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Abstract 
 

The failure rates of drugs once they reach clinical trials are high, with estimates 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 problem. Current therapies 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 current in vitro model 

systems could be made more predictive. Three methods of potentially improving reliability 

and predictability of in vitro models are investigated. 

Firstly, the differences between the media perfusion and static cell culture systems were 

studied. Using macrophages and L. major parasites, infections within the media perfusion 

system were optimised. 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 3D in vitro infection model was developed and used to determine the activity of 

standard drugs, compared 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 used as Leishmania host 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 similar to the human in vivo situation, but 

can be maintained like cell lines, is a clear benefit to in in vitro assays. It was concluded that 

macrophages differentiated from induced pluripotent stem cells would be a suitable 

alternative to currently used cell types. 
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Chapter 1: Introduction 
The failure rates of drugs once they reach clinical trials is high, with estimates up to nearly 

90%. One reason for this is the lack of biologically relevant models in which potential 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 resistance. Current approaches use both 2D cell 

assays and in vivo mouse 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 current in vitro model 

systems could be made more predictive.  

1.1 Leishmaniasis 

Leishmaniasis is a disease caused by protozoa of the Leishmania genus. Leishmania species 

are protozoan parasites with two distinct life cycle phases. One phase is the motile 

promastigote, which is found extracellularly in the sand-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 species1 of Leishmania, usually separated into two categories: 

New World (Central and South-America) and Old World (Europe, Middle East, Central Asia 

and Africa) species, figure 1.1.1. These two categories are based on the geographical location 

where the species are found. Different species of Leishmania can cause different forms of 

the disease2: cutaneous (CL), mucocutaneous and visceral (VL).  
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In 1901, Leishman, a colonel serving in the British Royal army medical corps, identified 

certain organisms in smears taken from the spleen of a patient who had died from "dum-

dum fever" and proposed them to be trypanosomes; this was the first time Leishmania was 

identified in India3. A few months later, Captain Donovan confirmed the finding of what 

became known as Leishman-Donovan bodies in smears taken from people in Madras in 

southern India4. Later Ronald Ross proposed that Leishman-Donovan bodies were the 

intracellular stages of a new parasite, which he named Leishmania donovani5. 

1.1.1 Distribution and Epidemiology 

Leishmaniasis is endemic in 98 countries over 5 continents and 350 million people are at risk 

of infection6&7. It is estimated to cause 0.9-1.6 million new cases every year and affect 12 

million people worldwide8. The reported incidence of VL and CL patients is approximately 58 

000 and 220 000 cases a year respectively. The overall 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 distributed, with 70-75% 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 and 0.7-1.2 million new cases occur every year9. 

1.1.2 Life Cycle of the Leishmania Parasite  

The transmission of Leishmania species can either be zoonotic, when the parasites are 

transmitted from animal to man, or anthroponotic, when transmitted from man to man. L. 

tropica and L. donovani typically involve anthroponotic transmission9. 

The life cycle stages of the Leishmania parasites is summarised in figure 1.1-2. The parasites 

are transmitted by the bite of a female sandfly10, of the genus Phlebotomus (in the Old World) 

or Lutzomyia (in the New World) 11. Approximately 100-1000 promastigotes12 are injected in 

the skin and engulfed by neutrophils, which are rapidly recruited to the site of the bite13. 

Some of the parasites survive in the neutrophils and are internalized in their phagosomes9 

that then fuse with a lysosome to become a phagolysosome. This is where they transform 

into amastigotes and replicate14. Heterogeneity in the mechanism of phagocytic uptake of 

the parasite into the phagolysosome, coiling versus conventional zipper phagocytosis, has 

been reported for different types of macrophages in vitro9. Neutrophils have been proposed 

to act as a transient host15 for the amastigotes before they are taken up by either dermal 

macrophages or those attracted by inflammation caused by the sand-ŦƭȅΩǎ bite, where they 

replicate. Research suggested that the presence of the amastigotes in the phagolysosome 

(pH 5-5.5) of the macrophage inhibits apoptosis and necrosis of the host cell and hence, 

contributes to the survival of the parasites16. Usually the low pH and enzymes in the lysosome 

would degrade intracellular pathogens. However, in macrophages, it is generally accepted 

ǘƘŀǘ ǇŀǊŀǎƛǘŜ ŎƻƴǘŀƛƴƛƴƎ ǇƘŀƎƻǎƻƳŜǎ ǳƴŘŜǊƎƻ ΨƳŀǘǳǊŀǘƛƻƴΩ ǘƻ ŀŎǉǳƛǊŜ ƭȅǎƻǎƻƳŀƭ ǇǊƻǇŜǊǘƛŜǎΣ 

and the Leishmania inhibit this process17, potentially through the effect of a key surface 

lipophosphoglycan molecule. The acidic and hydrolase-rich environment of the 

phagolysosome is known to trigger the differentiation of the promastigote into the 

amastigote, and its subsequent proliferation18. Eventually the macrophage ruptures, 

releasing the pathogens which then  infect other macrophages19. The parasites can stay in 

the skin or migrate to internal organs (liver, spleen and bone marrow) leading to CL or VL 

respectively . In CL the Leishmania parasites can also infect skin fibroblasts20, it has been 

suggested that these cells provide a niche for survival in the face of immune attack21. 
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1.1.3 Visceral Leishmaniasis 
Visceral leishmaniasis (VL) 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 

annually6-8 &22. Both the number of recorded cases and the geographical areas affected have 

grown in the past two decades. Over 90% of cases of VL occur in five countries: India, 

Bangladesh, Nepal, Sudan, and Brazil. It is characterized by symptoms that typically present 

as fever, cough, abdominal pain, diarrhoea, epistaxis, splenomegaly, hepatomegaly, 

cachexia, and pancytopenia, but infection with the parasites can often be asymptomatic. 

