
 

   
SSStttooonnnyyy   BBBrrrooooookkk   UUUnnniiivvveeerrrsssiiitttyyy   

 
 
 

 
 
 
 

   
   
   
   
   

The official electronic file of this thesis or dissertation is maintained by the University 
Libraries on behalf of The Graduate School at Stony Brook University. 

   
   

©©©   AAAllllll    RRRiiiggghhhtttsss   RRReeessseeerrrvvveeeddd   bbbyyy   AAAuuuttthhhooorrr...    



 
 

 

 

The Role of TolC in Francisella tularensis Virulence 

 

 

A Dissertation Presented 

by 

Christopher Richard Doyle  

to 

The Graduate School 

in Partial Fulfillment of the 

Requirements 

for the Degree of 

 

 

Doctor of Philosophy  

in 

Molecular Genetics and Microbiology  

 

 

Stony Brook University 

May 2014 

 

 



ii 
 

Stony Brook University 
 

The Graduate School 
 
 
 

Christopher Richard Doyle 
 

 
We, the dissertation committee for the above candidate for the 

Doctor of Philosophy degree, hereby recommend 
acceptance of this dissertation. 

 
 
 

    David G. Thanassi, Ph.D. (Dissertation Advisor), Professor 
Department of Molecular Genetics and Microbiology 

 
  

Jorge L. Benach, Ph.D. (Chairperson of Defense), Distinguished Professor and Chair 
Department of Molecular Genetics and Microbiology 

 
 

Adrianus W.M. van der Velden, Ph.D. , Assistant Professor 
Department of Molecular Genetics and Microbiology 

 
 

Wei-Xing Zong, Ph.D. , Professor 
Department of Molecular Genetics and Microbiology 

 
 

Anthony T. Maurelli, Ph.D., Professor 
Department of Microbiology and Immunology 

Uniformed Services University of the Health Sciences 
 
 
 

This dissertation is accepted by the Graduate School. 
 

 

Charles Taber 
Dean of the Graduate School 

  



iii 
 

Abstract of the Dissertation 

The role of TolC in the virulence of Francisella tularensis 

By 

Christopher Richard Doyle 

Doctor of Philosophy 

in 

Molecular Genetics and Microbiology 

 

Stony Brook University 

2014 

 

Francisella tularensis is a Gram-negative, facultative intracellular pathogen and the causative 

agent of tularemia.  F. tularensis is a Tier 1 agent of bioterrorism that is highly lethal via the 

pulmonary route of infection.  F. tularensis invades host cells, escapes the phagosome, and 

replicates in the cytosol prior to being released upon host cell death.  The molecular 

mechanisms behind the virulence of F. tularensis are largely unknown.  Among the described 

virulence factors of F. tularensis is a functional type I secretion system (T1SS).  The T1SS is 

important for the secretion of virulence factors from the bacterial cytoplasm to the extracellular 

environment.  The F. tularensis T1SS consists of a periplasm-spanning outer membrane 

protein, TolC, which interacts with inner membrane adapter and transport proteins to form a 

contiguous channel.  TolC has been shown to be important for the virulence of multiple F. 

tularensis subspecies.  Infection of host cells with a F. tularensis live vaccine strain (LVS) ∆tolC 

mutant leads to increased caspase-3 activation and host cell death compared to cells infected 

with the wildtype LVS.  The LVS ∆tolC mutant also elicits increased secretion of 

proinflammatory cytokines from infected cells when compared to cells infected with the wildtype 

LVS. 

 

The work described here investigates the temporal induction of host cell apoptosis during LVS 

infection and the role that TolC plays in modulating this process.  I show that the LVS delays 
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activation of the intrinsic apoptotic pathway to allow for bacterial replication during infection and 

that TolC is necessary for this inhibition.  Chromosomal deletion of tolC in the highly virulent, 

human pathogenic Schu S4 strain showed that TolC is necessary for virulence and inhibiting 

cell death during infection, demonstrating that TolC function is conserved across F. tularensis 

subspecies.  Finally, I investigated the efficacy of the LVS ∆tolC mutant strain as a live vaccine 

against tularemia.  My results suggest that the ∆tolC mutant strain may be a safer, more 

effective tularemia vaccine compared to the parental LVS.  Taken together, my work 

characterizes the role of TolC as a major F. tularensis virulence factor aimed at suppressing 

innate immune responses during infection.   
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CHAPTER 1: Introduction 

 

I. Francisella tularensis 

Discovery and Early Characterization.   Francisella tularensis is a Gram-negative bacterium 

and the causative agent of tularemia.  F. tularensis was initially isolated from rats and squirrels 

displaying plague-like symptoms in Tulare Co., California, in 1911 (1).  Further characterization 

of F. tularensis was performed by Dr. Edward Francis, a United States Public Health Services 

physician.  Dr. Francis’ early work characterized F. tularensis as a facultative intracellular, 

nonmotile coccobacillus, and laid the groundwork for subsequent investigation (1).  In 1919, Dr. 

Francis determined that F. tularensis could be transmitted to humans via infected arthopods, 

and named the disease caused by F. tularensis – also known as rabbit fever, Ohara’s disease, 

and deer fly fever – tularemia (1).  Dr. Francis subsequently established that the plague-like 

disease previously observed in rodents and tularemia observed in humans were both caused by 

F. tularensis, thus linking rodents, arthropods, and humans in the F. tularensis infection cycle 

(1).  In honor of Dr. Francis’ seminal work, the bacterium formerly known as Bacterium tularense 

was named F. tularensis in 1959. 

 

Nomenclature.   Genetic characterization of the Francisella genus has accelerated with 

advances in nucleic acid sequencing technologies, and new species and subspecies are being 

identified on an increasing basis (2-5).  To date, the Francisella genus consists of six species: F. 

tularensis, F. novicida, F. philomiragia, F. noatunensis, F. piscicida, and F. hispaniensis.  Of 

these species, F. tularensis is the most virulent to humans.  Accordingly, F. tularensis is the 

most extensively studied Francisella species.  The F. tularensis species consists of four 

subspecies: tularensis, holarctica, mediasiatica, and japonica.  Of all Francisella species and 

subspecies characterized to date, only two cause significant disease in immunocompetent 

humans.  F. tularensis subsp. tularensis, also known as Type A Francisella, is highly infectious 

and causes severe cases of tularemia in humans that are often fatal.  F. tularensis subsp. 

holarctica, also known as Type B Francisella, is comparably less virulent and causes a mild 

disease in humans that is rarely fatal (6, 7).  The live vaccine strain (LVS) is derived from a 

subsp. holarctica isolate and is discussed in detail below.  Finally, F. novicida can cause 

disease in immunocompromised individuals, but is avirulent to immunocompetent humans.  The 
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majority of the remainder of this dissertation will focus on the F. tularensis subsp. tularensis 

Schu S4 strain and the F. tularensis subsp. holarctica-derived LVS. 

 

Distribution.   F. tularensis is naturally found throughout the world, and small, sporadic 

tularemia outbreaks often occur (8-10).  Type A strains are generally found in North America, 

while Type B strains are more prevalent in Europe and Asia (11).  F. tularensis was not thought 

to exist in the southern hemisphere, but a recent report implicated Type B F. tularensis in a case 

of human tularemia in Australia (12).  Infection with Type A F. tularensis is responsible for the 

majority of tularemia cases in the United States (Figure 1.1).  Until recently, all Type A strains 

were considered to be equally virulent to humans.  However, advances in DNA sequencing and 

molecular diagnostics have led to further classification of Type A strains into the A1 and A2 

subclades, with Type A1 strains exhibiting higher virulence to humans compared to A2 strains 

(13, 14).  F. tularensis has been isolated from various small mammals, including rabbits, hares, 

squirrels, rats, mice and other rodents (15-17).  Additionally, F. tularensis has been found in 

freshwater amoebae, fish, crustaceans, and a variety of insects, including ticks, deer flies, and 

mosquitoes (15-17).  The severity of tularemia in humans, discussed below, is dependent on a 

variety of factors, including the route of transmission, infectious dose, and the specific 

subspecies of F. tularensis responsible for infection.    

 

Tularemia.  F. tularensis is the etiological agent of tularemia in humans.  Tularemia is a febrile, 

plague-like illness that is characterized by several distinct clinical manifestations that primarily 

result from ulceroglandular, oculoglandular, oropharyngeal, and pneumonic forms of disease 

(18).  Ulceroglandular tularemia is the most common disease form and usually occurs following 

inoculation of F. tularensis into the skin via the bite of an infected arthropod or through the 

handling of infected animal carcasses.  Ulceroglandular tularemia is characterized by an initial 

lesion at the site of infection, followed by flu-like symptoms, lymphadenopathy and systemic 

dissemination of F. tularensis in severe cases (18, 19).  Oculoglandular tularemia is another 

relatively common disease manifestation that most commonly occurs following inoculation of F. 

tularensis into the eye following contact with contaminated water or raw meat, and is 

characterized by conjunctivitis and systemic dissemination of F. tularensis (18, 20).  

Oropharyngeal tularemia occurs following ingestion of contaminated water or meat, and is 

characterized by pharyngitis, lymphadenopathy, and diarrhea (18, 21).  Compared to the 
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pneumonic form of disease, ulceroglandular, oculoglandular, and oropharyngeal forms of 

tularemia are relatively benign and rarely result in death.   

 

Pneumonic tularemia is the most severe form of the disease.  Like all forms of tularemia, 

disease severity is dependent on the inoculating dose and Francisella species responsible for 

the infection.  Pneumonic infection with Type A Francisella strains is highly problematic, with 

untreated mortality rate estimates ranging from 20-60% following infection (22).  The disease 

severity of pneumonic tularemia is compounded by the fact that as few as ten organisms can 

cause lethal disease, and that F. tularensis is easily aerosolized, facilitating inhalation of 

bacteria (23).  For these reasons, F. tularensis was a significant component of former biological 

warfare programs in many countries, including the United States, Japan, and the former Soviet 

Union (22).  Fears surrounding its use as a bioweapon continue to shape various aspects of 

science policy.  Today, F. tularensis is designated as a Tier 1 Select Agent and Category A 

bioterrorism agent by the United States Centers for Disease Control and Prevention, one of just 

three bacteria to fall into both of these highly regulated categories (24). 

 

 

II. Tularemia vaccine development.   

Early attempts.  Given the high infectivity of F. tularensis and the high rates of morbidity and 

mortality associated with tularemia, there has long been a recognized need for an effective 

tularemia vaccine.  In the United States, early studies in search of a tularemia vaccine consisted 

of vaccinating volunteers with crude preparations of killed F. tularensis.  These vaccine 

preparations were largely ineffective and led to a variety of adverse side effects (25, 26).  

Subsequent human studies using an acid-extracted and phenol-purified inactivated vaccine 

were inconclusive (27).  Studies of similar vaccines in nonhuman primates revealed that killed 

vaccines did not prevent symptoms and conferred limited protection against highly virulent 

strains (28).  Together, these early vaccine studies suggested that vaccination with killed or 

inactivated bacteria would not suffice, and suggested that effective vaccination against 

tularemia would likely require live, replicating bacteria. 
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The LVS.   In 1956, the United States obtained an attenuated vaccine strain, the LVS, from the 

former Soviet Union.  The LVS was derived from repeated in vitro and in vivo passage of a 

virulent F. tularensis subsp. holarctica strain (29).  Since its isolation, the LVS has been 

extensively studied as a tularemia vaccine.  Initial evaluation of the LVS as a vaccine was 

carried out by the United States Army in the late 1950’s and 1960’s.  These studies consisted of 

vaccinating individuals via scarification prior to aerosol administration of the F. tularensis subsp. 

tularensis Schu S4 strain, which is a prototypical Type A Francisella strain used in many F. 

tularensis studies today.  Scarification with the LVS protected against lethal subcutaneous 

challenge but was ineffective against high-dose aerosol challenge with the Schu S4 strain (25, 

30).  In subsequent studies, aerosol vaccination with the LVS improved vaccine efficacy, but 

increased the likelihood of developing tularemia independent of secondary challenge (31).  

Additionally, the genetic basis for the LVS’s attenuation remains poorly understood.  For these 

reasons, the LVS remains unlicensed as a vaccine in the United States.  Despite this, the LVS 

has been used to vaccinate at-risk individuals in the United States Army’s biomedical research 

labs, and is often used as a benchmark against which to compare new tularemia vaccines.   

 

Subunit vaccines.   Our incomplete understanding of the LVS and the need for a safe, effective 

tularemia vaccine has driven recent attempts at creating novel subunit vaccines composed of 

various F. tularensis components.  Subunit vaccines are an intriguing option in the search for a 

safe, effective vaccine, as they are composed of noninfectious material and are of a defined 

composition.  However, attempts at using crude F. tularensis outer membrane preparations, 

purified lipopolysaccharide (32), or a variety of immunogenic proteins have proven partially 

effective at best (33, 34).  This observation, combined with the inability of previous killed 

vaccines to elicit protective immunity, suggests that an effective tularemia vaccine will likely be 

composed of multiple antigens and be able to elicit sustained cellular and humoral immune 

responses.  In this regard, live, rationally attenuated Francisella vaccine strains may hold the 

most significant promise. 

 

Live attenuated vaccines.   Live attenuated vaccines have been used for successful 

vaccination against the bacterial pathogens responsible for typhoid fever, cholera, and 

tuberculosis (35, 36).  Even for tularemia, the LVS remains one of the most effective vaccines to 

date.  Recently, the search for a successful live vaccine against Francisella has accelerated.  
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The use of attenuated F. novicida mutants as live vaccines has been largely ineffective against 

Type A challenge, despite conferring protection against homologous challenge (37, 38).  Early 

attempts at using LVS-derived mutants as vaccines conferred partial, route-dependent 

protection against Type A challenge, though levels of protection were similar to those conferred 

by the wildtype LVS.  These LVS derivatives included mutants defective for capsule production 

(∆capB), LPS biosynthesis (∆wbtA), and antioxidant activity (∆sodB), among others (39-43).  

On the other end of the Francisella virulence spectrum, several studies have recently examined 

the ability of attenuated Type A F. tularensis deletion mutants to confer protective immunity 

against aerosol challenge with virulent F. tularensis.  These Type A mutant strains include 

strains lacking genes that contribute to capsule production (∆capB), amino acid biosynthesis 

(∆aroD), guanine biosynthesis (∆guaA/∆guaB), and stress tolerance (∆clpB) (44-46).  Studies 

using these strains, though limited in number, suggest that it is possible to use highly attenuated 

Type A mutants as live vaccines, but demonstrate that protection is modest, particularly 

following inhalational challenge.  The fine balance between virulence and attenuation represents 

a major obstacle in the development of live vaccine strains, as many attenuated vaccine 

candidates are actually overattenuated, in that they are unable to persist within the host long 

enough to elicit significant immune responses.  As a result, overattenuated mutant strains offer 

little in terms of adaptive immunity and are minimally effective (47-50).  Together, these studies 

suggest that a safe, effective tularemia vaccine could be created using an F. tularensis 

derivative that is attenuated for virulence, but able to persist, spread, and elicit effective 

adaptive immune responses within the host.   

  

 

III. Francisella pathogenesis and virulence mechanisms. 

F. tularensis is a stealth, facultative intracellular pathogen, and many aspects of its life within the 

host are characterized by immune evasion.  This is evident in human cases of tularemia, as well 

as in non-human primate and mouse models of tularemia, where little proinflammatory 

responses are observed during early stages of infection, despite high bacterial burden.  The 

ability of F. tularensis to interfere with various aspects of host innate immune responses is 

critical to its ability to infect, replicate, disseminate, and cause disease.  F. tularensis possesses 

virulence factors and other characteristics that allow bacteria to evade host responses before, 

during, and after infection of host cells.  The current understanding of F. tularensis pathogenesis 
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and immunomodulatory capacity as it relates to the various stages of host cell infection is 

outlined below and summarized in Figure 1.2. 

 

Extracellular immune evasion.   The extracellular environment encountered by F. tularensis 

prior to infection of host cells is riddled with antibacterial components of the innate immune 

system, including antibodies, complement, and circulating immune sentinel cells.  Normally, 

these innate immune components rapidly and efficiently respond to infection by direct bacterial 

killing and induction of inflammatory responses aimed at clearing the infection.  Given the 

observation that induction of inflammatory responses following F. tularensis infection does not 

occur until 2-4 days post-infection (51-56), it is not surprising that F. tularensis possesses 

mechanisms which enable bacteria to evade extracellular immunity during infection.  Two of the 

more well-characterized bacterial mechanisms of extracellular immune evasion include a tetra-

acylated LPS and the ability of F. tularensis to evade complement-mediated lysis. 

 

LPS is a major structural component of the Gram-negative outer membrane.  LPS consists of a 

surface-exposed O-antigen polysaccharide, which is linked to membrane-embedded lipid A 

molecules via inner and outer core oligosaccharides.  The LPS in most Gram-negative bacteria, 

such as Escherichia coli, contains a hexa-acylated lipid A which is recognized and bound by toll-

like receptor 4 (TLR4) at the surface of host cells  (57).  TLR4 recognition of LPS leads to 

proinflammatory signaling and is a major contributing factor to the excessive inflammation seen 

during cases of sepsis (58, 59).  F. tularensis effectively avoids LPS-TLR4 signaling and 

inflammation due to the presence of a non-reactogenic hypo-acylated lipid A, a bacterial 

modification which appears to be conserved in several Gram-negative pathogens (60-62).   

 

In addition to avoiding extracellular LPS-TLR4 signaling, F. tularensis also effectively disrupts 

the bactericidal effects of the complement cascade.  Complement is a critical component of the 

innate immune system.  During bacterial infection, complement components serve to directly or 

indirectly kill invading bacteria (63).  Direct complement-mediated bacterial killing results from 

the assembly of the pore-forming membrane attack complex (MAC) at the bacterial surface and 

subsequent bacteriolysis (63).  MAC assembly relies on the sequential binding of complement 

components, including C3b, at bacterial surfaces.  In one early F. tularensis study, the presence 
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of an exopolysaccharide capsule was linked to avoidance of MAC-mediated lysis (64-66).  In 

addition to capsule-dependent complement evasion, F. tularensis avoids complement-mediated 

lysis by recruiting a host protease, factor H, to the bacterial surface (64).  At the F. tularensis 

surface, factor H cleaves C3b into iC3b, which not only stops MAC assembly and prevents 

bacteriolysis, but also serves a role in facilitating the silent entry of F. tularensis into host cells 

via complement receptor 3 (CR3; discussed below) (67). 

 

Invasion of host cells.  F. tularensis is a facultative intracellular pathogen that prefers to 

replicate within the cytosol of host cells.  Accordingly, the first step in the establishment of F. 

tularensis infection is entry into host cells.  Due to the macrophage’s well-established role in 

innate immunity, many studies have focused on the ability of F. tularensis to enter, survive 

inside, and replicate within macrophages.  However, F. tularensis can invade and replicate 

within a wide variety of other cell types, including dendritic cells, monocytes, neutrophils, lung 

epithelial cells, hepatocytes, fibroblasts, endothelial cells, and erythrocytes, observations that 

underscore the high degree of F. tularensis flexibility during infection (68-74).  Host receptors 

used by F. tularensis for entry include nucleolin and lung surfactant protein A (SPA), as well as 

CR3, mannose receptor (MR), scavenger receptor (SR), and Fcγ receptors (FcγR) (75-78).  

Receptor utilization depends primarily on the opsonization state of F. tularensis.  Serum-

opsonized bacteria primarily enter cells via CR3, and to a lesser extent, nucleolin, SPA, MR, 

and SRA, while antibody-opsonized bacteria enter primarily via FcγR (79).  To date, the only 

host cell receptor linked to invasion of non-opsonized bacteria is MR (79).  Utilization of host cell 

receptors for entry enhances F. tularensis uptake, and as is the case for CR3-mediated entry, 

reduces the secretion of proinflammatory cytokines, such as tumor necrosis factor alphpa 

(TNFα), interleukin-6, and interleukin-1-beta (IL-1β), which are normally secreted following 

bacterial entry into host cells (67, 79). 

