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Abstract
Title of dissertation: The Role of MFS Family Transporters in the Lifecycle of Type A
Francisella tularensis and Their Viability as Vaccine Targets
Phillip Mario Jan Balzano, Doctor of Philosophy, 2018
Dissertation directed by: Dr. Eileen M. Barry, Professor of Medicine, Center for
Vaccine Development, Institute for Global Health,
University of Maryland School of Medicine

Francisella tularensis is a Gram negative facultative intracellular coccobacillus
that can infect a wide variety of hosts. In humans, F. tularensis causes the zoonosis
tularemia following insect bites, ingestion, inhalation, and handling infected animals.
That a small inoculum delivered by the aerosol route can cause severe disease, coupled
with the possibility of its use as an aerosolized bioweapon, have led to the classification
of Francisella tularensis as a Tier 1 Category A select agent and has renewed interest in
vaccine formulation. To this end, this study aimed to engineer and evaluate novel F.
tularensis strain SchuS4 derivatives containing single deletions of major facilitator
superfamily (MFS) transporters fptG, fptE, fptF, and fptB. Additionally, these strains
developed for vaccine purposes were utilized to study more intimately aspects of the
intracellular lifecycle of F. tularensis.

Alterations to the intracellular lifecycle of the bacterium were measured using
intracellular survival assays in multiple cell types. Two strains, F. tularensis
SchuS4AfptB and SchuS4AfptG, displayed lifecycle alterations. Further analysis with
these two strains involved characterization of the early inflammatory immune response

from macrophages using ELISAs for cytokine secretion, and measuring alterations to



host cell permeability by measuring supernatant lactate dehydrogenase release. In
addition to in vitro analysis, F. tularensis strains SchuS4AfptB and SchuS4AfptG were
evaluated for attenuation, and later, protective capacity, in vivo in the C57BL/6J mouse
model.

In vitro studies demonstrated that F. tularensis strains SchuS4AfptB and
SchuS4AfptG were significantly altered in their intracellular lifecycle, exhibiting a novel
cytosolic escape delay phenotype that was found to be autophagy-dependent for
SchuS4AfptG. Additionally, F. tularensis strain SchuS4AfptB exhibited a significant
replication defect. Moreover, we observed prominent differences in in vitro cytokine
profiles in human and mouse macrophages for both mutants. Both mutants were
attenuated in the C57BL/6J mouse model, and one strain, SchuS4AfptB, provided partial
protection against virulent Type A F. tularensis challenge. These results demonstrate a
fundamental necessity for these nutrient transporters in the timely progression of F.
tularensis through its replication cycle, and in pathogenesis. Collectively, these strains
validate the strategy of targeting transporters as means of attenuation for F. tularensis

vaccine strain construction.
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Chapter 1 — Introduction

Francisella tularensis Background and History

The Gammaproteobacterium Francisella tularensis is a non-motile coccobacillus
that causes the zoonotic disease tularemia [227, 206]. Though first isolated from ground
squirrels in 1911 in Tulare County, California, the bacterium would not be linked to
human disease until 1914 [227]. Edward Francis, among the earliest to work with the
bacterium in earnest, and for whom the genus is named, proposed naming the illness
caused by the bacterium “tularemia” in 1925 [220, 56]. Though the exact taxonomic
location of the bacterium in relation to the other gammaproteobacteria has been
controversial, the closest pathogenic relatives to Francisella are Coxiella burnetii and
Legionella pneumophila [216]. Two species are contained within the genus Francisella,
F. philomiragia, and F. tularensis, which itself contains five recognized subspecies:
subspecies tularensis (also known as Type A), subspecies holarctica (also known as
Type B), a variant of subspecies holarctica unique to Japan, subspecies novicida, and
subspecies mediasiatica [132, 63]. Of these five, only two subspecies, tularensis and
holarctica, are known to be pathogenic to humans and share a sequence identity of 98-
99% [103]. The subspecies of Francisella are found primarily in the Northern
hemisphere. The type B strain, subspecies holarctica, is found across both the Eurasian
and North American landmasses, while the Type A strain, except in one instance [85],
has largely been isolated in North America [150]. Subspecies holarctica is the basis for
what is termed the “live vaccine strain” (LVS), an attenuated strain created in the Soviet

Union by serial passage that was transferred to the United States in 1956. F. tularensis



LVS was tested extensively in clinical trials, and is commonly used as a laboratory model

due to its lethality in mice and BSL-2 designation [200].

The pathogenic strains cause various forms of disease, which are determined by
the route of infection. Ulceroglandular tularemia, the most common form of the disease,
results from cutaneous exposure, most often from insect bites or direct contact with an
infected animal, including rabbits, muskrats, and voles [142]. Outbreaks in humans often
occurs in tandem with outbreaks in nearby animal populations, though it is unlikely that
animal populations are the natural reservoir. There is much evidence that Francisella can
persist in waterways, likely in association with amoebae [15, 1, 59]. After cutaneous
exposure, incubation is typically 2-6 days, with onset marked by the appearance of a
painless ulcer and flu-like symptoms including chills, fever, headache, and malaise [148].
While debilitating, the ulceroglandular form of tularemia caused by either Type A or

Type B F. tularensis is rarely fatal, carrying a mortality rate below 5% [78, 65].

F. tularensis can also be acquired via ingestion and even the oculoglandular route
[213, 150, 63], but the most lethal form of infection occurs following inhalation, leading
to respiratory, also referred to as typhoidal disease [200]. Infection via the respiratory
route with an inoculum as low as 10 bacteria of the highly virulent Type A strain often
leads to a debilitating disease characterized by fever, chills, systemic soreness, and an
unproductive cough [65, 128]. Bacteria spread systemically via the lymphatic system and
form foci of infection in such diverse organs as the spleen, liver, kidneys, and intestines
[148, 63]. Often, the draining lymph nodes become swollen and palpable [150, 65]. If left

untreated, respiratory tularemia has a mortality rate approaching 50% [65, 63, 150].



Perhaps because of its high level of virulence and ability to infect via the aerosol
route at a low inoculum, F. tularensis has a history of weaponization that spanned the
middle of the 20" century [55]. The Japanese Empire, operating in Manchuria in the
1930’s through to the end of the Second World War, experimented with F. tularensis, as
well as several other infectious agents, as potential biological weapons [90]. Offensive
use of F. tularensis may have also occurred in the West during the Second World War as
well, with a documented tularemia outbreak, suspected to be intentional by the Soviets
[3], affecting thousands of German and Soviet soldiers [52]. After the Second World
War, both the Soviet Union and the United States developed F. tularensis, among other
agents, for use as biological weapons, until offensive biological research was ended in the
U.S. by President Richard Nixon in 1969 [89]. Over a century after its initial isolation,
and after decades of weapons development research and parallel vaccine development
efforts throughout the middle of the 20" century, there still exists no licensed vaccine

against F. tularensis.

The Intracellular Lifecycle of Francisella tularensis

The ability to enter, survive, and replicate within mammalian cells is thought to
be the key to virulence of F. tularensis [31]. Both clinically relevant subspecies of F.
tularensis are able to gain entry and proliferate within a variety of cell types, including
macrophages, neutrophils, hepatocytes, lung epithelial cells, and even erythrocytes [92,
130, 87, 150]. Though F. tularensis can find its way into a myriad of cell types and
replicate, much work concerning the intracellular lifecycle utilizes macrophages, as it is
believed survival and replication in this cell type is critical to pathogenesis [71, 69]. It is

within these cells that a well characterized replication cycle, as shown in Figure 1.1, has
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Figure 1.1. The intracellular lifecycle of Francisella tularensis. Image reprinted with
permission from Cold Spring Harbor Press: Cold Spring Harbor Perspectives in
Medicine, 1-14 (2013). EE — early endosome; LE — late endosome; Lys — lysosome.



been defined which includes internalization into a phagosome, escape from the
phagosome into the cytosol, replication in the cytosol, and eventual lysis of the host cell

and release of the bacteria.

Bacteria not opsonized by complement are thought to rely upon the mannose
receptor [193, 75] for entry into macrophages, though other, as yet unknown, receptors
may play a role [24]. Bacteria opsonized by complement, which greatly enhances
bacterial uptake into phagocytes, rely heavily upon complement receptor 3 [8, 10],
though other receptors and molecules, such as scavenger receptor A [158], nucleolin [9],
Fcy receptor, and lung surfactant protein A [8] are involved to varying degrees. Though
non-opsonized entry may be more favorable to the bacterium, as evidenced by the fact
that opsonized Type A F. tularensis proliferated to a diminished degree compared to non-
opsonized bacteria within mouse bone marrow macrophages (BMDMs) [75],

complement opsonization most commonly precedes uptake during natural infection.

Interestingly, internalization of the bacteria requires lipid rafts in mouse
macrophage cell line studies, and components of lipid rafts, namely cholesterol and
caveolin-1, are present in the Francisella containing phagosome (FCP) [211]. It may be
that F. tularensis targets receptors clustering in these nanodomains, as depletion of lipid
rafts abolishes bacterial entry [31]. The Syk tyrosine kinase and ERK MAP kinase
pathways were also found to be indispensable for bacterial internalization [152]. Though
Syk is upstream of both the Akt/PI3K and the ERK pathways, only inhibition of ERK
decreases phagocytosis of F. tularensis in macrophages, demonstrating that the bacteria
rely upon a signal transduction system flowing from the membrane, through Syk, to the

ERK pathway [152].



After phagocytosis, F. tularensis resides in the phagosome, the initial
compartment of the endocytic pathway. The newly formed endosome begins a normal
maturation process, acquiring both early and late endosomal markers such as LAMP-1,
CD63, and Rab7 [35, 186], but fusion with the lysosome is prevented, and the FCP never
gains markers, like cathepsin D, of an active, bacteriocidal phagolysosome [35]. F.
tularensis is also able to inhibit the respiratory burst, furthering its chances of survival by
preventing NADPH oxidase from assembling onto the phagosome [130]. Acidification of
the FCP in a vacuolar ATPase (v-ATPase) -dependent manner may serve as a trigger for
F. tularensis to begin escaping from the phagosome into the cytosol [185], though
controversy still prevails concerning the necessity of this process for optimal escape.
Interestingly, acidified FCPs are found primarily in studies using non-opsonized bacteria,
whereas complement-opsonized bacteria tended to display non-acidified phagosomes,
demonstrating the possible different fates that result depending on the method of entry
[24]. Regardless of the method of entry and whether the FCP requires acidification or not,
it has been established that induction of genes within the vital Francisella pathogenicity
island (FPI), a locus of virulence genes crucial for escape from the phagosome and

survival in the host cell, begins while the bacterium is in the phagosome [144, 32].

Phagosomal escape, a common trait found across all subspecies of F. tularensis,
is critical, as replication can only proceed once the bacterium has entered the cytosol
[116, 11]. For this reason, escape-deficient strains are avirulent in vivo, underscoring the
critical importance of this step to pathogenesis [21, 209, 120]. While exact kinetics for
escape remain controversial, and differences have been noted depending on cell type,

bacterial strain, and technical details, it is accepted that F. tularensis reaches the cytosol



between 1 and 8 hours post-phagocytosis [80, 26]. Opsonization state again appears to
play a key role at the stage of escape, as opsonized bacteria escape at a slower rate than
non-opsonized bacteria [32, 130, 194]. Unlike other Gram negative intracellular
pathogens such as Listeria monocytogenes and Shigella flexneri, F. tularensis does not
encode any sort of phospholipase or hydrolase normally associated with the degradation
of vesicular membranes [109]. Instead, F. tularensis employs a Type VI secretion system
encoded on the FPI to export numerous gene products, many also encoded on the FPI,
into the cytosol to facilitate phagosomal escape [144]. Other genes located outside the
FPI1 contribute to escape to varying degrees and are diverse in function, including genes
for uracil biosynthesis [194], acid phosphatases [140, 141], hypothetical genes of
unknown function [224, 163, 165], and, intriguingly, the major facilitator superfamily

(MFS) isoleucine transporter fptB [77].

The FPI is an approximately 30 kb locus that includes 17 genes that, in both the
Type A and Type B strains, but not F. novicida, is duplicated in the genome [144]. The
genes of the FP1 are primarily concerned with phagosomal escape, having little to no
effect on the bacteria once replication begins in the cytosol, as evidenced by direct
microinjection of various FPI mutants into host cytosols [137]. The FPI gene igIC is
secreted into the cytosol via the Type VI secretion system and features prominently in the
degradation of the FCP membrane, as disruption of this gene greatly impedes bacterial
escape [187]. Other genes from the FPI, including pdpA [192], Type VI secretion system
components iglJ, vgrG, and dotU [19] [49], the regulators migR and mglA [187, 22], igll
[120], and fevR [20] all play crucial, if still incompletely defined, roles in phagosomal

escape. The wide assortment of genes, both within and outside of the FPI, demonstrates



the importance of phagosomal escape in the replicative lifecycle of Francisella, and that
coordination of escape is multifaceted, requiring input from many varied factors like

nutrition acquisition, metabolic status, and environmental cues.

Once released to the cytosol, F. tularensis begins a period of rapid replication
utilizing nutrients from the host. While a common misconception that the cytosol is a
hospitable environment, the cell’s interior is actually rather nutritionally restrictive,
requiring special adaptation from intracellular bacteria to prosper in this compartment
[147]. Access to nutrients is further hindered in professional phagocytes such as
macrophages, where amino acid levels fluctuate, with several becoming scarcer after
activation [146]. Unstable amino acid levels are an acute concern to F. tularensis, as
amino acids are the primary sources of carbon and energy during the intracellular stage of
the lifecycle [184]. Mammalian cells are auxotrophic for 9 amino acids: histidine, lysine,
methionine, phenylalanine, tryptophan, leucine, isoleucine, valine, and threonine, but
cysteine, while only semi-essential, is most limited in supply inside the host [161]. F.
tularensis is auxotrophic for cysteine, among other amino acids, and requires high levels
of it to convert to pyruvate and funnel into the Krebs cycle [184]. To counteract the
limited quantities in the host, F. tularensis cannibalizes host glutathione, the most
abundant source of cysteine in the cell, to boost cysteine levels [4, 133]. The y-glutamyl-
transpeptidase is utilized by F. tularensis to break down glutathione and is a potent

attenuation target, signifying the importance of cysteine metabolism to F. tularensis [94].

Type A F. tularensis is predicted to be auxotrophic for 6 amino acids, specifically
arginine, histidine, lysine, tyrosine, methionine, and cysteine, meaning the bacterium
overlaps auxotrophies with the host cells at four amino acids: histidine, lysine,

8



methionine, and cysteine [133, 184]. F. tularensis has been demonstrated to utilize host
autophagy machinery in order to boost general amino acid availability in host cells [26,
45, 204]. The targeted depletion of glutathione is believed to be the trigger for general
host autophagy, though the process is non-canonical, as autophagic vesicles formed
during F. tularensis infection lack the traditional autophagy marker ATG5 [204, 184]. F.
tularensis has been observed to re-enter the endocytic system late during replication via
autophagy, forming non-degradative Francisella-containing vacuoles (FCVs) by 20
hours post-infection [26]. Though not all intracellular bacteria are observed to be in
vesicles at later time points [26], autophagy markedly affects replication numbers.
Inhibition of autophagy by chemical inhibitors such as bafilomycin Al, chloramphenicol,
or 3-methyladenine drastically reduces intracellular bacterial numbers [204]. Similarly,
radiolabeled, host-derived amino acids are demonstrated to be transported into F.
tularensis and utilized in new protein products at a significantly lower rate when
autophagy is inhibited, demonstrating that F. tularensis actively harvests amino acids

from the autophagy machinery [204].

The increase in amino acid levels engendered by autophagy would be wasted
without suitable transporters to take up the freshly liberated nutrients. The Type A and
Type B strains of F. tularensis are predicted to have 182 and 210 transporters of all types,
respectively [107], representing approximately 12% of the protein coding sequences in
either genome. While deletion of nutrient transporters is a largely unexplored endeavor in
the Francisella field, and is the focus of this study, some prior work has demonstrated the
importance of amino acid transporters to the cytosolic replication of F. tularensis. We

previously demonstrated that targeted single deletion of 3 MFS transporters in the LVS



background severely diminished intracellular replication [128]. Not unexpectedly, two of
the three transporters deleted, fptB and fptE, are high affinity amino acid transporters,
transporting isoleucine and asparagine, respectively [76, 77]. As an intracellular
pathogen, F. tularensis must rely upon a multitude of high affinity transporters to

scavenge nutrients in the challenging environment of the mammalian cytosol [133].

The end of the F. tularensis replication cycle is a topic that has received little
attention, and thus, minimal mechanistic information has been revealed. It is known that
F. tularensis subspecies holarctica and novicida, via interactions with the AIM2/ASC
inflammasome complex, trigger pyroptotic cell death in an attempt by the host cell to
deprive F. tularensis of its privileged replicative niche [126, 98]. Evidence exists, on the
other hand, that the immunosuppressive F. tularensis Type A strain avoids detection by
AIM2/ASC [44], and instead, triggers cell death in a caspase-3-dependent manner [228].
F. tularensis is released from dying cells for subsequent re-infection of neighboring cells.
One report provides evidence that F. tularensis may additionally be spread cell to cell via
trogocytosis, the direct cell-to-cell transfer mechanism that exchanges membrane and
cytoplasm between immune cells [205]. Trogocytosis has been documented to be an
important boost to the immune response by increasing and diversifying signaling in many
diverse circumstances, including tissue transplantation, vaccination, and cancer response
[231, 115, 33]. Itis likely that F. tularensis is an unwitting beneficiary of this behavior,
allowing for transfer of bacteria to other cells as early as 6 hours post-infection [205].
Detailed analysis of the exact escape processes and molecular mechanisms F. tularensis
utilizes to leave the host and spread remains a gap in the knowledge of the Francisella

lifecycle.
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The Immune Response to Francisella tularensis Infection

The interaction of F. tularensis with the immune system begins at the cell surface
during phagocytosis, as shown in Figure 1.2, when the Toll-like receptor heterodimer
TLR2/6 recognizes lipoproteins on the bacterial cell surface [40, 102]. This triggers a
signaling cascade dependent upon MyD88, IRAK4/1, and TRAF6 to ultimately release
NF«B for nuclear translocation, and the transcription of multiple pro-inflammatory genes
[113]. This early innate recognition allows for production of important pro-inflammatory
cytokines like pro-interleukin-1 (IL-1p), tumor necrosis factor-a (TNF-a), interleukin-12
p40 (1L-12p40), and costimulatory markers including CD80/86 by 2 hours post infection
[102, 38]. Such early signaling is critical, as removal of TLR2 significantly hastens
mortality in mice [121]. To limit its visibility to TLR2 and dampen the induced response,
F. tularensis minimizes exposure of its lipoproteins by actively repressing their
production during the first hours of infection [97]. Conversely, more robust TLR2-
dependent cytokine production is observed if F. tularensis are retained in the phagosome,
prolonging the exposure of the bacterium to the TLR2-sensing machinery, as
demonstrated by FPI mutant strains [38]. Unlike many other Gram-negative bacteria, F.
tularensis does not induce a strong endotoxin response through TLR4 due to the unique
tetraacylated structure of the lipid A component of its lipopolysaccharide (LPS) [86]. The
long length of its acyl chains and unusual structure of its core sugars inhibits interaction

between Francisella lipid-A and the TLR4/MD2/CD14 complex [149].

Upon escape from the phagosome, F. tularensis begins replicating in the cytosol.
In this cellular compartment, F. tularensis induces the production of Type I interferon. In

the cytosol, F. tularensis interacts with the DNA sensors cyclic GMP-AMP (cGAS) and
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Figure 1.2. The early innate immune response to Francisella tularensis. Image modified
from Jones JW, Broz P, Monack DM. 2011. “Innate Immune Recognition of Francisella
Tularensis: Activation of Type-I Interferons and the Inflammasome”. Frontiers in

Microbiology 2:16.
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Ifi204, which signal through STING for the production of Type | interferon [122, 207].
Autocrine and paracrine signaling through the interferon receptor (IFNAR) leads to the
upregulation of the “absent in melanoma 2 (AIM2) inflammasome complex [66, 169],
and the IRF1-dependent upregulation of guanylate binding proteins (GBPs) [122]. Via an
as yet undefined process, though possibly requiring the presence of mitochondrially-
derived reactive oxygen species (mROS) [44], GBPs facilitate the killing of a small
number of cytosolic F. tularensis and their subsequent release of double stranded DNA to
the cytosol [98], allowing for recognition by AIM2/ASC, and for oligomerization of this
inflammasome [122, 136, 126]. Activation of the inflammasome leads to autocatalysis of
caspase-1, and the subsequent processing of pro-IL-1p and pro-1L-18 to their active
forms for subsequent release [169]. Cell death via apoptosis/pyroptosis mediated by
AIM2/ASC defines the end stages of the initial cellular response to F. tularensis [66, 159,

156].

F. tularensis spends the majority of its time within cells, thus a cell-mediated,
Th1-dependent immune response leading to the production of interferon-y (IFN- y) has
been found to be important for host survival [134]. IFN-y-stimulated macrophages are
able to control intracellular F. tularensis in a nitric oxide-dependent manner [160, 70,
118], but to arrive at this effective immune response requires tight interplay between the
innate and adaptive arms of the immune system. In mice, it has been shown that IL-13
and IL-18 secreted in the first 72 hpi lead to F. tularensis-specific anti-LPS IgM
production from B1-a cells and IFN-y from an as yet unknown source, respectively [51].
The degree to which protective immunity requires either T cells or B cells, or what

combination of both, is still unresolved. Adoptively transferred splenocytes from
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immunized mice are able to protect mice from F. tularensis challenge, but this effect is
lost when T cells are depleted [71]. However, other work using athymic mice was able to
demonstrate a protective, specific response against F. tularensis challenge after prior
priming with LVS, indicating a humoral path to protection [62]. It is commonly held that
an effective response is driven through IFN-y and TNF-q, and that 1gG, but not IgM,

mediates bacterial clearance [173, 201].

