THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF VETERINARY AND BIOMEDICAL SCIENCES

ESTABLISHING THE ROLE OF FTL_1042 IN THE INTRACELLULAR GROWTH AND
SURVIVAL OF FRANCISELLA TULARENSIS.
VICTORIA AVANZATO
SPRING 2015

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degrees
in Immunology & Infectious Disease, and Toxicology
with honors in Immunology & Infectious Disease

Reviewed and approved* by the following:
Girish Kirimanjeswara
Assistant Professor of Veterinary and Biomedical Sciences
Thesis Supervisor
Pamela Hankey
Professor of Immunology
Honors Adviser
* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT

Francisella tularensis, the causative agent of tularemia, is a gram-negative bacteria with a wide
host range such as ticks, mites, rabbits, and deer. Humans can become infected through arthropod bites,
or ingestion/inhalation of contaminated material. Tularemia has multiple clinical manifestations,
including the cutaneous, ulceroglandular, and pulmonary forms. The pulmonary form is the most severe
and the infectious dose in humans is very low. F. tularensis has been used as a bioweapon and hence, has
been classified as a select agent by the CDC.
Potential for emergence of antibiotic resistance, either natural or intentional, coupled with lack of
a licensed vaccine makes it hard to treat tularemia in case of an epidemic or bioterror attack. This study
pursues two important avenues in preventing and treating Francisella infections: development of novel
antibiotics and determination of virulence factors for vaccine development. Virulence determinants of F.
tularensis have not been clearly established and are the focus of active research of many labs.
The first section of this study presents an evaluation of the activity of KKL-10, a broad-spectrum
inhibitor of the trans-translation pathway, against Francisella tularensis. The trans-translational pathway
has evolved as a means to protect against translational complexes that have stalled on mRNA during
protein translation, and is essential for the survival of many bacteria species, presenting an optimal target
for novel antibiotics. KKL-10 was effective in arresting the growth of Francisella tularensis spp in liquid
cultures and intracellularly at nanomolar concentrations. The compound appeared to be bacteriostatic
rather than bactericidal at the concentrations used. KKL-10 was also found to inhibit highly virulent
strain SchuS4 at minimum inhibitory concentration similar to that observed for LVS. Together, these
results suggest that trans-translation pathway is a promising target for developing new antibiotics and that
KKL-10 has a broad-spectrum activity even in intracellular compartments of a host cell.
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The second section of this study aims to characterize a novel lipoprotein proposed to function in
the virulence of Francisella. Francisella infectivity potentiator B (Fip B) has previously been shown to
contribute to intracellular growth of a virulent strain of F. tularensis. FTL_1042, an ortholog of FipB,
has been identified in the Live Vaccine Strain (LVS) of F. tularensis. However, the function of this gene
has not been described. The objective of the study was to characterize the function of FTL_1042. An inframe deletion mutant strain of LVS lacking FTL_1042 was created by using allele replacement and
confirmed by sequencing. The wild type LVS and Δ1042 grew at similar rate in liquid culture. However,
intracellular levels of Δ1042 were significantly lower than the wild type 24 hours post infection in
macrophages. These results show that FTL_1042 is involved in the intracellular growth and survival of
F. tularensis LVS strain.
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Chapter 1Introduction to Francisella tularensis
Francisella tularensis is a facultative intracellular pathogen that is the causative agent of the
disease tularemia. It is a Gram-negative, non-motile, bacterium with a coccobacillus shape1,2.
Francisella was first isolated in California in 19113,4. After a major earthquake in San Francisco, G.W.
McCoy began investigation of a mysterious bubonic plague like illness affecting ground squirrels and rats
along the coast in California. The novel infectious agent was isolated and named Bacterium tularense,
after Tulare county in California, where the disease was most prevalent5, 6. In a 1911 journal, Pearse
described the condition as a glandular illness, constituting the first described cases of human tularemia6, 7.
The first recorded human infection was identified in 1913, in a 21-year-old male who contracted the
disease while dressing meats for a restaurant1,8. In 1919, Dr. E. Francis was able to confirm Bacterium
tularense as the agent that caused “deer fly fever” in patients in Utah. The bacteria was also found to
cause “rabbit fever” in patients in Washington D.C, and “tick fever” across Idaho6. The disease was
named tularemia after Francis was able to isolate the agent from humans and jackrabbits6. In the 1920’s,
Francis led extensive studies on the bacteria both in animals and humans, contributing to the development
of culture based and serologic diagnostic methods of the disease. He also identified the bacteria as a
laboratory hazard. In honor of Francis’s efforts, Bacterium tularense was eventually renamed Francisella
tularensis3,4,5.
Modern taxonomy classifies Francisella in the γ subclass of Proteobacteria4. The
gammaproteobacteria are a large group consisting of many medically relevant organisms, including
Escherichia coli, Salmonella, Shigella, Vibrio, and Yersinia species. The phenotype and metabolic
capabilities of this class varies widely, and the group can only be distinguished from other groups of
bacteria based on the branching of the phylogenetic tree. No unique biochemical properties have been
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identified9. Sequencing of the 16S ribosome gene shows that the closest relatives to Francisella are
endosymbionts such as Wolbachia4,9. In comparison to other Gram-negative bacteria, Francisella has an
unusually high fatty acid and lipid content of its cell wall. Gram-negative bacteria cell walls usually
contain 10-20% lipid and the principle fatty acid is straight chain 16:0. The cell wall of Francisella
consists of 70% lipid, and the principle fatty acid is β-OH 10:0, distinguishing this bacteria from other
Gram-negative organisms4,10.
Francisella is endemic to all regions of the northern hemisphere, including the United States11.
Multiple subspecies of Francisella have been identified, which can be grouped into Type A and Type B.
Type A includes the more virulent F. tularensis tularensis, and Type B contains the less virulent F.
tularensis holarctica and F. tularensis medistiatica. A related species, F. novicida, has also been
identified1,11. Type B Francisella can be found throughout the Northern hemisphere, while Type A
Francisella is typically limited to North America1,7,11. F. tularensis holarctica has been found in regions
of Europe, Russia, and Japan. F. tularensis mediastiatica has been found in Central Asia and the former
Soviet Union, and F. novicida has been isolated from both North America and, recently, Australia11,12,13.
Type A subspecies are further divided into genetically distinct clades A1 (SchuS4 strain) and A2 (ATCC
6223 strain) based on their clinical severity and geographical distribution, with A1 found in the central
and eastern parts of the United States and A2 found only in the west7,13. In addition, the distribution of
the two clades of Type A subspecies differs in elevation. A1 is found at much lower elevations than A2,
but other factors are thought to be involved in their separation13.
In the wild, Francisella has wide host range, infecting over 200 species, including amoeba, mites,
ticks, rabbits, deer, and humans7,12,13. Arthropods may serve as human vectors and long-term reservoirs.
The animal host varies with the subspecies. Type A tularemia is mostly associated with rodents and
lagomorphs (rabbits and hares) and is highly virulent in these species and in man14. The two Type A
clades differ in their vector and host species, which may have contributed to their dispersion and
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separation across the country. Type B is commonly found in rodents and aquatic species, and F.
tularensis holarctica maintains a cycle in semi-aquatic mammals such as beavers13,14.
The worldwide incidence of tularemia is unknown and reported cases are underrepresented11.
Though tularemia is not extremely prevalent in the United States, as only approximately 100 cases are
reported annually, the disease is more common in certain regions and groups of people. Tularemia has
been reported in every state except Hawaii, though cases are mostly clustered in the Midwest15,16. More
than half of the cases reported in the United States occurred in Oklahoma, Missouri, Arkansas, and South
Dakota. Francisella is also endemic to Martha’s Vineyard in Massachusetts13. The majority of cases
occur between the months of May through July, when individuals spend the most time outside, increasing
the risk of coming into contact with vector species such as ticks, mosquitoes, and rabbits. Ticks bites are
the predominate mode of transmission in the United States. The three species of primary importance are
D. andersoni, D. variabilis, and A. americanum. These species can be found through the Rocky
Mountains, along the Atlantic, through the Midwest, to California7. Individuals who participate in
activities such as hunting, fishing, or camping may also become exposed, as well as those who travel to
endemic or agricultural regions11,14.

Reported Cases of Tularemia in the United States between 2004-201316
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In humans, tularemia can be caused by both Type A and Type B subspecies, though only F.
tularensis tularensis is lethal. F. novicida is not associated with severe human illness but may cause
infection in immunocompromised individuals1. Tularemia presents with multiple clinical manifestations
depending on the route of exposure. Up to six forms have been distinguished, including ulceroglandular,
oculoglandular, pneumonic, oropharangeal, gastrointestinal, and typhoidal tularemia17. Usually, infection
presents as a febrile illness after an incubation period of 3 to 6 days15,17. The most common forms of
illness are the ulceroglandular and oculoglandular forms, accounting for up to 80% of the cases. Patients
present with ulcers and swelling at the site of the insect bite, which progress to granulomatous skin
lesions. Untreated, this form has a case fatality of 5%. Complications include sepsis, pneumonia, and
corneal perforation11,17. Ingestion of contaminated materials may lead to the gastrointestinal and
oropharangeal forms of the illness. Symptoms include sore throat, fever, painful and swollen cervical
lymph nodes, abdominal pain due to mesenteric lymphadenopathy, vomiting, and diarrhea. Severe cases
may lead to bleeding from intestinal ulcers, and the resulting shock leads to a case fatality of 60% 11,17.
The pulmonary form of the illness is the most severe. The infectious dose for pneumonic
tularemia is very low, and as few 5-10 organisms can cause a fatal disease in an adult human. In addition
to inhalation of aerosols, pneumonia also may occur in 30% of patients with ulceroglandular tularemia
and 80% of those with typhoidal tularemia15. Those affected present with fever, dry cough, dyspnea, and
chest pain. Patients also suffer from patchy infiltrates, lobular pneumonia, bloody pleural effusion,
pleuritis, and hilar lymphadenitis. Complications include respiratory distress syndrome and necrotizing
pneumonitis11,15,17. Case fatality can exceed 60% if left untreated. This is also the form of the illness
most commonly associated with laboratory workers and the most feared form in the event of biological
warfare17.
Due to its low infectious dose in the aerosolized form, high virulence, and ability to cause a fatal
illness, Francisella has been used as a bioweapon in the past. Its epidemic potential became obvious
when large outbreaks occurred across Europe and the Soviet Union during the 1930’s and 40’s. Japanese
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germ warfare research units studied Francisella at Manchuria from 1932-194518,19. Programs to
weaponize Francisella also existed in both the United States and Soviet Union. The United States
military developed weapons that would release aerosols of the bacteria between the 1950’s and 60’s. By
the end of the 60’s, Francisella was one of many biological weapons stockpiled by the U.S. military,
along with Bacillis anthracis, botulinum toxin, Brucella suis, and Venezuelan equine encephalitis
virus19,20. At the same time, programs in the Soviet Union were directed at weaponizing Francisella.
The United States also took measures to develop protection against a potential Francisella
bioweapon attack. While working to weaponize the bacteria, research also sought to better understand the
pathology and course of the illness caused by Francisella. There were also efforts to develop vaccines
and antibiotic treatment regimens. Volunteers in these programs were directly exposed to aerosols, and
these studies lead to the development of a vaccine that offered partial protection against the highly
pathogenic SchuS4 strain19.
The United States stopped efforts to weaponize Francisella in 1969, when Nixon gave an
executive order to end the program. Shortly after, the United States signed the 1972 Convention on the
Prohibition of the Development, Production and Stockpiling of Bacteriological and Toxin Weapons and
their Destruction18,19. By 1973, the entire biological arsenal was destroyed19. Since then, the Army
Medical Research Institute of Infectious Diseases has been focusing efforts on defensive research for
Francisella and other biological agents that pose a threat to the public. In addition, the CDC established a
national program for bioterrorism preparedness and response19.
However, the program in Soviet Union continued into the 1990’s. This resulted in the
development of strains of Francisella that were antibiotic resistant or could cause disease in individuals
that were previously vaccinated18. Ken Alibek, a former scientist in the Soviet Union bioweapon
program, claims that Francisella was intentionally used as a bioweapon during World War II, where
outbreaks along the Eastern European Front affected tens of thousands of German and Soviet soldiers18,19.
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This troubling history raises concern about the modern development of Francisella as a
bioweapon. Francisella compares to the high infectivity of M. tuberculosis and is far more infectious
than Bacillus anthracis. Between 8,000 and 50,000 spores need to be inhaled to develop pulmonary
anthrax, while Francisella can cause disease after the inhalation of 10, or fewer, bacteria cells18.
Estimates of a hypothetical biological attack in which 50 kg of the agent were to be released by aircraft 2
km upwind of a population of 500,000 predict that Francisella would drift over 20 km downwind and
leave 30,000 dead and 125,000 incapacitated20.
Several modeling studies conducted by the WHO demonstrate the potentially devastating effects
the intentional release of Francisella could have on the public. Many factors could influence the outcome
and casualties, including the meteorological conditions, the decay rate, the attack conditions, and the
strain used. The study assumed that the strain would be sensitive to antibiotics, 50% of individuals
receiving 25 or more bacteria would develop illness, half of the cases would require hospitalization, and
the case fatality rate would be 25%. Overall, the model predicted that the release of 50 kg of dried F.
tularensis bacteria over a city populated by 5 million would cause 250,000 cases of tularemia. 1 million
people would require preventative antibiotics for at least 10 days. Even with antibiotic treatment within
the first 48 hours of exposure, 10% (25,000) of the people would be hospitalized. 1%, approximately
2,500 people, would die from the attack. Survivors of tularemia would experience symptoms of the
disease for weeks and would relapse over several months. In addition, the WHO expressed concern that
such an attack would establish reservoirs of the disease among the wild animals in the area, which could
continue to cause outbreaks of tularemia in the future18.
The CDC used these models to examine the economic cost of a bioterrorist attack. The
aerosolized release of F. tularensis would cost society $5.4 billion for every 100,000 people exposed19.
Due to its high virulence, low infectious dose, ability to cause fatal illness in humans, and potential to be
used as a bioweapon, Francisella tularensis is classified as a tier 1 select agent by the CDC.
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Chapter 2 - Novel Antibiotics Against Francisella: Evaluation of KKL-10, a broadspectrum trans-translation inhitbitor.

