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FOREWORD

Abstract

Salmonella enterica serovar Typhimurium (Salmonella) is a Gram-negative
bacterial pathogen capable of causing both gastroenteritis and bacteraemia in
human hosts. During infection, Salmonella invokes a complex network of
virulence factors, regulatory systems, and metabolic pathways to promote
immune evasion, sometimes demanding antibiotic treatment for resolution.
Unfortunately, antibiotic resistance has reached critical levels in this and other
pathogens, necessitating the discovery of new anti-infective targets and
treatment options. Herein, we have sought to exploit the dynamic interactions
between Salmonella and the host immune system to identify new, conditionally
active anti-Salmonella therapies. In chapter 2, we aim to identify chemical
compounds that are selectively antimicrobial against intracellular Salmonella, and
discover that the anxiolytic drug metergoline inhibits Salmonella survival in
cultured macrophages and systemically infected mice. In chapter 3, we screen for
anti-virulence compounds that target regulatory signaling in Salmonella, and
characterize the inhibitory activity of methyl-3,4-dephostatin, which perturbs
SsrA/B and PmrB/A signaling and enhances sensitivity to colistin in vitro and in
vivo. In chapter 4, we identify several host-directed compounds that modulate
macrophage immunity and investigate their ability to attenuate a multidrug
resistant Salmonella infection. Together, the work presented in this thesis
demonstrates the potential for drug screening in infection-relevant conditions to

identify new anti-infectives with non-traditional targets.
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Epidemiology of Salmonella enterica

Salmonella enterica is a species of pathogenic Gram-negative bacteria in the
Enterobacteriaceae family. Strains within this species are capable of causing
disease in a wide range of animal hosts, producing a spectrum of iliness from
mild to severe (Wheeler et al., 2018). S. enterica is divided into over 2500
individual serotypes based on antigenic classification, which may be further
classified into those that are typhoidal and human-restricted (few in number), or
non-typhoidal with a broad vertebrate host range (thousands) (Feasey et al.,
2012). In addition to differences in host range, salmonellae may also be grouped
by clinical presentation in human infection, typically manifesting as one of the

following: enteric fever, bacteraemia, or gastroenteritis (Eng et al., 2015).

Cases of enteric fever are caused exclusively by the typhoidal serotypes S. Typhi
or S. Paratyphi, and produce symptoms of headache, abdominal pain, diarrhea,
and fever (Bhan et al., 2005). In these instances, antibiotic treatment is required
for infection resolution, with ciprofloxacin, azithromycin, and ceftriaxone as first-
line options. Comparatively, Salmonella-associated bacteraemia can be caused
by both typhoidal and non-typhoidal serotypes, the latter including S. Dublin, S.
Cholearaesuis, S. Enteritidis, and S. Typhimurium, amongst others. Symptoms of
bacteraemia are quite similar to those of enteric fever, with antibiotic treatment
also necessitated. Finally, the majority of non-typhoidal serotypes cause mild
cases of gastroenteritis, which includes symptoms of diarrhea, vomiting, nausea,
headache, and abdominal pain (Gordon et al., 2008). These infections are
typically self-limiting and often resolve quickly without antibiotic treatment;
individuals who are young, elderly, or immunocompromised are at the highest

risk of more severe illness.
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Globally, S. enterica infections constitute a significant health burden. An
estimated 11-21 million typhoidal infections and 93 million non-typhoidal
infections occur each year worldwide (Majowicz et al., 2010). Given a significant
animal reservoir, transmission of S. enterica is primarily zoonotic, aggravated by
industrial production of meat, egg, and processed food products (Feasey et al.,
2012). Infections are typically acquired by the oral consumption of contaminated
food or water, occurring much more frequently in regions within the African and

Asian continents (Stanaway et al., 2019).

Modelling Salmonella infection in vivo

Most of what we know of S. enterica infection biology has been gleaned from
laboratory strains of the non-typhoidal S. Typhimurium serotype (hereinafter
Salmonella), a generalist pathovar that is capable of infecting a wide range of
animals (Branchu et al., 2018). Leveraging these natural hosts, Salmonella
strains are routinely used to infect genetically susceptible Nramp-deficient mice
(lacking a transporter of essential metals) through oral, intraperitoneal, and
intravenous routes. In the oral infection model, streptomycin pretreatment is often
used to transiently suppress the natural gut microbiota that confers colonization
resistance (Sorbara and Pamer, 2018). With this, all three infection routes can
produce significant pathology in the intestinal tract, spleen, and liver, resulting in
lethality within a week of infection — not unlike what is seen in serious instances
of enteric fever and/or bacteraemia in untreated, Salmonella-infected humans
(Monack et al., 2004b). Genetically resistant mice that harbor the wild-type
Nramp allele can also be used in chronic infection models, which can sustain
Salmonella infections for months without significant pathology (Monack et al.,
2004a). This phenotype more closely resembles the chronic carrier state
occasionally seen during human infection, where Salmonella may be shed in the

stool for over a year after inoculation (Eng et al., 2015). Additional exploration of
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Salmonella pathogenicity has been performed in culture with immortalized
fibroblast, epithelial, and macrophage cell lines, as well as in ileal loop and calf

infection models of gastroenteritis.

The murine infection model has yielded tremendous insights into Salmonella
pathogenicity, as well as the interplay between this bacterium and the host
immune system. The course of systemic infection in orally infected mice may be
viewed in three stages: invasion and inflammation in the intestinal tract,
intracellular residence in and immune evasion within phagocytic cells, and growth
and spread of Salmonella in systemic circulation (Figure 1.1). The initial invasion
of the intestinal epithelium is central to Salmonella pathogenesis, where after oral
infection of streptomycin-pretreated mice, bacterial colonization occurs in the
terminal ileum, cecum and colon (Barthel et al., 2003). Here, Salmonella begins
interacting with host cell subtypes in several ways: invasion of epithelial cells,
endocytosis by microfold (M) cells, sampling by dendritic cells, and/or
phagocytosis by macrophages and neutrophils. Systemic infections then proceed
through infiltration of the gut mucosa and exit from the intestinal tract (Mastroeni
and Grant, 2017). In this phase, adaptation to intracellular environments
becomes more important, as Salmonella populations begin to mostly occupy
dendritic cells, macrophages, neutrophils, and fibroblasts (Geddes et al., 2007).
Once infected, these cells attempt to restrict the growth of internalized
Salmonella with several unique antimicrobial pathways, differentiating several

subpopulations of bacteria throughout the host (Bumann and Cunrath, 2017).

In the first 24 hours after infection, the total Salmonella burden within infected
hosts is thought to initially decrease, due to a net balance of host-mediated killing
over bacterial replication (Mastroeni and Grant, 2017). As infection proceeds,
bacterial survival then becomes favoured by the transcriptional reprogramming

that occurs in Salmonella. These changes allow Salmonella to express virulence
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genes that confer resistance to the natural antimicrobial mechanisms of the host
immune system (Behnsen et al., 2015). A partitioned bacterial population is
created and sustained, with one fraction of cells remaining in the intestinal tract to
intensify enterocyte inflammation, and another shuttled to the mesenteric lymph
node and then systemic sites through the reticuloendothelial system (Mastroeni
et al., 2009). Ultimately, the extraintestinal phase of Salmonella pathogenesis
drives the formation of several distinct bacterial subpopulations in the lymph
nodes, spleen, liver, and bloodstream, where unique colonization dynamics are
adopted in each multicellular lesion to facilitate the infection and reinfection of

host cells.

Genetic determinants of Salmonella virulence

Salmonella pathogenicity is understood to have evolved by “quantum leaps”
through horizontal gene acquisition (Baumler et al., 1998). This process — the
transfer of genetic elements by bacterial conjugation, phage transduction, or DNA
uptake — has contributed significantly to the pathoadaptive evolution of
Salmonella, such that acquiring new virulence determinants has maximized
fitness across infective environments (Ochman et al., 2000). Virulence-
associated horizontally acquired elements in Salmonella are referred to as
Salmonella pathogenicity islands (SPIs); at present, 21 such islands have been

identified within the species (llyas et al., 2017).

Within the SPI pan-genome, the islands SPI-1 and SPI-2 are critically important
and demarcate the two pathogenic lifestyles of Salmonella: invasive (SPI-1) and
intracellular (SPI-2). Both SPI-1 and SPI-2 individually encode type 3 secretion
systems (T3SSs), molecular nanomachines that translocate host-modulating
effector proteins outside of bacteria into host cells. Effectors secreted by both

T3SSs mediate different aspects of the Salmonella virulence program, subject to



Ph.D. Thesis — C.N. Tsai; McMaster University — Biochemistry and Biomedical
Sciences

highly precise regulatory control at distinct stages of infection (Haraga et al.,
2008). The SPI-1 T3SS is required for invasion of intestinal epithelial cells via
bacterial-mediated endocytosis, secreting effector proteins that induce actin
rearrangements and membrane ruffling to permit bacterial uptake (Galan, 1996).
After traversal of the epithelial layer and initiation of immune cell infection in the
lamina propria and submucosa, the SPI-2 T3SS is required for intracellular
survival (Jennings et al., 2017). Following its phagocytosis into host immune
cells, Salmonella translocates over 30 unique SPI-2 effector proteins that
interfere with host signaling pathways and convert the normally antimicrobial
phagosome into a Salmonella-containing vacuole (SCV) (Figueira and Holden,
2012). Salmonella continues to reside and replicate in SCVs throughout infection,
acquiring host nutrients through tubular extensions out of the SCV (Knuff and
Finlay, 2017).

Two-component regulatory systems and environmental signals

The SPI-2 T3SS is one of the most important determinants of Salmonella
virulence, as the systemic phase of infection relies upon bacterial replication in
intracellular environments. As such, there has been considerable research into
understanding the regulation of SPI-2 gene expression, highlighting the activity of
several two-component regulatory systems (TCSs). TCSs are one of the most
common forms of bacterial signal transduction mechanisms, are widely
conserved across taxa, and function to translate environmental perturbations into
biochemical triggers for gene expression (Fass and Groisman, 2009). Over 20
TCSs have been identified in Salmonella, forming a complex regulatory network

that controls virulence genes within and outside of the SPIs (llyas et al., 2017).

Canonical TCSs consist of sensor histidine kinase (HK) and response regulator

(RR) proteins (Capra and Laub, 2012). These systems regulate gene expression
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through the initiation of a phosphorelay cascade that is initiated with the sensing
of an environmental stimulus. Within each TCS, the HK fulfills the role of signal
detection, where ligands, osmolarity, pH, or other environmental factors are
recognized from the cytoplasm, membrane, or periplasm of bacterial cells
(Mascher et al., 2006). In response, the HK will autophosphorylate on a
conserved histidine residue within its cytoplasmic dimerization domain (Casino et
al., 2009), then transfer this phosphoryl group to a conserved aspartate within the
receiver domain of the cognate RR (Cheung and Hendrickson, 2010). Once
phosphorylated, RRs are able to interact with downstream DNA or protein
targets, with which they may activate or repress certain functions to elicit an

appropriate cellular response (Jacob-Dubuisson et al., 2018).

The TCSs SsrA/B, PhoQ/P, EnvZ/OmpR and PmrB/A contribute significantly to
Salmonella virulence (Figure 1.2). The SsrA/B TCS was co-inherited with SPI-2
and is crucial for its regulation (Walthers et al., 2007; Walthers et al., 2011). Upon
activation in conditions similar to the host environment (acidic pH, low Mg?*)
(Mulder et al., 2015), the SsrA sensor kinase phosphorylates the SsrB response
regulator at a conserved aspartate residue to create an active transcription factor
that binds to and activates cis-regulatory elements in promoters within and
outside of SPI-2. However, SsrB on its own is insufficient for complete SPI-2
activation, as SPI-2 promoters are also under the control of the PhoQ/P TCS,
which responds to pH, Mg?*, and cationic antimicrobial peptides (Bijlsma and
Groisman, 2005); the EnvZ/OmpR TCS, which responds to pH and osmolarity
(Lee et al., 2000); and the accessory regulatory protein SlyA, which is under the
transcriptional control of PhoP (Navarre et al., 2005). Signaling through the PhoQ
and EnvZ HKs also results in activation of the Hil regulatory proteins and
eventually, SPI-1 genes (Ellermeier and Slauch, 2007). The PmrB/A TCS, while
not previously reported to transcriptionally activate SPI-2 (Choi and Groisman,

2013), also contributes significantly to virulence by controlling the addition of
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outer membrane-fortifying chemical modifications to bacterial lipopolysaccharide
(LPS) (Chen and Groisman, 2013). PmrA is activated by PmrB in environments
with acidic pH (Perez and Groisman, 2007) or high Fe3*/A** (Wésten et al.,
2000), but also through the PhoQ/P system in environments with low Mg?* due to
posttranslational regulation of phosphorylated PmrA by the PhoP-activated gene
pmrD (Kato and Groisman, 2004; Kato et al., 2003).

Interplay between extracellular SaImonella and the host immune system

One of the first immune defenses encountered by extracellular Salmonella during
infection in its target niche is the harsh environment of the intestinal lumen,
containing bile at concentrations of 0.2-2%. Bile salts are potent antimicrobial
agents capable of degrading lipids and inducing DNA damage through point
mutations and rearrangements (Gunn, 2001). Upon exposure to bile, Salmonella
increases expression of the AcrAB-TolC efflux pump to export bile salts from the
periplasm, and decrease OmpF porin expression via marRAB operon regulation
to reduce influx (Prouty et al., 2004). These resistance mechanisms confer
protection to bile salt concentrations at and above those encountered during
infection (Velkinburgh and Gunn, 1999).

In the small intestine, Salmonella is also exposed to high concentrations of
cationic antimicrobial peptides (cCAMPs) at the base of villus crypts, secreted by
Paneth cells (Bevins and Salzman, 2011). These host defense molecules target
and perturb bacterial membranes through pore formation, leading to
permeabilization and cell death (Brown and Hancock, 2006). Membrane lysis is
facilitated by the amphipathic and positively charged nature of 15-20 amino acid-
long cAMPs, which can adopt a wide range of secondary structures but are
conserved in their electrostatic attraction towards negatively charged bacterial

membranes (Hancock and Sahl, 2006). In addition to their membrane-targeting
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activity, cAMPs have also been shown to possess cytosolic targets, and may act
as immunomodulatory agents by binding bacterial LPS and nucleic acids to
promote proinflammatory signaling (Bowdish and Davidson, 2005). The TCSs
PhoQ/P and PmrB/A are particularly important for cAMP resistance, as they
regulate many genes that encode for LPS-modifying enzymes (Bader et al.,
2005; Groisman and Parra-Lopez, 1992; Gunn et al., 1998; Navarre et al., 2005;
Shi et al., 2004). LPS modifications involving protein content or acyl chain count
alter the surface charge of the bacterial outer membrane, and in turn, decrease
the electrostatic attraction of cAMPs to microbial surfaces (Peschel, 2017). cAMP
resistance has also been linked to transcriptional changes that modulate outer
membrane protease and efflux pump expression (Ernst et al., 2001). It is worth
noting that Salmonella also encounters cAMPs in intracellular environments,

often through fusion of neutrophil granules to the SCV (Hood and Skaar, 2012).

Another immune defense that Salmonella encounters in the extracellular milieu is
the lytic activity of the complement system. Over 30 complement proteins are
naturally present in the bloodstream and at mucosal surfaces, comprising a major
axis of the innate immune response to pathogens. Activation of complement
occurs after contact with invading microbes; this triggers a proteolytic cascade
that ultimately decorates bacterial membranes with complement proteins (Ricklin
et al., 2010). Bacteria are then either coated and opsonized for eventual
phagocytosis, or killed through lysis via membrane attack complex pore insertion
(Heesterbeek et al., 2019). Salmonella has a high level of intrinsic complement
resistance, mostly through proteolytic inactivation of complement proteins
(Lambris et al., 2008), variation of LPS O-antigen length to prevent membrane
attack complex localization (Bravo et al., 2008), or modulation of nucleotide

metabolism through the stringent response (Chau et al., 2021).
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Adaptation of Salmonella to the intracellular environment

In subsequent stages of infection, the stressors encountered by Salmonella
become largely intracellular, as bacteria are internalized into SCVs within
phagocytic host immune cells (Behnsen et al., 2015) (Figure 1.3). After formation
of the SCV, vacuolar ATPase is assembled on its membrane (Lukacs et al.,
1991), which gradually exposes Salmonella to low pH stress through the pumping
of protons from the cytosol into the phagosome (Bang et al., 2002). Rather than
inducing bacterial death, however, adaptation within Salmonella has allowed for
rapid sensing of acid stress — this signal primarily acts as a cue to initiate
virulence gene expression (Arpaia et al., 2011; Coombes et al., 2004; Wong et
al., 2009) through the SsrB/A (Mulder et al., 2015), PhoQ/P (Bearson et al.,
1998), and PmrB/A (Perez and Groisman, 2007) TCSs.

Intracellular Salmonella is also exposed to sources of oxidative stress produced
by specialized phagocytic cells (Fang, 2004). After phagocytosis, components of
NADPH oxidases are rapidly assembled on the SCV membrane, which then
generates superoxide via electron transfer to molecular oxygen. Superoxide is
rapidly disproportionated into hydrogen peroxide by superoxide dismutases,
which then can be converted into either hydroxyl radicals via the Fenton reaction,
back into molecular oxygen by catalases, or into hypochlorous acid by
myeloperoxidases in neutrophils (Winterbourn and Kettle, 2013). Neutrophils also
produce hydrogen peroxide as a by-product during D-amino acid oxidation,
adding another source of oxidative stress to the infective environment (Tuinema
et al., 2014). Superoxide, hydrogen peroxide, and hypochlorous acid all have
high antimicrobial potential, inducing bacterial death by targeting DNA, proteins,
and iron-sulfur clusters (Slauch, 2011). Salmonella evades these stressors by
preventing NADPH oxidase trafficking to the SCV membrane and expressing

enzymes such as superoxide dismutases, catalases, and peroxidases to detoxify
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reactive oxygen species (Aussel et al., 2011; Fang et al., 1999; Vazquez-Torres
et al., 2000).

The canonical NAIP/NLRC4 inflammasome is another important arm of the
intracellular immune response to Salmonella. Inflammasomes are multiprotein
complexes that detect and respond to cytosolic bacterial ligands with Caspase-
mediated cytokine processing and the pore-forming Gasdermin-D protein,
culminating in pyroptotic lysis of the infected host cell (Latz et al., 2013). Although
the maijority of intramacrophage Salmonella remains confined within the SCV
(and thus, protected from the inflammasome) during infection (Birmingham et al.,
2006), cytosolic escape can occasionally occur due to spurious pore-forming
activity of the SPI-1 T3SS (Deng et al., 2017). The presence of bacterial flagellin
(Franchi, 2006; Miao et al., 2006) and/or SPI-1 T3SS needle components (Miao
et al., 2010) in the macrophage cytosol induces a rapid response from the
NLRC4 inflammasome, involving activation of caspase-1, maturation of pro-
inflammatory IL-1B and IL-18, and pyroptosis. In vivo, this process is thought to
expel cytosolic Salmonella into the extracellular milieu, where bacteria become
trapped within the products of cellular lysis (Jorgensen et al., 2016). In these
cases, the release of IL-1p and IL-18 from lysed cells promotes the recruitment of
secondary phagocytes such as neutrophils and natural killer cells, which may
later engulf trapped bacteria (Muller et al., 2016). The NLRP3 inflammasome is
also active within macrophages and responds to Salmonella infection in a similar
way, although its activation has been partially attributed to oxidative stress and
may not require cytosolic bacterial ligands (Broz et al., 2012; Man and
Kanneganti, 2015).

Within and outside of immune cells, infected hosts restrict access to amino acids,

essential transition metals, and other nutrients in an attempt to prevent pathogen

growth. NRAMP metal transporters, for example, pump Fe?* and Mn?* out of the
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SCV; transferrin and lactoferrin proteins bind and sequester extracellular Fe?*;
neutrophil-derived calprotectin binds and sequesters Mn?* and Zn?*. Collectively,
these processes make up the ‘nutritional immunity’ defense strategy (Hood and
Skaar, 2012). Because nutritional limitation negatively impacts bacterial
replication, adaptation of Salmonella to the intracellular environment includes
significant transcriptional reprogramming that successfully circumvents host-
mediated sequestration of free nutrients. Within the SCV, Salmonella has access
to all nutrients required for growth, mostly facilitated by Salmonella-induced
filaments (Knuff and Finlay, 2017) that extend from the SCV and establish an
endosomal network for metabolite exchange between the host cytosol and the
SCV (Liss et al., 2017). Proteomic and metabolic characterization has further
confirmed that Salmonella has access to at least 31 different nutrients during
infection (Steeb et al., 2013). Nutritional deprivation can also be countered by
Salmonella with the production of siderophores for iron acquisition or
upregulation of divalent metal transporter expression (Behnsen et al., 2015;
Campoy et al., 2002).

Antibiotic resistance and highly invasive Salmonella

As discussed previously, most strains of Salmonella cause mild gastroenteritis in
immunocompetent individuals; only some are capable of causing bacteraemia.
However, recent years have seen the emergence of new clades within the
Typhimurium serovar, which are capable of causing illness more similar to that
induced by typhoidal S. enterica (Wheeler et al., 2018). Clinically referred to as
invasive nontyphoidal Salmonella (iNTS) disease, these variants cause lethal
bloodstream infection in humans, and disproportionately impact HIV-positive,
malaria-infected, or malnourished individuals (Gordon et al., 2008). Globally, the
highest incidence of INTS disease cases occur in sub-Saharan Africa, where the

majority of infections are caused by the single sequence type (ST) 313 (Feasey
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et al., 2012). Case fatality rates of INTS disease range from an estimated 25% in
children to 50% in adults, causing almost 50,000 deaths each year (Kingsley et
al., 2009). It is hypothesized that ST313 infections undergo human-human

transmission, as no zoonotic source has been identified (Kariuki et al., 2006).

ST313 isolates are largely multi-drug resistant, rendering the former first-line
treatments ampicillin, chloramphenicol, and trimethoprim-sulfamethoxazole
ineffective against iNTS infection (Su et al., 2004). Extended-spectrum beta-
lactamases have also been identified in certain ST313 isolates; their presence
confers resistance to the important cephalosporin ceftriaxone, which is often used
to treat complicated cases of INTS (Feasey et al., 2014). More recently, an
extensively drug resistant lineage of ST313 has emerged in the Democratic
Republic of the Congo, which produces extended spectrum beta-lactamases and

is also resistant to azithromycin (Van Puyvelde et al., 2019).

The emergence of antibiotic-resistant S. enterica strains is a significant global
health concern, particularly within iINTS lineages. For both typhoidal and non-
typhoidal S. enterica variants, the frequency of resistance to one or more
antimicrobial agents continues to rise each year, with ciprofloxacin resistance
rates in S. Typhi and nontyphoidal S. enterica infections reaching 74% and 10%,
respectively, in 2017 (CDC, 2019). Antibiotic treatment — particularly with
fluoroquinolones such as ciprofloxacin — is often essential to eradicate typhoidal
and iNTS infections. Any further restriction in therapeutic options for these cases

has the potential to greatly increase mortality rates around the world.

Modern approaches in antibiotic and anti-infective discovery

Within and outside of the Salmonella genus, antibiotic resistance has reached

critical levels. Decades of antibiotic misuse in healthcare and agricultural settings
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has selected for pathogens with intrinsic or acquired mechanisms of antibiotic
resistance, gradually eroding our once numerous treatment options for infection
(Davies and Davies, 2010). This ongoing issue has motivated several research
efforts in antibiotic development, with considerable academic investment directed
towards non-traditional approaches in drug discovery (Theuretzbacher and
Piddock, 2019).

The initial discovery of antibiotics was one of the greatest achievements of
modern medicine. Now decades past its prime, antibiotic research saw a golden
era between 1940 and 1960, launched by Alexander Fleming’s discovery of
penicillin (Fleming, 1929). By screening Actinomycetes and other soil-dwellers for
the production of antibacterial secondary metabolites, researchers were able to
characterize over 20 different classes of antibiotics (Hutchings et al., 2019).
These miracle drugs largely extinguished the previous lethality of bacterial
infections, allowing clinicians to transform healthcare with invasive surgeries,

chemotherapy treatments, organ transplants and more (Brown and Wright, 2016).

By the 1960s, the Waksman platform — used for metabolite screening — became
plagued with rediscovery, and new antibiotics became increasingly difficult to find
(Lewis, 2013). To overcome this hurdle, researchers looked to medicinal
chemistry approaches to improve antibiotic potency around existing scaffolds
(Theuretzbacher et al., 2020), and later, high-throughput robotics to examine
large-scale libraries of synthetic molecules (Brown and Wright, 2016). While
these efforts did and will continue to contribute significantly to our antibiotic
armamentarium, they have been unable to keep pace with increasing resistance
evolution (Tommasi et al., 2015). With pharmaceutical companies rapidly exiting
the discovery space in favour of more profitable endeavors, we now find
ourselves in a post-antibiotic age that begs for a resurrection in innovation (Ardal
et al., 2020).
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In academic labs working on antibiotic and anti-infective research, there is a
focus on unconventional drug discovery and treatment options. Briefly, some
such strategies include adjuvant compounds to enhance antibiotic activity
(Wright, 2016), combinatorial treatments to leverage synergistic drug pair
interactions (Fischbach, 2011), host-directed immunomodulatory therapies
(Zumla et al., 2016), anti-virulence compounds (Rasko and Sperandio, 2010),
and screening in infection-relevant conditions to illuminate targets that are

conditionally essential in vivo (Brown and Wright, 2016).

For the purposes of this thesis, the concept of conditionally essential genes is
especially important to consider. Gene essentiality has been traditionally defined
as the smallest subset of genes required for growth under optimal growth
conditions; as such, for most pathogens this has been determined from growth in
rich laboratory media (Farha and Brown, 2015). In line with this, antibiotic activity
has also been primarily assayed under similar growth conditions (Leekha et al.,
2011), and most antibiotics target a limited range of essential bacterial
processes. Now, it is understood that gene essentiality varies across
environmental conditions, and thus should be viewed as conditional (D’Elia et al.,
2009). This holds particularly true for pathogens in the setting of infection, where
the host immune system restricts access to important nutrients and imposes
other antimicrobial defenses upon invading microbes (Brown and Wright, 2016).
This, in turn, necessitates that bacterial genes in virulence, metabolism, and
other pathways be expressed to evade immune-based killing. Integrating this
view with current techniques in high-throughput screening is beginning to reveal
hundreds of genes to be conditionally essential for bacterial survival only in
infection-relevant growth conditions (Karlinsey et al., 2019; McCarthy et al., 2018;
Nichols et al., 2011; Turner et al., 2015), and similarly, several unique anti-

infectives to be conditionally active in those same settings (Colquhoun et al.,
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2015; Ersoy et al., 2017; Fahnoe et al., 2012; Farha et al., 2017; Weber et al.,
2020; Zlitni et al., 2013).

Purpose and contents of this thesis

Salmonella is a host-adapted pathogen that has evolved a complex network of
virulence genes and regulatory systems that promote immune evasion. As these
gene products and pathways are likely to be conditionally essential during
infection, they may be valuable entry points and targets for new anti-infective
discovery. My thesis work has focused on identifying unconventional anti-
Salmonella therapies that exploit its interactions with the host immune system,
leveraging the unique conditions of the intracellular environment (chapter 2), the
TCSs required for virulence gene expression (chapter 3), and the host-specific
antimicrobial pathways that restrict Salmonella survival (chapter 4). In these
studies, | have focused primarily on the contextual environment of host
macrophages, as these phagocytes have been identified as the primary

Salmonella-containing cells at infection foci (Geddes et al., 2007).

Chapter 2 describes our work to identify chemical compounds with intracellular-
specific antibacterial activity against Salmonella. Using an intramacrophage
screening platform, we discover the anxiolytic drug, metergoline, to be an
inhibitor of Salmonella replication in both cultured macrophages and an animal
model of systemic salmonellosis. Within this work, we also report that several
virulence genes, TCSs, and other regulatory factors are conditionally essential for
intracellular Salmonella survival. Chapter 3 expands on this observation, where
we aim to identify anti-virulence compounds that perturb TCS signaling, given the
importance of these systems for Salmonella pathogenesis. From a cell-based,
promoter reporter screen, we discover the anti-virulence activity of the natural

product, methyl-3,4-dephostatin, which inhibits the expression of several genes
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regulated by the SsrA/B and PmrB/A two-component systems, enhances
sensitivity to the last-resort antibiotic, colistin, and attenuates Salmonella
virulence in vitro and in vivo. Chapter 4 then implements a screening approach
targeted towards the host rather than pathogenic viability or virulence, wherein
we discover several small molecules that modulate macrophage immunity to
indirectly restrict Salmonella survival. With an intramacrophage screening
platform modified from that initially described in chapter 2, we focus on a strain of
ST313 Salmonella that causes iINTS disease, as a prototypical multidrug resistant
pathogen that may be sensitized to unconventional anti-infective therapies.
Chapter 5 concludes this thesis by integrating the new anti-Salmonella
compounds identified herein with current perspectives in modern drug discovery
and evaluating the potential of these screening approaches for clinical

implementation.
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Figures
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Figure 1.1. Stages of Salmonella spread during infection.

