, the CLC is a proteinase K resistant
glycoprotein, and it is more physically similar to S-layer proteins (Bandara et al., 2011).

Pili are small macromolecular protrusions on the bacterial surface that contribute to
bacterial adhesion, secretion, and pathogenesis (Sauer et al., 2000). The presence of pili on the
surface of F. tularensis was initially described using EM (Gil et al., 2004). In support of visual
observations, the genetic components required for pili biosynthesis are present in Type A strains
(Larsson et al., 2005). Nonsense mutations in pilE and pilV occur in Type B strains, and pilA is

truncated in some strains, but surprisingly, the genes are still needed for pili production
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(Forsberg and Guina, 2007; Forslund et al., 2010). In Francisella, pili are important for
virulence in vivo and for adhesion to cells in vitro, but they are not required for intracellular
replication (Chakraborty et al., 2008; Forslund et al., 2010). In F. novicida, there is evidence
that Type IV pilus contributes to secretion, but these findings have not been extended to Type A

or Type B strains of Francisella (Hager et al., 2006).

1.1.5.3 Acid phosphatases

Acid phosphatases hydrolyze phosphomonoesters in prokaryotes and eukaryotes at an
acidic pH (Cozzone, 2005). In bacteria, acid phosphatases can confer a survival advantage in
neutrophils, because they are able to inhibit the respiratory burst (Aragon et al., 2001). There are
four acid phosphatases (AcpA, AcpB, AcpC, and ApcH) in Francisella, and their contribution to
virulence remains controversial. Initially, F. novicida was used to investigate the importance of
acid phosphatases for Francisella (Reilly et al., 1996). In F. novicida, AcpA is required for
phagosomal escape, replication in macrophages, and virulence in vivo (Mohapatra et al., 2007).
Additionally, deletion of all four acid phosphates in F. novicida depleted greater than 95% of the
phosphatase activity, and the quadruple deletion mutant was attenuated similar to AcpA alone

(Mohapatra et al., 2008). AcpA from F. novicida is also important for inhibiting the oxidative

7Phox oPhox

burst in neutrophils by leading to the dephosphorylation of p4 and p4 (Mohapatra et al.,
2010). In F. tularensis, a triple acid phosphatase deletion mutant, 4acpABC, lost greater than
95% of its phosphatase activity, but unlike F. novicida, there was no impact on virulence in vivo,
intracellular replication, or phagosomal escape (Child et al., 2010). More recently, it was
determined AcpA is secreted into the macrophage cytosol from all strains of Francisella tested
(Dai et al., 2012). However, the cytosolic target of AcpA is unknown, and the relevance of its

secretion for the virulence of F. tularensis still needs to be determined (Dai et al., 2012),
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especially considering the lack of importance of the gene in virulent F. tularensis (Child et al.,

2010).

1.1.5.4 Efflux pumps

Efflux of toxic components is critical for the survival of any bacteria, and efflux systems
often contribute to resistance to host antimicrobial defenses (Nikaido and Pages, 2012).
Francisella encodes several efflux systems, such as RND efflux, TolC, and AcrAB (Larsson et
al., 2005; Meibom and Charbit, 2010). TolC was not important for the intracellular replication
of F. tularensis, but the tolC mutant was attenuated in a pulmonary model of pneumonic
tularemia (Gil et al., 2006; Platz et al., 2010). F. tularensis strains lacking tolC are more
stimulatory to macrophages and are more sensitive to detergents, dyes, and antibiotics (Gil et al.,
2006; Platz et al., 2010). The tolC mutant was more cytotoxic to host cells, and its attenuation in
vivo could have resulted from depleting the replicative niche (Platz et al., 2010). acrAB is an
RND efflux system important for the resistance to antibiotics, detergents, and some bile acids
(Bina et al., 2008). In vivo, a loss of acrAB led to an attenuation of virulence (Bina et al., 2008).
Finally, TrkH regulates the concentration of intracellular potassium in F. tularensis, and it is
needed in vivo for survival in the blood of the host independent of complement resistance
(Alkhuder et al., 2010). This result suggests the regulation of ions in vivo is important for the

survival of Francisella.

1.1.5.5 Other virulence determinants

Francisella also contains a variety of mechanisms to enhance its virulence at each stage
of its lifecycle in addition to the ones discussed above. Francisella uses DeoB, in part, for
invasion of macrophages through an unknown mechanism (Horzempa et al., 2008). During the
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replication of Francisella, the pH is increased rather than decreased as occurs with most
pathogens, and it is thought that the higher pH helps combat acidification of the phagosome
(Meibom and Charbit, 2010). Additionally, ROS and RNS are targeted to the interior of the
phagosome to protect the rest of the cell from their toxic effects. Francisellae encode a katG
homolog that is important for the resistance to reactive oxygen and nitrogen species (Lindgren et
al., 2007; Melillo et al., 2010). However, the virulent strains of Francisella remain more
resistant to ROS and RNS than attenuated strains suggesting they have additional mechanisms to
detoxify these compounds (Lindgren et al., 2011). Indeed, the virulent strains of F. tularensis
have a lower intracellular concentration of iron, which prevents toxicity from oxidative stress
(Lindgren et al., 2011). The cytosolic phase of the Francisella involves both replication and
activation of the inflammasome. Several metabolic genes are important for intracellular
replication including those involved in nucleotide synthesis, purMCD (Pechous et al., 2006).
Activation of the inflammasome leads to pyroptosis and cell death (Fernandes-Alnemri et al.,
2010). Francisella alters the timing of cell death induction (Schwartz et al., 2012). The
regulation of cell death is thought be important for virulence of Francisella. Extending cell
viability allows for intracellular replication, and then induction of cell death enhances spread of
the F. tularensis in vivo. MviN, a lipid Il flipase, is required for the activation of AIM2 in
murine cells, and it contributes to the spread of Francisella within the liver (Ulland et al., 2010).
Throughout the lifecycle, maintaining the activity of proteins present on the cell surface requires
protein disulfide isomerase to alter the thiol redox state. Thus far, two lipoproteins with
homology to DsbA and DsbB have been found, and they are required for virulence of
Francisella (Qin et al., 2008; Qin et al., 2009). Thus, F. tularensis contains a repertoire of

mechanisms to thwart normal cellular processes for its survival and virulence.
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1.1.5.6 Regulation of Francisella virulence

The diverse environmental conditions in which Francisella survives suggests that it must have
mechanisms to respond to environmental changes. Genetic regulation is tightly controlled by
alternative sigma factors that interact with the RNA polymerase to determine gene expression
(Kazmierczak et al., 2005). RpoH, an alternative sigma factor, negatively regulates FPI gene
expression, while positively regulating general stress response genes (Grall et al., 2009).
However, there are only two sigma factors encoded in Francisella, which is significantly fewer
than typically found in pathogenic bacteria (Larsson et al., 2005). This suggests that there are
alternative means of genetic regulation or much of the regulation occurs post transcriptionally
(Larsson et al., 2005). Understanding genetic regulation in Francisella has focused on the FPI,
due to its necessity in vitro and in vivo for virulence. MglA and MgIB are homologs of stringent
starvation response protein (Ssp) A and SspB in E. coli (Baron and Nano, 1998). MgIA/B
positively regulate FPI expression, and they negatively regulate genes important for the general
stress response and the oxidative stress response such as KatG (Brotcke et al., 2006; Guina et al.,
2007; Lauriano et al., 2004). In conjunction with MglA/B, MigR and FevR positively regulate
FPI1 expression (Brotcke and Monack, 2008; Buchan et al., 2009). But they do not seem to be
important for the regulation of oxidative stress responses. Francisella has both intracellular and
extracellular phases in vivo. RipA is predicted to be important for sensing when F. tularensis is

intracellular, by responding to changes in the pH (Fuller et al., 2008).
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1.1.6 Host adaptation

Francisella tularensis is able to thrive in a plethora of environments inside and outside of
its mammalian hosts, and it has mechanisms to detect environmental changes and adapt to them.
Culture conditions significantly impact the phenotypes of F. tularensis, particularly, the ability to
elicit cytokines from macrophages. There are a variety of culture media used to grow the
bacterium. Chamberlain’s chemically defined medium (CDM) was established to meet the
fastidious requirements of F. tularensis for growth and to standardize the culture conditions for
vaccine development (Chamberlain, 1965). CDM cultured bacteria elicit minimal amounts of
cytokines from macrophages, whereas, Mueller Hinton Broth (MHB) cultured F. tularensis
stimulate macrophages to produce cytokines (Figure 4) (Carlson et al., 2007). Polyamines
present in CDM were found to suppress the stimulation of F. tularensis (Figure 4) (Carlson et al.,
2009). The intracellular environment is replete with polyamines, particularly spermine.
Polyamines are required for the viability of both eukaryotic and prokaryotic organisms. Bacterial
and eukaryotic cells make putrescine and spermidine, but spermine is found only in eukaryotic
cells (Tabor and Tabor, 1985). Using spermine as a cue for the intracellular environment, F.
tularensis can adapt to the host (Carlson et al., 2009); however, the bacterial genes required for
this response remain unknown. Aside from polyamine concentration, F. tularensis is sensitive to
the concentration of amino acids in its environment (Hazlett et al., 2008). More broadly,
recognition of the host environment is important. F. tularensis isolated from macrophages is less
stimulatory to host cells than F. tularensis isolated from MHB (Loegering et al., 2006), which
suggests F. tularensis is able to respond to the intracellular environment to become less
stimulatory. Additionally, F. tularensis isolated from macrophages is more virulent in a mouse

model of tularemia than F. tularensis cultured in broth (Loegering et al., 2006). Further,
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transmission of Francisella to mammals, including humans, often requires a vector. The
transition from a vector host to a mammalian host coincides with a temperature shift. TivA, a
novel gene in Francisella is strongly up regulated by temperature and important for virulence
(Horzempa et al., 2008). In conclusion, F. tularensis uses a variety of cues to adapt to the host

environment to enhance its virulence and escape the host immune response.
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Figure 4: Francisella uses spermine as a signal to adapt to the host environment
Bacteria were cultured in broth overnight in the presence or absence of spermine. Human macrophages were
cocultured with F. tularensis strains for 24 hours at an MOI of 10. The supernatants were collected and the
concentration of TNF-o was quantified by ELISA. The figure was adapted from (Carlson et al., 2009) with

permission.

1.2 IMMUNE RESPONSE TO FRANCISELLA TULARENSIS

The immune response to Francisella tularensis is both insufficient and delayed (Cowley,
2009). In contrast to infection with F. tularensis, recruited cells and cytokines are readily
detectable within hours of infection with other pulmonary pathogens such as Klebsiella or
Pseudomonas (Greenberger et al., 1995; Ye et al., 2001; Yu et al., 2000). Following infection

with F. tularensis, an immune response is not detected for several days, and it is not until three
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days post infection that cytokines and recruited cells are detected in the lung (Cowley, 2009; Hall
et al., 2008; Russo et al., 2011; Schmitt et al., 2012). It is possible that the delayed activation of
the host response contributes to the pathogenesis of F. tularensis. When the host immune
response is activated earlier during infection, mice are able to survive challenge with F.
tularensis longer than their untreated counterparts (Evans et al., 2010; Skyberg et al., 2012).
Once the immune response becomes detectable, it rapidly develops into a septic-like state with
hypercytokinemia and lymphocyte depletion (Mares et al., 2008; Mares et al., 2010). Organ
pathology is observed at both the site of infection and at distal sites (Conlan et al., 2003; Parmely
et al., 2009). It is still uncertain whether the bacteria itself, the host response, or a combination
of the two leads to the observed organ pathology and the death of the host. Using attenuated
strains of F. tularensis such as live vaccine strain (LVS), there has been significant progress in
elucidating cell population, effector function, and cytokines important for the host response
against F. tularensis (Cowley and Elkins, 2011). However, caution must be used when
extrapolating the findings with the attenuated strains into the virulent model of tularemia. Direct
assessment of these findings has failed to identify any cytokine or cell population that contributes
to the host response against virulent F. tularensis strains (Chen et al., 2004b; KuoLee et al.,
2011; Schmitt et al., 2012). Also, assessment of the responses of blood monocytes to F. novicida
and F. tularensis SchuS4 has demonstrated that there are 13,000 genes differentially induced in
monocytes by both pathogens. However, only 46% of the induced genes are shared between both
strains of Francisella, demonstrating that the host response to virulent strains will be different

than the response to the attenuated strains of F. tularensis (Butchar et al., 2008).

22



1.2.1 Cellular responses

The first cells that are infected following a pulmonary exposure to F. tularensis are alveolar
macrophages and dendritic cells (Hall et al., 2008). Francisella is able to replicate within these
cells and at the same time limit the pro-inflammatory response and production of cytokines, thus
contributing to a delay in an effective host response (Bosio and Dow, 2005). What little response
does occur is a result of signaling through TLR2 (Cole et al., 2007). Initially, it was thought that
only human macrophages were able to produce cytokines in response to F. tularensis, but it is
now apparent that both human and murine macrophages will produce cytokines (Bolger et al.,
2005). F. tularensis is able to induce alternatively activated macrophages (Shirey et al., 2008).
Alternatively activated macrophages suppress the immune response by producing IL-10 and
TGF-B (Gordon, 2003). Additionally, macrophages clear cellular debris and infected cells at sites
of infection (Korns et al., 2011). F. tularensis is able to block efferocytosis by macrophages
contributing to accumulation of cell debris within the organs (Mares et al., 2011). Interestingly,
cellular debris induces alternative activation of macrophages enhancing the suppressive effects
of F. tularensis (Mares et al., 2011). Clodronate depletion of macrophages and dendritic cells in
the lung prolonged survival of mice infected with LVS, suggesting that within the lung, these
cells do not properly function during immune responses to F. tularensis (Bosio and Dow, 2005).
More recently, replication within a macrophage was not required for the virulence of F.
tularensis ApyrF mutant (Horzempa et al., 2010a). Further work is needed to define the role for
the macrophage during the immune response to F. tularensis.

In addition to immune cells, epithelial and endothelial cells are present in the lung, but
until recently the contribution of these cell populations to the host response to Francisella was

largely ignored. F. tularensis is able to infect and replicate within type Il alveolar epithelial cells
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with kinetics that are similar to that of other cells (Craven et al., 2008). The importance of the in
vitro observation has been confirmed in vivo, where F. tularensis is found replicating within type
Il alveolar epithelial cells by day four post infection (Hall et al., 2008). F. tularensis induces
human umbilical vein endothelial cells to produce pro-inflammatory cytokines, demonstrating
endothelial cells could have a role in the host response in vivo (Forestal et al., 2003). Further
work is needed to understand the true importance of epithelial and endothelial cells to the host
response to F. tularensis in vivo.

After a period of immune quiescence, cellular recruitment is detectable at the sites of
bacterial replication (Cowley and Elkins, 2011). Neutrophils are the primary cell population
recruited in both the lung and distal organs (Bokhari et al., 2008). It is suggested that they play
an important role during an LVS infection; depletion of neutrophils enhances the virulence of
LVS (Sjostedt et al., 1994). In contrast, neutrophil depletion in mice infected with F. tularensis
Schu S4 does not change the median time to death compared to control mice, suggesting
neutrophils do not contribute significantly to infection with virulent strains (KuoLee et al., 2011).
It is known that both attenuated and virulent strains of Francisella infect and replicate within
neutrophils (McCaffrey and Allen, 2006). Once inside the neutrophil, Francisella blocks the
assembly and activity of the NADPH oxidase complex preventing a respiratory burst, thereby
enabling F. tularensis to replicate unimpeded (McCaffrey and Allen, 2006).

IFN-y is believed to be critically important to combat infection with Francisella
tularensis (Green et al., 1993). Greater than 90% of IFN-y is produced by Natural Killer (NK)
cells during infection with F. tularensis (Schmitt et al., 2012). Cellular depletion of NK cells
significantly reduces IFN-y produced during pulmonary infection with F. tularensis (Schmitt et

al., 2012). During infection with LVS, NK cells are important for formation of immune foci in
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the liver, which contributes to containment of LVS and limits pathology in the liver (Bokhari et
al., 2008). Additionally, NK cell depleted mice are more susceptible to infection with LVS than
control mice (Lopez et al., 2004). Unfortunately, when Schu S4 is administered following NK
cell depletion, there is no effect on survival (Schmitt et al., 2012). Still, a beneficial role for NK
cells could exist within the context of an F. tularensis infection. Treatment of mice with
immunological stimulants such as acai berry polysaccharide or non-typeable Haemophilus
extract prior to infection with virulent F. tularensis prolongs survival (Evans et al., 2010;
Skyberg et al., 2012). The beneficial effect from these stimulants is at least in part dependent on
the production of IFN-y by NK cells.

There is a role for mast cells during the immune response to F. tularensis. Mast cells are
often described to play a role during allergic reactions (Urb and Sheppard, 2012). In vitro, mast
cells restrict the replication of both LVS and Schu S4 demonstrating that they could play an
important role during infection with both strains of Francisella (Rodriguez et al., 2011).
However, only a role during infection with LVS has been experimentally confirmed in vivo, in
which mast cells secrete IL-4 to function as a pro-survival signal for macrophages (Rodriguez et
al., 2011). Their response to LVS is dependent on the presence of TLR2 (Rodriguez et al.,
2012).

Attenuated strains of F. tularensis can be cleared in the murine model of tularemia.
During infection with LVS, T cells are important for clearing the bacteria. Depletion of CD8 or
CD4 T cells had no effect on clearance, but depletion of both cell populations in combination
significantly prevented clearance (Conlan et al., 1994; Yee et al.,, 1996). These results

demonstrated that either population is sufficient for clearance.
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1.2.2 Cytokine responses

Signaling by cytokines and chemokines recruits immune cells to the sites of infection and
induces the activation of antimicrobial effectors. TNF-a and IFN-y are essential during infection
with LVS, and mice cannot survive infection when either cytokine is depleted or knocked out.
(Leiby et al., 1992) However, these cytokines seem to contribute only minimally during
vaccination response, where they are only needed when high challenge doses are used (Sjostedt
et al., 1996). In contrast to results with LVS, IFN-y depleted or IFN-y KO mice were not more
susceptible to infection with virulent F. tularensis (Chen et al., 2004b). These findings led to the
conclusion that IFN-y does not have a role during infection with virulent F. tularensis.
Conversely, a convalescent model has been developed, in which mice are administered virulent
F. tularensis and treated with antibiotics to prolong infection (Crane et al., 2012). Within this
model, only IFN-y KO mice are unable to survive with antibiotic treatment, which suggests there
is some role for IFN-y during infection with F. tularensis, but the extent of this role still needs to
be evaluated (Crane et al., 2012).

IL-17A has a role during pulmonary but not dermal infections with F. tularensis (Lin et
al., 2009), and it is produced by double negative T cells in the lung (Cowley et al., 2010). IL-
17A in combination with IFN-y activates the alveolar epithelial cells leading to the control of
LVS growth (Cowley et al., 2010). The process is dependent on the activation of NF-«B.
Additionally, IL-17A is important for inducing the production of 1L-12p40 and IFN-y from
macrophages, which leads to a Th1 polarization of T cells (Lin et al., 2009).

IL-6 is produced in high quantities during infection with Francisella, and it is a marker of

the septic-like state that occurs in the latter stages of infection (Kurtz et al., 2012). Depletion of
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IL-6 in vivo revealed it was important for restricting bacterial burdens in the organs and

prolonging survival of LVS infected mice (Kurtz et al., 2012).

1.2.3 Pattern recognition receptors

Toll like receptors (TLRs) recognize common motifs present on pathogens; bacteria,
fungi, and viruses. TLRs signal through myeloid differentiation primary response gene 88
(MyD88) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) to induce
the production of pro-inflammatory cytokines. Each TLR is specific for particular motifs. The
LPS of bacteria typically activates TLR4, but the LPS of F. tularensis does not (Vinogradov et
al., 2002). However, during infection with F. tularensis, activation of TLR4 does occur through
the recognition of DnaK and elongation factor Tu (Ashtekar et al., 2008; Sharma et al., 2011b).
Despite activating through TLR4, deletion of the receptor has no consequence on infection with
Francisella in vivo (Chen et al., 2004a).

TLR2 is the primary receptor that is engaged following infection with F. tularensis (Cole
et al., 2007). TLR2 is able to heterodimerize with TLR1 or TLR6, and both heterodimers
contribute to TLR2 signaling in macrophages (Li et al., 2006). Interestingly, TNF-a. and IL-6 are
among many cytokines whose activation is increased following TLR2 activation, but IFN-y is
reduced (Malik et al., 2006). Two lipoproteins have been found on F. tularensis to activate
TLR2, Tul4 and FTT_1103 (Thakran et al., 2008). Unexpectedly, a recent report suggests that
bacterial DNA can also engage TLR2 to induce pro-inflammatory signaling in response to F.

tularensis (Singh et al., 2013).
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1.2.4 Suppression of the immune response

Francisella remains a formidable pathogen due to its ability to actively suppress
activation of the host response through a variety of mechanisms. Macrophages are induced to
produce PGE; by F. tularensis (Hunt et al., 2012). PGE; restricts production of IFN-y by CD4
cells and induces the production of IL-10, an anti-inflammatory cytokine (Hunt et al., 2012). In
the lung, Schu S4 is able to suppress activation of dendritic cells, and induce the production of
the immunosuppressive cytokine TGF-B (Bosio et al., 2007). In contrast, infection with F.
novicida induces the expression of miR155, a microRNA that targets SHIP for down regulation
(Cremer et al., 2009b). SHIP down regulation enhances escape from the phagosome for F.
novicida and increases cell death enhancing the virulence of F. novicida (Rajaram et al., 2009).
Virulent F. tularensis does not induce the activation of miR155 as strongly as F. novicida, but
the consequence of this is unknown (Cremer et al., 2009b). Additionally, Francisella activates
P13 kinase, which diminishes the effect of signaling through TLR2 and limits the response to F.
tularensis (Medina et al., 2010).

There are a host of mutants known to induce more cell death leading to the production of
more pro-inflammatory cytokines, suggesting that these genes are normally important for
limiting cytokine production (Peng et al., 2011). An OmpA like protein in LVS and Schu S4
was found to be important for intramacrophage replication and limitation of cytokine production
(Mahawar et al., 2012). In F. novicida, OmpC functions though an unknown mechanism to
decrease STATL1 activation (Nallaparaju et al., 2011). Activation of STATL1 leads to increased
nitric oxide production and restriction of bacterial burden (Nallaparaju et al., 2011). Further
work is needed to identify additional genes in F. tularensis that restrict the host pro-

inflammatory response.
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1.3 CONTRIBUTION OF CORC TO BACTERIAL VIRULENCE AND

PHYSIOLOGY

CorC is a member of the Cobalt Resistance (Cor) family in Salmonella. The first member
of the family to be identified was CorA, which is one of the predominate magnesium transporters
for bacteria in addition to MgtA and MgtB (Hmiel et al., 1986; Smith and Maguire, 1998). In
addition to Mg”* transport activity, a loss of CorA was associated with an increased resistance to
cobalt. Preliminary screens to identify proteins in S. typhimurium that affected the activity of
CorA identified CorB-D (Gibson et al., 1991). Little is known about the function and
importance of CorB-D for bacterial virulence. There are homologs for CorB and CorC, but not
CorA or CorD, in F. tularensis by BLAST analysis. Initial studies in S. typhimurium, identified
a strain lacking corC had a decreased rate of cobalt efflux, which suggested that CorC has a role
in regulating ion homeostasis and that it might function in conjunction with CorA (Gibson et al.,
1991). Domain analysis of CorC reveals a tandem CBS domain in the N-terminus, and a CorC
domain at the C-terminus. The function of CorC domain remains unknown, but CBS domains
are considered to be regulatory elements responsive to Mg?* and adenine derivatives such as
ATP and cAMP (Scott et al., 2004). These findings have been extended to CorC, in which
attempts to crystallize the protein demonstrate that the confirmation is altered by the binding of
either ATP or Mg?* (Zhang et al., 2010). Psort analysis localizes the protein to the cytoplasm or
the inner membrane, which has been confirmed in Flavobacterium (Hunnicutt and McBride,
2001).

While there is evidence that the Mg®* ion concentration is altered in S. typhimurium, it is
unlikely that the protein is directly involved in the transport process itself. There are not

membrane domains by bioinformatics analysis, and there is no evidence that it directly interacts
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with the CorA protein to mediate these effects. A higher intracellular concentration of Mg?*
within corC mutants was thought to outcompete the toxic effects of cobalt allowing the mutant to
have a higher resistance to cobalt (Gibson et al., 1991). Newer reports have connected a variety
of phenotypes with the loss of corC in bacteria: chloramphenicol sensitivity in E. coli (Smith et
al., 2007), a reduction in plasmid conjugation efficiency in E. coli (Perez-Mendoza and de la
Cruz, 2009), and gliding motility in Flavobacterium (Hunnicutt and McBride, 2001). However,
the role of CorC in gliding motility is not clear, disruption of the corC homolog in
Flavobacterium was unsuccessful, and overexpression of corC was able to complement only one
allelic mutant (Hunnicutt and McBride, 2001). Yet, it still remains to be determined how corC is
able to mediate these seemingly unrelated phenotypes.