Introduction
Diagnosing a Francisella infection in the clinic may be time consuming and challenging,
especially given the risk for laboratory-acquired infection. Antibodies against Francisella may be
detected using serological tests, and agglutination and ELISA assays may also offer effective mechanisms
for diagnosing tularemia. In addition to these tests, polymerase chain reaction (PCR) is a more sensitive
diagnostic technique than culturing wound infections in cases of ulceroglandular tularemia11.
Antibiotics offer the best course of treatment when faced with tularemia infection. However,
emerging antibiotic resistance among many species of bacteria and potential use of antibiotic resistant F.
tularensis as a bioweapon raise the need for novel antibiotics. The reference drugs are aminoglycosides
such as streptomycin and gentamicin11,21,22. Streptomycin is the only drug that offers a 100% cure rate21
and is the recommended first line of treatment by the WHO11. However, these drugs are potentially toxic
and are associated with side effects, including nephrotoxicity and ototoxicity22. Thus, these drugs are
reserved for the most severe cases. Other compounds such as tetracyclines, fluoroquinolones, and
bacteriostatic agents are less toxic and used to treat milder cases, but have a much higher risk of relapse,
with symptoms recurring in about 10-15% of cases treated with tetracycline or fluoroquinolone
drugs11,21,22. Beta-lactams, macrolides, and chloramphenicol are much less effective. It is worth noting
that in vitro studies of antibiotic susceptibility in Francisella may not be as accurate as in vivo studies due
to the fact that Francisella is an intracellular pathogen. Therefore, studies that analyze the effectiveness
of drugs in an intracellular environment will offer greater clinical relevance21.
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In a study to demonstrate the evolution towards high-level resistance of Francisella species to
fluoroquinolone drugs, 11 lineages analyzed showed high resistance to ciprofloxacin after 14 passages, as
well as cross-resistance to other fluoroquinolones22. In addition, these strains showed an increased MIC
to doxycycline. The mutations that conferred fluoroquinolone resistance were mapped to the QRDR of
type II topoisomerase, specifically gyrA mutations. Mutations in the QRDR region interfere with the
carboxylate group in fluoroquinolone drugs, leading to unfavorable interactions with negatively charged
residues. Fluoroquinolones target GyrA, so mutations in this region often initiate evolution towards
antibiotic resistance; however, there are mutations outside of this region that could affect DNA and drug
binding in Francisella as well. This study also discusses the presence of an efflux pump in the resistance
nodulation division (RND) involved in virulence and multidrug resistance in the LVS strain, as well as
multiple ATP-binding cassette (ABC) efflux pumps in the pathogenic SchuS4 strain22. These
observations suggest that antibiotic resistance in Francisella tularensis may become a serious concern in
the future, especially in the event of a biological attack.
In the event of a bioterrorism attack, the CDC recommends ciprofloxacin or doxycycline as the
primary antibiotics used. Ciprofloxacin has proved effective in clinical scenarios treating tularemia.
However, a study shows that over a time these drugs could significantly alter the outcome of infection, an
observation that could prove critical in the response to an attack. A study in mice shows that while both
drugs are effective when administered 24 hours post infection, ciprofloxacin has a clear advantage over
doxycycline when treatment is delayed. In addition, doxycycline treatment is more prone to relapse, and
when the drug was discontinued, the mice experience a recurrence of bacteria loads in all organs, and
none of the mice infected with SchuS4 survived when doxycycline was administered 72 hours post
infection. These results are consistent with human cases of tularemia, in which recurrences are observed
when tetracycline or doxycycline is used as treatment. Further, these results stress the importance of a
timely start to antibiotic treatment in the case of Francisella infection, and in the case treatment cannot be
started immediately, such as during a biologic attack, ciprofloxin would be the drug of choice23.
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To address the rising problem of antibiotic resistance in many species of bacteria, novel drug
candidates targeting different cellular components are being explored. A promising target is the transtranslation pathway. This pathway is used by many bacteria to aid in protein production, but also
functions in bacterial virulence, viability, and development, and the response to stress. Trans-translation
is specific to bacteria and is not found in eukaryotic cells, which decreases the risk for harmful effects on
human cells, making this pathway an appealing target for novel antibiotics24.
The major function of trans-translation is to free stalled ribosomes that occur during protein
production by removing nonstop translation complexes. Bacteria transcription and translation both occur
simultaneously in the cytoplasm without post-transcriptional modifications. Thus, some of the transcripts
produced do not contain a 3’ stop codon. Truncated transcripts may also be produced in response to
chemical or physical stressors, or degradation of intact mRNAs. Bacteria do not require sequences at the
3’ end of the transcripts to initiate translation, and these truncated mRNAs cause the ribosomes to become
‘stalled’ during translation, as the peptide cannot be released. Eventually, this interrupts protein synthesis
in the cell if enough ribosomes became stalled. The trans-translation pathway likely evolved to provide a
mechanism to release the nascent peptides from the stalled ribosomes, allowing normal protein production
to continue. In fact, trans-translation has been found to occur 13,000 times per cell division in E.coli,
which suggests every ribosome in the cell uses the reaction at least once each cell cycle. This statistic
shows this pathway is frequently utilized in bacteria cells24.
The trans-translation pathway uses a specialized tmRNA molecule (transfer-messenger RNA) that
has the properties of both transfer RNA and messenger RNA. tmRNA was first identified in E.coli and
named ssrA, for small, stable RNA A. Another key protein in the process is SmpB. This protein binds to
tmRNA by recognition of the tRNA like sequences, and the complex formed is required for the transtranslation reaction because neither tmRNA nor SmpB can enter the ribosome individually. Once the
tmRNA complexes with SmpB, it becomes charged with alanine through an aminoacylation reaction by
alanyl-tRNA synthetase. The charged complex then enters the ribosome through the A site, mimicking a
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tRNA. The nascent peptide is then transferred to the tmRNA through a transpeptidation step in exchange
for a specialized reading frame from the tmRNA, which takes the peptide’s place in the mRNA reading
channel. At this point, translation resumes, instead reading the message from the tmRNA. The reading of
the specialized tmRNA message also results in the addition of a peptide tag to the nascent polypeptide.
When the stop codon from the tmRNA is reached, the stalled ribosome is released, and the tagged
polypeptide is recognized and degraded by many proteases within the cell24.
The process of trans-translation has been shown to be essential for many bacterial species,
including Shigella flexneri, Helicobacter pylori, Neisseria gonorrheae, and certain Mycoplasma
isolates25. Other bacteria, such as Salmonella enterica, Yersinia pestis, Streptococcus pneumonia, and
Francisella tularensis, have been shown to be avirulent when this pathway is deleted25. Based on these
observations, several small molecule inhibitors of the trans-translation pathway have been evaluated for
their potential use as antibiotics against several antibiotic resistant strains, as well as their efficacy in F.
tularensis.
In a study by Svetnalov, et al, mutant strains lacking smpB and ssrA, components necessary for
the pathway, were created to evaluate the role of the trans-translation pathway in Francisella26. The
mutants were found to be stable through many division cycles, suggesting the pathway is not required for
Francisella viability. However, these trans-translation defective mutants showed increased sensitivity to
heat, cold, oxidative stress, and antibiotics that target translation, but not osmotic shock, which
demonstrates that the increased sensitivity to stresses is due to the lack of trans-translation and not other
mechanisms such as membrane permeability. In addition, the smpB and ssrA mutants were defective in
their replication inside host macrophages, defective in phagosomal escape, and attenuated in a mouse
model, as mice challenged with the mutants survived the infection. These attenuated strains were
evaluated for their potential use as a live vaccine, and mice vaccinated with the smpB knockout strain
were protected against lethal intranasal challenge with wild-type bacteria, supporting future potential as a
vaccine candidate26.
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Studies by Keiler, et al, have developed a cell based high throughput screening assay to identify
small molecule inhibitors of trans-translation using luciferase expression as a read out. Non-stop mRNAs
tagged with luciferase were generated. An intact pathway would result in the degradation of the protein,
but if the pathway were inhibited, the active luciferase would accumulate in the cell. 663,000 candidate
molecules were screened using this system in E.Coli, and 46 were chosen for further testing based on
their efficacy, including KKL-35 and KKL-10.
The screening identified compounds that could cross the bacterial membrane, a characteristic
necessary for action against trans-translation. For use against an intracellular pathogen such as
Francisella, the compounds would also need to cross macrophage and other cellular membranes. Some
of the chosen compounds act on the pathway by inhibiting proteolytic degradation of the tagged proteins,
while others, such as KKL-35 and KKL-10, inhibit the pathway at a step occurring prior to the tagging.
KKL-35 demonstrated strong potential as a novel antibiotic, as it specifically targets trans-translation and
inhibits the growth of a broad range of bacteria that require this pathway for growth. Conversely, KKL10 shows activity in vivo but is less active in vitro. This may be because the target of the molecule may
only be present in in vivo systems, or the cells modify the compound in order for it to demonstrate its
activity. These studies show that the trans-translation pathway is a promising target for novel antibiotics
against a broad range of bacteria, including Francisella, and more studies will be carried out to further
investigate the idea25. The current study presents an evaluation of the activity of KKL-10, a broadspectrum inhibitor of the tmRNA pathway, against Francisella tularensis.
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Materials and Methods
Bacterial culture
All the bacteria used for infections were grown in Brain Heart Infusion media (pH 6.8) (BHI) and
were at mid-log phase. For counting, the samples were appropriately diluted in PBS and plated onto
Mueller Hinton agar plates supplemented with hemoglobin and Isovitalex.

