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Summary

Without doubt, antimicrobial resistance (AMR) is one of the most serious
global challenge for public, animals and environmental health. Tackling this huge
issue that is threatening modern medicine, is an urgent priority to regulatory
agencies such as the World Health Organization (WHO) and the Centre for Disease
Control and Prevention (CDC). The gap in the discovery and development of new
antibiotics has turned the attention to alternative approaches, such as the
repurposing of already existing drugs. In this Thesis, two different families of

compounds were assessed for their potential antimicrobial activity.

In the first section of this thesis, the antibacterial potential of two zinc- and
one cobalt- metallic compounds (TS262, TS265 and TS267), previously reported as
having antitumor properties, was investigated against Gram -positive and —negative
bacteria. The three antitumor compounds had antimicrobial activity against the
bacteria tested however,when tested againsthuman cellshad an impact on viability.

The second section of this work focused on the mechanism(s) of action of the
antipsychotic fromthe family of phenothiazines, Thioridazine (TZ), using Salmonella
enterica serovar Typhimurium ATCC14028S as a bacterium model. TZ has been
widely studied worldwide due to its attractive antimicrobial activity however, the full
mechanismofaction of this drug in bacteria hasn’tbeen fully understood. The results
initially obtained in this Chapter, revealed that TZ does not seem to have a specific
bacterial target. However, when tested in vitro against Salmonella, the studies

conducted provide new insight(s) into the mechanism of action highlighting its
effect(s) on the bacterial membrane and consequently in the generation of energy.

Expanding on the potential of TZ to treat Salmonella-infected macrophages,
the last chapter of this Thesis focused on the effectthat TZ has onthese cells. It was
observed that the drug was able to impact intracellular survival of Salmonella,
reducingthe numbers of internalised bacteriaand enhancingthe killing activity of the
infected macrophage. Similar effect had been previously reported in studies
conducted on M. tuberculosis and S. aureus infected macrophages. These
pathogens adapt and live in an intracellular niche. Consequently, compounds

capable of reaching the site of infection are of a huge importance to tackle AMR.



Taken together, the results obtained are promising and open an avenue for
further studies using these compounds that can lead to the development of effective
antimicrobials. Therefore, drug repurposing shows promise as an alternative

strategy to fightinfections caused by multidrug-resistant bacteria.



“Science is not only a disciple of reason but also one of romance and

passion.”

— Stephen Hawking
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Preface
This dissertation consists of five chapters, mainly focusing on waysto uncover

effective antimicrobials using non-antibiotic compounds.

Chapter 1 provides a review of different compounds that have anti-tumour
and antipsychotic activity and the drug repurposing of those compounds as a
strategy to fight AMR. It also presents Salmonella as a bacterial model of infection

that can be used to test the activity of these repurposed compounds.

Chapter 2 focuses on assessing the potential antimicrobial activity of anti-

tumour metallic compounds against Gram-positive and —negative bacteria.

Chapter 3 explores the mechanism(s) of action of the antipsychotc
Thioridazine (TZ) from the phenothiazines family, using Salmonella enterica serovar
Typhimurium ATCC14028S as a model bacterium.

Chapter 4 focuses on the effect of TZ on human monocytes and
macrophages. The effect of TZ on Salmonella-infected human macrophagesandthe

possible mechanismassociatedto the enhancedkilling of these cells was assessed.

Lastly, Chapter5 concludes this dissertation and discusses final conclusions

that can be drawn from the work conducted, as well as suggestions for future work.
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1.1. Antibiotics and Antimicrobial Resistance (AMR)
1.1.1. Definition of antimicrobial compound

Antimicrobial compounds are, by definition, a natural or synthetic substance
with the capacity to kill (bactericidal) or inhibit (bacteriostatic) the growth of
susceptible microorganism. These compounds can be classified as antivirals,
antifungal, antiparasitic and antibacterial (antibiotics). The term antibiotic can be
traced back to 1890. Paul Vuillemin used the word antibiose to describe the
biological relationship in which “one living organism kills another to ensure its own
existence” (Vuillemin, 1889). Later, Selman Waksman in 1941 introduced the term
“antibiotic” as “any small molecule, produced by a microbe, with antagonistic
properties on the growth of other microbe” (Clardy, Fischbach & Currie, 2009).
Nowadays, the term has a broader meaning, in the sense that it includes naturally

produced or synthetic compounds that fight bacterial infections in humans and
animals.

1.1.2. Origin of antimicrobial compounds
Antimicrobial compounds are probably one of the most successful forms of
chemotherapyin the history of medicine. They have been usedto treat humanssince
primordial times. There is historical evidence that earliest civilisations used natural
available treatments for infections such as moulds and plant extracts (Nelson et al.,
2010; Pecéanac et al., 2013). Traces of tetracycline have been found in human
skeleton remains from ancient Sudanese Nubia dating back to 350-550 CE! - pre-

antibiotic era (Bassett et al., 1980).

It wasn’tuntil the late 19t century that scientists began to observe the action
of antimicrobial compounds. The first antimicrobial compound described was a
chemical compound synthesised by Paul Ehrlich in 1909. Arsphenanime
(Salvarsan®) was an arsenic derivative, active against syphilis, a disease caused by
the bacterium Treponema pallidum (Ehrlich & Bertheim, 1912; Ferrie, 2014). Until
the discovery of penicillin, this was the most common prescribed compound at that
time (Ferrie, 2014).

1 CE = Common Era
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The revolutionary era of modern medicine started with the discovery of
penicillin by Sir Alexander Fleming in 1928 (Fleming, 1929). This accidental
discovery made by Fleming was done when he was returning from his holidays and
found a halo of inhibition of bacterial growth in a Staphylococcus aureus plate that
was contaminated with a fungus (Penicillium notatum). This observation was very
important since it demonstrated that some microorganisms could produce
substancesthat inhibitthe growth of other microorganisms. However, it was only in
1940, that Howard Florey and Ernest Chain were able to purify enough quantities of
penicillin for clinical testing leading to mass production and commercialisation of the
antibiotic. This revolutionary discovery had a huge impact on the number of
casualties in World War I, making this the first war in which wound infections were
notthe major cause of amputationsand death (Quinn,2013). The introduction of this
antibioticinto treatment initiated the “Golden Age” of antibiotics, recognised as one
of the greatest advances in modern medicine. The “Golden Age” of antibiotics took
place in the period between 1940 and the 1960 (Walsh & Wencewicz, 2014). During
these glorious years the most important antibiotics were discovered, including
penicillins, cephalosporins, tetracyclines, aminoglycosides, chloramphenicol,
macrolides and glycopeptides (Aminov, 2010; Durand, Raoult & Dubourg, 2019).
Sincethen,there has been a void on the developmentof new antibiotics with no new
structural classes of antibiotics introduced in the market. The development of new
drugs has been focused on extensive modification of existing natural drugs and
complete chemical synthesis. It was only in 2000 that a few novel classes of
antibiotics (natural and synthetic) started to be reported, namely, oxazolidinones
(2000), lipopeptides (2003) (Alder, 2005), and diarylquinolines (2012) (Butler,
Blaskovich & Cooper, 2013; Renwick et al., 2016). However, these three classes

only target Gram-positive bacteria.

Based on their structure and mode of action, at least nine major groups of
antibioticshave been described. These include B-lactams (inhibitcell wall synthesis),
aminoglycosides (inhibit protein synthesis), macrolides (inhibit protein synthesis),
tetracyclines (inhibit protein synthesis), daptomycin (affects the cell membrane
function), platensimycin (inhibit fatty acid biosynthesis), fluoroquinolones (inhibit

DNA synthesis), carbapenems and glycopeptides (inhibit cell wall synthesis).
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Most of these antibiotics introduced within the last 20 years are semi-
synthetically derived. Recently, a team from Hong Kong, China, reported a novel
antimicrobial class candidate, Nusbiarylins, for the treatment of methicillin-resistant

Staphylococcus aureus (MRSA) (Qiu et al., 2019). However, the research is in the
stage of animal studies before being able to enter clinical trials on humans.

There are new antimicrobial compounds in the pipeline, however, the
numbers of compounds being developed are notenough to replace the ones thatno
longer work (World Health Organization, 2019a,b,c). The lagging observed on the
development pipeline for new antibiotics demonstrates how reluctant industry has
become to the development of these drugs due to the significant obstacles
encountered during the process.

1.1.3. Use of antimicrobial compounds, spread of bacterial resistance and
the One Health Approach
Modern medicine broughtto humanity a vast number of benefits, notonly the
increase of life expectancy but also benefits in the production of animals for human
consumption and animal health. The extensive use of antimicrobials with different
applications has been suggested as one of the issues for reported increase in
antibiotic resistance, as the selective pressure induced in the environmentis much

stronger now than on previous times.

It is well recognised that the use of antimicrobials can be vital for both human
and animal health. About 30 different antibiotics have been used in food and
aquaculture. Antimicrobials are widely usedin veterinary medicine;to accelerate and
increase the size of animals (in certain countries, excluding the European Union);
fish and seafood farming and also domestic uses (Meek, Vyas & Piddock, 2015).
The misuse of antimicrobials forthese differentapplications is often associated with
potential risk of emergence and increased spread of AMR (Figure 1.1). Bacteria are
constantly being exchanged between humans and animals. Over one hundred
different antimicrobial compounds have been used in food-producing animals with
differentends such as, therapy, growth promotion and disease prevention. The use
of antibiotics to enhance livestock growth of animals was bannedin Europe since

early 2000s (Casewell et al., 2003), only being allowed to be used for veterinary
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purposes. However, the United States and other countries still use antibiotics for this
purpose.

Potential routes of transmission
of antibiotic-resistant bacteria

Figure 1.1. Representation of diverse applications of antimicrobial compounds
and their contribution to the spread of antimicrobial resistance (AMR). When
exposed to antibiotics bacteria evolve in order to survive. Then,they can (1) spread
into the environmentthrough differentroutes, for example, water sanitation systems
and wastewater treatment facilities. (2) Misuse of antibiotics on animals contributes
to the spread of resistance using (3) animal manure for agriculture applications and
ultimately, being inserted in the food chain (4 and 5) for both animals and humans.
(6) Wastewater treatment facilities are unable to entirely remove antibiotic resistant
bacteria that constitute a route for the spread of resistance. Due to the antibiotic
resistance in the environment, (7) wildlife is turned into a source and/or carrier of
antibiotic resistant bacteria. (8) Hospital environment and discharges, tourism,
migration and importation are reported to contribute to the spreading of this health
issue. (Source: https://amr.biomerieux.com/en/challenges/from-farm-to-food-to-
people-one-health/)
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The One Health approach is a worldwide approach that aims to recognise that
the human health is closely connected to the health of animals and our shared
environment (World Health Organization, 2015). Despite the surveillance and
regulation through the One Health approach, the use of antimicrobials in human and
animal is still too excessive (Collignon, 2013; Meek, Vyas & Piddock, 2015; Van
Boeckel et al., 2015).

Some zoonotic pathogens such as Salmonella are considered foodborne
bacteria. The presence of resistant zoonotic bacteria in animals and food
compromises the effective treatment of infectious diseases in humans. Data
released from the European Centre for Disease Prevention and Control (ECDC) and
the European Food Safety Authority (EFSA) in 2017, showed increasingly higher
numbers of Salmonella resistant to fluoroquinolones. 28.3% of Salmonella
Typhimurium in humans was found to be multidrug resistant and in animals too
(EFSA (European Food Safety Authority) & ECDC (European Centre for Disease
Prevention and Control), 2017). The One Health approach focus on reducing the
number of antibiotics used in agriculture and food animals through regulations and

laws.

Anotherapplication of antimicrobialsis the use of heavy metals in animal food
supplements and biocides on agricultural soils. Biocides and heavy metals
contributed to the spread of AMR (Hernando-Amado et al., 2019). This contribution
is due to the ability for co-selection of resistance to ampicillin, chloramphenicol and
tetracycline (Stepanauskas et al., 2006; Peltier et al., 2010; Fang et al., 2016).

As it is known, not all antimicrobial compounds are metabolised by animals.
Thus, some will be excreted through the urine and faeces of the animals entering
wastewater treatment facilities. Similar events happen with human activity (FAO &
WHO, 2019). Therefore, these types of water treatment facilities can constitute a
source of resistant bacteria that will normally spread into the environment. Hospitals
and their effluents have been reported as significant contributors to the spread of
multidrug resistant bacteria (Berendonk et al., 2015; Hocquet, Muller & Bertrand,
2016). This type of effluent can be directly discharged in the sewage without any
prior treatment, thus representing an important source of antibiotics in the
wastewater treatment facilities (Carvalho & Santos, 2016). Although some countries

have regulations for the pre-treatment of hospital effluents, the European Directive

6
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91/271/EEC foresees no specific restrictions for discharges of this type of effluents
(Council of the European Union, 1991). Taken together, effluents from different
sectors (e.g. agriculture, hospitals,households) are directed to wastewater treatment
facilities. These effluents contain large numbers of resistant bacteria adapted to sub-
inhibitory concentrations of antimicrobial compounds, contributing to resistance. This
is a global issue, although even more problematic in low income countries where
sewage and water treatment infrastructures are usually lacking or if present are not
well-developed due to the lack of main infrastructures and resources (Walsh et al.,
2011; Nadimpalli etal., 2018).

Other factor that can drive resistance is the misuse of antibiotics, resulting in
the widespread development of resistance by several bacterial species. In order to
tackle AMR, it is vital to understand how bacteria can survive the action of
antimicrobial compounds. Understanding the different applications and or uses of
antimicrobial compounds in differentsettings will allow us to understand why there

is a continually increase on AMR.

1.1.4. Mechanisms of antimicrobial resistance in bacteria

The development of resistance to antibiotics by bacteria should not have
come as a surprise. On his Nobel Lecture in 1945, Sir Alexander Fleming, alerted
for the possibility of the misuse of antibiotics and consequently, the associated
resistance: “The time may come when penicillin can be boughtby anyone in the
shops. Then there is the dangerthat the ignorantman may easily underdose himself
and by exposing his microbes to non-lethal quantities of the drug make them
resistant.” Approximately 3.5 billion years of evolution have given bacteria the ability
to evolve and fightback and this is a clear example of natural selection supporting
Darwin’s theory of survival. During the late 1950s (during the “Golden Age” of
antibiotics), resistance to several antimicrobial agents was reported for the very first
time. Thisis one of the main problems the world faces with the treatment of infectious
diseases since soon after a new antibiotic is introduced, resistance to it will arise
(Figure 1.2).
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Figure 1.2. Timeline of the ‘Golden Age’ of antibiotics and its reported
resistance. Green line indicates the discovery of a new class of antibiotics and red
line indicates the firstresistance described to each class of antibiotic. From 1960s to
2000s a discovery void was observed on the development of a new class of
antibiotics and increase on antibiotic resistance observed to each antibiotic of each
class. *waiting FDA approval. (Walsh & Wencewicz, 2014; Center for Disease
Control and Prevention |CDC, 2019; Maffioli et al., 2019; lyer, Madder & Singh,
2019).

The mechanism of action of an antimicrobial is associated with the
mechanisms of resistance developed by the bacteria to counteractit (Figure 1.3).
There are several fundamental mechanisms of resistance developed by bacteria and
these can occur due to: (i) antibiotic modification or degradation; (ii) alteration of
bacterial proteins that are antimicrobial targets; (iii) changes in the membrane
permeability and/or overexpression of efflux pumps (EPs); and iv) horizontal gene
transfer (HGT) (Allen et al., 2010; Boto & Martinez, 2011).
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Figure 1.3. Summary of antimicrobial targets and mechanisms of resistance in
bacteria. The blue side indicates the targets of each class of antibiotics and the red

side corresponds to the respective bacterial mechanisms of resistance (Wright,
2010).

(i) Antibiotic Modification or Degradation

Antibiotic modification or degradation is one of the most common strategies
used by bacteria to adapt to the presence of the antimicrobial. The bacteria can
destroy the antibiotic before it reaches its targets. This could be achieved by
producing enzymes that chemically modify the antibiotic to a form that is unable to
interact with its target. Some of the enzymes and the frequentbiochemical reactions
they catalyse include adenylation, phosphorylation and acetylation such as B-
lactamases, aminoglycoside-modifying  enzymes, or chloramphenicol
acetyltransferases. Besides the chemical modification, enzymes can also destroy
the antibiotics (Peterson & Kaur, 2018), for example through the production of

extended-spectrum B-lactamases (ESBL), a common mechanism of resistance

9
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against B-lactams antibiotics. This class of antibiotics is extremely important to treat
bacterial infections and bacteria that produce ESBL are a major concern at the
moment. Other approach that bacteria use is to modify theirribosome’s components

to avoid binding of the antibiotics to the ribosomes (Rao et al., 2008).

(i) Alteration of bacterial proteins that are antimicrobial targets

Bacteria have evolved different mechanisms to overcome the action of
antibiotics. By modifying the target site, bacteria decrease the affinity of the
antimicrobial for the target site. This can occur on several classes of antibiotics,
including B-lactams, glycopeptides, macrolides, lincosamides, streptogramins (MLS)
and aminoglycosides. These target modifications can consist of: i) enzymatic
alterations of the binding site; ii) mutations in genes encoding the target site; and iii)
replacementof the original target (Peterson & Kaur, 2018). For example, resistance
to B-lactams can be due to alterations in the structure of penicillin-binding proteins
(PBPs). PBPs have an important role on transpeptidation and transglycosylation of
peptidoglycan units emerging from the bacterial cytoplasm. This is very common
among strains of Streptococcus pneumoniae. In contrast, S. aureus acquires new
low-affinity PBP, rather than altering the structure of existing PBPs. Methicilin
resistance is due to the production of an additional PBP, designated PBP2a, which
has a reduced affinity for penicillin and B-lactams in general. PBP2a acts as a
substitute for the other PBPs, contributing to the transpeptidase activity. The low-
affinity PBP2ais assumed to take over the cell wall biosynthetic functions of normal
PBPs in the presence of B-lactam antibiotics, which rapidly acylate (and inactivate)
each of the four native staphylococcal PBPs at concentrations that are far below the
minimum needed to inhibit the growth of most MRSA strains (Alekshun & Levy,
2007; Fishovitz et al., 2014).

(i) Changes in the membrane permeability and/or overexpression of
EPs

Bacteria have developed mechanisms to avoid the antibiotic from reaching its
intracellularorperiplasmictarget. Majority of the antibiotics have intracellulartargets,
or these are located in the inner membrane (case of Gram-negative bacteria). This

10
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mechanismis a key one for Gram-negative bacteria since the outer membrane acts
as the first line of defence against the entrance of noxious compounds. By this
manner, by decreasingthe membrane permeability the bacteria are able to block the
entry of the antibiotic. This influxis controlled by differenttype of porins (non-specific
or specific channels or selective pores). Most porins involved in the transport of
antibiotics belong to the outer membrane proteins (OMP) F and C subfamilies (also
called “classic porins”). Alteration of porins in response to antibiotics could be
achieved by 3 different processes: i) change in the level of the expression of the
porin; ii) shiftin the type of porinsexpressed; and iii) impairment of the porin function
(Pages, James & Winterhalter, 2008). This mechanism is important for Gram-
negative bacteria offering an intrinsic mechanism for protection against hydrophilic
antibiotics. For example, resistance to vancomycin (a glycopeptide) in Gram-
negative bacteria results from the lack of penetration of this natural barrier (outer
membrane) imposing a permeability barrier. Changes on the permeability often
results in low-level resistance and are associated with other mechanisms, such as

the over-expression of EPs.

EPs are transport proteins localised and imbedded in the plasma membrane
of the bacterium that are involved in the extrusion of noxious compounds to the
external environment. Several EPs have been described in Gram-negative and —
positive bacteria, generally belonging to one of the five families or superfamilies:
ATP-binding cassette (ABC) superfamily, Major Facilitator Superfamily (MFS),
Resistance Nodulation Cell Division (RND) superfamily, Multidrug and Toxin
compound Extrusion (MATE) family and Small Multidrug Resistance (SMR) family
(Anesetal., 2015). EPs can utilise differentsources of energyfor their function. ABC
transporters use adenosine triphosphate (ATP) as the energy source for extrusion
of toxic compounds (Moitra et al., 2011; Du et al., 2018), whereas MATE pumps are
driven by Na*/H* drug antiport systems (Alvarez-Ortega et al., 2013). The MFS,
SMR, and RND pumps are driven by proton motive force (PMF), which means that
these types of EPs are dependenton the pH gradient (Pages, Amaral & Fanning,
2011; Du et al., 2018).

The most clinicallyrelevantEPs in Gram-negative bacteria belongto the RND
superfamily. The EPs of the RND superfamily are responsible for the extrusion of

most noxious compounds and confer resistance to a range of antibiotics such as
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tetracyclines, chloramphenicol, B-lactams and fluoroquinolones. Among the EPs
from this family, the AcrAB-TolC system is one of the best studied. This system is
classically found in Escherichia coli, Salmonella enterica serovar Typhimurium and
Enterobacter aerogenes (Amaral et al., 2012a). It is composed of a transporter
protein located in the inner membrane (AcrB); a linker protein located in the

periplasmic space (AcrA); and a protein channel located in the outer membrane
(TolC).

It is important to refer that antimicrobials as well as cellular metabolites that
are prejudicial to the bacterium can be expelled through EPs (Martins, Hunyadi &
Amaral, 2013; Blanco et al., 2016). EPs can be involved in bacterial resistance to
these compounds at differentlevels. Some EPs are constitutively expressed at low
levels and can contribute to intrinsic resistance. However, if EPs are overexpressed,
this may promote higherlevels of resistance. This overexpression can be transient,
when in the presence of an effector, designated phenotypic resistance; or can be
constitutive when mutants in regulatory elements of the expression of EPs are
selected and this is referred to as acquired resistance. Hence, overexpression of
EPs results in an MDR phenotype posing serious difficulties to the treatment of

bacterial infections.

(iv) Horizontal genetransfer (HGT)

Genes related with antibiotic resistance may be present on commensal
bacteria or on environmental microbiota. The acquisition of foreign genetic material
from other bacteria, via horizontal gene transfer (HGT) is directly involved on
bacterial evolution. Although, abacteriumis capable to establish antibiotic resistance
through spontaneous mutations, development of MDR would take a long time if it
only relies on self-adaptive mutation (Salverda et al., 2017). Plasmids,
bacteriophages, and extracellular DNA are the three primary drivers of HGT through
the process of conjugation, transduction and transformation, respectively. Natural
products found in the environment are the base for most of the antimicrobial
compounds used in clinical practice (Boto & Martinez, 2011). Bacteria sharing the
environmentwith these natural compounds shelters intrinsic genetic determinants of

resistance. Therefore, the environmentconstitutes one of the biggest prolific sources
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for acquisition of antibiotic genes in clinically relevant bacteria (Boto & Martinez,
2011). Conjugation is considered a very efficient and the main recognised
mechanism responsible for genetic material transfer in bacteria, especially in
hospital environments and aquaculture (Lerminiaux & Cameron, 2019). Conjugation
involves cell-to-cell contact and occurs at high rates in the gastrointestinal tract of

humans under antibiotic treatment.

1.1.5. Social and economic burden of antimicrobial resistance

The burden of AMR has significantimpacts worldwide,namelyin public health
settings (O’ Neil, 2014); economy and development (World Bank, 2017). In 2014,
the United Kingdom (UK) Prime Minister, Mr. David Cameron MP, and the Wellcome
Trust, commissioned a report to review the incidence of AMR and its impact on
healthcare and gross domestic product(GDP). The British economistJim O’'Neillead
the team that performed thisreview. On thisreport it was estimated that unless action
is taken, the burden of death from AMR could heighten to 10 million lives each year
by 2050; more people than the ones that currently die from cancer (O’ Neil, 2014).
A study based on data from the European Antimicrobial Resistance Surveillance
Network (EARS-Net), showed that 33,000 people die every year due to AMR
(Cassini etal., 2019). This study also indicates, that 39% of the burden is caused by
bacteria resistant to last-line antibiotics. This shows quite a worrying scenario for
healthcare and economics not just in EU/EEA but worldwide. Economically, Jim
O’Neill’s prediction means a reduction by between 2 to 3.5% of the world GDP due
to a reduction of population and of morbidity and this ultimately would cost up to
100%$ trillion peryear (O’ Neil,2014). EU expenditure on annual treatmentand social
costs are estimated at some €1.5 billion (EFSA (European Food Safety Authority) &
ECDC (European Centre for Disease Prevention and Control), 2017). The societal
burden of such events will have serious consequences wherein these untreated
bacterial infections will exclude large numbers of working individuals from the
workforce for extended periods of time. In addition, the increased burden of caring
for those who are incapacitated will place additional burdens on their families,
communities,andthe healthcare system itself (Michael, Dominey-Howes & Labbate,
2014). Such events have a rippling societal and cultural effect that will ultimately

have a global impact. By 2030, AMR couldforce upto 24 million peopleinto extreme
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poverty, as increased treatment costs drain funds, morbidity and mortality affect the
possibility to make a living and both of these drive inequality (Interagency
Coordination Group on Antimicrobial Resistance (IACG), 2019). It is also estimated
that by the same year (2030) the use of antibiotics in food-producing animals will
increase up to 67% in the most populated countries of the world (Brazil, China, India,
Russia and South Africa (Boto & Martinez, 2011). The antibiotics used for veterinary
medicineincreasedfrom 11.45$ billion (~10.38€ billion) over an 8-year period (2002-
2010) to approximately 42$ billion in 2018, which contradicts the recommendations
of major health agencies (O’ Neil,2014; Center for Disease Control and Prevention
|CDC, 2019).

The developmentof new antimicrobials also has an economic impact on the
society. The main costs for developmentof a new compound is estimated to be 500
— 800% million (~ 453 -725€ million). Aside, the entire process of developing new
compounds could go to 17 years (Norrby et al., 2005). More and more
pharmaceutical industries are decreasing the number of groups researching new
antibiotics. Large pharmaceutical industries including Merck, Aventis,
GlaxoSmithKline, Bristol-Myers Squibb, Abbot Labs are some of the companies
leaving or reducing research on this subject (Barrett, 2005). Small to medium-sized
enterprises (SMEs) have done most of the contributions for the pre- and -clinical
developmentfor new antimicrobial drugs. Besidesthe challenge of developing novel
drugs, unsatisfying commercial returns are making some pharmaceutical industry to
re-direct their research from antibiotics to more profitable and rewarding areas.
Some of these areas such as cancer; diabetes; etc, rely on drugs used for extended
periods of time and not short-term treatments, such asthe onesrequiredfor antibiotic
therapy.

1.2. Drug repurposing as an alternative approach to uncover effective
antimicrobials
The increasing emergence of AMR has led to an increased focus on novel
antimicrobial compounds or approaches to overcome the threat of infectious
diseases. Given the expense of developing a novel antibiotic, in some cases, drug
repurposing has become a more attractive approach. Drug repurposing can also be

called drug repositioning, reprofiling or re-tasking (Langedijk et al., 2015). Thisis a
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strategy for identifying new uses for approved or investigational drugs that are
outside the scope of the original medicinal indication. This approach has major
advantages over de novo drug discovery since the safety, pharmacological
properties and potential toxicity of the compounds are already tested and known.
One of the most successful case that followed this approach is sildenafil. This drug
was originally developed to treat hypertension and was then repurposed for
treatment of erectile dysfunction and pulmonary arterial hypertension (Norrby et al.,
2005). Another successful example is thalidomide, originally developed for morning
sickness and gaining a new purpose for treatment of leprosy and myeloma (Norrby
et al., 2005). These successful cases highlightthat the repurposing of drugs could
reduce the high costs involved in the development of new antibiotics. However,
despite the advantages that this approach offers, only a few have been successfully
approved for new purposes, such as anti-malarial, antifungal or antibacterial (Farha
& Brown, 2019).

1.3. Metallic compounds as a source of new antibacterial to fight AMR

Metallic complexes are currently in clinical development for the treatment of
cancer, malaria and neurodegenerative diseases and have been used prior to the
antibiotic era in medicine and agriculture (Gasser, Ott & Metzler-Nolte, 2011). As an
example, since the Persian kings, cobalt (Co) and silver (Ag) had been used in
vessels for water disinfection and food preservation. Greeks, Romans, Egyptians
and Phoenicians followed this practice too. Ag was used to prevent eye infections in
newborns and also prevention of infection in surgicalwounds (Aarestrup & Hasman,
2004; Lemire, Harrison & Turner, 2013). Metallic complexes are very differentfrom
conventional antibiotics. Antibiotics usually acton specific biochemical processes in
the bacteria while metals Co, Ag, and others, target multiple cellular processes
leading to pleiotropic effects on the bacteria (Lemire, Harrison & Turner, 2013). The
metals that have been considered for antimicrobial agents are zinc (Zn), Co, copper
(Cu), Ag, thallium (TI), gallium (Ga), tungsten (W), mercury (Hg), chromium (Cr),
nickel (Ni) and titanium (Ti) (Aarestrup & Hasman, 2004; Lemire, Harrison & Turner,
2013).

While some metal complexes and metal ions have been shown to possess

excellent antimicrobial activity, the question remains whether metals offer any
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significant advantages over purely organic compounds. Although metallic
antimicrobial compounds might hold a promise, their potential toxicity for the host
limits their current clinical use. Nevertheless, their toxicity can be advantageous in
certain cases since this is the reason why these compounds are used in cancer
therapy. Nevertheless, understanding the potential of these compounds for the
design of novel drugs is important. These compounds can damage the cell wall of
bacteria through the release of ions or/and, by i) direct transport and/or ii) co-
transport with low-molecular-mass ligands. This can also result on oxidative stress

and protein dysfunction (Lemire, Harrison & Turner, 2013).

One of the successful examples of this type of compounds is ferroquine. This
compound is a derivative from chloroquine (CHQ) that due to its activity is an
attractive antimalarial candidate. Studies conducted with this compound
demonstrated activity againsta CHQ-resistant strain of Plasmodium falciparum (in
vitro) and P. berghei N. and P. yoelli Ns (in vivo) (Biot et al., 1997; Delhaes et al.,
2002). In 2010, Tella et al.,, reported a synthesis of metal complexes of
sulphadimidine with antimicrobial activity against E. coli, S. aureus and Klebsiella
pneumoniae butwith no toxicity testing performed (Tella & Obaleye, 2010). Another
example is Zn and its application on acrylic cement; a material commonly used to
treat fractures in spine. In this study, Clarkin et al., developed a novel glass
polyalkenoate cement containing Zn.The results showed antibacterial effect against
E. coli and P. aeruginosa, bacteria relevant to infections of the spine (Clarkin et al.,
2011). Recently, Frei et al., screened for antimicrobial activity of 906 metal
complexes compounds through the Community for Open Antimicrobial Drug
Discovery (CO-ADD). These authors reported that from the compounds tested, 88
had activity against most of the bacterial strains tested and with no toxicity to
mammalian cell lines. Tested bacterial strains included pathogensfromthe ESKAPE
pathogen list such as E. coli, K. pneumoniae, A. baumannii, P. aeruginosa and
MRSA. These pathogens are the leading cause of healthcare-associated infections
worldwide. The 88 compounds included on their structure manganese (Mn), Co, Zn,
ruthenium (Ru), Ag, europium (Eu), iridium (Ir) and platinum (Pt) (Frei et al., 2020).
Unfortunately, very little attention has been given to the development of metallic
antibacterial compounds. Due to the toxicity obtained for some of these metallic
compounds, its encapsulation (or vectorisation) into nanoparticles (NPs) may be a

promising solution. NPs vehicles can enter host cells via endocytosis which
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facilitates theirintracellular entry. Interaction of NPs with bacteria generally triggers
oxidative stress mechanisms, enzymaticinhibition, protein deactivation and changes
in gene expression. Another approach being explored is the adsorption of antibiotics
on the metallic NPs surface allowing for the delivery of active ingredients to target
sites. Some of the antibiotics can also be conjugated onto the NPs shell to initiate
potential bactericidal activity. NPs can be in the future a good approach to reduce
the toxicity normally associated to some antibiotics or metal complexes (Gasser, Ott
& Metzler-Nolte, 2011).

1.4. Phenothiazines as promising candidates for drug repurposing

Phenothiazines have been reported as an excellentfamily of compounds for
drug repurposing as antimicrobials. The phenothiazines are an important class of
synthetic and heterocyclic compounds widely used in medicinal chemistry as they
exhibit a wide range of biological effects. They have two aromatic rings (pheno)
linked by a third ring that contains a sulphuratom (Thio; position 5) and a nitrogen
atom (azo; position 10). The length ofthe linking alkyl connector,the terminal amine,
as well as substituents at the carbon atom at position 2 (C-2) of the tricyclic ring,
determines the activity of these compounds (Jaszczyszyn et al., 2012). More
precisely, at the nitrogen position 10, the attached side chain determines the activity
and the substituentat the C-2 has an impact of its efficacy. Phenothiazines have a
strong affinity to lipid bilayers of the cell membranes due to the high degree of
lipophilicity of the phenothiazine ring (Michalak etal., 2006).

Phenothiazines are subdivided into three groups (aliphatic, piperadines and
piperazines) dependent on the substituent at the nitrogen atom (Figure 1.4).
Phenothiazines have a broad range of indications such as antipsychotic,
antimalarial, antihistaminic, antiparkinson, antimicrobial, immunopotentiatng,
antifungal, antihelminthic, antitumour and antiemetic. Due to this vast range of
applications, phenothiazines are in the origin of most of the medicinal compounds
used until today. Depending on the structure of the substituentin the side chain, this
will impact on the intensity of the neuroleptic properties and these could be ordered
as follows: piperazine > piperidine > aliphatic. These drugs have similar structures
to histamine and dopamine. The antihistaminic and antipsychotic activities might

derive from this similarity. Phenothiazines and its derivatives have been referred in
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the literature as “dirty drugs” because of their ability to act on numerous receptors
such as dopamine, serotonin, muscarinic, GABAergic and histamine receptors
(Peroutka & Snyder, 1980; Mozrzymas et al., 1999).

Phenothiazine Ring
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Figure 1.4. Chemical structures and activity of some important

phenothiazines. Adapted from (Ohlow & Moosmann, 2011; Varga et al., 2017).
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1.4.1. History of Phenothiazines
The history of this family of compounds goes back to the 19t century and it's
developmentis linked with the history of dyes. Phenothiazines are derived from the
reaction of diphenylamine with sulphurandwere synthesisedforthe firsttime in 1883
by Heinrich August Bernthsen when studying the chemical structure of the dye,
methylene blue (Bernthsen, 1883; Varga et al., 2017). Bernthsen showed that
methylene blue was built up around the phenothiazine ring. This dye, whose
chemical structure is a phenothiazine wasfirst synthesized by Heinrich Caroin 1876,

withoutknowledge of its constitution.

The medical properties of methylene blue were revealed in 1886 when Paul
Ehrlich demonstrated thatthe dye was suitable for blood smear staining and caused
reduced movement of P. falciparum (Ehrlich & Guttman, 1891). Due to its
antimalarial properties, methylene blue was successfully used to treat two malaria-
infected patients at the Moabit hospital in Berlin (Ohlow & Moosmann, 2011; Lu et
al., 2018). This was the first time that a synthetic drug was ever administered to
humans. This phenothiazine had a massive impact on the development of new
antimalarial drugs (pamaquine and mepacrine). Pamaquine and Mepacrine were
extensively used and became indispensable during World War Il. Influenced by the
studies conducted by Ehrlich, in 1899, Bodoni performed experiments using
methylene blue in humans (Bodoni, 1899). He reported that the oral administration
of methylene blue caused the patients to become calmer and more lethargic and
indifferentto environmental stimuli (Amaral, Viveiros & Kristiansen, 2001). However,
the dye produced a slightly blue coloration of the skin turning methylene blue

unsuitable for the therapy of neurological diseases.