 

Phagosomal modification and escape.  Following invasion into host cells, F. tularensis 

resides in a membrane-bound vacuole, the Francisella-containing phagosome (FCP).  Once 

inside the FCP, F. tularensis actively disrupts various aspects of innate immunity that normally 

function to degrade newly phagocytosed pathogens.  These F. tularensis-induced modifications 

include inhibition of the production and activity of reactive oxygen species and reactive nitrogen 
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species (ROS and RNS, respectively), and inhibition of phagosome-lysosome fusion, both of 

which are critical for the effective bactericidal function of phagosomes (80).   

 

NADPH oxidase is a multiprotein complex that facilitates the conversion of molecular oxygen to 

the ROS, superoxide, and contributes to the formation of RNS at the phagosomal membrane 

(81, 82).  NADPH oxidase-generated ROS/RNS are bactericidal, as they disrupt various aspects 

of normal bacterial function, including protein synthesis and DNA stability (82, 83).  In studies 

using human neutrophils, F. tularensis was found to actively inhibit assembly of the ROS/RNS-

generating NADPH oxidase complex at the FCP membrane through the action of the acid 

phosphatases AcpA/B/C and Hap (84).  As an additional counteractive mechanism, F. tularensis 

encodes three antioxidant enzymes: a catalase (KatG), and two superoxide dismutase enzymes 

(SodB/C), which are all important for oxidative stress resistance (85-87).  Recent work also 

highlighted the important role that amino acid transporters play in the ability of F. tularensis to 

evade ROS and escape from the FCP, as bacteria deficient for the glutamate transporter, 

GadC, were sensitive to ROS, did not escape from the FCP, and were avirulent (88). 

 

A substantial portion of the phagosome’s ROS/RNS-independent bactericidal function is 

dependent on fusion of phagosomes with lysosomes.  Lysosomes are highly acidic organelles 

that contain luminal degradative enzymes and antimicrobial peptides such as cathepsins and 

cathelicidins, respectively (89).  During F. tularensis infection of host cells, phagosome-

lysosome fusion is not observed; FCP’s do not acquire lysosomal markers or contain lysosomal 

hydrolases such as cathepsins (71, 90, 91).  Instead, F. tularensis physically disrupts the FCP 

membrane and escapes into the host cell cytosol.  The ability of F. tularensis to escape from the 

FCP into the cytosol is critical for its virulence, as bacterial replication occurs primarily within the 

cytosol.  Recent work has highlighted several proteins encoded by Francisella pathogenicity 

island (FPI) genes as being important for F. tularensis escape into the cytosol, including 

IglA/B/C/D, MglA, FevR, and MigR (79, 92, 93).  Several other proteins, distinct from those 

encoded by FPI genes, contribute to the ability of F. tularensis to escape from the phagosome.  

These proteins include acid phosphatases (AcpA/B/C and Hap), biosynthetic enzymes (CarA/B, 

PyrB) and proteins of unknown function (FTT1103 and FTT1676) (Figure 1.2) (79, 94, 95).  

However, precise characterization of the specific bacterial factors and mechanisms responsible 
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for inhibiting phagosome-lysosome fusion remains incomplete and is an area of active research 

in the field.     

 

F. tularensis cytosolic replication.  Following escape from the FCP, F. tularensis enters the 

cytosol, a relatively permissive environment compared to the FCP.  Even though F. tularensis 

spends the majority of its intracellular life within the cytosol, many mechanisms by which 

bacteria persist and replicate within host cells are poorly understood.  This is partly due to the 

fact that internalization and phagosomal escape are prerequisites for cytosolic replication.  As a 

result, many genetic approaches aimed at identifying genes required for intracellular replication 

also identify genes required for invasion and phagosomal escape.  However, there have been 

several proteins identified that are specifically required for F. tularensis growth within the 

cytosol.  These include biosynthetic proteins required for DNA synthesis (PurM/C/D), a 

transpeptidase required for cytosolic glutathione utilization (Ggt), and several proteins of 

unknown function (DipA, RipA, and FTT0989) (Figure 1.2) (48, 96-98).   

 

Host cell death responses to F. tularensis.  Following extensive cytosolic replication, F. 

tularensis triggers programmed death of infected cells.  Host cell death responses to F. 

tularensis infection are characterized by caspase-3-mediated apoptosis and caspase-1-

mediated pyroptosis (99).  Pyroptosis is a form of programmed cell death that is initiated in 

response to the detection of cytosolic damage-associated molecular patterns, such as the 

presence of foreign DNA, RNA, and toxins (100).  Pyroptotic responses to F. tularensis are 

initiated following release of DNA from dead or dying bacteria within the host cell cytoplasm and 

host sensing of this DNA via the cytosolic DNA sensor, absent in melanoma 2 (AIM2) (101, 

102).  Recognition of F. tularensis DNA by AIM2 triggers activation of caspase-1, cleavage and 

release of the proinflammatory cytokines IL-1β and interleukin-18 (IL-18), and pyroptotic cell 

death (101).  Apoptotic cell death, on the other hand, is not inherently proinflammatory, in that 

apoptosis is not associated with the cleavage and release of cytokines.  Apoptosis can be 

divided into two main pathways: the extrinsic and intrinsic pathways (Figure 1.3) (103).  

Apoptosis via the extrinsic pathway is initiated following external engagement of death receptors 

by ligands such as TNFα or Fas ligand, and is characterized by activation of caspase-8 (Figure 

1.3) (103).  The intrinsic apoptotic pathway is triggered following intracellular stresses that lead 

to mitochondrial damage, such as nutrient deprivation, DNA damage, or infection, and is 
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characterized by caspase-9 activation (Figure 1.3) (103).  Importantly, the extrinsic and intrinsic 

apoptotic pathways both converge on caspase-3 activation, leading to nuclear condensation, 

DNA fragmentation, cleavage of various cellular proteins, including poly-ADP-ribose polymerase 

(PARP), and cell death.   

 

To date, apoptotic responses to F. tularensis have been understudied compared to pyroptotic 

responses.  The limited number of studies examining apoptosis during F. tularensis infection of 

host cells demonstrate that Francisella can actively delay induction of apoptosis in infected 

macrophages and neutrophils (104-106).  Notably, infection of mice with fully virulent Type A F. 

tularensis results in extensive activation of caspase-3, but minimal activation of caspase-1 

(107).  Additionally, infection of caspase-1/11-deficient mice with Type A F. tularensis leads to 

pathological changes similar to those observed during infection of WT mice (99, 107), and a role 

for caspases -1 and -11 in immunity against Francisella has only been confirmed using 

attenuated or lower virulence strains such as the LVS or F. novicida (101, 102, 108, 109).  In 

contrast, infection of caspase-3-deficient mice with Type A F. tularensis results in lower levels of 

macrophage cell death and increased spread of bacteria within infected livers compared to 

infection of WT mice (99, 107).  Together, these results suggest a central role for apoptosis in 

the pathogenesis of tularemia and highlight the importance of studying apoptotic responses 

during infection (Figure 1.4) (99, 107).   

 

While the ability of F. tularensis to prevent induction of pyroptosis during cytosolic replication 

appears to be due primarily to maintenance of bacterial structural integrity (93, 110), the 

mechanisms by which F. tularensis inhibits apoptotic responses during early stages of cytosolic 

replication are not characterized.  F. tularensis replication within the cytoplasm eventually 

triggers host cell lysis and the release of intracellular bacteria for additional rounds of infection 

(Figure 1.2).  The ability of F. tularensis to invade, survive, and replicate within host cells prior to 

host cell death is critical for its virulence.  Despite significant advances in our understanding of 

the bacterial factors responsible for facilitating certain aspects of these critical processes, many 

questions remain unanswered.  Specifically, the mechanisms by which F. tularensis secretes 

proteins to evade intracellular immune responses, including induction of host cell death, is 

poorly understood.  To address this fundamental gap in knowledge, our lab began investigating 

protein secretion mechanisms of F. tularensis. 
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Francisella secretion systems.  Gram-negative bacteria encode a variety of specialized 

protein secretion systems that facilitate the transport of proteins across the Gram-negative 

double membrane.  These secretion systems transport proteins in two general ways.  Some 

secretion systems, including the type II, V, and chaperone-usher systems, transport proteins in 

a stepwise fashion across the inner membrane (IM), into the periplasm, and across the outer 

membrane (OM) (Figure 1.5).  Other secretion systems, including the type I, III, IV, and VI 

systems, directly transport proteins from the bacterial cytosol into the extracellular environment 

in a single step (Figure 1.5).  Additionally, all Gram-negative bacteria examined to date release 

OM-derived, protein-containing vesicles from their surface (111).  Importantly, secretion 

systems and the effector proteins secreted through these systems are critical for the ability of 

many pathogens to cause disease. 

 

The first F. tularensis genome was sequenced in 2005 (112).  Given our lab’s interest in Gram-

negative protein secretion and the gap in knowledge surrounding F. tularensis protein secretion 

mechanisms, we examined the F. tularensis genome for the presence of protein secretion 

systems.  This analysis revealed that F. tularensis lacks many secretion systems commonly 

used by intracellular pathogens, including the type III and type IV systems, to deliver virulence 

factors into host cells.  At the time, our analysis indicated that F. tularensis encoded a type II-

like secretion system responsible for assembling type IV pili at the bacterial surface (113), and a 

type I secretion system (T1SS; discussed below) (114).  More recently, our lab demonstrated a 

role for OM vesicles in Francisella protein secretion and delivery to host cells (115), and other 

groups identified a type VI secretion system encoded by FPI genes (92).  The finding that F. 

tularensis – a facultative intracellular pathogen – does not encode either the type III or IV 

secretion systems is surprising.  Type III secretion systems are used by many intracellular 

pathogens, such as Yersinia, Salmonella, and Shigella, to deliver effector proteins directly into 

host cells during infection.  Similarly, type IV secretion systems are employed by Legionella, 

Bordetella, and Helicobacter, among others, to facilitate intracellular bacterial growth and 

survival.  Given the lack of type III and IV systems, our lab began examining the contributions of 

TolC, the OM component of the T1SS, to F. tularensis virulence.   
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IV. The type I secretion system. 

Overview.  Type I secretion systems consist of three proteins: a periplasm-spanning OM pore 

protein, an IM ATP-binding cassette (ABC) pore protein, and a IM/periplasmic membrane fusion 

protein (MFP) (Figure 1.6).  The prototypical and most well-studied T1SS facilitates the 

secretion of α-hemolysin (HlyA) from E. coli, and is composed of the OM pore protein, TolC, the 

IM-ABC protein, HlyB, and the MFP, HlyD (116, 117).  In addition to its role in protein secretion 

via the type I pathway, TolC participates in multidrug efflux (Figure 1.6).  Multidrug efflux 

machineries are similar to the T1SS in that they consist of three proteins: an IM transporter, 

MFP, and OM pore protein (118).  In contrast to the T1SS, most multidrug efflux systems export 

various drugs and harmful small molecules in an ATP-independent manner, and instead rely on 

H+ motive force to facilitate efflux (118, 119).  Importantly, the role of TolC in multidrug efflux is 

independent of its role in type I protein secretion and is dependent on specific interactions with 

multidrug efflux-specific MFP’s and IM transporters, such as AcrA and AcrB (120, 121) (Figure 

1.6). 

 

Structure.   Crystal structures for different protein components of the E.coli T1SS and multidrug 

efflux systems, including TolC, have been solved (122).  TolC is a homotrimeric protein 

consisting of 55 kDa monomers.  Together, three TolC monomers form a membrane-spanning 

“channel-tunnel”, with two distinct domains: an OM β-barrel pore domain, and a periplasmic α-

helical tunnel domain (Figure 1.6) (122).  The periplasmic domain of TolC interacts with both the 

MFP and IM-ABC protein during secretion of proteins.  HlyB is the prototypical IM-ABC protein 

involved in the secretion of HlyA via the type I pathway (Figure 1.6).  HlyB is thought to function 

as a dimer, with two transmembrane domains forming a pore through the IM, and two cytosolic 

nucleotide binding domains that are involved in ATP hydrolysis and direct recognition of proteins 

targeted for secretion (123).  Finally, HlyD is a homohexameric protein that is anchored in the 

IM, though the majority of the protein is periplasmic.  HlyD locks the TolC-HlyB complex in place 

during the secretion process, thus completing the assembly of the channel from the cytoplasm 

to the external environment (124). 

 

Secretion mechanism.   During protein secretion via the type I pathway, a contiguous channel 

is formed from the bacterial cytosol to the external environment to allow for protein export.  As it 
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is the most well characterized T1SS, mechanistic aspects of HlyA secretion from E. coli will be 

discussed below.  In its inactive state, the membrane-embedded pore domain of TolC is open to 

the external environment, while the periplasmic α-helical tunnel is closed at the IM side (122).  

Additionally, HlyD and HlyB form a stable complex at the IM in the absence of TolC (125, 126).  

Though the exact mechanisms of protein secretion via the type I pathway are not completely 

understood, recent work has clarified several key steps in the translocation process.  Secretion 

is initiated when the C-terminal secretion signal (discussed below) of a substrate protein, such 

as HlyA, is recognized and bound by cytoplasmic regions of an IM-ABC protein, such as HlyB 

(125) (127).  This binding event causes a conformational change in the HlyB-HlyD complex and 

allows for TolC interaction with the complex (124).  Additional studies examining the interaction 

of TolC with MFP’s, such as AcrA or HlyD, demonstrated that specific TolC-MFP interactions 

are dependent on conserved RXXXLXXXXXX[T/S] (RLT/RLS) amino acid motifs on the MFP 

during secretion or efflux (128).  Interaction of the MFP/IM-ABC complex with TolC leads to the 

formation of an envelope-spanning secretion channel.  Following channel formation, ATP 

hydrolysis by IM-ABC proteins, such as HlyB, drives secretion of unfolded effector proteins 

through TolC into the extracellular environment.  

 

T1SS effectors.  The T1SS is responsible for the export of a wide variety of proteins from many 

phylogenetically distant Gram-negative organisms (Table 1.1).  Identification of effector proteins 

has led to a general consensus with regard to their physical and biochemical makeup.  Most 

T1SS effectors are members of the repeat-in-toxin (RTX) family of proteins, which contain a 

variable number of repeating GGXGXDXUX amino acid motifs (129).  Additionally, most T1SS 

effectors have few cysteine residues and have low pI values of around 4 (130).  Though not 

completely understood, recent work examining C-terminal amino acid sequences of T1SS 

effectors suggests that the last 50-60 amino acids of effectors represent a secretion signal that 

targets the protein to the IM ABC transporter to initiate the secretion process (131-134).  The 

presence of a C-terminal secretion signal is supported by the fact that chimeric proteins 

containing the last 60 amino acids of HlyA are secreted via the T1SS (133).  Despite the general 

consensus for the presence of a C-terminal signal sequence, analysis of primary amino acid 

sequences reveals little insight into the signal, as minimal primary sequence homology is 

observed between the C-termini of known effectors (130).  Together, these observations lead to 

a model where the C-terminal secretion signal forms a distinct secondary structure, which can 

be recognized and bound specifically by the IM ABC to initiate the secretion process (130, 135).  
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To date, no F. tularensis T1SS effectors have been identified.  Identification of these effectors is 

an active area of research in the lab and will be discussed in Chapter 5. 

 

 

V. Contributions of TolC to Francisella virulence.   

TolC is critical for the secretion of proteins via the type I pathway.  Bioinformatic analysis of the 

F. tularensis genome identified two proteins, TolC and FtlC, as homologous to the E. coli TolC 

protein (114).  To begin to investigate the role of type I protein secretion in Francisella, 

virulence, our lab constructed LVS ∆tolC and ∆ftlC deletion mutants (114).  These mutants 

exhibited no growth defects in a variety of media commonly used for F. tularensis cultivation.  

Importantly, whereas both the LVS ∆tolC and ∆ftlC mutants contributed to multidrug efflux, only 

the ∆tolC mutant showed virulence defects.  This previously published work is summarized 

below. 

 

TolC is a critical LVS virulence factor in mice.   Our lab previously demonstrated that TolC is 

critical for the virulence of the LVS in intranasal and intradermal mouse models of infection, as 

mice infected with a LVS ∆tolC mutant exhibited increased survival compared to those infected 

with the wild-type (WT) LVS  (Figure 1.7A) (114, 136).  This work also demonstrated that the 

WT LVS and ∆tolC mutant induce similar pathology in infected organs, and are both able to 

spread systemically from the site of infection (136).  However, the ∆tolC mutant colonized 

organs at lower levels compared to the WT LVS and replicated to lower levels within these 

organs compared to the WT (Figure 1.7B) (136).  Subsequent examination of murine bone 

marrow-derived macrophages (BMDM) infected with the WT LVS or ∆tolC mutant revealed a 

similar replication defect for the ∆tolC mutant (Figure 1.8) (114).  Together, these early studies 

demonstrated that TolC is a virulence factor of the LVS that may be important for facilitating 

efficient intracellular replication during infection. 

 

The LVS ∆tolC mutant is hypercytotoxic to host cells and elicits  increased secretion of 

proinflammatory cytokines from human cells compared  to the WT.  To further investigate 

the molecular basis for the LVS ∆tolC mutant’s virulence attenuation in mice and decreased 
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replication within host cells, as well as to identify potential differences in the immune responses 

of cells infected with the WT LVS or the ∆tolC mutant, our lab conducted a series of cell culture-

based experiments.  Using the release of a cytosolic enzyme, lactate dehydrogenase (LDH), as 

a readout for cell death, our lab determined that the ∆tolC mutant was hypercytotoxic to BMDM 

and human monocyte-derived macrophages (MDM) when compared to cells infected with the 

WT LVS (Figure 1.9) (136).  Subsequent studies indicated that the ∆tolC mutant’s 

hypercytotoxicity was associated with increased activation of caspase-3 and occurred 

independently of caspase-1 (Figure 1.10) (136).  Since completion of the experiment shown in 

Figure 1.10A, it was demonstrated that the caspase-1-/- mice used therein are also deficient in 

caspase-11 expression (137), demonstrating that the ∆tolC mutant’s hypercytotoxicity also 

occurs independently of caspase-11.  Additionally, further investigation using human MDM 

demonstrated that infection with the LVS ∆tolC mutant elicited increased secretion of the 

proinflammatory cytokines monocyte chemotactic protein-1, interleukin-8, and interleukin-1-beta 

(IL-1β), compared to secretion from MDM infected with the WT (Figure 1.11) (136).  Together, 

these results indicated that TolC is a critical LVS virulence factor that functions to dampen host 

cell death and proinflammatory responses during infection. 