Minimum Inhibitory Concentration (MIC) determination (n=3):
Log-phase bacteria were added to 96-well microtiter plates (~2.5 x104 cells per well) containing
2-fold serial dilutions of compounds in cation-adjusted Mueller-Hinton broth in triplicate to a final
volume of 0.1 ml. The microtiter plate was incubated aerobically for 24 h at 37°C in a humidified
incubator with 5% CO2. Bacterial growth was monitored by measuring the optical density of the cultures
at 600 nm on a plate reader (Molecular Devices, Inc.), and the MIC was then determined by noting the
lowest compound concentration at which there was no increase in the OD values.

Minimum bactericidal concentration (MBC) assays (n=3).
Broth micro-dilution assays were conducted as described in the preceding section. After the 24-h
incubation period, appropriately diluted aliquots from the microtiter wells were then plated onto Mueller
Hinton-hemoglobin agar plates supplemented with Isovitalex. The colonies that grew after 24 h of
incubation were counted. The MBC was defined as the lowest compound concentration resulting in a ≥3log reduction in the number of CFU (as per CLSI).

Infection of Macrophages by LVS and enumeration of intracellular bacterial numbers
RAW macrophage and HepG2 liver cell lines or mouse derived bone marrow cells were seeded
onto 12 or 24 well cell culture plates at a density of 2.5 x 10 5 cells per ml in RPMI (with 2% FBS,
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Glutamine, Non-essential amino acids, Pyruvate and buffered with HEPES). BMDMs were stimulated
with interferon gamma at a concentration of 100ng ml-1 for 12 hours prior to infection. Francisella
tularensis spp that were actively growing (mid-log) in Brain Heart Infusion broth were used to infect the
cells at a multiplicity of 100:1 or 1000:1 (for HepG2 cells). Infection of the cells was synchronized by
spinning down the bacteria at 1200rpm for 10 minutes and infection was allowed to continue for another
30 minutes after. Following infection, the extracellular bacteria were killed by aspirating the bacteria
laden media from the wells and washing the wells thrice with 1ml (24well plates) or 2ml (12 well plates)
of 1x PBS (pH 7.4), followed by the addition of media containing 100mg ml-1 of gentamycin and
incubating the cells for 1 hour. At the required time points, intracellular bacteria were enumerated by
aspirating the media, washing the wells with PBS as before, and lysing the cells in 1 ml of 0.1% sodium
deoxycholate for 10 minutes. The number of intracellular bacteria were then counted by plating the
appropriate dilutions of the released bacteria onto MHA plates supplemented with hemoglobin and 1%
Isovitalex. Where required, compound KKL-10 was added directly to the media at the assay concentration
of 7mM
Cytotoxicity assays:
Cytotoxicity assays were performed using an LDH release assay kit (Pierce Biochemicals) as
instructed by the manufacturers on RAW 264.7 cells seeded in 96 well microtiter plates (2.4 x 10 4 cells
per well). Calorimetric measurements at 406 and 565nm were made on a 96-well plate reader.
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Results
Activity of KKL-10 against Francisella tularensis

A subset of four synthetic compounds identified from an in vitro screening of a compound library
that targeted the bacterial tmRNA pathway in E. coli, were tested for their ability to arrest the growth of
Francisella tularensis holarctica LVS (Live Vaccine Strain) in liquid culture. The MIC values for the
compounds based on dilution assays are shown in Table 1. All four compounds were found to be effective
in arresting the growth of the bacteria, with the observed MIC values comparable to other commonly used
laboratory antibiotics. The compounds KKL-35 and KKL-10 proved to be the most effective against
Francisella tularensis LVS, with similar

-35 is a close

fluorinated variant of KKL-10 and as there was no observed difference in the effectiveness between the
two, subsequent assays were conducted with KKL-10, the non-fluorinated compound.

Table 1 MIC Values of Compounds
A) MIC values of compound evaluated in the screen, and b) various antibiotics against
Francisella tularensis holarctica (LVS). The MIC of KKL-10 was found to be within range
of commonly used antibiotics.
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Figure 1 Structures of identified trans-translation inhibitors25.

Image from Ramadoss, et al, 2013. The compound were identified by a HTS by the
Keiler laboratory. This study evaluated the effects of KKL-10, a non-fluoronated molecule,
against Francisella.

16

To determine if the effect of KKL-10 was bacteriostatic or bactericidal, LVS was exposed to
increasing concentrations of the compound for 16 hours in BHI media. At 50 corresponding to a
150-fold increase of the MIC, a log fold reduction in bacterial numbers was observed (Fig. 2). Though
this represents close to a 90% reduction in the viability of bacteria, it does not approach 5-log10 fold levels
of reduction to classify it as bactericidal (CLSI guidelines), even in spite of a large increase in amounts of
the compound (3.125 –

. These results show the compound to be bacteriostatic.

Figure 2. Growth of LVS in the presence of KKL-10.
Recovered cfu values for Francisella tularensis LVS grown in 96 well plates for 16 hours in
the presence of various concentrations of KKL-10 are shown. Higher concentrations (up to 50 uM)
of the compound fail to demonstrate significant bactericidal effect.

Activity of KKL-10 against Intracellular LVS

After determining the compound to be bacteriostatic, the ability of compound KKL-10 to arrest
the growth of intracellular LVS within RAW264.7 macrophages was evaluated. Based on optimizations

17

points during the intracellular growth cycle of the bacteria (Figure 3). The compound was added at 6, 9,
12, or 15 hours post infection and incubated for the completion of the 24 hour infection cycle. The results
show that after 24 hours, there is no significant increase or decrease in the number of cfu recovered
following KKL-10 addition, and that the bacterial levels remain static at the same level to that when
KKL-10 was introduced. The results also show that KKL-10 acts immediately with little to no lag in its
effect and remains highly effective in arresting the intracellular growth of the bacteria at any time point of
the infection cycle.

Figure 3. Growth arrest of LVS in RAW macrophages in the presence of KKL-10.
The addition of the compound is shown by vertical arrows. KKL-10 was added at 6, 9, 12,
15, or 18 hours and allowed to grow until 24 hours post infection. This figure demonstrates that the
intracellular cfu levels of the bacteria are arrested at the levels found when the compound was
added, shown by a dashed line, when counted at 24 hours. This contrasts the cfu levels recovered
without KKL-10 at 24 hours, shown by a solid line.

Since Francisella tularensis is known to infect different cell types and also reach systemic
organs, particularly the liver, at later stages of infection, the compound was tested on Francisella
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tularensis LVS infections of bone marrow derived macrophages (BMDM) prepared from C57/BL6 mice
and also on HepG2, a human hepatic carcinoma cell line. As the results show in Fig 2, KKL-10 was able
to effectively arrest the growth of intracellular Francisella in BMDMs and HepG-2 (Fig 4a and b).

Figure 4. KKL-10 arrests growth of LVS in BMDMs and HepG2.

Effects of KKL-10 on macrophages

Following this, the ability of activated macrophages to kill or reduce the intracellular load of
Francisella was evaluated. Bone marrow derived macrophages from C57BL/6 mice were pretreated with
IFNγ for 12 hours, followed by the infection and addition of compound KKL-10 at 3 and 6 hours to arrest
the growth of the macrophages. As has been observed before, activated macrophages prevented
intracellular bacterial growth, though there was no significant decrease in the number of cfu following 24
hours. However, in presence of the compound, IFNγ activated macrophages were able to reduce the
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intracellular bacterial loads by >90% of the bacterial numbers when compared to unstimulated cells in the
presence of KKL-10 (Fig 5). Whether complement activated mouse serum would also synergistically
help in reducing bacterial loads was also tested, however, results were negative.

Figure 5. KKL-10 acts synergistically with interferon activated mouse bone marrow derived
macrophages to reduce bacterial numbers within 24 hours.

Though the activity of KKL-10 is known to specifically act upon the bacterial trans-translational
editing pathway, which is absent in mammalian cells, the compound was evaluated to determine whether
it would have any effect on the RAW264.7 macrophages. Incubating macrophages with the compound
for up to 6 hours did not cause any gross morphological changes. Neither did the compound show any
cytotoxic effect when exposed to higher concentrations of the compound (50mM) for up to 45 minutes or
exposed at assay concentrations of 7mM for up to 6 hours prior to infecting them with the bacteria (Figure
6a and b).
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Figure 6. Effect of KKL-10 on RAW 264.7 macrophages.

a) No noticeable changes between RAW cells incubated in the presence or absence of KKL10 for 6 hours were observed.

b) Cytotoxicity of KKL-10 against RAW macrophages by LDH release assay. No cytotoxic
effects were observed when incubating RAW macrophages in the presence of various
concentrations of KKL-10 (50 mM to 0.312 mM) or c) when exposed for up to 6 hours at
the assay concentration (7mM).

To determine if the exposure of KKL-10 to the macrophages would in any way affect RAW
264.7 cell functions related to the uptake or entry of LVS, the macrophages were pre-exposed to the
compound for 6 hours at the assay concentration of 7mM. Following this incubation, the media with the
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compound was removed, and the macrophages then assayed for infection. As seen in Fig 7, in spite of this
pre exposure to the compound, the macrophages were infected to similar levels and the results were
indistinguishable in the cfu recovered either with or without being exposed to the compound, indicating
no observable effect of the compound on host macrophages phagocytosis of LVS.

Figure 7. In RAW 264.7 macrophages, pre-exposure to KKL-10 does not affect the process
of infection or intracellular growth.
RAW macrophages either treated with (+) or without (-) KKL-10 were infected with
Francisella LVS and intracellular bacteria counted at 3,6, and 24 hours using the gentamycin
protection assay. No significant changes in the number of intracellular bacteria were seen at any of
the time points assayed.

Activity of KKL-10 against SCHU S4

In addition, the MIC of the compound of KKL-10 against the virulent SchuS4 strain was found to
be 1.25 mM (Figure 8). These results demonstrate that KKL-10 and other trans-translation inhibitors are
also effective against the human pathogenic strains of Francisella.
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Figure 8. Activity of KKL-10 against SchuS4.
Growth of the human virulent strain F. tularensis tularensis SchuS4 is arrested by KKL-10
with an MIC of 1.25 mM.

Discussion
This work demonstrates that the trans-translational pathway of the intracellular pathogen
Francisella tularensis spp can be targeted by a synthetic compound, KKL-10 (and its close analogues), to
effectively arrest the bacteria’s intracellular growth. The compound performed well in arresting the
intracellular growth of Francisella tularensis LVS in RAW 264.7 cells, HepG2, a human hepatic
carcinoma cell line, and in bone marrow derived macrophage cells generated from mice, indicating that
the compound efficiently traverses eukaryotic cell membranes and can rapidly accumulate within the
various host cell types to effective bacteriostatic concentrations. Because Francisella is an intracellular
pathogen, it is important that any antibiotics developed against this bacterium are able to cross the
membrane of the host cell in order to generate an effective response.
The activation of marrow macrophages with interferon gamma appears to reduce the intracellular
bacteria load by greater than 90% within 24 hours. Assays beyond this time point were not conducted
since the results would begin to be confounded by the health of the macrophages. Since much of the
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pathology associated with Francisella infections has been associated to its proliferation and subsequent
systemic dissemination to various organs in the body27, the ability to rapidly and efficiently arrest this
critical growth and expansion of the bacteria during it infection cycle would be a critical property required
of any antimicrobial against a rapidly growing intracellular pathogen such as Francisella tularensis. The
results presented here demonstrate that the compound KKL-10 would work well to control bacterial load
and subsequent pathology inflicted by the pathogen.
Furthermore, all the tests conducted upon macrophages indicate that the compound does not have
any adverse effect in its function, as shown by the response on Francisella LVS entry and intracellular
replication in the cytoplasm of the macrophage in spite of extended incubations prior to infection. It has
been speculated that Francisella could use several different receptor types to gain entry in to the cell, in
which case the effect on any specific macrophage receptor function could be overcome by LVS gaining
entry from other receptors. However, any effect on macrophage receptor function related to bacterial
uptake would likely be minor since the total number of bacteria recovered remains the same in
macrophages whether they are exposed to the compound or not.
It is also unlikely that the compound is altering the macrophage in any way to effect the escape of
the bacteria from the endosome, since any bottleneck at this point this would be reflected in the 9 hour cfu
recoveries, given that the bacteria is thought to escape to the cytoplasm by 4 hours and begin to replicate.
Similarly, the cytoplasmic replication of the bacteria also remains unaffected and near identical numbers
of the bacteria are recovered from the macrophages at 24 hours either with and without pre-exposure to
KKL-10.
It cannot be said that resistance to compounds that target the trans-translational pathway will not
arise in time. However, the isolation of any pathogen resistant to KKL-10 or its fluorinated derivative
KKL-35, has been difficult to obtain, indicating their strength as potential antimicrobial compounds.
There are also several bacterial species that show no apparent effect when components of the trans-
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translational pathway are deleted, indicating that there could be some pathogens where inhibitors of this
pathway would not be successful.
It should be noted that KKL-10 was found to be bacteriostatic, rather than bactericidal. However,
due to the fact that activated macrophages can clear the bacteria (Figure 5), this is not a disadvantage. By
arresting the growth of the bacteria, KKL-10 halts infection and allows the host immune system to
eliminate the bacteria.