Infection with Leishmania parasites that cause VL results in systemic infection of the liver, 

spleen, and bone marrow. The geographical locations of reported cases of VL are shown in 

figure 1.1.3. 
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1.1.4  Cutaneous Leishmaniasis  
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 countries23. It is characterized by a variety 

of clinical symptoms ranging from defined nodular lesions to mucosal destruction. Most 

lesions tend to heal without treatment but this process can take 3 to 18 months24 and nearly 

always leave a disfiguring scar, which, depending on its size and location, may cause 

substantial disfigurement and stigmatisation25. The geographical locations of reported cases 

of CL are shown in figure 1.1.4.  

 

http://www.who.int/leishmaniasis/en/
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1.1.5 Clinical Symptoms  

CL has a range of symptoms, although most patients with infections probably remain 

asymptomatic26. The clinical features of CL vary in severity and depend on host, parasite and 

vector. Old World CL is mainly caused by L. major, L. tropica and L. aethiopica, whereas New 

World species are L. mexicana, L. amazonensis, L. panamensis and L. braziliensis.  

In its simplest form, CL consists of a single localised lesion. The first sign of a localised 

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 size about two weeks to six months 

later26. At this point, the papule can ulcerate and a crust can form over any open wound. 

Sometimes the crust can fall off and an ulcer, typically with raised edges is exposed; this is 

particularly susceptible to further infection by bacteria27. Specific species might be 

associated with a typical clinical form but this can vary. For instance, infection with L. tropica 

can evolve to leishmaniasis recidivans, a chronic form of CL where satellite lesions appear in 

the edges of the initial healing lesion. This form is characterized by a sparsity of parasites and 

can last for years28-30.  L. aethiopica can cause diffuse cutaneous leishmaniasis (DCL), a form 

that is characterized by widely disseminated non-ulcerated papules, nodules, plaques on the 

http://www.who.int/leishmaniasis/en/
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skin. In the New World, this form is caused by L. mexicana and L. amazonensis31. This disease 

does not heal spontaneously and relapses occur frequently after treatment32. 

1.2 Treatment Challenges 

It is widely accepted that all current CL treatments are unsatisfactory34&35Φ Lƴ ǘƘŜ мффлΩǎ 

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 takes 9-12 years on average and costs 

an estimated 802 million US dollars36&37, 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 Lancet revealed that only 4 new chemical entities and 25 products were registered during 

2000-2011 for neglected diseases38. Neglected tropical diseases (NTDs) are defined by the 

WHO as a diverse group of communicable diseases that prevail in tropical and subtropical 

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 vectors, domestic animals 

and livestock. 

Drug repurposing is one of the strategies to overcome the high development costs of a new 

drug or chemical entity39. This is where a known drug is tested against a different disease to 

its original target. This can save money and time, as the drug will already have been through 

toxicity testing, pharmacokinetic and pharmacodynamics studies 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 required. 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, all three drugs 

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 anti-cancer drug40; amphotericin B was to treat fungal infections41 and 

paromomycin was an oral treatment for intestinal amoeba infections42.  

As previously mentioned, depending on host and parasite factors, CL shows a variety of 

clinical manifestations. One of the main problems of treatment development is finding a 

treatment that is active against all Leishmania species. Biochemical and molecular 

differences between Leishmania species lead to differences in drug susceptibility in vitro43. 
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This correlates with variability in clinical responses observed when 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 climates in regions of high temperature and high humidity where 

cold chains are absent. Both high temperature and humidity are known to cause instability 

of drug formulations44. Storage of some drugs can also be a problem, as they may need 

refrigerated conditions to maintain activity, such as liposomal 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 reached, medication availability is not guaranteed45.  

The price per CL treatment is estimated by the WHO to range between 12-40 US$31. In some 

cases, the drug can be given freely if donated by a company or charitable organisation. This 

is only the direct cost of the treatment and indirect costs such as inability to work are not 

included. Moreover, Alvar et al reported 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 exceed the monthly salary for some patients31. 

Patients often seek treatment late because they will only realise they have the disease after 

the appearance of the first symptoms. The erythema initially could be mistaken for other 

diseases that may not require treatment or even considered a bad reaction to the sand-fly 

bite. Sometimes patients do not seek treatment because effective and safe treatments are 

lacking or postpone seeking help by trying herbal or homemade remedies46. Only after 

multiple herbal treatment 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 average47, 

while in Paraguay this was 1-6 months48. 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 helper 1(TH1) subset33, which 

can stimulate host cells to kill intracellular parasites. Therefore, there is an advantage for a 

treatment that can kill the parasites, or encourage the immune system to clear the parasite, 

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

1.3.1 Recommended Treatments 

The current first-line recommended drug treatments for CL are pentavalent antimonials.  

These include; 1ς5 mL of 33.4 mg Sb/kg body weight per session every 3ς7 days by 

intralesional administration, or a 15% paromomycin/12% methylbenzethonium chloride 

ointment applied topically twice daily for 20 days49 . Other recommended treatments are; 

amphotericin B deoxycholate at 0.7 mg/kg per day by intravenous infusion for 25ς30 doses, 

and miltefosine at 2.5 mg/kg per day orally for 28 days or in  combination33. 

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, or 

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 Pentavalent Antimonials  

The pentavalent antimonials (Sbv): sodium stibogluconate (Pentostam®, GlaxoSmithKline 

and generic products)(Figure 1.3.1), often referred to as SSG, by Albert David in India and 

meglumine antimoniate (MA) (GlucantƛƳŜϰΣ {ŀƴƻŦƛ) (figure 1.3.1) have been first-line 

treatment for CL since their discovery in the 1940s50. 

 

CƛƎǳǊŜ мΦоπм /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ ǎƻŘƛǳƳ ǎǘƛōƻƎƭǳŎƻƴŀǘŜ ό[ŜŦǘύ ŀƴŘ aŜƎƭǳƳƛƴŜ ŀƴǘƛƳƻƴƛŀǘŜ 
όwƛƎƘǘύΦ 

 

The mechanism of action is still not completely understood. When administered the Sbv is 

converted to SbIII, which is an active secondary metabolite. The data suggests that the 

trivalent form, SbIII, 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 metals51&52. Other papers have reported 

DNA fragmentation and externalization of phosphatidylserine from the surface of the plasma 

membrane of amastigotes treated with SbIII, leading to parasite apoptosis53&54. However, 

other studies indicate an intrinsic anti-leishmanial activity for SbV as it forms a complex with 

adenine ribonucleoside. This complex indirectly inhibits type I DNA topoisomerase causing a 

depletion of intracellular ATP possibly via inhibition of the glycolysis and fatty acƛŘ ʲς

oxidation in the amastigotes55. This leads to inhibition of the biosynthesis of macromolecules 

in amastigotes56-58. 

