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Abstract

Abstract

The failure rates of drugs once they reach clinical trials are hiigfh esimates up to nearly
90%. One reason is the lack of biologically relevant models in which potential drug candidates
are screened, evaluated and selected during discovery and development phases.
Leishmaniasis is a disease that suffers from this probleme@uitterapies are weak, toxic

and there is a growing problem of drug resistance.

The aim of this thesis is to investigate different ways in which the cuiremitro model
systems could be made more predictive. Three methods of potentially improvingiliglia

and predictability ofn vitromodels are investigated.

Firstly, the differences between the media perfusion and static cell culture systems were
studied. Using macrophages ahd majorparasites, infections within the media perfusion
system were opmised. The activities of standard drugs used for the treatment of
leishmaniasis, were determined. A decrease in infection rates and in the activity of standard

drugs was seen when using the media perfusion.

Secondly, a 3 vitroinfection model was desloped and used to determine the activity of
standard drugs, compad with 2D cell culture. The model shows that 3D and 2D provide

similar results for the activity of the standard drugs tested.

Thirdly, a variety of macrophage cell types have been useldeshmaniahost cells for
intracellular amastigote assays. The use of macrophages differentiated from induced
pluripotent stem cells was investigated as a viable and more predictive alternative. The
option to use a cell type that is more biologically samtb the humanin vivosituation, but

can be maintained like cell linds a clear benefit to im vitroassays. It was concluded that
macrophages differentiated from induced pluripotent stem cells would be a suitable

alternative to currently used celypes.
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Chapter 1: Introduction

The failure rates of drugs once they reach clinical trials is, high estimates up to nearly

90%. One reason for this is the lack of biologically relevant modelkighwotential drug
candidates are screened, evaluated and selected during both discovery and development
phases. Leishmaniasis is a disease that suffers from this problem. Current therapies are weak,
toxic and there is a growing problem of drug resistart@errent approaches use both 2D cell
assays anth vivomouse models, both of which may not accurately reflect the infection in

humans.

The aim of this thesis is to investigate different ways in which the cuiremitro model

systems could be made mopeedictive.

1.1 Leishmaniasis

Leishmaniasis is a disease caused by protozdlae Leishmaniaggenus.Leishmaniaspecies

are protozoan parasites with two distinct life cycle phases. One phase is the motile
promastigote, which is found extracellularly in tBend-fly vector and can be grown in
culture media. The other is the amastigote, an obligate intracellular stage found in the
phagolysosomal compartment of macrophages, one of the most common host cells in
mammals. There are over 15 specietLeishmaniaysually separated into two categories:
New World (Central and Southmerica) and Old World (Europe, Middle East, Central Asia
and Africa) species, figurelll These two categories are based on the geographical location
where the species are found. Diffeftespecies olLeishmaniacan cause different forms of

the diseasé& cutaneous (CL), mucocutaneous and visceral (VL).

l|Page



Chapter 1: Introduction

Family Genus Subgenus Species

__ Endolrypanum Bl ——_—
L. archibaldi

|— L. infantum (syn. L. chagas:)

|— Phytomonas — L. tropica ‘F
L. kilicki
|— L. major \
|— Trypanosoma - \
~ Leishmania—{ - 9eHl
|— L.arabica \
[— Sauroleish — L.aethiopica S

I— L.mexicana (syn. L.pifanoi)

|— L. amazonensis (syn. L.garmhami)

Trypanosomatidae

| Leishmania L. aristidesi
|— L. enrietti
— L. hertigi

|— Blastocrithdia L. deanei

|— L. turanica*
L L. uenegzuelensis*
- kNG
T E— 7 [— L brazilensis ™~ |
/ L. peruviana

\

|— Leptomonas

L Crithidia \

CAdvizhip SA A KWK&MA2IASYye GNBS yR O2NNBalLIZyRAY3

In 1901 Leishman, a colonel serving in the British Royal army medical ddepsified
certain organisms in smears taken from w@eenof a patient who had died from "dum
dum fever" and proposed them to lieypanosomes; this was the first tinleeishmaniavas
identified in Indid A few months later, Captaidonovanconfirmed the finding of what
became known as Leishmd@onovan bodies in smears taken from peopldviadrasin
southern Indid LaterRonald Rosproposed that LeishmarDonovan bodies were the

intracellular stages of a new parasite, which he narheghmania donovahi

1.1.1 Distribution and Epidemiology

Leishmaniasis is endemic in 98 countries over 5 continents anchiBiih people are at risk

of infectiorf®’. It is estimated to cause GR6 million new cases every year and affect 12
million people worldwid& The reported incidence &fLand CLpatients is approximately 58

000 and 220 000 cases a year respectiveig. dverall magnitude of the problem, however,

is estimated to be much higher due to underreporting. The majority (90%) of VL cases are
found in six countries: India, Bangladesh, Sudan, South Sudan, Brazil and Ethiopia. In

contrast, CL is more widely diftuted, with 7675% of the estimated cases occurring in
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Afghanistan, Algeria, Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa Rica and Peru.

CL affects an estimated 10 million people andDZ million new cases occur every year

1.1.2 LifeCycle ofthe Leishmanidarasite

The transmission oEeishmaniaspecies can either be zoonagtiwhen the parasites are
transmitted from animal to mayor anthroponoti¢ when transmitted from man to mari.

tropicaandL. donovantypically involve anthroponotiaansmissiof

The life cycle stages of theishmanigarasites is summarised in figutel-2. The parasites

are transmitted by the bite of a female sandflyof the genug>hlebotomusgin the Old World)

or Lutzomyiain the New World)!. Approximately 10-1000 promastigote'$ are injected in

the skin and engulfed by neutrophils, which are rapidly recruited to the site of thé’bite
Some of the parasites survive in the neutrophils and are internalized in their phagdsomes
that then fuse with a lysosome toecome a phagolysosome. This is where they transform
into amastigotes and replicaté Heterogeneity in the mechanism of phagocytic uptake of
the parasite into the phagolysosome, coiling versus conventional zipper phagochtsis
been reported for diffeent types of macrophagea vitro’. Neutrophils have been proposed

to act as a transient ho$tfor the amastigotes before they are taken up by either dermal
macrophages or those attracted by inflammation caused bystred T f Bit€) &vhere they
replicate. Research suggested that the presence of the amastigotes in the phagolysosome
(pH 55.5) of the macrophage inhibits apoptosis and necrosis of the host cell and hence,
contributes to the survival of the parasit€sUsually the low pH and enzymes in thedsome
would degrade intracellular pathogens. However, in macrophages, it is generally accepted
GKFG LINFYaAdsS 02yl AyAy3a LKII2a2YSa dzy RSNH?2
and the Leishmaniainhibit this proces¥, potentially through the déct of a key surface
lipophosphoglycan molecule. The acidic and hydretagde environment of the
phagolysosome is known to trigger the differentiation of the promastigote into the
amastigote, and its subsequent proliferatién Eventually the macrophageuptures,
releasing the pathogens which then infect other macroph&ydse parasites can stay in

the skin or migrate to internal organs (liver, spleen and bone marrow) leadi@joo VL
respectively . IrCLthe Leishmanigparasitescan also infect skifibroblastg’, it has been

suggested that these cells provide a niche for survival in the face of immuneZattack
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1.1.3 VisceralLeishmaniasis
Visceral éishmaniasigVL)is endemic in 62 countries, with a total of 200 million people at

risk, an estimated 400 000 new cases each year worldwide, and 30 thousand recorded deaths
annually®422, Both the number of recorded cases and the geographical areastedfbave

grown in the past two decades. Over 90% of case¥lofccur in five countries: India,
Bangladesh, Nepal, Sudan, and Brazil. It is characterizeghijgtomsthat typically present

as fever, cough, abdominal pain, diarrhoea, epistaxis, splenomedmpatomegaly,
cachexia, and pancytopenia, but infection with the parasites can often be asymptomatic.
Infection with Leishmanigparasites that caus¥Lresults in systemic infection of the liver,
spleen, and bone marrow. The geographical locaimireported cases of/Lare shown in
figure1.13.
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Status of endemicity of visceral leishmaniasis worldwide, 2015

Countries reporting
imported VL cases
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Jordan - 1

Russian Federation - 1
Saudi Arabia - 1

L4 Thailand - 1

Number of new VL cases
reported, 2015
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of any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers Tropical Diseases (NTD) Organlzatlon
or boundaries. Dotted lines on maps represent approximate border lines for which there may not World Health Organization

yet be full agreement. © WHO 2017. All rights reserved

K NB 32 BIDS REIAtadkl Y S/aA | &4
akSy«k

CAIdadm 2 2 NI R YI LI A

oAl
KUGLIYKKG G o DPIK2 DAY GKE SAAKYFYALF &A

1.1.4 CutaneousLeishmaniasis
Cutaneous leishmaniasis (CL) is the most common form of leishmaniasis, its annual incidence

is 1.1 to 1.5 million cases and it is endemic in 88 countriisis characterized by a variety

of clinical symptoms ranging from dedid nodular lesions to mucosal destruction. Most
lesions tend to heal without treatment but this process can take 3 to 18 métaisl nearly
always leave a disfiguring scar, which, depending on its size and location, may cause
substantial disfigurement ahstigmatisatio. The geographical locatienf reported cases

of CLare shown in figurd.14.
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Status of endemicity of cutaneous leishmaniasis worldwide, 2015

