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ABSTRACT
We sought to elucidate the molecular mechanisms of host-pathogen interaction. The
bacterium Francisella tularensis and simian virus SV40 represent two ideal model
systems. Francisella tularensis is a facultative intracellular bacterium known to dampen
the host immune response to infection. The Francisella pathogenicity island (FPI)
encodes a cluster of 19 genes essential for full virulence and the observed change in
immune response. We investigated the role of two FPI encoded proteins, PdpC and
PdpD, on immune response. While both proteins affect a change, the effect of PdpD is
more pronounced, and appears to play a role in modulation of host immune responses.

SV40 is a DNA polyoma virus that targets GM1 receptors for entry into cells. The GM1
receptor is localized to cholesterol-rich membrane microdomains, termed lipid rafts.
Disruption of lipid rafts using the cholesterol chelator methyl-p-cyclodextrin prevents
SV40 entry into cells. We investigated whether natural product alternatives would
similarly disrupt lipid raft integrity and prevent viral entry. The triterpenoid ursolic acid,
present in many plants, has been shown to possess antimicrobial properties and was used
to treat cells prior to infection with SV40. We found ursolic acid to have no effect on the
viral infectivity of SV40.
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General Introduction
The prevention and control of infectious diseases requires an understanding of the
pathogens responsible for them. These agents, however, do not exist in a vacuum;
pathogens infect hosts, and the host response to infection is as integral to the
pathogenesis of disease as the infectious agent itself. Thus, it becomes necessary to
understand host-pathogen interactions. Scientific approaches of the past were often
limited to the infectious organisms; identifying virulence mechanisms and genes/proteins
contributing to pathogenesis. The study of microbial pathogenesis has now shifted to
explore both microbial virulence and host defenses.
Pathogen response to the host environment largely dictates the outcome of
infection. Bacteria often use physical and chemical environmental cues to signal for the
expression of virulence genes. The bacterial pathogen Francisella tularensis has been
shown to respond readily to environmental and chemical changes within the host.
Microarray analysis indicates F, tularensis strain LVS shifted from environmental
temperatures of 26°C to mammalian temperatures of 37°C differentially regulate
approximately 11% of its genes, 40% of which have been previously implicated in
intracellular growth and bacterial virulence (19). For the bacterial pathogen Francisella
tularensis, virulence is dependent upon its ability to successfully grow and replicate
within specific host cell environments (31).
Similar to bacteria, viral pathogens also exploit host factors to successfully infect
cells and complete their intracellular life cycles. In addition to the use of cellular proteins
and host-cell machinery by viral nucleic acids to complete replication, viruses also
recognize and utilize cell specific motifs and receptors to gain access to target cells. In
some cases, recognition of these receptors is critical — as evidenced by the relationship
between the chemokine co-receptor CCR5 and successful HIV infection. CCR5, a Gcoupled integral membrane protein, is used by HIV as a co-receptor following the initial
recognition of the CD4 antigen membrane receptor (4). CCR5A32, a mutant allele of
CCR5 encoding a nonfunctional truncated protein that is not localized to the membrane
surface, is expressed in a number of populations of northern European origin.
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CCR5A32/CCR5 heterozygote individuals display a delayed progression to AIDS, while
CCR5A32/ CCR5A32 homozygotes are strongly resistant to HIV infection (4). It
becomes apparent, then, that the expression of this receptor is essential to HIV
pathogenesis.
The purpose of this study was to characterize the host-pathogen molecular
mechanisms of disease of two model-systems: the bacterial pathogen Francisella
tularensis and the simian virus SV40. The Francisella model was chosen as a model for
the investigation of the host-pathogen effects on immune response owing to its well
documented, but poorly understood, downregulation of host cytokine response. We were
specifically interested in the effects of F. tularenesis virulence genes on host immune
response following infections of a murine macrophage cell line. Given its wellcharacterized GM1 receptor, lipid raft mediated endocytosis into host cells, SV40 was
chosen as a model for lipid-raft dependent viral entry into cells. We sought to determine
whether the disruption of raft domains with natural products would have an affect on
SV40 viral infectivity.

Francisella tularensis
Francisella tularensis is a gram-negative, facultative intracellular bacterial
pathogen and the etiologic agent responsible for the zoonotic disease tularemia. F.
tularensis was first isolated in 1911 from infected ground-squirrels (29) and has since
been isolated and reported from a number of countries in the Northern Hemisphere,
including Scandinavia, Russia, and Japan (36). Four species of the bacteria are currently
recognized: F. tularensis, F. novicida, F. noatunensis and F. philomiragia. F. novicida
is very closely related to F. tularensis, and considered by some to be a subspecies of F.
tularensis —- F. tularensis novicida — rather than an individual species (37).
Subspeciation is designated by variations in geographical distribution and virulence (37).
The F. tularensis subspecies tularensis (designated Type A) and holarctica (designated
Type B) are responsible for the majority of infections in humans, where Type A strains
are of highest virulence. The strain most commonly used in laboratory research, F
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tularensis novicida, does not cause disease in humans, though it remains highly virulent
in rodent populations (2). The establishment of F. novicida as an experimental model
results from the fact that until very recently, genetic manipulation of the other strains
remained difficult (25). While subspecies F. holarctica does cause moderate disease in
humans, an attenuated strain of F. holarctica was developed in the mid-1900s by Russian
scientists. This strain, the live vaccine strain (LVS), remains pathogenic in animals, but
does not cause disease in humans. F. holarctica and F. tularensis share 99% sequence
homology, and in addition to F. novicida, LVS is often used as a model for the study of
the highly infectious tularensis subspecies (25).
The bacteria circulate within populations of rodents and lagomorphs, and animal
outbreaks of tularemia often parallel outbreaks in human populations. Transmission of
the bacteria occurs via a number of routes- including direct animal exposure, arthropod
vectors, and through waterborne transmission (29). Arthropod vectors may include ticks,
mosquitos, and deer flies, and while waterborne transmission has been shown to occur,
infection resulting from contaminated water has been limited to the subspecies holarctia
(29). The severity and type of the disease contracted (ulceroglandular, pneumonic,
oculoglandular, or oropharyngeal) is dependent on the strain, dosage and route of
infection (23). While the disease responds well to antibiotic therapy, untreated human
infection by F. tularensis can present with a case fatality rate of up to 30% (29). Human
distribution of tularemia is extensive throughout the Northern Hemisphere. Cases have
been reported in Russia and several former Soviet states, Scandinavia, Eastern European
countries, and, though relatively rare in Western Europe, from Spain (34). Following the
September 11th terrorist attacks in 2001, the study of F. tularensis has seen a renewal of
interest. The bacterium was previously weaponized by both the United States and Japan,
as well as the former Soviet Union (34). Due to the high virulence and mortality rate of
the bacteria, as well as its potential for aerosolization, Francisella tularensis is classified
as a Class A biological agent by the U.S. government, included in the highest priority
group with diseases such as anthrax, smallpox, and others (12). As such, the study and
understanding of F. tularensis and tularemia are important both for the advancement of
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the understanding of infectious disease in general, and in the event of a potentially
catastrophic biological attack.
F. tularensis is an intracellular pathogen known to infect and multiply in a
number of different cell types, though its primary in vivo target is the macrophage ( 11).
Research has shown that F. tularensis is capable of infecting a variety of other cell lines,
including neutrophils and alveolar epithelial cells, both of which can support the presence
and replication of the bacterium (25). The virulence of F. tularensis does not appear to
be associated with any classical virulence factors, molecules produced by pathogens that
increase virulence. Rather, F. tularensis is able to infect and proliferate in various organs
and host tissues, disrupting normal functions and inducing disease (29). Unique to
Francisella is the inability of its bacterial lipopolysaccharide (LPS), a classic bacterial
virulence factor, to bind to host LPS receptor molecules, which would typically lead to a
proinflammatory response. In the majority of bacterial infections, LPS acts as an
endotoxin, inducing a strong host immune response. Interestingly, LPS from both F.
tularensis and F. novicida display unusual modifications, which may suggest the
presence of bacterial LPS remodeling enzymes (25). These modifications may lead to
changes in the host immunological response to the invading pathogen.
In 2002, a cluster of 19 genes essential for bacterial virulence and intracellular
pathogenesis was identified via random transposon mutagenesis induced gene
inactivation (26,28). Inactivation of these genes, dubbed the Francisella pathogenicity
Island, or FPI, resulted in noticeable intracellular growth defects (12). The FPI is
approximately 30kb, with an aberrant G+C content differing from that of the rest of the
genome by 2.2-6.6% (28). Changes in G+C content can be strong indicators of past
horizontal transfer between bacteria.
There is presently much interest in the function of the proteins encoded by the
FPI, as well as the means by which these proteins are introduced to the host cell. Of the
numerous proteins encoded by the FPI, only PdpC, PdpD, and PdpE have been identified