In F. tularensis, corC has been identified in three screens. In F. novicida, a negative
selection screen identified corC was required for proliferation in the spleen, suggesting that it
was important for the virulence of F. tularensis in vivo (Weiss et al., 2007). Additionally, corC
was found in a screen conducted in drosophila cells to identify genes important for intracellular
replication (Moule et al., 2010). There is some indication that corC could be relevant to the
virulence of Type A strains. In a study set up to identify correlates of virulence from natural
isolates, corC was disrupted in an attenuated Type A strain (Sjodin et al., 2010). However, this
result was confounded by pdpD being disrupted in the same strain. Due to the already known
role for pdpD in the virulence of F. tularensis, the attenuation of the Type A strain was attributed
to disruption of pdpD and a role for corC was ignored. Thus, there is evidence that corC could
play a role in the virulence of F. tularensis. Further work is needed to explore the contribution of

corC to the bacterium’s virulence.
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1.4  STATEMENT OF THE PROBLEM

Infection with Francisella tularensis is associated with a delay in the host immune
response and robust bacterial replication, which enables the organism to overtake its host. A key
feature to escape the host immune response is an ability to detect the host environment and
adapt. F. tularensis is capable of using multiple signals to adjust to the intracellular environment
including, temperature, pH, iron concentration, amino acid concentration and polyamine
concentration. However, the genes required for the process of adaption remain unknown. The
work presented in this thesis, identifies corC, a ubiquitous gene with a poorly defined function,
as a gene important for the bacterial response to spermine. In order to understand the importance
of corC for the virulence and physiology of F. tularensis, deletion mutants were generated in the
LVS and Schu S4 corC homologs, FTL_0883 and FTT_0615c respectively. These mutants were
phenotypically characterized using in vitro and in vivo models. Understanding the role of corC
in F. tularensis furthers our understanding of the virulence of this bacterium and how it escapes
the host response to maintain its virulence.

Delayed innate immune activation contributes to the virulence of F. tularensis, as early
activation extends survival in a murine model of tularemia. However, the role for the immune
response is unclear in the context of virulent F. tularensis infections. Studies with attenuated
strains of F. tularensis have identified important attributes of the host response; however, none
of these correlates have translated to infections with virulent F. tularensis strains. Yet, during
infection with virulent F. tularensis, the bacterial burden slows commensurate with immune
activation suggesting the host response could play a role. To further define the role for the host
response during primary pneumonic tularemia with virulent F. tularensis, MyD88 knock-out

(KO) mice were used as an immunodeficient model. The pathogenesis of Schu S4 was
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investigated in both wild-type and MyD88 deficient mice to define the contribution of the host
response during infection. Overall, the work presented in this dissertation furthers our
understanding of the interaction between F. tularensis and its host. ldentifying that F. tularensis
requires corC to maximize its virulence to avoid the host immune response, which is dependent

on MyD88 signaling.
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20 A FRANCISELLA TULARENSIS LOCUS REQUIRED FOR SPERMINE

RESPONSIVENESS IS NECESSARY FOR VIRULENCE
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21 ABSTRACT

Tularemia is a debilitating febrile illness caused by the Category A Biodefense Agent,
Francisella tularensis. This pathogen infects over 250 different hosts, has a low infectious dose,
and causes high morbidity and mortality. Our understanding of the mechanisms by which F.
tularensis senses and adapts to host environments is incomplete. Polyamines, including
spermine, regulate F. tularensis’ interactions with host cells. However, it is not known if
responsiveness to polyamines is necessary for the virulence of the organism. Through
transposon mutagenesis of F. tularensis subsp. holarctica Live Vaccine Strain (LVS), FTL_0883
was identified as a gene important for spermine responsiveness. In-frame deletion mutants of
FTL_0883 and FTT_0615c, the homolog of FTL_0883 in F. tularensis subsp. tularensis Schu S4
(Schu S4), elicited higher levels of cytokines from human and murine macrophages compared to
wild-type strains.  Although deletion of FTL_0883 attenuated LVS replication within
macrophages in vitro, the Schu S4 mutant with a deletion in FTT_0615c replicated similarly to
wild-type Schu S4. Nevertheless, both the LVS and Schu S4 mutants were significantly
attenuated in vivo. Growth and dissemination of the Schu S4 mutant was severely reduced in the
murine model of pneumonic tularemia. This attenuation depended on host responses to elevated
levels of pro-inflammatory cytokines. These data associate responsiveness to polyamines with
tularemia pathogenesis and define FTL_0883/FTT_0615c as a F. tularensis gene important for

virulence and evasion of the host immune response.
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2.2 INTRODUCTION

Francisella tularensis, the causative agent of tularemia, is a small, non-motile, gram-
negative bacterium (McLendon et al., 2006). The Centers for Disease Control and Prevention
classified F. tularensis as a Category A Biodefense Agent because of the severity of tularemia
and the ease of preparation and dissemination in an intentional release. There are two clinically
relevant subspecies of F. tularensis, F. tularensis subsp. tularensis (Type A) and F. tularensis
subsp. holarctica (Type B) (Petersen and Molins, 2010). Type A Francisella is capable of
infecting a diverse host range and is highly infectious, as few as 10 bacteria can cause fatal
disease in humans if left untreated (Dennis et al., 2001; McLendon et al., 2006). Type B
Francisella results in a milder disease in humans and is rarely fatal (Petersen and Molins, 2010).
The Live Vaccine Strain (LVS) was generated from a Type B isolate, which has become an
important model for F. tularensis pathogenesis and biology (Petersen and Molins, 2010).

F. tularensis is a facultative, intracellular pathogen and mutations preventing invasion
and intracellular replication typically result in severely attenuated strains (Baron and Nano,
1998; Charity et al., 2007; Qin et al., 2008; Qin et al., 2009). Once within the host, F. tularensis
infects a variety of cell types, including phagocytes, neutrophils, alveolar epithelial cells,
hepatocytes, and fibroblasts (Anthony et al., 1991; Carlson et al., 2007; Conlan and North, 1992;
Hall et al., 2007; McCaffrey and Allen, 2006). Phagocytes, particularly macrophages, are
thought to be an important replicative niche for F. tularensis in vivo. F. tularensis is detectable
within host macrophages and dendritic cells within one hour after infection (Bosio et al., 2007,
Craven et al., 2008; Hall et al., 2007; Hall et al., 2008). The pro-inflammatory response within
these cells is blocked by F. tularensis, which prevents the production of cytokines and

chemokines (Bosio et al., 2007; Carlson et al., 2007; Telepnev et al., 2003). Reduced levels of
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cytokines early after infection have been correlated with an inability of the host to control
replication of the bacterium (Elkins et al., 2003; Mares et al., 2008). The mechanism(s) by
which F. tularensis manipulates the host immune response is poorly understood. In order to
understand how the bacterium interacts with the host, it is critical to define the mechanisms of
host immune evasion.

Successful evasion of the host immune response may be partly due to an adaptation of F.
tularensis to the intracellular environment (Carlson et al., 2009; Loegering et al., 2006).
Loegering et al. demonstrated that after replication within macrophages, F. tularensis is less
stimulatory in subsequent macrophage infections compared to F. tularensis cultured in bacterial
growth media (Loegering et al., 2006). These authors concluded that F. tularensis is able to
adapt to the host environment to evade the immune response. However, the mechanism(s)
enabling F. tularensis to sense and adapt to the host environment must be delineated. Among
possible signals, polyamines, temperature, and amino acid concentration are known to be
important environmental cues that alter bacterial virulence (Carlson et al., 2009; Hazlett et al.,
2008; Horzempa et al., 2008).

Polyamines are small polycationic molecules. They are found ubiquitously in the cytosol
of both prokaryotes and eukaryotes at milimolar concentrations (Wortham et al., 2007). These
compounds have important roles in a variety of biological processes such as regulating
transcription and translation, altering enzyme activity, and binding to DNA to neutralize its
negative charge (Tabor and Tabor, 1985). For F. tularensis, polyamines signal the bacterium
when it is within the host cytosol (Carlson et al., 2009). Macrophages infected with F. tularensis
previously cultured in the presence of polyamines, including spermine, produce significantly less

pro-inflammatory cytokines than macrophages infected with F. tularensis previously cultured in
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media alone (Carlson et al., 2009). The F. tularensis proteins required to respond to spermine
and adapt to the intracellular environment remain largely unknown. Moreover, the importance
of this response remains undefined.

To understand the contribution of the spermine response to pathogenesis, a screen was
developed in LVS to identify mutants unable to respond to extracellular spermine. We identified
a gene in F. tularensis LVS, FTL_0883, which is necessary for spermine responsiveness.
Mutants in FTL_0883 or its homolog in the Type A strain Schu S4, FTT_0615c, elicit increased
levels of cytokines from macrophages, and are attenuated in vivo. Our results indicate that

FTL_0883 and FTT_0615c are required for F. tularensis evasion of host defenses and virulence.

2.3 METHODS

Bacterial strains. F. tularensis subsp. holarctica LVS (a gift from Karen Elkins) and F.
tularensis subsp. tularensis Schu S4 [obtained through the NIH Biodefense and Emerging
Infections Research Resources Repository, NIAID, NIH: (FSC237), NR-643] were streaked onto
chocolate Il agar plates and cultured between one and three days at 37°C with 5% CO,. Liquid
cultures of F. tularensis were grown at 37°C at 250 rpm in either Trypticase Soy Broth
supplemented with cysteine (TSB-c), Mueller Hinton Broth (MHB) supplemented with 0.1%
glucose, 0.025% ferric pyrophosphate, and IsoVitaleX, or Chamberlain’s defined media (CDM)
(Chamberlain, 1965). E. coli strain EC100D was used for routine cloning and was cultured in
Luria Broth (LB) or on LB agar. When antibiotics were required, kanamycin was used at 10
ug/mL for Francisella and 35 ug/mL for E. coli, and hygromycin was used at 200 pug/mL for

LVS and E. coli and 400 pg/mL was used for Schu S4. All work with Schu S4 and strains
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generated from Schu S4 was performed in BSL3 containment at the University of Pittsburgh

with approval from the Centers for Disease Control and Prevention Select Agent Program.

Transposon screen for spermine response genes. To identify genes involved in
responsiveness to spermine, a genetic screen was conducted. Plasmid pSD26 (a gift from Eric
Rubin and Simon Dillon) was electroporated into LVS as previously described (Horzempa et al.,
2008; Horzempa et al., 2010b). pSD26 encodes a C9 transposase and a Himarl transposon with
a kanamycin resistance marker driven by the F. tularensis groE promoter (Rubin et al., 1999).
After recovery in TSB-c, bacteria were plated on cysteine heart broth with 5% defibrinated rabbit
blood containing kanamycin. Five thousand colonies were screened first for an inability to
utilize extracellular spermine by failing to grow in CDM in the presence of a spermidine
synthesis inhibitor, dicyclohexylamine (Becker et al., 2010; Chan and Chua, 2010; Hibasami et
al., 1980; Mattila et al., 1984; Moritz et al., 2004). A positive in the primary screen was
determined by an optical density at 600nm (ODgqo) Of less than 0.06 at 48 hours. To confirm that
mutants from the primary screen were not CDM auxotrophs, the positive mutants were cultured
in CDM without dicyclohexylamine. Mutants with an ODgg less than 0.06 were considered
auxotrophic and removed from the pool of positive mutants. A secondary screen tested the
production of TNF-a from host cells. Mutants were cultured in MHB alone or MHB
supplemented with 200 xM spermine. Human macrophages were infected as described below,

and the production of TNF-o was measured by ELISA.

Cloning and generation of in-frame deletion mutants. In frame deletions of FTL_0883

and FTT_0615c were performed using allelic replacement as described previously (Horzempa et
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al., 2010a; Horzempa et al., 2010b). The 1kb upstream and downstream of each gene was
amplified by PCR using two primer pairs, Primer 1 (gatcgcatgcaactaggtgatgcttattatatactcc) and
Primer 2 (gatcctgcagttaaatttaattttagtcgaaaaatttaagaaataatgaagt) for the upstream region and
Primer 3 (gatcctgcagttttataaaaggattattatctgccattttg) and Primer 4
(gatccccggggcagcttatgagaaaggeg) for the downstream region. The 1kb amplicons were cloned
into pJH1 individually and then subcloned adjacent to each other into a single pJH1 vector to
generate pJH1-AFTL 0883 and pJHI-AFTT 0615c. Because the genomic sequences of
FTL_0883 and FTT_0615c loci and surrounding DNA are 99% similar based on sequence
alignment on BLAST, we were able to use the same primers for Schu S4 and LVS for generating
the deletion constructs. Confirmation of the deletion of either FTL 0883 (AFTL 0883) or
FTT 0615¢ (AFTT 0615c) was performed by sequencing from amplicons from PCR reactions
using genomic DNA as the template (Agencourt) and by analysis of PCR product size by

electrophoresis (Figure 5).
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Figure 5: Confirmation of deletion mutants by PCR
Genomic DNA was isolated from F. tularensis strains. PCR was performed from 1,000bp upstream and
downstream of the corC gene. The image is of an ethidium bromide stained agarose gel. Loss of corC results is a

850bp smaller PCR product.
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A cis-complementing construct was generated utilizing the 1kb upstream of either
FTL_0883 or FTT_0615c as the native promoter and to enable the vector to integrate into the
genome.  Amplicons were generated using Primer 4 (described above) and Primer 5
(catgctgcagttatttcttaaattttttcgactaaaattttaataatttttc) to include the entire open reading frame. The
PCR amplicon was digested with Pstl and Xmal and was ligated into pJH1 that had been
digested with these same enzymes to generate pJH1-FTL_0883 or pJH1-FTT_0615c. To
generate a vector control, 1 kb of DNA upstream of FTL_0883 or FTT_0615c was amplified
using Primer 3 and 4. This amplicon and pJH1 were digested with Pstl and Xmal and ligated
together to generate pJH1-vector. The E. coli strains harboring the cis-complementing or vector
controls were mobilized to F. tularensis AFTL 0883 and AFTT 0615¢ by conjugation as
performed previously (Horzempa et al.,, 2010b).  This generated the complementing
(AFTL_0883/FTL 0883, “complement”) and empty vector (“vector”) strains in LVS and the
complementing (AFTT _0615¢/FTT _0615¢, “complement”) and empty vector (“vector”) strains

in Schu S4.

Determination of growth rates. LVS or AFTL 0883 were cultured overnight in either
MHB or TSB-c. The cultures were diluted to an ODggg < 0.1, in the same media as used for the
overnight culture. A growth curve was generated by measuring the ODgg Of the culture over a
24 hour period using a M2 plate reader (Molecular Devices). Growth rates were calculated using

measurements during the exponential phase of growth.

Generation of bone marrow derived macrophages (BMDM). Bone marrow was

obtained from the healthy C57BL/6J mice (Jackson Laboratory) 6-8 weeks old. Femurs and
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tibias were flushed with 10 mL of cold BMDM media (Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 25mM HEPES, 25% L-cell media, 1% sodium pyruvate, 10% FBS,
1% GlutaMAX, 1% non-essential amino acids). The cells were counted and seeded into 100 mm
petri dishes at 7x10° cells in 10mL of BMDM media. Bone marrow cells were allowed to
differentiate into macrophages for seven days. The macrophages were used between 7 and 21
days of culture. The use of bone marrow was approved by the University of Pittsburgh’s
Department of Environmental Health and Safety and followed the Protocol for Tissue Transfer

of the Institutional Animal Care and Use Committee.

Generation of human monocyte derived macrophages. Human macrophages were
differentiated from human mononuclear cells as described previously (Carlson et al., 2007).
Peripheral blood mononuclear cells were isolated from buffy coats of human blood donations
(Central Blood Bank, Pittsburgh) using Ficoll gradients (GE Healthcare), and then monocytes
were isolated using Optiprep gradients (Sigma). Finally, monocytes were further purified by
panning. The resulting monocyte population is >95% pure (Carlson et al., 2007). Purified
monocytes were then differentiated into macrophages in DMEM supplemented with 20% FBS,
10% human sera AB (complement replete Gem Cell Gemini Bio-Products), 25 mM HEPES, 1%
GlutaMAX. The macrophages were cultured for seven days and used on day eight. All use of

human cells was approved by the Institutional Review Board of the University of Pittsburgh.

Infection of macrophages. Macrophages were removed from culture dishes with PBS
containing 8.5 mM lidocaine and 5 mM EDTA, resuspended in infection media (1% human sera

AB, 25 mM HEPES, 1% GlutaMAX in DMEM) seeded into wells of a 96-well Primaria coated
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culture dishes (BD Biosciences) at 5 x 10* cells/well, and infected with bacteria grown in MHB
or TSB-c. The bacterial cultures were standardized to an ODgy Of 0.3 and actual bacteria
concentrations were determined by plating on chocolate agar plates. For experiments measuring
cytokine production, bacteria were incubated with the macrophages at a multiplicity of infection
(MOI) of 10 for 24 hours in 5% CO; at 37°C. For experiments measuring the growth of
Francisella within macrophages, a gentamicin protection assay was performed as described
(Carlson et al., 2007). Briefly, macrophages were incubated with bacteria at an MOI of 500 for 2
hours, then washed with Hank’s Balanced Salt Solution (HBSS) containing 20 pg/mL
gentamicin for 20 min to kill extracellular bacteria. Wells were washed again with warm HBSS
and then incubated at 37°C with 5% CO; in infection media. At 2 or 24 hours post-infection,
macrophages were lysed with 0.02% sodium dodecyl sulfate. Serial dilutions of the lysates were
plated on chocolate Il agar plates for enumeration of viable bacteria. To ensure the replication of
bacteria was not hampered by high levels of cell death, the integrity of the monolayer was
monitored over the course of the experiment by microscopy. Independent experiments
demonstrated similar rates of lactate dehydrogenase release from macrophages infected with
Francisella to those previously observed (data not shown) (Carlson et al., 2007; Lai et al., 2004).
Fold change in growth was calculated by dividing the number of viable bacteria at 24 hours by

the number of viable bacteria at 2 hours.

Animal infections. Unless otherwise specified, female 6 to 8 week old C57BL/6J mice
(Jackson Laboratory) were used. Experiments assessing the role of pro-inflammatory cytokines
used 6-12 week old female B6129S-Tnfrsfla™ ™ 11r1™"™/J (TNFR1/IL-IR1 KO) and

B6129SF2/J (control for KO mice) mice (Jackson Laboratory). All mice were housed in ABSL-
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3 facilities at the University of Pittsburgh. The mice were infected intratracheally (i.t.) by
oropharyngeal instillation as done previously (Horzempa et al., 2010a). A bacterial inoculum
was deposited in the base of the oropharynx of anesthetized mice, allowing it to be aspirated.
The mice were infected with approximately 10,000 CFU of LVS or 100 CFU of Schu S4. The
mice were monitored twice a day following infection to assess morbidity, which was determined
by a scale that incorporated the activity, appearance, and posture of the mice. Once a pre-
determined score was achieved, the mice were euthanized.

For experiments requiring serial harvest, lungs, livers, spleens, and blood were removed
from anesthetized mice. Blood was removed by cardiac puncture using a heparin coated needle
and syringe. The lungs were homogenized in RPMI supplemented with 10% FBS, and the livers
and spleens were homogenized in TSB-c. Samples were diluted and plated onto chocolate 11
agar plates. The process of homogenization, diluting and plating occurred in less than 30
minutes, which is less than the doubling time of the bacteria, approximately 2 hours, and any
replication that occurred while the bacteria were in the culture media would be minimal. The
bacteria were incubated at 37°C with 5% CO, for 72 hours and individual colonies were counted
to determine CFU. All animal infection studies were approved by the University of Pittsburgh

Institutional Animal Care and Use Committee.

ELISA. The supernatants were harvested 24 hours post infection and cytokine levels
were measured by ELISA. Murine TNF-a was measured using a matched antibody pair
(eBiosciences). Human TNF-a, IL-12 p40, IL-6, and IL-1 were measured using DuoSets (R&D
Systems). Cytokine concentrations were determined using a Molecular Dynamics M2 plate

reader following addition of TMB substrate (Dako). The limit of detection was 15 pg/mL for
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murine and human TNF-a. The limits of detection of human 1L.12-p40, IL-6 and IL-1p were 15,

9, and 4 pg/mL respectively.

Real-time PCR. Bacteria were cultured for 16-18 hours in MHB alone or containing
200 uM of spermine. RNA was harvested using TRI Reagent RT Liquid Samples (Molecular
Research Center) according to the manufacturer’s instructions and suspended in nuclease-free
water. The samples were treated with DNase (Turbo DNA-free; Ambion) and the RNA quantity
was measured by spectrophotometry. Quantitative real time-PCR was performed as previously
described (Carlson et al., 2009). Data are depicted as the log, fold change of transcripts levels in
bacteria cultured in MHB with spermine divided by the transcript level in bacteria cultured in

MHB alone using the AACt method.

Measurement of NF-kB activation using reporter cell line. RAW264.7 cells stably
transfected with a NF-kB-GFP reporter were seeded into a 96-well plate as described for
macrophage infections. The reporter contains GFP driven by the E-selectin promoter containing
a NF-xB binding site (Stacey et al., 2003). The cells were infected with LVS at an MOI of 10.
At 24 hours post infection, the cells were washed with HBSS and visualized on a Zeiss Axiovert
200M microscope. Images were collected using the Zeiss Axiovision software and brightness

and contrast were adjusted consistently for all images in Adobe Photoshop.

SDS-PAGE analysis. For assessment of bacterial protein concentration, bacterial lysates
were generated after overnight culture of the bacteria in the indicated media. The strains were

normalized by ODggo, for western blot ODgyp=2.0 and for emerald green analysis ODgy=20. For
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western blotting, the bacterial lysates were sonicated and treated with lysis buffer (NUPAGE),
heated at 95°C for 5 min, separated by polyacrylamide gel electrophoresis, transferred to
polyvinylidene fluoride membranes (Millipore), and blocked with 5% milk. Mouse anti-IglIC,
rabbit anti-IgIB, rabbit anti-IglA, mouse anti-PdpD, rabbit anti-Francisella, anti-polyamine,
mouse anti-Francisella LPS, mouse anti-potF, and mouse anti-O antigen capsule (11B7) were
diluted 1:1000 in 5% milk. Blots were washed with PBS and the appropriate secondary
antibodies were used diluted 1:2000. The blots were washed with PBS and incubated with
chemoilluminescent substrate (GE healthcare). The blots were exposed to film and developed.
For quatification of carbohydrates by emerald green staining. Bacterial lysates were sonicated
and treated with proteinase K for 1 hour at 60°C, diluted into NUPAGE sample buffer
(Invitrogen) and heated at 95°C for 5 min. The carbohydrates were separated with a 12-4%
SDS-PAGE gel. Emerald green staining was performed using pro-Q emerald 488 according to
manufacturers instructions (Molecular Probes) and the gels were visualized with a Typhoon 9400
flatbed fluorescent scanner.

For NF-xB immunoblotting, BMDM were cultured with LVS strains at an MOI of 500
for 2 hours. Macrophages were lysed using a lysis buffer (150 mM NaCl, 1% Triton-X100,
0.1% sodium dodecyl sulfate, 50 mM Tris-HCI; pH 7.4). The protein samples were separated by
polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride membranes
(Millipore), blocked with 5% milk, and probed for total NF-kB p65 and phospho-p65 (#3987 and
#3033 respectively, Cell Signaling). Membranes were washed and incubated with donkey anti-
rabbit antibody coupled to horseradish peroxidase (A6154, Sigma). After washing again, signal

was measured with SuperSignal West Femto chemiluminescent substrate (Pierce) and exposure
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to film. Relative phospho-p65 was calculated by dividing phosph-p65 levels by total p65 levels

using densitometry analysis performed with ImageJ 1.44P software (NIH).

Bacterial viability. F. tularensis strains were cultured in the indicated media overnight.
They were normalized by ODgoo and stained with the BacLight LIVE/DEAD bacterial stain
(Molecular Probes) according to the manufacturers instructions. Briefly, bacteria were incubated
in a 1:1000 dilution of propidium iodide and a 1:1000 dilution of Cyto9 in PBS for 15 min.
Fluorescence was measured using a M2 plate reader with the emission at 530nm and 630nm with

an excitation at 485nm.

Luminex. Lung homogenates from infected mice were centrifuged at 20,000 X g to
remove cells and tissue debris. The resulting supernatants were filtered through a 0.2 pm filter
and treated with gentamicin (100 ug/mL). Blood was collected from mice by cardiac puncture
with heparinized syringes and plasma generated by centrifugation at 20,000 X g was then treated
with gentamicin (300 pg/mL) and ciprofloxacin (25 pg/ml). These samples were tested using
the Milliplex 32-plex Mouse Cytokine/Chemokine Panel (Millipore) on a Bio-Plex 200 system
(Bio-Rad Laboratories). Analyte concentrations were calculated against the standards using

Milliplex Analyst software version 3.5 (Millipore).

Statistics. For statistical analysis involving wild-type and mutant only, we used a two-

tailed Student’s t-test with an alpha=0.05. When greater than two strains were compared a one-

way ANOVA was used to determine experimental significance and a Tukey post-hoc test was
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used to make pair-wise comparisons. Statistical differences in survival were determined by a

log-rank test. GraphPad Prism5 (GraphPad Software) was used for all statistical analysis.

