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Francisella tularensis is a Gram-negative, facultative intracellular bacterium that
is a Tier 1 Select Agent of concern for biodefense for which there is no licensed vaccine.
A subfamily of 9 Francisella phagosomal transporter (fpt) genes belonging to the Major
Facilitator Superfamily of transporters was identified as critical to pathogenesis and
potential targets for attenuation and vaccine development. We hypothesized that fptA and
fptF are critical for the virulence of F. tularensis, and that deletion of one or both may limit
pathogenic potential and result in a vaccine strain that is safe and protective against lethal
challenge. fptA and fptF deletion mutants were generated in the F. tularensis Live Vaccine
Strain (LVS). We demonstrated that the LVSΔfptA and LVSΔfptF mutant strains exhibited
reduced intracellular replication versus parental LVS within primary macrophages from
C57BL/6 mice. LVSΔfptA and LVSΔfptF were highly attenuated in the C57BL/6J mouse
model of respiratory tularemia with LD50 values >20 times that of LVS when administered
intranasally and vaccination with these mutant strains conferred 100% protection against
lethal challenge with LVS. The bacterial burdens of LVSΔfptA and LVSΔfptF mutant
strains at 6-days post-infection were significantly reduced compared to that of LVS in

murine spleens, lungs and livers. Further studies demonstrated that infection with the
LVSΔfptA and LVSΔfptF mutant strains resulted in reduced pathology and tissue
destruction in mouse lungs than infection with LVS. The immune responses to LVSΔfptA
and LVSΔfptF were characterized by decreased levels of IL-10 and IL-1β in the
bronchoalveolar lavage fluid versus LVS, and increased numbers of B cells, αβ and γδ T
cells, NK cells, DCs, and CD11b- macrophages in lungs versus LVS. These results support
a fundamental requirement for FptA and FptF in the pathogenesis of F. tularensis and the
modulation of the host immune response and support their further consideration as targets
for the development of live attenuated vaccines against virulent F. tularensis.
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Chapter 1 – Introduction
The History and Epidemiology of Francisella tularensis
The Gammaproteobacterium Francisella tularensis, formerly known as Bacterium
tularense and Pasteurella tularensis, is a fastidious, Gram-negative, aerobic, coccobacillus
that is non-motile [1-3]. The bacterium was accidentally discovered in 1911 in Tulare
County, California by George McCoy, who headed the United States Plague Laboratory,
while studying an outbreak of fatal plague-like disease in ground squirrels [4]. This novel
disease in squirrels caused enlarged lymph nodes, or “buboes” similar to those seen in
plague, lesions in the lungs, liver and spleen, bacteremia, and splenomegaly [4]. McCoy
took blood or tissue emulsions from infected squirrels and transmitted the disease to
guinea-pigs, rabbits, mice, gophers and monkeys, all of which were susceptible and for
which disease was usually fatal [4]. Notably, infected animals were not contagious (no
direct animal-to-animal transmission), but indirect transmission occurred when fleas that
fed on infected animals bit unaffected ones, indicating that this disease can be vector-borne
[4]. While this bacterium caused “buboes” that resembled those caused by plague, McCoy
and his colleague, Charles Chapin noted many distinguishing microbiological and
epidemiological differences from the plague bacillus, Yersinia pestis, including the
inability to culture the bacterium using standard techniques [2, 4]. Furthermore, a guineapig that was vaccinated and protected against plaque succumbed to infection with the new
plague-like disease, further highlighting their suspected differences [2]. After finally
establishing successful methods for culturing this fastidious bacterium on medium
supplemented with coagulated egg yolk, in 1912 they were able to prove that this distinct
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bacterium, which they named Bacterium tularense after its county of discovery, was the
causative agent of the plague-like disease [2].
Following the determination of the susceptibility of other rodents and mammals to
this pathogen, McCoy warned of its zoonotic potential, noting its marked virulence in
monkeys, and predicted the emergence of human disease [4, 5]. Not long after, the first
microbiologically proven human case occurred in 1913 in a Cincinnati, Ohio butcher
suffering from acute ulcerative conjunctivitis and lymphadenitis who was thought to have
been infected with the bacterium while dressing contaminated meats [6].
The butcher’s disease was initially suspected to be glanders (caused by
Burkholderia mallei) by medical professionals, but they were unable to confirm this using
routine culturing techniques to identify the microorganism in question [6]. Wherry and
Lamb at the University of Cincinnati Medical School inoculated guinea-pigs with
conjunctival scrapings from the butcher, which reproduced the fatal plague-like disease
characterized previously by McCoy [6]. After making this connection, they were finally
able to isolate and identify the causative agent as B. tularense by employing the specific
culturing techniques established by McCoy and Chapin [6]. Wherry and Lamb were
anxious to identify the source of the butcher’s infection, suspecting wild rabbits for several
reasons: 1) wild rabbits were a popular wild game sold in the markets at this time, 2) the
butcher had dressed wild rabbit meat prior to falling ill, and 3) there were reports from
hunters that wild rabbits in the surrounding areas were dying in large numbers, indicating
an epizootic outbreak [5]. In 1914, two dead rabbits found on a nearby farm were tested by
Wherry and Lamb, and both showed the gross lesions of the disease and were proven by
guinea-pig inoculations and bacteriological examinations to have been infected with B.
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tularense [7]. Accordingly, this disease would later become known as “rabbit fever” and
“meat-cutter’s disease.”
In 1919, Edward Francis from the United States Public Health Service was sent to
Utah to study a vector-borne “disease of man of hitherto unknown etiology” called “deerfly fever,” which was transmitted by deer flies from infected wild rabbits to humans [8, 9].
“Deer-fly fever” presented in humans with inflammation at the bite site and regional lymph
nodes, which often festered and drained through the skin, and was accompanied by fever
[9]. When Francis inoculated pus from a swollen lymph node of an infected individual into
a guinea-pig, the pathogen caused a fatal disease that again reproduced what McCoy had
previously described [8]. After linking “deer-fly fever” with B. tularense, Francis worked
extensively on the zoonosis he named “tularaemia,” a combination of tularense from the
county it was endemic to and aemia, which is Greek for “blood,” indicating the bacteremia
he detected in his patients [9]. When Francis began his work on tularemia, only 14 human
infections had been confirmed [10], and by 1928, Francis had summarized 679 cases of
tularemia [11]. By 1944, he had accrued data on 14,000 cases of tularemia in the United
States [10], the majority of which were associated with tick bites (56%) or contact with
infected rabbits (31%) [12]. Due to Francis’ extensive investigations of tularemia, which
also became known as “Francis’ disease,” and his preeminent contributions to the field, he
was nominated for the Nobel Prize. The genus designation Francisella was first
recommended in 1947, followed by a formal proposition in 1959 to reclassify B. tularense
as Francisella tularensis¸ renaming the genus after the father of tularemia [13-15]. This
nomenclature is maintained today.
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Since Francis’ early pioneering work on tularemia, Francisella has been found
almost exclusively in the northern hemisphere between 30° and 71° north latitude [16],
including but not limited to Japan, Russia, Norway, Canada, Sweden, Austria, Scandinavia,
Turkey, Yugoslavia, Germany, Spain, Kosovo, and Switzerland, among others [17, 18]. It
is important to note that while the first microbiologically proven case was identified by
Wherry and Lamb in the Cincinnati butcher in 1913, retrospective studies suggest it was
described earlier in Utah in 1908 [19]; in Japan as “Yato-Byo,” which means “wild rabbit
disease” in Japanese, dating back to as early as 1818 (also known as “O’Hara’s disease”
for the Japanese physician who described it in 1925) [20]; in the Former Soviet Union in
the 18th century [21]; and Norway as the rodent-borne “lemming-fever” that dates back as
early as 1653 [22-24].
Based on 16S ribosomal DNA sequencing, the genus Francisella is classified in
the γ subclass of Proteobacteria [25] and contains a circular chromosome consisting of
~1.9 x 106 bp [26]. Francisella’s closest pathogenic relatives are the human pathogens
Coxiella burnetii and Legionella pneumophila [25, 27]. Within the genus, whole genome
phylogeny analysis separates Francisella species into two genetically distinct clades; clade
I contains the species F. tularensis, F. novicida, F. hispaniensis and Wolbachia persica
and clade II contains F. philomiragia and F. noatunensis [28]. Within the F. tularensis
species, which is the species that is responsible for the majority of human tularemia cases,
there are three accepted subspecies that differ in regard to geographic location, genetics,
and severity of human disease: subspecies tularensis (also known as Type A), subspecies
holarctica (also known as Type B) and subspecies mediasiatica [28]. F. tularensis
subspecies mediasiatica is found in central Asia and causes moderate disease in humans,
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although incidence is rare [29, 30]. Like F. tularensis subspecies mediasiatica, F.
tularensis subspecies holarctica causes moderate disease in humans and is found
throughout the Northern hemisphere [31], with a distinct variant of F. tularensis subspecies
holarctica, Japonica, predominating in Japan [32]. F. tularensis subspecies tularensis is
the most virulent subspecies and is associated with life-threatening tularemia and high
mortality rates [33]. Furthermore, this subspecies is highly infectious; a dose of as few as
10 or 25 colony forming units (CFU) of F. tularensis subspecies tularensis when delivered
via subcutaneous injection or aerosol, respectively, can cause disease [33-40]. This strain
is geographically restricted to North America [37], with the exception of one case reported
in Europe [41]. The majority of tularemia cases in the United States result from infection
with F. tularensis subspecies tularensis, followed by F. tularensis subspecies holarctica
[42]. F. novicida and F. philomiragia, the two other species that can cause disease in
humans, are less virulent and predominantly manifest in immunocompromised individuals
[43, 44]. Accordingly, the most clinically relevant strains of F. tularensis in healthy,
immunocompetent individuals are F. tularensis subspecies tularensis and F. tularensis
subspecies holarctica, which are both considered Biohazard safety level-3 (BSL-3)
pathogens requiring experimentation under high containment due to their highly infectious
nature.
Humans can contract tularemia by various modes, which include bites by infected
arthropods, such as ticks, flies and mosquitos [17], direct contact with or ingestion of
contaminated water, food or soil, handling infectious animal tissues, fluids, or carcasses,
and inhalation of infectious aerosols [33]. While more than 250 various terrestrial and
aquatic vertebrates and invertebrates are susceptible to F. tularensis [45, 46], the host
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reservoirs responsible for maintenance in the environment are thought to be ground
squirrels, rabbits, hares, voles, muskrats, beavers, water rats and other rodents, and F.
tularensis has been recovered from their associated habitats in contaminated water, soil
and vegetation [17, 33]. Francisella can also persist in waterways, most likely in
association with amoebae [47-49]. Furthermore, domesticated cats and dogs are becoming
more recognized as a source of infection to people [50, 51]. An environmentally hardy
bacterium that is able to survive in a desiccated state, and possibly in fomites [52],
Francisella can live for weeks to months in cool water and mud, up to 6 months in dry
straw litter, and for years in frozen rabbit meat [53]. Importantly, there is no evidence of
human-to-human transmission of tularemia.
Francis classified four clinical types of tularemia: ulceroglandular, oculoglandular,
glandular, and typhoidal [11]. Later, oropharyngeal and pneumonic forms were added to
the list [54]. After infectious exposure of humans, a typical incubation period of 3 to 6 days
[52] precedes presentation with flu-like symptoms, including chills, fever, headache and
malaise [17, 55]. Post-inoculation, Francisella proliferates locally before invading regional
lymph nodes, after which it can disseminate via lymphohematogenous spread to other
organs in the body, including the liver, spleen, lungs, kidneys, intestine, and central nervous
system [54]. The type and severity of the resulting disease depends on the route of entry of
the bacterium and the causative strain. The most common type of tularemia is
ulceroglandular, accounting for up to 80% of cases [52]. Ulceroglandular tularemia results
from a bite from an arthropod that previously fed on an infected animal, or from handling
infected meat, with entry occurring through cuts or abrasions in the skin [17, 56]. After the
initial incubation period, an ulcer at the site of infection forms that often develops into an
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inflamed pustule, followed by the dissemination of bacteria to the regional lymph nodes to
cause localized lymphadenopathy [17]. This causes an enlargement of the nodes that
resembles the “buboes” associated with bubonic plague [17] and those initially described
by McCoy in the plague-like disease of ground squirrels [4]. Glandular tularemia, the
second

most

common

type,

causes

similar

symptoms,

including

localized

lymphadenopathy, but without the formation of an ulcer at the site of infection [17]. While
recovery from ulceroglandular and glandular tularemia can be prolonged, these types are
rarely fatal, even in the absence of treatment, and have low mortality rates (ulceroglandular
has a fatality rate less than 3%) [17, 52]. This type commonly occurs in hunters and trappers
after handling infected meats and among rural populations who are more often exposed to
arthropod-vectors.
Three less common forms of the disease include oculoglandular, oropharyngeal,
and typhoidal. Oculoglandular tularemia results from direct inoculation of the eye which
causes conjunctivitis, such as in the case of the Cincinnati butcher, with ulcers and nodules
on the conjunctiva, swelling of the eyelids, photophobia and a purulent secretion [17, 40].
This can also cause lymphadenopathy in the preauricular, submandibular, and cervical
regions [54]. Oropharyngeal tularemia, which causes pharyngitis or tonsillitis, occurs after
ingestion of contaminated food or water or through the respiratory route via contaminated
droplets [40, 54]. If a large inoculum was swallowed, this can cause diarrhea and ulceration
of the bowels [17]. Typhoidal tularemia is an acute form of the disease that causes systemic
symptoms and sepsis without lymphadenopathy or the formation of an ulcer, and without
any obvious indications of the port of entry [17, 40]. It presents with high fevers, headache,
myalgias, prostration, vomiting, and diarrhea but it can have more severe manifestations
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including shock, delirium, renal failure, rhabdomyolysis, pericarditis, meningitis, and
erythema nodosum [17, 52, 57]. This type of tularemia, which accounts for up to 30% of
cases [58], can develop after any mode of acquisition [54] and has the second highest
mortality rate among the different forms of tularemia [54, 58]. Because of its increased
virulence, F. tularensis Type A more commonly causes typhoidal tularemia than Type B
[59].
Pneumonic tularemia is the most dangerous and fatal form of the disease with a
mortality rate of up to 40-60% if untreated [53]. This disease is usually systemic and
presents as pneumonia with high fever, malaise, chills, nonproductive cough, delirium and
pulse-temperature dissociation [40]. Primary pneumonic tularemia results from inhalation
of F. tularensis in infectious aerosolized droplets [54] and has been reported after exposure
to aerosols of soil, dust, or hay, disturbing carcasses of infected animals, lawn-mowing and
brush-cutting, and laboratory exposures [53]. Accordingly, it is not surprising that many
pneumonic cases have been reported in farmers who were handling infected hay, which
was likely contaminated by animal carcasses or excretions from infected animals [40], and
landscapers who aerosolized the bacterium while lawn-mowing [53], resulting in another
name, “lawnmower tularemia” [60]. Pneumonic tularemia has also occurred in
sheepshearers where handling of sheep, sheep pelts, or wool loaded with infectious tick
feces could have enabled infection by inhalation [61]. The subspecies of F. tularensis
inhaled determines the severity of the resulting pneumonic tularemia; infection with F.
tularensis Type B causes a nonfatal respiratory infection whereas F. tularensis Type A
causes a life-threatening disease [40]. Secondary pneumonic tularemia can occur as a
complication of any of the other five types of tularemia as a result of hematogenous spread
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to the lungs [35], but is most commonly associated with typhoidal and ulceroglandular
tularemia [52].
Historically, untreated tularemia, especially resulting from infection with F.
tularensis Type A, could have high fatality rates, but modern-day antibiotics, including
streptomycin, gentamicin, ciprofloxacin, levofloxacin, tetracycline and chloramphenicol
[17], have been highly efficacious bringing the overall case fatality rate to less than 2% in
the United States [33].
It is not surprising that human cases have historically corresponded to epizootics of
wild animals, especially rabbits and rodents, and that tularemia predominated in rural
populations of farmers and hunters/trappers who were most likely to have been exposed
[17]. This demographic describes many of the cases identified by Francis during the 1930s
and 1940s, which were mainly associated with tick bites or infected rabbits. Annual cases
of tularemia peaked in the U.S. in 1939 with 2,291 cases [53]. Around this same time, poor
sanitary conditions and overpopulation of rodents, which contaminated the food, drinking
water, and hay used for bedding, may have contributed to a high incidence of tularemia
among German and Soviet soldiers during World War II [40, 62]. There were
approximately 100,000 annual cases of tularemia in the Former Soviet Union in the 1940s
[63]. Since the peak incidence of the disease in the 1930-40s, the number of tularemia cases
in the United States and Russia have dramatically decreased to only a few hundred cases
per year owing to the improved sanitation conditions, decrease in human exposure due to
fewer people having rural occupations, and vaccination campaigns [40, 64]. More recently,
the majority of cases have been vector-born, causing ulceroglandular tularemia, and
typically occur between June and September when arthropod-borne transmission is most

9

common [33, 53]. The Centers for Disease Control and Prevention (CDC) reported an
average of ~125 cases of tularemia annually from 2000 to 2010 [65] and an average of
~215 cases annually between 2011 and 2018 [66] in the U.S. There was a small outbreak
of pneumonic tularemia in 2000-2006 on Martha’s Vineyard, where tularemia was
introduced by imported rabbits for game hunting in the 1930s, among landscapers who
were thought to have aerosolized the bacterium while lawn-mowing [53, 67]. However,
while the number of tularemia cases in the U.S. and Russia have remained low relative to
historical heights of incidence, other countries in the northern hemisphere have seen an
increase in the number of tularemia cases [40]. In Spain, there was an outbreak associated
with contact with infected hares from 1997 to 1998 [68], and another outbreak in 1997,
which resulted from contact with infected crayfish [69]. In rural areas of war-torn Kosovo,
an outbreak of tularemia (1999-2000) originated from food and water supplies that had
been contaminated by rodents and rodent feces [70]. There was an outbreak of tularemia
in Sweden in 2000 with the highest risk factors being mosquito bites, owning a cat, and
farm work [71]. Between 1988 and 2005, there were several epidemics of tularemia in
various regions of Turkey, including one of Europe’s largest epidemics of tularemia [72].
These are only a few examples of recent outbreaks, but they highlight the significant public
health threat to the Northern Hemisphere and underscore the need for a prophylactic
vaccine against tularemia.
The Use of Francisella tularensis as a Bioweapon and Vaccine Development
While F. tularensis can be contracted by various routes, it can be easily aerosolized,
and inhalation of as few as 10 colony forming units of Type A F. tularensis can cause
disease with up to a 60% mortality rate if untreated [33-38, 40, 73]. These characteristics
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made F. tularensis an attractive candidate for weaponization during the 20th century [58].
Beginning in the 1930’s and through the end of World War II, The Japanese Empire
conducted research on the use of F. tularensis and other highly pathogenic agents as
potential biological weapons [74]. Around the same time, it is speculated that the Former
Soviet Union intentionally began a tularemia outbreak that affected thousands of German
and Soviet soldiers as part of an offensive biological weapons program of World War II
[33, 75]. Near the end of the Second World War and in response to the continued efforts
of the Former Soviet Union to develop F. tularensis and other agents as biological
weapons, the U.S. officially began the United States Biological Warfare Program under the
order of U.S. President F. D. Roosevelt in 1943, performing decades of weapons
development research through 1969, when all offensive research programs were ended by
U.S. President R. Nixon [76]. Shortly after this, the U.S. ratified both the Geneva Protocol
and the Biological Weapons Convention, committing the U.S. in 1975 alongside the UK,
Soviets, and more than 100 other nations to the new Convention on the Prohibition of the
Development, Production and Stockpiling of Bacteriological (Biological) and Toxin
Weapons and on their Destruction, which prohibits biological warfare [77, 78]. At this
time, the U.S. and others continued research on F. tularensis, but only conducted defensive
(non-offensive) research in compliance with the treaty. However, despite the treaty, the
world has continued to witness the use of biological weapons, notably, the 2001 “anthrax
letter” incidents in the United States that resulted in 5 deaths and approximately 10,000
exposures [79, 80]. In the wake of these attacks and because of the ongoing potential threat
of the use of biological weapons by terrorists, funding increased for Biodefense research