F. tularensis utilizes multiple survival and evasion strategies to subvert the
immune response. The aforementioned atypical LPS produced by F. tularensis gives rise
to much more limited visibility to the innate immune system by abolishing TLR4
signaling. F. tularensis, and more specifically the Type A strain, actively antagonizes the
immune system as well, by making infected macrophages unresponsive to subsequent
Escherichia coli LPS exposure, for example [214]. Infection with the Type A strain can
attenuate an ongoing immune response in a dose-dependent fashion, dampening cytokine
transcription and secretion within a couple of hours of entrance into the cell [79]. Further
evidence has demonstrated signatures of aberrant activation of innate immune cells,
whereby infected cells secreted significantly less TNF-a and interleukin-6 (IL-6), and
significantly increased amounts of the immunosuppressive cytokine transforming growth
factor-p (TGF-B) compared to cells stimulated with LPS [17, 18]. Furthermore, evidence
exists that F. tularensis LVS, though not the Type A strain, may induce alternative
activation of macrophages, skewing the immune response towards one more favorable to

bacterial survival [197, 83]

On a macroscopic, organismal level, F. tularensis infection leads to death via
sepsis and high levels of inflammation, regardless of the route of infection. [123, 196].
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Specifically, high levels of the inflammatory cytokines IL-6 and macrophage
inflammatory protein 2 (MIP-2) were correlated with death in mice, while elevated IL-1p
and IgM correlated with survival [30]. As observed in mice, the widespread sepsis that
characterizes F. tularensis infection likely stems from the atypical inflammatory response
stimulated by the bacteria, resulting in a subsequent delay in inflammatory, bactericidal
cell recruitment [123]. Extensive apoptosis may drive macrophages in vivo to skew to an
alternative activation state aimed more at clearing debris than combating the bacteria
[124]. During lung infection, excessive levels of neutrophil infiltration may drive

pathology as well [123].

The Major Facilitator Superfamily of Transporters

Cells of all types employ a multitude of transporters to transfer a wide assortment
of substrates across membranes. These transporters fall into 3 broad categories: the
primary transporters that rely upon hydrolysis of ATP to drive their substrates across the
membrane against its gradient, the secondary transporters which utilize the chemiosmotic
gradient of a solute traveling down its gradient to power transport of another molecule
against its gradient, and the group translocation transporters that tie movement of their
solute to their chemical modification [111]. The major facilitator superfamily (MFS) is
the largest group within the secondary transporters category, with 74 recognized families
and over 10,000 members [171, 222]. MFS transporters are present in Archaea, Bacteria,
and Eukarya, [178], and thus represent an ancient solution to the problem of specialized

substrate transport.

The MFS likely arose through duplication events in primordial voltage-gated ion

channel proteins (VIC) where a 2-transmembrane domain channel gained a third
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transmembrane domain and subsequently underwent 2 rounds of intragenic duplication to
give rise to a 12 transmembrane domain protein with homologous halves [93]. Members
within the family are capable of symport, antiport, and uniport [125]. As shown in Figure
1.3, transporters within the MFS are structurally defined as containing 12 transmembrane
domains, though members have been characterized with 13, 14, 16 and even 24
transmembrane domains, the latter being the result of fusion events resulting in dual
substrate transporters [171]. The mechanism of transport for MFS members has been
widely characterized and involves minimal movement of the substrates; rather, the
protein itself will move around the substrate, alternatively exposing either face of the

transporter as it cycles [84].

Despite the ubiquity across all forms of life, involvement in the transport of many
of the most basic building blocks critical for the maintenance of life, the MFS includes as
many as 17 entire families that remain entirely uncharacterized with not a single
member’s substrate identified [171]. For the majority of MFS transporters that have been
characterized, much of the work thus far has focused on the structural or mechanistic
aspects of the transporters. More recently, a role for certain MFS transporters as virulence
factors in bacterial pathogens has been recognized, though still understudied [5, 57, 199].
Transporters within the MFS have come into the spotlight in recent years as multidrug
efflux pumps contributing to reduced efficacy of many antibiotics [48]. Drug resistance
efflux pumps fall into five families, including the MFS, which is known to contain the
largest number of drug efflux pumps [28] with the entirety of 2 subfamilies containing
drug antiporters [179]. Research into this field is uncovering new members, but with the

fast pace at which clinically important pathogens previously thought to be therapeutically
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Figure 1.3. The structure and mechanism of action of a major facilitator superfamily
transporter. MFS transporters move a substrate against its concentration gradient by tying
transport to ions traveling down their gradient. Image reprinted with permission from
John Wiley and Sons: Nissen, 2012. The EMBO Journal, 3382-3383 (2012).
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controllable, such as Mycobacterium tuberculosis [189], Escherichia coli [198], and
Pseudomonas aeruginosa [53], among several others [5], are acquiring resistance, more

attention is warranted.

Some examples, such as MdfA of E. coli have the ability to transport a very large
subset of drug types both directly out of the cytosol and from the lipid bilayer in a proton
gradient-dependent manner [198]. MdfA appears to function in nature by endowing E.
coli with the ability to thrive in alkaline environments as basic as pH 10 by effecting
transport of Na*and K* ions [112]. A wide variety of antibiotics were found to be
substrates of MdfA, including the non-aromatic macrolide erythromycin and uncharged
chloramphenicol, as well as fluoroguinolone drugs, aminoglycosides like neomycin and
kanamycin, and lipophilic compounds like ethidium bromide, rhodamine, tetracycline
and puromycin [57]. Several of these compounds were, and are still, of clinical or
agricultural importance. Curiously, no single amino acid residue in the entire sequence of
MdfA is irreplaceable in terms of drug transport, implying a robust and varied binding
and transport mechanism [199]. The gene encoding MdfA is present on mobile
conjugative plasmids, and has been found everywhere from meat in marketplaces to
patients in hospital intensive care units and is considered a prototypical example of a

multidrug resistance transporter [230, 221].

A largely understudied aspect of MFS transporters focuses on their involvement
in pathogenesis. All bacteria require carbon in some form from which they can extract
energy, synthesize new molecules, and reproduce. Pathogenic bacteria rely on taking
these resources to at least some degree from the host they are parasitizing [203]. Nutrient

transporters in the MFS have been found to be essential to virulence. Legionella

18



pneumophila relies upon amino acids as a primary carbon source for both energy
generation and production of other molecules [215, 184]. Accordingly, with such a
premium placed on amino acid acquisition from the host, deletion of the threonine
transporter in L. pneumophila, phagosomal transporter A (PhtA), led to severe attenuation
of intracellular growth in macrophages [191]. Other vital members in the Pht family
identified thus far in L. pneumophila include PhtC and PhtD, both of which are involved
in thymidine salvage during invasion [67], and PhtJ, a valine transporter [27]. Many
paralogues exist, not just within the Gammaproteobacteria class, which includes
important pathogens, such as Vibrio cholera, Escherichia coli, Pseudomonas aeruginosa,
the Salmonella species, and Francisella tularensis, among others, but also within the
Alphaproteobacteria class, and Chlamydia and Cyanobacteria species [27]. Recently, F.
tularensis, a bacterium with similar nutritional requirements as L. pneumophila, was
found to contain 9 homologues of PhtA, identified as the Francisella phagosomal
transporters (fpt) [128]. Deletion of three fpt members, fptB, fptE, and fptG, in F.
tularensis LVS resulted in strains that were significantly attenuated and protective to
varying degrees when used to vaccinate mice [128]. The substrates for fptB (also ileP)
and fptE (also ansP) were later identified as isoleucine and asparagine, respectively [76,
77]. Interestingly, F. tularensis is not auxotrophic for either of these amino acids, but
deleting the transporter for either resulted in reduced intracellular growth [76, 128].
Additionally, the AfptB strain was delayed in escaping from the phagosome, thus altering

significantly the intracellular lifecycle of F. tularensis [77].

19



Francisella tularensis VVaccines

As mentioned previously, no licensed vaccine exists for protection against F.
tularensis though interest in the creation of one was renewed since the anthrax attacks of
2001 [150]. Historically, vaccination strategies against F. tularensis have utilized one of
three approaches: killed whole cell formulations, subunit vaccines, and live attenuated
strains. Killed vaccines, named “Foshay” vaccines after their inventor, Dr. Lee Foshay,
consisted of phenol- or acetone-killed bacteria [72]. Original experiments with this
formulation met with mixed success; reductions in ulceroglandular and typhoidal disease
incidences were documented in U.S. Army researchers who were administered the
vaccine [43], but poor levels of protection were observed in other studies with human
immunization and challenge [219, 58]. More recent attempts to develop inactivated F.
tularensis vaccines have reached similarly poor results. Heat killed F. tularensis LVS
coupled with IL-12 expressed from a vasicular stomatitis virus vector increased bacterial
clearance in mice from F. tularensis LVS challenge when compared to non-adjuvented
controls, but all protection was lost when challenge utilized the F. tularensis Type A
strain [110, 12]. The observed inability of these vaccine constructs to induce a cellular
immune response, widely considered necessary for successful protection against F.
tularensis, has reduced enthusiasm for this type of vaccine strategy [223, 212, 63].
Subunit-based vaccine strategies have been similarly disappointing. Low-level protection
was observed in mice vaccinated with Francisella O-antigen conjugated to bovine serum
albumin when challenge consisted of F. tularensis LVS or wildtype Type B strains, but
no protection was achieved with systemic challenge with the Type A strain [74, 43].

Proteins have been targeted as well, most notably the outer membrane proteins FopA and
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Tul4 [81, 73], but these attempts did not outperform LPS-based constructs. Most
promising of the recent component vaccine constructs have been those utilizing cationic
surfactant vesicles incorporating either F. tularensis LVS or SchuS4 components. Most
intriguingly, vaccination of mice with SchuS4-derived nanoparticles elicited 66%
protection from heterologous intranasal challenge [174], likely pointing the way forward

for further development.

The live attenuated vaccine strategy has shown the most promise to date, most
notably through the live vaccine strain F. tularensis LVS. What would become LVS was
developed from several live attenuated vaccine candidate strains derived from F.
tularensis subspecies holarctica produced by the Soviet Union through the 1940°s and
1950’s and transferred to the United States in 1956 [150]. Further passage of that strain in
the United States on peptone cysteine agar gave rise to LVS, characterized as having two
phenotypic variants, blue and gray-colored colony types [223]. Vaccination of mice with
blue colony F. tularensis LVS was found to confer full protection against Type A and
Type B challenge, while gray colony LVS failed to protect [58]. Human studies
undertaken to determine the efficacy of F. tularensis LVS were conducted by the U.S.
Army under the moniker “Operation Whitecoat” [223]. F. tularensis LVS conferred some
protection against Type A challenge, especially in comparison to contemporary Foshay
vaccines [23], but the efficacy varied via route and dose of vaccination and route and
dose of challenge. For example, all individuals vaccinated via inhalation with F.
tularensis LVS were protected from aerosol challenge with 2.5 x 10* CFU of the Type A
strain SchuS4, while only 46% of cutaneously vaccinated individuals developed sickness

[91, 131]. While the superiority of aerosol vaccination with F. tularensis LVS was
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ascertained, LVS was found to be more reactogenic when inhaled, and thus, the less
efficacious scarification method was the only route of vaccination approved for use

[223].

F. tularensis LVS never gained licensure in the United States, largely due to the
inability to protect fully against Type A strain challenge, the instability of its colony
types, and the lack of understanding (at the time) of the attenuating mechanism behind
the strain [180, 127]. Importantly, LVS provides proof-of-principle that a live attenuated
strain can provide at least partial protection against aerosol challenge with the highly
virulent F. tularensis Type A strain. Recently, a batch of F. tularensis LVS produced
following current good manufacturing practice (cGMP) conditions was found to be
entirely of the blue colony type, and was attenuated and immunogenic in rabbits [153].
Trials in humans with this newly manufactured strain demonstrated robust induction of
Francisella-specific IgA, 1gM, and IgG via the scarification route [60, 143], and
represent the first steps towards future licensure in the United States. Beyond new
attempts to reassess F. tularensis LVS, many new live vaccine candidates have been
constructed utilizing both the LVS, Type A SchuS4, and subspecies novicida F.
tularensis backgrounds, with the goal to confer a high level of protection against the
virulent F. tularensis Type A strain and to qualify for licensure under the FDA’s Two
Animal Rule [68]. Targeted deletion of genes believed to be important for virulence have
produced strains of known origin and rational construction, and have exhibited varying
degrees of efficacy in animal models, as work aims to find the ideal balance between

immunogenicity and attenuation [127, 162].
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F. tularensis LVS has served as the basis for numerous vaccine strain constructs,
as it serves as a reliable substitute for the Type A strain in mice. F. tularensis LVS is
non-lethal in humans and can be handled in a BSL-2 environment, yet it induces a disease
similar to that of the Type A strain in humans in mice [71]. The 50% lethal dose (LDso)
in mice has been calculated for many routes of challenge [127], making the strain a useful
benchmark against which to test the attenuating capacity of new mutations. Furthermore,
the 99% genetic identity between F. tularensis LVS and the Type A strains allows for
LVS to serve as a surrogate before work is attempted in the more virulent Type A strain
[103]. F. novicida has 98% genetic similarity to the Type A strain, and has also been
utilized in this fashion [105]. Several key genes have been targeted for mutation and
tested in F. tularensis LVS, F. novicida, and Type A F. tularensis, including the
guanosine monophosphate (GMP) biosynthesis genes guaA and guaB [182, 183], purine
biosynthesis genes purMCD [154, 155], the aforementioned y-glutamyl transpeptidase
got [4, 94], capsule biosynthesis gene capB [96, 138], the catalase gene katG [117], and
several others that are summarized more completely in Table 1.1. Protection against the
virulent Type A strain in animals has been varied, as the optimal balance between
immunogenicity and degree of attenuation remains elusive across the multitude of animal

models utilized in the Francisella field.
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Table 1.1 Summary of published live attenuated F. tularensis vaccine strains and their protective
ability in animal models.

Vaccination | Challenge survival
Base Gene Gene Dose and Dose and in Citation
Strain Targeted Function Route Route Animals
(CFU) (CFU)
2.8 x10° 100%
. 7
LVS guanine | 22X107LP- 150 Vs | BALBIC 181
guaA nucleotide 182],
Schus4 biosynthesis 7.0x 10° 100 I.N. 0%
I.N. SchuS4 C57BL/6J
2.8x 10° 100%
. 7
LVS guanine | 36x107LP- 157 s | BALBIC 181
guaB nucleotide 182]’
SchuS4 biosynthesis 6.0 X 107 100 I.N. 0%
I.N. SchuS4 C57BL/6J
guanine 8
1.0 x 10 100 I.N. 0%
SchuS4 | guaBguaA double LN Schusa C57BL/6) [182]
mutant
LVS 1.0 x 108 5.0 x 108 100%
I.N. I.P. LVS BALB/C
purine 1.0 x 108 100 I.N. 100% [154,
LVS purMCD biosynthesis I.N. Schus4 BALB/C 155]
1.0 x 10* 500 I.N. 40%
Schus4 I.N. Schus4 | BALBIC
LVS 1.0 x 10° 10X LDsg 100%
capsule I.N. aerosol BALB/C [96,
capB biosynthesis 100SC 100% 201]
4 0
SchuS4 1.6 x 10*SC Schusa BALB/C
1.3 x 108 37 LN. 100%
I.N. SchuS4 C57BL/6J
conserved
. 2.6 x 108 68 I.N. 50%
SchuS4 FTT 1103 f}ypothetlgal IN. Schus4 C57BL/6] [164]
ipoprotein
1.0 x 108 95 L.N. 75%
I.N. SchuS4 BALB/C
heat shock 1.0 x 107 105 I.N. 100%
Schus4 clpB protein 1.D. schusa | BaLeic | 84
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Table 1.1 Continued

10x10° |3x10°LN. | 100%
c ;’éfﬁtl\ér'] LN, LVS BALB/C
- iglB [41]
novicida system 10X 10° 251N, 67%
component orally SchuS4 | C57BL/6J
, 1.0x 10° 8.5 x 10 83%
iglB mutant orally IIN.LVS | BALB/C
F. e expressing S.
novicida IngﬂjB Typhl 1.0 x 107 1.0 x 10 83% [46]
flagellin ' I.T. :
g orally Schusa Fischer rat
1.0 x 10° 500 I.D. 0%
Type VI
Sezfeﬁ o 1.D. FSC033 | BALBI/C
SchuS4 iglC “vstern [216]
Y 1.0x 107 | 10 aerosol 0%
component I.D. FSC033 | BALB/C
F. Francisella
tularensis . pathogenicity 7 300 SC 100%
subsp. igIH istand (FP1) | 30X 10°SC 1 £seong | BaLeic | 207
holarctica component
6 x 102
F. 1.0 x 10° 0%
novicida mglA FPI regulator aerosol aero_so_l F. BALB/C [225]
novicida
1.0 x 10° 83%
8
9'7| >I<\I10 IN. Fisher rat,
N SchuS4 NHP
F. igID PPl 10x10° | 500N, 80% [34]
novicida component 1D Schus4 BALB/C
4.8 x 10° 1.0 x 10° 0%
IN. ILIN.LVS | BALBIC
glutamyl- 5 . 0
SchuS4 got transpeptidas 8'7582 10 1%%§ngf' BfIE)B?C [94]
e
superoxide 1.0 x 10* 14 I.N. 40%
LVS sodB dismutase IN. schusa | cs7BL/e | L]
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Table 1.1 Continued

1.0 x 10° 100%
I.N. BALB/C
. 25X LDsp 0
LPS O-antigen | 1.0 x 10° 100%
LVS WhtA . ) 1.D./1.N/L. [169]
1.D. BALB/C
biosynthesis P LVS
100%
7
1.0x 107 L.P. BALB/C
25X LDsp 100%
_ | LD.(LVS) | BALB/C
LVS wtbl '-E.S O;\"’;ﬂ“ge” 28X 10 [114]
I.P. (LVS) | BALB/C
1.5x 10’ 1.0x 10° 100%
. I.N. ILN. LV BALB
LPS O-antigen S c
LVS wzy o osvnthesi [104]
I0SYNtNesIS 1 3.5 x 10° 81.N. 84%
I.N. SchuS4 BALB/C
galactose 1.0 x 107 5.0 x 10* 100%
LVS galu utilization N IN.LVvS | cs7eLes | 199
isoleucine 3 1.2x10° 100%
fptB transporter 3.0x10°1.P. I.P. BALB/C
LVS asparagine 3 1.2 x 10° 100% [128]
fptE transporter | SO X101 p) BALB/C
MFS 6 2.0 x 108 100%
fptG transporter 3.0x10°1.P. I.P. BALB/C
10 LL.N. 45%
SchuS4 BALB/C
10 LN.
50 I.D. 25%
hypothetical SchuS4 BALB/C
SchuS4 | FTT_1676 membrane >
protein 10 L.N. 100% [174]
SchuS4 BALB/C
50 I.D.
50 I.D. 100%
SchuS4 BALB/C
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Table 1.1 Continued

10 I.N. 80%
SchuS4 BALB/C
10 I.N.
50 I.D. 50%
- SchuS4 | BALB/C
Schus4 | FTT 0369¢ hypOtrt'e.“Ca'
protein 10 I.N. 90%
SchuS4 | BALB/C
50 1.D.
50 I.D. 100%
SchuS4 | BALB/C
10 I.N. 10%
SchuS4 | BALB/C
10 I.N.
50 I.D. 30%
FTT 0369c dofg’c'ﬁinmg“tzam Schus4 | BALB/C
SchuS4 + .
FTT 1676 hypOtth‘?“Ca' 101N, 65%
proteins SchuS4 | BALB/C
50 1.D.
50 I.D. 70%
Schus4 | BALB/C
hypothetical 3 1.2 x10° 100%
LVS | FTL 0439 orotein 2.3x 1031.P. D corBL/ey | [194]
orphan 6 1.0 x 10°
F. 1.0x 10 100%
novicida pmrA response I.N. IN F BALB/C [141]
regulator novicida
. disulfide bond 1.3 x 108 37 I.N. 100%
SchuS4 | fipB (dsbA) | ¢ ation LN. Schusa | cs7BL/ey | 1641
disulfide
2.0 x 103 13 I.N. 0%
Schus4 sbis bond I.N. schus4 | cs7BL/ey | [162]
formation

Abbreviations: I.N. — intranasal, 1.P. — intraperitoneal, I.D. intradermal, Scarif. —

scarification, |.T. — intratracheal
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Project Background

The ubiquity of MFS transporters in all domains of life has demonstrated the
necessity and adaptability of members within this family to transport many important
substrates across many species, including numerous pathogenic species [139, 171, 107].
As such, they are potentially important targets of exploitation for vaccine and small
molecule therapies that have remained largely understudied. Intracellular bacteria,
including facultative ones like F. tularensis, have been demonstrated to undergo genomic
reductions, with transporter, biosynthesis, and metabolism genes being shed at a higher
than random rate [135]. There is an implied necessity for transporter-encoding genes that
remain in these pathogens, making them especially intriguing targets. Previous work in L.
pneumophila, another intracellular bacterium within the Gammaproteobacteria class that
is closely related to F. tularensis, demonstrated the value of targeting MFS transporters in
facultative intracellular pathogens. Deletion of phtA (phagosomal transporter A), a
threonine transporter, elicited a strong intra-macrophage growth defect, as well as greatly
altering the replicative cycle for L. pneumophila [191]. A similar necessity for replication
was demonstrated for phtC and phtD, other members within the phagosomal transporter

family responsible for thymidine salvage [67].

A BLAST search of the F. tularensis Type A genome SchuS4 using phtA as the
probe identified nine homologous genes, all of which have highly similar (>98%)
homologs in LVS [128]. As shown in Table 1.2, previous work in our lab endeavored to
ascertain if these genes were necessary for intracellular replication and virulence. Eight
of the nine identified Francisella phagosomal transporters (fpt) were successfully deleted

in the F. tularensis LVS background. The loss of three of these eight, fptB, fptE, and fptG
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Table 1.2. Summary of fpt family transporters in Francisella tularensis and their deletion
phenotypes in F. tularensis LVS [128] (*unpublished results).

Altered Attenuation Highest
Strain G LVS Schusa Replication | in BALB/c dosegtested Survival
ene ID Gene ID AN .
in vitro mice (CFU)

LVS -- -- No No 5.0 x 10° 0/4
LVSAfptA | FTL_1673 | FTT_0104c No Yes* 3.0x10° 4/4
LVSAfptB | FTL_1803 | FTT_0056¢ Yes Yes 3.0x10° 214
LVSAfptC | FTL_0946 | FTT 0671 No No* 3.0x10° 0/4
LVSAfptD | FTL_1806 | FTT_0053 N/A N/A N/A NA
LVSAfptE | FTL_1645 | FTT 0129 Yes Yes 3.0 x 10* 2/4
LVSAfptF | FTL_1647 | FTT_0127c No Yes* 6.0 x 10° 4/4
LVSAfptG | FTL 0443 | FTT 1291 Yes Yes 3.0 x 108 4/4
LVSAfptH | FTL_1573 | FTT_0488c No No* 5.0 x 10° 1/4
LVSAfptl | FTL_1528 | FTT 0708 No No* 4.0 x 10° 0/4
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was found to cause significant alterations to the intracellular replication cycle of F.
tularensis LVS. Deletion of fptB and fptG severely reduced replication in J774.1
macrophage-like cells, while deletion of any of the three greatly reduced replication in
HepG2 hepatocyte carcinoma cells [128]. Furthermore, mutants lacking any of fptB, fptE,
or fptG were highly attenuated when inoculated via the intraperitoneal route, as compared
to WT LVS in BALB/C mice. Most intriguingly of all, when utilized as a vaccine, mice
inoculated with these strains survived challenge with 1,000x the lethal dose of LVS,

demonstrating their promise as vaccine targets [128].