24  RESULTS

2.4.1 Spermine responsiveness in F. tularensis requires the presence of FTL_0883.

Polyamines, particularly spermine, act as intracellular cues for F. tularensis (Carlson et
al., 2009). A transposon screen was performed in LVS to identify mutants that were unable to
respond to extracellular spermine. Bacteria can either make their own polyamines (putrescine
and spermidine), or import polyamines (spermidine, putrescine, and spermine) from the
extracellular environment to grow (Wortham et al., 2007). To identify mutants that were unable
to utilize extracellular polyamines, we wused an inhibitor of spermidine synthase,
dicyclohexylamine (DCHA) (Becker et al., 2010; Chan and Chua, 2010; Hibasami et al., 1980;
Mattila et al., 1984; Moritz et al., 2004). Isolates were selected from a library of mutants made
with a Mariner-based transposon (Rubin et al., 1999) that were unable to replicate in the
presence of the DCHA in CDM. Of the nearly 5000 transposon mutants screened, 257 mutants
were initially identified in the primary screen as unable to replicate in CDM with the inhibitor.
Of the 257 mutants, 32 were unable to replicate in the presence of spermine and the inhibitor,
and were not simply auxotrophs in CDM (data not shown). These isolates were then subjected to
a secondary screen for their ability to stimulate cytokine production from macrophages when
they were cultured in the presence or absence of spermine. Of the 32 mutants identified from the

primary screen, two mutants stimulated at least equivalent cytokines from macrophages whether
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they were cultured in the presence or absence of spermine. One of the transposon mutants,
13B47 contained a transposon inserted in FTL_0883 and was selected for further investigation
because its response to spermine was different from wild-type LVS, and it had been previously
attributed to virulence in a negative selection screen in mice to identify mutants defective for

dissemination to the spleen (Weiss et al., 2007).
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Figure 6. DCHA prevents replication of AFTL_0883 in CDM
Francisella was cultivated overnight in CDM in the presence of DCHA. Growth was determined by measuring the
optical density of the culture at 600nm. The data are the mean + SEM of three independent experiments. p <0.05 is

indicated by *.

An in-frame deletion of FTL 0883, AFTL 0883, was generated for further study. The
AFTL 0883 mutant was assessed for its ability to grow in CDM containing DCHA to confirm it
has a similar phenotype to 13B47. Consistent with the transposon mutant, the growth of
AFTL 0883 was reduced compared to LVS when DCHA was added to CDM, which confirmed
the deletion mutant would have been positive in the screen (Figure 6). As previously described
(Carlson et al., 2009), wild-type LVS grown in MHB with spermine stimulates significantly less
TNF-o than when it is grown in MHB alone (Figure 7A). Strain 13B47 stimulated more
cytokines than wild-type LVS whether or not spermine was present in the MHB (Figure 7A), and

it has been further characterized (Appendix A). Similar to the transposon mutant, AFTL 0883
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grown in MHB or MHB with spermine stimulated more TNF-o production than wild-type
(Figure 7A and 7B). Culturing 13B47 in MHB with spermine resulted in a significant increase
in the induction of TNF-o in some experiments (Figure 7A). In contrast, the deletion mutant
elicited equivalent amounts of cytokines from the macrophages whether it was cultured in the
presence or absence of spermine (Figure 7A). These studies suggest that 13B47 and AFTL 0883
behave similarly, but due to the possibility of polar effects in the transposon mutant, subsequent
experiments were performed with the in-frame deletion mutant, AFTL 0883. To confirm the
responses were the result of the deletion, genetic complementation studies were performed to
establish the role of FTL 0883 in these phenotypes. AFTL 0883 containing a cis-
complementing construct cocultured with macrophages stimulated TNF-a levels comparable to
wild-type when they were grown in the presence of spermine (Figure 7B). Integration of an
empty vector did not alter the response of the macrophages to the mutant when cultured in the
presence of spermine (Figure 7B). Therefore, FTL_0883 is needed for F. tularensis to become

less stimulatory when exposed to extracellular spermine.
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Figure 7: FTT_0883 and FTT_0615c are required for response to extracellular spermine
A and C) Cytokine response to bacteria grown with or without spermine. Bacterial strains were cultured in either
MHB or MHB supplemented with spermine overnight. Human macrophages were cocultured with the strains at an

MOI of 10. At 24 hours post infection, supernatants were harvested and TNF-o was measured by ELISA.
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Macrophages incubated with media alone produced TNF-a levels that were below detectable limits. Statistical
significance was determined using a Student’s t-test by comparing the amount of TNF-a elicited from a strain
cultured in MHB alone or supplemented with spermine. ** indicates p < 0.01, *** indicates a p < 0.001. B) Genetic
complementation restores wild-type phenotypes. Bacteria were cultured in MHB supplemented with spermine.
Human macrophages were infected at an MOI of 10, and TNF-o was measured from supernatants collected 24 hours
post infection by ELISA. Macrophages incubated with media alone media produced undetectable levels of TNF-a.
Data are presented as the mean * standard deviation of triplicate wells within one experiment representative of two
independent experiments using cells from different donors. Statistical significance was determined using a one-way
ANOVA followed by a Tukey post-hoc test. ** indicates a p < 0.01, *** indicates a p <0.001 compared to wild-type
LVS. D) Bacteria were stained with BacLight Live/Dead stain to determine the effect of spermine on bacterial
viability. The data is representative of three independent experiments. E) Real time PCR analysis of transcriptional
response to spermine. LVS or AFTL 0883 were cultured in MHB with or without spermine overnight prior to RNA
harvest. Data are presented as the mean log, fold change (MHB+spermine/MHB) in transcript levels + SEM of
three independent experiments. F) Bacteria were cultured in MHB with or without spermine supplementation, and
the changes in protein and carbohydrate expression were assessed by western blot. The data presented is
representative of three independent experiments. G) Macrophages were cocultured with a wbtA transposon mutant at
an MOI of 10 for 24 hours. The supernatants were collected and the production of TNF-a was assessed by ELISA.
The data is representative of three independent experiments. Statistical significance was determined by Student’s t-
test. ** indicates p < 0.01. H) After culture in MHB with or without supplementation with spermine, the bacterial
lysates were treated with proteinase K, and the carbohydrates were stained with Pro-Q Emerald 488. The data is

representative of at least two independent experiments for each strain.

To extend our observations to the virulent strain of F. tularensis, an in-frame deletion
mutant was generated in the Schu S4 homolog of FTL 0883, FTT 0615¢c (AFTT 0615c).
Consistent with previous reports (Carlson et al., 2009), Schu S4 responded to the addition of
spermine to the culture broth, and the bacterium elicited lower levels of cytokines from

macrophages when it was cultured in the presence of spermine compared to MHB alone (Figure
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7C). In contrast, AFTT_0615c elicited similar concentrations of cytokines from macrophages
when cultured in the presence of MHB supplemented with spermine or MHB alone (Figure 7C).
Importantly, culturing F. tularensis in the presence of spermine does not alter the viability of the
bacteria. Greater than 90% of the bacteria remained alive in either MHB with or without
spermine supplementation for both LVS and AFTL 0883 (Figure 7D). These data confirm the
importance of the FTL_0883/FTT_0615c locus for the Francisella response to spermine.

The cultivation of F. tularensis in the presence of spermine changes the transcriptional
profile of the bacteria compared to bacteria grown without spermine (Carlson et al., 2009). As
an additional test of spermine responsiveness in the deletion mutant, expression of three genes of
the spermine regulon in Francisella (Carlson et al., 2009), FTL_0500, FTL_1401, and
FTL_0681, were analyzed. As expected for wild-type Francisella, there was increased
transcription of FTL_1401 and decreased transcription of FTL_0500 and FTL_0681 when LVS
was cultured in MHB with spermine compared to MHB alone (Figure 7E). The transcriptional
changes by AFTL 0883, however, were substantially blunted compared to wild-type (Figure
7E), demonstrating the mutant had a diminished transcriptional response to spermine. Although
the effects of spermine were not abolished, most likely because of multiple levels of
transcriptional regulation, these observations demonstrate that FTL_0883 contributes to the
transcriptional response to spermine in F. tularensis.

Host adaptation of F. tularensis is associated with an increase in the expression of IglC
and IgIB proteins (Zarrella et al., 2011), which is consistent with investigations of transcriptional
changes in F. tularensis when it is cultured within a macrophage (Wehrly et al., 2009). In
contrast, a response to spermine is associated with a decrease in FPI transcriptional expression

(Carlson et al., 2009), but it is unknown if there is the same association in FPI protein expression
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when spermine is added to the culture media. FPI protein expression was examined by
immunoblot of bacterial lysates generated from F. tularensis cultured in either MHB or MHB
supplemented with spermine. Consistent with previous reports (Hazlett et al., 2008; Zarrella et
al., 2011), spermine increased the expression of IgIC and IgIB in LVS, but there was not
increased HSP-70 expression when spermine was included in the culture media (Figure 7F and
data not shown). Surprisingly, in AFTT 0883, there was an increase in the expression of IglC
and 1gIB when spermine was added to the culture media despite the fact that this strain stimulates
high levels of TNF-o from host macrophages (Figure 7F). Similar to the results with the LVS
strains, when Schu S4 was cultured in MHB supplemented with spermine there was an increase
in IgIC protein expression compared to cultivation in MHB alone, but IgIB was not readily
detected (Figure 7F). Unexpectedly, there was no change in the expression of IgIC or IgIB
when AFTT 0615¢ was cultured in the presence of spermine compared to MHB alone (Figure
7F). These data demonstrate that in LVS the spermine response is independent of changes in the
pathogenicity island protein expression while in Schu S4 the spermine response correlated with
changes in the pathogenicity island protein expression.

Carbohydrate quantity and modification are tightly controlled and are important for how
bacteria interact with host cells (Finlay and McFadden, 2006; Zarrella et al., 2011). To explore
the contribution of surface carbohydrates to F. tularensis’s response to extracellular spermine,
LPS was assessed by western blot. The inclusion of spermine in MHB increased LPS on the
surface of LVS strains, but there was not a change in the amount of LPS on the surface of the
Schu S4 strains (Figure 7F). These data suggest that changes in the O-antigen expression are
independent of the spermine response. A mutant in wbtA, dWbtA:, was used to test the

hypothesis that LPS is not important for response to spermine for LVS. dWbtA was confirmed to
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have the predicted phenotypes associated with a loss of wbtA function (Appendix B) When
dWbtA was cultured in the presence of spermine, there was a reduction in the amount of
cytokines elicited from macrophages (Figure 7G). These data demonstrate that there is not a role
for the O-antigen during a response to spermine by F. tularensis.

The high molecular weight capsule is believed to function independent of the O-antigen
in F. tularensis (Zarrella et al., 2011), and it could have a role during the spermine response.
Changes in high molecular weight capsule of F. tularensis correlate with adaptation to the host
environment, in which the concentration and size of the capsule increases on the bacterial surface
as the stimulation of macrophages decreases. To assess the importance of carbohydrate
modification when F. tularensis responds to spermine in the environment, carbohydrates were
isolated from F. tularensis cultured in MHB or MHB supplemented with spermine and stained
with pro-Q emerald for visualization. There is an increase in the high molecular weight capsule
when LVS but not AFTL 0883 is cultured in the presence of spermine (Figure 7H). When Schu
S4 was cultured in the presence of spermine there was an increase in the amount, but not the size,
of the capsule present on the surface of the bacteria (Figure 7H). Surprisingly, there was a
decrease in the amount of capsule present on the surface of AFTT _0615c when it was cultured in
the presence of spermine compared to media alone (Figure 7H). These results reveal that the
amount of capsule on the surface of F. tularensis correlated with the cytokines that were elicited
from macrophages, and they suggest that alteration in the capsule could be the causal link
between the presence of spermine in the environment and an increase in the virulence of F.

tularensis.
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Bacteria cultivated overnight in TSB-c were used to infect either human macrophages or murine bone marrow
derived macrophages (BMDM) at an MOI of 10. After 24 hours, the supernatants were removed, and an ELISA
was performed to quantify the levels of TNF-a. The data are presented as the mean + standard deviation of triplicate
wells within one experiment representative of at least three independent experiments.
infected with LVS strains. B) BMDM infected with LVS strains. C) Human macrophages infected with Schu S4
strains. D) BMDM infected with Schu S4 strains. TNF-a levels were compared by a one-way ANOVA followed by

a Tukey post hoc test to allow for pair-wise comparisons. *** represents data with a p < 0.001 compared to wild-

Media

ND

Media

Human Macrophages
*k %k

LVS AFTL_0883 Complement

Human Macrophages

*k%

Schu S4 AFTT_0615¢c Complement

type strains. ND represents not detected.

2.4.2 Macrophages are activated by strains with mutations in FTL_0883 or FTT_0615c.

Vector

Vector

TNF-a(pg/mL)

TNF-a(pg/mL)

55

600
500
400
300
200
100

2504

200+

1504

1004

50 4

BMDM
*k%k
ND ND ND
Media LvS AFTL_0883 Complement
BMDM
**k%
ND ND
Media Schu S4 AFTT_0615¢c Complement

Figure 8: LVS AFTL_0883 and Schu S4 AFTT_0615c stimulate TNF-a,

Vector

Vector

A) Human macrophages



We extended our initial observations with the AFTL 0883 mutant by investigating other
host cells. Human macrophages and murine bone marrow derived macrophages (BMDM) were
infected at an MOI of 10 with wild-type bacteria, deletion mutants, or mutants that received their
cognate gene or an empty vector in cis. After 24 hours, the supernatants were collected to
analyze the amount of cytokines in the media. Significantly more TNF-a was produced by
human and murine macrophages infected with the AFTL 0883 mutant compared to wild-type
grown in TSB-c (Figure 8A and 8B), which was similar to results obtained with MHB
supplemented with spermine (Fig. 7B). Restoration of FTL_0883 with the complementation
construct, but not an empty vector, restored TNF-a levels close to those observed with wild-type
(Figure 8A and 8B). Similar results were also obtained when RAW264.7 cells were used (data
not shown). Again, enhanced activation was not the result of increased bacterial death leading to
stimulation, as all strains were similarly viable prior to coculture with macrophages (Figure 9). A
comparable pattern of cytokine production was observed with strains in the Schu S4 background.
The AFTT_0615c mutant stimulated significantly more TNF-a from both human and murine
macrophages than wild-type (Figure 8C and 8D). Strains of AFTT_0615c¢ that received the
complementing construct, but not the vector control, behaved similar to wild-type by stimulating

lower levels of TNF-a than the deletion mutant.
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Figure 9: Bacterial viability of LVS strains
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LVS strains were cultured overnight in TSB-c. They were diluted to equivalent ODgg, and then stained with the
BacLight LIVE/DEAD kit according to manufacturers instructions. The data presented is the means + standard

deviation of one experiment and is representative of at least two independent experiments for each strain.
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Figure 10: AFTL_0883 and AFTT_0615c stimulate pro-inflammatory cytokine production.
Human macrophages were infected at an MOI of 10 for 24 hours. After 24 hours, the supernatants were removed,
and ELISAs were performed to quantify the levels of IL-6, 1L-12p40 and IL-13. A) Human macrophages infected
with LVS strains. B) Human macrophages infected with Schu S4 strains. 1L-12p40 was not detected in these
samples. ND is not detected for values that were below the limit of detection for the ELISA. The data are presented
as the mean + standard deviation of triplicate wells within one experiment representative of at least three
independent experiments. The induction of cytokines by mutant strains was compared to wild-type with a one-way
ANOVA followed by a Tukey post-test. * indicates a p < 0.05, ** indicates a p < 0.01, and *** indicates a p <

0.001.

While TNF-a was used as a prototypical pro-inflammatory cytokine, similar trends in the

production of other pro-inflammatory cytokines were observed. More IL-6, IL12-p40, and IL-1p
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were produced by human macrophages cultured with AFTL 0883 (Figure 10A), and more 1L-6
and IL-1p when human macrophages were cocultured AFTT 0615c (Figure 10B). Similar to
TNF-a (Figure 8), stimulation of macrophages was reduced when FTL_0883 or FTT_0615c
were returned in cis, but there was no effect when an empty vector was used (Figure 10A and
10B). These results show that FTL_0883 and FTT_0615c have a general role in limiting pro-
inflammatory cytokine production by macrophages infected with Francisella.

F. tularensis actively inhibits intracellular signaling in macrophages, including NF-«xB
activation, thereby limiting pro-inflammatory cytokine production (Telepnev et al., 2005). We
hypothesized that the heightened stimulation of macrophages by AFTL 0883 could correlate
with an enhanced NF-kB activation. As a functional test of NF-xB activation, LVS strains were
cocultured with RAW264.7 cells bearing a NF-kB GFP reporter in which the expression of GFP
is under the regulation an NF-xB dependent promoter (Stacey et al., 2003). The NF-«xB reporter
cells showed minimal GFP expression when cultured with wild-type LVS, similar to the low
levels observed with the media control (Figure 11A). In contrast, infection with the AFTL 0883
strain greatly enhanced GFP expression compared to LVS (Figure 11A). Similar to the results
seen with TNF-a production (Figure 8), complementing the AFTL 0883 mutant with a wild-type
copy of the gene, but not the empty vector, reduced the level of GFP expression (Figure 11A).
Because the NF-kB reporter cells were insufficiently sensitive to detect changes at earlier time
points and to assess activation on a molecular level, the activation of NF-kB was assessed by
immunoblot (Figure 11B). Whole cell lysates were generated from BMDM 2 hours after
infection to measure the phosphorylation of the p65 subunit of NF-xB (Figure 11B). Consistent
with the results obtained with the NF-xB reporter strains, there was a four-fold increase in the

phosphorylation of p65 in cells infected with AFTL 0883 compared to cells infected with LVS
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(Figure 11B). This early NF-«xB activation was reduced when the gene was restored in cis such
that phosphorylated p65 was 2.5 times higher in BMDM cultured with vector compared to
complement (Figure 11B). These data corroborate the results obtained by ELISA and
demonstrate that macrophages are more activated by AFTL 0883. These findings indicate that

FTL_0883 is needed by Francisella to minimize the activation of macrophages.
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Figure 11: LVS AFTL_0883 stimulates activation of NF-xB
A) RAW?264.7 cells containing GFP driven by a promoter whose activity is regulated by activation of NF-[1B were
infected at an MOI of 10 with F. tularensis grown overnight in TSB-c. After 24 hours, the cells were examined by
fluorescence microscopy to assess the relative expression of GFP within the cells. Exposure times were constant
across all fluorescent images. Images are from one experiment representative of three independent experiments.
Scale bar represents a distance of 100 um. B) NF-kB is activated early by AFTL 0883. BMDM were infected at an

MOI of 500 for 2 hours and whole cell lysates were tested for NF-kB p65 and phospho-p65. Phospho-p65 levels
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were normalized to total p65 levels, with the ratios displayed below the immunoblot images. Similar results were

seen in two independent experiments.

2.4.3 Induction of TNF-a by Schu S4 does not correlate with replication within

macrophages

Activated macrophages control F. tularensis replication in vitro (Edwards et al., 2010). Since we
observed enhanced activation of macrophages infected with the deletion mutants as measured by
pro-inflammatory cytokine production, we hypothesized that growth of these mutants within
macrophages would be restricted. To test this, gentamicin protection assays were performed
using human monocyte derived macrophages and murine BMDM infected with the LVS strains.
Wild-type LVS replicated well in either host macrophage, increasing 10 to 100-fold over 24
hours (Figure 12A and 12B). Consistent with our hypothesis, the AFTL 0883 mutant was
attenuated for growth in both human macrophages and BMDM, growing at least 10 fold less than
wild-type (Figure 12A and 12B). As expected, returning the gene in cis, but not the empty
vector, nearly restored growth to wild-type levels. The differences in growth rates were not
attributable to differences of invasion between the mutant and wild-type as the number of
intracellular bacteria two hours after infection differed less than two-fold between AFTL 0883
and LVS. These results show FTL_0883 is necessary for intracellular growth of LVS in

macrophages.
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Figure 12: FTL_0883 but not FTT_0615c is needed for the replication of F. tularensis within macrophages in
vitro

Bacteria cultivated overnight in TSB-c were used to infect human macrophages or bone marrow derived
macrophages (BMDM) at an MOI of 500, followed by gentamicin treatment 2 hours post infection. At 2 hours and
24 hours, the macrophages were lysed and F. tularensis was diluted and plated to enumerate colony forming units
(CFU). The data are presented as the mean fold change in CFU (CFU at 24 hours/ CFU at 2 hours) £ standard
deviation of one experiment representative of at least three independent experiments. A) Human macrophages
infected with LVS strains. B) BMDM infected with LVS strains. C) Human macrophages infected with Schu S4
strains. D) BMDM infected with Schu S4 strains. E) HEK293 cells infected with LVS strains. To assess
differences in the fold change in CFU, a one-way ANOV A was performed followed by a Tukey’s test to make pair-

wise comparisons. * indicates a p < 0.05, ** indicates a p < 0.01, and *** indicates a p < 0.001 compared to wild-

type strains.
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Figure 13: Intracellular growth defect of AFTL_0883 is not due to a general growth defect or sensitivity to
SDS
A) LVS and AFTL_0883 were cultured in either TSB-c or MHB, and ODygg, of the culture was monitored over a 24
hour period. The data presented is representative of two independent experiments. B) LVS and AFTL 0883 were
incubated in the presence or absence of SDS, and the bacteria were diluted in PBS and plated to enumerate CFU.

The data presented is representative of two independent experiments.

In contrast, the mutation in the Schu S4 background yielded unexpected results. Schu S4
and the AFTT 0615¢ mutant grew similarly in both human and murine macrophages (Figure
12C and 12D). Growth of the complemented strain or the empty vector strain was also
indistinguishable. Again, similar rates of invasion were observed 2 hours post infection for Schu
S4 and AFTT 0615¢c. While FTL 0883 was needed for wild-type rates of replication of LVS
within macrophages, FTT_0615c, was dispensable for replication of Schu S4 within
macrophages. These results were unexpected, but they are not unprecedented, as there are

established differences in the ability of Schu S4 and LVS to withstand host defenses such as
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oxidative stress (Lindgren et al., 2011), which could restrict replication of AFTL 0883 in
activated macrophages but permit wild-type replication of AFTT 0615c.

The lack of intracellular replication for AFTL 0883 was not simply the result of a general
growth defect. Similar doubling times of LVS and AFTL 0883 were observed in the media used
for our studies: MHB (LVS: 2.63 + 0.41 hours and AFTL 0883: 2.81 + 0.32 hours) and TSB-C
(LVS: 2.28 £ 0.05 hours and AFTL _0883: 2.23 + 0.08 hours) (Figure 13A). The reduced growth
of the AFTL 0883 mutant was also not the result of an increased sensitivity to SDS that was
used to lyse the macrophages because the viability of the mutant and wild-type were unaffected
by this concentration of SDS (Figure 13B). Therefore, the attenuation of intramacrophage
replication of the mutant was not the result of an inherent difference in the rate of replication of
AFTL_0883.

Although attenuated for growth in macrophages, the LVS mutant strain showed wild-type
growth in non-macrophages. Wild-type LVS, AFTL 0883, complement, and vector all grew
similarly in non-macrophage, HEK?293 cells; there was not a significant difference in replication
among the strains (Figure 12E). These results confirm observations in broth culture that
AFTL 0883 does not suffer from a generalized growth defect.

The expression of FPI is important for the intracellular growth of F. tularensis. To
determine if there was an altered expression of pathogenicity island genes that could explain the
divergent patterns of intracellular replication for the LVS and Schu S4 strains, the expression of
IglC was measured in the bacterial lysates by western blot. There was a reduction in the
expression of IglC in AFTL 0883 compared to LVS (Figure 14). The expression of 1gIC was
restored with complementation (Figure 14). Consistent with the results in the literature, the

expression of FPI in LVS correlated with the ability of the strains to replicate intracellularly
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within macrophages. In contrast, there was not a difference in the expression of 1gIC in the Schu
S4 strains (Figure 14). These results suggest altered regulation of FPI in LVS and Schu S4 could
contribute to the differences in intracellular replication for AFTL 0883 and AFTT 0615c in

macrophages.

LVS
AFTL_0883
Complement
Vector

Schu S4
AFTT_0615¢c
Complement
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Figure 14: Altered IglC expression in LVS AFTL_0883 but not Schu S4 AFTT_0615c.
Bacteria were cultured overnight in TSB-c, bacterial lysates were generated, normalized to ODgy=2.0, separated by
SDS-PAGE, transferred to nitrocellulose, and probed with anti-IgIC antibody. The data presented is representative

of at least two independent experiments for each strain.

2.4.4 Replication within a macrophage does not correlate with virulence in vivo.

The macrophage is believed to be an important, intracellular niche for F. tularensis
within the host. Moreover, replication in macrophages has typically been associated with
virulence (Buchan et al., 2009; Forslund et al., 2010; Golovliov et al., 2003; Lauriano et al.,
2004; Meibom et al., 2009; Nano et al., 2004; Pechous et al., 2006). Based on the growth
patterns in macrophages described above, it was hypothesized that the AFTL 0883 mutant would
be attenuated but the AFTT 0615¢ mutant would retain virulence in vivo.