11

to support the development of diagnostic, preventative, and therapeutic measures against
potential agents of bioterrorism, including F. tularensis.
Due to Francisella’s history of weaponization combined with the small inoculum,
high mortality rate, and ease of dissemination, the CDC has listed F. tularensis as a Tier 1
Select Agent of concern for Biodefense. The World Health Organization (WHO)
conducted a study to estimate the potential consequences of the intentional release of
virulent aerosolized F. tularensis, and has predicted that if released over a city of 5 million
people, illness would occur in 50% of individuals who inhaled at least 25 CFU, half of
whom would require hospitalization, resulting in at least 19,000 fatalities and at least
250,000 incapacitating casualties [37, 81, 82]. These predicted mortality rates seem
extreme considering the low fatality rate of Type A F. tularensis post-antibiotic
administration. However, it has become clear that the consequences of such an attack
would extend far beyond severe morbidity and mortality rates, and have significant
detrimental effects on the infrastructure and economy of the U.S.
Despite decades of worldwide offensive and defensive research and development
of bioweapons, there is still no licensed vaccine which could protect the population against
either naturally occurring tularemia in endemic areas or tularemia resulting from a
bioterrorism attack. Of the subspecies that cause disease in healthy individuals, F.
tularensis subspecies tularensis (Type A) is the most virulent, and thus, the ultimate
vaccine target [31]. Historically, many approaches to vaccine development against
tularemia have been utilized, including killed whole cell formulations, subunit vaccines,
and live attenuated strains; these efforts have been reviewed extensively [83-90]. “Foshay”
vaccines, which were phenol- or acetone-killed bacteria and named for their creator Lee
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Foshay [90], induced poor levels of protection [91, 92]. Other efforts to utilize the
inactivated vaccine platform have proven unsuccessful in protecting against F. tularensis
Type A strains [93, 94]. A cellular immune response is considered essential for the
development of a protective immune response against F. tularensis, and the failure of
inactivated or whole killed formulations to induce a cellular immune response limits the
potential of this vaccine platform [17, 89, 95]. Subunit vaccines have also produced
disappointing levels of protection against F. tularensis Type A challenge; immunization of
mice with F. tularensis lipopolysaccharide (LPS) [96], an O-antigen conjugate [97], or
purified proteins, such as FopA and Tul4 [98, 99], failed to provide protection against
virulent Type A F. tularensis. However, one component vaccine utilizing synthetic
nanoparticles to envelope virulent Type A F. tularensis components provided partial
protection against an i.n. challenge with the Type A common laboratory strain SchuS4
[100].
While no vaccine candidates from any of the vaccine platforms produced thus far
have been approved for human use against virulent F. tularensis, several live attenuated
vaccine candidates have demonstrated at least partial protection against challenge [36, 38,
73, 75], highlighting the superiority of the live attenuated platform over others.
Accordingly, the live attenuated approach has been the most extensively studied to date.
Several F. tularensis Type B-derived live attenuated vaccine candidates were developed
by the Former Soviet Union in the 1940s and 1950s by passaging on media containing
antiserum or by drying the organisms to attenuate the strain [37, 40, 89, 101]. Of these
strains, one was transferred to the U.S. in 1956 and further attenuated by the U.S.
Department of Defense (DoD) via repeated passaging on peptone cysteine agar to generate
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the “Live Vaccine Strain” (LVS), a live attenuated derivative of F. tularensis Type B [37,
40, 89, 101]. In studies to identify mutations in the genome of LVS that are likely
responsible for its attenuation, pseudogene-causing mutations specific to LVS were
identified in 11 genes that were fully functional in virulent strains of F. tularensis [102].
When full-length constructs of two of these pseudogenes, pilA encoding a putative type IV
pilin, and fupA encoding an outer membrane protein [103], were reintroduced into the LVS
genome, virulence in a C57BL/6 mouse model was restored to levels of the parent F.
tularensis Type B strain [104]. A recent study identified the disruption of the gene encoding
a chloride transporter, clcA, as one of the potential contributors to the attenuation of LVS
[105]. Other pseudogenes were involved in pathogen attachment processes and metabolic
pathways [102], which are good sources of potentially attenuating targets.
LVS was tested extensively in human volunteers beginning with the U.S. Army’s
“Operation Whitecoat” in the 1950’s [89]. Vaccination with LVS was shown to provide at
least partial protection, defined as the prevention of illness consisting of fever, myalgia,
anorexia, headache, and/or dry non-productive cough, against aerosol and intracutaneous
challenge with the virulent F. tularensis Type A strain SchuS4, but protection was
dependent upon the route and dose of vaccine and the route and dose of challenge [36, 38,
39, 64, 73, 92]. Vaccination with LVS via scarification, a technique where the skin is
punctured multiple times with a bifurcated needle upon application of the vaccine solution,
was 83% protective against a low dose aerosol challenge with 10-50 CFU of virulent Type
A SchuS4 [38]. Concurrently, others confirmed that similar levels of protection were
provided against a medium dose aerosol challenge of 2 x 102 or 2 x 103 CFU of SchuS4
when LVS was administered via scarification, but protection was very limited against
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challenge with a higher dose of 2 x 104 SchuS4 [36, 73]. The efficacy of LVS against
aerosol SchuS4 challenge has been shown to be greatest when LVS is administered via the
same route as challenge; aerosol vaccination with LVS was more effective against a high
dose aerosol challenge of 2.5 x 104 CFU of SchuS4 than vaccination via scarification, and
protection increased as vaccination dose increased [73]. Mid-grade protection against a
high dose of 2.5 × 104 CFU of aerosolized SchuS4 was provided following a vaccination
dose of 1 x 104 CFU of aerosolized LVS, and high-grade protection against the same high
dose aerosol challenge of SchuS4 was provided to all of the volunteers vaccinated via
inhalation with 1 x 106 or 1 x 108 CFU of LVS [73].
From these studies, it became clear that aerosol vaccination provided superior
protection versus scarification, however LVS caused more symptoms, and was therefore
more reactogenic, when delivered via inhalation [36, 73]. For this reason, the less
efficacious scarification method was the only route of vaccination approved for use, and it
was only given investigational new drug (IND) status to be used to reduce the incidence of
laboratory-acquired tularemia [89]. Ultimately, LVS was not licensed by the Food and
Drug Administration (FDA) for several important reasons: 1) neither cutaneous doses or
tolerable inhalation doses of LVS provided complete protection against F. tularensis Type
A, especially against a high dose aerosol challenge that would be expected in the event of
an intentional release amidst a bioterror attack; 2) initial production did not follow current
quality standards of vaccine production for use in humans; 3) there is limited, yet
expanding data on safety and efficacy in humans, and 4) major concerns exist over the
incomplete understanding of the basis of attenuation and the possible reversion to virulence
[83, 84, 104, 106, 107]. Recently, however, a new lot of LVS has been produced under
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current Good Manufacturing Practices (cGMP) that has undergone pre-clinical testing in
rabbits and phase 1 and 2 clinical trials in humans where it was given via scarification and
found to be safe, well-tolerated, and immunogenic [85, 106, 108, 109]. Furthermore,
vaccination with this new lot via scarification induced a strong Francisella-specific
antibody response [85, 109] and induced seroconversion more rapidly than vaccination
with the former lot of LVS [85]. These results support further research and development
efforts to promote the future licensure of LVS in the U.S.
While great effort has been placed on developing alternative superior vaccines, it
is generally accepted that any new vaccine candidate needs to outperform LVS in terms of
safety, immunogenicity, and protective efficacy against aerosolized Type A F. tularensis
in order to qualify for licensure under the FDA’s Animal Rule [83, 84, 86, 87, 110-114].
The Animal Rule dictates that in certain cases where well-controlled clinical studies in
humans cannot be ethically conducted and when field efficacy studies are not feasible, as
is the case with virulent F. tularensis, relevant animal models that provide substantial
evidence of the effectiveness of new drug and biological products, like vaccines, may
qualify the product to be approved for use in humans [114]. Even though LVS remains
unlicensed for general use, it does provide proof-of-principle that a live attenuated vaccine
approach can confer protection against aerosol challenge with the highly virulent F.
tularensis Type A strain [115]. A few LVS-based vaccines have shown protective efficacy
against virulent Type A F. tularensis aerosol challenge [116-120]. However, evidence
suggests that an effective live attenuated tularemia vaccine would likely need to be
engineered in the Type A strain [84]. There have been multiple live attenuated vaccines
engineered in the Type A and B strains of F. tularensis and in F. novicida that have
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demonstrated various levels of attenuation and protection against Type A challenge in
mouse, rabbit, rat and non-human primate (NHP) models [119, 121-128]. One vaccine
candidate based on this strategy, SchuS4ΔclpB, has been well-studied and further advanced
as it is highly attenuated compared to wildtype (WT) SchuS4 and confers stronger
protection against respiratory challenge with SchuS4 than standard LVS or the LVSΔclpB
candidate in mice [123, 129-132].
While a Type A-based vaccine is most likely required to achieve high levels of
protection against virulent Type A F. tularensis, LVS, which has 99.2% sequence identity
to the Type A SchuS4 strain [102], is still an excellent model for the study of F. tularensis’
pathogenesis. Murine infection with LVS recapitulates virulent human tularemia, including
high mortality rates, and the use of LVS allows accelerated study under BSL-2 conditions
due to its attenuated virulence in humans [86, 95, 133, 134]. Virulent F. tularensis
subspecies tularensis is highly pathogenic in humans and mice, whereas LVS is nonpathogenic in humans but pathogenic in mice [135]. Accordingly, LVS has served as an
effective tool to identify targeted mutations that could be generated in the F. tularensis
Type A SchuS4 background. For these reasons, LVS is a useful model of tularemia, and
there is a large body of literature utilizing LVS to further both our collective understanding
of F. tularensis pathogenesis and the development of an efficacious vaccine against
virulent F. tularensis. LVS has been used to interrogate the intracellular pathogenesis of F.
tularensis in many cell types, and it has also been used to study the pathogenesis of F.
tularensis in animal models. Furthermore, LVS has served as the base strain for several
vaccine candidates [116-118]. The 50% lethal dose (LD50) in various murine models of

17

tularemia has been calculated for many routes of administration [84], which makes this
strain a useful control when comparing the attenuating capacity of new mutations.
In addition to LVS, F. novicida also serves as a model to study virulent F. tularensis
because it, too, shares significant sequence homology with the virulent strains, causes a
similarly lethal disease in mice, and can be manipulated with greater ease under BSL-2
conditions [135]. While many vaccine candidates have been developed in both LVS and
F. novicida, many differences in the ecology and evolution between F. novicida and
virulent F. tularensis strains exist that limit the relevance of F. novicida as a true surrogate
model to study virulent pathogenesis [135-138]. Phylogenetic analysis of the Francisella
genus identified F. novicida as the more ancient strain from which F. tularensis species
evolved and diverged [139]. However, despite a ~98% sequence identity between F.
novicida and F. tularensis strains, F. tularensis strains have 20% fewer protein encoding
genes than F. novicida, and furthermore, there are insertion elements disrupting more than
10% of the protein coding sequences in F. tularensis strains, with many of these genes
encoding proteins involved in transport, DNA metabolism, or amino acid biosynthesis
[140]. Importantly, F. tularensis species are maintained in nature through various
arthropod vectors and animal hosts while the maintenance of F. novicida is limited to salt
water environments and has not been found to infect animals in nature [135, 138]. Taken
together, it is thought that the observed genomic reduction in F. tularensis species may be
representative of an adaptation to the host niche after F. tularensis and F. novicida
diverged.
As mentioned previously, bacterial metabolic pathways are often good targets for
attenuating mutations because bacteria that are deficient in metabolism or nutrient
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acquisition still maintain their surface antigens and the ability to colonize an appropriate
niche, but are unable to infect efficiently due to a reduction in growth rate resulting in a
dead-end infection [102]. This strategy was proven successful for vaccine development
against Shigella and Salmonella Typhi, among others [141-146]. The live attenuated
Shigella flexneri 2a vaccine candidate CVD 1203 and Salmonella enterica Serovar Typhi
vaccine candidate CVD 908 both contain a deletion in the aroA gene encoding a critical
enzyme in the aromatic amino acid biosynthesis pathway that is necessary for the synthesis
of para-aminobenzoic acid (PABA), a metabolite unavailable in sufficient amounts in
human cells to support bacterial growth [147, 148]. These mutant strains are thus rendered
auxotrophic for PABA, and pathogenic processes are consequently compromised such that
the mutants are highly attenuated while retaining immunogenicity as demonstrated in
volunteer studies [147, 148]. It was similarly hypothesized that a live attenuated strain of
F. tularensis that is deficient in metabolism or nutrient acquisition but expresses critical
antigens in their native conformations could result in the generation of a highly attenuated,
immunogenic, safe and efficacious vaccine. In support of this, it was demonstrated that
vaccination with the F. tularensis Type A-based, auxotrophic, live attenuated vaccine
candidate SchuS4ΔaroD conferred a high level of protection in the mouse model against a
high dose SchuS4 challenge [149]. Several other metabolic genes have been targeted for
mutation in either LVS or SchuS4 using this same strategy and resulted in varying
efficacies, including the guanosine monophosphate (GMP) biosynthesis genes guaA and
guaB [150, 151] and the purine biosynthesis genes purMCD [119, 152], among others [127,
153].
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The Pathogenesis of Francisella tularensis
The ability of Francisella to survive and replicate within mammalian cells, a niche
not usually considered hospitable or conducive to the survival of bacteria [154], is thought
to be the key to Francisella’s virulence [155]. F. tularensis can infect and replicate within
a variety of different cell types, including dendritic cells, hepatocytes, neutrophils, type II
alveolar epithelial cells, fibroblasts, and erythrocytes, but macrophages are the primary cell
type infected by Francisella and intramacrophage growth is considered critical to
pathogenesis [37, 122, 155-170]. However, a ΔpyrF mutant that was deficient for
replication in macrophages was still able to replicate in epithelial cells in vitro and cause
disease in a murine model of respiratory tularemia [169]. This may indicate that survival
within non-professional phagocytes may be sufficient for virulence. The mechanism of
uptake into cells, whether micropinocytosis or receptor-mediated, depends on the
interacting cell type (professional or non-professional phagocyte) and the opsonization
state of the bacteria [162, 165, 171]. Non-professional phagocytes are thought to take up
F. tularensis via micropinocytosis. Conversely, uptake into professional phagocytes is
mediated through various receptors which are determined by the opsonization state of F.
tularensis. Bacteria opsonized by complement interact with complement receptor 3 for
uptake [165, 172], though scavenger receptor A [162], nucleolin [173], and lung surfactant
protein A [165] were shown to be involved in this uptake process to varying degrees.
Bacteria not opsonized by complement rely heavily on the mannose receptor for uptake
[163, 171], and bacteria opsonized by antibodies are taken up via the Fcγ receptor [171,
174].
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Because macrophages are considered the primary cell type infected by F.
tularensis, a significant body of work exists in which the interaction of Francisella with
the macrophage has been well characterized and defined. The intramacrophage life cycle
of F. tularensis begins with uptake of Francisella into the “Francisella containing
phagosome” (FCP), which rapidly matures from EEA-1+ to late-endosomal LAMP-1+ and
Rab7+ [175-177]. Residing in the phagosome only briefly, F. tularensis evades the typical
bactericidal processes employed by macrophages, including the respiratory burst via
prevention of NADPH oxidase assembly on the phagosome [159, 178], exposure to acid
hydrolase cathepsin D [176], and fusion of the phagosome with the lysosome [174, 176,
179-182]. The FCP then undergoes acidification in a vacuolar ATPase-dependent manner,
which may serve as a signal for F. tularensis to escape from the FCP into the cytosol [183].
Many studies have determined the essential nature of the phagosomal step in the
pathogenesis of F. tularensis; the induction of genes residing in the vital Francisella
pathogenicity island (FPI), a locus of virulence genes crucial for escape from the
phagosome and survival in the host cell, initiates during Francisella‘s residence in the
phagosome [175, 184]. The FPI is a 34 kb region of the genome that contains 17 genes,
including many of Francisella’s most critical virulence determinants [184, 185]. Notably,
F. tularensis strains have a duplicated copy of the FPI unlike F. novicida which only has
one copy [184]. This may serve as more evidence for the adaptation of F. tularensis to the
intracellular replication niche. F. tularensis utilizes a unique Type VI secretion system,
which is encoded in the FPI, to export various gene products, many of which are also
encoded within the FPI, into the cytosol which facilitates phagosomal escape [184]. The
iglC gene makes up the tube of the Type VI secretion system [185, 186]. The requirement
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for phagosomal escape in the ultimate pathogenesis of F. tularensis is supported by studies
demonstrating that ΔiglC mutants, which are deficient in their ability to escape from the
FCP and are deficient for growth in macrophages are avirulent in mice [187-192]. Other
genes contained within the FPI, including pdpA [193], iglJ, vgrG and dotU, which are
components of the Type VI secretion system [194, 195], the regulators migR and mglA
[188, 192, 196, 197], iglI [198], and fevR [199] are also involved in phagosomal escape,
although these roles are not yet fully understood. Notably, mglA has been described as a
global regulator of F. tularensis virulence [200] because it regulates the expression of both
FPI and non-FPI virulence genes [188, 192, 196, 201]. Many other genes of diverse
function that are located outside of the FPI also play roles in the ability of Francisella to
escape the phagosome, including genes for uracil biosynthesis [202] and acid phosphatases
[180, 203, 204], among others [122, 170, 205, 206].
Francisella’s initial interaction with the immune system occurs during
phagocytosis; the innate pattern recognition receptor (PRR) Toll-like receptor (TLR)
heterodimer TLR2/6 senses the lipoproteins on the surface of F. tularensis [207, 208]
which initiates an intracellular signaling cascade that is dependent upon MyD88, IRAK4/1,
and TRAF6 resulting in the release of the transcription factor NFκB from the inhibitory
IκB kinase which ultimately leads to the production of pro-inflammatory cytokines,
including tumor necrosis factor-α (TNF-α), pro-interleukin-1β (IL-1β), interleukin-12p40
(IL-12p40), interleukin-6 (IL-6) and costimulatory markers including CD80/86 within
hours after infection in an effort to control bacteria replication and contain infection [207211]. It has been shown that the induction of this early signaling cascade via TLR2 is
critical for the ultimate survival of the infected host as TLR2 deficiency significantly
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enhanced murine susceptibility to tularemia and decreased time to death [212]. However,
F. tularensis has been characterized as inducing a “biphasic” innate response: an early
repression that allows for establishment of infection, followed by an exaggerated
inflammatory response, the cytokine storm, during later stages of infection [213, 214].
Successful infection and replication in the cytosol require the suppression and evasion of
macrophage activation and the resulting pro-inflammatory response [215]. This initial proinflammatory response is delayed by F. tularensis via a predominating suppressive effect
on the TLR2-NFκB signaling network [214]. Furthermore, F. tularensis is able to actively
repress the production of its lipoproteins during the initial hours of infection in order limit
its exposure to TLR2 and dampen the induced response [216]. Conversely, continued
signaling through TLR2 sensing machinery occurs in F. tularensis mutants that cannot
escape from the phagosome, exhibiting prolonged exposure to TLR2, such as the
LVSΔiglC mutant and other FPI mutants [187, 196, 210]. Additionally, F. tularensis
encodes a unique, tetraacylated lipid A as part of its LPS, also known as endotoxin, [217]
that has fewer acyl chains, an atypical core of sugars, and lacks the phosphate groups found
in highly inflammatory LPS molecules, collectively preventing its recognition and
engagement by the TLR4/MD2/CD14 complex [217-220]. This significantly limits any
ensuing endotoxin response that usually occurs during infection with many other Gramnegative bacteria. Another survival mechanism utilized by F. tularensis LVS, though
perhaps not the Type A strain, within macrophages is the induction of the alternative
activation pathway; classically activated macrophages respond to infection by producing
pro-inflammatory cytokines and other bactericidal mediators, including reactive oxygen
and nitrogen species, while alternatively activated macrophages, which are classified as
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such based on the upregulation of Arginase-1 and FIZZ-1, fail to produce these bactericidal
mediators, creating an immune response and niche that are conducive to bacterial survival
and replication [221, 222].
Phagosomal disruption and escape into the cytosol occurs between 30 and 120
minutes after internalization, but this is dependent upon the route of entry [171]. Once in
the cytosol, Francisella replicates to high numbers, which is a characteristic that is
considered critical to pathogenesis [154, 155, 160, 164, 175, 176, 189, 196, 223-226]. Here
in the cytosolic replication niche, F. tularensis interacts with cyclic GMP-AMP (cGAS)
and Ifi204, which are cytosolic DNA sensors that activate the STING/IRF3 pathway to
induce the production of Type I interferon (IFN-β) that can serve as an indicator for the
presence of F. tularensis in the cytosol [186, 187, 196, 210, 227-229]. Interferon-γ (IFNγ), and inducible nitric oxide synthase (iNOS) are also produced at this stage [210, 230].
IFN-β then engages with the interferon receptor (IFNAR) via autocrine and paracrine
signaling and further enhances transcriptional activation of NFκB genes like TNF-α and
pro-IL-1β, Absent in Melanoma 2 (AIM2) and pro-caspase-1, and guanylate binding
proteins (GBPs) [228, 231-233].
Within the intracellular niche, F. tularensis must scavenge nutrients from the host,
which is a nutritionally restrictive environment; it is known that host cells are able to
sequester trace nutrients and minerals to limit their availability to pathogens during
infection in a process deemed “nutritional immunity”, effectively limiting pathogenicity
[234]. Furthermore, amino acid levels fluctuate and wane within professional phagocytes,
such as macrophages, after macrophage activation following infection [235]. Limited
access to amino acids is particularly concerning for F. tularensis which utilizes amino acids
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as their primary source of carbon and energy during the intracellular stage of its lifecycle
[236]. Therefore, the ability of F. tularensis, and other intracellular bacteria, to replicate
and thrive in this less-than-hospitable intracellular replication niche has required special
adaptation [237]. Mammalian cells are auxotrophic for the following amino acids:
histidine, lysine, methionine, phenylalanine, tryptophan, leucine, isoleucine, valine, and
threonine [238] while F. tularensis is auxotrophic for the following amino acids: arginine,
histidine, lysine, tyrosine, methionine, and cysteine [236, 239]. Importantly, levels of
cysteine are very limited inside the host [238]. Accordingly, F. tularensis shares the
following auxotrophies with its host cells: histidine, lysine, methionine, and cysteine. A
high concentration of cysteine is required by F. tularensis which is converted to pyruvate
to be utilized in the Krebs cycle [236]. However, F. tularensis evolved a counter-measure
to deal with the limited supply of cysteine in the host; it utilizes glutathione, which is the
most abundant source of cysteine in the cell, to boost cysteine availability [239, 240].
Furthermore, between 16- and 24-hours post-infection, many F. tularensis bacteria re-enter
the endocytic compartment and are found within LAMP-1+ non-degradative Francisella
containing vacuoles (FCV) which suggests that autophagy may be induced during infection
[226]. FCVs fuse with lysosomes, but this process may not be detrimental to F. tularensis
as the bacteria are not degraded [226], and instead, F. tularensis may actively utilize host
autophagy machinery in order to boost and harvest general amino acid availability in host
cells [226, 241, 242]. It is thought that the depletion of glutathione by F. tularensis may be
the trigger for host autophagy, however this occurs through a non-canonical, ATG5independent mechanism [236, 242]. Aside from amino acids, F. tularensis also utilizes
trace metals, including zinc and iron, for intracellular growth as demonstrated by the
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requirement for iron and zinc acquisition systems during intracellular bacterial replication
[205, 243, 244]. In order to capture these essential nutrients, F. tularensis requires the
appropriate transporters. As such, F. tularensis Type A and Type B strains encode 182 and
210 transporters, respectively [245] in order to scavenge nutrients from within its
inhospitable replication niche.
Extensive replication in the cytosol occurs through 24-36 hours post-infection at
which point macrophages undergo cell death [246, 247]. However, these final stages of
Francisella’s intramacrophage lifecycle may differ based on the infecting strain and have
not yet been fully defined. It has been shown that GBPs are able to facilitate the cytosolic
killing of a limited number of F. tularensis, releasing double stranded DNA from F.
tularensis into the cytosol [209] which is recognized by its cognate cytosolic PRR, a Nodlike receptor (NLR) called AIM2, that initiates oligomerization of the AIM2/ASC
inflammasome [228, 248, 249]. AIM2 inflammasome activation causes the autocatalysis
of pro-caspase-1 into the active form, which facilitates the cleavage of pro-IL-1β and proIL-18 to their active forms for subsequent release, culminating in pyroptosis, an
inflammatory cell death characterized by release of IL-1β and IL-18, plasma membrane
swelling, and nuclear condensation [227, 231, 232]. Studies have shown that F. novicida
and Type B F. tularensis subspecies holarctica (including LVS), trigger pyroptotic cell
death [209, 249], which may serve to eliminate Francisella’s intracellular replication
niche. In contrast, there is evidence that the Type A F. tularensis subspecies tularensis
strain more effectively avoids detection by AIM2/ASC [250], and instead, triggers a
caspase-3-dependent cell death [251]. This is characterized by accumulation of
mitochondrial reactive oxygen species (ROS) and release of mitochondrial-associated