Given the high level of homology between F. tularensis LVS and SchuS4 across
the entirety of both genomes, and because we hypothesize that the Type A background
will provide a higher level of protection against F. tularensis Type A challenge, the next
step of development for an fpt-based live attenuated vaccine is derivation of F. tularensis
Type A-based fpt-deficient strains. It was hypothesized that deletion of one of the four
most promising fpt gene targets, fptB, fptE, fptF, or fptG, would result in strains with
significant alterations to the intracellular replicative lifecycle that would render the
strains attenuated for virulence. In addition, alterations in the intracellular lifecycle would
reveal important aspects of the host-pathogen interaction. To this end, a suicide plasmid
vector system was utilized to create targeted, marker-less deletions in the F. tularensis
SchuS4 Type A background in the fptB, fptE, fptF, and fptG loci.

The four resulting mutant strains were tested for alterations to the replicative
lifecycle. For F. tularensis SchuS4AfptG, SchuS4AfptE, and SchuS4AfptF, no aberrations
were found in replication in Chamberlain’s defined medium, a minimal broth medium. F.

tularensis SchuS4AfptB was observed to replicate at a slower rate, and this growth
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attenuation was rescued with an excess of isoleucine, the substrate of the FptB transporter
[77]. Two of the four strains, F. tularensis SchuS4AfptG and SchuS4AfptB, were delayed
in cellular escape from macrophages, and in the case of SchuS4AfptG, hepatocytes.
Additionally, F. tularensis SchuS4AfptB was found to be attenuated for growth in
macrophages. The host innate immune response was found to be altered with regard to
both strains that had altered replication mechanics. Both F. tularensis SchuS4AfptB and
SchuS4AfptG were attenuated in the C57BL/6J mouse model, and ultimately, F.
tularensis SchuS4AfptB was found to confer modest protection against virulent Type A
F. tularensis challenge. Further work is needed in order to elucidate the molecular
mechanism driving the escape delay phenotype uncovered by F. tularensis SchuS4AfptG
and SchuS4AfptB, but a possible link to autophagy was made utilizing the vesicle
acidification/autophagy inhibitor bafilomycin A1 in the context of SchuS4AfptG
infection. A deeper investigation into the molecular mechanisms of the immune response
engendered by F. tularensis SchuS4AfptB is also warranted, as vaccination with this
strain was never able to protect fully against any dose of WT challenge. Over the course
of this study, it has been demonstrated that members of the Francisella phagosomal
transporters are important determinants of virulence and play a vital role in the timely

progression of F. tularensis through its intracellular replication cycle.

Hypothesis: The central hypothesis of this work is that members of the fpt family are
vital components of the intracellular pathogenic lifecycle of Francisella tularensis, and as
such, are valuable targets for the development of a live attenuated vaccines derived from

the virulent Type A strain.
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Aim I: Construction and in vitro characterization of single knockout fpt Type A
strains.

Deletion mutants will be evaluated in both cell-free and intracellular
environments. Standardized growth curves in minimal defined media will ascertain if any
of the fpt genes are necessary for in vitro replication. Then, gentamicin protection assays
will determine the abilities of the mutants to replicate, survive, and escape from relevant
model cell types, as intracellular proliferation is a key determinant of virulence for F.
tularensis [4, 133]. In the course of the gentamicin protection assays, the early in vitro
cytokine response will be examined both at the level of transcription, and cytokine
secretion. Early innate immune responses are important determinants of the success of
the overall response to F. tularensis, and guide both survival, and vaccine efficacy [51,

127, 61].

Aim |1: Characterization of attenuation and the protective capacity of Type A-based

fpt knockout mutants in C57BL/6J mice.

Type A F. tularensis causes a lethal infection in mice, and C57BL/6J strain mice
are exceptionally susceptible with as few as < 10 CFU being lethal [29, 167], making
them a rigorous background upon which to test for attenuation and the protective abilities
of fpt mutant strains. Both male and female mice will be utilized, to control for the
possibility of gender bias [210]. To ascertain an LDsg, mice will be inoculated with
increasing doses of an fpt mutant strain, and will be monitored for survival and clinical
signs of sickness such as weight loss, lethargy, and ruffling of fur. Should a strain be

sufficiently attenuated, the protective capacity of this strain will be tested.
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Aim I11: Determination of the role of FptG in virulence and the investigation of the
importance of autophagy in the host escape delay phenotype of F. tularensis

SchuS4AfptG.

To date, the substrate transported by FptG has yet to be identified. Due to the
genetic identity between F. tularensis LVS and SchuS4 at the fptG locus, LVSAfptG will
be utilized in supplemented minimal media growth curves to ascertain the nature of the
substrate for fptG. Findings in the F. tularensis LVS background will be translated to the
SchuS4 background for further confirmation. Furthermore, F. tularensis SchuS4AfptG
exhibits no replicative defect, but instead a significant delay in escape from the host’s
cytosol in multiple cell types, a novel phenotype in Francisella. Investigations utilizing
gentamicin protection assays supplemented with the autophagy inhibitor bafilomycin Al
will aim to identify if the escape delay phenotype relies upon Francisella’s induction of

autophagy [26, 45, 204].

At the end of these studies, we expect to have identified Francisella phagosomal
transporters that are required for normal intracellular lifecycle progression, pathogenesis,
and virulence. On the weight of prior studies in F. tulanrensis LVS, it is expected that
several, if not all, mutants will exhibit some sort of in vitro deficiency, and will be both
variably attenuated and protective in in vivo studies. Ultimately, the viability of targeting
fpt genes, and the viability of targeting nutrient transporters in general, will be tested in

the virulent Type A background of Francisella tularensis.
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Chapter 2 — Materials and Methods

Bacteria and Growth Conditions

Bacterial strains utilized in this study are listed in Table 2.1. F. tularensis SchuS4
was obtained from BEI Resources (Manassas, VA) and preserved in supplemented
Mueller Hinton broth (BD Microbiology Systems, Sparks, MD) with 15% glycerol and
stored at -80° C for long-term storage. F. tularensis LVS was obtained from the ATCC
(Manassas, VA), and was kindly provided by Dr. Karen Elkins (CBER/FDA, Rockuville,
MD). LVS was maintained for long term storage as outlined above. Working bacterial
stocks for use in in vitro and in vivo experiments were prepared in supplemented Mueller
Hinton broth using bacteria concentrated from a supplemented Mueller Hinton agar plate.
Bacteria were re-suspended to a concentration of approximately ODegoonm 0.6 and

aliquoted for storage at -80° C.

Mueller Hinton broth (MHB) is supplemented with 1% Isovitalex (BD, Sparks,
MD), 0.25% ferric pyrophosphate (Sigma, St. Louis, MO), 0.1% glucose, 0.105 g
hydrous MgCl. (Sigma, St. Louis, MO), and 0.09 g CaCl2-2H20 (Sigma, St. Louis,
MO). Mueller Hinton Agar (MHA) was supplemented with 1% Isovitalex (BD,
Cockeysville, MD), 0.25% ferric pyrophosphate (Sigma, St. Louis, MO), 0.1% glucose,
10% defibrinated sheep blood (Lampire Biological, Pipersville, PA), 1.6% granulated
agar (BD Bioscience, Sparks, MD), 1% bacto-tryptone (BD Bioscience, Sparks, MD),
and 0.5% NaCl (Sigma, St. Louis, MO). Liquid cultures were grown on a shaker at 37° C
and 5% CO.. Solid cultures were grown in an incubator at 37° C and 5% CO.. Selection

parameters for co-integrants utilized kanamycin (Sigma, St. Louis, MO) at a final culture
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Table 2.1: F. tularensis LVS and SchuS4 strains utilized in this study

Strain Characteristic Source
LVS attenuated Type B vaccine strain CBER/FDA
LVSAfptB LVS strain lacking FTL_1803 | Laboratory collection [128]
LVSAfptC LVS strain lacking FTL_0946 | Laboratory collection [128]
LVSAfptE LVS strain lacking FTL_1645 | Laboratory collection [128]
LVSAfptF LVS strain lacking FTL_1647 | Laboratory collection [128]
LVSAfptG LVS strain lacking FTL_0443 This Study
LVS strain lacking FTL_1803 .
LVSAfptBAfptC and FTL._0946 This Study
LVS strain lacking FTL_1647 .
LVSAfptFAfptE and FTL._1645 This Study
Schus4 Wildtype Type A !:ranmsella BE|
tularensis
Type A strain lacking .
SchuS4AfptB FTT 0056¢ This Study
SchuS4AfptE Type A strain lacking FTT_0129 This Study
Type A strain lacking .
SchuS4AfptF FTT 0127c This Study
SchuS4AfptG Type A strain lacking FTT_1291 This Study
SchuS4AfptGComp Trans-complement of fptG This Study
SchuS4AfptBComp Trans-complement of fptB This Study
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concentration of 10 pg/mL or sucrose at 0.5 M solubilized in MHB or at 8% volume in

MHA.

Targeted Deletion of Genes in F. tularensis

F. tularensis SchuS4 or LVS was transformed via electroporation. First,
competent cells were produced by resuspending a fully grown MHA plate of WT F.
tularensis into 2 mL of 0.5 M sucrose in PBS (Corning, Manassas, VA) distributed in to
4 1.5 mL Eppendorf tubes. Bacteria were pelleted via centrifugation at 5,000 RPM (1,400
x g) for 15 minutes, and supernatants were discarded. Pellets were re-suspended with
fresh 0.5 M sucrose via pipetting. Pelleting and resuspension steps were repeated a total
of 3 times, before resuspending at a final volume of 50 pL per tube and combining into
one tube. At this stage, the desired suicide plasmid (Table 2.2), approximately 150 pL in
volume prepared from a 500 mL LB broth culture of DH5a E. coli (Qiagen Midi-Prep,
Germantown, MD), was mixed thoroughly among the bacteria with gentle pipetting, then
the entire mixture transferred to a 0.2 cm electroporation cuvette (BioRad, Hercules, CA).
Bacteria were pulsed 3x at 1,750 KV, 25 uF, and 600Q. After electroporation, bacteria
were recovered using MHB, and allowed to incubate at 37° C and 5% CO. shaking at 150
RPM for approximately 1 hour. To begin selection for co-integrant strains, the bacterial
suspension was plated on MHA plates containing kanamycin and allowed to incubate at
37° C and 5% CO- for no less than 5 days. Co-integrant strains were confirmed by replica

plating to fresh kanamycin-containing MHA plates and PCR.

Once co-integration was confirmed, counter-selection was begun to find double-

recombinants. Counter-selection was begun by first plating the confirmed co-integrant to
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Table 2.2: Plasmids utilized in the construction of F. tularensis LVS and SchuS4 deletion
mutants

Plasmid Characteristics Source
pFT893AfptB Suicide plasmid for FTT_0056¢/FTL_1803 | [128]
pFT893AfptG Suicide plasmid for FTT_1291/FTL_0443 | [128]
pFT893AfptE Suicide plasmid for FTT_0129 [128]
pFT893AfptF Suicide plasmid for FTT_0127c [128]
pFT893AfptA Suicide plasmid for FTL_1673 [128]

pFT906fptG Trans-complement plasmid of fptG [128]
pFT906fptB Trans-complement plasmid of fptB [128]
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a kanamycin-free MHA plate and allowing 2-3 days of growth. A swab was taken
through the thickest growth and re-suspended into MHA containing 10% sucrose.
Double- recombinant strains have lost the plasmid and the corresponding sacB selection
marker, and will thus be unaffected by the presence of high levels of sucrose, while
plasmid containing bacteria will be severely affected. Sucrose curing was allowed to
occur overnight at 37° C and 5% CO. while shaking at 150 RPM. The sucrose culture
was then diluted out to 10, and the entirety of all dilutions were plated to MHA plates
containing 8% sucrose. Colonies formed on sucrose plates were re-plated to fresh sucrose
plates, and were screened for loss of the target gene via PCR using primers outlined in

Table 2.3.
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Table 2.3: DNA primers utilized in the construction and characterization of fpt mutant strains

Primer Sequence Function Strain
Fpt_G Forward TCTAGGTGGTGTCACCAAAC Exterr}zltgrimers SI&\]{J SS 4
Fpt_G Reverse AGCAAACCGCTATGGTATCC Exterr}zltgrimers SIEF\{J SS 4
Fpt_B_ﬁchuS4_ CCCTCOACTGARCTCOTTAT Externfa;)ltgrimers SI&\]{JSS,Ar
Fpt_B_;chuS4_ CCGTTAGCCATCTACAAGGA Externfa;)ltgrimers SI&\]{JSS,Ar
Fpt_ F_SchuS4 F TGTTCCGCCGTAAATCTCAAGC Externfa;)lﬂgrimers SchuS4
Fpt—F—EChUSA'— GAACCAGTTAGCGCGTTAGATGTG Externfa;)lﬂgrimers SchuS4

Schufpte_F GGCGCACAATATCGTACTCAAC Exterrflg:é)rimer SchuS4
SchufptE_ R TTTGATCTGGCTEAACGCGGCCAAA Exterrflra)t: Eprimer Schusa
Fpt_A Forward GGTTGTTGGCGTAATACC Exter?g: Ap rimer LVS
Fpt_A Reverse GCGATTGGAGATGATAGC Exter?g: Ap rimer LVS
Fpt_C forward AAAGCTAAGCTAGCGAC Exter?stl (? rimer LVS
Fpt_C reverse TAGAGCTGCTGCACTTGG Exterrflstlé) rimer LVS
SchuS4_inB_F TTTGCCTTTGCCGCAAGCTTTC Internfgltgrimer S‘T\lgd"
SchuS4 inB R | CCAATAATTGGTGAGCCGATAGCC Interr}%ltgrimer Scl_h\ljg‘l’
SchuS4_inG_F CCGCTTTCATGTGGTCATATGC Interr}glt grimer Scl_h\ljg‘l’
Schus4_inG_R GCAACTAATGCCCATGTTGGAG Interr}glt grimer Scl_h\ljg‘l’
LVS_inF_F ATGGGCTGGCTTACTCTATACG Interr}?)lﬂrz)rfmer ST&?’
LVS_inF_R TCGCCACTATCAATAGCGAGTC Interr}%lﬂg rfmer S(ﬂ]\lgll’
LVS_inE_F GCAAGTCCTGCATAATGCACTGAG Interr}%ltEprfmer S(ﬂ]\lgll’
LVS_inE_R TGGGCTTATGTGGCATCACAAC Interr}?)ltEprlmer ST@?’
LVS_inA_F CCTAAAGTTCTGGGCTGCAAG Interr}?)lt'grimer LVS
LVS_inA_R TACTCTCGCTGTTGCTGATCC Interr}?)lt'grimer LVS
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Table 2.3 Continued

Internal primer

LVS_inC_F ACACTGAAAGTGGCTGCTGATG fotC LVS
LVS_inC_R AGGAAGGACCTCCAACTGCTATAC Interr}glt cp:rlmer LVS
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Bacterial Growth Curves

The impact of the deletion of fpt genes on the replication rate of the F. tularensis
Type A strain was first assessed in broth culture. Growth curves were performed in
Chamberlain’s Defined Medium [25] (CDM) (Teknova, Hollister, CA), and either WT F.
tularensis or an fpt mutant were grown from a starting ODeoo approximately 0.1. Cultures
were grown at 37° C and 5% CO> while shaking at 150 RPM, and ODeoo readings were
taken every 1.5 hours over the course of 7.5 hours.

Supplementation experiments utilizing either F. tularensis LVS and LVSAfptG
were undertaken using CDM supplemented with either 0.5% casamino acids (Fisher
Scientific, Pittsburgh, PA), 3 mM methionine (Sigma, St. Louis, MO), 2X glucose
(Sigma, St. Louis, MO), 5X thiamine (Sigma, St. Louis, MO), 4X calcium pantothenate
(TCI America, Portland, OR), or 3X spermine phosphate hexahydrate (Santa Cruz
Biotechnology, Dallas, TX). Experiments using F. tularensis SchuS4AfptB included 3
mM isoleucine supplementation(Acros Organics, Geel, Belgium). Experimental time
courses and setup for all supplementation assays were as outlined above.

To assess the impact of a second fpt deletion from the F. tularensis LVS genome,
F. tularensis strains LVS, LVSAfptFAfptA, and LVSAfptCAfptB were grown in a 96 well
flat-bottom plate in 100 pL of MHB over 25 hours in a Tecan m200 Pro set to rock at 100
RPM, and maintain 37° C and 5% CO.. Strains were plated in decuplicate.

Intracellular Replication and Escape Assays

The ability of F. tularensis Type A strain-derived fpt mutant strains to replicate
and spread cell-to-cell was evaluated in THP-1 human macrophage-like cell line and
HepG2 human hepatocyte carcinoma cell line cells (ATCC, Manassas, VA), as well as in

C57BL/6J mouse bone marrow derived macrophages (BMDMSs) and human monocyte
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derived macrophages (MDMs). F. tularensis LVS-derived fpt single and double mutant
strains were evaluated in the RAW 264.7 macrophage-like cell line (ATCC, Manassas,
VA).

THP-1 cells were cultivated in Roswell Park Memorial Institute 1640 medium
(RPMI 1640) (Cellgro, Manassas, VA) supplemented with 10% FBS (Sigma, St. Louis,
MO), and 0.1% 1000x 2-mercaptoethanol (Gibco, Gaithersburg, MD) and maintained at
37°C in 5% CO». Three days before the beginning of an assay, THP-1 cells were seeded
at a density of 1 x 10° cells per well in 12-well plates (Corning Costar, Corning, NY) and
differentiated using phorbol myristate acetate (PMA) (Sigma, St. Louis, MO) at a
concentration of 50 ng/mL for 24 hours. Media was then changed to RPMI 1640
supplemented as described above.

For assays to assess bacterial replication, cells were infected at a multiplicity of
infection (MOI) of 100 with either F. tularensis SchuS4 or an fpt mutant for a period of 2
hours. Following the 2 hour infection, cells were washed twice with PBS and incubated
in RPMI 1640 containing 50 ng/mL gentamicin (Gibco, Gaithersburg, MD) for 1 hour.
At 3 hours post infection (hpi), cells were washed again 2X with PBS, and placed into
fresh RPMI 1640 lacking gentamicin. Bacterial replication was assayed at 3, 24, and 48
hours post-infection by lysing cells with a 0.02% SDS in PBS solution, followed by serial
dilution and plating on MHA. Supernatants were saved for downstream analyses.

For assays to assess bacterial escape kinetics, the infection and washing steps
were repeated as shown above through 3 hpi. Instead, gentamicin containing media was
not washed off cells, and thus cells were left for the duration of the assay in 50 pg/mL

gentamicin. CFU were sampled as described above in either 3, 24, and 48 hour time
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courses, or 3, 9, 15, 21, 27, and 33 hour time courses. Supernatants were saved for
downstream analyses.

HepG2 cells were cultured in Eagle’s Minimal Essential Medium (EMEM)
(Cellgro, Manassas, VA) supplemented with 10% FBS and maintained at 37°C in 5%
COz. One day prior to the start of an assay, HepG2 cells were seeded at a density of 1 x
10 per well in a 12 well plate and infected at an MOI of 300 at the start of the assay.
Infection and washing protocols are as described above for both replication and escape
kinetics assays with time points for CFU sampling at 3, 24, and 48 hpi.

RAW264.7 mouse macrophage-like cells were cultured in Dulbecco’s Modified
Essential Medium (DMEM) (Cellgro, Manassas, VA) supplemented with 10% FBS and
were maintained at 37°C in 5% COz. One day prior to the start of an assay, RAW?264.7
cells were seeded at a density of 1 x 10° per well on a 12 well plate, and at assay start,
were infected at an MOI of 100 with either F. tularensis LVS or an fpt mutant strain.
Infection and washing protocols are as described above for both replication and escape
kinetics assays with time points for CFU sampling at 3, 24, 48, and 72 hpi.

Bone marrow derived macrophages (BMDMs) were extracted from femurs taken
from 6-8 week old C57BL/6J mice (University of Maryland, Baltimore, Veterinary
Resources Breeding Facility) and flushed with DMEM supplemented with 10% low
endotoxin FBS (Gemini Bioproducts, West Sacramento, CA), 30% L929 supernatants,
1% non-essential amino acids (ThermoFisher Scientific, Waltham, MA), 1% HEPES
(ThermoFisher Scientific, Waltham, MA)), and 1% penicillin/streptomycin
(ThermoFisher Scientific, Waltham, MA). Cells were passed through a 70 um nylon

mesh (Fisher Scientific, Pittsburgh, PA) to remove debris and were placed into a T175
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(Corning) flask for culture and differentiation. Fresh media was replaced on the day after
extraction, and every other day subsequently for at least 1 week. The day before an assay,
cells were scraped gently, centrifuged at 1,200 RPM (125 x g) for 10 minutes, and re-
suspended at a concentration of 5 x 10° per milliliter in complete media lacking
penicillin/streptomycin. Cells were plated in a 24 well plate (Corning Costar, Corning,
NY). At time of infection, cells were infected with an MOI of 10. Infection and washing
protocols are as described above for replication kinetics assays with time points for CFU
sampling at 3, 8, and 24 hpi. Supernatants were saved for downstream analyses.
Monocyte-derived macrophages (MDMs) were isolated from 100 mL whole
human blood obtained in EDTA tubes (BD Microbiology Systems, Sparks, MD) from
normal, healthy volunteers by the University of Maryland, Baltimore Center for Vaccine
Development clinical staff. Blood was diluted 1:2 in PBS before being added to 15 mL of
ficoll (GE Healthcare, Laurel, MD) in SepMate tubes (Stem Cell Technologies,
Cambridge, MA ). SepMate tubes were spun at 1,200 xg for 15 minutes at room
temperature. Red blood cells were depleted using ACK lysis buffer (Gibco, Gaithersburg,
MD). Isolated MDMs were cultured for one week before the start of an assay in T75
flasks (Costar, Corning, NY) with RPMI 1640 supplemented with 10% low endotoxin
FBS (Gemini Scientific, West Sacramento, CA), 1% non-essential amino acids
(ThermoFisher Scientific, Waltham, MA), 1% HEPES (ThermoFisher Scientific,
Waltham, MA), and 1% sodium bicarbonate (ThermoFisher Scientific, Waltham, MA).
Media was changed daily. Two days before the start of an assay, cells were scraped from
the flask, enumerated, and plated at a density of 5 x 10° cells per well in a 24 well plate

(Costar, Corning, NY). At time of infection, cells were infected with an MOI of 10.
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Infection and washing protocols are as described above for replication kinetics assays
with time points for CFU sampling at 3, 8, and 24 hpi. Supernatants were saved for
downstream analyses.