Fifty years and extensive research work later, Paul Charpentier brought
attention to the first colourless phenothiazine, promethazine. at the Rhéne-Poulenc
laboratories in Paris (Charpantier, 1947). The French army surgeon, Henri-Marie
Laborit, discovered that phenothiazines could be used in therapy of shock and in the
treatment of pain after surgery (L6épez-Mufioz et al.,, 2005; Ramachandraiah,
Subramaniam & Tancer, 2009). Laborit started using promethazine as general
anaesthesiain his surgery being quite successful during World War Il. Based on this
work, the laboratory synthesised more than 4000 phenothiazines. Thereafter,
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Rhéne-Poulenc laboratories synthesised and made available Chlorpromazine
(CPZ), with the trade name Largactil. However, Laborit struggled to persuade the
medical community that phenothiazines would revolutionize the field of psychiatry
(Kunz, 2014). It was only at The University of Birmingham (UK) in 1954 that Elkes
and Elkes demonstrated that CPZ was a viable clinical option for the treatment of
psychosis (Kunz, 2014). However, the vast use of this phenothiazine revealed that
the prolonged administration of this treatment produced many severe and toxic side
effects. Those effects involved akathisia (restlessness), lethal neuroleptic malignant
syndrome, hypotension, cardiotoxicity (prolongation of the QT interval, i.e.
irregularity of the electrical activity of the heart that poses patients at risk for
ventricular arrhythmias), arrhythmias and even sudden death (Elkes & Elkes, 1954;
Amaral & Kristiansen, 2000; Amaral et al., 2001).

1.4.2. Antibacterial activity of Phenothiazines

Phenothiazines were shown to have antimicrobial activity against a wide range of
microorganisms such as Mycobacterium tuberculosis, S. aureus, Pseudomonas
aeruginosa, Enterococcus spp., Streptococcus spp., Salmonella spp., Klebsiella
pneumoniae, Shigella spp., Vibrio cholerae and others (Hendricks, Butterworth &
Kristiansen, 2003a; Ordway et al., 2003; Martins et al., 2004, 2007b; Kristiansen et
al., 2007) for over a centuryand sincethe time of Paul Ehrlich. Since phenothiazines
were discovered during the “Golden Age” of antibiotics and its antipsychotic
properties were of great interest to the biomedical community, the drugs failed to
receive attention as antimicrobials (Figure 1.5).
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Studies in humans
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Figure 1.5. Timeline of the most important developments of phenothiazines as
antimicrobials. (Kristiansen & Amaral, 1997; Abbate et al.,, 2007; Ohlow &
Moosmann, 2011)

The activity of phenothiazines reported duringthe so-called “Golden Age” was
not restricted to plasmodia. Insecticidal activity againstfruit pests was also reported
but never became very popular at the time (Nelson & Smith, 1942), despite the fact
that fruits treated with phenothiazines showed delayed rotting. However, other

activities such as antifungal and antibacterial were also reported.

Beside the side effects seen in patients treated with phenothiazines, positive
effects were reported on patients under treatment with Largactil. Lower incidence of
bacterial infections, especially tuberculosis (TB) where observed in psychiatric
patients (Kristiansen & Vergmann, 1986; Kristiansen & Amaral, 1997; Amaral et al.,
2011). Studies conducted by Amaral and his team demonstrated that TZ was very
similar to CPZ with respect to its in vitro antimycobacterial properties but with less
reported side effects and toxicity than CPZ. This was observed regardless the
antibiotic susceptibility status of the bacteria (Amaral et al., 1996). However, the in
vitro concentration of phenothiazines that usually inhibit microbial growth (e.g. 25
mg/L against M. tuberculosis) cannot be clinically achieved (maximum plasma
concentration of 0.5 — 1 mg/L) (Ordway et al., 2003; Thanacoody, 2007).

Interestingly, TZ and CPZ are concentrated within macrophages. Early studies
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reported that phenothiazines diffuse acrosslysosomal membranes in their unionised
form and, oncein the acidic lysosomal environment, protonation of the amine moiety
prevents the drugs from passive back-diffusion across the lysosomal membrane
(Guth & Spirtes, 1964; Hu & Curry, 1989; Wojcikowski & Daniel, 2002; Daniel, 2003;
Kornhuber et al., 2010). Since lysosomes then fuse with the phagosome, conditions
by which the phagocytosed bacteria enter in contact with higher concentrations of
phenothiazines (similar to the ones obtained in vitro) are created (Daniel, Bickel &
Honegger, 1995; Daniel & Waojcikowski, 1999; Martins et al., 2009). This effectwas
shown by Crowle et al. in 1992 (Crowle, Douvas & May, 1992), where by exposing
macrophages containing phagocytosed M. tuberculosis to clinically relevant
concentrations of CPZ enhanced the killing of the intracellular bacteria. This
enhancementofthe killing activity of the macrophage was then speculated to be due
to the concentration of phenothiazines inside the human cell. The same study
reported that the human macrophage, as well as other cells rich in lysosomes, was
able to concentrate phenothiazines as much as 100 times of the concentration
initially added to the culture media. This would mean that these compounds could
reach theirin vitro minimum inhibitory and/or bactericidal concentrations (MIC/MBC)
inside the macrophages withoutthe need for the patientto take high doses of the
phenothiazines, which otherwise would be toxic (Daniel, Bickel & Honegger, 1995;
Daniel & Wojcikowski, 1999; Martins et al., 2009).

The findings from this study are interesting and relevant to the treatment of
intracellularinfections, since hundreds of compounds are able to inhibitthe in vitro
growth of bacteria, but sometimes these compounds are not pursued further, since
these concentrations are too high and considered non-physiologically relevant to
conduct infection studies with human macrophages. A study from Ordway et al.,
published in 2002 showed that human monocyte-derived macrophages recovered
from the whole blood (PBMDMs) and THP-1 human macrophages (cell line) were
able to kill S. aureus when the culture medium contained TZ 0.01 pg/mL (MIC for S.
aureus = 15 pg/mL) (Ordway et al., 2002a). In 2003, the same team, Ordway et al.
demonstrated that TZ was also able to enhance the killing of PBMDM and THP-1
human macrophages infected with antibiotic susceptible and -resistant M.
tuberculosis. Complete killing was observed by the end of 3 days post infection at
the concentration of 0.1 pg/mL regardless of the antibiotic susceptibility status
(Ordway et al., 2003).
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Following this, a study conducted by Martins et al., in 2007 demonstrated that
TZ could cure mice infected with antibiotic susceptible and resistant M. tuberculosis
(Martins et al., 2007b)

1.4.3. Phenothiazine Thioridazine

Thioridazineis an alkylpiperadine phenothiazine and a well-known dopamine-
antagonistcompound. It was developed shortly after the discovery of CPZin 1950s.
Synthesis of TZ is one-step process by alkylating 2-methylthiophenothiazine with 2-
(2-chloroethyl)-1-methylpiperidine and is mediated by NaNH2 (Kleemann, 2012). TZ
has been extensively used since 1959 as an antipsychotic compound for the
treatment of psychosis and schizophrenia (commercial name Mellaril®). Contrary to
CPZ, the side effects reported for TZ, such as lethargy, are milder (Amaral et al.,
2001; Abbate et al., 2007; Thanacoody, 2007). The use of TZ through the years has
proven to be therapeutically safe for the treatment of psychosis. However, Mellaril®
(manufacturer Novartis) was withdrawn from the market in 2005 due to potential
long-term effects, although it is still available in the generic version. A study on
‘compassionate basis” was conducted in Buenos Aires (Argentina, 2007) using TZ
as an adjuvant (in combination with antibiotics) (Abbate et al., 2007) to treat TB
patients. In this study, the treatment was administrated to non-responsive
extensively drug-resistant (XDR)-TB patients. These patients showed lethargy as a
side effectand the study was ended for this reason, despite the fact that within a few
weeks of treatment the quality of life of these patients had improved significantly with
the patients showing gaining of weightandreportingimprovementin symptoms such
as fever, fatigue and breathless. This study and others conducted in the last few

years have attracted interest towards TZ as a potential candidate for development
as an antimicrobial compound.

1.4.3.1. Antibacterial activity of TZ

1.4.3.1.1. In vitro activity of TZ
Over 15 years ago, the in vitro effect of TZ on the pathogen M. tuberculosis

was reported by Amaral et al. (Amaral et al., 1996). Although exhaustive evidence
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of the antimicrobial activity of TZ has been described in the literature, both in vitro
an in vivo, the exact mechanism of action of TZ in bacteria remains unknown.

The possible mechanism of action by which TZ acts on bacteria has been
studied in vitro by researchers, mostly in M. tuberculosis. In these studies, it is
hypothesised that phenothiazines have their primary effects on the plasma
membrane (prokaryotes, eukaryotes) where EPs are located and it is also able to
interfere with energy sources and ultimately, with the bacterial growth. The first
contact between the bacteria and TZ takes place at the surface of the cell envelope
and is known to increase the permeability and changes in cellular morphology in
both Gram-negative and -positive bacteria (Galeazzi et al., 1986; Amaral et al., 2000;
Martins et al., 2004). Increased permeability ensuresthat TZ reachesthe DNA and
interfereswith DNA-based processes (Stolze & Mason, 1991; Rohs & Sklenar,2004;
Bondeet al., 2011).

A study conducted by Keijzer and colleagues showed thatin the presence of
TZ there is a differential abundance of 16 proteins that are involved in the
maintenance of the cell envelope permeability of M. tuberculosis (de Keijzer et al.,
2016). This study also confirmed previous results from a different research group
(Dutta, Mehra & Kaushal, 2010). TZ has been described in the literature as an efflux
pump inhibitor (EPI) in different species, M. tuberculosis, S. aureus, E. coli and
others (Kaatz et al., 2003; Klitgaard et al., 2008; Machado et al., 2012; Spengler et
al., 2012). It is known that EPs have a major role in the development of drug
resistance. When overexpression of EPs occurs, bacteria become resistant to a
variety of antibiotics changingits phenotypeto MDR. TZ is known to inhibit EPs of
bacteria andreverse MDR phenotypesto susceptible (to antibioticsthe bacteria was
initially resistant to) (Viveiros et al., 2005; Kristiansen et al., 2006, 2007). Studies
from Viveiros and his team demonstrated that TZ reversed the resistance of E. coli
to tetracycline by inhibition of over-expressed EPs (Viveiros et al., 2005). In 2006,
Kristiansen etal., alsoreported that TZ was able to reverse the resistance to oxacillin
in methicillin-resistant Staphylococcus aureus (MRSA) by inhibiting EPs in this
bacteria (Kristiansen et al., 2006). The same was observed when alarge number of
clinical isolates of M. tuberculosis were induced to high level resistance to isoniazid
(INH) andthis resistance was reversed using TZ (Viveiros et al., 2002). Furthermore,

other studies showed - and confirmed the previous observations - that this reversed
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resistance interfered with the over-expressed EPs genes of M. tuberculosis Rv2459,
RV1258c, efpA, mmr, p55, mmpL7 (Machado et al., 2012). Most of these studies
were performed with concentrations of TZ that did not completely inhibit replication
of the bacteria. Studies conducted on S. Typhimurium indicated that CPZ may
interact with the AcrAB-TolC system, acting on the bacteria similarly to an EPI
(Yamasaki et al., 2016). It is hypothesised that TZ can have a similar interaction.
Some EPs, including the AcrAB-TolC system, require energy generated by the PMF,
to be able to extrude noxious compounds from the bacterial cell. The PMF is one of
the ways by which cellular energy is created and is dependent on the membrane
potential. The PMF is generated across the cell membrane by the extrusion of
protons by the electron transport chain resulting in an electrochemical gradient of
protons. The PMF is subsequently necessary for the synthesis of ATP by the F1FO-
ATPase and for the transport of solutes. This force is the result of the sum of two
parameters namely, the electric potential (AY) and the transmembrane proton
gradient (ApH). Therefore, the PMF is critical for bacterial survival and could

constitute a good target for the action of new antimicrobials.

Nevertheless, concerns regarding toxicity presented by this type of inhibitors
of the PMF has stalled main research on this area. Despite these concems
ionophores such as monensin are known to dissipate the PMF through disruption of
the flow of ions across the membrane and have been extensively used as

antibacterial by cattle and poultry industries (Farha et al., 2013).

TZ and other phenothiazines have been reported to interfere with the flux of
ion across the bacterial membrane (Kaatz et al., 2003; Rao et al., 2008). Interference
with this flux across the membrane can alter the electric potential resulting on
depolarisation of the bacterial membrane (Wassmann et al., 2018). Furthermore,
processes such as flagellar motility, efflux, cell division and ATP synth esis will also

be affected since PMF is essential for those.

Some studies in M. tuberculosis have also shown that TZ interferes with the
respiratory chain by inhibiting type [I- NADH-menaquinone oxidoreductase (NDH-2)
- which is a key component of the respiratory chain of M. tuberculosis (Weinstein et
al., 2005; Yano et al., 2006; Thanacoody, 2007; Teh, Yano & Rubin, 2007). Electron
transport is initiated through the activity of various NADH dehydrogenases (NDH)
and succinate dehydrogenases (SDH), which transfer electrons to menaquinone, a
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lipophilic redox carrier. During this reaction, NDH-2 transfers two electrons from
NADH to menaquinone, which isreduced to menaquinol. Yano et al. demonstrated
that phenothiazines block NADH-dependentoxygen consumption by M. tuberculosis
membranes and specifically inhibited purified recombinant M. tuberculosis NDH-2
and M. tuberculosis NDH-2A (Yano et al., 2006). This study suggested TZ as an
attractive compound againstreplicative and dormant mycobacteria.

TZ and other phenothiazines are also able to inhibitthe binding of calcium
(Ca?") to Ca?*-binding proteins (Martins et al., 2011). In eukaryotes, the PMF is
dependent of Ca?*-enzyme systems, such as ATP synthase (Klee et al., 1986;
Mousavizadeh, Ghafourifar & Sadeghi-Nejad, 2002; Martins et al., 2008).

1.4.3.1.2. EXx-vivo activity of TZ

Non-antibiotic compounds, such as TZ, are able to stimulate the host
response to infection, which could be considered beneficial. TZ is able to inhibitthe
binding of Ca?* to Ca?*-binding proteins such as calmodulin in mammalian cells
(Martins et al., 2008). This inhibition results in the subsequentinhibition of certain
enzyme systems that are dependentof Ca?*, like the those involved in generating
cellularenergy, such as calmodulin-dependent protein kinases. This effect disturbs
the Ca?* signalling, which is a mechanismthatis essential for most of the biological
processes, namely the phagocytosis of bacteria by the macrophage (Hoyal, Giron-
Calle & Forman, 1998; Amaral & Viveiros, 2012). Besides the Ca?* channels, TZ
(and other phenothiazines) is also capable of inhibiting potassium (K*) ion channels
(Ordway et al., 2003; Martins, Viveiros & Amaral, 2008). These ions have an
importantrole for enhancing thekilling activity of the host cell (Wittekindt etal., 2006).
The concentration of TZ inside the macrophage might result on an in situ inhibitory
effect in the phagocytosed bacteria. This is of great importance to treat infections
caused by intracellular pathogens such as M. tuberculosis and S. Typhimurium.

1.4.3.1.3. In vivo studies
To evaluate the in vivo efficacy of TZ, several studies have been published.
In 2007, Martins and her colleagues (Martins et al.,, 2007b) evaluated the

effectiveness of treating female BALB/C mice with differentdoses of TZ. These mice
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had been infected intraperitoneally with a high dose (1x10® CFU/kg tissue) of M.
tuberculosis ATCC H37Rv during 30 days after treatment started with TZ. The
concentrations of TZ used were equivalentto those usually used in humans and
ranged from 0.05 to 0.5 mg/day. In this study, Martins et al., demonstrated that the
concentration of 0.5 mg/day of TZ decreased the colony forming units (CFU) in the
lungs of the animals within one month of treatment. The treatment of the animals
finished at the end of 300 days showing numbers of mycobacteria in the lung
noticeably low (1x102 CFU/Kg tissue). In 2010, van Soolingen and his team (van
Soolingen et al., 2010) used the same mouse model to evaluate the effect of TZ
when combined with standard first-line drugs (rifampicin, INH and pyrazinamide) to
treat susceptible and MDR M. tuberculosis-infected mice. This treatment was done
fortwo monthsand animalshad a daily oral administration of TZ at 32 and 70 mg/kg.
The authors observed a significantreduction in the CFU recovered from both groups
of animals after two months of treatment. A reduction of -4.4 log CFU and -2.4 log
CFU was obtained for the susceptible and MDR groups, respectively. A significant
synergistic effectwas also observed when TZ was used in combination with first-line
drugs (usuallyusedfor TB treatment) in the susceptible group (-6.2 vs.-5.9 log CFU).
In 2014, Dutta et al (Dutta, Pinn & Karakousis, 2014a,b) also observed effectiveness
of TZ in murine models in combination with first-line drugs to treat TB. The same
effectiveness was observed in in vivo models using Salmonella Typhimurium
(Dasgupta et al., 2010). In the same year, Hahn and colleagues (Hahn & Sohnle,
2014) demonstrated that TZ was effective in treating cutaneous staphylococcal
infections in two mouse models of S. aureus skin infections. In these models and
after the inoculation of the skin surface, TZ significantly suppressed dissemination
from the skin to the spleen and kidney and the size of abscesses produced by the
intradermal injection. Although, TZ didn’t affect the infections parameters in the skin
itself.

In Argentina,astudy conducted with TB patients under “compassionate basis”
(mentioned previously) reported that the results previously observed with M.
tuberculosis in the mouse model, were reproducible in humans (Amaral et al.,
2010a). This study was conducted using TZ in a combination therapy with linezolid
and moxifloxacin in 14 XDR-TB patients. Linezolidwasincludedin the drugregimens
of all patients. Moxifloxacin alone and/or combined with TZ were included in the

regimens of the 14 patients and these remained hospitalised for 22 months or until
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bacteriologically negative. 10 out of the 14 XDR-TB patients were cured when TZ
was usedin combination with the antibioticsto which the XDR-TB patients were non-
responsive. The authors observed that TZ improved the quality of life of the patients
and contributedto alonger life span (Abbate et al., 2007, 2012). However, TZ wasn’t
able to restore loss of pulmonary tissue and the patients succumbed to the disease.
Another study conducted in India, showed similar results (Udwadia, Sen & Pinto,
2011). In both studies, patients were under cardiac monitoring and TZ had no
significanteffecton the QT intervalsor any other cardiac complication (Abbate et al.,
2007, 2012; Amaral et al., 2011; Udwadia, Sen & Pinto, 2011).

1.5. Other EPIs as antimicrobials

Given the importance of multidrug efflux mechanisms, EPIs have been given
some attention as potential new antimicrobial compounds. The use of EPIs in
combination with antibiotics (adjuvant therapy) has shown interesting results in
overcoming resistance of bacteria to antibiotics, when efflux is the main mechanism
of resistance reported (Bohnert & Kern, 2005). Since EPs are dependenton energy,
the disruption of energy and efflux activity is the mechanism of action for some EPIs.
Carbonyl cyanide-m-chlorophenylhydrazone (CCCP)is perhapsone of the most well
know EPIs and it is usually used for the screening of activity of EPs of the RND
family. Another well described inhibitor of RND EPs is Phenylalanine-Arginine-f3-
naphthylaminde (PaBN). This compound has not only been considered an EPIl as it
has been reported as being successful in reverting the resistance to antibiotics such

as tetracycline and macrolides in E. coli, when compared to other known EPIs (Kem
et al., 2005).

Other compounds such as Ca?* channel blockers have also been explored
due to their potential activity in infected cells (namely macrophages). One such
example is Verapamil (VER). This compoundis a voltage dependent Ca?* channel
blocker that inhibits several bacterial EPs. It has been reported as enhancer of the
macrophage killing activity against several strains of M. tuberculosis (Martins et al.,
2006; Machado et al., 2016). Indeed, it has been reported as not only showingin
vitro activity against M. tuberculosis but also been able to reduce the bacterial load
during macrophage infection, i.e., numbers of CFU recovered from inside the

infected macrophage. Due to its capacity to inhibit Ca?* flux on infected
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macrophages, this type of compounds can be explored as activators of infected cells
or alternatively, can be used as parental molecules for the design of the next-

generation of Ca?* channel blockers.

Compounds able to target the intracellular niche of some bacterial pathogens
are vital to strengthen the fightof AMR. However, despite some of these compounds
being well known it's potential to treat macrophages infected with bacteriais still not
sufficiently explored and understood. One of the main focus of this thesis s to study

TZ and other potential Ca?* channel blockers on Salmonella-infected macrophages.

1.6. Salmonella enterica serovar Typhimurium
1.6.1. Overview of Salmonella infections

Members of the genus Salmonella belongto the Enterobacteriaceae familyand
represent the most common foodborne pathogens. Salmonella are Gram-negative,
rod-shaped, motile flagellates, facultative anaerobes and intracellular pathogens.
The Salmonella genus diverged from a common ancestor with E. coli between 100
and 150 million years ago (Fabrega & Vila, 2013). The genus Salmonella can be
subdivided into two species: Salmonella bongori (S. bongori) and Salmonella
enterica (S. enterica). Based on biochemical and genomic modifications, S. enterica
can be divided into six subspecies, enterica (I), salamae (ll), arizonae (llla),
diarizonae (lllb), houtenae (IV) andindica (VI). Currently, there are more than 2600
serovars within the entire Salmonella genus, and 1531 of these belong to the
Salmonella enterica subsp. enterica. The species and subspecies of S. enterica
subsp. enterica serovars are commonly omitted, for example Salmonella enterica
subsp. enterica serovar Typhimurium is usually shortened to Salmonella
Typhimurium (Brenneretal., 2000; Grimont & Weill, 2007). Salmonellahave a broad
host range but Salmonella enterica subspecies enterica is most commonly
associated with human infections and other warm-blooded animals (Cheng, Eade &
Wiedmann, 2019). S. bongori is commonlyfoundin environmental sourcesand cold-
blooded vertebrates such as reptiles and amphibians (Desai et al., 2013).

The two main clinical manifestations associated with Salmonella enterica
infections are gastroenteritisand entericfever, also known as Typhoid fever. Typhoid

fever is caused by the human host-restricted serovar, Typhi. A clinically similar,
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however, often less severe disease, Paratyphoid fever is caused by S. Paratyphi A,
B and C (Gal-Mor, Boyle & Grassl, 2014). S. Typhi and S. Paratyphi are typically
transmitted through faecal contamination of water sources or food. S. Typhiremains
relevanttoday as it causes approximately 21 million infections annually. Resulting in
200,000 - 600,00 deaths especially in countries with poor economic development
(Crump, Luby & Mintz, 2004). The early stages of this disease might go unseen, as
typhoidal Salmonella strains do not trigger a pro-inflammatory response or
gastroenteritis. The average incubation period for typhoidal serovars is 14 days with

symptoms persisting for up to 3 weeks.

In contrast, infections with non-typhoidal Salmonella (NTS) usually results on
production of inflammatory response and gastroenteritis that is cleared by the host
within 4-7 days (Gal-Mor, Boyle & Grassl, 2014). This is observed typically with
cases of S. Typhimuriumand S. Enteritidis. A typical NTS infection rarely requires
hospitalisation or treatment. However, these serovars can also cause serious and
often fatal systemic infections, particularly in immunocompromised hosts (Ohl &
Miller, 2001). Similarto Typhiand Paratyphi, NTS strains are commonly transmitted
through ingestion of contaminated food and water. Unlike typhoidal serovars, NTS
are zoonotic pathogens. There are an estimated 93.8 million cases of gastroenteritis
leading to 155,000 deaths per year (Majowicz et al., 2010; Stanaway et al., 2019).
However, this burden is not equally distributed per geographic regions. Eastem
Mediterranean regionshavethe highestincidence of NTS strains comparing with the
European region. African regions represent a concerning region with the highest
death rate from non-typhoidal salmonellosis comparing to the rest of the world (Kirk
et al., 2015). NTS are easily disseminated through agriculture and subsequently,

contaminating food such as beef, poultry and eggs.

Thus, Salmonella infections represent a considerable concern to public

health, animals and the food industry worldwide.
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1.6.2. Pathogenesis of S. Typhimurium infection
Intracellular pathogens are capable of infect and survive within eukaryotic
cells. This enables them to escape innate immune defences and antimicrobials
compounds and overcome immune responses by residing and multiplying inside
hostimmune cells.

The development of infection by S. Typhimurium involves a series of stressful
conditions for the bacteria that are meant to protect the host(Figure 1.6). Following
ingestion of contaminated food, S. Typhimurium will experience the first obstacle
within the host, the acidic pH of the stomach. At the same time, an upshiftin the
temperature from the outside environmentto approximately 37°C in humans, will
also take place. To protect itself in response to acid shock, Salmonella activates an
acid tolerance response (ATR). ATR prepares the bacterial cells for further acidic
conditions of the intracellular environment promoting survival. Salmonella will
colonise the small intestine to reach the preferential site for invasion, the ileum
(Galan & Curtiss, 1989).
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Figure 1.6. Overall pathogenesis of S. Typhimurium. Bacteria is ingested
from contaminated food or water sources and passes through the mouth, esophagus,
and stomach to the small intestine. While descending through the gastrointestinal tract
S. Typhimurium encounters a variety of stressful conditions (labelled in orange) as part
of the host first line of defence. Zoomed panel: S. Typhimuriuminvades epithelial cells
of the intestinal epithelium. Environmental signals within the gut induce expression of
SPI-1 T3SS which secretes effector proteins (in green) into the host epithelial cell that
trigger intestinal inflammation and bacterial endocytosis. S. Typhimurium survives and
replicates intracellularly within a Salmonella-containing vacuole (SCV). In susceptible
hosts, S. Typhimuriumbecomes engulfed by macrophagesand survivesand replicates
within the SCV, leading to bacterial dissemination and systemic infection.
Environmental conditions within the macrophage induce the secretion of effector
proteins of SPI-2 T3SS (in red), which are necessary for the intracellular lifestyle.
Adapted from (Urdaneta & Casadesus, 2017).
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A functional motility and chemotaxis systems is a prerequisite for Salmonella
to approach and encounter the intestinal epithelium (Stecher et al., 2008).
Adherence of Salmonella to the surface of epithelial cells induces significant host
cell cytoskeletal rearrangementand membrane rufflingresulting in the engulfmentof
Salmonella (Francis, Starnbach & Falkow, 1992). Following attachment, Salmonella
type lll secretion system (T3SS)-encoded on the pathogenicity Island 1 (SPI-1)
translocate effector proteins into the cytosol of non-phagocytic cells. This actively
induces host cell cytoskeletal rearrangement, membrane ruffling and ultimately
uptake of the bacterium into a membrane-derived vacuole (Steele-Mortimer et al.,
1999; Srikanth et al., 2011). Some of these effector proteins (for e.g. SipA, SipB) are
encoded by genes located on SPI-1 of the bacterial chromosome. Other effectors,
such as SopA, SopB, SopD, SopE, SopE2, etc, are encoded by genes located
around the Salmonella chromosome. SopB, SopE and SopEZ2 are essential for
invasion of S. Typhimurium as mutants defective in any of these effectors are
incapable of inducing actin cytoskeleton rearrangements (Galan & Zhou, 2000;
Srikanth et al., 2011) The effectors SipA and SipC are responsible for membrane
ruffling and engulfment (Srikanth et al., 2011). Thus, allowing Salmonellato exploit
the intracellular niche and to interfere with the physiology of the host cells. Detection
of the invading bacteria by the host immune system leads to a pro-inflammatory
immune response, resulting in the inflammation of the gut, secretion of fluids and
symptoms of gastroenteritis. This inflammatory response involves the production of
tumour necrosis factor (TNF) alpha and interleukin-8 (IL-8).

S. Typhimurium cells that successfully invade host epithelial cells are
enclosedin a membrane-derived vesicle termed the spacious phagosome (SP). The
SP later fuseswith lysosomes, acidifiesand shrinksto become adherentaroundone
or more bacteria creating the Salmonella-containing vacuole (SCV) which
biogenesisresembles a phagosome (Steele-Mortimer, 2008). Maturation of the SCV
and survival of bacterial cells is dependentupon proteins encoded on Salmonella
pathogenicityisland 2 (SPI-2). The SPI-2 T3SS translocates effector proteins across
the phagosomal membrane to allow intracellular survival and replication. Formation
of the SCV requires altering the host cell endocytic trafficking pathway to avoid
normal phagosome maturation and fusion with lysosomes (Fabrega & Vila, 2013).

As the SCV matures, Salmonella faces additional stressors including a further
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reduction of pH and magnesium, phosphate and iron starvation (Srikanth et al.,
2011).

The mature SCV migrates to the Golgi-apparatus and simultaneously
Salmonella-induced filaments (SIFs) are formed. SIFs are tubular filamentous
structures which extend from the SCV and form complex networks throughout the
cell to facilitate interactions with host organelles (Beuzon etal., 2000; Knuff & Finlay,
2017). Salmonella can also proliferate in epithelial cells outside of their SCV. A
significant portion of internalised bacteria within the SCV lyses their phagosome and
escapes to the cytosol of the host cell. These subpopulation, designated cytosolic
Salmonella, evadesdestruction by autophagic mechanisms of the host epithelial cell,
and survive to hyper-replicate later on during infection using SPI-1 encoded proteins
(Knodler, Nair & Steele-Mortimer, 2014; Klein, Powers & Knodler, 2017; Finn et al.,
2017).

Salmonellais able to invade both non-phagocytic and phagocytic cells. After
exiting the intestinal tract, Salmonella is phagocytosed by resident and recruited
immune cells, including macrophages. SCVs transcytose to the basolateral
membrane of epithelial cells and are subsequently engulfed by phagocytic cells,
primarily macrophages. This bacterial internalisation ultimately results in an intra-
macrophage SCV. Salmonella located within intra-macrophage SCVs trigger similar
host cell pathways to those triggered by intra-epithelial cell SCVs, avoiding
phagosome maturation and allowing the bacteria to proliferate (Fabrega & Vila,
2013). There are common characteristics but also some important differences
between the SCV of epithelial cells and macrophages. While nutrient starvation and
acidic pH is a feature of both intracellular vacuoles, the intra-macrophage SCV is
more bactericidal in nature (Hautefort et al., 2008). However, Salmonella and other
bacteria have encountered ways to overcome this by remodelling the protein,
carbohydrate and membrane components of the envelope. This way, bacteria are
able to resist the action of antimicrobial peptides and reactive oxygen and nitrogen
species (ROS, RNS) that can damage their cells (Hautefort et al., 2008).

Known signals of SPI-2 induction are acidic pH, limitation of inorganic
phosphate (Pi), Mg2* deprivation, high osmolarity and the presence of antimicrobial
peptides. These are signals thoughtto mimic the environmental cues foundin the
SCV (L6ber et al., 2006). The SPI-2 effector SsaB (SpiC), which also functions as
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part of the SPI-2 apparatus, is translocated into the host cytosol where it inactivates
the mammalian protein Hook3, resulting in a blocking of the fusion of the SCV and
the lysosome (Buchmeier & Heffron, 1991; Freeman et al., 2002; Kujat Choy et al.,
2004). SpiC interferes with endosomal trafficking upon expression in mammalian
cellsandin invitro assays (Uchiya et al., 1999). SPI-2 effectors SseG and SseF play
a role in maintaining the SCV near the nucleus and Golgi apparatus, while the SifA
protein contributes by limiting the amount of kinesin recruited to the SCV site, thus
avoiding displacement of the SCV to the cell periphery (Kuhle & Hensel, 2004;
Abrahams & Hensel, 2006). SifA was shown to promote intracellular survival within
macrophages andto be required for systemic infection. The ability of SPI-2-secreted
effector proteins to modulate the motility of infected macrophages plays an important
role in bacterial dissemination and the establishment of systemic infection within the

liver and spleen (Fabrega & Vila, 2013).

The presence of Salmonella within the macrophages leads to an immune
response through cytokine production, inflammatory reaction or programmed cell
death. During the process of internalisation as well as inside the host macrophage,
Salmonella activates signalling of the host pattern recognition receptors (PRRs) like
Toll-like receptors (TLRs) and NOD-like receptors (NLRs). Phagocytic receptors on
the plasma membrane recognise structural determinants on the surface of
pathogens (opsonin-independent receptors) whereas others recognise host
opsonins bound to the pathogen (opsonin-dependent receptors). Both types of
receptor can greatly enhance particle uptake butalso initiate the signalling cascades

required for efficient microbicidal activity, antigen processing, and production of
cytokines and chemokines (Stuart & Ezekowitz, 2005)

The equilibrium between pro- and anti-inflammatory cytokines wheels the
infection, preventing damage to the host. Macrophages can undergo apoptosis, and
Salmonella will escape the cell to basolaterally reinvade epithelial cells or other cells
such as phagocytic, causing bacterial dissemination and establishing systemic

infection within the liver and spleen.
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1.7. Aims of the study
The primary aim of this study was to explore the approach of drug repurposing

as an effective way to uncover potential new antimicrobials compounds.

The first chapter of this study explored the antimicrobial activity of three
different metallic complexes synthesised previously as antitumor compounds and
tested againsta range of Gram-positive and -negative bacteria.

The second experimental chapteris focused on uncovering the mechanism of
action of the phenothiazine, thioridazine, using Salmonella Typhimurium as a model
bacterium for intracellularpathogens. Since AMR is one of the major concerns of the
21stcentury, the developmentof new approaches and new antimicrobial compounds
has become an urgentpriority. TZ and other phenothiazines have been identified as
potential antimicrobials against M. tuberculosis, however, the mechanism(s) of
action of these compounds hasn’tbeen fully understood. In this chapter, we explore
the potential in vitro activity and mode of action of TZ against Salmonella
Typhimurium.

The final chapter of results expands on the ex-vivo effect of TZ in human
macrophages infected with Salmonella Typhimurium. The effectof TZ on Salmonella
internalised by human macrophages was investigated initially by quantifying the
intracellular bacteria. The cytokine response of Salmonella-infected human
macrophages treated and non-treated with TZ-treated as well as the potential effect

on the Ca?* flux of the macrophage was also assessed.

In summary, the work developed in this thesis, focused on the drug
repurposing of TZ to treat Salmonellainfections. By contributingto uncoverthe in
vitro mechanism of action of TZ in Salmonella and providing novel data regarding
the use of TZ on Salmonella-infected macrophages, the data generatedin this thesis
supports the use of this type of compounds to tackle AMR. Understanding the
mechanism of action of TZ and other similar compounds on Salmonella-infected
macrophages is an important step forward for future research on new antimicrobials
active againstantibiotic resistant bacteria.
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Abstract

The rise in antibiotic resistance coupled with the gap in th e discovery of active
molecules has driven the need for more effective antimicrobials while focusing the
attention into the repurpose of already existing drugs. Here, we evaluated the
potential antibacterial activity of two zinc-and one cobalt-organometalliccompounds
previously reported as having anticancer properties. Compounds were tested
against a range of Gram-positive and -negative bacteria. The determination of the
minimum inhibitory and bactericidal concentrations (MIC/MBC) of the drugs, were
used to assess their potential antibacterial activity and their effect on the bacterial
growth. Motility assays were conducted by exposingthe bacteria to sub-MIC of each
of the compounds. The effect of sub-MIC of the compounds on the membrane
permeability was measured by the Ethidium Bromide (EtBr) accumulation assay.
Cellviability assays were performed in THP-1 cells. Compound TS262 was the most
active againstthe range of bacteria tested. No effectwas observed on the motility or
accumulation of EtBr for any of the bacteria tested. Cell viability assays
demonstrated that at the MIC, the compounds showed decrease on cell viability.
These results are promising and further studies on these compounds can lead to the

development of new effective antimicrobials.
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2.1. Introduction

According, to the World Health Organization (WHO), antimicrobial resistance
(AMR) is one of the most complex threats in the twenty-first century, not only to
human health but also to economics. The extensive misuse of antibiotics, among
other factors, has contributed to the emergence of multidrug resistant bacteria and
consequently, leading to the developmentof hard-to-treat infections. Jim O’Neil and
his team wrote an extensive review on AMR commissioned by the British
Government — Antimicrobial Resistance: Tackling a crisis for the health and wealth
of nations (O’ Neil, 2014). One of the review’s main findings is that annual deaths
attributable to antimicrobial resistant infectionswould reach approximately 10 million
cases each year by 2050 unless action is taken (O’ Neil, 2014). Adding to this
predictions, the European Centre for Disease Prevention and Control reported that
nowadays more than 670 000 infections occurinthe EU/EEA and 33 000 people die
per year in the EU/EEA, mostly due to bacterial infections (Cassini et al., 2019;
European Centre for Disease Prevention and Control, 2019). These numbers
correspond to an incidence rate of 131 infections per 100 000 population with an
attributable mortality rate of 6.44 deaths per 100 000 population (Cassinietal., 2019;
Ouakrim et al., 2019).