Pentavalent antimonials can be administered locally or systemically depending on the 

severity of the disease. Local treatment consists of intralesional administration alone or in 

combination with cryotherapy31. During each session, 1-5 mL of pentavalent antimonials is 

injected in the edges of the lesion, followed by application of liquid nitrogen (-195 °C), if in 

combination. The injections can be repeated up to 5 times every 3 to 7 days. Local injections 

prevent or limit systemic adverse effects59; however, these injections are painful, causing 

burning, itching and inflammation at the injection site are amongst the reported adverse 

effects34. Antimonials can also be given systemically through intravenous or intramuscular 

administration (20 mg/kg per day for 10-20 consecutive days) when patients present with 

more complex CL31. Serious side effects such as hepatoxicity and cardiotoxicity are reported 

and require patient monitoring58. 

Randomised controlled trials to compare the efficacy of Sbv treatment against placebo are 

sparse, and evidence-based efficacy of Sbv against certain species is lacking34. In vitro studies 

confirmed species variation in drug sensitivity when tested in promastigotes60 and 

intracellular amastigotes61&62. Moreover, an in vivo study testing the efficacy of Pentostam® 

against L. braziliensis and L. mexicana showed a statistically significant higher cure rate 

against L. braziliensis63 compared to L. mexicana. It is hypothesised that this variability in 

drug susceptibility between different Leishmania species is responsible for sub-curative 

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 EC50 values64, in most anti-leishmanial in vitro assays. 
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As a treatment for CL, AmB is reserved for complex forms such as post-kala-azar dermal 

(PKDL) and mucocutaneous leishmaniasis, and is typically administered through slow 

intravenous infusion. Amphotericin B deoxycholate is given at 0.7 mg/kg/day for 25-30 doses 

and liposomal amphotericin B at 2-3 mg/kg/day for a total dose of 20-40 mg/kg. The 

conventional amphotericin B deoxycholate formulation (Fungizone®) causes acute toxic 

reactions including renal toxicity, for which lipid formulations were developed to reduce. 

The main mechanism of action of AmB is that it alters the parasite's cell membrane 

permeability65, by creating transmembrane channels, causing a collapse of ion gradients in 

the parasite thereby causing the parasite to die66. It does so by preferentially binding to 

sterols, within the outer cell membrane, with a high affinity for ergosterol67. It has been 

shown to act in a dose-dependent manner. 

There is a lack of data from clinical trials that compare AmB treatment with placebo or Sbv 

treatments even though it has successfully been used to treat patients with mucocutaneous 

leishmaniasis68&69. In a recent study, 75% of patients dropped out due to the oōƭƛƎŀǘƻǊȅ Ψнл 

ŘŀȅΩ ŀŘƳƛǎǎƛƻƴ ƛƴ ǘƘŜ ƘƻǎǇƛǘŀƭ ŀƴŘ ƴƻ ŎǳǊŜ ǊŀǘŜ ǿŀǎ ǊŜǇƻǊǘŜŘ ŦƻǊ ǘƘŜ ǇŀǘƛŜƴǘǎ ǘƘŀǘ ŎƻƳǇƭŜǘŜŘ 

the study70. 

1.3.4 Miltefosine  

Miltefosine (MIL) (Figure 1.3.3) is recommended as a systemic treatment for both VL and CL. 

It is suitable for oral dosing, which makes it unique as an anti-leishmanial drug. It has been 

reported to show low micromolar EC50 values71 in most anti-leishmanial in vitro assays. This 
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drug has been shown to have a more time dependent activity, in pharmacokinetic and 

pharmacodynamics studies72. However, it has significantly different activities against 

different Leishmania species71. 

 

CƛƎǳǊŜ мΦоπо /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ aƛƭǘŜŦƻǎƛƴŜΦ 

 

Miltefosine or hexadecylphosphocholine, is the only oral treatment currently available 

against CL and VL. Initially, phospholipid derivatives were developed as anti-cancer drugs 

because they were found to inhibit enzymes involved in cell proliferation and growth factor 

signal transduction73. In the 1980s, a number of research groups independently showed anti-

leishmanial activity of miltefosine and other phospholipid compounds74-76.  

The mechanism of action of miltefosine is not fully elucidated. Its leishmanicidal activities 

have been associated with perturbation of the alkyl-phospholipid metabolism and the 

biosynthesis of alkyl-anchored glycolipids and glycoproteins in the outer membrane of the 

parasite77. Miltefosine is a phospholipid derivative that is structurally similar to the 

phospholipid components of the cell membrane in both the host and parasite. Another 

hypothesised mechanism is the activation of the host cell mediated apoptosis of the infected 

macrophage via the phosphoinositide-3-kinase pathway78. 

Miltefosine is given orally at 2.5 mg/kg/day for 28 days. Gastro-intestinal problems such as 

vomiting and diarrhoea are the most common side effects. It is teratogenic, meaning women 

of childbearing age are required to take contraception whilst undergoing treatment. The long 

residence time of the drug in the organism (half-life:8-6 days) and the long treatment course 

lead to poor patient compliance and resistance development79&80.  

As with the pentavalent antimonials, a difference in intrinsic sensitivity of Leishmania species 

to miltefosine was observed in vitro81&82 and might explain the variability in clinical response 

seen in clinical trials conducted in different regions. For example, a trial conducted in 

Colombia where L. panamensis is most common, resulted in a cure rate of 91% compared to 

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

placebo group83. 