Complementation of fpt Mutant Strains

Plasmids containing either fptB or fptG under the control of the F. tularensis guaB
promoter (Table 2.3) were electroporated into the F. tularensis SchuS4 mutant strain as
described previously. Complemented strains were evaluated in the THP-1 infection
model described previously.

Quantification of Host Cell Membrane Permeability

In order to assess changes to host cell membrane permeability during the course
of infection with F. tularensis SchuS4 or fpt mutants, the levels of lactate dehydrogenase
(LDH) released to the supernatants was quantified. LDH release was measured using a
Cytotox 96 (Promega, Madison, W1) kit carried out according to the manufacturer’s
protocol. Briefly, 50 pL of cell-free supernatants were plated in triplicate to a flat-bottom
96 well plate and were combined with 50 uL. of reagent solution. The plate was shielded
from light and allowed to incubate at room temperature for 30 minutes. Next, 50 uL of
stop solution is added to each well to end exposure. Measurement of samples was done
using a VersaMax plate reader (Molecular Devices, Sunnyvale, CA) at 490 nm
wavelength. Where appropriate, the following equation was utilized to calculate percent
cytotoxicity:

Experimental LDH Release (0D490)
Maximum LDH Release (0D490)

Percent Cytotoxicity = 100 x

Maximum LDH release was achieved by incubating control cells with a 0.02% SDS in

PBS solution for 1 hour at room temperature.
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Quantification of Cytokine Protein Secretion

IL-1B and TNF-a protein levels in THP-1 assay supernatants were measured by
ELISA (R&D Systems, Minneapolis, MI). Supernatants were collected at 3, 9, 15, 21, 27,
and 33 hours post-infection and stored at -80° C before sterilization and removal from the
BSL-3. Per the manufacturer’s guidelines, a high binding 96 well plate was coated with
100 pL capture antibody diluted in PBS and allowed to incubate overnight at room
temperature. This solution was then discarded and plates were washed 3X with 150 puL of
wash buffer per well (0.05% Tween 20 in PBS), before being blocked with 100 pL of
reagent diluent (1% BSA in PBS) per well for two hours at room temperature. After
blocking, plates were washed as previously described, and 100 pL of supernatant samples
were added in duplicate and allowed to incubate at room temperature for 2 hours. Plates
were washed as previously described, and 100 pL of detection antibody was added per
well and allowed to incubate at room temperature for 2 hours. Plates were washed again
as previously described, before the addition of 100 uL per well diluted Streptavidin-HRP.
ELISA plates were allowed to incubate for 20 minutes at room temperature with
Streptavidin-HRP before being washed once again. After washing, 100 pL per well of
substrate solution (KPL, Gaithersburg, MD) was added to each well, and allowed to
incubate, shielded from light, at room temperature for 20 minutes. After incubation, 50
ML per well stop solution (1 N phosphoric acid) was added to each well before reading at
450 nm with correction for plate imperfections set at 540 nm on a VersaMax plate reader

(Molecular Devices, Sunnyvale, CA).
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Western Blot Analysis

THP-1 macrophage-like cells were seeded to a 12 well plate as previously
described. Sets of 4 wells of cells were then left untreated, or treated with bafilomycin Al
for the periods of time described previously. Cells were then scraped, combined, and
lysed in 70% Tergitol buffer (Sigma-Aldrich, St. Louis, MO), then boiled for 10 minutes
at 100° C. Samples were then run on a 12% acrylamide gel, and transferred using an
iBlot2 dry blot system (ThermoFisher, Waltham, MA). The sample was then blocked in a
5% milk-TBST solution for one hour at room temperature, before being incubated with
rabbit anti-LC3 primary antibody (Novus Biologicals, Littleton, CO) overnight at 4° C.
The next day, the membrane was washed 3X for ten minutes each at room temperature
with 0.05% TBST before incubating for one hour with goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase (BioRad, Hercules, CA). The membrane
was again washed 3X at room temperature for ten minutes each before being treated with
TMB peroxidase substrate (KPL, Gaithersburg, MD) and reading on a BioRad ChemiDoc
MP (BioRad, Hercules, CA) at 650 nm.

Loading control was accomplished by stripping the blot of LC3 staining with
Restore (ThermoFisher, Waltham, MA) for ten minutes at room temperature and
incubating with rabbit anti-f actin (Novus Biologcals, Littleton, CA) overnight at 4° C.
The membrane was then washed as described previously, and incubated with anti-rabbit
secondary antibody as described earlier. The membrane was measured at 650 nm as

previously described.
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Determination of Attenuation of F. tularensis SchuS4AfptG and SchuS4AfptB

Alterations to the virulence of F. tularensis SchuS4AfptG and SchuS4AfptB in
vivo was determined using the C57BL/6J mouse. Groups of 4 mice were anesthetized
with a mix of 80 mg/kg ketamine/10 mg/kg xylazol and were inoculated intranasally
(1.N.) with 20 pL doses ranging from 2.0 x 10* through 7.6 x 10° CFU of either fpt
mutant, or between 1.1 x 10*to 5.4 x 10* CFU of WT F. tularensis SchuS4. Mice were
checked daily for clinical signs of illness and were weighed every other day during a time
course of 14 days. Mouse health was scored based on the following criteria: Condition 1
— normal activity; mice run freely and energetically around the cage and resist when
picked up. Condition 2 — mice are slower than usual and offer less resistance when
picked up. Condition 3 — mice exhibit a hunched posture, move very slowly, and display
ruffled, dull fur and squinted eyes. Condition 4 — mice are almost entirely sedentary,
hunched, and are either unresponsive or barely responsive to prodding. Fur is very ruffled
and dull. Mice scored at condition 3 were observed and weighed twice a day, while mice
scored at condition 4 were euthanized. A second euthanasia criterion was the loss of >
20% of the original starting body weight. All animal work conformed to the regulations
of and were approved by the UMB IACUC.

Determination of Protective Capacity

To test the ability of F. tularensis SchuS4AfptB to protect against virulent WT
challenge, groups of 4 mice were inoculated with approximately 1 x 108 CFU
SchuS4AfptB in either a single 20 pL intranasal dose, or prime/boost regimen. Mice
receiving a single inoculum were monitored for 28 days before receiving 20 pL intranasal

challenge doses ranging between 5 x 10 to 5 x 102 CFU. Mice receiving the prime/boost
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regimen were dosed as described above and monitored for 14 days before receiving a
second inoculum of ~1 x 10° CFU SchuS4AfptB. These mice were then monitored for 28
days before receiving 20 pL intra-nasal challenge doses ranging between 5 x 10'to 1 x
10® CFU. All challenged mice were then monitored and weighed daily for 14 days post-
challenge. Mouse health scoring and euthanasia criteria were as described in the
attenuation studies. Average day of death for each mouse group was calculated excluding
survivors.

Statistical Analysis

Using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA), two-way
analysis of variance (ANOVA) with Tukey’s post-hoc was performed to assess statistical
significance between bacterial CFU counts, calculated bacterial doublings, LDH release
levels, and cytokine ELISAS (p < 0.05). One-way ANOVA with Tukey’s post-test was
performed to assess statistical significance between F. tularensis LVS ODsoo readings in
MHB broth curves. Bacterial doublings were calculated utilizing the formula:

(log10Th - l0g10T (n-1)) x 3.32
Tn is the number of colony forming units (CFU) at one time point, and T¢-1) is the CFU
number at the prior time point [128]. In all instances, WT F. tularensis SchuS4, or F.
tularensis LVS served as the reference strain for all statistical tests. Statistical analyses
were performed in conjunction with the Center for Vaccine Development Biostatistics

core.
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Chapter 3 — Mutagenesis and in vitro characterization of Francisella
tularensis LVS strains lacking fpt genes

Generation of F. tularensis LVS double mutant strains LVSAfptFAfptA and

LVSAfptCAfptB

Previous studies in this laboratory determined that single deletions of selected fpt
genes in LVS resulted in growth attenuation [128]. We reasoned, therefore, that a
combination of fpt deletions would result in further attenuation. To assess the effect of
combination deletions on attenuation, double deletion mutants were engineered in the
strain F. tularensis LVS, targeting fpt genes that were only minimally attenuating on their
own. For both double mutants engineered, a suicide plasmid vector system dependent
upon homologous recombination was utilized to generate a marker-less deletion of a
second targeted gene in a pre-existing single deletion mutant strain [128]. The first gene
targeted was fptA, and deletion of this gene was generated in the F. tularensis LVSAfptF
strain. Figure 3.1 is a diagram of one of the suicide vectors utilized and how integration
occurs. Following electroporation, co-integrant colonies were selected by growth on
kanamycin plates. Co-integration was confirmed by PCR. Counter-selection to cure the
plasmid was accomplished in sucrose broth and spread plating on sucrose plates.
Genomic preparations of co-integrant and sucrose-cured strains were used as templates in
PCR reactions to confirm gene deletion (Fig 3.2). Specifically, two sets of primers were
utilized to screen and confirm mutants. One primer pair annealed to the upstream and
downstream flanks of the targeted gene, and the second set annealed within the gene
itself. As demonstrated in Figure 3.2, upon successful deletion of fptA in several selected
colonies, a smaller fragment was amplified in lanes 1-5 that corresponds to the size of the

deleted gene. Lane 6, containing the co-integrant, exhibited both the larger WT band, and
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Figure 3.1. Suicide vector utilized in marker-less deletion of fpt genes and its integration
into the Francisella genome. Important elements of the suicide plasmid include the aph
cassette, allowing for selection with kanamycin for plasmid integration into the
chromosome. The sacB gene encoding levansucrase allows for the selection of colonies
that have recombined to lose the suicide plasmid. The origin of replication for the
plasmid is not maintained in Francisella. Fragments of ~500 bp encoding the upstream
and downstream flanks of the targeted gene were cloned into the suicide plasmid.
Electroporation and selection for kanamycin identifies co-integrant strains that have
incorporated the plasmid into the genome via homologous recombination. Sucrose curing
enriches for strains that have spontaneously lost the suicide plasmid. Resulting sucrose
cured, kanamycin-sensitive strains either revert to WT at the selected locus, or harbor
marker-less deletions, or are screened by PCR to confirm status of the targeted gene.
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Figure 3.2. Confirmation of deletion of FTL_1673 (fptA). The top panel is a
representative gel showing PCR products that confirm the deletion of the fpt gene
FTL_1673 (fptA) from the F. tularensis LVSAfptF genome. The bottom panel
demonstrates the location and orientation of screening primer pairs used to ascertain
deletion of fptA. Single colony deletion strains (lanes 1-5 and 7-11) or co-integrants
(lanes 6 and 12) were used as templates for PCR with primers “Fpt_A_Forward” and
“Fpt_A_Reverse” that anneal upstream and downstream of fptA (lanes 1-6) or with
primers “LVS inA_F” and “LVS inA_R” that anneal within fptA (lanes 7-12). Band
sizes for all lanes under the “fptA flank primers” section are as follows: lanes 1-5 show
the predicted 671 bp band corresponding to a deletion of the fptA gene with PCR primers
in the upstream and downstream flanks. Lane 6 exhibits the WT band at 1,903 bp and the
smaller band resulting from the the suicide plasmid in the co-integrant strain. Lanes 7-11
exhibit no band, corresponding with the complete absence of the fptA gene in the F.
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tularensis LVSAfptFAfptA strains. Lane 12 exhibits the expected 400 bp band of the fptA
gene present in the LVSAfptF co-integrant strain.
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the deleted band. No bands were amplified in lanes 7-11 of the mutants, as primers
originating within the fptA gene would be unable to bind, while bands do appear with the

co-integrant strain in lane 12.

A second double deletion mutant was generated in the same manner. A pre-
existing single mutant strain, F. tularensis LVSAfptC, was electroporated with a suicide
plasmid targeting the fptB locus. The resulting kanamycin resistant and sucrose-cured
colonies were tested by PCR to confirm deletion of fptB (Figure 3.3). Primers were
located in the upstream and downstream flanks of the fptB gene. The reduced size band in
lanes 1, 5, 6, 7, 9, and 10 correspond to loss of the fptB gene, while the larger band just

below 2 kB corresponds to the presence of the WT gene.
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Figure 3.3. Confirmation of the deletion of FTL_1803 (fptB). The top panel is a
representative PCR gel of sucrose-cured strains tested for the status of the fptB gene.
Single colony deletion strains were used as templates for PCR with primers
“Fpt_B_SchuS4 F” and “Fpt B_SchuS4 R” that anneal upstream and downstream of
fptB. Lanes 1, 5, 6, 7, 9, and 10 exhibit the expected 594 bp band consistent with loss of
the fptB gene when PCR primers extend from either region flanking the gene. The
remaining lanes show bands at 1,918 bp, indicative of the presence of the WT gene. The
bottom panel indicates primer locations in this PCR gel.
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Evaluation of growth in broth of F. tularensis LVSAfptFAfptA and LVSAfptCAfptB

An initial test of the in vitro growth characteristics of the F. tularensis
LVSAfptFAfptA double mutant was performed in Mueller Hinton broth (MHB). F.
tularensis LVSAfptFAfptA replicated at a rate similar to that of both single mutant
strains, LVSAfptF and LVSAfptA, and all three deletion strains were significantly
increased (p > 0.0001) from that of parental LVS strain from 12 hours onwards
(determined by one-way ANOVA) (Figure 3.4). Despite this, all four strains fit tightly
(R? > 0.99) to a sigmoidal non-linear regression model, indicating a replication rate not

deviating from the expected rate.

The replication rate in MHB of F. tularensis LVSAfptCAfptB was also measured
as described above. F. tularensis LVSAfptCAfptB replicated at a rate similar to that of
both the single mutant strains LVSAfptC and LVSAfptB, and all three deletion strains
were significantly reduced (p > 0.0001) compared to parental LVS strain (as determined
by one-way ANOVA) (Figure 3.5) . All four strains fit tightly (R? > 0.99) to a sigmoidal
non-linear regression model, indicating a replication rate not deviating from the expected

rate.
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Figure 3.4. Growth of fpt double mutant strains compared to parental F. tularensis LVS
in MHB. Growth of decuplicate samples of each strain was monitored over 25 hours on a
Tecan m200Pro, maintaining 37° C, 5% CO2, and 100 RPM. Data are representative of
two independent experiments. ** p < 0.01, **** p < 0.0001 (Statistical analyses include
a sigmoidal non-linear regression and a non-parametric one-way ANOVA).
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Figure 3.5. Growth of fpt double mutant strains compared to parental F. tularensis LVS
in MHB. Growth of decuplicate samples of each strain was monitored over 25 hours on a
Tecan m200Pro, maintaining 37° C, 5% CO2, and 100 RPM. Data are representative of

two independent experiments. **** p < 0.0001 (Statistical analyses include a sigmoidal

non-linear regression and a non-parametric one-way ANOVA).
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Evaluation of the intracellular replication rates of F. tularensis LVSAfptFAfptA and

LVSAfptCAfptB

The ability to enter and replicate in macrophages is a key part of the pathogenesis
of Francisella. To determine the effects of double mutations on macrophage invasion,
double mutant strains were compared to the parental F. tularensis LVS strain during
invasion of mouse RAW 264.7 macrophage-like cells. In order to examine a single round
of entry, replication, and escape only, invasion assays were carried out using a
bactericidal concentration of gentamicin, 50 pg/mL, in the tissue culture media
throughout the experiment to prevent reinfection. Preliminary studies with LVS
demonstrated that 50 pg/mL gentamicin killed 100% of bacteria (Figure 3.6) and allowed
quantification of only the first round of cell invasion with no cell-cell spread (Figure 3.7).
As shown in Fig. 3.7, the presence of 50 pg/mL gentamicin alters the measured
replication rate of F. tularensis LVS as early as 24 hpi, with significantly fewer
intracellular CFU measured from gentamicin treated cells, suggesting cellular escape has
already begun. These conditions allowed for accurate identification of the time of
bacterial escape as the point at which intracellular bacterial numbers began to decrease.
An additional control confirmed the viability of RAW 264.7 cells in the presence of low
(2 pg/mL) or high (50 pg/mL) concentrations of gentamicin through 48 hours of

treatment (Figure 3.8).

In previous studies, as shown in Table 1.2, deletion of neither fptF nor fptA alone
in LVS was growth-attenuating in macrophages. The double mutant strains F. tularensis
LVSAfptFAfptA and LVSAfptCAfptB were tested in RAW 264.7 cells to determine if the

loss of a second fpt transporter would result in a growth attenuation phenotype in
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5 pg/mL 10 pg/mL 15 pg/mL

Figure 3.6. Determination of the optimal concentration of gentamicin to eliminate
extracellular spread of F. tularensis. RAW264.7 macrophages infected with F. tularensis
LVS were treated with the doses of gentamicin indicated above from 2 hours post
infection through 24 hours post infection. At 24 hours post infection, 100 pL of
supernatant from each well was carefully aspirated from the top of the well and streaked
across half a MHA plate to test for released, viable F. tularensis LVS. Data
representative of two independent experiments.
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Figure 3.7. Alterations to the observed intracellular CFU and doubling rate of F.
tularensis LVS in RAW 264.7 macrophage-like cells. RAW 264.7 cells were infected
with F. tularensis LVS MOI of 10. Intracellular bacteria were enumerated at 3, 24, 48,
and 72 hours post-infection and doublings were calculated. A concentration of 50 pg/mL
gentamicin was maintained in the media throughout the assay. Data are plotted as the
arithmetic mean CFU counts + standard deviations and consist of one experiment * p <
0.05, **** p < 0.0001 (Average CFU and calculated doublings analyzed by two-way
ANOVA).
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Figure 3.8. Viability of RAW 264.7 cells after long term culture with gentamicin. The
viability of RAW 264.7 cells was measured using trypan blue staining at 24 and 48 hours
of treatment with gentamicin. Counts were performed on quadruplicate replicates of 2
identical wells containing approximately 1 x 10° cells. Data are plotted as the arithmetic
mean live/dead cell counts + standard deviations and are representative of two
experiments of identical design and similar outcome (by one-way ANOVA).
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50 pg/mL gentamicin, conditions previously established to limit cell spread. No
significant difference between the replication rate of F. tularensis LVS and
LVSAfptFAfptA was observed (Figure 3.9). Calculated doublings were almost identical
between F. tularensis LVSAfptFAfptA and LVS through all experimental replicates,

indicating no difference between the strains in terms of replication or cellular escape.

In prior studies, LVSAfptC had no in vitro phenotype, but LVSAfptB exhibited a
profound replication defect (Table 1.2). The double mutant F. tularensis LVSAfptCAfptB
was tested for potential additive in vitro attenuation. RAW 264.7 cells were infected with
LVSAfptFAfptA and parental LVS in 50 pg/mL gentamicin. A significant intracellular
replication defect was evident at 24 hpi (Figure 3.10). This phenotype is similar to that
observed for F. tularensis LVSAfptB alone; no additive attenuation in intracellular

replication was observed.
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Figure 3.9. Intracellular replication of F. tularensis LVSAfptFAfptA in RAW 264.7
macrophage-like cells. RAW 264.7 cells were infected with F. tularensis LVS and
LVSAfptFAfptA at an MOI of 80. Intracellular bacteria were enumerated at 3, 24, 48, and
72 hours post-infection and doublings were calculated. A concentration of 50 pug/mL
gentamicin was maintained in the media throughout the assay. Data are plotted as the
arithmetic mean CFU counts + standard deviations and consist of two merged
experiments of identical design and similar outcome (Average CFU and calculated
doublings analyzed by two-way ANOVA).
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Figure 3.10. Intracellular replication of F. tularensis LVSAfptCAfptB in RAW 264.7
macrophage-like cells. RAW 264.7 cells were infected with F. tularensis LVS and
LVSAfptCAfptB at an MOI of 80. Intracellular bacteria were enumerated at 3, 24, 48, and
72 hours post-infection and doublings were calculated. A concentration of 50 pug/mL
gentamicin was maintained in the media throughout the assay. Data are plotted as the
arithmetic mean CFU counts + standard deviations and consist of two merged
experiments of identical design and similar outcome (Average CFU and calculated
doublings analyzed by two-way ANOVA)
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Evaluation of the initial intracellular replication kinetics of F. tularensis LVSAfptG,

LVSAfptB, and LVSAfptE

Previous studies measured intracellular replication rates using assay conditions
that allowed cell-to-cell spread [128]. Here, we performed assays under conditions that
prevent cell-to-cell spread to focus on the initial round of replication only, and allow
identification of timing of bacterial escape from host cells. F. tularensis strains
LVSAfptG, LVSAfptB, and LVSAfptE [128] were tested in RAW 264.7 cells in the
presence of 50 pg/mL gentamicin throughout the duration of the assay. F. tularensis
LVSAfptG invaded macrophages at a similar rate as parental LVS, as evidenced by
similar intracellular numbers at 3 hpi (Figure 3.11). In support of prior findings with this
strain [128], F. tularensis LVSAfptG doubled at a rate significantly slower than parental
LVS through 48 hpi (p < 0.001), with only 3.7 doublings in the first 24 hours compared
to 6.2 for WT LVS. Additionally, significantly fewer intracellular CFU were detected at
24 hpi (p <0.0001). Interestingly, F. tularensis LVSAfptG continued to replicate for ~24
hours beyond that of LVS, as evidenced by the positive doubling rate of the mutant at 24-
48 hpi and the significant increase in LVSAfptG intracellular numbers between 24 and 48
hpi (p < 0.01). During this same period, LVS exhibited declining intracellular numbers,
indicating that this strain had begun escaping its initially infected cell and was killed by
the gentamicin in culture. These data suggest a previously unobserved delay in cytosolic
escape for F. tularensis LVSAfptG accompanies the reduced intracellular replication

phenotype known for this strain.