as not required for intracellular growth and survival (26). Both PdpC and PdpD are
required for full virulence, while PdpE appears to be dispensible for virulence (5). Other
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proteins are thought to function as components of a proposed Type VI secretion system,
with at least four genes encoded by the FPI identified as homologues of-proteins known
to function in type VI secretion systems of other pathogens (28). The exact function of
FPI-encoded proteins remains largely unknown, though characterization of these proteins
remains an ongoing effort.
Francisella has previously been described as a ‘stealth’ pathogen, owing to the
ability of the bacteria to avoid detection by downregulating innate immune responses
(35). Following initial contact with macrophages, Francisella enters the cell via
phagocytosis and remains localized to phagosomes within the cytoplasm (9). While the
Francisella containing phagosome (FCP) initially interacts with components of the
endocytic pathway and acquires early and late endosomal markers, the FCP does not
undergo lysosomal fusion, and the bacteria escape to replicate intracellularly in the
cytoplasm (10). Bacterial escape from the phagosome is important in the activation of the
host cell immune response and induces the activation of the inflammasome, a multi
protein immune signaling complex (21 ).
Given the importance of the FPI in bacterial virulence and intracellular survival,
we sought to investigate the role of FPI proteins as potential modulators of the host
immune response. Previous research has demonstrated that the ability to downregulate
cytokine secretion in infected macrophages is disrupted in strains of F. novicida lacking
the FPI transcriptional regulator mglA (6,11,18, 24-26,28), thereby implicating the FPI
in downregulation of immune response. While the majority of FPI proteins are essential
to intracellular survival, the dispensability of PdpC and PdpD without a change in growth
phenotype identifies them as the best candidates for exploring the effects of FPI encoded
proteins on host-cell innate immune response.
Little is known about the structure and function of FPI proteins PdpC and PdpD.
PdpD is localized to the bacterial outer membrane, and in addition to being required for
full virulence and dispensable for intracellular survival of the bacteria, the protein is
known to associate with homologues of the hypothesized Type VI Secretion System,
identifying it as a possible secreted effector protein (26).
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We hypothesized that PdpC and PdpD are involved in the observed
downregulation of immune response in host cells following infection by F. novicida.
SV40
Simian vacuolating virus 40, or SV40, is a polyomavirus found in both monkeys
and humans. So named because of the vacuolating effect the virus has on infected green
monkey cells, SV40 was first identified in the 1960s in cultures of Rhesus monkey cells
being used for the production of the Polio vaccine (33). The virus typically presents as a
latent infection in monkey populations, but has been known to cause kidney disease in
immunocompromised individuals. While predominantly a simian virus, 10 million
people were potentially exposed to the virus before it was discovered that polio vaccine
produced in monkey cells between 1955-1961 was contaminated with SV40 (27).
Controversy erupted when SV40 infection was shown to cause sarcomas in rodents, and
was implicated in the development of tumors in humans (1). The link between
tumorogenesis and SV40 in humans has since been discredited, and it is likely that the
virus persists as a latent infection in exposed individuals (1,14).
SV40 is a non-enveloped, double-stranded, circular DNA virus that exploits host
membrane receptors to gain access to the cell. Rather than utilizing a protein receptor for
access to host cells, SV40 has been shown to target the lipid receptor GM1, resulting in
lipid-mediated endocytosis. GM1, monosialotetrahexosylganglioside, is found localized
to specific membrane microdomain ‘lipid rafts’ (13).
Membranes play a fundamental role in cellular function, and the identification of
cholesterol and sphingolipid enriched microdomains, known as lipid rafts, has attracted
much attention in recent years. The plasma membrane has long been recognized for its
selective permeability, and the role it plays in the maintenance of the internal cellular
milieu. The membrane regulates the entry and export of nutrients and other molecules
between the intracellular space and the surrounding extracellular environment, and is
responsible for the maintenance of charge and concentration gradients critical to
metabolic function (15). The role of the plasma membrane, however, extends that of a
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simple barrier. The membrane is a dynamic environment, and the lipid bilayer provides a
site of interaction for proteins and other cellular components (32).
Lipid rafts, first identified as detergent-resistant domains of cellular membranes,
take on physical properties different from those of the bulk lipids and are several
angstroms thicker than the surrounding bilayer. Raft domains serve to compartmentalize
plasma membrane functions, are involved in cellular mechanisms such as lipid trafficking
and protein targeting (20). Indeed, lipid rafts have been shown to have a wide range of
functions, from the spatio-temporal regulation of Ca2+- mediated cellular function (30), as
well as having an important functional role in the formation and plasticity of neuronal
synapses (17). A number of bacterial and viral pathogens, including Francisella
tularensis and HIV, in addition to a number of toxins, have been found to exploit raft
domains for entry into host cells (3,7,22).
SV40, via its receptor GM1, is thus dependent on intact membrane lipid rafts for
entry into host cells. It has previously been shown that treatment of cells with the
cholesterol chelator methyl-p-cyclodextrin disrupts lipid rafts and prevents SV40
infection (16). However, given the wide range of functions associated with lipid rafts, the
use of methyl-j3-cyclodextrin can prove toxic to cells, thereby limiting the therapeutic
potential of this compound.
We sought to determine whether non-toxic, natural product alternatives to
commercially available lipid raft disruptors would prove effective in reducing the viral
infectivity of SV40. The pentacyclic triterpenoid ursolic acid was identified as a potential
modulator of lipid rafts (38). Triterpenoids are a class of naturally occurring organic
lipids, similar in structure and hydrophobicity to cellular cholesterol. Recent literature has
supported antimicrobial roles for various triterpenes, including ursolic acid, though the
mechanisms by which these effects occur remains unknown (8). Given the structural and
chemical similarities to cholesterol, it has been suggested that triterpene analogues may
incorporate into lipid raft domains, disrupting or removing cholesterol and affecting lipid
raft associated functions (38). Preliminary results support this, and indicate that chicken
primary neurons treated with ursolic acid have disrupted lipid raft domains (Mary Hogan,