26

cytochrome c into the cytoplasm where proapoptotic capases-9 and -3 are activated, leading
to apoptotic host cell death [251-254]. Apoptosis is characterized by cytoplasmic
condensation, cell membrane blebbing, chromatin condensation (pyknosis), and the
cleavage of pro-caspase-3 [255-257]. F. tularensis is also able to trigger caspase-8dependent apoptosis in infected macrophages via AIM2 [246]. Regardless of the
mechanism of cell death, F. tularensis is released from dying cells and bacterial progeny
egress to spread infection to neighboring cells [247]. Additionally, trogocytosis, a process
of partial phagocytosis involving the ingestion of a small portion of a neighboring cells and
the exchange of membranes and cytoplasm between immune cells, has been shown to
mediate cell-to-cell transfer of F. tularensis [258]. Figure 1 is a representative diagram of
the intramacrophage lifecycle of F. tularensis and the corresponding innate immune
response.
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Figure 1: The intramacrophage lifecycle of F. tularensis and the corresponding innate
immune response.
The pathogenesis of F. tularensis in the macrophage begins with the initial interaction of
F. tularensis with the cell via TLR2, uptake into the FCP which rapidly matures from EEA1+ to a late-endosomal stage that is LAMP-1+ and is accompanied by a minimal induction
of TNF-α, escape from the phagosome into the cytosolic replication niche, replication in
the cytosol and the induction of IFN-β, activation of the AIM2 inflammasome which results
in IL-1β secretion and pyroptosis, followed by the eventual release of bacterial progeny
from dying macrophages to allow for dissemination. The LVSΔiglC phagosomal escape
mutant, which fails to escape from the phagosome and accordingly, does not replicate
intracellularly, induces TNF-α induction but not IFN-β or IL-1β.
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Animal Models of Respiratory Tularemia
Virulent strains of F. tularensis are able to infect a variety of mammals, including
humans, NHPs, monkeys, lagomorphs and rodents [259]. Murine infection with LVS or
virulent Type A F. tularensis recapitulates human disease and exhibits high mortality rates
making this a good model to study F. tularensis pathogenesis in vivo [86]. For this reason,
F. tularensis pathogenesis has been widely interrogated in the mouse model. Studies in
different mouse strains demonstrate that C57BL/6 mice are more difficult to protect than
BALB/c mice against WT challenge, making this a more stringent model in which to
evaluate vaccine efficacies [131, 260, 261]. Studies revealed that C57BL/6 mice produce
T helper-1- and M1 macrophage-dominant immune responses whereas BALB/c mice
produce T helper-2- and M2 macrophage-dominant responses [262, 263], which may
account for the differing susceptibilities of these mouse strains.
Infection of mice with F. tularensis via the respiratory route, which is the most
likely route of exposure in the event of a bioterror attack, begins with entry into host cells
in the lung where it replicates to high numbers for the first 2 days, including within alveolar
macrophages, neutrophils, dendritic cells, monocytes and alveolar type II cells [160, 264267]. As mentioned above, once F. tularensis is intracellular, this stealth pathogen uses
sophisticated methods to subvert the host antimicrobial killing mechanisms in order to
establish a niche that is permissive to replication [268, 269]. One of the early-stage
hallmarks of tularemia is the ability to delay the host response to F. tularensis as it evades
the initial host pro-inflammatory response, inducing minimal TNF-α, IL-1β and IL-6 early
on [270-273], unlike the F. novicida strain that induces increased production of
proinflammatory cytokines [137, 274, 275]. Further evidence exists that virulent strains of
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F. tularensis are able to evade initial detection by the host. While ~25% of cells infected
with F. novicida at 24 hours post-infection in a murine model of respiratory tularemia were
neutrophils, neither the F. tularensis subspecies tularensis strain SchuS4 nor the subspecies
holarctica-based LVS strain induced the recruitment of neutrophils at this time point [264].
However, despite an undetectable or limited immune response to F. tularensis during these
early stages of infection, the innate immune components remain critical for the ultimate
survival of infected mice as TLR2 or MyD88 knockout mice, or neutropenic mice exhibited
decreased time to death when infected with LVS [276, 277].
Even though initial cytokine responses are delayed following infection [271, 278],
F. tularensis induces an acute lung infiltration of macrophages and neutrophils by 3 days
post-infection, which become infected quickly following exposure [264, 267, 279, 280].
Shortly after this, bacteremia, signs of sepsis [272] and high F. tularensis organ burdens in
the lungs, liver and spleen are evident [169], and livers from LVS-infected mice show
significantly increased levels of pro-inflammatory cytokine and iNOS mRNAs at 3 days
post-infection [210, 281]. Concurrently, elevated levels of the potent pro-inflammatory
cytokines IFN-γ, TNF-α, IL-1β, IL-12p70, IL-6, RANTES, and KC/GRO are found in the
serum of F. tularensis-infected mice [282]. During severe respiratory tularemia, the
alveolar spaces become filled with neutrophils, macrophages, necrotic cellular debris, and
bacteria [280], which may contribute to the resultant severe pneumonia and pathology. It
has been speculated that this acute immune response, which is insufficient to clear F.
tularensis from the lungs and prevent dissemination, instead serves as a mechanism for F.
tularensis dissemination to the reticuloendothelial system and contributes to pathogenesis
[170, 264, 267, 273, 279, 280, 283-285]; uncontrolled bacterial replication and neutrophil
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infiltration contribute to the extensive tissue destruction and the subsequent unrestrained
production of pro-inflammatory cytokines known as the cytokine storm, which is
associated with significant pathology, extensive organ damage, multiple organ failure, the
development of severe sepsis, and eventual host death [170, 271-273, 279, 283-291].
At this stage, infected mice develop necrotic foci in the lungs, liver and spleen
which is one of the hallmark features of end-stage tularemia and indicative of extensive
cell death and disseminated disease [251]. Inhalation of as few as 10 CFU of the F.
tularensis Type A strain SchuS4 causes acute pulmonary tularemia and death in mice
within 5 days post-infection [268, 284] while mice administered a lethal inhalation dose of
~1,000 CFU of LVS are moribund within 5-7 days after inoculation [156].
Protective Immunity Against Francisella tularensis
Many studies have demonstrated the contributions of various arms of the immune
system in the ultimate clearance and protection against F. tularensis, though the complete
mechanisms at play remain to be elucidated. The intracellular nature of F. tularensis
implicates a cell-mediated, T helper-1-dependent immune response in protective immunity
against F. tularensis; accordingly, the absolute requirement for T cells has been well
established [86, 130, 292, 293]. Further support for T helper-1-mediated protection is
evident as the production of IFN-γ was found to be critical for host survival [294].
However, a coordinated effort between innate and adaptive components of the immune
system is required in order to achieve protective immunity.
Mouse knockout models have demonstrated critical roles for IFN-γ and TNF-α in
the immune response against F. tularensis as knockout mice succumb to tularemia more
rapidly than WT mice [295-302]. It is therefore speculated that elevated IFN-γ and TNF-α
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are necessary, but not sufficient, for survival against F. tularensis infection. KC/GRO is a
marker of the severe sepsis associated with tularemia [272]. The role for IL-1β in the
defense against F. tularensis in vivo is not yet well understood; however, IL-1β in the
bronchoalveolar lavage fluid (BALF) of mice infected with a lethal dose of LVS is higher
on day 3 post-infection than on day 6 post-infection [303]. Therefore, it is speculated that
early IL-1β secretion is insufficient to promote bacterial clearance and host survival. The
anti-inflammatory cytokine interleukin-10 (IL-10) has been shown to be produced by
activated lung dendritic cells (DCs) early in the course of respiratory tularemia [265, 273,
291] and by regulatory T cells (Tregs) [304], which are present in the lungs as soon as one
day post-infection [273]. It seems counterintuitive that a pathogen capable of evoking a
cytokine storm would also induce anti-inflammatory mediators. However, the timeline of
cytokine secretion is an important factor; it has been speculated that F. tularensis induces
IL-10 early during the course of respiratory tularemia to dampen or delay the initial proinflammatory cytokine response [291], which may explain the subsequent reduction in IL1β secretion, facilitating bacterial growth and survival [273]. There is evidence that IL-1β
production in the first 3 days after infection promotes the production of F. tularensisspecific anti-LPS IgM by innate-like B1-a cells [303]. Furthermore, it has been shown that
strong and early protection against sublethal doses of LVS is dependent on B cells through
limiting bacterial growth early after infection, and this protective mechanism is dependent
on IFN-γ [305]. DCs have been shown to help limit early pathogen replication [306], and
there is evidence for a role of Natural Killer (NK) cells during respiratory tularemia in
lysing infected alveolar macrophages [307]. Furthermore, there is evidence of NK cell
regulation of T cell activity during respiratory tularemia [307].
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In mice, immunity to F. tularensis was shown to be dependent upon both CD4,
CD8, and double negative (DN) α/β T cells [230]. The development of in vitro co-culture
systems enabled studies that helped determine functional T cell responses correlating with
protection [292, 308]. These cells were shown to control bacterial replication in
macrophages and induce IFN-γ and TNF-α [309-311]. In human patients infected with F.
tularensis, there was a marked production of γ/δ T cells following infection [312-314], but
the roles of these T cells in protective immunity against F. tularensis have not yet been
elucidated [230]. Further support for T cells in protection against F. tularensis is provided
by adoptive transfer experiments; splenocytes adoptively transferred from F. tularensisimmunized mice protected mice from subsequent challenge, but this protection is lost when
T cells are depleted [156].
Many believe that the humoral response mediates the ultimate clearance of bacteria
while in the extracellular phase, although the extent to which a humoral response facilitates
protection is not well established. Humans vaccinated with LVS produce F. tularensisspecific IgG, IgM, and IgA antibodies [85, 301, 315]. Furthermore, hyperimmune horse or
goat serum protected white rats from virulent Type A F. tularensis challenge [316] and
reduced the duration and sequelae of tularemia and mortality rates when administered
intravenously to ill patients [317, 318]. Additionally, athymic mice lacking T cells develop
specific and protective responses against F. tularensis [297]. These results collectively
suggest the importance of humoral immunity in protection. However, the transfer of serum
antibodies from vaccinated mice to naïve mice did not fully protect against F. tularensis
Type A [319, 320], which highlights the incomplete understanding of the contribution of
humoral immunity against tularemia.
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Project Background
As nutrient acquisition is essential for the survival of bacteria within the nutrientlimited environment of the cell, several studies have implicated the Major Facilitator
Superfamily (MFS) of transporters in pathogenesis [170, 321-324]. MFS transporters are
secondary transporters, which means that they utilize the energy stored in chemiosmotic
ion gradients to drive the active transport of solutes against their concentration or
chemiosmotic gradients [325] in a symport, antiport, or uniport mechanism of transport
[326]. The MFS is ubiquitous across all domains of life [327]; accordingly, it is the largest
group of secondary transporters [328, 329], and it is responsible for transporting
biomolecules, including sugars, amino acids, and metabolites involved in the Krebs cycle,
nutrient scavenging, and drug efflux [328, 330]. Analysis revealed that the MFS originated
through duplication events in voltage-gated ion channel proteins [331] leading to the
evolution of the MFS’ characteristic 12 transmembrane domain topography that faciliates
the localization of the majority of MFS transporters to the bacterial cytoplasmic membrane
[325, 328].
Notably, work with Legionella pneumophila, a distantly related intracellular
bacterium to F. tularensis, identified the MFS as critical to intracellular pathogenesis and,
therefore, potential targets for attenuating mutations [324]. Twelve genes in L.
pneumophila were found to belong to the phagosomal transporter (Pht) subfamily of MFS
transporters [332]. When one of these members, a phagosomal threonine transporter called
Pht, was deleted from Legionella, the bacterium was no longer able to escape the
phagosome into the cytosolic replication niche of the cell [324]. Using the protein sequence
of phtA as the query sequence, bioinformatics screens identified 33 MFS-like homologs in
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F. tularensis, and of these, nine belong to an analogous Pht subfamily named the
Francisella phagosomal transporter (Fpt) subfamily [281, 333]. These nine genes in the
Type A F. tularensis SchuS4 strain are denoted FTT_0104c (fptA), FTT_0056c (fptB),
FTT_0671 (fptC), FTT_0053 (fptD), FTT_0129 (fptE), FTT_0127c (fptF), FTT_1291
(fptG), FTT_0488c (fptH), and FTT_0708 (fptI), and due to their high homology with phtA,
were predicted to function as MFS transporters and hypothesized to be critical for
intracellular replication and overall virulence [281, 333]. All nine SchuS4 genes have
virtually identical (≥98% sequence identity) homologs in LVS, which are denoted
FTL_1673 (fptA), FTL_1803 (fptB), FTL_0946 (fptC), FTL_1806 (fptD), FTL_1645
(fptE), FTL_1647 (fptF), FTL_0443 (fptG), FTL_1573 (fptH), and FTL_1528 (fptI) [281,
333]. Each of these LVS fpt genes were expressed during growth in Mueller Hinton Broth
(MHB) and intracellularly from within the J774.1 murine macrophage-like cell line [281,
333].
Utilizing a suicide plasmid system, our laboratory made unmarked deletions of
eight of nine fpt genes in the LVS background [281, 333], excluding fptD, and four fpt
genes in the SchuS4 background, fptB, fptE, fptF, and fptG [334, 335]. Others have
identified the substrates for two of these Fpts; fptB is an isoleucine transporter [206] and
fptE is an asparagine transporter [336]. The fpt mutants were tested for phenotypic
variations versus parental LVS or WT SchuS4 to determine the contribution of Fpts to the
pathogenesis of F. tularensis¸ beginning with growth analysis in MHB or Chamberlain’s
Defined Medium (CDM), common broth media used to cultivate F. tularensis. None of the
eight LVS-based fpt mutant strains exhibited any growth defect when cultured in MHB
[281, 333]. Additionally, SchuS4ΔfptE and SchuS4ΔfptG replicated with kinetics identical
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to WT SchuS4 when grown in CDM [334, 335]. These results indicate that these Fpt
transporters are not required for extracellular growth. However, SchuS4ΔfptB exhibited a
growth attenuation in CDM that was rescued upon the addition of excess isoleucine to the
broth culture [334, 335], which was a similar phenotype exhibited by the LVSΔfptB mutant
strain under these conditions [206]. The overlapping phenotypes between the fptB mutants
derived from different strains of F. tularensis may indicate the functional conservation of
fptB as an isoleucine transporter.
Because the ability of F. tularensis to replicate in macrophages and hepatocytes has
been linked to virulence, initial intracellular replication kinetics of the LVS-based fpt
mutant strains were analyzed in both the murine J774.1 macrophage cell line and the
HepG2 human hepatic cell line. Five of the eight LVS-based fpt mutant strains, including
LVSΔfptA, LVSΔfptC, LVSΔfptF, LVSΔfptH, and LVSΔfptI, demonstrated nearly
identical replication kinetics as parental LVS in both J774.1 cells and HepG2 cells [281,
333]. However, the LVSΔfptB and LVSΔfptG mutant strains, but not the LVSΔfptE mutant
strain, exhibited significant defects in replication in both J774.1 and HepG2 cells, while
the LVSΔfptE mutant strain only exhibited replication defects in HepG2 cells [281, 333].
When these three mutant strains were tested for in vivo attenuation in a BALB/c mouse
model, LVSΔfptB, LVSΔfptE, and LVSΔfptG were all attenuated compared to parental
LVS [281, 333]. These results highlight the significant attenuation of the LVSΔfpt mutant
strains in vivo, and thus, the potential for Fpts as targets for live attenuated vaccine
development.
Later, SchuS4-based fpt mutants were assayed for intracellular growth. Results
revealed that SchuS4ΔfptB and SchuS4ΔfptG were attenuated for growth in C57BL/6J
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bone marrow-derived macrophages (BMDMs), while neither SchuS4ΔfptE nor
SchuS4ΔfptF were attenuated for growth in either THP-1 or HepG2 cells [334, 335]. The
absence of a replication phenotype for SchuS4ΔfptE in HepG2 cells was unexpected
considering the observed replication defect of LVSΔfptE in HepG2 cells [281, 333, 334].
Furthermore, a transposon insertion mutant library demonstrated a growth attenuation for
a SchuS4 strain with a transposon disruption in the fptE gene in HepG2 cells [170]. These
discrepancies may highlight the sensitive nature of the intracellular replication assays and
the effects of variations in cell types and protocols. Additionally, while mutants with
intracellular growth deficiencies indicate the potential for attenuation in vivo, this is not
guaranteed; for example, while both the SchuS4ΔfptB and SchuS4ΔfptG mutants showed
intracellular growth defects, only SchuS4ΔfptB was significantly attenuated in C57BL/6J
mice compared to WT SchuS4 [334, 335]. Other examples of this phenomenon include the
LVSΔfptA and LVSΔfptF mutants which were not attenuated for growth in either J774.1
cells or HepG2 cells [281, 333, 334], but both mutants were attenuated in BALB/c mice
compared to parental LVS (unpublished data performed by Dr. Mark Marohn).
Next, the vaccine efficacies for several of these strains were determined. Onehundred percent of BALB/c mice vaccinated with a single dose of LVSΔfptA, LVSΔfptB,
LVSΔfptE, LVSΔfptF, or LVSΔfptG were protected against lethal challenge with parental
LVS [281, 333] (the LVSΔfptA and LVSΔfptF protective efficacy studies were
unpublished data performed by Dr. Mark Marohn), confirming the potential of fpts as
targets for live attenuated vaccine development. However, the highly attenuated
SchuS4ΔfptB disappointingly only provided ~28% protection against lethal SchuS4
challenge in C57BL/6 mice [334, 335]. The previous endeavors of our laboratory and
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others to characterize fpt deletion phenotypes of both F. tularensis LVS and SchuS4 strains
are summarized in Table 1. While SchuS4 and LVS share high sequence homology, the
aforementioned pseudogenes present in the LVS strain, many of which lie within
biosynthetic enzymes [102] and thus alter the metabolic capabilities of LVS compared to
SchuS4, may underlie these differences in vaccine efficacies between the SchuS4- and
LVS-based fpt mutants.
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Table 1: Summary of fpt subfamily deletion phenotypes in F. tularensis LVS and
SchuS4.
(*unpublished results)
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Table 1 (continued).
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Table 1 (continued).
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Table 1 (continued).