No significant alteration from prior findings for F. tularensis LVSAfptB was

observed in RAW 264.7 cells [128]. With infection at an MOI of 100, F. tularensis
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Figure 3.11. Intracellular replication and escape rate of F. tularensis LVSAfptG in RAW
264.7 macrophage-like cells. RAW 264.7 cells were infected at an MOI of 100.
Intracellular bacteria were enumerated at 3, 24, 48, and 72 hours post-infection and
doublings were calculated based on CFU enumerations. A concentration of 50 pug/mL
gentamicin was maintained in the media throughout the assay. Data are plotted as the
arithmetic mean CFU counts + standard deviations and are representative of two
experiments of identical design and outcome. **, p <0.01, ***, p < 0.001, **** p <
0.0001 (Average CFU and calculated doublings analyzed by two-way ANOVA).
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LVSAfptB invaded at a similar rate as parental LVS, as evidenced by similar 3 hour CFU
numbers (Figure 3.12). In line with prior findings [128], F. tularensis LVSAfptB
exhibited a severely reduced doubling rate compared to that of parental LVS (p < 0.001);
approximately 5.8 doublings for LVS compared to 1.7 for LVSAfptB. Significantly fewer
mutant CFU were recovered at 24 hpi compared to LVS (p < 0.0001). Interestingly, F.
tularensis LVSAfptB appeared to rebound between 24-48 hpi, doubling at almost the
same rate LVS had between 3-24 hpi, and significantly higher than the rate of LVS
between 24-48 hpi (p < 0.001), resulting in equal recovery of CFU from both strains at 48
hpi. These data support the replication defect observed previously with this strain in

mouse macrophage cell line cells, but uncover no new phenotypes.

No significant alterations were observed in the replication rate of F. tularensis
LVSAfptE in RAW 264.7 cells. Infected at an MOI of 100, F. tularensis LVSAfptE
invaded at a similar rate as parental LVS, as evidenced by similar 3 hour CFU numbers
(Figure 3.13). Prior findings with this strain reported no defect in replication in
macrophages [128]. In support of this, no difference in CFU recovered, or calculated
doublings was observed at any time point through 72 hpi F. tularensis LVSAfptE and

parental LVS.
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Figure 3.12. Intracellular replication and escape rate of F. tularensis LVSAfptB in RAW
264.7 macrophage-like cells. RAW 264.7 cells were infected at an MOI of 100.
Intracellular bacteria were enumerated at 3, 24, 48, and 72 hours post-infection and
doublings were calculated based on CFU enumerations. A concentration of 50 pug/mL
gentamicin was maintained in the media throughout the assay. Data are plotted as the
arithmetic mean CFU counts + standard deviations and are representative of two
experiments of identical design and outcome. **, p < 0.01, ***, p < 0.001, **** p <
0.0001 (Average CFU and calculated doublings analyzed by two-way ANOVA).
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Figure 3.13. Intracellular replication and escape rate of F. tularensis LVSAfptE in RAW
264.7 macrophage-like cells. RAW 264.7 cells were infected at an MOI of 100.
Intracellular bacteria were enumerated at 3, 24, 48, and 72 hours post-infection and
doublings were calculated based on CFU enumerations. A concentration of 50 pug/mL
gentamicin was maintained in the media throughout the assay. Data are plotted as the
arithmetic mean CFU counts + standard deviations and are representative of two
experiments of identical design and outcome. **, p <0.01, ***, p < 0.001, **** p <
0.0001 (Average CFU and calculated doublings analyzed by two-way ANOVA).

70



Evaluation of the initial 24 hours of replication of the F. tularensis strains LVSAfptG,

LVSAfptB, and LVSAfptE

Both F. tularensis LVSAfptG and LVSAfptB exhibited significantly altered
replication cycles compared to WT LVS by 24 hpi. To examine more closely this period
of time, and ascertain more precisely when replication begins for each strain, the
replication kinetics of all three fpt mutants were tracked during the first 24 hpi. Two sets
of invasion assays, one covering the period from invasion to 12 hpi, and the second, from
12 to 24 hpi, were carried out under 50 pg/mL gentamicin in RAW 264.7 macrophage-
like cells with time points taken for intracellular CFU enumeration every 4 hours.
Positive doubling rates were interpreted as replication was outweighing escape or
clearance, whereas negative rates were interpreted as clearance or cellular escape was

outpacing replication.

Previous assays indicated that F. tularensis LVS and LVSAfptE replicated at a
similar pace (Fig. 3.13). Supporting this finding, LVS and LVSAfptE doubled at a similar
rate and elicited similar CFU levels at all time points measured in both the 0-12 hour, and
12-24 hour time courses (Figure 3.14). While no strain doubled at a significantly different
rate from any other in the first 12 hpi, only F. tularensis LVS and LVSAfptE exhibited a
positive average doubling rate in the first 12 hours. In contrast, F. tularensis LVSAfptB
did not yield a positive average doubling rate until 12-16 hpi (Figure 3.14D). Average
intracellular CFU numbers (Figure 3.14A) trended downwards through the first 12 hpi,
becoming significantly less than parental LVS at 12 hpi (p < 0.01). Doublings increased

sharply between 16-20 hpi, reaching WT F. tularensis LVS levels for 4 hours, before
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Figure 3.14. Intracellular replication and escape rate of F. tularensis LVSAfptG
LVSAfptB, and LVSAfptE compared to parental LVS in RAW 264.7 macrophage-like
cells. RAW 264.7 cells were infected at an MOI of 100. Intracellular bacteria were
enumerated at 3, 24, 48, and 72 hours post-infection and doublings were calculated based
on CFU enumerations. A concentration of 50 pug/mL gentamicin was maintained in the
media throughout the assay. Data are plotted as the arithmetic mean CFU counts +
standard deviations and are representative of two experiments of identical design and
similar outcome. **, p < 0.01, ***, p < 0.001, ****, p <0.0001 (Average CFU and
calculated doublings analyzed by two-way ANOVA).

72



dropping to significantly less than WT LVS between 20-24 hpi (p < 0.01). Significantly
fewer intracellular F. tularensis LVSAfptB were quantified at both 20 and 24 hpi (p <
0.0001). Taken together, these data demonstrate there is a delay before replication starts

for F. tularensis LVSAfptB until between 12-16 hpi.

Similar to F. tularensis LVSAfptB, LVSAfptG was delayed approximately 12
hours before a positive doubling rate was found between 12-16 hpi (Figure 3.14D). From
12-24 hpi, F. tularensis LVSAfptG replicated at a rate similar to that of LVS. Differences
in intracellular CFU are only significant at 20 and 24 hpi (p < 0.0001) (Figure 3.14B).
Overall, these data indicate that F. tularensis LVSAfptG does not begin replicating until

12-16 hpi.
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Summary of Chapter 3

F. tularensis LVSAfptFAfptA replicated in MHB broth at a significantly higher
rate than parental LVS, while LVSAfptCAfptB replicated significantly slower. For both
double mutant strains, their replication rates were indistinguishable from that of the
parental single deletion mutants. While F. tularensis LVS was variable, reaching
different maximum ODeoo values from experiment to experiment, the magnitude of the
differences between the strains remained constant. It may be that MHB is too rich a
medium to engender consistent ODsoo Values from these strains, complicating comparison
and analysis. The findings utilizing F. tularensis LVSAfptCAfptB and LVSAfptB are at
odds with previously published data [77], which found that F. tularensis LVS and
subspecies novicida mutants harboring a deletion of the fptB gene exhibited significant
growth defects in CDM, but not MHB. It may be that re-evaluation in CDM, an accepted
minimal broth medium for F. tularensis replication analysis [25], with either of these

double mutant strains would yield consistent, significant growth.

Under conditions that limit intercellular spread in RAW 264.7 mouse
macrophage-like cells, F. tularensis LVSAfptFAfptA doubled at the same rate as WT
LVS and was quantified at similar intracellular numbers at all time points measured. This
indicates that the combined deletion of both the fptF and fptA genes is likely not a viable
strategy for increasing attenuation. F. tularensis LVSAfptCAfptB replicated significantly
slower than parental LVS in the first 24 hpi, and significantly fewer intracellular bacteria
were quantified at this time point, but yielded CFU counts similar to LVS at all other

time points. Deletion of the fptB gene significantly attenuates growth of F. tularensis
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LVS and LVSAfptC, but the double mutant strain did not exhibit doubling values

appreciably different from the published single mutant LVSAfptB strain [128].

Further examination of the strains F. tularensis LVSAfptG, LVSAfptE, and
LVSATfptB under cell spread-limiting conditions in RAW 264.7 cells demonstrated a
previously unreported escape delay, in addition to the replication defect for LVSAfptG
previously described [128]. F. tularensis LVSAfptE exhibited no replication defect in
macrophages, supporting prior findings with this strain [128]. F. tularensis LVSAfptB
displayed a significant replication defect in the first 24 hpi, similar to previously reported
findings [128]. Time course experiments duringthe first 24 of infection further
demonstrate that F. tularensis LVSAfptE doubles at a rate similar to WT LVS and is
present at similar intracellular numbers at all time points measured, suggesting that
asparagine is not a rate-limiting amino acid for F. tularensis in mouse macrophages. Both
F. tularensis LVSAfptB and LVSAfptG were delayed approximately 12 hours before
replication began, leading to significantly fewer intracellular CFU counts for both strains
by 20 hpi. While it cannot be ascertained from this assay, the delay in replication for F.
tularensis LVSAfptG may stem from a delay in escaping the phagosome, a phenotype

described previously for LVSAfptB [77].
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Chapter 4 — Construction and in vitro characterization of two mutant strains
of F. tularensis SchuS4 lacking fptF or fptE

Construction of F. tularensis SchuS4 single deletion strains SchuS4AfptE and

SchuS4AfptF

To assess the ability of the MFS transporters FptF and FptE to attenuate WT F.
tularensis SchuS4, single deletion mutations were introduced into the selected genes as
described previously in Chapter 3. As demonstrated in Figure 4.1, the gene fptF
(FTT_0127c) was successfully deleted from the F. tularensis SchuS4 genome. Lane 1
demonstrates the predicted, smaller band indicative of a deletion of the fptF gene. Lane 2
demonstrates no band, indicating the complete deletion of the fptF gene, as the intragenic
primers were unable to bind and drive PCR. Both bands in columns 3 and 4 are of the

predicted sizes expected from WT F. tularensis SchuS4.

Similarly the deletion of the fptE gene (FTT_0129) was engineered in the SchuS4
background. Figure 4.2 illustrates the successful deletion of the fptE gene from the F.
tularensis SchuS4 genome. Lane 1 under the “SchuS4AfptE” header demonstrates the
predicted band at 699 bp, indicating successful deletion of the fptE gene. No bands are
found in lanes 2-4 of this section, demonstrating the complete deletion of the fptE gene.
Lane one under the “SchuS4” heading shows the predicted 1,908 bp band indicative of
the full length WT gene. Lanes 2-4, utilizing the intragenic primers, demonstrate the
predicted bands at 605 bp, 1,206 bp, and 1,309 bp indicative of the presence of the WT

fptE gene.
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Figure 4.1. Confirmation of deletion of FTT_0127c from the SchuS4 genome. Top panel
is a representative gel showing PCR products that confirm the deletion of the fpt gene
FTT_0127c (fptF) from the F. tularensis SchuS4 genome. Bottom panel demonstrates the
location and orientation of screening primer pairs used to ascertain deletion of fptF.
Lanes 1 and 3 represent bands utilizing the primers “Fpt_F_SchuS4_F” and
“Fpt_F_SchuS4 R”, while lanes 2 and 4 utilized the intragenic PCR primers
“LVS_inF_F” and “LVS _inF_R”. Lane 1 shows the predicted 983 bp band corresponding
to a deletion of the fptF gene, while lane 3 exhibits the WT band at 2,131 bp. Lane2
exhibits no band, corresponding with the complete absence of the fptF gene in the F.
tularensis SchuS4AfptF strain. Lane 4 exhibits the expected 438 bp band indicative of the
fptF gene present in the WT genome.
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Figure 4.2. Confirmation of deletion of FTT_0129 from the SchuS4 genome. Top panel is
a representative gel showing PCR products that confirm the deletion of the fpt gene
FTT_0129 (fptE) from the F. tularensis SchuS4 genome. Bottom panel demonstrates the
location and orientation of screening primer pairs used to ascertain deletion of fptE.
Lanes 1 represent bands utilizing the primers “SchufptE_F” and “SchufptE_R”, while
lanes 2 utilized the intragenic primers “LVS_inE_F” and “LVS inE R”. Lanes 3 utilizes
“LVS_IinE_F” coupled with “SchufptE_R”, and lane 4 utilizes “SchufptE_F” with

“LVS inE R”. Lane 1 under the “SchuS4AfptE” header shows the predicted 699 bp band
corresponding to a deletion of the fptE gene, while lanes 2-4 exhibit no bands,
demonstrating the complete loss of the fptE gene. Lane 1 under the “WT” header exhibits
the predicted band at 1,908 bp. Lane 2 exhibits the predicted 605 bp indicating the
presence of the WT gene. Lanes 3 and 4 also have the predicted bands of 1,206 and 1,309
bp, respectively, further indicating the presence of the WT gene. No bands are found
under the “Water” heading, indicating the specificity of the PCR performed.
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Evaluation of growth in broth of F. tularensis SchuS4AfptE

An initial test of the in vitro growth characteristics of the F. tularensis strain
SchuS4AfptE was carried out in comparison to WT SchuS4 in Chamberlain’s Defined
Medium (CDM), a minimal medium for F. tularensis [25]. F. tularensis SchuS4AfptE did

not exhibit any replication defect when grown in CDM through 7.5 hours (Figure 4.3).
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Figure 4.3. Growth of F. tularensis SchuS4AfptE in CDM. Growth kinetics of WT F.
tularensis SchuS4 and SchuS4AfptE were examined in CDM. ODeoo readings were taken
every 1.5 hours over a 7.5 hour time course. Data are derived from a single experiment (n
=1).
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Evaluation of the initial intracellular replication kinetics of F. tularensis SchuS4AfptE

and Schus4AfptF

Although no alterations to the rate of replication were found in CDM, the F.
tularensis strains SchuS4AfptE and Schus4AfptF were examined in the context of the
more physiologically relevant environment of the eukaryotic cell cytosol during
intracellular infection. Invasion assays were performed in conditions including 50 pug/mL
gentamicin in culture media throughout the experiment to enumerate any changes to the
overall replication kinetics and cellular escape rate in both THP-1 human macrophage-

like cells, and HepG2 human hepatocyte carcinoma cells.

F. tularensis Schus4AfptF exhibited no alterations to its replication cycle in either
THP-1 macrophages or in HepG2 hepatocyte cells compared to WT. THP-1 cells were
infected at an MOI of 100, and HepG2 cells at an MOI of 300, and F. tularensis
Schus4AfptF invaded at a similar rate as WT SchuS4, as evidenced by similar 3 hour
intracellular bacterial numbers (Figure 4.4). Total intracellular CFU and calculated
doublings did not differ significantly from WT F. tularensis SchuS4 at any time point

measured through to 48 hpi in either THP-1 cells (4.4 A, C) or HepG2 cells (4.4 B, D).

Prior studies in F. tularensis LVS demonstrated that loss of the fptE gene was
growth attenuating in HepG2 cells, with no accompanying change in replication observed
in J774A.1 mouse macrophage-like cells [128]. Surprisingly, deletion of the fptE gene
from the F. tularensis SchuS4 genome resulted in no growth attenuation in either THP-1
or HepG2 cells. THP-1 cells were infected at an MOI of 100, and HepG2 cells at an MOI
of 300, and F. tularensis Schus4AfptE invaded at a similar rate as SchuS4, as evidenced

by similar 3 hour CFU numbers (Figure 4.5). Total intracellular CFU and calculated
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Figure 4.4. Determination of the intracellular replication rate of F. tularensis
SchuS4AfptF in THP-1 macrophage-like cells and HepG2 hepatocyte carcinoma cells.
THP-1 cells (panels A and C) were infected at an MOI of 100, while HepG2 cells (panels
B and D) received an MOI of 300. Intracellular bacteria were enumerated at 3, 24, and 48
hpi and doublings were calculated based on CFU enumerations. A concentration of 50
pg/mL gentamicin was maintained in the media from 3 hpi until the end of the assay.
Data are plotted as the arithmetic mean CFU counts * standard deviations and are
representative of two sets of experiments of identical design and outcome (Average CFU
and calculated doublings analyzed by two-way ANOVA).
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Figure 4.5. Determination of the intracellular replication rate of F. tularensis
SchuS4AfptE in THP-1 macrophage-like cells and HepG2 hepatocyte carcinoma cells.
THP-1 cells (panels A and C) were infected at an MOI of 100, while HepG2 cells (panels
B and D) received an MOI of 300. Intracellular bacteria were enumerated at 3, 24, and 48
hpi and doublings were calculated based on CFU enumerations. A concentration of 50
pg/mL gentamicin was maintained in the media from 3 hpi until the end of the assay.
Data are plotted as the arithmetic mean CFU counts * standard deviations and are
representative of two sets of experiments of identical design and outcome. (Average CFU
and calculated doublings analyzed by two-way ANOVA).
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doublings did not differ significantly from WT F. tularensis SchuS4 at any time
point measured through to 48 hpi in either THP-1 cells (4.5A, C) or HepG2 cells (4.5B,
D), indicating F. tularensis Schus4AfptF replicated at both the same rate as WT and

escaped from macrophages at the same rate.
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Summary of Chapter 4

Both Type A F. tularensis strains SchuS4AfptE and SchuS4AfptF exhibited no
growth deficiencies in minimal CDM broth, indicating the substrates for these
transporters, asparagine for FptE [76], and an unknown substrate for FptF, are not
essential for extracellular growth. Furthermore, neither deletion strain replicated or
escaped the host cell at a rate different from WT F. tularensis, as measured in both THP-
1 macrophage-like cells and HepG2 hepatocytes. This finding was not surprising for F.
tularensis SchuS4AfptF, as deletion of this gene in the LVS background resulted in no
alterations to the intracellular replication cycle (unpublished data). However, the lack of a
replication phenotype was not expected for SchuS4AfptE. Prior findings had
demonstrated that deletion of the fptE gene from F. tularensis LVS and transposon
disruption in SchuS4 was growth attenuating for both strains in HepG2 cells [163].
Because transposon mutagenesis was used in the prior study, and because it is unknown
as to whether fptE is included in an operon, polar effects cannot be ruled out as the
explanation for the phenotypes seen by Qin et al in HepG2 cells. F. tularensis
SchuS4AfptE presented no alterations to its replication cycle in THP-1 or HepG2 cells,
signifying either that asparagine transport is accessory to timely replication and cellular
escape, or that a second, redundant asparagine transporter exists in the F. tularensis

genome.
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Chapter 5 — Deletion of the MFES transporters fptG and fptB cause cellular
escape delays in Type A Francisella tularensis*

Abstract

Francisella tularensis is a Gram negative facultative intracellular coccobacillus that can
infect a wide variety of hosts. In humans, F. tularensis causes the zoonosis tularemia
following insect bites, ingestion, inhalation, and the handling of infected animals. That a
very small inoculum delivered by the aerosol route can cause severe disease, coupled
with the possibility of its use as an aerosolized bioweapon, have led to the classification
of Francisella tularensis as a Category A select agent and has renewed interest in the
formulation of a vaccine. To this end, we engineered Type A strain SchuS4 derivatives
containing single deletions of major facilitator superfamily (MFS) transporters, fptG and
fptB. Based on the attenuating capacity of these deletions in the F. tularensis LVS
background, we hypothesized that deletion of either transporter would alter intracellular
replication and cytokine induction by the Type A strain and attenuate virulence in the
stringent C57BL/6J mouse model. Here we demonstrate that deletion of either fpt
transporter significantly alters the intracellular lifecycle of F. tularensis, inducing a novel
cytosolic escape delay phenotype that was found to be autophagy-dependent for
SchuS4AfptG. Additionally, we observed prominent differences in in vitro cytokine
profiles in human macrophages for both mutants. Both mutants were attenuated in the
C57BL/6J mouse model, and one strain, SchuS4AfptB, provided partial protection against

virulent Type A F. tularensis challenge. These results indicate a fundamental necessity
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for these nutrient transporters in the timely progression of F. tularensis through its

replication cycle and in pathogenesis.
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Introduction

Francisella tularensis is a Gram negative facultative intracellular coccobacillus that is the
causative agent of the zoonosis tularemia [227, 206]. Two subspecies of Francisella, F.
tularensis subspecies tularensis (Type A), and subspecies holarctica (Type B), account
for virtually all instances of disease in humans, though a third, subspecies novicida, is not
infectious in man, but is often used as a laboratory model. While there is no documented
case of human to human transmission, F. tularensis can be transmitted to humans via
inhalation of infected aerosols, bite of insect vectors, ingestion of contaminated food or
water, and handling of infected animals [16]. Cutaneous exposure, most often via an
insect vector, accounts for much of the disease burden and can lead to a protracted,
though rarely fatal infection [63, 64]. Conversely, inhalation of as few as 10-15 bacteria
of the virulent Type A strain can cause serious illness in humans with a mortality rate
approaching 50% if left untreated [91, 200]. Several countries had utilized Francisella as
a biological weapon during the middle of the 20" century due to its high virulence, low
inoculum, and ease of delivery by aersolization [52]. For this reason, the CDC has
designated Francisella tularensis subspecies tularensis as a Tier 1 Category A select
agent and a high priority for countermeasure development.

Currently, there is no licensed vaccine against F. tularensis, but development
efforts continue in light of the potential threat to public safety. Past development efforts
have included component and killed whole cell, or “Foshay” vaccines, but these were met
with limited success [72, 190, 43, 73]. More recently, it has been demonstrated that
cationic vesicles, as carriers for either F. tularensis LVS or SchuS4 antigens, could

achieve protection rates from intranasal Type A challenge in excess of 60% when used in
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conjunction with the TLR4 adjuvant monophosphoryl lipid A [174]. These results are
promising, and may possibly lead the way forward for a component-based F. tularensis
vaccine.

