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Assumed by many to be a disease of the past, plague continues to be a globally
prevalent disease, with thousands of cases estimated to occur annually. With no FDA-
approved vaccine and therapeutics limited to antibiotics, there is an imperative need to
develop new prophylactics as well as therapeutics against plague infection. Identification
of new virulence factors of Y. pestis and understanding their role during the infection
process is imperative in designing a better vaccine candidate. By using high-throughput
signature-tagged mutagenic approach, we screened 5,088 mutants of Y. pestis CO92 to
identify clones with impairment in dissemination to the spleen. In subsequent screens,
20/118 mutants exhibited attenuation when individually tested in a mouse model of
bubonic plague. Upon sequencing, 3 of the attenuated mutants carried interruptions in
genes encoding hypothetical type VI secretion system components. Through the
generation of several T6SS associated gene deletion mutants, we have shown significant
attenuation of the bacterium in pneumonic models of plague. Combinatorial deletions of
T6SS associated genes resulted in further augmenting attenuation as well as providing
protection against subsequent re-challenge with wild-type (WT) bacteria. For therapeutic

development, traditional drug discovery is an inefficient and costly process; however,



systematic screening of Food and Drug Administration (FDA)-approved therapeutics for
other indications in humans offers a rapid alternative approach. Utilizing this approach,
we screened a library of 780 FDA-approved drugs to identify molecules that rendered
RAW 264.7 murine macrophages resistant to cytotoxicity induced by the highly
virulent Yersinia pestis CO92 strain. Following in vitro screening, a total of 17 prioritized
drugs were chosen for further evaluation in a murine model of pneumonic plague to
delineate if in vitro efficacy could be translated in vivo. Three drugs, doxapram (DXP),
amoxapine (AXPN), and trifluoperazine (TFP), increased animal survivability despite not
exhibiting any direct bacteriostatic or bactericidal effect on Y. pestis in vitro and having
no modulating effect on crucial Y. pestis virulence factors, suggesting that DXP, AXPN,
and TFP may modulate host cell pathways necessary for disease pathogenesis. Taken
together, these results provide potential new tools in the arsenal to combat plague

infection.
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Chapter 1: Yersinia pestis

INTRODUCTION

Yersinia pestis, a Gram-negative bacterium of the Enterobactericiae family, is a
zoonotic pathogen and the causative agent of plague. Plague manifest itself in three forms
in humans, namely bubonic, septicemic, and pneumonic (1). Most commonly spread by
the bite of inflected fleas, plague can also be spread in humans and animals through
aerosol exposure. This bacterium has caused three pandemics throughout history with
mortality estimates as high as 200 million (1). Currently, there is no vaccine approved
for use in the United States and the antibiotic therapy for plague must be administered
with 20-24 h after the onset of symptoms to be 100% effective (2, 3). Due to plague
being endemic in many regions around the world, its relative ease of aerosolization, and
the acute nature of virulence in humans, this pathogen is currently classified as a Tier-1
select agent by the Centers for Disease Control and Prevention (CDC) and a re-emerging
human pathogen by the World Health Organization (WHO) (2, 4). This pathogen’s
extreme virulence, coupled with a lack of a Food and Drug Administration (FDA)-
approved vaccine as well as treatment limited to antibiotic therapy, highlights the need
for the development of new prophylactics as well as therapeutics to combat this truly
devastating pathogen. In addition, isolation of natural antibiotic-resistant strains of Y.
pestis from plague patients and generation of strains resistant to antimicrobial agents used
to treat plague by some countries to be used as a biological warfare agent further
underscore the necessity to develop new countermeasures against deadly Y. pestis

infections.
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BACTERIOLOGY

The genus Yersinia contains 17 species with three being pathogenic in humans,
namely Y. enterocolitica, Y. pseudotuberculosis, and Y. pestis (5). While Y. enterocolitica
and Y. pseudotuberculosis are food-borne pathogens spread primarily through the fecal-
oral route to cause enterocolitis, Y. pestis is the causative agent of bubonic, septicemic, or
pneumonic plague and is spread through the bite of infected fleas or inhalation of
respiratory droplets of pneumonic plague patients or animals (5). Both enteric pathogens,
Y. enterocolitica and Y. pseudotuberculosis, are less closely related on a genomic level
than Y. pestis and Y. pseudotuberculosis (6). In fact, Y. pestis is believed to have evolved
from Y. pseudotuberculosis between 2,600 — 28,000 years ago (6). Interestingly, despite
the obvious differences in the clinical presentation of infections caused by these
pathogens, they all share a penchant for colonization of lymphatic tissues (7).

Recent genomic studies have determined ancient Y. pestis strains were infecting
humans in the Bronze Age in Eurasia, about 2,000 years earlier than previously thought
(6). The virulent pathogen we know today, with a genome of about 4.65 Mb that also
contains the three plasmids pCD1, pPCP1, and pMT1, evolved from these ancient strains
through the acquisition of several virulence genes (8). The acquisition of the Yersinia
murine toxin gene, ymt, is believed to be key to this organism’s prevalence and virulence,
as Ymt allows for colonization of the flea vector (6). Able to survive in the soil, as well
as arthropod and vertebrate hosts, Y. pestis has proven to have a diverse lifestyle with the
ability to replicate at both 30 and 37°C (1, 2, 9). This pathogen maintains its existence

through an enzootic cycle involving rodents and their fleas (10). Y. pestis has a wide
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range of both susceptible hosts and vectors, which make eradication of this pathogen
extremely difficult and ultimately unfeasible in the near future. While the classical vector
for plague is the oriental rat flea, Xenopsylla cheopsis, 30 different flea species have been
shown to be vectors of Y. pestis (1). Additionally, while a definitive host reservoir has yet
to be identified, reportedly over 200 species, particularly small rodents, are susceptible to
infection (11). When these susceptible species become infected, an epizootic outbreak
occurs, which can result into spillover into humans through either direct contact with

infected animals or fleas from such animals looking for alternative blood meals.

FACTORS CONTRIBUTING TO BACTERIAL VIRULENCE

With a genome of approximately 4.65 Mb and three plasmids that encode
numerous pathogenicity islands, Y. pestis contains several virulence factor genes and
mechanisms that make it one of the deadliest pathogens in human history.
Type 11 secretion system (T3SS)

Perhaps the most well characterized virulence mechanism of the bacterium, the
type 111 secretion system (T3SS), encoded on the pCD1 (~70 kb) plasmid, provides Y.
pestis with a diverse array of mechanisms to suppress host innate immune defenses (12—
14). T3SS’s are complex nanomachines that form needle-like complexes allowing for the
direct injection of effector proteins in eukaryotic host cells (Fig. 1) (13). The T3SS of Y.
pestis is tightly regulated in response to the environmental variables of temperature and
calcium levels (13). While the T3SS in not expressed at flea temperature (28°C) and
plays no role in flea colonization, expression of the T3SS genes are critical for successful
infection of mammalian hosts (13-15). In the mammalian host, an environment with low

calcium levels and a temperature of 37°C, transcription of the T3SS-associated genes is
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activated (16). Once contact with a host cell is made, the pore-forming translocon
complex is assembled to facilitate the translocation of Yersinia outer proteins (Yops)
across the host cell membrane. The major injected Yops; YopE, YopH, YopJ, YopM,
YopO, and YopT, function by interfering with host cell transduction pathways to thwart
the host innate immune defenses (13). While YopE, YopH, YopO, and YopT have been
shown to interfere with signaling pathways involved in host cytoskeleton maintenance,
YopJ has been reported to inhibit the activation of host signaling pathways (14, 17), and
YopM blocks inflammasome activation (18). In addition to these injected Yop proteins,
some other notable T3SS effector proteins include the secreted YopB and YopD
translocon proteins, which together form the pore in the host cell membrane (12, 13, 16).
The polymer of YscF, which determines the length of the needle (19)connects the needle
complex to the basal body of the T3SS formed by the Ysc (Yersinia secretion component)
proteins; YscD, YscJ, YscU, Yscl, YsC, YscNKL, and YscC. As part of the basal body,
YscC forms the outer membrane ring spanning the bacterial outer membrane traversing
the periplasmic space (16). The low calcium response antigen V (LcrV) forms the tip of
the needle complex, is required for the secretion of Yop effector proteins (13, 16), and is
an important immunogen of the subunit plague vaccines which are in clinical trials (9, 20,

21).
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Figure 1. Model of the
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Yersinia T3SS injectisome.
Figure adapted from Dewoody

et al. with permission (16).
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F1 capsule

Fraction 1 (F1) capsular antigen is encoded on the large (~100 kb) plasmid pMT1
by the gene referred to as cafl. F1 is a structural component that serves as both a primary
immunogen, with passive transfer of F1 antibodies shown to be effective in protection
against low dose inocula of Y. pestis in a mouse model of infection (22), and as a
virulence factor of Y. pestis (23-25). Regulated by temperature, strong expression of F1
gene occurs only at 37°C, corresponding to the temperature of mammalian hosts (22, 26).
As with other pathogens, the F1 capsule protects the bacterium from uptake by

macrophages and other phagocytic cells (25). Interestingly, F1 negative strains of Y.
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pestis have been identified in nature that are fully virulent. Additionally, deletion of F1
results in a highly variable phenotype that is route dependent and ranges from the
bacterium being greatly attenuated to fully virulent depending upon the animal models
used (23, 27).

Plasminogen-activator protease

The 9.5 kb pPCP-1 plasmid of Y. pestis encodes the plasminogen activator
protease, Pla, which converts plasminogen to plasmin. This conversion allows for the
degradation of the extracellular matrix and aids in the dissemination of the bacterium,
particularly in bubonic plague (28). Pla also plays a role in pneumonic plague and is
essential for the development of primary pneumonic plague through rapid replication of
the bacterium in the airways (29). Pla has also been shown to play a role in the
intracellular survival of Y. pestis in macrophages (30, 31).

Type VI secretion system (T6SS)

Unlike the T3SS, the T6SS has been mostly overlooked as a virulence mechanism
of Y. pestis. In one study, while a T6SS locus deletion mutant was observed to be
attenuated in macrophages in vitro, this attenuation was not translated in in vivo models
of bubonic and pneumonic plague infection (32). In silico analysis revealed an additional
five putative T6SS loci within the Y. pestis genome, for a total of six loci; however, the
roles of these other loci in bacterial lifestyle and/or pathogenesis have not been
characterized (33). Similar to the T3SS, the T6SS consists of a needle like complex to
form an injectosome to translocate effector molecules into its target cells. Interestingly,
the T6SS has significant homology and is functionally related to bacteriophage tails (Fig.

2) (34, 35). During the secretion process, hexameric rings of hemolysin coregulated
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protein(s) (Hcp) form a tube complex capped with valine-glycine repeat protein G
(VarG) and proline-alanine-alanine-arginine (PAAR) repeat-containing protein (34-36).
This intracellular tube is surrounded by a sheath of protein heterodimers and when an
extracellular signal, such as contact, occurs, the sheath contracts. This leads to secretion

of both the tube complex and effector molecules into the target cell (34).

a T4 bacteriophage b T6SS

Inner ............................ A AR
Membrane

ermbrane WMMM A

VgrG spike

| Bacteriophage

OO, W =T outer S
, f'fp tube
Melrrrllr:)er;ne ....................

VasK
Sheath

Baseplate
equivalent

Figure 2. Structure of the T6SS in comparison to T4 bacteriophage

Cartoon model depicting the structural components of the T6SS and its similarities to T4 bacteriophage

(A&B). Figure adapted from Filloux A, with permission (34).

Recently, utilizing a signature-tagged mutagenesis (STM) approach to identify
potential novel virulence factors of Y. pestis, a total of three (vasK, ypo498, and ypo1484)
T6SS component or effector-encoding genes were identified from our STM screen.
Furthermore, through the generation of AvasK and AlppAvasK deletion mutant strains,

the T6SS was confirmed, for the first time, to be an important virulence mechanism of Y.
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pestis (Fig. 3) (37). Lpp encodes Braun lipoprotein and triggers Toll-like receptor (TLR-

2) signaling to produce pro-inflammatory cytokines (38). Whether other T6SSs and

Challenge 12 LDgq i.n. route

— 7 A 48
/

p<0.001

100

80
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Figure 3. Survival of mice challenged with vasK deletion mutants of Y. pestis CO92
or complemented strains.

Adult Swiss-Webster mice were challenged by the intranasal (i.n.) route with 12 LDs, of WT CQO92
(pBR322) (n = 10) or the AvasK(pBR322) (n = 10), AvasK(pBR322-vasK; complemented strain) (n = 10),
Alpp(BR322) (n= 20), or Alpp AvasK(pBR322) double mutant (n = 10). All of these strains contained
pBR322 vector to serve as an appropriate control. Mice were followed for survival up to 21 days, and the
data analyzed for significance by the Kaplan-Meier survival estimates with the Bonferroni post hoc test.
The P values are for comparison of the results for each of the mutant strains to the results for wild-type

(WT) CO92. Figure adapted from Ponnusamy, et al. with permission (37).
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HISTORY
Pandemics

Y. pestis has been identified as the definitive causative agent for three plague
pandemics spanning the course of human history. Although there are suggestions of
plague occurring even earlier in history, such as the Plague of Athens in 430-427 BC and
the Antonine Plague in 165-180 AD, there is a lack of consistent records and/or genomic
data to provide conclusive evidence that Y. pestis was indeed the cause (6, 39). From the
first great pandemic, referred to as the 6™ century Justinian plague, human samples have
provided genetic evidence linking Y. pestis as the causative agent of plague and this
pandemic (6). The Justinian plague is believed to have originated in Central Africa in
541-544 AD and, from there, it spread north towards Egypt before finally making its way
into Europe through Mediterranean countries (6, 39). The Justinian plague lasted for
decades as disease continued to occur intermittently until about 750 AD, and estimates
have predicted 100 million deaths to have occurred as a result of this pandemic (6, 39).
The second, and probably most well-known and well-documented pandemic of plague, is
what we refer to as the Black Death. This pandemic occurred primarily in Europe
throughout the 14™ century, with intermittent reemergence occurring several hundred
years following the initial outbreak until the 18" century (6, 39). Estimates have
indicated that through the course of the Black Death pandemic, 30-50% of Europe’s
population was killed (6). The final pandemic had its beginnings in China in the 1850s. In
1894, a major outbreak erupted and from that epidemic, plague rapidly spread worldwide

in the late 19™ century following trade routes (6, 39). Series of epidemics from this
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spread continued until the middle of the 20™ century. This third pandemic resulted in the
global spread of the bacterium, including the introduction of Y. pestis to the western
United States (6, 40). Although the number of casualties occurring during the third
pandemic have been limited in comparison to those of the first two pandemics, recent
reemergence of the disease in both Asian and African countries and the continued
occurrence of small outbreaks worldwide make this a pathogen of global concern even to

this day (1, 39).

Use as a biological warfare agent

In addition to its history of naturally occurring human pandemics, plague has also
been utilized as a bioweapon throughout history. In 1346, during the siege of Caffa, a
Crimean city on the coast of the Black Sea, corpses of plague victims were catapulted
into the besieged city by the attacking Tatar army to facilitate the introduction of the
disease (4, 41). During World War Il (WWII), Unit 731, a secret branch of the Japanese
army, was reported to have utilized Y. pestis as a bioweapon by dropping plague-infected
fleas over areas of China to cause outbreaks (4, 41). In both the United States and the
former Soviet Union, in order to subvert the use of the flea vector, biological weapon
programs developed techniques to directly aerosolize plague bacilli (4, 42, 43). Although
the United States was not successful in manufacturing large enough quantities of the
organisms to be effective for weaponization, Soviet scientists were able to manufacture
quantities large enough to be utilized for weaponization (4). In 1972, the Biological and
Toxin Weapons Convention (BWC) was drafted, which called for the dismantling of all
biological weapons programs. Despite the BWC, there has been evidence of these

bioweapon programs continuing in the former Soviet Union and China (4, 42).
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Additionally, while little information has been published regarding the threat of
autonomous groups or individuals utilizing Y. pestis for weaponization, in 1995 a
microbiologist from Ohio was arrested after acquiring Y. pestis by mail, which led to the
introduction of new antiterrorism legislation (4). Since 2001 and the anthrax attacks in
the United States, there has been a renewed interest in the development of diagnostics,
prophylactics, and therapeutics for potential agents of bioterrorism, including Y. pestis.
PLAGUE EPIDEMIOLOGY AND THE CHALLENGES FACED TODAY

The global dissemination of Y. pestis in mammal, particularly rodent, reservoirs,
and flea species make eradication of the pathogen unfeasible. Therefore, the need to
understand the symptoms of disease, particularly in endemic areas, is of vital importance.
Additionally, utilization and development of effective therapeutics and prophylactics can
provide additional knowledge of the pathogenesis of this bacterium as well as provide
tools to better combat this deadly pathogen.
Global epidemiology and plague in the United States

While it is true that plague is less common now than in centuries past, in the
modern plague era of today, outbreaks have occurred on every continent with the
exception of Antarctica. Per the WHO, the Democratic Republic of the Congo,
Madagascar, and Peru are currently the most endemic countries (44). Between 2010-
2015, over 3,000 cases of plague were reported worldwide, with 584 fatalities, indicating
that this is still a disease of global concern (44).

In the United States, plague is a reportable disease, with all laboratory confirmed
cases tracked by the CDC. Plague is endemic in the western half of the United States,

with cases occurring annually, at a rate of about three per year (45, 46). However, more
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recent years have shown an uptick in plague cases. In 2006, 13 cases, all occurring in the
western United States, were reported with 2 fatalities (45, 47). Then in 2014, four cases
of pneumonic plague were reported that were traced to an infected dog (48, 49).
Alarmingly, there is evidence of human-to-human transmission, which would represent
the first occurrence of this in the United States since 1924 (50, 51). Continuing with the
increase in the number of cases, in the summer of 2015, there were 11 confirmed cases of
plague in six different states that were ultimately linked to exposures at Yosemite park
(52). This year, 3 cases of plague have been confirmed in New Mexico (53). While the
cause for the recent increase in occurrence is unknown, all cases have resulted from
exposure and outdoor activity in plague endemic areas, although some of these areas have
not had reports of plague for decades.
Clinical disease, current treatments, and limitations

Most cases of plague today are bubonic, which has a distinctive clinical
presentation that is often recognizable by both physicians and patients, particularly in
endemic areas. During bubonic plague, the bacteria deposited from the bite of the
infected flea migrate to regional lymph nodes, where they begin to multiply during an
incubation period of 2-8 days (40, 54). Following the incubation period, patients report a
sudden onset of fever and chills. These symptoms are accompanied by the formation of
the characteristic and painful bubo, which results from the bacterial proliferation and
subsequent inflammation of the lymph nodes (40, 54). While most cases involve bubo
formation in the inguinal, femoral, or axillary regions from bites on extremities, flea bites
on the head or neck can give rise to buboes in the cervical region. In addition to rapid

enlargement, buboes are warm to the touch with erythema and sometimes associated with
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edema in the surrounding area. Histological examination of buboes has shown massive
influx of neutrophils, high numbers of bacteria, and necrosis with destruction of the
lymph node architecture (40, 54). From the buboes, bacteria can disseminate into the
blood stream and infect organs such as the liver, spleen, and lungs. In about 50% of
untreated patients, bacterial dissemination can result in high-grade bacteremia, resulting
in secondary septicemic plague and death 3-6 days after symptoms appear (47). In some
cases, septicemic plague, the second most common form of plague, can occur without the
formation of buboes as bacteria bypass the regional lymph nodes and grow directly in the
blood. In some cases of septicemic plague, disseminated intravascular coagulation and
vasculitis can lead to gangrene and the need for amputation (48).

For the third most common form of plague, pneumonic plague, infection can
occur as secondary to bubonic or septicemic, when bacteria from the blood enter into the
lungs, or primarily by the inhalation of infected aerosols of either another pneumonic
plague patient or an infected animal (40, 54). Symptoms of pneumonic plague are
nondescript and described as flu-like, with rapid onset of fever, chills and body-aches,
accompanied by weakness, and nausea (55).