Salmonella infections are typically acquired via oral ingestion of contaminated
food or water, and after surviving the acidic environment of the stomach, will
reach the intestinal lumen. To begin inducing inflammation in enterocytes,
Salmonella first begins to invade cells in the intestinal epithelium. As this area
becomes increasingly disrupted, Salmonella cells begin to enter into the
underlying lamina propria, and rapid recruitment of dendritic cells, neutrophils,
and macrophages begins. These phagocytes engulf Salmonella, triggering a shift
into its intracellular lifestyle. Host immune cells facilitate systemic spread of
Salmonella through the lymphatic system, mesenteric lymph node, and
ultimately, the bloodstream. Phagocytosis continues to occur in these areas with

the eventual creation of multicellular pathogenic lesions in the spleen and liver.
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Figure 1.2
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Figure 1.2. Regulatory systems governing virulence gene expression in

Salmonella.

The two-component systems (TCSs) PhoQ/P, PmrB/A, SsrA/B, and EnvZ-OmpR
control the expression of several important virulence loci in Salmonella, including
genes within the SPI-1 and SPI-2 pathogenicity islands, as well as several
lipopolysaccharide (LPS)-modifying enzymes that confer resistance to membrane
disruption. Regulatory connections exist between and within the sensor histidine
kinase (HK) proteins PhoQ, PmrB, SsrA, EnvZ and the response regulator (RR)
proteins PhoP, PmrA, SsrB, and OmpR. Upon detection of environmental signals
(indicated for each TCS in yellow), each HK is autophosphorylated, then transfers
this phosphoryl group to its cognate RR, which becomes active and capable of
modulating gene expression. The PhoP and PmrA RRs directly regulate genes
that control LPS modifications, while the SsrA and OmpR RRs control SPI-2 and
SPI-1 gene expression, respectively; upstream of these RRs there are several
other connections between the four TCSs and the accessory proteins PmrD and
SIyA.

20



Ph.D. Thesis — C.N. Tsai; McMaster University — Biochemistry and Biomedical
Sciences

Figure 1.3
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Figure 1.3. Overview of the intracellular immune response to Salmonella

infection.

After internalization into host macrophages through invasion or phagocytic
uptake, Salmonella is internalized into a phagosome that becomes modified to
form a spacious Salmonella-containing vacuole (SCV). In the SCV, bacteria
begin to express genes encoded on the SPI-2 pathogenicity island to secrete
effector proteins that aid in SCV maintenance and immune evasion; replication
begins to occur. Vacuolar ATPase and NADPH oxidase localize to the SCV
membrane, which together acidify the environment and expose Salmonella to
oxidative stress; metal transporters within the macrophage induce nutrient stress
by pumping essential metals out of the SCV. In some cases, Salmonella may
escape from the phagosomal compartment into the host cell cytosol, triggering
inflammasome activation that results in pro-inflammatory cytokine production and

potentially lysis of the infected macrophage.
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CHAPTER 2 - A macrophage-based screen identifies antibacterial

compounds selective for intracellular Salmonella Typhimurium
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the end of the thesis, to avoid redundancy between sections.
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Summary

Salmonella Typhimurium (S. Tm) establishes systemic infection in susceptible
hosts by evading the innate immune response and replicating within host
phagocytes. Here, we sought to identify inhibitors of intracellular S. Tm replication
by conducting parallel chemical screens against S. Tm growing in macrophage-
mimicking media and within macrophages. We identify several compounds that
inhibit Salmonella growth in the intracellular environment and in acidic, ion-limited
media. We report on the antimicrobial activity of the psychoactive drug
metergoline, which is specific against intracellular S. Tm. Screeningan S. Tm
deletion library in the presence of metergoline reveals hypersensitization of outer
membrane mutants to metergoline activity. Metergoline disrupts the proton
motive force at the bacterial cytoplasmic membrane and extends animal survival
during a systemic S. Tm infection. This work highlights the predictive nature of
intracellular screens for in vivo efficacy, and identifies metergoline as a novel

antimicrobial active against Salmonella.
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Introduction

The stagnant antibiotic discovery pipeline is particularly concerning for
intracellular infections. Bacterial pathogens that survive within host cells evade
the antimicrobial activity of the immune system and can form persister cells that
tolerate antibiotic treatment (Helaine et al., 2014; Rycroft et al., 2018). As such,
intracellular infections are often recurrent, warranting an increase in antimicrobial
research specific for such pathogens and an improved understanding of the
genetic requirements for intracellular survival. Intracellular bacteria occupy
modified phagosomes (Salmonella, Mycobacterium, Francisella), inclusions
(Chlamydia), lysosomes (Legionella, Coxiella) or the cytosol (Listeria, Shigella,
Ricksettia) of host cells, which offer considerably different environments relative
to standard nutrient-rich growth media (Mitchell and Isberg, 2017). Interestingly,
emerging evidence suggests that pathogens such as Staphylococcus aureus and
Streptococcus pneumoniae are also able to survive within host cells (Ercoli et al.,
2018; Lehar et al., 2015). In these intracellular environments, genes that are
otherwise dispensable for growth in nutrient-rich media often become essential,
constituting a novel antimicrobial target space that is currently underexplored
(Brown and Wright, 2016). Genes conditionally essential within host cells may be
overlooked in experimental systems that do not resemble the intracellular
environment; indeed, recent systematic studies of the genetic requirements for
growth in infection-relevant conditions revealed additional essential genes
relative to those required for growth in vitro (Ibberson et al., 2017; Nichols et al.,
2011; Turner et al., 2015). High-throughput screening platforms in conditions that
closely resemble the intracellular environment have the potential to uncover novel

antimicrobials that target conditionally essential genes.

Salmonella enterica serovar Typhimurium (S. Tm) is an intracellular pathogen

and one of the leading causes of gastroenteritis worldwide (Majowicz et al.,
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2010). Enteric salmonellosis is typically self-limiting in healthy individuals,
although in the elderly and immunocompromised, S. Tm can invade into
phagocytes for systemic spread through the reticuloendothelial system (Watson
and Holden, 2010). Salmonella infections are commonly treated with
fluoroquinolones, cephalosporins, or macrolides (Phoon et al., 2015), although
cephalosporins do not penetrate phagocytic cells (Hand et al., 1983).
Unfortunately, resistance to these antibiotic classes is increasing worldwide
(Cuypers et al., 2018; Nair et al., 2016). Of further concern are extensively drug-
resistant S. Typhi (Klemm et al., 2018) and an invasive, multidrug-resistant
variant of S. Tm that first emerged in sub-Saharan Africa (ST313) (Ashton et al.,
2017). The emergence of antibiotic resistance across clades of Salmonella
species threatens to intensify an already significant global health burden,

underscoring the importance of novel antibiotic drug discovery.

During infection of macrophages and neutrophils, S. Tm occupies a modified
phagosome called the Salmonella-containing vacuole (SCV). A predominantly
intracellular lifestyle affords protection from extracellular host immune defenses,
including bile salts, antimicrobial peptides, and serum complement (Watson and
Holden, 2010). Host cells also act as reservoirs for dissemination to systemic
sites, and often provide unique metabolic environments to shelter intracellular
pathogens from nutrient competition with resident bacteria (Bumann and
Schothorst, 2017). Several antimicrobial mechanisms intrinsic to the intracellular
environment (i.e. metal depletion, vacuolar acidification, oxidative stress)
(Castanheira and Garcia-Del Portillo, 2017) serve as environmental signals for
multiple two-component regulatory systems in S. Tm that detect and respond to
immune stresses with alterations in virulence gene expression (Calva and
Oropeza, 2006).
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In line with previous work suggesting discordance between in vitro and in vivo
drug susceptibility (Ersoy et al., 2017), we hypothesized that S. Tm displays
altered sensitivity to antimicrobials within macrophages. In particular, genes or
processes that become essential within the intracellular environment may
represent new drug targets or even sensitize S. Tm to existing or novel
antibiotics. We therefore screened an S. Tm ordered gene deletion collection
(Santiviago et al., 2009) for growth impairment in media with ion availability and
pH resembling the intracellular vacuolar environment. These data and
subsequent experiments with bacteria internalized in macrophages reveal that S.
Tm is sensitized to the intracellular environment following genetic perturbation of
metabolic and cell envelope biogenesis pathways. A high-throughput compound
screen against intracellular S. Tm in macrophages identifies several small
molecules with conditional efficacy only in acidic, ion-limited media, or
macrophages, and not in nutrient-rich media. Interestingly, we also observe
potentiation of canonically Gram-positive targeting antibiotics in the intracellular
environment, which we ascribe to a loss of normal outer membrane structure in
macrophage-internalized S. Tm. Here, we report the identification of an
intracellular-selective antimicrobial, metergoline, which disrupts the bacterial
cytoplasmic membrane and prolongs animal survival in a murine model of

systemic S. Tm infection.

Results

Screen for S. Tm genes required for intracellular growth

In the systemic phase of infection, different populations of S. Tm encounter
varying degrees of nutrient limitation and immune stressors, whether internalized

within macrophages and neutrophils, persisting extracellularly in the bloodstream,

or invading intestinal epithelial cells. We sought to identify growth-inhibitory small
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molecules that are specific for intra-macrophage S. Tm, as macrophages are one
of the primary host cell types manipulated by Salmonella for replication and
systemic dissemination. We reasoned that to be selective for intracellular
bacteria, a compound should interfere with one or more biological processes that
are required only for growth in this environment, so we aimed to survey the
genetic requirements for intracellular S. Tm growth. While others have identified
Salmonella genes that become required (i.e. conditionally essential) for growth in
conditions mimicking those in vivo (Coombes et al., 2004; Fowler and Galan,
2018; Khatiwara et al., 2012; Lawley et al., 2006; Sabbagh et al., 2012; Wrande
et al., 2016); to our knowledge, there has been no systematic, genome-scale

survey of the impact of gene deletion on S. Tm survival in cultured macrophages.

The S. Tm str. 14028S genome contains ~4200 non-essential genes, ~3700 of
which have been deleted in the ordered Salmonella single-gene deletion (SGD)
collections (Porwollik et al., 2014; Santiviago et al., 2009). Traditional
macrophage infection assays are not practical for high-throughput screening with
this large a number of individual strains, so we first aimed to identify SGD
mutants with impaired growth in acidic, low-phosphate, low-magnesium media
(LPM) that was established to resemble conditions in the SCV (Coombes et al.,
2004). Importantly, gene expression in S. Tm grown in LPM and other types of
acidic, ion-limited media has been shown to resemble that within macrophages
(Coombes et al., 2004; Kroger et al., 2013; Srikumar et al., 2015). We first
measured the growth of 3725 SGD mutants in LPM, as a preliminary assessment
of intracellular gene essentiality (Figure 2.1a). This screen identified 125 genes
important for growth in LPM, most of which are involved in nutrient biosynthesis
and metabolism, as well as biological processes related to cell envelope
homeostasis. Among others, this included amino acid (e.g. aroE, hisA, argH,
argG, serB) and nucleotide (e.g. pyrF, pyrE, purG, purE, purF) biosynthesis, as
well as LPS modifications and maintenance (e.g rfc, pgm, rfaK, rfaH, rbK, rfal).
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We sought to verify the intracellular sensitivity of this LPM-sensitive subset of
SGD mutants directly within cultured phagocytes by monitoring replication of
these 125 strains over 7 h of growth in RAW264.7 macrophages. For reference,
we included several mutants with known intracellular replication defects.
Surprisingly, we observed intracellular growth defects for only 62 LPM-sensitive
mutants, while the remaining 63 genes were dispensable for intramacrophage
growth (Figure 2.1b). From this, we inferred that macrophages may be more
permissive for bacterial growth relative to LPM. However, we note that our
preliminary LPM screen expanded the target space for intracellular-selective

antimicrobials beyond growth in conventional media (Figure 2.1c).

Identification of chemical inhibitors of intracellular S. Tm

To identify putative antimicrobials effective against intracellular S. Tm, we
conducted two parallel chemical screens with an annotated compound collection
composed largely of previously-approved drugs (Supplementary Table 2.1). We
screened S. Tm grown in (i) LPM and (ii) RAW264.7 macrophages. The
collection of 1600 chemicals used in these screens includes ~250 known
antibacterial compounds with defined targets in Gram-positive and -negative
bacteria. Considering the discordance observed with the growth phenotypes in
LPM and macrophages, for some of the SGD strains, we elected to conduct
chemical screens in both of these conditions, to maximize our potential to access
novel target space (Figure 2.2a). To perform the intracellular screen, we
measured luminescence from a constitutively expressed luciferase reporter in S.
Tm to enable in situ estimations of intramacrophage bacterial viability.
Luminescence correlated linearly with the number of viable bacteria, and the
presence of this reporter construct did not affect bacterial replication within

macrophages or sensitivity to our control compound, rifampicin (Supplementary
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Figure 2.1). Together, these high-throughput screens identified 130 compounds
with growth-inhibitory activity. Notably, 63% of compounds active in LPM were
also effective at limiting growth of macrophage-internalized bacteria. However,
54% of compounds active against intracellular S. Tm displayed no activity against
S. Tm grown in LPM (Figure 2.2a). The latter class of compounds might exert
antibacterial activity through targeting of macrophage-encoded proteins or a

bacterial target that is not required for growth in LPM.

We next analyzed the potency of all 130 actives from our primary screens.
Conditions included S. Tm grown in LPM, RAW264.7 macrophages, as well as
standard nutrient-rich (cation-adjusted Mueller-Hinton Broth, MHB) and nutrient-
poor (MOPS glucose minimal media) microbiological media. We also measured
lactate dehydrogenase (LDH) release from uninfected macrophages as a
measure of toxicity and did not pursue compounds with toxicity >25%
(percentage relative to maximum LDH release, see Materials and Methods)
(Figure 2.2b). Using an arbitrary cutoff for minimum inhibitory concentration (MIC)
of 6.25 uM, we eliminated compounds with activity in MHB, as these were least
likely to be intramacrophage-selective in vivo. We found that nucleoside analogs
(e.g. doxifluridine, fluorouracil, azacitidine, carmofur) were effective against
intracellular S. Tm and bacteria grown in LPM or MOPS minimal media, but not
MHB. As genes involved in nucleotide biosynthesis were required for intracellular
growth (Figure 2.1, e.qg. pyrC, pryE, pyrF, purE, purF, purG), these data suggest
that our genetic and chemical screens accurately probed the intramacrophage
environment encountered by S. Tm. Further, when considering all compounds
with an MIC < 3 pM against intracellular S. Tm, 64% of these compounds were
similarly potent in LPM compared to only 50% in MHB or MOPS. We prioritized
15 of the 31 compounds that were exclusively active in LPM/macrophages and
not MHB/MOPS, based on low host cell cytotoxicity, potency, chemical diversity

and commercial availability.
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We tested the 15 priority actives for the ability to reduce intracellular replication
(measured by CFU enumeration) of S. Tm in primary bone marrow-derived
macrophages isolated from C57BL/6 mice (Figure 2.2c). Ciprofloxacin is an
antibiotic routinely used in salmonellosis infection treatment and was therefore
included as a positive control. Of the 15 compounds tested, 11 significantly
reduced bacterial replication within 4 hours at a concentration of 128 uyg mL™" (P
<0.05, two-way ANOVA, Bonferroni multiple test correction). Excluding those with
previously characterized antibacterial activity, 4 compounds reduced bacterial
viability >2-fold at a concentration of 64 ug mL-" or less: bromperidol,
metergoline, ciclopirox, and ethopropazine. The four remaining compounds had
moderately increased activity in LPM relative to MHB (Figure 2.2d), suggesting
selectivity of these antimicrobials for an in vivo-mimicking environment.
Metergoline was the most potent of these compounds and was the focus of

subsequent studies of mechanism and in vivo efficacy.

The outer membrane antagonizes metergoline activity

The MIC of metergoline in primary macrophages is significantly lower (~8 ug mL"
) than in LPM (128 ug mL-') or MHB (>256 ug mL-"). These discrepancies led us
to hypothesize that one or more aspects of the SCV induce metergoline
hypersensitivity in S. Tm. To identify potential contributors to this conditional
susceptibility, we sought to identify conditions that would increase metergoline
activity in standard growth media (MHB). We therefore conducted a chemical-
genetic screen of the SGD collection in the presence of a sub-lethal
concentration of metergoline in MHB (100 ug mL™") and compared the growth of
each mutant to an untreated control (Figure 2.3a). In this experiment, gene

deletions that resulted in metergoline hypersensitivity could provide insight to
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bacterial processes that confer metergoline resistance in nutrient-rich growth
media (MHB).

Our chemical-genetic data revealed that genes involved in assembly of LPS
(rfaG, rfaQ), outer membrane (OM) integrity (asmaA, tolQ, tolR, yfgL), synthesis
and turnover of cell wall (/dcA, prc, nipl), or RND efflux pumps (tolC, acrB) are
required for normal growth in the presence of metergoline. Indeed, we confirmed
that deletions of tolC, tolR, and rfaQ in S. Tm all resulted in hypersensitivity to
metergoline in the intracellular environment (Figure 2.3b). From these data we
inferred that (i) disruption of cell envelope integrity increases metergoline
potency, (ii) metergoline is a likely substrate of the AcrAB-TolC efflux pump, and
(iii) increased OM permeability and/or decreased efflux-pump activity might occur

in LPM/macrophages to permit metergoline activity.

We noted in our chemical screens that several antibiotics with poor activity
against Gram-negative bacteria (e.g. telithromycin, erythromycin, piperacillin,
meropenem, rifampin, rifaximin, mupirocin, novobiocin) inhibited growth of S. Tm
in LPM and/or macrophages. The activity of these antibiotics against Gram-
negative bacteria is enhanced by OM permeabilization (Brennan-Krohn et al.,
2018; Krishnamoorthy et al., 2017). Considering the hypersensitivity of OM
mutants to metergoline, we reasoned that OM-perturbing agents would synergize
with metergoline. In line with this, we observed synergy between metergoline and
several OM-perturbing agents, including EDTA, polymyxin B, and polymyxin B
nonapeptide (Figure 2.3c). We also speculated that metergoline potency in
macrophages could be driven by the presence of bicarbonate as a buffer in tissue
culture media, as we and others have previously reported bicarbonate-mediated
potentiation of multiple antibiotic classes (Ersoy et al., 2017; Farha et al., 2017).

Although physiological concentrations of bicarbonate (25 mM) alone had no
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effect on metergoline’s activity against S. Tm grown in MHB, it did enhance its

antibacterial activity when combined with polymyxin B (Figure 2.3c).

Our chemical-genetic screen data also suggested a potential role for efflux in
conferring metergoline resistance in MHB. Indeed, we observed a 28-fold
increase in potency of metergoline against a Ato/C strain of S. Tm grown in MHB,
and polymyxin B potentiated metergoline against an efflux-deficient strain of S.
Tm (Figure 2.3d). However, others have shown that TolC is required, and
therefore active, for intracellular growth of S. Tm (Reens et al., 2018; Webber et
al., 2009). We therefore reasoned that OM permeability, and not reduced efflux,

contributes to metergoline activity in macrophages.

Growth of S. Tm in LPM results in a 24-fold increase in sensitivity to metergoline
compared to growth in MHB. In this media, S. Tm is resistant to polymyxin B;
accordingly, it did not synergize with metergoline (Supplementary Figure 2.2a).
However, a AphoP strain of S. Tm was sensitized to polymyxin B, and in this
strain we observed strong synergy between polymyxin B and metergoline in both

LPM and MHB (Supplementary Figure 2.2a, Supplementary Figure 2.2b).

We next sought to determine the component(s) of LPM that contribute to
increased OM permeability. In addition to lower pH, LPM has decreased Mg?*
and PO43 concentrations relative to MHB, reflective of the environment in the
SCV. Since WT S. Tm was sensitized to metergoline, rifampicin, and mupirocin
when grown in LPM, we measured the MIC of these compounds against bacteria
grown in ion-supplemented (10 mM MgCl. or PO4%) or pH-adjusted (pH 7.0)
media. Additionally, we measured the activity of vancomycin in these media
because similar to rifampicin and mupirocin, vancomycin has low activity against
Gram-negative bacteria due to the OM permeability barrier (Krishnamoorthy et
al., 2017). For all four compounds tested, addition of 10 mM MgCl2 to LPM
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suppressed activity by at least four-fold. The effect of increased pH or PO4*
supplementation was compound-dependent; for metergoline, only Mg?*

supplementation suppressed activity (Supplementary Figure 2.2c).

We observed antagonism between metergoline and Mg?* in LPM, which we
attribute to stabilization of the OM by Mg?* and a corresponding decrease in
metergoline penetration (Figure 2.3e). Accordingly, we observed >2-fold
enhancement of N-phenyl-1-naphthylamine (NPN) uptake for bacterial cells
grown in LPM relative to MHB, which was abrogated by supplementation with 10
mM MgCl. (Figure 2.3f). Measurement of NPN uptake offers a direct
measurement of OM integrity, as an intact OM prevents entry of this hydrophobic
fluorophore into the phospholipid bilayer where NPN exhibits the highest
fluorescence (Helander and Sandholm, 2000). As expected, EDTA significantly
increased NPN uptake of bacterial cells in MHB, consistent with the difference in
metergoline MIC we observe between LPM and MHB supplemented with EDTA
(Figure 2.3c, Figure 2.3f).

These data suggested that the antibacterial activity of metergoline was
dependent on OM permeabilization and driven by Mg?* limitation in
LPM/macrophages, leading us to hypothesize that the OM of S. Tm is perturbed
in the intracellular environment. We and others have shown that OM weakening
by metal depletion or cationic molecules results in increased surface roughness
and the appearance of pits in the OM (Amro et al., 2000; Oh et al., 2017; Stokes
et al., 2017). To study these features of OM disruption in intracellular S. Tm, we
used atomic force microscopy (AFM) to measure surface roughness of
intracellular bacteria and compared this to bacteria grown in MHB or LPM. Cells
grown in MHB had a largely uniform cell surface with a maximum peak to pit
roughness of 9.37 nm. Remarkably, we observed deep pits on the surface of

cells grown in LPM with a maximum roughness score of 22.6 nm (Figure 2.4a,
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Figure 2.4b). We observed an almost 50% increase in surface roughness (13.7
nm vs 9.52 nm) for S. Tm directly isolated from primary bone marrow-derived
macrophages (see Materials and Methods) relative to cells grown in MHB (Figure
2.4c). Given that OM integrity was protective against metergoline, we reasoned
that metergoline might be readily active against Gram-positive bacteria, which do
not possess an OM barrier. Indeed, metergoline was =16-fold more potent
against methicillin-resistant Staphylococcus aureus (MRSA) than S. Tm in MHB
(MIC = 32 ug mL"", Supplementary Figure 2.3a), but roughly equipotent against
both bacteria in primary macrophages (Figure 2.2c and Supplementary Figure
2.3b). Again, these observations are consistent with increased permeability of the

Gram-negative OM in the intracellular environment.

Metergoline perturbs the bacterial cytoplasmic membrane

Sensitivity to metergoline could be induced in vitro through genetic disruption of
efflux. We elected to use a Ato/C strain of S. Tm to gain insight into metergoline’s
mechanism of action. To identify a possible protein target for metergoline, we
sought to isolate spontaneously resistant mutants by plating at 4x MIC on MHB or
LPM agar, but these attempts were unsuccessful. Moreover, we did not detect a
significant increase in MIC during a 10-day serial passage experiment with MRSA
or AtolC S. Tm (Supplementary Figure 2.4a). We were, however, able to observe
rapid bacteriolytic activity of metergoline against Ato/C S. Tm (Figure 2.5a). This
led us to speculate that metergoline conditionally targets the bacterial
cytoplasmic membrane in outer membrane-disrupted cells, in line with previous
observations of antibiotic-induced bacterial lysis attributed to imbalanced proton
homeostasis across this membrane (Bartek et al., 2016; Lobritz et al., 2015). This
hypothesis would be consistent with the crypic antifungal activity of metergoline
that is related, in part, due to depolarization of mitochondrial membrane potential
(Kang et al., 2011).
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In Gram-negative bacteria, the inner cytoplasmic membrane regulates the proton
motive force (PMF) to generate energy that is necessary for ATP synthesis by the
F1-Fo ATPase (Mitchell, 2011). The PMF is composed of electrical potential (Ay)
and a transmembrane proton gradient (ApH), and perturbations to either
component result in precise compensatory increases to the other (Bakker and
Mangerich, 1981). This process may be targeted by membrane potential-
uncoupling antibiotics, wherein the dissipation of either Ay or ApH results in a
collapse of the PMF (Farha et al., 2017; Farha et al., 2013; Feng et al., 2015).
Remarkably, we found that metergoline caused a rapid release of 3,3’-
dipropylthiadicarbocyanine iodide (DiSC3(5)) (Figure 2.5b), a fluorescent probe
that accumulates in the cytoplasmic membrane in a Ay-dependent manner (Wu
et al., 1999). Metergoline caused a similar DiSC3(5) response to the ionophore
valinomycin, a known dissipator of Ay (Supplementary Figure 2.4b). In contrast,
the ApH dissipator carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
decreases fluorescence of DiSC3(5), due to a compensatory increase in Ay
(Supplementary Figure 2.4c). These data suggest that metergoline treatment
rapidly decreases electrical potential at the cytoplasmic membrane. In line with
this, metergoline synergized with CCCP against WT S. Tm grown in MHB
supplemented with EDTA, or LPM (Figure 2.5c), consistent with previous
observations of antibacterial synergy between dissipators of ApH and Ay (Farha
et al., 2013).

Disruption of the cytoplasmic membrane potential by metergoline would be
expected to perturb cellular ATP levels. Indeed, we found that cellular ATP levels
were reduced ~10-fold after a 30 min exposure to 128 ug mL"' metergoline
(Figure 2.5d). By comparison, CCCP at a concentration of 32 yg mL™" led to a <2-
fold change in ATP levels in this short experiment (Supplementary Figure 2.4d).

Lastly, we observed a similar effect of metergoline on DiSC3(5) release in MRSA
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(Supplementary Figure 2.3c), as well as synergy between CCCP and metergoline

(Supplementary Figure 2.3d).

In vivo efficacy of metergoline in a murine infection model

Given its selective potency in vitro, we tested the efficacy of metergoline in a
systemic murine infection model with S. Tm. Genetically susceptible mice
(Nramp-deficient C57BL/6) intraperitoneally infected with S. Tm typically
succumb within ~72 hours. This route of infection recapitulates severe
salmonellosis and bacteraemia is detectable as early as 1 hour post-injection (Xu
and Hsu, 1992). Metergoline is a naturally occurring alkaloid compound derived
from ergot fungus, and, to our knowledge, its in vivo efficacy has been explored
solely in experiments to characterize its anxiolytic effects in mice as a serotonin
antagonist (Commissaris and Rech, 1982; Hooker et al., 2010; Sastry and Phillis,
1977). We first administered metergoline at multiple doses to uninfected animals
to test for potential adverse effects. We observed weight loss and increased
agitation of otherwise healthy mice following administration of metergoline twice
daily at 10 mg kg™!, but more mild effects at 5 mg kg™ (average 6.5% weight loss
over ~3 days). We therefore selected 5 mg kg™ as our therapeutic dose for

metergoline.

We determined the efficacy of metergoline as a potential therapeutic by testing its
ability to reduce bacterial load and prolong survival when administered either at
the time of infection (Figure 2.6a, Figure 2.6b) or 12 hours after infection
(Supplementary Figure 2.5e, Supplementary Figure 2.5f). Metergoline treatments
were administered at 5 mg kg™, twice daily, until experimental endpoint was
reached for both vehicle-treated and metergoline-treated groups. When
administered at the time of infection, metergoline significantly reduced bacterial

load in all organs harvested (Figure 2.6a) and significantly extended animal
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survival time (Figure 2.6b). We also observed a statistically significant reduction
in bacterial counts in the colon of S. Tm-infected mice when administered
metergoline starting at 12 hours after infection, and a reduction in counts in the
spleen, liver and cecum, although not statistically significant (Supplementary
Figure 2.5a). Under this treatment regimen, metergoline also significantly

prolonged animal survival (Supplementary Figure 2.5b).