To date, the live-attenuated vaccine strategy has shown the most promise. One
candidate strain derived from F. tularensis subspecies holarctica by the Soviet Union
through the 1940s and 1950s was transferred to the U.S. in 1956, further passaged, and
became known as “live vaccine strain” (LVS) [200]. F. tularensis LVS was tested
extensively in clinical trials and demonstrated the feasibility of the live vaccine approach
in conferring at least partial protection against Type A challenge. Subsequently, multiple
attenuated live vaccine candidates have been engineered utilizing the F. tularensis
novicida, F. tularensis LVS, and F. tularensis Type A backgrounds [128, 172, 182, 183,
154, 155, 218, 13, 91, 41, 46]. These new vaccine candidates have shown varying
degrees of efficacy in animal models and some are being developed further for use in
humans. An additional outcome of these studies has been the discovery of novel
information about the pathogenic process of F. tularensis, including alterations to and
impact on the pathogenic lifecycle incurred by targeted deletion of various genes in the
attenuation process.

A hallmark of Francisella infection is the ability to induce phagocytosis via
several routes to gain entry to many cell types, especially macrophages, where it rapidly
escapes the phagosome to replicate to high numbers in the cytosol [24, 8, 36, 193, 158].
Because of the distinctive tetraacylated structure of its lipopolysaccharide lipid A
component, Francisella is largely able to evade TLR4-mediated recognition [86]. Rather,

Francisella initiates signaling through TLRZ2, resulting in the production of pro-
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inflammatory cytokines [40, 102], and, in a manner dependent on guanylate binding
proteins (GBPs), STING, and mitochondrial reactive oxygen species, and activates the
AIM2 inflammasome [44, 225, 122, 136]. The virulence of Francisella stems from its
ability to multiply to high numbers in the cytosol of infected cells, especially
macrophages [31]. As a result, many attenuation attempts have targeted metabolic or
nutrient acquisition genes [128, 182, 183, 177, 76, 77, 154].

We demonstrated previously that deletions in three of eight Francisella
phagosomal transporter (fpt) genes, encoding members of the Major Facilitator
Superfamily of secondary transporters, in the F. tularensis LVS background, resulted in
significant in vitro and in vivo phenotypes: intracellular replication of these strains in
macrophages and hepatocytes was reduced and the mutants were attenuated in BALB/c
mice. Furthermore, immunization of mice with strains F. tularensis LVSAfptB,
LVSATfptE, or LVSAfptG protected against homologous lethal challenge [128]. We
hypothesized that engineering deletion mutations in the two most promising of these
genes, fptB, an isoleucine transporter [77], and fptG, a transporter of an as yet unknown
substrate, in the F. tularensis Type A background, would result in protective vaccine
candidate strains. Here, we report that F. tularensis strain SchuS4 mutants lacking fptB or
fptG demonstrated altered intracellular replication and cytokine release kinetic profiles in
macrophages, and were attenuated in mice, indicating their essential roles in cellular
escape and virulence. Additionally, one strain, F. tularensis SchuS4AfptB, demonstrated

limited protective capacity against intranasal WT challenge.
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Results

Generation of fpt deletion Type A Francisella tularensis SchuS4 strains

F. tularensis Type A strains with an unmarked deletion of either fptB or fptG were
constructed using allelic exchange technology as described previously [128]. Deletion of
the target genes and the generation of mutant strains F. tularensis SchuS4AfptB and
SchuS4AfptG was confirmed by PCR using primers originating in both gene flanks, and
intragenically (Fig. 5.1). There is no reported substrate for fptG and growth curves
performed in CDM demonstrated no growth alterations for F. tularensis SchuS4AfptG
compared to WT SchuS4 (Fig. 5.2 A).The substrate for fptB has been reported to be
isoleucine in both F. tularensis subspecies holarctica and novicida [77]. Given the 99%
identity between the Type A and Type B gene sequences, isoleucine was first confirmed
as the substrate for fptB using Chamberlain’s defined medium (CDM); F. tularensis
SchuS4AfptB exhibited reduced growth compared to WT, but could be increased to WT

levels by the addition of exogenous isoleucine (Fig. 5.2 B).
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Figure 5.1. Deletion and purification of F. tularensis SchuS4 strains lacking either fptG
or fptB genes. DNA was isolated and the presence or absence of the fpt genes were
ascertained via PCR. Lanes 1 and 2 represent the gene-specific PCR product amplified
with primers located in the upstream and downstream flanks in either WT F. tularensis,
or strains lacking fptG or fptB. Lanes 3 and 4 represent the PCR product from primers
located within the fpt gene.
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Figure 5.2. Growth of SchuS4AfptG and SchuS4AfptB in Chamberlain’s Defined
Medium. (A) Growth kinetics of WT F. tularensis SchuS4 and SchuS4AfptG were
examined in the Chamberlain’s defined minimal medium. (B) WT F. tularensis SchuS4
and SchuS4AfptB were examined in CDM without or with supplementation of 3 mM
isoleucine. Data are of a single representative experiment (n = 5).
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F. tularensis fpt mutant strains are deficient in intracellular replication and cellular escape

in multiple cell types

The virulence of Francisella is dependent, in part, on its ability to replicate to
high numbers intracellularly. The replication kinetics of the fpt mutant strains were
compared to that of WT F. tularensis SchuS4 in THP-1 human macrophage-like cells and
HepG2 hepatic carcinoma cells. In order to observe only the initial round of invasion and
replication, a bactericidal concentration of gentamicin was maintained in the culture
media to prevent cell-to-cell spread. There were significantly higher numbers of both
mutant strains in THP-1 macrophages at 24 hours post-infection compared to the WT
strain (p < 0.0001) (Fig. 5.3 A,B). WT F. tularensis doubled 3 to 4.5 times in the first 24
hours, compared to 5.2-6.3 times for F. tularensis SchuS4AfptG and 5-5.4 times for F.
tularensis SchuS4AfptB, both significantly more than the WT strain (p < 0.01) (Fig. 5.3

E,F).

When cell-to-cell spread was allowed to proceed by removal of gentamicin from
the media post-invasion, intracellular bacterial counts and doublings through 24 hpi were
equivalent between F. tularensis SchuS4AfptG and WT (Fig. 5.3 C). Both strains doubled
~8-times in the first 24 hours (Fig. 5.3 G). In contrast, F. tularensis SchuS4AfptB
exhibited a significant (p < .0001) replication defect as evidenced by reduced numbers of
intracellular bacteria and significantly fewer doublings (p < 0.001) through 24 hours (Fig.
5.3 D, H). Without gentamicin, F. tularensis SchuS4AfptB doubled only 6.8-times

compared to 8.7 for WT (Fig. 5.3 H). Together these data suggest that F. tularensis
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Figure 5.3. SchuS4AfptG and SchuS4AfptB exhibit altered intracellular replication
kinetics in THP-1 cells. THP-1 cells were infected at an MOI of 100 for 2 hours with
SchuS4AfptG (A, C, E, F) or SchuS4AfptB (B, D, F, H). Cells were then washed twice
with PBS and incubated with 50 pg/mL gentamicin for either 1 hour followed by
washing and incubation without antibiotics (C, D, G, H), or for the duration of the
experiment (A, B, E, F). Intracellular bacteria were enumerated at 3, 24, and 48 hpi and
number of doublings calculated between each interval. Data are plotted as the arithmetic
mean CFU counts of three biological replicates performed in quadruplicate £ standard
deviations. Data are of a single representative experiment (n =9). ** p < 0.01, *** p <
0.001, **** p < 0.0001 (Average CFU and calculated doublings analyzed by two-way
ANOVA).
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SchuS4AfptG does not have an increased intracellular replication rate, but rather, is
delayed in cellular escape. F. tularensis SchuS4AfptB has a reduced intracellular
replication rate compared to WT and is delayed in cellular escape. Trans-
complementation of both fpt genes with an intact plasmid-encoded gene copy restored
WT replication kinetics for both mutant strains in THP-1 cells (Fig. 5.4). Furthermore,
addition of 3 mM isoleucine, the substrate of fptB [77], to the culture media of THP-1
cells infected with F. tularensis SchuS4AfptB was able to rescue the replication defect in

a similar fashion to broth assays (Fig. 5.5).

The replication kinetics of the fpt mutant strains was also examined in primary
mouse and human macrophages. BMDMSs were harvested from C57BL/6J mice and used
for infection studies, as this model was subsequently used for in vivo studies. Fewer
intracellular bacteria of both F. tularensis SchuS4AfptB and SchuS4AfptG strains were
enumerated 24 hpi compared to WT (Fig. 5.6 A). The number of doublings for
SchuS4AfptG and SchuS4AfptB were 4.4 and 1.2, respectively, both significantly lower
than the 6.1 for WT (p < 0.05, 0.0001) (Fig. 5.6 B). Interestingly, no intracellular
replication was detected for WT or mutant strains through 8 hpi. Similar replication
Kinetics to those seen in BMDMSs were observed in human MDMs (Fig. 5.7 A, B). Fewer
intracellular bacteria for both F. tularensis SchuS4AfptB and SchuS4AfptG were
observed at 24 hpi compared to WT (p < 0.001), though only F. tularensis SchuS4AfptB

displayed a significant reduction (p < 0.05) by bacterial doublings compared to WT.
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Figure 5.4. Complementation of fpt genes restores wildtype growth kinetics in THP-1
cells. THP-1 cells were infected at an MOI of 100 for 2 hours with F. tularensis WT,
SchuS4AfptG (A, B), or SchuS4AfptB (C, D). Cells were then washed twice with PBS
and incubated with 50 pg/mL gentamicin for 1 hour before being returned to media
lacking gentamicin Intracellular bacteria were enumerated at 3, 24, and 48 hours post-
infection. Data are plotted as the arithmetic mean CFU counts of three biological
replicates performed in quadruplicate + standard deviations. Data are of one
representative experiment (n = 4). *, p < 0.05, **, p < 0.01 (Average CFU and calculated
doublings analyzed by two-way ANOVA).
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Figure 5.5. Excess isoleucine returns F. tularensis SchuS4AfptB to WT replication
kinetics in THP-1 cells. THP-1 cells were infected at an MOI of 100 for 2 hours. Cells
were then washed twice with PBS and incubated with 50 pg/mL gentamicin for 1 hour
before being returned to media lacking gentamicin. Intracellular bacteria were
enumerated at 3, 24, and 48 hours post-infection. Data are plotted as the arithmetic mean
CFU counts of three biological replicates performed in quadruplicate + standard
deviations. Data are of a single representative experiment (n = 2). *, p <0.05, **, p <
0.01, **** p < 0.0001 (Average CFU and calculated doublings analyzed by two-way
ANOVA).
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Figure 5.6. F. tularensis SchuS4AfptG and SchuS4AfptB are replication deficient in
C57BL/6J BMDMs. BMDM cells were infected at an MOI of 10 for 2 hours. Cells were
then washed twice with PBS and incubated with 50 pug/mL gentamicin for 1 hour before
being returned to media lacking gentamicin. Intracellular bacteria were enumerated at 3,
8, and 24 hours post-infection. Data are plotted as the arithmetic mean CFU counts of
three biological replicates performed in quadruplicate + standard deviations. Data are of a
single representative experiment (n = 2). *, p <0.05, **** p < 0.0001 (Average CFU
and calculated doublings analyzed by two-way ANOVA).
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Figure 5.7. F. tularensis SchuS4AfptB, but not SchuS4AfptG, are replication deficient in
human MDMs. MDM cells were infected at an MOI of 10 for 2 hours. Cells were washed
twice with PBS and incubated with 50 pg/mL gentamicin for 1 hour before being
returned to media lacking gentamicin. Intracellular bacteria were enumerated at 3, 8, and
24 hours post-infection. Data are plotted as the arithmetic mean CFU counts of three
biological replicates performed in quadruplicate + standard deviations. Data are of a
single representative experiment (n = 2). *, p < 0.05, ***, p < 0.001 (Average CFU and
calculated doublings analyzed by two-way ANOVA)
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F. tularensis is able to invade and replicate in the liver during infection [42].
Invasion assays were performed using HepG2 hepatic carcinoma cells under the
conditions described above. F. tularensis SchuS4AfptG exhibited a similar phenotype as
that observed in macrophages under conditions that either limited or allowed intercellular
spread (Fig. 5.8 A, C). Doublings were higher in the presence of gentamicin, and
equivalent when antibiotics were removed (Fig 5.8 C, G), further supporting a delay in
escaping the host cytosol. F. tularensis SchuS4AfptB demonstrated WT levels of
intracellular replication in HepG2 cells and appeared to escape the host cell at the WT

rate (Fig. 5.8 B, F, D, H).
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Figure 5.8. SchuS4AfptG, but not SchuS4AfptB exhibit altered intracellular replication
kinetics in HepG2 cells. HepG2 cells were infected at an MOI of 300 for 2 hours. Cells
were then washed twice with PBS and incubated with 50 pg/mL gentamicin for either 1
hour (C, D, G, H), or for the duration of the experiment (A, B, E, F). Intracellular bacteria
were enumerated at 3, 24, and 48 hpi and number of doublings calculated between each
interval. Data are plotted as the arithmetic mean CFU counts of three biological replicates
performed in quadruplicate * standard deviations. Data are of a single representative
experiment (n = 8). *** p <0.001, **** p < 0.0001 (Average CFU and calculated

doublings analyzed by two-way ANOVA).
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F. tularensis fpt mutants induce altered membrane permeability

To examine more closely the escape delay phenotype displayed by both fpt
mutants, invasion assays in THP-1 macrophages were carried out under conditions that
limit cell spread with time points every 6 hours during 33 hours of infection. Positive
doubling rates were interpreted as an indication that replication was outpacing escape,
and negative values were interpreted as escape outpacing replication. Supernatants were
assayed for the release of lactate dehydrogenase (LDH), an intracellular enzyme whose
release is indicative of membrane permeability, possibly due to cell death [151, 108].
Supporting previous findings in THP-1 cells, intracellular numbers of F. tularensis
SchuS4AfptG (Fig. 5.9 A) and doubling rates were similar to that of WT through the first
15 hpi (Fig. 5.9 B). F. tularensis SchuS4AfptG continued to replicate, as evidenced by the
net-positive doubling rate for an additional 6 hours beyond that of WT. F. tularensis
SchuS4AfptG elicited significantly higher CFU counts at 21 and 27 hpi compared to WT.
Both F. tularensis WT- and SchuS4AfptG- infected cells released levels of LDH above
that of background from 15 hpi to the end of the assay at 33 hpi. LDH release paralleled
the decrease in intracellular numbers of F. tularensis WT bacteria and the slowing, but
still positive, doubling rate of SchuS4AfptG-infected cells (Fig. 5.9 A, B). This suggests
cellular escape was outweighing replication for F. tularensis WT, and was beginning, but
not outpacing, replication for SchuS4AfptG (Fig. 5.9 C). Cells infected with F. tularensis
SchuS4AfptG released significantly more LDH (p <.0001) than those infected with WT
from 21-33 hpi (Fig. 5.9 C). This may indicate that cells infected with F. tularensis
SchuS4AfptG were struggling to contain the strain that was replicating at a WT rate, but

were not escaping. Also in support of our earlier findings in THP-1 macrophages, F.
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Figure 5.9. Altered cell death accompanies altered replication kinetics of fpt mutant
strains in THP-1 cells. THP-1 cells were infected at an MOI of 100 for 2 hours with F.
tularensis WT, SchuS4AfptG (A, B, C) or SchuS4AfptB (D, E, F). Cells were then
washed twice with PBS and incubated with 50 pg/mL gentamicin for the duration of the
experiment. Intracellular bacteria were enumerated at 3, 9, 15, 21, 27 and 33 hpi,
doublings calculated between each time interval, and supernatants were analyzed for
LDH release. Data are plotted as the arithmetic mean CFU counts of three biological
replicates performed in quadruplicate + standard deviations. Data are of a single
representative experiment (n =5). *, p < 0.05, ** p < 0.01, **** p < 0.0001 (CFU
counts, calculated doublings, and LDH release by two-way ANOVA).
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tularensis SchuS4AfptB, exhibited a significant growth defect that was quantified as
reduced intracellular bacterial numbers (Fig. 9 D) and reduced doublings between 3 and 9
hpi (Fig. 5.9 E). F. tularensis SchuS4AfptB continued to double for 12 hours beyond that
of WT, exhibiting increasing CFU numbers (Fig. 5.9 D) and positive doubling values
(Fig. 5.9 E) through 27 hpi. Similarly, F. tularensis SchuS4AfptB was significantly (p <
.0001) delayed in releasing LDH (Fig. 5.9 F). These results support a role for fptB and

fptG in timely escape from the cell, and, in the case of fptB, in intracellular replication.
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F. tularensis SchuS4AfptG and SchuS4AfptB elicit different early pro-inflammatory

responses

The production of TLR2-dependent cytokines, and the activation of STING and
the AIM2 inflammasome, are necessary for initiation of the host cytokine response to F.
tularensis infection [51, 38, 102, 169]. The altered intracellular replication kinetics of F.
tularensis SchuS4AfptG and SchuS4AfptB in macrophages suggested that infection with
mutant strains would likely result in modified interactions with innate immune
components. The levels of secretion of two important early pro-inflammatory cytokines,
TNF-o and IL-1p, were measured in supernatants from the THP-1 infection samples from
the above assay. F. tularensis SchuS4AfptG and WT infections induced the release of IL-
1B at 15 hpi. However, the levels induced by F. tularensis SchuS4AfptG were
significantly higher than those induced by WT from 21 — 33 hpi (Fig. 5.10 A). IL-1p
release was delayed in F. tularensis SchuS4AfptB-infected cells until 27 hpi. The timing
of the IL-1B release for both mutant strains and WT coincided with that of LDH release,

demonstrating a correlation between membrane disruption and mature IL-1p release.

F. tularensis SchuS4AfptG-infected cells secreted TNF-a with similar kinetics to
that of WT, while F. tularensis SchuS4AfptB induced significantly less than both other
strains at all time points (Fig. 5.10 B). The cytokine secretion patterns induced by both
mutant strains mirrored their replication patterns, with F. tularensis SchuS4AfptG being
similar to WT, and F. tularensis SchuS4AfptB significantly diminished compared to the

other two strains.
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Figure 5.10. F. tularensis SchuS4AfptG and SchuS4AfptB elicit altered inflammatory
responses. THP-1 cells were infected at an MOI of 100 for 2 hours. Cells were then
washed twice with PBS and incubated with 50 pg/mL gentamicin for the duration of the
experiment. Cell-free supernatants were collected at 3, 9, 15, 21, 27 and 33 hpi and
measured for cytokine contents using sandwich ELISAs. Data are plotted as the
arithmetic mean of 3 biological replicates performed in duplicate, counts * standard
deviations. Data are of a single representative experiment (n =5). *, p <0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001 (by two-way ANOVA).
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The escape delay exhibited by SchuS4AfptG is autophagy-dependent

It has been demonstrated previously that F. tularensis interacts with the cell’s
autophagy machinery during intracellular replication [26, 204]. Because autophagy can
induce transient resistance to pyroptosis [54, 229], we next sought to ascertain if
autophagy played a part in the observed escape delay of F. tularensis SchuS4AfptG.
Invasion assays utilizing bactericidal concentrations of gentamicin through 24 hours were
carried out, with the addition of the autophagy inhibitor bafilomycin Al at either 3 or 12
hpi for a total treatment time of 21 or 12 hours respectively, to cease vesicular
acidification, halting autophagy [129], at either the beginning or midpoint of the
infection. No effect was observed on the escape delay with a 12 hour treatment of
bafilomycin Al despite equivalent disruption to autophagy, as visualized as buildup of
the 16 kD lipidated form of the autophagosome biogenesis protein, LC3-11 [88] (Fig.
5.11); equivalent numbers of intracellular SchuS4AfptG were quantified in both treated
and untreated cells at 24 hpi (p < 0.0001) (Fig. 5.12 A, C). However, when autophagy
was inhibited for 21 hours, the number of intracellular bacteria and doubling rates of F.
tularensis SchuS4AfptG was reduced to WT levels (Fig 5.12 B, D). These data suggest a
time-sensitive role for autophagy in the escape stage of the Francisella intracellular

replication cycle.
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Figure 5.11. Expression of LC3-1 and LC3-11 in bafilomycin Al treated THP-1
macrophage-like cells. Whole cell lysates of THP-1 cells untreated (lane 2) or treated
with bafilomycin Al for 12 or 24 hours (lanes 3 and 4) were separated by SDS-PAGE
and probed with anti-LC3 (top panel) or anti-p-actin (lower panel).
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Figure 5.12. F. tularensis SchuS4AfptG is delayed in escape from the host cytosol in an
autophagy dependent manner. THP-1 cells were infected at an MOI of 100 for 2 hours.
Cells were then washed twice with PBS and incubated with 50 pg/mL gentamicin for the
duration of the experiment. Bafilomicin Al was added to the culture media at either 3 or
12 hpi. Intracellular bacteria were enumerated at 3 and 24 hpi. Data are plotted as the
arithmetic mean CFU counts of three biological replicates performed in quadruplicate +
standard deviations. Data are of a single representative experiment (n = 4). ** p < 0.01,
**** p <0.0001 (Average CFU and calculated doublings analyzed by two-way
ANOVA).
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SchuS4AfptB is highly attenuated in the C57BL/6J mouse model

Altered intracellular replication Kinetics and cytokine induction patterns suggested
a role for fptB and fptG in Francisella virulence. The C57BL/6J mouse model was used
to assess pathogenic defects of these mutant strains as WT Type A F. tularensis has an
intranasal LDso < 10 CFU in this model [164]. Groups of 4 mice were inoculated intra-
nasally with 5 x 10! CFU of WT, or 2 x 10 to over 7 x 10° CFU of the mutant strains.
Mice inoculated with WT steadily lost weight over the course of 5 days before
succumbing to infection on day 5, exhibiting overt signs of sickness beginning late on
day 4 or early on day 5. Half of the mice, one male and one female, inoculated with the
lowest dose of F. tularensis SchuS4AfptG, 2 x 10! CFU, succumbed to infection (Table
5.1). These two mice lost weight at the same rate as WT infected mice, but had a 1-2 day
delayed time to death compared to WT (data not shown). The two surviving mice from
this group never lost weight or showed signs of sickness (data not shown). All higher
doses of F. tularensis SchuS4AfptG were lethal at the same rate as WT (Table 5.1). In
contrast, no mice inoculated with F. tularensis SchuS4AfptB up to the highest dose
succumbed to infection (Table 5.1). No weight loss or overt signs of sickness were
evident in any F. tularensis SchuS4AfptB inoculated mice, demonstrating attenuation and

an LDso > 7.6 x 10° CFU.
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Table 5.1: Attenuation of fpt mutant strains in C57BL/6J mice.
Intranasal Dose

Strain (CFU) Survival
SchuS4 1.1 x 10* 0/2
SchuS4 1.9 x 101 0/4
SchuS4 4.3 x 10! 0/4
SchuS4 5.3 x 10! 0/4
SchuS4AfptG 2.0 x 101 2/4
SchuS4AfptG 4.8 x 102 0/4
SchuS4AfptG 1.0 x 103 0/4
SchuS4AfptB 5.4 x 10* 3/3
SchuS4AfptB 3.1 x 10? 4/4
SchuS4AfptB 5.6 x 10? 3/3
SchuS4AfptB 1.0 x 103 4/4
SchuS4AfptB 8.7 x 10° 4/4
SchuS4AfptB 9.8 x 10* 4/4
SchuS4AfptB 1.0 x 10° 2/2
SchuS4AfptB 1.0 x 106 4/4
SchuS4AfptB 7.6 x 10° 3/3
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F. tularensis SchuS4AfptB vaccination protects against virulent F. tularensis SchuS4

challenge

Given the high level of attenuation of SchuS4AfptB, we assessed the ability of this
strain to protect against lethal challenge. Groups of 4 mice in two independent
experiments were inoculated with a single dose of ~1 x 10° CFU F. tularensis
SchuS4AfptB prior to WT challenge 28 days later with doses ranging from 7 CFU - 360
CFU. Ten of 26 vaccinated mice from two separate experiments survived challenge, as
well as one unvaccinated control mouse, resulting in an efficacy value of 28% in
vaccinated groups (Table 5.2). An increased delay in time to death was observed in a
challenge dose-dependent manner (Table 5.2). The delay to death was accompanied also
by differences in weight loss by challenged, vaccinated mice. As shown in Figure 5.13 A,
mice receiving the lowest challenge dose of WT F. tularensis that succumbed to
challenge began losing weight later than mice receiving the middle and high doses (Fig
5.13 B, C). All vaccinated mice that succumbed began losing weight later than
unvaccinated control mice. All protected mice showed no overt signs of illness with little
to no loss of weight following challenge. These data suggest F. tularensis SchuS4AfptB
has limited protective capacity and demonstrates the first example of protection by an

MFS transporter targeted vaccine strain from Type A challenge.