Virulence of LVS and AFTL 0883 was assessed first. Mice infected with wild-type LVS
lost a significant amount of weight, a measure of morbidity, approaching 25% of their starting

body weight by day 7 post infection (Figure 15A). In contrast, mice infected with AFTL 0883
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lost less than 5% of their body weight over the course of the experiment, which was significantly
different from wild-type from day 4 until day 12 post infection (Figure 15A). The weights of all
the mice returned to their pre-infection values, and no mice died with the dose administered.
Nevertheless, there was a significant decrease in morbidity for mice infected with AFTL 0883
compared to mice infected with LVS. This is consistent with the hypothesis that failed growth in

macrophages in vitro predicts attenuation in vivo.
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Figure 15: FTL_0883 and FTT_0615c are required for virulence in vivo.
A) Mice were infected intratracheally with 10,000 CFU of LVS or AFTL 0883 (n=4 per group). The weights of the
mice were followed for 2 weeks post infection. The data are presented as mean * standard deviation of a
representative of two experiments performed similarly. Data under the line indicate days the weight of mice
infected with the mutant were statistically different from wild-type infected mice. * indicates a p < 0.05 by
Student’s t-test. B) Mice were infected intratracheally with 100 CFU of either Schu S4 or AFTT 0615¢. Data are

combined from two independent experiments (n = 9 total per group). p < 0.01 by log rank test.
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Once again, the AFTT 0615¢ mutant yielded unexpected results. It was anticipated that
the mutant in the Schu S4 background would be fully virulent in mice because it replicated
efficiently in macrophages in vitro. Surprisingly, there was a significant delay in time to death
for mice that were infected with the AFTT 0615¢ mutant compared to wild-type Schu S4 (Figure
15B). The median time to death was 6 days and 15 days for wild-type and mutant, respectively,
and one-third of the mice infected with the mutant survived until the end of the study 22 days
post infection. Therefore, AFTT 0615¢c was attenuated in vivo compared to Schu S4, even
though the mutant was able to replicate at wild-type rates in macrophages in vitro. These results
contradict the hypothesis that replication in macrophages in vitro is a predictor of virulence, and
suggest that the pro-inflammatory response in vitro is a better indicator of attenuation in vivo.

The kinetics of bacterial replication were next investigated in mice infected with
AFTT 0615c and Schu S4 strains. We hypothesized that there would be reduced bacterial
burden since there was an increase in the median time to death for mice infected with
AFTT 0615¢c. Mice were sacrificed on days 2, 4, 6, or 12 post infection, and homogenates of
their lungs, livers, spleens, and blood were tested for CFU. On day 2 post infection, organs of
Schu S4 infected mice contained more CFU than organs from AFTT 0615c infected mice
(Figure 16). While lower bacterial burdens were measured in all organs of mice infected with
AFTT 0615¢ compared to Schu S4 infected mice on day 2 post infection, there was only a
statistically significant difference in the blood where the mutant could not be detected (Figure
16). By day 4 post infection, there were statistically significant increases in CFU in all organs of
Schu S4 infected mice compared to AFTT 0615¢ infected mice (Figure 16). Two to four logs

fewer CFU were recovered from AFTT 0615c-infected organs compared to Schu S4 infected
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organs (Figure 16). Similar to day 2, bacteria were not detected in the blood of mice infected
with AFTT 0615c on day 4. On day 6 post infection, there were fewer CFU in the organs of
AFTT 0615c infected mice compared to Schu S4 infected mice on day 4 post infection, and the
blood of AFTT 0615c¢ infected mice continued to have undetectable amounts of CFU (Figure
16). By day 12 post infection, CFU became detectable in the blood of AFTT_0615c infected
mice, but there was still approximately 1000 fold fewer CFU than in the blood of a Schu S4
infected mouse on day 4 (Figure 16). Additionally, bacterial burden in the lungs, livers and
spleens of AFTT_0615¢ infected mice on day 12 post infection was similar to the CFU recovered
from organs of Schu S4 infected mice on day 4 (Figure 16). These data demonstrate that
FTT_0615c is important for F. tularensis replication in vivo and its presence enhances

dissemination to secondary sites of infection.
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Figure 16: Mice infected with FTT_0615c¢ have reduced bacterial burdens.
Mice were infected with 100 CFU of either Schu S4 or AFTT _0615c. On days 2, 4, 6 and 12 post infection, mice
were sacrificed and CFU was determined. The limit of detection for spleens and lungs was 100 CFU, for blood it
was 100 CFU/mL, and for livers it was 200 CFU. In total, 11 AFTT 0615c infected mice (three independent
experiments) and 8 Schu S4 infected mice (two independent experiments) were sacrificed on day 2; 11 AFTT 0615c¢
infected mice (three independent experiments) and 6 Schu S4 infected mice (two independent experiments) were
sacrificed on day 4; 7 Schu S4 infected mice (two independent experiments) and 7 AFTT_0615c¢ infected mice (two
experiments independent experiments) were sacrificed on days 6 and 12 post infection. The data are presented as

mean + standard deviation. The bacterial burdens for mice infected with Schu S4 or AFTT 0615¢ were compared
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for each organ on day 2 and 4 and differences were determined to be significant by Student’s t-test. * indicates a p <

0.05 and *** indicates a p < 0.001.

2.4.5 Cytokine and chemokine responses to AFTT_0615c¢ in vivo.

We next tested whether the enhanced cytokine stimulation observed with the AFTT 0615c
mutant in vitro was recapitulated in vivo. The concentration of cytokines and chemokines in
lung homogenates and plasma were analyzed by Luminex on days 2, 4, 6, and 12 post infection.
There was no difference in the concentration of any of the 32 analytes tested in the lungs of mice
infected with Schu S4 or AFTT 0615¢ on day 2 (Figure 17). On day 4, however, significantly
higher concentrations of TNF-a, IL-1a, and IL-1 were present in the lungs of mice infected
with the mutant (Figure 17). In contrast, significantly greater concentrations of G-CSF, MCP-1
(CCL2), and LIX (CXCL5) were found in the lungs of mice infected with Schu S4 (Figure 17).
Interestingly, other analytes in mice infected with the AFTT _0615c¢ strain were not elevated
above the concentrations in Schu S4 infected mice, including IFN-y (Figure 17). This was
unexpected since IFN-y is typically associated with effective host defenses against F. tularensis
(Edwards et al., 2010; Elkins et al., 2009; Lopez et al., 2004). By day 12 post infection, there
were increases in many proinflammatory cytokines over day 2 values in the AFTT 0615c
infected mice with significant increases in IFN-y, G-CSF, IL-1a, IL-1p, IP-10, KC, MIG, MIP-
la, MIP-1B, MIP-2, RANTES, and TNF-a (Figure 17). In contrast to the expression of most
cytokines, MCP-1 and G-CSF were significantly lower at day 6 post infection in AFTT 0615¢
infected mice compared to their levels in Schu S4 infected mice on day 4 (Figure 17). By day 12

post infection G-CSF was at a level similar to that in the lung of a Schu S4 infected mouse on
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day 4, but MCP-1 remained significantly lower at the same level as on day 6 (Figure 17).
Overall, these data demonstrate that pulmonary infection by AFTT 0615¢ was associated with
elevated levels of prototypical pro-inflammatory cytokines, which correlated with slower
replication of AFTT_0615c compared to Schu S4.

The striking lack of bacteremia after pulmonary infection by the AFTT 0615c strain
suggested high concentrations of cytokines in the blood might contribute to restricting the
growth of the mutant. Using Luminex technology, we measured cytokines in the blood of the
same mice described above on days 2, 4, 6 and 12 post infection. In contrast to the lung
measurements, mice infected with AFTT_0615¢ had significantly lower plasma concentrations of
TNF-a, IL-1pB, Eotaxin, G-CSF, GM-CSF, IL-6, IP-10, KC, MCP-1, MIP-1a, MIP-1p than mice
infected with Schu S4 on day 4 post infection (Figure 18). The plasma concentrations of IL-1a
were also 20-fold lower than those in the lungs of mice infected with the mutant, and were
indistinguishable from plasma of mice infected with Schu S4 (Figures 17 and 18). Mice infected
with wild-type Schu S4 had significantly greater plasma concentrations of G-CSF and MCP-1
than mice infected with AFTT_0615c, which was two to five-fold higher than levels in lung
homogenates (Figure 17 and 18). There was not a difference in the expression of MIG on day 4
post infection in the serum of either Schu S4 or AFTT _0615c infected mice (Figure 18). While
there were lower concentrations of many cytokines in the serum of mice infected with
AFTT 0615¢ compared to the sera of Schu S4 infected mice on day 4, many of the cytokines
were still elevated above their values on day 2 post infection in AFTT 0615c¢ infected mice.
Surprisingly, by day 6 post infection in AFTT _0615c infected mice, all of the elevated cytokines
went back to their day 2 values except for IL-1a, IL-1p, TNF-a, and MIP-1a, which continued to

increase through day 12 post infection (Figure 18). Only IL-1, TNF-a, GM-CSF, and MIP-1a
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cytokines in the serum of AFTT_0615c infected mice correlated with the bacteremia in the mice,

which suggested that these cytokines could be critical in combating infection with AFTT 0615c¢

Eotaxin G-CSF IFN-y IL-1a
300 16000 12000 6000
225 12000 9000 4500 +
_, -
5 | 8000 * 6000 3000 7
) 150 - P P
75 4000 v 23 3000 7 1500 %
[V 0 0 0
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
Days Post Infection Days Post Infection Days Post Infection Days Post Infection
IL-1p IL-6 P10 KC
1600 6000 6000 1000
1200 + 4500 4500 800
=
£ - —+ 600
S 800 7/ 3000 3000 N
< Vs -~ / 400
400 ? 1500 ~ . 1500 200
0 0 0 0
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
Days Post Infection Days Post Infection Days Post Infection Days Post Infection
MCP-1 MIG MIP-1c MIP-1p
5000 12000 6000 5000
-
4000 9000 .- - 4500 s
£ 3000 3000
=) 6000 3000
S 2000 2000 4
1000 é- - -+ 3000 1500 1000 P s
0 0 0 0
0 5 10 15 5 10 15 0 5 10 15 0 5 10 15
Days Post Infection Days Post Infection Days Post Infection Days Post Infection
MIP-2 RANTES TNF-a
8000 300 300
6000 7 * 225 225 +
2 7 - 7
E 4000 150 - 150 7
>
= /
2000 75 75 *
0 0 0
0 5 10 15 0 5 10 15 0 5 10 15

Days Post Infection

Days Post Infection

Days Post Infection

Figure 17: Wild-type and AFTT_0615c¢ Schu S4 strains elicit different cytokine and chemokine profile within
the lung in vivo.

Supernatants from lung homogenates were assayed by Luminex as described in Materials and Methods. A total of

11 samples (three independent experiments) from both Schu S4 and AFTT 0615¢ were tested on day 2. A total of

11 samples (three independent experiments) were tested on day 4 for AFTT_0615c and a total of 7 samples (two

independent experiments) were tested for Schu S4. Data are presented as the mean + standard deviation.

70



Eotaxin G-CSF
6000 25000
20000
5 4000 15000
2 10000
2000 i
5000 -
- - - ¥
0+ 0
0 5 10 15 0 5 10 15
Days Post Infection Days Post Infection
IL-1a IL_1p
250 80
200 60
- 150
E - - 40
2 100 ”
rd
50 H 20 *«
0 0
0 5 10 15 0 5 10 15
Days Post Infection Days Post Infection
IP-10 KC
8000 25000
6000 20000
= 15000
€ 4000
2 ,i 10000
2000
‘. o @ 5000
0 0
0 5 10 15 0 s 10 15
Days Post Infection Days Post Infection
MIG MIP-1
25000 500
20000 400
E’ 15000 ‘ 300
>
S 10000 200
5000 ;— = 100 - 4
4
0 0
0 5 10 15 0 5 10 15
Days Post Infection Days Post Infection
TNF-a LIX
120 4000
90 3000
=
E w0 2000
(=]
(=%
30 + = 1000
o \
0 0+ B - -5
0 5 10 15 0 5 10 15

Days Post Infection

Days Post Infection

GM-CSF
60
40
- g
20 /
o+
0 5 10 15
Days Post Infection
IL-6
25000
20000
15000
10000
5000
0
0 5 10 15
Days Post Infection
MCP-1
25000
20000
15000
10000
5000
0
0 5 10 15
Days Post Infection
MIP-18
3000
2500
2000
1500
1000
500
0 —

0 5 10
Days Post Infection

15

200

IFN-y

20000
16000
12000
8000
4000

-
0

0 5 10 15
Days Post Infectino
IL-10

500
400
300
200
100

0 -

0 5 10 15
Days Post Infection
M-CSF

1200
1000
800
600
400
0

0 5 10
Days Post Infection

RANTES
5000

4000
3000
2000
1000

—

o

5 10
Days Post Infection

15

Figure 18: Mice infected with AFTT_0615c¢ have lower pro-inflammatory response in the plasma.

Plasma was collected from heparinized blood and tested by Luminex as described in Materials and Methods. A total

of 11 samples (three independent experiments) from both Schu S4 and AFTT_0615c were tested on day 2. A total

of 11 samples (three independent experiments) were tested on day 4 for AFTT _0615c and a total of 7 samples (two

independent experiments) were tested for Schu S4. Data are presented as the mean + standard deviation.



2.4.6 Histopathologic changes within the organs.

There is not a detectable immune response to Schu S4 in mice until 3 days post infection.
After three days, the presence of cytokines and immune cells can be detected within the organs
of infected animals. The recruited immune cells form an immunological foci (Shen et al., 2010).
These foci are sites of bacterial replication and immune cell death (Schmitt et al., 2013; Sharma
et al.,, 2011a). It is unclear whether the bacteria or the immune response itself results in cell
death. To determine if the more robust immune response with AFTT 0615c altered the
pathologic changes during infection, histopathologic changes were assessed on days 2, 4, 6, and
12 post infection within the lungs, livers, and spleens of mice infected with Schu S4 and
AFTT 0615c.

By day 4 post infection, Schu S4 elicited focal inflammation in the lung similar to
previous reports (Figure 19) (Sharma et al., 2011a). Cell death occurred in the lungs of Schu S4
infected mice, which was determined by counting viable cells (Figure 20). In contrast to the
rapid formation of immune foci and decline in viable cells in the lungs of Schu S4 infected mice,
immune foci formation was delayed in the lungs of AFTT 0615c infected mice and more viable
cells were present within the lung (Figure 19 and 20). Cellular recruitment was observed by day
4 post infection, but the amount of cellular material within the spaces of the lungs was reduced in
the AFTT _0615c infected mice compared to Schu S4 infected mice. By day 12 post infection,
there was a significant amount of immune cell recruitment to the immune foci, which was similar
to Schu S4 infected mice on day 4 post infection (Figure 19). Similar to Schu S4, the immune
foci in AFTT 0615c¢ infected lungs were also TUNEL positive and predominately neutrophils
(Personal communication Deanna Schmitt). The preservation of viable cells in the AFTT 0615¢

infected mice correlated with a reduction in the CFU in the lungs of mice compared to the Schu
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S4 infected lungs. Overall, the delayed pathology and enhanced survival of immune cells within
AFTT 0615c¢ infected mice correlated with a prolonged survival.

The livers of Schu S4 and AFTT _0615c¢ infected mice had a similar appearance on day 2
post infection, with no detectable cellular recruitment (Figure 21). On day 4, recruited cells were
detected in livers of mice infected with Schu S4 and AFTT 0615c, but Schu S4 infected livers
had more pronounced cellular recruitment (Figure 21 and 22). By day 6, there were similar
numbers of foci present within the AFTT 0615c¢ infected livers compared to Schu S4 infected
livers on day 4 despite having lower bacterial burdens (Figure 21). On day 12 post infection, the
number of immune cell foci that were visible continued to increase in the AFTT 0615c¢ infected
livers (Figure 21 and 22). Therefore, 10-fold fewer bacteria and 10-fold more sites of
inflammation were found in the livers of mice infected with dFTT_0615c infection compared to
WT infection. These data associate formation of the immune foci in the liver with better control
of F. tularensis replication.

Similar to the liver, splenic architecture was preserved longer during infection with
AFTT 0615c¢ compared to Schu S4 (Figure 23). Schu S4 and AFTT _0615c¢ infected spleens had
a similar appearance on day 2 post infection (Figure 23). Consistent with the published reports
(Sharma et al., 2011a), by day 4 post infection, there was robust recruitment of immune cells in
the white pulp of the spleen, a loss of the red pulp, and a loss of follicle organization (Figure 23).
In contrast, mice infected with AFTT 0615¢ had an altered pathological appearance compare to
Schu S4 infected mice on day 4 post infection. AFTT _0615c¢ infected spleens increased in size,
there were some cellular infiltrates to the red pulp, and the architecture of the follicles was
preserved (Figure 23 and 24). Splenomegaly in mice infected with AFTT 0615c plateaued by

day 6 post infection (Figure 24). Additionally, on day 6 post infection the red pulp was
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progressively replaced by leukocytes, which continued until the day 12 time point (Figure 23).
By day 12 post infection, the splenic architecture of AFTT _0615c infected mice lost red pulp and
follicle organization similar to the spleens of Schu S4 infected mice on day 4 (Figure 23). From
the pathologic appearance, the splenic architecture was preserved longer in the mice infected
with AFTT 0615c¢ than the mice infected with Schu S4, which correlated with the increased
survival time of the AFTT 0615c¢ infected mice. Later during infection, the pathological changes

in the spleen correlated with the mortality of the animals
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Day 2

Day 6

Day 12

Figure 19: Reduced Lung pathology early during infection with AFTT_0615c¢
Lungs were harvested on day 2, 4, 6, and 12 post infection. The lungs were fixed with formalin, embedded in

paraffin, and stained with H&E.
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Figure 20: Viable cells in the lung during infection with Schu S4 and AFTT_0615¢
Lungs were isolated on days 2, 4, 6, and 12 post infection from mice infected with Schu S4 or AFTT _0615c. The

cell viability was determined by trypan staining.
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Figure 21: Reduced liver pathology early during infection with AFTT_0615c.
Livers were harvested on day 2, 4, 6, and 12 post infection. The livers were fixed with formalin, embedded in

paraffin, and stained with H&E.
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Figure 22: Number of inflammatory foci in the liver of Schu S4 and AFTT_0615c¢ infected mice
Livers were isolated on days 2, 4, 6, and 12 post infection from mice infected with Schu S4 or AFTT _0615c¢c. The

livers were embedded in paraffin, sectioned, and stained with H&E. The number of inflammatory foci were counted

in each section.
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Figure 23: Reduced spleen pathology early during infection with AFTT_0615c.
Spleens were harvested on day 2, 4, 6, and 12 post infection. The spleens were fixed with formalin, embedded in

paraffin, and stained with H&E.
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Figure 24: Splenomegaly occurs during infection with AFTT_0615c.

Spleens were harvested on day 2, 4, 6, and 12 post infection. The spleens were fixed with formalin, their lengths

were measured and they were weighed.
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Figure 25: TNF-a receptor, IL-1p receptor, and MyD88 contribute to prolonged survival of mice infected
with AFTT_0615c.
A) Control (B6129SF2/J) or knock-out (TNFR1/IL-1R1 KO) mice were infected intratracheally with 80 CFU of
AFTT 0615c and survival was followed over time. B) Control (C57Bl/6) or MyD88 KO mice were infected with

100 CFU of AFTT _0615c intratracheally and survival was followed over time. The experiments were performed

with an n=5 for each group. p <0.01 by log rank test.
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2.4.7 Contribution of TNFR/IL-1R and MyD88 to the host response to AFTT_0615c¢

While the enhanced cytokine production in the lungs of mice correlated with the
attenuation of the mutant, it was unclear if these cytokines prolonged the survival of the mice
infected with AFTT 0615¢ compared to mice infected with Schu S4. To investigate this
possibility, mice lacking both TNF-a type 1 receptor and IL-1p type 1 receptor (TNFR1/IL-1R
KO) or control mice were infected with AFTT 0615c. Mice were significantly more susceptible
to the infection when lacking the TNF-o and IL-1p receptors than were wild-type mice (Figure
25A). The median time to death was 10 days for the knock-out mice compared to 15 days for
wild-type mice, with two of five wild-type mice surviving the infection until the end of the study
on day 20 (Figure 25A). These results define a role for TNF-a and IL-1 signaling in prolonging
the survival of the mice infected with AFTT 0615c.

To further investigate the importance of the host response during infection with
AFTT 0615c, the role of MyD88 was tested. MyD88 is a known adaptor for the IL-1R receptor
and is needed for signaling from all TLRs except for TLR3, which is not involved in the host
response to F. tularensis. Additionally, MyD88 signaling leads to the activation of NF-«xB,
which was associated with the enhanced pro-inflammatory responses to AFTL 0883 and
AFTT _0165c¢ in vitro. MyD88 KO mice and wild-type mice were administered 100 CFU of
AFTT 0615¢, and they were followed for survival. The MyD88 KO mice were significantly
more susceptible to infection with AFTT 0615c¢ than wild-type mice. MyD88 KO mice had a
median time to death of 5 days whereas the wild-type had a median time to death 12 days post
infection (Figure 25B). These results demonstrate that in addition to IL-1R and TNF-aR,

MyD88 is required for the host immune response to AFTT 0615c.
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To determine how MyD88 contributed to the host response, the interaction of
macrophages deficient in MyD88 and F. tularensis was assessed. Coculture of wild-type
BMDM with Schu S4 strains resulted in the production of TNF-a in 24 hours (Figure 26A). In
contrast, there was no production of TNF-a by MyD88 KO BMDM when they were cocultured
with Schu S4 strains (Figure 26A). These results suggest that MyD88 is required for the
production of cytokines in response to F. tularensis. Finally, the ability of Schu S4 strains to
replicate in WT and MyD88 KO BMDM was determined. There was not a difference in the
intracellular replication of the Schu S4 strains irrespective of the presence of MyD88 (Figure
26B). There was not a difference in invasion of Schu S4 strains into WT or MyD88 KO BMDM
at 2 hours (data not shown), suggesting that the ability of the macrophages to phagocytose F.
tularensis is independent of MyD88. These data demonstrate that within a macrophage, MyD88
is needed for the cytokine production of Schu S4, but it does not affect the ability of F. tularensis

to replicate within the macrophage.
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Figure 26: Requirement of MyD88 within macrophages
A) WT or MyD88 KO BMDM were cocultured with Schu S4 strains at an MOI of 10. After 24 hours the
concentration of TNF-o in the culture supernatant was determined by ELISA. The data is means + standard
deviation of triplicate wells and is representative of three independent experiments. BDL indicates below the
detectable limits of the assay. B) WT or MyD88 KO BMDM were infected with Schu S4 strains at an MOI of 500.

At 2 hours a gentamicin protection assay was performed. At 2 and 24 hours the macrophages were lysed to quantify
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intracellular CFU. The data depicts the mean fold change (CFU at 24 hour/CFU at 2 hour) + standard deviation of

triplicate wells and is representative of two experiments.

2.5 DISCUSSION

The pathogenesis of F. tularensis is associated with its ability to evade immune detection
(Chase et al., 2009; Conlan et al., 2010; Fortier et al., 1992; Telepnev et al., 2003). Adaptation
to the intracellular mammalian environment is likely a mechanism contributing to the stealth
nature of this pathogen. Polyamines are abundant in the intracellular environment and cue
Francisella to the host’s cytosol (Carlson et al., 2009). The objectives of this study were to
identify genes important for the polyamine response in F. tularensis and to determine if the
genes contribute to the virulence of the organism. By performing a transposon screen within
LVS, FTL_0883 was identified as a gene important for the spermine response. Unlike LVS, the
FTL_0883 mutants stimulated high levels of cytokines from macrophages even if they were
cultured in the presence of extracellular spermine (Figure 7A and 7B). The loss of spermine
response in AFTL 0883 is not simply the result of stimulating higher amounts of cytokines than
wild-type. Other transposon mutants from this screen and the ApyrF mutant in LVS (Horzempa
et al., 2010a) stimulate more cytokines from macrophages than wild-type LVS. Nevertheless,
they stimulate less cytokine production from macrophages after growing in MHB with spermine
than MHB alone (data not shown). Further, FTL_0883 is needed for an optimal transcriptional
and carbohydrate response to spermine (Figure 7E and 7H). Therefore, FTL_0883 contributes to

F. tularensis’ response to extracellular spermine.
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Based on our data, an adequate response to spermine minimizes the activation of
macrophages. Previously, it was proposed that a response to spermine could be an important
determinant that enables host immune evasion (Carlson et al., 2009). Consistent with this
proposal, a significant increase in the production of pro-inflammatory cytokines by macrophages
infected with AFTL 0883 and AFTT _0615¢ compared to wild-type strains was observed (Figure
8 and 10). We also observed enhanced NF-kB activation and increased production of pro-
inflammatory cytokines in macrophages infected with AFTL 0883, which both independently
demonstrate that the macrophage is in an activated state (Figures 8, 10-11). Similar to the in
vitro observations, AFTT 0615c stimulated more pro-inflammatory cytokines within the lung in
vivo (Figure 17). The enhanced immune response within the lung correlated with a decrease in
systemic bacterial numbers in mice infected with AFTT 0615c. Published data indicate that
greater activation of the immune response controls the replication of F. tularensis Schu S4, and
that the control correlated with increases in pro-inflammatory cytokine production (Evans et al.,
2010). Similarly, our results demonstrate that there is a more robust pro-inflammatory response
in the lungs of mice infected with AFTT 0615¢ compared to Schu S4, which correlated with
control of the mutant. Moreover, the TNFR1/IL-1IR KO and MyD88 KO mice are more
susceptible to infection (Figure 25). This demonstrated that activation of immune responses by
AFTT 0615c¢ leading to the production of the pro-inflammatory cytokines TNF-o. and IL-1f is
required to control the infection.

Our results provide a significant step forward from previous studies that suggested a role
for AFTL 0883 and AFTT_0615c¢ in Francisella virulence. A negative selection screen in vivo
identified the homolog in F. novicida was important for dissemination to the spleen in mice and

another negative selection screen identified the homolog in F. novicida was important for
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survival in Drosophila (Moule et al., 2010; Weiss et al., 2007). In addition, the presence of a
functional FTT_0615c correlated with virulence within Type A strains, though a spontaneous
deletion in a gene in the pathogenicity island, pdpC, confounded this study (Sjodin et al., 2010).
Using gene specific deletions and complementation studies, our results provided direct evidence
that FTL_0883 and FTT_0615c are important mediators of immune evasion in F. tularensis. To
our knowledge, this study is the first to describe a Francisella gene important for sensing the
host environment and its role during in vivo infections.