Pneumonic plague is the most virulent form of the disease, with the incubation
period lasting 1-3 days post-exposure (55). While the case fatality rate for bubonic plague
ranges from 30-60%, septicemic and pneumonic plague are almost always fatal without
medical intervention (40, 54, 56). As a hallmark of plague infection is the rapid
development of systemic infection, prompt intervention is critical for successful
treatment of patients, particularly those with septicemic or pneumonic forms of the

disease. Plague is currently treatable with antibiotics, with reports of gentamicin,
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doxycycline, tetracyclines, and streptomycin being used in the successful treatment of
patients (3, 54, 57, 58). Additionally, levofloxacin (Levaquin) and moxifloxacin (Avelox)
were approved by the FDA in 2012 and 2015, respectively, for the treatment of all forms
of plague (40, 57). However, a limitation is that antimicrobials must be administered
within 20-24 h after the onset of symptoms to be effective, meaning that, in many cases,
patients must be treated before there is a definitive diagnosis (2, 3). This is a critical
issue, especially in areas where plague is not endemic and physicians are not familiar
with symptoms. The value of antibiotic treatment is even further diminished because
multiple-antibiotic-resistant Y. pestis strains have been isolated in nature, from both
plague patients in Madagascar (59, 60) and rodents in Mongolia (61), as well as
genetically engineered for use as a bioweapon (2, 4). These facts demonstrate the need
for the development of alternative therapeutics that do not rely on antibiotic intervention
alone.

Where do we stand with plague vaccines?

In addition to therapeutics, prophylactics, such as vaccines, have been
fundamental for the control of several diseases. While there has been significant interest
in the development of plague vaccines, today, there is no FDA-approved vaccine against
plague. In the past, a heat-killed vaccine was utilized by the United States army, however,
this vaccine was severely reactogenic. Recipients of this vaccine developed a high fever,
and as such would not be approved for use in the general population (20, 21, 62). Also,
while this vaccine was efficacious against bubonic plague, it failed to protect against
pneumonic plague, which is the bigger threat in terms of bioterrorism (4, 21). A formalin

inactivated whole-cell vaccine was licensed in the US in the mid-1900s, but required
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booster doses and, like the heat-killed vaccine, it caused significant adverse events and
failed to protect against pneumonic plague (63).

Recombinant subunit plague vaccines comprised of capsular antigen F1 and LcrV
are currently in clinical trials and have shown promise in rodent models (20, 21).
However, protection is inconsistent in different species of non-human primates (e.g.,
Cynomolgus macaques versus African green monkeys) with antibody titers not
correlating with protection (62, 64). Further, the F1 and LcrV antibody titers generated by
the subunit vaccine(s) in humans vary significantly and the F1-LcrV-based vaccines
generate a poor T cell response (65). Recent studies, including ours, have indicated that
cell-mediated immune responses are crucial in providing protection against Y. pestis
infections, specifically pneumonic plague, and, as such, subunit vaccines are not likely to
be highly effective as they primarily generate an antibody-mediated immune response
(30, 66-68).

Other platforms for the development of a plague vaccine have been explored, with
recent studies reporting the use of an adenovirus-based platform as well as a T4
bacteriophage platform to effectively protect animals from fatal infections (69, 70).
While these platforms do help in generating cellular immune responses to plague, like
subunit vaccines, these target the generation of antibodies to F1 and LcrV (21, 69, 70).
Such vaccines will be relatively ineffective against infections caused by F1-minus strains
of Y. pestis, which exist in nature and are equally virulent, or those harboring highly
diverged variants of LcrV (23, 71).

Thus, live-attenuated vaccines offer a substantial advantage in triggering both

protective humoral and cell-mediated immune responses. Indeed, a live-attenuated
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vaccine strain, Y. pestis EV76, which lacks the pigmentation locus required for iron
acquisition, provides protection against both bubonic and pneumonic plague in humans
and is used in endemic regions of China and the former states of the Soviet Union (9, 62).
However, this strain is highly reactogenic and can induce disease similar to that of wild-
type (WT) bacteria in individuals with underlying diseases, such as hemochromatosis
(72). Consequently, there is an urgent need for the development of alternative vaccine
candidates, particularly live-attenuated ones, as they would trigger both arms of the

immune responses in the host.
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Chapter 2: Characterization of the Type VI Secretion System (T6SS) as

a Virulence Mechanism of Yersinia pestis CO92

INTRODUCTION

With the continued absence of an FDA-approved vaccine for plague,
identification and characterization of novel virulence factors/mechanisms of Y. pestis to
rationally design a better live-attenuated vaccine candidate(s) is of significant importance
to combat potential future outbreaks of plague (21, 62). Recently, we utilized a signature-
tagged mutagenesis (STM) approach to identify novel virulence factors of Y. pestis (37).
Through the generation of an in-frame single deletion mutant of vasK (identified through
our STM screen), a known component of the T6SS, and a double deletion mutant of Ipp
and vasK, with the Ipp gene encoding Braun lipoprotein which activates Toll-like
receptor 2 (TLR-2) signaling (38), we reported for the first time the involvement of the
T6SS in Y. pestis virulence. Thus, T6SS could be targeted for the development of novel
live-attenuated vaccine candidates for plague (37).

The T6SS is a more recently identified protein secretion system first described in
Vibrio cholerae, that is functionally related to the bacteriophage contractile tail (73).
T6SSs are highly conserved amongst Gram-negative bacteria and are involved in the
delivery of toxins and effector proteins to both prokaryotic and eukaryotic cells (34). In
terms of virulence, the T6SS has been reported to play a “vital role in the virulence of
several pathogens, including Burkholderia mallei, B. pseudomallei, Francisella
tularensis, Salmonella enterica serovar Typhimurium, and Aeromonas dhakensis

(previously Aeromonas hydrophila) (73-81). For Y. pestis, in silico analysis revealed 6
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potential T6SS clusters, 6 putative Hcp-encoding genes, and 5 putative PAAR repeat-
containing protein-encoding genes (33).”

To identify the role these various T6SS clusters and effectors play in Y. pestis
virulence, in this study, we generated 5 T6SS cluster, 4 hcp homolog, and 3 PAAR motif
repeat containing protein deletion mutants. One T6SS cluster had previously been
characterized and revealed to play no role in Y. pestis virulence in either bubonic or
pneumonic plague models, although attenuation was observed in vitro (32). Generation of
the various T6SS deletion mutants, both whole clusters and single genes, resulted in
varying levels of attenuation, with some being significantly attenuated in comparison to
WT Y. pestis CO92. Furthermore, attenuation could be augmented through the generation
of combinatorial deletion mutants as observed with AvasKAhcp6 and Aypo2720-
27334hcep3 double deletion mutants. Animals that survived challenge with the double
deletion mutants were also observed to be significantly protected, 60-100%, from
subsequent re-challenge with WT C0O92. Consequently, in vitro studies were performed
to further elucidate the mechanisms of attenuation of the generated T6SS deletion
mutants. “We found that the attenuated mutant strains exhibited distinct phenotypes in
terms of induction of host cell cytotoxicity, phagocytosis by murine macrophages, and
intracellular survival in such macrophages. These results indicated that the T6SS
effectors and clusters have distinct roles in Y. pestis virulence. Our data also provided
further evidence of the utility of the STM screening approach for the identification of
novel virulence factors to be targeted for deletion and rationally designing a potential

new generation live-attenuated vaccine candidate(s).
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MATERIALS AND METHODS
Bacterial strains and cell culture.

The bacterial strains used in this study are described in Table 1. Y. pestis strains
were grown in heart infusion broth (HIB) (Difco; Voigt Global Distribution, Inc.,
Lawrence, KS) at 28 or 37°C with constant shaking at 180 rpm, or grown for 48 h on 5%
sheep blood agar (SBA) (Teknova, Hollister, CA) or HIB agar plates. As appropriate, the
organisms were cultivated in the presence of antibiotics ampicillin and kanamycin at
concentrations of 100 and 50 pg/ml, respectively. All experiments with Y. pestis strains
were performed in the CDC-approved select agent laboratory in the Galveston National
Laboratory (GNL), University of Texas Medical Branch (UTMB).

The RAW 264.7 murine macrophage cell line (American Type Culture Collection
[ATCC], Manassas, VA) were maintained in Dulbecco's modified eagle medium
(DMEM) with 10% fetal bovine serum supplemented with 1% L-glutamine (Cellgro,
Manassas, VA) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA) at 37°C with

5% COy.”

Construction of T6SS cluster, single gene, and combinatorial deletion mutants.

“To construct in-frame single gene deletion and cluster deletion mutants of CO92,
the A phage recombination system was used as previously described (37, 82). Briefly, the
parent strains were transformed with plasmid pKD46 (Table 1) and grown in the
presence of 1 mM L-arabinose to induce the expression of the A phage recombinase gene
on pKD46. The parent strains were processed for the preparation of electroporation-
competent cells (37). The electrocompetent cells were then transformed with 0.5 to

1.0 pg of the linear ds DNA constructs carrying the kanamycin resistance (Km') gene
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cassette, which was immediately flanked by the bacterial flippase recognition target
(FRT) sequence, followed on either side by 50 bp of DNA sequences homologous to the
5" and 3’ ends of the gene to be deleted from the parent strains. Plasmid pKD46 was cured
from the mutants that had successful Km' gene cassette integration at the correct location
by growing the bacteria at 37°C. The latter mutants were transformed with plasmid
pEFO01 (Table 1) (83) to excise the Km' gene cassette. Plasmid pEF01 was then cured
from the Km® clones by growing them at 37°C, followed by selection in a medium
containing 5% sucrose. To confirm the in-frame deletion, mutants showing sensitivity to
kanamycin and ampicillin were tested by polymerase chain reaction (PCR) using

appropriate primer pairs (Table 1A; Appendix A) and sequencing of the PCR products.

Table 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference or source

Y. pestis CO92 strains

WT C092 Virulent Y. pestis biovar Orientalis CDC
strain isolated in 1992 from a fatal
human pneumonic plague case and
naturally resistant to polymyxin B

WT C092:pBR322 WT Y. pestis CO92 transformed (30)
with pBR322 (Tc¢)

WT C092:pKD46 WT Y. pestis CO92 transformed 37)
with plasmid encoding phage A
recombination system

AvasK vasK deletion mutant of Y.
pestis CO92

Aypo0966-0984 ypo0966-0984 deletion mutant of This study
Y. pestis CO92

Ayp01458-1493 yp01458-1493 deletion mutant of This study
Y. pestis CO92

Aypo2720-2733 yp02720-2733 deletion mutant of This study
Y. pestis CO92

Ayp02927-2954 yp02927-2954 deletion mutant of This study
Y. pestis CO92

Aypo03588-3615 ypo3588-3615 deletion mutant of This study
Y. pestis CO92

Aypo2793 (hep3) ypo2793(hcp3) deletion mutant of  This study
Y. pestis CO92

Aypo02793 (hcp3):pBR322- Aypo2793(hcp3) strain This study
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ypo2793 complemented with pBR322-
ypo2793(hcp3) (Tc)
Aypo02868 (hcp4) ypo2868(hcp4) deletion mutant of  This study
Y. pestis CO92
Aypo02868(hcpd):pBR322- Aypo02868(hcp4) strain This study
ypo2868 complemented with pBR322-
ypo2868(hcp4) (Tc)
Aypo2962 (hcp5) yp02962(hcp5) deletion mutant of ~ This study
Y. pestis CO92
Ayp02969(hcp5):pBR322- Aypo02962(hcp5) strain This study
yp02962 complemented with pBR322-
ypo2962(hcp5) (Tc)
Aypo3708(hcp6) ypo3708(hcp6) deletion mutant of  This study
Y. pestis CO92
Aypo3708(hcp6):pBR322- Aypo3708(hcp6) strain This study
ypo3708 complemented with pBR322-
ypo3708(hcp6) (Tc)
Aypo0873 ypo0873 deletion mutant of V. This study
pestis CO92
Aypol484 ypo1484 deletion mutant of Y. This study
pestis CO92
Aypo3615 ypo3615 deletion mutant of Y. This study
pestis CO92
AvasK Ahcp6 vasK hcp6 double deletion mutant ~ This study
of Y. pestis CO92
Ayp02720-2733 Aypo2793(hcp3)  ypo2720- This study
2733 ypo2793(hcp3) double
deletion mutant of Y. pestis CO92
Plasmids
pKD46 Plasmid for phage A recombination  (82)
system under arabinose-inducible
promoter
pKD13 Template plasmid for PCR (82)
amplification of the Km' gene
cassette flanked by FRT sites
pEF01 Plasmid for FLP (flippase) enzyme (83)
under constitutively
expressed lac promoter (Ap")
pBR322 A variant of pBR322 (T¢)
pRB322-yp02793(hcp3) Plasmid containing This study
the ypo2793(hcp3) coding region
and its putative promoter inserted
in the Tc' cassette of vector
pBR322
pRB322-yp02868(hcp4) Plasmid containing This study
the ypo2868(hcp4) coding region
and its putative promoter inserted
in the Tc' cassette of vector
pBR322
pRB322-yp02962(hcp5) Plasmid containing This study

the yp02962(hcp5) coding region
and its putative promoter inserted
in the Tc' cassette of vector
pBR322
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pRB322-yp03708(hcp6) Plasmid containing This study
the ypo3708(hcp6) coding region
and its putative promoter inserted
in the Tc' cassette of vector
pBR322

pET30a pBR322-derived expression vector  Novagen
with T7 lac promotor, up- and
down- stream His tags; Ap"

CDC=Centers for Disease Control and prevention; Tc'=Tetracycline resistant; Tc*=tetracycline sensitive;
Km'=Kanamycin resistant; Ap"=Ampicillin resistance; FLP=flippase; FRT=flippase recognition target

Testing for attenuation of the Y. pestis CO92 mutant strains in a murine model of
pneumonic plague infection.

All animal studies with Y. pestis were performed in an animal biosafety level 3
(ABSL-3) facility under an approved Institutional Animal Care and Use Committee
(IACUC) protocol (UTMB). Six- to 8-week-old female Swiss Webster mice (17 to 20 g),
purchased from Taconic Laboratories (Germantown, NY), were anesthetized by
isoflurane inhalation and subsequently challenged intranasally (i.n.), to mimic pneumonic
plague infection, with the indicated strains and LDsg doses (1 LDso = 500 CFU by i.n.
route) (30). Mice were assessed for clinical symptoms, morbidity and/or mortality for the
duration of each experiment; up to 21 days post-infection (p.i.).

For re-challenge experiments, after 21 days p.i. with the selected mutant strains,
WT CO092 was used to infect mice by the i.n. route as described previously at a dose of
10 LDsp. Mice were assessed for morbidity and mortality, as well as clinical symptoms,
for the duration of each experiment.

Complementation of attenuated Hcp-encoding gene homolog deletion mutant
strains.

Using primers 13, 16, 19, and 22 (Table 1A; Appendix A), the complete open

reading frame (ORF) of the gene of interest, along with 200 bp of the upstream DNA
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sequence corresponding to the promoter region of that gene, was PCR amplified with
genomic DNA of WT CO92 as the template. Then, the amplified DNA constructs were
cloned into plasmid pBR322 in place of the tetracycline resistance (Tc")-conferring gene
(Table 1) (84). The recombinant pBR322 vector was electroporated in corresponding Y.
pestis CO92 mutants to restore the functionality of the deleted genes.
Generation of recombinant Hcp6 protein.

The hcp6 gene (ypo3708, residing relatively close to T6SS Cluster G) of Y. pestis
C092, (Table 1) with the highest homology to hcp of A. dhakensis (82%), was cloned in
the pET-30a vector to produce recombinant protein from E. coli as previously described
(85). The rHcp6 containing a 6x His tag was purified by nickel affinity chromatography,
dialyzed against phosphate-buffered saline (PBS), and then passed through a polymyxin
B column (Bio-Rad, Hercules, CA) to remove any residual lipopolysaccharide (LPS)
(85). The pass-through fraction was filtered by using a 0.2 um filter, and the protein
concentration quantified by using the Bradford assay (Bio-Rad). The purity of rHcp6 was
verified by Coomassie Blue and SYPRO-Ruby staining of the gels.
Western blot analysis for detecting the T6SS effector Hcp and type-I11 secretion
system (T3SS) function of Y. pestis CO92 mutant strains.

Overnight cultures of CO92 strains, grown in HIB at 28°C, were diluted 1:20 in 5
mL HIB, supplemented with 5 mM EGTA to trigger the low-calcium response, and
incubated at 28°C for 2 h before being shifted to 37°C for an additional 3 h of growth (to
activate the T3SS). Bacterial cells and supernatants were separated by centrifugation.
Cell pellets were dissolved in SDS-PAGE buffer and analyzed by immunoblotting using

antibodies to YopE. For supernatants, 1 mL aliquots were precipitated with 20%
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trichloroacetic acid (TCA, v/v) on ice for 2 h before being dissolved in SDS-PAGE
buffer.

The rHcp6 of Y. pestis CO92 (as purified above) was used to raise polyclonal
antibodies in mice for immunoblot analysis. Both cell pellets and supernatants from WT
C0O92 and its various mutant strains were then analyzed by immunoblotting using
antibodies to Hcp6. The anti-DnaK monoclonal antibody (Enzo Life Sciences, Albany,
NY) was employed for analysis of cell pellets as a loading control.

Assessing growth kinetics, cytotoxicity on host cells, phagocytosis, and intracellular
survival of Y. pestis CO92 strains in RAW 264.7 murine macrophages.

For growth Kinetics, overnight cultures of Y. pestis CO92 strains, grown in HIB at
28°C, were normalized to the same absorbance by measuring the optical density at 600
nm (ODgg). Subcultures were then inoculated into 20 mL of HIB contained in 125 mL
polycarbonate Erlenmeyer flasks with HEPA-filtered tops. The cultures were incubated at
28 or 37°C with agitation, and samples for absorbance measurements were taken at the
indicated time points.

Viability of murine RAW 264.7 macrophages following infection was used to
assess cytotoxicity of Y. pestis strains. Briefly, RAW 264.7 cells were seeded in 96-well
microtiter plates at a concentration of 2 x 10* cells/well to form confluent monolayers in
a volume of 100 pL per well. Y. pestis strains were grown in HIB overnight as previously
described. Plates were then infected with WT CQO92 or the various mutant strains at a
multiplicity of infection (MOI) of 100, centrifuged, and incubated at 37°C/5% CO, for 60
min. Infected macrophages were then washed with PBS, treated with gentamicin (50

pg/ml) for 60 min to kill extracellular bacteria, washed again with PBS, and maintained
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in DMEM with a 10 pg/ml concentration of gentamicin for 12 h at 37°C/5% CO, (86).
Reduction of MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) was
used as an index of cell viability following the protocol outlined by ATCC. Briefly, MTT
reagent was added to the microtiter plate wells (10 pL/well), and cells were incubated at
37°C/5% CO, for an additional 2 h. Then, 100 pL of the detergent reagent was added to
the wells and incubated in the dark at ambient temperature for 2 h. Absorbance values
were measured at 570 nm in an ELx800 absorbance reader (Biotek, Winooski, VT).
Phagocytosis and intracellular survival of Y. pestis strains were determined as
previously described (38, 87). In brief, Y. pestis strains were grown in HIB overnight to
saturation at 28°C. RAW 264.7 macrophages were seeded in 24-well plates at a
concentration of 5 x 10 cells/well for confluency. Macrophages were then infected
with WT CO92 or the various mutant strains at a MOI of 10 in DMEM, centrifuged, and
incubated at 37°C/5% CO, for 60 min. Infected macrophages were then washed with
PBS, treated with gentamicin (50 pg/ml) for 60 min, washed again with PBS, and
maintained in DMEM with gentamicin at a concentration of 10 pg/mL until lysed for
bacterial enumeration. For phagocytosis, macrophages were lysed immediately following
gentamicin treatment, designated 0 h p.i., while macrophages were lysed 4 h p.i. (4 h post
gentamicin treatment) for intracellular survival. The surviving bacteria inside the

macrophages were assessed by serial dilution and plating on SBA plates (38, 87).”

Statistical analyses.
Kaplan-Meier survival estimates were used for statistical analysis of animal

studies. Whenever appropriate, two-way or one-way analysis of variance (ANOVA) with
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Tukey’s post-hoc test or the student’s t test was employed for data analysis. P values of <

0.05 were considered significant for all statistical tests used.