1.3.5 Paromomycin Sulphate  

Paromomycin (PM) (monomycin or aminosidine) (Figure 1.3.4) is an aminoglycoside 

antibiotic that acts by binding on the small ribosomal unit leading to misreading of the mRNA 

ŀƴŘ ƛƴƘƛōƛǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴ ǎȅƴǘƘŜǎƛǎ ƛƴ ōŀŎǘŜǊƛŀΦ Lƴ ǘƘŜ мфслΩǎ ƛǘ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ǘƻ ƘŀǾŜ ŀƴǘƛ-

leishmanial activity84. 

 

CƛƎǳǊŜ мΦоπп /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ tŀǊƻƳƻƳȅŎƛƴ ǎǳƭǇƘŀǘŜΦ 

 

The mechanism of action of PM against Leishmania parasites is not fully understood. 

Previous research comparing protein expression levels between PM-resistant and PM-

susceptible L. donovani promastigotes suggested that PM reduced the protein synthesis, by 

inhibiting the dissociation of the ribosomal subunits85. Other studies in L. mexicana 

promastigotes confirmed these results and suggested that it could also lead to induction of 

translation errors86 and thus altered the accuracy of protein synthesis in Leishmania. This 

increased level of misreading RNA results in defective proteins that affect parasite survival86. 

It has also been shown to change lipid metabolism, affect membrane fluidity, in the parasite, 

and alter uptake properties of the parasites, leading to growth arrest87. 
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Paromomycin is a hydrophilic molecule with a high molecular weight (714 g/mol) resulting 

in poor oral availability. Therefore, a parenteral formulation was developed and is mainly 

used to treat VL and occasionally CL. The majority of CL patients are treated topically with 

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

The topical formulation of paromomycin sulphate was first tested in vivo in mice by El-On et 

ŀƭ ƛƴ ǘƘŜ ŜŀǊƭȅ мфулΩǎ88. A month after the treatment (two times a day for 10 days) all lesions 

caused by L. major in BALB/C and C/C3H mice were cured.  

Analyses of the subsequent clinical trials indicate a higher cure rate for paromomycin 

sulphate with methylbenzethonium treatment, compared to placebo, in patients infected 

with L. mexicana, L. braziliensis and L. major34&89. However, it is important to note that the 

ointment was applied after manually removing the scab of the wound and hence the drug 

had direct access to the affected tissues. In some studies, an occlusive dressing was used. An 

occlusive dressing is one that keeps water from moving either in or out of the wound but 

could be permeable to both water vapour and oxygen. 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 Local Treatments  

Systemic treatments for CL are often preferred for several reasons, including the fact that 

most new therapies for CL are derived from those used for VL. Topical or intralesional 

treatments are also more difficult to evaluate due to problems in standardizing 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 SbV drugs is the most established form of local treatment for CL91. 

Numerous studies have been performed in comparison to parenteral SbV treatment or other 

experimental therapies. 

Topical paromomycin treatment for CL shows species and geographical variation. A meta-

analysis conducted in 2007 concluded that in placebo-controlled trials, topical paromomycin 

appeared to have therapeutic activity against Old World and New World CL, with increased 

local reactions, when combined with methylbenzethonium chloride. However, its efficacy 

was not significantly different to that of intralesional SbV treatment for Old World CL, and it 

was inferior to parenteral SbV treatment for New World CL91. 
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Many local treatments are preparations of compounds used for systemic treatment that 

have been formulated into topical creams/ointments. An example of this is the Amfoleish 

project where development of a topical formulation of amphotericin B92 was applied locally 

to the CL lesion, showing high anti-parasitic effect, but without the systemic toxicity 

associated with amphotericin B. A Phase Ib/II open-label, randomized, non-comparative, 

two-arm exploratory study conducted in Colombia has recently been completed93. Local 

treatments have been used less often for New World CL due to concerns about L. (Viannia) 

braziliensis complex infections leading to mucosal leishmaniasis91. 

1.3.7 Local Physical Treatments ς Cryo-and Thermotherapy  

Cryotherapy and thermotherapy are the most frequently used physical therapies. Both 

cryotherapy and thermotherapy work by using extremes of temperature to kill the parasite, 

whilst only causing minimal 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 and infected cells have been killed, the body should be able to 

heal over any damage done to healthy skin. During cryotherapy, a cotton swab with liquid 

nitrogen is applied on the open wound and wound edges for about 10-25 seconds. Two 

studies in Iran were conducted to compare the effects of three different treatments for CL: 

cryotherapy alone, a combination of cryotherapy with intralesional meglumine antimoniate 

(MA) and intralesional MA alone94&95. The studies reported complete cure of patients in 52% 

and 67% for cryotherapy alone, 80% and 89% for a combination of cryotherapy with 

intralesional MA 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 cryotherapy 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 weeks96. 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 intralesional SSG for 29 days (2-5 mL every 5-7 

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

on radiofrequency (1 session with several repeats of 1 minute of 50°C), for the treatment of 

CL caused by L. tropica97. Two months after the treatment, the complete cure of patients in 

the three groups was 47%, 18% and 54% respectively. Treatment with thermotherapy was 

significantly more effective than intramuscular SSG therapy, however, no significant 

difference with intralesional SSG was observed. Some patients that had received 

thermotherapy experienced superficial second-degree burn wounds. 

Overall cryotherapy and thermotherapy seem to be good treatment options, as they are 

effective against all species. However, the main limiting factors are the requirement of 

expensive equipment, and availability of electricity in rural settings. The use of cyro or 

thermotherapy can be painful and can cause additional scars and damage to the skin. 

Additionally, thermotherapy requires experienced 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 chemotherapy, that aims to kill the parasite, 

immunotherapy stimulates the hoǎǘΩǎ ƻǿƴ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜ ƛƴ ƻǊŘŜǊ ǘƻ ŎƭŜŀǊ ǘƘŜ ǇŀǊŀǎƛǘŜ 

from its system7. 