This study further questions the paradigm that intra-macrophage replication is a hallmark
of Francisella pathogenesis (Santic et al., 2006). There have been multiple reports correlating
the ability of mutants to replicate within macrophages to their fitness in vivo (Buchan et al.,
2009; Forslund et al., 2010; Golovliov et al., 2003; Lauriano et al., 2004; Meibom et al., 2009;
Nano et al., 2004; Pechous et al., 2006). While this correlation was true for AFTL 0883, it was
not true for AFTT 0615c. The AFTT 0615c strain replicated in macrophages in vitro at rates
similar to that of Schu S4. Unexpectedly, however, we found that there was a substantial
increase in the median time to death for mice that were infected with AFTT 0615¢ compared to
wild-type Schu S4. These results suggest that replication within a macrophage in vitro is not
sufficient for virulence in vivo. We have also recently published that a Schu S4 pyrF mutant is
unable to replicate in macrophages; it is, however, essentially fully virulent within a mouse
(Horzempa et al., 2010a). Therefore, experiments with the pyrF mutant demonstrated that
replication within a macrophage is not necessary for the virulence of Francisella (Horzempa et
al., 2010a). In conjunction with the present study, intra-macrophage replication appears neither
necessary nor sufficient to predict Schu S4 virulence in a mouse model of tularemia. However,

these findings do not diminish the potential role(s) of the macrophage as a component of host
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defenses since macrophage activation correlates with reduced virulence among the Schu S4
strains [this study and (Horzempa et al., 2010a)].

High levels of bacteria are typically found within the blood of mice infected with Schu
S4. Surprisingly, there was a significant reduction in the amount of CFU in the blood of the
mice infected with AFTT 0615c¢ even at the latter time points of infection (Figure 16). This
reduction was consistent with a significant reduction in the cytokine levels within the serum
despite high levels of cytokines within the lungs (Figure 17 and 18). These results demonstrate
that the levels of cytokines within the serum are not just a result of spill over from damaged
tissues; rather, the high levels of cytokines within the serum seem to be a direct response to the
bacteria present there. The controlled release of cytokines only where there is robust bacterial
replication suggests that rather than an out of control sepsis-like syndrome, the high levels of
cytokines observed later in infection may be tailored to the high levels of bacteria found within
the organs.

Investigations of the immune response during infection with attenuated F. tularensis
strains have revealed many cytokines and cell populations that are important for combating the
bacterial infection (Bosio, 2011). When attempts have been made to translate that data to
infections with virulent F. tularensis strains, there are no known cytokines or cell populations
that have been identified to impact the pathogenesis of virulent strains (Chen et al., 2004b;
Schmitt et al., 2012). These data have lead many to conclude that the immune response does not
have a role during infection with the virulent F. tularensis strains (Cowley, 2009). The data that
is presented in this chapter reveals that our attenuated AFTT 0615c mutant elicited a similar
more robust immune response in the lung than Schu S4 (Figure 17). Additionally, this response

was tailored to the locations of bacterial burden and required for the prolonged survival of the
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mice. The more robust immune response was correlated with longer preservation of splenic
architecture and was associated with an increase in immune foci, both of which correlated with a
reduction in bacterial burden. These data suggest that although there is an immunological state
that resembles sepsis within the mice, a greater immune response can be achieved, at least with
our attenuated mutant, which allows for prolonged survival. It is tempting to suggest that the
data generated investigating AFTT_0615c¢ would suggest that the immune response plays a role,
albeit limited, during infection with Schu S4.

The function of the proteins encoded by FTL_0883 and FTT_0615c remains undefined.
Homologs were originally identified in Salmonella during a screen conducted to identify mutants
that were resistant to cobalt (Gibson et al., 1991). From the screen, four mutants were identified
that had increased resistance to cobalt, corA-corD (Gibson et al., 1991). corA, a magnesium
transport protein, was demonstrated to be important for the virulence of Salmonella and other
bacteria (Papp-Wallace et al., 2008; Pfeiffer et al., 2002; Zhu et al., 2009). corC has not been
studied in any significant detail beyond the initial screen. Based on homology searches, there is
a CorC domain and two tandem CBS domains in FTL_0883 and FTT_0615c proteins. CBS
domains bind to adenine derivatives and magnesium; they are proposed to function as
intracellular switches, which are sensitive to the energy and ion concentrations within the cell
(Ignoul and Eggermont, 2005; Scott et al., 2004). The function of the CorC domain within the
protein remains unknown. It is possible that within Salmonella where there is a functional CorA,
CorC functions in conjunction with CorA to mediate divalent cation efflux (Gibson et al., 1991).
However, a function in cation efflux within F. tularensis is unlikely since its genome does not
encode a functional corA. Previous work with CorC has been performed in systems that contain

a CorA protein. This is the first system to describe the importance of a putative CorC homolog
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that is independent of CorA. Francisella provides a useful model to study the functions of the
proteins encoded by FTL_0883/FTL_0615c that are independent of the activities of the CorA
protein, which likely occur in a large number of bacteria as half of sequenced bacterial genomes
lack a functional CorA protein (Moomaw and Maguire, 2008).

corC is genetically linked to Int, an N-acyltransferase, which is required for the proper
sorting of lipoproteins to the bacterial outer membrane (Tokuda and Matsuyama, 2004). It was
possible that a loss of corC could affect the activity of Int. The bacterial outer membrane
lipoproteins were isolated and there were no apparent differences between AFTL 0883 or LVS,
suggesting that CorC did not alter the activity of Lnt. There is additional support that Int is not
contributing to the phenotypes that are observed with our FTL_0883/FTT_0615c mutants. A
transposon mutant in Int, FTL_0882, was unable to replicate in CDM containing DCHA in the
primary screen to identify mutants unable to respond to exogenous spermine. However, this
mutant was able to respond to the addition of spermine in the culture media; eliciting less TNF-a
from macrophages when cultured in the presence of spermine compared to MHB alone
(Appendix C). Additionally, the Int transposon mutant replicated within macrophages similar to
wild-type LVS (Appendix C). These data demonstrate that mutation of FTL_0883 does not have
polar effects on the downstream gene Int, and mutation of Int does not result in the same
phenotypes as mutation of FTL_0883.

Based on available information, the proteins encoded by the FTL_0883/FTL_0615c loci
could modulate the Francisella spermine response in one of three ways. First, CBS domains can
regulate the activity of ABC transport systems, such as CIC channels (Estevez et al., 2004). In
Francisella, it is plausible that the FTL_0883/FTL_0615c proteins interact with other ABC

transport systems, such as the polyamine transport system, to regulate the transport of
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polyamines. Altered polyamine transport in AFTL 0883/AFTL _0615c strains could affect the
mutants’ ability to respond to extracellular spermine. Second, bioinformatics analysis (psortb)
localized the protein products of FTL_0883/FTL_0615c to the cytoplasmic membrane, and it
was identified in the membrane fraction of F. tularensis subsp. tularensis FSC033 (Twine et al.,
2005). The localization of the FTL_0883/FTL_0615c gene products to the membrane could
enable it to function as a signal transducer, connecting the identification of extracellular
spermine at the surface to transcriptional responses inside the bacteria. Third, the transcriptional
response to spermine may result in an up- or down-regulation of proteins that interact with
FTL_0883/FTL_0615c proteins within the membrane, resulting in bacteria that are less
stimulatory for macrophages. The presence of spermine is likely to alter the activity of CorC
rather than affect its expression to mediate the spermine response. Previous work demonstrated
transcription of corC is not altered when spermine is included in the culture media (Carlson et
al., 2009). The molecular function(s) of the FTL_0883/FTL_0615c gene products is currently
under active investigation.

The spermine response by F. tularensis enables the bacteria to limit the pro-inflammatory
cytokines produced by the immune cells. This response is critical for the rapid pathogenesis and
the disease severity associated with F. tularensis. Bacterial adaptation in response to
extracellular polyamines is not limited to Francisella, and is a more common theme in
microbiology. The development of biofilms by Vibrio cholera and Yersinia pestis is regulated
by the concentration of extracellular polyamines (McGinnis et al., 2009; Patel et al., 2006;
Wortham et al., 2010). Additionally, efflux pump expression and quorum sensing in
Burkholderia pseudomallei are regulated by the presence of spermidine (Chan and Chua, 2010).

FTL_0883 is conserved among Burkholderia, Vibrio, and Yersinia species based on a BLAST
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homology search, which suggests that FTL_0883 could serve as a model for the function of the
homologous proteins. It is possible the homologs within these bacteria play important roles both

in regulating their responses to polyamines specifically and their virulence more generally.
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3.0 FUNCTIONAL IMPORTANCE OF CORC IN FRANCISELLA TULARENSIS

BC Russo designed the scope of the study, performed the experiments, analyzed the data and
prepared the manuscript. GJ Nau designed the scope of the study and reviewed the manuscript. J

Franks performed electron microscopy.

3.1 ABSTRACT

The FTL_0883/FTT_0615c¢ loci are important for the spermine response and virulence in
F. tularensis. These loci are homologous to the corC gene, which was initially described in S.
typhimurium. In order to identify the importance of corC for the virulence and physiology of F.
tularensis, AFTL 0883 and AFTT 0615c were phenotypically characterized in LVS and Schu
S4 strains respectively. In contrast to S. typhimurium, mutation of FTL_0883/FTT_0615c did
not change the sensitivity to cobalt or alter magnesium ion homeostasis. Deletion of
FTL_0883/FTT_0615c enhanced stimulation of host cells, which was not attributable to a loss of
active suppression. There was not a difference in lipoprotein expression or modification on the
outer surface of the mutants to account for enhanced stimulation. Less carbohydrate, including
LPS and O-antigen capsule, was expressed on AFTL 0883 compared to LVS, but surface
carbohydrate expression was unchanged in AFTT 0615c strain compared to Schu S4. Finally,

the release of stimulatory molecules was assessed. There was an increase in the release of pro-
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inflammatory proteins in both AFTL 0883 and AFTT 0615c, but there was only a
complementation of this phenotype in the LVS strain. Collectively, these data demonstrate a
unique role for corC in F. tularensis compared to S. typhimurium and reveal divergent

phenotypes associated with a loss of corC in Schu S4 and LVS strains.

3.2 INTRODUCTION

Francisella tularensis is the causative agent of tularemia, a febrile illness (Dennis et al.,
2001). The bacterium has a low infectious dose of less than 10 colony forming units, is readily
aerosolized, and causes significant morbidity and mortality, which has prompted the Centers for
Disease Control and Prevention to list it as a Tier 1 pathogen (2012; Oyston et al., 2004). Even
with antibiotic treatment, the case fatality rate remains at approximately 1%. F. tularensis is a
gram-negative bacterium and thrives in the intracellular environment of its host. A key aspect of
the virulence of the bacterium is an ability to adapt to the intracellular environment (Carlson et
al., 2007; Hazlett et al., 2008; Loegering et al., 2006). A variety of signals can mediate
adaptation; including amino acid concentration, temperature and polyamine concentration
(Carlson et al., 2009; Hazlett et al., 2008; Horzempa et al., 2008). In order for F. tularensis to
respond to spermine, it requires the presence of a corC homolog, FTL 0883 in LVS and
FTT_0615c in Schu S4 (Russo et al., 2011). Additionally, corC has also been identified in
genetic screens within F. tularensis designed to identify genes required for survival within the
spleen (Weiss et al., 2007) and replication within drosophila cells (Moule et al., 2010). A final
study identified the presence of a corC mutation in an attenuated natural isolate of Type A F.

tularensis (Pandya et al., 2009).
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corC was initially discovered during a screen to identify genes important for regulating
the activity of the CorA magnesium transport system in Salmonella typhimurium (Gibson et al.,
1991). Bioinformatic analysis of CorC shows there is a tandem CBS domain (Bateman domain)
in the N-terminus and a CorC domain in the C-terminus. CBS domains are regulatory domains
responsive to Mg?* and adenine derivatives such as ATP and cAMP (Scott et al., 2004). Attempts
to crystallize corC demonstrate that its confirmation changes by the binding of either ATP or
Mg®* (Zhang et al., 2010). The function of the corC domain remains undefined, and the domain
lacks secondary structure homologous to other domains with known function. CorC was
originally described to have an effect on ion homeostasis, increasing the rate of cobalt influx and
magnesium efflux (Gibson et al., 1991). Direct complementation of CorC in S. typhimurium has
not been done, and there is not evidence that CorC directly interacts with CorA to alter ion
homeostasis.

A variety of phenotypes have been associated with a loss of corC homologs in bacteria
other than S. typhimurium. These phenotypes include chloramphenicol sensitivity in E. coli
(Smith et al., 2007), a reduction in plasmid conjugation efficiency in E. coli (Perez-Mendoza
and de la Cruz, 2009), and defective gliding motility in Flavobacterium (Hunnicutt and McBride,
2001). However, the role of corC in gliding motility is not clear. Disruption of the corC homolog
in Flavobacterium was unsuccessful, and overexpression of corC was only able to complement
one allelic mutant of gldB, whose disruption resulted in a decreased gliding motility. Finally,
evidence in F. tularensis demonstrates the corC homolog, FTL_0883/FTT_0615c, is required for
the bacterium to adapt to the host environment using spermine as an environmental cue (Russo et

al., 2011). Yet, how corC mediates these phenotypes is still unknown.

93



In this work, CorC mutants in F. tularensis were phenotypically characterized to
understand how the protein encoded by corC contributes to the virulence and physiology of the
bacterium. The results show that CorC does not have a role in Mg?* ion homeostasis in LVS.
There was a differential role for the CorC homolog in LVS and Schu S4. In LVS, FTL_0883
was required for proper expression of surface carbohydrate, while in Schu S4 it was needed for
resistance to -defensin-3. Finally, there was an enhanced release of pro-inflammatory molecules
from both mutants, but the role for this in pathogenesis remains unclear. Thus, there is a
different role for CorC in F. tularensis than S. typhimurium. Its loss has differential effects in

LVS and Schu S4, but there was a common theme of altered surface phenotypes.

3.3 METHODS AND MATERIALS

Bacterial strains and culture

F. tularensis subsp. holarctica LVS and F. tularensis subsp. tularensis Schu S4 were
maintained as frozen stocks. F. tularensis was streaked onto Chocolate 11 Agar plates and
cultured for 72 hours at 37°C with 5% CO,. Liquid cultures were grown in trypticase soy broth

supplemented with cysteine (TSB-c) at 37°C at 250rpm for 12-18 hours.

Measurement of intracellular magnesium concentration
Bacteria were cultured overnight, the optical density of the culture was determined, and
the bacteria were diluted to ODgyp=2.0. The bacteria were pelleted at 21,000xg and resuspended

in Buffer A (0.9% saline, 10mM HEPES, pH7.4). The bacteria were washed two more times in
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Buffer A and suspended in indicator solution (5mM Mag-Fura 2 [Molecular Probes] and 0.025%
Pluronic F-127 [Molecular Probes] in Buffer A). The bacteria were incubated with Mag-Fura 2
for 70 min. at room temperature. The bacteria were pelleted as above and washed two times
with Buffer A, incubated an additional 30min. at room temperature to allow complete hydrolysis
of the dye, and then washed one additional time. The fluorescence of Mag-Fura 2 was
determined by monitoring the emission at 509nm with excitation at 340nm and 380nm. To
determine total possible fluorescence of the bound form (Fmax), magnesium was added to a final
concentration of 30mM, and the bacteria were lysed. Then, 50mM of EDTA was added to the
lysed bacteria to determine to maximal fluorescence from unbound Mag-fura-2 (Fmin).

Intracellular magnesium concentration was determined using the equation:

M ] ]_KdF—Fmin
agnesium| = S

Disc Diffusion assays

Bacteria were cultured overnight, and diluted to an ODggo = 0.3. 100uL of diluted culture
was spread as a lawn onto Chocolate Il Agar plates and 6mm discs were added to the plate.
Chemicals were added to the disc at the indicated concentration. The plates were incubated for

72 hours at 37°C with 5% CO,. The diameters of the zones were measured.

Cultivation of macrophages

Monocytes were isolated from peripheral blood mononuclear cells, and macrophages
were differentiated from the monocytes as described previously (Chapter 2). F. tularensis was
added to the macrophages at an MOI of 10 and they were allowed to coculture at 37°C with 5%

CO; in infection media (1% human serum, 10mM HEPES, 1% GlutaMAX in DMEM). The
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supernatants from LVS infected macrophages were collected to determine TNF-o concentration
by ELISA (R&D systems). The supernatants from Schu S4 infected macrophages were
collected, filtered, treated with gentamicin, and the concentration of TNF-a was determined by
ELISA. Suppression of the macrophage pro-inflammatory response was assessed as done
previously (Carlson et al., 2007). Briefly, macrophages were cocultured with F. tularensis at an
MOI of 500 for 4 hours to ensure a high rate of invasion. The macrophages were washed three
times with HBSS to remove extracellular bacteria. The macrophages were then incubated with
10pg/mL of LPS for 20 hours, and the supernatants were collected. TNF-a concentration in the

supernatants was measured in the supernatants by ELISA.

Transmission Electron Microscopy

Bacteria were cultured overnight in TSB-c, pelleted and fixed in 2.5% gluteraldehyde in
0.1M PBS for 1 hour at room temperature. The bacteria were then washed 3 times in 0.1M PBS
for 15 min. Post fixation occurred in 1% osmium tetroxide containing 1% potassium ferricyanide
for 1 hour. The samples were then dehydrated in graded alcohols, 30%, 50%, 70%, 90% and
100% for 15 min each, and then washed two more times in 100% ethanol for 15 min each. This
was further followed by 2 washes for 10 min. in propylene oxide. The bacteria were infiltrated
with a 1:3 mixture of Epon:propylene oxide overnight, a 1:1 mixture of Epon: propylene oxide
overnight, and then a 3:1 mixture of Epon:propylene oxide overnight. The infiltration continued
with 3 changes of 100% Epon for 1 hour each under a vacuum. The bacteria were embedded in
pure Epon at 37°C for 24 hours, and cured at 65°C for 48 hours. 70nm sections were cut with an
ultra-microtome and imaged using a Joel JEM 1011. Specimen processing and imaging was

performed at the Center for Biological Imaging at the University of Pittsburgh.
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Triton X-114 phase extraction for isolation of outer membrane proteins

Phase extraction of membrane proteins was performed as done previously (Carroll,
2010). F. tularensis strains were cultured overnight in TSB-c and normalized to an ODgy=2.0.
The normalized cultures were washed with PBS once, and pelleted at 15,000xg for 3min. at room
temperature. The pellet was resuspended in cold Sample Solution (2% Triton X-114, 10mM
Tris-HCI, 150mM NacCl), and incubated on at 4°C for 1 hour. An aliquot was removed for total
protein, and the remaining sample was pelleted at 14,000rpm at 4°C for 30 min. The supernatant
was decanted to a fresh 1.5 mL tube and the remaining pellet was stored on ice. The supernatant
was incubated at 37°C for 3 min to allow for micelle formation, and pelleted at 21,000 xg for 15
min. The top, aqueous layer was removed. The remaining detergent pellet was washed three
times: add 500uL of 1% Triton X-114, vortex to mix, heat for 3 min. at 37°C, and pellet at
21,000xg for 15 min. The proteins in the final pellet were separated from the detergent with a
methanol-chloroform precipitation. Proteins were denatured in NuPAGE sample buffer and
heated at 95°C for 5 min. The proteins were separated by SDS-PAGE and visualized by silver

stain.

Staining carbohydrates

F. tularensis was cultured overnight, normalized to an OD600=2.0. 5mL of normalized
bacterial culture was pelleted at 21,000xg and the pellet was resuspended in 500uL of TSB-c.
The F. tularensis lysate was sonicated (MicrosonXL) at 14 for 10 pulses and treated with

Proteinase K for 1 hour at 60°C. Sample loading buffer was added to the proteinase K treated
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lysate and heated at 95°C for 5 min. The samples were resolved using a Novex 12-4% SDS-
PAGE gel (Invitrogen). The carbohydrates were stained with pro-Q emerald 488 (Molecular
Probes) following manufacturer’s instructions. The gels were visualized using a Typhoon 9400

fluorescent flatbed scanner.

Congo red staining

F. tularensis was diluted to an ODgpo=2.0, washed with PBS, and resuspended in congo
red (0.002% (w/v) congo red in PBS) as described previously (Gophna et al., 2001). The
bacteria were incubated for 2 hours at 37°C in the presence of the dye. The bacteria were

pelleted, the supernatants were collected and the absorbance was determined at 500nm.

Western blotting

From an overnight broth culture, samples were normalized by ODgoo, Which was found to
generate the similar protein concentrations. Samples were resolved through 12% SDS-PAGE
gels, transferred to nitrocellulose, and blocked with 5% non-fat dry milk in PBS. Mouse anti-
PdpD, rabbit anti-Francisella, anti-polyamine, mouse anti-Francisella LPS, mouse anti-PotF
(kindly provided by Edwin Swiatlo), and mouse anti-O antigen capsule (11B7; kindly provided
by Michael Apicella) were diluted 1:1000 in 5% milk and incubated with membranes. Blots were
washed with PBS and the appropriate secondary antibodies were used at a final concentration of
1:2000. The blots were washed with PBS, incubated with chemoilluminescent substrate (GE

healthcare), exposed to film, and developed using a Kodak .
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3.4 RESULTS

3.4.1 Roleof FTL_0883 and FTT_0615c in ion homeostasis

The F. tularensis genes FTL_0883 and FTT_0615c are homologs of corC in Salmonella.
Mutation of genes in the Cor family enhances the resistance of S. typhimurium to the toxic
effects of cobalt (Gibson et al., 1991). In S. typhimurium, loss of corC was hypothesized to
increase intracellular magnesium concentration resulting in increased resistance to cobalt
(Gibson et al., 1991). To determine if the corC homologs in F. tularensis function similarly to
corC in Salmonella, the sensitivity of AFTL 0883 and AFTT 0615c to cobalt was assessed
using a disc diffusion assay. To each disc, 20mM of CoCl, was added. There was not a
difference in the sensitivity of F. tularensis mutants to cobalt compared to their wild-type
counterparts (Figure 27A). The intracellular magnesium concentration was next assessed using
Mag-Fura 2 (Froschauer et al., 2004). The intracellular magnesium concentration was similar in
LVS and AFTL 0833 over a range of physiologically relevant concentrations of magnesium
(Figure 27B). These data suggest that there is a different role for FTL_0883 and FTT_0615c in

F. tularensis than corC in Salmonella.
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Figure 27: Assessment of cobalt sensitivity and intracellular Mg?* concentration.
A) Bacteria were cultured overnight in TSB-c diluted and a lawn was spread onto Chocolate Il agar plates. Three
6mm discs containing 10mg of CoCl,were added to each plate. The plates were incubated for 72 hours at 37°C and
the diameters of the zones were measured. The data presented are representative of three independent experiments
B) LVS and AFTL 0883 were cultured overnight in TSB-c. The bacteria were resuspended in PBS and intracellular
magnesium concentration was assessed using Mag Fura-2. The data presented are representative of three

independent experiments.

3.4.2 Active suppression and pro-inflammatory response

AFTL 0883 and AFTT 0615c are more stimulatory to host cells by 24 hours post
infection (Figure 8). F. tularensis actively suppresses macrophages and dendritic cells to limit
the production of pro-inflammatory cytokines (Carlson et al., 2007; Chase et al., 2009). A loss
of the ability to suppress the macrophage could account for the increased production of TNF-a
that is observed in response to AFTL 0883. An in vitro assay to measure the ability of F.

tularensis strains to suppress macrophages has been previously developed (Carlson et al., 2007).
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In agreement with previous reports, macrophages infected with LVS did not produce as much
TNF-a in response to LPS as macrophages that were treated with media alone (Figure 28). In
the same assay, AFTL 0883 was able to suppress the production of TNF-a from macrophages in
response to LPS equivalent to LVS (Figure 28). These data are consistent with the notion that a
greater pro-inflammatory response by macrophages in response to AFTL 0883 is not due to a

loss of active suppression.
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Figure 28: The enhanced activation of human macrophages by AFTL_0883 is not due to a loss of active
suppression.
Macrophages were infected with LVS or AFTL_0883 at an MOI of 500 for 4 hours. A gentamicin protection assay
was performed after 4 hours. LPS was added where indicated at a concentration of 10ug/mL for 20 hours. The
supernatants were collected and TNF-o release was determined by ELISA. The data is representative of two
independent experiments performed in triplicate. Student’s t-test was used to compare LVS infected to uninfected. *

indicates p < 0.05.

3.4.3 Assessment of the surface of AFTL_0883 by TEM

AFTL 0883 and AFTT 0615c¢ are more stimulatory to macrophages shortly after they are
added to the cells (Figure 11). There could be an altered surface of the bacteria resulting in

enhanced binding of lipoproteins to pattern recognition receptors on the host cell. In order to
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assess the differences in the mutants compared to the wild-type strains, TEM was performed on
LVS and AFTL_0883 (Figure 29A). There was not a notable difference in the appearance of the
bacterial surface of AFTL 0883 compared to LVS, but there was a significant increase in the
size of AFTL 0883 compared to LVS (Figure 29B). The increase in size could be an
explanation for the larger amount of TNF-o that is produced in response to AFTL 0883
compared to LVS. A larger bacterium could have an increased avidity with the receptors on the
surface of the macrophage, which would in turn allow for an increase in the pro-inflammatory

signaling within the cell and a greater production of TNF-a.