RESULTS

“Deletion of T6SS clusters and effectors resulted in varying levels of attenuation in a
pneumonic plague mouse model.

Using STM approach, we have previously reported the identification of three
T6SS genes with virulence potential in Y. pestis CO92 (37). Indeed, the contribution of
the T6SS to Y. pestis virulence was confirmed through generation of AvasK and
AlppAvasK deletion mutants (37). Analysis of the CO92 genome revealed six T6SS
clusters (32, 33), six Hcp protein-encoding gene homologs, and five PAAR motif-
containing protein-encoding genes (Table 2). Hcp is a well-established structural
component as well as an effector and marker of functional T6SS, while PAAR motif-
containing proteins have been identified to form the spike complex along with valine
glycine rich G family proteins (VgrG) to penetrate target host membranes to
translocate/secrete effectors (34). One T6SS cluster (Cluster A, ypo0498-0518) was
previously shown by our laboratory to have no effect on Y. pestis virulence in vivo (32),
while the other five were previously uncharacterized. In this study, we have shown
generation of these five T6SS cluster (B, C, E-G) deletion mutants (Table 2) resulted in
varying levels of attenuation when evaluated in a mouse model of pneumonic plague
(Fig. 4A). Deletion mutants for Cluster C (ypo1458-1484) and Cluster F (yp02927-2954)

exhibited limited, 14%, or no attenuation, respectively, while deletion mutants for Cluster

42
Copyright © Frontiers in Cellular and Infection Microbiology [Front. Cell. Infect. Microbiol., VVol. 7, 2017, p. 448 doi: 10.3389/Ffcimb.2017.00448



B (ypo0966-0984), E (ypo2720-2733), and G (ypo3588-3615), exhibited significant

levels of attenuation, 30-42%, in comparison to WT CO92 (Fig. 4A).

Table 2. Putative T6SS clusters, Hcp protein homologs, and PAAR motif-containing

proteins identified in Y. pestis CO92 genome.

Cluster name and location Putative Hcp proteins (% PAAR motif-containing proteins and
identity to Hcp of A. their biologically-active domains
dhakensis)

A: ypo0498-ypo0518 Hcpl: YPOO0973 (31%) YPOO0762 tRNA nuclease (WapA)

B: ypo0966-ypo0984 Hcp2: YPO1470 (31%) YPO0866

C: ypo1458-yp01493 Hcp3: YPO2793 (32%) YPOO0873 pyocin S type

E: ypo2715-ypo2733 Hcp4: YPO2868 (34%) YPO1484 Toxin 60 (RNase toxin)

F: yp02927-yp02954 Hcp5: YPO2962 (32%) YPO3615 tRNA nuclease (WapA)

G: yp03588-yp03615 Hcp6: YPO3708 (82%)

For the 6 hcp homologs, two (ypo0973 and ypol470; designated as hcpl and
hcp2) were contained within the T6SS clusters B & C, respectively, while the other four
were located outside of the identified T6SS clusters (Table 2). Consequently, only the
four Hep-encoding genes outside of these T6SS clusters had deletion mutants generated,
as any effect resulting from hcpl or hcp2 deletion would be observed through its
corresponding whole T6SS cluster (B or C) deletion. All Hcp-encoding gene deletion
mutants were observed to have statistically significant levels of attenuation, between 30-
40%, compared to WT CO92 (Fig. 4B). To further confirm that attenuation was a direct

result of deletion of the hcp homolog genes, mice were challenged with the
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complemented strains, Ahcp3:pBR322-hcp3, Ahcp4:pBR322-hcp4, Ahcp5:pBR322-hcpb,

and Ahcp6:pBR322-hcp6. Animals challenged with these strains all succumbed to

infection in a pneumonic model. A delayed mean time to death was observed in some of

the complemented strains, specifically the Ahcp6:pBR322-hcp6 mutant (at a much lower

challenge dose of 3 LDsp), this delayed death pattern did not reach statistical significance

as compared to WT CO092. Thus, complementation of the hcp genes resulted in

restoration of the WT phenotype (Fig. 4C).
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Figure 4: Virulence of T6SS-associated genes in a pneumonic plague mouse model.

Mice were infected with WT CO92 (n = 15; pooled from 3 independent experiments) or 1 of the 5 T6SS

cluster deletion mutant strains, Aypo0966-0984, Aypol458-1484, Aypo2720-2733, Ayp02927-2954, or

Aypo3588-3615 (n = 7-10) (A), 1 of the 4 Hcp-encoding gene deletion mutant strains, Ahcp3, Ahcp4,

Ahcp5, or Ahcp6 (n = 5-7) (B), 1 of the 4 Hcp-encoding gene complemented deletion mutants strains,

Ahcp3:pBR322-hcp3, Ahcp4:pBR322-hcp4, Ahcp5:pBR322-hep5, or Ahcp6:pBR322-hep6 (n = 5) (C), or
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1 of the PAAR motif-containing protein-encoding genes, Aypo0873, Aypo1484, or Aypo3615 (n = 5) (D)
with the indicated LDs, doses by the i.n. route. Animals were observed for morbidity/mortality for 10-21
days. The data were analyzed for significance by using Kaplan-Meier survival estimates. The P values were
determined based on comparison of animal survival for each mutant to the survival of WT C0O92-infected
control animals. Our target dose of the challenge was 10 LDsy; however, back titration of the inocula

showed some variations. For the complemented hcp6 strain, the target LDs, dose was 5 (C).

Of the identified PAAR motif-containing protein-encoding genes, 3 of the 5 had
deletion mutants generated; Aypo0873, Aypol1484, and Aypo3615. Of these mutants, only
Aypo1484 exhibited any level of attenuation, 20% survivability, in comparison to WT
C092 (Table 2; Fig. 4D). This attenuation was similar to the level of attenuation, 14%,
reported in the Cluster C (Aypo1458-1484) deletion mutant, which contains Aypol1484
(Table 2; Fig. 4A).

Generation of combinatorial T6SS deletion mutants further augments attenuation
in a murine model of pneumonic plague and provide some protection against re-
challenge with WT CQO92.

As single cluster and single hcp homolog deletion mutants exhibited significant
attenuation in vivo (Fig. 4A&B), we next wanted to evaluate whether this attenuation
could be augmented through the generation of combinatorial deletion mutants. As we
have previously reported AvasK to be attenuated and as hcp6 has the highest homology to
Hcp-encoding genes in other bacterial species such as A. dhakensis and V. cholerae (37,
73, 85), we generated a AvasKAhcp6 double deletion mutant. Additionally, we generated
a Aypo2720-2733Ahcp3 cluster and hcp homolog double deletion mutant. When
evaluated for attenuation in a mouse model of pneumonic plague at a LDsy dose

equivalent to around 10 of WT CO092, both double deletion mutants exhibited
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significantly high levels of attenuation, 60%, in comparison to WT CO92 (Fig. 5). It was
also observed that in animals that did succumb to infection when challenged with the

Ayp02720-2733Ahcp3 mutant, there was an increased time to death (day 7-12 vs day 3-

5).
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Figure 5: Vaccine potential for selected Y. pestis CO92 combinational mutants.

Animals were challenged by the i.n. route with the WT C0O92 (n = 10 from 2 independent pooled
experiments), AvasKAhcp6 (n = 10), or A2720-2733 Ahcp3 (n = 7) strain at 9 LDs and observed
for mortality over a period of 21 days. Mice that survived the initial infection with the mutant
strains and naive control animals (n = 5) were challenged with 8 LDsy of the WT CO92 strain.
Survival data were analyzed for significance by Kaplan-Meier survival estimates. The P values are
for comparison of the results for the indicated strains to the corresponding result for WT C092

(challenge experiment) or naive control infected with WT CO92 (re-challenge experiment).
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As one of our long-term goals is to develop live-attenuated vaccine candidates,
animals that survived initial infection with AvasKAhcp6 and Aypo2720-2733Ahcp3
mutants were re-challenged with WT CO92 by the i.n. to mimic pneumonic infection. As
shown in the results of Fig. 5., 100% of the animals initially infected with Aypo2720-
2733Ahcp3 and re-challenged with WT CO92 at 10 LDsp survived and were observed to
be protected over a period of 18 days. For the AvasKAhcp6 mutant, one animal did
succumb to infection, however, still exhibited significant, 60%, survivability in
comparison to control WT CO92 challenged mice, which all succumbed to infection by
day 4 (Fig. 5).

Characterization of growth kinetics and expression of effectors by attenuated T6SS
mutant strains of Y. pestis CO92 in vitro.

Strains significantly attenuated in in vivo studies were further evaluated in vitro to
begin to elucidate potential mechanisms of attenuation. We first evaluated growth
kinetics of the attenuated mutant strains, A0966-0984, Aypo2720-2733, Aypo3588-3615,
Ahcp3, Ahcp4, Ahcp5, Ahcp6, AvasK, AvasKAhcp6, and Aypo2720-2733Ahcp3, in vitro
at both 28 and 37°C, to mimic both flea and eukaryotic host temperatures. At both 28 or
37°C, none of the mutants were observed to have any growth defects in comparison to

WT CO92 (Fig. 6&7).
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Figure 6: Growth of Y. pestis CO92 T6SS mutant strains in vitro at 28°C.
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(A) Growth of the

Aypo0966-0984, Aypo2720-2733, and Aypo3588-3615 cluster deletion mutants and the double deletion

mutant 4ypo2720-27334hcp3 in comparison to WT C092. (B) Growth of hcp homolog deletion mutants

Ahcp3, Ahcp4, Ahcp5, and Ahcp6. (C) Growth of AvasK, Ahcp6, and Avaskhcp6 in comparison to WT

C092. Samples were taken at the indicated time points for ODggy measurements. Data shown are the mean

values, while error bars represent standard deviations (SD) (n = 4). Statistical analysis was performed using

Student's t test, with no mutant strains exhibiting any significant differences in growth in comparison to

WT C092.
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Figure 7: Growth of Y. pestis CO92 T6SS mutant strains in vitro at 37°C.

WT CO92 and the attenuated T6SS mutant strains were grown in HIB at 37°C. (A) Growth of the
Aypo0966-0984, Aypo2720-2733, and Aypo3588-3615 cluster deletion mutants and the double deletion
mutant Aypo2720-27334hcp3 in comparison to WT C092. (B) Growth of hcp homolog deletion mutants
Ahcp3, Ahcp4, Ahcp5, and Ahcp6. (C) Growth of AvasK, Ahcp6, and Avaskhcp6 in comparison to WT
C092. Samples were taken at the indicated time points for ODggy measurements. Data shown are the mean
values, while error bars represent standard deviations (SD) (n = 4). Statistical analysis was performed using
Student's t test, with no mutant strains exhibiting any significant differences in growth in comparison to

WT C092.
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Hcp secretion from bacteria is a well-established marker of a functional T6SS
(73). In order to confirm that deletion of hcp6 alone or in combination with vask, as well
as if any other deletion attenuated mutants had an effect on this effector, Hcp6 production
and secretion was evaluated by Western blot analysis (Fig. 8A). Hcp6 was detected in
both the supernatants and the pellets of all mutant strains with the exception of Ahcp6,
AvasK/hcp6, and Aypo3588-3615, which served as negative controls. For the Aypo3588-
3615 mutant, production of Hcp6 was noted in the pellet fraction, but exhibited no
secretion of Hcp6 in the supernatant fraction (Fig. 8A). These data indicated that Hcp6 is
secreted through T6SS Cluster G. Anti-Hcp6 antibodies did not cross-react with other
Hcp homologs because of low homologies (31-34%) (Table 2).

As the T3SS is an essential and well-studied virulence mechanism of Y. pestis, we
wanted to determine if deletion of any T6SS components affected T3SS functionality.
Production YopE, which destroys actin monofilaments, was evaluated by Western blot
analysis in attenuated mutant strains and WT CO92. YopE production differed in several
mutants in both pellet and bacterial supernatant fractions (Fig. 8A-C). While all mutants
did produce YopE to some extent in pellet fractions, mutants Aypo3588-3615, Ahcp3,
and Ahcp4 exhibited increased production while mutants AvasK, Ahcp6, and Aypo2720-
2733/Ahcp3 exhibited decreased production (Fig. 8A-C). In terms of YopE secretion,
several mutants exhibited decreased production in supernatant fractions in comparison to
WT CO092, apart from mutants Aypo0966-0984 and Aypo3588-3615, with expression
levels comparable to WT CO092, and Ahcp3, with expression of YopE higher in

comparison to WT CO92 (Fig. 8A-C).
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Figure 8: Production of the T6SS effector Hcp6 and the T3SS effector YopE.

WT Y. pestis CO92 and the indicated T6SS mutant strains were grown in HIB overnight and subsequently
diluted 1:20 in fresh HIB supplemented with 5 mM EGTA. Growth was continued at 28°C for 2 h,
followed by a temperature shift to 37°C for an additional 3 h of incubation. Supernatants, after TCA
precipitation, and bacterial pellets were dissolved in SDS-PAGE buffer. Western blot analysis was then
performed to detect Hcp6 and YopE in bacterial pellet and supernatant samples (A). Levels of DnaK in
bacterial pellets were utilized as a loading control to ensure similar levels of bacteria were used across all
samples examined. Sizes of the proteins are indicated in parentheses. Densitometry scanning was used to
quantitate expression of YopE in ratio to DnaK in the supernatant (B) and pellet (C) samples. Densitometry

scanning was performed using Image Studio™ Lite Software (Li-Cor Inc., Lincoln, NE).
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Role of T6SS in host cell cytotoxicity following Y. pestis infection.

The T6SS delivers effector molecules into target cells using a needle like
apparatus with high homology to the assembly, structure, and function of bacteriophage
tails (35). It has been reported that T6SS can target both bacterial and eukaryotic cells
and cause cytotoxicity (36). To evaluate any changes in cytotoxic effects of the
attenuated T6SS deletion mutant strains on eukaryotic cells, we used the MTT assay to
measure cell viability following infection. RAW 264.7 murine macrophages were
infected with the various Y. pestis strains (WT CO92 or the Aypo0966-0984, Aypo2720-
2733, or Aypo3588-3615 clusters, Ahcp3, Ahcp4, Ahcp5, Ahcp6, AvaskK single, or
AvasKAhcp6 and A4ypo2720-27334hcp3 double deletion mutants) at a MOI of 100, and
incubated for 12 h. Macrophages infected with two cluster deletion mutants (Aypo2720-
2733 and Aypo3588-3615), three hcp homolog deletion mutants (Ahcp3, Ahcp4 and
Ahcp6), and both combinatorial deletion mutants (AvasKAhcp6 and Aypo2720-
2733Ahcp3) exhibited significantly higher cell viabilities in comparison to WT C0O92
(Fig. 9A). These results indicated that the above-mentioned mutant strains were
significantly less cytotoxic to host cells during infection in comparison to WT CO92.
Quantification of phagocytosis and intracellular survival of T6SS deletion mutant
strains.

The attenuated T6SS deletion mutants identified in vivo (Aypo0966-0984,
Ayp02720-2733, Aypo3588-3615, Ahcp3, Ahcpd, Ahcp5b, Ahcp6, AvasK, AvasKAhcepé,
and Aypo2720-27334hcp3), were evaluated for any significant changes in phagocytosis
in comparison to WT CO92 in RAW 264.7 murine macrophages. For the cluster deletion

mutants, including the double deletion mutant Aypo2720-27334hcp3, only Aypo3588-
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3615, which includes vasK (ypo3603), exhibited any significant increase in phagocytosis
(Fig. 9B). For the hcp homolog deletion mutants, Ahcp4 and Ahcp6 exhibited significant
increases in phagocytosis in comparison to WT CQ092, although it was noted that the
increase observed for Ahcp4 was not to the extent of Ahcp6 (p = 0.022 for Ahcp6 vs.
Ahcp4). Additionally, both the AvasK and AvasKAhcp6 double mutant exhibited
significantly increased rates of phagocytosis.

We next evaluated the ability of the various attenuated T6SS deletion mutants to
survive in RAW 264.7 murine macrophages to determine the role these genes may play
in intracellular survival of Y. pestis. Macrophages were infected with WT CO92 or the
Aypo0966-0984, Ayp02720-2733, and Aypo3588-3615 clusters, Ahcp3, Ahcp4, Ahcp5,
Ahcp6, Avask single, or AvasKAhcp6 and Aypo2720-2733Ahcp3 double deletion mutants
at a MOI of 10. The evaluated strains all exhibited significantly lower intracellular
survival at 4 h p.i. in comparison to WT CO092, with the exception of 2 strains;
Ayp02720-2733 and Aypo2720-2733Ahcp3 (Fig. 9C).

As we have previously reported that Hcp inhibits phagocytosis of A. dhakensis
(85), we further evaluated the phagocytic role of hcp6, which has high homology (82%)
to hcp of A. dhakensis, in Y. pestis. RAW 264.7 murine macrophages were infected with
WT CO092, AvasK, Ahcp6, or AvasKAhcp6 mutant strains with or without the addition of
recombinant(r)Hcp6 from CO92 (Fig. 10A) or rHcp from A. dhakensis (Fig. 10B), thus
allowing for complementation of the mutants with exogenous Hcp6 protein. We noted
that for all 3 mutant strains tested, the rate of phagocytosis was significantly increased in
comparison to WT CO92 (Fig. 10A&B). Furthermore, the ability of these mutants to be

phagocytosed was significantly reduced, to levels equivalent to that of WT CQO92, with
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the addition of rHcp6/rHcp at a physiologically relevant concentration of 10 pg (85) (Fig.

10A&B).
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Figure 9: Mechanisms of attenuation of

Y. pestis CO92 mutants.

(A) Determination of bacterial cytotoxicity to
murine  macrophages. RAW264.7 murine
macrophages were infected with the indicated Y.
pestis strains at an MOI of 100, treated with
gentamicin, and then incubated for 12 h.
Viability following infection was evaluated by
MTT assay and data plotted as percentage of
uninfected macrophages. (B) Percent
phagocytosis of Y. pestis strains in RAW 264.7
murine  macrophages. Macrophages were
infected with the indicated Y. pestis strains at an
MOI of 10 and, after gentamicin treatment, were
lysed for bacterial enumeration as determined
by serial dilution and plating on SBA plates.
Percent of phagocytosed bacteria was calculated
based on the number of bacteria used to infect
the macrophages. (C) Quantification of
intracellular survival of Y. pestis CO92 mutant
strains in RAW 264.7 murine macrophages.

RAW 264.7 macrophages were infected with Y.

pestis CO92 strains at an MOI of 10. At 4 h p.i.,, macrophages were lysed and CFUs determined as

previously described. The data were analyzed by one-way ANOVA with Tukey's post hoc test. *, P < 0.05.
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Figure 10: Phagocytosis of WT CQ092, AvasK, Ahcp6, and AvasKAhcp6 mutants in

RAW264.7 murine macrophages in the presence of exogenous recombinant Hcps.

Macrophages were infected with WT and the indicated mutant strains at MOI of 10 and incubated
for 1 h with or without 10 pg/ml rHcp6 (Y. pestis (A)) or rHcp (A. dhakensis (B)). Cells were then washed
and incubated for 1 h with gentamicin to kill extracellular bacteria before being lysed for intracellular
bacterial enumeration (see legend for Fig. 9B). The data were analyzed by comparison of each strain
with/out the addition of rHcp6/rHcp using one-way ANOV A with Tukey’s post hoc test. *, P <0.01.

DISCUSSION

The need to develop targeted live-attenuated vaccines for plague is evident given
its status as a Tier 1 select agent, a re-emerging human pathogen, and potential for use as
a biological weapon (2, 4). Although several virulence factors of Y. pestis have been
identified and well characterized, they alone cannot account for the extremely virulent
phenotype of the plague bacterium.”