Another set of mice were given a prime/boost vaccination regimen to explore the
possibility of increased protection, with two doses of ~1 x 10° CFU F. tularensis
SchuS4AfptB 14 days apart, before WT challenge 28 days later with doses ranging from
43-840 CFU. Only 2 of 18 mice vaccinated under the prime/boost scheme survived

challenge (Table 5.3), resulting in a protection rate of 11.1%. As with the single
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Table 5.2: Protection against WT F. tularensis SchuS4 challenge after one vaccination

with SchuS4AfptB.

vaccine Challenge Dose . Individual Average Delay
Inoculum (CFU) Survival | Delay to Death to Death (Days)
(CFU) (Days) y
Experiment 1
7.3x10° 7 2/5 8,9, 8, 14<, 14< 4
7.3x10° 70 1/4 7,6, 6, 14< 2
7.3x10° 162/350 2/5 6, 6, 6, 14< 1.67
PBS 162/350 0/3 4,4,5 --
Experiment 2
1.14 x 106 39 2/4 7,10, 14<, 14< 3.5
1.14 x 106 78 1/4 6,7,9, 14< 2.33
1.14 x 10° 360 2/4 7,6, 14<, 14< 1.5
PBS 39 1/4 5,5,5, 14< --
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Figure 5.13. Delay in weight loss is challenge dose dependent. Groups of 4 mixed gender
C57BL/6J mice were vaccinated with either 7.6 x 10° CFU F. tularensis SchuS4AfptB or
PBS before challenging with the concentrations of WT F. tularensis as shown above 28
days later. Weights were recorded daily after challenge for 14 days. Graphs show the %
bodyweights of individual vaccinated mice (gray) compared to unvaccinated but
homologously challenged control mice (black).
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Table 5.3: Protection against wildtype challenge after two vaccinations with
SchuS4AfptB.

, Individual
v e O sy oRmytsCan A B
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dose vaccination system, a delay to death was challenge dose-dependent manner (Table
5.3). These data suggest that while F. tularensis SchuS4AfptB can provide limited
protection, it is unable to improve efficacy when administered a second dose through the

intranasal route.
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Discussion

The formulation of a licensed, efficacious live attenuated vaccine against
Francisella tularensis has remained an elusive goal, despite increased efforts since the
anthrax bioterror attacks of 2001. Prior studies in humans with F. tularensis LVS in the
1960°s demonstrated the proof of concept for the protective capacity of the live
attenuated vaccine strategy, and has pointed the way forward for the engineering of live
attenuated strains harboring targeted deletions [91, 218, 128, 172, 104]. Here, we
investigated the potential of two MFS transporters, FptG and FptB, as attenuating targets
in the virulent Type A strain, and the effects of their loss on the intracellular lifecycle of
Type A F. tularensis. Our prior studies demonstrated the importance of both genes in the
F. tularensis LVS background, for both in vitro replication kinetics and in vivo virulence
[128]. Both F. tularensis LVSAfptB and LVSAfptG exhibited severe replication defects
in multiple cell types and were both attenuated and protective in the BALB/c model
[128]. We hypothesized that, given the high protein identity between the F. tularensis
LVS and Type A strains for these proteins (99% for FptB and 100% for FptG), similar

phenotypes would be observed in the clinically relevant Type A background.

In contrast to our prior results in F. tularensis LVS, SchuS4AfptG did not display
a replication defect in broth or in any cell line tested, highlighting a difference between
the LVS and Type A strains, though a replication deficiency was noted in mouse
BMDMs. F. tularensis SchuS4AfptB displayed a significant growth defect in
macrophages, similar to observations with the F. tularensis LVS-derived mutant [128,
77]. The restriction of intracellular growth defects to macrophages and not hepatic cells

may stem from the fact that the substrate of FptB, isoleucine, is regulated in
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macrophages. Isoleucine is one of nine amino acids to be depleted by activated
macrophages [146]. This, coupled with the fact that excess isoleucine in culture rescues
growth of F. tularensis SchuS4AfptB, implies that isoleucine is a rate-limiting nutrient for
intracellular replication of Francisella tularensis, and that there likely exists another,
previously hypothesized [77], lower affinity transporter that contributes to transport of
isoleucine in the absence of FptB. It may be that FptB functions as a high affinity

transporter to scavenge isoleucine intracellularly, even at depleted levels.

The delay in cytosolic escape observed with both fptB and fptG mutant strains has
not been reported previously in Francisella. Extensive work by multiple laboratories has
revealed the process by which Francisella escapes the phagosome early in the replication
cycle, what host and bacterial genes are key to this process, and the consequences of
delays at this stage [80, 35, 186, 37, 32]. However, escape from the host cell at the final
stage of the intracellular cycle remains an aspect of the Francisella lifecycle that is
poorly understood. Current models of escape involve Francisella replicating to high
numbers before triggering pyroptotic cell death mediated through AIM2 and caspase 8
[159], during which the bacteria are presumed to be released from the necrotic cell [14, 2,
31]. While the escape process appears tied to the cell death machinery, the control of
timing of cell death and subsequent escape includes both host and bacterial factors. F.
tularensis SchuS4AfptG replicates at the same rate as WT, but is delayed in its escape,
implying that the processes of replication and cellular escape are dissociable. The
mechanism by which Francisella controls escape timing may be regulated by the cell’s
autophagic machinery. It has been demonstrated that Francisella triggers autophagy by

depleting cellular glutathione, and then associates with the autophagic machinery to
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harvest this microenvironment for nutrients, especially amino acids [26, 204, 4, 184].
Autophagy has been shown, especially in the context of other intracellular bacterial
infections including Shigella and Legionella, to transiently delay the induction of
pyroptosis by the host [54, 229]. The sharply increased secretion of IL-1p, an
inflammasome-dependent process, in F. tularensis SchuS4AfptG infected cells, coupled
with the necessity for autophagy to delay cytosolic escape for SchuS4AfptG, suggests that
the release of cytokines often associated with pyroptosis and the process of cell death
itself may be separate. Interestingly, the escape delay, with its dependence on both
autophagy and certain nutrient transporters, implies a necessity to interact with this
microenvironment, perhaps as part of a “checklist” for escape. When the cell was
prevented from undergoing autophagy, following the addition of bafilomycin A1, F.
tularensis SchuS4AfptG appeared to forgo the autophagy interaction step and escape at
the WT rate. Though the escape delay phenotype of F. tularensis SchuS4AfptG is
bafilomycin Al-sensitive, alternative approaches will be necessary to definitively tie

autophagy to delay of the cell death machinery in the context of F. tularensis infection.

A fundamental key to the virulence of Francisella is its ability to invade and
replicate intracellularly in many cell types, especially macrophages, where host responses
have been extensively studied, revealing the induction of a potent, yet atypical
inflammatory response, that can ultimately lead to sepsis and hypercytokinemia [123,
196]. The avoidance of TLR4, yet stimulation of TLR2/6, AIM2, and STING may
produce an immune response that is less than effective for host survival [102, 40, 86], and
highlights the extreme virulence of this bacterium. Both fpt mutant strains elicited altered

inflammatory cytokine secretion; infection with F. tularensis SchuS4AfptB resulted in a
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delayed IL-1B and reduced TNF-a response, while SchuS4AfptG stimulated increased
levels of IL-1p compared to WT, and comparable levels of TNF-a. Both strains were
attenuated in the C57BL/6J mouse model with LDso 2-10 times and >700,000 times of
that of WT for SchuS4AfptG and SchuS4AfptB, respectively. The level of attenuation
exhibited by F. tularensis SchuS4AfptB places it among the most attenuated Type A-
derived vaccine strains [127], and confirms the importance of intracellular replication and
host cell interactions early in infection. Though we have not yet reached the lethal dose
for this strain, challenge results suggest that F. tularensis SchuS4AfptB may be over-
attenuated. Historically, the prime difficulty of live attenuated vaccine development has
been achieving the optimal balance of safety/attenuation and immunogenicity/protection.
The reduced inflammatory response elicited by F. tularensis SchuS4AfptB in the early
stages of macrophage infection compared to WT may indicate that an altered host cell
interaction at the time of initial macrophage infection does not guarantee the onset of a

long-term protective response.

These data represent the first utilization of MFS transporters, and in the case of
fptB, an amino acid transporter specifically, as potential attenuating targets in the virulent
F. tularensis Type A background. Prior efforts have centered upon biosynthetic [183,
155, 94], capsule [117, 218, 168], and virulence genes [166], but transporters represent a
largely untapped source of potentially attenuating targets. Importantly, nutrient
transporters, including those defined to be within the MFS, may be of increased
importance to intracellular pathogens. It is appreciated that bacteria residing in the
intracellular space undergo genome reductions, resulting in the shedding of genes

involved in transport and metabolism at a rate that is much higher than that of genes
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involved in replication and defense [135]. This implies that any remaining transporter and
metabolite genes are necessary for the survival, and possibly, virulence of the organism.
The Type A strain of Francisella tularensis is predicted to have 35 MFS transporters, and
182 transporters in total [107], representing close to 12% of the SchuS4 protein coding
sequences. This represents a very large pool of potential novel targets for not just
vaccines, but for antibiotic therapies as well. Intriguingly, similar gene proportions exist

in many clinically relevant pathogenic organisms.

F. tularensis SchuS4AfptB is the first MFS-based live attenuated strain in the
Type A background to demonstrate protection against WT Type A Francisella challenge.
While the efficacy was modest following vaccination with this strain, these data support
the idea of targeting nutrient transporters as part of an attenuation strategy. These strains
represent insightful tools allowing more intimate study the intracellular lifecycle of F.

tularensis, especially the understudied molecular steps leading to cellular escape.
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Chapter 6 — Investigation of the identity of the FptG substrate

Supplementation of CDM to identify the substrate of FptG

Previous experiments examining mutation in fptG both the F. tularensis LVS and
SchuS4 backgrounds have demonstrated significant effects on bacterial virulence and
host cell interactions [128]. Despite phenotypic characterization of strains lacking this
important transporter, the identity of the substrate of FptG remains elusive. Growth and
nutrient supplementation in (CDM) has revealed the substrates of two fpt transporters:
FptE was found to transport the amino acid asparagine, and FptB was found to transport
isoleucine [76, 77]. The substrates for both transporters were defined in the non-virulent
F. tularensis LVS or subspecies novicida backgrounds. There is 99% - 100% amino acid
sequence identity between the less virulent strains and the virulent Type A strain at the
fptB and fptE loci, as defined by BLAST-P analysis. We confirmed that isoleucine was

the substrate for fptB in the Type A strain SchuS4 (Figure 5.5).

Given the 99% amino acid sequence identity between FptG proteins from LVS
and Type A SchuS4, we undertook a similar approach to identify the substrate of FptG.
We utilized LVS as the strain background since a greater range of studies could be
performed in the BSL-2 laboratory. A significant growth delay for F. tularensis
LVSAfptG compared to parental LVS was identified in an initial 6 hour growth course in
CDM broth, implying the substrate of FptG was likely contained in the CDM mixture
(Figure 6.1 A). While the mutant growth rate lagged compared to WT, as seen in Figure
6.1 A, F. tularensis LVSAfptG eventually reached an ODeoo close to that attained by

parental LVS. Attempts to identify the substrate began with supplementation of standard
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CDM with 0.5% casamino acids. Casamino acids are a general mix of amino acids

created through the acid hydrolysis of
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Figure 6.1. Growth of F. tularensis LVSAfptG compared to parental LVS in standard or
supplemented CDM. CDM was supplemented with 0.5% casamino acids (B), 5X
thiamine (C), or 2X glucose (D). Bacterial cultures were normalized to an ODeqo Of
approximately 0.1 and were grown, shaking at 250 RPM in 37° C, 5% CO..
Measurements were taken every hour for 6 hours. Data are representative of two

independent experiments.
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the protein casein and allows for the supplementation of all amino acids, except
tryptophan. Amino acid enrichment did not restore F. tularensis LVSAfptG to the growth
rate of parental LVS (Figure 6.1B). Similarly, supplementation of standard CDM with
twice the concentration of glucose (Figure 6.1C), or 5 times the concentration of thiamine
(vitamin B1) (Figure 6.1D) did not fully restore the growth rate of F. tularensis
LVSATfptG to that of parental LVS, though some improvement was observed. The two
remaining carbon sources in the CDM mix were subsequently investigated.
Supplementation with spermine, a compound required for F. tularensis’s virulence
[177], did not restore F. tularensis LVSAfptG to parental LVS replication rates (Figure
6.2A). Similarly, pantothenic acid (vitamin B5) supplementation did not restore the
replication rate (Figure 6.2B). Investigation next turned away from the F. tularensis LVS
background to investigate what effect the loss of the FptG transporter had on the Type A
strain. As shown in Figure 6.3, unlike its LVS counterpart, SchuS4AfptG exhibited no

growth defect in standard CDM.
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Figure 6.2. Growth of F. tularensis LVSAfptG compared to parental LVS in standard or
supplemented CDM. CDM was supplemented with 3X spermine (A) or 4X pantothenic
acid (B). Bacterial cultures were normalized to an ODeoo Of approximately 0.1 and were
grown, shaking at 250 RPM in 37° C, 5% CO.. Measurements were taken every hour for
6 hours. Data are representative of two independent experiments.
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Figure 6.3. Growth of F. tularensis SchuS4AfptG compared to WT SchuS4 in CDM.
Bacterial cultures were normalized to an ODeoo Of approximately 0.1 and were grown,
shaking at 250 RPM in 37° C, 5% CO». Measurements were taken every hour for 6 hours.
Data are representative of two independent experiments.
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Supplementation of cells during in vitro infection

Studies were undertaken to test the ability of supplementation with casamino
acids to restore WT cellular escape kinetics to SchuS4AfptG in THP-1 cells. Previous
data from this study established the necessity for the FptG transporter in timely escape
from the host cell, but discounted its involvement in replication (Fig. 5.3). Following the
addition of 0.5% casamino acids, a concentration used in previous studies [76, 77], to cell
culture media, an unexpected phenotype was observed. The addition of the extra amino
acids induced an escape delay in the WT strain; the number of intracellular WT bacteria
was significantly higher in cells with supplemented amino acids compared to numbers in
cells in normal media at 24 hpi (Figure 6.4). Furthermore, the escape delay for
SchuS4AfptG was similarly increased in the presence of casamino acids compared to

normal media.

To investigate whether supplementation with a single amino acid was sufficient to
retain WT F. tularensis similarly to the addition of casamino acids, supplementation
experiments with 3 mM isoleucine in culture were carried out. It was observed that the
addition of isoleucine alone was sufficient to cause an escape delay of WT F. tularensis
similar to that observed when 0.5% casamino acids were used for supplementation
(Figure 6.5). Observed CFU and calculated doublings between 3 mM isoleucine-
supplemented WT F. tularensis and WT without supplementation were significantly
different (p < 0.01), demonstrating that the addition of a single amino acid was sufficient

to arrest the WT bacteria in THP-1 cytosols.
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Figure 6.4. Addition of 0.5% casamino acids does not return F. tularensis SchuS4AfptG
to WT escape kinetics in THP-1 cells. THP-1 cells were infected at an MOI of 100 for 2
hours. Cells were then washed twice with PBS and incubated with 50 pg/mL gentamicin
from 2 hpi through the end of the assay. Intracellular bacteria were enumerated at 3 and
24 hpi. Data are plotted as the arithmetic mean CFU counts of three biological replicates
performed in quadruplicate + standard deviations. Data are of a single representative
experiment (n = 1). *** p < 0.001, **** p < 0.0001 (Average CFU and calculated
doublings analyzed by two-way ANOVA).
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6.5. Addition of 3 mM isoleucine is sufficient to arrest WT F. tularensis in the cytosol of
THP-1 cells. THP-1 cells were infected at an MOI of 100 for 2 hours. Cells were then
washed twice with PBS and incubated with 50 pg/mL gentamicin from 2 hpi through the
end of the assay. Intracellular bacteria were enumerated at 3 and 24 hpi. Data are plotted
as the arithmetic mean CFU counts of three biological replicates performed in
quadruplicate + standard deviations. Data are of a single representative experiment (n =
2). **, p<0.01, **** p < 0.0001 (Average CFU and calculated doublings analyzed by
two-way ANOVA).

130



Summary of Chapter 6

Despite 99% amino acid sequence identity between the F. tularensis LVS and
SchuS4 FptG sequences, the LVSAfptG strain could not be utilized as a BSL-2 model to
find the FptG substrate, as had been done previously with FptB [77] and FptE [76]. The
F. tularensis LVS genome contains 37 mutations that affect protein sequences, and of
those, 15 are predicted to have major impairment or entirely lost function [176]. Several
of these genes are biosynthetic enzymes, meaning that the LVS metabolism is likely
altered in an unpredictable fashion compared to that of WT Type A F. tularensis. For
example, it is possible that F. tularensis LVS may have different biosynthetic pathways
active in a given condition compared to the Type A strain under similar conditions.
Because the loss of the fptG gene in the Type A strain has no effect to growth in broth,
any effect seen in the F. tularensis LVS background is likely due to complications
stemming from the many mutations inherent to the LVS genome. The loss of FptG has
altered the replication kinetics of F. tularensis LVS in a complex manner such that
supplementation of one carbon source, or even 19 amino acids, is insufficient to
overcome the consequences of many mutations in the LVS genome.

Another possibility for the inability of supplementation to rescue replication of
F. tularensis LVSAfptG may be that there is no redundant transporter for the substrate of
FptG. During the identification of the substrates of both FptE [76] and FptB [77],
supplementation with asparagine and isoleucine, respectively, was possible due to the
likely existence of another, previously hypothesized [76, 77], lower affinity transporter.
Increasing the media concentration of the substrate was able to restore mutant growth to

WT replication mechanics. It is possible that the F. tularensis genome encodes no other
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transporter for the substrate of FptG, in which case, supplementation screening
experiments using rescue of growth as a readout are unlikely to be effective. A less
targeted method to identity the FptG substrate may be to screen the mutant, compared to
the parental strain, using a defined panel of radiolabeled metabolite substrates. The
mutant, in either the F. tularensis Type A or LVS backgrounds, would not be able to take
up the metabolite at levels similar to that of as the parental strain, and a measurable
difference in radioactivity would be evident between normalized pellets of each strain.
While a similar method was used to confirm the identities of the FptE and FptB
transporters, this method was not used for initial screening. Additionally, this method
would require a considerable array of unique radiolabeled common metabolite substrates
to effectively screen common candidates like amino acids, nucleotides, and sugars.

The surprising results gathered from the casamino acid and isoleucine
supplementation experiments suggest that F. tularensis utilizes a host mechanism to
produce the escape delay phenotype. That the deletion of a nutrient transporter, or the
disruption of normal amino acid level can induce the same phenotype, with even the WT
bacterium, highlights the complexity of the interplay between the bacterium and the host
cell’s metabolic state. It is interesting to note how excess amino acids are dealt with
metabolically by the cell. Excess amino acids are oxidized via the arginase pathway,
creating urea [181] which is processed further by several pathways. One pathway in
particular, the ornithine amino transferase pathway, is a pro-survival pathway [47], and
may account for cells remaining alive longer, and harboring the bacteria intracellularly

longer, which is reflected in the cell escape delay. Further investigation into the role of
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cellular metabolism and nutrient homeostasis pathways in the context of F. tularensis

infection may uncover direct interplay between the host and the bacteria.
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Chapter 7 — Discussion

Despite years of research, and a surge in interest after the bioterror attacks of
2001, no licensed vaccine exists to prevent disease due to Francisella tularensis. Human
clinical studies dating back to the 1950s-1960s demonstrating partial protection conferred
by LVS vaccination against Type A challenge support the promise of the live attenuated
vaccine strategy [91]. Given that the ultimate target for a tularemia vaccine is the highly
virulent Type A strain, we reasoned that the use of a live attenuated derivative based on
the Type A background would provide a greater level of protection. Current molecular
biology techniques allow the engineering of specifically targeted deletions in rationally
selected genes in in the Type A strain. Targets have included biosynthetic genes, such as
those involved in capsule, nucleotide, or O-antigen biogenesis [182, 183, 154, 155, 170,
104, 202], defense genes, such as catalase and superoxide dismutase [7, 117], or
virulence factors, such as those in the Francisella pathogenicity island [11, 19, 21, 120,
188]. Candidate strains harboring these mutations have exhibited varying degrees of

attenuation and protection in several mammalian models.