42

While a preliminary experiment showed that the LVSΔfptA and LVSΔfptF mutant
strains were attenuated versus parental LVS in BALB/c mice (unpublished data performed
by Dr. Mark Marohn), extended dose studies to determine the LD50 values of these mutant
strains were not performed. These mutants did not display altered phenotypes when grown
in J774.1 or HepG2 cell lines, and therefore, were not previously considered for further
advancement. However, an evolving notion is that primary cells may provide a more
relevant model than cell lines for the interrogation of intracellular signaling and
pathogenesis, including intracellular bacterial replication. Studies have shown that primary
cells retain characteristics of their tissue of origin, whereas cell lines, which have been
transformed, display genotypic and phenotypic differences compared to their originating
tissue [337-339]. Furthermore, it has been shown that primary macrophages respond to
Mycobacterium tuberculosis, another intracellular pathogen, differently than cell lines
[340]. Thus, the use of cell lines alone to assay growth deficiencies of mutants of
intracellular pathogens, which can be used to screen for mutants that have the potential to
be attenuated in vivo and therefore, have the potential to serve as live attenuated vaccine
candidates, may be limiting the pool of potential candidates to be further evaluated in vivo.
Because SchuS4ΔfptB did not provide a high level of protection against virulent F.
tularensis challenge, and because there is still no licensed vaccine against F. tularensis,
this work focuses on the promising FptA and FptF transporters, which have not yet been
fully characterized and may prove to be better targets for attenuating mutations. While the
substrates of FptA and FptF remain unknown, protein basic local alignment search tool
(BLAST-P) analysis revealed that the closest homologs to FptA and FptF in other bacterial
pathogens are the putative substrate translocation pore (MFS) in C. burnetii and the
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hypothetical protein lpp0706 in L. pneumophila, respectively [333], although there is no
information regarding the functions of these factors. We hypothesized that the FptA and
FptF members of the Fpt subfamily are necessary to the pathogenesis of F. tularensis, and
that deletion of one or both may limit their pathogenic potential and result in a vaccine
strain that is safe and protective against lethal challenge in the murine model of respiratory
tularemia. Our goal was to determine the contributions of these two factors, FptA and FptF,
to the pathogenesis of F. tularensis by analyzing components of both the compromised
pathogenic processes of fpt mutants and the differential host responses to fpt mutants. The
more fully we understand the roles of specific virulence factors in the pathogenesis of this
pathogen, the better they can be targeted to engineer a vaccine that will provide optimal
protection against infection by F. tularensis. At the culmination of these studies, we expect
to have identified the contributions of FptA and FptF to the pathogenesis of F. tularensis
while furthering the advancement of an efficacious vaccine against F. tularensis.
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Hypothesis: The central hypothesis of this work is that the fptA and fptF members of the
fpt subfamily are critical for the virulence of F. tularensis, and that deletion of one or
both may limit their pathogenic potential and result in a vaccine strain that is safe and
protective against lethal challenge in the murine model of respiratory tularemia.
Aim 1: Determine the roles of FptA and FptF in the pathogenesis of Francisella
tularensis in the murine model of respiratory tularemia.
To understand the contributions of FptA and FptF to the in vivo pathogenesis of F.
tularensis, we will utilize the C57BL/6J mouse model of respiratory tularemia to compare
the ability of LVSΔfpt mutants versus parental LVS to 1) colonize the host lung, 2)
disseminate in the host, and 3) induce damage to the host lungs. We hypothesize that fptA
and fptF are essential to establish respiratory tularemia in the murine host following i.n.
infection, and deletion of either Fpt forces a compromise between bacterial survival and
pathogenesis that results in the loss of pathogenicity.
Aim II: Determine the immunological basis of attenuation behind deletion of the FptA
and FptF transporters in the murine model of respiratory tularemia.
To understand the contributions of FptA and FptF to the modulation of the host
immune response, we will compare the following host immune responses to infection with
the LVSΔfpt mutants versus parental LVS in the C57BL/6J mouse model of respiratory
tularemia: 1) host cytokine responses in the bronchoalveolar lavage fluid and 2) early
innate immune cell infiltration to the lungs. We hypothesize that fptA and fptF are essential
to F. tularensis for the induction of a cytokine storm and immunopathology, and deletion
of either Fpt results in a modified host immune response that inhibits bacterial growth,
facilitates clearance and promotes survival.
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Chapter 2 – Materials and Methods
Bacteria and Growth Conditions
Bacterial strains utilized in this study are listed in Table 2. F. tularensis LVS, was
obtained from the ATCC (Manassas, VA) and was kindly provided by Dr. Karen Elkins
(CBER/FDA, Rockville, MD), LVSΔfptA and LVSΔfptF, which were generated by Dr.
Mark Marohn as previously described [281], LVSΔfptFΔfptA, which was generated by Dr.
Phillip Balzano as previously described [334], and LVSΔiglC which was generated by Dr.
Araceli Santiago as previously described [210], were preserved at -80°C in complete
Mueller Hinton Broth (MHB) (BD, Sparks, MD) with 15% glycerol added. Complete MHB
is MHB supplemented with 1% IsoVitaleX (BD, Sparks, MD), 0.1% glucose (SigmaAldrich, St. Louis, MO), 0.25% ferric pyrophosphate (Sigma-Aldrich, St. Louis, MO),
0.105 g hydrous MgCl2 (Sigma, St. Louis, MO), and 0.09 g CaCl2·2H2O (Sigma, St. Louis,
MO) and was used for all liquid cultures. Mueller Hinton agar (MHA) (BD, Sparks, MD)
was used for solid cultures and was augmented as defined above but also contained 10%
defibrinated sheep blood (Lampire Biological Laboratories, Pipersville, PA), 1.6%
granulated agar (BD, Sparks, MD), 1% bacto-tryptone (BD, Sparks, MD), and 0.5% NaCl
(Sigma, St. Louis, MO). Growth on solid media was performed at 37°C, 5% CO2. Working
bacterial stocks for use in in vitro and in vivo experiments were prepared in complete MHB
using bacteria concentrated from growth on MHA plates. Bacteria were resuspended to a
concentration of approximately OD600nm 0.6 and aliquoted for storage at -80° C.
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Table 2: F. tularensis LVS strains utilized in this study.
Strain
LVS
LVSΔfptA
LVSΔfptF
LVSΔfptFΔfptA
LVSΔiglC

Characteristic
attenuated Type B vaccine strain
LVS strain lacking FTL_1673
LVS strain lacking FTL_1647
LVS strain lacking FTL_1647 and
FTL_1673
LVS strain containing deletions in
both copies of iglC FTL_1159

Source [Reference]
CBER/FDA
Laboratory collection [281]
Laboratory collection [281]
Laboratory collection [334]
Laboratory collection [210]

Mice
WT C57BL/6J mice, obtained from The Jackson Laboratory (Bar Harbor, ME) and
bred at the University of Maryland Baltimore, Veterinary Resources Breeding Facility,
were used for thioglycollate-elicited peritoneal macrophage isolation. Mice injected with
thioglycollate were housed in the University of Maryland non-biohazard animal facility
until euthanized for peritoneal macrophage isolation. WT C57BL/6J mice were purchased
from The Jackson Laboratory (Bar Harbor, ME) for use in dose instillation optimization,
attenuation, protective capacity, organ burden enumeration, histopathology, and immune
response studies. Infected mice were housed in the University of Maryland animal
biohazard safety level 2 (ABSL-2) facility for the duration of the studies. All animal
experiments were conducted according to protocols approved by the UMB Institutional
Animal Care and Use Committee (IACUC).
Growth Kinetics of fpt Mutant Strains in Macrophages
The ability of LVSΔfpt mutant strains to survive and replicate intracellularly was
evaluated in thioglycollate-elicited peritoneal macrophages from nine-to ten-week-old
female and seven-to eight-week-old male C57BL/6 mice. Mice were euthanized and
peritoneal macrophages were isolated 4 days after i.p. injection of 2 mL sterile
thioglycollate medium (Remel, Lenexa, KS) by peritoneal lavage with PBS. Cells were
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washed in sterile PBS and resuspended in RPMI 1640 (Mediatech, Manassas, VA)
supplemented with 10% Low-Endotoxin FBS (Gemini Bioproducts, West Sacramento,
CA) and 1% penicillin-streptomycin (ThermoFisher Scientific, Waltham, MA).
Macrophages were plated in 48-well (5x105 cells/well) tissue culture plates (Costar,
Corning, NY). After overnight incubation, cells were washed with PBS to remove
nonadherent cells and to wash away antibiotic treatment. Cells were then cultured in
antibiotic-free medium before being infected in triplicate with F. tularensis strains at a
multiplicity of infection (MOI) of 10 for 2 hours. The addition of bacteria was defined as
the zero-hour time point. Following this 2-hour infection, cells were washed twice with
PBS and incubated in RPMI containing 50 µg/mL gentamicin (Gibco, Gaithersburg, MD)
for the duration of the experiment to kill extracellular bacteria and to limit cell-to-cell
spread. The ability of LVSΔfpt mutant strains to spread cell-to-cell was evaluated under
similar conditions but with the following modification: the cells were washed twice with
PBS after the first hour of incubation with gentamicin and then incubated in RPMI without
gentamicin for the duration of the experiment in order to permit cell-to-cell spread. At the
indicated time points, cells were washed twice with PBS prior to being lysed in 500 µL of
0.02% SDS (Bio-Rad, Hercules, CA) in PBS. Lysates were serially diluted and plated on
MHA plates to enumerate intracellular CFUs.
Initial Measure of Attenuation of fpt Mutant Strains in Mice
To reassess the attenuation levels of fpt mutants in a more stringent model of
protection against lethal F. tularensis following vaccination, groups of 4 six- to eightweek-old male and female C57BL/6J mice per dose were anesthetized i.p. with a cocktail
of 75 mg/kg of ketamine plus 7.5 mg/kg of xylazine and inoculated i.n. with either LVS or
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the fpt mutant suspended in 10 µL of PBS, or mock-infected with PBS. Studies were
repeated due to inconsistent results. Mice were monitored daily for survival and clinical
signs of infection (weight loss, lethargy, and ruffling of fur), and weights were monitored
every other day for 20 days post-infection. All mice were assigned health assessment scores
based on general physical appearance (skin, fur, etc.), ambulation, potential dehydration,
response to stimuli, movement, evidence of food consumption (feces in bedding),
grooming and any clinical sign that may indicate disease or illness (lethargy, hunched
posture, head tucked into abdomen, rough hair, visible tumors, etc.), etc. Mouse health was
scored based on the following criteria: condition 1 for normal activity, where mice are
bright, alert, reactive, healthy, shiny, have normal posture and lack dehydration; condition
2 for mice that are quiet, alert, reactive with early stage piloerection, normal posture and
mild dehydration; condition 3 for mice that are quiet and not very reactive, and exhibit mild
piloerection, dull coats, hunched posture, difficult ambulation, moderate dehydration, and
scruff remains tented (lifted) for 2-3 seconds; and condition 4 for mice that are non-reactive
with severe piloerection, dull and dirty coats, hunched and squinting, severely dehydrated,
tented scruff that when lifted does not return, severe weight loss (>20%) and respiratory
distress. Mice reaching a clinical score of 4 or losing >20% of their body weight were
euthanized with primary CO2 and secondary cervical dislocation in compliance with the
UMB IACUC.
Intranasal Dose Instillation Optimization Studies in Mice
For i.n. instillation optimization studies, groups of 4 or 5 eight-week-old male and
female C57BL/6J mice were anesthetized either i.p. with a cocktail of 75 mg/kg of
ketamine plus 7.5 mg/kg of xylazine as described above or i.n. via inhalation of a mixture

49

of isoflurane and oxygen using the VetEquip Lab Animal Anesthesia System (VetEquip,
Inc, Livermore, CA). During anesthesia, the flow rate of O2 was set at 1.5 liters per minute,
and the vaporizer was set at 4 to deliver 40,000 ppm +/- 15% of isoflurane in 100% O2;
this concentration of isoflurane was held constant by the vaporizer, regardless of ambient
temperature, ambient pressure, or O2 flow rate. An activated charcoal absorption filter
(VaporGuard) connected to the VetEquip instrument was used to scavenge isoflurane
gases. The gas mixture was delivered into a closed acrylic chamber into which the mice
were placed for anesthetization. Depth of anesthesia was monitored by looking at the color
of the mucous membranes (turning pale) and by monitoring respiratory rate and response
to stimuli. Mice were kept in the chamber until they reached an anesthetic plane where they
do not feel pain from the experimental procedures, approximately 1.5 minutes after mice
are motionless. An oxygen flush was included prior to removing mice from the induction
chamber (vaporizer set to 0%, flush with O2 only). After administering anesthesia, mice
were monitored until they were conscious and able to stand and move about in the cage.
Once anesthetized, mice were inoculated i.n. with ~1,000 CFU of LVS suspended in either
10 µL or 50 µL of PBS. Mice were monitored daily for clinical signs of infection (weight
loss, lethargy, and ruffling of fur), and weights were monitored for 6 days post-infection at
which time mice were euthanized and organs (lungs ± liver, spleen) were harvested to
enumerate bacterial load. Organs from infected mice were homogenized using the
BeadBug Microtube Homogenizer (Benchmark Scientific, Sayreville, NJ) according to
manufacturer’s protocol in PBS. The bacterial load was enumerated by serial plating on
MHA plates. Organ weights were recorded for use in calculating CFU per gram of organ
tissue.
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Optimized Measure of Attenuation of fpt Mutant Strains in Mice
To reassess the attenuation levels of fpt mutants using the most optimal
methodology (parenteral anesthetic and a dose instillation volume of 50 µL), groups of 4
or 6 eight- to nine-week-old male and female C57BL/6J mice per dose were anesthetized
i.p. with a cocktail of 90 mg/kg of ketamine plus 9 mg/kg of xylazine and inoculated i.n.
with either LVS or the fpt mutant suspended in 50 µL of PBS, or mock-infected with PBS.
This anesthetic regimen and dose instillation volume was maintained for all additional in
vivo studies. Studies utilizing dosage groups near the LD50 values were repeated to confirm
the LD50 values. Mice were monitored daily for survival and clinical signs of infection
(weight loss, lethargy, and ruffling of fur), and weights were monitored every other day for
28 days post-infection. All animals were monitored and euthanized per the criterion listed
above in compliance with the UMB IACUC.
Protective Capacity of fpt Mutant Strains in Mice
The surviving mice from the “Optimized Measure of Attenuation of fpt Mutant
Strains in Mice” studies listed above were utilized for challenge studies to determine
protective capacity of the fpt mutant strains. On day 29 post-vaccination, the surviving
mice were anesthetized and inoculated i.n. with ~500 CFU of LVS suspended in 50 µL of
PBS. After challenge, all mice were monitored daily for clinical signs, and weights were
monitored every other day as described above for 21 days post-challenge. Vaccine efficacy
was calculated using the following formula: (Attack rate unvaccinated – Attack rate
vaccinated) divided by (Attack rate unvaccinated) multiplied by 100. Sterilizing immunity
was determined by lung burden enumeration 21 days post-challenge as described below in
“Quantification of Bacterial Organ Burdens in Mice.”
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Quantification of Bacterial Organ Burdens in Mice
To determine the bacterial organ burdens of fpt mutant strains in vivo, groups of 4
eight-week-old male and female C57BL/6J mice per strain per time point were anesthetized
and inoculated i.n. with ~350 CFU of either LVS or the fpt mutant suspended in 50 µL of
PBS. Mice were euthanized at the designated time points post-infection, and organs were
harvested to enumerate bacterial load. Organs were halved for use in quantification of
bacteria organ burdens and histopathology analysis. Lungs, livers and spleens from
infected mice were homogenized using the BeadBug Microtube Homogenizer (Benchmark
Scientific, Sayreville, NJ) according to manufacturer’s protocol in PBS. The bacterial load
was enumerated by serial plating on MHA plates. Halved organ weights were recorded for
use in calculating CFU per gram of organ tissue.
Confirmation of Strain Identity by PCR Following in vivo Passage in Mice
Following bacterial organ burden enumeration on MHA plates, select colonies of
LVS, LVSΔfptA, and LVSΔfptF from the organs (lungs, livers and spleens) of infected
mice were screened for strain identity to confirm the lack of reversion of fpt mutations to
WT. Genomic DNA (gDNA) preparations of individual colonies isolated from within
infected mouse organs were made using the GeneJET Genomic DNA Purification Kit
(ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s protocol for
purifying bacterial gDNA, and gDNA preparations were used as templates in polymerase
chain reactions (PCR) to confirm that the target genes remain deleted. PCR was performed
using the SimpliAmp PCR Thermal Cycler (Applied Biosystems, ThermoFisher Scientific,
Waltham, MA) according to the manufacturer’s recommendations using the primers listed
in Table 3. One set of primers (forward and reverse) was used per fpt gene; each primer
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pair anneals to the upstream and downstream flanks of the targeted gene. Full sized fptA
and fptF genes amplified from LVS gDNA were 2018 and 1935 base pairs (bp),
respectively. Smaller fptA and fptF fragments were amplified from gDNA of the fpt
mutants corresponding to the size of the deleted genes; fragment sizes of 728 bp and 739
bp correspond to the loss of fptA or fptF, respectively. PCR products were passed through
gel electrophoresis on 1% agarose to separate and visualize the band sizes of the PCR
products to confirm strain identities after in vivo passage through mice.
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Table 3: DNA primers utilized in this study.
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Histopathology Analysis of Infected Mouse Lungs
To assess the pathological consequences and changes in lung tissue in response to
infection with the fpt mutants, groups of 4 eight-week-old male and female C57BL/6J mice
were anesthetized and inoculated i.n. with ~350 CFU of either LVS or the fpt mutant
suspended in 50 µL of PBS. Mice were euthanized on day 6 post-infection and lungs were
harvested for histopathology analysis. Lungs were fixed in 10% Formalin, neutral buffered
(Sigma-Aldrich, St. Louis, MO) for a minimum of 24 hours. After fixation, the tissues were
processed and embedded in paraffin. Tissue blocks were sectioned at 5 µm and stained
with hematoxylin and eosin by the University of Maryland School of Medicine Histology
Core Laboratory. Stained tissues were examined on a Aperio ScanScope CS (Aperio, Vista,
CA) and assessed by two pathologists. Both observers were blinded regarding the type of
infection and performed their scoring independently. The histopathologic parameters
examined and scoring criteria are described in Table 4.
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Table 4: Scoring criteria for histopathology analysis.
1) Extent of inflammatory changes
1a) Global extent of Inflammation: Percentage of surface
area
1b) Surface Area of Alveolar Destruction: Surface area of
alveolar destruction due to the inflammatory infiltrate
1c) Interstitial Involvement: Inflammatory infiltrates
affecting areas between preserved alveoli
1d) Foci of Inflammation: Foci of more than 50
inflammatory cells per 4mm2 (one diffuse area is considered
one focus)

0: <20% of tissue
1: >20% and <50%
2: >50%
0: <20% of tissue
1: >20% and <50%
2: >50%
0: <50%
1: >50%
0: <1 per 4mm2
1: >1 per 4mm2

2) Types of inflammatory cells
0: <20% of surface area
1: >20%
0: <50% of surface area
1: >50%
0: <20% of surface area
1: >20%

2a) Neutrophils
2b) Macrophages
2c) Lymphocytes
3) Other histopathologic features
3a) Edematous exudates and/or fibrin deposition
3b) Hyperplasia of Type II Pneumocytes: Only including
areas with preserved alveolar architecture
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0: absent or focal
1: present
0: <5 out of 10 20x
power fields
1: >5 out of 10 20x
power fields