personal correspondence). Given its potential lipid raft modulating effects, we
hypothesized that treating cells with the natural product ursolic acid would lead to a
reduction in the infectivity of SV40.
Understanding the interplay between pathogen and host provides greater insight
into infectious disease pathogenesis. Microbial pathogens have evolved numerous
mechanisms to subvert host responses, and the host response to these pathogens has
considerable influence on the progression of infection. Our investigation of the hostpathogen interaction in the Francisella and SV40 model systems may serve to further
characterize the important relationship between the infectious agent and its host
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CHAPTER 1:
Effect of Francisella Pathogenicity Island Protein PdpD on J774 Murine
Macrophage Cytokine Response1
ABSTRACT
Francisella tularensis is a gram-negative coccobacillus, and the etiologic agent of the
disease tularemia. Due to its highly infectious nature, Francisella has been designated a
category A select bioterrorism agent by the Centers for Disease Control and Prevention.
Despite this, little is known about the molecular mechanisms of virulence. In 2002, a
group of 19 genes, termed the Francisella pathogenicity island (FPI) was identified and
found to be essential for full virulence. The molecular function of these genes has yet to
be determined. Interestingly, in the absence of the some FPI genes, host immune response
to infection is altered. It has been suggested that some of the FPI genes may have an
immunomodulatory effect. However, as these proposed immune modulatory genes are
essential for intracellular growth, interpretation of these results is not straightforward, as
the effects may result from a lack of growth rather than specific immune modulatory
functions of FPI proteins. Two FPI genes, pdpC and pdpD, have been identified as
dispensable for intracellular growth of Francisella but essential for full virulence. Given
this characteristic, pdpC, pdpD, and their encoded proteins are candidates for the
investigation of the interaction of FPI genes and host immune response. We studied TNFa response to infection in the J774 murine macrophage-like cell line and demonstrated
that while both pdpC and pdpD deletion mutants affect levels of cytokine secretion, the
mutant lacking pdpD has a significantly reduced level of TNF-a secretion as compared to
the wild-type strains. This downregulation of TNF-a response is detectable at both the
protein and transcript levels, suggesting a potential immunomodulatory role for the FPI
encoded protein, PdpD.
1 Smith, L.S. and K. Hueffer. 2012. Effect of Francisella Pathogenicity Island Protein
PdpD on J774 Murine Macrophage Cytokine Response. Prepared for submission in
Infection and Immunity.
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1.1 Introduction
Francisella tularensis is a gram-negative, facultative, intracellular bacterial
pathogen, and the causative agent of the zoonotic disease tularemia (5). The F. tularensis
subspecies tularensis (designated Type A) and holarctica (designated Type B) are
responsible for the majority of infections in humans. While the strain most commonly
used for research purposes, F. tularensis novicida, does not cause disease in humans, it
remains highly virulent in rodents, causing a disease very similar to that of infected
humans (1). Following the classification of F. tularensis as a Class A biological agent of
bioterrorism by the United States government, there has been a renewal of research
interest (8 ). However, the molecular basis of virulence and pathogenesis associated with
the bacterium remain largely unknown. Recent advances in the genetic characterization
of the bacterium, including the identification of the Francisella pathogenicity island
(FPI), have begun to increase understanding of the molecular mechanisms of infection.
The FPI was first identified in 2002 and encodes 19 genes, most essential for
bacterial virulence and intracellular survival and replication (18). There is much interest
in the function of the proteins encoded by the FPI. A number of FPI encoded proteins are
thought to function as components of a proposed Type VI secretion system, with at least
four genes encoded by the FPI identified to be homologues of proteins known to function
in type VI secretion systems of other pathogens (18). Additionally, the proteins PdpC,
PdpD and PdpE have been identified as dispensible for intracellular growth and survival,
while PdpE appears to be non-essential for virulence, as well (2,17). Mutations in PdpD
have resulted in attenuated virulence in infections of chicken embryos (17), and mouse
infections with PdpC knockout strains results in significant reduction in virulence (Eli
Nix, personal communication). Given their essential roles in virulence, and their
dispensability for intracellular growth and survival, PdpC and PdpD are strong candidates
for the study of virulence effects pathogenicity island proteins independent of
intracellular bacterial replication.
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F. tularensis is known to infect and multiply in a number of different cell types,
though its primary in vivo target is the macrophage (6 ). Macrophages are cells of the
immune system that play a role in the clearance of pathogens via phagocytosis, as well as
in the activation of further immune responses against infectious agents. While
macrophages represent the primary target of F. tularensis, research has shown that a
variety of other cell lines, including neutrophils and alveolar epithelial cells, can support
the presence and replication of the bacterium (11,20). Interestingly, the virulence of F.
tularensis does not appear to be associated to any classical virulence mechanisms, such as
bacterial toxins and immunoglobulin proteases. Indeed, the prototypical bacterial toxin
lipopolysacchride (LPS) in Francisella is structurally unique, and poorly activates
inflammatory responses in infected host cells (9). Regardless, F. tularensis is able to
infect and proliferate in various organs and host tissues, disrupting normal functions and
inducing disease (19).
Following initial contact with macrophages, Francisella triggers the formation of
pseudopod loops, remaining within the cytoplasm in phagosomes and seemingly avoiding
detection by innate immune responses (3). Phagosomes, membrane bound vesicles
formed around particles internalized via phagocytosis, play a role in the degradation of
ingested microbes and bacterial antigen presentation by macrophages. Ingested foreign
bodies are contained within the phagosome, which undergoes a series of maturation
events transforming the nascent vacuole to that of a degradative compartment. F.
tularensis, however, disrupts the membrane-bound phagosome to prevent fusion with the
lysosome (4). The Francisella containing phagosome (FCP) initially interacts with
components of the endocytic pathway and acquires early and late endosomal markers.
Here, the typical progression of phagosomal maturation is altered. Rather than lysosomal
fusion, bacteria escape the phagosome into the cytosol, where they begin intracellular
replication (4).
The kinetics of phagosomal escape are unclear. Ultrastructure studies indicate
bacteria remain within intact phagosomes 2-4 hours post-infection, while
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immunofluorescence data suggests complete phagosomal escape by 1 hour post-infection
(7). Regardless of kinetics, detection of cytosolic bacteria leads to the activation of the
multi-protein inflammasome complex and the eventual apoptotic or pyroptotic cell death
of the host cell, or in some cases, reentry into endocytic compartments and generation of
Francisella-contmning vacuoles (13). In addition to bacterial replication, escape from the
phagosome is important in the activation of the host cell immune response. Indeed,
induction of the inflammasome leads to the activation of a number of cytokines including
IL-ip, IL-18, and IL-33 (13).
Given the ability to delay activation of proinflammatory cytokines and evade
initial attempts at clearance by the host cell, Francisella is sometimes referred to as a
‘stealth’ pathogen (22). The attenuation of the host-cell cytokine response following
infection may be an indication of a molecular virulence mechanism of the bacteria by
which the immune response is disrupted, thus inhibiting the ability of the host to
recognize and clear infection. Previous research has demonstrated that the ability to
downregulate cytokine secretion in infected macrophages is disrupted in strains of F.
novicida lacking the FPI transcriptional regulator mglA, thereby implicating the FPI in
downregulation of immune response (21 ).
In addition to the intracellular detection of bacteria and subsequent immune
activation, F. tularensis interacts with surface toll-like receptors (TLRs) (23). TLRs are
the classical model of pattern recognition receptors and interact with a variety of
pathogen associated molecular patterns (PAMPs), conserved molecular motifs found
across bacterial and viral species. F. tularensis is recognized by TLR2. While TLR2
recognizes a staggering variety of structurally different PAMPS (24), only bacterial
lipoproteins/lipopeptides are sensed at physiological concentrations (24). Signaling
through TLR2 results in the induction of proinflammatory responses to infection (23),
and further stimulates MAP-kinase associated signaling cascades and the activation of
NF-kB and transcription of chemokines and cytokines typical of macrophage activation,
including TNF-a (23). Notably, signaling via TLR2 is also required for the synthesis of
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pro-IL-lp, the hallmark cytokine of inflammasome activation. Following induction of the
inflammasome, caspase-1, one of a number of caspase proteases involved in apoptotic
and pyroptotic processes, is activated to process the pro-form of the cytokine to mature
IL-lp and leads to eventual pyroptotic cell death and bacterial release into the cytoplasm
(12). Thus, activation of IL-lp requires both TLR2 activation and phagosomal escape,
suggesting both intra- and extracellular sensing of microbial products.
As the expression of mglA is required for transcription and expression of FPI
proteins, it may be that proteins encoded within the FPI are responsible for observed
changes in cytokine responses. The identification of the FPI and specific proteins
required for virulence allow for a more in-depth analysis of these mechanisms. Here, we
present data supporting the hypothesis that the FPI proteins PdpC and PdpD are involved
in the modulation of cytokine secretion in host macrophages observed post-infection by
F. novicida. Interestingly, the data suggest that at five hours post-infection of murine
macrophages by PdpC and PdpD deficient strains of F. novicida, detectable bacteria was
decreased, and detected secretion levels of the proinflammatory cytokine TNF-a
decreased by upwards of 50%. Examination of quantitative PCR data for TNF-a
following infection supports these observed effects at the gene expression level. By 24
hours post-infection, cytokine levels return to that of wild-type. These results, coupled
with data suggesting that IL-lp expression is also decreased at 5 hours post-infection,
may indicate a potential role for PdpD in the modulation of the inflammatory responses
of infected cells.
1.2 Methods

1.2.1 Bacterial and mammalian cells
F. novicida strain U1 12 (obtained from ATCC) was used as the wild-type strain
for all experiments. F. novicida strain JLO (U112 with deletion in FTN_1390,
phenotypically indistinguishable from parental strain U112 (16) and deletion mutants
APdpD and APdpC (JLO with complete deletion ofpdpD and PdpC structural genes,
respectively) were obtained from Francis Nano (University of Victoria, Victoria B.C.).
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Bacterial strains used for infection were cultured aerobically overnight at 37°C in Tryptic
Soy Broth (TSB).
The murine macrophage-like cell line J774A.1 (obtained from ATCC) was cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Newborn Calf
Serum (NCS) and 1% Penicillin:streptomycin at 37°C and 6.0% CO2.