AFTL_0883 B
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Figure 29: FTL_0883 mutants are larger than LVS
A. LVS and AFTL 0883 were cultured overnight in TSB-c and visualized by TEM. Magnification is 80,000X and
scale bars indicate 100nm. B. The average area of LVS (n=33) and AFTL 0883 (n=26) was determined from images
collected by TEM using MicroSuite software (Olympus). Statistical differences in bacterial area were assessed by

Student’s t-test. ** indicates p < 0.01.

3.4.4 Lipoproteins

Lipoproteins on the surface of F. tularensis are able to interact with TLRs and induce a

pro-inflammatory response from host cell (Thakran et al., 2008). It is possible that there is an
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altered expression of TLR ligands on the surface of AFTL 0883 that can account for the
enhanced stimulation, such as Tul4 (Thakran et al., 2008). Lipoproteins were isolated from the
surface of LVS and AFTL 0883 using a triton X-114 phase extraction, which enriches outer
membrane lipoproteins in a detergent phase. Silver staining did not reveal differences in the
expression of lipoproteins in the outer membrane fraction (Figure 30), suggesting that there was

not a gross difference in the expression of lipoproteins to account for the enhanced stimulation.

AFTL_0883
Complement
Vector

»
5

Figure 30: Distribution of lipoproteins on the surface of AFTL_0883
Outer membrane lipoproteins were isolated from LVS strains using a Triton X-114 phase extraction method. The
lipoproteins were separated by SDS-PAGE and visualized with silver stain. The data presented is representative of

three independent experiments.

There is a layer of carbohydrates on the surface of bacteria. The carbohydrates function
as a shield to protect the bacterium from the effects of antimicrobials and limit the access of host

receptors to the proteins and other ligands on the bacterial surface. Recently, changes in the
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amount of carbohydrate on the surface of F. tularensis were correlated with the ability of the
bacterium to elicit cytokines from macrophages (Zarrella et al., 2011). Therefore, we tested the
hypothesis that changes in carbohydrate accounted for the increased stimulation of host cells by
corC mutants. To test this hypothesis, we first assessed the amount of carbohydrate using a
congo red binding assay. Congo red binds to proteins and lipids on the surface of the bacteria,
but its binding is blocked by the presence of carbohydrates. Therefore, the amount of
carbohydrates present on the surface negatively correlates with the amount of congo red that will
bind to the bacteria (Raynaud et al., 2007). The mutant and vector absorbed more congo red from
the buffer, causing a greater drop in congo red concentration measured by absorbance (Figure
31A). Therefore, AFTL 0883 had significantly less carbohydrate on the surface compared to
LVS. This finding was further investigates using pro-Q emerald to stain for carbohydrates.
There was a reduction of both capsular, high-molecular weight material and LPS on the surface
of the AFTL 0883, but there did not appear to be a reduction in the amount of lipid A (Figure
31B). Western blotting was performed as a more sensitive measure of carbohydrate on F.
tularensis. By western blot, there was less LPS present on the surface of the AFTL 0883
compared to LVS (Figure 31C and 31D). To assess the amount of O-antigen capsule present on
the surface of the F. tularensis strains an O-antigen specific antibody (11B7 clone) was used
(Apicella et al., 2010). There was less O-antigen capsule on AFTL 0883 compared to LVS
(Figure 31C and 31D). Overall, these data demonstrate that there is less surface carbohydrate

present on AFTL 0883.
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Figure 31: AFTL_0883 but not AFTT_0615c¢ has a reduction in surface carbohydrates.
A) Bacteria were cultured overnight in TSB-c, and stained with congo red. The data presented is representative of
three independent experiments for LVS strains and two independent experiments for Schu S4 strains B) Bacteria
were cultured overnight, proteinase K treated, the remaining carbohydrates were separated by SDS-PAGE and
visualized with Pro-Q Emerald Green. The data is representative of at least two independent experiments for each
strain. C) Bacteria were cultured overnight in TSB-c; the presence of LPS and O-antigen capsule was assessed by
western blot. The data is representative of three independent experiments for LVS strains and two independent

experiments for Schu S4 strains. D) Quantification of the results by western blot. The data displays the means +
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SEM of three independent experiments for LVS strains and the means £ SEM of two independent experiments for

Schu S4 strains. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.

To extend our observations with the LVS mutant to Schu S4, the amount of extracellular
carbohydrate on AFTT 0615¢ was assessed. In contrast to the results with LVS, there was a
similar amount of congo red binding for AFTT 0615c¢ and Schu S4 (Figure 31A), suggesting that
there is a similar amount of carbohydrate on the surface of the mutant and wild-type strains.
Using pro-Q emerald to look at all of the carbohydrates in more detail, there was not a difference
in the amount of lipid A or the LPS in AFTL 0615¢ and Schu S4 (Figure 31B). There was a
slight reduction in the amount of high-molecular weight capsule material by pro-Q emerald
staining, but the reduction was not statistically significant (Figure 31B). Again, by western
blotting, there was not a difference in the amount of LPS present on the surface of AFTT 0615c
and Schu S4 (Figure 31C and 31D). Similar to the results with pro-Q emerald, there was a
reduction in the amount of O-antigen capsule on AFTT 0615c, but the reduction did not achieve
significance (Figure 31C and 31D). Collectively, these results suggest that there is a differential
role for corC in LVS and Schu S4, in which FTL_0883 is important for the regulation of O-

antigen carbohydrates in LVS, but FTT_0615c is dispensable in Schu S4.

3.4.5 Release of bacterial components to stimulate host cells

The enhanced stimulation of host cells early during an in vitro infection could result from
an altered surface or from releasing more bacterial components. Analysis of F. tularensis culture
filtrates reveals that there is not a large amount material released from the bacterium, but the

components released are known TLR ligands (Konecna et al., 2010). To investigate if there was
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a difference in the amount of material released from AFTL 0883, overnight culture supernatants
were collected. Components present in the bacterial culture supernatants were visualized by
western blot using an anti-Francisella antibody. LVS and AFTL 0883 released both proteins
and carbohydrates, but AFTL 0883 released more (Figure 32A and 32B). More HSP-70 was
released from AFTL 0883 than LVS (Figure 32C). In contrast to the amount of HSP-70 released,
there was a similar amount in the bacterial lysate of LVS and AFTL 0883 (Figure 31C). The
culture supernatants were next added to macrophages to determine if they could elicit cytokines.
Indeed, there was an enhanced production of TNF-a from macrophages treated with culture
supernatants from AFTL 0883 compared to LVS (Figure 32D). These results suggest that the
release of material from the mutants could account for at least part of the enhanced stimulation of
AFTL_0883 compared to LVS.

To extend our observations in LVS to the virulent strain of F. tularensis, the amount of
bacterial components released by AFTT 0615c was first assessed. There was an increase in the
amount of material released by AFTT 0615¢c compared to wild-type Schu S4 (Figure 32E).
However, the enhanced release of components did not complement, which was particularly
evident when the stimulation of macrophages by the bacterial culture supernatants was assessed.
Macrophages were treated for 24 hours with bacterial culture media from the Schu S4 strains.
AFTT 0615c¢ culture supernatants stimulated more cytokine production than culture supernatants
from Schu S4 (Figure 32F). However, there was not a difference in the amount of TNF-a
produced in response to the culture supernatants from AFTT 0615¢, complement, or vector
strains (Figure 32F). These results suggest that the stimulation of macrophages could be partly

attributable to the enhanced release of components from AFTL 0883 and AFTT 0615c.
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Figure 32: Release of bacterial components from AFTL_0883 and AFTT_0615c¢
Bacterial supernatants were collected from overnight culture of bacteria grown in TSB-c and normalized by ODgg.
A) The amount of material released into the supernatant was determined by western blotting with an anti-
Francisella antibody. B) Densitometry analysis of A. C) Demonstration HSP-70 is released from LVS strains by
western blot analysis. D) The bacterial culture supernatants were added to macrophages and incubated for 24 hours.
The supernatants from the macrophages were collected and TNF-o concentration was determined by ELISA. E)
Release of material from Schu S4 strains was assessed using anti-Francisella antibody. F) Schu S4 supernatants
were incubated with macrophages for 24 hours and the concentration of TNF-o was quantified by ELISA. *

indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001.
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3.4.6 Attenuation in vivo not due to increased susceptibility to host effectors

F. tularensis AFTL 0883 and AFTT 0615c are attenuated in vivo (Russo et al., 2011).
The attenuation is attributable to TNF-o and IL-1 signaling; however, it is unclear if the
attenuation is the result of increased stimulation of these pathways or the result of enhanced
sensitivity to the antimicrobial effector mechanisms these pathways activate. Additionally, there
was a reduction of carbohydrate on the surface of AFTL 0883 (Figure 31), which could enhance
the sensitivity of this strain to antimicrobials. Thus, sensitivity of AFTL 0883 to a variety of
antibiotics and host antibacterial mechanisms was assessed to determine if there was an
increased sensitivity compared to LVS. Assessment of the antibiotic sensitivity of AFTL 0883
demonstrated that there was not a statistically significant increase in the sensitivity to a variety of
antibiotics; including gentamicin, chloramphenicol, streptomycin, ciprofloxacin, moxifloxacin,
and vancomycin (Table 1). Importantly, we did not observe a difference in the sensitivity to
polymixin B, which is an analog to antimicrobial peptides. Typically only gram-positive bacteria
are sensitive to vancomycin, but if there are large lesions in the outer membrane of gram-
negative bacteria, they can also become sensitive to vancomycin. A lack of sensitivity to

vancomycin demonstrates that the outer membrane is not largely defective in our mutants.

Table 1: Antibiotic susceptibility of LVS and FTL_0883

Antimicrobial pg/disc LVS AFTL 0883
Gentamicin 10 27+1 31+1
Streptomycin 10 25+1 28+2
Moxyfloxacin 20 34+4 38+1
Ciprofloxicin 20 38+1 3912
Chloramphenicol 5 2612 29+3
Vanocmycin 30 60 60
Polymixin B 100 610 610
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A lawn was spread onto agar plates from overnight cultures of bacteria grown in TSB-c. The lawn was allowed to
dry and three 6mm discs were placed onto each plate containing antibiotics. The bacteria were cultivated for 72
hours at 37°C with 5% CO,, and the diameter of the zones was measured. The data depicts the results from one

experiment and is representative of each antibiotic tested in at least two independent experiments.

The susceptibility of AFTL 0883 and AFTT 0615c to host defenses was next assessed.
By disc diffusion assay, AFTL 0883 and AFTT 0615c remained resistant to oxidative stress
induced by hydrogen peroxide similar to the wild-type strains (Figure 33A). We observed a
significant reduction in bacterial burden in the blood of infected animals (Russo et al., 2011). F.
tularensis is resistant to the effects of serum complement (Raynaud et al., 2007); however,
enhanced sensitivity of the mutants to complement could account for the low levels of
bacteremia. F. tularensis strains were exposed to active complement for one hour, AFTL 0883
or AFTT 0615¢ were resistant to 80% guinea pig serum, the highest concentration tested (Figure
33B). In addition, AFTL 0883 and AFTT 0615¢ were also resistant to human and mouse serum,
suggesting that there is not a species-specific effect (data not shown). The sensitivity of the
mutants to the antimicrobial peptide B-defensin 3 was next assessed. This peptide is expressed in
the lung in response to TNF-a and IL-1 signaling, and LVS and F. novicida are known to be
sensitive to its effects (Amer et al., 2010; Han et al., 2008). Consistent with previous reports,
LVS was sensitive to the effects of the peptide at a concentration of 100pg/mL (Figure 33C).
AFTL 0883 and LVS were similarly resistant to this peptide. Interestingly, Schu S4 was
resistant to the B-defensin 3, and AFTT 0615c was significantly more sensitive to the peptide
than Schu S4 (Figure 33C). Finally, the sensitivity of LVS and Schu S4 strains to ethidium

bromide was tested. We observed that there was an increased sensitivity of AFTL 0883 to
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ethidium bromide compared to LVS, but AFTT 0615¢ and Schu S4 were similarly resistant to
ethidium bromide (Figure 33D). Collectively, these data suggest that there is altered sensitivity
of LVS and Schu S4 strains to antimicrobial agents. However, there are differences to which

antimicrobial agents AFTL 0883 and AFTT 0615c are sensitive.
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Figure 33: Assessment of sensitivity to host defense mechanisms.

A) LVS and Schu S4 strains were cultured overnight in TSB-c, diluted and a lawn was spread on Mueller Hinton
Agar. Discs containing 10uL of either 3% or 30% H,O, were placed on the lawn. The plates were incubated for 72
hours and the diameter of the zone of inhibition was measured. The data presented are representative of three
independent experiments. B) LVS and Schu S4 strains were cultured overnight in TSB-c, diluted to approximated
10° CFU/mL and incubated for two hours in the presence of guinea pig serum. The bacteria were then diluted and
plated for enumeration of CFU. The data presented is representative of 2 independent experiments. C) LVS and
Schu S4 strains were cultured in TSB-c, diluted, and incubated with B-defensin 3 for 2 hours. The bacteria were
then diluted in TSB-c and plated to enumerate CFU. The data are representative of at least 3 independent
experiments for each strain. ** indicates p < 0.01. D) LVS and Schu S4 strains were cultured in TSB-c, diluted and
a lawn was spread onto Chocolate 11 Agar plates. Three 6mm discs containing 5ug of ethidium bromide were added
to each plate. The plates were incubated for 72 hours and the diameters were measured. The data is representative
for at least 3 independent experiments for LVS strains and two independent experiments for Schu S4 strains. *
indicates p < 0.05
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3.5 DISCUSSION

CorC is a ubiquitous, bacterial protein whose function remains unclear. In F. tularensis,
a homolog of CorC, FTL_0883 and FTT_0165c, was identified to be important for the virulence
of the bacterium. Here, an investigation was undertaken to identify the contribution of the CorC
protein to the virulence and physiology of F. tularensis.

Characterization of CorC in Salmonella showed that it was important for the resistance of
the bacterium to the toxic effects of cobalt. In this model, CorC was predicted to affect the
activity of the CorA magnesium transporter. A loss of corC was thought to cause an increase in
the intracellular magnesium concentration, which would result in enhanced sensitivity to cobalt
(Gibson et al., 1991). However, in F. tularensis, the presence of CorC did not affect the
resistance of the bacterium to cobalt (Figure 27A). Additionally, there was not a difference in
intracellular Mg®* concentration when corC was deleted in F. tularensis (Figure 27B). These data
suggest that there is a unique role for CorC in F. tularensis independent of ion homeostasis.

CorC was initially identified as a protein that affected the activity of the magnesium
transporter CorA in S. typhimurium. However, there is not a CorA homolog present in F.
tularensis.  Therefore, it is plausible that the phenotypic differences that exist between S.
typhimurium and F. tularensis corC mutants could be attributable to the missing CorA transport
system in F. tularensis. Thus, F. tularensis makes a good model to study the activities of this
protein independent of the CorA transport system. Further studies will need to occur to identify
other protein-protein interactions that contribute to the activities of the protein encoded by
FTL_0883 and FTT_0615c. It would be important to perform these studies in parallel in both
LVS and Schu S4 as there are phenotypic differences in the expression of carbohydrates when

the homolog is deleted in the two F. tularensis strains (Figure 31). It remains undetermined if
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this is a result of different protein interactions within the strains or if there is a differential
regulation of downstream proteins in the corC pathway(s).

In F. tularensis, the attenuated virulence of strains lacking corC can be attributed at least
in part to the enhanced stimulation of the host cells by the F. tularensis mutants leading to a
more adequate immune response. A more robust host response could be due to enhanced
stimulation of the host cells or arise from a failure of the bacterium to suppress the host cell pro-
inflammatory response. It was determined that AFTL 0883 was capable of actively suppressing
host cells (Figure 28). Demonstrating that the mechanism for stimulation was a result of
enhanced stimulation and not due to a failure to suppress the host cells.

To determine how the bacteria was altered to activate a more robust host response to the
AFTL 0883/ AFTT 0615¢ mutants, the bacteria were visualized by TEM microscopy. There
was not a gross difference in the surface of the F. tularensis mutants that could be detected, but
there was a difference in the size of the mutants. Bacterial size is an important attribute for the
host cell-pathogen interaction (Justice et al., 2008). Small bacteria are more resistant to
phagocytosis, and similarly larger bacteria are also resistant to phagocytosis (Doshi and
Mitragotri, 2010). However, the change in the size didn’t affect the rate of phagocytosis of the
mutants (Chapter 2, Figure 12). Alternatively, an increase in size could also allow for a larger
platform for assembly of host receptors on the pathogen surface increasing the avidity of the
interaction and amplifying the pro-inflammatory response. The results suggest that an increase
in the size of our mutant could provide an explanation for the increased pro-inflammatory
signaling.

Further phenotypic classification of the surface of the bacterium revealed that there was

not a difference in the lipoprotein expression in the outer membrane fraction of the F. tularensis
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FTL_0883 mutant, but there was a reduction in the amount of surface carbohydrate expression in
this strain (Figure 31). The reduced carbohydrate could allow for better access to PAMPSs on the
bacterial surface allowing for greater stimulation. This process has been observed in the
adaption of F. tularensis to the host environment (Zarrella et al., 2011). However, there was not
a difference in the amount of surface carbohydrates in AFTT 0615¢c or wild-type Schu S4
(Figure 31). These data suggest that a reduction in carbohydrate on the surface of the bacterium
is unlikely to be contributing to the differences that are observed in the pro-inflammatory
response to the mutant. The differences in the expression of carbohydrate on the surface of the
LVS and Schu S4 mutant also highlights that Schu S4 has a different mechanism to regulate the
surface carbohydrate than LVS, which could contribute to the enhanced virulence of the strains.
There was an increased release of stimulatory material including HSP-70 from both
AFTL 0883 and AFTT 0615c, however, this phenotype was only complemented in the LVS
strain (Figure 32). While, this suggested that there could be some contribution of the released
components to the stimulation of host cells, it is unlikely that this is the sole contributor as the
complement of both strains is significantly less stimulatory to host macrophages than either the
mutant or vector control strains. It is interesting to speculate that the enhanced release of
bacterial components suggests that there is a defective membrane. A destabilization in the
membrane integrity could explain why there is an enhanced sensitivity of AFTT 0615c to the
antimicrobial peptide B-defensin 3 (Figure 33). However, unlike the release of bacterial
components, the sensitivity to B-defensin 3 did complement. Additionally, there was not a
difference in the sensitivity of the LVS mutant to f-defensin 3, but this could be simply due to
the fact that LVS is already rather sensitive to this antimicrobial peptide. Thus, it is unlikely that

the release of pro-inflammatory molecules from the either AFTL 0883 or AFTT 0615c¢ is
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significantly contributing to the stimulation of host cells by these mutants, but it could indicate
that there is an altered membrane stability in these strains.

In conclusion, there is a novel role for the corC homolog, FTL_0883/FTT_0615c, in
Francisella tularensis, which is independent of ion homeostasis. There was not a significant
increase in the sensitivity of FTL 0883 to antimicrobials, but there was an increase in the
sensitivity of FTT 0615¢ to B-defensin 3.  The enhanced stimulation of host cells by
AFTL 0883 and AFTT 0615c was not a result of a loss of active suppression; rather, these
mutants are more stimulatory. Further work is needed to identify the nature of how this

stimulation arises.

115



4.0 ROLE OF THE INNATE IMMUNE RESPONSE DURING THE PATHOGENESIS

OF FRANCISELLA TULARENSIS

A version of this chapter was accepted for publication:
Russo BC, Brown MJ, Nau GJ (2013) MyD88 prolongs survival and reduces bacterial burden
during pulmonary infection with virulent Francisella tularensis. The American Journal of

Pathology

BC Russo designed the scope of the study, performed experiments, analyzed data, and prepared

the manuscript. MJ Brown performed experiments. GJ Nau prepared the manuscript.

41  ABSTRACT

Francisella tularensis is the causative agent of the debilitating, febrile illness tularemia. The
severe morbidity associated with F. tularensis infections is attributed to its ability to evade the
host immune response. Innate immune activation is undetectable until more than 48 hours after
infection. The ensuing inflammatory response is considered pathologic, eliciting a septic like
state characterized by hypercytokinemia and cell death. To investigate potential pathological

consequences of the innate immune response, mice deficient in a key innate immune signaling
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molecule, MyD88, were studied. MyD88 knock-out (KO) mice were infected with the
prototypical virulent F. tularensis strain, Schu S4. MyD88 KO mice succumbed to infection
more rapidly than WT mice, the first KO mouse described to do so. The enhanced pathogenicity
of Schu S4 in MyD88 KO mice was associated with greater bacterial burdens in lungs and distal
organs, and the absence of IFN-y in the lungs, spleens, and sera. Cellular infiltrates were not
observed on histologic evaluation of the lungs, livers, or spleens of MyD88 KO mice. Despite
the absence of cellular infiltration, there was more cell death in the lungs of MyD88 KO mice.
Thus, the host pro-inflammatory response is beneficial, and MyD88 signaling is required to limit

bacterial burden and prolong survival during pulmonary infection by virulent F. tularensis.

4.2 INTRODUCTION

Inhalation of Francisella tularensis results in pneumonic tularemia, which is the most
severe form of disease and associated with mortality rates up to 30-60% among untreated
individuals (Dennis et al., 2001; McLendon et al., 2006). Additionally, its low infectious dose of
<10 colony-forming units (CFU) and high morbidity have lead to its incorporation into previous
governmental bioweapons programs and prompted the Centers for Disease Control and
Prevention to list F. tularensis as a Tier 1 select agent (Dennis et al., 2001; McLendon et al.,
2006; Pohanka and Skladal, 2009). There are two clinically relevant species of F. tularensis, F.
tularensis subsp. tularensis (Type A) and F. tularensis subsp. holarctica (Type B) with the
former being the most infectious and causing the most severe form of disease (Petersen and

Molins, 2010). Due to the restrictive biocontainment needed to work with these strains,
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attenuated strains such as F. tularensis subsp. holarctica Live Vaccine Strain (LVS) are often
used to model the more virulent strains of F. tularensis.

F. tularensis is considered to be a “stealth pathogen” due to its ability to evade immune
detection (Sjostedt, 2006). Following pulmonary exposure, F. tularensis replicates within
macrophages and dendritic cells while simultaneously suppressing their activation and thereby
limiting the production of pro-inflammatory cytokines (Bosio et al., 2007; Carlson et al., 2007;
Hall et al., 2008; Telepnev et al., 2003). Robust bacterial replication and dissemination to distal
organs occurs during the early stages of infection while there is not a detectable host response
(Cowley, 2009). The lack of an innate immune response early during infection is important for
the extreme virulence of F. tularensis. Administration of nontypeable Haemophilus influenzae
(NTHi) or acai berry polysaccharide prior to infection with F. tularensis activates the innate
immune response and prolongs survival of mice (Evans et al., 2010; Skyberg et al., 2012).
Additionally, mutants of F. tularensis that stimulate the host immune response more robustly are
less virulent in a pulmonary model of tularemia (Russo et al., 2011). Taken together, F.
tularensis is able to evade the host immune response for at least 48 hours after infection.
However, early induction of the host response decreases the morbidity of mice infected with F.
tularensis, suggesting that the bacterium is susceptible to an activated host response.

Cytokines and recruited immune cells are readily detected in the lungs by 72 hours post
infection, but it is uncertain if this host response is beneficial or detrimental (Cowley, 2009; Hall
et al., 2008; Schmitt et al., 2012). The immune response has been characterized as a septic like
state with hypercytokinemia in the organs and blood, bacteremia, and depletion of immune cells
(Mares et al., 2008; Mares et al., 2010; Sharma et al., 2011a). To control LVS infection, a clear

role has been established for a variety of cell populations, cytokines, and signaling pathways of
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the innate immune response, including TNF-a, IFN-y, TLR2 and MyD88 (Collazo et al., 2006;
Leiby et al., 1992). However, direct assessments of neutrophils, natural killer cells, IFN-y, and
TNF-a during primary tularemia with virulent F. tularensis strains suggest they do not have a
comparable role (Chen et al., 2004b; KuoLee et al., 2011; Schmitt et al., 2013). Production of
host matrix metalloprotease 9, which is important for the recruitment of neutrophils, also
exacerbates the pathogenesis of F. tularensis (Malik et al., 2007). However, the septic like state
also occurs in mice infected with attenuated Francisella strains at non-lethal doses of bacteria
(Schmitt et al., 2012), suggesting that the correlation with death is not causal. There is also a
plateau in the bacterial burden subsequent to immune activation, consistent with the host
response restricting bacterial growth (Schmitt et al., 2012). Using a convalescent model in
which antibiotic administration extends the life of the mice infected with F. tularensis, beneficial
contributions of IFN-y, IL-12, T cells, and B cells were established that could not otherwise be
observed in a native infection (Crane et al., 2012). Investigations of the convalescent model
suggest that there is a role for the immune response in combating virulent strains of F. tularensis,
which contrasts with previous studies investigating the cytokines and cell populations during F.
tularensis infection in naive mice (Chen et al., 2004b). Therefore, additional studies investigating
the innate host response against virulent F. tularensis are required to clarify the role for this
response and to define its contribution to F. tularensis pathogenesis.