Quantification of Secreted Cytokines in Murine Bronchoalveolar Lavage Fluid (BALF)
To measure the secreted cytokines in the BALF in response to infection with the
fpt mutants, or LVS, or mock infection with PBS, groups of 5 eight-week-old male and
female C57BL/6J mice were anesthetized and inoculated i.n. with ~350 CFU of either LVS
or the fpt mutant suspended in 50 µL of PBS, or mock-infected with PBS. Mice were
euthanized on day 6 post-infection by i.p. anesthetic overdose (cocktail of 360 mg/kg of
ketamine plus 36 mg/kg of xylazine) followed by secondary exsanguination. BALF was
harvested in 1 mL of sterile PBS via an intratracheal catheter attached to a 1 mL syringe,
and BSA (Reagent Diluent Concentrate 2, R&D Systems, Minneapolis, MN) was added
for a final concentration of 1%. BALFs were frozen at -80°C until cytokines were analyzed
using the V-PLEX Proinflammatory Panel 1 Mouse Kit assay based on an
electrochemiluminescent (ECL) detection method (Meso Scale Diagnostics, LLC,
Rockville, MD) according to the manufacturer’s recommendations. Data were collected
using the MESO QUICKPLEX SQ 120 instrument and analyzed with DISCOVERY
WORKBENCH® V4.0 data analysis software (Meso Scale Diagnostics, LLC, Rockville,
MD). Briefly, samples were thawed on the day of analysis and standards and BALF
samples (50 µL) were added to appropriate wells and incubated for 2 hours at room
temperature with shaking (700 rpm). The fluid was then removed, and the wells were
washed 3 times with wash buffer (0.05 % Tween-20 in PBS). Detection antibodies were
added to each well and incubated for 2 hours at room temperature with shaking, followed
by washing 3 times. After washing, 150 µL of 2X reading buffer was added to each well.
The plate was analyzed on the MSD instrument immediately. For the purposes of statistical
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analyses, any value that was below the lowest limit of detection (LLOD) for the assay was
replaced with half of LLOD of the assay.
Characterization of the Immune Response in Infected Mouse Lungs
To quantify the responding immune cell populations after infection with the fpt
mutants, or LVS, or mock infection with PBS, groups of 5 eight-week-old male and female
C57BL/6J mice were anesthetized and inoculated i.n. with ~350 CFU of either LVS or the
fpt mutant suspended in 50 µL of PBS, or mock-infected with PBS. Mice were euthanized
on day 6 post-infection by i.p. anesthetic overdose (cocktail of 360 mg/kg of ketamine plus
36 mg/kg of xylazine) followed by secondary exsanguination. Pulmonary perfusion was
performed with sterile PBS prior to harvesting the lungs. Once harvested, the lungs were
immersed in cold cell staining buffer (BioLegend, San Diego, CA) on ice until processing.
Lungs were minced using autoclaved scissors in 15 mL of digestion solution containing
0.525 mg/mL Collagenase D (Roche Diagnostics, Mannheim, Germany) and 0.06 mg/mL
DNase I (Roche Diagnostics, Mannheim, Germany) in RPMI 1640 + L-glutamine (Gibco,
Gaithersburg, MD) supplemented with 1% Penicillin/Streptomycin (Gibco, Gaithersburg,
MD) and 10% heat inactivated/endotoxin free FBS (Gemini Bio, West Sacramento, CA),
then filter sterilized using a 0.22 μm filter. Minced lungs were incubated in the digestion
solution at 37°C for 90 minutes with shaking and filtered through a 70 μm nylon mesh cell
strainer (Corning, Glendale, AZ). RPMI 1641 + L-glutamine was used to wash the strainer.
Cell suspensions were centrifuged at 1300 rpm, at 22°C, for 10 minutes. Supernatants were
carefully removed and washed once with room temperature RPMI 1641 + L-glutamine.
The cell pellets were each resuspended in 5 mL of 1.075 density Percoll (Sigma-Aldrich,
St. Louis, MO) before 5 mL of 1.03 density Percoll was carefully layered onto the cell
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suspensions and centrifuged at 1000 rpm, without brake, at 4 °C for 20 minutes. The
interfaces containing the cells were washed twice in room temperature RPMI 1641 + Lglutamine before being resuspended in 1 mL of cold cell staining buffer and placed on ice.
Small aliquots of cells were diluted in 0.04% Trypan Blue Solution (Sigma-Aldrich, St.
Louis, MO) and cell counts were determined using the Countess Automated Cell Counter
(Invitrogen, Carslbad, CA). An aliquot of each sample containing 1 x 106 cells in 100 μL
was incubated in TruStain FcX Plus (BioLegend, San Diego, CA) according to the
manufacturer’s protocol to block Fc receptors before being stained with 50 μL of the
following fluorochrome-conjugated antibody cocktail according to the manufacturer’s
protocol (BioLegend, San Diego, CA): F4/80 (BV421, CAT#123137), Viability (Zombie
NIR CAT#423106), CD11b (BV570 CAT#101233), NK1.1 (BV605 CAT#108753), CD3
(BV711 CAT#100349), I-A/I-E also known as Class II (BV785 CAT#107645), Ly6C
(FITC CAT#128005), TCRγδ (PE CAT#118107), CD11c (PE/Dazzle594 CAT#117347),
Ly6G (PerCP CAT#127653), CD68 (PE-Cy7 CAT#137015), CD45.2 (AF700
CAT#109821), TCRβ (APC-Fire750 CAT#109245), B220 (APC-Fire810 CAT#103277),
and True-Stain Monocyte Blocker (CAT#156603). Cells were washed and resuspended in
200 μL of eBioscience IC Fixation Buffer (Invitrogen, Carlsbad, CA) and incubated on ice
for 20 minutes. Following fixation, cells were washed in 200 μL of cold cell staining buffer
and then resuspended in 200 μL of cold cell staining buffer and used for flow cytometry
analysis. Cells were analyzed on an Aurora Spectral Cytometer (Cytek Biosciences,
Bethesda, MD). All data were analyzed using FlowJo (FlowJo LLC, Ashland, OR). Briefly,
samples were first gated on FSC-A and SSC-A to collect cells, then gated on Zombie NIRcells to identify live cell populations. To discriminate between immune cells and other
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remaining lung cell populations, CD45.2+ cells were gated for further analysis. T cells
were defined as CD3+, B220- populations. T cells were further subtyped into gamma-delta
T cells (γδTCR+, TCRβ-), alpha-beta T cells (NK1.1-, TCBβ+), and natural killer-like T
(NKT-like) cells (NK1.1+, TCRβ+). B cells were defined as CD3-, B220+ populations.
Non-B and non-T cells were defined as CD3-, B220- populations. From the non-B and
non-T cell population, natural killer (NK) cells were gated as NK1.1+, I-A/I-E-.
Neutrophils were gated from non-B and T cell populations as Ly6G+, CD11b+ cells. NonB Class II+ cells were gated from non-B and non-T cell populations as I-A/I-E+ cells. From
the non-B Class II+ cells, the following populations were defined: dendritic cells (F4/80-,
CD11b-), CD11b- macrophages (F4/80+, CD11b-), CD11b+ macrophages (F4/80+,
CD11b+), and Class II+ neutrophils (F4/80-, CD11b+). The Class II+ neutrophil
population was confirmed by the expression of Ly6G as well as Ly6C. The CD11bmacrophages were further subtyped into alveolar macrophages based on expression of
CD68 and CD11c. Frequencies of cell populations were calculated based on the gating
strategy described above and absolute number of each cell population was determined as
follows: the number of immune cells were calculated by multiplying the frequency of live
CD45.2+ cells by total live cell number from cell isolation. The number of T cells, B cells
and non-T/B cells were calculated by multiplying the frequency of the corresponding
population of cells by the number of live immune cells. The number of αβ T cells, γδ T
cells, and NKT-like cells were calculated by multiplying the frequency of the
corresponding population of cells by the total number of T cells. The number of NK cells,
neutrophils, and non-B Class II+ cells were calculated by multiplying the frequency of the
corresponding population of cells by the total number of non-T/B cells. The number of
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DCs, CD11b+ macrophages, Class II+ neutrophils and CD11b- macrophages were
calculated by multiplying the frequency of the corresponding population of cells by the
total number of non-B Class II+ cells. The number of alveolar macrophages were
calculated by dividing the frequency of alveolar macrophages by the total number of
CD11b- macrophages. Complete gating strategy can be found in Figure 2.
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Figure 2: Gating strategy for flow cytometric analysis of infected lung samples.
Lungs were harvested and homogenized into single cell suspensions for flow cytometric
analysis. Samples were first gated on FSC-A and SSC-A to isolate cells (1). Remaining
events were then gated on Zombie NIR- events to identify live cell populations (2). Immune
cells were identified by CD45.2+ events (3). These were the events used for the remaining
analysis. T cells were defined as CD3+, B220- populations (4). T cells were further
subtyped into γδ T cells (γδTCR+, TCRβ-, 7), αβ T cells (NK1.1-, TCRβ+, 8), and natural
killer-like T (NKT-like) cells (NK1.1+, TCRβ+, 9). B cells were defined as CD3-, B220+
populations (5). Non-B and T cells were defined as CD3-, B220- populations (6). From the
non-B and non-T cell population, natural killer (NK) cells were gated as NK1.1+, I-A/I-E(Class II) (10). Neutrophils were gated from non-B and non-T cell populations as Ly6G+,
CD11b+ cells (11). Non-B Class II+ cells were gated from non-B and non-T cell
populations as I-A/I-E+ cells (12). From the non-B Class II+ cells, the following
populations were defined: dendritic cells (F4/80-, CD11b-, 13), CD11b- macrophages
(F4/80+, CD11b-, 14), CD11b+ macrophages (F4/80+, CD11b+, 15), Class II+ neutrophils
(F4/80-, CD11b+, 16). The Ly6C and Ly6G expression of the Class II+ neutrophils are
shown from population 16. The CD11b- macrophages were further subtyped into alveolar
macrophages based on expression of CD68 and CD11c (17). Representative flow plots are
shown for an LVS-infected animal. Similar gating strategy was used for all mock-infected
and infected animals.
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Statistical Analysis
A two-way analysis of variance (ANOVA) with Dunnett’s post-test for correction
of multiple comparisons was used to determine statistical significance between
intracellular bacterial CFU counts. Results were considered significant as follows: **, P <
0.01, ****, P < 0.0001. A two-tailed t test was used to determine statistical significance in
organ bacterial burden experiments. Results were considered statistically significant at a P
value of < 0.05. A two-tailed t test was used to determine statistical significance in cytokine
secretion in BALF samples. Results were considered statistically significant at a P value
of < 0.05. A one-way ANOVA with a Tukey’s post-test was used to determine statistical
significance in the flow cytometric analyses. Results were considered statistically
significant as follows: ****, P < 0.0001; ***, P = 0.001; **, P < 0.001; *, P < 0.05. Data
analysis was performed using GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego,
CA). For intracellular bacteria CFU counts and bacterial organ burdens, parental LVS
served as the reference strain for statistical tests. For cytokine and flow cytometric analysis,
mock-infected samples served as the reference strain for statistical tests.
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Chapter 3 – Deletion Mutants of Francisella Phagosomal Transporters FptA and
FptF Are Highly Attenuated for Virulence and Are Protective Against Lethal
Intranasal Francisella LVS Challenge in a Murine Model of Respiratory Tularemia
Introduction
F. tularensis is a Tier 1 Select Agent of concern for Biodefense for which there is
no licensed vaccine to protect the population against either naturally occurring tularemia
or tularemia resulting from a bioterror attack. Historically, many approaches to vaccine
development against F. tularensis have been utilized, however, the live attenuated
approach has been the most extensively studied to date. Bacteria that are deficient in
metabolism or nutrient acquisition often make good live attenuated vaccine candidates
because they maintain their surface antigens and the ability to colonize an appropriate niche
but are unable to infect efficiently due to a reduction in growth rate [102, 147, 148]. We
similarly hypothesized that a live attenuated strain of F. tularensis that expresses critical
antigens in their native conformations but contains targeted mutations in genes with well
understood roles could result in the generation of a highly attenuated, immunogenic, safe,
and efficacious vaccine. To this end, we targeted the Francisella phagosomal transporter
(Fpt) subfamily [281] belonging to the Major Facilitator Superfamily (MFS) of transporters
which is responsible for transporting biomolecules, including sugars and amino acids, and
nutrient scavenging [328]. Previously, we demonstrated that LVS mutants with deletions
in three of these genes, fptB, an isoleucine transporter [206], fptE, an asparagine transporter
[336], and fptG (substrate unknown), exhibited reduced intracellular replication within
J774.1 macrophages and HepG2 hepatocytes, and were attenuated for virulence in BALB/c
mice [281]. Furthermore, immunization of mice with these mutants conferred protection
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against lethal challenge with the parental LVS strain [281]. One fpt mutation was
introduced into the Type A SchuS4 strain to generate SchuS4ΔfptB, which displayed
altered intracellular replication kinetics in macrophages and was highly attenuated in the
C57BL/6J mouse model of tularemia, but disappointingly, only provided partial protection
against virulent Type A F. tularensis challenge [335]. Because this candidate did not
provide a high level of protection, our current study focuses on the promising but
previously uncharacterized FptA and FptF transporters, which may prove to be better
targets for attenuating mutations. Herein, we utilize LVS as a useful tool to identify and
characterize attenuated fpt mutants under BSL-2 conditions before advancing promising
candidates in the virulent Type A F. tularensis strain under BSL-3 conditions. In addition
to furthering the advancement of an efficacious vaccine against F. tularensis, we utilized
the LVSΔfptA and LVSΔfptF mutant strains to understand the contributions of these Fpt
transporters to the pathogenesis of F. tularensis. We found that both fpt genes are critical
for the induction of a pathological inflammatory response that facilitates the progression
of fulminant tularemia and results in host death, and deletion of either gene results in
vaccine candidates that provide protection against lethal challenge.
Results
fpt mutants exhibit diminished replication kinetics in primary mouse macrophages
compared to parental LVS
LVS strains with unmarked deletions of the fptA or fptF genes were constructed
utilizing suicide plasmids as previously published [281] to generate the LVSΔfptA and
LVSΔfptF mutant strains studied in this work. Previous in vitro studies demonstrated that
LVSΔfptA and LVSΔfptF were not deficient for extracellular growth in broth culture
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(MHB) or for intracellular replication in J774.1 macrophages [281], a BALB/c murine
macrophage cell line. However, a growing body of evidence suggests that primary cells
may provide a more relevant model than cell lines for the study of intracellular signaling
and pathogenic processes; primary cells retain characteristics of their tissue of origin,
whereas cell lines, which have been transformed, display genotypic and phenotypic
differences compared to their originating tissue [337-339]. Furthermore, it has been shown
that primary macrophages respond to Mycobacterium tuberculosis, another intracellular
pathogen, differently than cell lines [340]. Thus, the use of cell lines alone to assay growth
deficiencies of mutants of intracellular pathogens may be limiting the pool of potential
candidates to be further evaluated in vivo. For this reason, we began by evaluating the
intracellular replication abilities of the LVSΔfptA and LVSΔfptF in primary cells.
Intracellular replication kinetics were assayed in primary thioglycollate-elicited
peritoneal macrophages from C57BL/6 mice. Following a 2-hour incubation in antibioticfree medium, a bactericidal concentration of gentamicin (50 µg/mL gentamicin), an
antibiotic that acts only extracellularly, was maintained in the culture medium throughout
the remainder of the assay in order to observe only the initial round of invasion and
replication and to prevent cell-to-cell spread. At 3 hours post-infection, the number of
intracellular bacteria was comparable for all strains indicating that FptA and FptF are not
essential for initial invasion in macrophages (Figure 3A). By 24 hours post-infection,
parental LVS replicates to high numbers, while the LVSΔfptA and LVSΔfptF mutants
demonstrate significantly reduced intracellular replication kinetics (Figure 3A).
LVSΔiglC, which is unable to escape from the phagosome, serves as a control that fails to
replicate intracellularly as seen by the negative replication kinetics (Figure 3A). The level
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of replication of the LVSΔfptA and LVSΔfptF mutant strains, albeit reduced but higher
than the LVSΔiglC mutant strain, in macrophages indicates that the fpt mutants are not
deficient in their ability to escape from the phagosome. By 48 hours post-infection, many
macrophages have undergone cell death, releasing the intracellular bacteria which are
killed by the gentamicin as evidenced by the reduction in intracellular colony forming units
(CFU) from 24 to 48 hours post-infection (Figure 3A). Removal of gentamicin from the
culture medium post-invasion permits cell-to-cell spread. Under these conditions,
LVSΔfptA and LVSΔfptF mutants were able to re-infect neighboring cells, although cellto-cell spread was delayed compared to parental LVS (Figure 3B). These data suggest that
FptA and FptF are important for WT levels of intracellular replication in primary
macrophages.
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Figure 3: fpt mutants exhibit reduced intracellular replication in primary macrophages.
Thioglycollate-elicited peritoneal macrophages from C57BL/6 mice were infected in
triplicate with LVS, LVSΔfpt mutant strains or the phagosomal escape mutant LVSΔiglC
at an MOI of 10. Intracellular bacteria were enumerated at 3, 24 and 48 hours post-infection
under conditions where (A) a bactericidal concentration of 50μg/mL of gentamicin was
maintained in the culture media to eliminate bacterial spread or under conditions where (B)
macrophages were treated with 50μg/mL of gentamicin for 1 hour, washed twice with PBS,
then maintained in no-gentamicin containing media for the remainder of the assay to allow
cell-to-cell spread. Symbols indicate individual CFUs from triplicate wells, and data are
plotted as mean CFU counts with SD. Data are representative of two experiments of
identical design and outcome. ****, P < 0.0001, **, P < 0.01 by a two-way analysis of
variance (ANOVA) with a Dunnett post-test for correction of multiple comparisons. All
fpt strains had statistically significant lower intracellular CFUs than LVS under
gentamicin-limiting conditions at 24 hours post-infection (P < 0.0001) and under
conditions that permit cell-to-cell spread at 48 hours post-infection (P < 0.0001).
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Preliminary studies to establish a robust murine model of respiratory tularemia in
C57BL/6J mice
Given the altered intracellular replication and cell-to-cell spread phenotypes of the
LVSΔfptA and LVSΔfptF mutant strains in primary macrophages from C57BL/6 mice, we
hypothesized that the fptA and fptF genes may be critical during the in vivo pathogenesis
of F. tularensis in these mice. Previous studies in our laboratory showed that the LVSΔfptA
and LVSΔfptF mutant strains were attenuated for virulence following i.p. injection in
BALB/c mice; 100% of animals (n=4 per group) survived infection with 3 x 103 or 6 x 103
CFU of LVSΔfptA or LVSΔfptF, respectively, compared to no survivors following LVS
infection with ~450 CFU (unpublished data performed my Dr. Mark Marohn). In this
current work, we have moved into the C57BL/6J murine model because this mouse strain
has been demonstrated to be a more stringent model for protection against lethal F.
tularensis and is prevalent in the literature for evaluating immune responses to F. tularensis
[86, 286]. The use of this mouse strain also allowed for bridging between the
intramacrophage growth studies in C57BL/6 primary macrophages and in vivo studies.
Additionally, we utilized i.n. administration, rather than i.p. infection, because this more
closely mimics respiratory tularemia. In this model, we reassessed the levels of attenuation
of the fptA and fptF mutant strains.
Groups of C57BL/6J mice were anesthetized i.p. with a cocktail of ketamine plus
xylazine and inoculated i.n. with similar doses (~1,000 CFU) of parental LVS, LVSΔfptA,
or LVSΔfptF, or mock-infected with PBS in a dose instillation volume of 10 µL, and
survival was monitored for 20 days or until mice met criteria for euthanasia. An i.n. dose
of ~1,030 colony forming units (CFU) of LVS consistently resulted in the death of 87.5%
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of infected mice (Figure 4A, Table 5) which is in agreement with the literature [156, 288,
341]. In contrast, 100% of mice survived infection with similar doses of ~1,800 CFU or
~1,035 CFU of LVSΔfptA or LVSΔfptF, respectively (Figure 4A, Table 5). Whereas the
majority of LVS-infected mice, with the exception of one mouse, exhibited lethargy and
ruffling of fur and lost > 20% of their initial weight (which met euthanasia criteria) by day
9 post-infection with this dose, the LVSΔfpt mutant-infected mice inoculated with a similar
dose only lost an average of ~10% of their initial weight, exhibited little to no clinical signs,
and recovered to mock-infected weight by day 12 post-infection (Figure 4B). 100% of
mock-infected mice survived with no associated weight loss or other clinical signs of
disease (Figure 4B, Table 5). These results indicate that these fpt mutant strains are
attenuated for virulence compared to LVS in this mouse model of respiratory tularemia.
Extended dose studies were performed to determine LD50 values for each strain,
however, accurate LD50 values were not able to be determined due to inconsistencies;
whereas the lowest dose of LVS tested, ~1,030 CFU, resulted in the death of 87.5% of
infected mice, all higher doses of LVS tested resulted in lower death rates (Table 5). A
similarly confounding trend was seen with the fptA and fptF mutants (Table 5). These
results, which highlight the absence of a dose dependent survival curve where higher doses
were expected to kill a greater percentage of the infected mice, indicate inconsistencies in
this i.n. administration protocol. Closer analysis of the % weight loss of select individual
mice revealed that most mice either lost > 20% of their initial weight, requiring euthanasia,
or showed little to no loss of weight (Figure 5), which was unexpected and indicated that
dose delivery may not be consistent with this methodology.
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Figure 4: Attenuation of fpt mutant strains in the murine model of respiratory tularemia.
Groups of 4 six- to eight-week-old male and female C57BL/6J mice were inoculated i.n.
with ~1,000 CFU of either LVS, LVSΔfptA or LVSΔfptF, or PBS in a volume of 10 µL.
The survival rates (A) and percentage of initial weight (B) were recorded for 20 days. The
experiment was repeated once. % weights are graphed as means with SEM. Mice were
euthanized once they lost > 20% of initial starting weight. The Ω symbol indicates that
only one mouse from this group survived beyond day 9 post-infection.
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Table 5: Attenuation of fpt mutant strains in the murine model of respiratory tularemia
utilizing a 10 µL dose volume.
Strain

Inoculation Dose (i.n.) (CFU)

PBS

~1,030
1,300
1,600
5,040
10,100
101,000
~1,800
~18,000
~180,000
~1,035
~10,350
~103,500

LVS

LVSΔfptA
LVSΔfptF
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Survival Post-Inoculation
Attenuated?
on Day 20
100% (20/20)
12.5 % (1/8)
25% (1/4)
50% (2/4)
No
25% (1/4)
25% (1/4)
25% (1/4)
100% (8/8)
25% (2/8)
Yes
62.5% (5/8)
100% (8/8)
75% (6/8)
Yes
87.5% (7/8)

Figure 5: Inconsistencies in weight loss of mice infected with LVS or fpt mutants in the
murine model of respiratory tularemia.
Groups of 4 six- to eight-week-old male and female C57BL/6J mice were inoculated i.n.
with the indicated doses of LVS, LVSΔfptA or LVSΔfptF in a volume of 10 µL and
percentages of initial weights (A, B, C) were recorded for 20 days. The experiment was
repeated once. Individual % weights from both experiments are graphed for each mouse
per dosage group corresponding to the mice listed in Table 3. Each color corresponds to
the weight of an individual mouse. Mice were euthanized once they lost > 20% of initial
weight.