Countries reporting
imported CL cases
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1.1.5 ClinicalSymptoms

CL has a range of symptoms, although most patients with infections probably remain
asymptomatié®. The clinical features @Lvary in severity and depend on host, parasite and
vedor. Old World CL is mainly causedlbynajor L. tropicaandL. aethiopicawhereas New

World species are. mexicanal. amazonensj&. panamensiandL. braziliensis

In its simplest form, CL consists of a single localised lesion. The first sigooafised
infection is a small, itchy erythema at the site of the insect bite. Amastigotes continue to
proliferate in the dermis causing the erythema to develop into a larger papule. The papule
expands into a nodule that reaches its final form and sizmuabvo weeks to six months
later?®. At this point, the papule can ulcerate and a crust can form over any open wound.
Sometimes the crust can fall off and an uldgpically with raised edges is exposed; this is
particularly susceptibleto further infecton by bacteri&. Specific species might be
associated with a typical clinical form but this can vary. For instance, infectioh withpica

can evolve tdeishmaniasis recidivana chronic form of CL where satellite lesions appear in
the edges of thenitial healing lesion. This form is characterized by a sparsity of parasites and
can last for year§®, L. aethiopicaan causaliffuse cutaneous leishmaniagBCL), a form

that is characterized by widely disseminated ndoerated papules, nodules,ggues on the
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skin. In the New World, this form is caused.bynexicanandL. amazonensis This disease

does not heal spontaneously and relapses occur frequently after treafthent

1.2 Treatment Challenges

It is widely accepted thaall current CL treatmestare unsatisfactoff*® Ly GKS mdpd)
concern was raised about the lack of new chemical entities registered for neglected diseases.
The development of a new drug is a long process that takesygears on average and costs

an estimated 802 million US tiars®*43", once the cost of all the failed attempts have been
taken into account. The pharmaceutical industry is not keen to invest this amount of money
in a neglected disease that only offers low return on their investment. A study published in
the Lancérevealed that only 4 new chemical entities and 25 products were registered during
20002011 for neglected diseas@sNeglected tropical diseas@NTDs) are defined by the
WHOas a diverse group of communicable diseases that prevail in tropical anagidatr
conditions in 149 countries and affect more than one billion people, costing developing
economies billions of dollars every year. They mainly affect populations living in poverty,
without adequate sanitation and in close contact with infectious egtdomestic animals

and livestock.

Drug repurposing is one of the strategies to overcome the high development costs of a new
drug or chemical entif}j. This is where a known drug is tested against a different disease to
its original target. This can san®ney and time, as the drug will already have been through
toxicity testing pharmacdinetic andpharmacodynamicstudies to prove it is safe for use.
Further to this, if information on the mode of action of the drug is known, then fewer studies
are requred. This can shorten the time it takes to get a drug to market. Another option is
drug reformulation, a process that focusses on the reformulation of the active ingredient of
existing drugs in order to optimise the formulation. From 2000 to 2011, alletlhigs
approved to treat leishmaniasis, of which one was for CL, were repurposed molecules that
were initially indicated for a different disease. For example, miltefosine was first brought to
the market as an anttancer druéf; amphotericin B was to ta fungal infection$ and

paromomycin was an oral treatment for intestinal amoeba infectténs

As previously mentioned, depending on host and parasite factors, CL shows a variety of
clinical manifestations. One of the main problems of treatment develapims finding a
treatment that is active against alleishmaniaspecies. Biochemical and molecular

differences betweerLeishmanispecies lead to differences in drug susceptibilityitro®.
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This correlates with variability in clinical responses obstmen the success rates of

treatments are compared across different geographical regions.

There are several logistic factors that complicate the development of a treatment for CL.
Firstly, CL occurs in tropical climabesegions of high temperature ahigh humidity whes

cold chains are absent. Boliigh temperature and humidity are known to cause instability
of drug formulation&’. Storage of some drugs can also be a problem, as they may need
refrigerated conditions to maintain activity, such as ipmal amphotericin B, and reliable
electricity supplies can be difficult to find in some rural areas. Furthermore, primary health
centres that offer treatment for CL patients can be difficult to reach for people living in rural

areas and even when reachededication availability is not guarante®d

The price per CL treatment is estimated by the WHO to range betwedf LI5%-. In some

cases, the drug can be given freely if donated by a company or charitable organisation. This
is only the direct cost ahe treatment and indirect costs such as inability to work are not
included. Moreover, Alvaat alreported that the annual income per person in areas that are
greatly affected by CL range from 82 to 200 US$. This means that the price of a treatment

can exeed the monthly salary for some patiefits

Patients often seek treatment late because they will only realise they have the disease after
the appearance of the first symptoms$he erythemainitially could be mistaken for other
diseases that may not reqeirtreatment or even considered a bad reaction to sandfly

bite. Sometims patients do not seek treatment because effective and safe treatments are
lackingor postpone seeking help by trying herbal or homemade remétiiednly after
multiple herbal treament failures, will they visit primary health care centres. Research into
the treatment seeking behaviour of CL patients report variable delays between the onset of
the symptoms and seeking treatment. A study in Syria reported 2.4 months on aterage
while in Paraguay this was6lmonths?®. By this time, the lesion might have progressed to

an ulcer, which makes it more difficult to treat and increases the risk of scar formation.

Resolution happens via the action of T cells, specifically of the T help¢t igubs€t, which
can stimulate host cells to kill intracellular parasites. Therefore, there is an advantage for a
treatment that can kill the parasitesr encourage the immune system to clear the parasite

before extensive lesion ulceration and disfigment can take place.
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1.3 Currently Available Treatments

1.3.1 Recommendedreatments

The current firsline recommended drug treatments for CL are pentavalent antimonials.
These include1l¢5 mL of 33.4 mg Sb/kg body weight per session evegy 8ays by
intralesional administration,or a 15% paromomycin/12% methylbenzethonium chloride
ointment applied topically twice daily for 20 ddys Other recommended treatments are;
amphotericin B deoxycholate at 0.7 mg/kg per dsintravenous infusiofor 25¢30 doses,

and miltefosine at 2.5 mg/kg per day orally for 28 days or in combin&tion

The available chemotherapeutics to treat CL can be divided in two groups; systemic
treatments, where the drug is taken up in the blood and transported to the target tissue
topical treatments, where the formulation is directly applied to the site of action. Systemic
treatments come with a higher risk of adverse effects and is therefore typically reserved for

patients with more severe or complex forms of CL.

1.3.2 PentavalentAntimonials

The pentavalent antimonialéSh): sodium stibogluconate (Pentost&@nGlaxoSmithKline
and generic products)(Figude3.1), often referred to as SSG, by Albert David in India and
meglumine antimoniate (MA) (Glucanty S u = ) {figuse 21B.4 have beenfirst-line

treatment for CL since their discovery in the 1940s

%Oz'Na" CO, Na* O gy, #©
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The mechanism of action is still not cplately understood. When administered the &b
converted to SB, which is an active secondary metabolifdhe data suggestthat the

trivalent form, SH", disturbs the ability of the amastigotes to maintain the redox homeostasis
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of the parasites by interfering with the trypanothione reductase system that protects the
parasite from oxidative damage and toxic heavy mét&ts Other papers have reported
DNA fragmentation and externalization of phosphatidylsefine the surface of the plasma
membraneof amastigotes treated with $b leading to parasite apoptosié>*. However,
other studies indicate an intrinsic adéishmanial activity for Stas it forms a complex with
adenine ribonucleosidéerhis compleindirectly inhibits type | DNA topoisomes@ causing a
depletion of intracellular ATP possibly via inhibition of the glycolysis and fattyRac i
oxidation in the amastigot&3 This leads to inhibition of the biosynthesis of macromolecules

in amastigote®8,

Pentavalent antimonials can be administered locally or systemically depending on the
severity of the disease. Local treatment consgdtintralesional administration alone or in
combination with cryotherapdt. During each session;51mL of pentavalent antimonials is
injected in the edges of the lesion, followed by application of liquid nitrog&@b(°C)if in
combination. The injectias can be repeated up to 5 times every 3 to 7 days. Local injections
prevent or limit systemic adverse effegtshowever, these injections are painfudausing
burning, itching and inflammation at the injection site are amongst the reported adverse
effects®. Antimonials can also be given systemically through intravenous or intramuscular
administration (20 mg/kg per day for 2D consecutive days) when patients present with
more complex G Serious side effects such as hepatoxicity and cardiotoxicitsepoeted

and require patient monitoring.

Randomised controlled trials to compare the efficacysbftreatment against placebo are
sparseand evidencebased efficacy dbly against certain species is lackihdn vitrostudies
confirmed species vari@mn in drug sensitivity when tested in promastigdtesand
intracellular amastigote$%2 Moreover, anin vivostudy testing the efficacy of Pentost&@n
againstL. braziliensi@nd L. mexicanashowed a statistically significant higher cure rate
againstL. braziliensi®® compared toL. mexicanalt is hypothesised that this variability in
drug susceptibility between differenteishmaniaspecies is responsible for sghrative

treatment in certain cases and consequently resistance development.