The discovery and development of novel antibioticsis stagnatingandthe urge
for new approaches is increasing to meet the challenges posed by the rapid
developmentof bacterial infectionsresistantto common antimicrobial drugs. Several
novel approaches, such as the use of combination of antibiotics (Tyers & Wright,
2019), bacteriophage therapy (Qadir & Chauhdary, 2018), antibacterial antibodies
(Hua et al., 2014), probiotics (Kotzampassi & Giamarellos-Bourboulis, 2012),
nanomaterials (Baptista et al., 2018), antimicrobial peptides (Mohan et al., 2019),
among others, have been tested. Adding to this, the repurposing of existing drugs is
becoming more attractive as a new strategy to fight AMR. This approach presents
some advantages,namelydueto the leverage of these drugs been already approved
for use in humans and therefore, this reduces the timelines required for the drugs to
be effectively available for treatment. The most successful and classical case is
sildenafil (borand names: Revatio, Viagra). This drug was originally designed to treat
hypertension and then repurposed to treat erectile dysfunction and pulmonary
arterial hypertension (Goldstein etal., 1998). However, thisdrug was notrepurposed

as an antimicrobial. Drug repurposing has been used advantageously in cancer
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therapy to access previously approved non-cancer drugs and directthem for cancer
treatment (Moroney et al.,, 2011). Therefore, the repurposing of anti-tumour
compounds such as metallic compounds (Patra, Gasser & Metzler-Nolte, 2012)
couldbe of interestas a source of new antibacterials. Although the research of these
compounds is mainly focused on antitumor purposes, to our knowledge, data
available on the antimicrobial activity of these compounds is quite limited. As an
example of a very active antimicrobial compound described a long time ago and
used for the treatment of syphilis is salvarsan, an orgaoarsenical compound (Patra
et al., 2015).

In the present study, Zinc- and Cobalt- metallic compounds, with previously
reported anti-tumour properties (Silva et al., 2013; Luis et al., 2014) were tested for
their potential antimicrobial activity againsta range of bacteria. These zincand cobalt
metallic compounds were selected from an initial screening of 17
new molecules synthesised and previously tested for their potential anti-tumour
activity. From this initial screening for antimicrobial activity, three compounds
(identified as TS262, TS265, and TS267) showed the best activity, i.e., lower
minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) values against Gram-negative and -positive bacteria. On the basis of these
results, we decided to investigate these three TS compounds further regarding their
potential mode of action on bacteria. For that, we tested the effect of these
compounds on the growth kinetics, motility, and permeability of the bacteria. There
are several studies published regarding the effectthat metallic compounds have on
the bacterial membrane, by inducing damage to this structure and indirectly
collapsing efflux systems (Lemire, Harrison & Turner, 2013; Viganon et al., 2017,
Frei, 2020). Some bacterial efflux systems are dependenton the proton motive force
and therefore any compound acting on this gradient will have an impact on the
bacteria itself (Mahamoud et al., 2007; Sharma, Gupta & Pathania, 2019). If a
compound affects the proton motive force it will also impact bacterial motility since
bacterial flagella are driven by a rotary motor that uses free energy stored in the
electrochemical proton gradientacross the cytoplasmic membrane to do mechanical
work (Meister, Lowe & Berg, 1987). Therefore, the assessment of bacterial
phenotypes such as increased permeability of the bacterial membrane and motility
can be of importance when analysing the potential mode of action of these metallic
compounds.
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2.2. Materials and methods
2.2.1. Compounds
Three metallic compounds coupled with Zn and Co were used in this study.
The compounds were identified as follows: [Zn(phendione)2] Cl2(phendione = 1,10-
phenanthroline-5,6-dione) - TS262; Co(ll coordination  compound
CoClIl(Hz20)(phendione)z][BF4] (phendione =1,10-phenanthroline-5,6-dione) - TS265
and [ZnCI(kO-PTA=0)(phendione)]|BF4] (phendione = 1,10-phenanthroline-5,6-
dione) - TS267 (Silvaet al., 2013). The structure of the compounds, as well as their
main characteristics are described in more detail in Figure 2.1; Table 2.1. These

compounds were previously synthesised by Silva et al. (Silva et al., 2013).
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Figure 2.1. Chemical Structure of the compounds A) and their ligands B).
Ligands: DION (phendione); PTA (1,3,5-Triaza-7-phosphaadamantane).
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Table 2.1. Chemical formula, molecular weight, and solvent of the three

metallic compounds and their ligands

Compound Chemical formula Mo'ig?';;ﬁ?ight Solvent
TS262 ZnC,,H,,N,0,Cl, 556,67 H,O
TS265 CoC,4H.4N,O5BF, 620,59 H,O
TS267 ZnCIC,gHsNsO,PBF, 570,99 H,O

DION C4oHgN,0O, 210,2 H,O
PTA CgHoN5P 157,2 H,O

Legend. Ligands: DION (phendione); PTA (1,3,5-Triaza-7-phosphaadamantane).

2.2.2. Bacterial strains
Listeria monocytogenes EGDe, Staphylococcus aureus ATCC25923,
Acinetobacter baumannii ATCC19606, Escherichia coli NCTC19200, Klebsiella
pneumoniae ATCC70063, Salmonella Typhimurium ATCC14028S and
Pseudomonas aeruginosa ATCC27853 were used in this study. The strains were
grown in Mueller-Hinton (MH) broth at 37°C with shaking.

2.2.3. Antibacterial activity

The minimum inhibitory concentration (MIC) was determined by using the
broth microdilution methodin a 96-well plate accordingto the Clinical and Laboratory
Standards Institute (CLSI) guidelines (Clinical and Laboratory Standards Institute,
2013). Briefly, overnight cultures were diluted in sterilized phosphate buffered saline
(PBS) solution to ~10° colony forming units (CFU)/mL. Aliguots of 10 uL were then
transferred to separate wells in a 96-well plate that contained 100 puL of each
compound at varying concentrations in Mueller-Hinton (MH) broth. Metallic
compounds were tested at concentrations ranging from 0.2 uM to 104 pM (TS262
and TS265) and 0.2 uM to 120uM (TS267). After incubation at 37°C for 18 hours,
the MIC was determined as the lowest concentration of compound were no visible

growth of the bacteria was obtained. The determination of the minimum bactericidal
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concentration (MBC) was performed by replica transfer of the MIC plate into a new
96-well plate with compound-free media. Plates were incubated at 37°C and the
MBC results recorded after 18 hours. The MBC was defined as the minimum

concentration of the compounds were no bacterial growth was obtained. The assays
were performed with three biological replicates.

2.2.4. Bacterial growth in the presence of anti-tumour compounds
A 96-well plate was prepared with different concentrations of the three metallic
compoundsin MH broth. Diluted overnights cultures of the bacteria (~10° CFU/mL)
were added to each well, except to the control wells (sterility) where only media was
added. The microplate was then incubated in a microplate reader (Synergy™ HT
multi-mode), andthe bacterial absorbance (Optical density; ODsoonm) measured over
a period of 24 hoursat 37°C with shaking. The assays were performed with three

biological replicates.

2.2.5. Motility assays

To assess bacterial motility, swim and swarm assays were performed on alll
isolates in the absence/presence of the compounds, as previously described (Wang
et al., 2007). Briefly, for the swim assays, culture plates were previously prepared
with MH broth with 0.4% (w/v) agar; Sigma, UK) and stab inoculated with bacterial
cultures grown overnightin MH broth. These plates were then incubated for 8 hours
at 37°C. The region of visible colony spread on the agar was measured (in
millimetres - mm) with a ruler. Swarm motility assays were also performed with
bacterial cultures grown overnight in MH broth. One microliter of each cell
suspension was spotted directly onto a motility plate (MH broth with 0.6% (w/v) agar
with 0.5% glucose; Sigma, UK) and incubated at 37°C overnight for 24 hours. The

region of visible colony spread on the agar was then recorded.

2.2.6. Membrane permeability
Accumulation of ethidium bromide (EtBr) was measured as an indication of
the ability of the compounds to permeabilise the bacterial membrane. To determine

the EtBr concentration that did not exceed the ability of the efflux systems to extrude
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EtBr, initial accumulation assays were performed in the presence of increasing
concentrations of EtBr, as previously described (Rodrigues, Viveiros & Ainsa, 2015).
The bacterial strains were grown in MH broth until mid-log phase. Bacterial cells
were washed with PBS and the OD adjusted to 0.3 at 600 nm. Aliquots of this
suspension with EtBr were transferred into a 96-well black plate with flat bottom
(Costar, Sigma-Aldrich, St. Louis, Missouri, US). Heat-inactivated (30 minutes at
90°C) bacteria were usedas a control for maximum fluorescence. Fluorescence was
recorded usinga Synergy™ HT multimode microplate reader for 30 minutes using
excitation and emission filters of 515 and 600 nm, respectively. The compounds
were then added at sub-MIC. The technical duplicates were averaged and plotted

and compared based on their average fluorescence units. The assays were
performed with three biological replicates.

2.2.7. Electrophoretic analysis of DNA-metal compound interaction

The interactions between DNA binding assays were conducted to determine
if compound TS262 was able to cleave plasmid DNA. Plasmid DNA (pDNA) was
obtained from E. coli transformed cells and grown overnight (o.n.) in LB liquid
medium (Applichem, Darmstadt, Germany) with 100 yg mL-1 ampicillin (Bioline,
London, UK) at 37°C with stirring. Plasmid extractions were performed using the
Invisorb Spin Plasmid Mini Two Kit (Invitek, Berlin, Germany) and DNA were
guantified by spectrophotometry with NanoDrop 2000 (Thermo Scientific, Waltham,
MA, USA). The interactions between TS262 and pBluescript Il SK(+) (pBSKII) DNA
(Agilent Technologies, Santa Clara, CA, USA) were determined as previously
described (Luis et al., 2014). For the concentration-dependentstudies,we incubated
pBSK Il (200 ngin a final volume of 20 L) in the presence (25-100 uM) or absence
of the tested compound for 24 h at 37°C in reaction buffer (5 mM Tris-HCI, 50 mM
NacCl (pH 7.02)).

2.2.8. Mammalian cell culture and cell viability
Primary bronchial/tracheal epithelial cells (BTEC) and primary peripheral
blood mononuclear cells (PBMC) were purchased from the American Type Culture

Collection (ATCC) (www.atcc.org) and cultured according to the manufacturers
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specifications. BTEC were maintained in Airway Epithelial Cell Basal medium
(ATCC) supplemented with bronchial epithelial cell growth kit (ATCC), 33 umol/L
Phenol Red (Sigma), and a mixture of 100 U/mL penicillin and 100 pg/mL
streptomycin (ThermoFisher Scientific, Waltham, MA, USA) at 37°C and 5% CO:2 (as
described in (Alves-Barroco et al., 2019). PBMC have a limited lifespan in culture
and should only be thawed immediately prior to theiruse and maintained in Roswell
Park Memorial Institute (RPMI) 1640 (Sigma) supplemented with 10% foetal bovine
serum (FBS; Sigma), 2 mM glutamine (Sigma), 1% nonessential amino acids
(Sigma), 1% sodium pyruvate (Sigma), and 50 U/mL penicillin and streptomycin
(ThermoFisher Scientific). One day before treatment, cells were seeded at a density
of 2 x 104 cells per well on a 96-well plate containing the respective media at 37°C,
5% (v/iv) of COz2, and an atmosphere of 99% (v/v) humidity for 24 hours. Cell viability
was assessed after exposure to concentrations between 0 and 40 pM of TS262.
MTS assay (CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay,
Promega, Madison, Wisconsin, USA) was performed 24 hours after initial stimulus
(at 37°C) wusing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium and inner salt (MTS) as previously described (Pedrosa
et al., 2018). Briefly, MTS was added to each well and cells were incubated during
45 minutes at 37°C. Followingincubation, the absorbance of the soluble formazan
product (brown) was measured in a microplate reader (TECAN, GE) at 490 nm. The
formazan product is directly proportional to the number of living cells. The assays
were performed with three biological replicates.

2.2.9. Statistical analysis
Statistical analyses were performed using Prim GraphPad software version
8.0.2. *, ** ** gnd **** represent p-values of < 0.05, < 0.01, <0.001 and < 0.0001
respectively. A p < 0.05 was considered statistically significantand highly significant
when ** p < 0.01, ** p < 0.001 and **** p < 0.0001. One-way ANOVA was used to
compare the mean values of at least three independentsamples, where there was
one independentvariable in the experimental procedure. Allowing to determine any

statistically significant difference between the samples’ means.
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2.3. Results
2.3.1. Antibacterial activity of anti-tumour compounds
The antimicrobial activity and effect on bacterial growth of three metallic
compoundswith Zn and Co as metal centre were assessed againstarange of Gram-
positive and -negative bacteria. The activity of the three metallic compounds against
bacteria is summarised in Table 2.2 (Table S2.1 corresponds to the pg/mL activity
of the three compounds). These compounds were initially selected from a group of

17 new molecules previously tested for their potential anti-tumour activity (for more
details on these molecules, please see Table S2.2.

From the three compounds tested, Zn compound, TS262 was the most active
against all the seven strains tested [MIC range from 0.9 (0.5 pg/mL) to 14.4 uM (8
png/mL)]. The compound that showed lower antibacterial activity was TS265 (MIC
range from 1.6 (1 pg/mL) to 25.8 uM (16 pg/mL)). TS262 showed good activity
against Acinetobacter baumannii ATCC19606 (MIC of 0.9 pM- 0.5 pg/mL). The
other two compounds, TS265 and TS267, also showed good activity against this
bacterium, with MIC of 1.6 pM-1 pg/mL and 1.8 pM-1pg/mL, respectively. All
compounds showed good activity against A. baumannii ATCC19606, with low
concentrations not only inhibiting bacteria growth but also inducing its complete
killing, indicating that they also have a good bactericidal activity. The three
compounds were less active against Klebsiella pneumoniae and Pseudomonas
aeruginosa, which is not totally unexpected, since Gram-negative bacteria are
almost impermeable to new drugs because majority of these drugs are unable to
penetrate the bacterial cell wall. Addingto this, they also possess other mechanisms
of resistance and efflux systems that are involved in the extrusion of the drugs from
the cell to the external environment. In general, the majority of the compounds
showed bactericidal activity at the same level as the MIC, with the exceptions of
TS262 tested against A. baumannii (MIC = 0.9 pM-0.5 pg/mL and MBC = 1.8 pM-1
pug/mL) and TS267 against P. aeruginosa (MIC = 14 uM-8 pg/mL and MBC = 328
HM-16 pg/mL).
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Table 2.2. Antibacterial activity of the metallic compounds against a range of

Gram-positive and -negative bacteria

TS 262 TS 265 TS 267
MIC MBC MIC MBC MIC MBC
Bacteria pM
S. aureus ATCC25923 1.8 1.8 3.2 3.2 3.5 3.5
L. monocytogenes EGDe 3.6 3.6 6.5 6.5 7 7
E. coliNCTC12900 3.6 3.6 6.5 6.4 3.5 3.5
S. Typhimurium ATCC14028S 3.6 3.6 6.5 6.5 7 7
A. baumannii ATCC19606 0.9 1.8 1.6 1.6 1.8 1.8
K. pneumoniae ATCC70063 14.4 14.4 25.8 25.8 14 14
P. aeruginosa ATCC27853 14.4 14.4 25.8 25.8 14 28

Legend: MIC, Minimum inhibitory concentration; MBC, Minimum bactericidal
concentration; uM — micromolar. [Zn(phendione)2] Cl2 (phendione = 1,10-
phenanthroline-5,6-dione) - TS262; Co(ll coordination ~ compound
CoClIl(H20)(phendione)z][BF4] (phendione =1,10-phenanthroline-5,6-dione) - TS265
and [ZnCI(kO-PTA=0)(phendione)]|BF4] (phendione = 1,10-phenanthroline-5,6-
dione)- TS267.

The growth of the bacterial strains in the presence of the MIC and sub-MICs
of the compounds was monitored in rich media, namely, Mueller—Hinton (MH) broth
(Figures 2.2 and 2.3). Data obtained for Gram-positive bacteria (Figure 2.2A-F)
indicated that growth was similar to the untreated (control) at the lowest
concentration tested (corresponding to one-quarter MIC of each strain tested) of
each compound, with no significantchanges being observed, with the exception of

S. aureus (Figure 2.2A-C). A slight delay on the lag phase was observed when S.
aureus was cultured in the presence of one-quarter MIC of the three compounds

(Table 2.3). Concerning the Gram-negative bacteria (Figure 2.3A-0), a similar
effect was observed, with the exception of P. aeruginosa (Figure 2.3M- O), where
a slight extension of the lag phase was observed when the bacteria were grown in

the presence of the three compounds. At one-half MIC of the three compounds, all
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the strains demonstrated an extension of the lag phase (Table 2.3). This effectwas
also observed on the Gram- negative bacteria (Figure 2.3A-0). This effect is not

unexpected since it is known that bacteria require time to adapt to the presence of

toxic compounds, in this case, the anti-tumour compounds.

Table 2.3. Summary of the effect of the three metallic compounds on bacterial

lag phase.
Lag phases (in hours)
TS 262 TS 265 TS 267
Control
Ya MIC | %2 MIC | MIC |z MIC | % MIC | %2 MIC
S. aureus ATCC25923 475 6 7.5 7.5 16.5 6.5 11.5
L. monocytogenes EGDe 3.25 3.2 6 4 7.3 3.75 8.25
E. coli NCTC12900 3 4.5 8.25 4.5 8.5 4 5.25
S. Typhimurium ATCC14028S 3.75 4 6 5 8 4 9
A. baumannii ATCC19606 3.75 5.25 9 7.25 10.5 6 10.25
K. pneumoniae ATCC70063 3 4.25 11.25 5 12 4 5.5
P. aeruginosa ATCC27853 5 8 15.25 9 15 - 10

Legend: MIC, Minimuminhibitory concentration; uM — micromolar. [Zn(phendione)2]
Clz2 (phendione = 1,10-phenanthroline-5,6-dione) - TS262; Co(ll) coordination
compound CoClI(H20)(phendione)2][BF4] (phendione = 1,10-phenanthroline-5,6-
dione) - TS265 and [ZnCl(kO-PTA=0O)(phendione)]|BF4] (phendione = 1,10-
phenanthroline-5,6-dione) - TS267.
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Figure 2.3. Growth kinetics of Gram-negative bacteria in the presence of the

three metallic compounds. Effect of metallic compounds on the growth of E. coli
(A-C), S. Typhimurium (D-F), A. baumannii (G-I), K. pneumoniae (J-L) and P.
aeruginosa (M-O) in MH broth. The results presented correspond to the average of

3 independent experiments * standard deviation (SD).
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2.3.2. Effect on the bacterial motility

The swimming activity phenotype of each strain tested in this study was
assessed in the presence of TS262 (Figure 2.4.A, D, G, J, M), TS265 (Figure 2.4.B,
E, H, K, N) and TS267 (Figure 2.4.C, F, |, L, O). When the swimming activity of A.
baumannii was tested in the presence of TS265 and TS267, a significantreduction
on the swim activity of this strain was obtained when compared to the untreated
control. In the presence of the three compounds, L. monocytogenes showed a
slightly higher swim activity (but not significant) when compared with the untreated
bacteria. For the other strains, no effect was obtained when in the presence of the
compounds in comparison with the untreated strain. K. pneumoniae and S. aureus

strains were notincluded in this experimentdue to lack of classical motility ability.
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Figure 2.4. Effect of the anti-tumour compounds on the bacterial swimming.
The motility of L. monocytogenes (A-C), E. coli (D-F), S. Typhimurium (G-l), A.

baumannii (J-L) and P. aeruginosa (M-O) was assessed in 0.4% MH agar. The

results presented correspond to the average of 3 independent experiments +

standard deviation (SD). *p < 0.005 was considered significantand highly significant
when **p < 0.01 (one-way ANOVA test).
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2.3.3. Study of the effect of the anti-tumour compounds on the bacterial
membrane permeability
The seven strains were tested for their ability to accumulate EtBr in the
presence of sub-MIC concentrations of each compound. EtBr has been used to
assess permeability of the bacterial membrane. It is a DNA-intercalating agentthat
enters and bindsthe DNA when the bacterial membrane integrity is compromised,
and thisresults in an increase in the fluorescence emitted. Initially, the concentration
of EtBr at which the influx of the dye equals its efflux (equilibrium) and do not affect
bacterial viability was determined. The accumulation of EtBr started at
concentrations above 0.315 pM for S. aureus, L. monocytogenes and K.
pneumoniae; 0.625 uM for E. coli, P. aeruginosa and S. Typhimuriumand 1.25 puM
for A. baumannii (Figure 2.5). Using these concentrations, determined previously,
the potential of these three metallic compounds to permeabilise the membrane of
Gram-positive and -negative bacteria at sub-inhibitory concentrations (1/2 and %
MIC) was assessed (Figure 2.6. A- F and 7. A-O). Heat-inactivated bacteria were
used as control for maximum fluorescence. When the bacteria were incubated with
EtBr and the compounds (TS262, 265 and 267), no accumulation of EtBr was
obtained. These results indicate that the Zn and Co anti-tumour compounds had no
effect on the permeabilisation of the bacterial membrane both in Gram-positive and

-negative bacteria.
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Figure 2.5. Determination of the equilibrium concentration of ethidium bromide
(EtBr) by S. aureus (A), L. monocytogenes (B), E. coli (C), S. Typhimurium (D),
A.baumannii (E), K. pneumoniae (F) and P. aeruginosa (G).

Bacteria were incubated with a range of concentrations of EtBrduring 30 minutes at
37°C. The fluorescence intensity was recorded at excitation and emission

wavelength of 515 and 600 nm. The results presented correspond to the average of
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Figure 2.6.Effect of the metallic compounds on the accumulation of EtBr by
Gram-positive bacteria.

S. aureus (A-C) and L. monocytogenes (D-F) were incubated with EtBr in the
presence andabsenceof TS262, TS265 and TS267 for 30 minutes. Heat-inactivated
bacteria were incubated with EtBr and run in parallel as a control for maximum
fluorescence. The fluorescence intensity was recorded at excitation and emission
wavelength of 515 and 600 nm. The results presented correspond to the average of

3 independent experiments.

56



Fluorescence (arbitary units)

Fluorescence (arbitary units)

Fluorescence (arbitary units)

=

Fluorescence (arbitary units)

Fluorescence {(arbitary units)

TS5262

15000
10000
5000
0
1] 5 10 15 20 25 30
Time (min)
--- E coliNCTC19200 = 1/2MIC
- Heat Inactivated = 14 MIC
15000
10000
5000
0
0 5 10 15 20 25 30
Time (min)
-+~ 5 Typhimurium ATCC140285 -= 1/2MIC
-* Heat Inactivated = 1/4MIC
15000
10000
5000
0
0 5 10 15 20 25 30
Time (min)

- A baumannii ATCC19606 = 1/2 MIC

-+ Heat - Inactivated -+ 1/4MIC
15000
10000
5000
0
] 5 10 15 20 25 30
Time (min)

- Kiebsiella p. ATCC70063 -m~ 1/2MIC
—*- Heat Inactivated = 1/4MIC

15000
10000+
T T m

0 5 W0 15 20 25 3
Time (min)

- P.aeruginosa ATCC27853 = 1/2MIC

- Heat Inactivated - 1/4MIC

S

Fluorescence (arbitary units) Fluorescence {arbitary units)

Fluorescence (arbitary units)

P

Fluorescence (arbitary units)

Fluorescence (arbitary units)

TS265

15000
10000
5000
[]

[ 5 10 15 20 25 30
Time (min)
-+ E. coli NCTC19200 - 12MIC

- Heat Inactivated - 1/4MIC

16000
10000

5000

o
0 5 10

16 20 25 30
Time (min)
-e- S Typhimurium ATCC140285 - 1/2 MIC
-+ 1/4 MIC

=¥ Heat Inactivated

15000

T T T

0 5 10 15 20 25 30
Time (min)

-e- A baumannii ATCC19606 -w 1/2MIC

-+ Heat - Inactivated -~ 1/4 MIC

15000
10000
5000
0 5 10 15 20 25 30
Time (min)

-+ Kiebsfella p. ATCC70083 - 1/2MIC
—*- Heat Inactivated -+ 114 MIC

15000

10000

' y y 4 T

'
0 5 10 15 20 25 30
Time {(min)

-~ P._aeruginosa ATCC27853 -~ 1/2MIC
-+ Heat Inactivated - /4 MIC

Chapter2

TS267

15000
10000
5000
0

0246 81012141618202224262830

Fluorescence (arbitary units)

Time {min)
- E. colff NCTC19200 - 1/2MIC
-+ Heat Inactivated - 1/4MIC

Fluorescence (arbitary units)

15000
10000
5000

Y T y
] 5 10 15 20 25 30

Time (min)
-+~ S Typhimurium ATCC140285 - 1/2MIC
- 1/4 MIC

-¥ Heat Inactivated

15000

Flucrescence (arbitary units)

T T T T
0 5 10 15 20 25 30

Time (min)
- A baumaniiATCG19608
-+ Heat - Inactivated

- 1/2MIC
- 1/4 MIC

15000
10000
5000

0 5 10 15 20 25 30
Time (min)
-~ Kiebsiella p. ATCC70063 -= 1/2MIC
% Heat Inactivated = 1/4 MIC

Fluorescence (arbitary units)

15000
10000

0-SusnaqeeseqesteqesnapanssERtEE]

Fluorescence (arbitary units) O

0 5 10 15 20 25 30
Time (min)
- P. aeruginosa ATCC27853 -= 1/2MIC

-+ Heat Inactivated -+ 1/4 MIC



Chapter2

Figure 2.7. Effect of the metallic compounds on the accumulation of EtBr by
Gram-negative bacteria.

E. coli (A-C), S. Typhimurium (D-F), A. baumannii (G-l), K. pneumoniae (J-L) and P.
aeruginosa (M-O) were incubated with EtBrin the presence and absence of TS262,
TS265 and TS267, for 30 minutes. Heat-inactivated bacteria were incubated with
EtBr and run in parallel as a control for maximum fluorescence. The fluorescence
intensity was recorded at excitation and emission wavelength of 515 and 600 nm.

The results presented correspond to the average of 3 independent experiments.
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2.3.4. DNA-Metal Compound Interaction

Previously work conducted by Luis et al. demonstrated that TS265 was able
to interact with DNA and induce plasmid DNA (pDNA) cleavage, as well as being
able to produce double-strand breaks in a concentration-dependentmanner (Luis et
al., 2014). In order to provide information concerning the capability of TS262 and
TS267 to cleave pDNA, pDNA was incubated with increasing concentrations of each
compound (separately) (Figure 2.8). As observed, neither compound was able to
cleave pDNA or changethe migration of supercoiledisoform, indicating thatcontrary
to the Co(ll) compound (TS265), these two Zn(ll) compounds do not act in pDNA.
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Figure 2.8. Electrophoretic evaluation of DNA double-strand cleavage by both
Zn(ll) phendione compounds (TS262 and TS267). Bottom: electrophoretic
distribution of the three plasmid forms in an agarose gel (0.7% w/v) as a result of
exposure to 25-100 pM of the compounds. All reactions were conducted in 5mM
Tris-HCL, 50 mM NaCl pH 7.02 for 24h at 37°C. Plasmid DNA pBluescript Il SK(+)
(pBSKII): (C) untreated. Top: densiometric quantification of plasmid forms using the
image analysis software GelAnalyzer 2010a. Light grey bars represent the
supercoiledform of pDNA; dark grey bars the circularform; andblack bars the linear
form of pDNA. Results are expressed as mean + SD of 3 independent experiments.
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2.3.5. Cell viability

Dueto the promisingresultshown by the TS262 compound concerning invitro
antimicrobial activity against Gram-positive and -negative bacteria, its effect on the
cell viability of human primary blood mononuclear cells (PBMC) and primary
bronchial/tracheal epithelial cells (BTEC) was assessed, and these results were
compared to the inhibitory concentrations previously obtained in vitro. After 24 hours
of exposure, the viability of both cell lines was assessed using the Cell Titer 96®
AQueous One solution. Briefly, the conversion of a tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; MTS] into an aqueous formazan product is accomplished by

dehydrogenase enzymes found in metabolically active cells (Berridge & Tan, 1993).

As shown in Figure 2.9, there was a decrease of cell viability in a
concentration dependent manner. The exposure of the cells to the Zn compound
(TS262) at 2 uM caused a decrease in viability by 55%, only showing 45% of viable
PBMC. When the effectin BTEC was analysed, only for concentrations higher than
5 uM, a reduction of viability of 50% was observed (Figure 2.9). Indeed, at 5 uM, a
decreased of viability was observed by 55% with 45% of viable BTEC.
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Figure 2.9. Effect of compound TS262onthe cellular viability of human primary
blood mononuclear cells (PBMC) (black bar) and primary bronchial/tracheal
epithelial cells (BTEC) (grey bar).

Cells were exposed to the compound for 24 hours at 37°C, 5% CO2. The results
presented correspond to the average of three independent experiments + standard
deviation (SD); percentage compared to controls from three independentbiological
replicates. Results were considered significantwhen * p < 0.01 (one-way ANOVA
test).
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2.4. Discussion

The escalating numbers of antibiotic-resistant bacteria worldwide raises the
urgency for novel classes of antimicrobial compounds. Treatment options that rely
on existing antibiotics are becoming less effective, and therefore re-purposing of
existing non-antibiotic compounds, such as metallic anti-tumour compounds, would
be a valuable approach. Here, we demonstrated that Zn and Co compounds have in
vitro antimicrobial activity against Gram-positive and -negative bacteria. These Zn
and Co anti-tumour compounds were tested for their potential effect on the growth
kinetics, motility, and permeability of the bacteria. In vitro, compound TS262 was the
most active againstall the seven bacterial strains tested with an MIC range from 0.9
to 14.4 uM. Thiscompound showed good activity againstA. baumannii ATCC19606,
with an MIC of 0.9 pM. The other two compounds, TS265 and TS267, also showed
good activity against this bacterium, with MIC of 1.6 uM and 1.8 pM, respectively.
These results are very encouraging since A.baumanniiis one of the main pathogens
related to hospital-acquired infections and is considered a critical pathogen (in the
case of resistance to carbapenems) in the WHO priority pathogens list for research
and development of new antibiotics. When the swimming activity of A. baumannii
was tested in the presence of TS265 and TS267, a significant reduction was
obtained when compared to the untreated control. When these compounds were
tested for their potential effect on the permeabilisation of the
bacteria, no effect was obtained. Therefore, these Zn and Co anti-tumour
compounds did not seem to damage the cell wall of Gram-positive or -negative
bacteria, which is in opposition to other published studies that tested different
compounds with effects on the bacterial membrane (Cannon et al., 2009; Patra et
al., 2015; Kazemizadeh et al., 2016; Viganon etal., 2017).

Here, itis also shown thatcontrary to the Co (Il) compound TS265, which was
able to cleave DNA in a redox-dependent manner (Luis et al., 2014), Zn (ll)
compounds were notable to cleave pDNA. On the basis of these results, | can only
speculate thatthe potential cellulartargets of these compounds mightbe related with
protein dysfunction and/or impaired enzyme activity due to oxidative
protein damage or exchange of a structural or catalytic metal. Since Co (Il)
compound TS265 was able to cleave DNA in a redox-dependentmanner, it can be
speculated that the production of reactive oxygen species and antioxidant depletion

demonstrated in various other metal toxicity studies, particularly in the case of
62



Chapter2

compounds complexed with iron and copper, could be a possibility. It can be
speculated that due to the structure of these compounds, they could also interfere
with nutrientuptake and assimilation by the bacteria, which can directly affect gene
expression and signalling mechanisms of quorum sensing on the bacterial
population (Lemire, Harrison & Turner, 2013a; Viganon etal., 2017; Frei, 2020).

One important aspect to be considered in the design of a new antibacterial is
the possibility of the bacteria becoming resistant to these compounds through well-
known mechanisms such as active efflux. To address this, efflux studies were
conducted on E. coli in the presence and absence of these compounds at varying
concentrations. These compounds showed no direct effect in the efflux of the
bacteria and therefore we do not anticipate these compoundsto be extruded from
the bacterial cell, therefore giving rise to resistance. However, future studies will
address this question in more detail by using bacterial strains that have well-
characterised mechanismof resistance to metals, such as Hg and Cu, amongothers

(Mindlin et al., 2001; Abou-Shanab, van Berkum & Angle, 2007; Torres-Urquidy &
Bright, 2012; Lima de Silva et al., 2012; Giovanella et al., 2016; Peters et al., 2018).

Consideringthe more interesting results of compound TS262, particularly with
A. baumannii ATCC19606, its effect on the viability of PBMC and BTEC normal
primary cells was tested. These compounds seem to have a negative effect on the
viability of these cells at very low concentrations. However, it is important to stress
that the concentrations needed to achieve a reduction of viability over 50% were 2
UM and 5 uM for PBMC and BTEC, respectively. Interestingly, these results agree
with previous data obtained by Fernandes et al. on normal epithelial cells (Luis et
al., 2014). Indeed, the half-maximal inhibitory concentration (IC50) obtained for this
epithelial cell line (5.14 £ 0.01) uM was more than 6.9 times higher than that
determined for a tumorigenic breast cell line MCF7 (0.73 uM) (Luis et al., 2014).
Consideringthe MIC of 0.9 uM, a therapeutic window might exist (of 2.5x for PBMC,
6.25x for BTEC, and 6.9x for epithelial cells).

Nevertheless,for human administration, the vectorisation of these compounds
using for instance gold nanoparticles (Pedrosa et al., 2019) might be an interesting

approach that can be considered for future work.

63



Chapter2

On a broader discussion, these metallic compounds have been previously
tested against differentcell lines, such as human fibroblast and epithelial cell lines
(Silva et al., 2013). Similar results were obtained with those cell lines, i.e., the three
compounds caused a reduction on the cell viability. Fibroblast cells lines had a
reduction on cell viability higher than 50% at 1 uM, for the three compounds.
Regarding the epithelial cell lines, HCT116, HepG2, and MCF-7 cells were tested.
HepG2 and MCF-7 showed similar reduction on cell viability at concentration above
1 uM, for the three compounds. An exception to this was the effect of TS267 (5 uM)
on MCF-7 cells, where a reduction of around 50% on the cell viability was obtained.
Regarding the epithelial cell line HCT116, it showed decreased cell viability at 0.4
and 0.6 uM for TS262 and TS265, and TS267, respectively.

Due to the promising activity that these compounds reported in vitro, they can
be an alternative to the available arsenal of antibacterial compounds. Additionally,
these compounds can constitute good parental moleculesto re-design derivatives of
these molecules, presenting different metal centres. These approaches support the
repurposing of drugs as an alternative source of new antimicrobial compounds to
fightinfections caused by antibiotic-resistant bacteria.
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2.5. Supplementary Information
Table S 2.1. Antibacterial activity (ug/mL) of TS262, TS265 and TS267

compounds against arange of Gram-positive and -negative bacteria.