75

76

We next hypothesized that the mice displaying an absence of the expected weight
loss did not effectively receive the dose to the lungs to cause fulminant murine tularemia,
and therefore, the previously determined levels of attenuation (Table 5) were inaccurate
due to either 1) incomplete anesthesia at the time of i.n. administration wherein the
inoculum gets blown out through the nostrils or swallowed into the stomach, or 2) too small
of a dose instillation volume such that the inoculum does not reach the lungs. To test the
efficiency of dose instillation using the current methodology, C57BL/6J mice were
anesthetized i.p. with a cocktail of ketamine plus xylazine and inoculated i.n. with a dose
of ~1,000 CFU of parental LVS in a dose instillation volume of 10 µL, which previously
killed 87.5% of infected mice (Figure 4A, Table 5), and mouse weights were recorded for
6 days post-infection at which time mouse organs were harvested for bacterial enumeration.
The presence of organ burdens in these LVS-infected mice corresponded to a weight loss
of > 15% of their initial weight (Figure 6A, B), except for one mouse, Mouse #1, that did
not lose any weight (Figure 6A) and accordingly, did not have detectable bacterial burdens
in either the lungs, spleen or liver (Figure 6B). These results confirmed the suspected
correlation between lack of expected weight loss and inefficiency of dose instillation.
Before proceeding with further studies, establishing a more consistent model became an
essential next step.
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Figure 6: Correlation between weight loss and organ burdens in the murine model of
respiratory tularemia.
Groups of 4 eight-week-old male and female C57BL/6J mice were inoculated i.n. with
~1,000 CFU of LVS in a volume of 10 µL and percentages of initial weights (A) were
recorded for 6 days at which time organs were harvested for bacterial enumeration (B).
Individual % weights are graphed for each mouse. Symbols indicate burdens in individual
mice. The limit of detection was 102 CFU/gram of tissue. A lack of weight loss was
observed for Mouse #1 which corresponded to a lack of organ burdens 6 days postinfection.
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The effect of dose instillation volume and anesthetic on initiation of pulmonary infection in
a murine model of respiratory tularemia
A review of the literature indicated that our current i.n. administration protocol
may be the underlying cause of the dose delivery inconsistencies. One study testing the
effects of instillation volume on the efficiency of pneumonic delivery via i.n. instillation
revealed that smaller dose instillation volumes, such as 10 µL and 20 µL, remain in the
upper airways and fail to cause infection of the lower pulmonary compartment, whereas
larger dose instillation volumes, such as 50 µL and 100 µL, more consistently and
efficiently initiated pulmonary infection [342]. Because F. tularensis is a pulmonary
pathogen, the successful and consistent delivery of the inoculum to the lower pulmonary
compartment is critical for the study of respiratory tularemia, pathogenesis, and the
development of protective immunity in the organ of challenge. Thus, we set out to optimize
the dose delivery methodology in order to establish a robustly consistent model with which
we could more accurately determine attenuation levels of the fpt mutant strains and pursue
further in vivo studies evaluating the contribution of fpt genes to the pathogenesis of F.
tularensis in the murine model of respiratory tularemia. Groups of C57BL/6J mice were
anesthetized i.p. with a cocktail of ketamine plus xylazine and inoculated i.n. with ~1,000
CFU of parental LVS in dose instillation volumes of either 10 µL or 50 µL. Mouse weights
were recorded daily and 5 mice per group were euthanized 1 day or 6 days post-infection
for enumeration of bacteria in the lungs. There was a correlation between weight loss
(Figure 7C, D) and the presence of detectable bacteria in the lungs (Figure 7A, B); all
mice that had bacteria in the lungs lost approximately 15-20% of weight by day 6 postinfection. A dose of ~1,000 CFU of parental LVS delivered in a 50 µL volume invariably
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initiated respiratory tularemia as measured by the presence of highly consistent levels of
lung burdens in 100% of mice on day 1 (Figure 7A) or on day 6 (Figure 7B) post-infection,
and the corresponding loss of ~20% of the initial weight of all five mice in this group by
day 6 post-infection (Figure 7D). In contrast, a dose instillation volume of 10 µL was only
80% successful at delivering the inoculum to the pulmonary compartment and initiating
respiratory tularemia as 1 in 5 mice lacked detectable bacterial lung burdens on either day
1 (Figure 7A) or day 6 (Figure 7B) post-infection. Of these mice, Mouse # 3, which did
not contain any bacteria in its lungs below the limit of detection (Figure 7B),
correspondingly did not lose weight (Figure 7C). Additionally, the average lung burdens
on day 1 post-infection were higher in mice that received the dose in a 50 µL volume than
a 10 µL volume (Figure 7A) indicating that more bacteria are delivered to the lungs using
the larger dose instillation volume. These results indicate that a dose instillation volume of
50 µL more consistently delivers more of the inoculum to the lungs to initiate respiratory
tularemia than a dose instillation volume of 10 µL.
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Figure 7: The effect of dose instillation volume on initiating murine pulmonary tularemia.
Groups of 5 eight-week-old male and female C57BL/6J mice were inoculated i.n. with
~1,000 CFU of LVS in a volume of 10 µL or 50 µL. The bacterial lung burdens were
enumerated on day 1 (A) or day 6 (B) post-infection, and the corresponding percentages of
initial weights of mice from the day 6 harvest cohort given a dose in 10 µL (C) or 50 µL
(D) were recorded for 6 days. Symbols indicate burdens in individual mice and bars
indicate means with SEM. Individual % weights are graphed for each mouse from the day
6 harvest cohort. The limit of detection was 102 CFU/gram of tissue.
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The same study that highlighted the efficacy of larger dose instillation volumes also
demonstrated that pneumonic delivery of an inoculum via i.n. instillation was more
efficient when mice were anesthetized with an inhaled anesthetic (isoflurane) versus a
parenterally (i.p.) administered anesthetic (cocktail of ketamine plus xylazine) [342]. We
conducted a similar set of experiments wherein groups of C57BL/6J mice were
anesthetized with either inhaled isoflurane or via an i.p. administered cocktail of ketamine
plus xylazine and inoculated i.n. with ~1,000 CFU of parental LVS in a dose instillation
volume of either 10 µL or 50 µL. Mouse weights were recorded for 6 days post-infection
at which time mouse lungs were harvested for bacterial enumeration. Again, weight loss
(Figure 8C, D, E, F) correlated with the presence of detectable bacteria in the lungs
(Figure 8A, B). Regardless of anesthetic, the 50 µL dose instillation volume resulted in
100% of infected mice losing ≥ 20% of their initial weight by day 6 post-infection (Figure
8E, F) with corresponding lung burdens on day 6 post-infection (Figure 8B). These results
confirm that a dose instillation volume of 50 µL more consistently delivers the inoculum
to the lungs to initiate respiratory tularemia than a dose instillation volume of 10 µL.
Notably, weight loss was more consistent and faster, indicating quicker disease
progression, in mice anesthetized parenterally with a cocktail of ketamine plus xylazine
(Figure 8F) than via inhalation of isoflurane (Figure 8E). In contrast, the 10 µL dose
instillation volume initiated infection in only 5 of 10 mice; one of these mice was
anesthetized via inhalation of isoflurane (Mouse #1), indicating that this combination of
dose instillation volume and anesthetic is the least efficient, and four of these mice (Mice
#1, 2, 4, and 5) were anesthetized parenterally with a cocktail of ketamine plus xylazine
(Figure 8A). Mice #2, 3, 4, and 5 belonging to the isoflurane anesthetized group receiving
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a dose in 10 µL did not lose weight (Figure 8C) and correspondingly did not have bacterial
lung burdens (Figure 8A). Mouse #3 belonging to the parenterally anesthetized group
receiving a dose in 10 µL did not lose weight (Figure 8D) and correspondingly did not
have bacterial lung burdens below the limit of detection (Figure 8A). Further support for
the use of a 50 µL dose instillation volume is evidenced by an average of 10-fold more
bacteria in the lungs of mice receiving a dose of ~1,000 CFU of LVS in a 50 µL volume
(Figure 8B) than in the lungs of mice receiving the same dose in a 10 µL volume (Figure
8A). The data is consistent: across these studies, the mice that lost weight had detectable
organ burdens whereas the mice that did not lose weight did not have detectable bacteria
present in their organs. These results indicate that the most efficient and consistent
methodology for the successful delivery of this respiratory pathogen to the pulmonary
compartment incorporates a parenteral anesthetic and a 50 µL dose instillation volume.
All subsequent experiments utilize this highly consistent C57BL/6J i.n. model of
respiratory tularemia wherein mice are anesthetized i.p. with a cocktail of ketamine plus
xylazine and inoculated with a dose installation volume of 50 µL.
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Figure 8: The effect of dose instillation volume and anesthetic on initiating murine
pulmonary tularemia.
Groups of 5 eight-week-old male and female C57BL/6J mice were anesthetized via
inhalation of isoflurane or parenterally administered a cocktail of ketamine plus xylazine
and inoculated i.n. with ~1,000 CFU of LVS in a volume of 10 µL (A) or 50 µL (B). The
bacterial lung burdens were enumerated on day 6 post-infection, and the corresponding
percentages of initial weights of mice (C, D, E, F) were recorded for 6 days. Symbols
indicate burdens in individual mice and bars indicate means with SEM. Individual %
weights are graphed for each mouse from each group. The limit of detection was 102
CFU/gram of tissue.
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fpt mutants are attenuated in the C57BL/6J murine model of respiratory tularemia
compared to parental LVS
Reevaluation of the levels of attenuation of the fpt mutants were undertaken using
the optimized inoculation methodology. As initial in vivo studies demonstrated the relative
attenuation of the LVSΔfptA and LVSΔfptF mutant strains (Figure 4, Table 5) versus
parental LVS, we added a pre-existing laboratory strain to these studies, the
LVSΔfptFΔfptA double mutant strain, which we hypothesized would be more attenuated
than either of the single fpt mutant strains. Groups of C57BL/6J mice were inoculated i.n.
with ~350 CFU of parental LVS, LVSΔfptA, LVSΔfptF, or LVSΔfptFΔfptA, or mockinfected with PBS in a total dose volume of 50 µL, and survival was monitored for 28 days
or until mice met criteria for euthanasia. An i.n. dose of 350 CFU of LVS resulted in death
of 100% of mice by day 10 post-infection (Figure 9A). In contrast, 100%, 91%, or 83.3%
of mice survived infection with similar doses of LVSΔfptA, LVSΔfptF, or LVSΔfptFΔfptA,
respectively (Figure 9A). 100% of mock-infected mice survived with no associated weight
loss or other clinical signs of disease (Figure 9A, B). Whereas LVS-infected mice
exhibited lethargy and ruffling of fur and lost > 20% of their initial weight (which met
euthanasia criteria) by day 10 post-infection with this dose, the LVSΔfpt mutant-infected
mice only lost an average of ~10% of their initial weight, exhibited little to no clinical
signs, and recovered to mock-infected weight by day 12 post-infection (Figure 9B).
Extended dose studies were performed to determine LD50 values for each strain. Whereas
the LD50 value of LVS is < 60 CFU, the LVSΔfptA, LVSΔfptF and LVSΔfptFΔfptA mutant
strains were highly attenuated with LD50 values of ~1,400 CFU, ~2,010 - 5,167 CFU, and
~1,640 - ~2,460 CFU, respectively (Table 6). These results demonstrate that the fptA and
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fptF mutant strains are attenuated for virulence in this model compared to LVS and
highlight their potential as vaccine candidates.
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Figure 9: Attenuation of fpt mutant strains in the murine model of respiratory tularemia.
Groups of 6 eight- to nine-week-old male and female C57BL/6J mice were inoculated i.n.
with ~350 CFU of either LVS, LVSΔfptA, LVSΔfptF or LVSΔfptFΔfptA, or PBS in a
volume of 50 µL. The survival rates (A) and percentage of initial weight (B) were recorded
for 28 days. The experiment was repeated once. % weights are graphed as means with
SEM. Mice were euthanized once they lost > 20% of initial starting weight.
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Table 6: Attenuation and protective capacity of fpt mutant strains in the murine model of
respiratory tularemia.
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Table 6 (continued).
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Inoculation with LVSΔfptA or LVSΔfptF confers protection against lethal challenge with
parental LVS in the C57BL/6J murine model of respiratory tularemia
Given the high level of attenuation of the LVSΔfptA, LVSΔfptF and
LVSΔfptFΔfptA mutant strains (Table 6), we hypothesized that these mutant strains would
confer protection against lethal challenge with parental LVS. Surviving mice from the LD50
experiments were challenged on day 29 post-infection with a lethal dose of LVS (~500
CFU i.n.) to determine vaccine efficacy. At this challenge dose, there was a 95.8%
mortality rate for the unimmunized control group. Control mice exhibited clinical signs of
disease, including lethargy and ruffling of fur, and lost > 20% of their initial weight,
requiring euthanasia, by day 10 post-challenge. In contrast, all immunized mice, regardless
of the vaccinating strain and the dose, were protected against lethal challenge with LVS
with no clinical signs of disease and little to no loss of weight. A subset of mouse lungs
harvested at 21 days post-challenge was tested for challenge strain clearance. No challenge
organisms were cultured from the lungs which supports sterilizing immunity conferred by
these vaccine strains (Table 6). However, because the LVSΔfptFΔfptA double mutant was,
unexpectedly, not more attenuated than either of the fpt single mutants, this mutant strain
was not included in subsequent analysis. The ability of these mutants to provide 100%
vaccine efficacy indicates that the fptA and fptF genes are good sources of potentially
attenuating targets for further interrogation in the virulent Type A background.
fpt mutants have reduced bacterial organ burdens in the lungs, livers and spleens of
C57BL/6J mice versus mice infected with parental LVS
The mechanisms of attenuation of LVSΔfptA and LVSΔfptF were investigated in
the mouse model by first evaluating their ability to colonize the host lung and disseminate
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to systemic organs, which are characteristics of tularemia that we hypothesized may be
compromised in these mutant strains. Groups of C57BL/6J mice were inoculated i.n. with
~350 CFU of parental LVS, LVSΔfptA or LVSΔfptF, and organ burdens were enumerated
from the lungs (primary site of infection), livers, and spleens on days 1, 3, 6, 14 and 21
post-infection. A dose of ~350 CFU of LVS is 100% lethal but is a well-tolerated dose of
the fpt mutant strains; this target dose was maintained for all remaining experiments. One
day post-infection, the bacterial burdens in the lungs were similar regardless of infecting
strain (Figure 10A) which suggests that FptA and FptF are not essential for initial
colonization. By day 3 post-infection, the bacterial burdens in the lungs increased
significantly (Figure 10A), and bacteria were present in the spleen (Figure 10B) and liver
(Figure 10C) demonstrating that these strains are capable of dissemination to systemic
organs. However, by day 6 post-infection, the organ burdens of both mutant strains were
significantly reduced in the lungs (P < 0.05) and reduced in both the livers and spleens (but
this reduction did not reach significance) compared to LVS (Figure 10A-C). Mice that
were infected with LVS did not survive past day 10 post-infection, and therefore organ
burden data is shown only for the fpt mutant strains from days 14 and 21 post-infection.
Whereas the lung burdens of LVS-infected mice continued to rise through day 6 postinfection, after which time these mice met euthanasia criteria, the lung burdens of fpt
mutant-infected mice reached a peak on day 3 and then steadily declined through 21 days
post-infection when most of the bacteria were no longer detected from this organ (Figure
10A). In the spleens and livers, the fpt mutant burdens peaked on day 6 post-infection and
then declined steadily through 21 days post-infection until reaching low or undetectable
levels (Figure 10B, C). These results indicate that FptA and FptF are required for the full

93

virulence of F. tularensis and influence the outcome of a critical host-pathogen interaction
that occurs between days 3 and 6 post-infection.
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Figure 10: Colonization and dissemination of fpt mutant strains in the murine model of
respiratory tularemia.
Groups of 4 eight-week-old male and female C57BL/6J mice per strain per time point were
inoculated i.n. with ~350 CFU of either LVS, LVSΔfptA or LVSΔfptF in a volume of 50
µL and lungs (A), spleens (B) and livers (C) were harvested for bacterial enumeration on
days 1, 3, 6, 14, and 21 post-infection. Symbols indicate burdens in individual mice. *, P
< 0.05 by a two-tailed t test. A lack of symbols at any of the designated time points of
harvest indicates an absence of bacteria in these organs. The limit of detection was 102
CFU/gram of tissue. Both fpt strains had statistically significant lower bacterial burdens
than LVS in mouse lungs on day 6 (*, P < 0.05).
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One concern over the use of live attenuated vaccinate candidates is the potential for
reversion to virulence. As the LVSΔfptA and LVSΔfptF mutant strains were generated by
making deletions of the fpt genes rather than introducing point mutations to render the
transporters nonfunctional, the concern about reversion to virulence was theoretically
minimal. The only way for this deletion to be repaired is for F. tularensis to acquire the
corresponding genetic information from another organism residing in the same niche.
However, given that the liver and spleen are sterile sites, the likelihood of repair in these
tissues is considered miniscule. The lung microbiome may provide more diversity in
microorganisms and thus, a more diverse gene pool to exchange genetic material with, but
the closest homologs to fptA and fptF are found in the pathogens C. burnetii and L.
pneumophila, respectively [333], which are not typically found in the pulmonary microbial
community that is dominated by the Bacteroidetes phylum [343]. However, to confirm the
genotypes of the fpt mutants, select colonies of LVS, LVSΔfptA and LVSΔfptF from the
organs (lungs, livers and spleens) of infected mice were screened for strain identity
following bacterial organ burden enumeration. Preparations of gDNA were used as
templates in PCR to amplify the fptA and fptF genes and results confirm that target genes
remain deleted in the fpt mutants after in vivo passage of the mutant strains, and confirmed
the identity of the strains used for inoculation (Figure 11).
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Figure 11: Confirmation of strain identities by PCR following in vivo passage in mice.
LVSΔfptA-Infected
Following bacterial organ burden enumeration, gDNA preparations
from select colonies
Organs
(B)
isolated from the organs (spleens, lungs, livers) of LVS-Mouse
(A, C),
LVSΔfptA(B), and
LVSΔfptF-infected (D) mice were used as templates for PCR to confirm the genotypes
following in vivo passage. One colony per organ per mouse was assayed. The following
primers were used to amplify fptA: “FptALVSForward” and “FptALVSReverse,” and fptF:
“FptFLVSForward” and “FptFLVSReverse” which anneal upstream and downstream of
fptA or fptF, respectively, and representative agarose gels above show the corresponding
sizes of the PCR products. PCR products in lanes 2, 3 and 4 of Figure 11A exhibit the
expected band size for full length fptA, 2018 bp, and PCR products in lanes 6, 7 and 8 of
Figure 11B exhibit the expected truncated band size for the LVSΔfptA mutant, 728 bp.
PCR products in lanes 2, 3 and 4 of Figure 11C exhibit the expected band size for full
length fptF, 1935 bp, and PCR products in lanes 6, 7 and 8 of Figure 11D exhibit the
expected truncated band size for the LVSΔfptF mutant, 739 bp. Lanes 5 and 9 of Figures
11A and 11B correspond to the PCR products of no template controls using the fptA primer
set, and Lanes 5 and 9 of Figures 11C and 11D correspond to the PCR products of no
template controls using the fptF primer set. Figures represent select lanes from three
different agarose gels showing the described genotypes.
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Pathology is less severe in the lungs of C57BL/6J mice infected with fpt mutants than in
the lungs of mice infected with parental LVS
The initial host response to respiratory tularemia is characterized by an acute lung
infiltration of macrophages and neutrophils in an attempt to clear infection prior to
dissemination [264, 267, 279, 280]. This is followed by the development of necrotic foci
in the lungs, liver and spleen, which is one of the hallmark features of end-stage tularemia
and indicative of extensive cell death and disseminated disease [251]. Due to the reduced
bacterial organ burdens of the fpt mutants on day 6 post-infection in mouse lungs, livers
and spleens (Figure 10), we hypothesized that the fpt mutants may be attenuated due to a
differential host response that is able to clear the fpt mutants with reduced resultant
pathology. Accordingly, the pathological consequences of infection and the corresponding
changes in the murine lung tissue in response to infection with the fpt mutants compared
to parental LVS were assessed. To measure the extent of pulmonary involvement in the
lungs after i.n. inoculation with LVS, LVSΔfptA, or LVSΔfptF, or mock infection with
PBS, lungs were harvested on day 6 post-infection (the time point at which there were
statistically significant differences in organ burdens in the lung between LVS and the fpt
mutants). Hematoxylin and eosin (H&E) stained lung sections were prepared for analysis.
The histopathologic parameters examined and the scoring criteria are described in Table
4. Representative images are shown for the scored slides which highlight the more
prominent acute inflammatory changes and increased extent of tissue destruction in the
LVS group, and to a lesser extent, the LVSΔfptA group compared to the LVSΔfptF group
(Figure 12). LVS caused significant damage by all measures assessed; histopathology was
characterized by extensive inflammation, diffuse alveolar destruction, and the presence of
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neutrophils, macrophages, and lymphocytes (Table 7). Diffuse alveolar destruction due to
inflammation caused by neutrophilic, macrophagic, and lymphocytic infiltrates is evident
in the LVS-infected lungs (Figure 12A, B). In contrast, infection with LVSΔfptA or
LVSΔfptF was characterized by reduced destruction and pulmonary involvement (Table
7). Mice infected with LVSΔfptA had intermediate histopathologic scores that were lower
than LVS but higher than LVSΔfptF; compared to LVS, there was reduced inflammation
and alveolar destruction and reduced numbers of neutrophils and lymphocytes (Table 7).
Despite lower overall scores than LVS, LVSΔfptA induced microscopic manifestations that
included some parenchymal destruction due to inflammation, interstitial inflammation in
areas of preserved parenchyma, chronic inflammatory infiltrates, and fibrin deposits
(Figure 12C, D). Infection with LVSΔfptF induced the lowest histopathology scores in all
measures assessed, especially in terms of inflammation, alveolar destruction, fibrin
deposition and neutrophilic infiltration (Table 7). Images of lungs infected with LVSΔfptF
show less prominent inflammatory manifestations that were limited to interstitial
lymphocytic inflammation with hyperplasia of type II pneumocytes, and small foci of
inflammation, but unlike the lungs infected with LVS or LVSΔfptA, the lung architecture
has been preserved (Figure 12E, F). Mock infection did not generate any inflammation or
destruction of the lung (Figure 12G, H; Table 7). In summation, mouse lungs infected
with the LVSΔfptF mutant showed the least pathology when compared to the levels of
tissue destruction caused by LVS, followed by LVSΔfptA. These histopathology results are
consistent with their respective levels of attenuation (Table 6) which confirms that
virulence is linked to the inflammatory response.
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Figure 12: Histopathologic changes in the lungs of mice infected with fpt mutant strains.
Groups of 4 eight-week-old male and female C57BL/6J mice were inoculated i.n. with
~350 CFU of either LVS (A, B); LVSΔfptA (C, D); LVSΔfptF (E, F); or PBS (G, H).
Representative photomicrographs of H&E-stained lung sections that were harvested on day
6 post-infection are shown. Rulers in Figures 12A, 12C, 12E, and 12G denote 1 mm, and
in Figures 12B, 12D, 12F, and 12H denote 200 µm. Prominent inflammatory changes were
observed in LVS-infected lungs with diffuse alveolar destruction (Figure 12A, black
asterisk) caused by inflammatory cell infiltrates (Figure 12B) including neutrophils (black
arrows), lymphocytes and macrophages. LVSΔfptA induced similar microscopic
manifestations (Figure 12C) including parenchymal destruction (black asterisk) and
interstitial inflammation in areas of preserved parenchyma (Figure 12C, right). Figure 12D
shows area of chronic inflammatory infiltrate (Figure 12D, right) as well as fibrin
deposition (yellow arrow) after LVSΔfptA infection. Figures 12E and 12F show the less
prominent inflammatory manifestations in LVSΔfptF-infected lungs which were mainly
limited to small foci of inflammation (green asterisks) with preserved overall architecture
(Figure 12E) as well as interstitial inflammation (mainly lymphocytic) with hyperplasia of
type II pneumocytes (Figure 12F, green arrow). Figures 12G and 12H show normal lung
histology in mock-infected mice (negative control).
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(A)

(B)

1 mm
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(C)

(D)

1 mm
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1 mm
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(H)

1 mm
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Table 7: Scoring results of histopathology analysis.
Strain
1a) Global Extent of
Inflammation
1b) Surface Area of Alveolar
Destruction

LVS

LVSΔfptA LVSΔfptF

Mockinfected

1.75

1.5

1.25

0.0

1.5

1.25

0.25

0.0

1c) Interstitial Involvement

0.75

0.75

0.5

0.0

1d) Foci of Inflammation

1.0

0.75

0.5

0.0

2a) Neutrophils

1.0

0.5

0.0

0.0

2b) Macrophages

0.75

0.75

0.5

0.0

2c) Lymphocytes

1.0

0.75

0.75

0.0

3a) Fibrin Deposition

0.75

0.75

0.0

0.0

3b) Hyperplasia of Type II
Pneumocytes

1.0

0.75

0.75

0.0

Cumulative Score

9.5

7.75

4.5

0.0

Mean scores are shown for groups of 4 eight-week-old male and female C57BL/6J mice
inoculated i.n. with ~350 CFU of either LVS, LVSΔfptA, LVSΔfptF, or PBS.
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fpt mutants induce altered proinflammatory cytokine responses in the bronchoalveolar
lavage fluid of C57BL/6J mice compared with parental LVS
The pathology associated with LVS infection is partly due to the ability of LVS to
cause a cytokine storm, which is one of the hallmark features of tularemia [271, 289, 290].
Because of the reduced lung pathology and inflammatory infiltrates associated with
infection with the fpt mutants (Figure 12, Table 7), we hypothesized that the fpt mutants
induce modified cytokine responses in the lungs versus parental LVS. Secreted cytokines
(IFN-γ, TNF-α, IL-1β, IL-10, IL-12p70, KC/GRO, IL-6, IL-5, IL-4, and IL-2) in the
bronchoalveolar lavage fluid (BALF) were quantified on day 6 post-infection following
i.n. inoculation with LVS, LVSΔfptA, or LVSΔfptF, or mock infection with PBS using a
10-plex electrochemiluminescent detection method. Despite some variation between
individual mice, BALF samples from LVS- and fpt mutant-infected mice showed
significantly elevated levels of IFN-γ, TNF-α, IL-1β, IL-12p70, IL-10, IL-2, and KC/GRO
compared to mock infection (Figure 13). Levels of IL-4, IL-5, and IL-6 were not
significantly elevated in any infection group versus mock infection (Figure 14). There
were significant decreases in the levels of secreted IL-1β and IL-10 in the fpt mutantinfected BALF samples versus LVS; both fpt mutant strains induced significantly less IL1β and IL-10 secretion in the lungs on day 6 post-infection versus LVS (Figure 13A, C).
While not statistically significant, the median levels of IL-2 and IL-12p70 were elevated
in the BALF from the fpt mutant-infected mice versus LVS (Figure 13B, D). Furthermore,
the median level of KC/GRO was reduced in the BALF from fpt mutant-infected mice
versus LVS (Figure 13G). The levels of IFN-γ and TNF-α were similar between fpt
mutant-infected and LVS-infected BALF samples (Figure 13E, F). Upon closer analysis
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of cytokine secretion in individual mice, the mice that produced high levels of IFN-γ had
comparably high levels of TNF-α, IL-1β, etc., and the mice that had minimal levels of IFNγ also had low levels of the other cytokines. The differences in proinflammatory cytokines
elicited by the fpt mutants versus LVS further support a role for these Fpts in the virulence
of F. tularensis and the modulation of host immune responses to infection.
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Figure 13: Cytokine secretion in the bronchoalveolar lavage fluid (BALF) of mice infected
with fpt mutant strains.
Groups of 5 eight-week-old male and female C57BL/6J mice were inoculated i.n. with
~350 CFU of either LVS, LVSΔfptA, LVSΔfptF, or PBS. BALF was harvested on day 6
post-infection for measurement of secreted cytokines using MSD. Symbols indicate
cytokine values in individual mice. Bars represent means with SEM from duplicate
measurements from one experiment. *, P < 0.05 by a two-tailed t test. All treatment
samples were statistically significantly upregulated versus the mock-infected control. One
BALF sample from the LVSΔfptF group was excluded from analyses due to inefficient
BALF harvest.
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Figure 14: Cytokine secretion in the bronchoalveolar lavage fluid (BALF) of mice infected
with fpt mutant strains part 2.
Groups of 5 eight-week-old male and female C57BL/6J mice were inoculated i.n. with
~350 CFU of either LVS, LVSΔfptA, LVSΔfptF, or PBS. BALF was harvested on day 6
post-infection for measurement of secreted cytokines using MSD. Symbols indicate
cytokine values in individual mice. Bars represent means with SEM from duplicate
measurements from one experiment. Levels of IL-4, IL-5 and IL-6 were not significantly
elevated in any infection group versus mock infection. One BALF sample from the
LVSΔfptF group was excluded from analyses due to inefficient BALF harvest.