Antibacterial activity of metergoline analogues

Given the potential to extend animal survival time following frequent
administration of metergoline despite mildly adverse effects, we aimed to identify
a chemical analog with increased potency against S. Tm and/or decreased
toxicity against eukaryotic cells. We therefore pursued an in-depth structure-
activity-relationship analysis to explore the chemical properties of the metergoline
scaffold required for activity. We tested seventeen structurally related analogs for
the ability to reduce growth of wildtype and Ato/C S. Tm in MHB, LPM, and
macrophages, as well as MRSA grown in MHB (Supplementary Figures 2.6-2.20,
Supplementary Table 2.2). Four of the analogs we evaluated are FDA-approved
therapeutics that contain the core ergot alkaloid scaffold but diverge structurally
from metergoline in multiple regions. These compounds: nicergoline, pergolide,
cabergoline, and methysergide, are neuroactive drugs that interact with
dopamine and/or serotonin receptors, similar to metergoline. Of these,
nicergoline showed modest antimicrobial efficacy while the remaining three drugs
were inactive in our assays. Thirteen additional analogs were synthesized from
metergoline by systematic replacement of the benzyl carbamate moiety with
other groups (Supplementary Figure 2.6, compounds S1-S11, MLBC-01 and
MLBC-02).
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Given the mildly acidic pH of LPM and SCV, we considered the possibility that
metergoline may be acting as a pro-drug by means of hydrolysis of the acid-labile
carbamate moiety to release its corresponding amine (Supplementary Figure
2.6). Evaluation of compound S1, however, showed no in vitro efficacy at 128 ug
mL-" in all but one assay (MHB supplemented with EDTA) and inferior intra-
macrophage growth inhibition relative to metergoline. The remaining synthetic
analogs consisted of two alkyl carbamates, seven amide derivatives, a benzyl
urea derivative, a sulfonamide, and an amine (Supplementary Figure 2.6). Most
of these analogs were inactive in our assays but the a,B-unsaturated amides
MLBC-01 and MLBC-02 demonstrated antimicrobial activity superior to
metergoline (Table 2.1). In vitro, MLBC-01 was 2-4 times as potent as
metergoline while the -chlorophenyl derivative MLBC-02 was up to 64-fold more
potent (against MRSA). Both compounds also inhibited intra-macrophage growth
of S. Tm with similar potency to metergoline. However, compounds MLBC-01 and
MLBC-02 were more toxic to macrophages (18.1% and 8.9% toxicity
respectively) relative to metergoline (2.9% toxicity) as determined by lactate
dehydrogenase release (Table 2.1). We are encouraged by the improved activity
of these analogues against bacteria and further structural optimization of this

novel scaffold is presently underway.

Discussion

Intracellular pathogens often occupy niches that are difficult to recapitulate in
vitro; thus, we and others have developed fluorescence, luminescence, and
colorimetric-based screening assays with readouts that approximate bacterial
viability when compared to traditional cfu counting methods (Chiu et al., 2009;
Czyz et al., 2014; Lo et al., 2014; Reens et al., 2018; Stanley et al., 2014). Here
we describe a macrophage-based chemical screen specific for intracellular S.

Tm, leading to the discovery of metergoline as an antibacterial with in vivo
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efficacy, and the unexpected identification of outer membrane disruption in the
intracellular environment. Further, we show that metergoline disrupts the proton
motive force across the S. Tm cytoplasmic membrane, diminishes cellular ATP
levels, reduces bacterial load in a murine model of systemic S. Tm infection, and
significantly prolongs survival of infected animals. Interestingly, we found that
metergoline activity in vivo was particularly potent in the cecum and colon, which
is perhaps surprising given that the spleen and liver serve as the primary
reservoirs for intraperitoneal S. Tm infection. Because the presence of bacteria in
the intestinal tract after intraperitoneal infection is primarily due to transit from the
hepatic biliary system (Monack et al., 2004b), we speculate that this phenotype
merely reflects the lower bacterial burden in the liver, comprising a smaller
reseeding population. Additionally, though we identify a disruption of the proton
motive force and reduction in cellular ATP levels concomitant with metergoline
treatment, we note that these effects may be indirect consequences of bacterial
cell lysis. Indeed, future work remains to completely elucidate the mechanisms

underlying metergoline activity.

Antimicrobials effective against intracellular pathogens are ideally multifaceted
and with the following properties: (i) penetration of host cell membranes, (ii)
penetration of bacterial membrane(s), (iii) the ability to perturb a conditionally
essential bacterial target required for intracellular survival, and (iv) bacterial target
specificity to limit host cell toxicity. Primary chemical screens directly against
bacteria internalized within host cells are essential to identify molecules with all of
these properties; however, these screens are technically challenging and poorly
suited to high-throughput applications. Here, we adopted an alternative approach
of screening in host-mimicking media (LPM) to perturb conditional bacterial
targets (i.e. nutrient biosynthesis and cell envelope homeostasis) in the
intracellular environment. Although we acknowledge that our genetic and

chemical screen data suggest that LPM is an imperfect mimic of macrophages,
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we were indeed able to identify intracellular-selective antimicrobials that are
otherwise elusive using conventional screens in nutrient-rich growth media. Given
that the intramacrophage screening platform described here is limited to
approximately 1000 compounds/day, the alternative approach using
unconventional growth media, such as LPM, is a preferable option for larger-

scale chemical screening efforts.

We showed that Mg?* depletion increased OM permeability and sensitized S. Tm
to metergoline. OM disruption on depletion of Mg?* is thought to arise because
negatively charged neighbouring LPS molecules are stabilized through the
binding of divalent cations (Nikaido, 2003). The low Mg?* concentrations in
LPM/macrophages offers a compelling explanation for the intracellular activity of
metergoline. Considered with our observation of atypical cell surface
characteristics of intracellular S. Tm, we speculate that the Gram-negative OM is
disrupted in the intracellular environment. This is somewhat paradoxical given
that the environmental cues in LPM/macrophages activate PhoPQ and PmrAB-
regulated lipid A modifications (caused by, e.g., low pH, low Mg?*/Ca?* and
antimicrobial peptides) (Needham and Trent, 2013), most of which are thought to
confer resistance to cation depletion and antimicrobial peptide stress by altering
OM charge. Nevertheless, the impact of these modifications on OM permeability
has not been clearly tested in vivo, and further work is required to disentangle the
relationship between lipid A modifications and resistance to antibiotics in the

intracellular environment.

These findings have important implications for antibiotic drug discovery. By
convention, Gram-negative bacteria are susceptible only to antibiotics capable of
penetrating the OM (e.g. polymyxins and aminoglycosides) or to small hydrophilic
antibiotics that can traverse the OM through porin channels (Delcour, 2009;

Nikaido, 2003). Our work indicates that natural components of the innate immune
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system may sensitize intracellular Gram-negative bacteria to otherwise poorly
penetrating antibacterial compounds in vivo. Moreover, screening for compounds
that are selective for bacteria within macrophages can reveal those that target
conditionally essential genes, due to the unique conditions of the intracellular
environment. Indeed, genes that are essential for growth under conditions that
more closely resemble those during infection is a promising avenue in modern
antibiotic research that has garnered increased attention in recent years (Brown
and Wright, 2016). For complex S. Tm infections that include several bacterial
subpopulations with highly varied gene expression and virulence phenotypes, the
identification of novel antimicrobials with unique targets is critical. We conclude
that intracellular-targeting chemical screening platforms have the potential to
identify small molecules with relatively underexplored targets, a goal of

paramount importance in the current antibiotic resistance era.
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Methods

Ethics statement

All animal experiments were performed according to the Canadian Council on
Animal Care guidelines using protocols approved by the Animal Review Ethics

Board at McMaster University under Animal Use Protocol #17-03-10.

Reagents

Screening stocks (5 mM) of the Pharmakon-1600 (MicroSource) compound
library were stored at -20 °C in DMSO. With the following exceptions, all
chemicals were purchased from Sigma-Aldrich: Ciclopirox (Santa Cruz
Biotechnology), Pergolide (Toronto Research Chemicals), Cabergoline (Toronto
Research Chemicals), Methysergide (Toronto Research Chemicals). Compounds
were routinely dissolved in DMSO at a concentration of 12.8 or 25.6 mg mL™" and
stored at -20 °C. Synthetic analogs of metergoline are described in

Supplementary Methods.

Bacterial strains and culture conditions

All experiments with Salmonella enterica subsp. enterica ser. Typhimurium (S.
Tm) were performed with strain SL1344 or derivatives with the exception of the S.
Tm single-gene deletion collection (Santiviago et al., 2009), which was
constructed in the related S. Tm str. 14028s background. For consistency, in the
experiments presented in Figures 2.1 and 2.3b, the wildtype S. Tm 14028s strain
was used for comparison. For compound screening and secondary assays, S.
Tm SL1344 was transformed with pGEN-/ux (Lane et al., 2007), and SL1344
AtolC was generated by standard methods (Datsenko and Wanner, 2000).
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Briefly, the chloramphenicol resistance cassette from pKD3 was amplified by
PCR with primers Del TolC F (5'-
CAATTATTTTTACAAATTGATCAGCGCTAAATACTGCTTCACAACAAGGAGTA
GGCTGGAGCTGC-3’) and Del TolC R (5'-
AGACCTACAAGGGCACAGGTCTGATAAGCGCAGCGCCAGCGAATAACTTAC
ATATGAATATCCTCCTTAGTTCC-3’) and the resulting amplicon was
transformed into electro-competent S. Tm SL1344 cells harboring the pSim6
plasmid as previously described (Coté et al., 2016; Datta et al., 2006). Successful
recombinants were confirmed by colony PCR using primers Chk TolC F
(5’CGACCATCTCCAGCAGCCAC-3) and Chk TolC R

(5 GAAAAGGCGAGAATGCGGCG-3'). Experiments with Staphylococcus aureus
used a Canadian isolate (CMRSA10) of community-acquired methicillin-resistant
S. aureus USA300 (Christianson et al., 2007).

Overnight cultures of bacteria were inoculated with a single colony and routinely
grown in LB media (10 g L"" NaCl, 10 g L' Tryptone, 5 g L-! yeast extract)
supplemented with antibiotics as appropriate (streptomycin, 150 ug mL";
chloramphenicol, 25 ug mL-'; kanamycin, 50 ug mL"", ampicillin, 100 yg mL-").
Where indicated, bacteria were subcultured 1:100 and grown to mid-log phase in
cation-adjusted MHB (BBL™ Mueller Hinton Il Broth — Cation Adjusted), LPM (5
mM KCI, 7.5 mM (NH4)2SO04, 0.5 mM K2SO4, 10 mM Glucose, 49 uM MgClz, 337
UM PO4%, 0.05% casamino acids, 80 mM MES, pH 5.8), or MOPS glucose
minimal medium (Teknova) supplemented with 40 ug mL" histidine when
growing S. Tm SL1344. For LPM supplementation experiments, MgCl. or
KH2PO4 were added to a final concentration of 10 mM and media was pH

adjusted prior to filter sterilizing. Bacteria were grown at 37°C.

Genetic Screening

44



Ph.D. Thesis — C.N. Tsai; McMaster University — Biochemistry and Biomedical
Sciences

The Salmonella single-gene deletion (SGD) library (Santiviago et al., 2009) was
pinned from frozen DMSO stocks at 384-colony density onto LB agar medium
containing 50 ug mL"" kanamycin using a Singer RoToR HDA (Singer
Instruments) and grown for 18 h at 37°C. The SGD was then grown overnight in
384-well clear flat-bottom plates (Corning) in either MOPS glucose (Figure 2.1a)
or LB (Figure 2.3a) supplemented with 50 ug mL-' kanamycin. The Singer RoToR
HDA was then used to inoculate assay plates (containing 50 uL per well LPM
without casamino acids, MHB, or MHB with 100 ug mL"" metergoline) with a
starting inoculum of approximately 1.7 x 10° CFU per well. Optical density at 600
nm (ODeoo) was measured with a Tecan M1000 Infinite Pro plate reader at the
time of inoculation (To) and after 16 hrs (T+s) incubation at 37°C with shaking at
220 rpm. Growth was calculated by subtracting the pre-reads (T16 — To) and
interquartile-mean normalization for plate and well effects (Mangat et al., 2014).
The interaction score was calculated by dividing normalized growth in the
presence of metergoline by the MHB control. Experiments were performed in

duplicate or triplicate as noted.

Replication of SGD mutants in macrophages

Strains from the Salmonella single-gene deletion library were selected based on
prioritization from genetic screening in LPM (growth < 3.50 from mean of
screening data), along with SPI-1, SPI-2, virulence, motility, and regulatory
genes, and WT to use as controls. Strains of interest were grown overnight in 96-

well clear flat-bottom plates (Corning) in LB in duplicate.

RAW264.7 macrophages were seeded into 96-well plates in DMEM + 10% FBS
at ~10° cells per well and left to adhere for 20-24 hours, incubated at 37°C with
5% CO.. Overnight cultures of bacteria were diluted to obtain an MOI of ~50:1,

then opsonized for 30 min in 20% human serum in PBS at 37°C. Bacteria were
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added to each well, and plates were spun down at 500 x g for 2 min, then
incubated for 30 min at 37°C with 5% CO.. Media was aspirated and replaced
with fresh DMEM containing 100 ug mL-' gentamicin to kill extracellular bacteria
for 30 min at 37°C with 5% CO2. For half the plates, RAW264.7 cells were
washed once with PBS, then scraped from the wells and lysed in PBS containing
1% (v/v) Triton-X100, 0.1% (w/v) SDS. Bacterial colony-forming units (CFU) from
each well were enumerated by serially diluting in PBS and plating on LB plates
(To counts). For the other half of the plates, RAW264.7 cells were washed once
with PBS, then fresh DMEM was added and cells were incubated at 37°C with
5% COg. After 7 h, RAW264.7 cells were washed once with PBS, then scraped
from the wells and lysed in PBS containing 1% (v/v) Triton-X100, 0.1% (w/v)
SDS. Bacterial CFU from each well were enumerated by serially diluting in PBS
and plating on LB plates (T7 counts). CFU were averaged (two technical
replicates per assay plate) and a CFU ratio (CFU at T7 divided by To) was

calculated to represent fold replication over the course of the experiment.

High-throughput compound screening

For chemical screening in LPM, an overnight culture of S. Tm SL1344 was
subcultured 1:100 in LB, grown to an ODego of 0.5, then diluted 40-fold into LPM
and grown to an ODeoo of 0.3 before a final 1:150 dilution into LPM. Bacterial
culture (50 pL) was dispensed into 96-well black, clear flat-bottom (Corning)
plates and then 50 pL of each compound (diluted to 20 uM in LPM) was added
for a final concentration of 10 uM compound and ~2x10* CFU per well. The ODeoo
was read immediately after compound addition (To) and then 16 hrs later (T+1s).
Plate and well effects were normalized by interquartile-mean based methods
(Mangat et al., 2014) and compounds reducing growth more than 3o below the
mean were considered primary screen actives. Screening was performed in

triplicate.
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For the screen against intramacrophage S. Tm, RAW264.7 macrophages were
seeded 16 hrs prior to infection at ~2 x10° cells per well in 96-well black, clear
flat-bottom plates (Corning) in DMEM + 10% FBS and were incubated at 37°C
with 5% COo. S. Tm str. SL1344 transformed with pGEN-/ux was grown overnight
in LB with 100 ug mL"" ampicillin, diluted to obtain a multiplicity of infection (MOI)
of 100:1, then opsonized for 30 min in 20% human serum (Innovative Research)
in PBS at 37°C. An equal volume of bacteria (100 puL) was added to
macrophages and plates were centrifuged at 500 x g for 2 min followed by a 30
min incubation at 37°C with 5% CO-. Media was then aspirated and replaced with
fresh DMEM containing 100 ug mL-' gentamicin to eliminate extracellular
bacteria, and plates were incubated for 30 mins at 37°C with 5% CO.. Infected
cells were washed with PBS prior to addition of 100 uL of DMEM containing
compound at 10 uM. Luminescence was read immediately after compound
addition (T,) and plates were then incubated for 3 hr at 37°C with 5% CO..
Luminescence was measured a second time after media was replaced with fresh
DMEM + 10% FBS (T3) and plates were incubated for a further 3hr before

luminescence was measured a final time (Trinai).

Secondary screening of compounds in macrophages

130 priority compounds were selected based on prioritization from chemical
screening in LPM and macrophages. Infection assays in RAW264.7
macrophages were performed as described above, with the following
modifications: macrophages were seeded at 10° cells per well, macrophages
were pretreated with 100 ng mL-' LPS from Salmonella enterica serovar
Minnesota R595 (Millipore), and an MOI of 50:1 was used. Compounds were
serially diluted two-fold starting at 5 mM to achieve a final concentration of 50 uM

with 1% DMSO in DMEM. Luminescence was read immediately after compound
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addition (To), and plates were incubated for 20 h at 37°C with 5% CO- before
luminescence was read again (T20). Luminescence readings were averaged (two
technical replicates per assay plate) and a luminescence ratio (luminescence at
Too divided by To) was calculated to represent fold replication over the course of
the experiment. Minimal inhibitory concentrations (MICs) were estimated based

on ability to reduce luminescence by at least 10-fold.

Cytotoxicity assays

RAW264.7 macrophages were seeded into 96-well plates in DMEM + 10% FBS
and 100 ng mL" LPS from Salmonella enterica serovar Minnesota R595
(Millipore) and left to adhere for 20-24 h, incubated at 37°C with 5% CO..
Compounds were premixed into DMEM at a final concentration of 50 uM with 1%
DMSO, then added to wells. After 2 hours of compound treatment, the culture
supernatant was collected for analysis of lactate dehydrogenase release.
Cytotoxicity was quantified colorimetrically with the Pierce LDH cytotoxicity kit
where LDH activity is measured by subtracting Absorbance at 490 nm from
Absorbance at 680 nm. Lysis control wells were treated with 10X lysis buffer for 1
hour. Percent cytotoxicity was calculated with the formula:

LDHCompound Treated ~— LDHSpontaneous

x 100%
LDHyaximum — LDHSpontaneous

where LDHspontaneous is the amount of LDH activity in the supernatant of untreated
cells and LDHwmaximum is the amount of LDH activity in the supernatant of lysis
control wells. The LDH activity in cell-free culture medium was subtracted from

each value prior to normalization.

Bone marrow-derived macrophage assays
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Bone marrow-derived macrophages (BMMs) were collected from the femur and
tibia of 6-10 week old female C57BL/6 mice (Charles River Laboratories) and
differentiated in RPMI (Gibco) + 10% FBS + 10% L-sup (L929 fibroblast
conditioned medium) + 100 U penicillin-streptomycin for 7 days at 37°C and 5%
CO:s.. Differentiated BMMs were seeded 20-24 h prior to infection in 96-well plates
at 10° cells per well in RPMI + 10% FBS + 100 ng mL™" Salmonella enterica
serovar Minnesota R595 (Millipore) and incubated at 37°C with 5% CO.. Infection
assays were performed as described for RAW264.7 macrophages, with the
following modifications: bacteria were not opsonized prior to infection, and an
MOI of 50:1 was used. Compounds were added to wells as described previously

(see Secondary screening of compounds in macrophages).

Chequerboard analyses and compound potency analysis

A single colony of freshly streaked bacteria was used to inoculate LB with
appropriate antibiotics (150 ug mL™" streptomycin for S. Tm str. SL1344 and
derivatives, 25 ug mL" chloramphenicol for SL1344 AtolC or AphoP). Overnight
cultures were diluted 100-fold into antibiotic-free MHB or LPM, as appropriate,
and grown to mid-log phase (ODeoo = 0.4-0.8). Subcultures were then diluted to
an ODsgo = 0.0001 (~1x10° cfu mL™") in assay media and 150 L of this dilution
was added to each well of the 96-well assay plate. For chequerboard
experiments, an 8x12 matrix of two compounds was created with two-fold serial
dilutions of each compound. Metergoline, CCCP, nigericin, and valinomycin were
dissolved in DMSO, and polymyxin B, polymyxin B nonapeptide, and EDTA were
dissolved in water. After addition of bacteria, plates were incubated at 37°C with
shaking for 16 hours, at which time the ODeoo was measured. The minimum
inhibitory concentrations (MIC) for various compounds were determined using 11
two-fold dilutions and growth was measured after 16 hours. The MIC was the

concentration that inhibited growth >95% when compared to the solvent control.
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In all experiments, DMSO was present at a final concentration <2% (routinely
1%).

NPN Uptake Assay

Uptake of the lipophilic dye N-phenyl-1-naphthylamine (NPN) was measured
essentially as previously described 3. Briefly, overnight cultures of S. Tm were
diluted 50-fold into LB and grown to mid-log (ODeoo = 0.5), then diluted again 100-
fold into variants of LPM, MHB, or MHB with 10 mM EDTA, and grown to late-
exponential phase (ODsoo ~1.2). Cells were harvested by centrifugation, washed
in 5 mM HEPES, pH 7.2, then resuspended to a final ODesoo = 1.0. The cell
suspension (50 uL), 40 uM NPN (50 pL), and 5 mM HEPES, pH 7.2 (100 uL)
were mixed in black clear flat-bottom 96-well plates immediately before
measuring fluorescence (excitation, 340 nm; emission 415 nm) in a Tecan M1000
Infinite Pro plate reader. Background fluorescence of each preparation of cells

was subtracted along with background fluorescence of NPN in buffer.

Atomic force microscopy (AFM)

BMMs were differentiated as described above, and then seeded 16 hours prior to
infection in 6-well plates at 5 x 10° cells per well in RPMI + 10% FBS + 100 ng
mL-' Salmonella enterica serovar Minnesota R595 (Millipore) and incubated at
37°C with 5% CO2. Bacteria were added at an MOI of 100:1 and were allowed to
infect for 30 minutes, after which media was aspirated and replaced with fresh
RPMI containing 100 ug mL-' gentamicin (to kill extracellular bacteria) for 30
minutes at 37°C with 5% CO». Media was then aspirated and replaced with fresh

RPMI, and macrophages were scraped into the media.

50



Ph.D. Thesis — C.N. Tsai; McMaster University — Biochemistry and Biomedical
Sciences

20 uL of suspended macrophages was then transferred to a hydrophilic
polycarbonate 0.2 um Millipore Isopore GTTP filter (Merck Millipore), with a
Kimwipe (Kimberly-Clark Professional) underneath to remove liquid without
vacuum. Filters were attached to a glass slide with an adhesive and examined
using AFM. Macrophages lysed immediately upon removal of medium, with
bacterial cells remaining intact for surface scanning. For bacteria grown in LPM
or MHB, cells were grown to mid-log phase (ODesoo ~ 0.5), then 20 uL of the
suspension was placed on the same filter as above. The liquid was removed with
a Kimwipe as previously described, then 20 yL of 10 mM MES pH 5.5 was
overlaid, and liquid removed. Filters were mounted on a glass slide and
examined with AFM.

A Bruker BioScope Catalyst AFM, with a Nanoscope V controller, was used to
scan bacterial surfaces. For each sample, a 0.65 ym thick SisN4 triangular
cantilever was used (Scan Asyst AIR, Bruker), with a symmetric tip and spring
constant of ~0.4 N m™'. All AFM was done at 25°C (ambient room temperature),
with a scan rate of 0.5 Hz and 256 samples per line resolution. Scanning was
done in PeakForce quantitative nanomechanical mapping mode. All downstream
image processing was done using NanoScope software (Bruker). For scans of
whole cells, scans were fit to a plane to normalize the Z-Height. For scans of
bacterial surface topology, images were flattened using a second order
transformation to account for subtle cell curvature, and surface topography was

calculated from cross sections of these image scans.
DiSC3(5) assay
Subcultures of WT S. Tm or MRSA were grown to late-exponential phase (ODsoo

~ 1) in MHB (MRSA) or MHB with 10 mM EDTA (S. Tm). Gram-negative outer

membrane disruption is required for the highly lipophilic 3'3-
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dipropylthiadicarbocyanine iodide (DiSC3(5)) to access the cytoplasmic
membrane (Zhang et al., 2000). Cells were harvested by centrifugation, washed
twice in buffer (56 mM HEPES, pH 7.2, 20 mM glucose), and then resuspended in
buffer to a final ODepo=0.085 with 1 uM DiSC3(5). For the experiment presented in
Supplementary Figure 2.4b, 100 mM KCI was added to the cell suspension
containing DiSC3(5). After a 20 min incubation at 37°C, 150 pL of DiSC3(5)
loaded cells was added to two-fold dilutions of metergoline, valinomycin, or
CCCP in 96-well black clear-bottom plates (Corning) and fluorescence (excitation
=620 nm, emission = 685 nm) was read 1 min later using a Tecan M1000 Infinite
Pro plate reader. The fluorescence of metergoline diluted in buffer was negligible
(<200 a.u.). The fluorescence intensity was stable (<5% fluctuation) for at least

15 min when the plate was shielded from light.

Measurement of intracellular ATP levels

WT S. Tm was grown in MHB with 1 mM EDTA to early-log phase (ODeoo = 0.2)
and then grown in the presence of metergoline or CCCP for 30 minutes in clear
flat-bottom 96-well plates. The ODeoo was determined immediately before ATP
levels were measured using a BacTiter-Glo™ Microbial Cell Viability Assay
(Promega), according to manufacturer instructions, in a white 96-well plate using
an EnVision plate reader (PerkinElmer). Relative ATP levels were calculated by
dividing relative light units (RLU) by the ODesoo (RLU/OD).

Animal infections

Before infection, mice were relocated at random from a housing cage to
treatment or control cages. Six- to ten-week-old female C57BL/6 mice (Charles
River Laboratories) were infected intraperitoneally with ~10° cfu S. Typhimurium
SL1344 in 0.1 M Hepes (pH 8.0) with 0.9% NaCl. Metergoline was administered
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at 5 mg kg™' via intraperitoneal injection, solubilized in 5% DMSO in DMEM. 5%
DMSO in DMEM was given to vehicle control groups of mice. Metergoline
treatments were administered every 12 hours for the duration of infection,
beginning at either the time of infection or 12 hours post-infection, as indicated
per experiment. Clinical endpoint was determined using body condition scoring
analyzing weight loss, reduced motility, and hunched posture. Experimental
endpoint was defined as 60 hours post-infection for CFU comparison
experiments; at this time point S. Tm-infected mice have undergone ~10-12%
weight loss and display signs of clinical iliness. At experimental endpoint, mice
were euthanized, and the spleen, liver, cecum, and colon were aseptically
collected into ice-cold PBS and homogenized. Bacterial load in each tissue type
was enumerated from organ homogenates serially diluted in PBS and plated onto

solid LB supplemented with 100 ug mL™" streptomycin.

Serial passage in the presence of metergoline

Freshly streaked colonies of MRSA or Ato/lC S. Tm (3 colonies for each strain)
were grown overnight in MHB. Each culture was diluted 500-fold into MHB and
150 pL of each sample was added to 2-fold dilutions of metergoline in a 96-well
plate. After 24 h incubation at 37°C with shaking, the well with the highest
concentration of metergoline and visible growth (defined as 1/2x MIC) was diluted

500-fold into fresh MHB and the assay repeated.

Statistical analysis

Data were analyzed using RStudio version 1.0.143 with R version 3.2.2,
GraphPad Prism 6.0 software (GraphPad Inc., San Diego, CA). Specific
statistical tests and multiple test corrections are indicated in figure legends. P

values of <0.05 were considered significant.
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Figure 2.1. Genetic requirements for S. Tm growth in host-mimicking media and

macrophages.

a Index plot showing normalized growth of mutant strains from the Salmonella

single-gene deletion (SGD) collection in LPM media, sorted in order of
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chromosomal position of deleted genes. Values shown per strain represent the
calculated mean growth of three replicate screens, normalized to account for
plate and positional effects. Points below the red dotted line represent genes with
growth values less than 3.5 s.d. from the mean of the dataset. Strains that
exhibited low growth and were used in follow-up experiments are labeled. b
Replication of selected mutant strains from the SGD collection in RAW264.7
macrophages over 7 hours. Wildtype (WT) and AssaR strains (black bars) were
used as controls for high and low replication, respectively. Bar plots depict the
mean fold-change in bacterial burden between 0 and 7 h of intracellular infection,
measured from two technical replicates. ¢ Cartoon representing the overlap
between genes essential for growth in LPM or within RAW264.7 macrophages,

and dispensable genes in S. Tm represented in the SGD.
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Figure 2.2
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Figure 2.2. Chemical screen identifies novel compound activities against

intracellular S. Tm.
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a Screening workflow to identify compounds with intracellular antimicrobial
activity against S. Tm grown in acidic LPM media and internalized in RAW264.7
macrophages. Secondary screening pipeline is shown below with the number of
compounds remaining at each step to the left. b Potency and toxicity analysis of
all primary screen actives represented as a heat map. Shown are the minimum
inhibitory concentrations (MIC) for all compounds against S. Tm grown in MHB,
LPM, MOPS (ODsoo) and inside RAW264.7 macrophages (luminescence, RLU);
the final column (Toxicity) reports lactate dehydrogenase release from RAW264.7
macrophages after 2 h of exposure to 50 uM compound. All values shown reflect
the mean of duplicate measurements. ¢ Intracellular S. Tm replication measured
in primary bone marrow-derived macrophages (BMMs) isolated from C57BL/6
mice. Relative growth reflects replication over 4 h, normalized to bacterial growth
in BMMs treated with DMSO. Compounds were added at 8, 64, and 128 ug mL™",
as shown in increasing concentrations for each. Bar plots depict the mean of
three independent biological replicates, error bars indicate s.e.m. Groups were
compared via two-way ANOVA with Bonferroni correction for multiple testing.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. d Potency analysis of S. Tm
growth inhibition for bromperidol, metergoline, ciclopirox, ethopropazine in MHB
(black) and LPM (grey). Growth is normalized to a DMSO control (set to 100%),

error bars indicate s.e.m. for two biological replicates.
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Figure 2.3
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Figure 2.3. Impact of OM integrity and efflux on metergoline activity in MHB and
LPM.

a Index plot showing sensitivity of SGD collection mutant strains grown in MHB
with 100 yg mL™" metergoline. Strains are sorted based on chromosomal position
of the deleted gene. The chemical-genetic interaction score was calculated by
dividing normalized growth of each mutant in the presence of metergoline divided

by normalized growth in MHB. Red lines indicate 3 s.d. from the mean of the
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dataset and values represent the mean of duplicate screens. The deleted genes
within sensitive (below red) or resistant (above red) mutant strains are indicated.
b Intracellular S. Tm (WT str. 14028S and indicated SGD mutants) replication
measured in bone-marrow derived macrophages isolated from C57BL/6 mice,
treated with 8 ug mL-" metergoline. Relative growth reflects replication over 4 h,
normalized to bacterial growth in macrophages treated with DMSO. Bar plots
depict the mean of three independent infections, error bars indicate s.e.m. SGD
mutant groups were compared to WT S. Tm with a Kruskal-Wallis test with
Dunn’s multiple test correction. *P<0.05, ***P<0.001. ¢ Chequerboard broth
microdilution assay showing dose-dependent potentiation of metergoline by
membrane-perturbing agents against S. Tm grown in MHB. Where indicated,
sodium bicarbonate was added to media at a final concentration of 25 mM. d As
in panel ¢ but with a AtolC strain of S. Tm. e Chequerboard assay showing
antagonism between Mg?* and metergoline in LPM. In panels ¢, d, e, higher
growth is indicated in dark blue and no detectable growth in white. Results are
representative of at least two independent experiments. f NPN uptake assay for
WT S. Tm grown in variants of LPM, MHB, or MHB with 10 mM EDTA. Values
were normalized to account for background fluorescence prior to plotting. Bar
plots depict the mean of triplicate experiments, error bars indicate s.d. All groups
were compared to MHB via one-way ANOVA with Holm-Sidak’s multiple test

correction. ****P<0.0001.
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Figure 2.4
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Figure 2.4. Atomic force microscopy (AFM) on S. Tm grown in MHB, LPM, or

bone-marrow derived macrophages.