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

ƛƴƎǊŜŘƛŜƴǘ ƛƴ ŀ ǘƻǇƛŎŀƭ ŎǊŜŀƳ !ƭŘŀǊŀϰ όaŜŘŀ tƘŀǊƳŀΣ ¦YύΦ In vitro studies have shown that 

imiquimod induces a leishmanicidal activity in macrophages98. In vivo mouse studies 

ŎƻƳǇŀǊŜŘ ǘƘŜ !ƭŘŀǊŀϰ ŎǊŜŀƳ ǿƛǘƘ ŀ ǇƭŀŎŜōƻ ŎǊŜŀƳ ŀƴŘ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ƎǊƻǳǇ ǘǊŜŀǘŜŘ ǿƛǘƘ 

!ƭŘŀǊŀϰ ŎǊŜŀƳ ǎƘƻǿŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊŜŘǳŎǘƛƻƴ ƛƴ ŦƻƻǘǇŀŘ ǎǿŜƭƭƛƴƎ, when compared to the 

placebo group. The compound is shown to induce nitric oxide (NO) production in 

macrophages, which allows them to better fight off the infection. Two trials, conducted in 

Peru, compared the activity of standard intravenous SSG or MA combined with topical 

imiquimod, to treatment with antimonials alone, in 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 rate, compared with antimonials alone 

in patients. However, due to the occurrence of local irritation, a routine of application on 

every other day is recommended. Furthermore, the action of imiquimod reduced the 

residual scarring315. 
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The immunomodulatory potential of simvastatin as a topical or systemic host-directed drug 

therapy, in controlling inflammatory responses, in an experimental mouse model of CL, 

caused by L. major has been investigated by Parihar et al99. In an ear infection model, direct 

topical application of simvastatin on established lesions significantly reduced severity of the 

disease, reflected by ear lesion size and ulceration. The host protective effect was further 

accompanied by decreased parasite burden in the ear, and draining lymph nodes, in both 

BALB/c and C57BL/6 mice. Reduced severity of disease by topical application of simvastatin 

in ear infection model, they found that systemic treatment with simvastatin, before L. 

major infection (prophylactic), was protective in both the resistant C57BL/6 as well as the 

susceptible BALB/c mice, during footpad infection99.  

Pentoxifylline is a tumour necrosis factor-ʰ ό¢bC-ʰύ ƛƴƘƛōƛǘƻǊ100 that also attenuates the 

immune response and decreases tissue inflammation. The association of pentoxifylline with 

antimony improves the cure rate of mucosal and cutaneous leishmaniasis. In a randomized, 

double-blind pilot trial against L. braziliensis, cure rate was higher, although not significant, 

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

antimony plus placebo100. 

1.3.9 New Drugs 

There are currently a handful of potential new classes of drugs in the Drugs for Neglected 

Diseases initiative (DNDi) drug development pipeline; amongst these are oxaboroles, 

nitroimidazoles and aminopyrazoles.  

DNDi and Anacor have been working together over the last few years to identify oxaborole101 

compounds, initially for the human African trypanosomes (HAT) programme. This has 

expanded to include both leishmaniasis and Chagas disease. DNDI-6148 has emerged as a 

promising lead candidate for VL and CL, and by the end of 2016, studies including exploratory 

toxicology necessary for possible progression to preclinical development had been 

successfully completed. 

In June 2014, the first in vivo proof-of-concept for VL series 12, called the aminopyrazoles102, 

from Pfizer was achieved in the hamster early curative model of VL. An initial compound gave 

93% and 95% reductions in parasite number in the liver and spleen respectively after five 

days oral dosing at 50 mg/kg,. A subsequent compound showed even higher in vivo activity 

(>99% reduction in both the liver and spleen). The project moved into the lead optimization 

stage in January 2015, with further compounds being designed and tested. Profiling of 
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current and new leads in a panel of drug-sensitive and drug-resistant strains of Leishmania, 

exploration of the in vivo dose-response, rat pharmacokinetics, and initial in vitro safety 

assays are all underway. 

A project based on a series of nitroimidazole compounds was started and was terminated in 

early 2015103. The decision was taken to progress with lead compounds from two sub-series 

previously identified from the nitroimidazooxazine backup programme (DNDI-8219 and 

DNDI-0690), which had good efficacy in vivo, higher solubility, and lower potential for 

cardiotoxic effects. A 14-day toxicity evaluation carried out in 2015 led to DNDI-0690 

nomination as a pre-clinical candidate. In addition, with other potential lead compounds for 

VL, DNDI-0690 was profiled in vitro against CL-causing strains of Leishmania at the London 

School of Hygiene & Tropical Medicine and the Walter Reed Army Institute of Research, and 

showed good to excellent activity, consistent with their activity against L. donovani and L. 

infantum. 

As previously mentioned, repurposing is a possible strategy for the development of new 

drugs. Some examples of repurposing being used in the treatment of leishmaniasis are 

imipramine104, fexinidazole105, tamoxifen106 and tafenquine107, all of which showed in vivo 

activity. 

Another area in which new treatments are being explored for CL is the use of combination 

therapy108. A recent example of this is the clinical trial on the use of thermotherapy and a 

short course of miltefosine in combination. Local heat is applied using a localized current 

field radio frequency generating. The electrodes are applied to the skin heating 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 miltefosine, two or three capsules a day, which is the 

equivalent of 100 to 150 mg respectively for 21 days. 

1.3.10 Drug Resistance 

Another issue with the treatment of CL and VL, is the increasing frequency at which drug 

resistant strains are encountered109-111. Clinical resistance to amphotericin B is rare110. 

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 membrane chemistry65. One method by which the parasite 



Chapter 1: Introduction 

19 | P a g e 
 

can do this is, is to alter the expression of methyl transferases in the thiol metabolic 

pathways112. Miltefosine has such a long half-life that sub-therapeutic levels are maintained 

over long periods in the body, which could easily lead to the emergence of resistant 

strains110. The main route of resistance against miltefosine is the reduction of uptake into 

the parasites113. 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 treated71. There is also the host cells to 

consider, as drug uptake and accumulation may be different in different cell types114. This 

leads to variation in the activity of drugs even between different strains in the same host cell 

type, depending on the source of the cell. 

1.4 Rationale for Improving the Drug Discovery Process 

1.4.1 Drug Discovery 

Recently there have been few advances for the treatment of simple or complex forms of CL. 

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 anti-leishmanial drugs, as those that are currently used for treatment, for 

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

some pathologies of the disease. 