108

fpt mutants induce altered host immune responses in the lungs of C57BL/6J mice compared
to parental LVS
Given the modified cytokine profiles (Figures 13 and 14) and histopathological
evidence (Figure 12, Table 7) of an altered immune response to the fpt mutants, we next
hypothesized that early immune cell infiltration to the lungs of fpt mutant-infected mice
would differ from LVS-infected mice. To interrogate this, immune cell infiltration in the
lungs of mice infected with LVS, LVSΔfptA, or LVSΔfptF was evaluated using flow
cytometry. Mouse lungs were harvested on day 6 post-infection following i.n. inoculation
with LVS, LVSΔfptA, or LVSΔfptF, or mock infection with PBS. Single cell suspensions
were processed for analysis using the gating strategy shown in Figure 2. Analysis revealed
changes in the overall cell numbers and composition in the LVS- and fpt mutant-infected
lungs compared to the mock-infected animals and between inoculation groups. As
expected, there was a significant increase in the number of live CD45.2+ immune cells in
the LVS- and fpt mutant-infected versus mock-infected lungs (Figure 15A). This was
mostly due to increased numbers of non-T and non-B cells in the infected lungs (Figure
15D). There was an increase in the number of T cells (Figure 15B) and B cells (Figure
15C) present in the lungs of LVSΔfptA-infected mice, and to a lesser, non-statistically
significant extent, in the lungs of LVSΔfptF-infected mice, compared to LVS-infected
lungs. Among the T cell subsets, LVS infection caused a decrease in αβ T cells that was
not observed with LVSΔfptA or LVSΔfptF infection (Figure 15E). The numbers of γδ T
cells and NKT-like cells were not different in LVS- versus mock-infected lungs, but were
increased in LVSΔfptA-infected lungs, and the numbers of γδ T cells in the LVSΔfptF-
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infected lungs were intermediate between the numbers in LVSΔfptA- and LVS-infected
lungs (Figure 15F, G).
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Figure 15: The numbers of T cells, B cells and non-T/B cells change during infection of
mice with fpt mutants.
Groups of 5 eight-week-old male and female C57BL/6J mice were inoculated i.n. with
~350 CFU of either LVS, LVSΔfptA, or LVSΔfptF, or PBS. Lungs were harvested on day
6 post-infection and stained for flow cytometric analysis of responding immune cell
populations. Symbols indicate values from individual mice. Bars represent means with
SEM. ****, P < 0.0001; ***, P = 0.001; **, P < 0.001; *, P < 0.05 by a one-way ANOVA
with a Tukey’s post-test. The number of live immune cells (Figure 15A) was calculated by
multiplying the frequency of live CD45.2+ cells by total live cell number from cell
isolation. The numbers of T cells (Figure 15B), B cells (Figure 15C) and non-T/B cells
(Figure 15D) were calculated by multiplying the frequency of the corresponding population
of cells by the number of live immune cells (Figure 15A). The numbers of αβ T cells
(Figure 15E), γδ T cells (Figure 15F), and NKT-like cells (Figure 15G) were calculated by
multiplying the frequency of the corresponding population of cells by the total number of
T cells (Figure 15B).
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Among the non-B and non-T cell populations, the numbers of neutrophils (Figure
16B) and non-B Class II+ cells (Figure 16C) were increased in LVS- and fpt mutantinfected versus mock-infected lungs; however, there were no significant differences in
neutrophil influx between LVS- and fpt mutant-infected lungs, which is in contrast to the
histopathology data (Figure 12, Table 7). These discrepancies may be reflective of the
difficulty in identifying neutrophils by histology. The number of NK cells was increased
in the LVSΔfptA- and LVSΔfptF-infected lungs compared to both mock- and LVS-infected
lungs (Figure 16A). When the non-B Class II+ cell populations were subtyped, LVS failed
to induce DC infiltration in contrast to the LVSΔfptA and LVSΔfptF mutants (Figure 16D).
The numbers of CD11b+ macrophages (Figure 16E) and Class II+ neutrophils (Figure
16F) were increased in the LVS- and fpt mutant-infected lungs versus mock-infected.
Additionally, the numbers of CD11b- macrophages were reduced in LVS-infected versus
fpt mutant-infected lungs (Figure 16G). Finally, when the CD11b- macrophages were
further characterized as alveolar macrophages based on the expression of CD68 and
CD11c, there were significantly fewer alveolar macrophages present in the LVS-infected
lungs versus mock; this decrease did not occur in LVSΔfptA- and LVSΔfptF-infected lungs
(Figure 16H).
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Figure 16: The numbers of subsets of non-T/B cells change during infection of mice with
fpt mutants.
Groups of 5 eight-week-old male and female C57BL/6J mice were inoculated i.n. with
~350 CFU of either LVS, LVSΔfptA, or LVSΔfptF, or PBS. Lungs were harvested on day
6 post-infection and stained for flow cytometric analysis of responding immune cell
populations. Symbols indicate values from individual mice. Bars represent means with
SEM. ****, P < 0.0001; ***, P = 0.001; **, P < 0.001; *, P < 0.05 by a one-way ANOVA
with a Tukey’s post-test. The numbers of NK cells (Figure 16A), Neutrophils (Figure 16B),
and non-B Class II+ cells (Figure 16C) were calculated by multiplying the frequency of
the corresponding population of cells by the total number of non-T/B cells (Figure 15D).
The numbers of DCs (Figure 16D), CD11b+ macrophages (Figure 16E), Class II+
Neutrophils (Figure 16F) and CD11b- macrophages (Figure 16G) were calculated by
multiplying the frequency of the corresponding population of cells by the total number of
non-B Class II+ cells (Figure 16C). The number of alveolar macrophages (Figure 16H)
was calculated by dividing the frequency of alveolar macrophages by the total number of
CD11b- macrophages (Figure 16G).
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Summary of Chapter 3
Herein, we set out to 1) determine the roles of FptA and FptF in the pathogenesis
of F. tularensis (Aim 1) while simultaneously evaluating the potential of fptA and fptF as
targets for live attenuated vaccine candidates, and 2) determine the immunological basis of
attenuation behind deletion of the FptA and FptF transporters in the murine model of
respiratory tularemia (Aim 2). We hypothesized that the fptA and fptF members of the fpt
subfamily are critical for the virulence of F. tularensis, and that deletion of one of both
Fpts may limit their pathogenic potential and result in a vaccine strain that is safe and
protective against lethal challenge. The mechanisms of attenuation underlying deletion of
either fptA or fptF inform the roles of these Fpts in the pathogenesis of F. tularensis.
Ultimately, the more fully we understand the roles of specific virulence factors in the
pathogenesis of this pathogen, the better they can be targeted to engineer a vaccine that
will provide optimal protection against infection by F. tularensis.
Evaluation of the intracellular replication abilities of the LVSΔfptA and LVSΔfptF
showed no growth deficits in J774.1 or HepG2 cell lines [281]. In primary thioglycollateelicited peritoneal macrophages from C57BL/6 mice, both LVSΔfptA and LVSΔfptF
exhibited reduced intracellular replication and delayed cell-to-cell spread in these
macrophages (Figure 3). These data indicate that FptA and FptF are important for WT
levels of intracellular replication in primary macrophages.
An optimized methodology was established for the consistent and efficient delivery
of bacterial doses by the i.n. route in the C57BL/6J model. Using this model, both the
LVSΔfptA and LVSΔfptF mutant strains were highly attenuated for virulence, however the
LVSΔfptFΔfptA double mutant, unexpectedly, did not demonstrate additive attenuation as
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this strain was not more attenuated than either of the single fpt mutants (Figure 9). These
results support the importance of fptA and fptF for pathogenesis and also highlight the
potential of LVSΔfptA and LVSΔfptF as live attenuated vaccine candidates.
When protective efficacy was evaluated, all vaccinated mice, regardless of dose or
strain, were protected against a lethal i.n. challenge with parental LVS with no associated
weight loss or other clinical signs of disease (Table 6). The ability of these mutants to
provide 100% vaccine efficacy against LVS indicates that fptA and fptF are promising
targets for further interrogation in the virulent Type A background.
Further studies evaluated the underlying basis of attenuation behind deletion of the
fpt genes. While both fpt mutant strains colonized mouse lungs and disseminated to the
liver and spleen, replication was impaired compared to the unrestricted growth of LVS as
the fpt mutants failed to reach the same peak organ burdens as LVS (Figure 10).
Furthermore, the fpt mutants induced reduced pathology in the murine lungs compared to
LVS (Figure 12). These data indicate that fptA and fptF are required for the WT levels of
dissemination and pathology that are associated with fulminant tularemia and death.
Examination of the corresponding inflammatory responses in murine lung tissue
revealed that the responses to the fpt mutants are modified compared to LVS; cytokine
analysis of the BALF revealed that the attenuated fpt mutants induced significantly less IL1β and IL-10 than LVS (Figure 13). These differences in proinflammatory cytokines
elicited by the fpt mutants versus LVS support a role for these Fpts in the modulation of
host immune responses to infection.
Closer analysis of the infiltrating immune cell populations in LVS- and fpt mutantinfected mice revealed that the fpt mutants induced differential early immune cell
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infiltration characterized by increases in B cells, T cells, NK cells, DCs, and CD11bmacrophages compared to LVS (Figure 15). Whereas infection with all strains resulted in
significant innate immune responses, differential cell infiltration in response to the fpt
mutants versus LVS reflects the attenuation of these mutant strains and the induction of
immune responses that promote host survival, bacterial clearance, and eventual protection
as opposed to the pathological immune response to LVS that results in death of the infected
animal.
The high LVS organ burdens, the significant pathology induced by LVS, and the
corresponding immune response to LVS ultimately contribute to and result in the death of
the infected mouse. In contrast, mice survive infection with the fpt mutants as a result of
impaired pathogenesis and/or a more effective immune response. These data inform roles
for FptA and FptF in the full virulence of F. tularensis and the modulation of the host
immune response.
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Chapter 4 – Discussion and Conclusion
The 2001 anthrax attacks in the U.S. emphasized the need for the development of
diagnostic, preventative, and therapeutic measures against Select Agents of concern for use
in biowarfare, including F. tularensis. LVS was extensively studied in volunteers where it
demonstrated incomplete protection against aerosol challenge with the virulent Type A
SchuS4 strain. While great effort has been placed on developing alternative vaccines, it is
generally accepted that any new vaccine candidate needs to outperform LVS in terms of
safety, immunogenicity, and protective efficacy against aerosolized Type A F. tularensis
[83, 84, 86, 87, 110-113]. Few LVS-based vaccines have shown protective efficacy against
respiratory tularemia caused by heterologous Type A challenge [116-118]. Even though
there is evidence to suggest that an effective live attenuated tularemia vaccine would likely
need to be engineered in the Type A strain [84], LVS still proves a useful tool to identify
targeted mutations that could be generated in the Type A background. The generation of
live attenuated bacterial vaccines with defined mutations in metabolic genes has proven to
be a successful strategy for vaccine development against Shigella and Salmonella Typhi,
among others [141-146], and has been utilized in the generation of vaccine candidates
against F. tularensis. Several distinct metabolic mutations have been introduced into F.
tularensis to generate live attenuated, auxotrophic mutants with varying degrees of
attenuation and protective efficacies [103, 119, 127, 149, 151, 152, 344-346]. Other
metabolic targets for attenuation include MFS transporters such as Fpts [281, 335]. As F.
tularensis has evolved and adapted to the intracellular replication niche, it underwent
genomic reductions wherein genes that were perhaps more disposable in this niche, such
as genes involved in metabolism and transport were shed more so than genes involved in
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defense and replication [347]. Therefore, it stands to reason that the remaining transport
and metabolic genes that were retained across the evolution of F. tularensis, including Fpts,
are critical for the virulence of F. tularensis, and thus, represent good targets for attenuating
mutations.
Our previous studies demonstrated the importance of the fptB, an isoleucine
transporter [206], fptE, an asparagine transporter [336], and fptG (substrate unknown) gene
products in the LVS background for replication in mouse macrophages and for virulence
in BALB/c mice [281]. Further studies revealed that a single immunizing dose of these
highly attenuated mutant strains conferred protection against lethal challenge with LVS in
BALB/c mice [281]. Two of these promising fpt mutations were introduced into the Type
A SchuS4 strain to generate the SchuS4ΔfptB and SchuS4ΔfptG mutant strains with the
goal of generating a protective Type A-based vaccine candidate against virulent Type A
challenge. SchuS4ΔfptG exhibited very limited attenuation in C57BL/6J mice [334] while
SchuS4ΔfptB was highly attenuated but disappointingly only provided partial protection
against lethal WT SchuS4 challenge [334, 335]. These studies built the foundation for the
work herein where we have investigated two MFS transporters, FptA and FptF, which have
not yet been fully characterized, as attenuating targets for vaccine development.
Previous in vitro studies demonstrated that fptA and fptF were expressed during
growth in J774.1 macrophages, but LVSΔfptA and LVSΔfptF were not deficient for
intracellular replication in J774.1 macrophages [281], a BALB/c murine macrophage cell
line. We found that both LVSΔfptA and LVSΔfptF exhibited reduced intracellular
replication and delayed cell-to-cell spread in primary macrophages from C57BL/6 mice
indicating that these fpt genes are important for growth within primary macrophages. One
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possible explanation for these observed growth deficiencies is that the fpt mutants cannot
acquire their (yet unknown) respective transporter substrates as efficiently as parental LVS
and therefore, their intracellular replication is impaired. It would be interesting to compare
the intramacrophage transcriptomes of LVS and the fpt mutants; we could speculate that in
the absence of FptA or FptF and without the ability to transport the respective Fpt
substrates, the intramacrophage virulence gene profiles would be altered compared to that
of LVS. Specifically, we might expect that genes important for intramacrophage growth,
such as genes that lie within the FPI or that are regulated by genes in the FPI, are
downregulated in the fpt mutants. A measure of FPI-specific bacterial transcripts or the
whole transcriptome would provide this information.
These data also suggest that there are differences in nutrient availability within
primary macrophages versus macrophage cell lines that may be responsible for the
differing intramacrophage growth characteristics. It is known that macrophages can
downregulate nutrient availability upon activation [235]. Thus, a careful and extensive
comparison of the nutrient availabilities and metabolic profiles of macrophage cell lines
versus primary macrophages under infection conditions may reveal which nutrient
substrates overlap in both cell types, and which substrates are present in macrophage cell
lines that are absent in primary macrophages, which could ultimately contribute to the
observed replication deficiency of these fpt mutants in primary macrophages.
Alternatively, activated primary macrophages may sequester nutrients to limit pathogen
replication more efficiently than macrophage cell lines, and thus, a comparison of the levels
of the available nutrients in macrophage cell lines versus primary macrophages under
infection conditions would also be informative. These results may provide potential FptA
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and FptF transporter substrates, which remain unknown, to be explored further.
Alternatively, it is possible that the nutrient substrates available in the macrophage cell
lines may be utilized as precursors in the same metabolic or biosynthetic pathways as the
substrates of the FptA and FptF transporters in such a way that the fptA and fptF mutants
are able to compensate for the lack of these transporters in macrophage cell lines by
utilizing alternative substrates to produce the same end product. A similar phenomenon
was reported in the branched-chain amino acid pathway of F. novicida [206].
Additionally, primary cells may provide a more relevant model than cell lines for
the study of intracellular signaling and pathogenic processes; primary cells retain
characteristics of their tissue of origin, whereas cell lines, which have been transformed,
display genotypic and phenotypic differences compared to their originating tissue [337339]. Thus, the use of cell lines alone to assay growth deficiencies of mutants of
intracellular pathogens, which can be used to screen for mutants that have the potential to
be attenuated in vivo and therefore, have the potential to serve as live attenuated vaccine
candidates, may be limiting the pool of potential candidates to be further evaluated in vivo.
This was indeed the case with the LVSΔfptA and LVSΔfptF mutant strains.
By all criteria tested, both LVSΔfptA and LVSΔfptF were attenuated for virulence
in the C57BL/6J mouse model and the host responses to infection with these mutants were
substantially modified. The reported LD50 of LVS varies depending on route of infection,
mouse strain, and methodology [156, 288, 341]. Using a protocol that incorporates a 50 µL
dose volume and deep anesthesia [342, 348], the LD50 of LVS was determined to be < 60
CFU by the i.n. route in C57BL/6J mice which highlights the extreme virulence of LVS in
the mouse model and validates its use as a surrogate model to study the pathogenesis of
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virulent Type A F. tularensis. The low LD50 of LVS also emphasizes the attenuation levels
of the LVSΔfpt mutant strains; the LD50 values of the LVSΔfptA, LVSΔfptF, and
LVSΔfptFΔfptA mutants in this model were > 20 times that of LVS, being ~1,400 CFU,
~2,010 - 5,167 CFU, and ~1,640 - ~2,460 CFU, respectively. Unexpectedly, the LD50 value
of the LVSΔfptFΔfptA double mutant was not higher than either of the fpt single mutants,
indicating the lack of an additive effect. Others have encountered similar results when
combining two otherwise attenuating single mutations in F. tularensis [123, 128]. It is
possible that there is redundancy in substrates among the FptA and FptF transporters or
they converge on a common biosynthetic pathway.
Notably, other live attenuated mutant strains have exhibited even greater
attenuation levels in similar murine models of respiratory tularemia than either of the
LVSΔfptA and LVSΔfptF mutant strains [120, 153]. However, mutants that are highly
attenuated run the risk of being poorly immunogenic [84], and thus, may not elicit strong
protection against challenge. For example, the LVSΔwbtI mutant was highly attenuated as
100% of BALB/c mice survived i.p. inoculation with 2.8 x 107 CFU, but only 60% of these
mice survived i.p. challenge with a lethal dose of LVS [349]. Furthermore, the
SchuS4ΔaroC mutant exhibited a very high level of attenuation as 100% of C57BL/6J
mice survived i.n. inoculation with 1 x 108 CFU while the highest tolerable dose of the
SchuS4ΔaroD mutant was 1 x 105 CFU; however, the less attenuated SchuS4ΔaroD
mutant conferred greater protection against lethal challenge with WT SchuS4 than the more
attenuated SchuS4ΔaroC mutant [149]. The comparative mid-level attenuation of these
LVSΔfptA and LVSΔfptF mutant strains compared to other LVS-based mutants and the
subsequent high levels of protection against lethal challenge conferred by our fpt mutant
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strains indicate that these mutants may possess the optimal balance between attenuation
and immunogenicity. We found that a single inoculation of either fpt mutant strain,
regardless of the vaccination dose, provided 100% vaccine efficacy against a lethal
challenge of ~500 CFU of LVS, which is > 8 times the LD50. These results support the
further evaluation of fptA and fptF in the Type A SchuS4 strain as targets for the generation
of live attenuated vaccines.
The SchuS4ΔfptB mutant is among the most highly attenuated SchuS4-based
mutant strains [84] and represents the first MFS-based live attenuated vaccine candidate to
confer protection, though partial, against lethal SchuS4 challenge [334, 335]. It was
hypothesized that the incomplete protection may stem from over-attenuation of this mutant
strain [335], which again highlights the well-known importance of balancing attenuation
and immunogenicity [84]. Even though the attenuated phenotypes and vaccine efficacy of
the LVSΔfptG mutant strain [281] were not reflected in the SchuS4ΔfptG mutant strain
[334], the high protective efficacy of the LVSΔfptB mutant strain against lethal LVS
challenge in BALB/c mice [281] combined with the protective efficacy, though limited, of
the SchuS4ΔfptB mutant strain against lethal SchuS4 challenge in C57BL/6J mice [335]
support the further evaluation of Fpts as live attenuated vaccine targets. The differing in
vivo phenotypes of the LVSΔfptG and SchuS4ΔfptG mutant strains may be reflective of
the aforementioned pseudogenes present in the LVS strain, many of which lie within
biosynthetic enzymes [102] and thus, alter the metabolic capabilities of LVS compared to
SchuS4, potentially affecting substrate requirements and accordingly, their respective
transporters. A similar phenomenon may occur upon the translation of other attenuated
LVSΔfpt mutant strains into the SchuS4 strain, such as LVSΔfptA and LVSΔfptF;
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however, we simply do not know which Fpt targets will prove successful until we test them.
While all fpt genes are expressed during intracellular growth in J774.1 macrophages [281],
further studies are needed to understand if, and to what extent each of the fpt genes are
expressed during in vivo pathogenesis. A time-course study to quantify the expression of
fpt RNAs, either by RNA-sequencing or the measurement of fpt-specific RNAs, in a murine
model of respiratory tularemia would reveal which fpt genes are expressed in vivo, when,
and to what extent they are expressed. The resulting data could prove to be useful in
determining which fpt gene products may be the optimal targets for attenuation in SchuS4;
those fpt genes that are highly expressed during in vivo pathogenesis might be better targets
than those fpt genes that are not highly expressed. Furthermore, we hypothesized that the
fpt mutants may be impaired such that they are unable to induce the required virulence gene
profiles for in vivo pathogenesis. Therefore, a similar RNA-sequencing experiment to
reveal any changes in the in vivo transcriptomic profiles of the fpt mutants versus WT may
identify the specific effects of deleting the fpt genes on virulence gene expression, and thus,
indicate a connection between the Fpt substrates and virulence. We performed a similar
pilot experiment in our lab, but additional troubleshooting and optimization experiments
with expert bioinformaticians are needed before advancing this study further.
While the substrates of the FptA and FptF transporters remain unknown, the
identification of said substrates combined with our knowledge of Francisella’s nutrient
auxotrophies and a measure of the level of expression of fptA and fptF may potentially
provide insight into whether the attenuated and protective phenotypes of the LVSΔfpt
mutant strains will translate into the Type A SchuS4 strain. This is supported by the fact
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that the substrate of fptB was demonstrated to be isoleucine in both F. tularensis LVS and
SchuS4 [206, 335], indicating a functional conservation of this transporter.
Infection with F. tularensis via the respiratory route begins with bacterial entry into
and replication within alveolar macrophages, neutrophils, dendritic cells, monocytes and