Absent from the list of commonly targeted genes are those encoding transporters.
Bacteria employ a multitude of transporters to move a large number of biologically
important substrates, and transporters of the MFS, represent the largest group of
secondary transporters on Earth [171, 222]. The Type A strain of Francisella tularensis is
predicted to have 35 MFS transporters, and 182 transporters in total [107], representing
close to 12% of the SchuS4 protein coding sequences. This represents a very large pool
of potential novel targets, not just for vaccines, but also, for antibiotic therapies as well.

The blockage of an important transporter with a chemical compound may induce a
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similar attenuating effect on pathogenic bacteria mid-infection. Furthermore, it has been
found that bacteria residing in the intracellular space, like F. tularensis, undergo genome
reductions, resulting in the shedding of genes involved in transport and metabolism at a
rate that is much higher than that of genes involved in replication and defense [135]. This
implies that any remaining transporter and metabolite genes are especially necessary for

the survival, and possibly, virulence of the organism.

A subset of 9 MFS genes identified in F. tularensis, based on their homology to
the attenuating phtA threonine transporter of Legionella pneumophila, were named the
Francisella phagosomal transporters (fpt) [191]. The introduction of mutations into 3 of
the 9 fpt genes in the LVS background resulted in significantly attenuated phenotypes in
vitro and/or in vivo. Studies by our lab, as well as others, demonstrated that deletion of
the isoleucine transporter, FptB, the asparagine transporter, FptE, or FptG, a transporter
with an unknown substrate, significantly altered the intracellular replication rate of F.
tularensis LVS in vitro, and rendered LVS highly attenuated and protective in the
BALB/c mouse model [128, 76, 77]. These data prompted us to choose the transporters
FptB, FptE, FptG, and another, less attenuating transporter, FptF (unpublished data), with
which to move forward for the construction and evaluation of a F. tularensis Type A-

based vaccine candidate.

The resultant strains were evaluated in the minimal broth CDM for growth
deficiencies. Three strains, SchuS4AfptF, SchuS4AfptE, and SchuS4AfptG exhibited no
alterations in replication rates compared to WT F. tularensis, suggesting the substrates of
these three transporters are dispensable for growth in broth. On the other hand,

SchuS4AfptB, the strain lacking the high affinity isoleucine transporter, consistently
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exhibited a replication deficiency in CDM. Growth of SchuS4AfptB could be rescued to
WT levels by the addition of 3 mM isoleucine to the media. These data demonstrate the
importance of isoleucine transport to F. tularensis, as neither Type A nor Type B strains
are able to synthesize isoleucine de novo from threonine [99-101]. These data also
support the notion that there likely exists another, previously hypothesized [77], lower

affinity transporter for isoleucine in the F. tularensis proteome.

Intracellular survival assays in macrophages and hepatocytes were initially
performed with all four fpt deletion strains in two cell line types, THP-1 human
macrophage-like cells, and HepG2 human hepatocyte carcinoma cells. Invasion and
replication in macrophages is key to F. tularensis virulence, and systemic spread of the
bacterium eventually leads to infection of the liver [31]. Two fpt mutants, F. tularensis
SchuS4AfptF and SchuS4AfptE, exhibited no alterations to their intracellular replication
kinetics compared to WT in either cell type. These findings suggest that the as yet
unknown substrate of FptF, and asparagine, the substrate of FptE, are either not essential
for intracellular replication or are compensated for by either de novo biosynthesis or other

transporters.

In contrast, SchuS4AfptG and SchuS4AfptB exhibited significant intracellular
alterations. Intracellular replication assays were performed using two antibiotic
conditions: one condition removes all gentamicin from the media after 3 hpi, allowing
cell-to-cell spread, and enumeration of the total replication rate of the strains. A second
condition includes 50 pg/mL of gentamicin, a bactericidal concentration, in the culture
media throughout the experiment, effectively eliminating intercellular spread. This

condition allows for the enumeration of only the first round of invasion, replication, and
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escape, as bacteria that have escaped the initially infected cells are killed by the
extracellular gentamicin. F. tularensis SchuS4AfptG replicated at the same rate as WT in
both THP-1 macrophages and HepG2 hepatocytes when cell-to-cell spread was allowed.
But under conditions where cell spread was limited, a significant escape delay was
evident; escape of SchuS4AfptG was delayed by ~6 hours compared to WT, despite
replicating at the same rate. Importantly, complementation in trans with an intact fptG

gene restored F. tularensis SchuS4AfptG to WT growth kinetics.

Similarly, F. tularensis SchuS4AfptB exhibited a significant escape delay
compared to WT under cell spread-limiting conditions in macrophages. When cell spread
was allowed by removal of the antibiotics, a significant growth defect compared to the
WT strain, similar to the one observed in CDM, was evident in THP-1 macrophages.
Similar to studies in broth culture, supplementation of THP-1 cells with 3 mM isoleucine
at the time of invasion restored the replication rate of F. tularensis SchuS4AfptB to that
of WT SchuS4. Furthermore, complementation in trans with the fptB gene restored F.
tularensis SchuS4AfptB to the level of WT replication kinetics. No replication defect or
escape delay was observed with F. tularensis SchuS4AfptB in HepG2 cells. Restriction of
the escape delay and replication defect of F. tularensis SchuS4AfptB to macrophages is
not surprising as it has been found that isoleucine is among 9 amino acids that are
downregulated by macrophages upon activation [146]. It has not been shown that
hepatocytes have the ability modulate their amino acid levels in such a fashion, and the
data presented here with F. tularensis SchuS4AfptB would suggest that hepatocytes
cannot appreciably alter isoleucine levels during infection. These data, coupled with the

fact that excess isoleucine rescues growth of F. tularensis SchuS4AfptB in broth, implies
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that isoleucine is a rate-limiting nutrient for replication of Francisella tularensis, and
further supports the hypothesis of the existence of another, lower affinity transporter that
contributes to transport of isoleucine in the absence of FptB. It may be that FptB
functions as a high affinity transporter to scavenge isoleucine intracellularly, even at
depleted levels. The fact that SchuS4AfptB starts replicating intracellularly at the same
time as WT suggests that the mutant has escaped the phagosome, as the literature
demonstrates phagosomal escape is required for intracellular growth [116, 119, 187].
Direct evidence for timely phagosomal escape by SchuS4AfptB would require further
experiments utilizing confocal microscopy in the first 1-2 hpi to investigate this matter

further.

The delay in cytosolic escape observed with both fptB and fptG mutant strains has
not been reported previously in Francisella, and thus warranted deeper examination.
Both mutant strains were compared to WT F. tularensis through the first 33 hours of
infection. Experimentally, a positive doubling rate and increasing CFU numbers were
interpreted as intracellular replication outpacing escape, and decreasing CFU numbers as
escape outpacing new replication. WT F. tularensis exhibited positive doublings and
increasing intracellular CFU values through 15 hpi; escape begins 15-21 hpi. Release of
LDH from infected cells correlated with the timing of cell escape [108, 151]. In this
experimental system, F. tularensis SchuS4AfptG replicated at the same rate as WT, but
continued doubling at a positive rate for an additional 6 hours beyond that of WT.
Interestingly, F. tularensis SchuS4AfptG induced LDH release at the same time as WT,
and at significantly higher levels. It can be hypothesized that the increased LDH release

elicited by F. tularensis SchuS4AfptG results from THP-1 cells that are struggling to
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contain high intracellular numbers of this mutant strain that is doubling at the WT rate,
but not escaping in a timely fashion, and thus exhibit greater membrane permeability
leading to transient release of LDH. Further experiments, possibly utilizing fluorescent

microscopy, could potentially support or disprove this hypothesis.

In contrast, in THP-1 cells, F. tularensis SchuS4AfptB doubled at a slower rate
than WT SchuS4 through 15-21 hpi, yielding significantly fewer bacteria. Furthermore,
F. tularensis SchuS4AfptB continued to replicate for 12 hours beyond that of WT with
increasing numbers of intracellular CFU, exhibiting a substantial escape delay, at
between 27-33 hpi. Doubling values are never significantly different, statistically, from
that of WT F. tularensis, but that may stem from the relatively short 6 hour time periods
utilized in this assay. Statistical significance is reached only with larger values stemming
from a 24 hour experimental period, but trends still remain, primarily that F. tularensis
SchuS4AfptB doubles 12 hours beyond that of WT. Also of significance is the fact that F.
tularensis SchuS4AfptB reached a significantly higher peak of intracellular CFU than
WT. Approximately twice as many F. tularensis SchuS4AfptB were present at 27 hpi, the
strain’s peak, than WT at 15 hpi, suggesting bacterial number alone is not a trigger for

cellular escape.

Further analysis of F. tularensis SchuS4AfptB and SchuS4AfptG was carried out
in BMDMs harvested from C57BL/6J mice and human MDMs harvested from blood, in
order to bridge in vitro and in vivo studies. The C57BL/6J mouse strain is widely used in
F. tularensis studies where WT SchuS4 has an intranasal LDsg < 10 CFU [164]. Infection
assays that allowed cell-to-cell spread were carried out. Both F. tularensis SchuS4AfptB

and SchuS4AfptG harbored significant defects in their intracellular replication rates in
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both types of macrophages. As had been previously shown, mouse macrophages can
deplete isoleucine levels, and this may partially explain the poor replication rate of F.
tularensis SchuS4AfptB. Curiously, the replication defect observed for F. tularensis
SchuS4AfptG suggests the possibility that the substrate for the FptG transporter may be
depleted in primary macrophages, but not in human cell line macrophages, possibly

offering insights into the identity of this substance.

Both F. tularensis SchuS4AfptG and SchuS4AfptB were assessed for attenuation
in the C57BL/6J mouse model. Intranasal inoculation with WT F. tularensis was lethal in
both male and female mice which succumbed to inocula of 10-53 CFU by day 5 post
inoculation. The LDso of F. tularensis SchuS4AfptG was calculated as 2.0 x 10 CFU,
with one male and one female mouse each surviving this inoculation dose. The two mice
that died did so 1 and 2 days beyond that of the mice inoculated with WT F. tularensis,
suggesting a delay to death. All higher inoculation doses of F. tularensis SchuS4AfptG
were lethal at the same rate as WT F. tularensis, demonstrating the limited attenuating

capacity deletion of the FptG transporter.

F. tularensis SchuS4AfptB was significantly more attenuated than SchuS4AfptG.
In doses ranging from 5.4 x 10! to 7.6 x 108 CFU, no mouse receiving F. tularensis
SchuS4AfptB displayed any clinical signs of illness or died, exhibiting a high level of
attenuation, >7.60 x 10° CFU. These data further underscore the importance of isoleucine
to the pathogenesis of Francisella. Type A F. tularensis does not have the ability to
synthesize isoleucine de novo from threonine, and depriving the bacterium of its high
affinity isoleucine transporter induced virtual avirulence. One hypothesis that can explain
the high levels of attenuation of F. tularensis SchuS4AfptB is, due to low replicative
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ability, as demonstrated in BMDMs, the bacteria may be rapidly cleared, precluding the
efficient systemic spread characteristic of a fatal WT F. tularensis infection [63]. This
could be tested by quantifying organ burdens at regular intervals post-inoculation. A
second hypothesis to explain the attenuation of F. tularensis SchuS4AfptB may stem
more directly from the lack of isoleucine transport caused by deletion of fptB. A role for
nutritional status has been demonstrated for the virulence of F. tularensis [133, 184]. For
example, it has been demonstrated that uptake of biotin affects the timing of phagosomal
escape in BMDMs [145]. It may be that sufficient isoleucine uptake is required to trigger
the virulence program of the bacterium. To test this, sequencing of RNA of both F.
tularensis WT and SchuS4AfptB during intracellular invasion would identify changes in
the transcriptomes associated with virulence. Furthermore, any changes found may then

be tested for reversion back to WT with the addition of exogenous isoleucine.

Due to the high levels of attenuation exhibited by F. tularensis SchuS4AfptB, this
strain was assessed in the C57BL/6J mouse model for its protective capacity. Vaccination
with either one or two doses of ~1 x10° F. tularensis SchuS4AfptB was followed by WT
challenge. Interestingly, survival of mice that received vaccination was independent of
the challenge dose. However, mice that succumbed to challenge exhibited a delay to
death that was challenge dose-dependent. This suggests that F. tularensis SchuS4AfptB
was unable to consistently induce a suitable memory response under the dose schemes
used. Further vaccinations, or alternate routes of vaccination may be needed to boost

efficacy.

The relatively modest vaccine efficacy induced by F. tularensis SchuS4AfptB

prompted us to test a prime/boost vaccination schedule to boost efficacy. Surprisingly,
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there was no increase in vaccine efficacy conferred by a second vaccine dose. This
suggests again that F. tularensis SchuS4AfptB is not consistently inducing a fully
protective response. The high levels of attenuation and modest vaccine efficacy may be
an indication that F. tularensis SchuS4AfptB is over-attenuated. If the very low levels of
intracellular replication found in BMDM assays are indicative of in vivo growth, F.
tularensis SchuS4AfptB may be cleared too quickly to induce a robust response. Further
investigation of this would require study of dissemination rates from the lungs to other

organs and organ burdens in comparison to WT.

While the suboptimal immune response engendered by F. tularensis SchuS4AfptB
may render the strain a less than ideal vaccine candidate, this strain remains a valuable
tool for study of the immune response. The correlates of protection against Francisella
are as yet unknown [50], but F. tularensis SchuS4AfptB offers a unique opportunity for
study of the immune response. When vaccinated, some mice achieve full protection,
while others are merely delayed to death, implying the induction of an incomplete
immune response. In-depth examination and characterization of the responses of a cohort
of mice vaccinated with F. tularensis SchuS4AfptB and later challenged with the WT
strain may highlight molecular differences between a protected mouse and one with a
delay to death. To test this, blood samples taken from all mice on a time course during
the first week post-vaccination and during challenge, can be tested for cytokine and
antibody composition and quantities once the experiment has separated mice that survive
from those that die. Furthermore, because a successful immune response to F. tularensis
relies heavily upon a robust cell-mediated response [6], assays to test T cell activity, such

as a splenocyte co-culture assay, would be necessary to examine this arm of the immune
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response. Such an experiment would compare the ability of vaccinated and unvaccinated
splenocytes to control bacterial replication of infected BMDMSs and differences in

cytokine and effector proteins secreted.

Both F. tularensis SchuS4AfptG and SchuS4AfptB induce early cytokine
secretion profiles that are significantly altered from that of WT F. tularensis.
Fundamental to the virulence of the WT bacterium is its ability to enter many cell types
and induce a potent, if atypical, inflammatory response that can ultimately lead to
uncontrolled hypercytokinemia and sepsis [123, 196]. Modifications to the standard F.
tularensis-induced cytokine profile offer a chance to ascertain what components are
important early in infection. F. tularensis SchuS4AfptG induced similar levels of TNF-a
as WT across all time points measured, while SchuS4AfptB elicited significantly less than
both strains across all time points measured. Interestingly, these data mirrored the
observed replication kinetics of the strains. This suggests then that translation and
secretion levels may be modulated continuously through the early phase of macrophage
infection. Transcription of TNF-a has been demonstrated to peak between 14-16 hpi [39],
leaving time for the magnitude of the response to be modified. Whether modulation of
TNF-a secretion is actively controlled by the bacteria or is the result of the host cell

response to aspects of the bacteria remains to be determined.

Both fpt deletion strains elicited an altered IL-1p secretion profile compared to
that of WT F. tularensis. The mutant F. tularensis SchuS4AfptG induced the secretion of
significantly more IL-1p than WT from 21 hpi through to the end of the assay. These data
may be further indirect evidence that F. tularensis SchuS4AfptG infected cells are

surviving longer due to the mutant’s escape delay than corresponding cells infected with
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WT, allowing them to produce and secrete significantly more IL-1pB. Alternatively,
evidence exists that NLRP3 may be activated during the course of Type A F. tularensis
infection [157]; activation of a second inflammasome may also account for the increase
in IL-1p processing. Further examination of F. tularensis strain SchuS4AfptG may reveal
whether or not the bacterial escape delay is hyper-stimulating IL-1p translation, allowing
for the AIM2 inflammasome to process significantly more mature IL-1f in response to
the mutant compared to WT. Conversely, F. tularensis SchuS4AfptB was delayed in the
secretion of IL-1p by approximately 12 hours, again mirroring LDH release kinetics,
supporting both the escape delay and replication deficiencies inherent to this strain. The
reduced inflammatory cytokine profile induced by F. tularensis SchuS4AfptB may be
part of the explanation for why this strain is highly attenuated in vivo. An insufficient
inflammatory response engendered by this strain may not initiate a long-lived memory
response against the bacterium. Further in vivo experiments analyzing the cytokine
profile of animals inoculated with F. tularensis SchuS4AfptB may support or dismiss this

hypothesis for the lack of protective capacity for this strain.

The mutant strain F. tularensis SchuS4AfptE, unexpectedly, did not produce any
in vitro phenotype, in replication or escape. A transposon mutant with insertion in the
SchuS4 fptE gene had been shown previously to have a replication defect in HepG2
hepatocytes [163], though polar effects cannot be ruled out due to the method of strain
construction. Furthermore, F. tularensis LVSAfptE similarly exhibited a replication
deficiency in HepG2 cells, signifying asparagine transport to be important for LVS
during invasion of these cells [128, 76]. While we cannot explain our different results in

HepG2 cells the use of the THP-1 cell line presents different conditions for the SchuS4-
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derived mutant than those of the mouse macrophages used with the LVS mutant. The F.
tularensis LVS mutant was highly attenuated in BALB/c mice and protective against
lethal LVS challenge. It remains to be determined if SchuS4AfptE is attenuated in the

mouse model.

While the F. tularensis SchuS4AfptG and SchuS4AfptB, and their LVS-derived
counterparts, demonstrate the usefulness of targeting nutrient transporters in an
intracellular pathogen as an attenuating measure, there appears to be a need for rationality
in the choice of the transporter. The lack of additive attenuation observed in the double
mutant strains LVSAfptCAfptB and LVSAfptFAfptA demonstrates that simply
compounding transporter deletions is not a viable means to further attenuate F. tularensis.
In retrospect, this makes sense, but a rationally targeted combination, likely transporters
that affect multiple metabolic pathways, may prove efficacious. Transporters, much like
the biosynthetic enzymes or virulence factors targeted for attenuation, should be chosen
logically, based on the importance of the substrate transported and thus, the predicted
need for the transporter to the bacterium. For example, isoleucine, the substrate of FptB,
is an amino acid whose levels are down-modulated by host cells during infection,
underscoring the necessity for a high-affinity scavenging transporter. This suggests a high
level of importance for FptB, and may explain why deletion of fptB, but not fptF, fptC,
fptA, or fptE was attenuating. Therefore, the targeting of transporters for use in the
creation of live attenuated strains should be paired with knowledge of the auxotrophies
and metabolic deficiencies inherent to the bacteria in question and the cellular

environment encountered by the bacteria during infection.
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Because F. tularensis LVSAfptG exhibited a profound growth defect in minimal
CDM, it implied that the substrate for the FptG transporter was present in the media and
simply could not be transported into the cells. By utilizing the supplementation method
successfully employed to identify substrate identities for two other Fpt transporters [76,
77], the rationale was that the key substrate could be taken up into the bacteria via a
putative lower affinity transporter, restoring growth to WT levels. None of the carbon
sources found in CDM, when supplemented in excess, restored the growth rate of F.
tularensis LVSAfptG to parental LVS levels. Furthermore, F. tularensis SchuS4AfptG,
the Type A derived strain, exhibited no growth deficiencies in CDM, suggesting that the
phenotypes seen with the LVS-derived strain are an artifact of a bacterium that harbors
multiple other mutations. The LVS genome has been sequenced to reveal 40 major
mutations in protein coding sequences, of which, 15 are predicted to impair or abrogate
function [176]. It is likely that the baseline metabolic profile of F. tularensis LVS is
significantly different from that of WT F. tularensis subspecies holarctica, and especially
subspecies tularensis. Therefore, metabolic screenings with this organism are prone to
unpredictable variation, and any results found in the LVS background may not be
applicable to the virulent Type A strain. Though deletion of fptG does not hinder
replication of Type A F. tularensis in vitro, and is only minimally attenuating in vivo,
discovering the identity of this transporter would reveal a substrate whose role appears to

center upon host escape.

Supplementation of THP-1 macrophages with amino acids before invasion led to
the unexpected phenotype of escape delay, not just for fpt mutant strains, but also WT F.

tularensis. These results support the idea that F. tularensis is employing host cell
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machinery, possibly autophagy, during the cytosolic replication phase of its lifecycle.
Evidence exists that supplementation of cells with branched-chain amino acids, such as
isoleucine and valine, is a strong pro-survival stimulus [106]. The exogenous
supplementation of amino acids, especially branched-chain amino acids, may be
mimicking the metabolic stress F. tularensis induces during cytosolic replication. Further
investigation into the interplay between the metabolic switches of the cell, like mTOR
and ULK1, and Francisella tularensis would further elucidate the interplay between

bacterial replication and host nutrient levels.

In a similar vein, these data support further investigation focusing on F. tularensis
during cytosolic replication. Supplementation with all amino acids in the form of
casamino acids, or isoleucine alone, induced the same escape delay phenotype for WT F.
tularensis. It is possible that any amino acid supplemented above cell concentrations is
enough to trigger an escape delay, or it could be a select few, of which isoleucine is one.
Further experiments with selective amino acid supplementation could identify which
amino acids are critical to the timely escape of F. tularensis. While other common carbon
sources can also be investigated, such as glucose or galactose, it has been demonstrated
that amino acids are the primary carbon source of F. tularensis for protein synthesis and
respiration during intracellular replication [184], and thus represent important compounds

for the bacteria.

The work presented here was the first to link transporters of the MFS to virulence
and pathogenesis in Type A F. tularensis. There is a surprising lack of study of the role
of transporters in bacterial pathogenesis, with several studies utilizing Legionella
pneumophila being the most prominent [27, 67, 191]. Over the course of this study,
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analysis focused on only two MFS transporters, FptG and FptB. Loss of either induced
significant changes to the intracellular replication cycle of F. tularensis, and the virulence
of the bacteria in vivo. But data from this studies suggests there is much value in targeting
transporters, not necessarily just of the MFS, for vaccine or small molecular inhibitor
research, and for in depth research into intracellular pathogenesis. The targeting of
transporters offers a novel approach that may yield a fresh perspective on the lifecycle of

Francisella tularensis, as well as yield a viable, efficacious live-attenuated vaccine.
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