In a recent high-throughput screening (HTS) of 1.8 million compounds by GSK115 against L. 

donovani. 67,400 primary hits were identified; an overall hit rate of 4%. Confirmation of 

activity above the cut-off in at least one replicate was displayed for 32,200 compounds. The 

remaining compounds were tested in an intracellular assay of L. donovani infected THP1-

derived macrophages, resulting in 5,500 active compounds. Compound potency (EC50) as 

well as acute cytotoxicity of the compounds were assessed. Subsequently, 351 non-cytotoxic 

compounds were found. This screen shows 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 Novartis116 who tested 1.5 million compounds 

in proliferation assays on three different parasites; L. donovani, T. cruzi and T. brucei. This 

was followed by triaging of active compounds, EC50 ǾŀƭǳŜǎ ƻŦ ƭŜǎǎ ǘƘŀƴ мл ˃a ǿƛǘƘ ŀ ŎƭŜŀǊ 

window of selectivity with respect to growth inhibition of mammalian cells. An 

azabenzoxazole, GNF5343, was identified as a hit in the L. donovani and T. brucei screens. 
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Although GNF5343 was not identified in the T. cruzi screen, it has shown potent anti-T. 

cruzi activity in secondary assays. 

Optimization of GNF5343 involved the design and synthesis of ~3,000 compounds, and 

focused on improving bioavailability and potency on inhibition of L. donovani growth within 

macrophages. A lead candidate from this cycle of chemical improvements was named 

GNF6702. An in vivo footpad infection of BALB/c mice with the dermatotropic L. major strain, 

ǘǊŜŀǘŜŘ ǿƛǘƘ DbCстлн ŀǘ мл ƳƎ ƪƎҍ1 twice daily caused a fivefold decrease in footpad 

ǇŀǊŀǎƛǘŜ ōǳǊŘŜƴ ŀƴŘ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ŦƻƻǘǇŀŘ ǎǿŜƭƭƛƴƎΦ .ƻǘƘ о ƳƎ ƪƎҍ1 ŀƴŘ мл ƳƎ ƪƎҍ1 twice-

daily regimens of GNF6702 were superior to ол ƳƎ ƪƎҍ1 once-daily miltefosine regimen 

(Pғ лΦлмύ116. 

1.4.2 Drug Discovery Pathway 

The drug discovery pathway is a long process that takes both a lot of time and money, with 

estimates at $1395 million dollars117 as an estimated average out-of-pocket cost per 

approved new compound. Despite the large investment, only a small number of compound 

will make it out of the pipeline118. The path to a marketed drug involves a long and exhaustive 

journey through basic research, discovery of the drug, preclinical development tests and 

formulation of the medicine and a series of complicated clinical trials with humans before 

regulatory approval. Usually 15 to 20 years36&119 of research and millions of pounds later, 

there is a possibility that a new drug will be approved for marketing. 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 of the total research and development cost. The 

failure rates of drugs once they reach clinical trials is very high, and is estimated at nearly 

90%120. One possible reason for this is the lack of biologically relevant models in which 

potential drug candidates 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 for pharmacodynamics and pharmacokinetic experiments as conditions that 

influence these factors are hard to recreate in 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 for Predictive Assays 

The common and persistent failures to translate promising 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 with a detachment from clinical practice, contributes to ineffective 

translational research121. 

Finally, a substantial proportion of clinical trial failures for novel medicines overall are due to 

safety issues such as cardiotoxicity and hepatotoxicity, and serious toxicity issues are often 

discovered only during clinical development has been completed. Thus, more predictive 

toxicology models would contribute substantially towards more successful clinical 

translation and improved patient care122. 

1.4.4 Improving In 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 researchers consider 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 non-physiological substrates such as functionalized 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 characteristics121.  

Most cell-based assay screens are performed using cell lines, that 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 model of primary tissue cells123&124. The 

genetic and epigenetic abnormalities, characterized by multiple genetic rearrangements and 

amplified gene copy numbers, associated with long-term culture confound 

pharmacogenomics and functional genomic studies. Genetic adaptation 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 cells or cells derived from stem cells125. Using cells that 

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

and long-term culture. The development of induced pluripotent stem cells (iPSCs) gives the 
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use of these stem cells other 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 culture is designed for fast cell growth, incorporating 

large concentrations of fetal serum and nutrients, which may promote de-differentiation of 

primary cell types into more embryonic or fetal-like phenotypes126. Cells are often grown in 

standard incubators under high oxygen partial pressure, approximately 20%, which does not 

represent the steady-state conditions of human organs and tissues, fluctuating between 1% 

in the dermis, and 14% in arterial blood127-130. This has a profound impact on cell metabolism, 

reactive oxygen species production, mitochondrial functions and, ultimately, the 

differentiation and function of cells131&132. Additionally, conventional tissue culture systems 

do not readily permit the formation of short-range 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 gases and remove waste 

products133.  

The two-dimensional (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 exception of bone and cartilage134. Hence, the 

plastic or glass used in cell culture may not accurately represent the normal in vivo 

mechanical environment135&136. To avoid these problems a 3D environment could be used. 

Initially the use of collagen coating and other extracellular matrix substitutes can lead to a 

more natural environment for the cells. Further to this, 3D confirmations can be recreated 

using a scaffold for the cells, allowing complex cell behaviours to develop. Both solid scaffolds 

and hydrogels can be made with a variety of different tuneable properties. Stiffness, 

resistance to deformation and swelling behaviour can all be varied by changing either 

material or the concentration of polymers in hydrogels137&138. 

A further challenge in tissue modelling within current in 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 Engelbreth-Holm-Swarm mouse sarcoma cells with 

chief components of Matrigel being structural proteins such as laminin, entactin, collagen, 

heparan sulphate proteoglycans and growth factors, and collagen type I as an ECM substrate 

in hepatocyte cultures, does not represent the ECM proteins predominantly found in the 
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liver139. 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 ECM, which 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 hydrogel140. 