TS 262 TS 265 TS 267
MIC MBC MIC MBC MIC MBC
Bacteria Hg/mL
S. aureus ATCC25923 1 1 2 2 2 2
L. monocytogenes EGDe 2 2 4 4 4 4
E. coliNCTC12900 2 2 4 4 2 2
S. Typhimurium ATCC14028S 2 2 4 4 4 4
A. baumannii ATCC19606 0.5 1 1 1 1 1
K. pneumoniae ATCC70063 8 8 16 16 8 8
P. aeruginosa ATCC27853 8 8 16 16 8 16

Legend: MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration;
pM-micromolar. [Zn(phendione)2] CI2 (phendione = 1,10-phenanthroline-5, 6-dione) -
TS262; Co(ll) coordination compound CoCIl(H20)(phendione)2][BF4] (phendione = 1, 10-
phenanthroline-5,6-dione)—TS265; and [ZnCl(kO-PTA = O)(phendione)]|BF4] (phendione
=1, 10-phenanthroline-5,6-dione)—TS267
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Table S 2.2. Antibacterial activity of metallic compounds against Gram -

positive and — negative bacteria

Compound S. aureus (pg/mL) E. coli (pg/mL)
Solvent Metal
ID MIC MBC MIC MBC
1.6 DMSO Cu 32 64 >128 >128
1.4 DMSO Cu >128 >128 >128 >128
ComeOH(®@ H,O Cu >128 >128 >128 128
TS1190 H,O Cu >128 >128 >128 >128
TS217M) H,0 Co(ll) >128 >128 >128 >128
TS2320 H,O Co >128 >128 >128 >128
Ts236 DMSO Co >128 >128 >128 128
TS253! H,O Co(ll) >128 >128 >128 >128
T5254.1() H,0 v 8 8 8 8
T5262.1) H,0 Zn(l1) 1 1 2 2
T5265.10) H,0 Co(ll) 2 2 4 4
T5267.10) H,0 Zn(ll) 2 2 2 2
Ts293U) DMSO Co >128 >128 >128 >128
RTS218.1() H,0 V >128 >128 >128 >128
JL653 F21) DMSO Pt(1l) >128 >128 >128 >128
Zm2@) DMSO Cu 32 32 64 64
ZMs5E) DMSO Cu 16 32 64 64

Legend: MIC, Minimum inhibitory concentration; MBC, Minimum bactericidal
concentration. DMSO - Dimethyl sulfoxide; Cu - Copper; Co - Cobalt; V —Vanadium;
Zn - Zinc; Pt - Platinum; [Zn(phendione)2] CI2 (phendione = 1,10-phenanthroline-
5,6-dione) - TS262; Co(ll) coordination compound CoCIl(H20)(phendione)2][BF4]
(phendione = 1,10-phenanthroline-5,6-dione) - TS265 and [ZnCI(kO-
PTA=0)(phendione)]|BF4] (phendione = 1,10-phenanthroline-5,6-dione) - TS267.
Bacterial strains used were Methicillin Resistant S. aureus ATCC43300 and E. coli
ATCC25922. The structures, details of the synthesis and characterisation of all the

compounds were previously published (a-g) (please see references below).
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Abstract

Background: Antibiotic resistance has become one of the main health crises of the
21stcentury. Due to the lack of new molecules, the repurpose of “old” drugs used to
treat different conditions is becoming attractive. The antipsychotic Thioridazine (TZ)
has been reported as an efflux pump inhibitor (EPI) with demonstrated activity
against Mycobacterium tuberculosis, Acinetobacter baumannii, etc. but its
mechanism of action has never been fully described. The main aims of this study
were to uncoverthe mechanism of action of TZ in Salmonella Typhimurium (model
bacterium). Materials/methods: The initial in vitro antibacterial activity of TZ was
determined based on its minimum inhibitory concentration (MIC). Membrane
permeability assays were performed using the Ethidium-Bromide (EtBr)
accumulation assay. The effects on the membrane potential and the cell wall were
assessed by flow cytometry and Transmission Electron Microscopy, respectively.
ATP level production was assessed using aluminescence assay. Efflux activity was
measured using an EtBr real-time measurement method. Effects on the bacterial
proteome were assessed through 2D gel electrophoresis. Cytotoxicity was
determined in THP-1 cells. Results: The MIC of TZ against Salmonella was 200
pug/mL. In vitro data demonstrates that TZ mechanism(s) of action involves primarily
Salmonella’s membrane by affecting its permeability and potential after 15 minutes
of exposure to TZ. At half of the MIC, and only after 15 minutes, TZ disrupts the
bacterial membrane leading to leakage of the cellular contents and lysis of
Salmonella. Proteomic profiling revealed 75 upregulated and 62 downregulated
proteins, among which were TolC and AtpD, involved in efflux and cell energetics.
TZ demonstrated no cytotoxicity on human cells at clinically relevantconcentrations.
Conclusions: Theresultsobtainedin this study suggestthat TZ may act by targeting
the bacterial cell envelope. Due to its probable mode of action, and lack of toxicity to
human cells at clinically relevant concentrations, TZ can be considered a useful

adjuvantto currenttherapeutic regimens used to treat multidrug resistantinfections.
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3.1. Introduction

Antimicrobial resistance (AMR) is one of the main public health challenges
worldwide currently leading us into a “post-antibiotic” era, where a common infection
may lead to death (World Health Organization, 2019d). The misuse and over
prescription of antibiotics constitute a major health issue worldwide, by contributing
to the increase of bacterial resistance. Adding to this, the discovery of new classes
of antibiotics lags behind the continuing increase of bacterial resistance to current
available therapy (Butler, Blaskovich & Cooper, 2017). Considering that the last
novel antibiotic class discovered and approved for human use was in 1962, this
highlights the need for novel drugs. Although new classes of antibiotics, such as
teixobactin and pseudourimycin, have been discovered in more recent years, these
have not yet been approved by the FDA for treatment of infections in humans.
Factors that contributed to thisdevoid in drug discovery are the high costs associated
with the research and development that, in the majority of the studies, ends up with
high failure rates due to safety or toxicity issues (Hughes & Karlén, 2014). For that
reason, researchers have been focusing their studies and effort on finding new
antimicrobialsandalso in developing novel therapeutic strategies to overcome AMR.
Some of these approaches include the development of new molecules through
modification of the structures of existing antibiotics (Ashburn & Thor, 2004); the use
of bacteriophages (Qadir & Chauhdary, 2018); the use of antimicrobial peptides
(Mohan et al., 2019) or the repurposing of drugs. Drug repurposing is described as
the process of creating new medical uses for existing approved drugs (Ashbum &
Thor, 2004).

A good candidate for this is a family of compounds named phenothiazines.
Phenothiazines are commercially available and it's in vitro antimicrobial activity has
been described for decades (Crowle, Douvas & May, 1992; Martins et al., 2004).
Thioridazine (TZ) belongs to the phenothiazine family and was originally developed
as a neuroleptic drug to treat psychosis and schizophrenia. It has a reported effect
against Gram -positive and -negative bacteria. The antimicrobial effect of TZ has
been subject of numerous studies to date by several researchers in different
locations of the world, but majority of the studies were performed in Mycobacterium
tuberculosis (Ordway et al., 2003; de Keijzer etal., 2016) .
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One of the main mechanism of action proposed in the literature for
phenothiazines, including TZ, is the potential inhibition of efflux pumps of bacteria
(Viveiros et al., 2005; Rodrigues et al., 2011). Efflux pumps are membrane proteins,
involved in the export of toxic substances from within the bacterial cell into the
external environment. TZ has been reported to block efflux pumps indirectly, i.e. by
interfering with the bioenergetics of the bacterial cell. TZ is known to reverse MDR
phenotypes making bacteriasusceptible to antibioticsthatthey were initially resistant
to (Viveiros et al., 2005; Kristiansen et al., 2006, 2007; Machado et al., 2016).
Studies from Viveiros and his team demonstrated that TZ reversed the resistance of
Escherichiacoli to tetracycline by inhibition of over-expressed efflux pumps (Viveiros
etal., 2005). In 2006, Kristiansen etal. also reported that TZ was able to reverse the
resistance of Staphylococcus aureus to methicillin by inhibiting efflux pumps in
methicillin-resistant Staphylococcus aureus (MRSA) (Kristiansen et al., 2006). The
same was observed when alarge number of clinical isolates of M. tuberculosis were
induced to high level resistance to isoniazid (INH) and this resistance was reversed
by using TZ (Viveiros et al., 2002). Besides the number of studies reporting TZ as
an efflux pumpinhibitor,the mechanismofhow TZ interacts with effluxpumpshasn’t

been described yet.

Although there is a significant number of studies reporting the antimicrobial
activity of TZ, both in vitro andin vivo, the fully mechanism of action of this compound
has never been fully understood. The aim of the present study was to understand
the in vitro mechanism of action of TZ using Salmonella Typhimuriumas a model

bacterium.
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3.2. Materials and Methods

3.2.1. Bacterial strain and culture conditions
The strains included in the study was mainly Salmonella Typhimurium 14028S
(Table 3.1). The strain was grown aerobicallyin Lysogeny Broth (LB) Miller overnight
at 37°C with shaking. A subculture was prepared from the overnight bacterial
suspension by diluting it to an optical density at 600nm (ODeoonm) of ~0.05 in fresh
media and re-incubating for 2-3 h until logarithmic phase was reached (ODeoonm

~0.5). Bacterial cultures were then adjusted to the desired concentration for assay
in sterile phosphate buffer (PBS) solution.

Table 3.1. Bacterial strains used in this study.

Strain Name Relevant Resistance | Original Source
Genotype
Wild type None ATCC
atpD-3x FLAG Kan In this study
(*Dr. C. Finn)
tolC-3x FLAG Kan In this study
(*Dr. C. Finn)
AacrA:kan Kan Martins Lab
S. Typhimurium 14028S (Dr. C. Finn)
AacrB::kan Kan Martins Lab
(Dr. C. Finn)
AacrAB::kan Kan Martins Lab
(Dr. C. Finn)
AtollC::kan Kan Martins Lab
(Dr. C. Finn)

Legend: Kan, Kanamycin.
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3.2.2. TZand other reagents

TZ and CCCP were purchased from Sigma-Aldrich (St. Louis, MO, USA). TZ
stock solutions were prepared in sterile distilled water to a stock of 50 mg/mL,
filtered, aliquoted and protected from light. These aliquotswere kept frozen at -20°C.
On the day of the experimentthe aliquots were defrosted, and a working solution of
5 mg/mL was prepared and then diluted to the desired concentrations. CCCP stock
solutionswere prepared in Dimethyl sulfoxide (DMSO) to a stock of 5 mg/mL, filtered,
aliquoted and protected from light. These aliquots were kept frozen at -20°C. On the
day of the experimentthe aliquots were defrosted, and a working solution of 1 mg/mL
was prepared and then diluted to the desired concentrations. Ethidium Bromide
(EtBr) stock solutionswere freshly prepared on the days of the experiments in sterile
distilled water and protected from light.

3.2.3. Antibacterial activity

The minimum inhibitory concentration (MIC) was determined by using the
microdilution broth method in a 96-well plate according to the CLSI guidelines
(Clinical and Laboratory Standards Institute, 2013) with slight modifications. Briefly,
bacterial overnight cultures were diluted in sterile PBS solution to ~10° CFU/mL.
Aliquots of 10 pL were then transferred to separate wells in a 96-well plate that
contained 100 pL of TZ at varying concentrations in LB broth. TZ was tested at
concentrationsranging from 1.5 to 800 pg/mL. The MIC was determined as being
the lowest concentration of the compound at which no visible growth was observed
after 18 hours of incubation at 37°C. Determination of the minimum bactericidal
concentration (MBC) was performed by replica transfer of the MIC plate into a 96-
well plate with compound-free media. Plates were incubated at 37°C and the MBC
results recorded after 18 hours. The MBC was defined as the lowest concentration

compound where no bacterial growth was obtained. The assays were performed in
triplicate.
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3.2.4. Growth kinetics of Salmonella in the presence of TZ

Bacterial growth was monitored in LB broth with or without TZ at different
concentrations. Briefly, overnight cultures were diluted in sterile PBS to ~10°
CFU/mL. Aliquots of 5 uL were then transferred to separate wells in a 96-well plate
that contained 100 uL of each compound at varying concentrationsin LB broth. TZ
was tested at concentrations ranging from 50 to 200 pg/mL and ODeoonm readings
taken every 15 minutes for a 24 hours period usinga Synergy™ HT multi-mode
microplate reader (Biotek, Winooski, Vermont, US) at 37°C with orbital shaking. In
parallel, a manual growth curve was performed. Briefly, the bacteria were cultured
until the culture reached mid-log phase; at this stage the culture was split into two
conditions (treated with 100 pg/mL TZ and non-treated). Measurements of the
ODsoonmwere conducted and samples taken for CFU enumeration. The assays were

performed with three biological replicates.

3.2.5. Thermostability
The thermostability of TZ was assessed by pre-incubating TZ 200 pg/mL for
24 hours at 37°C with shaking prior to inoculation with Salmonella Typhimurium.
Using a microplate reader (Synergy™ HT multi-mode), the bacterial growth was
monitored over a period of 24 hours at 37°C with shaking. A 96-well plate was then
prepared with differentconcentrationsof TZ in LB media. Diluted overnights cultures
(10 pL - ~10° CFU/mL) were added each well. The plate was incubated for 18 hours

at 37°C and the MIC/MBC values recorded and compared with the ones obtained
from the MIC/MBC determined previously (Section 3.2.3).

3.2.6. Time-kill kinetics
The determination of the killing activity of TZ was analysed by time-kill
assays. This was done according to a previously published protocol (Pillal,
Moellering Jr & Eliopoulos, 2005), with slight modifications. Briefly, bacterial
overnightcultures were diluted in sterile PBS to ~10°> CFU/mL and 500 pL added to
test tubes containing LB Miller broth and TZ at the desired concentration. TZ was
added to each tube to achieve the final concentrations of 4x to 0.5x the MIC

(previously determined). A compound-free control was included in the assay to
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monitor the normal growth of the strain. Cultures were sampled for CFU
determination after 0,15, 30, 60, 120 minutes of incubation at 37°C with shaking.
Agar plates were then incubated at 37°C for 18 hoursand CFU counted. The assays

were performed in triplicate in three separate days.

3.2.7. Bacterial motility

To assess bacterial motility, swim and swarm assays were performed in the
absence/presence of TZ. Briefly, for the swim assays, culture plates were previously
prepared (LB broth with 0.3% (w/v) agar) and stab inoculated (Mariconda, Wang &
Harshey, 2006). Motility assays were performed with 1 pyL of an overnight culture
and plates allowed to dry for 5 minutes. Followed by incubation for 8 hours at 37°C.
The region of visible colony spread on the agar was measured (in mm) with a ruler.
Swarm motility assays were also performed with bacterial cultures grown overnight
in LB broth. 1 pL of the overnightbacterial suspension was spotted directly onto a
motility plate (LB broth with 0.6% (w/v) agar with 0.5% glucose) and incubated at
37°C overnightfor 24 hours (Wang et al., 2004). The region of visible colony spread

on the agar was then recorded.

3.2.8. Membrane Permeability Assay

The potential effect of TZ on the membrane permeability was performed as
previously described (Coldham et al., 2010). Salmonella 14028S were cultured
overnight at 37°C with shaking and used to inoculate fresh medium LB broth that
was incubated for 2 hours at 37°C with shaking. Bacterial cells were collected by
centrifugation at4000x g and resuspended in PBS. The ODeoonmwas adjusted to 0.3
in PBS. Aliquots of 180 yL of bacterial suspension were transferred to wells of a
black flat bottom 96-well plate and Ethidium Bromide (EtBr) was added to each well
(20 pL) at a final concentration of 1 pg/mL and incubated for 30 minutes at 37°C
usingaSynergy ™ HT multi-mode microplate reader. Afterincubation, TZ was added
to the wells of the microplate at final concentrations of 25, 50 and 100 pg/mL. The
fluorescence was measured from the top of the wells using excitation and emission
filters of 515 nm and 600 nm, respectively; readings were taken every 60 seconds

for 30 minutes.
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3.2.9. Membrane Potential Assay

The effect of TZ on the membrane potential of Salmonella 14028S was
measured usingthe BacLight™ Bacterial Membrane Potential Kit (MolecularProbes,
Life Technologies) in combination with flow cytometry according to the
manufacturer’s instructions. Briefly, bacteria cells were collected in mid exponential
phase, washed three times with PBS, and resuspended at a final concentration of
1x108 CFU/mL in PBS. TZ (50 and 100 pg/mL final concentrations) and CCCP (100
pg/mL final concentration ) were added to the cell suspension and incubated for 15
minutesat 37°C. Untreated cells (ho compoundadded) were usedas the live control
and cells heat treated for 90 minutes at 90°C as “dead” control (maximum
fluorescence). These samples were used to establish the initial gate between live
and dead populations (data not shown). All samples were prepared to a final volume
of 1 mL before the addition of the dyes. After this, 30 uM of DiIOC2(3) was added to
the mixture and the samples were incubated for 10-15 minutes. The samples were
then analysed using a Flow cytometry Accuri™ C6. For each sample 10,000 cells
were analysed using a 488 nm laser. Emission fluorescence was detected using the
green fluorescence filter533/30 andthe red fluorescencefilter 670LP. As a measure
of the membrane potential, the ration of the mean red fluorescence intensity
compared to the mean green fluorescence intensity was calculated. CCCP was used
as a positive control, since it inhibits the proton motive force, eliminating the

membrane potential. The assays were performed in triplicate.

3.2.10. Measurement of intracellular ATP levels

The ATP levels were measured using the EnLiten® ATP assay system
(Promega, Ireland) according to the manufacturer’s instructions. Briefly, Salmonella
cultures were diluted to approximately 1x10° CFU/mL in PBS. TZ was added to the
bacterial suspension at concentrations from 50 to 100 pg/mL and incubated for 15
minutes at 37°C. After that, bacteria were inactivated by heating and immediately
deep-frozen. The cell lysates were transferred into a white flat bottom 96 well plate
and the ATP content measured using a Synergy™ HT multi-mode plate reader.

CCCP was included as a control for comparison.
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3.2.11. Evaluation of efflux activity by real-time fluorometry

The detection of ethidium bromide (EtBr) was performed as described
previously (Rodrigues, Viveiros & Ainsa, 2015) with some modifications performed
for Salmonella Typhimurium. Briefly, bacteria were grown until an ODeoonm 0of 0.6 at
37°C with shaking. Salmonella Typhimurium 14028S were cultured overnight at
37°C with shaking and used to inoculate fresh LB broth that was incubated for 2
hours at 37°C with shaking. ODeoonm of the bacterial cell suspension was adjusted to
0.6 by adding PBS, allowingthe assayto run with a final OD of 0.3 After this, bacterial
cells were collected by centrifugation and the pelletwashed in PBS. To evaluate the
effect of EPIs on the accumulation of EtBr, the assay was prepared with a range of
concentrations of TZ and CCCP for a final volume of 100 L.

For the efflux assays, 0.125x MIC was used in order to guarantee that the
effects of the compound on the inhibition of efflux were not due to any antimicrobial
effect of the compound itself. Briefly, Salmonella was exposed to conditions that
promoted maximum accumulation of EtBr (i.e., EtBr at the equilibriumconcentration;
no glucose; presence of the EPI) and incubated at room temperature for 1 hour.
After that, cells were centrifuged, and resuspended in cold PBS. The assays were
prepared on a black flat bottom 96-well plate to a final volume of 100 pL containing
50 pL of bacterial suspension plus 50 pL of EtBr and the compounds at a final
concentration of 0.125x MIC. Control wells with only cells and cells with and without
0.4% glucose were included. The fluorescence was then measured in a Synergy™
HT multi-plate reader (excitation, 530 nm; emission 590 nm) at 37°C every 60
secondsfor 30 minutes. The effluxactivitywas quantified by comparing fluorescence
data obtained under conditions that promote efflux (presence of glucose and
absence of EPIs) with data from bacteria under conditions of no efflux (presence of
an EPIs and no energy source). The relative fluorescence corresponded to the ratio
of the fluorescence that remained per unit of time, relatively to the EtBr-loaded

bacterial cells.

3.2.12. Transmission electron microscopy (TEM)
Salmonella14028S was grown to early exponential phase asdescribed in the
previous sections. The cultures were exposed to TZ 100 pg/mL for 15, 30 and 60

minutes at 37°C after which cells were collected by centrifugation and washed with
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PBS. Pellets were fixed with PBS and electron microscope grade glutaraldehyde
(2.5%) at room temperature with frequentinversions. An untreated control was also
included. Afterwashingthe cells with PBS, they were suspendedin PBS,embedded
in agarose (2%) and then fixed with osmium tetroxide (2%). The cells were
then dehydrated in increasing concentrations of ethanol and embedded in epoxy
resin (Agar Scientific). Polymerisation of the resin was performed at 60°C for 24
hours. Sectionswere then cutwith an ultra-microtome and cells were contrasted with
0.5% uranyl acetate and Reynold’s lead citrate. The sections were examined on a
JEOL JEM 1400 transmission electron microscope operated at 120 kV. These
procedures were conducted at the Trinity Imaging core facility

3.2.13. Protein extraction for two-dimensional (2-D) electrophoresis

Bacterial cells were allowed to grow in the presence or absence of TZ
100 pg/mL for 15 minutes and processed for total protein extraction. Briefly, cells
were washed with PBS, collected and lysed using lysis buffer (50mM Tris-HCI, pH
8, 150 mM NaCl, 5 mM EDTA) supplemented with 0.1% dithiothreitol (DTT), 1%
Nonidet P-40, 1x Halt Protease and Phosphatase Inhibitor Cocktail. Then, the
lysates were centrifuged at 12,000 g for 10 minutes, at 4°C. Total proteins in the
supernatant were recovered and stored at -80°C. Protein concentrations were
determined using the Bio-Rad protein assay kit according to the manufacturers

instructions.

3.2.14. Two-dimensional electrophoresis

For isoelectric focusing (IEF), 100 pL of the total crude extract was treated
with 2-D Clean-Up Kit (GE Healthcare) for removal of IEF interfering molecules (e.g.
lipids and salts), according to the manufacturer’'s instructions. Precipitated proteins
were resuspended in 150 uL of rehydration buffer (2% (v/iv) NP-40 (GE Healthcare),
7 M urea (GE Healthcare), 2 M thiourea (GE Healthcare), 1x protease inhibitors
(cOmplete ULTRA Tablets, Mini, Ethylenediaminetetraacetic acid (EDTA)-free,
EASYpack Protease Inhibitor Cocktail, Roche), 1x phosphatase inhibitors
(PhosSTOP, Roche), 1 mM phenylmethylsulfonyl fluoride (PMSF) (GE Healthcare),
0.5% (w/v) DTT (GE Healthcare), 0.5% (v/v) Destreak rehydration solution (GE
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Healthcare), 0.5% (viv) IPG electrolytes 3-10 NL (GE Healthcare), traces of
bromophenol blue (GE Healthcare), and incubated atroom temperature for 2 hours.
After protein quantification using the Pierce 660 nm protein assay reagent (Thermo
Scientific), samples with 200 pg of protein in a total volume of 125 uL of rehydration
buffer were used to actively rehydrate Immobiline Drystrip (IPG strips, GE
Healthcare) with 7 cm and 3-10 non-linear pH in an Ettan IPGphor instrument (GE
Healthcare), followed by the IEF usinga maximum voltage of 5000 V. The IPG strips
were incubated for 15 minutes in equilibration buffer 1 (50 mM tris (hydroxymethyl)
aminomethane (THAM) hydrochloride (Tris-HCI) pH 8.8, 2% (w/v) sodium dodecyl
sulphate (SDS), 6 M urea, 30% (v/iv) glycerol, 1% (w/v) DTT and traces of
bromophenol blue), followed by another incubation for 15 minutes in equilibration
buffer2 (50 mM Tris-HCI pH 8.8, 2% (w/v) SDS, 6 M urea, 30% (v/v) glycerol, 2.5%
(w/v) iodoacetamide and traces of bromophenol blue) and placed on top of a 10%
SDS-polyacrylamide gel for second dimension. After SDS-polyacrylamide gel
electrophoresis (PAGE), gels were incubated in PhastGel Blue R-350 (GE
Healthcare) according to manufacturer’'s instructions. Gel images were acquired in
an Image Scanner Il from GE Healthcare. Gels were performed in duplicate for each

condition.

3.2.15. Analysis of protein expression levels

The analysis of gel images was performed using Melanie 7.0 software
(Geneva Bioinformatics, Geneva, Switzerland). Protein spot detection was first
performed automatically using the software, followed by manual confirmation. For
protein expression analysis, the volume of each individual spot normalised against
the total volume of spots of the respective gel was considered. The average of the
normalised volume of the matched protein spot in duplicated gels of the same
condition was then used to calculate the fold variation between different conditions.
The protein expression was considered altered if the fold between two conditions
was lower than 0.7 (lower protein expression) or higherthan 1.5 (increased protein
expression).
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3.2.16. Protein spotidentification
Additionally, to confirm the correct translations from the reference map and to
identify other proteins of interest, protein spots were manually excised from the gel
and identifiedin the UniMS —Mass Spectrometry Unit, ITQB/IBET (Oeiras, Portugal)
using Peptide Mass fingerprint. The groups of altered proteins between conditions
were analysed in STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins) database to infer possible protein-protein interactions, sub-cellular

locations, and major altered pathways.

3.2.17. Epitope Tagging

The Salmonella strains carrying a chromosomal FLAG-tagged atpD or tolC
gene were generated by the A Red recombinase system, as described previously
using gene-specific primer pairs, as shown in Table 3.2 (Datsenko & Wanner, 2000;
Uzzau et al., 2001). Briefly,3x FLAG tags precedingthe Kanamycin (Kan)resistance
cassette were amplified from the pSUB11 plasmid using primers with 40 base pair
(bp) homology to the 3’ end of the gene to be tagged. The PCR products were
integrated into the bacterial chromosome by transformation of a strain carrying the
pKD46 plasmid by homologous recombination. Transformants carrying the FLAG-
tagged gene were selected for on LB agar plates supplemented with Kan. and the
presence of the tag was confirmed by sequencing. Tagged genes were transferred
into a fresh Salmonella 14028S strain backgrounds by phage P22 transduction and

confirmed by Polymerase Chain Reaction (PCR).
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Table 3.2.Primers used for construction of FLAG-tag strains in this study

Expected PCR
Product Size (bp)

Primers Sequence (5'- 3") IFLAG
WT
Construct
CGGTTCCATCGACGAAGCCGTGGAAAAA
atpD-3xFLAG — F | GCCAAAAAACTTGACTACAAAGA
CCATGACGG 1506 503
GTGGTAAGTCATTGCCATATCACCCTCCG
atpD-3xFLAG — R | ATTAAGGCGCATATGAATATCCTCCTTA
GT
CTCGCCAACAGCAATAACGGCAATCCATT
WIC-3xFLAG -F | ~cGGCATGACTACAAAGACCATGACGG
GGGCACAGGTCTGATAAGCGCAGCGCCA | 2083 590
t0IC-3xFLAG — R | GCGAATAACCATATGAATATCCT CCT TAG
T
atpD- AAGTATTTACCGGTTCTCCGGG
3XFLAG_Scrn—F
atpD-
SWFLAG. Sem—R | AGCTCTTAATGTGCTCTTCGGE
tolC-
SXFLAG Scm_F | GTATGATGCCAAGCAGCAACTG
tolC-

AGCATAAAAACAGCCGTAACCG

3xFLAG=Scrn— R

Legend. WT, Wild type. F, forward; R, reverse; bp, base pairs; Scrn, screen.

3.2.18. Proteomics data validation by Immunoblot analysis

Protein samples were normalized according to the optical density (O.D.eoonm)
of the cultures. Gel electrophoresis was carried out according to the method of
Laemmli (Laemmli, 1970) using SDS-10% polyacrylamide gels and transferred onto
Immobilon-P (Millipore). Membranes were blocked with blocking buffer (5% (w/v)
skimmed milk powder, PBS, 0.05% Tween-20) and incubated at4°C overnighton a
rocker. The primary antibodies, monoclonal anti-FLAG M2 (Sigma) and monoclonal
anti-DnakK (E. coli, Enzo Life Sciences) were diluted in blocking buffer 1:10,000 and
1:30,000 respectively, and incubated for 1 hour at room temperature.

DnaK was used as a loading control for protein levels for Western blotting.
This allowed to determine if general protein levels were expressed evenly between
differentsamples. Membranes were washedin PBST (PBS, 0.05% Tween-20) three
times for a total of 30 min before incubation with the secondary antibody anti-mouse
immunoglobulin G (IgG) horseradish peroxidase (HRP) linked antibody (Cell

Signalling®) Technology) diluted 1:25,000 in blocking buffer for 45 minutes at room
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temperature on a rocker. Membranes were washed an additional 3 times in PBST
for a total 30 min. For protein detection, membranes were processed using ECL
chemiluminescent HRP substrate (Thermo Fisher). A ratio of 1:1 of luminol and
peroxide were mixed and used to flood the membrane andincubated in the dark for
5 minutes. Lightemission occurs as a by-product of the oxidation of luminol by HRP
andthis was detected usingthe ImageQuantLAS4000 (GE Healthcare). The relative
intensities of protein bandswere quantified using the ImageJ software version 1.52n.

3.2.19. Cell Viability against human monocytes

THP-1 human monocytes were grown in suspension in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco) in a
humidified 37°C, 5% COz. THP-1 cells were seeded at a density of 2.5x10° per well
in a 96-well, cell culture treated microplate. Cells were then treated with TZ at
concentrationsranging from 0.1 pg/mL to 50 pg/mL and incubated for 24 hours at
37°C with 5% CO2. Viability assay was performed using the CellTiter 96® Aqueous
Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA) according

to the manufacturer’s instructions.

3.2.10. Statistical analysis

Statistical analyses were performed using Prim Graphpad software version
8.0.2. *, ** ** gnd **** represent p-values of < 0.05, < 0.01, <0.001 and < 0.0001
respectively. A p < 0.05 was considered statistically significantand highly significant
when ** p < 0.01, ** p < 0.001 and **** p < 0.0001. One-way ANOVA was used to
compare the mean values of at least three independentsamples, where there was
one independentvariable in the experimental procedure. Allowing to determine any
statistically significant difference between the samples’ means. Two-way ANOVA
was used to compare the mean values of at least two or more samples where there
were also two or more independent variables are considered in the experimental
assay.
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3.3. Results
3.3.1. Antibacterial activity

To assess the antimicrobial activity of TZ, antimicrobial susceptibility assays
including MIC/MBC determinations and monitoring of bacterial growth were
performed. The MIC and MBC of TZ against Salmonella Typhimurium 14028S was
obtained at the same concentration of 200 ug/mL (Table 3.3). Salmonella strains
carrying a chromosomal FLAG-tagged atpD or tolC gene had an MIC (and MBC) of
400 pg/mL, one-fold higher comparing with the wild type. However, this difference
on the MIC was not considered significant since the method used was broth

microdilution, following CLSI guidelines.

Table 3.3. Minimum Inhibitory and Bactericidal Concentrations (MIC/MBC)

against Salmonella Typhimurium.

TZ EtBr CCCP
Bacterial strains MIC MBC MIC MBC MIC MBC
(hg/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (png/mL)
Salmonella Typhimurium 200 200 >1000 >1000 20 20
ATCC14028S
atpD::3xFLAG 400 400 - - - -
tolC::3xFLAG 400 400 - - - -

Legend. TZ, Thioridazine; EtBr, Ethidium Bromide; CCCP, Carbonyl Cyanide 3-
Chlorophenylhydrazone

3.3.2. Growth kinetics of Salmonella in the presence of TZ.

As shown in Figure 3.1, the effect of TZ in the growth of Salmonella is
concentration dependent. During the first 6 to 8 hours of exposure to TZ at half of
the MIC (100 pg/mL), the growth of Salmonella was inhibited. After this extension of
the lag phase, bacteria grew at a similar rate to that of the control (no TZ). When
Salmonella was exposed to the MIC of TZ no bacterial growth was obtained, as
expected, since this value also corresponds to the MBC determined previously. A
similar effect was observed in relation to the CFU/mL when Salmonellawas cultured
in the presence of half of the MIC of TZ (Figure 3.2).
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Absorbance (OD ggonm)
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Time (Hours)
- NoTZ —= TZ 50 pug/mL
- TZ 100 ng/mL -= TZ200 pg/mL (MIC/MBC)

Figure 3.1. The effect of different concentrations of TZ against Salmonella
Typhimurium. The growth of Salmonella Typhimuriumwas monitored by measuring
ODsoonm for 24 hours in LB broth in the presence and absence of TZ at 37°C with
orbital shaking. The results presented correspond to the average of 3 independent

experiments plus + standard deviations (SD).
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Figure 3.2. Representative images of Salmonella Typhimurium of the effect of
TZ 100 pg/mL on bacterial growth and CFU/mL. Growth of Salmonella
Typhimuriumfor 24 h in LB broth in the presence of TZ at 37°C with orbital shaking.
The growth was monitored by reading the ODsoonm every 15 minutes for 24 hours.

Results are representative of 4 independent experiments. TZ, Thioridazine; OD,

optical density.
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3.3.3. Thermostability

To assess the stability of TZ over the culture period, TZ 200 pg/mL was pre-
incubated in LB media for 24 hours at 37°C with shaking, prior to inoculation with
Salmonella. Pre-incubated TZ was compared with freshly prepared TZ 200 pg/mL.
As shown on Figure 3.3 there was no difference observed in terms of bacterial
growth when Salmonella was cultured in media containing TZ that was freshly
prepared and media containing TZ pre-incubated. This was the same for the three
concentrations of TZ tested (50, 100 and 200 pg/mL) indicating that TZ is
thermostable during the timescale of the studies. A similar result was reported by
Keijzer et al., when assessing the growth rate of M. tuberculosis for 21 days with

freshly prepared media and media containing pre-incubated TZ (de Keijzer et al.,
2016).

1.2+
—— TZ50 pg/mL

—— TZ 100 pg/mL

—— TZ 200 pg/mL
TZ 50 pg/mL (pre-incub.)
TZ 100 pg/mL (pre-incub.)
TZ 200 pg/mL (pre-incub.)

1.0

Absorbance (ODggonm)

0.0 i ;
0 2 4 6 8 1012 14 16 18 20 22 24

Time (hours)

Figure 3.3. Growth kinetics of Salmonella Typhimurium in media containing
50, 100 and 200 pg/mL of TZ pre-incubated (pre-incub.) in media for 24 hours
at 37°C (stability) and media that had TZfreshly prepared. The results presented
correspond to the average of 3 independentexperiments plus £+ standard deviation
(SD).
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3.3.4. Time-kill kinetics

To characterize the effect of TZ in the bacterial killing, its activity against
Salmonella14028S was measuredthrough time-kill studies. As shown in Figure 3.4,
the rate of bacterial killingwas concentration dependent. At half of the MIC of TZ
(0.5x MIC), a reduction of approximately 1 log compared with the untreated control
was observed and maintained until 120 minutes (endpoint of the experiment).
Exposure to 200 pug/mL of TZ (MIC) completely eliminated Salmonella (0 CFU/mL)
after 60 minutes. However, when this concentration was increased to 2x MIC total
bacterial clearance was observed after 15 minutes of exposure to the compound.

These results show thatthe killing activity of TZ is very rapid, reaching total bacterial
clearance at the MIC and MBC values.