The fact that KKL-10 is not bactericidal may raise some questions of its

usefulness as an antibiotic. It is a common opinion among scientist and clinicians that bactericidal agents,
or those classified as drugs that kill bacteria28,29, are the most effective at treating illness. However,
several studies show that bacteriostatic drugs can be equally useful in a clinical setting. In two meta
analyses conducted by Nemeth, et al, and Pankey, et al, it was found that there was not a significant
difference in clinical outcome or mortality between the use of bactericidal and bacteriostatic agents when
used for certain types of infection. In particular, infections such as soft tissue infection and pneumonia 28
were determined to respond to bacteriostatic drugs as well as bactericidal drugs. This observation is
relevant to treatment of pulmonary forms of tularemia.
In addition, the bacteriostatic drug linezolid was found to generate a reduced mortality when used
for treatment in some analyses28. While concluding that this drug is more effective that bactericidal
agents is still premature because of the many variables involved in patient care, this does help support the
idea that bacteriostatic agents can be useful clinically. Another study found that linezolid was able to
successfully cure cases of endocarditis that were resistant to Vancomycin29.

Another advantage of

bacteriostatic drugs is that they may be able to inhibit protein synthesis in resting or slow growing
bacteria that are unaffected by B-lactams that require actively dividing bacteria to generate an effect29.
Though the advantages of bacteriostatic drugs are becoming increasingly accepted, it should be
noted that there are certain cases when bactericidal drugs may be still be necessary. Such instances
include severe cases of meningitis and osteomyelitis

28,29

. Another issue with bacteriostatic drugs is the

risk for relapse, and that in order to be effective, the patient needs a functioning immune system. If
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patients are immunocompromised, bactericidal drugs may be a more appropriate treatment option 28,29.
However, bactericidal drugs have their disadvantages as well. In certain clinical settings, such as CNS
infection, rapid killing and lysis of bacteria causes a sudden increase in bacterial products, such as LPS,
which may lead to an undesirable immune response and widespread inflammation 29,30. Other bactericidal
agents are associated with toxicity and unpleasant side effects21. Overall, at this time, it is still difficult to
predict the activity of drugs. For example, certain bacteriostatic drugs may display bactericidal activity
and kill microorganisms in certain conditions or at certain dosing regiments 28. Based on the current
knowledge, KKL-10 and other bacteriostatic drugs show potential to be useful in clinical situations,
though further studies are necessary to better understand the activity of this bacteriostatic compound.
The possibility of developing new antimicrobial compounds or the possibility of uncovering
novel antimicrobial targets in bacterial pathogens motivates this area of research in many laboratories. In
this respect, the work presented in this study clearly demonstrates that the trans-translational pathway
could be used for the development inhibitors of intracellular pathogens, including Francisella. In this
particular set of experiments, the compound KKL-10 showed good promise of having the potential for the
next stage of in vivo animal models of infection.
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Chapter 3 - Virulence Factors and Vaccination Against Francisella: Evaluating the
Function of a Fip B ortholog, FTL_1042.

Introduction
Francisella is an intracellular pathogen capable of infecting multiple cell types, including
mononuclear phagocytes, neutrophils, hepatocytes, epithelial, and endothelial cells31,32. The primary
targets are macrophages and dendritic cells, and high levels of the bacteria can be found in the liver,
spleen, and lung, consistent with the observed pulmonary pathogenesis1,33. Entry of Francisella into host
macrophages is mediated by an asymmetric looping phagocytosis. This process is dependent on actin,
serum containing complement factor C3, and complement receptors, primarily the CR3 receptor1,31,33.
Opsonization of the bacteria by serum complement enhances uptake into macrophages in a dose
dependent manner. Entry via complement receptors is advantageous as this route does not induce the
oxidative respiratory burst response in the macrophages. Opsonized bacteria also enter host cells via Fcγ
receptors, scavenger receptor class A (SR-A), nucleolin, and the lung surfactant protein A (SP-A).
Bacteria that are not opsonized enter cells by utilizing the mannose receptor (MR) and the scavenger
receptor31,33. Francisella may also utilize lipid rafts in its uptake. Two components of lipid rafts,
cholesterol and caveolin-1, are associated with intracellular bacteria. This process may also use CR3 and
Fcγ receptors present in the raft domains, and it was found that these cholesterol rich domains are
required for the entry of LVS into murine macrophages31.
Alveolar type II epithelial cells function in gas and fluid exchange in the lung, thus, infection of
these cells may facilitate Francisella dissemination to distal organs. By analyzing the kinetics of bacterial
entry into these cells, it was found that both live and dead bacteria were capable of attaching and invading
lung epithelial cells, suggesting that a preformed ligand on the bacteria may be responsible for this entry.
In addition, actin and microtubule rearrangement contribute to entry, after which the bacteria traffics
along the endocytic pathway, and then live bacteria escape and replicate in the cytosol. Understanding
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the mechanisms of infection of alveolar cells holds important implications of the treatment of respiratory
tularemia34.
After uptake, the bacteria are taken into phagosomes. The phagosomes interact with early and
late endosome, but not lysosomes. Early and late endosome markers, including EEA-1 and LAMP 1 and
2, accumulate on the phagosomes, but lysosomal makers such as cathepsin D are absent31,33. Very
important to its survival, Francisella inhibits respiratory burst in the host macrophage and neutrophil by
inhibiting the assembly of NADPH oxidase. LVS has been found to exclude the gp91phox/gp22phox
heterodimers from the phagosomes and prevent p47phox from becoming phosphorylated, which is
necessary for the enzyme’s function. In addition, acid phosphatases encoded by the bacteria inhibit
respiratory burst, as well as protect against ROS and low pH31,33. These features allow Francisella to
survive inside the phagosomes before escaping to the cytosol.
The bacteria eventually escape the phagosome to the cytosol after several hours, where
replication occurs. Depending on the strain and other factors, phagosomal escape may occur within 1hour post infection, or begin at 8 hours post infection31,32. The extent of opsonization also influences
phagosomal escape. Non-opsonized bacteria escape the phagosome rapidly and replicate actively in the
cytosol, while opsonized bacteria exhibit a delayed escape and moderate cytosolic replication33.
Eventually, high levels of intracellular bacteria induce cell death via apoptosis or pyroptosis, which
allows for the release and spread of the bacteria1,33.
An interesting aspect of Francisella’s pathogenesis is that a subset of the bacteria re-enter the
endocytic pathway in a double membrane bound vacuole called the Francisella-containing vacuole
(FCV). This process is dependent on autophagy1,31,33. There is some debate as to whether Francisella
uses autotophagy to its advantage, as to gain nutrients1, or whether this is a host defense that the bacteria
attempts to resist31,33,35. Autophagy is known to aid in the defense against other intracellular pathogens,
such as M. tuberculosis and Listeria monocytogenes, and the fusion of the autophagosome with a
lysosome destroys the pathogens contained inside35.