Images taken at increasing resolution as well as a 3D surface projection are
shown for bacteria grown in a MHB, b LPM, or ¢ immediately following lysis of
infected macrophages (see Materials and Methods). Two-dimensional surface
roughness projects (far right) show the surface topology of each sample. Scale
bars from left to right show the following distance: a 2 uM, 0.1 uM, 0.4 uM; b 1
MM, 0.1 uM, 0.4 uM; ¢ 4 pM, 1 uM, 0.1 uM, 0.4 pM
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Figure 2.5
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Figure 2.5. Metergoline is bacteriolytic and perturbs the S. Tm cytoplasmic

membrane.

a Turbidity of cultures of S. Tm Ato/C in MHB after growth to mid-log phase (left,
inoculum) then 2.5 h of growth at 37°C in the presence of metergoline (200 ug
mL-"), ampicillin (16 ug mL"), erythromycin (16 yg mL"), or a DMSO control.
Note that erythromycin is bacteriostatic and culture turbidity did not change
relative to the inoculum; ampicillin (bactericidal) and metergoline both cleared
culture turbidity. b DiSC3(5) assay on late-log phase S. Tm grown in MHB
supplemented with 10 mM EDTA to enable DiSC3(5) binding to the cytoplasmic
membrane. Cells were loaded with DiSC3(5) prior to a 1 min incubation with
increasing concentrations of metergoline. Bar plots depict the mean of two
biological replicates, error bars indicate s.d. All groups were compared against 0
ug mL-" metergoline via one-way ANOVA with Holm-Sidak’s multiple test
correction. ****P<0.0001. ¢ Chequerboard broth microdilution assay showing

synergy between metergoline and CCCP against S. Tm grown in MHB with 10
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mM EDTA or LPM. d S. Tm grown in MHB with 1 mM EDTA to early-log phase,
then exposed to metergoline for 30 min. Cellular ATP levels were estimated by
luciferase activity (relative light units, RLU) normalized to optical density (ODeoo).
Bar plots depict the mean of two biological replicates, error bars indicate s.d.
Groups were compared against 0 ug mL-' metergoline via one-way ANOVA with

Holm-Sidak’s multiple test correction. ****P<0.0001.
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Figure 2.6
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Figure 2.6. In vivo efficacy of metergoline in a murine model of systemic S. Tm

infection.

C57BL/6 mice were infected intraperitoneally with ~10° CFU S. Tm. a Groups of
mice were treated twice daily (every 12 h) with metergoline (5 mg kg™, red bars)
or DMSO (5% in DMEM, blue bars) by i.p. injection. Treatments were
administered beginning at the time of infection. Mice were euthanized at
experimental endpoint (60 h post infection). Bacterial load in the spleen, liver,
cecum, and colon was determined by selective plating on streptomycin. Data
shown are the means of three separate experiments (n=5 per group). Box plot
whiskers show the minimum to maximum values per group, lines in box plots
show the median of each group. Groups were analyzed with a two-way ANOVA
and corrected for multiple comparisons with a Holm-Sidak test. b For survival
experiments, groups of mice were treated twice daily (every 12 h) beginning at
the time of infection with metergoline (5 mg kg™, red) or DMSO (5% in DMEM,
blue) by i.p. injection, and were euthanized at clinical endpoint. Survival curves
shown are from three separate experiments (n=5 per group). Groups were

analyzed with a Gehan-Breslow-Wilcoxon test for survival curve differences.
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Tables
Table 2.1
Minimum Inhibitory Concentration (ug mL™") RAW264.7
S. TmWT AtolC  MRSA  Growth®  Toxicity (%)
Compound? MHB EDTA®> LPM MHB MHB
metergoline >128 64 128 32 32 0.08 2.9
@fr&
N
MLBC-01 >128 32 128 8 16 0.07 18.07
A\/\)Q\N N-Me
SN
N
MLBC-02 >128 8 32 4 0.5 0.08 8.9

o
X N N,Me
H H

Cl D
B

N

N\

Me

Table 2.1. Structure activity relationship analysis of metergoline and two synthetic

analogues.

aBlue highlights in chemical compounds depict structural differences between
metergoline and MLBC-01 and MLBC-02

WT S. Tm was grown in MHB with 10 mM EDTA

°Intracellular activity was measured by addition of 8 ug mL™' compound to
RAW264.7 macrophages infected with WT S. Tm and is reported as fold-growth
inhibition relative to a DMSO-treated control

dToxicity was estimated by lactate dehydrogenase release from uninfected
RAW264.7 cells

All numbers reflect the mean from two (MIC) or three (RAW264.7) experiments.
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Supplementary Figures
Supplementary Figure 2.1
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Supplementary Figure 2.1. Optimization of intracellular screening workflow.

a Colony forming unit (CFU) to luminescence correlation from S. Tm transformed
with the pGEN plasmid expressing constitutive luciferase from the em7 promoter
(PGEN-/ux). b Luminescence (relative light units, RLU) and CFU of S. Tm
transformed with pGEN-/ux, internalized in untreated (left) or DMSO-treated
(right) RAW264.7 macrophages, measured directly after gentamicin treatment to
kill extracellular bacteria (0 h) and 16 h later. Bar plots depict the mean of 4-6
biological replicates, error bars indicate s.e.m. ¢ S. Tm (dark grey) and S. Tm
transformed with pGEN-/ux (light grey) were internalized into RAW264.7
macrophages and treated with DMSO (left) or 200 ug mL-' metergoline (right).

Macrophages were lysed and CFU were enumerated immediately after
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gentamicin treatment (0 h), at 3 h post-infection, and at 6 h post-infection. Bar

plots depict the mean of 6 biological replicates, error bars indicate s.e.m.
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Supplementary Figure 2.2
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Supplementary Figure 2.2. Impact of LPM or mutants on metergoline activity.

a Chequerboard broth microdilution assay measuring synergy between
metergoline and polymyxin B in LPM. S. Tm WT, AtolC, or AphoP were grown in
LPM with the indicated concentrations of polymyxin B and metergoline. Darker
colour indicates higher cell density. b Chequerboard broth microdilution assay
measuring synergy between metergoline and polymyxin B in MHB. In a and b,
data shown are representative of at least two experiments. C Potency analysis of
metergoline, rifampicin, mupirocin, or vancomycin in MHB or variants of LPM.
LPM was adjusted to pH 7.0 or supplemented with 10 mM MgCl. or 10 mM PO4*
as indicated. Residual growth was calculated as a percentage relative to an
untreated control in each media. Points and error bars show the mean and s.e.m.

from two biological replicates.
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Supplementary Figure 2.3
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Supplementary Figure 2.3. Activity of metergoline against methicillin-resistant
Staphylococcus aureus (MRSA).

a Chequerboard broth microdilution assay showing synergy between polymyxin B
and metergoline against MRSA grown in MHB, or MHB supplemented with 25
mM bicarbonate (HCO3"). b Intracellular replication of MRSA measured in bone-
marrow derived macrophages isolated from C57BL/6 mice. Relative growth
reflects replication over 4 h, normalized to bacterial growth in macrophages
treated with DMSO. Metergoline was added at the indicated concentrations. Bar
plots depict the mean of 9 biological replicates, error bars indicate s.e.m. ¢ The
effect of metergoline on cytoplasmic membrane potential was measured by the
DiSC3(5) assay, following a 1 min exposure to the indicated concentrations of
metergoline. Bar plots depict the mean fluorescence of three biological replicates,
error bars indicate s.e.m. All groups were compared to 0 ug mL-' metergoline via
one-way ANOVA with Holm-Sidak’s multiple test correction. ***P<0.001,

****P<0.0001. d Chequerboard analysis showing synergy between metergoline
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and CCCP against MRSA grown in MHB. In a and b darker colour indicates

higher bacterial growth and data are representative of two experiments.
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Supplementary Figure 2.4
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Supplementary Figure 2.4. Serial-passage experiment with metergoline and

control experiments for DiSC3(5) and ATP assays.

a The MIC of metergoline against three independent lineages of MRSA or AtolC
S. Tm was measured daily for 10 d (see Methods). Cells from the highest
concentration of metergoline with detectable growth were used each day to
inoculate MIC plates. Points show the MIC for individual lineages and the
connected line shows the mean MIC. b-c Effect of metergoline, valinonmycin (b),
and CCCP (c) on inner membrane potential was measured by the DiSC3(5)
assay. WT S. Tm was grown in MHB with 10 mM EDTA to an ODego ~ 1. Cells
were loaded with DiSC3(5) prior to 1 min incubation with compound. Note that
100 mM KCI was added to cells in b as valinomycin in K*-dependent. Error bars
show s.e.m. for technical triplicates. d WT S. Tm was grown in MHB with 1 mM
EDTA to ODeoo = 0.2 and then grown in the presence of CCCP for 30 min at

37°C. Cellular ATP levels were estimated by luciferase activity (relative light units,
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RLU) normalized to optical density (ODeoo). Bar plots depict the mean of two

biological replicates, error bars indicate s.d.
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Supplementary Figure 2.5
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Supplementary Figure 2.5. In vivo efficacy of metergoline following delayed

treatment administration.

a Groups of mice were treated twice daily (every 12 h) with metergoline (5 mg kg
', red), or DMSO (5% in DMEM, blue) by i.p. injection. Treatments were
administered beginning 12 h after initial infection. Mice were euthanized at
experimental endpoint (60 h post-infection). Bacterial load in the spleen, liver,
cecum, and colon was determined by selective plating in the presence of 150 ug
mL-" streptomycin. Data shown are from three separate experiments (n=5 per
group). Box plot whiskers show the minimum to maximum values per group, lines
in box plots show the median of each group. Groups were analyzed with a two-
way ANOVA and corrected for multiple comparisons with a Holm-Sidak test. b
For survival experiments, groups of mice (n=10) were treated twice daily (every
12 h) with metergoline (5 mg kg™, red), or DMSO (5% in DMEM, blue) by i.p.
injection, and were euthanized at clinical endpoint. Treatments were administered
beginning 12 h after initial infection. Survival curves shown are from two
independent experiments. Groups were analyzed with a Gehan-Breslow-
Wilcoxon test for survival curve differences. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001.
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Supplementary Figure 2.6
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Supplementary Figure 2.6. Structure of metergoline analogues.

Structural features differing from metergoline are indicated in blue.
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Supplementary Figure 2.7
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Supplementary Figure 2.7. NMR spectra for aminomethyl ergoline (S1).

a '"H NMR, 700 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound 81 is shown.
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Supplementary Figure 2.8

o
Eto)l\“ N'me
Xy
N
Me
s2
PR T T TTHT YT OTY £
1‘0
b ¥ R B

|llh
i

Supplementary Figure 2.8. NMR spectra for ethyl carbamate derivative (S2).

a '"H NMR, 700 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound S2 is shown.
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Supplementary Figure 2.9
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Supplementary Figure 2.9. NMR spectra for N-Boc ergoline derivative (S3).

a '"H NMR, 700 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound 83 is shown.
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Supplementary Figure 2.10

sS4
oy T ¢ Ty o T
i AN RV 2KV
o
28"
N\
N
Me
L L
‘
8 0 0 0 0 0 0 1‘00 80 0 0 0 0 0

Supplementary Figure 2.10. NMR spectra for N-Acetyl ergoline derivative (S4).

a '"H NMR, 600 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound S4 is shown.
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Supplementary Figure 2.11
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Supplementary Figure 2.11. NMR spectra for N-(N’-Benzyl) urea derivative (S5).

a '"H NMR, 700 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound S5 is shown.
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Supplementary Figure 2.12
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Supplementary Figure 2.12. NMR spectra for N-(2-Phenylethylsulfonyl) ergoline
derivative (S6).

a '"H NMR, 600 MHz, CDCls. b '*C NMR, 150 MHz, CDCls. The structure of

compound S6 is shown.
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Supplementary Figure 2.13
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Supplementary Figure 2.13. NMR spectra for N-(3-Phenylpropyl) ergoline
derivative (S7).

a '"H NMR, 600 MHz, CDCls. b '*C NMR, 150 MHz, CDCls. The structure of

compound S7 is shown.
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Supplementary Figure 2.14
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Supplementary Figure 2.14. NMR spectra for N-Benzoyl ergoline derivative (S8).

a '"H NMR, 600 MHz, CDCls. b '*C NMR, 150 MHz, CDCls. The structure of

compound S8 is shown.
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Supplementary Figure 2.15
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Supplementary Figure 2.15. NMR spectra for N-Phenylacetyl ergoline derivative
(S9).

a '"H NMR, 700 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound 89 is shown.
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Supplementary Figure 2.16
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Supplementary Figure 2.16. NMR spectra for N-(3-Phenylpropanoyl) ergoline
derivative (S10).

a '"H NMR, 700 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound S10 is shown.
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Supplementary Figure 2.17
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Supplementary Figure 2.17. NMR spectra for N-L-Phenylalanyl ergoline
derivative (S11).

a '"H NMR, 600 MHz, CDCls. b '*C NMR, 150 MHz, CDCls. The structure of

compound S11 is shown.
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Supplementary Figure 2.18
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Supplementary Figure 2.18. NMR spectra for N-(N-Boc-L-Phenylalanyl) ergoline
derivative (S12).

a '"H NMR, 700 MHz, CDCls. b '*C NMR, 175 MHz, CDCls. The structure of

compound 812 is shown.
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Supplementary Figure 2.19
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Supplementary Figure 2.19. NMR spectra for N-trans-Cinnamoyl! derivative
(MLBC-01).

a '"H NMR, 700 MHz, CDCls. b *C NMR, 175 MHz, CDCls. The structure of
compound MLBC-01 is shown.
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Supplementary Figure 2.20
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Supplementary Figure 2.20. NMR spectra for N-trans-Cinnamoyl! derivative
(MLBC-02).

a '"H NMR, 700 MHz, CDCls. b *C NMR, 175 MHz, CDCls. The structure of
compound MLBC-02 is shown.
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Supplementary Tables
Supplementary Table 2.1

Category Parameter
Assay Type of assay
Target

Primary measurement

Assay protocol

Library Library size
Library composition

Source
Screen Format

Concentration(s) tested
Plate controls

Reagent/compound
dispensing system
Detection instrument and
software

Assay validation/QC

Correction factors

Normalization

Post-HTS  Hit criteria
analysis

Hit rate

Additional assay(s)

Description

Cell-based

Whole organism Salmonella
Typhimurium SL1344
Measurement of optical density at
600 nm, luminescence

Methods section

‘High-throughput compound
screening’

1600

Synthetic small molecules, off-
patent FDA approved molecules,
known bioactives

Microsource

96-well plates (Corning), 3
replicates

10 uM, 0.2% DMSO

High controls: 0.1% DMSO

Low controls: 100 ug/mL rifampicin
Biomek FX liquid handler (Beckman
Coulter Inc., Fullerton, CA)
Envision (Perkin Elmer, Waltham,
MA)

For LPM screen: average (n=3) Z'
score = 0.713, for RAW264.7 data
see Figure S1

Optical density readings were
background corrected;
Luminescence values were
normalized to To

Plate and well effects normalized
with interquartile mean
Compounds reducing normalized
growth more than 3o below the
LPM, 4.68%; RAW264.7, 6.44%
Dose-response and MIC
determination in vitro and in
macrophages

Supplementary Table 2.1. Small molecule screening data.
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Supplementary Table 2.2

Minimum Inhibitory Concentration (ug mL™") RAW264.7
S. TmWT AtolC MRSA  Growth®  Toxicity
(%)°
Compound MHB EDTA? LPM MHB MHB
Metergoline >128 64 128 32 32 0.08 29
nicergoline >128 64 >128 128 128 0.59 7.37
pergolide >128 >128 >128 >128 >128 0.93 18.81
cabergoline >128 >128 >128 >128 >128 0.75 17.24
methysergide >128 >128 >128 >128 >128 1.01 15.57
S1 >128 16 >128 >128 >128 0.39 6.01
S2 >128 128 >128 >128 >128 0.85 6.94
S3 >128 >128 >128 128 >128 0.23 14.02
S4 >128 >128 >128 >128 >128 0.84 16.54
S5 >128 128 >128 64 128 0.49 14.95
S6 >128 64 128 64 64 0.08 19.86
S7 >128 32 64 64 16 0.58 17.78
S8 >128 128 >128 128 >128 0.65 17.60
S9 >128 128 >128 >128 >128 0.86 19.18
S10 >128 >128 >128 128 >128 0.87 20.78
S11 >128 32 64 >128 >128 0.56 12.64
MLBC-01 >128 32 128 8 16 0.07 18.07
MLBC-02 >128 8 32 4 0.5 0.08 8.9

Supplementary Table 2.2. Activity of metergoline and 17 structurally related

compounds.

aWT S. Tm was grown in MHB with 10 mM EDTA

bIntracellular activity was measured by addition of 8 ug mL-' compound to
RAW264.7 macrophages infected with WT S. Tm and is reported as old-growth
inhibition relative to a DMSO-treated control

“Toxicity was estimated by lactate dehydrogenase release from uninfected
RAW264.7 cells

All numbers reflect the mean from two (MIC) or three (RAW264.7) experiments.
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Supplementary Table 2.3

Position

1
2
3
4

10

11
12

13
14
15
16
17
18
19

8C, mult

32.9
122.7
110.7
271

67.5

434
61.6

36.8

43.5

32.2

40.4

133.3
112.7

122.8
107.0
134.5
126.6

170.3
23.6

CHz3
CH
C
CH2

CH

CHz3
CH2

CH

CH2

CH2

CH

Cc
CH

CH
CH
Cc
Cc

Cc
CHz3

8H, (mult, J in Hz, integration)
3.76 (s, 3H)
6.73 (s, 1H)

2.70 (dd, J = 14.7, 10.6 Hz, 1H,
ax)

3.38 (dd, J=14.6, 4.3 Hz, 1H,
eq)

2.16 (td, J = 10.6, 4.3 Hz, 1H)
2.48 (s, 3H)

1.99 (dd, J=11.3, 11.1 Hz, 1H,
ax)
3.05(d, J=11.1 Hz, 1H, eq)

2.07-2.13 (m, 1H)

3.27 (m, J=13.5, 6.0 Hz, 1H,
g‘.)29 (m, J=13.5,6.8 Hz, 1H,
‘IB.)17 (g, J=12.4 Hz, 1H, ax)
2.65 (m, 1H, eq)

2.97 (ddd, J=12.4,10.6, 3.4
Hz)

6.89 (d, J = 7.1 Hz, 1H)

7.18 (dd, J= 7.1, 8.1 Hz, 1H)
7.11(d, J = 8.1 Hz, 1H)

5.57 (brs, 1H)

2.03 (s, 3H)

COSY

H4eq, Haax

H2, Hdeq, H5
H2, H4ay, H5

Hdax, Hdeq,
H10

H7eq, H8

H7.x, H8
H8'A, H8'B,
H7ax, H7eq,
H9ax, HOeq
H8, H8'B

H8, HO%q,
H10
H8, H9xy,
H10
HS5, HOqy,
H9:x

H13

H12, H14
H13

H8'A, H8'B

HMBC
C2,C15
C1', C3, C15,C16
C2,C3,C5,C10
C2, C3, C5, C10, C16
C4, C6', C7, C9, C10

C4,C5,C7,C8
C5, C6', C9

C5, C6', C8, C9
Cc7

C7,C8, C9, C18

C5, C7, C8, C8', C10,
C11
C5, C7,C8,C10

C5, C9, C11

C3, C10, C13, C14, C15,
C16
C11, C12, C15, C16

C11,C12,C16

Cc18

Cc18

Supplementary Table 2.3. NMR data for N-acetyl ergoline derivative S4.

"H NMR (700 MHz) and *C NMR (175 MHz) experiments were recorded in
CDCls at 23 °C. Positional assignments are based on HSQC and HMBC

correlation experiments. Stereochemical assignments were deduced from

coupling constants.
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Supplementary Methods

Synthetic Experimental Procedures: General

Chemical shifts in "H NMR and "*C NMR spectra are reported in parts per million
(ppm) relative to tetramethylsilane (TMS), with calibration of the residual solvent
peaks according to values reported by Gottlieb et al. (chloroform: én 7.26, ¢
77.16; acetone: 6n 2.05, 8¢ 29.84, 206.26; methanol: 6 3.31, &¢ 49.00; DMSO:
SH 2.50, d¢ 39.52; acetonitrile: 61 1.94, 6¢c 1.32, 118.26) (Gottlieb et al., 1997).
When peak multiplicities are given, the following abbreviations are used: s,
singlet; d, doublet; t, triplet; q, quartet; sept., septet; dd, doublet of doublets; m,
multiplet; br, broad; app., apparent; gem, geminal. '"H NMR spectra were
acquired at 600 or 700 MHz with a default digital resolution (Briker parameter:
FIDRES) of 0.18 and 0.15 Hz/point, respectively. Coupling constants reported
herein therefore have uncertainties of +0.4 Hz and +0.30 Hz, respectively. All
assignments of protons and carbons relied on data from 2-dimensional NMR
experiments including COSY, HMQC, and HMBC. The "*C NMR (DEPTQq)
spectra provided herein show CH and CHzs carbon signals below the baseline and
C and CHa carbons above the baseline. Melting points (mp) are uncorrected.
Reactions were carried out at room temperature (rt) if temperature is not
specified. An automated flash chromatography system (Teledyne CombiFlash Rf
200) was used for the purification of compounds on silica gel (either 40—60 uM or

20—40 uM particle size).

General Procedure A

To a solution of amine $1 (1.0 equiv), EDC-HCI (1.2 equiv), HOBt (1.2 equiv),
and a carboxylic acid (1.2 equiv) in CH2Cl2 (0.02 M) was added i-Pr2NEt (3

equiv). The reaction mixture was stirred at rt for 3—16 h and the progress of the
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reaction followed by thin-layer chromatography (TLC). Upon completion, the
reaction mixture was diluted with CH2Cl,, washed with saturated aqueous
Na>COz3, dried over Na>xSO4, and concentrated under reduced pressure. Products

were purified by flash chromatography (MeOH/CH2Cl2) on silica gel.

Aminomethyl ergoline (S1)

CbzHN
H, (1 atm)

10% Pd/C

MeOH
rt, 16 h

Me

metergoline
To a stirring solution of metergoline (1.00 g, 2.48 mmol) in MeOH (75 mL) was
added 10% Pd/C (50 mg). The solution was degassed by stirring under vacuum
for approximately 30—60 seconds, followed by back-filling with argon via balloon.
After repeating the process 10 times, the flask was back-filled with H2 gas from a
balloon and the reaction stirred overnight at rt. After 14 h, the reaction vessel was
purged of H> with argon and TLC analysis indicated the starting material was
consumed. The reaction mixture was then filtered through a pad of Celite and the
resulting yellow solution concentrated under reduced pressure to provide the
primary amine as a viscous amber oil that was used in following reactions without
further purification. The crude oil was diluted with CH2Cl2, aliquotted into reaction
vials, and concentrated under reduced pressure. A small amount of the crude
amine S1 solidified after concentrating from CH2Cl, into an amorphous solid. Mp:
135-138 °C (lit. 151-153 °C) (Singh, 2014). Rr = 0.03 (10% MeOH/CHCl,). 'H
NMR (700 MHz, CDCl3): 7.19 (dd, J=7.1, 8.1 Hz, 1H), 7.11 (d, J = 8.1 Hz, 1H),
6.93 (d, J=7.1 Hz, 1H), 6.72 (s, 1H), 3.76 (s, 3H), 3.39 (dd, J = 14.6, 4.2 Hz,
1H), 3.12 (d, J = 9.6 Hz, 1H), 2.97 (m, 1H), 2.75-2.65 (m, 4H), 2.48 (s, 3H), 2.14
(td, J=10.6, 4.2 Hz, 1H), 2.00-1.90 (m, 2H), 1.10 (q, J = 12.1 Hz, 1H). 3C NMR
(CDCls): 27.2, 32.3, 32.9, 39.5, 40.7, 43.6, 46.8, 62.0, 67.7, 106.9, 110.9, 112.7,
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122.7, 122.6, 126.7, 133.8, 134.5. LCMS (ESI) m/z: 270.1965 calculated for
C17H24N3* (M + HJ*); 270.1962 observed.

Ethyl carbamate ergoline derivative (S2)

CICO,Et

EtsN, CH,Cl,
rt, 4 h

EtsN (31 pL, 0.22 mmol) was added to a solution of ethyl chloroformate (31 mg,
0.14 mmol) and amine S1 (30 mg, 0.11 mmol) in CH2Cl2 (5 mL) and the reaction
stirred for 6 h at rt. TLC analysis at 4 h indicated that the reaction was complete,
and the solution was diluted with CH2Cl> (25 mL), washed with saturated Na>CO3
(20 mL), dried over Na>SOs4, and concentrated under reduced pressure. Flash
chromatography (0—20% MeOH/CH2CI2) provided the ethyl carbamate S2 as a
yellow glassy solid (21 mg, 0.062 mmol, 56%). Rr = 0.28 (5% MeOH/CH.Cl,). '"H
NMR (700 MHz, CDCl3): 6 7.18 (dd, J=7.0, 8.1 Hz, 1H), 7.11 (d, J = 8.1 Hz, 1H),
6.90 (d, J=7.0 Hz, 1H), 6.73 (s, 1H), 4.75 (brs, 1H), 4.17-4.10 (m, 2H), 3.75 (s,
3H), 3.38 (dd, J = 14.5, 4.2 Hz, 1H), 3.23-3.15 (m, 2H), 3.07 (d, J = 10.6 Hz, 1H),
3.00-2.95 (m, 1H), 2.75-2.65 (m, 2H), 2.49 (s, 3H), 2.20-2.10 (m, 2H), 2.00 (app
t, J=10.6 Hz, 1H), 1.26 (t, J = 6.8 Hz, 3H), 1.16 (app q, J = 12.2 Hz, 1H). '3C
NMR (125 MHz, CDClz): 6 156.8, 134.4, 133.2, 126.4, 122.7, 122.5, 112.6, 110.6,
106.8, 67.4, 61.3, 60.9, 44.9, 43.3, 40.4, 36.7, 32.8, 31.9, 26.9, 14.7. LCMS (ESI)
m/z: 342.2176 calculated for C20H2sN302* ([M + H]*); 342.2203 observed.