1.2.2 Infection and bacterial enumeration
1.2.2.1 5 hour infections.
J774A.1 cells were seeded into 12-well cell culture plates at a density of 2X105
cells/well and incubated as described overnight. Immediately prior to infection, cells
were washed twice with DMEM supplemented with 10% NCS, and incubated at 37°C in
6 % CO2 for 1 hour in antibiotic free media. Cells were infected at multiplicity of

infection (M01)=100, and centrifuged for lOmin at 600G to enhance bacteria host cell
interactions. Cells were moved to 37°C in 6 % CO2. Five hours post-infection,
supernatant was collected from each well and immediately frozen at -20°C.
1.2.2.2 24 hour time-course infections.
J774A. 1 cells were seeded into 6 -well cell culture plates at a density of 8X105
cells/well and incubated as described overnight. Prior to infection, cells were washed
twice with DMEM supplemented with 10% NCS and incubated at 37°C in 6 % C 0 2 for 1
hour to remove antibiotic. Cells were infected at M01=250, and centrifuged for lOmin at
600G. Cells were incubated at 37°C in 6 % C 0 2 for remainder of infection. Supernatant
was collected from each well at 2, 5,12, and 24 hours post-infection, and immediately
frozen at -20°C. RNA was extracted from J774.A1 cells at each time point as described
below.
1.2.2.3 Bacterial enumeration.
Infected J774.A1 macrophages were lysed with sterile filtered .01% sodium
deoxycholate at 2, 5,12, and 24 hours post-infection. Lysates were serially diluted in
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sterile PBS and plated on tryptic soy agar (TSA) plates to determine intracellular
bacterial replication.

1.2.3 Detection of secreted cytokines
1.2.3.1 TNF-a ELISA.
Collected supernatants were thawed and assayed by ELISA (BD OptEIAxM, BD
Biosciences, San Diego, CA) according to manufacturers instructions.
1.2.3.2 Luminex assay.
Collected supernatants were submitted for analysis using the Luminex Rodent
Multi-Analyte Profile (Rules Based Medicine, Austin, TX).

1.2.4 Quantitative PCR
Total RNA was isolated from infected J774A.1 cells using TRIzol reagent
(Invitrogen) according to manufacturers instructions. cDNA was synthesized from
extracted RNA using TaqMan® Reverse Transcription Reagents (Applied Biosystems)
and 200ng total RNA at a final concentration of 20ng/p,L, according to manufacturers
instructions. Real-time reactions were performed using 5ng cDNA and SYBR-Green
(Applied Biosystems) using murine TNF-a specific primers (F:5’GACCCTCACACTCAGATCATCTTCT-3 R: 5'-CCACTTGGTGGTTTGCTACGA3'). p-actin was used as an internal reference (F: 5 '-GTGGGCCGCTCTAGGCACCAA3’, R: 5 '-CTCTTTGATGTCACGCACGATTTC-3 '). Abundance of transcripts was
calculated using the AACt method as described in (16).