28
Further analysis has revealed that during Francisella infection, several autophagy genes are down
regulated, including beclin1, ATG5, ATG12, ATG16L, ATG7, and ATG4a31,35. These genes are required
for the elongation of the autophagic vesicles. In addition, Francisella was found to down regulate
MyD88, critical for TLR signaling, along with TLR4 and TLR7, both of which are involved in
autophagy35. These observations suggest that Francisella actively delays autophagy in the host. This
delay may provide the bacteria with more time to replicate in the cytosol and develop resistance to the
acidic environment of the FCV31,35.
Perhaps the most critical asset to Francisella virulence is the segment of genome denoted the
Francisella Pathogenicity Island, abbreviated FPI. The FPI is approximately 30 kb in size and contains 17
open reading frames, which have shown to be essential in pathogenesis1,36,37. Interestingly, the FPI has a
lower guanine and cytosine content than the rest of the genome1,38. The first study suggesting the idea of
a pathogenicity island encoding novel factors required for Francisella’s intracellular growth in
macrophages and virulence within mice was proposed in 2004 by Nano, et al, based on the observations
that several of these genes are clustered together, show similarity in low G+C content, and are surrounded
by transposable elements36. The FPI was identified after finding insertions that disrupt the genes iglB and
iglC diminish intracellular bacterial growth. Interestingly, the LVS strain encodes two copies of the FPI,
one of which is identical to the Type A form, and the other containing inverted repeats that suggest the
FPI was and may still be capable of movement. Further analysis showed that the Type B strains of
Francisella lack the pdpD gene, confirmed by genetic examination of clinical isolates and DNA
sequencing revealing a 4,249 bp deletion in this region in the LVS strain36. This observation suggests that
pdpD may contribute to the differences of virulence between Type A and Type B strains of Francisella.
The FPI encodes a secretion system similar to those observed in other bacteria that is responsible
for the secretion of protein virulence factors that are also encoded in the island. While previous studies
by Nano, et al, have hypothesized that the FPI encodes a secretion system36, a study by Barker, et al, is the
first report that shows that secretion of certain Francisella virulence factors into the cytosol is FPI
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dependent39. Analysis of the FPI gene cluster found homology with the Type VI Secretion Systems
(T6SS) of other bacteria species, such as P. aeruginosa and V. cholera, though some differences are
present due to the different pathogenic strategies of the bacteria39. In particular, the factor VgrG was
secreted into host macrophages and was required for phagosomal escape, intracellular growth, and
virulence, but did not require other FPI genes for its secretion. In contrast, the factor Igll requires VgrG
and other FPI genes for its secretion, and is also required for phagosomal escape and induces IL1-β
release together with VgrG39. Based on these results, VgrR is likely a component of the secretion system
and Igll may function to degrade the phagosomal membrane39.
The Francisella FPI encodes an unusual T6SS that is distantly related to the T6SS of other
bacterial species, but secretes substrates unique to Francisella. By creating mutants lacking dotU, vgrG,
iglC, and iglG, Broms, et al, found that secretion of protein virulence factors was dependent on expression
of the dotU, vgrG, iglC, and iglG genes40. These are FPI encoded genes that encode core components of
the secretion system machinery. These results suggest that secretion of many Francisella virulence
factors is FPI dependent and that a functional T6SS is necessary for infection by LVS and other
subspecies40.
The T6SS of Francisella is thought to contain a core consisting of at least 13 proteins, the
minimum number of units needed to assemble a T6SS, including several proteins from the FPI: IglA,
IglB, VgrG, PdpB (IcmF), and DotU41. Construction of deletion mutants and complementation show that
these proteins, along with other individual FPI proteins, are required for the intracellular growth of
Francisella. Structure and localization analysis revealed that IglA and IglB form a tube structure
spanning the inner and outer bacteria cell membranes, and that IglC is the major subunit within the tube.
This observation is consistent with the previous knowledge that IglA and IglB interact, and these results
support the concept of an FPI encoded T6SS and begin to produce an image of its structure and
function41.
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In contrast to other studies that describe a Type VI secretion study for Francisella, a study by
Hager, et al, shows that certain Francisella genes encode a Type IV secretion system in the F. novicida
subspecies42. Interestingly, mutations that diminished function of this secretion system increased
virulence in mice, as demonstrated by enhanced morbidity, increased spleen burden, and increased
neutrophils in the lungs. T4P secreted factor PepO functions to prevent spread to systemic sites during
infection, so strains that did not express active PepO were able to achieve more severe infection. The
Francisella strains that can cause human disease, such as F. holarctica, have acquired mutations that have
inactivated PepO, so the combination of these results suggest that the loss of PepO lead to the evolution
of pathogenic human strains of Francisella42.
One gene cluster of interest within the FPI is the intracellular growth locus (igl) genes A, B, C,
and D. Mutating these genes inhibits the intracellular growth of Francisella in macrophages, insect cells,
and mice. Specifically, iglA and iglB function in the secretion of effector proteins, iglC functions to
inhibit maturation of the phagosomes and disrupts TLR4 signaling in infected macrophages43, and iglD
functions in the intracellular replication in macrophages and mice1,37. Another transcriptional unit in the
FPI encodes pdpA and pdpB. Mutations in pdpA allow association with lysosomes, suggesting this gene
group may be involved with the bacteria’s escape from the phagosomes post infection.
The FPI also encodes transcriptional regulators such as mglA and B (macrophage growth locus)
and sspA, which shows high homology to mglA. Both of these genes associate to interact with the RNA
polymerase43. sspA encodes genes that function in the starvation response and acid resistance38.
Mutations in these genes compromise the ability of Francisella to replicate within macrophages. mgl
serves as a global transcription factor, regulating the expression of genes outside the FPI as well. Genes
in the FPI are under the positive control of mglA39. mglA regulates the transcription of the intracellular
growth locus genes, iglABCD, as well as pathogenicity determinant proteins pdpD and pdpA38.
Additional transcription regulators include fevR (Francisella effector of virulence regulation) and migR
(macrophage intracellular growth regulator). fevR is required for intracellular replication and also
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functions to inhibit the assembly of the NADPH oxidase complex, protecting the bacteria from the cell’s
defensive respiratory burst1,37. migR regulates the igl locus and is a positive regulator for transcription of
fevR. These genes appear to work as a system, with individual factors serving as regulators of others.
The creation of an mglA mutant revealed that mglA controls the expression of over 100 genes in
the Francisella genome, which serve various functions including amino acid metabolism, environmental
and genetic information processing, and intracellular growth and virulence. The genes were classified as
hypothetical or conserved hypothetical genes, encoding proteins with novel functions, pseudogenes, and
metabolism and information processing genes. In addition, the entire FPI is under mglA control, and the
genes were positively regulated, demonstrated by the observation that the mglA mutant showed downregulation of these genes38. The results show that mutating one gene in the FPI may disrupt the entire
system. Of note, the FPI genes allow for optimum levels of replication inside macrophages, contribute to
intracellular cytotoxicity in activated cells, and play a role in virulence in vivo.
In order to avoid fusion with the lysosome and survive inside macrophages, Francisella encodes
several genes necessary for this function, including mglA and iglC. Experiments using mglA and iglC
deletion mutants found that these knockouts were defective in their survival and replication inside
macrophages, and lower levels of bacteria were recovered from cells as compared to wild type.
Interestingly, these genes were also found to be essential for survival within the amoeba species A.
castellanii by a similar mechanism. mglA appears to play a greater role in both intramacrophage and
intraamoebae growth, as the mglA knockout was more attenuated than the iglC knockout in both
organisms. Further experiments found that the knockout strains are both attenuated in virulence in vivo
when introduced intraperitoneally or intranasally, and mglA positively regulates the expression of a
variety of virulence genes necessary for intramacrophage and intraamoebae survival 43.
It has been well established that Francisella readily infect phagocytic cells such as macrophages,
but two additional important sites of infection are the liver and the lungs, where infection of epithelial
cells permits the bacteria to disseminate and cause systemic infections. Using iglC and pdpA deletion
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mutants, a study by Law, et al, shows that both of these FPI encoded virulence factors are required for
uptake into epithelial cells, as well as bacterial replication throughout epithelial cell infection. In contrast,
these genes do not significantly influence uptake into macrophages. These mutants were also defective in
their ability to escape from the Francisella containing vacuole, and this delay impairs cytosolic
replication44. The results elucidate the important differences between the infection of phagocytic cells
verses nonphagocytic cells, such as epithelial cells of the lung and liver. These studies also demonstrate
the importance of the virulence factors encoded by the FPI in the ability of Francisella to infect and
survive within its host.
Currently, there is no licensed vaccine to protect against Francisella infection. Historically, most
of the vaccines in use focused on extracellular pathogens. Inducing the generation of antibodies specific
for the pathogen, opsonization, neutralization, and other mechanisms lead to a long-term protective
immune response. However, many of these techniques do not work against intracellular pathogens such
as Francisella. The only vaccines that exist against intracellular pathogens today are the BCG vaccine
against tuberculosis and the Ty21a live vaccine against typhoid45. Despite this, there have been multiple
attempts to develop a safe human inoculation against Francisella. Especially after the anthrax attacks in
2001, efforts have become more focused on tularemia vaccine development due to the potential for a
bioterrorism attack in the aerosolized form45,46, and the past 10 years have been very productive towards
the goal of developing a safe, effective Francisella vaccine.
The earliest Francisella vaccines were killed whole cell vaccines, known as Foshay Vaccines46.
Developed in the 1940’s, the bacteria were extracted and killed using acid and phenol. The vaccine was
considered to be safe and was administered to human volunteers between 1933 and 194147. Laboratory
personal and workers involved with tularemia research at the U.S Army, populations considered to be at a
high risk for laboratory-acquired infections, received the killed vaccination. While studies suggest the
vaccine conferred protection against ulceroglandular and typhoidal tularemia45, the vaccine did not protect
against the fully virulent Type A strains45,46,47. The vaccine was not efficacious in animal models either,
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failing to protect mice, guinea pigs, and monkeys45. The failure of the killed vaccine was attributed to its
ability to generate a humoral response, but inability to generate a robust cellular response. The humoral
response only protects against strains of reduced virulence. Cell-mediated immunity is necessary to
protect against the highly pathogenic strains of Francisella based on studies in mice45,48,49.
After the failure of the Foshay vaccine, focus shifted towards a live attenuated vaccine. The
former Soviet Union developed attenuated candidates from the F. holarctica strain during the 1940’s and
50’s46. This vaccine was administered to approximately 60 million people with reported success45,48. It
should be noted that the vaccine only protected against Type B strains that were present in Europe. In
1956, the Soviets gave the live vaccine to the United States as part as a scientific exchange program.
Upon further passaging on peptone cysteine agar, researchers discovered the bacteria gave rise to two
colony variants: blue and gray45,48. The blue variant was found to be more immunogenic in Webster
mice. Animals receiving a subcutaneous inoculation of the blue variant were completely protected
against a subsequent subcutaneous dose of the pathogenic Type A strain SCHU S4. Conversely, mice
inoculated with the gray variant did not survive subsequent challenge45. This blue variant was termed
LVS, for live vaccine strain45,46,48.
LVS was further studied to determine its efficacy as a tularemia vaccine. The LVS vaccine was
shown to offer superior protection over the Foshay vaccine against aerosol challenge with SchuS445,47,48.
Due to the fact that LVS is more virulent in humans as an aerosol, the vaccine was only ever approved for
administration via the scarification route45. Following the development of the LVS vaccine, laboratory
cases of tularemia dropped significantly, suggesting that the vaccine was effective in humans45,48.
However, LVS only offered partial protection against Type A strains46. High doses of aerosolized
bacteria could still cause disease in these immunized individuals47,48, and the vaccine was not effective in
every recipient50. LVS vaccine was never licensed for human use in the United States due to uncertainty
about its history, instability of the colony type, an incomplete understanding of the method of attenuation,
and a concern that the attenuated bacteria would revert back to wild type46,48,51.
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Despite fears over the questionable safety profile of LVS, several recent studies in both humans
and mice have revisited LVS as a potential vaccine candidate. A study by KuoLee, et al, demonstrated
that oral vaccination with the LVS strain protects BALB/c mice from intradermal, intranasal, and
respiratory challenge with virulent Type A Francisella strains, though this protection is not observed in
other mouse strains52. Maximum protection was achieved after a single vaccination rather than multiple
immunizations, but the protection was found to be relatively short lived and waned over time. The oral
vaccination induced a protective IgA and IgG response, and vaccinated mice showed decreased bacterial
load in the liver, lungs, and spleen, suggesting the vaccine was able to rapidly control the proliferation of
bacteria after infection by inducing both systemic and pulmonary immunity52. These results show that the
oral vaccination route holds promise for human use and may hold potential as a rapid and effective means
of protecting individuals exposed to virulent Francisella strains in the lab or through a biological attack.
Further studies are needed to examine why certain mouse strains were effectively protected over others,
as well as to identify the key antigens and immune correlates essential for protection.
Another study by Conlan, et al, found that mice vaccinated with LVS by the aerosol route were
protected against a respiratory challenge of virulent strains of Francisella, while mice that received
intradermal inoculations remained susceptible to low dose aerosol challenged and ultimately succumbed
to the infection51. Consistent with the study by KuoLee, this immunity waned with time, but even when
the mice became susceptible to aerosol challenge, they survived longer than naïve mice. The aerosol
vaccinated mice also were better able to control bacteria replication in multiple organs, and the
intradermal vaccination group produced a much higher bacteria burden in the liver and spleen,
demonstrating that this route did not effectively prevent dissemination of infection. The protection
induced by the aerosol vaccine was found to be dependent on αβ T cells and interferon gamma, and
depletion these immune factors eliminated the protection51. Together, these results suggest that aerosol
vaccination offers better protection against other routes in the case of respiratory exposure to Francisella.
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There have been reports of human trials with LVS vaccines as well. In a report by Sahly, et al,
healthy adult human volunteers were vaccinated with a Francisella tularensis LVS vaccine either by
scarification or subcutaneously48. The vaccine was well tolerated and the most common adverse effects
reported were headache and fatigue. No Francisella bacteria cells were detected in the blood of any
participants, though some study members in the scarification group had a positive skin swab as detected
by PCR. Serological analysis showed that antibody levels in participants vaccinated via subcutaneous
route did not differ from the placebo, but the scarification group displayed elevated levels of both IgG and
IgA antibodies to LVS antigen, as well as elevated IFNγ48. While these studies give hope for a potential
LVS vaccine in the future, more research needs to be conducted to explore other options before a safe
human LVS vaccine will be licensed.
Subunit and recombinant vaccines offer a more appealing safety profile and were also evaluated.
Initial efforts focused on surface exposed antigens. In vitro, these proteins were found to elicit responses
in T-cells from animals vaccinated with LVS37, but the in vivo response at the whole organism level was
below the response achieved by vaccination with LVS. LPS was found to generate a protective antibody
response against less virulent Type B strains, but not against highly virulent Type A strains of
Francisella37,47. Other lipoprotein and outer membrane proteins have been investigated, including FopA,
GroEL, KatG, and Tul4, but none of these antigens demonstrated an efficacious response37,47. Given
these failures, current vaccine strategies are revisiting the idea of live attenuated vaccines, or exploring
novel strategies such as reverse vaccinology.
Live attenuated vaccines demonstrate superiority over killed vaccines and subunit vaccines, as the
latter strategies prove more difficult to generate a strong immune response and require more frequent
boosting53. A summary by Marohn, et al, describes the attempt to generate a live vaccine by employing
two strategies: the attenuation of LVS, or the attenuation of SchuS446. An example of an attenuated LVS
strain is the mutant of the capB gene. capB encodes a protein that possesses a role in capsule
biosynthesis. When administered either intradermally or intranasally, the LVS capB deletion mutant
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protected mice against a lethal challenge with wild type LVS. Another example is mutants lacking the
wzy gene, which functions in the generation of O-polysaccharide. The Δwzy mutant was unable to
replicate intracellularly in mice, and offered protection against both LVS and pathogenic Type A strains.
Mutants lacking genes encoding protein transporters of the MFS family, fptB, fptE, and fptG, also
displayed significant attenuation due to altered replication kinetics. Furthermore, mutants lacking
FTL_0883 and FTL_0724, which encode proteins involved in the spermine response and folate
metabolism, respectively, fail to replicate in BMDMs and are attenuated in virulence46. While these
advances are promising, protection against LVS does not guarantee protection against Type A strains, and
attenuated strains of SchuS4 are also being developed.
Attenuated strains of SchuS4 may offer more complete protection against Type A Francisella.
Using the LVS mutant studies as a starting point, mutants of SchuS4 have been generated lacking the
capB gene, which conferred roughly 60% protection against subsequent SchuS4 challenge. Another
mutant lacks a gene encoding a heat shock protein, clpB. Importantly, this mutant is one of the few
attenuated strains that has demonstrated protection against a respiratory challenge with Type A bacteria,
the route of primary concern. Further studies will analyze other genes necessary for metabolism and
other bacterial responses in hopes of developing a SchuS4 strain that can confer protection against
respiratory Type A challenge that is safe enough for human inoculation46.
Two attenuated strains of Type A SchuS4 Francisella were found to protect mice against
challenge with fully virulent wild type SchuS4 bacteria. An attenuated SchuS4 strain may prove more
effective than an attenuated LVS strain, because though the genomes between the two strains are similar,
differences in encoded antigens may contribute to the previous observation that LVS fails to protect
against Type A Francisella. One of the mutants in particular, ΔFTT0369c did not cause any fatalities in
the mice, and offered protection against challenge when administered via different routes54. Perhaps most
appealing is that a very low dose of the attenuated strains could generate effective protection, which
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minimizes any risk of adverse effects of the vaccine. These results demonstrate that attenuated Type A
bacteria show promise an effective vaccination strategy against tularemia.
A challenge to the development of a Francisella vaccine is that in order for a vaccine to become
licensed, the candidate must be tested in two animal models if human testing is impossible. Presently,
there is no ideal animal model for human tularemia, thus most of the candidates have only been tested in
one animal model: mice. However, mice are more susceptible to infection by Type B strains than
humans, making them suboptimal. Potential advances using rabbits, rats, and monkeys as a model strives
to overcome this obstacle46. Another consideration for a successful vaccine is the route of administration.
Pulmonary vaccination may offer the best protection against a respiratory challenge. Vaccination
intradermally or intramuscularly induces systemic responses, but the response in the mucosal tissues in
the lung often fails to be induced by these routes. Aerosol delivery via the respiratory route would
stimulate the lung’s lymph nodes and key mediators, as well as generate an immune response at local and
distal mucosal sites. In addition to protecting against a respiratory pathogen challenge, the respiratory
route of vaccination would also protect against pathogens introduced via an intradermal challenge37.
Despite these challenges, a recent study by Reed, et al, provides the first report of protection in
rabbits against SchuS453. Rabbits have been shown to be an adequate model of pneumonic tularemia in
humans, and this study demonstrates the testing of live attenuated vaccines in rabbits for the first time.
ELISA demonstrates that the vaccines, containing either LVS or a mutant strain of SchuS4, were
immunogenic and all rabbits developed serum IgG against LVS endotoxin, though most developed a
fever in response to the inoculation. Though the rabbits ultimately succumbed to infection, the vaccines
showed promise in that they increased survival time upon aerosol challenge with virulent SchuS4 strains.
These results suggest that live attenuated vaccines may be successful with further experimenting53.
Recent research identifying novel virulence factors could lead to advances in generating an
attenuated strain for a potential vaccine lead. A study by Qin, et al, has identified novel non-FPI encoded
lipoproteins, encoded by loci FTT_1102 and FTT_1103, as essential for the intracellular growth and
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replication of Francisella55. FTT_1102 and FTT_1103 encode proteins FipA and FipB, respectively, for
Francisella infectivity potentiator proteins A and B. FipA and FipB are 28% identical to each other and
highly conserved among all subspecies of Francisella. The results demonstrate that fipA and fipB are cotranscribed from the same promoter, supported by RT-PCR, and that FipA affects the post-translational
processing of FipB. Mutant strains lacking fipA, fipB, and both fipA and fipB were constructed, and while
all knockouts showed defective growth compared to wild type, the growth assays suggest that FipA is
required for intracellular growth in vitro, but was only moderately attenuated in vivo. FipB contains a
conserved CXXC motif in the active site of its DsbA domain that is required for intracellular replication,
but experiments that replace the cysteine with alanine demonstrate that only the first cysteine is required,
as CXXA mutants could be recovered from cells but not AXXC mutants55.
FipB has two domains: a macrophage infectivity potentiator (Mip) and a disulfide bond formation
A (DsbA) like domain56. The Mip lipoprotein confers cis/trans isomerase activity and the DsbA like
domain is essential for the folding of several secreted proteins and virulence factors. Another study by
Qin, et al, shows that FipB is an outer membrane lipoprotein essential for the bacteria’s virulence, and
contains an oxidoreductase domain required for the folding of virulence factors and an isomerase domain
to repair misfolded proteins56. This study proves that FipB possesses both oxidoreductase and isomerase
activity by the introduction fipB into a mutant strain of E. coli lacking DsbA, and found that the
complementation restored DsbA dependent activities. The isomerase activity in E. coli was demonstrated
using a PDI detector strain, but this activity requires FipA, which influences the oxidation state of FipB to
aid in its protein folding function. This activity is present in Francisella as well, as demonstrated by a
copper sensitivity assay showing that fipA, fipB, and Mip deletion mutants were more copper sensitive
than wild type SchuS456. In addition, the study found the FipA maintains FipB in a reduced state to allow
for the oxidoreductase functions.
In Gram-negative bacteria, disulfide bond formation during nascent protein folding is necessary
for the proper assembly and secretion of toxins, surface proteins, virulence factors, flagella, and many
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other secreted proteins. The periplasmic protein DsbA catalyzes the formation of disulfide bonds in these
secreted proteins by donating its own disulfide bond to the newly translated peptide. DsbB, present in the
membrane, re-oxidizes DsbA via interactions with its hydrophobic groove57. DsbC, a periplasmic
disulfide isomerase, refolds any proteins that happen to be misfolded by DsbA, and DsbD, an inner
membrane protein, reduces DsbC back to its active state56. This system functions to effectively fold
proteins secreted by the bacteria.
Interestingly, a Mip ortholog exists in Francisella encoded by the locus FTT_1043. The Mip
domain, first identified in Legionella, confers virulence in many Gram-negative bacteria55. In the LVS
strain, this translates to FTL_1042. This ortholog has similar domains to FipB, but the function of the
gene product has not yet been classified in the literature. FTL_1042 is flanked by FTL_1041 and
FTL_1043. FTL_1041 encodes as an octaprenyl-diphosphate synthase and catalyzes the condensation
reactions of farnesyl diphosphate (FPP) with five molecules of isopentenyl diphosphate (IPP) to generate
C(40) octaprenyl diphosphate. This activity is important in the synthesis of side chain isoprenoid
quinones which function in electron transport. FTL_1043 encodes a C32 tRNA thiolase that plays a role
in the posttranscriptional modifications of tRNAs. The enzyme is present in the cytosol and has an Fe-S
cluster. While the function of FTL_1042 has not been established, it can be hypothesized that, like fipB,
it may be involved in the folding of secreted virulence factors based on the domain similarity. To
determine the function of FTL_1042, a deletion mutant lacking 1042 was created to elucidate its
contributions to the virulence of Francisella tularensis.