N-Boc ergoline derivative (S3)
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Boc,0

—_—
EtsN, CH,Cl,
rt,6 h

EtsN (31 uL, 0.22 mmol) was added to a solution of Boc20 (31 mg, 0.14 mmol)
and amine S$1 (30 mg, 0.11 mmol) in CH2Cl2 (5 mL) and the reaction stirred for 6
h at rt. TLC analysis at 6 h indicated that the reaction was complete, and the
solution was diluted with CH2Cl2 (25 mL), washed with saturated NaCOs3 (20
mL), dried over Na>SOs, and concentrated under reduced pressure. Flash
chromatography (0—20% MeOH/CH2CI2) provided the t-butyl carbamate S3 as a
viscous oily solid (32 mg, 0.087 mmol, 86%). R = 0.26 (5% MeOH/CHCl). 'H
NMR (700 MHz, CDCl3): 6 7.18 (dd, J=7.1, 8.1 Hz, 1H), 7.11 (d, J = 8.1 Hz, 1H),
6.90 (d, J=7.1 Hz, 1H), 6.73 (s, 1H), 4.70-4.59 (brs, 1H), 3.75 (s, 3H), 3.38 (dd,
J=14.5,4.2 Hz, 1H), 3.23-3.16 (m, 1H), 3.12-3.02 (m, 2H), 2.95 (m, 1H), 2.72—
2.64 (m, 2H), 2.47 (s, 3H), 2.16-2.11 (m, 1H) 2.11-2.06 (m, 1H), 1.96 (app t, J =
10.9 Hz, 1H), 1.46 (s, 9H), 1.14 (app q, J = 12.2 Hz, 1H). "3C NMR (175 MHz,
CDCIz): 6 156.1, 134.4, 133.3, 126.5, 122.7, 122.5, 112.5, 110.7, 106.8, 79.3,
67.4,61.5,44.6,43.4,40.5, 36.9, 32.8, 32.0, 28.4 (3C), 27.0. LCMS (ESI) m/z:
370.2489 calculated for C22H32N302* ([M + H]*); 370.2526 observed.

N-Acetyl ergoline derivative (S4)

H,N

In a modification of a known procedure (Singh, 2014), acetyl chloride (16 uL, 0.22
mmol) was added to a solution of amine 81 (30 mg, 0.11 mmol) in CH2Cl> (5 mL)

and stirred overnight at rt. After 12 h, the reaction mixture was diluted with CH2Cl>
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(25 mL), washed with saturated Na-CO3 (20 mL), dried over Na>SOs4, and
concentrated under reduced pressure to give a yellow oil that solidified under
vacuum. Flash chromatography (0—20% MeOH/CHCI,) provided acetamide S4
(30 mg, 0.10 mmol, 88%) as an amorphous yellow solid. R = 0.08 (5%
MeOH/CH:Cl.). Mp: 191-194 °C (lit. 191-193 °C) (Singh, 2014). '"H NMR (700
MHz, CDCIz): 7.18 (dd, J=7.1, 8.2 Hz, 1H), 7.11 (d, J= 8.2 Hz, 1H), 6.89 (d, J =
7.1 Hz, 1H), 6.73 (s, 1H), 5.59 (brs, 1H), 3.76 (s, 3H), 3.38 (dd, J = 14.6, 4.3 Hz,
1H), 3.29 (A of ABX, J=13.5, 6.8 Hz, 1H), 3.27 (B of ABX, J = 13.5, 6.0 Hz, 1H),
3.05 (d, J=11.2 Hz, 1H), 2.97 (ddd, J = 12.3, 10.6, 3.4 Hz, 1H), 2.65-2.72 (m,
2H), 2.48 (s, 3H), 2.16 (td, J = 10.6 Hz, J = 4.3 Hz, 1H), 2.07-2.15 (m, 1H), 2.03
(s, 3H), 1.99 (dd, J = 11.3, 11.1 Hz, 1H), 1.17 (q, J = 12.3 Hz, 1H). 3C NMR (150
MHz, CDCIz): 170.2, 134.4, 133.1, 126.4, 122.7, 122.6, 112.5, 110.5, 106.9, 67 .4.
61.4,43.4,43.3, 40.5, 36.6, 32.8, 32.1, 26.9, 23.4. LCMS (ESI) m/z: 312.2070
calculated for C19H26N3O* ([M + H]*); 312.2076 observed.

N-(N'-Benzyl) urea derivative (S5)

(e}
SRJNCAN
H H
B ———

CH,Cly, 1t, 5 h

S5

Benzyl isocyanate (15 uL, 0.12 mmol) was added to a solution of amine $1 (30
mg, 0.11 mmol) in CH2Cl2 (5 mL) and stirred at rt for 5 h. The reaction mixture
was diluted with CH2Cl> (25 mL), washed with saturated Na>CO3 (20 mL), dried
over NaxSQOys, and concentrated under reduced pressure. Flash chromatography
(0—10% MeOH/CH.CI>) provided the N-benzyl urea derivative S5 as a beige
solid (28 mg, 0.069 mmol, 63%). Rs = 0.12 (5% MeOH/CHCl,). Mp: sintered at
200-205 °C; melted at 265-270 °C (dec). 'H NMR (700 MHz, CDCls): § 7.32—
7.34 (t, 3H), 7.23-7.26 (m, 2H), 7.18 (dd, J= 7.1, 8.1 Hz, 2H), 7.11 (d, J = 8.1 Hz,
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1H), 6.86 (d, J = 7.1 Hz, 1H), 6.72 (s, 1H), 4.87 (brs, 1H), 4.61 (brs, 1H), 4.41 (A
or ABX, J=15.0, 5.9 Hz, 1H), 4.37 (B or ABX, J = 15.0, 5.8 Hz, 1H), 3.75 (s, 3H),
3.37 (dd, J = 14.5, 4.2 Hz, 1H), 3.20 (m, 1H), 3.06 (brd, J = 10.6 Hz, 1H), 3.02—
2.98 (m, 1H), 2.73 (app t, J = 12.4, Hz, 1H), 2.62 (d, J = 12.0 Hz, 1H), 2.48 (s,
3H), 2.20 (td, J = 10.6 Hz, J = 4.0 Hz, 1H), 2.15-2.05 (m, 1H), 2.00 (t, J=11.4
Hz, 1H), 1.12 (q, J = 12.3 Hz, 1H). *C NMR (175 MHz, CDCls):  158.2, 139.2,
134.4,132.9, 128.7 (2C), 127.5 (2C), 127.4, 126.4, 122.7, 122.6, 112.6, 110.2,
106.9, 67.4, 31.3, 44.7, 44.3, 43.1, 40.2, 36.8, 32.8, 31.9, 26.7. LCMS (ESI) m/z:
403.2492 calculated for C25H31N4O* ([M + H]*); 403.2565 observed.

N-(2-Phenylethylsulfonyl) ergoline derivative (S6)

H,N

i-Pr,NEt, CH,Cl,
rt, 16 h

To a solution of amine S1 (30 mg, 0.11 mmol) and 2-phenylethanesulfonyl
chloride (26 mg, 0.13 mmol) in CH2Cl2 (5 mL) was added i-ProNEt (58 uL, 0.33
mmol). After stirring the reaction mixture at rt for 5 h, it was diluted with CH2Cl>
(25 mL), washed with saturated Na-CO3 (20 mL), dried over Na>SOs4, and
concentrated under reduced pressure to give a yellow oily solid. Flash
chromatography (0—10% MeOH/CH2CI,) provided sulfonamide S6 as a pale
yellow amorphous solid (27 mg, 0.062 mmol, 56%). Rr = 0.24 (5%
MeOH/CHCl>). '"H NMR (600 MHz, CDCls): 7.35 (t, J = 7.5 Hz, 2H), 7.29-7.25
(m, 3H), 7.18 (dd, J=8.2, 7.1 Hz, 1H), 7.12 (d, J = 8.2 Hz, 1H), 6.86 (d, J = 7.1
Hz, 1H), 6.73 (s, 1H), 4.10 (brs, 1H), 3.75 (s, 3H), 3.37 (dd, J = 14.7, 4.4 Hz, 1H),
3.35-3.31 (m, 2H), 3.18-3.14 (m, 1H), 3.05 (d, J = 10.6 Hz, 1H), 3.02-2.90 (m,
3H), 2.72-2.66 (m, 1H), 2.64-2.58 (m, 1H), 2.47 (s, 3H), 2.13 (tid, J= 10.8 Hz, J
=4.3 Hz, 1H), 1.92 (t, J = 11.3 Hz, 1H), 1.08 (q, J = 12.3 Hz, 1H). "3C NMR (150
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MHz, CDClIz): 138.0, 134.5, 133.0, 129.2 (2C), 128.6 (2C), 127.3, 126.6, 122.9,
122.7,112.6, 110.6, 107.0, 67.5, 61.2, 53.7, 47.4, 43.4, 40.5, 36.5, 32.9, 32.0,
30.3, 27.0. LCMS (ESI) m/z: 438.2210 calculated for C25H32N302S* ([M + H]*);
438.2301 observed.

N-(3-Phenylpropyl) ergoline derivative (S7)

b~ CHO

NaCNBHj;, AcOH
MeOH rt

Amine S1 (36 mg, 0.13 mmol) and 3-phenylpropanal (20 mg, 0.15 mmol) were
combined and stirred with NaxSO4 (50 mg) in MeOH (5 mL) at rt. After stirring for
15 min, NaCNBHj3 (51 mg, 0.82 mmol) and AcOH (50 uL) were added and the
solution stirred at rt for 2 h. The reaction mixture was diluted with CH2Cl2 (50 mL),
washed with saturated Na>COs3 (30 mL), dried over Na>xSO4, and concentrated
under reduced pressure. Flash chromatography (0—20% MeCN/H20) provided
amine S7 as an off-white amorphous solid (32 mg, 0.083 mmol, 63%). Rr = 0.10
(10% MeOH/CHCl). '"H NMR (600 MHz, CDCls): 7.28-7.24 (m, 2H), 7.20-7.15
(m, 4H), 7.09 (d, J =8.2 Hz, 1H), 6.92 (d, J = 7.1 Hz, 1H), 6.70 (s, 1H), 3.73 (s,
3H), 3.36 (dd, J = 14.6, 4.3 Hz, 1H), 3.22 (brd, J = 10.4 Hz, 1H), 3.01 (brt, J =
10.4, 3.5 Hz, 1H), 2.78-2.73 (m, 4H), 2.72-2.61 (m, 5H), 2.50 (s, 3H), 2.30-2.22
(m, 1H), 2.21 (td, J = 10.7, 4.2 Hz, 1H), 2.02 (t, J = 11.7 Hz, 1H), 1.99-1.97 (m,
2H), 1.11 (g, J = 12.3 Hz, 1H). "3C NMR (150 MHz, CDCls): 141.5, 134.3, 133.0,
128.4 (4C), 126.4, 125.9, 122.7, 122.5, 112.7, 110.3, 106.8, 67.4, 61.7, 53.3,
49.0, 43.0, 40.2, 34.9, 33.5, 32.8, 32.5, 30.4, 26.6. LCMS (ESI) m/z: 388.2747
calculated for C24H34N3* ([M + H]*); 388.2785 observed.

N-Benzoyl ergoline derivative (S8)
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HoN

Benzoyl chloride (20 mg, 0.15 mmol) was added to a solution of the amine $1 (30
mg, 0.11 mmol) in CH2Cl2> (5 mL) and stirred overnight at rt. After 16 h, the
reaction mixture was diluted with CH2Cl> (25 mL), washed with saturated Na>CO3
(20 mL), dried over Na>SOs4, and concentrated under reduced pressure. Flash
chromatography (0—20% MeOH/CHCl,) provided amide S8 as an amber oily
solid (32 mg, 0.085 mmol, 77%). Rs = 0.20 (5% MeOH/CH.Cl.). '"H NMR (700
MHz, CDClIz): 7.82 (d, J = 7.3 Hz, 2H), 7.51 (t, J= 7.4 Hz, 1H), 7.45 (dd, J= 7.3,
7.4 Hz, 2H), 719 (dd, J=7.1,8.2 Hz, 1H), 7.13 (d, J= 8.2 Hz, 1H), 6.90 (d, J =
7.1 Hz, 1H), 6.74 (s, 1H), 6.50-6.44 (brs, 1H), 3.75 (s, 3H), 3.55-3.45 (m, 2H),
3.40 (dd, J=14.6, 4.3 Hz, 1H), 3.21 (d, J = 12.4 Hz, 1H), 3.14-3.07 (m, 1H),
2.85-2.75 (m, 1H), 2.74 (d, J = 12.6 Hz, 1H), 2.54 (s, 3H), 2.39-2.33 (m, 1H),
2.30 (td, J=4.4,10.8 Hz, 1H), 2.16 (t, J = 11.4 Hz, 1H), 1.31 (q, J = 12.4 Hz, 1H).
13C NMR (150 MHz, CDCls): 167.8, 134.6, 134.4, 132.6, 131.5, 128.6 (2C), 126.9
(2C), 126.4, 122.8, 122.7, 112.6, 110.1, 107.0, 67.4. 61.3, 43.6, 43.0, 40.2, 36.4,
32.8, 32.0, 26.6. LCMS (ESI) m/z: 374.2227 calculated for C24H2sN3O* ([M + H]*);
374.2296 observed.

N-Phenylacetyl ergoline derivative (S9)

Phenylacetyl chloride (22 uL, 0.17 mmol) was added to a solution of the amine
S$1 (30 mg, 0.11 mmol) in CH2Cl> (5 mL) and stirred overnight at rt. After 16 h, the
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reaction mixture was diluted with CH2Cl> (25 mL), washed with saturated Na>CO3
(20 mL), dried over Na>SOs4, and concentrated under reduced pressure. Flash
chromatography (0—20% MeOH/CHCI,) provided amide S9 as an amorphous
pale yellow solid (20 mg, 0.050 mmol, 45%). R = 0.22 (5% MeOH/CH.Cl). 'H
NMR (700 MHz, CDCl3): 7.38-7.36 (t, J = 7.5 Hz, 2H), 7.34-7.28 (m, 3H), 7.18
(dd, J=7.1,8.2Hz 1H), 7.12 (d, J = 8.2 Hz, 1H), 6.81 (d, J = 7.1 Hz, 1H), 6.73
(s, 1H), 5.75-5.68 (brs, 1H), 3.75 (s, 3H), 3.60 (s, 2H), 3.37 (dd, J = 14.5, 4.3 Hz,
1H), 3.31-3.26 (m, 1H), 3.22-3.17 (m, 1H), 3.14-3.04 (m, 2H), 2.86 (app t, J =
12.7 Hz, 1H), 2.57-2.53 (m, 1H), 2.55 (s, 3H), 2.38-2.33 (m, 1H), 2.24-2.16 (m,
1H), 2.09 (t, J = 11.4 Hz, 1H), 1.13 (q, J = 12.4 Hz, 1H). *C NMR (175 MHz,
CDCIz): 171.3, 135.0, 134.3, 132.0, 129.5 (2C), 129.1 (2C), 128.3, 127.4, 126.2,
122.8, 112.6, 109.5, 107.1, 67.3. 60.7, 43.9, 42.9, 42.5, 39.6, 35.7, 32.8, 31.5,
26.1. LCMS (ESI) m/z: 388.2383 calculated for C25H30N30* ([M + H]*); 388.2448

observed.

N-(3-Phenylpropanoyl) ergoline derivative (S10)

(e}

©NCOZH ©/\x

—_—
EDC-HCI, i-Pr,NEt,
HOBt, CH,Cl,

i, 16 h

HoN

Iz

s10
According to General Procedure A, i-Pr2NEt (58 uL, 0.33 mmol) was added to a
solution of amine $1 (30 mg, 0.11 mmol), EDC-HCI (25 mg, 0.13 mmol), HOBt
(18 mg, 0.13 mmol), and hydrocinnamic acid (20 mg, 0.13 mmol) in CH2Cl> (5
mL). After stirring the reaction mixture overnight at rt for 16 h, it was diluted with
CH2Cl2 (25 mL), washed with saturated Na2CO3 (20 mL), dried over Na2SO4, and
concentrated under reduced pressure to give a yellow solid. Flash
chromatography (0—15% MeOH/CH2Cl) provided amide S10 as a pale yellow
oil that later solidified (36 mg, 0.089 mmol, 81%). Rs = 0.19 (5% MeOH/CHCl>).
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"H NMR (700 MHz, CDCls): 7.29 (t, J = 7.6 Hz, 2H), 7.23 (d, J = 7.1 Hz, 2H),
7.20-7.16 (m, 2H), 7.12 (d, J = 8.2 Hz, 1H), 6.85 (d, J = 7.0 Hz, 1H), 6.73 (s, 1H),
5.41 (brs, 1H), 3.75 (s, 3H), 3.37 (dd, J = 14.6, 4.3 Hz, 1H), 3.27 (dt, J=13.7, 6.9
Hz, 1H), 3.22-3.16 (m, 1H), 3.02-2.97 (m, 2H), 2.94-2.87 (m, 2H), 2.70-2.64 (m,
1H), 2.57-2.47 (m, 3H), 2.44 (s, 3H), 2.11 (td, J = 10.8 Hz, J = 4.3 Hz, 1H), 2.05-
1.95 (m, 1H), 1.89 (t, J = 11.3 Hz, 1H), 1.08 (q, J = 12.3 Hz, 1H). "3C NMR (175
MHz, CDClz): 172.2, 140.9, 134.5, 133.3, 128.7 (2C), 128.5 (2C), 126.6, 126.5,
122.8,122.7, 112.7, 110.8, 107.0, 67.5. 61.5, 43.5, 43.4, 40.6, 38.7, 36.7, 32.9,
32.2, 31.9, 27.1. LCMS (ESI) m/z: 402.2540 calculated for C26H32N3O* ([M + H]*);
402.2536 observed.

N-(N-Boc-L-Phenylalanyl) ergoline derivative (S12)

CO,H
©/\I\E-|Boc
_—
EDC-HCI, i-Pr,NEt,

HOBt, CH,Cl,
rt,5h

According to General Procedure A, i-PraNEt (117 uL, 0.67 mmol) was added to a
solution of amine S1 (60 mg, 0.22 mmol), EDC-HCI (51 mg, 0.27 mmol), HOBt
(36 mg, 0.27 mmol), and N-Boc-L-phenylalanine (65 mg, 0.13 mmol) in CH2Cl2
(10 mL). After stirring the reaction mixture at rt for 3.5 h, it was diluted with
CH2Cl2 (25 mL), washed with saturated Na2CO3 (20 mL), dried over Na2SO4, and
concentrated under reduced pressure to give a yellow oily solid. Flash
chromatography (0—10% MeOH/CH2CI2) provided the N-Boc-Phe derivative $12
as an off-white solid (69.3 mg, 0.13 mmol, 60%). Rr = 0.19 (5% MeOH/CH2Cl>).
Mp: 210-213 °C. "H NMR (700 MHz, CDCl3): § 7.31 (t, J= 7.5 Hz, 2H), 7.24 (d, J
=7.3 Hz, 2H), 7.22-7.16 (m, 2H), 7.11 (d, J = 8.1 Hz, 1H), 6.82 (d, J = 7.0 Hz,
1H), 6.73 (s, 1H), 5.79 (brs, 1H), 5.10 (brs, 1H), 4.31 (brs, 1H), 3.76 (s, 3H), 3.36
(dd, J=14.6, 4.2 Hz, 1H), 3.23 (dt, J = 12.9, 6.2 Hz, 1H), 3.15-3.08 (m, 2H),
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3.08-3.00 (m, 1H), 2.89-2.80 (m, 2H), 2.65 (app t, J = 12.4, Hz, 1H), 2.42 (s,
3H), 2.08 (td, J = 10.5 Hz, J = 4.0 Hz, 1H), 2.00-1.91 (m, 1H), 1.83 (t, J = 11.1
Hz, 1H), 1.00 (q, J = 12.2 Hz, 1H). '3C NMR (175 MHz, CDCls): & 171.3, 155.6,
137.0, 134.5, 133.3, 129.4 (4C), 128.9, 127.3, 126.6, 122.8, 122.6, 112.8, 110.8,
106.9, 80.4, 67.4, 61.4, 43.5, 43.4, 40.6, 38.9, 36.3, 32.9, 32.1, 28.5 (3C), 27.1.
LCMS (ESI) m/z: 517.3173 calculated for Cz1H41N4Os* (M + H]*); 517.3384

observed.

N-L-Phenylalanine ergoline derivative (S11)

TFA (3 mL) was added to a stirring solution of the Boc-protected Phe derivative
S$1 (49 mg, 0.12 mmol) in CH2Cl> (10 mL) and the reaction mixture stirred at rt for
2.5 h. The reaction mixture was concentrated under reduced pressure,
redissolved in CH2Cl> (25 mL), and washed with saturated Na-CO3 (25 mL). The
organic solution was dried over NaxSQO4, concentrated under reduced pressure,
and flash chromatography (0—25% MeOH/CH2Cl>) provided the free amine S$11
as a white amorphous solid (40 mg, 0.095 mmol, 80%). Rr = 0.30 (10%
MeOH/CH2Cl»). '"H NMR (600 MHz, CDCl3): 7.47-7.43 (m, 1H), 7.33 (t, /= 7.6
Hz, 2H), 7.27-7.24 (m, 3H), 7.19 (dd, J=7.1, 8.2 Hz, 1H), 7.12 (d, J = 8.2 Hz,
1H), 6.85 (d, J=7.1 Hz, 1H), 6.73 (s, 1H), 3.75 (s, 3H), 3.64 (dd, J = 9.2, 4.1 Hz,
1H), 3.38 (dd, J = 14.6, 4.3 Hz, 1H), 3.33-3.27 (m, 3H), 3.03 (brd, J = 11.2 Hz,
1H), 3.00-2.96 (m, 1H), 2.75-2.67 (m, 2H), 2.63 (brd, J = 12.8 Hz, 1H), 2.49 (s,
3H), 2.17 (td, J = 10.7 Hz, J = 4.3 Hz, 1H), 2.15-2.10 (m, 1H), 2.00 (t, J=11.4
Hz, 1H), 1.08 (q, J = 12.4 Hz, 1H). *C NMR (150 MHz, CDCl3): 174.4, 137.9,
134.4,133.1, 129.3 (2C), 128.8 (2C), 126.9, 126.4, 122.7, 122.6, 112.6, 110.5,
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106.9, 67.4. 61.4, 56.6, 43.3, 42.8, 41.1 40.4, 36.5, 32.8, 32.0, 26.8. LCMS (ESI)
m/z: 417.2649 calculated for C26H3z3N4O* ([M + H]*); 417.2723 observed.

N-trans-Cinnamoyl ergoline derivative (MLBC-01)

(o}

©/\/COZH ©/\)J\

—_—
EDC-HCI, i-Pr,NEt,
HOBt, CH,Cl,
rt, 16 h

Iz

MLBC-01
According to General Procedure A, i-Pr2NEt (58 uL, 0.33 mmol) was added to a
solution of amine $1 (30 mg, 0.11 mmol), EDC-HCI (25 mg, 0.13 mmol), HOBt
(18 mg, 0.13 mmol), and trans-cinnamic acid (20 mg, 0.14 mmol) in CH2Cl> (5
mL). After stirring the reaction mixture at rt for 5 h, it was diluted with CH2Cl, (25
mL), washed with saturated Na>COs (20 mL), dried over Na>SO4, and
concentrated under reduced pressure to give a yellow oily solid. Flash
chromatography (0—15% MeOH/CH2CI) provided the N-cinnamoyl derivative
MLBC-01 as a pale yellow amorphous solid (31 mg, 0.078 mmol, 71%). R: = 0.24
(5% MeOH/CH2Cl,). "H NMR (700 MHz, CDCls3): 7.66 (d, J = 15.6 Hz, 1H), 7.52
(d, J=6.7 Hz, 1H), 7.40-7.34 (m, 3H), 7.18 (dd, J=7.1,8.2 Hz, 1H), 7.11 (d, J =
8.2 Hz, 1H), 6.91 (d, J=7.1 Hz, 1H), 6.73 (s, 1H), 6.43 (d, J = 15.6 Hz, 1H), 5.73
(brs, 1H), 3.76 (s, 3H), 3.48-3.40 (m, 2H), 3.39 (dd, J = 14.6, 4.3 Hz, 1H), 3.10
(app d, J = 11.1 Hz, 1H), 3.02-1.98 (m, 1H), 2.75-2.67 (m, 2H), 2.49 (s, 3H),
2.23-2.19 (brs, 1H), 2.19 (td, J=10.6 Hz, J = 4.2 Hz, 1H), 2.06 (app t, J = 11.7
Hz, 1H), 1.23 (q, J = 12.4 Hz, 1H). *C NMR (175 MHz, CDCl3): 166.2, 141.4,
135.0, 134.5, 133.3, 129.8, 129.0 (2C), 128.0 (2C), 126.6, 122.9, 122.7, 120.7,
112.7, 10.8, 107.0, 67.5, 61.6, 43.6, 43.5, 40.7, 37.0, 32.9, 32.3, 27.1. LCMS
(ESI) m/z: 400.2383 calculated for C26H32N30* ([M + H]*); 400.2438 observed.

N-(4-Chloro-trans-cinnamoyl) ergoline derivative (MLBC-02)
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EDC+HCI, i-Pr,NEt,
HOB, CH,Cl,
rt, 16 h

Iz

MLBC-02
According to General Procedure A, i-PraNEt (194 uL, 1.11 mmol) was added to a
solution of amine S1 (100 mg, 0.37 mmol), EDC-HCI (85 mg, 0.44 mmol), HOBt
(60 mg, 0.44 mmol), and 4-chlorocinnamic acid (81 mg, 0.44 mmol) in CHxCl> (10
mL). After stirring the reaction mixture overnight at rt for 16 h, it was diluted with
CH2Cl> (50 mL), washed with saturated Na2CO3 (2 x 40 mL), dried over NaxSOs,
and concentrated under reduced pressure to give an off-white solid. Flash
chromatography (0—15% MeOH/CH2Cl,) provided amide MLBC-02 as a white
solid (133 mg, 0.31 mmol, 83%). '"H NMR (700 MHz, CDCls): 7.60 (d, J = 15.6
Hz, 1H, H20), 7.44 (d, J = 8.1 Hz, 2H, H22), 7.34 (d, J = 8.1 Hz, 2H, H23), 7.18
(dd, J=8.2,7.1 Hz, 1H, H13), 7.11 (d, J = 8.2 Hz, 1H, H14), 6.89 (d, J = 7.1 Hz,
1H, H12), 6.73 (s, 1H, H2), 6.42 (d, J = 15.6 Hz, 1H, H19), 5.94-5.87 (brs, 1H,
NH), 3.76 (s, 3H, C1"), 3.46 (dt, J = 14.1, 7.2 Hz, 1H, H8'A), 3.43-3.36 (m, 2H,
H8'B + H4¢q), 3.16 (app d, J = 11.2, 1H, H7¢g), 3.08 (brt, J = 10.6, 3.1 Hz, 1H,
H10), 2.78 (app t, J = 12.8 Hz, 1H, H4.x), 2.72 (brd, J = 10.6, 3.1 Hz, 1H, H9%),
2.54 (s, 3H), 2.32-2.23 (m, 2H, H5 + H8), 2.13 (app t, J = 11.2 Hz, 1H, H74x),
1.24 (app q, J = 12.4 Hz, 1H, H9.x). '3C NMR (150 MHz, CDCls): 166.0, 140.1,
135.7, 134.5, 133.4, 132.8, 129.2 (2C), 129.1 (2C), 126.5, 122.9, 122.8, 121.2,
112.7, 110.2 107.1, 67.6, 61.4, 43.5, 43.2, 40.3, 36.6, 33.0, 32.1, 26.8. LCMS
(ESI) m/z: 434.1994 calculated for C26H29%°Cl N3O* ([M + H]*); 434.21842

observed.
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CHAPTER 3 - Targeting two-component systems uncovers a small

molecule inhibitor of Salmonella virulence
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Preface

The work presented in this chapter was previously published in:

Tsai CN, MacNair CR, Cao MPT, Perry JN, Magolan J, Brown ED, Coombes BK.
Targeting two-component systems uncovers a small molecule inhibitor of
Salmonella virulence. Cell Chemical Biology (2020) 27, 793-805.

Permission has been granted by the publisher to reproduce the material herein.

| wrote the manuscript with input from Coombes BK. | performed all experiments,
with the following exceptions: MacNair CR assisted with screening of the
Salmonella deletion library (Figure 3.5), Cao MPT and Magolan J synthesized
dephostatin (STAR Method, Synthesis of Dephostatin), Perry JN assisted with
RT-gPCR experiments (Figure 3.2b).

*References within this and all other chapters have been compiled into one list at

the end of the thesis, to avoid redundancy between sections.
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Summary

Salmonella serovars are leading causes of gastrointestinal disease and have
become increasingly resistant to fluoroquinolone and cephalosporin antibiotics.
Overcoming this healthcare crisis requires new approaches in antibiotic discovery
and the identification of unique bacterial targets. In this work, we describe a
chemical-genomics approach to identify inhibitors of Salmonella virulence. From
a cell-based, promoter reporter screen of ~50,000 small molecules, we identified
dephostatin as a non-antibiotic compound that inhibits intracellular virulence
factors and polymyxin resistance genes. Dephostatin disrupts signaling through
both the SsrA-SsrB and PmrB-PmrA two-component regulatory systems and
restores sensitivity to the last-resort antibiotic, colistin. Cell-based experiments
and mouse models of infection demonstrate that dephostatin attenuates
Salmonella virulence in vitro and in vivo, suggesting that perturbing regulatory

networks is a promising strategy for the development of anti-infectives.