%

LOgm CFU/mL

T T T T T X
0 15 30 45 60 75 90 105 120

Time (min)

-o- Untreated % 0.5x MIC -+ MIC -+~ 2x MIC

Figure 3.4. Killing kinetics of TZ against Salmonella Typhimurium. TZ was
added at concentrations ranging from 0.5x MIC (100 pg/mL) to 2x MIC (400 pg/mL)
and bacterial growth monitored through plating of bacteria for colony forming units
enumeration for 120 minutes. The CFU/mL was calculated at the timepoints, 0, 15,
30, 60 and 120 minutes. The results presented correspond to the average of 3
independentexperiments plus + standard deviations (SD).
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3.3.5. Bacterial motility was reduced in the presence of TZ

Swim (individual movement) and swarm (multicellular movement) motility is
associated with the regulation and rotation of the flagella within liquid and solid
surfaces, respectively. For both swimming and swarming assays, when Salmonella
was exposed to TZ a decrease on bacterial motility was observed as the
concentration of the compound increased, as shown in Figure 3.5. Salmonella
14028S exposed to the MIC concentration of TZ no swimming ability is observed
(Figure 3.5A and Figure 3.5B iv top). In the presence of 100 pg/mL of TZ (0.5x
MIC), bacterial swimming decreased almost to half comparing with the control
(Figure 3.5. A and Figure 3.5B iii top). At the 50 pg/mL, a similar swimming ability
was observed as seen at Figure 3.5A and Figure 3.5Bi and ii. Regarding the
swarming ability of Salmonella 14028S in the present of TZ, a similar effect to
swimming was observed (Figure 3.5. B) where at half of the MIC (Figure 3.5.Biii)
the swarming ability was very reduce comparing the control (Figure 3.5Bi bottom
panel. Concerning the MIC, no swimming or swarming was observed as shown in

the Figure 3.5. Biv.
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Figure 3.5. Effect of different concentrations of TZ on bacterial motility. (A)
Swimming ability of Salmonella Typhimuriumin the presence of 0, 50, 100 and 200
pug/mL of TZ. Error bars represent standard deviation; *** indicate P< 0.001 (one-
way ANOVA). (B) Representativeimages of Salmonella Typhimurium swimming and
swarming in the absence of TZ (i) andin the presence of TZ 50 pg/mL (ii), TZ 100
pg/mL (iii) and TZ 200 pg/mL (iv). The results presented correspond to the average
of 3 independent experiments.
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3.3.6. Membrane Permeability after exposureto TZ

The effect of TZ on the membrane permeability was assessed by exposing
Salmonella Typhimurium 14028S to different concentrations of TZ (50 and 100
pg/mL). EtBr has been used as a marker to assess the contribution of efflux pumps
and outer membrane proteins, to the cellular accumulation of compounds, by
different bacteria. It is known that EtBr changes its fluorescence in different
environments, namely when it penetrates the bacterial cell wall and binds DNA.
Therefore, accumulation of EtBr was measured, as a means of indicating the efficacy
of TZ to permeabilise the bacterial membrane. The results obtained showed that TZ
had the ability to permeabilise the cell membrane obtained by increasing
fluorescence of the dye (Figure 3.6) in a concentration dependentmanner. In the
presence of 100 pg/mL of TZ, an increase on the fluorescence of EtBr after addition
of TZ was observed comparing with the control (drug free). The effect of TZ was also
compared with CCCP (a known uncoupler of the proton motive force). These results
clearly indicate an increased permeability of the Salmonella membrane in response

to the exposure of the bacteria to TZ.
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Figure 3.6. Accumulation of EtBr by Salmonella Typhimurium in the presence
of TZ. Salmonella Typhimurium and heat-inactivated Salmonella (control for
maximum fluorescence) were incubated with EtBrfor 30 minutes. After that, TZ and
CCCP were added to the cultures. The fluorescence was recorded at excitation and
emission wavelengths of 515 and 600 nm. The results presented correspond to the
average of 3 independent experiments plus £ standard deviations (SD). R.F.U.,
Relative Fluorescence Units; TZ, thioridazine; CCCP, Carbonyl Cyanide 3-
Chlorophenylhydrazone.
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3.3.7. Effect of TZ in the depolarisation of the cytoplasmic membrane in
Salmonella

It has been reported in the literature that TZ is able to interfere with the
bacterial energy metabolism (Weinstein et al., 2005; Yano et al., 2014; Wassmann
et al., 2018). To test this hypothesis, the effect of TZ on the membrane potential of
Salmonella Typhimuriumwas evaluated using the BacLight kit (Invitrogen). In this
experiment, TZ was used at 50 and 100 pg/mL (0.25x and 0.5x MIC, respectively)
and CCCP was used at a final concentration of 10 pg/mL (0.5x MIC) or 15 min. The
red/green fluorescence ratiofor Salmonellauntreated and treated with TZ and CCCP
isshownin Figure 3.7. CCCP,an uncouplerof the proton-motive force, can indirectly
affect proton pump activity by depolarising the plasma membrane potential and
reducing ATP production. This compound was used as a positive control. As
expected, CCCP reduced the membrane potential when compared with the control
(Salmonella only). A similar depolarising effect was observed when Salmonella
exposed to TZ 100 pg/mL was compared with Salmonella (alone). A concentration
dependenteffect was observed since Salmonellain the presence of TZ 50 pg/mL
shown similar values with Salmonella notexposedto TZ. These results suggestthat
TZ depolarises the membrane of Salmonella 14028S by interfering with the gradient

of protons flowing on the cell membrane.
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Normalised Ratio (Red/Green)

Figure 3.7. Assessment of the effect of TZin the membrane depolarisation of
Salmonella Typhimurium by flow cytometry. Bar-graph showing red/green
fluorescence intensity ratio where a low ratio indicates a depolarised membrane.
CCCP is an uncoupler of the proton-motive force used as a positive control for
depolarisation of the membrane potential. Data were normalised against an
untreated control (no TZ). The results presented correspond to the average of 3
independent experiments plus + standard deviations (SD); * and ** indicate P < 0.05
and 0.01, respectively (one-way ANOVA). TZ, Thioridazine; CCCP, Carbonyl
Cyanide 3-Chlorophenylhydrazone.
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3.3.8. Effect of TZon the levels of ATP production
To evaluate if the destabilisation of the membrane influences the ATP
production in the bacteria, ATP levels were measured after 15 minutes of exposure
to TZ. When Salmonellawas exposed to 0.25x MIC, the ATP levels remained similar
to the drug-free levels (Figure 3.8). At half of the MIC, a reduction (approximately of
50.5%) of the ATP levels occurs. This reduction upon exposureto TZ correlates with
the reduction on bacterial viability (Figure 3.4). CCCP showed a reduction of
approximately 63.1% compared with the drug free Salmonella. These results
highlightthe early effect promoted by TZ, most probably due to the rapid energy
depletion. The energy generated as PMF is utilized by ATP synthase in the
production of ATP. Hence, this result is concordant with the depolarisation of

membrane potential of Salmonellain the presence of TZ.
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Figure 3.8. Effect of TZon the production of ATP in Salmonella Typhimurium.
Salmonellawas exposed to TZ at 0.25x MIC and 0.5x MIC for 15 minutes. The ATP
levels were quantified using a luciferin-luciferase bioluminescence detection assay.
The results presented correspond to the average of 3 independent experiments plus
* standard deviations (SD); * and ** indicates P < 0.05 and 0.01, respectively (one-
way ANOVA). TZ, Thioridazine. CCCP, Carbonyl Cyanide 3-Chlorophenylhydrazone
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3.3.9. Inhibition of efflux of EtBr demonstrated the role of TZ as an efflux
pump inhibitor

To confirm the ability of TZ to interfere, on a real-time basis, with the efflux
activity of Salmonella Typhimuriumthe EtBr efflux assay was used. The main efflux
system of Salmonella AcrAB-TolC is dependent on energy. EtBr is a broad efflux
pump substrate (Viveiros et al., 2010). When Salmonella was incubated in the
presence of TZ and CCCP at 0.125x MIC, no accumulation of EtBr was obtained
(Figure 3.9). This result demonstrates that this concentration was ideal to evaluate

efflux activity since there was no direct antimicrobial effect of the compounds itself.

Salmonella was then subject to conditions that promote significant EtBr
accumulation (as mentioned on section 3.2.11). After the maximum accumulation of
EtBr was reached, EtBr was washed out and Salmonella was subsequently re-
suspended in fresh PBS with glucose and TZ or CCCP. As shown in Figure 3.10,
when Salmonellais in the presence of an energy source, there is a decrease of

fluorescence, indicating that effluxis taking place.

When Salmonellais in the presence of TZ and CCCP, inhibition of the efflux
activity was observed. To a lesser extent in the presence of CCCP. Overall, these
results show that the efflux of EtBr is considerably inhibited by TZ even when an

energy source is presentin the media to promote active efflux by re-energizing the
cells.
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Figure 3.9. Effect of efflux inhibitors on the accumulation of EtBr by Salmonella
Typhimurium. TZ (A) and CCCP (B) were tested at a range of concentrations, from
0.625x MIC to MIC correspondent of each compound. For both compounds 0.125x
MIC were selected. Those concentration shown to not compromise bacterial cellular
viability. The assays were performed using a semi-automated fluorometric method
at 37°C. The results presented correspond to the average of 3 independent

experiments plus + standard deviations (SD).
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Figure 3.10. Effect of TZ and CCCP on the efflux of EtBr by Salmonella
Typhimurium. The assays were performed using a semi-automated fluorometric
method at 37°C in the presence and absence of glucose. The concentrations used
correspond to 0.125x MIC of each compoundin order to guaranteethat the real-time
efflux inhibition measured were not due to any antimicrobial effect of these
compounds. The results presented correspond to the average of 3 independent
experiments plus * standard deviations (SD); TZ, Thioridazine; CCCP, Carbonyl
Cyanide 3-Chlorophenylhydrazone
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3.3.10. In vitro effect of TZon the ultra-structure of Salmonella Typhimurium
To understand if exposure to TZ leads to morphological changes on the
bacterium, Salmonella 14028S was treated with 100 pg/mL (0.5x MIC) at three
differenttime points (15, 30 and 60 minutes) in the exponential growth phase and
compared to an untreated sample (control). Samples were fixed with glutaraldehyde
and processed for Transmission Electron Microscopy (TEM) (as described
previously in the Materials and Methods section). Results show that Salmonella
exposed to TZ exhibited discernable morphological changes in particular atthe level
of the bacterial membrane (Figure 3.11. B-D) comparing with the unexposed
Salmonella(Figure 3.11.A). The morphologicalchangesobservedinclude:blebbing
of the cell wall (Figure 3.11. B.i); partial loss of the cell wall with leakage of the
intracellular components (Figure 3.11.C.iii-iv); continued production of cross-walls
without subsequent separation of the replicated cells (Figure 3.11.B.ii); lysis of the
cells. These morphological changes, namely cytoplasmic condensation and cell
contentleakage were observed only after 15 minutes of exposure to the compound
(Figure 3.11.B). After 30 and 60 minutes (Figure 3.11.C and 3.10.D) these changes
appeared to be more evident, namely with the appearance of ‘ghost cells’ (Figure
3.11.D.v). These results confirm the previously obtained ones that were indicative of

membrane permeabilisation when Salmonella Typhimurium was exposed to TZ.

98



Chapter 3

Figure 3.11. Transmission electron micrographs of Salmonella Typhimurium
exposed to 100 pg/mL of TZ. Images were collected for the control (A) no TZ and
after 15 minutes (B), 30 minutes (C) and 60 minutes (D) of exposure to the
compound. Note: Blebbing of cell wall (i); continued production of cross-walls without
subsequent separation of the replicated cells (ii); partial loss of cell wall with leakage
of the intracellular components (iii andiv); and bacterial lysis (v). The images were
magnified 5,000X.
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3.3.11. Identification of differently expressed proteins in the presence of TZ
Protein extracts from Salmonella non-exposed and exposed to TZ for 15
minutes were subjected to proteomic analysis to identify potential targets involved in
the mechanism of action of TZ. Bacterial proteome analysis was based on two-
dimensional electrophoresis (2-DE) focused on the most abundant proteins with
isoelectric points (pl) between 3 and 10. Representative 2-DE gels of Salmonella
(drug-free) and Salmonella exposedto 100 pug/mL of TZ is provided in Figure 3.12.
A and B, respectively. Protein spots were identified via matrix-assisted laser
desorption/ionisation-time of flight (Maldi-TOF) mass spectrometry and compared
with the proteome of untreated Salmonella Typhimurium,underthe same conditions.
These experiments reproducibly shown approximately 373 spots corresponding to
individual proteins. The volume percentage of each protein spot in each condition is
describedin Table S3.1. To identify the differences between protein patterns across
the conditions, the fold variation between samples untreated and treated with TZ
was calculated. A variation was considered substantial if the fold-change was < 0.7
(underexpressed) or > 1.5 (overexpressed) (Mendo et al., 2015) compared to the
Salmonella drug-free control. Based on the fold variation calculated (and SD), 60

protein spots showed to be overexpressed and 67 showed to be underexpressed
when Salmonellawas exposedto TZ (Table S3.1).

From the total altered proteins, 40 proteins were identified based on fold
expression (Figure 3.12). The protein spot reference number, protein name,
functional annotation (NCBI database), and expression in the proteome of
Salmonella Typhimurium (control) and treated with TZ 100 pg/mL are summarised
in Table 3.3. The proteins identified in the proteome included mainly cell envelope
and outer membrane proteins, and those involved in a wide range of cellular
functions including, transport; enzymes involved with energy production; protein
synthesis and chaperones. The presence of these proteins is consistent with those
reported to be present in Salmonella’s extracts prepared by others (Qi, Moir & O’
Connor, 1996; Correia et al., 2017).
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Figure 3.12. Two-dimensional gel electrophoresis analysis of Salmonella
Typhimurium after 15 minutes of exposure to TZ. Proteins of Salmonella
Typhimurium exposed to TZ for 15 minutes were separated by 2-DE (IEF (pl 3-10
non-linear)) in the first dimension and SDS-PAGE in the second dimension and

visualised by staining with Coomasie brilliantblue R-350. (A) Representative 2-DE
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gels untreated and (B) treated with TZ 100 pg/mL for 15 minutes. Identified proteins
are listed in Table 3.4. Grey spots represent proteinsdetected inthe 2-DE gels. Red
circles representidentified proteins spots. Blue circles represent the selected targets
for this project. These are representative images of Salmonella Typhimurium
14028S 2-DE gels. Gels were performed in duplicate for each condition tested. pl,
isoelectric points; MW, molecularweight; KDa, Kilo Dalton.
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Table 3.4. Summary of the expression analysis by 2D gel electrophoresis of 40 selected protein spots of the proteome of

Salmonella Typhimurium following treatment with TZ (100 pg/mL).

Protein expression
(% vol.)
o : : No TZ TZ 100 pg/mL Fold

Spotn® Gene Functional annotation mean + SD mean + SD Variance
8 ompC Outer membrane protein C 5.33+0.34 2.13+0.52 0.40+0.09
14 bamA Outer membrane protein assembly factor BamA 0.19+0.07 0.29+0.03 1.51+0.17
22 fusA Elongation factor G 1.41+0.82 0.56+0.20 0.40+0.14
33 ompA Membrane protein 2.37£1.49 1.57+0.63 0.66x0.26
35 mgIB Galactose transport protein 0.21+0.04 0.41+0.03 1.95+0.16
36 tsf Elongation factor Ts 0.10+0.01 0.48+0.02 5.02+0.17
40 pgk Phosphoglycerate kinase 0.25+0.03 0.47+0.04 1.86+0.16
48 Rfbh CDP-6-deoxy-D-xylo-4-hexulose-3-dehydrase 0.09+0.01 0.23+£0.09 2.46+0.96
50 serS Serine tRNA ligase 0.12+0.07 0.25+0.04 2.01+ 0.3
52 mgIB Adenylosuccinate synthetase 0.23+0.10 0.39+0.16 1.71+0.71
53 tufB Elongation factor Tu 4.36x2.90 0.89+0.18 0.20+0.04
54 purA Adenylosuccinate synthetase 1.70£0.11 0.94+0.12 0.55+0.07
59 atpD ATP synthetase subunit beta 0.30+0.04 0.14+0.01 0.46+0.04
61 rpsB 30S ribosomal protein S2 0.16+0.20 0.66+0.21 4,06+1.29
65 pta Phosphate acetyltransferase 0.06+0.01 0.14+0.05 2.54+0.87
76 gapA Glyceraldehyde-3-phosphate dehydrogenase 0.13+0.08 0.21+0.03 1.59+0.23
77 STM14 3122 Uncharacterised protein 0.10+0.02 0.23+0.08 2.28+0.77
88 glyA Serine hydroxymethyltransferase 0.27+0.01 0.19+0.04 0.69+0.14
94 tolC Outer membrane channel 0.02+0.00 0.07+0.00 3.12+0.09
95 asnS Asparagine tRNA ligase 0.17+0.06 0.73+0.3 4.26x1.75
114 OmpA Membrane protein 0.06+0.01 0.17+0.05 2.79+0.82
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123
130
134
137
156
159
166
220
278
298
315
328
333
334
340
346
366
369
373

rpsT

pckA

rho

tpiA
STM0402
OmpA

gltA

N/A

coaA

tsx

fumA
SMT4002
sseA

yfgJd

rpsB

tufB

efp

SMT14 3122
SL1344 2683

30S ribosomal protein S20
Phosphoenolpyruvate carboxykinase (ATP)
Transcription termination factor Rho
Triosephosphate isomerase

Putative thiol-alkyl hypedroperoxide reductase
Outer membrane protein A

Citrate synthase

Shufflon protein B

Pantothenate kinase

Nucleoside-specific channel-forming protein tsx
Fumarate hydratase class |

Putative cytoplasmic protein

Sulfurtransferase

Putative cytoplasmatic protein (Fragment)
30S ribosomal S2

Elongation factor Tu

Elongation factor P

Uncharacterized protein

Hypothetical conserved bacteriophage protein

0.04+0.00
0.17+0.06
0.17+0.05
0.42+0.01
0.05+0.02
0.07+0.03
0.13+0.01
0.03+0.00
0.07+0.07
0.20+0.14
0.05+0.01
0.02+0.00
0.06+0.01
1.43+0.49
0.14+0.03
0.14+0.03
0.38+0.15
0.20+0.00
0.10+0.03

0.11+0.03
0.11+0.03
0.09+0.02
0.29+0.09
0.27+0.00
0.16+0.05
0.06+0.01
0.06+0.01
0.03+0.01
0.08+0.03
0.02+0.00
0.07+0.00
0.03+0.00
2.80+0.35
0.32+0.02
0.26+0.07
0.89+0.18
0.46+0.01
0.39+0.09

Chapter3

2.68+0.79
0.64+0.17
0.54+0.10
0.70+0.18
4.94+0.01
2.37+0.76
0.47+0.07
1.68+0.35
0.46+0.08
0.40+0.16
0.35+0.05
3.12+0.09
0.47+0.01
1.96+0.24
2.33+0.13
1.88+0.52
0.20+0.04
2.33+0.05
4.06+0.91
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These 40 proteins were analysed using STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins), functional protein network database version

10.5 (http://string-db.org, accessed in January 2019). Protein-Protein interaction

network analysis revealed a significantinteraction between 25 proteins as shown in
Figure 3.13. Among the interacting proteins, proteins related with cell envelope
(Cellular Component GO pathway number 0030313) as shown in Figure 3.13- Red
nods, including Outer membrane protein C (OmpC), Membrane protein (OmpA),
Outer membrane protein assembly factor BamA (BamA) and Nucleoside-specific
channel-forming protein Tsx (Tsx) were identified. An alteration on the proteins
involved in the ATP metabolic process was observed (Biological Process GO
pathway number 0046034) on Figure 3.13-Blue nods, namely ATP synthetase
subunit beta (AtpD), glyceraldehyde-3-phosphate dehydrogenase (GapA),
triosephosphate isomerase (TpiA) and phosphoglycerate kinase (Pgk). Some
proteins, particularly the products encoded by ompA gene, were found in multiple
forms (spots 33, 114 and 159), mgIB (spots 35 and 52) and rpsB (spots 61 and 340).
The presence of such isoforms can be indicative of post-translational modifications
or a result of sample preparation. The outer membrane channel (TolC) protein was

foundto have an increased expression (3.12-fold variance).


http://string-db.org/
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Figure 3.13. Protein-protein network with altered expression in Salmonella
Typhimurium in the presence of TZ. Nodes represent proteins and lines
connecting nodes indicate direct, or indirect interactions between proteins. Red
nodesrepresent proteins involvedin Salmonella’s cell envelope (Cellularcomponent
GO0:0030313) and blue nodes represent proteins involve in the ATP metabolic
process (Biological process GO:0046035). Red arrows represent proteins that were
down-regulated, while green arrows represent proteins that were up-regulatedin the

presence of TZ.
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3.3.12. Validation of the Salmonella expressed proteins, AtpD and TolC in
the presence of TZ

The results obtained from the protein-protein network suggest that the
proteins to be modulated by exposure to TZ are involved in the cell envelope and
ATP metabolic process, as previously mentioned. In order to validate these results,
an immunoblotting on Salmonella untreated and treated in the same conditions
(exposure to TZ) was performed (Figure 3.15). For this validation, AtpD (Figure
3.14A) and TolC (Figure 3.14.B) proteins were selected as the main targets.
Salmonella strains with a 3xFLAG-tagged atpD or tolC were generated using the

Datsenko and Wanner method (as described in Materials and Methods).

A
( Recombinants )
3.0kb
2.0kb
0.5 kb
tolC-3xFLAG
B
(-) { Recompinants ) (WT)

3.0kb
2.0kb D e S e e
0.5 kb : : — -

atpD-3xFLAG

Figure 3.14. Confirmation of Salmonella Typhimurium 3xFLAG strains by PCR.
(A) Confirmation of Salmonella tolC 3xFLAG and (B) atpD 3xFLAG strains.
Confirmation of the 3x-FLAG strains were performed by Dr. Ciaran Finn at the

Martins lab in the Department of Microbiology, Trinity College Dublin,Dublin, Ireland.
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The MIC (400 pug/mL; Table 3.2) for both strains was determined previous to
the immunoblotting assay. Based on the densiometry immunoblotting results it is
shown that AtpD was downregulated and TolC upregulated in Salmonellawhen the
strain was in the presence of half of the MIC of TZ for 15 minutes. These results
combined with the previous ones clearly show that TZ interferes with the cell-

envelope and energy sources on the bacteria.
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Figure 3.15. Expression of AtpD and TolC proteins after Salmonella
Typhimurium was exposed to TZ. (A) Salmonella cultures with atpD-3xFLAG::kan
and tolC-3xFLAG:kan were grown to mid-log phase in LB broth and then exposed
to ¥2 MIC of for 15 minutes, replicating proteomic conditions. Protein samples were
normalised according to the optical density (O.D.soonm) of the cultures and separated
on SDS-PAGE. Membrane were probed with anti-FLAG M2 and anti-DnaK. DnaK
was used as a loading control and the results were normalisedto this. (B) Blots were
analysed for quantification by densitometry using ImageJ software. Values were
normalised to the untreated values of each strain to DnaK, respectively. A
representative blot is shown. The results presented correspond to the average of 3

independent experiments WT, wild type; TZ, thioridazine.
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In addition to these results, MIC measurements of TZ against efflux
transporter mutants AacrA, AacrB, AacrAB and AtolC were performed (Table 3.5).

The MICs of TZ for these strains (25 pg/mL) showed a 3-fold decrease compared to
the wild-type Salmonella (200pug/mL). These results confirm that when the main
efflux pump system in Salmonella is interrupted the bacteria becomes more
susceptibleto TZ. Therefore, these results support that one of the main targets for
TZ in Salmonellais the AcrAB-TolC system.

Table 3.5. Susceptibility of Salmonella Typhimurium drug efflux transporter
deleted strains to Thioridazine

Strain MIC (ug/mL)
S. Typhimurium 14028S AacrA 25
S. Typhimurium 14028S AacrB 25
S. Typhimurium 14028S AacrAB 25
S. Typhimurium 14028S AtolC 25

3.3.13. Effect of TZ on the viability of human monocytes

The cytotoxic potential of TZ in human monocytes was investigated by the
guantification of cell viability after exposing the cellsto a range of concentrations of
TZ for 24 hours. After exposure of the cellsto TZ, the viability of the monocytes was
assessed by their ability to convert 3-(4,5-dimethylthiazol-2-yl)-5-(3-
caarboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS). The
conversion of MTS into an aqueous soluble formazan product is accomplished by
dehydrogenase enzymes, that are found in metabolically active cells. TZ decreased
significantly the viability of the monocytes at concentrations above 5 pg/mL (Figure
3.16). The exposure of the cells to 0.1 to 1 pg/mL of TZ only caused 7% -10%
decrease on cell viability compared with non-exposed cells; at 5 ug/mL there was a
highly significant decrease of 28.45% and decreases in the cell viability of 81.71% -
94.89% were obtained at higher concentrations, 10 and 50 ug/mL respectively.

Therefore, it is confirmedthat TZ is highly toxic but at only concentrations above 5
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pug/mL and after 24 hoursin culture. These results are in line with previous studies
performed in macrophages showing a lethal concentration (LC 50) value of 3 ug/mL
for TZ (Ordway et al., 2002a).
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Figure 3.16. The effect of TZon the cellular viability of THP-1 monocytes. Cells
were exposed to different concentrations of TZ during 24 hours at 37°C, 5% CO..
The results presented correspond to the average of three independentassays plus

standard deviation (xSD); TZ, Thioridazine; **** indicate P < 0.00001 (one-way
ANOVA test).
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3.4 Discussion

AMR is a worldwide challenging public health issue as bacterial resistance
mechanisms keep evolving and spreading globally, hampering the ability to treat
bacterial infection (Kaul et al., 2019). This highlights the need to develop radically
new approaches to combat antimicrobial resistance. Current therapy options that
rely on existing antibiotics are not effective, therefore repurposing of existing non-
antibiotic compounds, such as TZ would be valuable as a possible adjuvant

treatment (combination therapy).

The possible mechanism(s) of action by which TZ acts against bacteria have
been studiedin vitro mainlyin M. tuberculosis and Staphylococcus aureus. However,
its mechanismofaction hasn’tbeen fullyunderstoodin these orother bacteria. What
is the in vitro mechanism of action of TZ? A question that somehow remained to be
answered for many years, until the present work was developed. This chapter
focused on the details of the antibacterial activity of TZ against Salmonella
Typhimuriumused in this work as a model bacterium. Salmonella was used due to
the fact it is a Gram-negative pathogen and a fast grower (contrary to M.
tuberculosis). To understand the mechanism(s) of action of TZ against Salmonella

several independent experimental approaches were used to assess the bacterial
response after its exposure to sub-inhibitory concentrations of TZ.

TZ is an amphiphilic cation able to interact with the negatively charged
phospholipids of the cytoplasmic membrane (Hendrich et al., 2002; Michalak et al.,
2006). The hypothesisraised in this work was that the bacterial cell membrane might
represent a target for the neurolepticdrug, TZ. This hypothesis was confirmed by
several approaches including membrane permeability, membrane potential and
proteomics. TZ effects on bacteria were observed in a concentration dependent
manner. At half of the MIC, TZ disrupts the bacterial membrane leading to leakage
of the cellular contents only after 15 minutes of exposure of the bacteria to the
compound. This result demonstrates that TZ has a rapid bactericidal activity. This
membrane destabilisation triggers effects on the bacterial inner membrane. The
bacterial inner cell membrane is responsible for many essential functions such as,
cell wall synthesis, respiration processes, etc (Brogden, 2005; Strahl & Hamoen,
2010). It is doubtless that for all these functions membrane integrity is absolutely

essential, and its instabilities may direct or indirectly affect metabolic function and
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consequently, cell death. Alteration of the membrane potential is an early indication
of damage to the bacteria (Martins et al., 2008). In this work, it was demonstrated
that at half of the MIC of TZ there was a significantdepolarisation of the Salmonella
membrane that disturbed the function of the electron transport chain. Subsequently,
thisled to a significantreduction on the production of ATP andthe ATP levels. Similar
results were obtained with the protonophore, CCCP. CCCP is an uncoupler of the
proton motive force, reducing production of ATP and increasing membrane
permeability, ultimately, causing cell death (Park & Ko, 2015; Ni et al., 2016). CCCP

was usedin this study solely as a positive control, with notherapeutic value clinically,
but as an important comparison to validate the initial hypothesis.

TZ evidently demonstrated a real-time inhibitory effect on the efflux activity of
Salmonella, as shown by the presence of an energy source in the presence and
absence of the EPI. The decrease on the MIC of the efflux transporter strains
indicates an increased susceptibility of the knockout strains to TZ. This further
supports the results obtained in this work. The proteomic data confirmed that in the
presence of TZ the cell envelope of Salmonellais altered, and the ATP generation

processes are disturbed.

Bacteria usually encounters toxic compounds that are released from the host.
In order to overcome the action of these compounds and be able to survive
intracellularly, bacteria activate efflux systems. Some of these efflux systems rely on
the use of the proton motive force. TolC is part of the main AcrAB-TolC efflux pump,
one of the main efflux pumps of Salmonella spp. (Amaral et al., 2012a) and
Escherichia coli. This channel makesthe connection between the periplasmic space
and the cell exterior, through the outer membrane. Overexpression of AcrAB-TolC
hasbeen associated with fluoroquinolone resistant Salmonellaenterica (Swick et al.,
2011). This effluxpumpis notonly responsible for extruding noxious compounds but
has also a role in virulence. Several studies have shown thatinactivation of AcrAB —
TolC decreases bacterial virulence (Stone & Miller, 1995; Baucheron et al., 2005).
In the present study, an increased expression of TolC (outer membrane channel)
was observed. TolC is part of the main AcrAB-TolC efflux pump, one of the main
efflux pumps of Salmonella. This is a possible mechanism for Salmonella
Typhimurium overcome the cell-envelope damage induced by the exposure to TZ.

This channel makesthe connection between the periplasmic space andthe cell. The
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vast majority of the studies in vitro on TZ are performed on mycobacteria, especially
Mycobacterium tuberculosis. Previous studies demonstrated TZ as an EPI and
interfering with the cell envelope of mycobacteria (Amaral et al., 2000; Martins et al.,
2004; de Keijzer et al., 2016; Wassmann et al., 2018).

The results obtained in the present study, are in agreement with the
observations on mycobacteria. As far as we are aware, thisis the first time reporting
the effectof TZ notonly as efflux pump inhibitor butalso, interfering with the energy

sources of bacteria, particularly Salmonella Typhimurium

Our study also demonstrated that TZ interferes with the energy sources.
Therefore, this chapter emphasises how inhibiting with the activity of the efflux
pumps would be a good approach against multidrug-resistant pathogenic bacteria.
These observations go in line with previous published studies demonstrating that TZ
affects firstly the cell envelope (Amaral et al., 2000; Martins et al., 2004; de Keijzer
et al.,, 2016; Wassmann et al., 2018). Taken all these results into account, a
hypothetical model for TZ’'s mechanism of action is illustrated in Figure 3.17. Firstly,
TZ increases the membrane permeability causing its destabilisation (Figure 3.17.1)
leading to a pleiotropic effect. This disruption leads to reduction of the membrane
potential (Figure 3.17.2) causing reduction of the ATP levels (Figure 3.17.3).
Interference with the bacteria’s energy levels, will interfere with the efflux activity
(Figure 3.17.4) and with the bacterial motility (Figure 3.17.5) which are dependent
on energy derived from the proton motive force. The events (Figure 3.17;1-6)

proposed on this hypothetical model are not reflective of a sequence but of targets
and metabolic processes that may be affected when the bacteria are exposed to TZ.
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Figure 3.17. Proposed of events describing the mechanism of action of TZ
against Salmonella Typhimurium. The mechanism of action of TZ involves a
cascade of effects, namely, an increased membrane permeability (1) resulting in
decreased bacterial membrane potential (2) leading to a decrease in the production
of ATP (3) and inhibition of efflux activity dependent of energy (4) and reduction of
motility (5). AW, membrane potential.

TZ may have lost its shine as an antipsychotic, but its potential as an
antimicrobial can no longer be ignored, least of all in the vast areas of the world
plagued by endemic infectious diseases. Therefore, identifying bacterial targets and
the mechanism of action of TZ againstbacteria is an important step forward. Since
combination therapy of antibiotics and outer membrane permeabilisingagents (such
as TZ), have become more attractive over the last decade, the use of TZ may be of
interest for the future treatment of antibiotic resistant bacteria. Adding to this, the
antimicrobial activity of TZ in vitro (MIC 200 pg/mL) was produced with
concentrationsthatwere hundreds oftimes greater than those that could be clinically
achieved safely (maximum of 0.5-1 mg/L of plasma) (Ordway et al., 2003;
Thanacoody, 2007). However, it is known that the human macrophage (and other
cells rich in lysosomes) are able to concentrate phenothiazines in the medium as
much as 100 times (Crowle, Douvas & May, 1992) reaching the in vitro MIC or MBC
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intracellularly, which otherwise would be toxic to the host cells. Taken this into
account, the findings in this study were very significant since hundreds of
compoundshave been able to inhibitthe in vitro growth of bacteria, but majority don’t
progress to studies involvingtheiractivity againstintracellularpathogens. Thatis not
the case of TZ that demonstrated minimal toxicity against human monocytes at

concentrations below 5 pg/mL andthat can constitute a good candidate for testing
in infected macrophages.
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Table S3.1. Summary of the expression analysis by 2D gel electrophoresis of

protein spots in the Salmonella Typhimurium proteome following treatment

with TZ 100 pg/mL for 15 minutes

Gel Spot
Ref. Nr.