1.3.3 Amphotericin B

Amphotericin B (AmB(figure 1.3.2) is a polyene antibiotic usually reserved for treatment of
VL but is also effective against CL. It is a highly effective drug that consistently shows

nanomolar E& value$? in most antileishmanialin vitro assays.
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As a treatment for CLAMB is reserved for complex forms suchpastkalaazar dermal
(PKDL) and mucocutaneous leishmanjaaisd is typically administeredhrough slow
intravenous infusion. Amphotericin B deoxycholate is given at 0.7 mg/kg/day {80 26ses
and liposomal amphotericin B at-2 mg/kg/day for a total dose of 200 mg/kg. The
conventional amphotericin B deoxycholate formulation (Fungizone@3jesaacute toxic

reactions including renal toxicit§or which lipid formulations were developed to reduce.

The main mechanism of action ofrB is that it alters the parasite's cell membrane
permeability®, by creating transmembrane channels, causing lpsé of ion gradients in
the parasite thereby causing the parasite to ®didt does so by pfferentially binding to
sterols, within the outer cell membranewith a high affinity for ergosteréi. It has been

shown to act in a dosdependent manner.

Thereis a lack of data from clinical trials that compare AmB treatment with placel&or
treatmentseven though it has successfully been used to treat patients with mucocutaneous
leishmaniasi®®, In a recent study, 75% of patients dropped out due to thefoA 3| (G 2 NB  WH
RFeQ FRYAaaAzy Ay GKS K2alLWhAialt FyR y2 Odz2NB N
the study®.

1.3.4 Miltefosine

Miltefosine (MIL)(Figurel.3.3 is recommended as a systemic treatment for both VL and CL.
It is suitable for oral dosingvhich makes it unique as an atishmanial drug. It has been

reported to show low micromolar B&values! in most antileishmaniain vitro assays. This
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drug has been shown to have a more time dependent activity, in pharmacokinetic and
pharmacodynamicsstudied®. However, it hassignificantly differentactivities against

different Leishmaniaspecies..

CAIdzmdB KSYAOIf A0GNHzOGdzNB 2F aAfiaSTzaiySo

Miltefosine or hexadecylphosphocholing the only oal treatment currently available
against CL and VL. Initially, phospholipid derivatives were developed asaaoér drugs
because they were found to inhibit enzymes involved in cell proliferation and growth factor
signal transductiof?. In the 1980s, aumber of research groups independently showed -anti

leishmanial activitypf miltefosineand other phospholipid compounds®.

The mechanism of action ofiltefosineis not fully elucidated. Its leishmanicidal activities
have been associated with perturban of the alkyphospholipid metabolism and the
biosynthesis of alkydnchored glycolipids and glycoproteins in the outer membrane of the
parasité’. Miltefosine is a phospholipid derivative that is structurally similar to the
phospholipid components ofhe cell membrane in botlthe hostand parasite. Another
hypothesised mechanism is the activation of the host cell mediated apoptosis of the infected

macrophage via the phosphoinositi@kinase pathwag?.

Miltefosine is given orally at 2.5 mg/kg/day for @8ys. Gastrantestinal problems such as
vomiting and diarrhoea are the most common side effelttis. teratogenic, meaning women
of childbearing age are required to take contraception whilst undergoing treatment. The long
residence time of the drug ifhé organism (halife:8-6 days) and the long treatment course

lead to poor patient compliance and resistance developrié#ft

As with the pentavalent antimonials, a difference in intrinsic sensitivibesghmaniapecies

to miltefosine was observeid vitro®'482and might explain the variability in clinical response
seen in clinical trials conducted in different regions. For example, a trial conducted in
Colombia wheré.. panamensis most commonresulted in a cure rate of 91% compared to

38% for plaebo treatment. In contrast in Guatemala, whdremexicanand L. braziliensis
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were identified as CL causing species, the cure rate was only 53% compared to 32% in the

placebo grouf’.

1.3.5 ParomomycirBulphate
Paromomycin (PM) (monomycin or aminosidin@igire 1.3.4 is an aminoglycoside
antibiotic that acts by binding on the small ribosomal unit leading to misreading of the mRNA
YR AYKAOAGAZY 2F LINRGSAYy aeyikSara Ay ol OG-

leishmanial activitf.

CAdndzmb KSYAOF £ 8K NBE202MaBUEITO S ¢

The mechanism of action d?M againstLeishmaniaparasites is not fully understood.
Previous research comparing protein expression levels betweeneBigtant ad PM
susceptibld.. donovanpromastigotes suggested that PM reduced the protein synthéysis
inhibiting the dissociation of the ribosomal subufitsOther studies inL. mexicana
promastigotes confirmed these results and suggested that it could alsiatdemduction of
translation error€® and thus altered the accuracy of protein synthesis @shmaniaThis
increased level of misreading RNA results in defective proteins that affect parasite $tirvival
It has also been shown to change lipid metaboliaffect membrane fluidityin the parasite

and alter uptake properties of the parasitésading to growth arreét.
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Paromomyciris a hydrophilic molecule with a high molecular weight (714 g/mol) resulting
in poor oral availability. Therefore, a parerdéformulation was developed and is mainly
used to treat VL andccasionallyCL. The majority of CL patients are treated topically with

Leshcutan® ointment (Teva, Israel), the only currently available topical formulation.

The topical formulation of paronmycin sulphate was first testdd vivoin mice by EOn et
Ff Ay (K S8 AShond adter thetfineatnt@dt (two times a day for 10 days) all lesions
caused by.. majorin BALB/C and C/C3H mice were cured.

Analyses of the subsequent clinical trigtglicate a higher cure rate for paromomycin
sulphate with methylbenzethonium treatmentompared to placeboin patients infected

with L. mexicanal. braziliensiand L. majo?*®°, However, it is important to note that the
ointment was applied after marally removing the scab of the wound and hence the drug
had direct access to the affected tissues. In setodies,an occlusive dressing was used. An
occlusive dressing is orkat keeps water from moving either in or out of the wound but
could be permeald to both water vapour and oxyge®PM has physicochemical properties
that are unfavourable for skin permeation. These trial conditions do not reflect the cure rate

in patients at onset of the disease where the lesions are still in the nodular stage.

1.3.6 LocalTreatments

Systemic treatments for CL are often preferred for several reasons, including the fact that
most new therapies for CL are derived from those usedMbrTopical or intralesional
treatments are also more difficult to evaluate due to problemsstandardizing the dose
given during administration of a drug. Even when local treatments are known to be effective,

there may be problems with crossing the skin barrier.

Intralesional injection of Stdrugs is the most established form of local treatmémt CI°%.
Numerous studies have been performed in comparison to parenteldté&ttiment or other

experimental therapies.

Topical paromomycin treatment for CL shows species and geographical variation. A meta
analysizonductedin 2007 concluded that in atebocontrolled trials, topical paromomycin
appeared to have therapeutic activity against Old World and New World CL, with increased
local reactionswhen combined with methylbenzethonium chloride. However, its efficacy
was not significantly different tthat of intralesional Shtreatment for Old World CL, and it

was inferior to parenteral Skireatment for New World CL
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Many local treatments are preparations of compounds used for systemic treatment that
have been formulated into topical creams/ointmentAn example of this is therfoleish
project wheredevelopment of a topical formulation of amphotericif¥B/as applied locally

to the CL lesion, showing high apfirasitic effect, but without the systemic toxicity
associated with amphotericin B. A Phakb/Il openlabel, randomized, notomparative,
two-arm exploratory study conducted in Colombia has recently been comgfetedcal
treatments have been used less often for New World CL due to concerns lab@(iannia)

braziliensizomplex infectionsdading to mucosal leishmania¥is

1.3.7 LocalPhysicalTreatments¢ Cryeand Thermotherapy

Cryotherapy and thermotherapy are the most frequently used physical therapies. Both
cryotherapy and thermotherapy work by using extremes of temperature to kill the pparas
whilst onlycausingminimal damage to the host. The size of the host means that the body
will be able to tolerate local applications of extremes of temperature, without too much
damage. Once the parasites amdeicted cells have been killethe bodyshould be able to
heal over any damage done to healthy skin. Dudngtherapy,a cotton swab with liquid
nitrogen is applied on the open wound and wound edges for abot25l8econds. Two
studies in Iran were conducted to compare the effects of thregediht treatments for CL.:
cryotherapy alone, a combination of cryotherapy with intralesianaglumine animoniate
(MA)and intralesional MA alorié&%, The studies reported complete cure of patients in 52%
and 67% for cryotherapy alone, 80% and 89% fartombination of cryotherapy with
intralesionalMA and 52% and 75% for intralesional MA alone. The researchers concluded
that the combination therapy was significantly more effective than the two monotherapies.
Based on these trials, it can be said that thgoapy alone seems to be as effective as

intralesional MA alone.