Keywords

Salmonella, SPI-2, antibiotic discovery, anti-virulence, chemical screening,

colistin resistance
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Introduction

Salmonella enterica serovar Typhimurium (Salmonella) is a major cause of
gastrointestinal iliness in healthy individuals and invasive non-typhoidal disease
in immunocompromised adults and young children (Ao et al., 2015). In invasive
infections, Salmonella infects and replicates within host cells to spread
systemically, often requiring antibiotic therapy for resolution (Watson and Holden,
2010). Unfortunately, several first-line treatments for salmonellosis have been
compromised by the recent emergence of fluoroquinolone and cephalosporin
resistance (Ashton et al., 2017; Phoon et al., 2015; Stanaway et al., 2019),
necessitating the discovery of new antibiotic targets to feed the development

pipeline.

Traditional antibiotic discovery efforts have aimed to disrupt bacterial viability with
bacteriostatic or bactericidal molecules (Lewis, 2013). A complementary strategy
is to target bacterial virulence, where the goal of therapy is to attenuate pathogen
fitness by disrupting virulence pathways without direct antimicrobial action (Rasko
and Sperandio, 2010). Virulence factors and their associated regulatory control
systems are often non-essential for bacterial survival and can be species-
specific; therefore, anti-virulence agents may exert less selective pressure for
resistance evolution and have minimal off-target effects on the host microbiota
(Johnson and Abramovitch, 2017). Several previous studies have validated this
approach (Amara et al., 2009; Anantharajah et al., 2016; Flores-Mireles et al.,
2016; Lin et al., 2012; Oganesyan et al., 2014; Sauter et al., 2008; Sully et al.,
2014). However, there have been few attempts to identify Salmonella-specific
anti-virulence agents (Curtis et al., 2014; Felise et al., 2008; Hudson et al., 2007;
Negrea et al., 2007; Rooks et al., 2017; Zhang et al., 2018), warranting further

research in this area.
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In many Salmonella serovars, the horizontally acquired pathogenicity island, SPI-
2, is essential for virulence (Ochman et al., 1996; Shea et al., 1996). This gene
cluster encodes a type three secretion system (T3SS) that translocates over 30
unique protein effectors into host cells during infection (Figueira and Holden,
2012), which protect against the host immune response, modify the intracellular
Salmonella-containing vacuole, and drive progression of systemic mammalian
infection (Knuff and Finlay, 2017). SPI-2 gene expression is controlled by several
two-component regulatory systems (TCSs), which have garnered recent attention
as attractive targets for anti-virulence therapies due to their importance for gene
regulation across bacterial taxa (Bem et al., 2014). Canonical TCSs consist of a
histidine kinase that is auto-phosphorylated upon detection of an environmental
stimulus, and a response regulator that becomes activated after phosphoryl

group transfer (Jacob-Dubuisson et al., 2018).

Salmonella has over 20 TCSs, forming a complex network that regulates SPI-2
and other virulence genes (llyas et al., 2017). While the SsrA-SsrB and PhoQ-
PhoP TCSs activate SPI-2 in a manner unique to Salmonella species (Navarre et
al., 2005; Walthers et al., 2007; Walthers et al., 2011), PhoQ-PhoP and PmrB-
PmrA control immune evasion and polymyxin resistance in several
Enterobacteriaceae (Chen and Groisman, 2013; Gunn et al., 1998). SsrA-SsrB,
PhoQ-PhoP, and PmrB-PmrA are activated in environments with acidic pH and
low Mg?* (Kato and Groisman, 2004; Kato et al., 2003; Mulder et al., 2015; Perez
and Groisman, 2007), whereas PhoQ-PhoP and PmrB-PmrA individually sense
antimicrobial peptides (Bijlsma and Groisman, 2005) and high Fe3*/AI** (Wdsten
et al., 2000), respectively. Considering this overlap in signal detection, we aimed
to identify chemical inhibitors of one or more of these three TCSs, predicting that
disruption of any regulatory protein in these systems would perturb Salmonella
virulence. Using a canonical SPI-2 promoter as a reporter for input from the SsrA-
SsrB, PhoQ-PhoP, and PmrB-PmrA TCSs, we conducted a cell-based chemical
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screen of ~50,000 small molecules. We identified the nitrosoaniline compound
dephostatin, a Streptomyces-derived natural product previously characterized as
a eukaryotic protein tyrosine phosphatase (PTP) inhibitor (Fujiwara et al., 1997;
Masaya et al., 1993). Dephostatin inhibits both SPI-2 and polymyxin resistance
genes, attenuates Salmonella virulence in macrophages, and potentiates colistin
efficacy in vitro and in a murine model of systemic infection. This work suggests
that inactivating regulatory signaling is a promising anti-virulence strategy to
enhance the efficacy of existing antibiotics while also attenuating bacterial fitness

during infection.

Results

Identifying chemical repressors of virulence gene transcription

The TCSs SsrA-SsrB, PhoQ-PhoP, and PmrB-PmrA are attractive anti-virulence
targets in Salmonella due to their regulation of intracellular virulence (SPI-2) and
polymyxin resistance genes. To quantify the fitness benefit conferred by each of
these systems in vivo, we tested the fitness of single gene deletions in each
sensor kinase (AssrA, phoQ::Cm, ApmrB) and response regulator (AssrB,
phoP::Cm, ApmrA) individually and in competitive infections against a marked
wild-type strain (ushA::Kn) (Coombes et al., 2005). All regulatory mutants,
excluding ApmrB, were significantly attenuated in mono-infections of genetically
susceptible mice (Figure 3.1a). Similarly, wild-type bacteria significantly out-
competed each regulatory mutant in the spleen, and all but phoQ::Cm and ApmrA
in the liver (Supplementary Figure 3.1a). These data are consistent with previous
reports (Yoon et al., 2009), and also suggest a more moderate fithess defect of
sensor kinase deletions relative to entire TCS mutants. Together, these results

indicate that inhibiting TCS function is sufficient to attenuate virulence in vivo.
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We next sought to establish an approach amenable to high-throughput screening
to assess the activity of multiple TCSs with a single reporter. The SPI-2 T3SS is
encoded across four operons with 6 distinct promoters (regulatory: ssrA, small
apparatus: ssaB, effector: sseA, large apparatus: ssaG, ssaM, ssaR)
(Tomljenovic-Berube et al., 2010). Activity of each of these promoters can be
induced during growth in acidic media with low Mg?* (LPM), as these
environmental cues are sensed by the SsrA, PhoQ, and PmrB sensor kinases
(Coombes et al., 2004). We selected sseA as a representative SPI-2 gene and
monitored its promoter activity over 5 h of growth in LPM using a luciferase
transcriptional reporter (PsseA-lux) (Figure 3.1b). Consistent with our previous
reports (Osborne and Coombes, 2011), we observed that deletions of ssrA, ssrB,
phoQ, or phoP significantly reduced sseA promoter activity relative to wild-type
cells. We found that deletions of pmrB or pmrA also reduced luciferase
expression from the sseA promoter, revealing a previously unknown regulatory
connection. Together, these data validated the use of the sseA promoter as a
reporter for signaling through multiple TCSs, which we considered the putative

targets of our chemical screen.

We next screened 48,787 compounds comprised of diverse synthetic molecules,
known bioactive compounds, and natural products, against wild-type Salmonella
expressing PsseA-lux. Of these, 558 compounds inhibited the luminescence
signal induced after 5 h of growth in LPM (Supplementary Figure 3.1b). In
parallel, we monitored bacterial growth after ~20 h of incubation, leading us to
exclude 94 compounds with negative effects on cell viability, which were not our
interest (Supplementary Figure 3.1c). We then re-tested 192 of the remaining 464
compounds in dose-response assays and excluded 28 compounds that inhibited
bacterial growth in LPM (ICs0 < 100 uM), 16 compounds that failed to inhibit
PsseA-lux activity (= 50 uM required for 50% promoter inhibition), and 11
compounds that inhibited bacterial growth in LB (ICs0 < 100 uM).
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To further prioritize compounds with specificity for SPI-2 inhibition, we monitored
the activity of the hilA promoter, as this gene is a transcriptional activator of SPI-1
and has not been reported to directly regulate SPI-2 genes (Pérez-Morales et al.,
2017). We reasoned that non-specific repressors of bacterial transcription or
bioluminescence production would inhibit PhilA and PsseA induction, and
therefore sought to identify compounds with potent inhibitory activity against only
PsseA (54 compounds). Based on their availability and diversity, 20 compounds
were reordered for further experimental validation, of which we excluded 6
compounds with poor solubility, 5 minimally potent compounds against PsseA-lux
(Supplementary Figure 3.1d), and 3 compounds that inhibited bacterial growth in
LPM (Supplementary Figure 3.1e).

Owing to its potency and lack of growth-inhibitory activity, we selected methyl-
3,4-dephostatin (hereafter dephostatin) for subsequent mechanistic investigation
and examination of in vivo efficacy (Figure 3.1c). Dephostatin is a Streptomyces-
derived molecule with previously characterized inhibitory activity against the
eukaryotic PTPs CD45, PTP1B, and SHPTP-1 (Fujiwara et al., 1997; Masaya et
al., 1993). Larger quantities of dephostatin were synthesized in-house (see STAR
Methods) and confirmed to inhibit PsseA-lux with similar potency to commercial

stocks.

Dephostatin represses intracellular virulence through SsrB

Our screen and counterselection workflow were designed to enrich for hits that
inhibited one of the TCSs with transcriptional input into sseA, a proxy virulence
gene in our system. To examine the broader activity of dephostatin, we tested the
effect of dephostatin treatment on expression of all six promoters in SPI-2 (ssrA,
ssaB, sseA, ssaG, ssaM, and ssaR). Dephostatin treatment significantly inhibited

the activity of all six promoters, consistent with comprehensive inhibition across
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the SPI-2 locus, whereas dephostatin had no effect on the transcriptional activity
of an unrelated gene, ompC, that is unlinked from SPI-2 and receives
transcriptional input from the EnvZ-OmpR TCS (Lee et al., 2000) (Figure 3.2a). In
agreement with these data, ssrA, ssaB, sseA, ssaG, ssaM, and ssaR mRNA
transcripts were reduced after growth of cells in the presence of dephostatin,
whereas dephostatin had no effect on ompC transcript levels (Figure 3.2b). To
establish a functional growth readout for dephostatin activity, we replaced the
sseA gene with a chloramphenicol acetyltransferase gene (cat) on the
chromosome such that chloramphenicol resistance was driven by the native sseA
promoter (PsseA-Cm). Under growth conditions known to activate SsrA-SsrB and
SPI-2 gene expression (Coombes et al., 2004), this strain was resistant to
chloramphenicol in the absence of dephostatin. However, increasing the
concentration of dephostatin suppressed this resistance (Figure 3.2c). Taken
together, these findings are consistent with dephostatin acting at or upstream of
the SsrA-SsrB TCS to dismantle the signaling network controlling SPI-2 virulence

gene expression.

Dephostatin is a low molecular weight, redox-active compound that possesses
catechol and nitrosamine moieties (Figure 3.1c). Under acidic and oxidizing
conditions, nitric oxide can undergo protonation to dinitrogen trioxide (N2O3) via a
nitrite intermediate (NO2") (Herold and Rdck, 2005), which has been shown to S-
nitrosylate the redox-active thiol of Cys203 in SsrB (Husain et al., 2010). The
labile nature of catechol and nitrosamine groups combined with the acidic
conditions under which we observed repression of SPI-2 genes led us to
speculate that a release of nitric oxide from dephostatin may be partially
responsible for its mode of action. To test this, we quantified nitrite liberated from
increasing concentrations of dephostatin under our experimental conditions and
observed ~125 uM nitrite released after 2 h of incubation in LPM, which remained

constant over 20 h (Figure 3.2d). Further, an SsrBc2o3s variant, which cannot be

113



Ph.D. Thesis — C.N. Tsai; McMaster University — Biochemistry and Biomedical
Sciences

S-nitrosylated by reactive NO>™ (Husain et al., 2010), was resistant to the
inhibitory effect of dephostatin on SPI-2 gene expression (Figure 3.2e). Together,
these data suggested that the inhibitory activity of dephostatin requires an

interaction with SsrB at Cys203.

Since the activity of the SPI-2 T3SS is required for intracellular survival in
macrophages (Jennings et al., 2017), we reasoned that any inhibitory effect of
dephostatin on SsrA-SsrB signaling would compromise intracellular bacterial
survival. In the presence of dephostatin, the number of intracellular Salmonella
following infection of bone marrow-derived murine macrophages was significantly
reduced (Figure 3.2f). Under these culture conditions, dephostatin caused
negligible and non-significant host cell cytotoxicity (Figure 3.2g). Taken together,
these data indicate that dephostatin inhibits the transcriptional activity of the SPI-
2 T3SS, a key intracellular virulence factor in Salmonella, thereby compromising

intracellular survival.

Dephostatin inhibits non-SPI-2 virulence genes

SsrB controls a large regulon of integrated virulence genes within and outside of
SPI-2 (Desai et al., 2016; llyas et al., 2018; Tomljenovic-Berube et al., 2010).
Since our data strongly suggested that the activity of dephostatin was integrated
through SsrA-SsrB signaling, we hypothesized that dephostatin treatment might
have a broader effect on the Salmonella transcriptome. To investigate this, we
sequenced total RNA from Salmonella grown under conditions that activate SsrA-
SsrB (LPM) and in LB as a control, in the presence or absence of dephostatin.
We compared all transcript levels across these conditions, with a focus on a
subset of 422 SsrB-regulated genes that we previously annotated as belonging to
processes involved in outer membrane biogenesis and modification, transcription,

translation, metabolism, motility, and virulence (SPI-1, SPI-2) (llyas et al., 2018)
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(Figure 3.2). Among the 20% of genes from this annotated subset that were most
significantly repressed by dephostatin, 24 genes were associated with SPI-2 and
15 genes were known regulatory targets of the PhoQ-PhoP and PmrB-PmrA
TCSs (Chen and Groisman, 2013; Colgan et al., 2016) (Figure 3.3a,
Supplementary Figure 3.2). Of note, this pattern of repression was specific to
cells grown in LPM and not LB, suggesting an interaction between dephostatin
and the TCS regulators required for environmental sensing of acidic pH and low
Mg?*.

To confirm these data, we monitored the activity of several PhoP- and PmrA-
regulated promoters in dephostatin-treated Salmonella grown in LPM to activate
sensing by the PhoQ and PmrB sensor kinases (Chen and Groisman, 2013;
Coombes et al., 2004): phoP, pagC, slyA, and pmrD are all members of the PhoP
regulon (Will et al., 2014), while eptA and pbgP are under the direct control of
PmrA (Gunn et al., 1998). We found that dephostatin significantly repressed the
promoter activity of the PmrA-regulated genes eptA and pbgP relative to DMSO-
treated cells and had little influence on genes in the PhoP regulon (Figure 3.3b).
In agreement with these data, eptA and pbgP mRNA transcripts were significantly
reduced after growth of cells in the presence of dephostatin, whereas dephostatin
marginally increased transcript levels of pmrD, which is under PmrA-mediated
repression (Kato et al., 2003) (Figure 3.3c). Further experiments suggested that
the effect of dephostatin on SsrA-SsrB was independent from its interaction with
PmrA-regulated genes, because a AssrB mutant was not attenuated for PeptA
activity (Figure 3.3d) and dephostatin repressed the eptA and pbgP promoters
even in a strain expressing SsrBcoo3s (Figure 3.3e). Lastly, we found that the
restoration of neutral pH or high Mg?* levels abrogated PsseA (Figure 3.3f) and
PeptA (Figure 3.3g) repression by dephostatin, indicating that this activity likely
required the sensing of both environmental signals. Together, these results were

consistent with dephostatin having a second mechanism of action targeting the
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PmrB-PmrA regulon, independent of its interaction with SsrA-SsrB. However, we
also note that this transcriptomic dataset revealed several significantly repressed
genes that appear unrelated to either of these TCSs (Supplementary Figure 3.2),

suggesting some off-target activity of dephostatin.

Dephostatin selectively potentiates polymyxin antibiotics against

Salmonella

In several Enterobacteriaceae, the PmrB-PmrA TCS controls outer membrane
modifications that are crucial for polymyxin resistance through chemical
modifications to bacterial lipopolysaccharide (LPS) (Chen and Groisman, 2013).
Specifically, the PmrA-regulated genes eptA (omrC) and pbgP (arnT/pmrK)
regulate the addition of phosphoethanolamine and 4-aminoarabinose to lipid A,
altering the charge of the outer membrane to decrease electrostatic attraction to
polymyxin antibiotics (Gunn et al., 1998). To examine the secondary activity of
dephostatin against the PmrA regulon, we tested dephostatin in combination with
colistin, polymyxin B (PMB), and cathelicidin-related antimicrobial peptide
(CRAMP), which all induce cellular lysis after interacting with the Gram-negative
outer membrane and can be resisted with PmrA-regulated LPS modifications.
Interestingly, we observed synergy between dephostatin and all three chemical
partners (Figure 3.4a), suggesting that repression of eptA and pbgP in this

system enhances sensitivity to outer membrane perturbation.

We then sought to determine the directionality of potentiation between
dephostatin and polymyxins. Specifically, we asked whether (i) dephostatin
enhanced sensitivity of polymyxins by repressing PmrA gene targets, or (ii)
polymyxins enhanced sensitivity to dephostatin by improving its ability to
permeate the bacterial outer membrane. The latter would indicate cryptic

antimicrobial activity of dephostatin, consistent with previous reports showing that
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outer membrane permeabilization potentiates antibiotics with normally poor
activity against Gram-negative bacteria (Brennan-Krohn et al., 2018; Ellis et al.,
2019). To address this, we examined the interaction between EDTA or polymyxin
B nonapeptide (PMBN) with dephostatin, as both EDTA and PMBN induce outer
membrane permeabilization but are distinct from polymyxin antibiotics. EDTA is a
non-specific metal chelator that induces outer membrane disruption and is not
resisted by PmrA-regulated LPS modifications, while PMBN perturbs the outer
membrane without inducing cell lysis and is non-antibacterial (Viljanen and
Vaara, 1984). We observed no synergistic interaction between dephostatin in
combination with either EDTA or PMBN (Figure 3.4b), validating dephostatin as a

bona fide anti-virulence agent.

The ability of dephostatin to potentiate colistin was further confirmed in the
invasive, multidrug-resistant ST313 sequence type of Salmonella (Figure 3.4c).
The ST313 lineage is similar to the ST19 sequence type used in all of our
experiments with respect to most SPI-2 and polymyxin resistance determinants,
but also shows evidence of genome degradation, harbors several antibiotic
resistance genes, and is associated with invasive non-typhoidal infections with
very high case fatality rates (Kingsley et al., 2009). Interestingly, we also found
that dephostatin-colistin synergy was generally unique to Salmonella species.
Whereas we observed only modest synergy between dephostatin-colistin against
Yersinia enterocolitica and Klebsiella pneumoniae, we found no synergy between
the other Gram-negative bacterial species Escherichia coli, Citrobacter
rodentium, Pseudomonas aeruginosa and Acinetobacter baumanii

(Supplementary Figure 3.3a).
We next screened ~20 additional antibiotics covering several major drug classes

for changes in their minimal inhibitory concentration (MIC) in the presence of

dephostatin. We observed no potentiation of DNA-damaging molecules,
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macrolides, translation inhibitors, beta-lactams, or transcriptional inhibitors
(Supplementary Figure 3.3). We note that dephostatin did not synergize with any
antibiotics typically restricted to Gram-positive bacteria, supporting our premise
that dephostatin exhibits selectivity towards polymyxin antibiotic potentiation due
to its inhibitory effect on the PmrA regulon. We also found that this activity was
abolished in media with neutral pH or high Mg?* levels (Figure 3.4d), consistent
with our expression data (Figure 3.3f, Figure 3.3g), and further suggestive of a
specific interaction between dephostatin and the TCSs required to sense these

environmental signals.

Chemicals that target the bacterial inner membrane are known to synergize with
polymyxin antibiotics (Farha et al., 2013), as well as with other inner membrane
disruptors (Sekyere and Amoako, 2017). To exclude disruption of the proton
motive force as a potential mechanism of action, we examined the impact of
dephostatin on the inner membrane. We determined that dephostatin did not
significantly alter fluorescence produced by 3,3’-dipropylthiadicarbo-cyanine
iodide (DiSC3(5)) (Figure 3.4e), a probe that accumulates in the inner membrane
in a manner dependent on the proton motive force (Bakker and Mangerich, 1981;
Mitchell, 2011). Moreover, dephostatin did not exhibit antibacterial synergy with
CCCP, an ionophore that dissipates the proton gradient across the inner
membrane (Figure 3.4f). Taken together, these data suggest that dephostatin
does not target the bacterial inner membrane, consistent with a selective effect of

this compound on TCS inhibition.

Synergy between dephostatin and colistin requires PmrA-regulated genes
Given the therapeutic potential of dephostatin-colistin synergy, we sought to

further interrogate the mechanism underlying this combination. For this, we

implemented a chemical-genomics approach, predicting that mutants with a
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deletion of the gene encoding the secondary target of dephostatin would be
sensitized to colistin, and would exhibit no further increase in colistin sensitivity in
the presence of dephostatin (El-Halfawy et al., 2019). To test these hypotheses,
we screened 3,549 non-essential gene deletion mutants of Salmonella
(Santiviago et al., 2009), at a subinhibitory concentration of colistin in the
presence and absence of dephostatin. We performed these screens in LPM, a
minimal media that induces gene expression conferring colistin resistance. In all
downstream analyses, we excluded any strain that had fitness defects when
grown in LPM, as we have previously reported that this media limits the growth of
strains lacking non-essential nutrient biosynthesis, metabolism, and cell envelope

homeostasis genes (Ellis et al., 2019) (Supplementary Figure 3.4a).

As an initial data filter, we looked for any mutant that had increased sensitivity to
dephostatin alone; however, we observed no significant growth defects for any
mutants in the presence of dephostatin relative to no-compound controls
(Supplementary Figure 3.4b). We then examined the mutants with increased
sensitivity to colistin alone, revealing several mutants in genes regulated by PmrA
(pmrD, arnT, arnF, arnD, udg, arnA, pmrA), as well as genes involved in motility
(motA, fliN, flgd, flgE) and outer membrane integrity (to/lQ, bamB, pgm) (Figure
3.5a). Among the mutants with increased sensitivity to colistin, arnDFT, pmrAF,
phoQ, flgE, udg, and safC were not further potentiated for colistin sensitivity in
the presence of dephostatin (Figure 3.5b). We confirmed the resistance of these
mutants to dephostatin-colistin synergy with chequerboard assays
(Supplementary Figure 3.4c) and observed the most pronounced loss of
potentiation for arnT, phoQ, udg, arnD, pmrA, pgm, and pmrF mutants (Figure
3.5¢). Excluding phoQ and pgm, these genes are all regulated by PmrA,
supporting our hypothesis that dephostatin disrupts signaling through the PmrB-

PmrA TCS to enhance the antibacterial activity of colistin.
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We next sought to isolate mutants resistant to the combination of dephostatin and
colistin to elucidate the mechanism of action underlying this potentiation. We
were unable to produce resistant mutants when plating on solid media containing
dephostatin and colistin (~4x MIC), nor after ~30 serial passages (see STAR
Methods) (Supplementary Figure 3.5a). However, continued passaging in liquid
culture eventually yielded two strains resistant to dephostatin-colistin synergism.
Whole genome sequencing revealed that both strains had acquired a single point
mutation (L85R) in PmrB (pmrByssr). Of note, a similar mutation in pmrB was
previously isolated from clinical isolates of colistin-resistant Klebsiella
pneumoniae, although the mechanism underlying this is currently unknown
(Cannatelli et al., 2014).

We transferred pmrByssr into a wild-type Salmonella background by allelic
replacement and examined the susceptibility of this strain to dephostatin-colistin
synergy. Although the PmrBLssr-expressing strain was resistant to colistin-
dephostatin synergism, this strain was also inherently more resistant to colistin
alone relative to wild-type Salmonella (Supplementary Figure 3.5b). These results
likely indicated that pmrByssr bypasses the effect of dephostatin to confer high-
level colistin resistance through a separate mode of action. In line with this, we
determined that the pmrBLssr mutant was as susceptible as wild-type Salmonella
to dephostatin-mediated repression of PmrA-regulated genes (Supplementary
Figure 3.5¢). To conclude from these findings, we found no evidence for a

resistance pathway specific to dephostatin-colistin synergy.

In vivo efficacy of dephostatin and colistin in a murine infection model
Finally, to begin proof of concept studies with dephostatin, we evaluated the

efficacy of dephostatin against a systemic Salmonella infection as both a

monotherapy and in combination with colistin. In these experiments, we
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administered dephostatin at the highest concentration possible (5 mg/kg) given
water solubility constraints, but selected a colistin concentration equivalent to
approximately one quarter of the human equivalent dose (Nation and Li, 2009).
Treatment with dephostatin or colistin independently led to ~0.5-log1o and ~3.2-
log1o reductions in bacterial burdens, respectively, relative to vehicle-treated
controls (Figure 3.6a). Dephostatin in combination with colistin resulted in a ~4.3-
log1o decrease in Salmonella burden when compared to the vehicle-treated
group, and a further, significant ~1.1-log1o reduction when compared to the
colistin-treated group. Together, these results indicate that dephostatin has the
potential for significant dose-sparing of toxic antibiotic partners, like colistin.
Indeed, the concentrations of dephostatin and colistin used in our experiments
were well-tolerated with no adverse effects on uninfected mice. Importantly, we
cannot exclude the possibility of an additional interaction between dephostatin
and the host phosphoproteome during these infections, given the previously
characterized inhibitory activity of this compound against eukaryotic PTPs
(Fujiwara et al., 1997).

We also tested the potential for dephostatin and colistin to prolong survival of
Salmonella-infected animals. When administered as a monotherapy, dephostatin
did not significantly extend animal survival beyond that of the vehicle-treated
group. Treatment with colistin extended survival of 87.5% of mice to ~5 days post
infection and 25% of mice survived to the end of the experiment (Figure 3.6b).
However, 62.5% of mice treated with both dephostatin and colistin survived the
infection indicating a significant improvement over monotherapy. Of note, in these
experiments, treatments were administered beginning at the time of infection; we
speculate that improvements in the pharmacokinetic properties of dephostatin
would be required if the time before treatment was increased. Together, these
results support dephostatin as an anti-virulence agent with the ability to potentiate

antibiotic efficacy in vivo.
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Discussion

The emergence of multidrug-resistant Salmonella strains requires the
development of new anti-infectives with unique mechanisms of action. In this
work, we developed a screen designed to enrich for anti-virulence compounds
targeting Salmonella signaling pathways required for intracellular survival, and
uncovered the nitrosoaniline natural product, dephostatin. Although more work is
needed to fully characterize the mode of action of dephostatin, we predict an
interaction with SsrB and PmrA to disrupt signaling through both regulons.
However, we cannot rule out additional transcriptional inhibitory effects for
dephostatin. While a strain expressing SsrBc2oss is insensitive to the SPI-2
inhibitory action of dephostatin, it is currently unclear whether this is entirely
distinct from the impact of dephostatin on the PmrA regulon. Further, our
chemical genomics data suggest that several PmrA-regulated genes are required
for dephostatin-colistin synergism, indicating that dephostatin likely influences a
master regulatory process upstream of these gene products. Probing the
mechanism underlying the broad transcriptional inhibition elicited by dephostatin
will require extensive future work, as our results indicate possible multimodal

activity.

The previously characterized inhibitory activity of dephostatin against eukaryotic
PTPs (Fujiwara et al., 1997; Masaya et al., 1993) suggests that administering this
compound to infected macrophages and mice may have impacted host
physiology in a bacterial-independent manner. Indeed, recent reports have
demonstrated that PTP activity is required for LPS tolerance via TLR4 signaling,
and that chemical inhibitors of PTPs, such as dephostatin, restore endotoxin
sensitivity (Suzuki et al., 2001). It is possible that this additional mode of action

may have contributed to our infection outcomes, as the inhibition of LPS
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tolerance in infected macrophages or mice may lead to a hyperinflammatory
response following challenge with Salmonella, potentially restricting bacterial
growth. Further experiments using TLR4-deficient cell lines or animals will aid in
determining if signaling through this immunological axis is important for

dephostatin activity.