No TZ TZ 100 pg/mL Fold variance
% Vol. % Vol. TZvs.No TZ

mean SD mean SD mean SD

8.23 0.12 6.32 0.22 0.77 0.026
5.54 1.22 9.50 3.49 1.71 0.630
3.05 0.42 2.94 0.44 0.97 0.144
1.29 0.30 1.00 0.15 0.78 0.118
2.72 2.53 2.67 0.15 0.98 0.054
0.96 0.94 1.77 0.77 1.84 0.802
5.02 0.03 5.62 1.27 1.12 0.253
5.33 0.34 2.13 0.52 0.40 0.097
0.24 0.13 0.84 0.23 3.56 0.998
0.34 0.23 0.30 0.05 0.91 0.143
0.35 0.38 0.27 0.05 0.76 0.152
0.05 0.01 0.09 0.02 1.86 0.464
0.12 0.12 0.17 0.10 1.47 0.853
0.19 0.07 0.29 0.03 151 0.170
0.10 0.08 0.18 0.03 1.81 0.285
0.02 0.00 0.09 0.05 3.66 2.210
0.32 0.13 0.21 0.07 0.66 0.223
0.06 0.01 0.14 0.06 2.51 1.120
0.04 0.00 0.08 0.03 1.89 0.733
0.05 0.03 0.08 0.02 1.64 0.419
0.24 0.11 0.21 0.10 0.87 0.412
1.41 0.82 0.56 0.20 0.40 0.144
0.47 0.09 0.46 0.20 0.99 0.429
0.26 0.07 0.23 0.11 0.87 0.412
0.29 0.04 0.21 0.09 0.72 0.318
0.17 0.05 0.18 0.05 1.05 0.310
0.10 0.08 0.11 0.07 1.03 0.685
0.20 0.13 0.18 0.11 0.92 0.541
0.07 0.01 0.12 0.08 1.74 1.246
0.50 0.19 0.68 0.68 1.37 1.361
0.07 0.01 0.31 0.27 4.27 3.694
1.48 0.25 1.26 0.38 0.85 0.259
2.37 1.49 1.57 0.63 0.66 0.265
0.79 0.48 0.78 0.15 1 0.184
0.21 0.04 0.41 0.03 1.95 0.164
0.10 0.01 0.48 0.02 5.02 0.168
0.26 0.03 0.47 0.11 1.81 0.405
0.35 0.25 0.70 0.38 1.98 1.069
0.75 0.06 0.84 0.14 1.12 0.188
0.25 0.03 0.47 0.04 1.86 0.160
0.50 0.26 0.35 0.05 0.71 0.102
0.18 0.00 0.34 0.06 1.89 0.363
0.06 0.02 0.1 0.01 1.81 0.208
0.08 0.10 0.48 0.31 5.72 3.635
0.18 0.08 0.20 0.09 1.14 0.518
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0.32
0.15
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0.19
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0.11
0.22
0.09
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0.07
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0.12
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0.13
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0.07
0.09
0.06
0.04
0.07
0.16
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0.12
0.10
0.06
0.05
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0.01
0.07
0.21
0.04
0.06
0.01
0.05
0.03
0.03
0.06
0.03
0.01
0.04
0.00
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0.17
0.12
0.03
0.08
0.00
0.20
0.08
0.18
0.12
0.02
0.07
0.09
0.00
0.03
0.04
0.01
0.08
0.07
0.01
0.04
0.00
0.30
0.01
0.22
0.02
0.06
0.07

0.74
0.30
2.46
1.06
2.01
0.74
1.71
0.20
0.55
2.43
1.07
1.42
0.60
0.46
0.94
4.06
0.94
1.07
0.86
2.55
0.22
0.81
1.20
1.00
1.13
0.92
111
1.06
1.07
0.79
1.59
2.28
1.68
1.29
3.70
0.71
1.38
0.71
1.07
131
0.79
0.71
0.69
1.13
0.56
1.47
0.86
0.70
3.12
4.26
1.00
2.06
0.79
2.01
0.93

0.363
0.294
0.957
0.210
0.299
0.082
0.705
0.042
0.072
0.245
0.07
0.187
0.072
0.040
0.073
1.287
0.079
0.063
0.042
0.868
0.172
0.475
0.243
0.146
0.080
0.346
0.041
0.087
0.509
0.272
0.235
0.766
0.004
0.771
0.597
0.289
0.554
0.126
0.286
0.379
0.015
0.215
0.141
0.092
0.414
0.452
0.090
0.211
0.099
1.752
0.024
1.442
0.144
0.558
0.483
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0.02
0.26
0.09
0.03
0.05
0.07
0.03
0.26
0.20
0.08
0.56
0.06
0.09
0.13
0.15
0.16
0.06
0.07
0.26
0.04
0.11
0.04
0.02
0.07
0.03
0.05
0.13
0.04
0.05
0.05
0.75
0.20
0.23

0.02
0.09
0.04
0.00
0.22
0.05
0.01
0.03
0.12
0.20
0.07
0-02
0.01
0.01
0.01
0.02
0.04
0.03
0.00
0.01
0.01
0.01
0.01
0.31
0.07
0.03
0.03
0.04
0.01
0.28
0.14
0.01
0.70
0.01
0.09
0.04
0.02
0.03
0.01
0.04
0.11
0.00
0.05
0.02
0.00
0.01
0.01
0.01
0.05
0.01
0.01
0.02
0.29
0.020
0.003

0.13
0.20
0.08
0.08
0.15
0.04
0.04
0.10
0.10
0.20
0.03
0.09
0.13
0.07
0.01
0.01
0.01
0.06
0.08
0.03
0.07
0.04
0.05
0.22
0.12
0.07
0.04
0.05
0.07
0.07
0.08
0.05
0.41
0.09
0.04
0.06
0.40
0.11
0.10
0.04
0.13
0.04
0.01
0.03
0.02
0.08
0.04
0.02
0.08
0.08
0.04
0.03
0.20
0.04
0.22

0.02
0.01
0.03
0.07
0.01
0.04
0.01
0.03
0.03
0.04
0.01
0.02
0.06
0.00
0.00
0.00
0.00
0.03
0.05
0.01
0.03
0.01
0.05
0.15
0.19
0.05
0.01
0.03
0.01
0.01
0.03
0.00
0.10
0.00
0.00
0.02
0.16
0.15
0.03
0.01
0.09
0.00
0.01
0.00
0.02
0.02
0.01
0.00
0.01
0.02
0.03
0.01
0.02
0.04
0.01

0.83
1.25
151
2.09
0.47
0.61
1.03
1.90
0.50
1.26
0.46
0.95
2.73
0.84
0.55
0.24
0.13
1.90
2.00
0.57
1.27
0.64
2.13
0.85
1.96
2.03
0.85
0.70
2.84
1.39
0.40
0.57
0.74
1.47
0.47
0.46
2.76
0.69
1.63
2.74
0.52
0.97
0.13
0.77
0.89
1.10
1.50
0.35
0.66
1.74
0.85
0.56
0.27
0.22
0.98

0.101
0.077
0.456
1.651
0.019
0.601
0.283
0.599
0.143
0.243
0.080
0.194
1.214
0.017
0.034
0.135
0.080
0.778
1.200
0.326
0.551
0.181
1.949
0.559
2.132
1.371
0.231
0.473
0.215
0.365
0.164
0.053
0.171
0.061
0.024
0.167
1.093
0.917
0.460
1.093
0.363
0.094
0.091
0.096
0.741
0.276
0.380
0.049
0.099
0.494
0.579
0.159
0.031
0.177
0.049
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323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
371
373
374
375
376

0.02
0.13
0.018
0.11
0.02
0.01
0.02
0.03
0.04
0.02
0.06
1.43
0.70
0.13
0.10
0.05
0.14
0.14
0.10
0.07
0.05
0.08
0.20
0.14
0.19
0.21
0.15
0.04
0.14
0.06
0.04
0.03
0.04
0.03
0.10
0.05
0.20
0.04
0.05
0.33
0.07
0.07
0.13
0.38
0.57
0.84
0.20
0.25
0.10
0.10
0.10
0.11

0.01
0.12
0.12
0.07
0.01
0.00
0.00
0.02
0.03
0.00
0.01
0.49
0.74
0.02
0.07
0.03
0.06
0.03
0.05
004
0.03
0.02
0.22
0.03
0.17
0.14
0.06
0.02
0.03
0.06
0.02
0.02
0.01
0.02
0.04
0.001
0.06
0.02
0.02
0.04
0.01
0.01
0.07
0.15
0.06
0.08
0.00
0.05
0.03
0.04
0.08
0.02

0.23
0.03
0.03
0.02
0.02
0.06
0.03
0.03
0.04
0.03
0.03
2.80
1.20
1.17
0.11
0.05
0.28
0.32
0.08
0.07
0.02
0.04
0.38
0.26
0.16
0.15
0.12
0.13
0.2.4
0.15
0.02
0.03
0.06
0.01
0.03
0.09
0.19
0.02
0.04
0.17
0.04
0.06
0.06
0.15
0.60
0.86
0.46
0.31
0.39
0.06
0.02
0.04

0.01
0.00
0.01
0.04
0.01
0.00
0.01
0.02
0.02
0.01
0.00
0.35
0.03
0.01
0.04
0.00
0.12
0.03
0.02
0.03
0.00
0.00
0.08
0.07
0.03
0.03
0.02
0.01
0.04
0.03
0.01
0.01
0.00
0.01
0.03
0.05
0.02
0.01
0.03
0.11
0.02
0.01
0.02
0.02
0.07
0.06
0.01
0.01
0.09
0.04
0.01
0.00

1.54
0.27
0.17
0.35
1.33
3.99
1.53
1.00
0.97
1.57
0.47
1.96
1.71
0.76
111
0.98
1.95
2.33
2.33
0.91
0.41
0.43
191
1.88
0.85
0.71
0.79
0.31
1.76
2.33
0.60
1.07
1.74
0.53
0.32
1.66
0.95
0.51
0.72
0.51
0.63
0.84
0.44
0.40
1.05
1.03
2.33
1.28
4.06
0.65
0.22
0.36

0.640
0.027
0.068
0.411
0.592
0.328
0.668
0.637
0.431
0.485
0.010
0.242
0.048
0.112
0.453
0.107
0.813
0.129
0.129
0.439
0.069
0.036
0.404
0.516
0.132
0.166
0.128
0.166
0.267
0.453
0.322
0.266
0.014
0.298
0.260
1.011
0.097
0.148
0.509
0.339
0.365
0.097
0.152
0.040
0.124
0.069
0.049
0.042
0.908
0.436
0.091
0.024
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Abstract

Background. One of the main obstacles to the treatment of infections caused
by pathogens such as Salmonella Typhimurium, is the factthat these pathogens are
adapted to a host; able to live and replicate in an intracellular niche; and able to
circumvent and modulate the immune responses of the host. Therefore, new
antimicrobial compounds able to reach the site of infection, such as the inside of the
macrophage, are urgently needed. Here, the aim of this study was to explore the
effectof TZ on Salmonella-infected human macrophages. Materials/methods.THP-
1 cells were usedto study the effect of TZ on monocytes and macrophages. Initially,
the effect of TZ on the metabolism of human monocytes was assessed using
phenotypic microarray plates. ELISAs were performed to explore the possible effect
of TZ on the secretion of cytokines. The effect of TZ on the activity of caspases of
human uninfected macrophages was performed using the FluoFire Kit. Cell viability
assays were performed using THP-1 monocytes. Infection assays were performed
in THP-1 macrophages treated and non-treated with TZ, verapamil (VER) and
Loxapine (LOX). Supernatants of the infection assays were collected and analysed
for nitric oxide production using Griess reagent and for cytokine production by
ELISA. Intracellular calcium was measured using Cal-520™ dye on non-treated and
treated Salmonella-infected macrophages. Results: Uninfected monocytes and
macrophages treated with TZ showed no difference on the immune response when
exposed to TZ. Salmonella-infected macrophages treated with sub-MIC of TZ
showed a significantdecrease in intracellular CFU/mL and this was a concentration
dependenteffect. TZ did not impact on the secretion of cytokines or the production
of nitric oxide by infected macrophages in comparison with the controls. When TZ
was added to cultures of Salmonella-infected macrophages a significantdecrease
in the intracellular calcium levels of the macrophages was observed. Conclusions:
These results suggest that TZ may enhance the killing activity of infected
macrophages by interfering with the calcium levels of the infected cells. Due to its
effect on infected macrophages, TZ may be considered a potential adjuvant to

antibiotic therapy to treat multidrug-resistant bacterial infections.
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4.1. Introduction

Bacterial pathogens that can survive within hostcells are a cause for concem
due to the failure of current therapeutic regimens and their ability to evade and
modulate the immune response of the host. One of the main obstacles to treating
infections caused by pathogens such as Salmonella spp. and M. tuberculosis is the
fact that these pathogens display exquisite host adaptations that facilitate survival
and replication in an intracellular niche by evading and modulating the immune
responses of the host (Martins et al., 2007a; Diacovich etal., 2017). This constitutes
an additional obstacle to the developmentof novel antimicrobial compounds, since,
in order to be effective, these compounds must cross the host cell membrane, in

addition to maintaining activity once inside the macrophage (Martins et al., 2009).

TZ has been widely studied and its antibacterial activity reported: i) in vitro
against M. tuberculosis (Ordway et al., 2003; Martins et al., 2007a), S. aureus
(Wassmann et al., 2018), Salmonella spp., Pseudomonas aeruginosa (Hendricks,
Butterworth & Kiristiansen, 2003b) ii) ex-vivo in M. tuberculosis infected
macrophages (Ordway et al., 2003); and iii) in vivo by curing of mice infected with
Salmonella (Dasgupta et al., 2010) or M. tuberculosis (van Soolingen etal., 2010).
In vitro antimicrobial activity of TZ is achieved using concentrations that vastly
exceed those considered safe for clinical use (maximum of 0.5-1 mg/L of plasma)
(Thanacoody, 2007). However, studies performed by Crowle et al. (Crowle, Douvas
& May, 1992) showed that exposure of macrophages containing phagocytosed M.
tuberculosis to clinically relevant concentrations of the phenothiazine
chlorpromazine (CPZ), enhanced killing of intracellular M. tuberculosis (Crowle,
Douvas & May, 1992). Years later, Ordway et al. (Ordway et al., 2003) also
demonstrated thatboth CPZ and TZ could effectively killintracellular M. tuberculosis
at clinically relevant concentrations. Studies conducted by Daniel (1995) and
Wojcikowski (Daniel, Bickel & Honegger, 1995; Daniel & Wojcikowski, 1999) have
reported that this success is linked with the ability of cells rich in lysosomes (e.g.,
macrophages) to concentrate phenothiazines to levels 100 times greater than their
initial starting concentrations. Accordingly, this effect leads to intracellular
concentrations been comparable to those achieved in vitro. Accumulation of
phenothiazines inside these lysosomal rich cells results in inhibition of intracellular
bacterial replication and enhanced killing activity of the phagocytic cell towards the
internalised bacteria.
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A direct mechanism of action for TZ in infected macrophages has been
previously inferred for cells infected with M. tuberculosis. (Martins et al., 2009;
Machado et al., 2012, 2016). After binding of the infecting bacterium to a receptor
on the macrophage plasma membrane, and subsequentuptake into a phagosome,
this compartment matures along the endocytic pathway, eventually fusing with
lysosomes to formthe phagolysosome unit. The plasma membrane of macrophages
contains Ca%*channels (L-type), which areinhibitedin the presence of TZ. This leads
to the indirect acidification of the phagolysosome compartment and subsequent
activation of hydrolytic enzymes. The action of these hydrolytic enzymes results in
killing of the entrapped bacterium. However, conclusive evidence for this hypothesis

is lackingand, to this day, the ex-vivo mode of action of TZ is still not fully understood.

Further studies have indicated that phenothiazines, including TZ, inhibit the
binding of calcium (Ca?*) to Ca?*-binding proteins (e.g., calmodulin) in mammalian
cells (Santos et al., 2007; Martins, Viveiros & Amaral, 2008; Machado et al., 2016;
Thomas & Timson, 2018). Together, Ca2* and calmodulin play a vital role in
regulating a variety of cellular functions, including maturation of the phagolysosome.
Importantly, macrophages require efflux of Ca?* from the phagolysosome for killing
of bacteria within this intracellular compartment. Additionally, interaction of bacteria
with host cells has been shown to induce oscillation of intracellular Ca?*. Bacterial
structural components such as LPS or flagellin, induce Ca?* influx (Pace, Hayman &
Galan, 1993; He et al., 2019; Frion-Herrera et al., 2020). Salmonellainduces a
transient increase in intracellular Ca?* to direct reorganization of the host cell
cytoskeleton and this way facilitate bacterial uptake and control subsequent
intracellular trafficking. The important role played by Ca?* in bacterial infections has
led to great interest in the use of inhibitors and antagonists of Ca?* release as
possible treatments for infectious disease (Machado et al., 2016; Lee et al., 2021).

Calcium channel blockers (CCBs) represent a group of diverse chemical
structures that block Ca?*-selective channelsin the plasma membrane of a variety
of cells, including macrophages, and have been widely used in eukaryotic systems
to elucidate the mechanism and mode of action of Ca?* channels. CCBs are used in
a clinical setting, usual as part of treatments for hypertension. One such compound,
Verapamil (VER) is a known Ca2*channel blocker in eukaryotic cells, namely of L-

type channels. These channels are key transducers of membrane potential
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variationsinto intracellular Ca?*, which initiates numerous physiological events. VER
inhibits plasma membrane-mediated transport of K* into the macrophage by
inhibiting Ca2*-dependent pumps. This drug has been widely studied as a potential
adjuvant therapy for M. tuberculosis and S. aureus infection (Martins et al., 2006;
Gupta et al., 2013; Machado et al., 2016).

The Gram-negative bacterium Salmonella is currently listed by the WHO as a
priority pathogen. Globally, non-typhoidal Salmonella (NTS) infections affect 93.8
millions of people and cause 681,316 deaths, annually (Stanaway et al., 2019). The
highest incidence of these infections is observed in sub-Saharan Africa, where
resistance to ampicillin, trimethoprim-sulfamethoxazole and chloramphenicol is
currently widespread (Neuert et al., 2018; Amuasi & May, 2019). This resistance is
a serious concern as all three antibiotics are categorised by the WHO model list
medicine as “Access” and therefore recommended as an empiric first-choice
treatment for invasive infections. Also, resistance to third-generation cephalosporin
and fluoroquinolones has been reported in various countries in sub-Saharan Africa,
and use of these antibiotics poses a high risk of selecting for bacterial resistance
(World Health Organization, 2016; Gilchrist & MacLennan, 2019). These represent
a challenge for treatment of Salmonella infections causing a significant public health
treat. Therefore, the importance of exploring new approaches to treat Salmonella

infection, such as drug repurposing, cannot be overstated.

In the field of Salmonella infection biology, a widely accepted cell type for
studying the interaction of the bacterium with mammalian phagocytes is the THP-1
monocyte cell line. THP-1 cells have been widely used to study
monocyte/macrophage functions, cellular mechanisms, signalling pathways and
nutrient and drug transport (Auwerx, 1991; Chanput, Mes & Wichers, 2014)
However, to be used as an ex-vivo model mimicking human macrophages, THP-1
cellsmustundergoa process of differentiation. Various approachesto differentiation
of THP-1 cells have been studied,which include treatmentwith phorbol 12-myristate-
12-acetate (PMA), 1 a, 25-dihydroxyvitamin D3 (vD3), or macrophage colony
stimulating factor (M-CSF). Several protocols have been tested (Tsuchiya et al.,
1982; Takashiba et al., 1999; Qin, 2012; Lund et al., 2016; Starr et al., 2018)
however, a consensus protocol remains to be adopted by all researchers in the field.

Generally, the use of PMA is the preferred method for differentiating THP-1
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monocytes into a macrophage-like cell type “THP-1 macrophages” (Chanput, Mes &
Wichers, 2014; Starr et al., 2018). After exposure to PMA, THP-1 monocytes start
to adhere to culture plates and alter their morphology which is an indication for
differentiation into macrophages;these morphological changesinvolve cells that are
flat and amoeboid in shape with well-developed Golgi apparatuses, rough
endoplasmic reticula and large numbers of ribosomes in the cytoplasm (Tsuchiya et
al., 1982). Also, this differentiation also leads to a more mature phenotype with
higher levels of adherence, a lower rate of proliferation and a higher rate of
phagocytosis (Aldo et al., 2013). Across the various protocols adopted, a range of
PMA concentrations (10 ng/mL —200 ng/mL) and exposure duration (1 days — 5
days) have been studied. Arecentstudy by Starr et al., (Starr et al., 2018) compared
several conditions of THP-1 macrophage differentiation using PMA and how the
various protocols affected the ability of the cells to interact with S. Typhimurium. The
results showed that THP-1 cells differentiated at lower PMA concentrations (20
ng/mL) are more bactericidal than those differentiated with higher concentrations
(2100 ng/mL). Direct comparison of these cells with human monocyte derived
macrophages suggest that they have a similar ability to control intracellular S.
Typhimurium. Interestingly, the study showed that THP-1 cells differentiated in high
concentrations of PMA (= 100 ng/mL) undergo rapid cell death following infection,
whereasthose differentiated in low concentrations of PMA survived. Importantly, the
study also showed that, in THP-1 macrophages, Salmonellatrafficking is similar to
that seen in human monocyte derived macrophages. Since these were the
conditions already used in the Martins lab for differentiation of human macrophages,
, the Starr et al. protocol continued to be followed in this study.

Using THP-1 monocytes differentiated (from here on designated as “THP-1
macrophages”) as per Starr et al., as a model for intracellular Salmonella infection,
the work conducted in this chapter aimed to: i) investigate the efficacy of TZ in
treating Salmonella infection, ii) determine any changes to the immune response
mounted by Salmonella-infected THP-1 macrophages; and iii) undertake initial

investigations into the mechanism of action of TZ inside the infected macrophage.
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4.2. Materials and Methods
4.2.1. Bacterial strain

The strain included in the study was Salmonella enterica serovar
Typhimurium 14028S. The strain was grown in LB-Miller broth at 37°C with shaking.

4.2.2. TZand other reagents

Unless otherwise stated, all reagents were purchased from Sigma- Aldrich
(Sigma-Aldrich Ireland Limited, Wicklow, IE). TZ and VER stock solutions were
prepared in sterile distilled water to a concentration of 50 mg/mL and 25 mg/mL,
respectively. LOX was prepared at 25 mg/mL in DMSO. The three compounds were
filtered, aliquoted and protected from light. These aliquots were frozen and stored at
-20°C. Lipopolysaccharides (LPS - from Salmonella enterica) and human interferon-
gamma (IFN-y) stock solutions were prepared in sterile distiled water to a
concentration of 5 mg/mL and 1 mg/mL, respectively. LPS and IFN-y were stored at
-4°C and -20°C, respectively. On the day of the experiment, aliquots were defrosted,
and a working solution of 50 ug/mL and 100 ug/mL (respectively) were prepared to
the desired concentrations. PMA was prepared in sterile distilled water to a stock of
1 mg/mL and kept frozen at -20°C.

4.2.3. Human cell line

Human THP-1 cells (Sigma-Aldrich, UK) differentiated with PMA were used
as a macrophage model and prior to passage 14. These cells were grown in
suspension in a humidified incubator at 37°C, 5% CO2 in RPMI-1640 media
containing Glutamax and supplemented with FBS (10% (v/v)). THP-1 monocytes
were differentiated in 24-well plates (Corning® Costar ®, New York, US) or 96-well
plates (Corning® Costar®, New York, US) in the presence of 20 ng/mL of PMA for
5 days prior to conducting assays with macrophages, as previously described (Starr
et al., 2018). After exposure to PMA, nearly all THP-1 cells start to adhere to culture
plates accompanied by differentiation into a macrophage-like phenotype with
marked morphological changes, which mimic primary human macrophages. LPS
and IFN-y were used to stimulate the macrophages and activate the innate immune

response. LPS was used at 50 ng/mL and IFN-y at 100 ng/mL (final concentrations).
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As a quality control, THP-1 cells were regularly tested for the presence of
mycoplasma using4',6-diamidino-2-phenylindole (DAPI) staining and cells observed
on a fluorescence microscope (Nikon fluorescent microscope ECLIPSE E400,

Minato City, Tokyo, Japan). No mycoplasma contamination was detected on these
cellsduring all the time of the passages and experiments performed (Figure S4.1).

4.2.4. Minimum Inhibitory and bactericidal concentrations (MIC/MBC)

The minimum inhibitory concentration (MIC) was determined by using the
broth microdilution method in a 96-well plate according to the CLSI guidelines
(Clinical and Laboratory Standards Institute, 2013). Briefly, overnight cultures of
Salmonella were diluted in sterile phosphate buffered saline (PBS) solution to ~10°
ColonyForming Units (CFU)/mL. Aliquotsof 10 pL were then transferred to separate
wells of a 96-well plate containing 100 uL of LB Miller and varying concentrations of
each compound. VER, and LOX were added at a range of concentrations of 19.5 to
5000 pg/mL and 1.5 to 800 pg/mL, respectively. Plates were then incubated at 37°
for 18 hours. After this time, plates were read by eyeball. The MIC was defined as
the lowest concentration at which no visible bacterial growth was observed after
incubation. Determination of the minimum bactericidal concentration (MBC) was
performed by replica transfer of the MIC plate into a 96-well plate with compound-
free media. Plates were incubated at 37°C and the MBC results recorded after 18
hours. MBC was defined as the lowest concentration of compound where no
bacterial growth was obtained. The assays were performed in triplicate on three

Separate occasions.

4.2.5. Cell Viability
THP-1 monocyteswere exposed to VERand LOX ata range of 0 to 160 pg/mL
and 0 to 200 pg/mL, respectively. Effect on cell viability of THP-1 monocytes in the
presence of TZ was shown in the previous chapter (Chapter 3, section 3.3.13). Cells
were incubated with the compounds for 24 hours at 37°C with 5% COz2. Viability
assays were performed using the CellTiter 96™ Aqueous Non-Radioactive Cell
Proliferation Assay (Promega, Madison, WI, USA) according to the manufacturer's

instructions. Briefly, 3-(4,5-dimethylthiazol-2-yl)-5-(3-caarboxymethoxyphenyl)-2-(4-
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sulfophenyl)-2H-tetrazolium, inner salt (MTS)/phenazine metasulfate (PMS) was
added to each well and cells were incubated during 1 hour at 37°C. Following
incubation, the absorbance measurements of the soluble formazan product (brown)
were measured in a microplate reader (Synergy™ HT multimode microplate) at
490nm. The formazan product is directly proportional to the number of living cells.

The assays were performed with three independent biological replicates.

4.2.6. Metabolic profiling — effect of TZin human monocytes

The metabolic profiling of THP-1 monocytes in the presence and absence of
TZ was conducted using the Biolog™ phenotype microarray platform. It is known
that phenotyping allows for the identification of properties that can change due to
variations on the cell. These variations canoccur at the genetic or environmental
levels. One of the advantages of performing phenotypicanalysisis the ability to track
live cells over the course of their growth rather than having to conduct repeated
sampling during time-course experiments as the ones conducted in common
molecular analyses techniques, such as transcriptomics and proteomics. Therefore,
the Biolog™ phenotype microarray platform used on this study relies on a high-
throughput phenotyping technology that uses live cellular analysis. Using this
platform, it is possible to measure hundreds of phenotypes simultaneously across
multiple cell types using pre-prepared 96-wells microtiter plates. These pre-prepared
plates are referred to as phenotype microarrays. Each plate allows for the analyses
of a different set of assays with each well containing a different substrate that
comprise, carbon sources, nitrogen substrates, ions, hormones, cytokines, etc. The
automated Biolog™ system monitors respiration output of the cells when these are
in the presence of various nutrient sources or substrates and allows to test for
possible chemical sensitivities. This is measured via the principle of colorimetric
analysisof energy production, by addinga purple redox tetrazolium dye that changes
colour proportionally to the energy production. It is known that viable cells will
generate energyrich NADH thatreducesthe redox dye, therefore promoting a colour
change of the dye. This colourchange (indicative of the cells’ metabolism) can then
be monitored and read with the Biolog OmniLog automated incubator-reader or as
an alternative by using a spectrophotometer (end-pointreadings). In this study, the

following phenotypic microarray plates PM-Mammalian (PM-M) panels were tested:
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PM-M1-M4 for carbon and energy sources; PM-M5 for ions; and PM-M6 and 7
containing hormones and metabolic effectors, respectively.

All Phenotype Microarray (PM-M) assay reagents were purchases from
Biolog, Inc (Hayward, CA, USA). ?

Assays were performed according to the manufacturer's instructions.
Specifically, monocytes were seeded at 4 x 10° cells/mL in MC-0 assay medium (no
glucose, low glutamine (0.3 mM) and low FBS 5% (v/v); Hayward, CA, USA) for PM-
M1-4 and RPMI-1640 for PM-M5-7. Plates were incubated at 37°C, 5% CO2 and
95% humidity for 24 hours. Subsequently, TZ was added to the plates (10 puL/ well)
at a final concentration of 1 ug/mL plus Biolog Redox Dye Mix MA (10uL/well). After
24 hours, tetrazolium reduction (resulting in the formation of a purple colour) was
measured using a Synergy™ HT multi-mode microplate reader. Absorbance was
measured at 590nm and 750nm for absorbance correction as recommended by the
manufacturer. Data were adjusted by subtracting average values of three negative
control wells from all other samples of each plate. The effect of TZ exposure on the
metabolism of the monocytes in comparison with untreated monocytes was

compared using heatmaps.

4.2.7. Caspases -3/7 activity measurement.

Caspase-3/7 activation was measured using a FluoFire Caspase-3/7
fluorescentassay kit according to manufacturer’s instructions (Molecutools, Dublin,
Ireland). Prior to commencing the assay, THP-1 monocytes were differentiated with
PMA for five days, as previously described (Starr et al., 2018). Subsequently, the
complete media was removed, and the cells were washed with 100 pL of PBS.
Serum depleted media (0.5% FBS (v/v)) was added, and the cells incubated for 24
hours. Cells were then treated with TZ (1 pg/mL) and incubated for a further 24
hours. The fluorescence was then measured in a Synergy™ HT multi-plate reader

at 37°C (excitation, 485nm; emission 538nm).

https://www.biolog.com/products-portfolio-overview/phenotype-microarrays-for-
mammalian-cells/
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4.2.8. Macrophage Infection assays.

Differentiated THP-1 monocytes (“THP-1 macrophages”) were infected with
Salmonella 14028S grown to stationary phase (~ 18 hours incubation at 37°C with
shakingin LB Miller), as previously described (Starr et al., 2018). For a MOI ~ 20:1
(20 bacteria:l macrophage), bacteria were opsonised with 15% (v/iv) heat-
inactivated human serum (Sigma-Aldrich, Ireland) for 30 minutes at 37°C, 5% COz2.
THP-1 macrophages were allowed to phagocytose Salmonella for 30 minutes at
37°C, 5% CO2 before treatment with 100 pg/mL gentamicin for 1 hourat 37°C, 5%
CO:2 (to kill extracellular bacteria), followed by incubation with 10 ug/mL gentamicin
and 0.5, 1 and 2 pg/mL of TZ for the remainder of the experiment. VER (80 pg/mL)
and LOX (25 pg/mL) were also tested in these macrophage cultures. For
enumeration of bacteria, infected monolayers were solubilised in lysis buffer (0.2%
(w/v) sodium deoxycholate in PBS) and serially diluted in PBS before platingon LB
agar plates. Possible synergy between TZ and gentamicin was assessed to
guaranteethatthe effect observed in macrophage cultureswas due to the compound
of interest alone (TZ, VER or LOX) (Table 4.2).

4.2.9. Effect of TZon the activation of infected macrophages

Nitric Oxide (NO) and its degradation products, namely, reactive nitrogen
species, contribute to the innate immune response to intracellular pathogens, such
as Salmonella. Salmonella is exposed to these reactive species during its infectious
cycle in the host. Products of the Salmonella pathogenicity island 1 type Ill secretion
system and Salmonella-associated molecular patterns are able to stimulate
transcription of inducible NO synthase (INOS) by cells of the mononuclear
phagocytic cell lineage. The resulting NO, or products that arise from its interactions
with oxygen (O2) or iron and low-molecular weight thiols, are preferentially
bacteriostatic against Salmonella, while reaction of NO and superoxide (O2)
generates the bactericidal compound peroxynitrite (ONOO~). Therefore, the

quantification of NO is an indirect measure of activation of the infected macrophage.

Supernatants were collected from uninfected and Salmonella-infected THP-1
macrophages treated and untreated with TZ 1 pg/mL. The presence of NO was
measured indirectly by assaying the presence of nitrite (NO2") using a commercially

available Griess reagent kit (Biotiuminc.), according to the manufacturer’s protocol.
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In brief, 150 uL of supernatantwas incubated with 20 pL of Griess reagent and 130
pL of deionised water for 30 minutes at room temperature in a 96-well plate. The
samples were photometrically measured at a wavelength of 548nmusinga Synergy™
HT multi-mode microplate reader. The assays were performed with at least three
biological replicates.

4.2.10. Quantification of cytokine production in uninfected and Salmonella-
infected THP-1 macrophages

Supernatants were collected from uninfected and Salmonella-infected THP-1
macrophages cultures, untreated and treated with TZ 1 pug/mL. The secretion of
cytokines was measured by ELISA using the R&D systems DuoSet kit (R&D
systems, Minneapolis, USA) in Nunc MaxiSorp 96-well plates (ThermoFisher,
Massachusetts, USA), according to the manufacturer’s instructions. Plates were
washed with PBS containing 0.05% (v/v) Tween 20 (PBST), and reagent diluent
containing 1% (w/v) of bovine serum albumin in PBS. Optical densitywas read using
a Synergy™ HT multi-mode microplate reader at 450nmimmediately after stopping
the reaction of 3,3’,5,5’-Tetramethylbenzidine (TMB) with 2 N sulfuric acid. Results
were calculated by interpolation from a standard curve generated from the assay,

and cytokine levels represented as picograms per millilitre (pg/mL).

4.2.11. Measurement of intracellular calcium in infected macrophages

The levels of intracellular calcium were measured using the Screen Quest™
Calbryte-520 Probenecid-Free and Wash-Free Calcium Assay Kit (Assay Genie,
Dublin,Ireland)accordingto the manufacturer’'sinstructions with slightmodifications.
Briefly, THP-1 macrophages were infected with Salmonella 14028S (as described in
section 4.2.9) in a black, clear bottom 96-well plate. Following infection,
macrophages were treated with TZ (1 pg/mL) and VER (80 pg/mL) for 18 hours[21.5
hours post infection (p.i.]. Post treatment, media was removed and Cal-520™ AM
dye-loading solution was added into the cell plate and the plate incubated for 1 hour
at 37°C, 5% CO2. Cells were washed and Hank’s Buffer Solution with HEPES
(HHBS) added to the plate. The calcium fluxassay was runina Synergy™ HT multi-
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mode microplate reader (excitation 490nm and emission 525nm). The assay was
performed with three biological replicates.

4.2.12. Statistical analysis

Statistical analyses were performed using Prism Graphpad software version
8.0.2. *, ** *** gnd **** represent p-values of < 0.05, < 0.01, <0.001 and < 0.0001,
respectively. A p < 0.05 was considered statistically significantand highly significant
when ** p < 0.01, ** p < 0.001 and *** p < 0.0001. One-way ANOVA was used to
compare the mean values of at least three independentsamples, where there was
one independentvariable in the experimental procedure, allowing determination of
any statistically significant difference between the samples’ means. Two-way
ANOVA was used to compare the mean values of at least two or more samples
wherethere were also two or more independentvariablesin the experimental assay.
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4.3. Results
4.3.1. Minimum Inhibitory and bactericidal concentrations (MIC/MBC)

In this study, three compoundswere used: thioridazine (TZ), verapamil (VER)
and loxapine (LOX). VER, previously described as a Ca?* channel blocker in
eukaryotic cells (Machado et al., 2016) was used as a main comparison for the
possible effect of TZ on the Ca?* flux of THP-1 macrophages. LOX, an antipsychotic
compound presenting clinical similarity to phenothiazines, has been previously
reported as having activity against Salmonella-infected cells but it's mode of action
in infected macrophages was not investigated in detail (Singh et al., 2003; Yang et
al., 2019). Due to the similarity between this compound and TZ, this compound was
included on this work and studied in parallel. Accordingly, prior to commencing
studies involving infections with THP-1 macrophages, the MIC and MBC for each
compound against Salmonella Typhimurium was determined. The MIC and MBC
values for these two compounds (VER and LOX) against Salmonella Typhimurum
are presentedin Table 4.1. The MIC and MBC of VER was 2500 pug/mL, indicating
norelevantin vitro antibacterial activity against Salmonella. In contrast, LOX showed
an inhibitory and bactericidal effect at 400 pg/mL.This compound had similar

antibacterial activity to TZ.

Table 4.1. Minimum inhibitory and bactericidal concentrations of TZ, VER and

LOX against Salmonella Typhimurium 14028S.

MIC MBC

Class of compound Compounds
pg/mL  uM  pg/mL  uM

Phenothiazines

(antipsychotic) T2 200 491 200 491
Calcium channel blocker VER 2500 5091 2500 5091
Antipsychotic LOX 400 897 400 897

Legend. TZ, Thioridazine; VER, Verapamil, LOX, Loxapine; MIC, Minimum
Inhibitory Concentration; MBC, Minimum Bactericidal Concentration.
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4.3.2. Effect of TZon the metabolism of human monocytes
Monocytes are a crucial cell type of the innate immune system. This cell type is
recruited to inflamed tissues and can differentiate into macrophages that produce
inflammatory mediators. Production of these inflammatory mediators is influenced
by various metabolic pathways within the immune cell, and alterations within these
pathways can directly impact on immune cell function (Ganeshan & Chawla, 2014).
Some studies performed with antipsychoticdrugs have previously showedthatthese
drugs seem to interfere with metabolic regulation (De Hert et al., 2012; Goncalves,
Araujo & Martel, 2015). In order to address if TZ does or does not interfere with the
general metabolism of THP-1 monocytes and consequentlythe immune response of

the host, Biolog phenotype MicroArrays™ assays were performed. Table 4.2 shows
a summary of the PM-M panels tested. In total 367 substrates were analysed.