Thermotherapy involves the induction of heat in the superficial layers of the skin. This can
be done in several ways, for instance by using a radiofrequency generator, ultrasound or
infrared radiation. In Iran, a randomized controlled study compared thermotherapy and
intralesional MA for 4 weeR$ Temperatures of 50°C was achieved and maintained on the
lesions for 30 seconds. This was done once a week for four weeks. Six months after the
treatment, 80% of the participants in the thermotherapy group showed complete, cure
compared with 56% in the intralesional MA group. These results were in agreement with

previous studies conducted in Iran.
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A trial conducted in Afghanistan compared intrabesil SSG for 29 daysg2nl every 57

days), daily intramuscular sodium SSG (20 mg/kg/day) for 21atayshermotherapy based

on radiofrequency (1 session with several repeats of 1 minute of 50@tGhe treatment of

CL caused hly. tropicd’. Two moths after the treatmentthe complete cure of patients in

the three groups was 47%, 18% and 54% respectively. Treatment with thermotherapy was
signifiantly more effective than intnauscular SSG therapyowever, no significant
difference with intralesiona SSG was observed. Some patients that had received

thermotherapy experienced superficial secedelgree burn wounds.

Overall cryotherapy and thermotherapy seem to be good treatment options, as they are
effective against all species. However, the main Iimitfactors are the requirement of
expensive equipmentand availability of electricity in rural setting$he use of cyro or
thermotherapy can be painful and can cause additional scars and damage to the skin.

Additionally, thermotherapy requires experiegt personnel to apply the treatment.

1.3.8 Immunotherapy

Research has suggested that immunotherapy can provide a useful adjuvant to chemotherapy
in the treatment of CL. In contrast to chemotheraphat aims to kill the parasite,
immunotherapy stimulates the bl Qa 26y AYYdzyS NBaLRyasS Ay 2\

from its system

Imiquimod is an imidazoquinoline and acts as a potent immunomodulator. It is the active

AYINBRASYG Ay | (2LAOFT [OMiolstydied havie bhindnithato a S R I
imiquimod induces a leishmanicidal activity in macrophd$es vivo mouse studies

O2YLI NBR GKS ' fRINIu ONBLFEY gAGK | LXIFOSo2 ON
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placebo group.The compound is shown to induce nitric oxide (NO) production in
macrophages, which allows them to better fight off the infectidwo trials, conducted in
Peruy compared the activity of standard intravenousGs8r MAcombined with topical
imiquimod, to treatment with antimonials alonein patients who had not responded to
previous treatment with antimonials only. Both trials indicated that treatment with
imiquimod is safe and significantly increased the cure,i@epared with antimonials alone

in patients. Howeverdue to theoccurrenceof local irritation, a routine of application on
every other day igecommended Furthermore, the action of imiquimod reduced the

residual scarring®.
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The immunomodulatory potential of simvastatin as a topaasystemic hostlirected drug
therapy, in controlling inflammatory responsef an experimental mouse model &L,
caused by. major has been investigated by PariretraP®. In an ear infection modedjirect
topical application of simvastatin on estadbled lesions significantly reduced severity of the
diseasereflected by ear lesion size and ulceration. The host protective effect was further
accompanied by decreased parasite burden in the aad draining lymph nodesn both
BALB/c and C57BL/6 mi¢&duced severity of disease by topical application of simvastatin
in ear infection modelthey found that systemic treatment with simvastatibeforelL.
majorinfection (prophylactic)was protective in both the resistant C57BL/6 as well as the

susceptibé BALB/c migeluring footpad infectiof?.

Pentoxifylline is @umour necrosis factoh  0-¢ b C A y'R thai Alspo 2afehuates the
immune response and decreases tissue inflammation. The association of pentoxifylline with
antimony improves the cure rate of mucosal and cutaneous leishmaniasisata@mized,
double-blind pilot trial against_.braziliensiscure rate was higher, although not significant,

in patients who received antimony plus pentoxifylline than in those patients receiving

antimony plus placebi@.

1.3.9 NewDrugs

There are currently a handful of potential nahasses of drugs in tHerugs for Neglected
Diseases initiativg DND) drug developmentpipeline amongst these are oxaboroles,

nitroimidazoles and aminopyrazoles.

DND and Anacor have been working together over the last few years to identify oxa¥8role
compounds, initially for the human African trypanosomes (HAT) programims has
expanded to include both leishmaniasis and Chagas disease-@2K®has emerged as a
promising lead candidate for VL and CL, and by the end of 2016, studies includimgterplo
toxicology necessary for possible progression to preclinical development had been

successfully completed.

In June 2014, the firsh vivoproof-of-concept for VL series 12, called the aminopyraZ&ies
from Pfizer was achieved in the hamster eatlyative model of VL. An initial compound gave
93% and 95% reductions in parasiiemberin the liver and spleen respectively after five
days oral dosing at 50 mg/k& subsequent compound shad even highelin vivoactivity
(>99% reduction in botthe liver and spleen). The project moved into the lead optimization

stage in January 201%with further compounds being designed and tested. Profiling of
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current and new leads in a panel of drsgnsitive and drugesistant strains oEeishmania
exploration ofthe in vivodoseresponse, rat pharmacokinetics, and inifialvitro safety

assays are all underway.

A project based on a series of nitroimidazole compounds was started and was terminated in
early 2015%. The decision was taken to progress with lead counpds from two sukseries
previously identified from the nitroimidazooxazine backup programme (E32D9 and
DND10690) which had good efficadn viva higher solubility, and lower potential for
cardiotoxic effects. A lday toxicity evaluation carriedud in 2015 led to DNE0690
nomination as a prelinical candidate. In addition, with other potential lead compounds for
VL, DND0690 was profiledn vitroagainst Clcausing strains dfeishmaniaat the London
School of Hygiene & Tropical Medicine and Walter Reed Army Institute of Researahd
showed good to excellent activity, consistent with their activity agdinstonovanandL.

infantum.

As previously mentionedepurposing is a possible strategy for the development of new
drugs. Some examplesf repurposingbeing used in thdreatment of leishmaniasis are
imipramine®*, fexinidazolé&®, tamoxifert® and tafenquiné®, all of which showedh vivo

activity.

Another area in which new treatments are being exploredGais the use of combination
therapy'®. A recent example of this is the clinical trial on the uséhefmotherapyand a

short course oimiltefosinein combination.Local heatis appliedusing a localized current
field radio frequency generating. The electrodes are applied to the lskéting one single
lesion to 50°C. Depending on the size of the lesion, more than one application may be
administered. In addition to receiving one single session of thermotherapy as described
above, subjects received oral miltefosjnevo or three capales a day, which is the

equivalent of 100 to 150 mg respectively for 21 days.

1.3.10 DrugResistance

Another issuewith the treatment of CL and VIs the increasing frequency at which drug
resistant strains are encounter&§!!, Clinical resistance to amphatein B is rar&®
Nevertheless, with the increasing use of amphotericin B, the possibility of emerging

resistance cannot be ignored.

Laboratory studies have shown that resistance to amphotericin B can be induced with

minimal effort by changing their meméne chemistr§?. One methody whichthe parasite
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can do this isisto alter the expression of methyl transferases in the thiol metabolic
pathway$®2 Miltefosine has such a long hdife that subtherapeutic levels are maintained
over long periods inhe body, which could easily lead to the emergence of resistant
straing!®. The main route of resistance against miltefosine is the reduction of uptake into
the parasite$'®. Finally, there is an issue with the fact that different species are affected to
different degrees by each drug. In addition to this, within each species there are different
strains that also show different responses when tredtedhere is also the host cells to
consider asdrug uptake and accumulation may be different in differeni ¢goes4 This
leads tovariationin the activity of drugs even between different strains in the same host cell

type, depending on the source of the cell.

1.4 Rationale fodimproving theDrug DiscoveryProcess

1.4.1 DrugDiscovery

Recently there have been few ahces for the treatment of simple or complex formsQif

The main challenge for CL is to ensure that this disease is on the research and development
agenda, so that new drugs are evaluated. There is a great need for the discovery and
development of antleishmanial drugs, as those that are currently used for treatmfemt,

either Clor VL, suffer from a wide array of side effects that can cause more discomfort than

some pathologies of the disease.

In a recent highhroughput screening (HTS) of 1.8 millicompounds by GS$K againstL.
donovani 67,400 primary hits were identified; an overall hit rate of 4%. Confirmation of
activity above the cubff in at least one replicate was displayed for 32,200 compounds. The
remaining compounds were tested in an itellular assay df. donovaninfected THP41
derived macrophages, resulting in 5,500 active compounds. Compound potengy d&C
well as acute cytotoxicity of the compounds were assessed. Subsequently, 36¢tatoxic
compounds were found. This scredros/s a major problem with the development pipeline,

which is the number of active compounds that are found unsafe due to high cytotoxic effects.

Another screen of note is one conducted by Novattiwho tested 1.5 million compounds

in proliferation assay on three different parasites; donovanj T. cruziandT. brucei This

was followed by triaging of active compoundss&&l f dzSa 2F f Saa GKIy
window of selectivity with respect to growth inhibition of mammalian cells. An

azabenzoxaze| GNF5343, was identified as a hit in thedonovanandT. brucescreens.

19| Page



Chapter 1: Introduction

Although GNF5343 was not identified in fhecruziscreen, it ha shown potent antT.

cruziactivity in secondary assays.