alveolar type II cells [160, 264-266] for the first 48-hours followed by dissemination to the
liver and spleen [264, 267, 280], which is consistent with our results. The fpt mutant strains
were able to colonize the lungs and disseminate to the livers and spleens, initially
replicating to the same levels as LVS by day 3 post-infection. However, the fpt mutants
failed to reach the same peak organ burdens as LVS by day 6 post-infection at which time
the numbers of mutant bacteria declined. Importantly, the fpt mutants were almost cleared
by day 21 post-infection; clearance is an important consideration for live attenuated
vaccine studies, as a strain that is unable to be cleared would not be a viable vaccine
candidate. These results indicate that FptA and FptF are required for the full virulence of
F. tularensis and dictate the outcome of a critical host-pathogen interaction that occurs
between days 3 and 6 post-infection. We speculate that the respective (yet unknown)
substrates of the FptA and FptF transporters are essential for F. tularensis to reach a critical
threshold of bacterial burden in the host to facilitate full virulence and pathogenesis.
Therefore, the results of the time-course RNA-sequencing experiment outlined above, if
analyzed in conjunction with the associated organ burdens at corresponding time points,
would also provide valuable data about the potential connection between bacterial burden
and virulence profiles.
While F. tularensis is able to infect and replicate within many cell types, including
dendritic cells, hepatocytes, neutrophils, type II alveolar epithelial cells, fibroblasts,
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erythrocytes, and macrophages [37, 122, 155-170], the ability to survive and replicate
within macrophages is considered key to pathogenesis [156, 157]. One hypothesis to
explain the attenuation levels of these fpt mutant strains in vivo is that the mutants, deficient
in their ability to import the respective nutrient substrates, exhibit diminished replicative
abilities in macrophages in vivo. This hypothesis is supported by our results in the in vitro
intramacrophage growth experiments. However, other F. tularensis mutants, including our
fpt mutants, have exhibited growth deficiencies in other cell types [281, 333, 334], which
means that another hypothesis underlying the observed in vivo attenuation of the fptA and
fptF mutants could be that the mutants exhibit diminished replication within other cell types
in addition to macrophages. Therefore, to completely understand the basis of attenuation
due to deletion of these fpt genes in an in vivo setting, identification of GFP-expressing
LVS- versus fpt mutant-infected cell types via flow cytometry and fluorescence
microscopy and analysis of their respective intracellular bacterial loads at various times
post-infection would be useful.
The host initially responds to F. tularensis with an acute lung infiltration of
macrophages and neutrophils, which become infected shortly after exposure [264, 267,
279, 280]. During severe respiratory tularemia, the alveolar spaces become filled with
neutrophils, macrophages, necrotic cellular debris, and bacteria [280], which may
contribute to the resultant severe pneumonia and pathology. However, this acute immune
response is insufficient to control F. tularensis replication in the lungs and prevent
dissemination, and instead, contributes to pathogenesis. Uncontrolled bacterial replication
and neutrophil infiltration contribute to the extensive tissue destruction and the
unrestrained production of proinflammatory cytokines in what is known as the cytokine
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storm, which is associated with significant pathology, extensive organ damage, multiple
organ failure, the development of severe sepsis, and eventual host death [170, 271-273,
279, 283-288]. This response is consistent with our organ burden, histopathology and flow
cytometry data showing increasing organ burdens (or the failure to control replication and
dissemination) and extensive inflammation, diffuse alveolar destruction, and the presence
of neutrophils, macrophages, and lymphocytes in LVS-infected lungs on day 6 postinfection. In contrast, the histopathology analysis of fpt mutant-infected lungs showed
reduced pathology and altered host responses characterized by decreased inflammation,
including less neutrophil infiltration, and decreased alveolar destruction. This evidence
suggests that modified host responses to the fpt mutant strains occurred that 1) controlled
the bacterial burden, 2) induced minimal tissue pathology and damage, which reduced the
severity of disease, and 3) promoted the survival of mice infected with fpt mutants. The
most comprehensive way to compare the host responses to LVS and fpt mutants would be
to perform RNA-sequencing on the host transcriptome to identify specific immune
pathways that are differentially regulated in infected mice. However, because RNAsequencing is very resource-intensive, we instead examined these differing immune
responses in terms of cytokine secretion in the BALF and responding immune cell
populations in the lungs at day 6 post-infection.
The pathology associated with the cytokine storm during LVS infection is one of
the hallmark features of tularemia [271, 289-291]. In good agreement with prior reports
[282], we observed that F. tularensis LVS induced high levels of the potent
proinflammatory cytokines IFN-γ, TNF-α, IL-1β, and KC/GRO in the BALF on day 6 postinfection. Mouse knockout models have demonstrated critical roles for IFN-γ and TNF-α
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in the immune response against F. tularensis [295-302]. It is therefore speculated that
elevated IFN-γ and TNF-α are necessary but not sufficient for survival against F. tularensis
infection. Encouragingly, we found that the fpt mutants induced similarly elevated levels
of IFN-γ and TNF-α in the BALF as LVS, which may contribute to the development of
protective immune responses in fpt mutant-infected mice. KC/GRO is one of the most
effective neutrophil-recruiting chemokines in mice [350] and is a marker of the severe
sepsis associated with tularemia [272] which was correspondingly elevated in the LVSinfected BALF. However, the fpt mutants induced reduced levels of KC/GRO in the BALF
versus LVS (though these differences were not significant), suggesting a reduction of
severe sepsis in the fpt mutant-infected mice and providing an additional measure of their
attenuation. The reduced levels of KC/GRO in the BALF of fpt mutant-infected mice may
also reflect the observed reduction in neutrophil infiltration (as determined by
histopathology) to the lung tissues of these mice versus in LVS-infected mice.
The median levels of IL-2 and IL-12p70 were elevated in the BALF from the fpt
mutant-infected mice over LVS (though not significantly). IL-2 is rapidly produced by
naïve T helper cells upon activation [351] in response to MHC class II-presented antigen
and is required for T cell proliferation and the development of the adaptive response to
infection [352]. Therefore, the elevated levels of IL-2 in the fpt mutant-infected may be
reflective of the increased presence of T cells in the fpt mutant-infected mice versus LVS.
We can speculate that these T cells are activated because of the increased levels of IL-2,
however, further analyses of the activation markers present on these T cells and
intracellular cytokine staining of these T cells are needed in order to confirm them as the
source of IL-2 as many other cell types have also been shown to produce IL-2 [353]. While
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6 days post-infection may be early for an adaptive response, it is possible that these T cells
are activated in response to presentation of their cognate antigens by antigen-presenting
cells (APCs), and these cognate antigens could be F. tularensis-derived or alternatively,
they could be F. tularensis non-specific antigens that are shared among other Gramnegative bacteria that may be colonizing the mice or that the mice had prior exposure to.
Upon T cell activation by cognate antigen, T cells are recruited to the lungs in response to
specific chemokines, unless they are tissue resident memory T cells which are already
present in this compartment. Additional analysis of the antigen specificity of the
responding T cell receptor (TCR) repertoire at day 6 post-infection and further
characterization of the surface marker expression of these T cells would indicate if these
responding T cells are activated by F. tularensis-specific antigens or not. IL-12 is largely
produced by activated monocytes, macrophages, neutrophils, microglia and DCs, but also
to a lesser degree by B cells, in response to bacterial or parasitic infections, and is known
to promote T helper-1 cell differentiation and functionality [354, 355]. Furthermore, IL-12
promotes NK cell function, induces the production of IFN-γ from NK cells and T cells, and
enhances cytotoxic activities [354, 355]. Thus, the increased levels of IL-12 in the BALF
of fpt mutant-infected mice over LVS-infected mice may correspond to the increases in T
cells and NK cells in fpt mutant-infected mice. Importantly, IL-12 was previously shown
to be important for survival and controlling infection with LVS, especially when delivered
i.n, as IL-12Rβ2 or IL-12 (p40 or p35) knockout mice exhibited increased susceptibility to
LVS and contained higher bacterial burdens than WT mice [355-357]. We can therefore
speculate that the increased levels of IL-12 in the BALF from fpt mutant-infected mice
may be responsible, in part, for the decreased fpt mutant organ burdens at day 6 post-
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infection. A comparison of the organ burdens of LVS- and fpt mutant-infected IL-12Rβ2
or IL-12 knockout mice may reveal a role for IL-12 in reducing fpt mutant organ burdens.
IL-1β is a pyrogenic, pleiotropic and pro-inflammatory cytokine that has many
roles during infection [358], but has been most extensively characterized as the secreted
byproduct of inflammasome activation, including AIM2 activation by intracellular
bacteria, and the subsequent inflammatory death of the infected cell, also known as
pyroptosis, that can lead to tissue damage [359, 360]. The role for IL-1β in the defense
against F. tularensis is not yet fully understood; however, IL-1β in the BALF of C57BL/6J
mice i.n. infected with a lethal dose of LVS is higher at day 3 post-infection than at day 6
post-infection [303]. Therefore, one might speculate that early IL-1β secretion is
insufficient to promote bacterial clearance and host survival. Others have shown that
hypersecretion of IL-1β in mice infected with attenuated mutant strains of LVS was
protective and associated with survival [153]. We observed the opposite phenomenon
wherein our fpt mutant strains induced significantly less IL-1β than LVS, a difference that
highlights the incomplete understanding of the role of IL-1β in the response against LVS.
LVS also induced the production of the anti-inflammatory cytokine IL-10 which has been
shown to be produced by activated lung DCs early in the course of respiratory tularemia
[265, 273, 291] and by Tregs [304] which are present in the lungs as soon as 1 day postinfection [273]. It seems counterintuitive that a pathogen capable of evoking a cytokine
storm would also induce anti-inflammatory mediators. However, the timeline of cytokine
secretion is an important factor; it has been speculated that F. tularensis induces IL-10
early during the course of respiratory tularemia to dampen or delay the initial proinflammatory cytokine response [291], which may explain the aforementioned reduction
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in IL-1β secretion between days 3 and 6 post-infection [303], facilitating bacterial growth
and survival that culminates in high organ burdens and host death [273]. In this regard,
LVS induces an anti-inflammatory milieu, defined as the elevated levels of IL-10 in the
BALF of LVS-infected mice, that serves to delay the early pro-inflammatory response to
allow uninhibited bacterial growth. The fpt mutants failed to induce comparably elevated
levels of IL-1β and IL-10 as LVS. As IL-1β is released from immune cells upon pyroptosis,
it is possible that the reduced histopathology in the fpt mutant-infected lungs can be
attributed to decreased pyroptosis and IL-1β secretion compared to LVS. Additionally, the
reduced levels of IL-10 in the fpt mutant-infected lungs may be indicative of the fpt
mutants’ inability to invoke an anti-inflammatory cytokine milieu to permit unrestricted
bacterial growth, as observed during LVS infection. The timing and kinetics of cytokine
secretion are dynamic and complex and differ between LVS- and fpt mutant-infected mice,
and these complexities may be responsible for the observed outcomes. A time-course
analysis of the cytokines in the BALF of LVS- and fpt mutant-infected mice would provide
insight. An additional comparison of other anti-inflammatory mediators, such as
transforming growth factor-β (TGF-β), in the BALF and Tregs in the lungs of LVS- and
fpt mutant-infected mice could provide further support for the ability or inability of LVS
or fpt mutants to invoke an anti-inflammatory milieu, respectively. It is important to note,
however, that some cytokines can act as either anti-inflammatory or pro-inflammatory
depending on the circumstances [361], and therefore, it would be critical to analyze
cytokine secretion in conjunction with cellular immune responses in the context of either
LVS or fpt mutant infection. These differences in pro- and anti-inflammatory cytokines
elicited in response to the fpt mutants versus LVS underscore the balance between
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pathological inflammation (as seen in LVS-infected mice) and protective inflammation (as
seen in fpt mutant-infected mice) and support the contribution of the fptA and fptF genes
in the modulation of the host inflammatory response by LVS.
In addition to reduced lung histopathology and altered cytokine responses in the
BALF of fpt mutant-infected mice, immune cell infiltration in lungs of fpt mutant-infected
mice was modified compared to LVS. LVS infection was characterized by an increase in
non-T and non-B cells, specifically neutrophils and non-B Class II+ cells (including
CD11b+ macrophages and Class II+ neutrophils), with a concomitant decrease in T cells
and alveolar macrophages compared to mock-infected lungs. Others have reported similar
innate immune cell profiles in a murine model of respiratory tularemia [264]. Mature
neutrophils typically do not express Class II, but a novel phenomenon in which
granulocytes (including neutrophils) acquire antigen presenting capabilities that influence
T cell responses has been reported [362-364]. A significant proportion of the neutrophil
population was Class II+ in the LVS- and fpt mutant-infected lungs and may represent the
first evidence of this phenomenon occurring during F. tularensis infection.
Generally, responses to the fpt mutant strains, especially the LVSΔfptA mutant
strain, and to a lesser extent, the LVSΔfptF mutant strain, were characterized by increases
in B cells, T cells, NK cells, DCs, and CD11b- (including alveolar) macrophages versus
LVS. CD11b is an integrin that is expressed on monocytes, macrophages, granulocytes,
and NK cells and is important in facilitating the adhesion and migration of these cells [365].
Furthermore, CD11b is involved in the diverse responses of cells that have upregulated
CD11b, such as phagocytosis, chemotaxis, cell-mediated killing and activation [365]. We
used CD11b to distinguish between infiltrating CD11b+ macrophages and neutrophils, and
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CD11b- alveolar macrophages and DCs, which we suspect may already be residing within
the lung compartment at the time of lung tissue harvest. It is known that alveolar
macrophages reside within the lung alveoli and can rapidly clear very large numbers of
bacteria from the lungs [366, 367]. Therefore, we speculate that the increased presence of
alveolar macrophages in fpt mutant-infected lungs on day 6 post-infection may be
responsible for the reduced fpt mutant lung burdens at day 6 post-infection. DCs, unless
already present in the pulmonary compartment (pulmonary DCs), are rapidly recruited to
the lungs in response to acute inflammation in the mucosa [368]. Thus, the increased
presence of DCs in the fpt-mutant infected lungs may also contribute to the reduction of
fpt mutant organ burdens as DCs have been shown to help limit early pathogen replication
[306].
It has been shown that strong and early protection against sublethal doses of LVS
is dependent on B cells through limiting bacterial growth early after infection, and this
protective mechanism is dependent on IFN-γ [305]. Therefore, it is possible that the
increased presence of B cells in the fpt mutant-infected lungs on day 6 post-infection, which
also contained comparably elevated levels of IFN-γ versus the BALF from LVS-infected
mice, may also contribute to the observed reduction in organ burdens among these mice at
this time point. Using our gating strategy, B cells were defined as CD3- and B220+, and
thus, these B cells are most likely not innate B1 cells because B1 cells are B220-/low [369].
While day 6 may be early for a full adaptive response, others have found IgM in the serum
and BALF of C57BL/6 mice infected i.n. with LVS by day 7 post-infection [303]. We can
therefore speculate that B cell-derived IgM helps to promote the survival of fpt mutantinfected mice, but further characterization of these B cells would provide more
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understanding about their role in protection in fpt mutant-infected mice. The increased
levels of IL-10 in the LVS-infected BALF may underlie the reduced levels of T cells in the
LVS-infected lungs; IL-10 suppresses T cell proliferation. Conversely, the reduced levels
of IL-10 in the fpt mutant infected BALF versus LVS may explain the increased presence
of T cells in the fpt mutant-infected lungs. Further studies are needed to identify the source
of IL-10 in the murine lung during respiratory tularemia and if IL-10 facilitates the
dampening of the T cell response in LVS-infected lungs, but our data suggest that the
increased production of IL-10 correlates to increased lethality as seen in LVS-infected
mice.
There is evidence of NK cell regulation of T cell activity during respiratory
tularemia [307]. Additionally, it is thought that another role for NK cells in respiratory
tularemia is to lyse infected alveolar macrophages [307]. We speculate that the severe lung
pathology and reduced population of alveolar macrophages in the LVS-infected lungs may
be due in part to lysis of these macrophages, perhaps by NK cells, which have probably
become heavily infected with F. tularensis. It has also been shown that γδ T cells can
directly activate NK cells [370], and therefore the increase in NK cells in the fpt mutantinfected lungs versus LVS- and mock-infected lungs may be reflective of the increased
presence of γδ T cells in the fpt mutant-infected lungs. As IL-17 is produced largely by γδ
T cells [371, 372], it would be interesting to see if the BALF of fpt -mutant-infected mice
contain higher levels of IL-17 in combination with the elevated numbers of γδ T cells in
these mice.
Taken together, B cells in fpt mutant-infected mice may be receiving more T cell
help as a result of increased antigen presentation by DCs and higher NK cell activity in
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mutant-infected lungs. Whereas infection with all strains resulted in significant innate
immune responses, differential cell infiltration in response to the fpt mutants versus LVS
reflects the attenuation of these mutant strains and the induction of immune responses that
promote host survival, bacterial clearance, and eventual protection as opposed to the
pathological immune response to LVS that results in death of the infected animal.
Additional studies at later time points are needed to identify the implications of these early
responses on the development of protective immunity against subsequent challenge, and
further analysis of the markers on these subsets of cells, including but not limited to CD44,
which is a marker of antigen experience/memory in T cells, is necessary to better define
these cell types. However, our flow cytometric analysis of the lung tissue of LVS- and fpt
mutant-infected mice represents the most extensive murine immune response
characterization to fpt mutants to date and has significantly widened our understanding of
the basis of attenuation behind deletion of Fpts. A summary of the murine immune
responses, and the proposed consequences of those immune responses, to LVS and the fpt
mutants is shown in Table 8.
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Table 8: Summary of murine lung immune responses to LVS versus LVSΔfpt mutants on
day 6 post-infection and the predicted consequences on pathogenesis or protection,
respectively.
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In summation, this highly sensitive murine model of respiratory tularemia allowed
the dissection of many parameters of the host pulmonary responses to LVS and to the fpt
mutants following i.n. inoculation which has significantly added to our understanding of
the roles of fpt genes in the pathogenesis of F. tularensis. In agreement with the literature,
LVS induced a highly pathogenic immune response that contributes to the lethality of LVS
in mice. The differences between the histopathology, BALF cytokines, and the immune
cell composition between LVS- and fpt mutant-infected lungs allowed us to evaluate the
contribution of FptA and FptF to the pathogenesis of F. tularensis. We speculate that the
respective (yet unknown) substrates of the FptA and FptF transporters are essential for F.
tularensis to reach a critical threshold of bacterial burden in the host to facilitate full
virulence and pathogenesis. Alternatively, the fpt mutants may be impaired such that they
are unable to induce the required virulence gene profiles for pathogenesis and are instead
cleared through a more protective and less pathological immune response by the host. An
analysis of the immune responses in the lungs on day 3 post-infection, the time point when
the lung burdens were comparable between LVS and the fpt mutants, would reveal whether
the differential immune responses to the fpt mutants are related to the level of organ
burdens or alternatively, are related to differential virulence gene regulation within the fpt
mutants; if the immune responses to LVS and the fpt mutants are similar at a time point
where organ burdens are the same, then perhaps the amount of bacterial burden influences
the resulting immune response less so than differential virulence gene regulation does.
Further studies involving the analysis of the in vivo transcriptomic profiles of the fpt
mutants versus LVS are needed to identify the specific effects of deleting the fpt gene
products on virulence gene expression.
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One caveat of this study is that some of the observed phenotypes of the fpt mutant
strains could be due to off-target effects resulting from the genetic manipulation of parental
LVS to generate the fpt mutant strains; complementation studies would confirm that the fpt
mutant phenotypes are the result of Δfpt genotypes and not off-target effects. Whole
genome sequencing of LVS and the fpt mutants would reveal unintended mutations if any
exist. However, previous trans-complementation studies in J774.1 macrophages with the
LVSΔfptB, LVSΔfptE, and LVSΔfptG mutant strains restored mutant intracellular growth
to WT levels [281, 333], and as the LVSΔfptA and LVSΔfptF mutants were constructed
using a similar suicide plasmid system, we expect that complementation studies in
peritoneal macrophages for the mutants studied herein would restore growth to WT levels
similar to the fptB, fptE and fptG mutants. Additionally, LVSΔfptA, and LVSΔfptF mutants
exhibited no growth defects in J774.1 cells [281, 333], and combined with the fact that two
separate fpt mutants exhibit similar phenotypes makes it unlikely that there were off-target
effects.
Ultimately, the differential host responses to the fpt mutant strains versus LVS
support the essential roles for FptA and FptF in the modulation of the host immune
response such that LVS can establish conditions to permit bacterial replication, spread,
pathogenesis and eventual host death. These data support the further interrogation of FptA
and FptF in the virulent Type A SchuS4 strain towards the ultimate goals of developing
live attenuated tularemia vaccines and understanding the contributions of Fpts in the
pathogenesis of F. tularensis.
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