 

Based on the established role of TolC in protein secretion from Gram-negative bacteria, the 

absence of many secretion systems in F. tularensis, and the established role for TolC in the 

virulence of the LVS, we hypothesized that TolC facilitates secretion of effector proteins aimed 

at inhibiting host innate immune responses during infection.  Additionally, we hypothesized that 

the differential immune responses triggered during infection with the ∆tolC mutant would lead to 

enhanced adaptive immune responses compared to those seen following infection with the WT 

LVS.  This dissertation details my work on the role of TolC during F. tularensis infection.  The 

following studies consisted of three specific aims:  i. Determining the mechanism of TolC-

mediated inhibition of host cell death during infec tion; ii. Evaluating the LVS ∆tolC 

mutant as a live attenuated tularemia vaccine; and iii. Characterizing the contribution of 

TolC to virulence of the human pathogenic Schu S4 s train.    
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Figure 1.1: Incidence of tularemia in the United St ates: 2003-2012.   Map showing the 
distribution of confirmed cases of tularemia in the United States from 2003-2012.   Tularemia 
has been reported in all states except Hawaii, with foci in the northwest, midwest, and Martha’s 
Vineyard areas.  One dot represents one tularemia case.  Figure is reprinted with permission 
from the US Centers for Disease Control and Prevention.   
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Figure 1.2: Virulence factors and their contributio n to the F. tularensis intracellular 
lifecycle.  Proteins identified to be important for various aspects of the F. tularensis intracellular 
lifecycle are outlined.  Figure adapted and reprinted with permission from (95).  
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Figure 1.3: Overview of apoptosis.  Apoptosis is a form of programmed cell death initiated in 
response to a variety of external or internal stimuli.  The extrinsic apoptotic pathway is activated 
following stimulation of death receptors and is characterized by caspase-8 activation.  The 
intrinsic apoptotic pathway is activated in response to intracellular stress and is characterized by 
activation of caspase-9.  Both pathways converge on activation of caspase-3 and apoptosis.  
Adapted and reprinted with permission from (138).    
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Figure 1.4: Programmed cell death during F. tularensis infection.  Mice were infected 
intranasally with 5.5 x 103 CFU of the attenuated LVS or 38 CFU of the Type A, human 
pathogenic KU49 strain.  Livers were collected 4 days post-infection and analyzed by 
immunofluorescence for the presence of cleaved caspase-1 and -3.  Upper images show DAPI 
staining of nuclei (blue), whereas the lower images show the distribution of cleaved caspase-1 
(green) and cleaved caspase-3 (red).  Image is reprinted with permission from (107). 
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Figure 1.5: Protein secretion from Gram-negative ba cteria.  The cell wall of Gram-negative 
bacteria contains an inner and outer lipid bilayer membrane (IM and OM), which complicates the 
secretion of proteins from the bacterial cytoplasm to the external environment.  To overcome 
this problem, bacteria encode a variety of specialized protein secretion systems, shown above.  
These systems specifically transport proteins from bacteria into the extracellular environment 
either directly (Type I, III, IV, and VI), or following initial transport of proteins into the periplasm 
(Type II, V, and chaperone-usher).  In addition to the more well-characterized secretion 
systems, outer membrane vesicles (OMV) may specifically transport proteins from bacteria.  
The recently characterized Type VI secretion system is not shown.  Adapted and reprinted with 
permission from (139). 
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Figure 1.6: Type I protein secretion and multidrug efflux systems.   TolC is a periplasm-
spanning pore protein embedded in the outer membrane of many Gram-negative bacteria, 
including F. tularensis.  TolC is involved in drug efflux and protein secretion via the type I 
pathway.  In the model shown above, E. coli HlyA is secreted through TolC following interaction 
with the inner membrane ATP binding cassette transporter, HlyB, and subsequent HlyD 
conformational change-dependent channel formation.  The drug efflux system is analogous to 
the type I secretion system, in that it relies on TolC interaction with two inner membrane adapter 
proteins, shown here as AcrA and AcrB, to form a contiguous channel for efflux.  Figure is 
reprinted with permission from (130).   
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Figure 1.7: The LVS ∆tolC mutant is attenuated for virulence in mice and col onizes 
organs to lower levels than the WT.   (A) Mice were infected intranasally with 1 x 105 CFU of 
the WT LVS, ∆tolC mutant, or ∆tolC/tolC+ complemented strain.  Mice were monitored for 
survival for 18 days post-infection.  (B) Mice were infected intranasally with 5 x 103 CFU of the 
WT LVS or ∆tolC mutant.  At the indicated times post-infection, lungs, livers, and spleens were 
harvested and analyzed for bacterial burden.  Burdens are shown in CFU/g tissue.  Figures are 
reprinted with permission from (136). 
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Figure 1.8: The LVS ∆tolC mutant replicates to lower levels within BMDM comp ared to 
the WT.  BMDM were infected with the WT LVS or the ∆tolC mutant an MOI of 50.  Intracellular 
bacteria were quantified 2 or 24 hours post-infection and are expressed in CFU/ml.  Error bars 
indicate standard deviations of triplicate samples.  The ∆tolC mutant consistently showed a 
slight replication defect at 24 hours compared to the WT LVS (P < 0.01; unpaired analysis of 
variance and Tukey–Kramer multiple comparison post-test).  Figure is reprinted with permission 
from (114).  
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Figure 1.9: The LVS ∆tolC mutant is hypercytotoxic to BMDM compared to the W T.  
BMDM were infected with the WT LVS, ∆tolC mutant, or ∆tolC/tolC+ complemented strain at an 
MOI of 50.  Cytotoxicity to BMDM was determined via LDH release 24 hours post-infection.  
Bars represent means ± SEM of three independent experiments.  The ∆tolC mutant caused 
significantly increased LDH release compared to that of the wild-type LVS (P < 0.05).  Figure is 
reprinted with permission from (136).   
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Figure 1.10: Hypercytotoxicity of the LVS ∆tolC mutant to BMDM is independent of 
caspases-1/11 and is associated with increased casp ase-3 activation compared to the 
WT. (A) BMDM from WT or caspase-1/11-/- mice were infected with the WT LVS or ∆tolC 
mutant at an MOI of 50.  Cytotoxicity to BMDM was determined via LDH release 24 hours post-
infection.  A representative experiment is shown.  (B) BMDM were infected with the WT LVS or 
∆tolC mutant at an MOI of 50.  17 hours post-infection, cells were fixed and labeled with an anti-
cleaved caspase-3 antibody, and visualized with a TRITC-conjugated secondary antibody.  
Images show overlays of caspase-3-positive cells (red) and corresponding phase-contrast 
images.  The percentages of caspase-3-positive cells ± SEM were calculated from 10 separate 
fields and represent the averages from three independent experiments.  The ∆tolC mutant 
caused significantly increased staining compared to that of the wild-type LVS (P < 0.05).  Bars = 
50 µm.  Figures are reprinted with permission from (136). 
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Figure 1.11: The LVS ∆tolC mutant elicits increased secretion of proinflammat ory 
cytokines from human MDM compared to the WT.  Human MDM were infected with the WT 
LVS or the ∆tolC mutant at an MOI of 25.  24 hours post-infection, the amounts of CCL2, 
CXCL8, and IL-1B in cell culture supernatants were quantified by ELISA.  Bars represent means 
± SEM from two experiments with three replicate samples each.  The ∆tolC mutant caused the 
significantly increased secretion of the proinflammatory chemokines compared to that of the WT 
(*, P < 0.05).  Figure is reprinted with permission from (136).  
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Table 1.1: Characteristics of known T1SS effector p roteins. 

Function Protein Name Organism Length (aa) Reference 

Hemolysin Apx1A Actinobacillus pleuropneumoniae 1022 (140) 

  HlyA Escherichia coli 1024 (141) 

Bacteriolysin ColV Escherichia coli 103 (142) 

Leukotoxin LktA Mannheimia haemolytica 953 (143) 

  LtxA Aggregatibacter actinomycetemcomitans 1055 (144) 

Enterotoxin StiI Escherichia coli 48 (145) 

Protease AprA Pseudomonas aeruginosa  479 (146) 

  ZapA Proteus mirabilis 491 (147) 

  PrtA Serratia marcescens  472 (148) 

  PrtA/B/C/G Erwinia chrysanthemi 472-481 (149) 

Lipase LipA Serratia marcescens  613 (150) 

  TliA Pseudomonas fluorescens 476 (151) 

RTX/Cytoskeletal disruption RtxA/MARTX Vibrio cholerae 4558 (152) 

RTX/Adhesin TosA Escherichia coli 1610 (153) 

Adhesin SiiE Salmonella enterica 595 (154) 

  LapA Pseudomonas fluorescens 8682 (155) 

S-layer protein RsaA Caulobacter crescentus 1026 (156) 

  CsxA Campylobacter rectus 1123 (157) 

  SlaA Serratia marcescens  259 (158) 

Heme-binding HasA Serratia marcescens  188 (159) 

Adenylate cyclase CyaA  Bordetella pertussis 1737 (160) 

Unknown FrpA Neisseria meningitidis 1115 (161) 

  TRP47 Ehrlichia chaffeensis 285 (162) 

  TRP32 Ehrlichia chaffeensis 198 (162) 

  TRP120 Ehrlichia chaffeensis 548 (162) 

  Ank200 Ehrlichia chaffeensis 1463 (162) 

  RARP-1 Rickettsia typhi 586 (163) 
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CHAPTER 2: Materials and methods.  

Bacteria and growth conditions .  The F. tularensis LVS (ATCC 29684; Dr. Karen Elkins), 

Schu S4 (BEI Research Resources Repository, Manassas, VA), and derivatives of each strain 

were grown on Chocolate II agar plates (BD Biosciences) or in modified Mueller-Hinton broth 

(MHB; Mueller-Hinton broth [BD Biosciences] containing 1% glucose, 0.025% ferric 

pyrophosphate, and 0.05% L-cysteine HCl) (164), unless otherwise noted.  The F. tularensis 

LVS ∆tolC strain was described previously (114).  All F. tularensis Schu S4 mutants and 

complemented strains are described below.  All growth and manipulations of the F. tularensis 

Schu S4 strain were performed under biosafety level 3 (BSL3) conditions. 

 

Genetic manipulation of bacteria.   The Schu S4 ∆tolC, ∆ftlC, and ∆silC deletion mutants were 

made using a two-step allelic exchange protocol developed by LoVullo et al. (165).  Briefly, PCR 

products corresponding to regions of chromosomal DNA directly upstream and downstream of 

tolC (FTT1724), ftlC (FTT1095c), or silC (FTT1258) were amplified, ligated together using GC 

overlap PCR (166), and cloned into the pMP812 suicide vector to make pMP812-∆tolC, 

pMP812-∆ftlC, and pMP812-∆silC.  The PCR primers used to amplify all upstream and 

downstream regions are listed in Table 2.2.  These pMP812-based plasmids were 

electroporated into electrocompetent Schu S4, prepared as previously described (68).  

Transformants were selected on kanamycin (5 µg/ml), grown overnight in the absence of 

antibiotics, and then plated onto solid media containing 8% sucrose.  Sucrose-resistant colonies 

were screened via colony PCR using the primers listed in Table 2.2 for the presence or absence 

of the tolC, ftlC, or silC gene. 

 

For unmarked chromosomal complementation of the ∆tolC and ∆ftlC deletion strains, deleted 

genes were reinserted into the chromosome at the attTn7 site downstream of the conserved 

glmS gene (165).  Briefly, the transposase-encoding shuttle plasmid pMP720 was 

electroporated into each deletion mutant and transformants were selected on hygromycin (200 

µg/ml).  The tolC and ftlC genes were amplified and separately cloned into pMP749 to make 

pMP749-tolC+ and pMP749-ftlC+.  These pMP749-based plasmids were electroporated into the 

corresponding Schu S4 ∆tolC or ∆ftlC deletion mutants containing pMP720, and transformants 

were selected on kanamycin.  For each gene complementation, a single kanR colony was grown 

overnight in the absence of antibiotics and then plated onto kanamycin.  KanR colonies were 

then screened for hygromycin sensitivity via replica plating, indicating loss of pMP720.  These 
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colonies were then screened via colony PCR to confirm insertion of tolC or ftlC into the 

chromosome.  Finally, the aphA-1 kanamycin resistance marker was removed from each strain 

by electroporation of a resolvase-encoding plasmid, pMP672 (hygR).  The complemented strains 

containing pMP672 were plated on hygromycin, grown overnight in the absence of antibiotics to 

cure pMP672, and then plated on kanamycin.  KanS, hygS colonies were screened via colony 

PCR for the presence of the tolC, ftlC, or silC gene.  One kanS, hygS colony was selected for 

each gene and maintained as the Schu S4 ∆tolC/tolC+, ∆ftlC/ftlC+, or ∆silC/silC+ complemented 

strains.  The WT Schu S4, ∆tolC mutant, ∆ftlC mutant, and their complemented strains were 

examined for TolC and FtlC protein expression by immunoblot analysis using anti-TolC and anti-

FtlC antibodies and compared for growth in MHB, brain-heart infusion broth (BHI, pH 6.8; BD 

Biosciences), and Chamberlain’s defined medium (CDM) (167). 

 

Perparation of macrophages.  BMDM were isolated from the femurs of 6-8 week old female 

C3H/HeN mice as previously described (136).  Bone marrow-derived cells were cultured for 6 

days in bone marrow medium (BMM; DMEM with GlutaMax [Gibco] supplemented with 30% 

L929 cell supernatant, 20% fetal bovine serum [FBS; Hyclone], and 1 mM sodium pyruvate).  

For cytotoxicity and intracellular replication experiments, BMDM were seeded in 24-well plates 

at a concentration of 1.5 x105 cells/well in 1 ml BMM.  For immunoblotting experiments, BMDM 

were seeded in 6-well plates at a concentration of 1 x 106 cells/well in 3 ml BMM.  BMDM were 

allowed to adhere to plates overnight, and then were washed with PBS prior to infection with the 

indicated F. tularensis strains resuspended in bone marrow infection medium (BMIM; DMEM 

with GlutaMax (Gibco) supplemented with 15% L929 cell supernatant, 10% FBS, and 1 mM 

sodium pyruvate).   

 

BMDM infections.  For LVS single strain cytotoxicity, intracellular replication, and 

immunoblotting experiments, BMDM were seeded as described above and infected at a 

multiplicity of infection (MOI) of 50.  Plates were centrifuged for 5 min at 500 x g to facilitate 

bacterial contact with host cells.  For co-infection cytotoxicity experiments, BMDM were seeded 

and infected as above with the WT or ∆tolC LVS alone at MOI of 50, or with a mixture of the 

∆tolC mutant (MOI = 50) and WT LVS (MOI = 10, 20, 40 or 50).  For additional co-infection 

experiments, BMDM were pre-infected with the ∆tolC mutant (MOI = 50), and then co-infected 

with the WT LVS (MOI = 50) 0, 3, or 6 hours following infection with the ∆tolC mutant.  For Schu 

S4 intracellular replication and cytotoxicity assays, BMDM were seeded as described above and 

infected with WT Schu S4 or the ∆tolC, ∆ftlC, or ∆silC mutants or complemented strains at an 
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MOI of 500.  Plates were not centrifuged following the addition of Schu S4 bacteria, 

necessitating the high MOI.  Unless otherwise indicated, BMDM were incubated with the 

bacteria for 2 hours, washed with PBS, and incubated for an additional 1 hour with gentamicin 

(10 µg/ml) to kill extracellular bacteria.  After gentamicin treatment, cells were washed with PBS 

and then incubated with fresh BMIM (lacking gentamicin) until the desired time points.  For 

macrophage activation experiments, 50 ng/ml of purified LPS was added to the BMDM 18 hours 

prior to infection with bacteria. 

 

Cytotoxicity assays.  BMDM were cultured and infected as described above.  For some 

experiments, 125 nM staurosporine (STS) in BMIM was added to cells after the 1 hour 

gentamicin treatment.  For some experiments, bacteria were grown in BHI instead of MHB.  At 

the desired times post-infection, supernatants from infected BMDM were collected and analyzed 

for the presence of LDH using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) 

according to the manufacturer’s protocol.  Background LDH release was quantified by 

examining supernatants from uninfected BMDM, and maximum LDH release was quantified 

from cells that were lysed via a single -80°C/54°C freeze-thaw cycle.  Percent LDH release was 

calculated by subtracting background LDH release from all experimental sample values, dividing 

by the maximum LDH release minus background LDH release, and multiplying by 100. 

 

Intracellular replication assays.  BMDM were cultured and infected as described above.  For 

some experiments, following the 2 hours infection and 1 hour gentamicin treatment, the fresh 

BMIM added contained 10 µg/ml gentamicin.  At the desired times post-infection, cells were 

washed with PBS and lysed in DMEM + 0.1% deoxycholate for 10 min at room temperature 

(168).  Lysates were diluted, plated, and incubated for 3 days prior to enumeration of colony-

forming units (CFU). 

 

Immunoblotting.  For immunoblot analysis of apoptosis during infection, BMDM were cultured 

and infected as described above.  For positive apoptosis controls, cells were treated with 10 

ng/ml of recombinant TNFα (Invitrogen) for 12 h.  At the desired times post-infection, cells were 

scraped and supernatant/cell mixtures were collected.  Cells were pelleted, washed once with 

PBS, and then lysed in RIPA buffer.  Twenty µg of each protein sample was separated via 12% 

SDS-PAGE.  After separation, proteins were transferred to nitrocellulose membranes at 110 

volts for 90 min.  Membranes were blocked with 5% milk in TBST (TBS with 0.5% Tween-20) at 

room temperature for 2 h.  Membranes were then incubated with primary polyclonal antibodies 
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recognizing PARP (Cell Signaling #9542; 1:1000 dilution), tubulin (Sigma T4026; 1:10,000 

dilution), caspase-8 (R&D Systems AF1650; 1:1,000 dilution), cleaved caspase-3 (Cell 

Signaling #9661; 1:1000 dilution), or caspase-9 (Cell Signaling #9504; 1:1,000 dilution) 

overnight at 4°C.  Membranes were washed with TBST four times and incubated with a 

horseradish peroxidase-conjugated mouse anti-rabbit IgG secondary antibody (Cell Signaling 

#7074, 1:1000 dilution) for 1 hour at room temperature.  Membranes were washed and bands 

were visualized by enhanced chemiluminescence (Pierce).   

 

For immunoblot analysis of antioxidant enzyme secretion, the WT LVS or ∆tolC mutant were 

grown overnight in MHB, diluted to an OD600 of 0.05, and grown for 0, 4, 12, or 24 hours.  At 

each timepoint, 1 ml of culture was collected.  Bacteria were removed from samples via 

centrifugation, and supernatants were filtered through a 0.22 µm syringe filter.  Sterility was 

confirmed by plating for CFU following filtration.  All supernatants were concentrated to a 

volume of ~100 µl using a speedvac concentrator (Savant).  Supernatants and bacterial pellets 

were separated via SDS-PAGE, transferred to PVDF membranes and blocked as described 

above.  Membranes were subsequently incubated with monoclonal antibodies to KatG and 

SodB (169) at room temperature for 1 hour.  Membranes were then washed as described above 

and incubated with a horseradish peroxidase-conjugated rabbit anti-mouse IgG 

secondary antibody (Cell Signaling #7076, 1:1000 dilution) for 1 hour at room temperature.  

Membranes were washed and bands were visualized by enhanced chemiluminescence 

(Pierce).   

 

 

Disc diffusion assays.   For LVS disc diffusion assays, lawns of the WT or ∆tolC mutant were 

plated from frozen stocks.  Prior to incubation of the plates, solutions of the following drugs were 

diluted in sterile water: polymyxin B (stock concentration = 9.1 M), peroxynitrite (stock 

concentration = 85 mM), H2O2 (stock concentration = 8.8 M), and tBh (stock concentration = 7.8 

M).  To examine sensitivity to the drugs listed above, a 15 µl aliquot of each desired dilution was 

added to 6 mm paper discs (BD Biosciences), and saturated discs were placed onto the 

bacterial lawns.  For Schu S4 disc diffusion assays, lawns of the WT, ∆tolC, ∆ftlC, ∆silC, 

∆tolC/tolC+, or ∆ftlC/ftlC+ strains were plated from frozen stocks.  Prior to incubation of Schu S4 

plates, 15 µl of the following drugs were added to paper discs and placed onto bacterial lawns: 

SDS (stock concentration = 44 mM), streptomycin (stock concentration = 290 µM), 

chloramphenicol (stock concentration = 260 µM), erythromycin (stock concentration = 460 µM), 
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ampicillin (stock concentration = 480 µM), CCCP (stock concentration = 3.25 mM), nalidixic acid 

(stock concentration = 1.45 mM), or silver nitrate (stock concentration = 196 mM).  Following 

incubation for 72 hours, zones of growth inhibition were measured and recorded as diameters 

(mm), including the 6 mm disc.   

 

Serum sensitivity of bacteria.   To obtain mouse serum, whole blood was collected from mice 

via cardiac puncture and then centrifuged in Serum Gel Z/1.1 microfuge tubes (Sarstedt) for 10 

minutes at 2,500 x g, 4°C to remove red blood cells .  To obtain human serum, whole blood was 

collected from non-immune donors and then centrifuged as above to remove red blood cells.  

Approximately 1 x 106 CFU of the WT or ∆tolC LVS were incubated at 37° C for 1 hour in the 

presence of normal or heat-inactivated (54ºC for 45 min) serum.  E. coli strain DH5α was used 

as a complement-sensitive control strain.  Viable bacterial numbers were determined before and 

after serum incubation by dilution and plating for CFU. 

 

Transmission electron microscopy.  Overnight cultures of the WT and ∆tolC LVS grown in 

MHB were diluted to an OD600 of 0.05 and then grown to an OD600 of 0.2–0.3 or ~1.0.  Bacteria 

were pelleted, washed with PBS, and adsorbed onto polyvinyl formal-carbon-coated grids 

(Electron Microscopy Sciences) for 2 min.  Bacteria were then fixed with 1% glutaraldehyde for 

1 min, washed twice in PBS and twice in water, and then negatively stained with 0.5% 

phosphotungstic acid (Ted Pella) for 30 seconds.  All samples were viewed with an FEI 

Tecnai12 BioTwinG2 electron microscope at an 80 kV accelerating voltage, and images were 

obtained using an AMT XR-60 charge-coupled device digital camera system. 