Materials and Methods
Deletion of FTL_1042 locus
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An in-frame deletion mutant strain of LVS was created using allele replacement and confirmed
by sequencing. An insert lacking the 1042 gene segment was created using PCR with the upstream and
downstream flanking sequences. The flanking sequences contained BamH1 restriction sites for future
ligation with the vector. The PCR reaction also introduced Sal I restriction sites to enzymatically remove
the 1042 segment and for ligation between the upstream and downstream segments.
An E. coli vector p812 was digested with BAM HI and dephosphorylated, then ligated with the
PCR Δ1042 insert. The E.coli vector was used to PCR amplify the insert because the Francisella vector
does not have an origin of replication. The vector containing the Δ1042 insert was transformed into
competent E. coli cells by electroporation. The vector contained β-Lactamase as a selection marker.
Colonies were selected, and the DNA was digested to check for insert release before ligating the
insert with a Francisella vector.
The Francisella vector used was p812. This vector, as described by LoVullo, et al, does not have
an origin of replication, thus cannot replicate in LVS58. It contains SacR and KanR. SacR encodes levan
sucrase, which is lethal in the presence of sucrose58. These markers determine if the vector has integrated.
Successful integration results in a sucrose sensitive, kanamycin resistant phenotype. Transformed
bacteria were grown in the presence of sucrose. 50% will experience successful recombination resulting
in the loss of the 1042 gene, and these colonies will display a sucrose resistant, kanamycin sensitive
phenotype. The deletion was confirmed by PCR and sequencing.

Digestion and PCR reaction products were purified using the OMEGA MicroElute DNA Clean-up Kit
and the Sigma Aldrich Gen Elute PCR Clean Up Kit.

Gel Extractions were performed using the OMEGA Biotek E.Z.N.A Gel Extraction Kit

Elutions were performed using the OMEGA Biotek Micro-Elute Cycle Pure Kit
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Growth of Δ1042 in Culture Media

A growth curve comparing LVS and the Δ1042 mutant was generated both in BHI and CDM
growth media. Frozen stocks of LVS and the Δ1042 mutant, stored at -80° C, were grown on plain MHB
(Mueller Hinton agar) plates containing Isovitalex and for 2-3 days at 37° C. A colony from each plate
was then inoculated into 2.5 mL BHI growth media and grown over night in a shaker at 37° C. The next
morning, the overnight cultures were diluted 1:10 in BHI (250 uL into 2.5 mL BHI) and brought to
matching ODs. The OD for the BHI growth curve was 0.059, and was 0.05 for the CDM curve. The
value of the starting OD was not as important as long as they matched between wild type and mutant,
since this experiment was comparing a trend and not quantitative levels of bacteria.
Time points for each growth curve were obtained in triplicates. 15 mL BHI was added to 125 mL
flasks, 3 for the mutant and 3 for LVS. 250 uL culture was added to the appropriate flask. The bacteria
were grown at 37° C in a shaker, and the OD was measured every 2 hours for 24 hours to generate the
growth curve in BHI. To generate the CDM growth curve, 300 uL of culture was inoculated into 5 mL of
CDM in 15 mL Eppendorf tubes. The bacteria were grown in the shaker at 37° C and the OD was
measured every 6 hours from 0 to 24 hours.

Intracellular Growth in RAW Cells

Invasion assay procedure adapted from Kirimanjeswara, et al, 2007.

Preliminary intracellular growth assays were performed in RAW cells. Bacteria levels were
measured in by a colony forming based assay 3, 12, and 24 hours post infection in triplicates. RAW cells
were cultured in DMEM media with 10% FBS, 5% Penicillin/Streptomycin, and additives (Glutamine,
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Non-essential amino acids, Pyruvate, and buffered with HEPES), and incubated at 37° C. The cells were
plated in a 24 well plate at 1.5 x 105 cells/mL, 1 mL per well, in DMEM without antibiotic. The plate was
incubated at 37° C overnight.
Frozen stocks of LVS and the Δ1042 mutant, stored at -80° C, were grown on plain MHB
(Mueller Hinton agar) plates containing Isovitalex for 2-3 days at 37° C. A colony from each plate was
then inoculated into 2.5 mL BHI growth media and grown over night in a shaker at 37° C. The OD of the
cultures was brought to 0.05, which represents 2.0 x 108 CFU/mL. The target MOI was 100:1
bacteria:RAW, and the bacteria cultures were diluted in DMEM without Pen/Strep to reach a titer of 2.5 x
107 CFU/mL. The infection media was diluted by serial dilutions in PBS, and 100 uL of the -4 and -5
dilution were plated on MHB plates and incubated at °37 C.
The media was removed from the wells with RAW cells and the cells were washed twice with 2
mL of PBS. It should be noted that the cells could not be left in the open air for more than a few seconds
to avoid losing cells to drying out. To infect the cells, 1 mL of the prepared bacteria media was added to
the appropriate well. The plate was centrifuged at 300 x g at room temperature (25° C) for 10 minutes to
allow optimal contact between the bacteria and the RAW cells. The infection media was left on the
cells for 45 minutes at 37° C. After the infection, the infection media was replaced with 2 mL of
DMEM with 1% added gentamycin to kill any remaining extracellular bacteria that did not enter the cells.
Gentamycin does not cross the RAW cell membrane in this short time frame, making it an ideal drug to
remove trace extracellular bacteria. The gentamycin treatment remained on the cells for 1 hour while
being incubated at 37° C. After 1 hour, the gentamycin media was removed and replaced with 1 mL of
DMEM without Pen/Strep and returned to the incubator.
Cells were lysed to measure intracellular bacteria replication at 3, 12, and 24 hours post infection.
To lyse cells, the media was drained and the wells were washed with 1 mL of PBS three times, and 100
uL 0.01% deoxycholate was added to the cells. The cells were incubated at 37° C for 10 minutes for
complete lysis. 900 uL PBS was added to the wells and mixed 15 times by pipetting, changing tips
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between wells. The supernatant containing the bacteria was diluted in PBS, and the 100 uL of the -1 and 2 dilutions were plated on plain MHB agar plates and incubated at 37° C. Colonies were counted 48-72
hours after plating to calculate the intracellular levels (CFU/mL).