“Three genes of the T6SS were identified in our STM screen, with the AvasK and

AlppAvasK deletion mutants showing attenuation in both bubonic and pneumonic models
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of plague providing the first evidence that T6SS is involved in Y. pestis virulence (37).
Although the T6SS has been the target for potential vaccine development (88), its role in
Y. pestis virulence remains mostly unknown. The Y. pestis genome contains several T6SS
loci, which differ in both gene numbers and arrangements, and several T6SS effectors,
which are contained both within and outside of these predicted T6SS clusters (32, 33).
For this study, we generated five uncharacterized T6SS cluster deletion mutants, four hcp
homolog deletion mutants, and three PAAR motif repeat-containing protein-encoding
gene deletion mutants (Table 2). The T6SS locus ypo2715-2733 contained the gene lepA
(ypo2716), which has been shown to be an essential bacterial translation factor (89), so
the deletion mutant Aypo2720-2733 was generated to elucidate the role of this T6SS
cluster on Y. pestis virulence. Additionally, only 4 of the 6 hcp genes were targeted for
deletion as the other two were encoded within two of the T6SS loci, and, hence, any
effects from these individual hcp homolog genes would be observed in the full T6SS
cluster deletion mutants. For three cluster deletion mutants, Aypo0966-0984, Aypo2720-
2733, and Aypo3588-3615, and all four hcp homolog deletion mutants generated, a
significant attenuation of virulence (Fig. 4), was observed in a murine pneumonic plague
model in comparison to WT CO92. Through the generation of two combinatorial deletion
mutants, AvasKAhcp6 and Aypo2720-2733Ahcp3, attenuation could be further
augmented (Fig. 5). Further, these two mutants generated protective immunity in mice
(Fig. 5).

Attenuation of mutant strains in vivo may be the result of several factors including
defects in growth or defects in ability to evade and survive the host’s immune response.

For all T6SS-associated attenuated strains identified in vivo, none had any growth defects
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in comparison to WT CO92 when grown at both 28 and 37°C (Fig. 6&7). In evaluating
T6SS functionality, specifically in terms of Hcp6 production and secretion, as expected,
no Hcp6 production was noted in Ahcp6 or AvasK/Ahcp6 mutant strains (Fig. 8).
Interestingly, for Aypo3588-3615 mutant, Hcp6 was not secreted in the supernatant
fraction, but was found in the bacterial pellet fraction. These results indicated that Hcp6
could be secreted through the ypo3588-3615 locus.

As T3SS is a well-established virulence factor of Y. pestis (12), we also evaluated
this system’s functionality in the attenuated mutant strains (Fig. 8). For YopE expression,
several mutants showed varying production levels in comparison to WT CQO92. In P.
aeruginosa, studies have shown a link between regulation of the T3SS and T6SS, with
evidence presented that c-di-GMP levels can modulate the switching of these secretion
systems (90). While our results may suggest a similar link in Y. pestis, future studies
looking more into this connection and mechanism are required.

To elucidate the fitness of the mutants against the host’s immune defenses, we
evaluated the intracellular survival of the attenuated mutant strains in RAW 264.7 murine
macrophages. In comparison to WT CQ092, all the mutant strains evaluated exhibited
significantly decreased intracellular survival, with the exception of Aypo2720-2733 and
Aypo2720-2733Ahcp3 (Fig. 9C), suggesting that decreased fitness of these two mutants
in host macrophages is not involved in their attenuation in animals.

The T6SSs are involved in the delivery of effector proteins to both prokaryotic
and eukaryotic cells and, hence, can cause toxicity to the target cells (36). Out of the 10
T6SS deletion mutant strains tested, 7 strains exhibited decreased host cell cytotoxicity in

comparison to WT CO92 (Fig. 9A). For the Aypo2720-2733 and Aypo2720-2733Ahcp3
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mutant strains, which exhibited no defects in intracellular survival in murine
macrophages, this decrease in cytotoxicity may be responsible for not only the
attenuation observed for both mutants in vivo, but also subsequent protection from re-
challenge with WT CO92 (Fig. 5).

The Hcp protein is one of the most well characterized effectors of the T6SS (34,
36). In addition to its role as a structural component and secreted effector, in A.
dhakensis, we have reported that Hcp is anti-phagocytic in nature (85). As Hcp6 of Y.
pestis shares significant homology (82%) with the Hcp protein of A. dhakensis, we
evaluated whether Hcp6 plays a similar role in Y. pestis. In macrophages infected with
AvasK, Ahcp6, or AvasKAhcp6 mutant strains, all exhibited similar and significantly
higher rates of phagocytosis in comparison to WT C0O92 (Fig. 9B).

Indeed, in this same model of infection, the addition of rHcp6 (Y. pestis) or rHcp
(A. dhakensis) decreased the percentage of phagocytosed bacteria for all three strains
(AvaskK, Ahcp6, and AvasKAhcp6) reverting the phenotype observed back to that of WT
C092 (Fig. 10A&B). These data indicated that Hcp6 of Y. pestis plays a similar role to
that observed for Hep in A. dhakensis and the rHcp/rHcp6 of these two pathogens can be
interchangeably used (Fig. 10A&B). We previously reported no defect in secretion of
hcp6 in the AvasK deletion mutant of Y. pestis when grown in culture, as observed by
immunoblot analysis (37). However, increased phagocytosis of this deletion mutant and
subsequent reversion to the WT phenotype upon addition of rHcp6 (Fig. 10A) suggest a
defect in either protein translocation or secretion in the host-pathogen co-culture model
and warrants further investigation. For the other hcp homolog deletion mutants, only

Ahcp4 exhibited any significant increase in phagocytosis in comparison to WT C0O92
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(Fig. 9B). For the cluster deletion mutants, only Aypo3588-3615 (Cluster G; Table 2),
which includes vasK, exhibited any significant increase in phagocytosed bacteria (Fig.
9B).”

These results indicate that these T6SS effectors and clusters have distinct roles in
terms of Y. pestis virulence and represent novel targets for the further development of

novel live-attenuated vaccine candidates for plague.
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Chapter 3: Development and Testing of New Therapeutics Targeting

Host Genes to Combat Plague Infection

INTRODUCTION

“Antibiotic resistance and the threat of a post antibiotic era continue to be a
growing global problem. Further, the discovery and/or availability of novel classes of
anti-microbial agents are in retreat (91, 92). Contributing to the latter, traditional drug
discovery is a highly inefficient, costly, and challenging process. As a result, systematic
screening of non-antibiotic FDA-approved drugs for other indications in humans offers a
rapid alternative for novel antimicrobial drug discovery (93, 94). Such drugs could
potentially have antibiotic-like activity, modulate bacterial virulence or regulate host
genes necessary for bacterial replication, and, hence aid in pathogen clearance (93, 94).
In recent vyears, increased focus has been placed on characterizing host
mechanisms/pathways exploited by bacteria during pathogenesis. Drugs able to block
these pathways represent novel therapeutic options and reduce the likelihood for the
development of resistance, unlike antibiotics (95-97). Some recent studies have utilized
such drug repurposing approaches to identify both novel bactericidal and host-directed
drugs as potential therapeutics against pathogens such as, the Ebola virus, Borrelia

burgdorferi, Coxiella burnetii, and Legionella pneumophila (95, 98-100).”

These studies focused on the highly virulent pathogen Y. pestis to identify novel
therapeutics as it is still a prevalent public health threat and antibiotic resistant strains

have been isolated in nature as well as bio-engineered (4, 56, 59, 101). “In order to
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identify potential novel therapeutics, we conducted a screen of 780 FDA-approved drugs
to assess macrophage viability following Y. pestis CO92 infection. Although not an exact
clinical correlate, macrophages are an essential component in innate immunity and a first
line of defense for numerous infections, including the facultative intracellular pathogen Y.
pestis (1, 102, 103), making this approach a rapid and effective way to identify lead
therapeutic compounds for further studies in in vivo models. From in vitro screening, we
reproducibly, through two independent experiments performed in duplicate, identified 94
drugs significantly effective in preventing macrophage cytotoxicity during Y. pestis
infection. From these 780 drugs, a total of 17 were prioritized, based on in vitro
screening methods, and assessed in a murine model of pneumonic plague. Three drugs,
trifluoperazine (TFP), an antipsychotic of the phenothiazine class, doxapram (DXP), a
breathing stimulant, and amoxapine (AXPN), a tricyclic anti-depressant, increased animal
survival. Interestingly, these three drugs were shown to have no impact on bacterial
growth or expression/production of T3SS effectors or the T6SS effector Hcp6, and
exhibited high minimum inhibitory concentration (MIC) values (>100 pg/ml), which

would be difficult to achieve in human plasma.

MATERIALS AND METHODS
Bacterial strains and cell culture.

A highly virulent Y. pestis CO92 strain was obtained from the Biodefense and
Emerging Infections (BEI) Research Resources Repository, Manassas, VA. The Y. pestis
C092-lux strain was generated in our previous study, which harbors the luciferase gene

(30). Y. pestis strains were grown as described in Chapter 2 and all experiments with Y.
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pestis strains were performed in the CDC-approved select agent laboratory in the GNL,

UTMB.”

RAW 264.7 murine macrophage cell lines (ATCC) were maintained as described

in Chapter 2.

Reagents.

“The Screen-Well FDA-approved drug library V2, consisting of 780 compounds,
was provided as 10 mM stock solutions in dimethyl sulfoxide (BML-2843-0100; Enzo
Life Sciences, Albany, NY). Sterile, injectable formulations of levofloxacin, doxapram
(DXP), haloperidol, carboplatin, dihydroergotamine mesylate, and promethazine were
purchased from the UTMB Pharmacy. Tablet formulations of zarfirlukast, mesalamine,
colchicine, and aspirin were also purchased from the UTMB Pharmacy. Amoxapine
(AXPN), trifluoperazine (TFP), desogestrel, ethinyl estradiol, carglumic acid,
apomorphine, and pantoprazole were purchased from Sigma-Aldrich (St. Louis, MO) in a
dry powder form. Epinastine, also in dry powder form, was purchased from Abcam
(Cambridge, MA). MTT [3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide]

and detergent solution were purchased from ATCC.

Screening for macrophage cell viability.
Murine RAW 264.7 cells were seeded in 96-well microtiter plates at a
concentration of 2 x 10* cells/well to form confluent monolayers in a volume of 100 pL

per well.
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Pre-treatment screens:

Macrophages were incubated with 33 UM concentrations of drugs 2 h prior to
infection (Fig. 11). Plates were then infected with Y. pestis CO92 at a MOI of 100,
centrifuged at 1,250 rpm for 10 min to promote bacterial contact with the host-cells, and

incubated at 37°C/5% CO, for 60 min. The wells were then washed with PBS, and

Library of 780 FDA-approved drugs
Pre-treatment Post-treatment

RAW 264.7 macrophages pre-
treated with drugs at a concentration
of 33 uM for 2 h

RAW 264.7 macrophages incubated
with Yp CO92 for 1 h

Macrophages washed and
incubated in cell media with 50
ug/mL gentamicin for 1h

Drugs washed off and
macrophages incubated with Yp
C092 for1h

Macrophages washed and incubated in
cell media with 50 pg/mL gentamicin for
1 h. Macrophages then washed and
incubated in cell media with 10 ug/mL
gentamicin for 12 h

Macrophages washed and incubated in
cell media 10 ug/mL gentamicin and 33
UM drugs for 12 h

Cell viability tested with
MTT assay

“Hit” compounds
identified

extracellular bacteria were killed with the addition of 50 pg/ml of gentamicin to each well
for 60 min at 37°C/5% CO,. The wells were then washed with PBS, and macrophages
were maintained in medium containing a maintenance concentration (10 pg/ml) of

gentamicin for 12 h before performing the MTT assay (see below).

Figure 11. Schematic illustration of FDA-approved drug screening method.

Using a modified gentamicin protection intracellular survival assay (33), we evaluated the efficacy
of drugs (33 1uM) on host cell viability as either a pre- or post- treatment option during Y. pestis (Yp) infection.
Pre-treatment occurred 2 h prior to bacterial infection of macrophages, while post-treatment occurred
immediately after gentamicin treatment (2 h post infection [p.i.]) to kill extracellular bacteria. Macrophages

were incubated for 12 h and the MTT assay measured host cell viability.
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Post-treatment screens:

Following infection and treatment with gentamicin (2 h p.i.), 33 pM
concentrations of drugs were added to macrophages (Fig. 11), and were incubated for 12
h at 37°C/5% CO,. Reduction of MTT was used as an index of cell viability following the
protocol outlined by ATCC. Briefly, MTT reagent was added to the microtiter plate wells
(10 pL/well), and cells were incubated at 37°C/5% CO, for an additional 2 h. Then, 100
pL of the detergent reagent was added to the wells and incubated in the dark at ambient
temperature for 2 h. Absorbance values were measured at 570 nm in a Spectramax M5e

microplate reader (Molecular Devices, Sunnyvale, CA).

Screening for inhibition of Y. pestis CO92 intracellular survival.

The Y. pestis CO92-lux strain was grown in HIB overnight to saturation at 28°C.
RAW 264.7 macrophages were seeded in 96-well plates at a concentration of 2 x 10*
cells/well for confluency. Plates were then infected with Y. pestis CO92-lux at an MOI of
250 in DMEM medium, centrifuged, and incubated at 37°C/5% CO, for 60 min. Infected
macrophages were then washed with PBS, treated with gentamicin, washed again with
PBS, and maintained in DMEM as described above. Then, 33 uM concentrations of
drugs were added to each well of the microtiter plates and incubated at 37°C/5% CO,. At

0, 4,8 and 12 h p.i., luminescence was measured in a Spectramax M5e microplate reader.

Testing lead drugs in Y. pestis CO92 pneumonic plague model.
All animal studies with Y. pestis were performed as described in Chapter 2 in an
ABSL-3 facility under an approved IACUC protocol (UTMB). Briefly, mice were

anesthetized by the intraperitoneal (i.p.) route with a mixture of ketamine and xylazine
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and subsequently challenged i.n. with 10 LDsp Y. pestis CO92. Immediately following
infection, mice were dosed through either the i.p. or the oral route with one of 17 lead
drugs (identified through in vitro screens described above) at concentrations ranging from
0.025-150 mg/kg (Table 3). Dosing occurred once at the time of challenge or once every
24 h for up to 6 days. Beginning at 24 h p.i., an additional group of mice were dosed with
5 mg/kg levofloxacin administered i.p. at 24-h intervals for 3 or 6 days to serve as a
positive control for therapeutic treatment. Mice were assessed for morbidity and/or
mortality as well as clinical symptoms for the duration of each experiment (up to 21 days
p.i.).

For a combinational study with TFP and levofloxacin, mice were dosed with TFP
through the i.p. route at a concentration of 1.5 mg/kg at the time of infection, while
levofloxacin (0.25 mg/kg; sub-inhibitory dose) was administered i.p. at 24 h p.i. and
subsequently at 24-h intervals for 3 days. Saline, TFP (1.5 mg/kg)-only, and levofloxacin
(0.25 mg/kg and 5 mg/kg)-only groups of mice were used as controls and dosed as
described above.

Screening for dose response effects on macrophage viability following drug
treatment and infection with Y. pestis CO92.

Following the post-treatment protocol outlined above, murine RAW 264.7 cells
were seeded in 96-well microtiter plates at a concentration of 2 x 10* cells/well to form
confluent monolayers in a volume of 100 pL per well. Macrophages were then infected
with Y. pestis CO92 at an MOI of 100 and subsequently incubated with gentamicin (2 h
p.i.). TFP, DXP, and AXPN were then added at 1, 10, 20, 33, and 50 puM concentrations

to macrophages and incubated for 12 h at 37°C/5% CO,. Reduction of MTT was used as
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an index of cell viability, and absorbance values were measured at 570 nm in a

Spectramax M5e microplate reader.

Table 3: List of drugs, doses, and routes of administration for treatment in murine model
of pneumonic plague.

LDsg based on route of

Drug name Drug concentration  Route of administration s Rt
administration in mice
Trifluoperazine 5mg/k i.p.
P o P 133 mg/kg
Mesalamine 100mg/kg oral
> 2800 mg/kg
Haloperidol 5mg/k i.p.
P 99 P 30 mg/kg
Promethazine 20mg/kg i.p.
160 mg/kg
Aspirin 100mg/kg oral 250 mylkg
Colchicine 2mg/kg i.p. > 2 mg/kg
Carboplatin 30mg/k i.p.

P 9’k P > 100 mg/kg
Doxapram 50mg/k i.p.

P g P 175 mg/kg
Zarfirlukast 10mg/kg i.p. > 100 mg/kg
Desogestrel 0.125mg/kg oral

300 mg/kg
Ethinyl Estradiol 0.025mg/kg oral
> 1000 mg/kg
Amoxapine 5mg/k i.p.
P 9 P 112 mg/kg
Apomorphine 5mg/k i.p.
P P 9 P 128 mg/kg
Carglumic acid 150mg/kg oral
> 1000 mg/kg
Pantoprazole 5mg/k i.p.
P g P > 10 mg/kg
Dihydroergotamine .
0.5mg/kg i.p.
mesylate > 200 mg/kg
Epinastine 3mg/kg oral 300 mg/kg
LDs, based on literature®
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Growth kinetics and sensitivity of Y. pestis CO92 to TFP, DXP, and AXPN.

Overnight cultures of Y. pestis CO92, grown in HIB at 28°C, were normalized to
the same absorbance by measuring the optical density at 600 nm (ODgo). Subcultures
were then inoculated into 20 mL of HIB contained in 125 mL polycarbonate Erlenmeyer
flasks with HEPA-filtered tops containing 33 pM concentrations of TFP, DXP, AXPN,
levofloxacin (positive control), or PBS (negative control). The cultures were incubated at
37°C with agitation, and samples for absorbance measurements were taken at the
indicated time points. For MIC determinations, the broth macro-dilution method was
utilized (33). Briefly, Y. pestis CO92 was grown to saturation at 28°C and adjusted to a
0.5 McFarland standard before addition of the same volume of the culture to serial
dilutions of each drug (highest concentration tested was 100 pug/mL) in 5mL of HIB.
Cultures were grown for 24 h with agitation at 37°C. Bacterial growth with PBS or with
levofloxacin served as negative or positive controls, respectively.

Evaluation of Y. pestis CO92 virulence factor expression and plasminogen activator
(Pla) protease activity in response to TFP, DXP, and AXPN.

For Western blot analysis of T3SS effectors, overnight cultures of Y. pestis CO92,
grown in HIB at 28°C, were diluted 1:20 in 5 mL HIB, supplemented with 5 mM EGTA
to trigger the low-calcium response. Then, 33 uM concentrations of TFP, DXP or AXPN
were added and the culture incubated at 28°C for 2 h before being shifted to 37°C (to
activate the T3SS) for an additional 3 h of growth. After centrifugation, the cell pellets
were dissolved in SDS-PAGE buffer and analyzed by immunoblotting using antibodies to
YopE,” Hep6, “and LcrV (Santa Cruz Biotechnology, Santa Cruz, CA). Aliquots (1mL)

of supernatants were precipitated with 20% (v/v) trichloroacetic acid (TCA) on ice for 2
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h. The TCA precipitates were then dissolved in SDS-PAGE buffer and analyzed by
immunoblotting using antibodies to YopE” and Hcp6. “The anti-DnaK monoclonal
antibody (Enzo) was employed for analysis of cell pellets to ensure similar numbers of

bacteria were used across testing conditions.

For Pla protease activity, WT C092 was plated on a HIB agar plate from -80°C
glycerol stock and incubated at 28°C for 36 h. A single colony was re-plated on a fresh
HIB agar plate and incubated at 28°C for 20-22 h. Bacteria was then suspended in HIB
and incubated with a 33 puM concentration of either TFP, AXPN, DXP, or PBS, as a
control, and grown overnight. Cultures were centrifuged, washed twice, and re-suspended
in PBS with 33 uM of each respective drug to obtain a final optical density (ODggo) value
of 0.25 in a spectrophotometer (SmartSpec'™ 300, Bio-Rad). For each sample, 50 pl
suspensions (3.1 x 10° CFU/well) were added to wells of a black microtiter plate (Costar
Corning Inc., Corning, NY) in triplicate. Samples containing only PBS and each drug
were also analyzed for any drug auto-fluorescence. The hexapeptide substrate DABCYL-
Arg-Arg-lle-Asn-Arg-Glu (EDANS)-NH,, synthesized on Sieber amide resin (34), was
added to the wells at a final concentration of 2.5 pg/50 pl. The kinetics of substrate
cleavage by Pla was measured every 10 min for 3 h by fluorometric assay
(Excitation/Emission 360/460nm) at 37°C on BioTek Synergy HT spectrophotometer
(BioTek Instruments Inc., Winooski, VT).”