We encountered difficulty in isolating mutants resistant to dephostatin-colistin
synergism. The single suppressor mutation we isolated (pmrBLssr) was specific to
colistin resistance and therefore indirectly bypassed dephostatin activity. While
these results complicate our characterization of a potential mode of action, they
also provide intriguing evidence to consider anti-virulence agents as ‘resistance-
proof’ treatments for infection (Allen et al., 2014). Because dephostatin does not
influence bacterial viability and likely has multiple molecular targets, it is possible
that selective pressure for resistance evolution is diminished. Indeed, this is
consistent with previous literature suggesting that ideal antibiotic agents may
circumvent resistance evolution by targeting multiple processes (Silver, 2007;
Tyers and Wright, 2019). Further experimental work is required to approximate
the strength of selection in this and other combination treatment schemes, but we
consider this evidence encouraging to support the development of anti-virulence

agents in combination with existing antibiotics.

Colistin is considered an antibiotic of last resort for multidrug-resistant
Enterobacteriaceae that fail to respond to conventional treatments (Brennan-
Krohn et al., 2018). Concerningly, the therapeutic use of this potent antimicrobial
has been increasing, leading to increased levels of colistin resistance. Our work
suggests that compounds like dephostatin have the potential to overcome
intrinsic polymyxin resistance, and therefore may aid in maintaining the clinical
efficacy of this important antimicrobial class. To this end, we present evidence

that in vitro, the combination of dephostatin with colistin considerably delays the
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time required to obtain elevated colistin resistance. We also find that dephostatin
is able to potentiate colistin activity even against a multidrug-resistant, ST313
sequence type strain of invasive Salmonella. Strains within this lineage are the
leading cause of severe bloodstream infections in sub-Saharan Africa (Canals et
al., 2019b; Van Puyvelde et al., 2019) and have acquired resistance to multiple
first-line antibiotic treatments. Continued research to identify therapeutic options

for this global health threat is essential.

Although dephostatin displayed efficacy in vivo only in combination with colistin,
there is a growing body of work supporting the potential of anti-virulence
molecules as antibiotic adjuvants (El-Halfawy et al., 2019; Harris et al., 2014;
Kirienko et al., 2019). This approach is particularly suited to last-resort antibiotics
that have problematic safety profiles as monotherapies; for example, co-
administering dephostatin with colistin allowed for a favorable outcome during
murine salmonellosis despite colistin dose sparing to one quarter the human-
equivalent dose. The therapeutic potential of dosing regimens that reduce the
frequency or concentration of colistin required for infection treatment cannot be
overstated. Our findings complement a number of recently reported colistin
adjuvants that disarm intrinsic or acquired resistance, or are independently
antibacterial (Barker et al., 2017; Harris et al., 2014; MacNair et al., 2018;
MacNair et al., 2020; Stokes et al., 2017; Zimmerman et al., 2020). Combinations
of this nature are a particularly promising therapeutic strategy in the antibiotic
resistance era, and further studies will be required to determine the clinical

significance of dephostatin-colistin synergism.

Our approach validates the utility of a high-throughput, reporter-based assay to
identify small molecules that suppress multiple virulence factors. While it is
difficult to completely abolish Salmonella virulence with the repression of any

single gene, targeting top-level TCS regulators provides an opportunity to
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simultaneously inhibit several virulence determinants within the same regulatory
network. For this reason, dephostatin is uniquely positioned amongst anti-
virulence agents, with an ability to suppress SPI-2 genes but also potentiate
polymyxin antibiotics. Chemical compounds with similar activity profiles may be
particularly useful to treat systemic infections with heterogeneous virulence gene
expression, in which bacterial sub-populations in different host sites may require
different virulence processes for survival (Tsai and Coombes, 2019). To this end,
leveraging our existing knowledge of the regulatory networks required for
bacterial virulence across cellular compartments and tissues will aid in the
development of effective anti-virulence therapies. Indeed, several recent studies
have laid the foundation for future discovery in this chemical space, identifying a
number of chemical compounds that inhibit master regulators of virulence
(Carabajal et al., 2020; El-Halfawy et al., 2019; Gao et al., 2018; Rasko et al.,
2008; Starkey et al., 2014; Zheng et al., 2016). Continued research in this area is
essential to continue yielding new anti-infectives that broadly inhibit bacterial

virulence.

Significance

There is an urgent need to discover and develop new anti-infective agents. The
shortage of antibiotics under development is an acute problem for the Gram-
negative pathogen Salmonella Typhimurium, which now has high-priority status
for new drug development. Here, we describe a chemical-genomics approach to
identify inhibitors of key virulence pathways in Salmonella. We uncover the
nitrosoaniline natural product dephostatin, which we show to suppress
intracellular virulence in Salmonella through perturbation of the two-component
system, SsrA-SsrB. Further, we show that dephostatin also disrupts the activity of
the PmrB-PmrA two-component system that controls outer membrane

modifications required for polymyxin resistance. Accordingly, we discover that
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dephostatin sensitizes Salmonella to the last-resort antibiotics colistin and
polymyxin B and find that co-administration of dephostatin and colistin in a mouse
model of lethal Salmonella infection significantly prolongs animal survival while
considerably dose-sparing colistin. This work exemplifies the therapeutic potential
of disrupting regulatory signaling to attenuate bacterial virulence, thereby

enabling new drug combinations to emerge.
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STAR Methods

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed
to and will be fulfilled by the Lead Contact, Brian Coombes

(coombes@mcmaster.ca).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead

Contact without restriction.

Data and Code Availability

The accession number for the RNA-sequencing dataset reported in this paper is
GEO: GSE147414. The accession number for the whole-genome sequencing
dataset reported in this paper is SRA: PRINA613819.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial Strains and Culture Conditions

All experiments with Salmonella were performed with strain SL1344 or
derivatives unless otherwise noted. Routine propagation of bacteria was in LB
media (10 g/L NaCl, 10 g/L Tryptone, 5 g/L yeast extract) supplemented with
appropriate antibiotics (streptomycin, 100 pg/ml; chloramphenicol, 34 ug/ml;
gentamicin, 15 ug/ml; kanamycin, 50 ug/ml; ampicillin, 100 ug/ml). Where
indicated, bacteria were sub-cultured 1:50 and grown in LPM (referred to as
acidic pH low Mg?* media) (5 mM KCI, 7.5 mM (NH4)2SQO4, 0.5 mM K2SO4, 80
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mM MES pH 5.8, 0.1% casamino acids, 0.3% (v/v) glycerol, 24 yM MgCl,, 337
UM PO43) or LPM pH 7.4 (referred to as neutral pH low Mg?* media) (5 mM KClI,
7.5 mM (NH4)2SO4, 0.5 mM K2SO4, 100 mM Tris pH 7.4, 0.1% casamino acids,
0.3% (v/v) glycerol, 24 uM MgClz, 337 uM PO4*). Where indicated, 10 mM MgCl.
was added to LPM (referred to as acidic pH high Mg?* media). Bacteria were

grown at 37°C.

Mice

All animal experiments were performed according to the Canadian Council on
Animal Care guidelines using protocols approved by the Animal Review Ethics
Board at McMaster University under Animal Use Protocol #17-03-10. Six- to ten-
week-old female C57BL/6 mice were purchased from Charles River Laboratories
and were used for all murine infections or for isolation of murine bone marrow-
derived macrophages. Mice were stored in a Biosafety Level 2 SPF barrier facility
at the McMaster Central Animal Facility. Mice were fed a regular chow diet ad
libitum. Before all infections and treatments, mice were relocated at random from

a housing cage to treatment or control cages.

Cell Culture

Cells were maintained in a humidified incubator at 37°C with 5% CO2. RAW264.7
macrophages were grown in DMEM containing 10% FBS (Gibco) and seeded in
tissue culture-treated 96-well plates (Corning) 20 h prior to infection. Bone
marrow-derived macrophages were collected from the femur and tibia of mice
and maintained in RPMI containing 10% FBS (Gibco), 10% L929 fibroblast
conditioned media, and 100 U penicillin-streptomycin. Cells were differentiated
for 7 days in 150 mm Petri dishes, then lifted with ice-cold PBS for seeding in
tissue culture-treated 96-well plates (Corning) 20 h prior to infection. L929
fibroblast conditioned media was collected from the supernatants of L929
fibroblasts grown in DMEM with 10% FBS for ten days.
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METHOD DETAILS

Cloning and Mutant Generation

Primers for cloning and mutant generation are listed in Table 3.1. All DNA
manipulation procedures followed standard molecular biology protocols. Primers
were synthesized by Sigma-Aldrich. PCRs were performed with Phusion, Phire I,
or Taq DNA polymerases (ThermoFisher). All deletions were confirmed by PCR
and verified by DNA sequencing performed by Genewiz Incorporated. Unmarked,
in-frame gene deletions were generated via homologous recombination from a
suicide plasmid as described previously (Coombes et al., 2007). Briefly, ~500 bp
upstream and downstream of each target gene were PCR-amplified and spliced
together by overlap-extension PCR. The resulting deletion allele was cloned into
the Kpnl/Sacl digested suicide plasmid pRE112 (Edwards et al., 1998), then
transformed into SM10A pir to create a donor strain for conjugation. Deletion
constructs were introduced into wild-type Salmonella via conjugal transfer and
merodiploids were first selected on chloramphenicol, followed by selection for
mutants using SacB-based counterselection on 5% (w/v) sucrose. For generation
of PsseA-Cm, ~500 bp upstream of sseA, a promoterless chloramphenicol
resistance cassette, and ~500 bp downstream of sseA were PCR-amplified and
spliced together by overlap-extension PCR. This allele was subsequently used
for allelic exchange. Similar methods were used for the generation of the
ssrBc2o3zs and pmrBygsr strains, in which the indicated point mutations were
introduced by overlap-extension PCR and chromosomally replaced by allelic
exchange. Transcriptional reporters were generated by cloning ~500-800 bp
regulatory regions upstream of query genes from SL1344 into the BamHI/SnaBI-
digested pGEN-/uxCDABE plasmid (Lane et al., 2007). Sequence-verified

plasmids were transformed into wild-type SL1344.
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Survival and Competitive Indices of Mutants

Mice were infected intraperitoneally (i.p.) with ~10% CFU Salmonellain 0.1 M
Hepes (pH 8.0) with 0.9% NaCl. For survival experiments, mice were euthanized
at clinical endpoint, determined using body condition scoring analyzing weight
loss, reduced motility, and hunched posture. For competitive infections, the
inoculum was comprised of a 1:1 ratio of a marked wild-type strain resistant to
kanamycin (ushA::Kn) (Coombes et al., 2005) and a second competing mutant
strain. At ~60-70 h after infection, mice were euthanized and the spleen and liver
were homogenized in cold PBS, serially diluted, and plated on LB medium
containing streptomycin for determination of total CFU. Colonies were replica-

plated under kanamycin selection for enumeration of SL1344 ushA::Kn. The

mutant

]output

competitive index was calculated using the formula: —m‘;“,fant], =
——|inpu
wt

Transcriptional Reporter Assays

Wild-type or mutant Salmonella was transformed with the pGEN-luxCDABE
plasmid (Lane et al., 2007) containing various promoters. Cells were grown in LB
until mid-log phase, then sub-cultured 1:50 into LPM, following which
luminescence and ODeoo Were read every hour for 5 h. Luminescence (RLU) was
normalized to ODsoo. When individual time points are not shown, normalized RLU
reflects luminescence/ODeoo values at 0 h subtracted from those at 5 h. For all
assays, DMSO and dephostatin concentrations were 0.25% and 32 pug/ml,

respectively.

Chemical Screening

All high-throughput compound screening was performed at the Centre for
Microbial Chemical Biology (McMaster University). The chemical library screened
contained 48,787 diverse small molecules assorted from Sigma-Aldrich,
MicroSource, and Enamine. An overnight culture of Salmonella PsseA-lux was

sub-cultured ~1:50 in LB with 100 ug/ml ampicillin and grown for 2-2.5 h. This
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culture was diluted ~1:100 into LPM and dispensed into 384-well black, clear flat-
bottom (Corning) plates to a final volume of 30 pL per well. 60 nL of each
compound (5 mM stocks) was added (Echo 550 Liquid Handler) for a final
concentration of 10 yM compound per well. ODegoo and luminescence were read
immediately after compound addition, after 5-6 h, and again after 18-22 h. Plate
and well effects were normalized by interquartile-mean based methods (Mangat
et al., 2014) and compounds reducing growth more than 2.25 s.d. below the

mean were considered actives. Screening was performed in duplicate.

RNA Isolation and RT-qPCR

Wild-type Salmonella was grown in LB until mid-log phase, then sub-cultured
1:100 into LPM and grown in the presence of DMSO (0.25%) or dephostatin (32
pg/ml) for 5-6 h. 5 ml of each strain was pelleted by centrifugation and
resuspended in 1 ml Trizol (Invitrogen) for cell lysis. RNA was extracted by
chloroform (BioShop) separation following the manufacturer’s protocol,
precipitated with 100% isopropanol (BioShop) and washed with 75% ethanol
(Sigma) before treatment with Dnase | (Turbo DNA-free kit). DNase | was
inactivated with 2.5 mM EDTA and RNA was resuspended in DEPC water. For
RT-gPCR experiments, cDNA was synthesized from purified RNA using qScript
cDNA Supermix (Quantabio) and diluted 1:10 before use. The housekeeping
gene 16S was used for normalization, RT-gPCR was performed in a LightCycler
480 (Roche) with PerfeCTa SYBR Green Supermix (Quantabio). For all
experiments, normalized ratios (dephostatin/DMSO) were calculated relative to

16S transcript levels.

Growth Curves

Strains were grown until mid-log phase in LB, then diluted 1:100 into LPM. ODeoo

was measured at 15 min intervals for ~24 h using a Tecan Sunrise. For
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experiments with PsseA-Cm, media was supplemented with 10 pg/mi

chloramphenicol and dephostatin at the indicated concentrations.

Measurement of Nitric Oxide

Two-fold serial dilutions of dephostatin (beginning at 64 ug/ml) and sodium nitrite
(beginning at 250 uM) were made in LPM and mixed with equal volumes of 1x
Griess reagent (Sigma) for a final volume of 100 uL/well in black 96-well clear flat
bottom plates (Corning). Plates were incubated in the dark at room temperature
for 10 min, then absorbance was read at 540 nm (Biotek Neo). Readings were
taken continuously every 10 min for 3 h, then again after incubation overnight
(~20 h). Absorbance values for sodium nitrite were used to generate a standard

curve and approximate nitrite levels in wells containing dephostatin.

Intracellular Replication Assays

Differentiated bone marrow-derived macrophages were seeded 20 h prior to
infection at ~10° cells per well in RPMI containing 10% FBS (Gibco) with 100
ng/ml LPS from Salmonella enterica serovar Minnesota R595 (Millipore).
Overnight cultures of wild-type SL1344 were diluted to obtain a multiplicity of
infection of ~50:1 and added to each well. Plates were spun down at 500 x g for 2
min, then incubated for 30 min at 37°C with 5% CO2. Media was aspirated and
replaced with fresh RPMI with 10% FBS and 100 pg/ml gentamicin to Kill
extracellular bacteria for 30 min at 37°C with 5% CO-. Again, media was
aspirated, wells were washed 3 times with PBS, and 200 pL fresh RPMI with 10%
FBS containing DMSO or dephostatin at 16, 32, 64, or 128 ug/ml was added to
each well. At this time or 6 h later, media was aspirated, wells were washed once
in PBS, then adhered macrophages were lysed in sterile water. Bacterial colony-
forming units (CFUs) from each lysed well were enumerated by serially diluting in
PBS and plating on LB plates. Fold change in CFU (CFU at 6 h divided by at 0 h)

was calculated to represent replication over the course of the experiment.
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Cytotoxicity Assays

RAW264.7 macrophages were left to adhere for 20 h at ~10° cells per well in
DMEM containing 10% FBS (Gibco). Dephostatin was premixed into DMEM then
added to wells. After 4 h of treatment, the culture supernatant was collected for
analysis of lactate dehydrogenase release. Cytotoxicity was quantified
colorimetrically (Pierce LDH cytotoxicity kit) wherein LDH activity is measured by
subtracting A4 from Aeso. Lysis control wells were treated with 10X lysis buffer

for 1 hour. Percent cytotoxicity was calculated with the formula:

LDH —LDH .
Compound Treated »~Spontancous . 1()0% where LDHspontaneous is the amount of LDH

LDHMaximum_LDHSpontaneous

activity in the supernatant of untreated cells and LDHwmaximum is the amount of LDH
activity in the supernatant of lysis control wells. The LDH activity in cell-free

culture medium was subtracted from each value prior to normalization.

RNA-sequencing

Purified RNA was analyzed with a BioAnalyzer chip and treated with RiboZero for
rRNA depletion, cDNA was barcoded for each sample. cDNA was sequenced on
an lllumina HiSeq 2000 platform with single-end reads. Raw reads were
processed with FastQC and trimmed with Cutadapt (Martin, 2011) to remove
Truseq adapter sequences. Sequencing data was aligned against the reference
genome for Salmonella (NC_016810) using BWA (mem algorithm) (Koehors et
al., 2017) and analyzed using featureCounts (Liao et al., 2014) and the R
package DESeq2 (Love et al., 2014).

Chequerboard Broth Microdilution Assays

8x8 matrices of compound were created in 96-well plates with two-fold serial
dilutions of each compound at 8 concentrations. After overnight growth in LB,

bacteria were diluted 1:5000 into LPM and added to each well of the 8x8 matrix.
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After addition of bacteria, plates were incubated at 37°C for ~18-22 h, before and
after which the ODesoo was measured. At least two biological replicates were

performed for each assay.

DiSC3(5) Assay

Cells were grown to late-log phase (ODsoo ~ 1) in MHB supplemented with 5 mM
EDTA, as outer membrane disruption is required for the highly lipophilic 3'3-
dipropylthiadicarbocyanine iodide (DiSC3(5)) to access the cytoplasmic
membrane. Cells were harvested by centrifugation, washed twice in buffer (5 mM
HEPES pH 7.0, 20 mM glucose), and resuspended in buffer to a final ODsgo of
0.085 with 1 yM DiSC3(5) before incubation for 30 min at 37°C. 75 pL of
DiSC3(5)-loaded cells was then added to two-fold dilutions of dephostatin or
colistin in 96-well black clear-bottom plates (Corning) and fluorescence
(excitation = 620 nm, emission = 685 nm) was read immediately after using a
Tecan M1000 Infinite Pro plate reader. The fluorescence intensity was stable for

at least 15 min when the plate was shielded from light.

Genetic Screening

The Salmonella single-gene deletion (SGD) library was pinned from frozen
DMSO stocks at 384-colony density onto LB agar medium containing 50 pg/mi
kanamycin using a Singer RoToR HDA (Singer Instruments) and grown for 20 h
at 37°C. The SGD was then grown overnight in 384-well clear flat-bottom plates
(Corning) in LB supplemented with 50 ug ml kanamycin (30 uL/well). The Singer
RoToR HDA was used to inoculate assay plates containing 30 yL/well LPM alone
or supplemented with dephostatin (64 ug/ml), colistin (8 pg/ml), or dephostatin
and colistin (64 and 8 ug/ml, respectively). Optical density at 600 nm (ODsoo) was
measured with a Tecan M1000 Infinite Pro plate reader at the time of inoculation
(To) and after ~20 h (T20) of incubation at 37°C. Growth was calculated by
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subtracting reads at To from those at T2o. Experiments were performed in

duplicate.

Suppressor Isolation and Variant Analysis

Spontaneous resistant mutants were selected for by serial passage in liquid
culture. A single colony of wild-type SL1344 was grown overnight in LPM at 37°C.
The susceptibility of this strain to colistin was repeatedly tested by diluting
bacteria 1:2000 into 200 yL LPM per well of 96-well microtiter plates, containing
two-fold serial dilutions of colistin, beginning at 256 ug/ml. Every other day, the
highest well with observable growth was sub-cultured and grown overnight in
LPM containing 8 ug/ml dephostatin and the corresponding colistin concentration
at which growth was observed. Serial passaging was done in duplicate. When
strains displayed resistance to >256 ug/ml colistin, genomic DNA was extracted
using the QlAamp DNA mini kit (Qiagen). Samples were sequenced on a MiSeq
2x250 platform with paired-end reads. Raw reads were processed with FastQC
and trimmed with Cutadapt (Martin, 2011) to remove Nextera transposase
sequences. Sequencing data was aligned against the reference genome for
Salmonella (NC_016810) and analyzed using breseq (Barrick et al., 2014) in

polymorphism mode with default settings.

Treatment of Infected Animals

Mice were infected intraperitoneally (i.p.) with ~10% CFU Salmonella (SL1344) in
0.1 M Hepes (pH 8.0) with 0.9% NaCl. Groups of mice were administered
treatments every 24 h by i.p. injection beginning at the time of infection. 5%
DMSO in water was given to vehicle control groups of mice, dephostatin
solubilized in 5% DMSO in water was administered at 2.5 or 5 mg/kg, and colistin
solubilized in water was administered at 5 or 10 mg/kg. Experimental endpoint
was defined as 60 h post-infection for CFU determination, at which Salmonella-

infected mice exhibited ~10-12% weight loss and displayed signs of clinical
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illness. For these experiments, mice were euthanized, and the spleen and liver
were homogenized in cold PBS, serially diluted, and plated on LB medium
containing streptomycin for determination of total CFU. Clinical endpoint in
survival experiments was determined using body condition scoring analyzing

weight loss, reduced motility, and hunched posture.

Synthesis of Dephostatin

Dephostatin (compound 5, 3,4-Dihydroxy-N-methyl-N-nitrosoaniline) was
synthesized from 4-nitrocatechol (compound 1) via the intermediate compounds
2 (3,4-Bis[(tert-butyldimethylsilyl)oxy]nitrobenzene), 3 (3,4-Bis|(tert-
butyldimethylsilyl)oxy]-N-methylaniline), and 4 (3,4-Bis|(tert-
butyldimethylsilyl)oxy]-N-methyl-N-nitrosoaniline), using the route shown in
Supplementary Figure 3.6. For the following description of synthesis procedures,
all chemical shifts in "H NMR and '3C NMR spectra are reported in parts per
million (ppm) relative to tetramethylsilane (TMS), with calibration of the residual
solvent peaks according to values previously reported (Gottlieb et al., 1997)
(chloroform: 8n 7.26, &¢ 77.16; acetone: 61 2.05, 6¢ 29.84, 206.26). When peak
multiplicities are given, the following abbreviations are used: s, singlet; d, doublet;
t, triplet; g, quartet; sept., septet; dd, doublet of doublets; m, multiplet; br, broad;
app., apparent; gem, geminal. '"H NMR and '3C spectra were recorded at 700
MHz and 175 MHz, respectively, with a digital resolution (Briker parameter:
FIDRES) of 0.15 Hz/point and coupling constants reported herein therefore have
uncertainties of £0.3 Hz. Reactions were carried out at room temperature (rt) if
temperature is not specified. Unless otherwise noted, an automated flash
chromatography system (Teledyne CombiFlash Rf 200) was used for the
purification of compounds on silica gel (either 40—60 uM or 20—40 uM particle
size). Low Resolution Mass Spectrometry (LRMS) measurements were recorded

on an Advion Expression CMS Compact Mass Spectrometer. Compound 2: A

solution of 4-nitrocatechol (compound 1) (0.994 g, 6.407 mmol), tert-
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butylchlorodimethylsilane (TBS-CI, 2.414 g, 16.02 mmol), imidazole (1.090 g,
16.02 mmol) and dimethylaminopyridine (DMAP, 0.020 g, 0.164 mmol) in DMF
(12.5 ml) was stirred at rt for 16 h. The reaction was poured into water (70 ml)
and extracted with EtOAc (3 x 50 ml). The organic layers were combined and
washed with water (3 x 50 ml), dried over Na>SO4, and concentrated in vacuo to
an orange oil. Flash chromatography (0:100—10:90 EtOAc/Hex) provided the
TBS-protected catechol compound 2 as a pale yellow solid (2.34 g, 6.09 mmol,
95%). Rr = 0.69 (EtOAc/Hex 10:90). '"H NMR (700 MHz, CDCls): § 0.25 (s, 6H,
one of Si(CHz)2), 0.26 (s, 6H, one of Si(CH3z)2), 0.99 (s, 9H, one of SiC(CH?s)s3),
1.00 (s, 9H, one of SiC(CHz)3), 6.87 (d, J = 8.9 Hz, 1H, ArH), 7.71 (d, J = 2.8 Hz,
1H, ArH), 7.77 (dd, J = 8.9 Hz, J = 2.8 Hz, 1H, ArH). '*C NMR (175 MHz, CDCls):
5 -3.9 (2C), -4.0 (2C), 18.6, 18.7, 25.9 (3C), 26.0 (3C), 116.4, 117.9, 120.1,
141.8, 147.2, 153.8. LRMS (APCI) m/z: 384.2 calcd for C1gH34sNO4Si2 (M + H);
384.3 obsd. All data were in accordance with the literature (Li et al., 2012).
Compound 3: 2-Propanol (14 ml) was added to a two-neck flask containing 10%
Pd/C (0.307 g, 2.89 mmol). A solution of ammonium formate (0.994 g, 15.8

mmol) in water (1.39 ml) was transferred to the same flask. The reaction mixture

was stirred for 2 mins to activate Pd/C. Next, the nitroarene compound 2 (0.403
g, 1.050 mmol) and HCHO (37% solution in water, 0.83 ml, 10.0 mmol) were
added. The reaction mixture was degassed to remove oxygen, and stirred under
nitrogen flow overnight at rt. The Pd/C catalyst was then removed by filtration
through Celite and the filtrate concentrated by rotary evaporation. The resulting
mixture was diluted with CH2Cl2 (20 ml), washed with brine (20 ml), dried over
Na2S04, and concentrated in vacuo to a dark brown oil. Flash chromatography
(0:100—10:90 EtOAc/Hex) provided the N-methylaniline derivative 3 as a brown
oil (67 mg, 0.26 mmol, 26%). Rr = 0.25 (EtOAc/Hex 10:90). "H NMR (700 MHz,
CDCIz): 8 0.15 (s, 6H, one of Si(CHz)2), 0.19 (s, 6H, one of Si(CH3)2), 0.97 (s, 9H,
one of SiC(CHs)z), 0.98 (s, 9H, one of SiC(CHs)3), 2.76 (s, 3H, NHCHz), 6.12 (dd,
J=8.6 Hz, J=2.8 Hz, 1H, ArH), 6.17 (d, J = 2.8 Hz, 1H, ArH), 6.67 (d, J = 8.6
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Hz, 1H, ArH). LRMS (APCI) m/z: 368.2 calcd for C19H3sNO2Si> (M + H); 368.5
obsd. All spectral data were in accordance with the literature (Byun et al., 2007).
Compound 4: To a solution of aniline (compound 3) (0.401 g, 1.091 mmol) in THF
(42 ml) were added 1 M HCI (10.1 ml) and NaNO2 (90.3 mg, 1.309 mmol)

successively at 0°C. The solution was stirred at 0°C for 3.5 h before the organic

solvent was removed by rotary evaporation. The aqueous mixture was extracted
with CH2Cl2 (2 x 40 ml) and the combined organic extracts were dried over
Na>S0Os and concentrated in vacuo to a dark-brown oil. Flash chromatography
(0:100—5:95 EtOAc/Hex) provided the N-nitroso compound 4 as a brown powder
(365 mg, 0.921 mmol, 84%). Rr = 0.58 (EtOAc/Hex 10:90). '"H NMR (700 MHz,
CDCIl3): 6 0.22 (s, 12H, 2 x Si(CHz)2), 0.99 (s, 9H, one of SiC(CH?s)3), 1.00 (s, 9H,
one of SiC(CHs,)3), 3.41 (s, 3H, NHCH3), 6.89-6.92 (m, 2H, ArH), 7.08 (d, J= 1.9
Hz, 1H, ArH). 3C NMR (175 MHz, CDCls): § -3.95 (2C), -3.96 (2C), 18.6 (br,
2C), 26.0 (br, 6C), 32.1, 112.5, 113.1, 121.3, 136.3, 146.8, 147.7. MS (APCI)
m/z: 396.2 calcd for C19H37N203Si> (M + H); 397.6 obsd. The data were in

accordance with the literature (Tanaka and Umezawa, 1995). Compound 5: The

synthesis of dephostatin (compound 5) was carried out following the route
previously reported (Tanaka and Umezawa, 1995; Watanabe et al., 1994), except
that TBAF was used instead of NaF-HF for the TBS removal. To a solution of
compound 4 (96.1 mg, 0.242 mmol) in THF (5.3 ml) were added TBAF (1 M in
THF, 0.28 ml, 0.28 mmol) successively at 0 °C. The solution was stirred at 0°C
for 1 h, then stirred at rt for another 3 h. The solvent was removed by rotary
evaporation, and the resulting crude was poured into a solution of satd NH4Cl
and extracted with EtOAc (5 x 10 ml). The combined organic layers were
combined, dried over Na;SO4 and concentrated in vacuo to a brown oil. Due to
the tendency of dephostatin to oxidize, flash chromatography (5:95—10:90
MeOH/CHCI3) was carried out with a glass column under nitrogen flow.
Dephostatin (compound 5) was isolated as an orange powder (23.9 mg, 0.142
mmol, 58%). Rr = 0.26 (MeOH/CHCI3 10:90). "H NMR (700 MHz, acetone-ds): §
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3.38 (s, 3H, NCHs»), 6.89-6.95 (m, 2H, ArH), 7.13 (d, J = 2.2 Hz, 2H, ArH), 8.29
(br, 2H, OH). 3C NMR (175 MHz, acetone-ds): § 32.3, 108.8, 112.4, 116.4,
136.5, 145.7, 146.7. LRMS (APCI) m/z: 169.1 calcd for C7HoN20O3 (M + H); 169.3
obsd. Characterization data were in accordance with the literature (Tanaka and
Umezawa, 1995; Watanabe et al., 1994).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using RStudio version 1.0.143 with R version 3.2.2, and
GraphPad Prism 8.0 software (GraphPad Inc., San Diego, CA). Unless otherwise
noted, groups were compared via two-way analysis of variance (ANOVA). Each
figure legend contains information on the type of multiple comparison test used
as well as mean and dispersion measures. P values of <0.05 were considered
significant. An explanation of the software used for RNA-sequencing and variant

analysis can be found in each experimental method description.
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Figure 3.1. Identifying chemical repressors of virulence gene transcription.