 

Outer membrane protein profiles.   Outer membrane protein fractions were isolated as 

previously described (114).  50 ml cultures of the WT or ∆tolC LVS were grown to an OD600 of 

0.2–0.4 in MHB.  Bacteria were pelleted via centrifugation and resuspended in 100 µl of 20 mM 

Tris HCl (pH 8) containing Complete Protease Inhibitor mixture (Roche), and lysed by 

sonication.  Lysates were centrifuged for 10 min at 7,500 g to pellet unbroken cells, and 

sarkosyl was added to supernatants to a final concentration of 0.5% to solubilize inner 

membranes.  After incubation for 5 min, supernatants were centrifuged at 100,000 x g for 1 

hour.  Outer membrane pellets were then mixed with SDS sample buffer, boiled, and separated 

via SDS-PAGE before Coomassie blue staining. 
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Sytox green labeling.   Overnight cultures of the WT or ∆tolC LVS grown in MHB were diluted 

to an OD600 of 0.05 and then grown to an OD600 of 0.2–0.4 or ~1.0.  Bacteria were pelleted, 

washed twice with PBS, and resuspended in 50 µl PBS.  As a positive control for loss of 

membrane integrity, ethanol was added to a final concentration of 50%.  Sytox green 

(Invitrogen) was added to a final concentration of 10%, bacteria were incubated for 30 min at 

37°C, and then aliquots were mounted on glass slide s.  Phase-contrast and epifluorescence 

images were captured using a Spot camera (Diagnostic Instruments). 

 

Infection of mice.  For all LVS infections and vaccinations, bacterial inoculums were prepared 

by growing lawns of the strains for 60 hours on solid media.  Bacteria were scraped from the 

plates, washed with PBS, and resuspended in MHB supplemented with 10% sucrose 

(MHB/sucrose).  Inoculums were diluted in MHB/sucrose and frozen at -80°C until use.  

Intranasal infections of mice were performed by administering a 10 µl inoculum into each naris 

(20 µl total).  Female C3H/HeN mice (6-8 weeks old; Charles River Labs) were used for all 

infections.  Actual infectious doses were determined by retrospective CFU counts.   

 

For all Schu S4 mouse infections, inoculums were prepared by growing bacteria for 72 hours on 

plates, inoculating overnight cultures, and then diluting the cultures to the desired 

concentrations.  Intranasal infections were performed by administering a 10 µl inoculum into 

each naris (20 µl total).  Intradermal infections were performed by injecting a 50 µl inoculum into 

the pinnae.  Female C3H/HeN mice (6-8 weeks old; Charles River Labs) were used for all 

infections.  Actual infectious doses were determined by retrospective CFU counts.  All mouse 

infections with the F. tularensis Schu S4 strain were performed at the Rutgers Regional 

Biocontainment Laboratory under animal-BSL3 conditions.   

 

Immunohistochemistry .  Groups of 6 mice were inoculated with PBS or infected as described 

above with 5 x 103 CFU of the WT or ∆tolC LVS.  At days 2, 3, and 4 post-infection, 2 mice from 

each group were sacrificed via CO2 asphyxiation, and spleens were harvested and bisected.  

One half of each spleen was fixed in 10% formalin and embedded in paraffin wax, while 

remaining halves were examined for bacterial CFU as described below.  Embedded spleens 

were cut into 5 µm thick sections and stained for the presence of cleaved caspase-3.  

Endogenous peroxidase activity was quenched by incubation in 0.5% H2O2 in methanol, and 

epitope retrieval was performed by heating in a decloaking chamber (Biocare Medical) for 1 

hour at 60°C in 10 mM sodium citrate buffer (pH 6.0 ).  Slides were incubated for 1 hour at room 
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temperature with a primary mouse monoclonal antibody to cleaved caspase-3 (Cell Signaling 

#9661) at a dilution of 1:1500.  After incubation with the primary antibody, slides were 

processed by an indirect avidin-biotin-based immunoperoxidase procedure using a biotinylated 

horse anti-mouse antibody (Vectastain Elite ABC kit; Vector Laboratories).  Slides were 

incubated overnight at 4°C in TBS with 0.25% Triton  X-100, developed with 3, 3′-

diaminobenzidine (DakoCytomation), and counterstained with hematoxylin.  To quantitate 

apoptotic splenocytes, two separate sections per spleen per time point were stained, and ten 

fields per section were examined for cells positive for cleaved caspase-3.  Caspase-3-positive 

splenocytes in each field were classified as early apoptotic (cytoplasmic localization of cleaved 

caspase-3) or late apoptotic (cleaved caspase-3 localized to condensed, fragmented nuclei).  

Two independent experiments were performed for a total of 4 mice per infecting strain on day 2 

post-infection, and three independent experiments were performed for a total of 6 mice per 

infecting strain on days 3 and 4 post-infection. 

 

Vaccinations .  For survival experiments, groups of 3 mice were inoculated with PBS or infected 

intranasally as described above with 1 x 103 CFU WT or ∆tolC LVS.  Six weeks post-

vaccination, all mice were intranasally challenged with 1 x 108 CFU of the WT LVS and 

monitored for survival for three weeks.  For organ burden analysis, groups of 3–4 mice were 

vaccinated and challenged as above.  The mice were sacrificed on days 3, 5, and 9 post-

challenge and lungs, livers, and spleens were harvested.  Bacterial organ burdens were 

determined as described below.  Three independent experiments were performed for a total of 

10 mice per vaccinating strain per time point.  Mice that did not survive challenge infections 

were excluded from organ burden analysis. 

 

Organ burden analysis.  Organs from mice infected as described above were weighed in 1 ml 

PBS.  Organs were manually homogenized in Whirl-Pak bags (Nasco), and undiluted and serial 

dilutions of the homogenates were plated to determine CFU.  Bacterial burdens were calculated 

as CFU per gram of tissue. 

 

Conditioned media BMDM experiments.  To generate WT LVS- or ∆tolC-conditioned media 

for cell culture experiments, bacteria were grown, in the absence of host cells, in BMM at 37° C  

for 24 hours with shaking at 100 rpm.  Bacteria were removed via centrifugation, supernatants 

were filtered through a 0.22 µm filter, and sterility was confirmed by CFU plating.  For all 

experiments, BMDM were seeded overnight in normal BMM or conditioned BMM prepared as 
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described above.  The following day (16-18 hours later), BMDM were washed and left 

uninfected or infected with the WT LVS or ∆tolC mutant at an MOI of 50.  For some 

experiments, cytotoxicity was examined 21 hours post-infection via LDH release.  In parallel 

experiments, IL-1β release was examined via ELISA (R&D Systems) following 6 hours of 

treatment with 50 ng/ml E. coli LPS.     

 

Flow cytometric analysis of leukocyte recruitment.  Groups of four C3H/HeN mice were left 

uninfected or infected intranasally with 5 x 103 CFU of the WT LVS or ∆tolC mutant.  Two or four 

days post-infection, mice were sacrificed and spleens were harvested.  Single cell suspensions 

of spleens were prepared by manual passage of spleens through 70 µm mesh screens (BD 

Falcon).  Cells were incubated for 3 minutes in ACK lysis buffer (Gibco), washed two times with 

PBS, and resuspended in FACS buffer (BioLegend).  1 x 106 cells were transferred to single 

wells of a 96-well plate, blocked with an anti-CD16/CD32 antibody (BioLegend #101301) for 15 

minutes on ice, and labeled with the following fluorophore-conjugated cell surface marker 

antibodies: CD11b-BV510, F4/80-PE, CD11c-PE-Cy7, and Ly6G-AF700 (BioLegend #101245, 

#123109, #117317, and #127621, respectively) for 10 minutes on ice followed by 10 minutes at 

room temperature.  Labeled cells were washed, transferred to 5 ml tubes, and examined via 

flow cytometry.  Cells were gated on live populations and analyzed using FloJo software. 
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Table 2.1: Relevant strains and plasmids used in th ese studies. 

Strain/Plasmid Characteristics Source 

F. tularensis LVS WT LVS ATCC 

F. tularensis LVS ∆tolC Deletion of the tolC ORF (FTL1865) in the LVS  (114) 

F. tularensis Schu S4 WT Schu S4 BEI 

F. tularensis Schu S4 ∆tolC Deletion of the tolC ORF (FTT1724) in Schu S4 This study 

F. tularensis Schu S4 ∆ftlC Deletion of the ftlC ORF (FTT1095) in Schu S4 This study 

F. tularensis Schu S4 ∆silC Deletion of the silC ORF (FTT1258) in Schu S4 This study 

F. tularensis Schu S4 ∆tolC/tolC+ Chromosomal complementation of tolC at the attTn7 site of the ∆tolC mutant  This study 

F. tularensis Schu S4 ∆ftlC/ftlC+ Chromosomal complementation of ftlC at the attTn7 site of the ∆ftlC mutant This study 

pMP672 HygR; resolvase (164) 

pMP720 HygR; transposase (164) 

pMP749 AmpR/KanR; attTn7 integration sites (164) 

pMP812 KanR; sacB-based suicide vector (164) 
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Table 2.2: Relevant primers used in these studies. 

Primer Name Sequence (5'-3') Description 

tolC USR-F TTAGCCGTAGCAAGGCGTC 
Forward primer for amplification of DNA upstream 
of tolC ORF for allelic exchange 

tolC USR-GC-R* GGGGGCCCCCGGGGGGCTAAAGCTAGACAAAACCC 
Reverse primer with GC overlap for amplification 
of DNA upstream of tolC ORF for allelic exchange 

tolC DSR-GC-F CCCCCGGGGGCCCCCCGGAGTAATTAGTTTGATGCC 
Forward primer with GC overlap for amplification 
of DNA downstream of tolC ORF for allelic 
exchange 

tolC DSR-R GCACCACTCAAGCCTTTAGC Reverse primer for amplification of DNA 
downstream of tolC ORF for allelic exchange 

ftlC USR-F TGTGGTGGTACTCATGTTGCCT Forward primer for amplification of DNA upstream 
of ftlC ORF for allelic exchange 

ftlC USR-GC-R GGGGGCCCCCGGGGGCGCACTACTTTCAAGCCACC 
Reverse primer with GC overlap for amplification 
of DNA upstream of ftlC ORF for allelic exchange 

ftlC DSR-GC-F CCCCCGGGGGCCCCCGACGTGGAGCTATAAAGATG 
Forward primer with GC overlap for amplification 
of DNA downstream of ftlC ORF for allelic 
exchange 

ftlC DSR-R TAGCAATATCAGCTGGCCCC 
Reverse primer for amplification of DNA 
downstream of ftlC ORF for allelic exchange 

silC USR-F GGTGCAGCCAAACTAAGCTA Forward primer for amplification of DNA upstream 
of silC ORF for allelic exchange 

silC USR-GC-R GGGGGCCCCCGGGGGCGTATCATTGTTGTGACCTA Reverse primer with GC overlap for amplification 
of DNA upstream of silC ORF for allelic exchange 

silC DSR-GC-F CCCCCGGGGGCCCCCTCCTCATTATGATAACCCAGCT 
Forward primer with GC overlap for amplification 
of DNA downstream of silC ORF for allelic 
exchange 

silC DSR-R GCAGCCCCATCACCGAATTT 
Reverse primer for amplification of DNA 
downstream of silC ORF for allelic exchange 

tolC-F AAGTAAAGAGTGCTATGAAG tolC ORF forward primer for complementation 

tolC-R TTACTCCGTTGCAATCTGCG tolC ORF reverse primer for complementation 

ftlC-F GGTGGCTTGAAAGTAGTGCG ftlC ORF forward primer for complementation 

ftlC-R ACATCTTTATAGCTCCACG ftlC ORF reverse primer for complementation 

 * GGGGGCCCCCGGGGG overlap ligation sequences are underlined  
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CHAPTER 3: TolC-dependent modulation of host cell death by the  Francisella tularensis 

Live Vaccine Strain. 

 

I. Introduction.   

 

F. tularensis is a facultative intracellular pathogen that is able to invade and replicate within a 

variety of host cells, including macrophages, dendritic cells, neutrophils, hepatocytes, and 

pneumocytes (68-73).  Following uptake by macrophages, F. tularensis prevents maturation of 

the phagosome, and within ~1-4 hours escapes into the host cell cytosol where bacterial 

replication occurs (90, 170, 171).  Escape into the cytoplasm depends on the function of genes 

located in the FPI; FPI mutants that are defective for phagosomal escape are unable to replicate 

in host cells and are avirulent (83, 172, 173).  The bacteria replicate to large numbers in the 

cytoplasm, eventually triggering lysis of the host cell to release bacteria for additional rounds of 

infection and spread throughout the host.   

 

A hallmark of F. tularensis is its ability to evade host defense mechanisms and subvert innate 

immune responses.  This is evident in murine models of tularemia, where robust 

proinflammatory responses are not observed during the first 48–72 hours of infection (51-56).  

F. tularensis also dampens host programmed cell death responses during infection (51, 136, 

174-179).  Death of F. tularensis-infected cells occurs via two primary mechanisms: caspase-1-

mediated pyroptosis and caspase-3-mediated apoptosis (174, 180).  During infection of 

activated macrophages, DNA from lysed intracellular Francisella bacteria is sensed in the 

cytoplasm by AIM2, caspase-1 is activated, and pyroptotic cell death occurs (102, 110).  In 

addition, F. tularensis infection of a variety of host cell types, as well as in the mouse model of 

tularemia, results in caspase-3 activation and apoptotic cell death (99, 107, 180, 181).  Notably, 

infection of mice with fully virulent type A F. tularensis results in extensive activation of caspase-

3, but minimal activation of caspase-1, suggesting a central role for apoptosis in the 

pathogenesis of tularemia (99, 107).  Although F. tularensis infection eventually leads to 

activation of host programmed cell death pathways, the bacteria interfere with this response.  F. 

tularensis has been shown to delay induction of apoptosis during infection of both macrophages 

and neutrophils (104-106).  The ability of F. tularensis to dampen and delay host responses 

during infection likely provides time for the bacteria to gain an advantage within the host and 
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cause disease.  However, identification and characterization of the precise molecular 

mechanisms behind the immunomodulatory capacity of F. tularensis remain incomplete. 

 

We previously identified the TolC protein as a virulence factor of the LVS that is important for 

the host suppressive activities of F. tularensis (114, 136).  The Francisella genome encodes 

three TolC orthologs: TolC (FTT1724), FtlC (FTT1095), and SilC (FTT1258).  Both FtlC and 

TolC have been shown to function in multidrug efflux, but only TolC is required for virulence 

(114).  This suggests a distinct function for TolC, presumably in protein secretion.  A ∆tolC 

mutant of the LVS is highly attenuated for virulence in mice, despite being able to disseminate 

from the site of infection and colonize the liver, spleen and lungs (136).  The LVS ∆tolC mutant 

maintains the ability to replicate intracellularly, although the bacteria reach levels in infected 

organs and cultured host cells that are consistently 1–2 logs lower than for the WT LVS (114, 

136).  Compared to the WT strain, the LVS ∆tolC mutant causes 2–3 fold more cytotoxicity to 

both murine and human macrophages (136).  This hypercytotoxicity is a result of increased 

apoptosis via a mechanism involving caspase-3 (136).  In addition to causing hypercytotoxicity, 

the LVS ∆tolC mutant elicits increased release of proinflammatory chemokines from human 

macrophages compared to infection with the WT strain (136).  Based on these data, we 

hypothesized that effector proteins secreted via TolC function to subvert innate immune 

pathways of the host, and that the attenuation in virulence of the LVS ∆tolC mutant is due to a 

combination of hypercytotoxicity, leading to premature loss of the intracellular replication niche, 

and increased proinflammatory responses, leading to improved recruitment of immune cells to 

sites of infection and more effective bacterial clearance. 

 

Here, we examined the kinetics of F. tularensis-induced inhibition of macrophage cell death and 

the specific host pathways involved.  Our results demonstrate that TolC is required to delay 

activation of the intrinsic apoptotic pathway during the first ~24–36 hours of infection, and that 

this delay maximizes intracellular replication of the bacteria.  We present evidence that the 

TolC-dependent delay of apoptosis is an active process, and that the hypercytotoxicity of the 

LVS ∆tolC mutant is not due to compromised structural integrity of the mutant bacteria.  Using 

the mouse model of tularemia, we show that TolC is required for F. tularensis to delay caspase-

3-mediated apoptosis during infection of host tissues.  In addition, we present evidence that the 

altered responses of the host to primary infection with the ∆tolC mutant lead to altered 

establishment of adaptive immunity.  These findings suggest that Francisella ∆tolC mutants 

could function as safer and more effective live vaccine strains.   



40 
 

II. Results 

 

F. tularensis delays death of infected macrophages in a TolC-dep endent manner.  

Intracellular replication of F. tularensis leads to induction of host cell death pathways (174, 180).  

We examined the kinetics of cell death during infection of BMDM with either the WT or ∆tolC 

LVS.  Significantly increased cytotoxicity, measured by LDH release, was observed for the ∆tolC 

mutant compared to the WT strain as early as 7 hours post-infection (Figure 3.1).  The 

hypercytotoxicity of the LVS ∆tolC mutant persisted through 36 hours post-infection.  By 48 

hours post-infection, WT LVS-infected macrophages exhibited similar levels of cell death as 

∆tolC-infected cells (Figure 3.1).  Thus, F. tularensis delays host cell death in a TolC-dependent 

manner. 

 

The LVS ∆tolC mutant is able to invade and replicate within various host cells similar to WT F. 

tularensis, but the ∆tolC mutant reaches CFU levels ~1–2 logs lower than the WT strain by 24 

hours post-infection (114, 136).  This growth defect is observed during infection of mouse 

organs as well as in cell culture (Figure 1.7 and 1.8) (136).  To determine if the diminished 

replication of the ∆tolC mutant correlates with its increased cytotoxicity, we quantified 

intracellular CFU over time in BMDM infected with either the WT or ∆tolC LVS.  Matching the 

kinetics of cytotoxicity, we observed no significant differences in intracellular CFU between the 

WT and ∆tolC LVS at early time points post-infection (up to 8 hours; Figure 3.2A).  However, at 

later times post-infection (16–24 h), intracellular CFU recovered from macrophages infected 

with the ∆tolC mutant were significantly lower than CFU recovered from WT-infected cells 

(Figure 3.2A).  These results support the hypothesis that the growth defect observed for the 

LVS ∆tolC mutant is related to the inability of the mutant to delay host cell death.   

 

In our standard Francisella infection assay, we use gentamicin to kill extracellular bacteria 

following the initial infection period, but then perform the remainder of the assay in gentamicin-

free medium (there is minimal F. tularensis replication in the macrophage infection medium).  If 

the replication defect of the LVS ∆tolC mutant is indeed due to premature lysis of host cells and 

loss of the intracellular replication niche, then we should see an enhancement of this defect in 

the continuous presence of extracellular gentamicin, as the gentamicin will gain access to the 

intracellular bacteria upon host cell lysis.  As shown in Figure 3.2B, CFU recovered at 24 hours 

post-infection from BMDM infected with the ∆tolC mutant in the continuous presence of 

extracellular gentamicin were significantly lower than CFU recovered under our standard 
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infection conditions.  In contrast, the continuous presence of extracellular gentamicin had no 

significant effect on CFU recovered following infection with the WT LVS (Figure 3.2B).  Taken 

together, these results demonstrate that F. tularensis prolongs viability of infected host cells in a 

TolC-dependent manner, allowing for greater bacterial replication in the protected intracellular 

niche. 

 

TolC is required for F. tularensis to delay induction of the intrinsic apoptotic path way.   

Previous work from our laboratory demonstrated that the hypercytotoxicity of the LVS ∆tolC 

mutant correlated with increased activation of caspase-3 and apoptosis (Figure 1.10) (136).  

Cleavage and activation of caspase-3 is triggered during apoptosis by both extrinsic and 

intrinsic pathways that are dependent on caspase-8 and -9, respectively (Figure 1.3) (182).  