Cell-culture screening assays traditionally use a single cell type, whereas cells in vivo are 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 incorporated 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 

cells, 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 in vitro toxicology 

assays141&142. Further development of co-culture 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 therapeutic outcomes 

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

infectious diseases, which operate at multiple cellular and tissue levels143.  

1.4.5 Improving In Vivo Models 

A model is a simple representation of a complex system. 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. Animals are instead used to model-specific aspects of a disease. 

Whenever an animal model is used, it is thus of utmost importance to define a specific 

question 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 issues that are not predicted by animal pharmacology result in overlap 

of efficacious and toxic doses. These are often reasons for Phase I and Phase II attrition 

rates144. Indeed, animal studies seem to overestimate by about 30% the likelihood that a 

treatment will be effective because negative results are often unpublished145. Similarly, little 

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

First, in vivo studies typically use high doses of compounds, which are orders of magnitude 

greater than those humans are exposed to. Whilst these higher values can be scaled with 
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allometric scaling146, dose-response relationships are complex, so extrapolation from these 

high doses to lower, human, exposure levels is difficult and results in many inaccuracies. 

Second, in vivo studies 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 strain of animal cannot accurately predict the 

variability in responses seen in the human population. Finally, in vivo exposures in toxicity 

testing are usually composed of a single compound. While this allows for close examination 

of the results of that single compound, humans are constantly exposed to mixtures of 

compounds daily, and the effects of these co-exposures need to be examined147.  

Many outcomes used in animal models are dependent upon subjective interpretation. While 

subjective evaluations are generally a very efficient way to score behavioural endpoints, it 

Ŏŀƴ ŎǊŜŀǘŜ ōƛŀǎ ƛŦ ǘƘŜ ǎŎƻǊŜǊ ƛǎ ŀǿŀǊŜ ƻŦ ǘƘŜ ŀƴƛƳŀƭǎΩ ǘǊŜŀǘƳŜƴǘ148. One way to avoid this is to 

conduct blind studies. 

In animal models, treatment is frequently initiated either before or shortly after the disease 

pathology is initiated. This is in contrast to the clinical situation, in which 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 set-ups 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 based on the biological 

differences between models148. 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 variation in results. 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 similar, the more it can cost. Mouse strains can be inbred 

lines in order to maintain the specific phenotypes required by the end user. This, however, 

can lead to genetic issues, due to the nature of inbreeding. A well planned experiment can 

use many animals, as groups must be large enough to be statistically relevant despite the 

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 useful. They allow human research studies in vivo and 

hence support clinical translation149. Dependent on the human disease, and 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 infection generated by CD34+ hematopoietic progenitor 

cell transplantation is used as the replication of HIV, is not supported in other murine in vivo 

models150. In these mice, CD34+ cells generate de novo human immune cells capable of 

supporting in vivo HIV replication. Due to the limited tropism of HIV, in vivo modelling of this 

virus has been almost exclusively limited; use of similar lentiviruses such as SIV that 

reproduce many important characteristics of HIV infection have been used as a substitute. 

However, there are significant genetic and biological differences among lentiviruses and 

some HIV-specific interventions in non-human hosts. Humanized mice are systemically 

reconstituted with human lymphoid cells offering rapid, reliable and reproducible 

experimental systems for HIV research. Advantages of this humanized mouse model include: 

their small size, relatively low cost, making them more accessible than primate models, and 

multiple humanized mice can be made from different human donors, permitting control of 

intragenetic variables. Both primary and laboratory HIV isolates can be used for experiments; 

and in addition to therapeutic interventions, rectal and vaginal HIV prevention approaches 

can be studied150.  

Plasmodium species infecting rodents and humans are highly divergent. While some critical 

factors for pre-erythrocytic infection are known in rodent-infecting tΦ ōŜǊƎƘŜƛ and tΦ ȅƻŜƭƛƛ, 

it remains largely unknown how relevant they are for tΦ ŦŀƭŎƛǇŀǊǳƳ and tΦ ǾƛǾŀȄ pre-

erythrocytic infection151. Several humanized mouse models utilized 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 about the malaria parasite and could facilitate the development of novel, 

immunocompetent, humanized mouse models. The first success in assessing tΦ ŦŀƭŎƛǇŀǊǳƳ 

liver stage development in liver-humanized mice used Alb-uPA on a SCID background152. The 

liver of these mice can be robustly repopulated with human hepatocytes soon after birth and 

these hepatocytes are susceptible to tΦ ŦŀƭŎƛǇŀǊǳƳ infection. More recently, it has been 

demonstrated that tΦ ŦŀƭŎƛǇŀǊǳƳ can infect fumarylacetoacetate hydrolase null mice (FRG 
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KO) ƳƛŎŜΦ ¢ƘŜǎŜ ƳƛŎŜ ƭŀŎƪ C!IΣ wŀƎн ŀƴŘ L[нǊʴ ŀƴŘ ŀǊŜ ŜŦŦƛŎƛŜƴǘƭȅ ǘǊŀƴǎǇƭŀƴǘŜŘ ǿƛǘƘ ƘǳƳŀƴ 

hepatocytes (FRG KO huHep) 153. It has been shown that this model supports robust 

tΦ ŦŀƭŎƛǇŀǊǳƳ sporozoite infection and supports complete maturation of parasites. This 

model is now fully established in antimalarial drug development studies. A combined 

humanized mouse model that can harbour liver stages, allows transitions to blood stages 

and continuously supports blood stage infection, would constitute a major advance. 

The modelling of pharmacodynamics and pharmacokinetics is often done in animal models. 

Effective pharmacokinetics and pharmacodynamics (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 dosing regimens. A large variety of animal models have been used to 

characterize the pharmacodynamics of antimicrobials154. Animal models have the advantage 

of determining antimicrobial efficacy at specific body sites such as the thigh in mice, the 

peritoneum in mice and rats, the lungs in 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, growth-phase of the 

organism, site of infection, drug concentrations to measure correct drug exposure, presence 

of neutropenia, and measurement of outcome by colony-forming units (CFUs), 

survival/mortality, or another form of assessment, need to be considered to develop 

meaningful conclusions154. 

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 conduct, as well as further 

development of animal models is warranted. 