Testing TFP, AXPN, and DXP as therapeutics in a murine model of pneumonic

plague infection alone or in combination with levofloxacin.

Mice were anesthetized by isoflurane inhalation and subsequently challenged i.n.

with the indicated LDso dose of Y. pestis CO92. At 0, 6, 12, or 24 p.i. mice were dosed
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through the i.p. route with TFP (1.5mg/kg), AXPN (3mg/kg), DXP (20mg/kg), or
levofloxacin (5mg/kg). For levofloxacin combinatorial studies, at 48 p.i. mice were dosed
through the i.p. route with TFP (1.5mg/kg), AXPN (3mg/kg), DXP (20mg/kg), and/or
levofloxacin (0.25mg/kg or 5mg/kg). Dosing for TFP occurred once at the indicated time
point, while AXPN, DXP, and levofloxacin were dosed a total of 3 times at 24 h
intervals. Mice were assessed for morbidity and/or mortality as well as clinical symptoms

for the duration of each experiment (up to 21 days p.i.).

For re-challenge experiments, after 21 days p.i., surviving animals were infected
with WT CO92 by the i.n. route as described previously in Chapter 2 at a dose of 8-10
LDso. Mice were again assessed for morbidity and mortality, as well as clinical
symptoms, for the duration of each experiment.

Resistance of Y. pestis CO92 to DXP- and AXPN-treated serum.

Mouse serum was collected from naive, DXP, or AXPN treated animals. Animals
were dosed with 20 mg/kg DXP or 3 mg/kg AXPN for a total of 3 times and sera was
collected 6 h post each dose. WT C0O92 was grown overnight, harvested, and then diluted
in PBS to an optical density at 600 nm (ODgq) of 0.8 (108 CFU/mL). A 50 pl volume of
the diluted bacteria was mixed with 200 pl of sera or PBS as a control. The samples were
incubated at 37°C for 2 h with shaking at 180 rpm. The number of surviving bacteria
(CFU) in each sample was determined by serial dilution and plating on SBA plates.
Percent bacterial survival was calculated by dividing the average number of CFU in PBS

by the average number of CFU in each sera sample.
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Bacterial proliferation in murine lungs following infection and treatment with DXP.

Mice were divided into 2 groups infected with 10 LDsy of WT CQO92 by the i.n.
route and one group was treated with DXP beginning 24 h p.i. At 30 h, 54 h, 78 h, and
10 days p.i.,, 3 animals from each group were humanely euthanized and lungs were
immediately collected. The tissues were homogenized in 1 ml of PBS, and serial dilutions
of the homogenates were spread onto SBA plates to assess proliferation of the bacteria in

the lungs.

Statistical analyses.

Statistical analyses were performed as described in Chapter 2.
RESULTS

“A high-throughput in vitro screen identifies FDA-approved drugs that are effective
in inhibiting host-cell cytotoxicity during a Y. pestis infection.

Using a modified gentamicin protection assay (38) in conjunction with the MTT
assay, we developed a high-throughput screening method to evaluate a library of 780
FDA-approved drugs, with known molecular targets, for their ability to inhibit
macrophage (murine RAW 264.7) death normally associated with Y. pestis infections
(Fig. 11) (17, 104). Of the 780 compounds, we identified a total of 94 drugs that inhibited
host-cell cytotoxicity when infected with WT C0O92, with 36 drugs identified using a pre-
treatment method and 58 drugs identified using a post-treatment method (Tables
1B&2B; Appendix B). Drugs were then grouped into either a Tier 1 or Tier 2
classification, with Tier 1 drugs significantly reducing infected macrophages’
cytotoxicity (based on the MTT assay) to levels seen in uninfected (no bacteria) control

macrophages (Table 1B; Appendix B). Tier 2 drugs also significantly reduced infected
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macrophages’ cytotoxicity, but not to uninfected control macrophage levels, as was

observed for Tier 1 drugs (Table 2B; Appendix B).

Drug Treated Infected - Untreated Infected
Macrophages

> 1201 o Macrophages

Percent Viability

Figure 12. Tier 1 posttreatment drugs identified using a host cell-based screen to evaluate
macrophage viability.

The drug-treated (33 pM) and infected macrophages (gray) exhibited viability equivalent to that of
uninfected macrophages (no bacteria) and significantly higher viability than that of drug-untreated and

infected macrophages (black). The data were plotted as percentages of uninfected macrophages (dashed

line) and were analyzed by 2-way ANOVA with Tukey's post hoc test.

Using a post-drug treatment method, 15 drugs were identified as being Tier 1
(Fig. 12) while the other 43 were classified as Tier 2 (Fig. 13). Overall, the drugs
identified from the pre- and post-treatment screens included antineoplastics,

antihistamines, antihypertensives, antivirals, antipsychotics, antidepressants, and
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hormone receptor modulators, which regulate several molecular pathways in the host

cells (Tables 1B&2B; Appendix B).

1004 — Drug Treated Infected g WT Infected — —— Drug Treated Infected gy WT Infected _ _ _ |
" Macrophages B iacrophages 100 Maugophages S o ophages Uninfected
90+ T - 904 - macrophages
804 T T T T = =y= oL T . T = n T
80- T

Percent Viability

(% of Control Uninfected Macrophages)
Percent Viability

(% of Control Uninfected Macrophages)
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Figure 13. Tier 2 posttreatment drugs identified using a host cell-based screen to evaluate
macrophage viability.

The drug-treated (33 uM) and infected macrophages (gray) exhibited viability values that were
significantly higher than those of Y. pestis CO92 infected and drug-untreated macrophages (referred to as
WT) (black) but were not equivalent to those of uninfected macrophages (dashed line). The data were
plotted as percentages of uninfected macrophages and analyzed by 2-way ANOVA with Tukey's post

hoc test.
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Quantification of bacterial survival in vitro identifies 3 drugs capable of limiting
host-cell death and decreasing intracellular Y. pestis survival.

Continuing analysis was limited to Tier 1 and Tier 2 drugs identified in our post-
treatment screen, since these were considered to be the most clinically relevant. Using a
bioluminescent Y. pestis CO92 strain that was created with the Tn7- luciferase gene (lux)-
based system (68, 105, 106), bacterial survival was quantitated in real time. Focusing on
the 58 drugs identified from the post-treatment screens and using a gentamicin protection
assay in RAW 264.7 macrophages, the effects of the drugs at a concentration of 33 uM
were tested on intracellular bacterial survival. From these experiments, 3 of the 58 drugs
were shown to affect intracellular bacterial survival: haloperidol, TFP, and pantoprazole
(Fig. 14). Haloperidol, an antipsychotic, was classified as a Tier 1 drug in our viability
screens while TFP, an anti-depressant, and pantoprazole, a treatment for
gastroesophageal reflux disease (GERD), were classified as Tier 2 drugs (Tables
1B&2B; Appendix B). To eliminate any false positive results due to host-cell
cytotoxicity for the 58 drugs, cell viability was assessed by using the MTT assay with the
drugs alone (no bacterial challenge) at a concentration of 33 uM for 12 h. Of the 58 drugs

tested, none induced any cytotoxicity in RAW 264.7 macrophages.

Three drugs exhibited protection in the murine pneumonic plague infection model.
Based on efficacy from in vitro screens, the 15 drugs classified as Tier 1 from our

post-treatment viability screens (Fig. 12), as well as the Tier 2 drugs TFP and

pantoprazole, which both disrupted bacterial intracellular survival (Fig. 13 & 14), were

chosen for further analysis in order to determine if the results seen in vitro could be
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replicated in vivo. Mice were challenged through the i.n. route with WT C0O92 (10 LDs)

and immediately

100~  WT
Levofloxacin

I Haloperidol
Trifluoperazine

Bl Pantoprazole

T T %* *p <0.01

Percent Bacterial Survival in
RAW 264.7 Macrophages
S

¥

o ™ > NV

Time (h)
Figure 14. Quantification of intracellular survival of Y. pestis CO92-lux in RAW 264.7

murine macrophages.

RAW 264.7 macrophages were infected with Y. pestis CO92-lux for 1 h at an MOI of 250.
Monolayers were then treated with gentamicin at a concentration of 50 pg/ml for 1 h, washed twice with
PBS, and incubated with a maintenance dose of 10 pug/ml gentamicin. At this time, 33 uM drug, or PBS as
a control, was added to the monolayers. Following drug treatment, intracellular bacterial survival was
measured at 4, 8, and 12 h post-infection through bioluminescence measurement. The data were analyzed
by comparison of drug-untreated and infected controls (WT) to treatment groups at each time point by

using 2-way ANOVA with Tukey's post hoc test. *, P < 0.01.

following infection, were dosed with one of the 17 lead drugs through either the oral or
the i.p. routes (Table 3). Dose concentrations were determined either based on the
literature (107-115) or empirically (Table 3). Initially, mice were dosed for up to 6 days

at 24 h intervals to mimic the dosing regimen of levofloxacin (57) and monitored daily
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for morbidity and mortality. Three drugs, TFP (5 mg/kg), DXP (50 mg/kg) and AXPN (5
mg/kg) (Fig. 15 A-C), were identified to alleviate the early clinical manifestations in
mice such as ruffled fur, lethargy, and inability to groom, although animals did eventually
expire, possibly due to drug toxicity from prolonged treatment, specifically after 4 doses,
rather than the infection. Since the aforementioned three drugs alleviated some symptoms
of disease, we sought to optimize the number of doses and drug concentrations to

increase animal survival rates (Table 4).”

A B C

L0
am ! \ i |

Figure 15: Chemical structures of TFP (A), AXPN (B), and DXP (C) from the Royal
Society of Chemistry.

“Through optimization studies, TFP was observed to be equally or even more
effective at one dose compared to three, and, therefore, in subsequent mouse pneumonic
plague experiment, animals were administered TFP (1.5 mg/kg once), AXPN (3 mg/kg, 3
doses 24 h apart) and DXP (20 mg/kg, 3 doses 24 h apart) by the i.p. route at the time of
WT CO92 infection. To maximize the effectiveness of the chosen drugs, we preferred to
deliver the drugs at the time of infection in these initial studies (10 LDsg of WT C092).
As noted in Fig. 16A, although the untreated control animals succumbed to infection, 40-
60% of mice treated with any of these three drugs were protected from developing

pneumonic plague, with no clinical signs of the disease or drug toxicity. The remaining
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14 drugs evaluated in this model exhibited no survival benefits to animals when
administered individually. Although all drugs were given well below LDs, values (Table
3), additional optimization of dosing regimens may be required to observe beneficial

effects in mice.

Table 4. Different concentrations and doses of doxapram (DXP), trifluoperazine (TFP),
and amoxapine (AXPN) tested in mouse pneumonic plague model with 10 LDsy of WT
Y. pestis CO92. Percent survival rates are also listed.

Drug Drug Concentration # of Doses Percent Survival
Doxapram 10mg/kg 3 40%
Doxapram 20mg/kg 3 50%
Doxapram 30mg/kg 3 40%
Doxapram 50mg/kg 5 0%
Amoxapine Img/kg 3 20%
Amoxapine 3mg/kg 3 40%
Amoxapine Smg/kg 3 0%

Trifluoperazine 1.5mg/kg 3 40%
Trifluoperazine 10mg/kg 3 30%
Trifluoperazine 1.5mg/kg 1 50%
Trifluoperazine 10mg/kg 1 40%

As TFP was the most efficacious drug in terms of animal survival after WT C0O92
infection when administered at the time of infection, we chose to perform a combinatorial
study with levofloxacin to discern if any additive or synergistic effects could be observed.

TFP was administered as described above (1.5 mg/kg dose i.p. once at the time of
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infection) while a sub-inhibitory dose of levofloxacin (0.25 mg/kg) was injected by the
I.p. route 24 h p.i. and subsequently at 24 h intervals for three days. While only 20% of
mice dosed with 0.25 mg/kg levofloxacin alone were protected from infection, 70% of
dually treated mice were protected from developing pneumonic plague (Fig. 16B),

indicating there was possible additive effect.
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Figure 16. Survival analysis of mice infected with Y. pestis CO92 and then drug treated

at the time of infection.

(A) Mice were challenged by the i.n. route with 10 LDs, of WT Y. pestis CO92 and administered
TFP (n = 15; pooled from three independent experiments) at a dose of 1.5 mg/kg, AXPN (n = 10; pooled
from 2 independent experiments) at a dose of 3 mg/kg, DXP (n= 15; pooled from 3 independent
experiments) at a dose of 20 mg/kg, or saline (n = 20; pooled from 4 independent experiments) as a control
by the i.p. route at the time of infection. Levofloxacin was administered at a dose of 5 mg/kg at 24 h p.i.
(n = 10; pooled from two independent experiments). Animals were dosed for 3 days (at 24-h intervals) for
levofloxacin, DXP, and AXPN or given only 1 dose of TFP (P = 0.0374; AXPN, P = 0.0044; DXP, P =
0.0007; TFP, and P = 0.0003; levofloxacin). (B) Mice were challenged by the i.n. route with 10 LD, of
WT Y. pestis CO92, and two groups were administered TFP at a dose of 1.5 mg/kg by the i.p. route at the

time of infection. A control group of animals was given saline at the time of infection. At 24 h p.i.,
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levofloxacin at a dose of 0.25 mg/kg was administered i.p. to animals. Groups receiving TFP, levofloxacin,
or saline alone served as controls. The data were analyzed for significance by use of Kaplan-Meier survival
estimates. The P values were determined based on comparison of the results for each of the drug treatment

groups to the results for saline-treated and infected controls (WT). P = 0.0006 for TFP, P = 0.0190 for

levofloxacin, and P < 0.0001 for TFP and levofloxacin.
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Figure 17. Dose-response effects of 3 drugs.
Dose-response effects of TFP (A), AXPN (B), and DXP (C) identified using a host cell-based,

high-throughput screen to evaluate macrophage viability by the MTT assay following infection with WT
C092 and subsequent drug treatment for 12 h. Macrophages were treated with drug concentrations of 1, 10,
20, 33, and 50 uM. The data were analyzed by comparison of drug-untreated and infected macrophages to
drug treatment groups at each concentration by using 2-way ANOVA with Tukey's post hoc test. *, P <

0.001.

TFP, DXP, and AXPN exhibited a dose response effect on macrophage viability
after Y. pestis CO92 infection.

To determine the dose response effects of these three drugs on macrophage
viability following infection, RAW 264.7 macrophages were grown to confluency,

infected with Y. pestis at an MOI of 100 and subsequently incubated with TFP, DXP and
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AXPN at concentrations of 1, 10, 20, 33 and 50 yM. For all three drugs, the 10, 20, and
33 uM concentrations resulted in statistically significant increases in macrophage
viability after WT CQO92 infection compared to infected, untreated control macrophages
(Fig. 17). TFP (Fig. 17A) and AXPN (Fig. 17B) showed highest macrophage viability
between 10-20 uM concentrations while DXP (Fig. 17C) demonstrated highest viability
between 20 -33 uM concentrations. For all three drugs, at a 50 uM concentration,
macrophage viability began to decrease, with TFP exhibiting the most cytotoxic effect
(Fig. 17A).

TFP, DXP, and AXPN exhibited no bactericidal or bacteriostatic effects on Y. pestis
CO92.

To determine if these three drugs had any bactericidal or bacteriostatic effects, Y.
pestis CO92 was grown in the presence of each drug for 24 h at 37 °C at a concentration
of 33 uM, as this was the concentration used in the in vitro screening assay and was the
highest concentration to exhibit no cytotoxic effects. None of the tested drugs, except for
levofloxacin (positive control), negatively influenced the growth of Y. pestis CO92 (Fig.
18A). To confirm that there were no bacteriostatic effects, samples from each drug
containing culture grown for 24 h were re-inoculated in fresh HIB and grown for another
24 h. Once again, growth was only influenced by levofloxacin (data not shown).
Additionally, for all three drugs, the MICs were determined to be >100 ug/ml (data not
shown), indicating that even at a high concentration, no direct antimicrobial effects could

be observed for these drugs against Y. pestis in an in vitro culture.
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TFP, DXP, and AXPN exhibited no effects on Y. pestis CO92 virulence.

Since no bactericidal or bacteriostatic effects of the abovementioned drugs were
observed on Y. pestis CO92, we sought to determine whether any of these drugs could
impact bacterial virulence in some way, possibly accounting for the increased mouse
survival. We first examined whether the production of T3SS effectors by Y. pestis CO92
was affected by treatment with all three drugs (individually) at 33 puM. After mimicking
the conditions of the in vitro screening assay, cell pellets were evaluated for the
expression/production of LcrV and YopE, specifically, by immunoblot analysis. To probe
whether Yops secretion was affected, supernatants were also evaluated for the presence
of YopE by immunoblot analysis. None of the tested drugs impacted the
expression/production of LcrV and YopE in cell pellets or secretion of YopE in culture
supernatants (Fig. 18B).” We also assessed whether the T6SS was affected by examining
the production of Hcp6 by Y. pestis CO92 in the presence of the 3 drugs by immunoblot
analysis. As observed with the effectors of the T3SS, Hcp6 expression was not affected
by any of the drugs when observed in cell pellets or supernatants (Fig. 18C). “We also
assessed whether Pla protease activity of Y. pestis CO92 was affected by the presence of
the three drugs individually. As with evaluation of T3SS components, conditions of the in
vitro assay were mimicked, with bacteria grown in the presence of all three drugs
(individually) at 33 pM. Protease activity was then measured using a fluorometric assay
with the Pla substrate (116). As with the T3SS and T6SS effectors probed, we observed
no drug inhibition or impact on Pla protease activity (Fig. 18D). Taken together, the three

anti-Y. pestis candidate drugs, identified through in vitro and in vivo screens, reduced
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bacterial pathogenesis by seemingly targeting host cell pathways rather than the bacterial

pathogen directly.”
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Figure 18. “Effects of drugs on the growth and Time (min)

virulence factors of Y. pestis CO92.
(A) Growth of Y. pestis CO92 in HIB in the presence of TFP, AXPN, DXP, or levofloxacin (at 33

puM) or with PBS (control). Samples were taken at the indicated time points for ODg measurement. Data
shown are the mean values, while error bars represent standard deviations (SD) (n = 4). Statistical analysis
was performed using Student's t test, with only levofloxacin showing significantly lower OD values than
those obtained with PBS during growth of Y. pestis (Yp) CO92 (WT) (P < 0.001). (B&C) Production of the
T3SS effectors LcrV and YopE (B) and T6SS effector Hep6 (C). Y. pestis CO92 was grown in HIB
overnight and subsequently diluted 1:20 in fresh HIB supplemented with 5 mM EGTA, for chelation of
calcium, in the presence of 33 uM TFP, AXPN, or DXP or with PBS (control). Growth was continued at
28°C for 2 h, followed by a temperature shift to 37°C for an additional 3 h of incubation. Cell pellets and
supernatants were separated by centrifugation, and following TCA precipitation of proteins in the
supernatants, cell pellet and supernatant samples were dissolved in SDS-PAGE buffer. Western blot

analysis was then employed to detect LcrV and YopE in bacterial pellets and YopE in supernatants (B) as
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well as Hcp6 in bacterial pellets and supernatants (C). Levels of DnaK in bacterial pellets were utilized as a
loading control to ensure similar levels of bacteria across all samples examined. (D) Pla protease activity
assay. Y. pestis CO92 was grown on HIB agar plates at 28°C for 20 to 22 h, and bacteria were then
suspended in HIB, incubated with 33 uM TFP, AXPN, or DXP or with PBS (control), and grown
overnight. Cultures were resuspended in PBS with a 33 uM concentration of the respective drug to obtain a
final ODgg of 0.25. Samples containing only PBS and each drug were also analyzed for any drug auto-
fluorescence. Pla protease activity was then measured in a fluorometric assay. The kinetics of substrate
cleavage (increase in relative fluorescence units [RFUs] versus time) by Pla was plotted for each treatment
group. Statistical analysis was performed by one-way ANOVA with the Bonferroni post hoc test with drug
only (no bacteria) samples showing significantly lower RFUs compared to Yp CO92-PBS and Yp C092-

drug groups, P <0.001.”
TFP, AXPN, and DXP exhibited therapeutic efficacy in a murine model of
pneumonic plague infection.