(a) Survival plot of mice (n=5 per group). Groups were analyzed with a Gehan-
Breslow-Wilcoxon test for survival curve differences. *P<0.05, **P<0.01. (b)
Transcriptional reporter assay. Data are the means with standard error from three
independent experiments. Significance is shown for values compared at time = 5
h. ****P<0.0001 (Bonferroni’s multiple comparisons test). (c) Workflow of screen
prioritization methods and chemical structure of dephostatin.

See also Supplementary Figure 3.1.
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Figure 3.2. Dephostatin represses intracellular virulence through SsrB.

(a) Transcriptional reporter assay. Data are the means with standard error.

Values for dephostatin were compared against those for DMSO. *P<0.05,

**P<0.01, ****P<0.0001 (Bonferroni’s multiple comparisons test). (b) Gene

expression measured by RT-gPCR. Data are the means with standard error.

Groups were compared against a value of 0 using one-way ANOVA ***P<0.001,

****P<0.0001 (Dunnett’'s multiple comparisons test). (c) Growth of PsseA-Cm.
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Data are the means with standard error from two independent experiments. (d)
Nitric oxide release from dephostatin, dots and error indicate mean and s.d. from
three independent experiments. (e€) As in (a). (f) Infection of bone marrow-derived
macrophages. Data are the means with standard error. Groups were compared
against DMSO-treated macrophages (cont.) via one-way ANOVA. ****P<0.0001
(Dunnett’s multiple comparisons test). (g) Percentage cytotoxicity after exposure

to dephostatin. Data are the means with standard error.
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Figure 3.3
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Figure 3.3. Dephostatin inhibits non-SPI-2 virulence genes.

(a) logz fold change in gene expression following RNA-sequencing of

dephostatin-treated cells relative to DMSO-treated. Blue, downregulated; red,
upregulated. (b) Transcriptional reporter assay. Data are the means with
standard error. Values for dephostatin were compared against those for DMSO.
***P<0.001, ****P<0.0001 (Bonferroni’s multiple comparisons test). (c) Gene
expression measured by RT-gPCR. Data are the means with standard error.
Groups were compared against a value of 0 (i.e. no change in expression) via
one-way ANOVA. **P<0.01, ****P<0.0001 (Bonferroni’s multiple comparisons
test). (d) Transcriptional reporter assay. Data are the means with standard error

from three independent experiments. Significance is shown for values compared
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at time = 5 h. ****P<0.0001 (Bonferroni’s multiple comparisons test). (e-g) As in
(b). In (f) and (g), growth media types are indicated.

See also Supplementary Figure 3.2.
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Figure 3.4
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Figure 3.4. Dephostatin selectively potentiates polymyxin antibiotics against

Salmonella.

(a) Chequerboard broth microdilution assays between dephostatin and colistin,
polymyxin B (PMB), or cathelin-related antimicrobial peptide (CRAMP). (b) As in
(a), for dephostatin and EDTA or polymyxin B nonapeptide (PMBN). (c) As in (a),
for dephostatin and colistin against the ST313 sequence type (str. D23580) of
Salmonella. (d) As in (a), for dephostatin and colistin in the indicated media
types. (e) DiSC3s(5) assay, bar plots depict the mean of three biological replicates,
error bars indicate standard error. Concentrations of each compound were
compared against 0 pyg/ml. ****P<0.0001 (Dunnett’'s multiple comparisons test).

(f) As in (a), for dephostatin and carbonyl cyanide m-chlorophenyl hydrazone
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(CCCP). In (a-d) and (f), higher growth is indicated in dark red, no detectable
growth is indicated in white, and results are representative of at least two
independent experiments.

See also Supplementary Figure 3.3.
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Figure 3.5
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Figure 3.5. Synergy between dephostatin and colistin requires PmrA-regulated

genes.

(a) Screening of SGD strains. Percent growth was calculated based on growth in
the presence of colistin relative to its respective control (untreated strain) growing
in LPM. Each dot is the mean of two technical replicates. (b) As in (a). Percent
growth was calculated based on growth in the presence of colistin and
dephostatin relative to its respective control (colistin-treated strain) growing in
LPM. (c) Chequerboard assays of dephostatin and colistin against resistant

deletion mutants. Higher growth is indicated in dark red, no detectable growth is
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indicated in white, and results are representative of at least two independent
experiments.
See also Supplementary Figure 3.4 and Supplementary Figure 3.5.
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Figure 3.6
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Figure 3.6. In vivo efficacy of dephostatin and colistin in a murine infection model.

(a) Mice were treated with vehicle (5% DMSO v/v in water, black), dephostatin
(2.5 mg/kg, grey), colistin (10 mg/kg, dark blue), or dephostatin and colistin (2.5
and 10 mg/kg respectively, light blue) and euthanized at experimental endpoint
(60 h post infection). Each point is representative of an individual animal, lines
indicate arithmetic means of each group. *P<0.05, ****P<0.0001 (Holm-Sidak’s
multiple comparisons test). (b) Mice were treated with vehicle (5% DMSO v/v in
water, black), dephostatin (5 mg/kg, grey), colistin (5 mg/kg, dark blue), or
dephostatin and colistin (5 and 5 mg/kg respectively, light blue) and euthanized at
clinical endpoint. Survival curves shown are from two separate experiments (n=4
per group) and groups were analyzed with a Gehan-Breslow-Wilcoxon test.

*P<0.05, ***P<0.001.
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Supplementary Figures

Supplementary Figure 3.1
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Supplementary Figure 3.1. Screening workflow to identify chemical repressors of

virulence gene transcription, related to Figure 3.1.

(a) Each data point represents 1 animal, horizontal lines indicate geometric

means. The broken line indicates a competitive index of 1, representing equal
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fitness. Groups were compared to a value of 1 (equal fitness) **P<0.01,
***P<0.001, ****P<0.0001 (Holm-Sidak’s multiple comparisons test). (b)
Bioluminescence production from PsseA-lux was monitored over 5 h, values on
graph represent interquartile mean-normalized, background subtracted RLU per
well. Red lines indicate 2.25 s.d. from the mean of dataset. (c) As in (b) showing
normalized interquartile mean-normalized, background subtracted ODeoo
monitored over ~20 h of incubation. Blue lines indicate 2.25 s.d. from the mean of
the dataset. (d) Transcriptional reporter assay of PsseA-lux in Salmonella grown
with 128 ug/mL dephostatin. Normalized luminescence was calculated by
subtracting luminescence at 0 h from 5 h, then dividing by corresponding values
for cells treated with DMSO (vehicle control). The dotted line indicates 50%
inhibition of luminescence. (e) ODsoo monitored every 15 min for 20 h of growth of

wild-type Salmonella in the presence of the indicated compounds.
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Supplementary Figure 3.2
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Supplementary Figure 3.2. Dephostatin represses transcription of SPI-2 and
other virulence genes, related to Figure 3.3.
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Heat maps depict the log> fold change in gene expression for cells grown with
dephostatin compared to DMSO. Genes are grouped by functional category.

Blue, downregulated; red, upregulated.
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Supplementary Figure 3.3
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Supplementary Figure 3.3. Selectivity of dephostatin-polymyxin synergy, related
to Figure 3.4.

Chequerboard broth microdilution assays showing the presence or absence of
dose-dependent potentiation between dephostatin and the antibiotics indicated
above. (a) Bacterial species are indicative above each chequerboard, for
dephostatin in combination with colistin. (b) Antibiotics are grouped by functional

class or target (left labels). In (a) and (b), higher growth is indicated in dark red,
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no detectable growth is indicated in white, and results are representative of at

least two independent experiments.
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Supplementary Figure 3.4
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Supplementary Figure 3.4. Screening of the Salmonella single-gene deletion
(SGD) collection, related to Figure 3.5.
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(a) Screening of SGD strains in LPM (untreated control). Growth was calculated
by subtracting the pre-reads (0 h) from reads after ~20 h of incubation. Each dot
is the mean of two technical replicates. The red rectangle indicates 2 s.d. from
the mean of the dataset, indicating a cutoff for strains attenuated for growth. (b)
Screening of SGD strains in LPM with 64 pg/ml dephostatin. Growth was
calculated by subtracting the pre-reads (0 h) from reads after ~20 h of incubation,
percent growth was calculated based on growth in the presence of dephostatin
relative to its respective control (untreated strain) growing in LPM. Each dot is the
mean of two technical replicates. (c) Chequerboard broth microdilution assays
showing the presence or absence of dose-dependent potentiation between
dephostatin and colistin, for the genetic mutants as indicated. Higher growth is
indicated in dark red, no detectable growth is indicated in white, and results are

representative of at least two independent experiments.
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Supplementary Figure 3.5
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Supplementary Figure 3.5. Analysis of genetic suppressors to dephostatin-colistin

synergy, related to Figure 3.5.

(a) Serial passage experiment with colistin alone or in the presence of 8 ug/mi
dephostatin. Cells from the highest concentration of colistin with detectable
growth were used every other day to re-inoculate MIC plates. Points show the
MIC for individual lineages and the connected line shows the mean MIC. (b)
Chequerboard assays of dephostatin and colistin in combination against the
indicated suppressor mutant (omrBissr). Higher growth is indicated in dark red,
no detectable growth is indicated in white, and results are representative of at
least two independent experiments. (c) Transcriptional reporter assay of the
indicated promoters. Bars and error indicate mean and s.e.m. For each promoter,
values for dephostatin were compared against those for DMSO. ****P<0.0001

(Holm-Sidak’s multiple comparisons test).
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Supplementary Figure 3.6
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Supplementary Figure 3.6. Dephostatin synthesis route, related to STAR Method:
Synthesis of Dephostatin.

Dephostatin (compound 5, 3,4-Dihydroxy-N-methyl-N-nitrosoaniline) was
synthesized from 4-nitrocatechol (compound 1) via the intermediate compounds
2 (3,4-Bis|(tert-butyldimethylsilyl)oxy]nitrobenzene), 3 (3,4-Bis|[(tert-
butyldimethylsilyl)oxy]-N-methylaniline), and 4 (3,4-Bis|(tert-
butyldimethylsilyl)oxy]-N-methyl-N-nitrosoaniline).
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Supplementary Tables
Supplementary Table 3.1
Primer Primer Sequence Sequence Description
(forward) (reverse) (forward) (reverse)
CT9-9 CT9-10 ggggagctctctgtattgattgceggtct  actgaggaaagctaacaggcegttt  ApmrB (flanking region 1)
gacgc a
CT9-11 CT9-12 acgcctgttagctttcctcagtgge gggggtaccaggatggcectgcatt  ApmrB (flanking region 2)
tcctgacgeg
CT9-3 CT9-4 ggggagctcccgacageggegtgegt tgcaggagactaagcgagtgage  ApmrA (flanking region 1)
agctcatg ct
CT9-5 CT9-6 atcaggctcactcgcttagtctcct gggggtaccggcagccacggec  ApmrA (flanking region 2)
caacctattaca
CT8-18 CT8-19 gggggatccagaagaaacgggtaat gggtacgtaatgttattaaccctcty pGEN-PompC-luxCDABE
gct tt
CT5-19 CT5-20 aggccttcgggttgtaaagt gactcaagcctgccagtttc 16S RT-gPCR
CT5-5 CT5-6 aaatccgggctaaggtgagt taaatccttctcggectcect ssrA RT-gPCR
CT5-13 CT5-14 gtctgaggagggattcatgc tgctgcaagcagtagtgtca ssaB RT-gPCR
CT5-17 CT5-18 aaatccgggctaaggtgagt taaatccttctcggectcect sseA RT-gPCR
CT5-3 CT5-4 agtggatatgctctcccaca gcgctttaatcatcgattctg ssaG RT-gPCR
CT9-71 CT9-72 acggcctttagcaaccaata ttgaggaataccctggaacg ssaM RT-gPCR
CT5-11 CT5-12 gattcgectttgcaactgat tcggccccataatgaataag ssaR RT-qPCR
CT7-9 CT7-10 gcagcgcagtattctcagac cgtaaccgttgctgatgtcc ompC RT-gPCR
CT6-2 CT6-3 gggggagctcactttgacccggttaga  tatatccagtgatttttttctccattce PsseA-Cm (upstream of
agat cctccatatacacgata sseA)
CT6-4 CT6-5 ttatctatcgtgtatatggaggggaatgg  tcctgaagacattatgctttaccitttt PsseA-Cm (Cm cassette)
agaaaaaaatcactggata acgctcctcecctgeca
CT6-6 CT6-7 cgatgagtggcagggaggagcgtaa ggggggtaccgaattgttatctgcc  PsseA-Cm (downstream
aaggtaaagcataatgtcttca cctgac of sseA)
CT10-36 CT10-42 ggggagctctcaattcgeccttcgtgga  ttacttaactctgcccgaagaatga  ssrBcooss (region 1)
gatgtt
CT10-43 CT10-39 ttcttcgggcagagttaagtaactc gggggtacccattttaaaattgtag ~ ssrBczoss (region 2)
agcatgtta
CT7-69 CT7-70 gggggatccttcgtcacctcgetgggca  gggtacgtacatctcttctececttgt pGEN-PphoP-luxCDABE
gt
CT7-71 CT7-72 gggggatcccacctcctgttatatataa gggtacgtacaactccttaatacta  pGEN-PpagC-luxCDABE
ctt
CT7-63 CT7-64 gggggatccgatcttcagcagagatgt ~ gggtacgtatttcatctccttataatt ~ pGEN-PslyA-luxCDABE
a a
CT7-65 CT7-66 gggggatcccgetggtgeccgacgcag  gggtacgtagcgceccccgtttcac pGEN-PpmrD-luxCDABE
ct gctg
CT8-44 CT8-45 gggggatccagtggctgggttge gggtacgtagttgatgcgtccat pGEN-PeptA-luxCDABE
CT8-50 CT8-51 gggggatccgatcgcaccgcteg gggtacgtacatttttccttcag pGEN-PpbgP-luxCDABE
CT8-56 CT8-57 cctaccgttaaactcgcetge gagcgatcgatgatgatgcc eptA RT-gPCR
CT8-62 CT8-63 gataacaaccggcccgaaaa gcgccgagtaaaacgatcat pbgP RT-qPCR
CT71 CT7-2 atgttctggtgctgtgcgatag tcaaccgctgccattcgt pmrD RT-qPCR
CT10-8 CT10-11 ggggagctccgcagtaacgtcgcate gggggtacctataggccgecatc pmrBLssr

accgcgcea

aggcatggagg

Supplementary Table 3.1. Primers used in this study, related to STAR Method:

Cloning and mutant generation.
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CHAPTER 4 - Host-directed small molecules sensitize multidrug resistant

Salmonella to macrophage immunity
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Preface

As of May 2021, the work presented in this chapter is in preparation for

submission:

Tsai CN, MacNair CR, Perry JN, Brown ED, Coombes BK. Host-directed small
molecules sensitize multidrug resistant Salmonella to macrophage immunity. In

preparation.

| wrote the manuscript with input from Coombes BK. | performed all experiments,
with the following exceptions: MacNair CR and Perry JN assisted with the LPM

chemical screen (Figure 4.1c).

*References within this and all other chapters have been compiled into one list at

the end of the thesis, to avoid redundancy between sections.
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Abstract

Bloodstream infections caused by non-typhoidal strains of Salmonella enterica
are a major global health concern. These infections are especially problematic in
sub-Saharan Africa, resulting in almost 50,000 deaths each year. Interestingly,
the maijority of bloodstream infections in this region are caused by a single
sequence type (ST) 313 of S. enterica, which has acquired resistance to several
first-line antibiotics. To combat this rising health threat, it is imperative that we
explore new therapeutic strategies that sidestep conventional mechanisms of
antibiotic resistance, such as host-directed therapy (HDT). Here, we identify
several HDT compounds that modulate macrophage immunity to restrict ST313
replication. By performing two parallel chemical screens in cultured macrophages
and nutrient-limited growth media, we enrich for small molecules that restrict
intracellular ST313 replication without directly targeting bacterial viability. We
identify and characterize the immunomodulatory activity of four such compounds
(berbamine, cantharidin, indatraline, patulin), which significantly attenuate ST313

infection.
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Introduction

Salmonella enterica is an important global pathogen that causes disease in a
wide range of animal hosts. Pathogenic lifestyles within this species exist along a
spectrum, from non-typhoidal serovars that occupy a broad host range and cause
uncomplicated gastroenteritis, to typhoidal serovars that are comparatively more
restricted and linked to bloodstream infection (Langridge et al., 2015). In previous
years, our lab and others have primarily focused on non-typhoidal, non-invasive
serovars, using the ST19 sequence type of Salmonella enterica serovar
Typhimurium (hereinafter Salmonella). However, new clades of non-typhoidal,
highly invasive Salmonella strains are emerging, which appear to more closely
resemble typhoidal serovars during human infection (Wheeler et al., 2018).
These variants have been shown to cause lethal septicaemia — clinically termed
invasive non-typhoidal Salmonella (INTS) disease — with HIV-positive, malaria-

infected, or malnourished individuals at particular risk (Gordon et al., 2008).

iNTS is of particular concern in sub-Saharan Africa, where a single sequence
type of Salmonella (ST313) is dominant (Feasey et al., 2012). Concerningly,
ST313 isolates tend to be multidrug resistant to chloramphenicol, ampicillin,
kanamycin, streptomycin, sulfonamides, and trimethoprim, rendering many first-
line treatment options ineffective (Su et al., 2004). Some lineages within this
sequence type have also been identified to express extended-spectrum beta-
lactamases that decrease ceftriaxone sensitivity (a commonly prescribed
antibiotic for complicated iNTS infections) (Feasey et al., 2014); further, an
emerging extensively drug resistant lineage in the Democratic Republic of the

Congo is concurrently azithromycin-resistant (Van Puyvelde et al., 2019).

The dissemination of INTS antibiotic resistance is adding urgency to an already

serious threat, as any further restriction in treatment options has the potential to
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greatly increase global morbidity and mortality. To address this crisis, we must
consider alternative therapeutic strategies that are impervious to existing
resistance mechanisms, such as host-directed therapy (HDT) (Hancock et al.,
2012). By chemically modulating the activity of the host immune system, HDT
may perturb host cell pathways that pathogens exploit for virulence, enhance
antimicrobial activity initiated by the immune system, or blunt excessive instances
of inflammation (Kaufmann et al., 2018). Such an approach may be particularly
useful for recalcitrant intracellular pathogens such as Salmonella, which naturally
subvert immune-based killing by manipulating host cell signaling. However, HDT
has been relatively underexplored in the context of bacterial infection, despite
achieving great success in other therapeutic areas through suppression or
stimulation of autoimmune and inflammatory responses (Ulevitch, 2004). The
most significant progress in this area has been made in investigating HDT as a
treatment option for tuberculosis, wherein modulators of cytokine and
antimicrobial peptide production, autophagy, and phagosomal maturation have
been shown to restrict intramacrophage replication of Mycobacterium

tuberculosis (Kaufmann et al., 2018).

Here, we investigated HDT as an anti-infective strategy against multidrug
resistant ST313 Salmonella. We hypothesized that small molecules with
immunomodulatory activity may ablate the natural ability for intracellular
Salmonella to exploit host signaling pathways for virulence gene expression and
immune evasion, and therefore focused on macrophage immunity as these cells
comprise a major axis of the innate immune response to Salmonella infection.
Adapting our previously published intramacrophage screening platform (Ellis et
al., 2019), we screened 3840 chemical compounds for immunomodulatory
activity against RAW264.7 macrophages, to identify those that altered
intracellular ST313 Salmonella replication. By counter-selecting against any small

molecules that were antimicrobial in physiologically relevant growth conditions
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(acidic, nutrient-limited media), we enriched for those with putative host-targeting
activity. Follow-up studies revealed 4 compounds (berbamine, cantharidin,
indatraline, patulin) to be potent inhibitors of intracellular Salmonella replication

that also modulate macrophage immunity.

Results

Screening for immunomodulatory compounds against ST313

To identify HDT compounds active against ST313 Salmonella, we chose to
screen an annotated chemical library of 3840 small molecules, comprised of
previously approved drugs, natural products, and other compounds with known
biological activity. In our first chemical screen, each compound was added to a
well of RAW264.7 macrophages that had been pre-treated with
lipopolysaccharide (LPS) for ~20 h; cells were then incubated with compound for
a further 4 h to provide time for intracellular accumulation or drug activity. The
compound-containing media was then removed from macrophages, and cells
were infected with opsonized ST313 Salmonella expressing pGEN-/ux-Gm (Lane
et al., 2007). With slight modifications to our previously reported high-throughput
infection method (Ellis et al., 2019), macrophages were treated with fosfomycin to
prevent extracellular bacterial replication, and intramacrophage bacterial viability
was monitored by reading luminescence immediately after fosfomycin treatment
and 6 h later (Figure 4.1a).

Considering our goal of identifying compounds with host-specific activity, we next
screened the same annotated library for antimicrobial activity against ST313
Salmonella grown in acidic, nutrient-limited media (LPM). As our previous work
indicated an overlap in chemical sensitivity for Salmonella grown in LPM and in

macrophages (Ellis et al., 2019), we reasoned that LPM-active antimicrobials
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may also possess bacterial-targeting activity against Salmonella grown in
macrophages (provided that they were able to accumulate within these cells in
our screening approach). In this secondary screen, compounds were added to

ST313 Salmonella and growth was monitored for 20 h (Figure 4.1b).

After normalizing each screening dataset independently (Mangat et al., 2014), we
directly compared bacterial luciferase production over 6 h of intramacrophage
replication (Figure 4.1a) to bacterial ODeoo after 20 h of growth in LPM (Figure
4.1b), for ST313 Salmonella exposed to each compound (Figure 4.1c). Using a
standard deviation cutoff to identify hit significance, we found that 92 compounds
restricted ST313 growth in LPM, while 30 compounds restricted ST313
luminescence in macrophages (28 of which did not impact bacterial viability in
LPM). These 28 presumed HDT compounds were then re-screened for potency;
we found that 8 compounds within this set, when tested at 100 uM, resulted in a
net, dose-dependent reduction in fold-change (over 6 h of replication) in

intramacrophage ST313 luminescence (Figure 4.1d).

Analyzing specificity, toxicity, and potency of putative HDT compounds

Based on chemical diversity and commercial availability, we prioritized 6 of the 8
remaining compounds to be re-ordered and further characterized (amodiaquine,
berbamine, cantharidin, cetrimonium bromide, indatraline, patulin). We then
determined the minimum inhibitory concentration (MIC) of each compound
against ST313 grown in extracellular media conditions (LB, LPM, DMEM), to
identify those with antimicrobial activity at concentrations not detected by our
initial LPM screen (Figure 4.2a). Opting to exclude any compounds with an MIC <
16 pg/mL in any media type, we were left with 4 compounds (amodiaquine,
berbamine, cantharidin and indatraline) that had either no MIC or an MIC > 16
Mg/mL in LB, LPM, and DMEM.
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We next sought to determine the toxicity of each compound towards
macrophages, reasoning that ST313 luminescence may have decreased for
certain compounds due to their induction of macrophage lysis in the earlier
stages of our screening protocol. As a proxy for cytotoxicity, we monitored lactate
dehydrogenase (LDH) release from uninfected macrophages treated with the 4
remaining compounds (Figure 4.2b). With these data, we were able to select the
maximum, non-toxic concentration of each compound to be used for our follow-
up assays (32 pg/mL for amodiaquine and berbamine, 64 pg/mL for cantharidin,

and 8 ug/mL for indatraline).

Finally, we validated the ability for each compound to attenuate ST313 replication
by enumerating bacterial CFU rather than monitoring luminescence production.
Following a similar infection protocol as was used in our initial macrophage
screen, we pre-treated macrophages with amodiaquine, berbamine, cantharidin,
and indatraline at the maximum concentrations previously determined to not
induce cytotoxicity, then removed each compound and infected macrophages
with ST313 to enumerate CFU at 0, 6, and 20 h post-infection. These data
aligned with our previous results, as treatment with each compound significantly
reduced ST313 replication at both 6 (Figure 4.2c) and 20 h (Figure 4.2d) post-

infection, relative to control-treated macrophages.

Characterization of immunomodulatory activity

Given the compound library we chose for screening, all 4 putative HDT
compounds are drugs with previously annotated biological activity (Figure 4.3a).
Briefly, amodiaquine is an aminoquinoline derivative with known anti-malarial and
anti-inflammatory properties (Olliaro et al., 1996); berbamine is an anti-cancer

drug with inhibitory activity towards bcr/abl fusion gene and NF-kB (Liang et al.,
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2009; Xu et al., 2006); cantharidin is a beetle-secreted terpenoid used as a
blistering agent (Moed et al., 2001); indatraline is a non-selective monoamine
transporter that blocks dopamine, norepinephrine, and serotonin reuptake (Cho
et al., 2016). To begin investigating the possible impact of each compound on
macrophage immunity, we monitored the transcription of several key
inflammatory-associated genes in RAW264.7 macrophages: IL-18, TNF-a, the
NF-kB target gene NFKBIA, inducible nitric oxide synthase (NOS2), COX-2, and
NADPH oxidase (NOX2). We noted several distinct patterns of gene expression:
amodiaquine significantly decreased NFKBIA expression and significantly
increased NOS2 expression (Figure 4.3b); berbamine significantly decreased IL-
18, TNF-a, and NOX2 expression (Figure 4.3c); cantharidin significantly
increased IL-1B8, NOS2, and COX-2 expression (Figure 4.3d); and indatraline
significantly decreased IL-18, TNF-a, and COX-2 expression (Figure 4.3e). These
data indicated that amodiaquine and cantharidin exerted primarily pro-
inflammatory effects, while berbamine and indatraline were primarily anti-
inflammatory. Experiments are currently ongoing to continue elucidating the
mechanism of action and potential in vivo efficacy of these immunomodulatory

compounds.

Discussion

It has become increasingly important to identify non-traditional therapeutics for
multidrug resistant pathogens. In this work, we sought to identify HDT
compounds that attenuate ST313 viability in macrophages, as these cells
represent one of the most important niches colonized by Salmonella during
infection. Using a parallel chemical screening approach, we identified four
compounds (amodiaquine, berbamine, cantharidin, and indatraline) to all
significantly restrict Salmonella replication in macrophages while simultaneously

modulating inflammatory host gene expression.
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This work is still in progress, and several important experiments remain to
continue understanding how and why these four compounds restrict intracellular
Salmonella replication. Importantly, while our chemical screen was designed to
enrich for compounds with host-specific immunomodulatory activity, it remains
possible that one or more of our compounds is also directly antimicrobial against
intracellular Salmonella. Indeed, this would be consistent with our previous
reports of elevated chemical sensitivity for bacteria in intracellular environments
(Ellis et al., 2019). To begin separating the possible host/bacterial-targeting
mechanisms of actions for each compound, | intend to test for possible
antimicrobial activity against efflux-deficient or outer membrane-impaired
Salmonella. If these compounds were inactive against even these highly
susceptible variants, a promising route of investigation may be to examine their
activity in macrophages deficient for certain immune pathways or cytokines. If the
compound-mediated inhibition of Salmonella replication no longer occurred in
macrophages lacking a specific component of innate immunity, it would suggest a
host-specific mechanism for the compound in question. Based on our preliminary
RT-gPCR results, bone marrow-derived macrophages from mice lacking /L-1,
TNF-a, or NOS2 may be particularly useful to examine; similarly, chemical

inhibitors of macrophage immune processes may be used.

It will also be important to understand the full extent of transcriptomic change
elicited by compound treatment. To this end, it may be worthwhile to extract and
sequence total RNA from macrophages treated with these four compounds, both
after compound treatment but before bacterial infection, and after bacterial
infection. Such an experiment could reveal broader patterns in gene expression
induced by these compounds, across multiple groups of pro- and anti-
inflammatory genes. There is evidence that some of these hit compounds may

have specific transcriptional effects on phagocytic cells — berbamine was
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