Optimization of GNF5343 involved the design and syithef ~3,000 compounds, and
focused on improving bioavailability and potency on inhibitioh.adlonovangrowth within
macrophages. A lead candidate from this cycle of chemical improvements was named
GNF6702. Am vivofootpad infection of BALB/c miceitly the dermatotropicL. majorstrain,
GNBFGSR 6A0K DUbB'®dce daily causéd amfimefod Fleciedbse in footpad

LI N} aAGS 0dz2NRSY IyYyR | NBRAzO&ER R mytwied 2 i B R
daily regimens of GNF6702 were superioraon  YtSoncedaily miltefosine regimen

PF n®nmo

1.4.2 DrugDiscoveryPathway

The drug discovery pathway is a long process that takes both a lot of time and money, with
estimates at$1395 million dollars” as anestimated average oubf-pocket cost per
approved new compound. Despite the large investment, only a small number of compound
will make it out of the pipelin€® The path to a marketed drug involves a long and exhaustive
journey through basic search, discovery of the drug, preclinical develepmtests and
formulation of the medicine and a series of complicated clinical trials with humans before
regulatory approval. Usually 15 to 26ars®1® of research and millions of pousdater,

there is a possibility that a new drug will be approved rftarketing. Drug discovery and
development is widely recognized as one of the most financially risky endeavours in all of
science and a major challenge for the industry. Much of this cost comes from failures, which
is estimated to account for 75 percent tife total research and delopment cost The
failure rates of drugs once they reach clinical trials is very, laigtiis estimated at nearly
909%4%°. One possible reason for this is the lack of biologically relevant models in which
potential drug candidate are screened, evaluated and selected during both discovery and
development phases. Key areas that are in particular need of better models are those that
are used forpharmacodynamicsand pharmacokinetic experiments as conditions that
influence these faairs are hard to recreaten vitro. Leishmaniasis is a disease that suffers
from this problem of having limited disease relevant models in many stages of its drug

development pathway.
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1.4.3 Need forPredictive Assays

The common and persistent failures to trarislgpromising preclinical drug candidates into
clinical success highlight the limited effectiveness of disease models currently used in drug
discovery. An apparent reluctance to explore and adopt alternative cell and tissue based
model systems, coupled witl detachment from clinical practice, contributes to ineffective

translational researciL

Finally, a substantial proportion of clinical trial failures for novel medicines overall are due to
safety issues such as cardiotoxicity and hepatotoxicity, aridugetoxicity issues are often
discovered onhyduring clinical development has been completed. Thus, more predictive
toxicology models would contribute substantially towards more successful clinical

translation and improved patient caf®.

1.4.4 Improvingin Vitro Models

Despite advances in target and cell based screening technologies, the majority of drug
discovery projects remain dependent on cell culture systems that were developed several
decades ago, incorporating immortalized cell lines. Many researawrsider the use of

such assay systems to be questionable owing to their poor disease relevance. Traditional cell
culture methods typically rely on immortalized cells grown within artificial environments,
and on norphysiological substrates such as funofiized plastic and glass. Although these
methods have facilitated the discovery of many basic biological processes, they often fail to
provide an adequate platform for drug discovery owing to their inadequate representation

of key physiological charactetics?,

Most celtbased assay screemse performed using cell lineghat have been cultured for

many generations, resulting in a substantial drift in their genetic, epigenetic and physiological
characteristics, which means they are not a good modgdrimhary tissue cell§*4124 The

genetic and epigenetic abnormalities, characterized by multiple genetic rearrangements and
amplified gene copy numbers, associated with loeign culture confound
pharmacogenomicand functional genomic studies. Genetiaathtion resulting from long

term in vitro cultures also contributes to heterogeneity in cultures of the same cell line
between passages, batches and laboratories. One way to improve the cells used in assays is
to use either freshly isolated primary cefiscells derived from stem celts. Using cells that

are more closely related to human biology can reduce the problems caused by genetic drift

and longterm culture. Thedevelopmentof inducedpluripotent stem cellgiPSCs)ives the
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use of these stem cdslother advantages such as, easy accessibility, expandability, ability to
give rise to almost any cell types desired, avoidance of ethical concerns and the potential to

develop personalized medicine.

The media most commonly used for cell cultigdesigred for fast cell growth, incorporating
large concentrations of fetal serum and nutrients, which may promotelifferentiation of
primary cell types ito more embryonic ordtal-like phenotype¥®. Cells are often grown in
standard incubators under high ygen partial pressure, approximately 20%, which does not
represent the steadytate conditions of human organs and tissues, fluctuating between 1%
in the dermis, and 14% in arterial blo8&°. This has a profound impact on cell metabolism,
reactive oxygn species production, mitochondrial functions and, ultimately, the
differentiation and function of celt8'¢132 Additionally, conventional tissue culture systems
do not readily permit the formation of sherange gradients of nutrients, hormones and
oxygen that are often experienced by cells, depending on the distance to the nearest blood
vessel. This can be mimicked with the adoption of microfluidic systems that can be adjusted
to mimic physiological conditions and deliver nutrients, dissolved gaseseamove waste

products®,

The twoadimensional (2D) planar substrates on which cells are typically grown are stiff,
demonstrating high tensile strength and mechanical resistance to deformation, unlike most
substrates found in the human body, with the extiep of bone and cartilagé®. Hence, the
plastic or glass used in cell culture may not accurately represent the ndarmeivo
mechanical environmeft>41% To avoid these problems a 3D environmemtuld be used
Initially the use of collagen coating anther extracellular matrix substitutes can lead to a
more natural environment for the cells. Further tiois, 3D confirmationscan be recreated
using a scaffold for the celblowing complex cell behavioursdevelop Both solid scaffolds

and hydrogelscan be made with a variety of different tuneable properties. Stiffness,
resistance to deformation andwelling behaviour can all be varied by changing either

material or the concentration of polymers in hydrogé{&!®

A further challenge in tissue molliag within currentin vitro assays is the absence of a
physiologically relevant extracellular matrix (ECM). For example, the popular use of Matrigel,
a gelatinous protein mixture secreted by Engelbrelbim-Swarm mouse sarcoma cells with
chief component®f Matrigel being structural proteins such as laminin, entactin, collagen,
heparansulphateproteoglycans and growth factors, and collagen type | as an ECM substrate

in hepatocyte culturesdoes not represent the ECM proteins predominantly found in the
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liver*®, Many pathologies are associated with changes in ECM production. Some attempts
to rectify this problem have been made; often to address this issue the solid scaffold used in
cellular models is a decellularised section of tissue leaving only the &@ah, then can be

seeded with new cells. In other models, the decellularised ECM is lyophilized and added to a

hydrogel in order to restore the ECM proteins that would be missing from the hydfdgel

Celtculture screening assays traditionally use alsirmgll type, whereas celia vivoare in

either direct contact or communicate over a long range with many different cell types. As
most biological processes and pathologies involve the interaction of multiple cell types, these
should ideally be incorpotead into in vitro cellular assays whenever possible. For example,
most toxicology assays use only hepatocytes, but although 80% of the liver volume consists
of hepatocytes (60% of the cells); other important cell types within the liver include stellate
cels, resident macrophages (Kupffer cells), sinusoidal endothelial cells and some non
parenchymal cells. Both stellate cells and Kupffer cells are known to be important for some
compound toxicities and should therefore be incorporated into vitro toxicology
assay¥'4142 Further development of coulture methods, which incorporate disease cells
with relevant immune sub compartments, is also urgently needed to help better understand
and address the role of the host immune system in the pathology and thetapsutcomes

of diseases. These considerations are of particular importance for pathogen biology and

infectious diseases, which operate at multiple cellular and tissue é¥els

1.4.5 Improvingin Vivo Models

A model is a simple representation of a complestam. Consequently, an animal model for

a human disease is by no means attempting to reproduce the human disease with all its
complexities in an animal. Anals are instead used to modspecific aspects of a disease.
Whenever an animal model is used, stthus of utmost importance to define a specific
guestion and to ensure that the chosen model is fit for purpose. Compounds fail for many
reasons, but some are more avoidable than others. Poor oral bioavailability, pharmacokinetic
properties or toxicity isues that are not predicted by animal pharmacology result in overlap

of efficacious and toxic doses. These are often reasons for Phase | and Phase Il attrition
rates’*. Indeed, animal studies seem to overestimate by about 30% the likelihood that a
treatment will be effective because negative results are often unpubli¥tiesimilarly, little

more than a third of highly cited animal research is later tested in human trials.

First,in vivostudies typically use high dosesa@mpounds, which are orders ofagnitude

greater than those humans aexposed to. Whilst these higher values can be scaled with
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allometric scalinf®, doseresponse relationships are compleso extrapolation from these

high doses to lower, human, exposure levels is difficult and t€sulmany inaccuracies.
Secondjn vivostudies examine the response of a standard laboratory animal to a xenobiotic.
This response may or may not occur in humans. Even more important is that the human
population is very heterogeneous and a single stadianimal cannot accurately predict the
variability in responses seen in the human population. Finallyivoexposures in toxicity
testing are usually composed of a single compound. While this allows for close examination
of the results of that singleocenpound, humans are constantly exposed to mixtures of

compounds dailyand the effects of these eexposures need to be examinéd

Many outcomes used in animal models are dependent upon subjective interpretation. While
subjective evaluations are gendsah very efficient way to score behavioural endpoints, it
Oy ONBF(GS o0AlLaA AF GKS aO02*NBNvay to avoidthilNSo 2 F

conduct blind studies.