The innate immune response in conjunction with the epithelial barrier provides the first
line of defense against pathogens. The TLR/IL-1R receptor (TIR) domain containing proteins
play a crucial role in innate immune responses (Kumar et al., 2009). The TIR family is
comprised of Toll Like Receptors (TLRs) and IL-1 family receptors as well as adaptor proteins

required for signal transduction from the receptors to induce pro-inflammatory cytokines (Chong
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et al., 2012). Myeloid differentiation primary response gene 88 (MyD88) is a TIR domain
containing adaptor protein for signaling from IL-1 family receptors and all TLRs except for
TLR3, which makes MyD88 an important signaling molecule of the initial host
response.(Janssens and Beyaert, 2002). For many bacterial pathogens, the host requires MyD88
signaling to successfully control and clear the infection. However, the importance of MyD88 is
specific for each infection model. MyD88 dependent signaling is often required to prolong
survival (Biondo et al., 2005; Sukhumavasi et al., 2008; Villamon et al., 2004), for cellular
recruitment and inflammation (Power et al., 2004; Skerrett et al., 2004; Sukhumavasi et al.,
2008; Villamon et al., 2004), and restriction of bacterial burden (Biondo et al., 2005; Power et
al., 2004). In circumstances where MyD88 signaling is required, it is almost universally needed
for cytokine and chemokine responses (Biondo et al., 2005; Koedel et al., 2004; Power et al.,
2004; Sporri et al., 2006; Sukhumavasi et al., 2008; Villamon et al., 2004). In contrast, there is
at least one scenario when MyD88 signaling is actually detrimental to the host response
(Weighardt et al., 2002). Thus, while MyD88 may be important generally, the phenotypic
requirement for MyD88 is specific for each pathogen.

The near ubiquitous need for MyD88 signaling during the innate host response to
microbial infections makes it a good model to explore the contribution of host activation to F.
tularensis pathogenesis. Microbiological, immunological, and natural history outcomes were
assessed by comparing wild-type (WT) and MyD88 KO mice infected with the prototypical type
A strain of F. tularensis, Schu S4, to identify the possible beneficial and detrimental roles of the
innate host response. MyD88 KO mice had reduced survival, greater bacterial burdens, and more
cell death in the lungs. Collectively, these data demonstrate a beneficial role for the innate

immune response during primary pneumonic tularemia with virulent F. tularensis.
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4.3 MATERIALS AND METHODS

Bacterial culture:

Francisella tularensis subsp. tularensis Schu S4 was obtained through the NIH
Biodefense and Emerging Infections Research Resources Repository, NIAID, NIH: (FSC237),
NR-643. Schu S4 was cultured on Chocolate 1l Agar plates at 37°C with 5% CO,. Overnight
cultures were incubated at 37°C at 250rpm using Mueller Hinton Broth supplemented with

IsoVitaleX, 0.025% ferric pyrophosphate, and 0.1% glucose.

Animal Infections:

C57BL/6 mice and mice with a MyD88-deficient allele encoding a deletion of the locus’
third exon were purchased from Jackson Laboratory or kindly provided by Dr. Timothy Billiar,
and they were infected as described previously (Russo et al., 2011). Briefly, approximately 100
colony-forming units (CFU) in 50uL of PBS were administered intratracheally by oropharyngeal
instillation. Blood was removed from the mice by cardiac puncture using a heparinized needle
and syringe. The lungs were removed and crushed in RPMI supplemented with 10% FBS. The
livers and spleens were removed and homogenized in trypticase soy broth supplemented with
0.1% cysteine (TSB-c). To quantify CFU, serial dilutions were performed of the organs and
blood in TSB-c and the bacteria were plated on Chocolate 1l Agar plates. Morbidity of the mice
was followed using a clinical score incorporating both the appearance and the activity of the
mice. The activity of the mice was determined as follows: 1, mild reduction in activity; 2,
moderate reduction in activity; 3, severe reduction in activity. The appearance of the mice was
scored as: 1, mild piloerection; 2, moderate piloerection; 3, severe piloerection. The sum of both

scores was used with 0 being a healthy mouse and 4 requiring the mouse to be euthanized. Mice
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were monitored daily, but once the mice showed signs of illness, they were assessed every 2-8

hours based upon the severity of illness.

Cytokine analysis:

To measure cytokine production, lungs were manually homogenized through a cell
strainer in RPMI supplemented with 10% FBS, centrifuged at 21,000xg for 3 min filtered and
treated with gentamicin (100pug/mL). Plasma was generated from collected blood by
centrifugation at 21,000xg for 3 min and then treated with gentamicin (100ug/mL) and
ciprofloxacin (200pug/mL). After spleens were homogenized for enumeration of CFU, they were
centrifuged at 21,000xg for 3 min to remove cellular debris. The resulting supernatants were
filtered and treated with genatimicin (100pg/mL).  Cytokines from the lungs, plasma, and
spleens were measured by ELISA following manufacturer’s instructions; IFN-y (Duoset, R&D

systems), IL-12 and TNF-a (matched antibody pairs, eBiosciences), IL-6 (BD Biosciences).

Histologic analysis:

After sacrifice of the animal, lungs were inflated with 37.5% formaldehyde for 10 min.
and spleens and livers were placed directly into the fixative. The organs were embedded into
paraffin blocks and sectioned by the University of Pittsburgh, School of Medicine Histology
Core in the Department of Pathology Development Laboratory. The sections were
deparaffinized and stained with hematoxylin and eosin (H&E) or immunohistochemistry was

performed on the tissues. TUNEL staining was performed following the manufacturer’s protocol

(Roche).
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4.4 RESULTS

4.4.1 MyDB88 signaling prolongs survival and delays morbidity

There is robust activation of the innate host immune response during infection with F.
tularensis after 72 hours, but the impact of the response on pathogenesis remains
uncertain.(Sharma et al., 2011a) To investigate the importance of this innate immune response,
wild-type C57BL/6 (WT) and MyD88 knock out (KO) mice were administered 100 CFU of
virulent F. tularensis Schu S4 intratracheally to model pulmonary tularemia. The median time to
death (MTD) for WT mice was 5.7 days post infection with 100% of the mice succumbing to
infection by day six post infection (Figure 34A). In contrast, the MTD for MyD88 KO mice was
4.7 days post infection with 100% of these mice succumbing to infection by 5.2 days post
infection, prior to the MTD of the WT mice (Figure 34A). Thus, there was a one day decrease in
the MTD of the MyD88 KO mice demonstrating a beneficial role for MyD88 during pulmonary
tularemia with virulent F. tularensis.

The morbidity of mice was used as an additional measure to determine the impact of the
innate host response. Mice were monitored over the course of the infection using weight loss
and a clinical score, which included both the appearance and activity of the mice. The clinical
score for WT or MyD88 KO mice did not change for the first three days of the infection. By the
fourth day, there was a slight increase in the average clinical score of the WT mice to 0.8 £ 0.2
(Figure 34B). In contrast, there was a significant increase in the morbidity of the MyD88 KO
mice by day four post infection resulting in an average clinical score of 2.2 £ 0.3 (Figure 34B).
Because of the increased morbidity, 7/9 MyD88 KO mice needed to be removed from the study
by day four, but 0/8 WT mice needed to be removed before day five post infection. In contrast
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to the clinical score, the weight of MyD88 KO mice did not change (1.7% £ 2.3%) whereas the
WT mice lost weight (11% + 1.7%) by day four post infection compared to their starting weights
(Figure 34C). Overall, these results demonstrate that MyD88 signaling delays the onset of

clinical symptoms measured by the clinical score and contributes to weight loss.
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Figure 34: MyD88 signaling prolongs survival during pulmonary tularemia
WT and MyD88 KO mice were infected intratracheally with 100 CFU of Schu S4. Survival of the mice was
assessed as described in Methods (A). There are nine mice in the MyD88 KO group and eight mice in the WT
group, combined from two independent experiments. Statistical significance was determined using a log rank test.
The morbidity of the mice over the course of the infection was monitored using a clinical score (B) and weight loss
(C). These data represent the mean + SEM for two independent experiments. Significance was determined using a

two-tailed Students t-test to compare clinical score and weight loss (* represents p<0.05).

4.4.2 The presence of MyD88 restricts bacterial replication

Activation of the host immune response correlates with stabilization of bacterial burden
within the organs of mice (Schmitt et al., 2012). To assess the impact of MyD88 dependent
processes on bacterial burden, WT and MyD88 KO mice were sacrificed two and four days after
infection for enumeration of CFU. Two days after infection, there was not a statistical difference
in CFU found in the lungs, livers, spleens, or blood of infected MyD88 KO or WT mice (data not
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shown). By day four post infection, there was over one log more CFU in all organs of MyD88

KO mice compared to WT mice (Figure 35). The largest difference was observed in the blood,

in which MyD88 KO mice contained 3.5 logs more CFU than WT mice (Figure 35). These data

demonstrate that the previously described plateau in bacterial burden is the result of the MyD88

dependent immune responses.
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Figure 35: MyD88 dependent processes restrict bacterial burden

On day fourpost infection the lungs, livers, spleens, and blood were harvested from WT and MyD88 KO mice and

bacterial burdens were determined. The data are the mean + SEM for three independent experiments. Significance

was determined using a two-tailed Students t-test (* represents p<0.05, ** represents p<0.01, *** represents

p<0.001).
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4.4.3 MyD88 deficient mice have an impaired cytokine response

Due to the critical importance of MyD88 for initiating and maintaining a pro-
inflammatory cytokine response, the production of several cytokines was analyzed in the lungs,
sera, and spleens of the infected mice. Cytokine concentrations in MyD88 KO and WT mice
treated with PBS were not different (data not shown). Additionally, cytokine production on day
two post infection in Schu S4 infected WT or MyD88 KO mice was similar to PBS treated WT
and MyD88 KO mice (data not shown), which is consistent with previous observations that the
inflammatory response is delayed with a Schu S4 infection (Cowley, 2009; Schmitt et al., 2012,
Sharma et al., 2011a). Four days after infection, however, there were statistically significant
differences in expression of cytokines between WT and MyD88 KO mice (Figure 36). IFN-y
and IL-12 concentrations were at least 1000-fold higher in the lungs, sera, and spleens of WT
mice infected with Schu S4 than in uninfected mice or in MyD88 KO mice infected with Schu
S4 (Figure 36). IL-6 was readily measured in the lungs, sera, and spleens of both strains of mice
after infection, but levels were still 3-5 fold lower in the MyD88 KO mice (Figure 36). TNF-a
was consistently elevated in the sera of WT mice compared to MyD88 KO mice, but there was
not a consistent statistical difference in the spleens or lungs of infected WT or MyD88 KO mice
(Figure 36). Overall, cytokine concentrations were higher in the organs and serum of infected
WT mice than infected MyD88 KO mice. These data correlate the strength of the pro-
inflammatory response with an increase in the MTD of the mice and a decrease in the bacterial

burden during pulmonary tularemia.
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Figure 36: Loss of MyD88 reduces cytokine production in response to F. tularensis
The cytokine response was assessed in the lungs (A), sera (B), and spleens (C) of WT and MyD88 KO mice on day
four post infection. The data are representative of three independent experiments with four to five mice per group
for the lung and plasma, and two independent experiments with three mice per group for the spleens. Significance
was determined using a two-tailed Students t-test (** represents p<0.01, *** represents p<0.001, ND indicates value

below detectable limits).
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4.4.4 MyD88 is required for the recruitment of inflammatory cells into the lungs after

infection

A histopathological hallmark of infection with Francisella is the formation of
inflammatory foci within the lungs and livers of infected mice (Bokhari et al., 2008; Conlan and
North, 1992; Sharma et al., 2011a). To assess the formation of these foci and the recruitment of
immune cells into the lungs, livers, and spleens of infected mice, H&E staining was performed
on tissue sections collected four days after infection. There was not a difference in the
appearance of lungs, spleens, or livers from mice treated with PBS (Figure 37A-F). Robust
recruitment of immune cells to the alveolar spaces was observed in the lungs of WT mice
infected with F. tularensis (Figure 37G), which is in agreement with previous studies (Sharma et
al., 2011a). In contrast to the WT mice, MyD88 KO mice did not have cells visible within the
alveolar spaces of the lung (Figure 37J). The lack of cells recruited to the alveolar spaces was
consistent with the lower cytokine levels measured in these lungs (Figure 36A). Similar to
previous observations (Conlan et al., 2003), the spleens of WT mice were pale on gross
pathology, and depletion of the red pulp was visible by H&E staining (Figure 37H).
Additionally, there was a loss of white pulp organization, in which there was deterioration in the
architecture associated with the marginal zone and follicle (Figure 37H). The regions of red pulp
in the spleens of infected WT mice showed the presence of white cells (Figure 37H). In contrast,
the spleens of the MyD88 KO mice looked normal in color on gross inspection (data not shown).
Despite the normal gross appearance, there was a loss of the marginal zones, but the centers of
the follicles appeared mostly intact (Figure 37K). Additionally, there did not appear to be white
cells present throughout the red pulp as was observed for WT infected mice; rather, there were

more intact erythrocytes present in the MyD88 KO mice compared to WT mice (Figure 37K).
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Inflammation in the livers of WT mice was consistent with previous reports in which the livers
of WT infected mice had small inflammatory foci scattered throughout (Conlan et al., 2003), but
MyD88 KO mice did not have similar infiltrates (Figure 371 and 37L). In MyD88 KO mice there
were large lesions readily visible throughout the livers of infected MyD88 KO mice (Figure
37L). These lesions were comprised of particles that stained with hematoxylin, consistent with
the size of F. tularensis. These data suggest that the recruitment of inflammatory cells to organs
during infection with F. tularensis required MyD88, and without MyD88 there was an altered

pathology associated with increased mortality in MyD88 KO mice.
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Figure 37: Altered organ pathology in MyD88 KO mice during infection with F. tularensis
Lungs (A,D,G, and J), spleens (B, E, H, and K), and livers (C, F, I, and L) were harvested from MyD88 KO and WT
mice on day four post infection, fixed in formalin, and embedded in paraffin. Hematoxylin and eosin staining was
performed to assess histopathological changes within the organs. The images shown are representative of two lungs,
two spleens and two livers for PBS treated mice. Six lungs, five spleens, and five livers were collected over three
independent experiments for Schu S4 treated WT and MyD88 KO mice. Scale bars indicate 100um. Inserts are

digital magnifications measuring 50 um square.
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445 MyD88 signaling reduces cell death in the lung

Within the mouse model of pulmonary tularemia, there is depletion of inflammatory cells
particularly NK cells and T cells (Schmitt et al., 2012; Sharma et al., 2011a), but it is unknown if
the bacteria cause the cell death directly or if it is a result of bystander effects from the host
response. To delineate the contribution of the host response to cell death (Schmitt et al., 2012;
Sharma et al., 2011a) and the histopathology seen in MyD88 KO mice (Figure 37), tissue
sections from mice infected for four days with Schu S4 were investigated using a TUNEL assay.
Similar to previous findings (Sharma et al., 2011a), cell death was observed in the lungs of WT
mice infected with F. tularensis (Figure 38A-D). Both TUNEL staining and F. tularensis were
in the same regions of inflammation in the lungs of the WT mice (Figure 38A-D). Unlike WT
mice, F. tularensis antigen was found throughout the lungs of MyD88 KO mice consistent with
the greater bacterial burden (Figure 38E-H). TUNEL positive cells were also broadly present
throughout the lungs of MyD88 KO mice, including areas near the large airways and structural
components of alveoli (Figure 38E-H). Like WT, the Francisella antigen staining was
associated with regions of TUNEL positivity, though not necessarily co-localized with one
another. (Figure 38D and 38H inserts). Some TUNEL staining in the lungs of both WT and KO
mice appeared more diffuse than isolated eukaryotic nuclei (Figure 38D and 38H). This staining
pattern has been observed previously and has been associated with cell death (Sharma et al.,
2011a).

In contrast to the lungs of MyD88 KO mice, the livers and spleens of MyD88 KO mice
showed levels of cell death similar to WT mice after infection. The spleens of WT mice showed
TUNEL positivity in areas where there was F. tularensis antigen (Figure 38I-L), consistent with

previous reports (Sharma et al., 2011a). Similar to the WT mice, TUNEL positive cells also
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localized to areas with F. tularensis antigen in the spleens of MyD88 KO mice (Figure 38M-P).
Scattered TUNEL positive inflammatory cells were found in the livers of WT mice infected with
Schu S4 (Figure 38Q-T). F. tularensis antigen staining was limited in these mice, and it was
localized to areas of inflammation and TUNEL staining (Figure 38Q-T). In contrast, the
amorphous lesions seen on H&E staining of MyD88 KO liver sections (Figure 37L) stained
intensely with F. tularensis antigen (Figure 38U-X). Similar to WT mice, some cells were
positive for both TUNEL and F. tularensis antigen, but the vast majority of F. tularensis staining
in the livers of MyD88 KO mice did not co-localize with TUNEL positive cells, including
bacteria comprising the amorphous lesions described above (Figure 38U-X). Overall, discrete
Francisella antigen staining did not co-localize with TUNEL in lungs, spleens, and especially
livers, which indicated the TUNEL staining was not from bacterial DNA. Together, these data
highlight the organ specific contributions of MyD88 during infection with F. tularensis, and
demonstrate the presence of MyD88 limits the areas where F. tularensis antigen can be found in
the lungs and the livers of infected mice. Finally, these data highlight that within the lung,

MyD88 has an additional role of limiting cell death associated with F. tularensis pathogenesis.
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Figure 38: MyD88 restricts cell death in the lung of MyD88 KO mice infected with F. tularensis
The lungs (A-H), spleens (I-P) and livers (Q-X) were harvested from MyD88 KO and WT mice on day four post
infection and fixed in formalin and paraffin embedded. Immunohistochemistry was performed to identify the
presence of F. tularensis (red) and cell death by TUNEL staining (green). The images shown are representative of
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six lungs, five spleens, and five livers collected over three independent experiments. Scale bars indicate 100um.

Inserts in panels D and H are digital magnification measuring 125um square.

45  DISCUSSION

Francisella tularensis is a formidable pathogen owing to its ability to infect a diverse
host range and evade the immune response (Cowley and Elkins, 2011). Immunological studies
using the attenuated strains of F. tularensis recapitulate the organ pathology observed with
virulent strains suggesting they are appropriate models (Bosio, 2011; Conlan et al., 2011;
Cowley and Elkins, 2011). The induction of pulmonary tularemia in mice using LVS has
revealed TNF-a, IFN-y, NK cells and neutrophils are required for early control of LVS, but
clearance and resolution of the infection requires the presence of either CD4 or CD8 T cells
(Bosio, 2011; Cowley and Elkins, 2011). These host defenses, however, have not translated to
the virulent Type A or B strains of F. tularensis. SCID, B cell KO, IFNy KO, NK cell depleted,
and neutrophil depleted mice infected with virulent strains of F. tularensis do not have altered
survival compared to WT controls (Chen et al., 2004b; KuoLee et al., 2011). These studies have
lead to the conclusion that the innate immune response does not contribute to the control of
virulent F. tularensis (Chen et al., 2004b). However, recent evidence demonstrates that
following immune activation and immune cell infiltration there is a plateau of bacterial burden in
the lung, liver, and spleen suggesting an immune response curtails bacterial replication (Schmitt
et al., 2012). Here, we demonstrate for the first time using virulent F. tularensis in a murine
model of pulmonary tularemia that early host responses depend on MyD88 to limit bacterial

replication and prolong survival of infected mice.
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Phenotypes associated with a loss of MyD88 are not apparent until the innate immune
response can be detected experimentally. Recent investigations of the immune response to F.
tularensis have demonstrated that there are not cytokines or recruited cells detected until three
days post infection. Although a host response could function below the limits of detection of
standard assays, assessment of F. tularensis infection two days after infection in MyD88 KO and
WT mice did not reveal differences in CFU, cytokines, or lung pathology (data not shown).
Therefore, any response that might be occurring below the limits of detection did not have an
impact on CFU. These data are consistent with previous publications demonstrating that the
immune response is suppressed until at least 48 hours post infection (Cowley, 2009; Schmitt et
al., 2012; Sharma et al., 2011a). The similarities between WT and MyD88 KO mice on day two
post infection substantiate the conclusion that F. tularensis is a stealth pathogen until days after
infection.

Weight loss can be an indicator of morbidity during infection (Russo et al., 2011), but
results reported here suggest it may be an unreliable measure. MyD88 KO mice maintained their
weight over the course of infection, despite significant bacterial burdens. In contrast, WT mice
lost >20% of their body weight on average (Figure 34C). These results suggest that the weight
loss observed during infection with F. tularensis is dependent on the presence of MyD88 and is
likely a result of the greater inflammatory response observed during infection of WT mice with
F. tularensis. These results are in agreement with a previous report in which WT mice infected
with Clostridium difficile lost more weight than MyD88 KO mice (Jarchum et al., 2012). In
patients with HIV, weight loss is also correlated with activation of the inflammatory response
(Rimaniol et al., 1996). Finally, LPS induced anorexia is dependent on MyD88 signaling from

myeloid cells (Ruud et al., 2013). Thus, weight loss as a clinical indicator of disease during
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tularemia is associated with the inflammatory response itself rather than direct effects of F.
tularensis.

Immunological mechanisms responsible for cellular recruitment and the role of these
cells during virulent F. tularensis infection are not completely understood. Inflammation
develops in the lung and liver commensurate with immune activation, and is typically detectable
by 72 hours post infection (Bokhari et al., 2008; Conlan et al., 2003; Schmitt et al., 2012; Sharma
et al., 2011a). However, methodological differences such as, administering a lower dose of a
different type A strain by aerosol, could affect the amount of pulmonary inflammation observed
(Conlan et al., 2003). Matrix metalloprotease-9 (MMP-9) KO mice infected with LVS have
reduced neutrophil recruitment in the lung compared to WT controls (Malik et al., 2007). In the
same study, MMP-9 deficient mice were less susceptible to infection with either LVS or Schu S4
(Malik et al., 2007), demonstrating that neutrophil recruitment could be detrimental during
infection with both attenuated and virulent F. tularensis strains. IFN-y mediates formation of
focal inflammation in the livers of mice infected with LVS (Bokhari et al., 2008). However,
opposing results have been obtained with virulent F. tularensis. Different studies have
concluded that IFN-y does (Chen et al., 2004b) and does not (Wickstrum et al., 2009) contribute
to focal hepatic inflammation. In our experiments, focal inflammation was consistently present
in the lungs and livers of WT mice but not in MyD88 KO mice four days after infection (Figure
37). These data demonstrate that MyD88 signaling is necessary for the recruitment of
inflammatory cells to the lungs and livers of mice infected with virulent F. tularensis. In
contrast, focal inflammation was observed in the livers of MyD88 KO mice infected with the
attenuated LVS strain, suggesting different immunological mechanisms contribute to the host

response to these closely related bacteria (Collazo et al., 2006). In conclusion, these studies
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indicate that while neutrophils specifically may be detrimental, the recruitment of inflammatory
cells overall is beneficial, and may be causal to controlling replication of virulent F. tularensis.

The MyD88 KO mice also provide insight into how the innate immune response restricts
the cell range and location of bacterial replication. F. tularensis infections typically culminate
with high bacterial loads in the lungs and distal organs. There is a plateau in the bacterial burden
coinciding with activation of the host response (Schmitt et al., 2012), but the reason for the limit
in bacterial replication could be from depleting the replicative niche or activities of the immune
system. In MyD88 KO mice there were significantly higher bacterial burdens reached in the
organs, and as high as 10'® CFU in the liver (Figure 35). These high bacterial burdens were
achieved in the absence of recruited cells (Figure 37), which have been hypothesized to expand
the available replicative niche for F. tularensis (Hall et al., 2008). Therefore, these data
demonstrate that bacterial replication in WT mice is inhibited by activities of the host response
rather than depletion of the niche.

The enhanced cell death seen in F. tularensis infected MyD88 KO mice indicates the host
response is beneficial rather than detrimental. Previous work concluded that over activation and
misdirection of the immune response stimulates cell death (Cowley and Elkins, 2011; Mares et
al., 2008; Sharma et al., 2011a). Here, however, cell death was the same (spleen and liver) or
greater (lung) in MyD88 KO mice compared to WT (Figure 38). While these results do not rule
out the possibility of a pathologic role for inflammation later during infection of WT mice, they
support the idea that the host response is beneficial. They corroborate findings using the
convalescent model of F. tularensis in which beneficial contributions of the host response were
identified (Crane et al., 2012), but also show that MyD88 signaling actually contributes to host

cell survival within the lung.
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A definitive mechanism of MyD88 dependent protection during pulmonary tularemia
remains to be defined. MyD88 functions as an adaptor for multiple TIR containing receptors
including IL-1 family receptors and TLRs (Janssens and Beyaert, 2002). Therefore, MyD88
dependent signaling can drive a variety of host responses. F. tularensis is resistant to a variety of
host antimicrobials, including oxidative stress, bile salts, and host complement, which suggests
that this bacterium must contend with a variety of host defenses (Bina et al., 2008; Gil et al.,
2006; Raynaud et al., 2007). Recently, it was found that NADPH oxidase contributes to
resistance against F. tularensis Schu S4 in vivo (KuoLee et al., 2011). MyD88 signaling is
important for the assembly of the NADPH oxidase complex (Laroux et al., 2005). In this study,
however, the phenotypes associated with a loss of MyD88 were greater than in previous studies
looking at the pathogenesis of F. tularensis in gp91P"™" KO mice (KuoLee et al., 2011). The
general importance of MyD88 (Janssens and Beyaert, 2002) and the overall suppression of
cytokines (Figure 36) suggests that the requirement for MyD88 is likely going to be multifaceted
and could provide an explanation for why attempts to target specific cytokines or immune cell
populations have been unsuccessful in altering the course of infection with virulent F. tularensis.