Intracellular growth in hepatocytes

The same procedure was followed as the above procedure for RAW cells, with the following
modifications:

An MOI of 1,000:1 was used because hepatocytes are naturally more resistant to infection by
Francisella, and a larger infectious dose was needed to properly observe growth.

Hepatocytes are more sensitive to culture in 24 well plates than RAW cells, so PBS washes were
performed only once using 1 mL of PBS to avoid losing cells during the wash.

Complementation with 1042

The 1042 gene sequence was reintroduced into the Δ1042 mutant strain to determine if
intracellular replication functions were restored. The goal was to express the gene using a
potential native promoter region upstream in the genome. The upstream primer included a
sequence to include a larger portion of the natural genome in hopes of expressing 1042. The
ligated upstream and downstream segment insert containing the 1042 sequence was ligated into
the pkkMSC4 vector and transformed into competent MACH 1 E. coli cells by heat shock. The cells
were grown on LB agar plates with a Tetracycline selection marker, and the insert was recovered
from successfully transformed cells and subsequently transformed into Δ1042 Francisella cells to
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complement the deletion (1042-C). 1042-C cells were used in intracellular growth assays as
describe above.

Intracellular Trafficking Assay

Both LVS and Δ1042 were transformed with GFP to allow monitoring of their movement
intracellularly. This study was performed in RAW cells. RAW cells were seeded on cover slips in a
12 well plate in 2 mL DMEM without antibiotics. Δ1042-GFP and LVS-GFP were inoculated in 2 mL
of BHI and incubated in the shaker at 37° C overnight. The ODs of both cultures was brought to
0.05, which was assumed to be 2.0 x 108 CFU/mL. The infection media was prepared in DMEM
without antibiotic at a concentration of 2.5 x 107 CFU/mL for an MOI of 100:1. The media was
aspirated from the wells containing RAW cells and replaced with 2 mL of infection media. The plate
was centrifuged at 300 x g for 10 minutes at room temperature. The infection media was allowed
to remain on the cells for 2 hours at 37°. After the infection, the infection media was aspirated and
replaced with 4 mL DMEM with 1% gentamycin to kill extracellular bacteria. After 1 hour, the
gentamycin media was replaced with 2 mL DMEM without antibiotics.
Cells were fixed at 3, 12, and 24 hours post infection in 2% Formaldehyde. At each time
point, the cells were washed twice with 2 mL PBS. After the PBS from the last wash was removed, 3
mL of 2% formaldehyde was added to wells in a 6 well plate. The cover slip with the RAW cells was
transferred into a corresponding well in the plate with formaldehyde, with the cells facing up. The
cells were left to fix overnight at 4° C. After drying, the slips were stained with DAPI and fixed on
microscope slides for analysis via fluorescent microscopy (data not shown).
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Mutant Sensitivity Assay

The sensitivity to hydrogen peroxide, SDS, and Triton-X100 was compared in both LVS and
Δ1042 to determine if the mutant was less resilient when exposed to various stresses compared to
the wild type. Stocks of the stressors were prepared in sterile BHI media, and appropriate dilutions
were prepared in BHI in sterile microcentrifuge tubes. Wild type LVS and the mutant were each
tested in triplicate at each dilution, including controls in only BHI media. Hydrogen peroxide was
tested at final concentrations of 10 mM, 1 mM, 0.5 mM, and 0.1 mM. SDS and Triton-X100 were
tested at 0.010%, 0.005%, 0.001%. 250 uL of each dilution was put into a microcentrifuge tube and
allowed to come to room temperature before adding bacteria. LVS and Δ1042 were grown
overnight in BHI media at 37°C, 200 rpm, and brought to a target OD of 0.075. From this culture,
100 uL was added to 900 uL of BHI media (brought to room temperature) and vortexed to mix.
This dilution step was repeated for a total of three 1 to 10 dilutions. A fourth dilution was
performed by adding the entire 1 mL of the third diluted culture into 9 mL of BHI media (again at
room temperature) for a total of 10 mL diluted culture. The dilutions were performed for both LVS
and Δ1042. The final culture was vortexed, and then 250 uL of the culture was added to the 250 uL
of stressor solution in triplicate, and vortexed again. The cultures were incubated in the stressors
for one hour at room temperature. After the incubation, 100 uL of each tube containing the culture
and stressor was diluted in 900 uL PBS, and 100 uL of each PBS dilution was plated onto MHB agar
plates containing Isovitalex and incubated at 37°C for 48 hours.

Protocol from David Williamson.
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Results
Growth of Δ1042 in Culture Media

The growth of Δ1042 was compared to LVS in both BHI and CDM growth media to determine if
the growth defect observed intracellularly was due to a defect in virulence or because the 1042 gene was
essential to natural growth of Francisella. If this gene functions in normal cellular processes or
replication, the bacteria would not be able to replicate within growth media or intracellularly. The growth
curves in both BHI and CDM (Fig 9 a and b, respectively) show that the growth of Δ1042 comparable to
that of LVS. These results suggest that the overall growth of the mutant is not impaired. This supports
that the growth defect observed intracellularly is not due to an inherent replication defect from the
deletion, but that the deleted gene functions in intracellular replication.

Figure 9. Growth of Δ1042 and LVS in BHI and CDM.
Both LVS and Δ1042 were grown in BHI growth media for 24 hours starting from matching
ODs of 0.059. The OD was measured every 2 hours. The curve shows that the growth of Δ1042 is
not impaired in BHI media. The growth was also compared in CDM media without animal
products such as FBS to supplement growth. The trend was similar between the wild type LVS and
mutant Δ1042 in this media as well, further supporting that the overall replication of the mutant is
not impaired.
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Intracellular Growth in RAW Cells

The intracellular growth of Δ1042 was compared to that of LVS in RAW cells at several time
points. First, two clones of the mutant (Δ1042 9 and 10) were compared with LVS for consistency. Both
mutants showed a similar titer to LVS at 3 hours, and the levels were roughly equal at 8 hours, but by 24
hours, both Δ1042 mutants were present at lower levels than LVS, by at least a log order (Figure 10, first
graph). This replication defect was significant by student’s t test. Since the Δ1042 clones were consistent
in their intracellular growth trends, Δ1042 9 was chosen for the remainder of the studies. This first assay
did not include a time point at 8 hours for LVS.
The assay was repeated using LVS and Δ1042 9 and measured intracellular growth at 3, 8, 12,
and 24 hours post infection. The levels at 3 hours were similar, suggesting that the mutant is not deficient
in entry into host cells, and appear to have decreased at 8 hours post infection. This is likely due to
random errors in the lysis or plating, and reflects that the levels of intracellular bacteria do not change
significantly during this stage of infection. Again, at 24 hours, the mutant Δ1042 is present at
significantly lower levels than LVS (Figure 10, second graph). These results suggest that Δ1042 is
defective in intracellular growth and replication, but not entry into host cells.
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Figure 10. Δ1042 Intracellular Growth in RAW Cells.
RAW cells were infected with both LVS and Δ1042 an MOI of 100:1. Both Graph show
consisten intracellular levels between the mutant and LVS at 3 hours post infection, suggesting that
host cell entry is not defective. By 24 hours post infection, the mutant intracellular growth is
significantly lower than wild type LVS.

Intracellular growth in hepatocytes

The intracellular levels of Δ1042 were not significantly different from LVS at 3 hours post
infection. This observation is consistent with the 3-hour time point from RAW cells, further supporting
that host entry is not compromised.
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Figure 11. Intracellular Growth in Hepatocytes.
HepG2 cells were infected with LVS and Δ1042 bacteria at an MOI of 1,000:1. There is no
significant difference in intracellular bacteria 3 hours post infection in hepatocytes.

Intracellular Trafficking Assay

The Δ1042 mutant was tagged with GFP and used to infect RAW cells in an attempt to monitor
the intracellular trafficking of the knockout strain over the course of infection compared to LVS-GFP.
The cells were fixed and observed using fluorescent microscopy 3, 12, and 24 hours post infection. The
results did confirm that the mutant strain enters the macrophages (data not shown), but the GFP tag was
not sufficient to distinguish any differences in trafficking or compartmentalization between the Δ1042
mutant and LVS. This study will be repeated with endosomal markers to gain a more specific view of the
intracellular trafficking of this bacteria.

Complementing the 1042 locus

The 1042 gene sequence was reintroduced into the Δ1042 mutant as described (see materials and
methods). The first attempt to induce expression using the rpsl promoter failed (data not shown). A
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subsequent attempt to restore expression of the gene using a proposed upstream native promoter did
restore some function, though not at statistically significant levels (Fig. 12). The idea behind using this
native promoter was that elements of the upstream genes may drive expression of the 1042 locus. This
idea is supported by previous studies on FipA and FipB gene products, which were determined to be cotranscribed by the same promoter55.
Upon performing the invasion assay in RAW cells using the complemented strain, some function
was restored at 24 hours post infection (Figure 12). However, these result were not statistically
significant. It is possible that steric differences in the complementation plasmid are responsible for the
difference in phenotype from the wild type. This observation does support that the intracellular growth
defect of the Δ1042 mutant is indeed due to the 1042 deletion, but further analysis is warranted. The
complementation assay will be repeated, and another method of complementation using another promoter,
Bfr, will be attempted to confirm that function is linked to the 1042 locus.

Figure 12. Complementation of the 1042 locus.
The results show that some function was restored upon complementation, but this assay
needs to be repeated before this observation can be confirmed.
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Mutant Sensitivity to Stress

The sensitivity of the Δ1042 mutant to hydrogen peroxide, SDS, and Triton-X100 was
compared to that of LVS to determine if the deletion at the 1042 locus weakened the bacteria’s
resistance to various stressors. As shown in Figure 13, the Δ1042 mutant does not display any
significant difference from wild type LVS in its sensitivity to the stressors tested. These results
demonstrate that the deletion at the 1042 locus did not affect the bacteria’s ability to handle stress,
and that the growth defect observed intracellularly was indeed due to decreased virulence and
replication.