In animal models, treatment is frequently initiated either before or shaafter the disease
pathology is initiated. This is in contrast to the clinical situgtionwhich treatment is
normally started after onset of symptoms and clear diagnosis. Thus, a potential

pharmacological effect could be overestimated in an animal model.

While most experimental saips are very much standardized in a particular lab, slightly
different parameters in another lab may yield different results. Repetition of experimental
findings in slightly different models can give different results basedthen biological
differences between model¥. Each result is from a separate entity and this means that
variation is inherent and unavoidable. The animals will have different responses to both the
treatment and the disease; this can cause large variatiaesults. If this happens, it is not

hard to image that a valid response to the drug could be labelled as an outlier.

The use of animal models can also be expensive. The more specific the animal strain, often
allowing it to be more biologically similaha more it can cost. Mouse strains can be inbred
lines in order to maintain the specific phenotypes required by the end user,.hvigver,

can lead to genetic issugdue to the nature of inbreeding. A well planned experiment can
use many animals, as gnes must be large enough to be statistically relevdespitethe
inherent variability in the animals. Often due to the high cost of animals, researchers will
compromise on the number of groups and animals a study will consist of in order to save

money.
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Humanized mouse models in which immunodeficient mice are engrafted with human cells
or tissues, are considered extremely usefililey allow human research studigsvivoand

hence support clinical translatiéff. Dependent on the human diseasand question
addressed, different humanized models and mouse strains are utilized. Most commonly used
are the human tumour xenograft models for the study of cancer, and the humanized mouse

models that mimic the human immune system.

A humanized mouse model of HIV infen generated by CD34hematopoietic progenitor

cell transplantation is used as the replication of Hé\hot supported in other murini vivo
modeld®®, In these mice, CD34ells generatele novohuman immune cells capable of
supportingin vivoHIV replication.Due to the limited tropism of HINfy vivomodellingof this

virus has been almost exclusively limited; use of similar lentiviruses such as SIV that
reproduce many important characteristics of HIV infection have been usedasstitute
Howeve, there are significant genetic and biological differences among lentiviruses and
some HIVspecific interventions in nehuman hosts. Humanized mice are systemically
reconstituted with human Iymphoid cells offering rapid, reliable and reproducible
experimental systems for HIV researdkdvantages of this humanizedomsemodel include

their small sizerelatively lowcost makingthem more accessible than primate modedsd
multiple humanized mice can be made from different human donpesmitting contrd of
intragenetic variableBoth primary and laboratory HIV isolates can be used for experiments;
and in addition to therapeutic interventions, rectal and vaginal HIV prevention approaches

can be studietf®

Plasmodiunspecies infecting rodents and hunsare highly divergent. While some critical

factors for preerythrocytic infection are known in rodesfectingt @ 0 SuNIB S B 2 St A A
it remains largely unknown how relevant they are ford ¥ | f &bl tL3p NGNS | E
erythrocytic infectiof®’. Severbhumanized mouse modelitilized to study human infective

species at different stages of the malaria life cycle have been created. A better understanding

of the receptors required for sporozoite invasion of host cells would uncover a remaining
mystery abait the malaria parasite and could facilitate the development of novel,
immunocompetent, humanized mouse models. The first success in assesging¥ I  OA LI NX:
liver stage development in livdrumanized mice used AllPA on a SCID backgrotitidThe

liver of these mice can be robustly repopulated with human hepatocytes soon after birth and
these hepatocytes are susceptible to® ¥F | f ididctich. MiizYrecently, it has been
demonstrated thatt @ F I f cAriinféictiitzyylacetoacetate hydrolase null mi¢ERG

25| Page



Chapter 1: Introduction

KOYAOS® ¢KS&asS YAOS 101 C!'1 X wk3au FYyR L[HN

hepatocytes (FRG KO hubiép’. It has been shownrhat this model supports robust
t ® TFI f <pdrdzbvitddidction and wpports complete maturation oparasites. This
model is now fully established in antimalarial drug development studies. A combined
humanized mouse model that can harbour liver stagélews transitions to blood stages

and continuously supports blood stage infecti@muld constitute a major advance.

The modelling of pharmacodynamics and pharmacokinetics is often done in animal models.
Effective pharmacokinetics angharmacodynamic{PK/PD) study design, analysis, and
interpretation can help scientists elucidate the relationship between PK and PD, understand
the mechanism of drug action, identify PK properties for further improvement and optimal
compound design and dosimggimens A lage variety of animal models have been used to
characterize the pharmacodynamics of antimicroBfdl#Animal models have the advantage

of determining antimicrobial efficacy at specific body sites such as the thigh in mice, the
peritoneum in mice and ratshe lungsin mice, rats, and guinea pigs, endocarditis in rabbits
and rats, and meningitis in rabbits. However, clearance of antimicrobials is more rapid in
animals than in humans. Many factors, such as inoculum, media, giuvebe of the
organism, sitef infection, drug concentrations to measure correct drug exposure, presence
of neutropenia, and measurement of outcome by coldagming units (CFUS),
survival/mortality, or another form of assessment, need to be considered to develop

meaningful conclusias™*,

When adequately designed and conducted, animal models can contribute invaluable
information to our knowledge of biology and medicine, including the discovery and
development of new drugs. However, better design and condast well as further

develgpment of animal models is warranted.

1.5 Assays to Test the Activity of Drugs
1.5.1 InVitro Assays

In vitro screening has many advantages owervivo screening methog such as a vast
reduction in both time taken and cost. It also avoids ethical issues relatégetase of
animals. Today many cell lines are widely available, and it is possible to culture many
different cell types. Immortalised cell lines are relatively easy to maintain in comparison with
mice and can be maintained almost indefinitely. Large s@eman be conducted using

cultured cells rather than hundreds of mice, over a much shqrégiod. In vitro drug assay
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can ke completed within a week wheas an in vivoexperiment may take several weeks
before the infection is seen and before a drug carapplied and evaluated. The amount of
drug used irin vitro assag is also much less than in a standamdvivoexperiment. When
conducting arin vitro assay more precise control over the conditions of the assay can be
achieved and because of this, redweibility is greater than im vivoassays. In order to be
relevant in vitro screens must provide a good prediction of activityivoand be able to
reflect cellular level changes that can be viewed with ease. However, this is often not the

case asn vitro assays are usually lacking in biological complexity.

1.5.2 InVitro Assays foifestingCompoundsagainstLeishmania

In vitroassays for the testing of compounds againsishmanigarasites can be performed

in a variety of ways. A number of aspects d&enstudied such as rate of kill, percentage
infection, total burden or burden per cell after differing number of days. When choosing an
assay there ara number of things to considem vitroassays have been conducted using a
variety of celktypes;theseinclude a Sticker dog sarcoma fibroblasts celffiéransformed
rodent macrophage cell lin&8, human monocytic cell line derived from an acute monocytic
leukaemiapatient, primary isolated mouse peritoneal or bone marrow macrophages and
human monocte-derived macrophagé®’. Another consideration is the stage of parasite
that the drug will be tested again§tand whether the parasite will be actively dividing within
the host cells. A further consideration with use of parasites is how long theyspawt under

in vitro culture conditions. It has been seen that after multiple passages the parasites adapt
to in vitro culture, changing their biology and potentially altering the effect compounds

would have on theri®.

1.5.3 Assayendpoints

The main method of aluating intracellular infection of macrophages lbgishmanias to

count the number of macrophages that have been infected.if\witro assay involves
infecting a population of cultured cells and then, after a 24 hour period, treating with a drug
over aset period of time, usually for 72 hours, before determining their infection levels and
elucidating the activity of the drug. Usually this requires the host cells to be fixed and stained
before observation under an oil immersion microsctyieThis allowshe counting of the
number of infected cells or the number of amastigotes within each infected cell; usually over
a hundred cells are counted in total. Another method that involves counting is the limiting

dilution assa¥?® where the number of viable intellular pathogens can be determined by
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creating a dilution series of the remaining parasites and measuring replication rates in each

dilution in order to determine the number of viable parasites within the original sample.

A variation on the above county method is to use parasites that have been transfected with

a fluorescent®®®®1or bioluminescent®® marker. This allows thearasiteto produce a signal

that can be measured using different techniques. With these parasites, fluorescent
microscopes or anfocal imaging allow for easy counting of the infection. The imaging of
fluorescent parasitesan be detected and evaluated in many ways, such as total fluorescent
signal, sie of fluorescent area or simpilie number of infected cells. One advantage that
fluorescent or bioluminescent parasites have over a Giemsa stained slide is the difference in
contrast between parasite and host cell. Automated systems such as Opera® (PerkinElmer,

UK), can count the number of infected cells when used with these traesf@arasites.