Based on the effects of these three drugs against Y. pestis infection when given at
the time of infection, we chose to evaluate the therapeutic efficacies of TFP, AXPN, and
DXP following delayed treatment in a murine pneumonic plague model. Mice were
challenged by the i.n. route with WT CO92 (8 LDsp) and were dosed with either TFP,
AXPN or DXP at 0, 6, 12, or 24 h p.i. TFP dosing was limited to only 1 dose while
AXPN and DXP were dosed at 24 h intervals for 3 days. For TFP, treatment at all time
points significantly protected animals from fatal pneumonic plague infection, with 40-
60% of animals surviving, however, it was noted that efficacy diminished as dosing time
was delayed (Fig. 19A). As with TFP, delayed treatment with AXPN and DXP provided
significant protection to animals across all time points (40-90%) (Fig. 19B&C).

Interestingly, for both AXPN and DXP, delayed treatment resulted in an increase of drug
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efficacy, with survival of animals treated with either of these drugs at 24 h p.i. ranged
from 70-100% (Fig. 19B&C).

As significant efficacy was observed for all three drugs when administered at 24 h
p.i., we chose to further evaluate their efficacies when administered at 48 h p.i. It is noted
that efficacy of antibiotics is limited when administered past 42 h p.i. (57), and, therefore,
we also evaluated the potential for additive or synergistic effects of these drugs when
administered in combination with levofloxacin. Mice were administered TFP (1.5mg/kg),
AXPN (3 mg/kg), DXP (20mg/kg) and/or levofloxacin (0.25mg/kg or 5mg/kg) beginning
at 48 h p.i. TFP was administered once while AXPN, DXP and levofloxacin were
administered at 24 h intervals for 3 days.

For TFP, when administered alone at 48 h p.i., there was no significant difference
between the WT CO92 control group (14% vs. 0%, respectively). However, when TFP
was administered in combination with levofloxacin (Levo), a synergistic effect was
observed with both low dose (0.25mg/kg) and high dose (5mg/kg) levofloxacin
treatment, as both combination groups exhibited significantly higher survival rates in
comparison to WT CO092 control group (57-100%) (Fig. 20A). Additionally, the
TFP/Levo (5mg/kg) group exhibited statistically significant higher survival rates in

comparison to the TFP alone group (Fig. 20A).
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Figure 19. Survival analysis of mice infected with Y. pestis CO92 and treated

with TFP, AXPN, or DXP at delayed time points.

Mice were challenged by the i.n. route with 8 LDz, of WT CO92 and administered TFP (n = 7;
1.5mg/kg) (A), AXPN (n = 7; 3mg/kg) (B), or DXP (n = 7; 20mg/kg) (C) by the i.p. route at the indicated
time points p.i. Animals were dosed for 3 days (24 h intervals) for DXP and AXPN or only 1 dose of TFP
at the indicated time. Mice were monitored for signs of morbidity and mortality for 21 days. The data were
analyzed for significance by Kaplan-Meier survival estimates. The P values were determined based on
comparison of the results for each of the drug treatment groups to the results of WT CQO92 infected

controls.

When administered at 48 h p.i., AXPN treatment resulted in significantly higher
survival rates (72%) in comparison to WT CQO92 controls, which all succumbed to
infection by day 4 (Fig. 20B). However, an interaction between AXPN and levofloxacin

was observed when administered together, and results were therefore not reported here as
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continued optimization of the dosing regimen of these drugs when administered together

were needed.

Groups treated with DXP alone as well as in combination with levofloxacin all

exhibited significantly higher survival rates (50-100%) in comparison to WT CO092

controls (Fig. 20C). It was also noted that the DXP/Levo (5mg/kg) group had a

statistically higher survival rate in comparison to the DXP alone treated group, further

indicating an additive effect with dual drug treatment of DXP and levofloxacin (Fig.

20C).
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Figure 20. Survival analysis of pneumonic plague infected mice treated with TFP,

AXPN, DXP and/or levofloxacin at 48 h p.i.

Mice were challenged by the i.n. route with 9 LDg, of WT CO92 (n = 5-7 per group) and

administered TFP (A), AXPN (B), DXP (C), and/or levofloxacin (5 mg/kg or 0.25mg/kg) by the i.p. route

at the indicated time points p.i. Animals were dosed for up to 3 days (24 h intervals) beginning at 48 h p.i.
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Mice were monitored for signs of morbidity and mortality for 14 days. The data were analyzed for
significance by the Kaplan-Meier survival estimates. The P values were determined based on comparison
of the results for each of the drug treatment groups to the results of WT CO92-infected controls or

indicated groups.

Animals treated with TFP, AXPN, and DXP during initial infection exhibited some
protection upon re-challenge with Y. pestis CO92.

In order to evaluate whether a protective immune response was generated in
treated animals that survived initial infection, at 21 p.i. surviving animals in the indicated
groups were re-challenged (Fig. 19) by the i.n. route with WT C092 (8 LDsp) to monitor
morbidity and mortality. For all groups of treated animals, some protection, ranging from
25-100%, from subsequent challenge was observed, while all naive control animals did

succumb to infection by day 5 (Fig. 21).
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Figure 21. Survival analysis of drug treated mice re-challenged with WT CO92.

Mice initially treated with TFP (A), AXPN (B), or DXP (C) that survived a pneumonic plague
challenge were re-challenged on day 21 by the i.n. route with 8 LDs, of WT CO92. Naive infected animals
(WT CO092 re-challenge CTL) served as controls. Mice were monitored for signs of morbidity and
mortality for an additional 14 days. The data were analyzed for significance by Kaplan-Meier survival
estimates. The P values were determined based on comparison of the results for each of the drug treatment

groups to the results of WT CO92 infected controls.
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Treatment with AXPN or DXP did not alter serum resistance of Y. pestis CO92.

To evaluate if the efficacies of these drugs were linked to the activation of

complement, which would lead to increased bacterial killing in vivo, we administered

AXPN and DXP to uninfected mice and collected sera 6 h post drug treatment, with a

total of 3 doses of each drug administered to animals. We limited these studies to AXPN

and DXP as an increase in the efficacy was observed for both drugs as treatment time was

delayed up to 24 h p.i. in mice (Fig.19). As observed in Fig. 22, no differences in drug

treated versus naive sera in bacterial killing was observed, with all samples exhibiting
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Figure 22. Resistance of Y.

pestis with drug-treated sera.

Overnight grown culture
of Y. pestis CO92 was harvested
and diluted in PBS to ODgy of
0.2. An aliquot (50 ul) of diluted
bacteria was inoculated in 200 pl
drug- treated or untreated sera or
PBS and incubated at 37°C for 2
h. CFUs were determined by
serial dilution and plating on SBA

plates.

Treatment with DXP inhibited Y. pestis proliferation in the lungs of infected

animals. As DXP was the most efficacious drug when administered alone at 24 h

p.i., we evaluated the proliferation of WT CQO92 in the lungs of infected and treated
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animals. At 30, 54, 78 h or 10 days p.i., we noted that the CFUs in DXP-treated animals
were reduced in comparison to those of untreated animals, although statistical
significance was only observed at 30 and 78 h p.i (Fig. 23). It was also observed that by
day 10, no detectable number of bacteria could be observed in the lungs of DXP treated

animals (Fig. 23).
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Figure 23. Y. pestis proliferation in lungs following DXP treatment.

At each indicated time point, 3 animals per group infected with 8 LDso of WT C0O92 and treated or
untreated with DXP 24 h p.i. were euthanized and lungs harvested 6 h after the administration of each dose.
CFUs were determined by homogenization of the lungs followed by serial dilution and plating on SBA
plates. Statistical analyses were performed by student’s t test with P < 0.05 was considered statistically

significant.
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DiscussiON

“In efforts to identify novel anti-bacterial chemotherapeutics from a library of 780
FDA-approved drugs, we employed a high-throughput screening method based on
evaluation of Y. pestis-induced macrophage cytotoxicity. During infection, Y. pestis
preferentially targets host macrophages as the organism is protected from contact with
other immune components and acquires the ability to evade subsequent phagocytosis
(102, 103). Macrophages are key effectors of the host innate immune response to
infection and intracellular survival and growth of Y. pestis, and since macrophages play a
pivotal role in the pathogenesis of the plague (102, 103, 117), 51), this in vitro model was
well suited for our screening purposes. In total, 94 FDA-approved drugs were identified
in our screen as being able to inhibit Y. pestis-induced macrophage cytotoxicity.
Candidate drugs were placed into Tier 1 and Tier 2 categories based on the degree to
which treatment reduced Y. pestis-induced macrophage cytotoxicity (Fig. 12&12; Tables

1B&2B).

Decreased host-cell cytotoxicity associated with Y. pestis infection by the drugs
could have been a result of a reduction in intracellular survival of the invading pathogen
or the stabilization of infected macrophages (e.g., a disruption of apoptotic pathway).
Some drugs identified in in vitro screens have previously been shown to have some
antimicrobial activity, such as TFP and proton pump inhibitors, such as pantoprazole,
being known to have anti-M. tuberculosis effects (118, 119). After validating that none of
the 58 drugs from the more clinically relevant post-treatment screens (Tables 1B&2B)
had any cytotoxic effects on macrophages alone (data not shown), three identified drugs

that inhibited host-cell death were also shown to decrease bacterial intracellular survival
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(Fig. 14). One drug, haloperidol, was classified as Tier 1, while TFP and pantoprazole
were classified as Tier 2 drugs. As the remaining 55 compounds did not decrease
intracellular bacterial survival, but did exhibit increases in macrophage viability, we
speculated that these drugs were stabilizing macrophages to prevent their death
associated with infection. This, in turn, may aid in altering subsequent immune responses
to the infection to better allow for bacterial clearance at a later time point in the whole
animal. Indeed, it has been shown that early inhibition of macrophage apoptosis
following Y. pestis infection aids in reducing inflammation and allowing for better

bacterial clearance (117).

From in vitro studies, a set of 17 drugs, 15 Tier 1 and two Tier 2 drugs, TFP and
pantoprazole (Figs. 12 & 13), were prioritized for evaluation to determine if efficacy in
vitro could be translated in vivo. Our results indicated that three drugs, AXPN and DXP
(Tier 1), and TFP (Tier 2), significantly increased the survival of mice in a pneumonic
plague model (Fig. 16A). Additional studies with TFP indicated that combinatorial
treatment with TFP and a sub-inhibitory dose of levofloxacin showed an additive effect
on animal survival rate (Fig. 16B). Poor efficacy for the other 14 drugs, particularly
haloperidol or pantoprazole, which were both able to inhibit intracellular survival of Y.
pestis CO92, may indicate the need for additional optimization of in vivo dosing

regimens, as was needed for our three reported lead drugs (Tables 3&4).

In order to evaluate if there was a dose response effect on macrophage viability
from TFP, AXPN or DXP treatment following infection with Y. pestis CO92, we
employed the same procedure used for the initial high throughput screen. Using drug

concentrations of 1, 10, 20, 33 and 50 uM, it was observed that there was a dose response
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effect for each drug (Fig. 17) and at the highest concentration of 50 uM, signs of
cytotoxicity could be observed, particularly for TFP (Fig. 17A). These results validated
the use of 33 uM concentration in initial screening procedures, as high efficacy was
observed at this concentration for all three drugs while also remaining non-cytotoxic to

macrophages.

In order to elucidate whether Y. pestis was being affected directly, AXPN, DXP
and TFP were evaluated for possessing either bactericidal or bacteriostatic activity. Our
results indicated that none of the drugs had a direct bactericidal/bacteriostatic effect (Fig.
18A), suggesting that these drugs may be inhibiting bacterial virulence factors (not
associated with bacterial growth) or may be modulating pathogenicity signaling
pathways. To assess if these drugs were acting through bacterial or host targets, we
evaluated the expression of two T3SS effector proteins, LcrV and YopE, of which the
latter destroys actin monofilaments. No measurable differences in the production levels
of these antigens were observed following drug treatments in cell pellets, and, likewise,
no differences in the secretion levels of YopE were observed in culture supernatants (Fig.
18B).” We also evaluated expression of the T6SS effector Hcp6, which is an established
marker to T6SS function, and observed no measurable differences in Hcp6 expression or
secretion (Fig 18C). “Furthermore, no measurable differences in Pla protease activity,
another key Y. pestis virulence factor, were observed when WT C092 was grown in the
presence of each drug individually (Fig. 18D). These data provided further evidence that
these drugs were likely operating through host-directed targets to alleviate disease

pathogenesis.”
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To determine the actual therapeutic potential of these drugs, their efficacies when
administered at delayed time points p.i. were evaluated. For all three drugs, animal
survival was significantly increased when administered up to 24 h p.i. (Fig. 19).
Surprisingly, for both AXPN and DXP, delayed treatment resulted in an increase in
efficacy, with 70-100% survivability observed in groups administered treatment
beginning 24 h p.i. (Fig. 19).

Since all three drugs exhibited efficacy when administered at 24 h p.i. (Fig. 19),
their protective effects were evaluated when the treatment was further delayed. As it has
been well established that the efficacy of antibiotics begins to wane when administration
is delayed past 42 h in a pneumonic plague murine model (57), treatment for all three
lead drugs was delayed until 48 h p.i. Additionally, to determine if combination therapy
could result in an extended therapeutic window, the effect of these drugs in combination
with levofloxacin, at both a suboptimal (0.25mg/kg) and efficacious (5mg/kg) dose, were
also evaluated in a pneumonic plague infection model. For TFP, a synergistic effect was
observed with levofloxacin while DXP exhibited an additive effect with levofloxacin
(Fig. 20A&C). Interestingly, TFP and DXP groups treated in combination with
levofloxacin at 5mg/kg resulted in 100% survival of animals (Fig. 20A&C). For AXPN,
however, there seemed to an interaction between AXPN and levofloxacin when these two
drugs were administered simultaneously, resulting in rapid deaths of animals, and,
therefore, these results were not reported (Fig. 20B). Future studies will focus on whether
dosing AXPN and levofloxacin by different routes or by staggering administration times

of these drugs will alleviate the adverse effects observed in these studies. Overall, our
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results indicated that the therapeutic intervention window could be extended by
combinatorial drug treatment.

Although we hypothesize these drugs are activating host defenses to aid in the
clearance of the bacteria, the true mechanism(s) of action of these drugs is unknown. To
begin to delineate potential host defense mechanisms these drugs could be activating, we
first evaluated the potential effect of these drugs on complement activation. It is well
known that Y. pestis can resist the host mediated defense of complement bacteriolysis
(120). Therefore, if these drugs did work by activating complement, enhanced killing of
the bacteria would be observed in the serum of treated animals. As DXP and AXPN had
increased efficacy in clearing WT CO92 when administered 24 h p.i. (Fig. 19), this study
was limited to just these two drugs. Using serum from DXP- and AXPN-treated animals,
no increase in bacterial killing was observed, indicating that activation of complement
was not the mechanism through which these drugs were operating (Fig. 22). However,
the protection from pneumonic plague in some re-challenged mice (Fig. 21) indicated
that the adaptive immune response was being activated, at least to some extent.

With up to 100% of animals surviving pneumonic plague challenge following
administration of DXP at 24 h p.i. (Fig. 19C), a rapid clearance of bacteria from these
animals was expected. In order to test this hypothesis, lungs of infected- and DXP-treated
and infected animals were collected for bacterial enumeration. Throughout all time points
tested, DXP-treated animals had lower bacterial counts in the lungs, with complete
bacterial clearance observed by day 10, while all untreated and infected animals
succumbed to infection by day 3 (Fig. 23). This clearance of bacteria further indicated

activation of host defense mechanisms to better combat bacterial assault.
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The use of pharmaceutical agents capable of modifying host signaling pathways
“for the treatment of antibiotic-resistant bacteria has recently garnered much attention
(95, 121, 122). Additionally, the repurposing of FDA-approved drugs offers the
advantage of readily moving in vitro candidates to in vivo models since the LDs, and
EDso values are readily available and considerable information about their molecular

targets and host pathway interactions is known.

“TFP belongs to a class of phenothiazine drugs and is a dopamine antagonist
historically used as an antipsychotic for patients with psychiatric disorders, such as
schizophrenia, and can also be used to treat nausea caused by chemotherapy (123). The
current therapeutic dose for TFP varies based on the condition it is being used to treat,
but is generally recommended to be no more than 40 mg a day for schizophrenia or no
more than 6 mg for non-psychotic anxiety (123). However, although TFP can be
prescribed for human use for long-term use, we administered this drug (1.5 mg/kg) only
once in mice. In addition to its known therapeutic uses, TFP has been reported to protect
human lung fibroblasts from intoxication caused by C. difficile toxin B (124), and to
reduce S. Typhimurium virulence in both in vitro and in vivo models. TFP is a known
anti-mycobacterial agent, has been shown to have bactericidal properties against several
pathogens including Staphylococcus,, Vibrio, Salmonella, and Pseudomonas spp. (118,
125, 126), and is known to accumulate in macrophages, enhancing its activity against
intracellular pathogens. However, the bactericidal activity of TFP varies based on
bacterial strains for various pathogens (118, 125, 127), which may account for why we
observed no bactericidal effects for Y. pestis (Fig 18B). Besides having direct bactericidal

effects, a decrease in intracellular survival of S. Typhimurium strain SL1344 in epithelial
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cells treated with TFP at 10 pg/mL has been described to be the result of host autophagy
modulation activities of TFP (128). As no direct bactericidal effects were observed in in
vitro models of Y. pestis infection, TFP may be targeting the autophagy pathway in

macrophages to promote bacterial clearance.

AXPN is a tricyclic anti-depressant drug which inhibits the uptake of
norepinephrine and serotonin and blocks dopamine’s effect on dopamine receptors. The
current therapeutic dosage of AXPN is recommended not to exceed 600 mg daily, with
the average dosage being around 300 mg daily, placing the dosage of 3 mg/kg used in
this study well below that of the therapeutic window (129). In addition to its use as an
antidepressant, AXPN and its metabolites have shown efficacy for alleviating cancer drug
toxicity and resistance through potent bacterial B-glucuronidase and p-glycoprotein
transporter inhibitor activity (130-132). In regards to host responses to infection, AXPN
has been shown to have membrane-stabilizing activity, which causes inhibition of fast
inward passive Na* current, resulting in membrane hyperpolarization and up-regulation
of immune cell activity (133-135). Though AXPN was not observed to decrease bacterial
intracellular survival in macrophages, its described membrane stabilizing activity may be
responsible for the increase in host-cell and animal survival seen in Y. pestis infection
models (Figs. 12 & 16A). A reduction in immune cell cytotoxicity caused by AXPN may
aid in overall clearance of the pathogen through an altered host inflammatory response
and promotion of phagocytosis normally inhibited during later stages of Y. pestis

infection (104, 117).

Unlike TFP and AXPN, which are both used for psychiatric conditions, DXP is a

breathing stimulant that causes an increase in tidal volume and respiratory rate through
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stimulation of chemoreceptors in the carotid bodies independent of oxygen levels (136,
137). Similar to TFP and AXPN, the therapeutic dose of DXP depends on the condition
for which it is being used in humans, but can be administered at a rate of 1-2 mg/min by
intravenous (1V) infusion for up to 2 h (123). Based on this, our dose for in vivo studies
were well below this limit. DXP has been shown to work through inhibition of TASK-
1/TASK-3 heterodimeric potassium channels (138), which, in general, provide a
background “leak” potassium conductance important in determining resting membrane
potential and excitability of host-cells (138-140). This inhibition of potassium channels is
predicted to stimulate catecholamine release, which in turn, results in the stimulation of
peripheral carotid chemoreceptors. It has been demonstrated that inhibition of K* influx
enhanced macrophage intracellular killing of bacteria (141, 142). Therefore, as both DXP
and AXPN have been shown to inhibit the K* channel(s) in various types of cells, these
drugs may promote bacterial killing in macrophages through inhibition of the Na+/K*
channels. Although not detected in in vitro models with DXP or AXPN treatment,
decreased intracellular survival may be occurring a later time point not observed here, or
may only be occurring in the more immunologically complex in vivo environment.”
Since DXP is a breathing stimulant, enhanced breathing as well as potential activation of
host immune defenses in the lung may be the key to this drug’s efficacy in a pneumonic
model. Future studies evaluating DXP’s efficacy against other pneumonias, both bacterial
and viral, may provide greater insight into this drugs mechanism of action against

infections and warrants further investigation.