1.2.5 Statistical analysis
5-hour and Time Course ELISA analysis. Values of TNF-a secretion (pg/ml) were
normalized to wild-type at each time point (2, 5,12, and 24 hours post-infection) and
analyzed using one-way analysis of variance (ANOVA), followed by a Dunnett’s test,
using the statistical software JMP, Version 7. SAS Institute Inc., Cary, NC, 1989-2007.
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1.3 Results
1.3.1 Infection by ApdpD mutant induces significant reduction in TNF-a secretion
from macrophages at 5 hours post-infection only.
Because the reported cytokine modulation observed following infection by
Francisella may be under the influence of proteins encoded by the FPI, concentrations of
pro-inflammatory cytokine TNF-a secreted from infected macrophages were compared
between wild type and FPI protein PdpC and PdpD knockout strains (Figure 1A). In
addition to cells treated with serum alone (Mock), LVS, a F. holarctica strain lacking the
protein PdpD, was used as a secondary control. As expected, both uninfected and LVS
infected macrophage supernatants displayed low levels of cytokine secretion. Our results
of LVS infection confirm previous studies that have shown LVS induces reduced
cytokine responses (15). TNF-a secretion was significantly reduced in both the ApdpC
and ApdpD mutants when compared to secretion by macrophages infected with the wildtype strain U112.
The reduction in cytokine secretion was greater in the ApdpD mutant, which
served as the primary strain of interest for the remainder of experiments. To evaluate the
secretion of TNF-a over time, J774 cells were infected for 24 hours and supernatants
collected at 2, 5,12, and 24 hours post-infection. Of these time points, TNF-a secretion
was significantly decreased only at 5 hours post-infection (Figure IB).
1.3.2 Observed reduction in TNF-a secretion from infected macrophages is
significantly different between ApdpD mutant and parental strain JLO at 5 hours
post-infection.
While the reduction in cytokine secretion between wild-type strain U112 and the
ApdpD mutant was shown to be significant, background differences between the strains
may be affecting the observed results. The ApdpD strain was derived from F. novicida
strain JLO (U112 with deletion in FTN_1390). While JLO is phenotypically
indistinguishable from U112, it is possible that differences between JLO and U112 may
be affecting bacterial affects on cytokine secretion. To identify any possible strain based
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differences, cytokine secretion following infection with the ApdpD mutant was compared
to secretion following infection with the JLO strain.
TNF-a secretion was found to be significantly reduced in the mutant compared to both
JLO and U112. Thus, the observed decrease in TNF-a cytokine secretion is not the result
of differences in strain backgrounds.
1.3.3 F. novicida U112 wild-type and ApdpD strains infect and replicate in J774.A1
murine macrophages.
The pdpD gene has previously been shown to be dispensible for intracellular
growth and survival. To confirm these reported results, the replication efficiency of wildtype U112 and ApdpD strains in J774 murine macrophages was tested. The bacterium
was readily taken up by macrophages, and replicated intracellularly at an exponential rate
over the course of 24 hours (Figure 3). Bacterial CFU counts differed between wild-type
and mutant at 5 hours post-infection, with ApdpD displaying decreased bacterial
replication. This difference was not significant and was abated by 12 hours post
infection.
1.3.4 Decrease in TNF-a is detectable at transcript level.
To determine if the observed decrease in TNF-a expression in response to
infection is regulated at the gene expression level, RNA was purified from macrophages
at indicated time points following infection by U112 and ApdpD, and analyzed by RTPCR. Similar to observed results of the TNF-a ELISA, levels of detectable TNF-a
mRNA were decreased in the knockout strain at 5 hours post-infection (Figure 4).
1.3.5 Additional cytokines display reduced levels of secretion following infection by
ApdpD mutant.
Given the role of TNF-a as a “master regulator” of inflammatory response, we
next sought to identify other cytokines that show similar levels following infection by the
mutant strain. Supernatants from three infections were submitted for additional cytokine
detection by Luminex® rodent multi-analyte panel. The rodent multi-analyte panel is a
multiplex, bead-based ELISA allowing for the simultaneous detection of 50 different
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murine cytokines (Figure 5). This provides an obvious advantage when performing
preliminary screening for cytokines that may display altered levels of secretion post
infection, as observed with TNF-a. Further analysis of secretion post infection by U112
or ApdpD identify 5 of 50 cytokines- interleukin 1J3 (IL-1(3), macrophage derived
chemokine (MDC), macrophage inflammatory proteins 1(3 and 2 (MIP-lp, MIP-2) and
TNF-a, that display at least a 40% reduction in levels of expression (Figure 6); Of these,
IL-ip, MDC, MIP-2, and TNF-a were significantly different from wild-type (p=<.05,
except MIP-2, where p=<. 10).
1.4 Discussion
Given the importance of Francisella’s intracellular life cycle to virulence and
replication, much has been done to characterize the interactions between bacteria and
host, particularly in the macrophage model. Macrophages represent the first line of
defense against invading pathogens, and are the primary in vivo target of F. tularensis
and other bacterial pathogens during infection. Despite the lack of classical virulence
factors the bacteria are able to efficiently and effectively infect host cells, with a lethal
inhalation dose of 10 CFU, and statistical analysis suggesting that a single bacterial unit
carried on a respirable particle can cause infection in 40-50% of exposed individuals (14).
It becomes clear from the characterization of bacterial interactions with host cells
structures and the intracellular life cycle of Francisella that there are numerous
mechanisms by which the bacteria induces a host immune response. Indeed, phagosomal
escape and cytosolic replication are important virulence mechanisms for the bacteria, and
it is possible that proteins encoded by the FPI play a role in these processes, thereby
affecting the host cytokine response. In the present study, we hypothesized that a strain
with a deletion of the FPI protein PdpD would induce an increase in the levels of
detectable TNF-a secretion compared to wild-type. It had previously been shown that
infection with F. novicida mglA mutant resulted in enhanced NF-kB activation and
inflammatory cytokine secretion including TNF-a (21). As mglA is required for the
transcription and expression of FPI proteins, it was thought that proteins encoded by the
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FPI, including PdpD, may play a role in depressing cytokine responses. Interestingly,
results of ELISA and gene expression analysis show the PdpD knock-out strain elicited
decreased levels of TNF-a (Figure 1A). However, this decreased level of secretion was
significant only at five hours post-infection (Figure IB), and levels return to those of
wild-type by 12 hours post-infection. To verify these unexpected results, macrophage
supernatants at five hours pi were submitted for Luminex analysis. Results confirm the
decrease in TNF-a secretion in the mutant strain when compared to wild-type at five
hours, and identified four additional cytokines showing a decrease in expression (Figure
5). Macrophage derived chemokine (MDC), and Macrophage inflammatory protein lp
and 2 (MIP-1|3 and MIP-2), like TNF-a, are associated with macrophage activation via
bacterial stimulation of TLR2 (10). Levels of IL-lp, the marker for inflammasome
activation, are also decreased at the five hour time point (Figure 6).
These results suggest a potential role for PdpD in the activation of host innate
immune responses, possibly by affecting phagosomal escape kinetics and/or the
interaction with host TLR2. Bacterial enumeration experiments support the possibility of
delayed phagosomal escape. At five hours post-infection, the number of cytosolic
bacteria following infection with APdpD is less than that of macrophages infected with
U112, though this decrease is not significant. The numbers of detectable bacteria reach
levels similar to wild-type by 12 and 24 hours post-infection. The APdpD strain has
previously been shown to be unchanged for intracellular growth and virulence when
compared to wild-type (17), but these results reflect growth over a time scale of days,
rather than hours. It is possible that the slight growth effects reported here reflect early
transient changes in bacterial escape kinetics, and were previously undetected given the
extended time-points.
The decrease in secretion of cytokines transcriptionally activated via two different
pathways of macrophage immune response to F. Tularensis, and the results of the
intracellular growth assay suggest may suggest a role for PdpD in both TLR2 recognition
of the bacteria, as well as phagosomal escape. To date, only two bacterial lipoproteins of
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Francisella have been identified that stimulate the TLR2/TLR1 heterodimer. Results of
the study in which the two lipoproteins, TUL4 and FTT1103, were identified suggest that
numerous other bacterial lipoproteins may exist (23). PdpD has not yet been structurally
characterized, and it is possible that this protein may exist as a bacterial lipoprotein and
TLR2 agonist. Additionally, results of our intracellular growth assays identify a further
possible function for the bacteria in phagosomal escape (Figure 3). However, given that
transcription is not completely abolished, and the number of cytosolic bacteria return to
wild-type levels by 12 hours pi, it is likely that while PdpD is involved in recognition by
the host and phagosomal escape, other bacterial proteins may be involved in these
processes. Further investigation into the role of PdpD in pathogen recognition and
phagosomal escape kinetics is warranted.
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Figure 1.1. TNF-a secretion in infected J774 murine macrophage cells. (A)
Secretion @ 5 hours post infection. Cells infected at M01=100, n=15. Vertical bars
indicate standard deviation of the mean, and ** are indicative of significance when
compared to U112, p=<.05 (LVS, Mock, and APdpD: p=<.0001, PdpC: p-0.0145).
Values are normalized to wildtype strain U112. (B) TNF-a secretion in J774
murine macrophage cells infected with U112 or APdpD over a 24-hour time course
of infection. Levels are normalized to wild-type strain U112. Cells infected at
M01=250. Vertical bars indicate standard deviation of the mean, and * are
indicative of significance between strains, p=<. 10. Values are normalized to wildtype strain U112 at 2 hours post-infection.
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Figure 1.2. TNF-a secretion in parental strain JLO vs. APdpD mutant.
Secretion measured at 5 hours post infection, M01=100. U112 and APdpD,
n=26, JLO n=12. Vertical bars indicate 1 standard deviation of the mean, and *
indicative of significant difference between U112 and JLO, p=<.05, and **
indicating significant difference between mutant and wild-type strains, p=<.005.
Values are normalized to wild-type strain U112.

CFU/mi

28

Hours post-Infection

Figure 1.3. F. novicida U112 and APdpD replicate in murine
macrophages. J774.A1 cells were infected at M O M 00, incubated for 2, 5,
12, and 24 hours, and lysed with .01% sodium deoxycholate. Lysates were ’
plated on TSA plates and incubated overnight at 37°C. Each strain replicated
logarithmically in macrophages throughout a 24 hour course of infection.
Vertical bars indicate 1 standard deviation.

Figure 1.4. TNF-a relative gene expression in 24 hour time-course infection.
Relative gene expression of murine TNF-a, normalized to (3-actin internal
control. Cells infected at M01=250, n=5, except 12 and 24 hours, where n=2.
Vertical bars indicate 1 standard deviation.
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Figure 1.5. Cytokine secretion as detected by Luminex® rodent multi-analyte panel analysis. (A) Table of
secreted cytokines detected by Luminex at five hours post-infection, normalized to wild-type strain U112. * indicates
significant difference from wild-type, p=<.10, and ** indicates p=<.05. Vertical line at secretion level 100 denotes
wild-type U112 secretion levels. Non-detectable cytokines were excluded from the table. Results are representative of
three individual experiments.
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Figure 1.6. Cytokines displaying differential secretion levels between
wild-type and APdpD. Strains are normalized to wild-type and secretion
levels are percentage wild-type. Results are representative of three
individual experiments. Vertical bars represent ±SEM and ** indicates
significance at p=<.05, * indicates significance at p=<.10. *** indicates
significant difference in secretion (p=<.05) between APdpD and Mock.
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CHAPTER 2:
Evaluation of Effect of the Pentacyclic Triterpenoid Ursolic Acid on
SV40 Viral Infectivity1
ABSTRACT
The cellular plasma membrane plays a critical role in not only the maintenance of
normal cellular function, but also in the progression of numerous pathologies. The
paradigm of membrane structure has shifted from that of the classical fluid-mosaic model
to a dynamic membrane bilayer characterized by transient lateral membrane
microdomains, termed ‘lipid rafts’. Lipid rafts, cholesterol and sphingolipid enriched
regions of the membrane, serve as signaling platforms and have been identified as targets
of viral and bacterial pathogens, including HIV, influenza, and Salmonella.
Given their role in infectious disease pathogenesis, lipid raft microdomains have
been investigated as potential targets of therapeutic intervention. Compounds, including
the potent cholesterol chelator methyl-p-cyclodextrin, have been found to disrupt lipid
raft and measurably disrupt viral and bacterial infectivity. However, toxic effects
associated with these compounds have made the identification of non-toxic alternatives
an area of increasing research interest. We sought to determine whether the natural
product triterpenoid ursolic acid, present in many plants, would similarly disrupt lipid raft
integrity in the Vero cell line and reduce infectivity of the raft-dependent SV40 virus.
While ursolic acid has previously been shown to possess antimicrobial properties, we did
not find any effect of the triterpenoid on the viral infectivity of SV40.