Despite the beneficial role observed for MyD88 during primary tularemia with virulent F.
tularensis strains, the innate immune response is still inadequate to combat infection. This is in
part due to bacterial effects that restrict MyD88-dependent, pro-inflammatory responses.
Monocytes infected with Schu S4 down regulate MyD88 gene expression (Butchar et al., 2008),
which would limit the pro-inflammatory response. There is activation of MKP-1 during LVS
infection, which restricts the pro-inflammatory response through TLR2 (Medina et al., 2010).
Bacterial inhibition of MyD88 would exacerbate infection, accelerate mortality, and could

explain in part why the median time to death decreased by only one day in the KO mice.
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In conclusion, the work presented here demonstrates for the first time a positive role for
the host immune response during a pulmonary infection with virulent F. tularensis. The
activities of MyD88 signaling are needed for the production of IFN-y and IL-12p40, WT levels
of IL-6 and TNF, maintaining the survival of host cells, and the recruitment of immune cells to
the sites of F. tularensis replication. The immunological functions that depend on MyD88
restrict the replication of F. tularensis and prolong survival of infected mice. These results
highlight a previously unappreciated role for the host response during infection with virulent F.

tularensis.
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5.0 DISCUSSION AND SUMMARY

Francisella tularensis is a gram-negative bacterium of significant importance as a result
of its low infectious dose, significant morbidity and mortality, and potential for use in biological
weapons (Dennis et al., 2001; Oyston et al., 2004). The bacterium has over 300 unique genes,
lacks classical virulence determinants such as secreted toxins, and can be found both
intracellularly and extracellularly within its host (Larsson et al., 2005). The interaction of F.
tularensis with its mammalian host is different from other gram-negative pathogens in that the
host immune response is delayed until several days after infection (Cowley, 2009; Greenberger
et al., 1995; Yu et al., 2000). This delayed activation is critical for the extreme virulence of F.
tularensis, and attempts to activate the immune response earlier extend survival during a murine
model of tularemia (Evans et al., 2010; Skyberg et al., 2012). Thus, to understand the virulence
of F. tularensis, it is critical to define the mechanisms the bacteria uses to avoid and delay the
host response as well as to determine the role of the host response once activated.

Adaptation to the host environment is a process F. tularensis uses to avoid activating the
immune response. As with many bacteria, F. tularensis is able to respond to environmental
conditions, altering the expression of virulence-associated genes (Carlson et al., 2009; Hazlett et
al., 2008; Horzempa et al., 2008). When F. tularensis responds to the host environment it
becomes less stimulatory to host cells, allowing the bacterium to escape immune detection

(Carlson et al., 2007; Loegering et al., 2006). One mechanism F. tularensis uses to respond to the
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intracellular environment is the recognition of exogenous spermine, a host-specific molecule
(Carlson et al., 2009). It is still unknown how F. tularensis responds to spermine.

In chapter two of this dissertation, a greater understanding of how F. tularensis responds
to spermine was achieved. Initially, a screen was conducted in LVS which identified corC was
important for the response to spermine. To further understand the contribution of this gene to the
spermine response of F. tularensis, deletion mutants were generated in LVS, FTL_0883, and its
homolog in Schu S4, FTT_0615c. These mutants confirmed the results of the screen, and
demonstrated that corC is required in F. tularensis for the bacterium’s response to exogenous
spermine (Figures 6 and 7).  Further phenotypic characterization of these mutants demonstrated
that the spermine response is associated with transcriptional changes and an increase in the
amount of capsule carbohydrate in F. tularensis (Figure 7). However, only in Schu S4 did
changes in pathogenicity island protein expression correlate with the response to spermine
(Figure 7). Collectively, these data are the first to identify a gene required for the spermine
response in F. tularensis, and they establish that LVS and Schu S4 respond to spermine in
different ways.

There are still a number of questions that need to be addressed to completely understand
how F. tularensis responds to spermine. It is unknown if F. tularensis senses spermine at its
surface, or if it transports spermine to the bacterial cytoplasm. Additionally, the receptor
responsible for sensing spermine needs to be determined either on the bacterial surface or in the
cytosol. Spermine can bind to many of the same sites as magnesium (Athwal and Huber, 2002;
Taglialatela et al., 1995). CorC contains CBS domains, which bind magnesium and adenine
derivatives (Scott et al., 2004). Therefore, it is possible that spermine could interact with the

CBS domains in the N-terminus of CorC, but it is unknown if the protein is spatially in the same
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location as spermine in F. tularensis. Transposon mutagenesis in chapter two was able to
identify two genes required for the response to spermine. However, other genes have been
identified in F. tularensis for adapting to the host environment using other environmental
signals, such as the transcriptional regulator MglA (Zarrella et al., 2011). To identify additional
genes involved in the spermine response an F. tularensis ordered library could be screened using
just the secondary screen from chapter two (the primary screen assessed growth in the presence
of DCHA, and the secondary screen assessed the elicitation of cytokines after cultivation in the
presence of spermine). This approach would only look for mutants that elicit similar amounts of
TNF-o from macrophages when cultured in the presence or absence of spermine. Interestingly,
the results with the corC mutants in LVS and Schu S4 suggest that there is a divergent
mechanism for how the bacteria are able to reduce their stimulation (Figure 7). There is little
evidence in Schu S4 about the transcriptional changes that occur in response to spermine.
However, the initial report on the transcriptional changes associated with a response to spermine
noted that some of the genes in Schu S4 and LVS were differentially regulated (Carlson et al.,
2009). CorC is not predicted to have a DNA binding domain, so it is unlikely that it is directly
altering gene expression in response to spermine. A possible explanation for the differential
transcriptional regulation could be due to the transcriptional regulator MglA. MglA regulates
different genes in F. novicida and LVS (Brotcke et al., 2006; Charity et al., 2007). It could be
possible that upon recognition of exogenous spermine, CorC could interact with MglA, altering
its activity, which would result in transcriptional changes to drive the response to spermine.
Since it is likely that MglA regulates different genes in LVS and Schu S4, if CorC interacts with
MglA, different genes would be activated in the two strains resulting in different phenotypes.

However, further work is needed to confirm this mechanism is occurring. Thus, the work here
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has identified a gene that is important for the response to spermine in LVS and Schu S4, but
there is significantly more work needed to fully understand how either of these strains respond to
the presence of exogenous spermine.

Additional work in chapter two demonstrates that there is a role for corC in the virulence
of F. tularensis. Prior to this thesis adaptation to the host environment through spermine was
hypothesized to contribute to the virulence of the F. tularensis, but no direct assessment had
been made. The importance of FTL_0883 and FTT_0615c was assessed in vitro and in vivo in
order to establish the contribution of these genes to the virulence of F. tularensis and to
demonstrate the importance of the spermine response for the pathogenesis of this bacterium.
These mutants were more stimulatory to macrophages in vitro inducing the activation of NF-xB
and the production of TNF-a, IL-6, and IL-1p (Figures 8, 10-11). Similarly, there were elevated
levels of these cytokines in vivo (Figure 17 and 18). In a murine model of pneumonic tularemia,
these mutants were attenuated for virulence (Figure 15). Assessment of the importance of the
inflammatory response in vivo revealed that MyD88 and TNFR/IL1R were required for control
of AFTT_0615c¢ (Figure 25), which demonstrated that the attenuation of AFTT 0615¢c was the
result of the mutants’ elicitation of pro-inflammatory cytokines. These results are consistent
with other observations in the F. tularensis literature, in which replication within macrophages
rather than broth culture enhanced the virulence of LVS (Loegering et al., 2006). These data
establish that corC is required for the full virulence of F. tularensis. Additionally, they further
establish the spermine response contributes to the virulence of the bacterium.

A screen in S. typhimurium designed to identify mutations that convey cobalt resistance
initially discovered corC, as member of the cobalt resistance (Cor) family (Gibson et al., 1991).

Loss of corC affected the activity of the CorA magnesium transport system in addition to
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enhancing the resistance of S. typhimurium to cobalt (Gibson et al., 1991). F. tularensis lacks a
homolog for CorA, suggesting that CorC would not function similarly this bacterium as it does in
S. typhimurium. In support of this argument, there was not a defect in magnesium ion
homeostasis in AFTL_0883 and the resistance to cobalt was not increased in either AFTL 0883
or AFTT 0615c (Figure 27). Thus, chapter 3 of this thesis established that there is a novel role
for corC in the pathogenesis of F. tularensis

Further work is needed to understand the full contribution of this protein to the
physiology of F. tularensis specifically and bacteria generally. The protein is highly conserved
among gram-negative bacteria suggesting that there is some basic bacterial function it is
fulfilling. Studies should focus on identifying other proteins that interact with CorC in F.
tularensis. Due to the divergent phenotypes that have been established in chapters two and three
(Figure 7, 12, 31-33), it will be important to look at interacting proteins in Schu S4 and LVS as
well as other bacterial genera. It is possible that there are different interacting proteins that
contribute to the divergent phenotypes. Antibodies for CorC need to be developed. An antibody
will facilitate studying the subcellular localization of CorC as well as perform investigations
without tags. While FTL_0883 and FTT_0615c do not have recognized DNA binding domains, a
microarray study investigating transcriptional changes with the loss of these genes could be
revealing. They may allow for the identification of a pathway that CorC is important for and
suggest a functional role for this protein in F. tularensis. From the experiments in chapter three
(Figure 31), carbohydrate biosynthesis pathways would be an anticipated result for LVS. Work
identifying binding partners and a functional role for CorC will provide needed insight into the
role of this protein generally in bacterial pathogenesis and specifically for the spermine response

and virulence of F. tularensis.
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Chapters two and four provide a unique perspective of the innate immune response
during infection with virulent strains of F. tularensis. As stated above, the host response to F.
tularensis is delayed compared to other pulmonary infections such as Klebsiella or Pseudomonas
(Greenberger et al., 1995; Hall et al., 2008; Schmitt et al., 2012; Ye et al., 2001; Yu et al., 2000).
After a delay, the host response is activated, but the consequences of the immune activation for
the pathogenesis of F. tularensis remain undefined. Evidence in the literature suggests that the
host response directly contributes to the pathology associated with the infection (Mares et al.,
2008; Sharma et al., 2011a). Further understanding of the host response to F. tularensis occurs
through studying the pathogenesis of AFTT _0615c¢ in chapter two. Interestingly, investigation of
the inflammatory cytokine response during infection with Schu S4 and AFTT _0615¢ showed that
there were elevated cytokines in the lungs of infected mice by day 4 post infection, but cytokines
were only elevated in the serum of Schu S4 infected mice (Figures 17 and 18). Thus, the
concentration and localization of cytokine production correlated with the CFU detected in Schu
S4 and AFTT _0615c infected mice in the lungs and sera (Figure 16-18), which suggested that the
host pro-inflammatory response is tailored to the bacterial burden rather than just an out of
control septic state. These results also suggest that the cytokines present in the sera of infected
mice is not simply the result of spill over from the organs. Finally, there was an enhanced
number of inflammatory foci in the liver of AFTT _0615c¢ infected mice (Figures 21-22). The
increased number of foci correlated with the enhanced host pro-inflammatory cytokine response
and the greater containment of AFTT 0615¢ replication. Therefore, the results with our
attenuated mutant suggest that greater activation of the host response is beneficial and associated

with delayed organ pathology and prolonged survival. These data provide the initial evidence
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that the host response to virulent F. tularensis could be a controlled response tailored to the level
of burden despite its resemblance to a septic state.

Further support for a beneficial role for the host response arises in the literature. Mice
treated with acai berry polysaccharide or non-typeable Haemophilus extract prior to infection
with Schu S4 survive infection longer than their untreated counterparts (Evans et al., 2010;
Skyberg et al., 2012). In these studies, the prolonged survival is dependent on activation of the
host immune response and production of IFN-y (Skyberg et al., 2012). Recently, a robust time
course assessing bacterial burden during infection with Schu S4, revealed that shortly after
immune activation, there is a plateau in the bacterial burden (Schmitt et al., 2012). These results,
in conjunction with the observations in chapter two, further the argument that there are likely
beneficial contributions of the host response during infection with virulent strains of F.
tularensis.

Previous work has demonstrated that the host response to virulent F. tularensis is likely
multifaceted and not dependent on a particular cytokine or cell population. While there is a
significant understanding of the host factors required to combat infection with LVS (Cowley and
Elkins, 2011), these findings have not translated to the virulent strains of F. tularensis. In chapter
four of this dissertation, a role for the innate host response to F. tularensis was defined. The
contribution of the innate host response during primary pneumonic tularemia was studied in mice
deficient in MyD88. These mice allow for investigation of F. tularensis pathogenesis in the
context of a broadly deficient host response, as MyD88 is required for a variety of host responses
including; activation of effector mechanisms such as ROS, production of pro-inflammatory
cytokines, and recruitment of immune cells (Ichikawa et al., 2012; Janssens and Beyaert, 2002).

Importantly, host recognition of F. tularensis is predicted to occur through TLR2, which requires
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the activity of MyD88 for downstream signaling. A loss of MyD88 was associated with an
increase in the bacterial burdens and a decrease in pro-inflammatory cytokine production
(Figures 35 and 36). Wild-type mice survive infection with Schu S4 longer than MyD88 KO
mice (Figure 34). These results demonstrate that MyD88 specifically and the host response
generally play a beneficial role in prolonging survival during infection with F. tularensis.
Additionally, they confirm the prediction from studies with AFTT 0615c and mounting evidence
in the literature that the host response has a beneficial role during infection with virulent F.
tularensis.

Infection with F. tularensis is associated with pathologic changes in the lungs and distal
organs. Histological assessment of the MyD88 KO mice was performed to determine if the host
response was directly responsible for the pathology observed during infection with F. tularensis
Schu S4. Spleens of WT and MyD88 KO mice were not significantly different, but there was
altered pathology in the lungs and livers (Figure 37). In the lung, F. tularensis and TUNEL
positive cells were found throughout, which was associated with a reduction in the recruitment of
immune cells to the alveolar spaces (Figure 37 and 38). In the liver, the immune foci did not
form in MyD88 KO mice, and F. tularensis antigen was readily detected within hepatocytes and
as large extracellular lesions (Figure 37 and 38). Control of the bacterial burden was associated
with increased production of pro-inflammatory cytokines and the formation of immune foci in
the lungs and liver of wild-type mice (Figures 35-38). Thus, significant impairment of the host
response does not alleviate the organ pathology during infection with F. tularensis. These studies
suggest that the bacteria, rather than the host response, contribute to much of the deterioration of

organ appearance.
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There are a variety of known immunological regulators of the host response to attenuated
F. tularensis strains. Studies in this thesis demonstrate the first known signaling protein
important for the host response against virulent F. tularensis, MyD88. Future work will need to
explore which MyD88 dependent signaling pathways are required for the host response. A good
starting point would be TLR2, which is required in vitro for the production of pro-inflammatory
cytokines in response to F. tularensis (Rodriguez et al., 2011; Singh et al., 2013). TLR4 KO
mice have already been assessed during infection of virulent F. tularensis, and there is not a role
for this receptor (Chen et al., 2004a). Additional studies should investigate the contribution of
the immune foci to controlling F. tularensis. There is a limited knowledge of these structures,
which is mainly focused on the cell populations within them. There is a lack of understanding of
the signaling required for their formation outside of the contribution of MyD88 presented within
this dissertation. Finally, IFN-y is lacking in the MyD88 KO mice infected with Schu S4 (Figure
34). Researchers have suggested that this cytokine is important for the host response to F.
tularensis (Crane et al., 2012). However, depletion of IFN-y during infection with F. tularensis
does not impact disease progression (Chen et al., 2004b). This finding suggests there is either
not a role for IFN-y or the previous studies could not adequately detect a role. MyD88 KO mice
provide a model in which immunological components, such as cell populations and cytokines,
can be reconstituted to assess their role during infection with virulent F. tularensis. Further work
is needed to delineate the cell populations and cytokines that depend on MyD88 signaling to
contribute to the host response against F. tularensis.

In conclusion, the work presented within this dissertation investigated the interaction of
Francisella tularensis and the host immune response. corC was identified to be required for the

spermine response by F. tularensis, and it is needed for the full virulence of the bacterium.
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Further investigation of the role of corC in LVS and Schu S4 showed that these strains regulate
their virulence differently. Additionally, MyD88 signaling mediates a beneficial host response
against virulent F. tularensis during primary pneumonic tularemia. Thus, this thesis furthers our
understanding of the pathogenesis of F. tularensis identifying both how the host mounts a
response to the bacterium and demonstrating a mechanism the bacterium uses to subvert the host

response.
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APPENDIX A

ATTENUATION OF 13B47
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Figure 39: 13B47 is attenuated

A) Macrophages were infected at an MOI of 10 with either LVS or 13B47. After 24 hours of coculture the
supernatant was collected. TNF-a concentration released into the culture supernatant was quantified by ELISA.
Means + standard deviation of triplicate wells are depicted, and the data is representative of at least three
independent experiments B) Macrophages were infected at an MOI of 500 with either LVS or 13B47. After 2 hours
a gentamicin protection assay was performed to kill extracellular bacteria. At the indicated time points, the
macrophages were lysed with SDS and the bacteria were serial diluted and plated to enumerate CFU. Means *
standard deviation of triplicate wells are depicted the data is representative of at least three independent experiments

C) Chicken embryos were infected with 10* CFU of either LVS or 13B47. For LVS n=7 and for 13B47 n=8 . The

data shown is representative of at least two similarly performed experiments.

150



APPENDIX B

PHENOTYPIC CHARACTERIZATION OF WBTA
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Figure 40: Disruption of WbtA has predicted phenotypes
A) LVS and the WhbtA disruption was cultured overnight in TSB-c and bacterial lysates were generated. The lysates
was separated by SDS-PAGE, transferred to nitrocellulose and probed with anti-LPS and anti-O-antigen capsule
antibodies. B) F. tularensis strains were cultured overnight, diluted to equivalent ODggy and incubated in the

presence of active complement for 2 hours at 37°C at 250rpm. The bacteria were serial diluted and plated to

enumerate CFU.
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APPENDIX C

PHENOTYPES ASSOCIATED WITH LOSS OF LNT
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Figure 41: Phenotypes associated with loss of Int
A) LVS strains were cultured overnight in MHB with or without spermine. Human macrophages were cocultured
with LVS and Tn:Int for 24 hours at an MOI of 10. The supernatants were collected and the concentration of TNF-a
was determined by ELISA. Data depicts the meant standard deviation of triplicate wells. B) LVS strains were
cultured in TSB-c and RAW264.7 cells were infected at an MOI of 500. A gentamicin protection assay was
performed 2 hours post infection to kill extracellular bacteria. Macrophages were lysed at 2 and 24 hours post
infection to enumerate CFU. The data are presented as the mean fold change in CFU (CFU at 24 hours/ CFU at 2

hours) + standard deviation of one experiment. BDL indicates a value below the limits of detection of the assay.
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APPENDIX D

BACTERIAL GENES

Table 2: Gene names and functions

Gene Name/Function Reference
Acyl carrier protein phosphodiesterase A; acid (Mohapatra et
acpA phosphatase al., 2008)
Acyl carrier protein phosphodiesterase B; acid (Mohapatra et
acpB phosphatase al., 2008)
Acyl carrier protein phosphodiesterase C; acid (Mohapatra et
acpC phosphatase al., 2008)
Acyl carrier protein phosphodiesterase H; acid (Mohapatra et
acpH phosphatase al., 2008)
Acridine efflux pump protein A and Protein B, (Binaetal.,
acrAB functions to efflux small molecules 2008)
(Barker et al.,
Gene in the FPI; HSP100/ ring forming ATPase, 2009; Bingle et
clpv energy for T6SS has ATPase activity. al., 2008)
(Gibson et al.,
cor Cobalt resistance gene family 1991)
Cobalt resistance protein A; functions in (Hmiel et al.,
COrA magnesium import and export 1986)
Cobalt resistance protein B; affects magnesium (Gibson et al.,
corB efflux 1991)
Cobalt resistance protein C; affects magnesium (Gibson et al.,
corC efflux 1991)
Cobalt resistance protein D; affects magnesium (Gibson et al.,
corD efflux 1991)
Phosphopentomutase, required for invasion and (Horzempa et
deoB replication of F. tularensis al., 2008)
Molecular chaperone, member of the HSP70 (Bardwell and
dnak family Craig, 1984)
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dotU

dsbA

dshB

elongation factor

Tu

fevR

FTL_0500

FTL_0681

FTL_0883

FTL_1401

FTT_0615c

FTT_1103

groE

hcp

HSP-70

iglA

iglB

iglC

iglD

katG

Int

Gene in the FPI; stabilized pdpB for T6SS

Disulfide bond Protein A, thioredoxin

Disulfide Bond Protein B, thioredoxin

Elongation factor thermo unstable; functions to
move aminocyl-tRNA into free site in ribosome

FTN_0480; required for the expression of FPI
genes in conjunction with MglA

SpeE, spermidine synthase

PotG, polyamine transporter

Homolog of CorC in LVS; functions in spermine
response and virulence

Fsrl, Francisella spermine response gene 1,
hypothetical gene with unknown function

Homolog of corC in Schu S4; functions in
spermine response and virulence

Francisella infectivity potentiator protein B;
thioredoxin

Molecular chaperone, member of the HSP60
family

Hybrid cluster protein, hydroxylamine reductase;
secreted effector of T6SS

Heat Shock Protein 70kD, molecular chaperone

Intracellular growth locus A; gene in the FPI;
forms outer tube of T6SS

Intracellular growth locus B; gene in the FPI;
forms outer tube of T6SS

Intracellular growth locus C; gene in the FPI;
forms inner tube of T6SS

Intracellular growth locus D; gene in the FPI

Catalase, functions in resistance to ROS and RNS

Apoliprotein N-acyltransferase; important for
sorting lipoproteins to the outer membrane
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(Broms et al.,
2012)

(Pavkova et al.,
2006)

(Qinetal.,
2008)

(Sharma et al.,
2011b)

(Brotcke and
Monack, 2008)

(Larsson et al.,
2005)

(Larsson et al.,
2005)

(Russo et al.,
2011)

(Carlson et al.,
2009)

(Russo et al.,
2011)

(Qinetal.,
2009)

(Zeilstra-Ryalls
etal., 1991)

(Bingle et al.,
2008)

(de Bruin et al.,
2011; Gray et
al., 2002)

(de Bruinet al.,
2011; Gray et
al., 2002)

(de Bruinet al.,
2011; Gray et
al., 2002)

(de Bruin et al.,
2011; Gray et
al., 2002)
(Lindgren et
al., 2007;
Melillo et al.,
2010)

(Gupta et al.,
1993)



IpxE

IpxF

IpxL

mglA

mgIB

mgtA

mgtB

migR

mviN

ompA

ompC

pdpD

pilA

pilE

pilV

purMCD

pyrF

ripA

rpoH

SSPA

sspB

Phosphatase; functions to remove the 1-
phosphate group from lipid A of F. tularensis

Phosphotase; functions to remove the 4-
phosphate group from lipid A of F. tularensis

Lauryl-acyl carrier protein (ACP)-dependent
acyltransferase; functions in lipid A biosynthesis

Homolog to SspA in E. coli; positive regulator of
the FPI

Homolog to SspB in E.coli; positive regulator of
the FPI

Magnesium transporter, mediates magnesium
influx

Magnesium transporter
Macrophage intracellular growth regulator;
Francisella specific gene, regulates expression of
Igl operon in FPI

Lipid 11 flipase

Outer membrane protein A; porin

Outer membrane protein C; porin

Pathogenicity determinant protein D

Major type 1 subunit fimbrin (pillin)

Minor type 1 subunit fimbrin (pilin)

Adhesin for pili

Operon involved in purine synthesis

Orotidine-5'-phosphate decarboxylase; involved
in pyrimidine synthesis

Required for intracellular proliferation factor A;
Francisella specific gene

Functions as an alternative sigma factor in F.
tularensis
Stringent Starvation response protein A

Stringent starvation response protein B
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(Wang et al.,
2004)

(Wang et al.,
2006)

(Apicellaet al.,
2010)

(Baron and
Nano, 1998)

(Baron and
Nano, 1998)

(Snavely et al.,
1989)

(Hmiel et al.,
1989)

(Buchan et al.,
2009)

(Ulland et al.,
2010)

(Haller and
Henning, 1974)

(Haller and
Henning, 1974)

(Ludu et al.,
2008)

(Forslund et al.,
2010)

(Ark and
Mann, 2011)
(Winther-
Larsen et al.,
2001)

(Pechous et al.,
2008)

(Horzempa et
al., 2010a)

(Fuller et al.,
2008)

(Grall et al.,
2009)

(Williams et
al., 1994)

(Williams et
al., 1994)



tolC

trkH

tuld

vgrG

whtA

TolC outer membrane channel, involved in efflux

TrkH potassium ion transporter

Outer membrane lipoprotein in Francisella
tularensis

Gene in the FPI; secreted effector of T6SS

Member of LPS biosynthetic operon; required for
the addition of O-antigen onto lipid A
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(Gil et al.,
2006;
Koronakis et
al., 2004)
(Alkhuder et
al., 2010;
Schlosser et al.,
1995)

(Sjostedt et al.,
1991)

(Bingle et al.,
2008; Broms et
al., 2012)

(Raynaud et al.,
2007)
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