Table 4.2. Summary of Panels tested using Phenotype Microarrays™ Plates

Phenotype MicroArray Plate Panel Tested

PM-M1 - M4 Carbon and Engergy Sources/Nitrogen Sources
PM-M5 lons
PM-M6-8 Hormones and Metabolic Effectors

The heatmaps obtained were plotted on a scale from 1.5 to -1.5, where a
positive and negative values correspond to increased or decreased use of the
substrates by the cells, when in the presence of TZ. No breakpointwas considered
for this experiment as, for some plates only one independent experiment was
performed. Results for PM-M1 and M5-M7 correspond to two independent
experiments, while PM-M2-M4 and -M8 correspond to one independent experiment.

As shown in Figure 4.1, the presence of TZ does not potentiate any effecton
the utilisation of carbon and energy sources compared with untreated THP-1
monocytes (drug-free control). In the presence of the substrate D-Sorbitol there was

a slight difference (Figure 4.1), but this was not significantly relevant (0.02 for
untreated versus -0.145 reduction of tetrazolium for cells exposed to TZ).
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Figure 4.1. Effect of TZon human THP-1monocytesin the presence of different
carbon and energy sources/nitrogen sources. Heat maps comparing substrate
utilisation by THP-1 monocytes (in the presence and absence of TZ) on plates PM-
M1. THP-1 monocytes were dispensed into PM panel M1 (20,000 cells per well) in
RPM1-1640 media lacking phenol red and glucose supplemented with FBS (5%)
and reduced levels of glutamine (0.3 mM). Plates were incubated at 37°C, 5% CO2
for 24 hours. After this incubation, TZ and Biolog Redox dye Mix MA were added to
achieve 1xfinal concentration and cells were incubated for an additional 24 hours at
37°C, 5% CO2. End pointmeasurements were taken by measuring the reduction of
the tetrazolium. dye. This was done by measuring the optical density at 590nm.The
y-axes correspondto the substrates in the wells of the 96-well plates (PMM plates).
a-D-Glucose was used as a positive control. TZ; Thioridazine.
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There seems to be a difference regarding the use of tween (20, 40 and 80) by
the monocytes, when in the presence of TZ (Figure 4.2; below). Tween (also known
as polysorbate) is a hydrophilic non-ionic surfactant that is usually used in
formulations of pharmaceutical products. It can act as an emulsifierand also as an
excipient to stabilise aqueous formulations of medications for parenteral
administration or vaccinations. For example, patent (WO2003002153A1;
Composition and method for reducing adverse interactions between phenothiazine
derivatives and plasma using cyclodextrins) refers to the use of polysorbate to
improve solubility of the phenothiazine promethazine when used in injectable
formulations. Therefore, it is possible that some chemical interaction with
thioridazine is taking place and that interaction can impact on the use of this

substrate by the monocytes.
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Figure 4.2. Effect of TZin human THP-1monocytes in the presence of different
carbon and energy sources/nitrogen sources. Heat maps comparing substrate
utilisation by THP-1 monocytes (in the presence and absence of TZ) on plates PM-
M2. THP-1 monocytes were dispensed into PM panel M2 (20,000 cells per well) in
RPM1-1640 media lacking phenol red and glucose and these were supplemented
with FBS (5%) and reduced levels of glutamine (0.3 mM). Plates were incubated at
37°C, 5% CO:2 for 24 hours. After thisincubation, TZ and Biolog Redox dye Mix MA
were added to achieve 1x final concentration and incubated for additional 24 hours
at 37°C, 5% COz2. End point measurements were taken by measuring the reduction
of the dye, tetrazolium. This was done by measuringthe optical densityat 590nm.The
y-axes correspondto the substrates in the wells of the 96-well plates (PMM plates).
a-D-Glucose was use as a positive control. TZ; Thioridazine.
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As previously discussed, the presence of TZ does not seem to potentiate any
effecton the utilisation of carbon and energy sources compared with untreated THP-
1 monocytes (drug-free control). (Figures 4.3. and 4.4). However, itshould be noted
some differences in the biological replicates on PM-1, PM5-M7 butthose were not
significant. A third replicate would be is required to confirm these potential
differences.
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Figure 4.3. Effect of TZon human THP-1monocytesin the presence of different
carbon and energy sources/nitrogen sources. Heat maps for comparing
substrate utilisation by THP-1 monocytes (in the presence and absence of TZ) on
plates PM-M3. THP-1 monocytes were dispensed into PM panel M3 (20,000 cells
per well) in RPM1-1640 media lacking phenol red and glucose and these were
supplementedwith FBS (5%) and reduced levels of glutamine (0.3 mM). Plates were
incubated at37°C, 5% COz2 for 24 hours. After this incubation, TZ and Biolog Redox
dye Mix MA were added to achieve 1x final concentration and cells incubated for
additional 24 hours at 37°C, 5% CO2. End point measurements were taken by
measuring the reduction of the tetrazolium dye, tetrazolium. This was done by
measuring the optical density at 590nm.The y-axes correspond to the substrates in
the wells of the 96-well plates (PMM plates). a-D-Glucose was use as a positive

control. TZ; Thioridazine.
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Figure 4.4. Effect of TZon human THP-1monocytesin the presence of different
carbon and energy sources/nitrogen sources. Heat maps for comparing
substrate utilisation by THP-1 monocytes (in the presence and absence of TZ) on
plates PM-M4. THP-1 monocytes were dispensed into PM panel M4 (20,000 cells
per well) in RPM1-1640 media lacking phenol red and glucose; supplemented with
FBS (5%) andreduced levels of glutamine (0.3 mM). Plates were incubated at 37°C,
5% CO:z2 for 24 hours. After this incubation, TZ and Biolog Redox dye Mix MA were
added to achieve 1x final concentration and incubated for additional 24 hours at
37°C, 5% CO2. End pointmeasurements were taken by measuring the reduction of
the dye, tetrazolium. This was done by measuring the optical density at 590nm.The
y-axes correspondto the substrates in the wells of the 96-well plates (PMM plates).
a-D-Glucose was used as a positive control. TZ; Thioridazine.
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Regarding the use of differentions by THP-1 monocytes when these are in
the presence of TZ, no significantdifferences were obtained (Figure 4.5).
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Figure 4.5. Effect of TZ on the metabolism of human THP-1 monocytes

in the presence of different ions. Heat maps for comparing substrate utilisation by
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THP-1 monocytes (in the presence and absence of TZ) on plates PM-M5. THP-1
monocytes were dispensed into PM panel M5 (20, 000 cells per well) in RPMI-1640
media lacking phenol red and glucose and incubated with TZ at 37°C, 5% COz2 for
24 hours. Biolog Redox dye Mix A was then added to the plates to achieve 1x final
concentration. Tetrazolium reduction was measured after an additional 24 hours.
End point measurements were taken by measuring the reduction of the dye,
tetrazolium. This was done by measuring the optical density at 590nm. The y-axes
correspond to the substrates in the wells of the 96-well plates (PMM plates). The
results presented correspond to the average of two independentexperiments. TZ;

Thioridazine.
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Thioridazine seems to interfere slightly with the use of creatine, progesterone
and beta-estradiol by THP-1 monocytes (Figure 4.6). Creatine is an organic
compound foundin vertebrates and known to facilitate recycling of ATP, mainlyin
the muscles and brain tissue. This “recycling” process can be achieved by
conversion of ADP into ATP via donation of phosphate groups (Bredahl et al.,
2021)(Bredahl et al., 2021). Based on the in vitro results from the previous chapter,
TZ interferes with the production of ATP in Salmonella, therefore this result would
not be totally surprising, even if in eukaryotic cells. However, it should be kept in
mind that this effectis concentration dependent, so concentrations of TZ that affect
human monocytes may be quite differentfrom the ones that are required in vitro to
impact on Salmonella. Regarding progesterone, this hormone regulates the growth
and development of human tissues, including the reproductive system and breasts.
Receptors for this hormone are important indicators for the clinical prognosis of
breast cancer as well as other various reproductive cancers. Several studies have
reported the selective activity of TZ againsttumour cells, namely, inhibition of human
breast cancer proliferation (Strobl et al., 1990; Sachlos et al., 2012).

B-estradiol, more especifically 17 B-estradiol has a direct role in the
modulation of monocyte and macrophage immune function. 3-estradiol signals are
transduced through estrogen receptors (Murphy et al., 2009). We cannotdisregard
that TZ has the ability to interfere with some of these hormones and its receptors.
That was also observed with the metabolism of glucagon, a peptide hormone thatis
produced by alpha cells of the pancreas (Figure 4.7). However, for these

observations to be confirmed, additional replicates would have to be performed to
ensure significance of these results.
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Figure 4.6. Effect of TZ on the metabolism of hormones and metabolic
effectors by human THP-1 monocytes. Heat maps for comparing substrate
utilisation by THP-1 monocytes (in the presence and absence of TZ) on plates PM-
M6. THP-1 monocytes were dispensed into PM panel M6 (20, 000 cells per well)in
RPMI-1640 media lacking phenol red and glucose and incubated with TZ at 37°C,
5% CO:z2 for 24 hours. Biolog Redox dye Mix A was then added to achieve 1x final
concentration. Tetrazolium reduction was measured after an additional 24 hours.
End point measurements were taken by measuring the reduction of the dye,
tetrazolium. This was done by measuring optical density values at 590nm. The y-axes
correspond to the substrates in the wells of the 96-well plates (PMM plates). The

results presented correspond to the average of two independentexperiments. TZ;
Thioridazine.
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In the presence of TZ, there were slight differences (not significant) on the
metabolism of the THP-1 monocytes in the presence of the interleukins, IL-2, 1I-6
and IL-8 (Figure 4.7). IL-2 is secreted by T-cells and it able to induce monocyte
functions, including tumor cytotoxicity, H202 production, and release of tumour
necrosis factor alpha and IL-1 beta (Scheibenbogen et al., 1992). It is known that
human monocytes, when activated with LPS, exhibited rapid expression of mRNA
for IL-1 beta, TNF-alpha, and IL-8, which is usually followed by IL-6 (Agarwal et al.,
1995). Therefore, these cytokines are important markers of infection. When
assessingthe potential of using TZ on human monocytesitisimportant to guarantee
that the compound does not interfere with the normal production of cytokines by
these cells. That doesn’tseem to be the case, but more replicates would have to be
performed to fully supportthis statement.
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Figure 4.7. Effect of TZ on the metabolism of human THP-1 monocytes
in the presence of hormones and metabolic effectors. Heat maps for comparing
substrate utilisation by THP-1 monocytes (in the presence and absence of TZ) on
plates PM-M7. THP-1 monocytes were dispensed into PM panel M7 (20, 000 cells
per well) in RPMI-1640 media lacking phenolred and glucose and incubated with TZ
at 37°C, 5% CO:2 for 24 hours. Biolog Redox dye Mix A was then added to achieve
1x final concentration. Tetrazolium reduction was measured after an additional 24
hours. End point measurements were taken by measuring the reduction of the dye,
tetrazolium. This was done by measuring the optical density at 590nm. The y-axes
correspond to the substrate in the wells of the 96-well plates (PMM plates). The

results presented correspond to the average of two independentexperiments. TZ;
Thioridazine.
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In the presence of TZ, a small increase in the reduction of tetrazolium was
observed for adenosine (Figure 4.8). This result as previously discussed can be
concordant with previous in vitro data where TZ was shown to interfere with the
production of ATP. However, this difference was not significant. All together, these
results indicate that TZ does not appear to alter the metabolism of uninfected THP -
1 monocytes.
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Figure 4.8. Effect of TZ on the metabolism of human THP-1 monocytes
in the presence of hormones and metabolic effectors. Heat maps for comparing
substrate utilisation by THP-1 monocytes (in the presence and absence of TZ) on
plates PM-M8. THP-1 monocytes were dispensed into PM panel M8 (20, 000 cells
per well) in RPMI-1640 medialacking phenolred and glucose and incubated with TZ
at 37°C, 5% CO:2 for 24 hours. Biolog Redox dye Mix A was then added to achieve
1x final concentration. Tetrazolium reduction was measured after an additional 24
hours. End point measurements were taken by measuring the reduction of the
tetrazolium dye. This was done by measuring the optical density at 590nm. The y-
axes correspond to the substrate in the wells of the 96-well plates (PMM plates). TZ;
Thioridazine.
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4.3.3. Effect of TZ on the production of cytokines by uninfected THP-1
macrophages
As shown in section 4.3.4, no major differences were observed on the
metabolism of THP-1 monocytes when these cells were exposed to TZ compared
with unexposed THP-1 monocytes. Monocytes migrate from the bloodstream into
tissues in response to inflammation, differentiating into macrophages. Macrophages
are considered professional phagocytes, which engulf pathogens invading th e body
(Hirayama, lida & Nakase, 2018). Besides being a phagocytic cell, macrophages
release cytokines and chemokines as a major component of the innate immune
response in response to danger signals or pathogens (Hume, 2006).

To furtherinvestigate if TZ had any effect on the immune response produced
by the phagocytic cells, the cytokine response of uninfected, differentiated THP-1

monocytes (“THP-1 macrophages”) was assessed in the presence of TZ (1 pg/mL).

TZ-treated THP-1 macrophages were compared with cells stimulated with
IFN-y and LPS (positive control) and untreated, i.e. resting-state macrophages.
Based on the previous results obtained on the phenotypic MicroArrays™ plates, the
secretion of a range of Interleukins (IL), (IL-1pB, -6, -8, -10, -12 and tumour necrosis
factor (TNF)-a) by THP-1 macrophages were tested at different time-points by
ELISA. Macrophages exposed to IFN-y or LPS were also individually tested.
However, for simplicity and since in the presence of IFN-y or LPS no significant
differences were obtained, these were notincluded in the figures. As expected, non-
activated THP-1 macrophages showed no secretion of any of the cytokines
measured. These results were expected since there were no stimuli to activate the
macrophages and produce an immune response to protect the host. When IFN- y
and LPS are present, a significantincrease in secretion of IL-18, IL-6, IL-8 and TNF-
a was observed (Figure 4.9 and Figure 4.10). IL-13 secretion was significantly
increased at 2, 4 and 24h. IL-6 and IL-8 showed a significantincrease at 48 h and
TNF-a at 24h and 48h.

Asseenin Figures 4.9 and 4.10,when TZ was added to THP-1 macrophages,
no cytokine response was obtained at differenttimepoints (1, 2, 4, 24, and 48 hours)
except for IL-8 and TNF- a. A significant decrease in IL-8 (644.794 pg/mL) was
observed at 48h of exposure when compared with THP-1 macrophages with no
stimuli (798.869 pg/mL). At 2h of exposure, TNF-a had a significantdecreased (1.33
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pg/mL) compared with the THP-1 macrophages with no stimuli (2.83 pg/mL).
Regarding TNF-a, no significantchanges were observed throughoutthe rest of the
timepoints measured. This is concordant with what was observed for THP-1
monocytes in the Biolog phenotype MicroArrays™ (section 4.3.2), where only a
small increase in TNF-abut this difference was not significant.

These results indicate that, in general, TZ does not affect general
immunological responses in THP-1 macrophages; therefore, further studies

examining bacterial survival in infected THP-1 macrophages were pursued.
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Figure 4.9. TZdoes not induce a cytokine response in THP-1 macrophages.
Differentiated macrophages were incubated with TZ (1 pg/mL), IFN-y + LPS (100
ng/mL + 50 ng/mL, respectively) for 1, 2, 4, 24 and 48 hours at 37°C, 5% COz2.
Levels of (A) IL-1B, (B) IL-6, (C) IL-8 in the supernatants of cultures of uninfected
THP-1 macrophages treated with TZ were measured by ELISA. The results
presented correspond to the average of three independent assays + standard
deviation (SD); IFN, interferon; IL, interleukins; LPS, Lipopolysaccharides; M¢,
Macrophages MO; TZ, Thioridazine. * and ** indicate P < 0.05 and P < 0.01,

respectively (two-way ANOVA multiple comparisons, comparing with M¢ (control)).
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Figure 4.10. TZ does not induce a cytokine response in human THP-1
macrophages. Differentiated macrophages were incubated with TZ 1 pg/mL, IFN-y
+ LPS (100 ng/mL + 50 ng/mL, respectively) for 1, 2, 4, 24 and 48 hours at 37°C,
5% CO:z. Levelsof (A) IL-10, (B) IL-12, (C) TNF-a in the supernatants of cultures of
uninfected THP-1 macrophages treated with TZ, were measured by ELISA. The
results presented correspond to the average of three independentassays + standard
deviation (SD); IFN, interferon; IL, interleukins; LPS, Lipopolysaccharides; M¢,
Macrophages MO; TNF, tumour necrosis factor; TZ, Thioridazine. *and *** indicates
P < 0.05 and P < 0.001, respectively (two-way ANOVA multiple comparisons,
comparing with M¢ (control)).
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4.3.4. Effect of TZon the apoptosis of human macrophages

Previous results in Chapter 3 (section 3.3.13) demonstrated that TZ had no
effect on the viability of monocytes at concentrations below 5 pg/mL. While cell
viability assays such as 3-(4,5-dimethylthiazol-2-yl)-5-(3-caarboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) provide a readout of the overall
health of cells in a sample through measurement of metabolic activity, they do not
distinguish between healthy, dividing cells and non-dividing cells, that may be
undergoing cell death, e.g. via apoptosis. Apoptosis is a form of programmed cell
death which is necessary to ensure that healthy cells maintain proper growth,
development, and homeostasis. Apoptosis can also occur in response to cellular

stress. Apoptosis markers can also be used to assess and confirm cell viability.

To confirm that TZ did not contribute to THP-1 macrophages apoptosis, the
activity of caspase-3/7 was examined in THP-1 macrophages in the presence or
absenceof TZ (1 pg/mL) and IFN-y (100 ng/mL) plusLPS (50 ng/mL; positive control
for macrophage activation). Caspases are enzymes that are typically inactive
zymogens which when activated initiate apoptosis. Therefore, detection of activated
caspase-3 and -7 is considered a reliable marker for cells undergoing apoptosis
(Mcllwain, Berger & Mak, 2013).

As shown in Figure 4.11, addition of TZ (1 pg/mL) to THP-1 macrophages
had no effect on activation of caspases-3/7. This result correlates with the cell
viability assay performed in Chapter 3 (section 3.3.13 - Figure 3.16) with THP-1

monocytes and whereno decrease in cell viability was obtained in the presence of
TZ, at the same concentration.
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M +TZ1pugimL +IFN- +LPS

Figure 4.11. TZ does not induce apoptosis in THP-1 macrophages. Caspase-
3/7 activity was measured using FluoFire Caspase-3/7 fluorescent assay. The
results presented correspond to the average of two independentassays + standard
deviation (SD); M¢, Macrophages MO; TZ, Thioridazine; IFN, interferon; LPS,

Lipopolysaccharides.
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4.3.5. Effect of TZon the intracellular survival of Salmonella in infected THP-
1 macrophages

To assess the effect of TZ on the intracellular survival of Salmonella
phagocytosed by human macrophages, infection assays were conducted in THP-1
macrophages (PMA 20 ng/ml, 5 days) accordingto the same protocol used by (Starr
et al., 2018).Prior to commencing experiments, the MIC of TZ against Salmonella
was determined using RPMI-1640 media (Table 4.2), to verify that the different
media did notimpact on the MIC of TZ. No differencein MIC value was observed.
Additionally, potential synergy between TZ and gentamicin (used in the infection
assay to kill extracellular bacteria) was evaluated to guarantee that any reduction in
recoverable CFUs following TZ treatment was not due to synergy between TZ and
gentamicin. The MIC values obtained indicated no synergy between the two

compounds (Table 4.3).

Table 4.3. Antibacterial activity of Gentamicin and TZin different media assays

and synergistic effects

MIC (pg/mL)
Assay media Gentamicin TZ Gent. (+TZ)
LB Miller Broth 3.125 200 3.125
RPMI 1640 — Glutamax 3.125 200 3.125

Legend: LB, Lysogeny broth; MIC, minimum inhibitory concentration; TZ,

Thioridazine.

THP-1 macrophages were initially infected with ~2.2x106 CFU/mL (~6 log)
Salmonella, after macrophage uptake and Gentamicin treatment, approximately ~4
log was recovered, as shown at Figure 4.12 at 1.5 h p.i.. THP-1 macrophages were
exposed to TZ for a period of 1, 3, 6, 8 and 20 hours (correspondingto 1.5, 2.5, 7.5,
9.5 and 21.5 hours p.i.). Upon treatment of Salmonella-infected macrophages with

TZ (0.5, 1 and 2 pg/mL), a concentration dependenteffect was observed (Figure
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4.12). In the presence of the three concentrations of TZ, there was a significant
decrease in the viability of the internalised Salmonella treated with 1 and 2 pg/mL
TZ compared with the control sample (untreated infected THP-1 macrophages). This
falls in line with the previous in vitro results (Chapter 3), where a concentration
dependent effect was observed too. When infected THP-1 macrophages were
treated with 0.5 pg/mL of TZ and throughoutthe infection assay, no replication of
Salmonella was observed. The log CFU for this concentration is ~4 Log through the

experiment assay.

Log CFU/mL

0 ] ] 1 I I ]
1.5 25 4.5 7.5 9.5 215

Time p.i. (h)

—+— Untreated +TZ 0.5 ng/mL —=— +TZ1 pg/mL - +TZ2 pg/mL

Figure 4.12. Concentration dependenteffect of TZon replication of Salmonella
in THP-1 macrophages. Salmonella-infected THP-1 macrophages were exposed
to differentconcentrationsof TZ (0.5, 1 and 2 pg/mL). TZ was added at 1.5 hours
p.i. (after bacterial uptake - gentamicin treatment for one hour at 100 pg/mL) and
maintained throughout the remainder of the assay. The results correspond to the
average of 3 independent experiments + standard deviation (SD). Untreated
corresponds to Salmonella-infected macrophages drug-free; p.i., post infection; TZ,
Thioridazine;*and ** indicates P < 0.05 and P < 0.01, respectively (two-way ANOVA

multiple comparisons, comparing with untreated (control)).
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Salmonella-infected THP-1 macrophages were treated with 1 pg/mL [2.5 uM
(100 times lower than the active in vitro concentration previously determined 100
pug/mL)] of TZ. As shown in Figure 4.13., following 2.5 hours p.i. (corresponding to
1 hour of exposure of the macrophagesto TZ) a significantdecrease in intracellular
bacteria was observed when compared with untreated, infected macrophages (~ Log
2 reduction in CFU/mL). Throughout the time-course of Salmonella infection,
exposure of the human macrophages to TZ resulted in a significant decrease in

recoverable intracellular bacteria compared with untreated infected macrophages.
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—— Untreated - +TZ1 ug/mL

Figure 4.13. Activity of TZ against Salmonella-infected THP-1 macrophages.
Effect of TZ (1 pg/mL) on the intracellular survival of Salmonella Typhimurium
phagocytosed by human macrophages. THP-1 monocytes were differentiated with
PMA (20 ng/mL) for 5 days. TZ was added at 1.5h (after bacterial uptake- gentamicin
treatment for one hourat 100 pug/mL) to final concentrations of 1 pg/mL and maintain
throughoutthe remainder of the experimental assay. The results correspond to the
average of eight independent experiments + standard deviation (SD); p.i., post
infection; TZ, Thioridazine; ** and *** indicates P < 0.001 and P < 0.0001,
respectively (two-way ANOVA multiple comparisons, comparing with untreated

(control)).
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4.3.6. Effect of TZ on the production of nitric oxide by Salmonella-infected
THP-1 macrophages

Macrophages have an important role in the first line of defence of innate
immunity, in which they phagocytose pathogens and produce microbicidal
molecules, which kill the internalised pathogen. One such molecule is Nitric Oxide
(NO). To assess whether the observed reduction in intracellular survival of
Salmonella in THP-1 macrophages in the presence of TZ could be linked with
enhanced killing activity of the macrophage, the accumulation of nitrite (NO2),
resulting from the response to Salmonellainfection, was measured. Supernatants
from THP-1 macrophage cultures infected with Salmonella (with or without TZ
treatment) were collected and nitrite production assessed. As shown in Figure 4.14,
the concentration of NO2" produced and secreted into the culture supernatantin the
presence of TZ was low (<0.8 pM). A similar result was seen in untreated THP-1
macrophages and macrophages activated with IFN-y+ LPS over the full time-course
of the assay. These results would suggest that TZ has no effect on nitric oxide

production during Salmonella-infected THP-1 macrophages.
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Figure 4.14. Effect of TZ in the production of nitrite (NO2) by Salmonella-
infected THP-1 macrophages. Nitrite concentrations were determined in the
supernatants of Salmonella-infected THP-1 macrophages treated and untreated with
TZ (1 pg/mL); uninfected macrophages activated with IFN-y (100 ng/mL) and LPS
(50 ng/mL) and uninfected macrophages. The concentration of NO2" was assessed
by the Griess method after 2.5, 4.5, 7.5, 9.5, and 21.5 hours post-infection. The
results correspond to the average of 3 independent experiments = standard
deviation (SD). M¢, Macrophages (control); p.i., post-infection; TZ, thioridazine; IFN-

Y, Interferon-gamma; LPS, lipopolysaccharides.
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4.3.7. Effect of VER and LOX on infected human macrophages

It has previously been reported that enhanced killing activity of human
macrophages upon exposure to TZ may be linked with TZ’s ability to interfere with
Ca?* signalling (Martins, Viveiros & Amaral, 2008; Martins et al., 2009; Machado et
al., 2016). Thus, it is possible that the observed reduction in the log CFU from
Salmonellarecovered from TZ-treated THP-1 macrophagesis linked to TZ-inducing
alterations in the Ca?* signalling of the infected cells. To explore this hypothesis, a
known Ca?* channel blocker, VER, was employed to determine the effect of altered
Ca?* signalling on Salmonella replication in THP-1 macrophages. Additionally, to
evaluate whether other anti-psychotic drugs, similar to TZ, could enhance the

macrophage killing activity, LOX was tested underthe same conditions.

VER demonstrates antibacterial activity against Salmonella at considerably
higherconcentrationsthan those obtainedfor TZ (2500 pg/mL vs. 200 pg/mL: Table
4.1). LOX showed activity against Salmonella at concentrations comparable to that
of TZ (400 pg/mL vs. 200 pug/mL). Before commencing cell infection assays, viability
assays were conducted to ensure that these concentrations of VER and LOX would
not be toxic to host cells. As shown in Figure 4.15.A, VER significantly affected cell
viability of THP-1 monocytes at a concentration of 160 pg/mL (89.7% reduction in
cell viability). At half this concentration (80 pug/mL), a decrease of ~21.5% in cell
viability was observed. At higher concentrations of LOX (50, 100, 200 pg/mL), a
significantdecrease in cell viability was observed. (295%; Figure 4.15.B). However,
a decrease in cell viability of ~20% was observed at a LOX concentration of 25
pug/mL. Based on these results, concentrations of 80 ug/mL (162 uM) and 25 pg/mL
(56 uM) for VER and LOX, respectively, were tested against Salmonella-infected
THP-1 macrophages. In the presence of both VER and LOX, replication of
intracellular Salmonella Typhimurium was significantly impaired compared with
untreated infected macrophages (Figure 4.15.C and D). LOX appears to have a
more significant effect compared to VER throughoutthe time-course of the assay.
Comparing the effect of the three compounds (TZ, VER and LOX) against
intracellular Salmonella, TZ (Figure 4.15) was the compound that showed a more
pronounced effecton the viability of the internalised bacteria. The concentration of
TZ neededto reduce intracellular Salmonella (1 pg/mL = 2.45 uM) was lower than
that used for either VER or LOX.
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Together, these results show that TZ, VER and LOX promote a significant
decrease in the intracellular survival of Salmonella in infected macrophage.
Furthermore, this effect on the infected macrophage took place at clinically relevant

concentrations. Addingtothis, these compounds also exhibited low toxicity in human

macrophages.
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Figure 4.15. Effect of the Ca?* channel blocker VER and the antipsychotic LOX
in THP-1 infected macrophages. (A) Cytotoxicity of VER and (B) LOX in human
THP-1 monocytes (C) Effectof VER and LOX (D) on killing of intracellular Salmonella
in THP-1 macrophages. Cellviabilitywas assessed usingthe MTS cell viability assay
for 24 hours (A and B). Results correspond to the average of 3 independent
experiments = standard deviation (SD). Intracellular survival results (C and D)
correspond to the average of 4 independentexperimentsfor VER and 3 independent
experiments for LOX £ SD. “Untreated” corresponds to Salmonella-infected THP-1
macrophages in drug-free conditions; THP-1, human monocytic cell line; p.i., post
infection;LOX, Loxapine;VER, Verapamil; *, **, *** indicates P < 0.05, P < 0.01 and
P < 0.0001, respectively (one-way ANOVA, comparing with untreated).
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4.3.8. Effect of TZ on the production of cytokines by Salmonella- infected
THP-1 macrophages
Human macrophages produce a range of cytokines in response to bacterial
infection. Assessment of cytokine production following exposure of differentiated
THP-1 macrophages to TZ (24h, 1 pg/mL; Section 4.3.3) revealed no significant
alterations to cytokine levels, suggesting that TZ itself does not stimulate cytokine
production.

To examine whether exposure of Salmonella-infected macrophages to TZ
elicited alterations in cytokine production, the profile of secreted cytokines in the
culture of supernatants of infected THP-1 macrophages was examined. In parallel,
the effect of VER on cytokine production was also measured. Cell culture
supernatants were collected at the end of the infection assay (21.5 hours p.i). The in
vitro assay is a closed system (24-well plate), and later time points were chosen to
allowfor a more accurate measurement of differences between the conditionstested
(untreated and treated with compounds). Untreated THP-1 macrophages and
macrophages stimulated with LPS and INF-y were used as negative and positive
controls, respectively.

The range of cytokines measured was IL-1f3, IL-6, IL-8, IL-10, IL-12 and TNF-
a (Table4.4).

Table 4.4.4. Summary of cytokines tested and their main characteristics.

Cytokine Tested

IL-1B Potent pro-inflammatory cytokine secreted by activated macrophages in response
to the presence of LPS.

IL-6 Anti- and pro-inflammatory molecule and it is secreted by macrophages upon
recognition of LPS to stimulate an immune response.

IL-8 (CXCLS8) Chemokine secreted by macrophages and other cell types. It functions as a
chemotactic factor, guiding neutrophils to the site of infection and inflammation.

IL-10 Anti-inflammatory cytokine with a pleiotropic effect, playing a crucial role in
infection by limiting the immune response to pathogens and thereby preventing
damage to the host.

IL-12 Induced subsequent to intracellular infection and has been shown to have a role
in clearing Salmonella infections.

TNF-a Multifunctional, pro-inflammatory cytokine mainly secreted by macrophages and
involved in systemic infection.

Legend. IL, Interleukins; CXCL, C-X-C motif chemokine; TNF, Tumour necrosis factor; LPS,
Lipopolysaccharide. Adapted from (Kincy-Cain, Clements & Bost, 1996; Lopez-Castejon &
Brough, 2011; Arango Duque & Descoteaux, 2014).
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Comparing untreated, infected THP-1 macrophages with TZ and VER treated
Salmonella-infected THP-1 macrophages, no significant changes were observed
(Figures 4.16 and 4.17). A slightincrease in the secretion of IL-1 was seen upon
treatment with TZ and VER (Figure 4.16), 205.7 and 170.4 pg/mL respectively, in
comparison with the 152.21 pg/mL obtained from untreated Salmonella-infected
THP-1 macrophages; however, this increase was not significant. Lower levels of IL-
6 were detected for both TZ- and VER-treated infected THP-1 macrophages (Figure
4.16), but this was not significant.

As shown in Figure 4.17, secretion of IL-10, IL-12 and TNF-a was similar
between untreated andtreated infected macrophages. As expected, the presence of
LPS and IFN-y (positive control) resulted in secretion of all cytokines tested
compared with the uninfected and non-activated macrophages (negative control)
(Figure 4.16 and 4.17).

Altogether, the results suggest that the mechanism by which TZ impacts
intracellular survival of S. Typhimurium does not involve an immunomodulatory

effect on the macrophage.

173



Chapter4

400+

300- T T

200+

IL-1p (pg/mL)

100

1 1 1 1
Mo My +LPS+IFNy M¢+ST My+ST+TZ M¢+ ST+ VER
150

100+

IL-6 (pg/mL)

50—

—— —
1 1 1 1
Mo M¢+ LPS +IFNy Mg+ ST M¢+ ST + TZ M¢+ ST + VER

3000-

N
o
[=
o
1

IL-8 (pg/mL)

-
[=]
[=)
[=]
1

0 1 1 1 1 1
Mo M¢+LPS +IFNy Mo+ ST M¢+ ST+ TZ Mg+ ST + VER

Figure 4.16. Effect of TZ on cytokine secretion by Salmonella-infected
macrophages in cell culture supernatants.

Cell culture supernatants from infections assays were collected at 21.5 hours
p.i.. Levels of IL-1B, IL-6, IL-8 in the supernatants of cultures of infected
macrophages untreated and treated with TZ and VER were measured by ELISA. M¢
and stimulation with LPS plus IFN-y were used as internal controls. Results
correspond to the average of three independentassays + standard deviation (SD);
IFN, interferon; IL, interleukins; LPS, Lipopolysaccharides; M$, Macrophages MO;
ST, Salmonella Typhimurium; TZ, Thioridazine. two-way ANOVA multiple

comparisons, comparing with M¢ + ST, no significant statistic determined.
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Figure 4.17. Effect of TZ on cytokine secretion by Salmonella-infected
macrophages in cell culture supernatants.

Cell culture supernatants frominfections assays were collected at 21.5 hours
p.i.. Levels of IL-10, IL-12p40, TNF-a in the supernatants of cultures of infected
macrophages untreated and treated with TZ and VER were measured by ELISA. M¢
and stimulation with LPS plus IFN-y were used as internal controls. Results
correspond to the average of three independentassays + standard deviation (SD);
TNF, Tumor necrosis factor; IFN, interferon; IL, interleukins; LPS,
Lipopolysaccharides; M¢, Macrophages MO; ST, Salmonella Typhimurium; TZ,
Thioridazine. two-way ANOVA multiple comparisons, comparing with M¢ + ST, no

significant statistic determined.
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4.3.9. Effect of TZ on intracellular calcium levels of Salmonella - infected
macrophages

As mentioned previously, one of the hypotheses posed for the mechanism of

action of TZ on macrophages is the potential inhibition of calcium channels on
infected macrophages.

To evaluate the effect of TZ on the Ca?* levels of Salmonella-infected
macrophages, VER, a well known calcium channel blocker, was used in parallel.

Macrophages and macrophages stimulated with IFN-y plus LPS were used as
internal controls for this assay.

As observed in Figure 4.18, THP-1 macrophages stimulated with IFN-y plus
LPS and Salmonella-infected THP-1 showed similar relative fluorescence values
(RFU), 830.17 and 852.83, respectively. Upon treatment with the calcium channel
blocker VER, the intracellular levels of calcium significantly decreased (467.5 RFU)
in comparison with the untreated Salmonella-infected THP-1 macrophages. A similar
effectto VER was observed on TZ treated infected THP-1 macrophages (577 RFU)
compared with the untreated infected THP-1 macrophages.