i Sm ith, L .S. and K. Hueffer. 2012. Evaluation of Effect of the Pentacyclic
Triterpenoid Ursolic Acid on SV40 Viral Infectivity. Prepared for submission in
Infection and Immunity.
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2.1 Introduction
The field of lipidomics has grown in recent years, following the recognition that
lipids, and in particular, the cellular plasma membrane, play an important role not just in
the maintenance of normal cellular functions, but also in the progression of numerous
pathologies (7). The current paradigm of membrane structure has shifted from that of a
uniform mixture of bilayer lipids, as described by Singer and Nicholson’s fluid-mosaic
model, to a dynamic membrane bilayer characterized by transient lateral membrane
microdomains (9,17). These cholesterol and sphingolipid enriched microdomains, termed
lipid rafts, serve as signaling platforms and have been implicated in a number of
physiological and pathological processes. In addition to their role in carcinogenesis and
neurological pathologies, including Alzheimer’s and Parkinson’s diseases, lipid rafts
have been identified as targets of viral and bacterial pathogens (11,15). HIV, Influenza,
and Francisella tularensis are among the many pathogens that exploit raft domains for
entry, trafficking, and budding (11).
Given their role in disease, lipid rafts have been investigated as potential targets
of therapeutic intervention, particularly in the area of infectious diseases. A number of
compounds have been identified that interfere with normal raft signaling, with
measurable effects on viral and bacterial infectivity (8,11). Studies have shown that
treatment with the compound methyl-p-cyclodextrin, a potent chelator of membrane
cholesterol, inhibits raft-dependent entry of a number of viruses and bacteria, including
poliovirus, SV40, and Francisella (6,12,19). Similarly, treatment of cells with the
tricyclic antidepressant desipramine, known to induce disorder in cholesterol-rich
membranes, inhibits viral proliferation of the canine parvovirus (14). However, toxic
effects associated with these, and other synthetic pharmacological agents make the
identification of non-toxic alternatives an area of increasing research interest.
Triterpenoids, a class of naturally occurring organic lipids, have been identified as
potential modulators of lipid rafts. The hydrophobicity and structural similarity of these
triterpenes to cholesterol may result in the incorporation of these compounds into plasma
membrane lipid raft domains (20). Owing to the tightly packed structural conformation of
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lipid rafts, it has been suggested that incorporation of triterpene analogues may disrupt or
even remove cholesterol from membranes, thereby affecting lipid raft associated
functions (20). A number of recent publications have identified antimicrobial roles for
various triterpenes, including the pentacyclic triterpenoids betulinic acid and ursolic acid,
and their derivatives (3,4,16). Both compounds have been shown to have inhibitory
effects on HIV viral replication (10) and interestingly, betulinic acid has been found to
incorporate into the lipid bilayer of erythrocytes, inhibiting growth of the malarial
parasite Plasmodium falciparum (22). In addition to its documented antimicrobial
properties, ursolic acid has been implicated in various anti-cancer and anti-inflammatory
roles (18). The exact mechanism by which these effects are achieved is unknown, but it
may be that ursolic acid exerts its effects in a similar way to betulinic acid, by
incorporating into- and disrupting membrane lipid rafts.
This study was initiated to determine whether ursolic acid can be used to decrease
viral infectivity through the disruption of host cell lipid rafts. SV40 was used as a model
of a lipid raft dependent virus in this proof of principle study. Infectivity of the simian
virus 40 (SV40) was measured via fluorescent microscopy in green monkey kidney
epithelial cells (Vero) following incubation of the cells with various concentrations of
ursolic acid. Additionally, the pathogen Francisella tularensis was used as a model of a
lipid raft dependent bacterium. Infectivity of F. tularensis was measured via bacterial
enumeration assays in the J774 munne mouse macrophage cell line treated with ursolic

acid at various concentrations. Results suggest that ursolic acid has no effect on SV40
infectivity in the Vero cell model, nor on F. tularensis infectivity in the J774 cell model.

2.2 Materials and Methods

2.2.1 Bacterial and mammalian cells
F. tularensis subs, novicida strain U112 (obtained from ATCC) was used for
bacterial enumeration assays. U112 was cultured aerobically overnight at 37°C in
Tryptic Soy Broth.
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The murine macrophage-like cell line J774A.1 (obtained from ATCC) was
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO®, Invitrogen,
Carlsbad CA) supplemented with 10% Newborn Calf Serum (NCS) (GIBCO®,
Invitrogen, Carlsbad CA) and 1% Penicillin:streptomycin at 37°C (Invitrogen, Carlsbad,
CA) and 6% C 02.
The African green monkey kidney epithelial cell line Vero (obtained from ATCC)
was cultured in DMEM supplemented with 10% NCS and 1% Penicillin:streptomycin at
37°C and 6% C 02.

2.2.2 Viral stocks
SV40 (obtained from ATCC) was replicated in Vero cells, and supernatant
collected, aliquoted, and frozen at -80°C for use in further infection studies.

2.2.3 Antibodies and materials
Mouse monoclonal antibodies against large T-antigen of SV40 were obtained
from Abeam Inc. Goat-anti-mouse Alexa Fluor 488 conjugated secondary antibody and
Alexa Fluor 555 Lipid Raft labeling kit were purchased from Invitrogen. DAPI nuclear
counterstain was purchased from Invitrogen. 90% Ursolic Acid was purchased from
Sigma-Aldrich.
Two preparation of ursolic acid were used. Ursolic acid was dissolved in 70%
Acetone/30% H20 2and diluted to final concentrations of 12.5,25, 50, and 100 \xg/mL in
DMEM (prepared as described above.) A second preparation of ursolic acid was
dissolved in dimethyl sulfoxide (DMSO) and diluted to final concentrations of 5,20, 50,
60,90 and 140uM in DMEM (prepared as described above). The final concentration of
DMSO in prepared solutions was no greater than 0.6%.

2.2.4 Viral infection and microscopy
Cells seeded onto glass coverslips were grown to subconfluency and incubated
with ursolic acid at each of the prepared concentrations for lhour. Mock infected cells
were incubated with a vehicle control of DMEM or DMEM + 0.5% DMSO. Cells were
then infected with SV40 for an additional hour. Following viral incubation, cells were
washed 2 times using HBSS media, and replenished with appropriate media containing
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ursolic acid. At 12 or 24 hour post-infection, cells were washed 3 times and fixed in 4%
paraformaldehyde.
For immunofluorescence microscopy, cells were successively incubated with antiT-antigen (1:500 in l%(v/v) TritonX/BSA) and anti-mouse AF488 (1:1000,
1%(v/v)TritonX/BSA). Cells were additionally stained with DAPI (1:100 in PBS) and
mounted on slides with Pro-Gold Anti-fade reagent (Invitrogen). Slides were stored for
24hours in darkness before analysis using an Olympus Motorized Inverted Research
Microscope Model 1X81 and SlideBook™ software for image analysis.