Upon activation, caspase-3 translocates to the nucleus, where it facilitates many apoptotic 

processes, including PARP cleavage, chromatin condensation, DNA fragmentation, and nuclear 

disruption (182-185).  By immunoblot analysis, we detected proteolytic cleavage of caspase-3 

and -9 in BMDM infected with the LVS ∆tolC mutant as early 6 hours post-infection, whereas 

macrophages infected with the WT LVS showed little-to-no cleavage of these caspases (Figure 

3.3).  Cleavage of PARP, an indication of caspase-3/7 activation, was observed by 6 hours 

post-infection for ∆tolC mutant-infected macrophages, but not for WT LVS-infected 

macrophages.  Increased cleavage of PARP and caspases-3 and -9 was observed at 12 and 36 

hours post-infection for ∆tolC-infected cells, whereas BMDM infected with the WT LVS showed 

strong cleavage of caspases-3, -9, and PARP only after 36 hours of infection (Figure 3.3).  In 

contrast, cleavage of caspase-8 was not apparent at any time point during infection with either 

the WT or ∆tolC LVS (Figure 3.3).  As a positive control, caspase-8 cleavage was detected in 

cells treated with TNFα (Figure 3.3).  These results demonstrate that F. tularensis delays 

induction of the intrinsic apoptotic host cell response in a TolC-dependent manner. 

 

The hypercytotoxicity of the LVS ∆tolC mutant is not due to compromised bacterial 

integrity.   Several Francisella genes in addition to tolC have been identified that, when 

mutated, result in a hypercytotoxic phenotype (110, 177, 186, 187).  Investigation of these 

mutants revealed that the structural integrity of the bacteria is compromised, rendering the 

mutants more susceptible to lysis following uptake by macrophages.  In activated macrophages, 

DNA released by lysed intracellular F. tularensis is detected by AIM2, which induces 

inflammasome assembly and leads to pyroptotic cell death characterized by activation of 

caspase-1 and secretion of IL-1β and IL-18 (102, 110).  We demonstrated previously that the 
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hypercytotoxicity of the LVS ∆tolC mutant toward BMDM is caspase-1 independent (Figure 

1.10) (136), suggesting that detection of DNA from lysed bacteria is not the basis for the 

phenotype.  To determine if the activation state of the macrophage impacts hypercytotoxicity of 

the LVS ∆tolC mutant, we compared infection of untreated BMDM (our standard infection 

condition) with LPS-stimulated BMDM.  Infection with the ∆tolC mutant resulted in increased 

toxicity compared to infection with the WT LVS regardless of the activation state of the 

macrophages (Figure 3.4A).  Growth of F. tularensis in BHI versus MHB results in bacteria more 

closely resembling organisms isolated from infected macrophages (188).  These different 

growth conditions have been shown to affect structural integrity of F. tularensis and cytotoxicity 

toward host cells (189).  We found that the LVS ∆tolC mutant was hypercytotoxic to BMDM 

compared to the WT strain regardless of bacterial growth medium used (Figure 3.4B). 

 

We next conducted a series of experiments to compare directly the structural integrity of the 

∆tolC mutant with the WT LVS.  Francisella mutants that are structurally compromised exhibit 

increased sensitivity to ROS and RNS, and are susceptible to the bactericidal action of 

complement (186, 190, 191).  We observed no differences between the WT and ∆tolC LVS in 

sensitivity to ROS- or RNS-inducing compounds, including H2O2, tert-butyl hydroperoxide, and 

peroxynitrite (Figures 3.5 and 3.6).  We also saw no difference between the WT LVS and ∆tolC 

mutant in the ability to secrete F. tularensis antioxidant enzymes (Figure 3.7).  Additionally, we 

detected no difference between the WT and ∆tolC LVS in resistance to the membrane-active 

antimicrobial peptide polymyxin B (Figure 3.8), indicating that the ∆tolC mutant does not have 

gross alterations in its envelope.  In support of this, the protein profiles of outer membrane 

fractions isolated from the WT and ∆tolC LVS were indistinguishable, as determined by SDS-

PAGE (Figure 3.9).  In addition, the WT and mutant bacteria exhibited similar resistance to both 

mouse and human serum (Figure 3.10), indicating no change in complement sensitivity and 

suggesting that the exopolysaccharide capsule of the ∆tolC mutant is not altered (190).  To test 

further the integrity of the bacteria, we assessed permeability to Sytox green, a DNA binding 

stain normally excluded by the bacterial envelope, and examined the ultrastructure of the 

bacteria by electron microscopy.  These studies revealed no differences between the WT and 

∆tolC LVS (Figures 3.11 and 3.12).  Taken together, these results demonstrate that the LVS 

∆tolC mutant is not structurally compromised and that the hypercytotoxicity of the ∆tolC mutant 

is not due to increased bacterial lysis. 
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F. tularensis actively delays death of infected macrophages.   If the hypercytotoxicity of the 

LVS ∆tolC mutant is not due to compromised bacterial integrity, this suggests that F. tularensis 

may actively inhibit host cell death pathways in a TolC-dependent manner.  Treatment of host 

cells with STS activates caspase-3 and induces apoptotic cell death (192).  To test if F. 

tularensis is capable of interfering with cell death caused by proapoptotic stimuli, we examined 

STS-treated or untreated BMDM left uninfected or infected with the WT or ∆tolC LVS.  

Treatment of uninfected BMDM with 125 nM STS induced approximately 12% cytotoxicity after 

21 hours of treatment (Figure 3.13).  Infection with WT bacteria blocked this STS-induced cell 

death early during infection (6 and 21 hours post-infection), whereas infection with the ∆tolC 

mutant did not (Figure 3.13).  At a later time point (45 hours post-infection), suppression of STS-

induced cell death in WT LVS-infected cells was no longer apparent (Figure 3.13), consistent 

with F. tularensis initially delaying, but ultimately inducing, host cell death.  Thus, F. tularensis is 

able to inhibit cell death induced by proapoptotic stimuli in a TolC-dependent manner.  This 

result is not compatible with the hypercytotoxicity of the ∆tolC mutant being due to a passive 

structural defect. 

 

If the TolC-dependent activity of F. tularensis in delaying host cell death is an active process 

due to factors secreted via TolC, then co-infection of WT with ∆tolC mutant bacteria should 

rescue the premature cell death induced by the mutant bacteria.  To test this, we infected 

BMDM with either the WT or ∆tolC LVS alone (MOI = 50), or performed experiments in which 

the ∆tolC mutant (MOI = 50) was added together with increasing amounts of the WT LVS (MOI 

= 10–50).  The single strain control infections showed that the ∆tolC mutant was hypercytotoxic 

to the macrophages compared to the WT LVS (Figure 3.14), as seen previously.  However, co-

infection of BMDM with the ∆tolC mutant and the WT strain led to a dose-dependent decrease 

in cytotoxicity, reaching a level indistinguishable from infection with the WT LVS alone (Figure 

3.14).  Additional experiments indicated that death of BMDM pre-infected with the ∆tolC mutant 

could be inhibited by the addition of WT LVS up to 3 hours after infection with the ∆tolC mutant 

(Figure 3.15).  These results support a model in which F. tularensis secretes effectors via TolC 

that function to interfere with activation of host cell death pathways during early stages of 

infection of BMDM. 

 

F. tularensis delays apoptosis in mice in a TolC-dependent manne r.  To determine if F. 

tularensis interferes with host cell death pathways during infection in vivo, we inoculated mice 

intranasally with the WT or ∆tolC LVS and examined bacterial burdens and caspase-3 activation 
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in spleens at early times post-infection (days 2, 3 and 4).  As observed previously (Figure 1.7)  

(136), organ burden analysis showed that CFU levels in spleens from mice infected with the 

∆tolC mutant were lower by ~1–2 logs at each time point compared to mice infected with the 

WT LVS (Figure 3.16A).  Despite this decreased bacterial burden, examination by 

immunohistochemistry using an anti-cleaved caspase-3 antibody revealed that overall levels of 

caspase-3 cleavage in ∆tolC LVS-infected spleens were similar to levels in WT LVS-infected 

spleens at each time point (Figure 3.16B).  All spleens examined from PBS-inoculated control 

mice were negative for cleaved caspase-3 at all time points.  These results indicate that the 

∆tolC mutant is hypercytotoxic compared to the WT LVS during infection of host tissues.  The 

immunohistochemical analysis revealed that cleaved caspase-3 was localized to two distinct 

subcellular compartments: the cytoplasm, indicative of early stages of apoptosis; or condensed, 

fragmented nuclei, indicative of late stages of apoptosis (Figure 3.16C) (184, 185, 193).  

Notably, at each time point, the proportion of cleaved caspase-3-positive cells undergoing late 

stage apoptosis was significantly higher for mice infected with the ∆tolC mutant compared to 

mice infected with the WT LVS (Figure 3.16D).  This difference was particularly stark at day 3 

post-infection, where only 8% of cleaved caspase-3-positive splenocytes were late apoptotic for 

the WT LVS, but 80% of cleaved caspase-3-positive splenocytes were late apoptotic for the 

∆tolC mutant (Figure 3.16D).  Thus, F. tularensis suppresses and delays caspase-3-mediated 

host cell death in vivo by a mechanism dependent on TolC. 

 

Mice vaccinated with the ∆tolC mutant clear challenge doses more efficiently than  mice 

vaccinated with the WT LVS.   The defect of the LVS ∆tolC mutant in delaying apoptosis during 

infection in vivo should result in premature exposure of the bacteria to the extracellular 

environment due to loss of the intracellular replication niche.  We hypothesized that this 

premature exposure of the ∆tolC mutant could lead to altered innate immune responses and 

more efficient adaptive immune responses compared to infection with the WT LVS.  In addition, 

the attenuation in virulence and lower organ burden levels of the ∆tolC mutant could make it a 

safer vaccine strain compared to the WT LVS.  To test this, we immunized mice via the 

intranasal route with a sublethal dose (103 CFU) of the WT or ∆tolC LVS.  We hypothesized that 

this vaccinating dose was safe and effective, as the majority of mice infected with 5 x 103 CFU 

of the WT LVS or ∆tolC mutant survived vaccinations and were protected from lethal challenge 

(Table 3.1).  Six weeks following vaccination, mice were challenged intranasally with a lethal 

dose (108 CFU) of the WT LVS and monitored for survival over 21 days.  All mock-vaccinated 

control mice died 5–15 days post-challenge, whereas the majority of mice vaccinated with WT 
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LVS (73%) or the ∆tolC mutant (82%) survived the lethal challenge (Figure 3.17).  Therefore, 

vaccination with the LVS ∆tolC mutant protects mice from lethal challenge at least as well as the 

WT LVS, despite the fact that it colonizes host organs to lower levels (Figures 1.7 and 3.16A).   

 

In parallel experiments, we vaccinated mice intranasally with 103 CFU of the WT or ∆tolC LVS, 

or mock vaccinated with PBS as a control, and challenged with 108 CFU of WT LVS as above.  

We then quantified bacterial burdens in the lungs, livers, and spleens on days 3, 5 and 9 post-

challenge.  Consistent with the protection conferred by immunization with either strain, organ 

burdens for mock-vaccinated mice were significantly higher compared to the WT and ∆tolC 

LVS-vaccinated mice, and all mock-vaccinated mice died by day 9 post-challenge (Figure 3.18).  

Notably, a difference in organ burden patterns between mice vaccinated with the WT or ∆tolC 

LVS emerged from these studies.  On day 3 post-challenge, WT LVS-vaccinated mice had 

significantly lower bacterial burdens in all organs analyzed compared to ∆tolC LVS-vaccinated 

mice (Figure 3.19).  In contrast, on day 5 post-challenge, similar organ burdens were obtained 

for both the WT and ∆tolC-vaccinated mice.  This change was due to an increase in bacterial 

burdens from days 3 to 5 for mice vaccinated with the WT LVS, whereas levels remained similar 

or decreased in mice vaccinated with the ∆tolC mutant (Figure 3.19).  Moreover, greater 

numbers of ∆tolC LVS-vaccinated mice had undetectable challenge doses in their organs on 

day 5 compared to day 3, indicating clearance of the bacteria by the host.  This increased 

clearance was not observed for WT LVS-vaccinated mice (Figure 3.19).  By day 9 post-

challenge, organ burdens for all mice decreased compared to day 5.  However, bacterial levels 

in the liver were significantly lower for mice vaccinated with the ∆tolC mutant compared to mice 

vaccinated with the WT LVS, reversing the pattern seen on day 3 (Figure 3.19).  In addition, all 

mice vaccinated with the ∆tolC mutant had completely cleared challenge doses from the liver 

and spleen by day 9, whereas bacteria were still detected in organs from mice vaccinated with 

the WT LVS (Figure 3.19).  These data demonstrate that the kinetics of challenge dose 

clearance are different between the WT and ∆tolC LVS-vaccinated mice, with mice immunized 

with the ∆tolC mutant able to clear challenge doses more efficiently.  Taken together, these 

findings support our hypothesis that primary infection with the ∆tolC mutant leads to altered and 

more effective adaptive immune responses. 
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III. Discussion 

 

F. tularensis is a highly virulent human pathogen.  A key feature of F. tularensis virulence is its 

ability during early stages of infection to evade and subvert host innate immune responses, 

including induction of programmed cell death pathways.  The ability of F. tularensis to dampen 

host responses during infection likely provides time for the bacteria to replicate and spread 

within the host, contributing to the morbidity and mortality associated with tularemia.  However, 

the molecular mechanisms underlying the immunomodulatory capacity of F. tularensis are not 

well understood.  Previously, we identified TolC as critical for the virulence of the F. tularensis 

LVS.  TolC is an outer membrane channel protein required for secretion by the type I secretion 

pathway.  We show here that TolC is necessary for F. tularensis to delay induction of the 

intrinsic apoptotic pathway during infection of macrophages, and that loss of TolC function 

results in premature loss of the intracellular replicative niche.  We also demonstrate that F. 

tularensis delays induction of apoptosis during infection of mice in a TolC-dependent manner.  

Despite the virulence attenuation and replication defect of the LVS ∆tolC mutant, immunization 

of mice with this strain provides protection against lethal challenge with WT LVS.  Moreover, 

mice immunized with the ∆tolC mutant clear challenge bacteria more effectively than mice 

immunized with the WT LVS.  Taken together, our results demonstrate that TolC is a critical F. 

tularensis virulence determinant that may modulate host innate and adaptive immune responses 

during pathogenesis. 

 

Although Francisella has a detectable extracellular phase in the host, the bacteria are thought to 

replicate primarily within the intracellular niche during infection (70, 194).  F. tularensis mutants 

that are unable to survive within host cells, such as FPI mutants that are defective for 

phagosomal escape, are severely attenuated for virulence (83, 172, 173).  The LVS ∆tolC 

mutant has a distinct phenotype, in that it replicates intracellularly, but reaches numbers 

consistently lower compared to the WT strain.  We found that the LVS ∆tolC mutant replicates 

similarly to the WT LVS in macrophages during the first ~8 hours post-infection (Figure 3.2).  

Given that F. tularensis escapes from the phagosome within ~1-4 hours after uptake by 

macrophages (90, 170, 171), this observation indicates that TolC is not required for phagosomal 

escape or initiation of replication within the cytoplasm.  After this initial period, the LVS ∆tolC 

mutant exhibits a replication defect compared to the WT strain (Figure 3.2).  This timing 

parallels the kinetics of macrophage cell death induced by the ∆tolC mutant (Figure 3.1).  Our 

results support a model in which F. tularensis delays induction of host cell death by a TolC-
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dependent mechanism.  This delay in cell death allows F. tularensis to preserve its intracellular 

replicative niche and maximize bacterial growth.  The LVS ∆tolC mutant also exhibits decreased 

replication compared to the WT strain during infection of host organs (Figures 1.7 and 3.16A), 

demonstrating that TolC function is required to preserve the bacterial replicative niche in vivo. 

 

We previously showed that the hypercytotoxicity of the LVS ∆tolC mutant in BMDM was 

associated with increased activation of caspase-3 and apoptosis, and independent of caspase-1 

activity (Figure 1.10) (136).  We show here that TolC is required for the LVS to delay activation 

of the intrinsic pathway of apoptosis, as evidenced by earlier cleavage of caspase-3, caspase-9 

and PARP during infection of macrophages with the ∆tolC mutant compared to WT bacteria, 

and the absence of caspase-8 cleavage (Figure 3.3).  Our results are in contrast to analyses of 

several other Francisella mutants that exhibit hypercytotoxicity toward host cells (110, 177, 186, 

187, 195).  The hypercytotoxicity of these other mutants was correlated with compromised 

structural integrity of the bacteria leading to release of bacterial DNA, activation of caspase-1, 

and pyroptotic, rather than apoptotic, cell death.   

 

We directly confirmed through a number of tests that the structural integrity of the LVS ∆tolC 

mutant is not compromised compared to the WT LVS.  Moreover, we present two separate lines 

of evidence that the TolC-dependent delay in apoptosis during F. tularensis infection is an active 

process.  We show that co-infection of WT bacteria with the ∆tolC mutant reduces cytotoxicity 

back to levels observed upon infection with the WT alone, and that the LVS suppresses STS-

induced activation of apoptosis in a TolC-dependent manner.  While the reasons underlying the 

lack of additive cytotoxicity of the ∆tolC mutant towards STS-treated BMDM are unclear, our 

data may suggest that STS and the LVS ∆tolC mutant induce cytotoxicity via a similar 

mechanism.  Together, these results are incompatible with the hypercytotoxicity of the LVS 

∆tolC mutant being due to a structural or some other passive defect.  Instead, they support a 

model wherein F. tularensis secretes effector proteins via TolC that actively interfere with the 

innate cell death responses of macrophages.   

 

Using the mouse model of tularemia, we found that F. tularensis delays induction of caspase-3-

mediated apoptosis in a TolC-dependent manner in infected host tissues.  The inability of the 

∆tolC mutant to delay apoptosis in vivo could result in premature loss of the intracellular 

replicative niche and greater exposure of the ∆tolC mutant to host immune surveillance 

mechanisms in the extracellular environment.  We previously observed that the LVS ∆tolC 
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mutant elicits increased proinflammatory responses from human macrophages compared to the 

WT strain (Figure 1.11).  Taking these possibilities together, the greater exposure of the ∆tolC 

mutant bacteria to the extracellular environment and increased proinflammatory responses may 

in turn affect the development of adaptive immune responses.  Consistent with this hypothesis, 

we found that mice immunized with the ∆tolC mutant cleared challenge doses of the WT LVS 

more efficiently than mice immunized with the WT strain (Figure 3.19).  Future studies are 

needed to determine the basis for the differences in initial colonization levels and kinetics of 

challenge dose clearance between the WT and ∆tolC LVS-vaccinated mice.  Nevertheless, our 

results demonstrate a role for TolC during primary F. tularensis infection that impacts the 

adaptive immune response. 