The results of this assay confirm that TZ interferes with calcium on infected
THP-1 macrophages, namely by decreasing the calcium levels. This effect was
significantly different (P<0.05) from Salmonella-infected macrophage. Phagocytosis
of bacteria by macrophage is a complex, physiological process critical for defence
against pathogens and consequently forinnate immunity. The common unfolding of
phagocytosis includes pathogens recognition by specific receptors, actin
cytoskeleton rearrangement, and protein clusteringleading to particle internalisation.
Calciumand sodiumions are known to play an important role in the different steps
of phagocytosisincluding acidification of phagolysosomes. A localised cytosolic Ca?*
gradientis required to generate the signals necessary for phagocytosis mediated by
specific receptors (Fcy).Therefore, compounds such as TZ and VER that are able to
interfere with the levels of calcium may be able to trigger important signals for

phagosome and lysosome maturation.
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Figure 4.18. Effect of TZ on the level of intracellular Ca?* on Salmonella-
infected macrophages. Intracellular Ca?* was measured by fluorescence using a
membrane-permeable calcium indicator, Cal-520™ on TZ and VER untreated and
treated infected macrophages at 21.5 hour p.i.. The results presented correspond to
the average of three independent assays * standard deviation (SD); M¢,
Macrophages MO, IFN, interferon; LPS, lipopolysaccharides; STm, Salmonella
Typhimurium, TZ, thioridazine; VER, verapamil. * indicate P< 0.05 (one-way
ANOVA, comparingto M¢ + STm (control)).
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4.4, Discussion

Traditionally, bacterial infections have been controlled by antibiotics since the
so-called “Golden Age”. Although antibiotics contributed to a reduction in the global
burden of bacterial infections,in the backgroundthey also triggered a higherburden,
the development of AMR. To tackle the increasing emergence of AMR, alternative
approaches need to be designed and explored with the objective of overcoming this
global health issue. A major concern linked with AMR is the continuing number of
infections that are difficultto treat and caused by intracellular bacteria. Pathogens
such as Salmonella spp. and M. tuberculosis have evolved and adapted to host
immune cells. Both reside within a host vacuole, which they modify to create a
favourable intracellular niche that promotes pathogen survival and replication.
Furthermore, both pathogens can interfere with trafficking within host cells, directing

essential nutrients to these modified vacuoles (Singh etal., 2003; Liss et al., 2017).

In this chapter, studies were conducted to investigate the effect of TZ on
human monocytes and macrophages uninfected and subsequently infected with
Salmonella. Due to the results obtained from the infection assays, the role of TZ on
the survival of intracellular Salmonella within macrophages was investigated further
in order to understand the possible mechanism by which TZ impacts viability or
replication of intracellular Salmonella. It has been previously shown that
phenothiazines can be concentrated by organs or tissues with high populations of
macrophages. This concentration can achieve levels that are clinically significant
(0.5 mg/L — 1 mg/L) (Ordway et al., 2003). Within cells that are rich in lysosomes,
e.g. macrophages, these organelles play a significant role in the concentration of
phenothiazines. In infected macrophages, where the intracellular bacterium is
residing within a phagosome, fusion of phenothiazine-loaded lysosomes with this
compartment can serve to concentrate the phenothiazine, creating conditions by
which the phagocytosedbacteria is exposed to a concentration of the compoundthat

is at least equal to that required for its in vitro killing activity.

In Chapter 3 — section 3.3.13, itwas determined that, at 1 pg/mL, TZ had no
effect on the cell viability of THP-1 monocytes. Thus, this was the concentration
selected for ex-vivo studies since it corresponds to the sub-MIC determined in vitro.
Firstly, it was investigated whether TZ had any effect on uninfected THP-1

monocytes and macrophages, potentially triggering an immune response that could
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interfere or influence the intracellular survival of Salmonellaupon exposure to TZ.
When TZ is administrated in long-term psychosis treatment, side effects are obtained
(Harrigan et al., 2004) and this has put TZ aside to be considered as a potential
antimicrobial. However we must keep in mind that if TZ was to be used as an
antimicrobial, shorter courses of treatment are needed, thus lower toxicity, therefore
TZ could be taken into consideration for these cases. In the case of drug
repurposing, a potential candidate drug has already been subjected to safety and
toxicological evaluation forthe original indication. Hence, a demonstration of efficacy
for the new indication could be assessed in a cell model system (Farha & Brown,
2019). When monocytes were exposed to clinically relevant concentrations of TZ (1
png/mL) no alterations on the basal metabolism of the cells were obtained. This is a
very interesting result as in some cases, antipsychotic drugs have been linked with
dysregulated peripheral metabolism and increase of hormone production such as
glucagon and leptin associated with metabolic dysfunction (Goncalves, Aradjo &
Martel, 2015).

Since no effect of TZ was observed per se in these cells, monocytes were
then differentiated to macrophages and further studies were carried to validate the
potential use of TZ in vitro as antimicrobial to treat intracellular bacteria. Cytokine
levels and caspases markers were evaluated. As expected, no cytokine response
was obtained when exposing THP-1 macrophages to TZ on a non-infection setting.
Furthermore, no apoptotic markers on THP-1 macrophages were detected after 24
hours of exposure to TZ. These are quite promising results showing that TZ can be

safely used for the treatment of intracellularinfections.

Phenothiazines, especially TZ, have been reported to enhance the killing
activity of macrophages infected with M. tuberculosis (Amaral, Martins & Viveiros,
2007; Machado et al., 2016) and S. aureus (Ordway et al., 2002a; Martins et al.,
2004). Here, it was demonstrated that TZ has a concentration dependent effect on
the survival and replication of intracellular Salmonella within macrophages. At sub-
MIC concentrations, a significantreduction on Salmonella survival was observed at
all timepoints sampled duringthe infection assay. At the end of the assay, ~ 5.4 log10
CFU/mL were recovered from untreated- infected THP-1 macrophages while only
2.8 logio CFU/mL were recovered after treatment with TZ 1 ug/mL. However, the

question remains. How does TZ enhances the killing of intracellular pathogens?
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Also, is this effect specificto TZ or could other compounds of the same class also
present a similar effectin infected macrophages?

Previous work from the lab conducted with infected macrophages indicated
that TZ can potentially interfere and have an effect on the flux of Ca?*, however this
was never confirmed by measuring the levels of calcium in Salmonella infected
macrophages treated with TZ. To confirmthe hypothesis the intracellular Ca?* levels
of the infected macrophage were quantified. One additional compound was
introduced on subsequent assays, VER, a well-known L-type voltage-gated Ca?*
channel (VGCC) blocker with demonstrated ability in reducing intracellular survival
of M. tuberculosis (Gupta et al., 2009, 2013; Adams, Szumowski & Ramakrishnan,
2014; Machado et al., 2016).

Another antipsychotic drug (LOX) was used to clarify if this effect was only
dueto TZ or if other drugs from this class (antipsychotics) could also have this same
effect on reducing intracellular bacterial survival. There is no clear evidence in the
literature regarding its possible accumulation on macrophages at the same level as
TZ or its specific mode of action on infected macrophages. When tested on
Salmonella-infected THP-1 macrophages, these two compounds, VER and LOX,
lead to a significantdecrease in the intracellular bacterial load at concentrations that
don’t interfere with macrophage viability. However, the concentrations used,
especially for VER, were quite differentfrom TZ, as a much higheramount of VER
(162 uM) and LOX (56 pM) was needed comparing TZ (2.45 uM).

As TZ treatment significantly decreased Salmonella survival inside
macrophages, investigating the possible mechanism by which TZ exerts its effectin
infected cells was studied further. Possible mechanisms include: i) alterations of the
levels of nitric oxide; ii) immunomodulatory effects on immune response namely on

the secretion of cytokines andiii) alteration of the intracellular levels of Ca2*.

When investigating whether TZ affected the production of nitric oxide, a low
production of nitrite in all conditions tested was obtained, including in the
supernatants of macrophages previously stimulated with IFN-y and LPS. This
stimulus (IFN-y and LPS) was added to THP-1 macrophages as a positive control
for activation of these cells. Human macrophages are not robust NO producers in

vitro as compared to mouse cell line and thisis observed here in the study. A Study
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by Gross et al, concluded that, contrary to murine macrophages, human
macrophages produce little detectable inducible NOS (iNOS) and NO in response to
inflammatory stimuli due to epigenetic regulation around the nitric oxide synthase
(NOS) - 2 transcription start site (Gross et al., 2014). Ozleyen et al. reported that
macrophage-like THP-1 released 0.30 £ 0.10 uM of NO in the culture medium and
the level of NO was found almost identical (0.35 + 0.01 uM) in the medium of LPS-
treated cells. Differentconcentrations (0.05, 1, and 10 pyg/mL) of LPS treatment were
tested in differentiated THP-1 cells, however, at even the highest concentration of
LPS, the amountof NO release was not significantly differentthan th e one detected
in the non-treated control group (Ozleyen, Yilmaz & Tumer, 2021). The results from
the study of Ozleyen et al. are concordantwith the results obtained in the present
chapter with THP-1 macrophages.

After measuring the levels of NO, the cytokine production by untreated and
treated Salmonella-infected THP-1 macrophage supernatants was also assessed
through ELISA. The cytokines tested in this study were IL-18, -6, -8, -10, -12 and
TNF-a (same cytokines tested previously in non-infected macrophages). It is known
that the response of macrophages to Salmonella infection involves secretion of
cytokines mainly IL-18, IL-8 (CXCLS8), IL-12, TNF-a (Vitiello et al., 2004; Hurley et
al., 2014; Lathrop et al., 2015; Starr et al., 2018). No significant differences were
detected between untreated and treated conditions with both compounds, TZ and
VER. A slight increase was observed for IL-1B and IL-8 in infected macrophages
treated with TZ and VER; however, this was not significant. This could be related
with the low intracellular bacteria recovered at this time post infection and after
treatment with both compounds (section 4.3.7) during the infection assays. These
results would suggest that the effect seen on Salmonella replication in THP-1
macrophages upon treatment with TZ is notdue to an immunomodulatory activity of
the compound on the infected THP-1 macrophages, therefore, not interfering with

the levels of cytokine production.

In M. tuberculosis-infected macrophages it has been postulated that TZ
presents a mediated inhibition of ion channels in infected macrophage (Amaral,
Martins & Viveiros, 2007; Machado et al., 2016). Some studies also report that TZ
has the ability to inhibit efflux pumps, not only in bacteria but also in human cells
(Amaral et al., 2010b, 2012b; Shen etal., 2017). Due to these characteristics, it has
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been reported that TZ inhibits Ca?*channels (Mousavizadeh, Ghafourifar & Sadeghi-
Nejad, 2002). This inhibition could also impact efflux of ions of the phagolysosomal
compartment. Studies by Martins et al., (Martins et al., 2006, 2009; Martins, Viveiros
& Amaral, 2008) have hypothesised on the possible activity of TZ on the efflux pumps
of macrophagesandits potential link to theinhibition of Ca2*channelson these same
cells. However, an experiment targeting Ca?* on the infected macrophages was
never conducted. In this study, the effect of TZ on the calcium flux of Salmonella-

infected macrophages was performed in order to clarify this question.

When Salmonella-infected macrophages were treated with TZ and VER, a
significantdecrease in intracellular calcium was obtained. It is important to refer that
this significant decrease in the intracellular calcium can be due to a possible
accumulation of Ca?* inside the phagolysosome. To the best of my knowledge, this
is the first study that measured Ca?* flux on Salmonella-infected macrophages that
were treated with TZ. It is known thatthe plasma membrane of macrophagesis rich
inion channelsthattransport Ca?* and K* intothe cell (Feske, Wulff & Skolnik,2015).
Following phagocytosis, the intracellular bacterium is contained within a vacuolar
compartment termed a ‘phagosome’. In the case of Salmonella, maturation of this
compartment is directed by the bacterium itself to establish a favourable intracellular
niche known as the SCV. Hence, when on a phagolysosome these ions (Ca2* and
K*) will be pumped to the cytoplasm instead of into the phagolysosome. The low
concentrations of these ions prevent acidification of the phagolysosome machinery
and the killing of the bacterium is avoided. Therefore, | can only speculate at this
stage that TZ is able to revert this situation, allowing an increase of these ions on
the phagolysosome (through the inhibition of the Ca2* channels) and subsequently,

promoting killing of Salmonella.

A study from 2009, also verified that inhibition of L-type ion channels results
in a significantdecrease in intracellular Ca?* in macrophages leading to a reduction
in M. tuberculosis survival in the presence of VER (Gupta et al., 2009). Using M.
bovis, as a model, Machado et al. (Machado et al., 2016) elegantly demonstrated
that in macrophages treated with TZ (2.5 pg/mL), there is an increase in the number
of acidicendosomal vesicles. These results support the data obtainedand presented
in this chapter. However, further studies, such as measurement of phagolysosome

acidification, need to be carried. During infection, Salmonella adapts to the
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intracellular environment of the macrophage, ultimately residing within the modified
SCV. Salmonella uses the initial acidic environment within the phagosome as a
signal to induce expression of virulence factors encoded within Salmonella
Pathogenicity Island 2 (SPI-2). The SPI2-encoded Type Il Secretion System 2
(T3SS2) and its associated effector proteins control fusion of the phagosome with
the lysosome, inhibiting formation of a canonical phagolysosome, which enables
Salmonella to survive and replicate. Should TZ alter the dynamics of endosome
acidification (either at the level of acidification itself or the concentration of acidified
endosomal compartments within the cell), it can be envisaged that this would have
a knock-on effect on maturation of the SCV. Future work will likely address the
impact of TZ exposure on expression of SP12 and associated virulence factors within
the infected macrophage. Construction of a Transposon Directed Insertion
Sequencing (TRaDIs) library has been completed; however, due to time constraints,
experiments using this library to address the SPI2 question have not been
completed.

The results obtained in this chapter, demonstrate that TZ has an effecton the
killing of Salmonellain infected THP-1 macrophages and therefore could be a good
candidate for use in adjuvanttherapy to treat bacterial infections. A similar approach
was reported on a study conducted in Argentina under “compassionate basis”
(Abbate et al., 2007). In this study, patients diagnosed with extensively drug-resistant
tuberculosis (XDR-TB) received combination therapy with TZ and two antibiotics
(linezolidand moxifloxacin. The authors observed that TZ improved the quality of life
of the XDR-TB patients and contributed to a longer life span. Similar results were
also obtained in a study conductedin India on TB patients (Udwadia, Sen & Pinto,
2011). Taken together, the results from these studies are encouraging and support
the relevance of studying TZ in more detail regarding its mode of action on infected

cells.

It is estimated that Salmonellais the cause of approximately 1.35 million
illnesses, 26,500 hospitalizations, and 420 deaths in the United States every year
(Centers for Disease Controland Prevention | CDC, 2019). Beside the United States,
Salmonellainfections also constitute a major burden in certain European countries,
parts of Asia and Africa. Accordingto a study conductedin 2019, infections caused

by non-typhoidal Salmonella are more prevalent in Africa in comparison to other
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parts of the world (Balasubramanian etal., 2019). Therefore, the potential treatment
of Salmonella infections is of benefitand with a crucial and immediate impact on
public health. Since antibiotics are not advised for the treatment of Salmonella

infections, the use of potential adjuvantcompounds, such as TZ can be of interest.

Addingto this, TZ can also be used as a parental molecule for the design of
new and more effective derivatives for the treatment of intracellular infections.

4.4.1. Model for activity of TZ in human macrophages infected with
Salmonella.
From the results obtained in this study, a model for the activity of TZ in
Salmonellainfected THP- macrophages, was developed. This model (Figure 4.19)
is that focused on the inhibition of Ca?* and considers a dual action (prokaryotic-

eukaryotic targets) for TZ, as follows:

(1) Following phagocytosis, Salmonellaresides in a modified phagosome, the
SCV (Figure 4.18.A). Maturation of this intracellular compartment is directed by
effector proteins delivered by Type Il Secretion Systems encoded on SPI1 (early
events) and, more importantly, SPI2. In the absence of TZ, genes encoded on SPI-
2 are expressed, effector protein delivery via T3SS2 occurs, and Salmonella inhibits
the formation of the phagolysosome by preventing fusion of lysosomes with the SCV
(Figure 4.18.B1-3) (Hurley et al., 2014). In the presence of TZ, it can be
hypothesised that TZ affects secretion of effector proteins encoded within SPI-2 or
the T3SS2 apparatus, preventing establishmentof the SCV and allowing formation

of the canonical phagolysosome compartment.

(2) Upon treatment with TZ, vacuoles loaded with TZ fuse with the
phagolysosome leading to the inhibition of voltage long lasting (L-Type) Ca2*
channels and K* ion pumps of the phagolysosome, and as a result, there is an
increase in the concentration of these ions inside the phagolysosome (Martins,
Viveiros & Amaral, 2008; Martins et al., 2009; Machado et al., 2016). Subsequently,
activation of vacuolar proton (H*)- ATPases (V-ATPases) occurs to maintain the
osmolarity of the cell and to compensate the hypertonicity of the organelle by
pumping protons into the lumen (Harvey, 2009; Martins et al., 2009). This rise of

protons is responsible for the decrease of pH within the phagolysosome unitand
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therefore, consequentactivation of the hydrolytic enzymes, promoting degradation
of the intracellular bacterium (Figure 4.19.B4-5) (Martins, Viveiros & Amaral, 2008;
Gupta et al., 2013; Machado et al., 2016).

This model illustrates the potential mode of action of TZ (and potentially other
compounds, such as VER) in treating Salmonella-infected macrophages. Other
compounds that have the same effect as TZ, on the host cell could be designed or

repurposed to activate the killing activity of the host cell and reduce the intracellular
bacterial load.
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Figure 4.19. Model proposed for the effect of TZ in the enhancement of
the macrophage killing activity. (A) Untreated infected macrophage. (B) Infected
macrophage treated with thioridazine (TZ). (A and B1-2) Salmonella Typhimuriumis
phagocytosed by the macrophage and resides within the Salmonella-Containing
Vacuole (SCV). (B3-4) Treatment with TZ will interfere with the secretion of effector
proteins encoded within SPI-2 allowing fusion between lysosomes and SCVs and,
forming the phagolysosome unit. (B5) TZ inhibits the Ca?*-activated K* pumps and
Ca?* channels on the phagolysosome membrane. The concentration of ions is
increased by diffusion from the cytoplasm into the phagolysosome and the vacuolar
proton (H*)-ATPases (VATPases) are activated. This increase on the concentration
of protons causes the decrease on the pH of the phagolysosome, activating
hydrolases that kill the bacteria (Adapted from Martins et al., 2009; L. Amaral et al.,
2007).
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4.5. Supplementary Information

Figure S4.1. DAPI staining of THP-1 macrophages. DAPI staining was performed
in THP-1 macrophages (as described in the Materials and Methods section) for
Mycoplasma detection. Cells were fixed with 2.5% (w/v) paraformaldehyde for 20
minutes at 37°C and then washed with PBS. All subsequent steps were done at
room temperature. Next, cells were permeabilised with 0.1% (w/v) saponin for 30
minutes. DAPI (1 pg/mL final concentration in water) was added for 20 minutes, and
cells were washed twice with PBS and once with water, then overlaid with 30 pL
mounting medium (Mowiol). Cells were observed using a fluorescence microscope
NIKON ECLIPSE E400 at x100 lens with immersion oil.
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Since the discovery of the first antibiotic, penicillin, by Alexander Flemingin
1928, that many antibiotics have been discovered and further developed. This initial
revolutionary discovery made hundreds of years ago provided an answer for the
treatment of bacterial infections when a simple bacterial infection could mean a
death sentence. However, the euphoria over the potential defeat of infectious
diseases was short. Along with the development of antibiotics, bacteria responded
by developing mechanisms of resistance. This cannot be stressed enough and have
led usto 2020, where AMR is still one of the major’s global public health issues that
threatens the effective treatment of infectious diseases. According to the Director-
General of the WHO, Dr. Tedros Adhanom Ghebreyesus: “Never has the threat of
antimicrobial resistance been more immediate and the need for solutions more
urgent’. As referred previously, AMR is not only a public health problem but an
economic one too. It is predicted that by 2050 AMR could be responsible for over
700,000 deaths annually while costing US$100 trillion worldwide (O’ Neil, 2014).
Over the past few decades, the number of research-based biopharmaceutical
companies conducting AMR relevant research and development has significantly
declined. Development of a new drug can take 10 to 17 years andthe success rate
of developing a new drug is usually around 2% (on average) (Yeu, Yoon & Park,
2015; Farha & Brown, 2019). Two new reports released in 2019 by the WHO,
revealed that the current clinical pipeline for antibiotic agents in development was
composed of 60 compounds (50 antibiotics and 10 biologicals). From this report,
only one new anti-tuberculosis agent is being developed. The preclinical pipeline
revealed that 252 agents are beingdevelopedto treat pathogensinthe WHO priority
list, including M. tuberculosis. It is estimated that only two to five products of these
agents will reach the market within 10 years (World Health Organization, 2019a,b).
In July 2020, an AMR Action Fund was created to invest in smaller biotech
companies providing industry expertise to support the clinical development of novel
antibiotics. The Fund aims to bring 2-4 new antibiotics to patients by 2030 (Clancy
& Nguyen, 2020). Although this is an optimist scenario it is still not an efficient

solution or sufficientfor the problem we are facing nowadays.

This raises the question: But what if the antibiotics we now have do not fully
work anymore? Will the world enter (already entering in some cases) a post-

antibiotics era, where a simple paper cutcould lead to death? The continuous battle
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between humans and the multitude of microorganisms that cause infection and
disease is still a reality nowadays and in the future.

Drug repurposing is one of the approaches being used for the discovery of
new antibacterial drugs and to overcome this worldwide so-called “silenttsunami” -
AMR. This approach will reduce time and cost usually linked to the early
development of new drugs since repurposed drugs have already passed all clinical
tests in Phase |, Phase ll, and Phase lll and been Approved by the U. S. Food and
Drug Administration (FDA) or in Europe, by the European Medicines Agency.
Reports of drug repurposing as a strategy to uncover new antimicrobial compounds
has beenincreasing. Auranofin,an antirheumatoid arthritis drug, was repurposed as
a broadspectrum antimicrobial in 2012 and has undergone a clinical trial for the
treatment of gastrointestinal protozoa (Debnath et al., 2012). The repurpose of
disulfiram,an anti-alcoholicdrug,as an antibacterial against Staphylococcus aureus
(Thakare et al., 2019) and non-tuberculous mycobacteria bacteria (Das et al., 2019)
has also be reported. Anti-tumour drugs such as, tamoxifen, miltefosine have been
explored for repurposing as antifungal and anti-leishmania (visceral form),
respectively (Krysan & Didone, 2008) as well as other anti-tumour drugs (Soo et al.,
2017).

The work described in this research thesis is focused on the repurposing of
different compounds (anti-tumour and neuroleptic drugs) with the main goal to

potentially uncover new effective antimicrobials.

On Chapter 2, the antibacterial activity of three organometallic anti-tumour
drugs complexed with Zn and Co were tested againsta range of Gram-negative and
-positive bacteria. These compounds were previously synthesised by collaborators
(Silva et al., 2013). The three compounds showed antimicrobial activity against
several ESKAPE pathogens namely S. aureus, K. pneumoniae, A. baumannii and
P. aeruginosa. According to WHO, these pathogens are considered one of the most
urgentMDR threats to human health.

All three anti-tumour compounds showed activity against A. baumannii with
MIC values of 0.8 uM for TS262 and 1.6 uM for TS265 and TS267. In general, Zinc
compound TS262 was the most active of the three. Although the antibacterial activity

of these compounds against the bacteria tested was promising, the exact
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mechanism of action of these three compounds wasn’t fully investigated. This was
due to the toxicity levels obtained when human monocytes were exposed to the
compounds. When Zinc compound TS262 was tested at 2 uM on primary blood
mononuclear cells (PBMC) and 5 uM on primary bronchial/tracheal epithelial cells a
reduction of viability of more than 50% was obtained for both cell types (Alves
Ferreira et al., 2020). These results are concordantwith previous data obtained by
our collaborators when this compound was tested on healthy epithelial cells (Luis et
al., 2014). The half-maximalinhibitory concentration (ICso) obtained for that epithelial
cellline (5.14 + 0.01) uM was more than 6.9 times higherthan thatdetermined for a
tumorigenic breastcell line MCF7 (0.73 uM) (Luis et al., 2014). Considering the MIC
of 0.9 uM obtained for Acinetobacter baumannii, a therapeutic window might exist
(of 2.5x for PBMC, 6.25% for BTEC, and 6.9x for epithelial cells). Nevertheless, for
human administration, the vectorisation of these compounds using gold

nanoparticles might be an interesting approach that we can consider in the future
(Pedrosa et al., 2019).

The following two chapters were focused on investigating TZ as a potential
antimicrobial and to study it's in vitro mechanism of action against Salmonella
Typhimurium (Chapter 3) or its effect on Salmonella-infected human macrophages
(Chapter 4). Phenothiazines are heterocyclic compounds from which majority of
clinical compounds have their origins (Mosnaim etal., 2006). A well-known example
of this type of compoundsis the dye methylene blue. TZ, another phenothiazine, is
a neurolepticdrug thathas called the attention of researchers worldwide because of
its ability to inhibitand kill drug resistant bacteria. The antimicrobial properties of TZ
(and other phenothiazines) are known since the “Golden Age” of antibiotics. During
that time there was no need to pursue new antimicrobial compounds due to the
abundance of antibiotics. Until today, the mechanism(s) of action by which this
neuroleptic drug exert its effect as a powerful antimicrobial hasn’t been fully

understood.

On chapter 3, the in vitro effect of TZ against Salmonella Typhimuriumwas
investigated. The studies conducted in this chapter, confirmed that TZ has
antibacterial activity against Salmonella Typhimurium at concentrations of 200
pug/mL. This result is supported by other studies that reported that TZ has activity
againsta range of bacteria, namely Gram-negative (Viveiros et al., 2005; Martins et
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al., 2008). Recently it has been reported that pathogen’s cell membranes and
bioenergetics represent effective therapeutic targets (Hurdle et al., 2011,
Hasenoehrl, Wiggins & Berney, 2021). Here, it was also observed that at sub-
inhibitory concentrations, TZ damages the outer membrane of S. Typhimurium,
resulting on depolarisation of the membrane potential and leading to a reduction of
the intracellular production of ATP. This interferes with the proton motive force and
the bioenergetics of the bacterial cells, subsequently inhibiting the efflux activity that
is dependent on energy. This interference with the proton motive force can also
potentially impact on the reduced motility (both swimming and swarming) of
Salmonella Typhimurium as it was observed. It is known thatflagella are driven by a
rotary motor that uses the free energy stored in the electrochemical proton gradient
across the cytoplasmic membrane to do the mechanical work. Therefore, if TZ is
able to interfere with this electrochemical proton gradientthen several other bacterial
systems can be impacted and not only efflux systems. The PMF is essential for a
variety of critical bacterial processes, such as ATP synthesis and flagellar motility.
Collapsing of PMF inhibits these important functions for bacteria and thus resulting
in the loss of bacterial viability. A schematic (Figure 3.17; section 3.4; page 110)
considering these effects on the bacteria was proposed. To note that the inhibition
of efflux activity and motility may not occur on the exact order that is presented on

the schematics, butfor simplicity it was represented and discussed this way.

Here, it was demonstrated that in a first stage, TZ compromises the bacterial
membrane. This initial step destabilises the bacterial membrane generating a
cascade of events that involve significant decrease of energy production, affecting
the activity of efflux pumps (dependent on energy), namely AcrAB-TolC, the main
efflux system in Salmonella. Bacterial efflux pumps are membrane proteins which
function is to decrease the intracellular concentrations of antibiotics, other
antimicrobial compounds, dyes, etc, by extruding these out of the bacterial cells,
thereby reducing their effectiveness. The use of compounds, such as TZ, that are
able to interfere with the energy required for the efflux systems to function is
therefore of interest. By interfering with the efflux systems and decreasing the ability
of the bacteria to extrude noxious compounds, the antibiotics effectiveness can be
maintained. This could be a promising combination therapy to revive “old antibiotics”

that were set aside dueto the lack of activity or increasedtoxicity. The use of TZ and
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other possible adjuvants can in the future replace the conventional therapy mainly
relianton the use of antibiotics or combinations of thereof.

From the proteomics results, several bacterial targets were obtained,
specifically the upregulation of TolC and the downregulation of AtpD. These two
proteins are mainly involved in effluxand ATP binding. Clearly, the in vitro results
presented in this thesis show that TZ has a pleiotropic effect on Salmonella. These
results were to the best of my knowledge the first ones to show the broad effect of
TZ in Salmonella Typhimurium, indicating an extended and more complex
mechanismofaction than the oneinitially described (only an EPI; with direct blocking
of efflux pumps), Taken together, these are very promising results since Gram-
negative bacteria are becoming more difficultto treat due to the composition of the
cell wall and infections caused by these bacteria have dramatically increasedin all
parts of the world. The development of new drugs to target Gram-negative bacteria
(in the WHO list of priority pathogens) is very low (World Health Organization,
2019b). Therefore, the discovery and development of new compounds to treat
infections caused by Gram-negative bacteria commonly relies on targeting at least
one membrane or often both membranes (outer and inner membrane) of the
bacterial cell envelope. If an antimicrobial compound is able to penetrate one or both
membranes it is subject to extrusion from the cell, promoted by numerous broadly
acting efflux pumps. This scenario commonly renders the compound ineffective.
Therefore, repurposing of TZ (or compounds with similar mechanism)would be an
excellent approach to treat Gram-negative bacteria. The same approach could be
applied to Gram-positive bacteria and ultimately to M. tuberculosis. Since TZ is able
to penetrate and compromise the cell wall of the bacteria, it can represent a solution

forthe unsolved problem of difficultto treat bacterial infectionsthat have a worldwide
impact in health and economy, alike.

The results obtained in vitro correlated with the bacteria survival inside the
host showing thatwhen a Salmonella-infected macrophage is treated with TZ, there
is a significant decrease in the phagocytosed bacteria recovered. It is known that
Salmonella Typhimuriumis able to make its metabolic survival inside macrophages
by acquiring intracellular glucose and undergoing glycolysis and Tricarboxylic Acid
Cycle (TCA). On Chapter 4 of this Thesis, the effect of TZ on Salmonella-infected
human macrophages was investigated. The human THP-1 cell line was chosen for

193



Chapter5

this purpose for several reasons, as follows: 1) this is a well-established human
model for testing of phenothiazine compounds (Ordway et al., 2002a,b, 2003;
Martins et al., 2004; Machado et al., 2016); 2) the differentiation protocol with PMA
that was followed for Salmonella infections is well established in the area by
renowned labs on the field, such as the Steele-Mortimer lab; Laboratory of
Bacteriology located at the National Institute of Allergy and Infectious Diseases
(NIH), Rocky Mountain Laboratories, Hamilton, USA); 3) due to the purpose of the
study in investigating the potential of using TZ as a macrophage activator; a cell line
with low killing (such as THP-1) would be selected. 4) The use of TZ as a potential
adjuvantto human therapy; therefore, the relevance of studying a human cell line
(and nota murine one); 5) the fact that is a well-established model for macrophage
function assays (Auwerx, 1991; Chanput, Mes & Wichers, 2014; Bosshart &
Heinzelmann, 2016; Starr et al., 2018; Tedesco et al., 2018; Madhvi et al., 2019).

It was hypothesised that TZ might have a dual target on an ex-vivo macrophage
model. TZ has been proposed to be a Ca?* modulator, able to enhance the killing
activity of infected macrophages. In order to pursue this hypothesis, a well-known
Ca?* modulator (VER) was used. Contrary to TZ, this Ca?* channel blocker does not
have demonstrated in vitro antimicrobial activity at physiologically relevant
concentrations (MIC = 2500 pg/mL). When TZ was added to Salmonella-infected
macrophages a decrease (- 2.5 log CFU at 225 p.i.) on the numbers of
phagocytosed bacteria was obtained. A similar decrease (- 3.9 log CFU at 22.5 p.i.
was obtained in Salmonella(Martins et al., 2006; Adams, Szumowski &
Ramakrishnan,2014; Machado et al., 2016). Although these results seemto indicate
that VERis more active than TZ sinceit showeda higherreduction (lower than 50%)
on intracellular bacteria comparing with TZ (approximately 50%), in reality the
amountof compound used was higher. When this effectis compared based on the
molarity of the compounds, it is clear that VER was used at 162 pM while TZ was

onlyused at 2.45 pM. Therefore, TZ is more effective in reducing the concentration
of phagocytosed Salmonella.

Another antipsychotic (LOX) was also tested for potential activity in infected
macrophages. In the same conditions, LOX showed a reduction on the growth of
intracellularS. Typhimurium. A recent study from 2019, reported LOX activity against
S. Typhimuriumin murine infected macrophage (Yang et al., 2019). Comparing the

194



Chapter5

results obtained in this Thesis with that study, differentconcentrations of compound
were used. The study from Yang et al., used a reduced concentration of 3.56 uM,
while in this project 56 uM were used. However, it is important to refer that the in
vitro MIC of LOX wasn’treported on the study conducted by Yang et al. This might
suggest that LOX does not have a concentration dependent effect, as the one
obtained with TZ. Comparing the activity of TZ, VER and LOX in this Thesis, TZ was
the more effective compound for treating Salmonella-infected macrophages.

At the immune response level on Salmonella-infected macrophages after
treatment with TZ, no changes were observed for the cytokines measured. This

indicates that TZ had no direct immunomodulatory effect on infected macrophages
that enhances the killing of intracellular Salmonella.

On the other side, when comparing the intracellular levels of Ca?* in a
situation of infection, infected macrophages treated with TZ and VER showed
significant reduced levels. As far as | am aware, this is the first time that it is
demonstrated and quantified that TZ interferes with the Ca2* level on a macrophage
infected with Salmonella. This result correlates with previous studies from Machado
et al. and Gupta et al. on mycobacterial infected macrophages and phagolysosome
acidification as a direct effect upon treatment with VER (Gupta et al., 2013; Machado
et al., 2016).

Taken together all the previous results, TZ appears to be an excellent
candidate for adjuvant therapy. However, some researchers and clinicians might
raise concerns with the repurposing of this compound. TZ was removed from the
market since 2005 due to evidence of connection between QTc prolongation
(measure of delayed ventricular repolarisation, meaning thatthe heart muscle takes
longerthan normal to recharge between beats) and cardiac arrhythmias in patients
with schizophrenia. However, for the past 60 years TZ has been the most used
neuroleptic in clinical practice, and the most serious side effect (sudden death) is
guite infrequent. One thing to consider when discussing the repurposing of TZ as an
antimicrobial are the dosages and the duration of the treatment. The dosage
administered to patients with QTc prolongations is usually quite high (300 mg)
compared with dosages given at early managements of psychosis and
schizophrenia. The treatment of these conditions with TZ is associated with a

frequentadministration of thiscompound. In a study published by Thanacoodyitwas
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demonstrated that patients receiving treatment with TZ and who were free of
cardiopathy showed no significant signs of danger (Thanacoody, 2007).

Furtherwork will be necessary to confirmthe fullmechanismof action within infected
macrophages, as for example, ifthe decrease ofthe level of calciumin the cytoplasm
of the macrophage correlates with an increase on calcium present on the
phagolysosome. Also, it can be speculated thatif TZ interferes with AcrAB-TolC this
can have an impact on Salmonella virulence factors. Understanding these
interactions (TZ and infected macrophage) could change the way new compounds
are designed and could provide some novel compounds useful in the battle against
multidrug resistantinfections, contributing to overcome th e overall problem of AMR.
Of important note is the low toxicity of TZ when tested in human monocytes.
Concerns regarding TZ mode of action in eukaryotic cells, have also been raised
since TZ may potentially interfere with the PMF on these cells. In eukaryotic cells,
the respiratory chain and resulting PMF is in the mitochondrial membrane instead of
the cytoplasmic membrane. This distinctlocalisation of the respiratory chain between
eukaryotic and bacterial cells could partly explain the observed low toxicity (Wu et
al., 1999). Also, these effects are concentration dependentand the concentrations

used in this Thesis were shown to be devoid of toxicity to human monocytes and
also clinically relevant.

In summary, this Thesis revealed new in vitro data regarding specific targets
of TZ in Salmonella as well as the effect of TZ in reducing bacterial load on
Salmonella infected macrophages. The results obtained in this Thesis also stress
the potential use of TZ for adjuvant therapy of problematic antibiotic resistant

infections, namely, the ones caused by intracellular pathogens.
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