2.2.5 Bacterial infection and enumeration
2.2.5.1 Infection.
J774A.1 cells were seeded into 6-well cell culture plates at a density of 4X105
cells/well and incubated as described overnight. Prior to infection, cells were washed
twice, then incubated for one hour with antibiotic free DMEM supplemented with 10%
NCS, at 37°C in 6% CO2. Cells were then incubated for one hour with ursolic acid
prepared in DMSO diluted to final concentrations of 50,90, and 140uM in DMEM, and
lOmM methyl-p-cyclodextrin. Mock infected cells were incubated with a vehicle control
of DMEM+0.5% DMSO.
Cells were infected at multiplicity of infection (M01)=20, and centrifuged for
lOmin at 600G to enhance bacteria-host cell interactions. Cells were moved to 37°C in
6% CO2. At one hour post-infection, supernatant was removed and cells were washed 2X
with HBSS to remove non-intemalized bacteria. Cells were replenished with treatments
at appropriate concentrations and incubated for an additional hour.
2.2.5 2. Enumeration.
At two hours post-infection, infected J774.A1 macrophages were washed 2X with
HBSS and lysed with sterile filtered .01% sodium deoxycholate. Lysates were serially
diluted in sterile PBS and plated on tryptic soy agar (TSA) plates to quantify intracellular
bacteria.
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2.2.6 Statistical analysis
Cell counts of SV40 positive cells treated with ursolic acid or methyl-Pcyclodextrin were compared to non-treated cells using one-way analysis of variance
(ANOVA) followed by a Dunnett’s test, using the statistical software JMP, Version 7.
SAS Institute Inc., Cary, NC, 1989-2007.

2.3

Results

2.3.1 Ursolic acid does not affect the infectivity of SV40 in Vero cells.
Given the reported antimicrobial effects of ursolic acid, and the preliminary
results suggesting UA influences lipid raft formation in chicken cortical neurons, we
hypothesized that UA may act to disrupt membrane rafts and thereby reduce infectivity of
SV40. To determine whether ursolic acid has the ability to prevent or reduce the infection
of Vero cells by SV40, cells were treated with four concentrations of ursolic acid: 12.5,
25, 50, and 100 ng/ml. Cells were infected with SV40 one hour after initial treatment
with ursolic acid.
At twelve hours post-infection, it appears that ursolic acid has no effect on SV40
infectivity at any of the four concentrations (Figure 1A). Levels of infection for each
treatment do not differ from that of untreated cells (Figure IB). Consistent with previous
reports, cells infected following treatment with methyl- j3 -cyclodextrin display no
detectable SV40 large T-antigen.
Notably, at 50 and 100 ng /ml ursolic acid crystals were visible in solution. To
test for the possibility that lack of effect on infectivity is a result of the inability of
crystalized ursolic acid to incorporate into the cell membrane, infections were repeated
using a stock solution of ursolic acid prepared in DMSO. The increased solubility of
ursolic acid in DMSO allowed for the use of higher concentrations without the
crystallization observed in preparations of ursolic acid in ethanol. Cells were treated with
5,10,20, and 50 \M concentrations of ursolic acid prepared in DMSO, and infected as
described above for 24 hours to allow for longer infection times. Similar to previous
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results, there was no observed effect on SV40 infectivity at any of the four concentrations
(Figure 2).
2.3.2 Ursolic acid does not affect the infectivity of F. tularensis in J774 murine
macrophages.
To determine whether the inability of ursolic acid to disrupt SV40 infection is
pathogen specific, we tested the effect of UA on the infectivity of the bacterial pathogen
F. tularensis. Francisella has previously been shown to target the lipid-raft associated
protein caveolin-1 for successful entry into macrophages (19). J774 murine macrophage
cells were treated with three concentrations of ursolic acid dissolved in DMSO: 50,90,
and 140uM, and a lOmM methyl-p-cyclodextrin control. Cells were infected with
bacteria one hour after initial treatment with ursolic acid.
At two hours post-infection, no change in infectivity between UA treated cells
and untreated cells was observed (Figure 3). Notably, there was no change in infectivity
detected between untreated cells and those treated with lOmM methyl-P-cyclodextrin
(Figure 3).
2.3.3 Methyl-£ -cyclodextrin, but not ursolic acid, visibly alters Vero and J774 cell
lipid raft formation.
To confirm the ability to disrupt lipid rafts in our model systems using the known
cholesterol chelator methyl- j3 -cyclodextrin, and detect possible changes arising from
ursolic acid treatment, Vero and J774 cells were incubated in culture media in the
presence or absence of lOmM methyl- j3 -cyclodextrin, and 50uM ursolic acid prepared in
DMSO. Control and treated cells were stained for lipid rafts and visualized using
fluorescence microscopy. Only lipid rafts of methyl- j3 -cyclodextrin treated cells from
Vero (data not shown) and J774 cells were considerably less distinct when compared to
untreated control (Figure 4). Interestingly, J774 rafts stained more prominently than Vero
rafts. These results indicate no visible changes in raft structure with UA treatment, but
confirm the ability to disrupt lipid rafts in Vero cells.
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2.4 Discussion
Successful viral entry into cells requires a number of host-virus interactions, important
among these the ability of the virus to recognize and bind to host specific receptors.
Viral tropism is largely determined by cell surface receptors, to which viruses bind and
gain entry to cells to begin their intracellular life cycles (5). The expression of receptors
varies across cell types and within the plasma membrane itself. Receptors specific to
cholesterol and sphingolipid enriched membrane microdomains play an important role in
the viral life cycle (13). These detergent resistant lipid rafts serve to compartmentalize
cellular processes and have been implicated in cell signaling and protein trafficking.
Recent research has identified an increasing number of bacterial and viral pathogens that
exploit receptors localized to lipid raft domains to gain entry to host cells (14). While
chemical disruption of lipid rafts has been shown to block microbial entry into cells,
these treatments also affect necessary biological functions, making the use of known raft
disruptors toxic and undesireable (6,8,11,12,14).
We sought to determine whether the use of the natural product ursolic acid would
prove a non-toxic alternative to currently available lipid raft disruptors. Given its
similarities in structure and hydrophobicity to cholesterol, it has been suggested that
ursolic acid may incorporate into lipid raft domains, displacing cholesterol and
potentially modulating lipid raft associated functions. Although previous reports describe
an antimicrobial role for ursolic acid and other similar triterpenoids, our findings indicate
no effect of ursolic acid in decreasing the infectivity of the simian virus SV40 or the
bacterial pathogen Francisella tularensis. We saw no change in numbers of cells positive
for SV40 large T-antigen with any of the concentrations of ursolic acid used for treatment
(Figure 1A, IB, Figure 2). Additionally, we detected no change in the numbers of
internalized bacteria with any of the three concentrations of ursolic acid used for
treatment (Figure 3). Interestingly, treatment of J774 cells with methyl-P-cyclodextrin
had no effect on the ability of F. tularensis to infect cells (Figure 3), though fluoresence
microscopy detected potential effects of methyl- |3-cyclodextrin on raft structure (Figure
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4). The lack of effect of methyl- J3-cyclodextrin on bacterial infectivity is contrary to
previous reports that found treatment with methyl-{3-cyclodextrin effectively depletes
membrane cholesterol and significantly decreases bacterial uptake by the macrophage
(19). However, differences in experimental methodology, including bacterial preparation,
infection times, and assay type, may have contributed to these conflicting results.
While our results do not support ursolic acid as a therapeutic agent in a lipid raft
mediated attenuation of viral infectivity by SV40, a large body of evidence suggests
triterpenoids both interact with host lipid rafts, and exert antimicrobial effects on a
number of bacterial and viral pathogens. In addition to ursolic acid, several other plantderived triterpenoid compounds, including betulinic acid, imberbic acid, and rotundic
acid have been implicated in antimicrobial roles (4). A number of triterpenoids have also
been shown to incorporate into raft domains, or to affect raft-associated receptors,
including the triterpenoid avicin-D, reported to affect distribution of raft associated
ligands (21).
Previous studies have suggested that stereochemical properties of triterpenoids
may be important to interactions with lipid raft architecture (2). Indeed, oleanolic acid, a
structural isomer of ursolic acid, is capable of abrogating UVA-radiation induced
ceramide formation in lipid rafts via its incorporation into rafts, where ursolic acid, while
incorporating into raft domains, had no effect (2). It has been suggested that the structural
differences between olenolic and ursolic acid may be resulting in the steric hindrance of
tight packing of sphingolipids by ursolic acid, preventing the abrogative affect seen with
oleanolic acid (2). Given the apparent importance of structure on the ability of
triterpenoids to effectively impact raft associated functions, future experiments may
consider examining structural derivatives of ursolic acid to determine any changes in raft
associated functions post-treatment.
Additionally, lipid raft type may influence the interactions of ursolic acid with
lipid rafts. There are currently two types of recognized lipid rafts- planar rafts and
caveolar rafts (1). Planar rafts, typically found in neurons, lack morphologically
distinguishable features, are continuous with the plane of the plasma membrane, and
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contain the protein flotillin (1). Caveolar rafts are characterized by flask-shaped
membrane invaginations termed caveolae, containing the protein caveolin (1). Both SV40
and Francisella target caveolae for host cell entry. The ability of ursolic acid to induce
changes in lipid raft formation in primary cortical neurons may be influenced by the
planar organization of neuronal lipid rafts.
Changes in membrane lipid rafts are notoriously difficult to visualize, and our
examination with fluorescence microscopy proved difficult to quantify. It may be that
while minute changes in raft structure not affecting viral or bacterial entry were present,
but undetectable, following treatment with ursolic acid. Further studies should be
performed, using biochemical approaches to quantify potential changes in lipid rafts
resulting from ursolic acid treatment.
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Figure 2.1. Ursolic acid has no effect on SV40 virus infectivity. (A).
Representative images of infected cells at 12 hours post-infection, (a-f) Vero cells
were infected with SV40 following incubation with increasing concentrations of
ursolic acid, 20 mM methyl- jS -cyclodextrin (b), or left untreated (a). (B).
Percentage infection of Vero cells, ±SEM. At 12 hours post-infection, there were
no significant differences in infectivity between untreated cells and those treated
with ursolic acid. Treatment with methyl- j3 -cyclodextrin completely blocked
SV40 offltay (p=J85). Results
o f iwee separate imlfocJMs.
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Figure 2.2. Ursolic acid prepared in DMSO has no effect on SV40 virus
infectivity. Vero cells were infected with SV40 following incubation with 5,20, and
50|iM ursolic acid prepared in DMSO (to increase solubility of the compound).
Columns represent percentage of infected cells, ±SEM. At 24 hours post-infection,
there were no significant differences in infectivity between untreated cells and those
treated with ursolic acid.