A problem with using the counting method to determine infection is that it takes a long time
for large data sets to be processed. A medbhad counting version as an epadint is flow
cytometry, which allows cells infected with fluorescemtbioluminescent parasites to be
counted®. Counting is also not easily compatible with 3D cell culture as the scaffolds or
extracellular supports can easily stop cells from being viewed under light or fluorescent
microscopes. The use of dyes, fluoredcem bioluminescent parasites and confocal
microscopy would be needed. Another issue is that drug cytotoxicity can drastically change
the number of cells available to count, which yaould notbe able to monitor until the

sample is fixed and stained.

Thee are many assays that do not given&croscopically rea@stimation of infection as a

final readout, but give a value that can be scaled against specific controls to give a normalised
readout based on the infection levels. These may become necessdrg asrhplexity ofn

vitro systems increases and counting becomes impossible. Colorimetric assays are assays
that use a colour change or development that can be detedigceither absorbance or
fluorescence A simple example of this is the use of AlamaeBthe oxidatiorgreduction
indicator has been used for colorimetric determination of parasite cell viability and
proliferation. Alamar Blue® is netoxic for cells even during long incubation times. In the
living cell, Alamar Blue® is reduced thereby ciangscolourfrom blue to red allowing for
detection of the number of viable parasit€$ Another chemical that has been used along

the same line is -84, 5dimethylthiazol2-yl)-2, 5-diphenyltetrazolium bromide (MTT).
Surviving_eishmanigarasites care quantitated by their conversion of the chromophore

MTT® Reduction of the yellow MTT taninsoluble formazan, which has a purple colour, by
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NADPHJependent cellular oxidoreductase enzymes provides a measurable signal relating to

cell viability.

Another colorimetric method that has been developed uses a paraggific enzyme,
trypanothione reductasewhich reduces trypanothionalisulphide leading to a colour
OKIy3aS GKNRJAK (KS O2 ditdiotsRnitidiemrzdeCatig) @hich caii A @A G &
be detected by measuring ispecificabsorbancé®. The assay measures the activity of an

enzyme unique to the parasite so that host celisribt affect the colour change caused by

the reaction catalysed by this enzyme.

Along similar lines are assays that use reporter gene technology, where a gene has been
transfected into the promastigote and produces a coloured or luminescent moleculesor on

that can react with an added chemical to create a measurable change in ¥étbat can

be detected and used as a measure of how many parasites are present. The use of such
genes like the firefly luciferas®® or the green fluorescent protein (GFP)ng&’, could
considerably facilitate the screening of antimicrobial agents by allowing direct read outs of
0KS NBYFAYAYy3 Tt dz2 NEa OS ygélactasidasg®|chloramghéan®Ed) R NXz3
acetyltransferas®’and alkaline phosphata&® are allgenes that can be transfected into

the parasite causing it to produce a specific enzyme that will then be used to catalyse a

reaction that produces a coloured product, which is then detected by absorbance.

Quantative polymerase chain reaction (qPCR) cautibeed as a method, which can be used

to detect relative and absolute levels of parasite and host cell DNA when compared to a set
of standard$®®. The results from this can showdacreasein DNA concentrations if the
parasite has been cleared, whildsa giving a measure of the possible cytotoxic effects of
the compound if it reduces the host cell DNA concentration. A further elaboration on this
method is the use of reverse transcriptase qPCR, by adding the reverse transcriptase step
you are only ampllying the RNA produced by actively viable para$ife3his ismportant,

as it is possible for the DNA of parasites that have been killed to remain after the parasite

has been killed.

1.5.4 HighContent Sreening forAnti-leishmanialAgents
There is a strongénd towards higkcontent screening (HCS) of compound libraries as a tool
for drug discovery/.. Highcontent screenings a type ophenotypic screen, looking for
changes in cells that may include increases or decreases in the production of cellular

products such agroteins changes in cethorphologyor, for Leishmaniathe presence of
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parasites. High content screening includes any method that is usadaigsewhole cells or
components of cells with simultaneous readout of several parameters, suclarasite
burden, percentage infection and number of live parasites all at the same tisiag the
usual manual counting method would take a very long time for each data set to be fully
evaluated, so automated image analysis is required. Even though amatdd system is
faster it requires greater time to set up and train the system to count as specified, even then
images often have to be manually reviewed to check the results of the automated counting.
A group from the Institut Pasteur Korea have used eated multidimensional analysis of
macrophages infected witheishmanigarasites to determine drug sensitivities by studying

a variety of factor§2 Variables such as cell number, infected cell number, number of
parasites per cell, cell dispersion andlhape and texture have been analysed by an
algorithm designed especially for the analysis of infectiobhdighmanigarasites. Ayroup

at the University of Dundee, conducted a similar asségre images of fluorescent parasites

in labelled macrophagesere analysed and inhibition curves could be derivéd

These high content screening methods can be used as a form of high throughput screening.
Other methods mentioned such as the colorimetric assay and reporter gene technology,
also lend themselves tbhigh-throughput screening as they can be quickly analysed and are
cheap to complet&®41%S but provide less information thathe high content based image
analysis. Most higthroughput screens have used a reporter gene transfected strain of

Leishmani&“.

1.5.5 Ex VivdAssays

Ex vivaassays areonducted iror on tissue that is taken from an organism and moved to an
external environment. Thyshereis minimal alteration of th@hysiological conditionsithin

the tissue.Ex vivaconditions allow experimentatioon an organism's cells or tissues under
more controlled conditions than is possibleimvivoexperiments;however,this is at the
expense of altering the "natural" environment. A primary advantage of wesingvotissues

is the ability to perform test®r measurements that would otherwise not be possible or
ethical in living subjects. Tissues may be removed in many ways, including, ior pelnble
organ removalVLcan be studied in splenic explafffsand samples of blodéf that, once
removed from he body can be cultured in a way that allows for theaintenanceof the

parasite. For cutaneous leishmaniasis, a skin explant model would be more relevant.
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1.5.6 Standardisation amonkaboratories

A major problem with currenin vitro assays is standardizatiaf conditions among labs.

Due to the large differences that can occuot onlythrough the use oflifferent strains but
alsothe use ofparasitesat different stages of its lifecycle, it is almost impossible for different
labs to be testing on the samamasite. This inherent variation is also seen between host cell
sources. This can mean results are hard to replicate among labs and this can inhibit the

development of new assays.

1.6 Cellular Models for the Study of Disease
1.6.1 Why useCellularModels

Due to oncerns about animal welfare, time and cost constraints, and the ever increasing
number of chemicals that need testing, establishing more predidatiwetro culture systems
has become a priority. In addition, the predictive accuracy of rodewivotesting for human
adverse health effects has become a matter of dispute in recent ¥édré%’% In part due
to poor concordance of animal study results to disease phenotypes observed in

heterogeneous human populations.

In vitromodels to study disease atsed for many of the same reasons mentioned inithe
vitro assay section. There haseen much development in models, over the past few years,
to move from standard 2[ vitro static singletime point assays to model systems ttzat

more biologically rievant.

1.6.2 Increasingdomplexity

An easy first step to make a more biologically relevant system is to have a system where the
cell culture medium constantly flows, transforming a 2D static system to a 2D flow system.
In this way, you can mimic the fluidicratitions within the bodi£®. Many tissues within the

body have direct contact with moving bodies of ffdidfrom the obvious circulatory system

and digestive system to the slightly less considered spinal fluid and lymphatic system. The
movement of the fliid is important for a number of functionsuch as nutrient delivery and
waste removaf? In addition to this, a media perfusion system can provide the cells with
biologically relevant shear stress and oxygen gradi&htahich are not reproducible in
static systems. A further point to the fluid flow is that it allows for the creation of gradjent
which are found in many biological environmsaind can be important for the function of

that environment®*18 The flow of media through the cell culturgssem is especially
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important as it allows for further complexity in the system to be maintained in conditions

that would otherwise not easily support such comple¥ty

Along similar lines the use of bioreactors for the maintenance of cells have mdrgyszsime
features as media perfusion systentsowever bioreactorscan be scaled ufor industrial
uses producing many cells from the same growth conditions. In this method, cells can be

harvested without passage and interruption of growth cytfes

Compexity can be increased by moving from 2D to 3D cell culture. The culture of cells in two
dimensions is arguably primitive and does not reproduce the anatomy or physiology of a
tissue for informative or useful stuéfyy. Creating a third dimension for celllture is clearly
more relevant. The 3D environment allows the cells to take a more physiologically relevant
shape and volum&’. This altersnot just the surface area to volume ratiout fundamentally
changes the availability of the cell surface forttbaeltcell interaction$® and other

important cell surface activitiesuch as receptor presentatiéfiiand particle uptak&®,

Using primary cells instead of immortalized cell lines is another way to improve the
predictiveness of a model. Immortalizeell lines are created by fusing a cell line with a
cancer cell linavhich can lead to the resulting cell line tial on someof the properties of

the cancer cells. For example as veallthe intended immortalisatiothey alsocan take on
other phenotype®®, for example, Hepal 6 cells were found to be deficient in
mitochondrid®. Using primary cells can avoid this issue and also has the added benefit that
the cells are much closer to the cells that are found in the body, increasing biological
relevanceThe choice between human or animal primary cell should depend on the purpose

of the model.