 

Taken together, the work presented here demonstrates that TolC is a major F. tularensis 

virulence factor that inhibits the intrinsic apoptotic pathway during infection and facilitates 

preservation of intracellular replicative niches.  The F. tularensis ∆tolC mutant exhibits a 1–2 log 

replication defect and 2–3 fold increase in cytotoxicity compared to the WT bacteria.  Yet, the 

attenuation in virulence of the F. tularensis ∆tolC mutants is highly significant.  Our work 

highlights how shifts in the dynamics and kinetics of host-pathogen interactions may 

dramatically affect the outcome of disease. 
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Figure 3.1: TolC is required for the ability of the  LVS to delay host cell death during 
infection.  BMDM were infected with the WT LVS or ∆tolC mutant at an MOI of 50.  At the 
indicated times post-infection, cytotoxicity was quantified via LDH release.  Data represent 
means ± SEM of three independent experiments.  *, P < 0.05; **, P < 0.01; calculated by one-
way ANOVA and Tukey’s post-test. 
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Figure 3.2:  TolC is required for optimal LVS repli cation within host cells.  BMDM were 
infected with the WT LVS or ∆tolC mutant at an MOI of 50 for 2 hours, treated with gentamicin 
for 1 hour to kill extracellular bacteria, and incubated in gentamicin-free media.  (A) Intracellular 
replication was quantified by lysing infected BMDM and plating for CFU at the indicated times 
post-infection.  (B) BMDM were infected as described above.  Following the 1 hour gentamicin 
treatment step, BMDM were either incubated in gentamicin-free (-) or gentamicin-containing (+) 
media.  Intracellular replication was quantified 24 hours post-infection.  Data represent means ± 
SEM of three independent experiments.  **, P < 0.01, calculated by one-way ANOVA and 
Tukey’s post-test. 
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Figure 3.3: The LVS delays induction of the intrins ic apoptotic pathway during infection 
in a TolC-dependent manner.  BMDM were infected with the WT LVS or ∆tolC mutant at an 
MOI of 50.  At the times indicated post-infection, cell lysates were collected and examined for 
the presence of the indicated proteins via SDS-PAGE and immunoblotting.  Analysis of BMDM 
treated with TNFα served as a positive apoptosis control.  Sizes of full length (FL) and cleaved 
(C) proteins are as follows.  Caspase-8: FL, 57 kDa; C, 43 kDa.  Caspase-9: FL, 49 kDa; C, 39 
and 37 kDa.  Caspase-3: C, 19 and 17 kDa.  PARP: FL, 116 kDa; C = 89 kDa.  α-tubulin = 52 
kDa.  Results are representative of at least 2 independent experiments per time point. 
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Figure 3.4:  The hypercytotoxicity of the LVS ∆tolC mutant is not dependent on  
macrophage activation state or bacterial growth med ia.  (A) BMDM were seeded overnight 
with or without 50 ng/ml E. coli LPS prior to infection with the WT or ∆tolC LVS at MOI of 50.  
Some LPS-activated macrophages were left uninfected (UI).  Cytotoxicity was measured 24 
hours post-infection by quantitating LDH release.  (B) The WT and ∆tolC LVS were grown in 
MHB or BHI and then used to infect BMDM at MOI of 50.  Cytotoxicity was measured 24 hours 
post-infection by quantitating LDH release.  Bars represent means ± SEM of 3 independent 
experiments.  **P < 0.01, ***P < 0.001; calculated by Student’s t test. 
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Figure 3.5: Sensitivity of the WT LVS and ∆tolC mutant to ROS.  (A)  6 mm paper discs 
containing the indicated amounts of hydrogen peroxide (H2O2) or tert-butyl-hydroperoxide (tBh) 
were placed on freshly plated lawns of the WT LVS or ∆tolC mutant.  Diameters of growth 
inhibition, including the 6 mm paper disc, were measured after 72 hours of incubation.  (B) 
Overnight cultures of the WT LVS or ∆tolC mutant were diluted to starting OD600 of 0.05-0.10, 
and grown in the presence of the indicated amounts of H2O2 or tBh.  OD600 values were 
determined as a measure of bacterial growth.  Data represent means ± standard deviation (A), 
or SEM (B), from three independent experiments. 

  



 

 

 

 

 

 

 

 

 

Figure 3.6: Sensitivity of the WT LVS and 
containing the indicated amounts
of the WT LVS or ∆tolC mutant.  Diameters of growth inhibition, including the 6 mm paper disc, 
were measured after 72 hours of incubation.  Data represent means ± standard deviation from 
three independent experiments. 
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Figure 3.6: Sensitivity of the WT LVS and ∆tolC mutant to peroxynitrite.  6 mm paper discs 
containing the indicated amounts of peroxynitrite (ONOO-) were placed on freshly plated lawns 

mutant.  Diameters of growth inhibition, including the 6 mm paper disc, 
were measured after 72 hours of incubation.  Data represent means ± standard deviation from 

 

6 mm paper discs 
) were placed on freshly plated lawns 

mutant.  Diameters of growth inhibition, including the 6 mm paper disc, 
were measured after 72 hours of incubation.  Data represent means ± standard deviation from 
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Figure 3.7: The LVS ∆tolC mutant is not defective for secretion of antioxida nt enzymes.  
The WT LVS or ∆tolC mutant were grown overnight in MHB.  Overnight cultures were diluted to 
a starting OD600 of ~0.05.  Then, at the times indicated, cell-free supernatants (S) and bacterial 
pellets (P) were analyzed for the presence of SodB and KatG via immunoblotting.  Images are 
representative of two independent experiments. 

  



 

 

 

 

 

 

 

 

 

Figure 3.8: Sensitivity of the WT LVS and 
containing the indicated amounts of polymyxin B were placed on freshly plated lawns of the WT 
LVS or ∆tolC mutant.  Diameters of growth inhibition, including the 6 mm paper disc, were 
measured after 72 hours of incubation.  Data represent means ± standard deviation from three 
independent experiments. 
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of the WT LVS and ∆tolC mutant to polymyxin B.  6 mm paper discs 
containing the indicated amounts of polymyxin B were placed on freshly plated lawns of the WT 

mutant.  Diameters of growth inhibition, including the 6 mm paper disc, were 
ed after 72 hours of incubation.  Data represent means ± standard deviation from three 

6 mm paper discs 
containing the indicated amounts of polymyxin B were placed on freshly plated lawns of the WT 

mutant.  Diameters of growth inhibition, including the 6 mm paper disc, were 
ed after 72 hours of incubation.  Data represent means ± standard deviation from three 



57 
 

 

Figure 3.9: Outer membrane protein profiles from th e WT LVS and ∆tolC mutant.  The WT 
LVS or ∆tolC mutant was grown to an OD600 of 0.2-0.4 in MHB.  Bacteria were collected, lysed 
via sonication, and outer membranes were isolated.  Outer membrane proteins were separated 
via SDS-PAGE and stained with Coomassie blue.  Results are representative of two 
independent experiments. 
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Figure 3.10:  The LVS ∆tolC mutant is resistant to human and mouse serum-media ted 
killing.  Approximately 106 CFU of the WT LVS or ∆tolC mutant were incubated with normal or 
heat-inactivated (65°C) human or mouse serum for 1 hour at 37°C.  E. coli DH5α was used as a 
complement-sensitive control strain.  Serum sensitivity was determined by quantifying CFU 
before and after serum incubation.  Bars represent means ± SEM of 3 independent 
experiments. 
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Figure 3.11:  The envelope integrity of the LVS ∆tolC mutant is not compromised 
compared to the WT.  The WT LVS and ∆tolC mutant were grown in liquid media overnight.  
Cultures were diluted to a starting OD600 of ~0.05, and grown to mid-log (OD600 = 0.20) or 
stationary growth phase (OD600 = 1.00).  Following growth, bacteria were collected via 
centrifugation, washed once in PBS, and incubated with Sytox green at a final concentration of 
0.5 µM for 10 minutes.  As a positive control, bacteria were incubated with 50% ethanol in PBS 
for 10 minutes prior to Sytox labeling.  Following labeling, bacteria were washed in PBS and 
viewed via phase-contrast and fluorescence microscopy.  (A)  Fluorescence images overlaid 
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onto corresponding phase-contrast images.  Images are representative of two independent 
experiments.  Scale bar = 5 µm.  (B)  Sytox green-positive bacteria per field were counted.  The 
percentages of labeled bacteria were determined by dividing Sytox green-positive bacteria by 
the total number bacteria per field and multiplying by 100.  Results are from two fields from two 
independent experiments, with >200 bacteria/field. 
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Figure 3.12:  Ultrastructure of the WT LVS and ∆tolC mutant.  The WT LVS and ∆tolC 
mutant were grown in MHB overnight.  Cultures were then diluted to a starting OD600 of ~0.05, 
and grown to early-log (OD600 = 0.10–0.20) or stationary phase (OD600 >1.00).  Following 
growth, bacteria were washed, fixed, stained with phosphotungstic acid, and viewed via electron 
microscopy.  Scale bar = 500 nm.  
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Figure 3.13:  The LVS inhibits proapoptotic death s timuli in a TolC-dependent manner.  
BMDM were infected with the WT or ∆tolC LVS at MOI of 50.  3 hours post-infection, BMDM 
were left untreated or treated with staurosporine (125 ng/ml) to trigger apoptotic cell death.  
Cytotoxicity was determined by measuring LDH release at the indicated times post-infection.  
Note the differences in scale of the y-axis at each timepoint.  Bars represent means ± SEM of 
three independent experiments.  *P<0.05, **P < 0.01; calculated by one-way ANOVA and 
Tukey’s post-test for the indicated comparisons.    



 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3.14:  Co- infection of BMDM with the WT LVS and 
hypercytotoxic phenotype of the 
LVS alone at MOI of 50, or co-infected 
Cytotoxicity was quantified by measuring LDH release 24 hours post
means ± SEM of three independent experiments.  **P < 0.01, ***P<0.001; calculated by one
way ANOVA and Tukey’s post-test for comparison to infection with WT LVS alone.
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infection of BMDM with the WT LVS and ∆tolC mutant rescues the 
hypercytotoxic phenotype of the ∆tolC mutant.  BMDM were infected with the WT or 

infected with the WT and ∆tolC LVS at the indicated MOI.  
Cytotoxicity was quantified by measuring LDH release 24 hours post-infection.  
means ± SEM of three independent experiments.  **P < 0.01, ***P<0.001; calculated by one

test for comparison to infection with WT LVS alone.

mutant rescues the 
BMDM were infected with the WT or ∆tolC 

LVS at the indicated MOI.  
infection.  Bars represent 

means ± SEM of three independent experiments.  **P < 0.01, ***P<0.001; calculated by one-
test for comparison to infection with WT LVS alone. 



 

 

 

 

 

 

 

 

 

 

Figure 3.15: The WT LVS can suppress death of BMDM pre
mutant.  BMDM were infected with the LVS 
times following ∆tolC infection, BMDM were infected with the WT LVS.  Cytotoxicity was 
quantified via LDH release 21 hour 
(MOI = 50) are shown in the first two bars.  Bars represent means 
experiments.  
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The WT LVS can suppress death of BMDM pre -infected with the 
were infected with the LVS ∆tolC mutant at an MOI of 50.  At the indicated 

infection, BMDM were infected with the WT LVS.  Cytotoxicity was 
1 hour following the initial infection.  Single strain infection controls 

(MOI = 50) are shown in the first two bars.  Bars represent means ± SEM from two indepen

infected with the ∆tolC 
mutant at an MOI of 50.  At the indicated 

infection, BMDM were infected with the WT LVS.  Cytotoxicity was 
following the initial infection.  Single strain infection controls 

SEM from two independent 
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Figure 3.16:  The LVS delays induction of apoptosis  during infection of mice in a TolC-
dependent manner.  C3H/HeN mice were intranasally infected with a sublethal dose (5 x 103 
CFU) of the WT LVS or ∆tolC mutant.  (A) Bacterial burdens in the spleen on days 2, 3, and 4 
post-infection were determined by plating for CFU.  (B) Spleens harvested on days 2, 3 and 4 
post-infection were sectioned and labeled using an anti-cleaved caspase-3 antibody.  Cleaved 

caspase-3-positive cells were quantified based on two sections per spleen and ten fields per 

section.  (C) Representative immunohistochemistry analysis of infected spleens.  Arrows 

indicate intact cells expressing cleaved caspase-3 in the cytoplasm.  Arrowheads indicate 

fragmented apoptotic nuclei containing cleaved caspase-3.  Scale bar = 10 µm.  (D) Caspase-3- 

positive cells from panel B were characterized as early or late apoptotic based on cleaved 
caspase-3 localization and nuclear fragmentation.  The percentage of total caspase-3-positive 
cells undergoing late stage apoptosis was calculated for each time point.  Bars represent means 
± SEM of 2–3 independent experiments (total n = 4–6 mice per strain per time point).  ***P 
<0.001; calculated by Student’s t-test. 
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Figure 3.17:  Mice vaccinated with the LVS ∆tolC mutant are protected from lethal LVS 
challenge.  Mice were intranasally vaccinated with PBS (mock) or with 1 x 103

 CFU of the WT 
LVS or ∆tolC mutant.  All mice were intranasally challenged with 1 x 108

 CFU of the WT LVS six 
weeks post-vaccination.  Mice were monitored for survival for 21 days following challenge.  Data 
represent three independent experiments (total n = 9-12 mice per vaccinating strain). 
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Figure 3.18.  Comparison of organ burdens in mock-v accinated mice with WT LVS- and 
∆tolC-vaccinated mice.  Mice were intranasally vaccinated with PBS (mock) or with 5 x 103 

CFU of the WT or ∆tolC LVS.  All mice were intranasally challenged with 1 x 108
 CFU of the WT 

LVS six weeks post-vaccination, and then sacrificed at days 3, 5, or 9 post-challenge.  Bacterial 
burdens in the lungs, liver, and spleen were determined by plating for CFU and are expressed 
as CFU/g tissue.  The limit of detection was 10 CFU.  Results represent three independent 
experiments (total n= 10 mice per vaccinating strain per time point).  All PBS-vaccinated mice 



68 
 

died by day 9 post-challenge.  **P < 0.01, ***P < 0.001; calculated by the Mann-Whitney test for 
nonparametric data. 
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Figure 3.19:  Mice vaccinated with the LVS ∆tolC mutant clear WT challenge doses faster 
than mice vaccinated with the WT LVS.  Mice were intranasally vaccinated with 1 x 103 CFU 
of the WT LVS or ∆tolC mutant.  All mice were intranasally challenged with 1 x 108 CFU of the 
WT LVS six weeks post-vaccination, and then sacrificed at days 3, 5, or 9 post-challenge.  
Bacterial burdens in the lungs, liver, and spleen were determined by plating for CFU and are 
expressed in CFU/g tissue.  The limit of detection was 10 CFU.  Results represent three 
independent experiments (total n = 10 mice per vaccinating strain per time point).  *P < 0.05; ns, 
not significant; calculated by the Mann-Whitney test for nonparametric data. 
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Table 3.1:  Survival of mice following vaccination with the WT LVS or ∆tolC mutant and 

challenge with the WT LVS.   

Vaccinating 
strain 

Vaccinating dose 
(CFU) Survival Challenge strain Challenge dose 

(CFU) Survival* 

WT 5x102 3/3 WT 1x108 3/3 

WT 5x103 2/3 WT 1x108 2/2 

WT 5x104 1/3 WT 1x108 1/1 

∆tolC 5x102 3/3 WT 1x108 2/3 

∆tolC 5x103 3/3 WT 1x108 3/3 

∆tolC 5x104 3/3 WT 1x108 3/3 

* All mice that survived vaccinations were challenged with 1x108 CFU of WT LVS. 
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CHAPTER 4: Contribution of TolC to the virulence of  Francisella tularensis Schu S4. 

 

I. Introduction. 

Francisella tularensis is a highly virulent, Gram-negative human pathogen and the causative 

agent of tularemia.  The most lethal form of tularemia occurs following pneumonic exposure; 

inhalation of as few as ten bacteria are sufficient to cause severe disease in humans (196).  

There are two clinically relevant subspecies of F. tularensis: subsp. tularensis (Type A), and 

subsp. holarctica (Type B) (197).  The tularensis subspecies is highly virulent and causes the 

most severe form of tularemia, while the holarctica subspecies is comparably less virulent and 

causes a milder disease.  While strains exhibiting low virulence to humans have proven useful 

for preliminary characterization of F. tularensis virulence in mice, experimentation with human 

pathogenic, Type A F. tularensis strains is critical for a more complete understanding of F. 

tularensis pathogenesis. 

 

We previously identified a role for the TolC protein in the virulence and host suppressive 

activities of the LVS (Chapter 3) (114, 136).  We demonstrated that TolC is necessary for the 

ability of the LVS to delay induction of host cell apoptosis and enable optimal bacterial 

replication within host cells and during organ colonization in mice (Figure 3.3) (136).  The F. 

tularensis genome encodes three proteins orthologous to the E. coli TolC protein: TolC 

(FTT1724), FtlC (FTT1095), and SilC (FTT1258).  In previous studies, TolC and FtlC were 

shown to participate in LVS multidrug efflux, while only TolC contributed to virulence (114).  The 

contribution of SilC to virulence and/or multidrug efflux has not been examined for any F. 

tularensis strain.  Given that phenotypes obtained with attenuated or less virulent F. tularensis 

strains, such as the LVS, are not always reproduced in fully virulent strains, we sought to 

characterize the role of TolC, FtlC, and SilC in the virulence of the human pathogenic Schu S4 

strain.  

 

Here, we constructed deletion mutants of the tolC, ftlC, and silC genes in the human pathogenic 

F. tularensis Schu S4 strain.  We determined the contributions of TolC, FtlC, and SilC to Schu 

S4 multidrug resistance, and found that all three proteins participate in multidrug resistance.  In 
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contrast to these results, only the Schu S4 ∆tolC mutant exhibited hypercytotoxicity towards 

host cells and suboptimal intracellular replication compared to the WT.  Finally, we performed 

intranasal and intradermal mouse infection experiments with each deletion mutant, and found 

that the Schu S4 ∆tolC mutant was attenuated for virulence via both infection routes, while the 

∆ftlC and ∆silC mutants exhibited less severe virulence defects.  Taken together, the results 

reported here demonstrate that TolC is a critical Schu S4 virulence factor, and lay the 

groundwork for future work to define TolC’s contributions to the virulence of human pathogenic 

F. tularensis strains. 
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II. Results.   

 

Construction of Schu S4 deletion mutants.   TolC is the prototypical OM component of the 

T1SS used by Gram-negative bacteria to secrete proteins from the cytoplasm directly to the 

extracellular milieu in a single, ATP-dependent step.  Previous bioinformatic analysis of the 

Schu S4 genome identified two open reading frames predicted to encode proteins orthologous 

to the well-characterized E. coli TolC protein: tolC (FTT1724), and ftlC (FTT1095c) (Figure 4.1) 

(114).  Subsequent analysis identified a third ortholog with lower homology to E. coli TolC but 

with significant homology to a similar E. coli outer membrane protein, SilC.  This protein was 

previously characterized as an outer membrane protein of the Schu S4 strain and annotated as 

SilC (198).  To begin to investigate the role of each protein in Schu S4 pathogenesis, we 

constructed unmarked chromosomal deletion mutants using an allelic exchange protocol (164).  

Additionally, we constructed unmarked chromosomal complementation strains for the ∆tolC and 

∆ftlC deletion mutants by reintroducing the tolC or ftlC open reading frames downstream of the 

highly conserved glmS gene (164).  Presence or absence of the tolC, ftlC, and silC genes was 

verified by PCR (Figure 4.2A and C).  Using polyclonal antibodies raised against the TolC and 

FtlC proteins from the LVS, we confirmed loss of TolC and FtlC protein expression in the Schu 

S4 ∆tolC and ∆ftlC deletion mutants, and recovery in the complemented strains (Figure 4.2B 

and D).  In vitro analysis of each mutant demonstrated that neither the ∆tolC, ∆ftlC, nor ∆silC 

mutants exhibited growth defects in a variety of media commonly used for Francisella cultivation 

(Figure 4.3). 

 

TolC, FtlC, and SilC contribute to Schu S4 multidru g resistance.   In addition to participating 

in the active secretion of proteins across the Gram-negative double membrane via the T1SS, 

TolC is the OM component of multidrug efflux systems that export a wide variety of antibiotics, 

drugs, and other toxic compounds from the cell (117).  Previous work from our lab identified 

TolC and FtlC as being important for multidrug resistance in the LVS, while SilC has not been 

studied to date (114, 136).  To investigate the contributions of TolC, FtlC, and SilC to Schu S4 

multidrug resistance, we tested each mutant strain for susceptibility to a variety of drugs and 

antibiotics via growth inhibition assays (Table 4.1).  Our results show that loss of TolC, FtlC, or 

SilC led to increased susceptibility to a broad range of drugs tested compared to the WT Schu 

S4 strain, indicating that TolC, FtlC, and SilC are all components of Schu S4 multidrug 

resistance machineries.  In line with our previous bioinformatic analysis, the Schu S4 TolC and 

FtlC proteins appear to have overlapping substrate specificities, while SilC facilitated the efflux 
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of CCCP, nalidixic acid, and silver nitrate, three compounds known to be exported by E. coli 

SilC/CusC proteins (Table 4.1). 

 

The Schu S4 ∆tolC mutant replicates to lower levels than the WT with in BMDM.  F. 

tularensis is a facultative intracellular pathogen.  A defining feature of F. tularensis during 

infection is its ability to escape the phagosome, enter the cytoplasm, and multiply to high levels 

prior to host cell death and bacterial release (79, 97).  To determine the function of TolC, FtlC, 

and SilC in the ability of Schu S4 to invade and replicate within host cells, we performed 

intracellular replication experiments.  At early times post-infection (3 hours), intracellular CFU of 

the ∆tolC, ∆ftlC, and ∆silC mutant strains were similar to WT Schu S4, indicating that none of 

the three TolC paralogs play a significant role in initial infection of BMDM or escape from the 

phagosome (Figure 4.4A).  At later stages of infection (24 hours), however, intracellular CFU 

from ∆tolC-infected cells were lower than the WT Schu S4, while the ∆ftlC and ∆silC mutants 

showed no differences compared to the WT (Figure 4.4B-C).  These results indicate that, even 

though the Schu S4 ∆tolC mutant is able to replicate to high levels within host cells, TolC is 

required for maximal intracellular replication of the Schu S4 strain following initial infection. 