Concentration Ursolic Add

Figure 2.3. Ursolic acid has no effect on F. tularensis strain U112 infectivity.
J774 murine macrophage cells were infected with F. tularensis U112 following
incubation with 50,90, and 140(xM ursolic acid prepared in DMSO. Macrophages
were lysed at 2 hours post-infection, and internalized bacteria were enumerated.
Columns represent numbers of bacterial colony forming units, ±SEM. At 2 hours
post-infection, there were no significant differences in internalized bacteria between
untreated cells, methyl-p-cyclodextrin controls, and those treated with ursolic acid.
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Figure 2.4. Methyl-p-cyclodextrin, but not ursolic acid, visibly alters lipid raft
formation in Vero cells. Cells were grown to subconfluence and treated with
lOmM methyl- j3 -cyclodextrin (MBCD) or 50uM ursolic acid (UA). Lipid rafts
were visualized with fluorescence microscopy. MBCD Treated cells (C) appear to
have more diffuse lipid rafts, decreased in size when compared to rafts of untreated
cells (A) and cells treated with UA (B).
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General Conclusions

Our findings characterized the interactions of the bacterium Francisella tularensis
and the SV40 virus with their target cells. Two proteins encoded in the Francisella
pathogenicity island, which has previously been implicated in the downregulation of host
innate immune responses, were examined for their potential role in immune regulation
(4). These proteins, PdpC and PdpD, are required for full bacterial virulence, but
unnecessary for intracellular replication and survival (1). Of the two proteins, we found
PdpD to have a greater effect on secretion of proinflammatory cytokine TNF- a in
infected J774 murine macrophages. This supports our hypothesis that this FPI protein is
involved in modulating immune response. However, while we hypothesized that a
deletion in PdpD would induce increases in the levels of detectable TNF- a secretion,
ELISA and gene expression studies indicate the PdpD knock-out strain elicited decreased
levels of the cytokine.
Following further characterization of the host response to infection by A PdpD, we
suggest a possible role for the protein in phagosomal escape and activation of innate
immune responses. Bacterial enumeration assays and the identification of additional
cytokines whose expressions are decreased following infection by A PdpD indicate the
protein may be modulating host innate immune responses, possibly via affects on
phagosomal escape kinetics or interactions with surface receptor TLR2. Our findings
suggest a potential immune-modulatory role for the as-yet functionally uncharacterized
FPI protein PdpD. Investigation of these potential interactions are necessary to more
clearly understand the role of PdpD in modulating host innate immune responses.
Despite renewed interest in Francisella, little is known about the molecular
mechanisms of virulence employed by this bacterial pathogen Given its classification as
a Class A biological agent, further characterization of these mechanisms provides
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important insight to the pathology of infection and a greater understanding of general
host-pathogen interactions.
In addition to characterizing the interaction between Francisella and innate
immune responses, we examined the ability of the naturally derived pentacyclic
triterpenoid ursolic acid to decrease viral infectivity of SV40 infecting the Vero simian
kidney epithelial cell line. SV40 targets the lipid-raft localized glycolipid receptor GM1
to gain access to host cells (3). Ursolic acid, similar in structure and hydrophobicity to
cholesterol, was hypothesized to incorporate into and disrupt lipid raft domains, thereby
affecting the ability of the SV40 virus to bind to target receptors and infect host cells (5).
Fluorescent microscopic detection of SV40 Large-T Antigen following SV40 infection of
Vero cells treated with concentrations of ursolic acid demonstrate no effect of ursolic
acid on the infectivity of SV40. We further sought to determine whether ursolic acid
would disrupt infectivity of the bacterium Francisella tularensis in J774 murine
macrophages. Again, no concentration of ursolic acid demonstrated any effect on
bacterial infectivity.
While our results suggest no role for this compound in preventing viral or bacterial
infection of Vero and J774 cells, a number of other studies have identified antimicrobial
properties for ursolic acid and other triterpenoids in different systems (2). Continued
investigation into the field of natural-product drug discovery is crucial to the
identification of new antimicrobials. Despite a significant number of drugs identified
from natural products that are still in use today, research into the field has diminished as
increasing emphasis has been placed on screening synthetic libraries of compounds for
use in pharmacology. This shift towards synthetic drug production has been followed by
a decline in the number of new drug approvals, suggesting that utilizing modem
investigative techniques for the identification of new natural products may prove less
successful than initially hoped. As the number of antibiotic resistant microbes continually
increases, so too should research into potential natural-product therapies.

54
References
1. Broms, J.E., A. Sjostedt, and M. Lavander. 2010. The Role of Francisella
Tularensis Pathogenicity Island in Type VI Secretion, Intracellular Survival, and
Modulation of Host Cell Signaling. Front. Microbiol. 1:136.
2. Chung, P.Y., P. Navaratnam, and L.Y. Chung. 2011. Synergistic
antimicrobial activity between pentacyclic triterpenoids and antibiotics against
Staphylococcus aureus strains. Ann. Clin. Microbiol. Antimicrob. 9:10-25.
3. Engel, S., T. Heger, R. Mancini, F. Herzog, J. Kartenbeck, A. Hayer, and A.
Helenius. 2011. Role ofendosomes in simian virus 40 entry and infection. J.
Virol. 85:4198-4211.
4. Rajaram, M.V., L.P. Ganesan, K.V. Parsa, J.P. Butchar, J.S. Gunn, and S.
Tridandapani. 2006. Akt/Protein kinase B modulates macrophage
inflammatory response to Francisella infection and confers a survival advantage
in mice. J. Immunol. 177:6317-6324.
5. Verma, S.P. 2009. H I V : a raft-targeting approach for prevention and therapy
using plant-derived compounds (review). Curr. Drug Targets. 10:51-59.