Another option for cell choigghat may be more biologically relevant is the use of either
stem cells or more readily available iPSCs. For the same reasons o€lbsirgto the cells

found within the body these cells could be more predictive in cellular aS8aybe use of

iPSCs has the added advantage that the cells can be donor specific and has been shown to
react in the same way as the patient they are takemT. This way genetic variation is taken

into account®?

Using a cell culture system containing more than one type of cell is another way to increase
the predictive strength of the model. It is obviously an understood fact that within the body,
cell typesdo not function in isolationand therefore are always under the effects of

surrounding cells in the tissue, some of which will be completely different cell ‘87pes
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Knowing this it seems incredible that we still grow cells in isolation and maintainhisa
can provide us with enough information. €olture models with multiple cell types in the
same culture allow for cetlell signallingwhich is important as different cells will have
different functions and convey different messages though theiradling. Many examples of
cells having organisational roles within tissues have been elucitfatdthe one issue with
this is thatin vitroconditions often lack the complexities to keep the different tissue types in
balance, whether this be due to nutrieneeds or the ability to stop one cell type outgrowing

the other.

Another important additionthat could be made to improve the realistic behaviour of the
body, especially in disease modetsthe incorporation of an immune response elenmént

As a mimum, a model should consider the amount and type of immune signalling molecules
that can be found in the disease state environment. This aspect is missing from most

currently used models.

However, the size and complexity of models can cause problenesiifitillels are to ever be

used for high throughput purposes. Considerations in the design of the model are important
whenhigh througtput is the goal. The time a model takes to construct and reach equilibrium
should be considereds high throughput requirdarge numbers of models and using model
that takes over a month to produce is not feasible. Also important here is the price that the
Y2RSf 0248G4 (2 LINPRdzOST 620K Ay NBaz2dzNDOSa

However, folLeishmanidhere is not yet an establishedadel that bridges the gap between

static 2D cell culture anith vivomodels.

1.6.3 Examples ofurrently UsedModels

The most common model used is the cancer spheroid model. First described in the early
1970s and obtained by culture of cancer cell lines underadherent conditions, spheroids
have rapidly been accepted as a very useful model for the study of d&n&mlid tumours

grow in a threedimensional spatial conformation, resulting in a heterogeneous exposure to
oxygen and nutrients as well as to othghysical and chemical stresses. Proliferation and
hypoxia are found both at the same time in different areas of the same tulfodrhis
diffusionlimited distribution of oxygen, nutrients, metabolites, and signalling molecules is
not mimicked ikDmonolayer cultures. However, it is possible to induce chemical gradients

in 3D structures. In particular, the spheroid forms a necrotic core in very much the same way
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as a solid tumour would and usually for the exact same red%bhese similarities make

the spheroid a useful model in the study of cartéer

Another important model of note is the model of the epidermis used for cosmetic té&ting

The gold standard model used in the cosmetic industry is EpiDewhich is also known
generically as a Reconstted Human Epidernf¥. EpiDerm is a readp-use, highly
differentiated 3D tissue model consisting of normal, hurd@nived epidermal keratinocytes
cultured on specially prepared tissue culture inserts. The process of creating the model is by
the remowal of all the cells from a human dermis and thensemding with mature
keratinocytes. The model has multiple industry validations and accepted test guidelines,
making it a provein vitromodel system for chemical, pharmaceutical and skin care product
testing®®. The model is used to study whether or not a compound is an irfftant
corrosivé®, genotoxié®or affects either hydratioff® or epidermal differentiatiof®, and is

a suitable alternative to animal testing.

1.7 Media Perfusior8/stems

1.7.1 Why useMedia Perfusion

The importance of flow in physiology has been recognized for more than half a century,
whether it be blood flow, media flow or interstitial flow. Since that time the understanding

of fluid flow, and its effects on solute transport in biologditiasues, including effects on cell

cell signalling and morphogenesis, has increased substantially. The perfusion of media in a
cell culture system allows for increased nourishment and sustainability of 2D and 3D cultures,
which could otherwise lead to eotic cores in the latter case. Flow however, affects more
than just cell nourishment. It can, for example, induce blood and lymphatic capillary
morphogenesisin vitro®®*?1° maintain the functional activity of chondrocytes and
osteocytes!*? drive fbroblast differentiatiod'®¥?®*and induce cytokine production by

smooth muscle ceff¥'.

Static systems do not offer any form of dynamic chemical or physical stimulus to cells, such
as concentration gradients, flow, pressure, or mechanical stress cdysetovement of
fluids around them. This is a major limitation in experiments investigating cellular responses

in vitrosince the complex interplay of mechanical and biochemical factors is absent.
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1.7.2 Types ofSystemsAvailable

Generally, there are two typed oedia perfusion systems; microfluidic and macrofluidics
systemslt could be argued that large scale industrial bioreactors could be considered a third
type. The first two are used mostly to conduct assayhereas industrial bioreactors are
generally casidered to be for cell maintenance and growth. Simple definitions of the two
main types of media perfusion system are that microfluidic systems use microliters of liquid

and macrofluidics systemsse millilitres of liquid and above.

Another way to categise systems is whether the fluid is continuously circulated or has just
a single pass through the system. This depends on the aim of the experiment, time duration,

type of pump used and whether the system can be constructed to do either type of flow.

1.7.3 Comprison of Micro vs Macro Flow Culture Systems

Micro- (Figure 1.7.1) and Macre (Figure 17.2) systems have their advantages and
disadvantages, the correct decision of which system to use is largely dependent on the aims
of the experiment. An obvious plate start the comparison is the volumes of liquid used.
Micro fluidic systems use microliters of liquid, the benefits of this are that overall less
reagents are used and this will help lower the cost of the experifdenthis also means
experiments can bearried out on reagents that have only been produced in low quantities.

A further point to the use of small volumes is that any signalling molecules produced by the
cells within the system will not be diluted, which is important not only for the effduty t

may cause to other cells but also for measurement purposes. A disadvantage of the
microfluidic systems is their difficulty of use, they are very small and therefore so are their
connections and any handling must be done with care. Many microsystenes frav
attached connections to help users manipulate them more easily. Advantages of using higher
volumes of liquidin macrofluidic systemsre low concentration compounds are easier to
make without potentially wasting compound in an intermediate dilutiand higher

confidence in dilution.

Directly related to the different volumes of each system are the various surface area to
volume ratios found betweefiuidic devices. A micro system will have a high surface area to
volume ratid*8, this can mean thaa compound that is found to stick tor be absorbed by

the material that either the system or the connecting tubes are composed of, will represent
a much higher percentage of the total concentration of compound in the system. Also in

microfluidic circuis, surfaceadsorption can lead to nutrient or ligand depleti@o giving rise
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to experimental artefacts such as increased metabolic consumption?t&tdsis effect is
minimised in macro systems due to both the low surface area to volumeaatithe high

amount of compound used.

It is not just the volume of liquid that is important. The size of the system also has profound
effects on the behaviour of the liquid within it. Macro systems are known for their ability to
re-create the low shear stress conidis found in the majority of biological environments.
Conversely, micro systems can often haverealistic levels of shear stréd$ In addition to

this issuemicro systems can be subject to air bubbles, which will cause both turbulence in

the flow andincreased shear stress, which is already #igh

A larger system can support extensive cellular growth and this means that in theory macro
systems can be run for longer time periods than microfluidic systems. Microfluidic systems
will have a limit on thenumber of cells used and the size of the structures that can form
within them. They will also have a maximum amount of nutrients available to absorb from
the media and this could be used up near the beginning of the system, causing the cells at
the end ofthe system to have less nutrients affé the outcome of any assaifowever,

this can sometime be useful, such as when a higpoonditionis the purpose of the modé?f.

A further consideration related to the size of the systems is their ability ttrakthe oxygen
tension inside the system. A majority of micro fluidic systems are produced using
polydimethylsiloxane (PDMS) a material chosen due to its property of gas permé&bility
Additionally, PDMS has disadvantageous characteristics in termdsofpgion of small
hydrophobic speci€g’. Other materials are now being used but little is known about the
oxygen levels within the systems. In macgystems, there is usually a reservoir
compartment, which has an available air supply feoxggenation dthe circulating media.

In addition tothis, they can be constructed fino a variety of materials with differing

properties.

The next few points can be viewed as either advantages or disadvantages, depending on the
purpose of the experiment and whad hoped to be achieved by using a media perfusion
system. Many micro systemfigure 1.7.1have builtin scaffolds for 3D cell culture placed in

the system during production, and whilst this is often a good thing, these scaffolds cannot
be removed and may inbit downstream analysis. Many micro systems are available
customdesigned andcannot be easily modified. In contrast, macro systems are often

adaptable to a range of removable scaffolds, which allows for greater manipulation and use
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of existing techniquesMacro systemsfigure 1.7.2are often designed to fit with already
established laboratory equipment and this can be a major bonus in both reduced cost and
optimal data analyst$®. However, the recovery of cells from the system can be essential for
further analysis, andhe removal of scaffolds or other inserts can be difficult and require
expertise. To top this ofthe ability to open the system can lead to increased chances of

contamination.
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