Figure 13. Sensitivity of the Δ1042 mutant to stress.
The Δ1042 mutant does not show any increased sensitivity to hydrogen peroxide, SDS, or
Triton-X100 compared to wild type LVS.
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Discussion
These results help advance the understanding of the novel mechanisms of infection and virulence
factors employed by Francisella tularensis. The present study evaluated the function of a novel
lipoprotein, FTL_1042, in the Francisella LVS strain to determine what contributions it may have in the
bacteria’s virulence. Upon creating a deletion mutant lacking the 1042 locus, the knockout strain was
compared to the wild type LVS both intracellularly and in liquid culture. It was found that Δ1042 is
attenuated in its growth and replication inside the RAW macrophage cell line. By 24 hours post infection,
the intracellular levels of the Δ1042 mutant were significantly lower than the wild type LVS. However,
the levels at earlier time points, such as 3-hour post infection, were very similar. This observation
supports the conclusion that the 1042 locus is in fact involved with replication inside the host cells, rather
than defective entry into the macrophages (Figure 10).
To ensure that this replication defect was due to attenuation of virulence and not an inherent
growth defect resulting from the gene deletion, the Δ1042 mutant was next evaluated for its ability to
grow in culture media. The mutant grew at similar levels with a similar trend to LVS over the course of
24 hours in both supplemented BHI media, as well as CDM media, showing that the mutant is not
defective in its growth and extracellular replication. The Δ1042 mutant was also compared to LVS in
the presence of hydrogen peroxide, SDS, and Triton-X100 to determine if the deletion had any effect
on the bacteria’s sensitivity to stress. The Δ1042 mutant did not display any significant differences
in sensitivity to the stressors at any of the concentrations tested. This also supports the conclusion
that the 1042 locus is specifically involved with intracellular replication and virulence, as normal growth
and sensitivity of the bacteria was not impaired.
Further tests aimed to determine if the attenuated phenotype of the Δ1042 mutant was
consistently observed in other cell types besides RAW macrophages. Infecting HepG2 cells with the
mutant and wild type showed similar intracellular bacterial levels at 3 hours post infection, which is
consistent with the trend observed in the RAW cells. At this time, data for later time points is not
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available to determine if the Δ1042 mutant displays a growth defect, but this is currently being evaluated.
Another avenue of study is observing mutant growth in BMDMs and alveolar macrophages. If the
attenuated phenotype is consistent across multiple cell types, it may be suitable for in vivo testing as a
safe inoculation to protect against more virulent strains.
While the results of this work show promise of using the 1042 locus in the generation of an
attenuated strain, additional studies are necessary before a definite conclusion can be drawn. First, data
demonstrating the intracellular growth of the Δ1042 mutant in other cell types is necessary. Ideally, a
vaccine candidate will be attenuated in multiple cell types to avoid adverse effects. In addition, a double
deletion mutant that has the FTL_1042 locus as well as FTL_1096, the locus encoding the FipB
lipoprotein55, will be generated to determine if this enhances the extent of the attenuation. This double
mutant is currently being generated. Once obtained, this double mutant will be tested in an in vivo mouse
model to determine if it can successfully provide protection against challenge with more virulent strains,
such as SchuS4. In the future, this work may lead to the generation of an attenuated strain suitable for use
a safe human inoculation against Francisella infection.
There are several challenges that must be overcome before this mutant can be considered for an
effective vaccine lead. For example, it must be immunogenic enough able to generate a response, but not
cause a dangerous infection. Thus, the immune response to the Δ1042 mutant must be evaluated in an
appropriate in vivo system. It has been previously established that immunity to Francisella relies on both
humoral and cellular components, but the extent to which the host relies on each is still somewhat
unclear. Studies by Conlan, Sahly, and Tarnivik claim that the humoral response only protects against
attenuated strains and that cell based immunity is required for protect against the more virulent
strains45,48,49. However, studies by Kirimansjeswara, et al, show that antibodies may actually play an
important role in defense against Francisella infection59. Serum antibodies are heavily involved in the
response against respiratory tularemia, and help prevent the spread of the bacteria to distant organs 59.
Tularemia has been shown to disseminate to the liver and spleen after infecting epithelial cells44, and
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antibody prevention of systemic disease is an important host response that should not be ignored. In
addition, the humoral response has been shown to work synergistically with the cellular response to
promote rapid clearance of bacteria from the lungs59. Based on these observations, an ideal vaccine strain
may generate both cellular and antibody mediated responses to provide optimal protection against
Francisella infection.
Another factor that must be investigated is the best route of administration to generate the best
immune response. Several recent studies agree that aerosol administration provides the best protection
against aerosol challenge when compared to other routes41,52,53. Thus, the response generated against the
Δ1042 mutant when administered by various routes of administration needs to be evaluated, again
requiring in vivo testing. However, most sources agree that a live attenuated vaccine currently presents
the most promising option for the development of a successful vaccine against tularemia, and further
studies with the Δ1042 mutant are warranted to determine its effectiveness and efficacy with the hopes of
developing a safe human inoculation in the future.
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Chapter 4 - Discussion and Concluding Remarks
Francisella infections, while uncommon in the United States, pose a potentially significant threat
to public health due to the bacteria’s history of being used as a bioweapon and ability to cause a lethal
respiratory illness in adult humans. Those most at risk of acquiring natural tularemia infection are those
that become exposed to infected wildlife, including rabbits, deer, and ticks, through activities such as
camping, hiking, and hunting11. Most cases in the United States occur in the Midwest (see figure in
Introduction) and majority of these cases are reported during the summer months, when individuals are
more likely to spread time participating in outdoor activities. Tick bites remain the primary means of
transmission to humans15,16. Individuals can take several measures to prevent tularemia, including using
bug spray containing DEET and wearing long sleeves, long pants, and socks when participating in
activities that may put them at risk of exposure. In addition, individuals should avoid drinking untreated
water, and take care not to run over dead animal carcasses while mowing the lawn, which may provide a
means to aerosolize the bacteria16.
In humans, tularemia has multiple clinical manifestations with varying degrees of severity,
including the ulceroglandular, cutaneous, and pulmonary form. While the first two forms of tularemia
can be successfully treated, the pulmonary form is much more serious and can be potentially fatal. If left
untreated, this form of the illness is associated with case fatality rates up to 60%1. Of even more concern,
the infectious dose via the respiratory route is extremely low, and as few as 5-10 cfu can cause a fatal
illness if inhaled1.
Perhaps the most frightening aspect of Francisella infection from a public health perspective is its
history of documented use as a bioweapon. Both the United States and the Soviet Union developed active
programs to weaponize Francisella during the Second World War, and some officials believe that this
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bacteria was used to intentionally plague soldiers along the Eastern Front18,19. In addition, modeling by
the WHO predicts that an intentional aerosol release of Francisella organisms could unleash devastating
effects on the public18. Given that there is currently no licensed vaccine, Francisella is classified as a
select tier A agent by the CDC. Based on the above factors, a dire need exists to evaluate novel methods
of antibiotic treatment, as well as effective vaccination and preventative measures against Francisella.
This study evaluated a novel compound as a potential antibiotic agent, as well as an attenuated version of
the LVS strain as a potential vaccine lead to address the imminent threat to the public in the event of a
biological attack.
The first portion of this study addresses the growing issue of emerging antibiotic strains of
bacteria, including Francisella, to the current regimen of available drugs. Current treatments of
Francisella include the use of streptomycin, which is the only drug that offers a 100% cure rate,
aminoglycosides, and gentamycin21. However, these drugs often lead to toxicity and severe side effects22.
The use of milder drugs, such as tetracycline, creates a risk for relapse of symptoms11,21,22. The programs
designed to weaponize this pathogen in the past generated strains of Francisella that were antibiotic
resistant, and this presents the need to evaluate novel drugs to treat tularemia infection.
This issue of antibiotic resistance could be addressed by the identification of new targets in
bacteria. Previous studies have identified the trans-translation pathway as a bacteria specific component
that is necessary to the growth and survival of certain species, including Francisella. In bacteria, the
pathway serves the purpose of freeing stalled ribosomes that often occur during bacterial transcription and
translation and impair protein production. This pathway serves as a mechanism to allow protein
production to continue24,25. Since it is not present in humans, it offers an appealing target for novel drugs.
Especially in the case of a biological attack, a successful response would require having effective
antibiotics ready to use in order to promptly treat victims and increase survival, justifying the need for this
study.
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Several small molecule inhibitors of the pathway were identified by HTS. This study evaluated
the effectiveness of the small molecule KKL-10 against Francisella. It was found that KKL-10 was very
effective at inhibiting the bacteria’s growth both in liquid culture, as well as intracellularly, at a relatively
low dose, and was not toxic to host cells, suggesting this compound shows promise as a potential
antibiotic. Of note, the compound exhibited a bacteriostatic effect, halting the bacteria’s growth rather
than killing the organism. While many believe bactericidal drugs to be superior, the variation that occurs
in many clinical situations suggests that bacteriostatic drugs may be equally as useful and several reviews
state that no significant difference in clinical outcome is associated with bacteriostatic versus bactericidal
drugs28,29. Targeting a pathway not present in human cells in a tularemia treatment regimen offers the
advantage of minimizing the toxic effects associated with the current tularemia treatments. In addition,
these novel compounds may offer effective treatment against other emerging strains of resistant bacteria.
Overall, trans-translation inhibitors show promise as a potential novel antibiotic against Francisella and
other bacteria species, and more studies will be conducted to better understand the activity of these
compounds in vivo.
In addition to developing effective antibiotics against Francisella, this study also addresses the
issue of developing a safe human vaccination to protect against tularemia. Currently, there is no licensed
vaccination in the United States. There have been many efforts to develop an effective vaccination in the
past, but none have been successful. Many strategies have been employed, including killed bacteria,
surface antigens or other proteins, and attenuated strains. Killed bacteria and protein antigens often fail to
generate lasting protection, and recipients remain vulnerable to infection. Attenuated strains offer better,
but still incomplete, protection45,46,47,48. Recipients are at risk of developing tularemia from the live strains
used, and these strains still do not offer protection against the more virulent strains of concern. In spite of
these failures, the effort continues. The most recent studies agree that a live attenuated vaccine is
probably the strategy that will offer the best immunization, and that vaccination via the aerosol route will
protect against the respiratory disease48,51,52. Since a biological attack would more than likely employ
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aerosolization to spread severe disease, it is of utmost importance that future Francisella vaccines protect
against aerosol challenge with the highly virulent strains.
In order to generate an attenuated strain suitable for use in immunization purposes, there has been
a recent surge in research efforts to understand the mechanisms of Francisella infection and the host
immune response. A great leap forward came with the identification of the Francisella Pathogenicity
Island, also called the FPI, which encodes many of the bacteria’s virulence factors, as well as a secretion
system for these critical proteins1,36,37,38. Many of these factors have been found to be essential for the
bacteria’s intracellular life cycle, and play roles in many functions, including phagosomal survival and
escape, cytosolic replication, and inhibition of NADPH oxidase37,38,43. Current vaccine strategies now
focus on eliminating or inactivating these factors to create attenuated strains capable of generating a
protective immune response, but unable to cause a serious infection in the host.
While many virulence factors are encoded by the FPI, previous work by Qin, et al, has identified
two factors outside of this gene cluster: Francisella Infectivity Potentiator proteins A and B, denoted fipA
and fipB, respectively55. In particular, fipB was found to be essential for the bacteria’s intracellular
replication and survival. FipB contains two domains that serve to aid in the folding of secreted virulence
factors. The DsbA domain functions in disulfide bond formations, and the Mip domain has cis trans
isomerase activity55. In this study, the function of an ortholog to fipB at locus 1042 was evaluated. The
gene at FTL_1042 has not yet been classified in the Francisella literature and the role is unknown to this
point. However, the FTL_1042 product shares domain similarity to FipB, so it was hypothesized that it
may also contribute to the virulence of the bacteria.
A mutant strain of Francisella LVS was generated lacking the 1042 gene and compared to wild
type LVS both intracellularly and in liquid culture. The mutant displayed an attenuated phenotype in
RAW cells 24 hours post infection (Figure 10). However, the growth in culture media was similar to the
wild type (Figure 9), which supports the conclusion that, like fipB, FTL_1042 plays a role in the
intracellular replication of Francisella LVS. Further studies to evaluate the attenuated phenotype of this
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mutant in other cell types are currently underway. In addition, a double mutant lacking both fipB and the
ortholog at the 1042 locus will be generated to determine if this mutation further attenuates Francisella
LVS. The mutant will also be used to infect a mouse model to determine if it confers protection against
highly virulent strains such as SchuS4. The creation of this attenuated strain advances the understanding
of the virulence factors of Francisella, and may contribute to the generation of a safe human inoculation
in the future.
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