 

The Schu S4 ∆tolC mutant is hypercytotoxic to host cells compared to  the WT.  Based on 

the observation that the Schu S4 ∆tolC mutant exhibited an intracellular replication defect 

compared to the WT, we hypothesized that the ∆tolC mutant may trigger increased lysis of host 

cells, which would result in loss of replicative niches and account for the decreased replication.  

This was shown previously in studies using the LVS; an LVS ∆tolC mutant triggered premature 

apoptosis of host cells during infection compared to the WT LVS, resulting in reduced 

intracellular replication (Figures 3.2 and 3.3).  We sought to determine if the Schu S4 ∆tolC, 

∆ftlC, or ∆silC mutant strains triggered increased host cell death compared to the WT via LDH 

release assays.  The ∆tolC mutant strain exhibited hypercytotoxicity to BMDM compared to the 

WT Schu S4 (Figure 4.5A).  In contrast, the ∆ftlC and ∆silC mutants induced similar levels of 

cytotoxicity as the WT Schu S4 (Figure 4.5B-C).  Complementation of the Schu S4 ∆tolC mutant 

reduced cytotoxicity back to WT levels (Figure 4.5A).  These data indicate that the Schu S4 

∆tolC mutant is hypercytotoxic to BMDM compared to the WT, and further suggest that the 

function of TolC in Schu S4 is distinct from the roles of FtlC and SilC. 

 

TolC, FtlC, and SilC contribute to Schu S4 virulenc e in mice.   Previous work from our lab 

showed that TolC and, to a lesser degree, FtlC, contribute to LVS virulence in mice (114).  
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However, the contributions of TolC, FtlC, and SilC to the virulence of fully pathogenic 

Francisella strains have not been investigated.  Using intranasal and intradermal mouse 

infection models, we investigated the contributions of each protein to Schu S4 virulence.  

C3H/HeN mice were infected with 10 CFU of the WT Schu S4 strain or 10-100 CFU of the ∆silC 

mutant, 10-1,000 CFU of the ∆ftlC mutant, or 10-10,000 CFU of the ∆tolC mutant.  In 

agreement with the high virulence of the Schu S4 strain, all mice infected with 10 CFU of the 

WT died within 5 days post-infection regardless of infection route (Figures 4.6 and 4.7).  Mice 

infected via the intranasal route with 10 CFU of the Schu S4 ∆ftlC and ∆silC mutants survived 

longer than WT-infected mice, but succumbed to infection with 100 CFU of the ∆ftlC or ∆silC 

mutants (Figure 4.6B-C).  In contrast, mice infected intranasally with up to 1,000 CFU of the 

∆tolC mutant survived longer than WT-infected mice (Figure 4.6A).  Similar experiments using 

the intradermal route of infection revealed a loss of virulence for the ∆tolC and ∆ftlC mutants, as 

mice infected with up to 1,000 CFU of the ∆ftlC mutant, or up to 10,000 CFU of the ∆tolC 

mutant, survived the infections (Figure 4.7A-B).  In contrast, the ∆silC mutant was just as 

virulent as the WT Schu S4 strain via the intradermal infection route, as mice infected with 10 

CFU of the ∆silC mutant succumbed to the infection (Figure 4.7C).  Using the results from these 

infection experiments, we estimated the 50% lethal doses (LD50) for each deletion mutant (Table 

4.2).  These estimations indicated that, of the Schu S4 ∆tolC, ∆ftlC, and ∆silC mutants, the 

∆tolC mutant is the most severely attenuated for virulence in mice.  These results, together with 

the multidrug sensitivity and cell culture results presented above, suggest that TolC’s function in 

virulence is not simply due to impaired multidrug efflux ability, as the ∆ftlC and ∆silC mutants 

exhibit sensitivity to several antibiotics but are not hypercytotoxic to host cells, exhibit no 

replication defects, and are not as attenuated as the ∆tolC mutant for Schu S4 virulence. 
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III. Discussion. 

F. tularensis is a highly virulent Gram-negative human pathogen.  A hallmark of F. tularensis 

infection is its ability to interfere with host immune responses during infection, but many 

bacterial factors responsible for immune evasion remain uncharacterized.  We previously 

described a role for the TolC protein in the virulence of the LVS and the ability of the LVS to 

delay host cell death during infection (Figures 3.1 and 3.3) (136).  TolC is the canonical OM 

pore protein involved in type I protein secretion and multidrug efflux from Gram-negative 

bacteria.  Genomic analysis of the F. tularensis Schu S4 genome identified three proteins with 

high homology to the E. coli TolC protein: FtlC, SilC, and TolC.  Here, we constructed ∆tolC, 

∆ftlC, and ∆silC deletion mutants and determined the contributions of each protein to multidrug 

efflux, interactions with host cells, and virulence in the human pathogenic F. tularensis Schu S4 

strain.  Our results demonstrate that TolC, FtlC and SilC all contribute to Schu S4 multidrug 

efflux.  Importantly, we show that only the ∆tolC mutant is hypercytotoxic to BMDM and has a 

reduced ability to replicate intracellularly.  Finally, we evaluated the relative importance of TolC, 

FtlC, and SilC for Schu S4 virulence, and show that while SilC has a negligible role for virulence 

in mice, FtlC and, to a much greater degree, TolC, contribute to the virulence of F. tularensis 

Schu S4. 

 

Bacterial pathogens have evolved many ways to counteract the harmful effects of antibiotics 

and other deleterious compounds, including the use of multidrug efflux systems.  Multidrug 

efflux systems reliant on TolC and its orthologs are conserved across bacteria and often are 

critical mediators of bacterial virulence (199-202).  Previous work from our lab identified roles for 

TolC and FtlC in the ability of the LVS to resist a variety of antibiotics and other toxic chemicals 

(114).  Here, we characterize a role for TolC, FtlC, and an additional ortholog, SilC, in the ability 

of the Schu S4 strain to resist antibiotics and other small molecules.  Our experiments suggest 

that SilC function in multidrug efflux is distinct from the functions of TolC and FtlC (Table 4.1).  

Genomic analysis indicated that the Schu S4 SilC protein is more similar to SilC/CusC proteins 

than to the E. coli TolC homolog involved in protein secretion via the type I pathway.  In E. coli, 

SilC/CusC proteins participate in the efflux of cationic molecules including CCCP, nalidixic acid, 

and silver nitrate (203-205).  In agreement with the Schu S4 silC gene encoding a protein 

functionally analogous to the E. coli SilC protein, the Schu S4 ∆silC mutant was hypersensitive 

to CCCP, nalidixic acid, and silver nitrate compared to the WT.  Additional studies are needed to 
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determine the involvement of TolC and FtlC in the efflux of CCCP, nalidixic acid, and silver 

nitrate. 

 

Multidrug efflux and type I protein secretion both rely on the TolC family of OM pore proteins for 

the passage of small molecules and proteins across the periplasm and into the extracellular 

milieu.  While our drug sensitivity experiments indicated that TolC, FtlC, and SilC all participate 

in multidrug efflux (Table 4.1), our mouse infection experiments revealed that each OM pore 

protein examined contributes to Schu S4 virulence to varying degrees (Figures 4.6 and 4.7; 

Table 4.2).  Together, these results suggest that the contribution of TolC to Schu S4 virulence is 

independent of multidrug efflux, as the ∆tolC mutant was highly attenuated compared to the 

∆ftlC and ∆silC mutants, despite similar roles in multidrug efflux.  To investigate possible 

mechanistic reasons for the high level of attenuation observed for the ∆tolC mutant, we 

conducted a series of cell culture experiments.  Previous work from our group using the LVS 

demonstrated that the LVS ∆tolC mutant is attenuated for virulence due to its inability to 

suppress host cell apoptosis during infection (Figures 3.3 and 3.16) (114, 136).  As a result, the 

LVS ∆tolC mutant does not replicate within host cells as well as the WT.  Our experiments here 

show a similar role for TolC during Schu S4 infection of macrophages, as the Schu S4 ∆tolC 

mutant is hypercytotoxic to BMDM during infection and replicates to lower levels within host 

cells compared to the WT (Figures 4.4A and 4.5A).  Importantly, the ∆ftlC or ∆silC mutants were 

not hypercytotoxic to BMDM, and both replicated within cells to similar levels as the WT.  

Together, these cell culture experiments reinforce the hypothesis that the contribution of TolC to 

Schu S4 virulence is not solely due to its role in multidrug efflux and reinforce the hypothesis 

that TolC facilitates the secretion of proteins aimed at interfering with host immune responses.  

In other bacteria, loss of TolC leads to a reduced ability to efflux antibiotics and other harmful 

compounds, and thus leads to defects in bacterial survival and virulence.  We do not believe this 

to be the case with our Schu S4 ∆tolC mutant, as TolC’s function in Schu S4 virulence appears 

to be distinct from its role in multidrug efflux.  We hypothesize that any virulence defects of the 

∆tolC mutant caused the decreased ability for multidrug efflux are sufficiently compensated for 

by FtlC and SilC during Schu S4 infection of BMDM and mice.  

 

 

Taken together, the work presented here indicates that the F. tularensis Schu S4 genome 

encodes three TolC orthologs that contribute to multidrug efflux and/or bacterial virulence in the 

mouse model of tularemia.  While TolC, FtlC, and SilC all function in multidrug efflux, our results 
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indicate that loss of TolC has the most severe impact on Schu S4 virulence.  The data 

presented here reinforce the hypothesis that TolC functions in the secretion of virulence factors 

aimed at disabling host responses during F. tularensis infection and lay the groundwork for 

future studies aimed at investigating TolC and TolC-secreted effector proteins by virulent F. 

tularensis strains. 
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Figure 4.1: F. tularensis Schu S4 encodes three E. coli TolC orthologs.  Each Schu S4 
protein was compared to the E. coli TolC protein via CLUSTALW alignment.  Protein sequence 
length, percent identity, and percent similarity to E. coli TolC are shown.  Hypothetical F. 
tularensis Schu S4 TolC, FtlC, and SilC monomeric protein structures were derived from Phyre 
analysis (206) using solved crystal structures as templates.  TolC and FtlC were modeled to the 
E. coli TolC protein, while SilC was modeled to the E. coli CusC/SilC protein.    
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Figure 4.2: PCR and Western blot analysis of Schu S 4 deletion mutants and 
complemented strains.  (A)   Absence of the tolC, ftlC, and silC genes in the indicated deletion 
strains was confirmed via PCR using primers upstream and downstream of the indicated ORF.  
(B) Bacterial lysates from equivalent amounts of the WT Schu S4 or the indicated deletion 
strains were separated via SDS-PAGE.  Loss of TolC or FtlC expression was confirmed via 
Western blot.  (C) Absence of the tolC or ftlC genes in the indicated deletion or complemented 
strains was determined via PCR using primers to the coding region of the indicated ORF.  (D) 
Bacterial lysates from equivalent amounts of the indicated strains were separated via SDS-
PAGE.  TolC or FtlC expression was examined via Western blot.   

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3:  Growth of Schu S4 mutant strains in BH I, CDM, and MHB.  
strains were grown overnight BHI, MHB or CDM, diluted to an OD
and grown for the times indicated.  Data represent means ± SEM from three independent 
experiments. 
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Figure 4.3:  Growth of Schu S4 mutant strains in BH I, CDM, and MHB.  The indicated 
of ~0.05 the following day, 

and grown for the times indicated.  Data represent means ± SEM from three independent 
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Figure 4.4: The Schu S4 ∆tolC mutant replicates to lower levels within BMDM comp ared 
to WT Schu S4.  BMDM were infected with (A) WT Schu S4, the ∆tolC, or ∆tolC/tolC+ strains; 
(B) WT Schu S4, the ∆ftlC, or ∆ftlC/ftlC+ strains; and (C) the WT Schu S4 or ∆silC mutant 
strain, all at an MOI of 500.  Intracellular replication was quantified by lysing infected BMDM and 
plating for CFU at 3 and 24 hours post-infection.  Data represent means ± SEM of three 
independent experiments.  *, P < 0.05, calculated by one-way ANOVA and Tukey’s post-test. 
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Figure 4.5: The Schu S4 ∆tolC mutant is hypercytotoxic to BMDM compared to the W T. 
BMDM were infected with the WT Schu S4, the ∆tolC, ∆ftlC, or ∆silC mutants, or the 
∆tolC/tolC+ or ∆ftlC/ftlC+ complemented strains at an MOI of 50.  24 hours post-infection, 
cytotoxicity was quantified via LDH release.  Data represent means ± SEM of three independent 
experiments.  *, P < 0.05; calculated by one-way ANOVA and Tukey’s post-test. 
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Figure 4.6: The Schu S4 ∆tolC mutant is attenuated for virulence in mice via the  
intranasal route of infection.  C3H/HeN mice were infected intranasally with 10 CFU of WT 
Schu S4 or the indicated doses of the (A) ∆tolC, (B) ∆ftlC, or (C) ∆silC mutants.  Mice were 
monitored for survival for 21 days.  For all infections with 10 CFU, total n = 10-13 mice per 
strain.  For infections with 50 or 100 CFU of the ∆tolC mutant, n = 5 and 8 mice, respectively.  
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For all other infections, n = 3 mice.  Wherever n ≥ 5 mice, statistical analysis was performed.  
***, p < 0.001 by the log-rank test, for comparison to infection with 10 CFU of the WT strain. 
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Figure 4.7:  The Schu S4 ∆tolC and ∆ftlC mutants are attenuated for virulence in mice via 
the intradermal route of infection.  C3H/HeN mice were infected intradermally with 10 CFU of 
WT Schu S4 or the indicated doses of the (A) ∆tolC, (B) ∆ftlC, or (C) ∆silC mutants.  Mice were 
monitored for survival for 21 days.  For all WT, ∆tolC, and ∆ftlC infections with 10 CFU, total n = 
10 mice per strain; for all ∆silC infections, n=5.  For all other infections, n = 3 mice.  Wherever n 
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≥ 5 mice, statistical analysis was performed.  ***, p < 0.001 by the log-rank test, for comparison 
to infection with 10 CFU of the WT strain. 
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Table 4.1: TolC, FtlC, and SilC contribute to Schu S4 multidrug resistance. 

Drug Name µg/disc* WT ∆tolC ∆ftlC ∆silC 

SDS 188 7 ± 1° 13 ± 1 13 ± 0 10 ± 1 

Streptomycin 2.5 15 ± 1 15 ± 3 14 ± 2 17 ± 1 

Chloramphenicol 1.25 15 ± 2 20 ± 2 18 ± 2 15 ± 2 

Erythromycin 5 29 ± 1 39 ± 2 33 ± 1 29 ± 1 

Ampicillin 2.5 6 ± 0 6 ± 0 6 ± 0 6 ± 0 

CCCP 10 9 ± 0 n.d. n.d. 13 ± 1 

Nalidixic acid 5 20 ± 1 n.d. n.d. 26 ± 1 

Silver nitrate 500 6 ± 0 n.d. n.d. 11 ± 1 

 

Drug Name^ µg/disc WT ∆tolC ∆ftlC tolC+ ftlC+ 

SDS 188 9 ± 1 15 ± 0 15 ± 1 12 ± 1 12 ± 0 

Erythromycin 5 34 ± 3 47 ± 0 56 ± 4 34 ± 4 35 ± 4 

Chloramphenicol 1.25 18 ± 2 31 ± 1 28 ± 3 28 ± 3 17 ± 2 

* The indicated amounts of drugs were added to 6 mm paper discs in 15 µl 
volumes.  n.d., not determined. 

Ψ Zones of growth inhibition are shown in mm ± standard deviation from 
three independent experiments.  Values shown in red are significantly 
different (P < 0.05) from the corresponding WT values by Student’s t-test. 

^ Drug sensitivities of complemented strains were tested in a single 
experiment. 
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Table 4.2:  Estimated LD 50 values for Schu S4 mutant strains. 

 

 

 

 

 

 

* LD50 estimates were calculated using the method of 
Reed and Muench as previously described (207). 

 

 

 

 

 

 

 

  

Strain 
Intranasal LD50 

(CFU)* 
Intradermal LD50 

(CFU) 

WT Schu S4 <10 <10 

∆tolC 200 >10,000 

∆ftlC 10 >1,000 

∆silC 10 <10 



90 
 

CHAPTER 5: Open questions and future directions. 

The identity of TolC-secreted effectors.   A major outstanding question surrounding our data 

is the identity of TolC-secreted effectors.  At this point, we believe that we have ample evidence 

that the immunomodulatory effects attributable to TolC are, in fact, due to a secreted protein, 

and not due to TolC itself or structural differences between the WT and ∆tolC mutant strains.  In 

addition to the data that support a role for TolC in protein secretion discussed in this 

dissertation, our lab has evidence demonstrating that F. novicida secretes a hemolysin in a 

TolC-dependent manner (Platz, unpublished data).  While this suggests that TolC (>99% 

identity between F. novicida and Schu S4) may participate in type I protein secretion from other 

Francisella species, the F. novicida hemolysin protein does not appear to be present in the LVS 

or virulent strains, as these strains do not exhibit hemolytic activity (208).  To this point, 

conventional approaches taken to identify TolC-secreted effectors have proven fruitless.  For 

example, analysis of supernatants from WT LVS or the ∆tolC mutant grown in CDM indicated 

no differences in secreted protein profiles (McCaig, unpublished data).  Therefore, it is possible 

that TolC-dependent secretion is initiated only upon host cell contact or internalization.  This 

would not be surprising, as activation of the Brucella type IV secretion system and Salmonella 

and Yersinia type III secretion systems occur upon contact with or internalization into host cells 

(209-211).  Examination of secreted proteins from WT or ∆tolC bacteria grown in media 

designed to mimic intracellular conditions (low Ca2+, low pH, oxidative stress, etc.) could be 

useful in identifying proteins secreted through TolC following F. tularensis interaction with host 

cells.    

 

The co-infection experiments discussed in Chapter 3 support a model whereby F. tularensis 

secretes effector proteins through TolC to interfere with host cell death pathways prior to the 

ultimate activation of caspase-3 and apoptosis.  If the TolC-secreted effectors responsible for 

this modulation are soluble and secreted in the absence of host cells, we should be able to 

suppress host cell death during infection by treating cells with conditioned media from the WT 

LVS, but not with conditioned media from the ∆tolC mutant.  Conditioned media were prepared 

by growing the WT LVS or ∆tolC mutant overnight in BMM, collecting cell-free supernatants via 

centrifugation and subsequent filtration using a 0.22 µm filter.  To address the possibility that the 

TolC-secreted effector proteins responsible for inhibition of cell death are soluble and secreted 

in the absence of host cells, I seeded BMDM in normal BMM or conditioned BMM from the WT 
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LVS or ∆tolC mutant.  I then infected BMDM’s with the WT LVS or ∆tolC mutant, and quantified 

cytotoxicity 21 hours post-infection.  These experiments revealed that BMDM treated with either 

WT- or ∆tolC-conditioned media were hypersensitive to infection, as cytotoxicity of the WT LVS 

or ∆tolC mutant towards conditioned media-treated BMDM was increased following infection, 

compared to BMDM cultured in unconditioned media (Figure 5.1).  The increases in BMDM 

death that I observed may be due to an increased propensity of conditioned media-treated 

BMDM to undergo pyroptosis, as IL-1β release from uninfected BMDM treated with WT- or 

∆tolC-conditioned media was readily induced following LPS stimulation (Figure 5.2).  These 

results suggest that growth of bacteria in BMM may lead to the release of BMDM-stimulating 

products, such as DNA, which may lead to inflammasome assembly.  If this is the case, death of 

conditioned media-treated BMDM during infection may be skewed from apoptosis to pyroptosis, 

thus interfering with our ability to observe any apoptosis-inhibitory effects of proteins found in 

conditioned media in these experiments.  Therefore, the specific effects of WT- and/or ∆tolC-

conditioned media on apoptotic responses during F. tularensis infection of BMDM remain to be 

determined.  Treatment of conditioned media with DNase prior to BMDM treatment, precipitation 

of proteins from conditioned media, or examination of caspase-3 activation, instead of LDH 

release, could help lead to the identification of TolC-secreted proteins responsible for inhibiting 

apoptosis during infection. 