For the first time, we have demonstrated “increased animal survival following

treatment with the drugs TFP, AXPN, and DXP,” none of which has antimicrobial
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activity against Y. pestis, in a murine model of pneumonic plague both alone and in
combination with levofloxacin at increasingly delayed time points of administration after
infection. “These three drugs represent promising lead compounds for continued
evaluation and optimization in treatment to gauge their true therapeutic potential.”
Whether these drugs have applicability as therapeutics against other pathogens,

specifically multiple-antibiotic resistant ones, remains to be elucidated.
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Chapter 4: Broad Applicability of Identified Drugs

INTRODUCTION

“To demonstrate the potential for broad applicability of the novel drugs, the
therapeutic potential of TFP”, which has been noted to have anti-mycobacterial as well as
bactericidal properties to several other pathogens, “was tested in murine models
of Salmonella enterica serovar Typhimurium and Clostridium  difficile infections.
Multidrug-resistant Salmonella strains represent an inevitable consequence of the use of
antibiotics in food-producing animals or for human treatment (91, 143-145).C.
difficile is an emerging worldwide public health problem and the leading cause of
nosocomial antibiotic-associated diarrhea in the United States (146). Patients experience
repeated episodes of recurrent diarrhea and require antibiotic treatment for prolonged
periods (147). The emergence of hyper-virulent and antibiotic-resistant strains has
increased the risk of developing pseudomembranous colitis worldwide (147). As such,
both S. Typhimurium and C. difficile represent emerging public health problems on
account of their multiple-drug resistance (148-150), underscoring the need for the rapid
development of alternative therapeutics.”

“For both the S. Typhimurium and C. difficile infection models, TFP significantly
increased the survival of infected mice when administered as a prophylactic.”
Additionally, for the C. difficile infection model, AXPN increased animal survival when
administered at the time of infection. “Thus, the drugs identified through the high-
throughput screen may have broad applicability, as numerous pathogens may rely on

similar mechanisms to modulate bacterial virulence or host pathways. Such new drugs
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may be highly effective against multiple-antibiotic-resistant pathogens, thus countering
the current and growing problem of antimicrobial ineffectiveness.”

MATERIALS AND METHODS

Bacterial strains.

“The S. Typhimurium 14028 strain was obtained from ATCC. The organism was
grown in Luria-Bertani (LB) broth at 37°C with constant shaking at 180 rpm.

The C. difficile VPI 10463 strain was also obtained from ATCC. The organism
was grown anaerobically in a cooked meat medium (Fluka, St. Louis, MO) as previously
described (151, 152).”

Testing TFP as a therapeutic in models of S. Typhimurium and C. difficile infections
and AXPN as a therapeutic in model of C. difficile infection.

“All of the animal studies with S. Typhimurium and C. difficile were performed in
an ABSL-2 facility under approved IACUC protocols (UTMB). For S. Typhimurium, 6-
to 8-week-old female Swiss Webster or BALB/c mice were dosed with 1.5 mg/kg TFP or
saline by the i.p. route 3 h prior to infection. TFP has previously been reported to increase
animal survival in a septicemic model of Salmonella infection when dosed prior to
infection (125). Following drug treatment, mice were challenged i.p. with WT S.
Typhimurium (1.0 x 10° CFU [1,000 LDsg]) (153). Following infection, an additional
group of mice was dosed at 24-h intervals with either 5 mg/kg or 0.25 mg/kg levofloxacin
for up to 3 days to serve as a therapeutic control. Mice were assessed for morbidity

and/or mortality as well as clinical symptoms over the duration of the experiment (14

days p.i.).
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For the C. difficile infection model, female C57BL/6 mice were purchased from
the Jackson Laboratory (Bar Harbor, ME) and housed under specific-pathogen-free
conditions. At 8 weeks of age, mice were administered an antibiotic cocktail in the
drinking water (colistin, 850 U/ml; gentamicin, 0.035 mg/ml; kanamycin, 0.4 mg/ml;
metronidazole, 0.215 mg/ml; and vancomycin, 0.045 mg/ml) for 3 days to sensitize
animals to infection and then were switched to regular water. Two days later, mice
received a single dose of clindamycin (32 mg/kg) via i.p. injection to disrupt the normal
intestinal microbiota, allowing C. difficile colonization. The next day, 3 h prior to
infection, mice were dosed with 1.5 mg/kg TFP or saline by the i.p. route and were
infected, with 10° spores of C. difficile (strain \VVP1 10463) by oral gavage. The group of
animals receiving AXPN treatment were administered AXPN by the i.p. route at the time
of infection and then at 24 h intervals for 3 days. Following infection, an additional group
of mice were dosed with 20 mg/kg vancomycin at 24-h intervals for 5 days p.i. to serve
as a therapeutic control.”

For the infection, “briefly, C. difficile was grown under anaerobic conditions in
cooked meat medium for ~7 days at 20 to 26°C to allow for sporulation. Spores were
then separated from vegetative cells via density gradient centrifugation (152), heat
shocked at 56°C for 20 min to kill any remaining vegetative cells, and then centrifuged.
Resultant pellets were resuspended at 1 x 10° cells/ml in sterile saline and enumerated
on C. difficile selective agar plates containing 7% horse blood, D-cycloserine, and
cefoxitin. Spore suspensions with a purity of >99% were stored at 20°C. All mice were
monitored daily for signs of infection, including weight loss, presence of diarrhea,

hunched posture, and prolonged lethargy. At necropsy, ceca and colons were removed
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and processed for histological analysis to assess the degree of inflammation and damage
to the mucosa.”
Growth kinetics and sensitivity of S. Typhimurium to TFP.

“Overnight cultures of S. Typhimurium, grown in LB broth at 37°C, were sub-
cultured to an ODgg of 0.1. Cultures were then inoculated with 33 uM TFP or
levofloxacin (positive control) or with PBS (negative control) and incubated at 37°C with
shaking. Samples for ODgy measurements were taken at the indicated time points. For
MIC determinations, the broth macro-dilution method was utilized as described” in
Chapter 3.

Evaluation of TFP, AXPN, and DXP effect on autophagy in RAW 264.7
macrophages.

RAW 264.7 murine macrophages were seeded in a 96-well microtiter plate as
previously described in Chapter 2 and 3. Following overnight incubation, macrophages
were infected with S. Typhimurium and subsequently incubated with TFP, AXPN or
DXP, at a concentration of 33 pM. Following incubation for 4 h, the medium was
removed and macrophages were lysed and collected in SDS-PAGE buffer. Cell pellets
were analyzed by immunoblotting using antibodies to LC3.

Statistical analyses.

Statistical analysis was performed as described in Chapter 2 with the exception

that. Kaplan-Meier survival estimates or chi-square analyses were used for animal

studies, with P values of <0.05 considered significant for all the statistical tests used.

102

Copyright © American Society for Microbiology [Antimicrob. Agents Chemother., Vol. 60, 2016, p. 3717-3729, doi:10.1128/AAC.00326-16].



RESULTS
“TFP exhibited protection in a murine model of S. Typhimurium infection, with no
direct bactericidal or bacteriostatic effects.

Since TFP exhibited the most promising results in our Y. pestis infection model
when administered at the time of bacterial challenge, we decided to examine if protection
could be afforded to other bacterial infection models. As TFP has previously been shown
to increase survival in a septicemic mouse model of Salmonella infection (125), we
attempted to corroborate these findings by using a different strain of S. Typhimurium and
at a higher bacterial challenge dose. Mice were dosed once with 1.5 mg/kg TFP i.p. 3 h
before infection, as this was the most successful dosing regimen reported (125), and then
subsequently challenged by the i.p. route with 1.0 x 10° CFU (1,000 LDsg) of bacteria.
Through this model, a statistically significant increase in animal survival was observed
for TFP-treated animals (60% survival) compared to untreated controls (0% survival) or
levofloxacin-treated controls (0% survival for 5-mg/kg and 0.25-mg/kg dosing)” (Fig
24A).

“To evaluate if TFP had any bactericidal or bacteriostatic effect on this
pathogen, S. Typhimurium 14028 was grown in the presence of 33 uM TFP in order to
mimic the concentration used for Y. pestis CO92. At this concentration, TFP was
observed to have no effect on bacterial growth (Fig. 24B). In order to determine if there
were any bacteriostatic effects, samples grown for 24 h in drug-containing medium were
re-inoculated into fresh LB broth and grown for another 24 h. As observed with Y. pestis,
the growth of S. Typhimurium was not affected by TFP treatment. While an MIC of 80

ug/ml has been reported for S. Typhimurium strains NCTC 11 and NCTC 74 for TFP
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(125), we determined the MIC of TFP for S. Typhimurium 14028 to be above 100 pg/ml

(data not shown), indicating that TFP was not bactericidal to S. Typhimurium 14028 at

clinically relevant concentrations.”
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Figure 24. Effects of TFP on S.

Typhimurium.

(A) Mice (n = 5 per group) were dosed with
either TFP or saline as a control by the i.p. route
3 h before challenge by the i.p. route with 1000
LDsy of S. Typhimurium. Twenty-four hours
p.i., another group of infected animals were
dosed with 0.25 mg/kg levofloxacin as a
therapeutic control. Animals were then observed
for mortality over a period of 14 days post
infection. The data were analyzed for
significance by the chi square test based on
comparison of the results for the TFP treatment

group to the results of saline treated and infected

controls (WT) and levofloxacin treated animals,

p = 0.0384 for both. (B) Growth of S. Typhimurium in LB broth in the presence of TFP and levofloxacin at

a concentration of 33 uM or PBS as a control. Samples were taken at the indicated time points for ODggg

measurements. Data shown are the mean values while error bars represent the SD (n = 4). Statistical

analysis was performed by using one-way ANOVA with only levofloxacin showing a significantly lower

ODg value when compared to WT (p < 0.001).
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TFP, but not AXPN or DXP, treatment with and without infection resulted in an
increase in autophagy in murine macrophages.

TFP is a known inducer of autophagy (128, 154), and, therefore, to determine
perturbations of the autophagy pathway in our in vitro infection model with TFP, AXPN,
or DXP, macrophages were infected with S. Typhimurium and subsequently incubated
with each drug for 4 h before being lysed for Western blot analysis. LC3 conversion from
LC3-1 to LC3-I1 has proven to be a useful biomarker to detect autophagy (155), and was
therefore chosen as a marker for this study. As observed in Fig. 25, while TFP treatment
resu!&ed in an increase in LC3 conversion for both uninBected and infected macrophages,

AXPN and DXP treatment resulted in  no noticeable  changes.
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Figure 25: Effects of TFP, AXPN, and DXP on autophagy pathway. (A) RAW 264.7 murine

macrophages were incubated with TFP, AXPN, or DXP at 33 UM concentration, or PBS as control (CTL),
for 4 h and subsequently lysed in SDS-PAGE buffer for immunoblot analysis. (B) RAW 264.7 murine
macrophages were infected with S. Typhimurium and subsequently incubated with a 33 UM concentration
of TFP for 4 h. Cell pellet samples were then analyzed for LC3 levels through Western blot analysis. Data

were analyzed by using one-way ANOVA with comparison between CTL and treatment groups * P < 0.05.
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TFP and AXPN exhibited protection in a murine model of C. difficile infection.

“To determine whether any drug possessed antibacterial properties beyond Y.
pestis and S. Typhimurium 14028, we chose to test the efficacy of TFP and AXPN ina C.
difficile infection model. Following the parameters of our S. Typhimurium infection
model, mice were dosed with 1.5 mg/kg TFP by the i.p. route 3 h before infection and
subsequently challenged by oral gavage with 10° C. difficile (VPI 10463) spores.” For
AXPN, animals received this drug at the time of infection and then at 24-h intervals for 3
days to mimic our Y. pestis infection model. “Although the difference was not
statistically significant, we did observe an increase in survival of TFP-treated animals
compared to vancomycin-treated animals. We did, however, observe a significant
increase in survival (60%) for TFP-treated animals compared to the untreated controls,
which all succumbed to infection” (Fig. 26A). For the AXPN group, although not
statistically significant, we did observe an increase in animal survival (40%) compared to
untreated controls. This level of protection was slightly better than that of vancomycin
(28%). “Following an initial decrease in body weight, TFP and AXPN treatment resulted
in recovery of animal body weights that were significantly higher than those of
vancomycin-treated animals (Fig. 26B). Furthermore, histological examination of tissues
at necropsy revealed significant differences between untreated and TFP-treated animals.
Untreated animals demonstrated abundant inflammatory infiltrate, edema, and formation
of pseudo-membranes that were not apparent, or were greatly decreased, in TFP-treated
mice” (Fig. 26C). Further detailed studies with AXPN and DXP are warranted and

constitute future goals.
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Figure 26: Efficacy of TFP and AXPN

C57BL/6 mice were infected by oral gavage with 10° C. difficile (VP110463) spores. Three hours
prior to infection, mice were treated with a single dose of TFP (1.5 mg/kg) or vehicle alone by the i.p.
route. AXPN was administered at the time of infection at 24 h intervals for 3 days. Animals were
monitored for 7 days. TFP- and AXPN-treated mice showed increased survival (A) and were able to restore
body weights (B). Results are mean £ SD (n = 5 mice/treatment for vehicle, AXPN, and TFP; n = 7 for
vancomycin). (C) Representative intestinal tissue H&E sections collected at the time of necropsy (Day 7
from TFP-treated mice, and Day 3 from a vehicle control). The survival data was analyzed for significance
by the chi square test based on comparison of the results for the TFP treatment group to the results of saline
treated controls (Vehicle). p = 0.0384. Weight change data was analyzed by using one-way ANOVA with

comparison between TFP and vancomycin treatment groups (p < 0.001).
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DiSCuUsSION

As we have shown the potential utility of TFP, AXPN, and DXP against Y. pestis
infection, we wanted to further evaluate if these drugs had broader applicability against
other pathogens. With the increasing isolation of multiple-drug resistant strains of both S.
Typhimurium and C. difficile (144, 145, 150, 156-158), the need for the rapid
development of alternative therapeutics against these pathogens is clear. Therefore, we
chose to evaluate the efficacy of TFP against both S. Typhimurium and C. difficile, as it
has been reported to have some effect on S. Typhimurium infection in both in vitro and in
vivo infection models as well as have an effect on limiting C. difficile toxin B associated
toxicity on human lung fibroblasts in vitro (124, 125, 128). Through the studies reported
here, TFP significantly increased survival in both S. Typhimurium (Fig. 24A) and C.
difficile (Fig. 26A) infection models. Interestingly, similar to the results observed with Y.
pestis in Chapter 3, “TFP exhibited no direct bactericidal or bacteriostatic effects on S.
Typhimurium (Fig. 24B), further indicating that the broadly acting drug TFP likely
targets common host cell signaling pathways exploited by multiple bacterial pathogens
during infection.”

TFP has been shown to induce autophagy (128, 159), a highly conserved process
involved in cellular homeostasis to recycle proteins and remove damaged organelles
(160). In addition to these processes, autophagy has been described to play a crucial role
in the innate immune defense against several pathogens (128, 159-161). Regarding S.
Typhimurium specifically, TFP has been reported to aid in the inhibition of bacterial
replication due to its effects as an autophagy modulator (128, 159). Here, we confirmed

TFP’s role in inducing autophagy in murine macrophages using Western blot analysis
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(Fig. 25). This increase was specific to TFP, as AXPN and DXP exhibited no differences
in conversion of LC3-1 to LC3-1I in comparison to untreated controls (Fig. 26). Whether
TFP’s modulation of the autophagy pathway is the mechanism behind its observed
efficacy in vivo against Y. pestis, S. Typhimurium, and C. difficile requires further
investigation.

In addition to observing efficacy with TFP against C. difficile infection in mice,
we also observed efficacy with AXPN treatment when administered at the time of
infection. Although the survival of the AXPN treated group of mice (40%) was not
statistically significant to the control group, this survival rate was somewhat better to that
of vancomycin -treated animals (Fig. 26A). Also noted, animals treated with AXPN
regained weight loss during infection more robustly than those treated with vancomycin.

Through these studies, we have confirmed TFP’s role as an autophagy modulator
and also as an effective prophylactic against S. Typhimurium infection. We have also
demonstrated, for the first time, the effective use of TFP and AXPN in a C. difficile
infection model. Further studies to optimize dosing regimens, evaluating therapeutic
efficacy against not only these but other multi-drug resistant pathogens, as well as
determining whether combinatorial therapy (e.g., with vancomycin) would result in better

efficacy of these drugs is warranted.
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Chapter 5: Conclusions and Future Directions

CONCLUSIONS

Yersinia pestis, a pathogen with a devastating history causing hundreds of
millions of deaths, continues to be a problem of global concern. The endemic nature of
this bacterium coupled with its ability to circulate in numerous rodent populations makes
eradication unlikely and impractical. Therefore, our best defenses lie in the development
of effective prophylactics, particularly for use in endemic areas, and effective
therapeutics. Currently, there are no FDA-approved vaccines against plague and our
therapies are limited to antibiotic intervention.

The goal of these studies was to tackle these gaps in knowledge and contribute to
the development of both novel plague vaccines and therapeutic drugs. Focusing on the
development of novel vaccines through the course of the studies presented in Chapter 2,
we have provided the following conclusions:

e Determined that out of six T6SS loci in the Y. pestis genome, three
(Cluster B; ypo0966-9084, Cluster E; yp02720-2733, and Cluster G;
ypo3588-3615) contributed to bacterial virulence in a mouse model of
pneumonic plague infection, with attenuation of these cluster deletion
mutants ranging from 30-40%.

e Generated and characterized four out of six Hcp protein encoding gene
homolog (one of the effectors of the T6SS) deletion mutants for
attenuation in a mouse model of pneumonic plague infection. All four
deletion mutants generated exhibited attenuation in this model, with 30-
40% animal survival observed when challenged with these mutant strains.

e Generated and characterized three out of five PAAR-motif containing
protein (another effector of the T6SS) encoding gene deletion mutants for

attenuation in a mouse model of pneumonic plague infection and observed

110



no significant attenuation for any of these mutants in comparison to WT
C092.

Determined, through combinatorial deletion of vaskK and hcp6 or ypo2720-
2733 (T6SS cluster E) and hcp3, attenuation could be further augmented,
with 60% animal survival observed when challenged with either of these
double deletion mutant strains. Furthermore, animals surviving initial
infection with the double deletion mutant strains were protected (60-100%
survival) from subsequent re-challenge with WT CQO92 by the i.n. route,
mimicking pneumonic plague.

Observed no overt growth defects for any of the attenuated T6SS-
associated mutant strains when grown at either 28 or 37°C in vitro.
Determined Hcp6 is secreted through the T6SS cluster G (ypo3588-3615).
Determined YopE (an effector of the T3SS) production differed in several
mutant strains deleted for components/effectors of the T6SS in both pellet
and bacterial supernatant fractions, indicating a potential link between the
T3SS and the T6SS.

Observed significantly decreased intracellular survival in all attenuated
mutant strains in comparison to WT CQ092, with the exception of
Aypo2720-2733 and Aypo2720-2733 Ahcp3 mutants.

Observed that out of the ten attenuated mutant strains, seven exhibited
decreased host cell cytotoxicity to RAW 264.7 murine macrophages in
comparison to WT CO92. For the Aypo2720-2733 and Aypo2720-
2733Ahcp3 mutant strains, which exhibited no defects in intracellular
survival in murine macrophages, this decrease in cytotoxicity may be
responsible for not only the attenuation observed for both mutants in vivo,

but also subsequent protection from re-challenge with WT CO92.
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Observed, in macrophages infected with Avask, Ahcp6, or AvasKAhcp6
mutant strains, significantly higher rates of phagocytosis in comparison to
WT CO92.

Determined the addition of rHcp6 (from Y. pestis) or rHcp (from A.
dhakensis) decreased the percentage of phagocytosed bacteria for Avask,
Ahcp6, or AvasKAhcp6 mutant strains to levels observed for WT C092,

further indicating Hep6’s phagocytic role in Y. pestis infection.