 

As discussed in Chapter 1, T1SS effectors generally contain repeating RTX motifs, have few 

cysteine residues, and have low isoelectric points.  Based on this knowledge, I probed the F. 

tularensis proteome for the presence of proteins containing RTX motifs.  My analysis revealed 

that only one conserved F. tularensis protein, GlgB, has a canonical RTX motif.  While the role 

of GlgB in F. tularensis has not been examined, it is unlikely that GlgB secretion via TolC 

accounts for the dramatic phenotypes attributed to TolC in our studies, as GlgB is a metabolic 

enzyme involved in glycogen synthesis in other organisms and does not appear to be secreted 

(212-214).  In addition to containing RTX motifs, T1SS effectors contain signal sequences that 

appear to be located in the last ~50 amino acids of the primary structure.  To determine if any F. 

tularensis proteins shared sequence homology with known T1SS effectors, I performed a ∆-

BLAST analysis (NCBI) comparing whole proteins or the last 60 amino acids of the known T1SS 

effectors listed in Table 1.1 with F. tularensis proteins.  This analysis identified no F. tularensis 

proteins with significant C-terminal homology.  Thus, it is likely that TolC-secreted effectors of F. 
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tularensis are unique, in that they do not have RTX repeats or share homology with other known 

T1SS effectors. 

 

Protein secretion via the T1SS relies on the interaction of IM ABC and periplasmic MFP proteins 

with TolC to form a envelope-spanning channel (Fig 1.6).  With this in mind, identification of the 

proteins that interact with TolC to facilitate secretion in Francisella would be extremely useful for 

biochemical approaches aimed at identifying secreted proteins bound to assembled TolC-MFP-

IM ABC complexes.  Additionally, many genes encoding T1SS effector proteins in other 

organisms are genetically arranged adjacent to those encoding the MFP and IM ABC proteins, 

but distant from the OM pore components such as TolC (116).  Accordingly, the identification of 

the MFP and/or IM ABC proteins that facilitate secretion could be very useful in identifying 

putative secreted proteins.  To begin to investigate the MFP proteins that may be interacting 

with TolC, we performed ∆-BLAST analysis of the F. tularensis genome, using E. coli HlyD and 

AcrA (Figure 1.6) as templates.  This analysis revealed five F. tularensis proteins (Table 5.1) 

with high homology to E. coli MFP’s, all of which have RXXXLXXXXXX[T/S] motifs, 

characteristic of MFP’s that interact with TolC (128), and all of which are highly conserved 

between low and high virulence F. tularensis strains (Table 5.1).   

 

To identify putative IM ABC proteins that may be interacting with TolC, we performed delta-

BLAST analysis of the F. tularensis genome using E. coli HlyB and AcrB as templates.  This 

analysis revealed several proteins with high homology to the E. coli IM ABC proteins (Table 

5.1).  Additionally, several of the putative IM ABC proteins match predicted membrane-

associated ABC proteins identified in a recent analysis of the F. tularensis genome (215).  In 

order to determine which MFP and IM ABC proteins associate with TolC, and thus identify 

potential TolC-secreted effector proteins, we could examine MFP and IM ABC mutant strains for 

the inability to delay host cell apoptosis during infection.  Initial studies could take advantage of 

the F. novicida U112 transposon mutant library, and would be aimed at identifying MFP or IM 

ABC proteins that trigger apoptosis earlier than the WT strain.  As a more comprehensive 

approach at identifying TolC-secreted effectors, we could screen the entire U112 mutant library 

for mutants that trigger rapid apoptosis compared to the WT strain, followed by phenotypic 

confirmation in the LVS and/or Schu S4 strains.  Upon identifying putative MFP or IM-ABC 

proteins predicted to be involved in TolC-mediated secretion, we could examine adjacent genes 
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for expression within host cells.  Transcriptional profiling of Schu S4 during infection of 

macrophages revealed that tolC expression did not change during infection (97).  This is not 

unexpected, as TolC is involved in various aspects of cellular physiology in addition to its role in 

protein secretion (216, 217).  However, it would useful to examine transcription and expression 

of putative effector proteins encoded by genes adjacent MFP’s or IM-ABC’s that are necessary 

for inhibition of cell death.  Together, these analyses and screening approaches could lead to 

the successful identification of TolC-associated MFP and IM ABC proteins, and, ultimately, 

TolC-secreted effectors.   

 

Immune responses elicited by vaccination with the ∆tolC mutant.  A major aspect of our 

overarching hypothesis surrounding TolC function in F. tularensis is that TolC-secreted effectors 

interfere with various aspects of host innate immunity, and thus interfere with the development 

of adaptive immunity.  In support of this idea, mice vaccinated with the LVS ∆tolC mutant clear 

lethal challenge bacteria faster than WT-vaccinated mice (Figure 3.19, days 5-9 post-

challenge).  However, WT-vaccinated mice initially controlled challenge dose replication and/or 

dissemination from the lung better than ∆tolC-vaccinated mice (Figure 3.19, day 3 post-

challenge).  While we do not yet understand the molecular basis for the altered kinetics of 

challenge dose clearance, these results are intriguing and raise several possibilities.  First, the 

specific host cell types that are actually infected during primary infection (or vaccination) with 

the WT LVS or ∆tolC mutant are unknown and may differ.  Additionally, the identities of host 

cells undergoing apoptosis during infection of mice are not known.  It is possible that differences 

in the types of infected and/or apoptotic host cells may influence innate immune responses, and 

in turn, influence the generation, timing, and robustness of adaptive responses.  To investigate 

this possibility, we could infect mice with GFP-expressing bacteria (WT LVS or the ∆tolC 

mutant), and examine infected host cell populations via flow cytometry.  Similarly, we could 

determine the identity of apoptotic cells during infection of mice with the WT LVS or ∆tolC 

mutant by labeling and examining cell surface proteins of caspase-3-positive cells via flow 

cytometry.  Completion of these experiments should allow us to determine if the ∆tolC mutant 

infects different host cell types than the WT and if the ∆tolC mutant induces apoptosis of distinct 

host cell types compared to the WT.  Any differences observed in these experiments would help 

explain the altered kinetics of challenge dose clearance following vaccination with the WT LVS 

or ∆tolC mutant.  
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Another possible explanation for the altered kinetics of challenge dose clearance observed 

during our vaccination experiments is that immune cell recruitment to sites of infection following 

vaccination with the WT LVS or ∆tolC mutant are different.  However, in preliminary flow 

cytometry experiments, I observed no differences in the numbers of neutrophils, macrophages, 

or dendritic cells recruited to the spleen following infection with the WT LVS or ∆tolC mutant 

(Figure 5.3), suggesting that differential immune cell recruitment following vaccination is not the 

primary basis for the differences in challenge dose clearance kinetics.  A possible explanation 

for the initially better control of challenge doses by WT-vaccinated mice is that vaccination with 

the WT LVS leads to more effective induction of F. tularensis-specific antibody responses.  This 

would make sense, in that the WT LVS is present at higher levels than the ∆tolC mutant and 

persists for longer times following primary infection of mice (136).  Additionally, circulating levels 

of F. tularensis-specific antibodies peak approximately 7 weeks post-infection (218), and our 

challenge experiments were performed 6 weeks post-vaccination.  To explore potential 

differences in the antibody responses to vaccination with the WT LVS or ∆tolC mutant, serum 

from convalescent mice could be probed for reactivity with F. tularensis antigens from heat-

killed bacteria.  As IgA, IgG1, IgG2a and IgM are the primary F. tularensis-specific antibody 

isotypes generated following primary infection, we could use an ELISA-based approach to 

determine titers of F. tularensis-specific IgA, IgG1, IgG2a, and IgM following vaccination with the 

WT LVS or ∆tolC mutant. 

 

Finally, a possible explanation for faster challenge dose clearance by ∆tolC-vaccinated mice is 

that the ∆tolC mutant elicits increased or enhanced T cell responses following vaccination 

compared to those elicited following WT infection.  If this is the case, it could help explain the 

delayed, but enhanced, responses of ∆tolC-vaccinated mice seen during our challenge 

experiments (Figure 3.19).  This also would make sense, as we know that cells infected with the 

∆tolC mutant undergo rapid apoptosis (Figures 3.3 and 3.16).  Apoptotic macrophages (or other 

∆tolC-infected cells) could be taken up by adjacent phagocytes that then present F. tularensis 

antigen to responding T cells.  In support of this possibility, vaccination of mice with apoptotic 

phagocytes pretreated with live or heat-killed pathogens (Histoplasma capsulatum, 

Mycobacterium tuberculosis, and Toxoplasma gondii) elicits T cell responses that are protective 

against subsequent lethal, homologous challenge (219-221).  We could characterize the F. 
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tularensis-specific activity of T cells isolated from spleens of mice vaccinated with the WT LVS 

or ∆tolC mutant via ex vivo macrophage co-culture experiments, using a flow cytometric 

approach with IFN-γ as a readout for T cell activation.  Completion of these experiments should 

elucidate any differences in antibody and T cell responses following vaccination with the WT 

LVS or ∆tolC mutant and may provide a clearer picture of the molecular basis for the differences 

in kinetics of challenge dose kinetics during vaccination with the WT LVS or ∆tolC mutant.   

 

The role of TolC in Schu S4 virulence.  My analysis of TolC in the fully virulent Schu S4 strain 

revealed that, similar to what was seen previously in work with the LVS, the Schu S4 ∆tolC 

mutant is hypercytotoxic to host cells and as a result, is defective for intracellular replication at 

24 hours post-infection (Figures 4.4A and 4.5A).  The role of TolC in Schu S4-mediated 

apoptosis has not been examined and should be determined using similar approaches to those 

using the LVS (Figure 3.3).  Additionally, while we expect that the Schu S4 ∆tolC mutant is not 

structurally compromised and that TolC mediates Schu S4 active suppression of host cell death, 

this must be confirmed by using studies similar to those performed for the LVS (Figures 3.5-

3.12).  Finally, the Schu S4 data shows that TolC is an important virulence factor in mice, and 

suggests that the contribution of TolC to virulence in mice is independent of, or in addition to, its 

role in multidrug efflux, as the ∆ftlC and ∆silC mutants are not as attenuated as the ∆tolC 

mutant during infection of mice. 

 

Our mouse infection results revealed that both the Schu S4 ∆tolC and ∆ftlC mutant, but not the 

∆silC mutant, are attenuated for virulence compared to the WT via the intradermal route of 

infection (Figure 4.7).  Interestingly, the virulence defects observed for the Schu S4 ∆tolC and 

∆ftlC mutants via the intradermal route were several orders of magnitude greater than those 

seen during intranasal infection experiments (Table 4.2).  While WT F. tularensis and many F. 

tularensis mutant strains are generally less virulent via the intradermal route compared to the 

intranasal route (222, 223), our results suggest that the differences we observed are directly 

attributable to loss of TolC and FtlC, as WT-infected mice showed no difference in survival 

following infection via either infection route (Figures 4.6 and 4.7).  This raises the possibility that 

TolC and/or FtlC may play a site-specific role during infection that could facilitate dissemination 

to the lung, a critical step in F. tularensis virulence via the intradermal route of infection (223-

225).  Therefore, analysis of bacterial burdens at sites of infection (skin) and in distal organs 
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(lungs and spleen) could shed light on the specific role of TolC and TolC-secreted effectors 

during Schu S4 infection.  Finally, the exact degree of attenuation of the Schu S4 ∆tolC and 

∆ftlC mutants during intradermal infections remains to be examined, as all mice survived 

infection with the highest doses (10,000 and 1,000 CFU, respectively) of each mutant 

administered (Figure 4.7). 

 

 

  



 

Figure 5.1: Treatment of BMDM with WT LVS
and ∆tolC-induced cytotoxicity compared to 
seeded overnight in normal BMM or 
mutant (BMM-∆tolC).  The next day, BMDM were washed and infected with the indicated strains 
in normal BMM.  Cytotoxicity was examined 24 hours post
independent experiments with three samples per experiment.
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Treatment of BMDM with WT LVS - or ∆tolC-conditioned media  
induced cytotoxicity compared to treatment with normal BMM.   

seeded overnight in normal BMM or conditioned BMM from WT LVS (BMM-LVS) or the 
).  The next day, BMDM were washed and infected with the indicated strains 

in normal BMM.  Cytotoxicity was examined 24 hours post-infection.  Results are from two 
independent experiments with three samples per experiment. 
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LVS) or the ∆tolC 
).  The next day, BMDM were washed and infected with the indicated strains 

infection.  Results are from two 



 

Figure 5.2: Incubat ion of BMDM with 
mutant increases IL-1 β secretion following LPS stimulation.
in normal BMM or conditioned BMM from WT LVS (BMM
∆tolC).  The next day, BMDM were washed and incubated with or without 50 ng/ml of 
LPS diluted in normal BMM.  IL
Results are from two independent experiments with two samples per experiment.
limit of detection. 
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ion of BMDM with conditioned media from the WT LVS or 
secretion following LPS stimulation.   BMDM were seeded overnight 

in normal BMM or conditioned BMM from WT LVS (BMM-LVS) or the ∆tolC
).  The next day, BMDM were washed and incubated with or without 50 ng/ml of 

IL-1β release was examined 6 hours post-treatment via ELISA.  
Results are from two independent experiments with two samples per experiment.

 

the WT LVS or ∆tolC 
BMDM were seeded overnight 

tolC mutant (BMM-
).  The next day, BMDM were washed and incubated with or without 50 ng/ml of E. coli 

treatment via ELISA.  
Results are from two independent experiments with two samples per experiment. n.d., below 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 :  Leukocyte recruitment to the spleen is similar f ollowing infection of mice 
with the WT LVS or ∆tolC mutant.
infected with the WT LVS or ∆tolC
harvested from infected mice, and single cell spleen 
antibodies to F4/80, CD11c, CD11b, and Ly6G.  The percentage of live cells that were 
macrophages (F4/80+, CD11c+

CD11b+) were determined via flow cytometry.  A representative experiment is shown. 
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:  Leukocyte recruitment to the spleen is similar f ollowing infection of mice 
mutant.   Groups of two C3H/HeN mice were left uninfected or 
tolC mutant.  At the indicated days post-infection, spleens were 

harvested from infected mice, and single cell spleen suspensions were labeled with fluorescent 
antibodies to F4/80, CD11c, CD11b, and Ly6G.  The percentage of live cells that were 

+), dendritic cells (F4/80-, CD11c+), and neutrophils (Ly6G
) were determined via flow cytometry.  A representative experiment is shown. 

:  Leukocyte recruitment to the spleen is similar f ollowing infection of mice 
Groups of two C3H/HeN mice were left uninfected or 

infection, spleens were 
were labeled with fluorescent 

antibodies to F4/80, CD11c, CD11b, and Ly6G.  The percentage of live cells that were 
), and neutrophils (Ly6G+, 

) were determined via flow cytometry.  A representative experiment is shown.  
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Table 5.1: Putative F. tularensis membrane fusion proteins and inner membrane ABC 

transporters.   

Type Gene§ Putative Function MFP Motif* % ID▲ 

IM-ABC FTT0017   Bacteriocin/toxin secretion  - 99 

MFP FTT0018    Membrane fusion protein RLT 99 

IM-ABC FTT0105     Multidrug efflux - 99 

MFP     FTT0106 Membrane fusion protein RLS >99   

IM-ABC FTT0109   LPS biogenesis  - 99 

IM-ABC FTT0110   LPS biogenesis - 99 

IM-ABC FTT0746   Hydroxybenzoic acid efflux - 98 

MFP FTT0747 Membrane fusion protein RLS 97 

IM-ABC FTT0793   LPS biogenesis  - 98 

IM-ABC FTT1256   Cationic drug efflux - >99   

MFP FTT1257   Membrane fusion protein RLS 96 

IM-ABC FTT1335   Met export  - 97 

IM-ABC FTT1336   Met export - 98 

MFP FTT1654   Membrane fusion protein RLS/RLT 96 

IM-ABC FTT1655   Unknown - 97 

§ Gene numbers are from Schu S4 genome annotations (112). 
* RLS indicates RXXXLXXXXXXS motif on MFP; RLT indicates RXXXLXXXXXXT. 
▲ % ID indicates percent identity between proteins from Schu S4 (virulent strain) 
and F. novicida (avirulent strain). 
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CHAPTER 6: Concluding remarks. 

The studies detailed in this dissertation demonstrate that TolC is required for the ability of the 

LVS to delay induction of apoptosis during infection.  TolC thus facilitates optimal LVS 

replication within host cells and prevents premature exposure of the LVS to extracellular 

immune responses.  The contributions of TolC to immune evasion are evident in our vaccination 

experiments, where mice vaccinated with the LVS ∆tolC mutant appear to develop altered 

adaptive immune responses and ultimately clear challenge doses faster than mice vaccinated 

with the WT LVS.  Furthermore, this dissertation details my extension of our LVS TolC studies 

to the fully virulent Schu S4 strain.  Using a Schu S4 ∆tolC mutant, I showed that TolC is 

required for Schu S4 virulence.  Moreover, my data suggest that the role of TolC in Schu S4 

virulence is distinct from its role in multidrug efflux.  Taken together, the work detailed here 

significantly advances our understanding of how TolC functions to facilitate F. tularensis 

pathogenesis.   

 

The results reported here are in contrast to findings in other bacteria, such as E. coli, where loss 

of TolC leads to alterations in various aspects of bacterial physiology, including membrane 

integrity, sensitivity to ROS, and metabolic defects (216, 217, 226, 227).  However, whereas E. 

coli encodes a single TolC protein, the Francisella genome encodes three TolC orthologs.  We 

propose that these additional orthologs compensate for any physiological effects that might be 

caused by loss of TolC in the F. tularensis outer membrane.  In support of this, none of our 

Schu S4 deletion mutants exhibited in vitro growth defects or an inability to escape from the 

phagosome (as evidenced by intracellular CFU 3 hours post-infection; Figure 4.4), where ROS 

sensitivity would be observed (79, 178).  Additionally, TolC, FtlC, and SilC appear to have at 

least partially overlapping substrate specificities in multidrug efflux experiments (Table 2).  

Finally, although TolC, FtlC, and SilC were shown to participate in Schu S4 multidrug efflux, 

only loss of TolC significantly affected virulence during both intranasal and intradermal 

infections, implicating a specific role for TolC in Schu S4 virulence that is independent of 

multidrug efflux. 

 

Inhibition of host cell apoptosis appears to be a general strategy employed by intracellular 

pathogens to combat innate immune responses and facilitate infection.  For example: Ehrlichia, 

Neisseria, Salmonella, and Chlamydia inhibit cytochrome C release from mitochondria (228-
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231); Bartonella, Rickettsia, and enteropathogenic E. coli disrupt signaling pathways leading to 

the induction of apoptosis (232-234); and Shigella and Legionella modulate the activity of 

proapoptotic caspases (235, 236).  Although a role for multidrug efflux in modulation of host 

inflammatory responses has been described in Listeria monocytogenes (237), none of the anti-

apoptotic activities characterized to date for intracellular pathogens has been attributed directly 

to TolC or the type I secretion system.  Thus, F. tularensis likely employs unique mechanisms to 

inhibit innate host immune responses. 

 

There is currently no licensed tularemia vaccine in the United States.  The LVS offers 

incomplete protection against challenge with fully virulent F. tularensis, and the basis for the 

attenuation of the LVS is not fully understood (25, 26, 30, 196).  Therefore, there is need for an 

improved tularemia vaccine.  FPI mutants and other Francisella strains that are unable to 

escape the phagosome or replicate intracellularly do not provide significant protection when 

used as vaccines, presumably because their growth in vivo is so compromised that they do not 

effectively trigger adaptive immune responses (47, 48).  The problem of overattenuation is also 

seen during vaccination attempts with F. tularensis O-antigen mutants (49, 50).  In this regard, 

the LVS ∆tolC mutant may represent an improved live vaccine strain, as it (i) contains a defined 

genetic lesion; (ii) is attenuated for virulence; (iii) replicates and disseminates within the host, 

but to lower levels than WT bacteria; and (iv) appears to trigger more effective immune 

responses compared to the WT LVS.  On a broader level, the construction of mutant strains that 

cause premature induction of host cell death during infection may represent a general strategy 

to generate effective vaccines against intracellular pathogens. 
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