In terms of therapeutics, development of antibiotic resistance in bacteria is

alarming, and therefore, new therapeutics that target host genes rather than bacteria

should be sought with much reduced chances of bacteria to develop resistance against

them. With this in mind, the studies presented in Chapter 3 provided following

conclusions:

Provided initial evidence of the utilization of host-directed screening
techniques to identify novel therapeutics against microbes.
Identified 94 drugs that inhibited host-cell cytotoxicity when infected
with WT CO92. Of these, 58 drugs were identified in a post-treatment
model.
Identified 3 drugs (TFP, AXPN, and DXP), from a total of 17 tested in
vivo, which exhibited efficacy (40-60% survival) against a murine model
of pneumonic plague when administered at the time of infection.
Determined TFP, AXPN, and DXP were efficacious against a pneumonic
plague infection model even when administered 24 h p.i., with 40-100%
survival observed. Additionally, for AXPN and DXP treatment groups,
significantly higher survival rates in comparison to WT CO92 control
infected animals were observed even when these drugs were administered

at 48 h p.i. (50-72% survival).
112



Determined animals treated with TFP, AXPN, and DXP during an initial
infection exhibited some protection (25-100%) from subsequent re-
challenge with WT CO92.

Observed an additive effect with DXP treatment in combination with
levofloxacin and a synergistic effect with TFP treatment in combination
with levofloxacin, with 57-100% survival rates observed, when drugs
were administered 48 h p.i. in a pneumonic plague model.

Determined TFP, AXPN, and DXP exhibited no bactericidal or
bacteriostatic effects on WT CO92 in vitro, as well as determined the
MIC of all three drugs to be > 100 pug/ml.

Determined TFP, AXPN, and DXP exhibited no effects on Y. pestis
virulence in terms of expression/production of the T3SS effectors LerV or
YopE, expression/production of the T6SS effector Hep6, or Pla protease
activity.

Showed that treatment with AXPN or DXP did not alter serum resistance
of Y. pestis CO92.

Showed that treatment with DXP inhibited bacterial proliferation and led

to the rapid clearance of bacteria from the lungs of infected animals.

To determine the potential for broad applicability of these drugs, the studies in

Chapter 4 provided following conclusions:

Provided evidence of the utility of TFP against S. Typhimurium infection
in @ mouse model of septicemic infection, with 60% survival of animals
treated 3 h before infection.

Showed TFP is not bactericidal or bacteriostatic against S. Typhimurium

strain 14028.
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e Confirmed TFP as a modulator of autophagy and its ability to increase
expression of autophagy associated proteins in macrophages infected with
S. Typhimurium.

e Provided evidence of the utility of TFP and AXPN against C. difficile
infection in a mouse model, with 40-60% survival of animals.

e Showed pre-treatment with TFP resulted in decreased formation of
pseudo-membranes, edema, and inflammatory infiltrate in comparison to

untreated and infected controls, as shown by histological examination.

Overall, these results indicate a distinct role for T6SS effectors and clusters in Y.
pestis virulence and represent novel targets for the continued development of live-
attenuated vaccine candidates for plague. Furthermore, these results show the utility of
host-directed screening approaches to identify novel therapeutics for infections. From
these studies, three drugs were identified and represent promising lead compounds for the
continued evaluation and optimization in treatment not only against plague, but also other

infectious agents, particularly those that are multi-drug resistant.

FUTURE DIRECTIONS

Through the course of these studies, we have accomplished the goals of furthering
the development and testing of both novel live-attenuated vaccine candidates and
potential therapeutics. Moving forward, future studies on the vaccine development aspect
will focus on the mechanistic characterization of these newly described, T6SS-associated
virulence factors, including the potential link between the T6SS and the T3SS. In
addition to mechanistic studies, the development of combinatorial deletion mutants
inclusive of the T6SS-associated effectors/components identified to alter virulence in

these studies as the background strain, will be continued. The ultimate goal of these
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studies will be the development of live-attenuated vaccine candidate strains, that exhibit a
successful balance between efficacy and safety.

Future studies on the therapeutic aspect will focus on determining the
mechanism(s) of action of TFP, DXP, and AXPN. Although we have shown that these
drugs do not seem to directly affect the bacteria, how they modulate the host immune
response remains unknown. Some preliminary data from RNA-seq on in vitro infection
samples (data not shown) indicated perturbations in several host genes related to
functions including cell cycle, apoptosis, and specifically for TFP, autophagy. These
preliminary results confirm the role of TFP in promoting autophagy, as also observed in
Western blot analysis, and hence may be part of the mechanism of the observed
attenuation for TFP. In the same arm, as TFP has shown efficacy against bacterial
pathogens such as S. enterica serovar Typhimurium and C. difficile as a prophylactic, and
AXPN has shown efficacy against C. difficile when administered at the time of infection,
the utilization of all three drugs against other, particularly multi-drug resistant pathogens
such as Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa
will be further explored. As antibiotics are well known to perturb the microbiome and can
cause significant side effects, another direction of inquiry would include determining the
effects of these drugs on the host microbiome. Lastly, the pharmaco-kinetics of these

drugs without and with infection will be evaluated.
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Appendix A: Primers used in this study

Table 1A. Sequences of primers used in this study

Primer or primer pair

1

10

Kmypo0966-0984

ypo0966-0984V

Kmypo1458-1493

ypo1458-1493V

Kmypo2720-2733

ypo2720-2733V

Kmypo2927-2954

YP02927-2954V

Kmypo3588-3615

ypo3588-3615V

Primer sequences (5’ — 3’; forward, reverse)

CTGAAGACCCCATTAAACGTTGGCTATTCTCTT
AACAGGACGTTAAAAATGTGTAGGCTGGAGCT
GCTTC (FRT sequence),
TGTAATTAACGCAAAACAGGCAATCGGGCTTG
GTGTTGAACTGGAAATTAATTCCGGGGATCCGT
CGACC (FRT sequence)

ACTCCCCCTTCCTTGCAATTAATCACTTCA,
ATGATAGGGACAGGCTACAAATGCT

TGGGCTCCTTATTCTTGAGCGTATCGATAACCA
CTTACGGCGTTATCGCTGTGTAGGCTGGAGCTG
CTTC (FRT sequence),
TAATTGCCTGTTTTTGATATCTTCACTCCAACAA
CGGAGACAGGCAAATTATTCCGGGGATCCGTC
GACC (FRT sequence)
GAATAGGGGTCTACTCTTATGGTTC,
AATTTACAGGCAATGGAAGCCATAAAGCTG

AAGTGAAATCAGGCTGGGCAGATGACGAACGT
GCATTGCGCAGCTTAGGCTATACCGACGATTTG
AAATAAGGCTTGCCGGTGTAGGCTGGAGCTGCT
TC (FRT sequence),
ATTACACTGCGACGGCGGTTTTCAGTTGCTGAA
GATTATTGATGATATAACCTCCCCCTAATCGCT
CTCACTAATTATTTATTCCGGGGATCCGTCGAC
C (FRT sequence)
GGCGAAGAACTGCCTTATTCGGTGACGGTT,
AGTCCATCGACGTTAACATTTCATGATGTT

GTAGGTTATGTAAAGTGGCAAGCGATGAGATA
TGTCATTAACTGCATGATTTAAAAAGATTAAAA
AGGTAAGTTACTGAAGTGTAGGCTGCAGCTGCT
TC (FRT sequence),
GCGATGTTTAACATATTCTTCCAATACGACCAC
GTCATGCTAAGTCGGGTTATTTAGCATGACGTG
ATATCGCTCAAAAAATTCCGGGGATCCGTCGAC
C (FRT sequence)
CCGTAGCGCGGCGATCTCTTCCAGTACCGC,
GGAATGAGCTGTAGATAGGCCCGTTACTGC

AACAGAACCAAGTTAAGCATTACGACTCATTAA
AATAAGGGTAGCCCGCGACCACGGGTAAGCAC
AGAGGAGAGCAAAAAGTGTAGGCTGGAGCTGC
TTC (FRT sequence),
TAGCATACCTATTTCATATGCAGTTTCAGGAGG
GATATTCTCAGTACCATAAATAGCTATAGCCGT
ACACATAGTTTCACATTCCGGGGATCCGTCGAC
C (FRT sequence)
AAAAAGACGATCTTTACTCCTTGCAGAGAA,
AACCACCAAAATCACTTGTTGAGAACCCAA

Purpose

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for
the ypo0966-0984
mutation

PCR verification
of ypo0966-0984
deletion

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for
the ypo1458-1493
mutation

PCR verification

of ypo1458-1493
deletion

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for
the ypo2720-2733
mutation

PCR verification
of yp02720-2733
deletion

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for
the yp02927-2954
mutation

PCR verification
of yp02927-2954
deletion

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for
the yp02927-2954
mutation

PCR verification
of ypo3588-3615
deletion
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11

12

13

14

15

16

17

18

19

20

21

22

23

Kmypo2793

ypo2793V

ypo2793C

Kmypo2868

ypo2868V

yp0o2868C

Kmypo2962

ypo2962V

yp02962C

Kmypo3708

ypo3708V

ypo3708C

ypo3708R

GATTATCGGTTTATACTCAGGCTTGAAGTGCCG
CCAATTTTGGAACGACAGCACTAACCTCTATTA
CATAAGGAATTGTCGTGTAGGCTGGAGCTGCTT
C (FRT sequence),
AAGCTATGCTCAAGATCATCTTGGATGTCCCCT
AATGAATACGTAAAAGATATAAAGCTATGTCC
ATAGTTAACCGCCTCATTCCGGGGATCCGTCGA
CC (FRT sequence)
TCTTTTTTAATAAGAATGGGGTGACATGAT,
TGATGTTATTATCTTCTCATGGAAAGTTGG

GTAAGCTTAACGTCAACGACCAGTAAGTG
(HindlIl),
GCGGATCCGCTATGTCCATAGTTAACCG
(BamHlI)
GTAAGAGACTTATCACTGTGTAAATAACAACTT
TAAATATAAGGAATTGTGTGTAGGCTGGAGCTG
CTTC (FRT sequence),
TTATGGTTTTTAACGATATAGGGTATATGCCTA
TAGCCGTCACTTAAAAAATTCCGGGGATCCGTC
GACC (FRT sequence)
ATTCTCTAGCTCCATAGCAATATGC,
TGTCGAGGGTATTACGTTGATACGG

GTAAGCTTTGTTAGCATACGAG (Hindlll),
CAGGATCCTATATGCCTATAGCCGTCAC
(BamHI)

AAGGGCAACTAACCCCCTGCATCTTGAAGGCG
ACGGGTATATAAGGACATGTGTAGGCTGGAGC
TGCTTC (FRT sequence),
CGTATGTACACGTAAATAATAAGGGATGGTGTA
GGCCATCCCCGAATAAAATTCCGGGGATCCGTC
GACC (FRT sequence)
TCCCGCCAGCGATAACGCTCCCGTCAGATA,
GTTCAATGGGTCTGTTGGCTGAGTTTTTTG

ATAAGCTTCCGTCAGATAATAGTAGCGG
(HindlI1),
ATGGATCCTTAATACACGCGATCATCCCATATG
C (BamHI)
AAGTGACTAACCTTTGATCAAAATCAAATAAAC
TATCAAGGATATTAAAAGTGTAGGCTGGAGCTG
CTTC (FRT sequence),
CGCTTCGATCGGCGCACGCCAGTCATCAGCACC
AGAGGTGCCCGCGGTGGATTCCGGGGATCCGTC
GACC (FRT sequence)
CGAAACTTGGCACTGATAAAAAAGC,
TAATATATCCCTGGCGGCGACACAT

CGGGATCCTTTTGTAACATTTGCGAATTAA
(BamHl),
ACGCGTCGACTTACGCTTCGATCGGCGCAC
(Sall)
TCATAGATCTAATGCCAACTCCAGCTTATATCT
C (BgllIF),
GGTCCTCGAGTTACGCTTCGATCGGCGCACG
(XholR)

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for

the ypo2793 mutation

PCR verification
of ypo2793 deletion

Cloning of 2793 in
plasmid pBR322

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for
the 2868 mutation

PCR verification
of ypo2868 deletion

Cloning of 2868 in
plasmid pBR322

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for

the yp02962 mutation

PCR verification
of yp02962 deletion

Cloning of yp02962 in
plasmid pBR322

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for
the hcp6 mutation

PCR verification
of hcp6 deletion

Cloning of hcp6 in
plasmid pBR322

Cloning of hcp6 in
plasmid pET30 vector
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24

25

26

27

28

29

Kmypo0873

ypo0873V

Kmypo1484

ypo1484V

Kmypo3615

ypo3615V

CATCATTATCCCTTACCTTTTTGGGCATATTGCC
AAATTGATATTGGCAAACGGATAAATAAGGGA
TGATGTGTAGGCTGGAGCTGCTTC (FRT
sequence),
GGGCAAATTTCATAATCCCCAAGATTATCTATT
GTTTTTGATCCGCAGCACTGACATGAATATTCA
TCACATTCCGGGGATCCGTCGACC (FRT
sequence)

TCTCCTAACCCCTACCAATCCCTTA,
AAAGCCACTGTTGCTGATAAACCGT

GGCTAATCGCCCTGCACCCGGCCCGTGCGGCCG
TATTATGCGGATAACAGGTGTAGGCTGGAGCTG

CTTC (FRT sequence),

TCCTAATACGATAAAAATCGTAACAACCATTAT
TATTCTTTTCATTACTTTTCCGGGGATCCGTCGA
CCTATTCCGGGGATCCGTCGACC (FRT sequence)

AAGTAATGAAAAGAATAATAATGGTTGTTACG
AT, CTTCTCTGTTATCCGCATAATACGGC

TCATAATTTACGGTCGTTTCGGATAGAGCCACG
GCATCAGGAGGATGTTTGTGTAGGCTGGAGCTG

CTTC (FRT sequence),
TAGCATACCTATTTCATATGCAGTTTCAGGAGG
GATATTCTCAGTACCATAAATAGCTATAGCCGT
ACACATAGTTTCACATTCCGGGGATCCGTCGAC
C (FRT sequence)
AGGCTCTCTGAGCCGGCAATTAAATCACTA,
AACCACCAAAATCACTTGTTGAGAACCCAA

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for

the ypo0873 mutation

PCR verification
of ypo0873 deletion

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for

the ypo1484 mutation

PCR verification
of ypo1484 deletion

Construction of a
DNA fragment with
Km'gene cassette and
FRT sequence for

the ypo3615 mutation

PCR verification
of ypo3615 deletion
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Appendix B: Names, therapeutic class, and tier of drugs identified from in

vitro screens against Y. pestis

Table 1B: Tier 1 pre- and post-treatment compounds identified using a host cell-based high-
throughput drug repurposing screen evaluating viability of macrophages following infection for
12 h. The known functions of drugs have also been indicated.

Tier 1 drugs

Pre-treatment

Post-treatment

Drug name Therapeutic Class Drug name Therapeutic class
Beclomethasone | Anti-asthmatic, anti- Zafirlukast Anti-asthmatic
dipropionate inflammatory
Benazepril Antihypertensive Mesalamine Anti-inflammatory
Betamethasone Anti-inflammatory, Carboplatin Antineoplastic
immunosuppressive
Bromfenac analgesic Desogestrel Contraceptive
Brompheniramine | Anti-allergic Epinastine-HCl Anti-allergic,
maleate antihistamine, mast cell
stabilizer
Cisatracurium Neuromuscular blocking | Ethinyl estradiol Contraceptive
besylate agent
Asenapine Antipsychotic Doxapram-HCl Respiratory stimulant
maleate**
Aspirin®** Analgesic Carglumic acid Hyperammonaemia
treatment
Carmustine®* Antineoplastic Colchicine®** Natural product used for
arthritis
Colchicine®** Natural product used for | Aspirin®** Analgesic
arthritis
Dihydroergotamine | Antimigraine,
mesylate vasoconstrictor, analgesic
Haloperidol Antipsychotic,

Apomorphine-HCl
hemihydrate

Promethazine-HCI1

schizophrenia agent
Non-selective dopamine
agonist and anti-
Parkinsonian
Anti-allergic, sedative

Amoxapine Antidepressant
***Drug identified as Tier 1 in both pre and
post treatment
**Drug identified as Tier 1 for one treatment, 119

but Tier 2 for other



Table 2B: Tier 2 pre and post-treatment compounds identified using a host cell-based
high-throughput drug repurposing screen evaluating viability of macrophages following
infection for 12 h. The known functions of drugs have also been indicated.

Tier 2 drugs

Pre-treatment Post-treatment
Drug name Therapeutic class Drug name Therapeutic class
Amiloride Diurectic Asenapine Antipsychotic
maleate™®*
Amlodipine Antihypertensive Estrone Antineoplastic,
estrogen
Bleomycin Antineoplastic Etonogestrel Hormonal
contraceptive
Capsaicin Analgesic Fenoprofen-Ca Analgesic
Ethacrynic acid* | Diuretic Fenofibrate Antilipidemic
Mepivacaine-HC] | Anesthetic Finasteride Benign prostatic
hypertrophy
treatment
Mometasone Anti-inflammatory, Fluorouracil Antineoplastic
furoate anti-allergic
Propranolol-HCI | Antihypertensive, Granisetron-HCI*  Antiemetic
anti-anxiety, anti-
arrhythmic
Anastrozole Antineoplastic Gemfibrozil Antilipemic
Budesonide Anti-inflammatory Carmustine™* Antineoplastic
Clotrimazole Antifungal Danazol Estrogen antagonist,
endometriosis
treatment
Fulvestrant Antineoplastic, Mifeprisone Contraceptive
hormonal
Pentostatin Antineoplastic Misoprostol Anti-ulcer agent,
abortifacient agent
Rimantadine Antiviral Megestrol acetate Contraceptive,
hormonal,
antineoplastic
Terconazole Antifungal Mometasone Anti-inflammatory,
furoate antiallergic
Testosterone Androgen Metaxazone Hypnotic/sedative,
enanthate muscle relaxant
Trimipramine Antidepressant Methyldopa Antihypertensive
maleate* sesquihydrate
Clomiphene Estrogen modulator, Methylprednisolone Anti-inflammatory,
citrate fertility agent antiemetic,
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neuroprotective

Dextromethorphan

Diclofenac

Fexofenadine-HCI
Granisetron-HCI*

Guanidine-HCI
Hydroxyurea
Nitisinone*

Orlistat*

Antitussive drug

Non-steroidal
inflammtory

Antihistamine
Antiemetic

Myasthenia treatment

anti-

Nabumetone

Nitisinone*

Orlistat*
Pantoprazole

Paroxetine-HCI

Antineoplastic Podofilox
Hereditary Trimipramine
tyrosinemia type 1 | maleate*
treatment

Anti-obesity agent

Itraconazole
Levonorgestrel
Loratadine

Losartan-K

Mebendazole
Mefenamic acid

Melphalan
Propafenone-HCI

Quetiapine
Fumarate
Imipramine

Entacapone
Carvedilol

Gefitinib
Nimodipine

Trifluoperazine-
HCI

121

Non-steroidal anti-
inflammatory,
antineoplastic
Hereditary
tyrosinemia type 1
treatment
Antiobesity agent

Treatment for GERD
and acute gastritis

Antidepressant
Antineoplastic
Antidepressant

Antifungal
Contraceptive

Anti-allergic,
antihistamine
Antihypertensive,
antiarrhythmic
Anthelmintic

Non-steroidal  anti-
inflammatory,
analgesic, antipyretic

Antineoplastic
Antiarrhythmic agent
Antipsychotic

Antidepressant
Antiparkinsonian

Antihypertensive,
congestive heart
failure treatment
Antineoplastic

Antihypertensive,
vasodilator
Antipsychotic,
antiemetics



Bromocriptine Antiparkinson,

mesylate antidyskinetic,
management of
hyperprolactinemia

Ethacrynic acid* Diuretic

Raloxifene-HCI Antihypocalcemic,
osteoporosis
prophylactic

**Drug identified as Tier 1 for one treatment, but Tier 2 for other
*Drugl identified as Tier 2 for both pre- and post-treatment
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