1.5 Assays to Test the Activity of Drugs 

1.5.1 In Vitro Assays 

In vitro screening has many advantages over in vivo screening methods, such as a vast 

reduction in both time taken and cost. It also avoids ethical issues related to the use 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 screens can be conducted using 

cultured cells rather than hundreds of mice, over a much shorter period. In vitro drug assays 
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can be completed within a week whereas, an in vivo experiment may take several weeks 

before the infection is seen and before a drug can be applied and evaluated. The amount of 

drug used in in vitro assays is also much less than in a standard in vivo experiment. When 

conducting an in vitro assay, more precise control over the conditions of the assay can be 

achieved and because of this, reproducibility is greater than in in vivo assays. In order to be 

relevant, in vitro screens must provide a good prediction of activity in vivo and be able to 

reflect cellular level changes that can be viewed with ease. However, this is often not the 

case as in vitro assays are usually lacking in biological complexity.  

1.5.2 In Vitro Assays for Testing Compounds against Leishmania  

In vitro assays for the testing of compounds against Leishmania parasites can be performed 

in a variety of ways. A number of aspects can be studied such as rate of kill, percentage 

infection, total burden or burden per cell after differing number of days. When choosing an 

assay there are a number of things to consider. In vitro assays have been conducted using a 

variety of cell types; these include a Sticker dog sarcoma fibroblasts cell line155, transformed 

rodent macrophage cell lines156, human monocytic cell line derived from an acute monocytic 

leukaemia patient, primary isolated mouse peritoneal or bone marrow macrophages and 

human monocyte-derived macrophages157. Another consideration is the stage of parasite 

that the drug will be tested against157 and whether the parasite will be actively dividing within 

the host cells. A further consideration with use of parasites is how long they have spent 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 them158. 

1.5.3 Assay Endpoints 

The main method of evaluating intracellular infection of macrophages by Leishmania is to 

count the number of macrophages that have been infected. An in vitro assay involves 

infecting a population of cultured cells and then, after a 24 hour period, treating with a drug 

over a set 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 microscope157. This allows the 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 assay159 where the number of viable intracellular 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 counting method is to use parasites that have been transfected with 

a fluorescent160&161 or bioluminescent163 marker. This allows the parasite to produce a signal 

that can be measured using different techniques. With these parasites, fluorescent 

microscopes or confocal imaging allow for easy counting of the infection. The imaging of 

fluorescent parasites can be detected and evaluated in many ways, such as total fluorescent 

signal, size of fluorescent area or simply the 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 transfected parasites.  

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 mechanised counting version as an end-point is flow 

cytometry, which allows cells infected with fluorescent or bioluminescent parasites to be 

counted135. 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, fluorescent or 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 you would not be able to monitor until the 

sample is fixed and stained.  

There are many assays that do not give a microscopically read estimation 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 necessary as the complexity of in 

vitro systems increases and counting becomes impossible. Colorimetric assays are assays 

that use a colour change or development that can be detected by either absorbance or 

fluorescence. A simple example of this is the use of Alamar Blue, the oxidationςreduction 

indicator has been used for colorimetric determination of parasite cell viability and 

proliferation. Alamar Blue® is non-toxic for cells even during long incubation times. In the 

living cell, Alamar Blue® is reduced thereby changing its colour from blue to red allowing for 

detection of the number of viable parasites163. Another chemical that has been used along 

the same line is 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT). 

Surviving Leishmania parasites can be quantitated by their conversion of the chromophore 

MTT164. Reduction of the yellow MTT to an insoluble formazan, which has a purple colour, by 
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NADPH-dependent cellular oxidoreductase enzymes provides a measurable signal relating to 

cell viability. 

Another colorimetric method that has been developed uses a parasite-specific enzyme, 

trypanothione reductase, which reduces trypanothione disulphide leading to a colour 

ŎƘŀƴƎŜ ǘƘǊƻǳƎƘ ǘƘŜ ŎƻǳǇƭŜŘ ǊŜŘǳŎƛƴƎ ŀŎǘƛǾƛǘȅ ƻŦ рΣр-dithiobis 2-nitrobenzoic acid, which can 

be detected by measuring its specific absorbance165. The assay measures the activity of an 

enzyme unique to the parasite so that host cells do not 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 molecule or one 

that can react with an added chemical to create a measurable change in colour162 that can 

be detected and used as a measure of how many parasites are present. The use of such 

genes, like the firefly luciferase166 or the green fluorescent protein (GFP) gene167, could 

considerably facilitate the screening of antimicrobial agents by allowing direct read outs of 

ǘƘŜ ǊŜƳŀƛƴƛƴƎ ŦƭǳƻǊŜǎŎŜƴǘ ǎƛƎƴŀƭ ŀŦǘŜǊ ŘǊǳƎ ǘǊŜŀǘƳŜƴǘΦ  ʲ-galactosidase168, chloramphenicol 

acetyltransferase167 and alkaline phosphatase167 are all genes 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) can be utilised 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 standards169. The results from this can show a decrease in DNA concentrations if the 

parasite has been cleared, whilst also 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 amplifying the RNA produced by actively viable parasites170. This is important, 

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

has been killed. 

1.5.4 High-Content Screening for Anti-leishmanial Agents 

There is a strong trend towards high-content screening (HCS) of compound libraries as a tool 

for drug discovery171. High-content screening is a type of phenotypic screen, looking for 

changes in cells that may include increases or decreases in the production of cellular 

products such as proteins, changes in cell morphology or, for Leishmania, the presence of 
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parasites. High content screening includes any method that is used to analyse whole cells or 

components of cells with simultaneous readout of several parameters, such as parasite 

burden, percentage infection and number of live parasites all at the same time. Using 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 an automated 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 automated multidimensional analysis of 

macrophages infected with Leishmania parasites to determine drug sensitivities by studying 

a variety of factors172. Variables such as cell number, infected cell number, number of 

parasites per cell, cell dispersion and cell shape and texture have been analysed by an 

algorithm designed especially for the analysis of infection by Leishmania parasites. A group 

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

in labelled macrophages were analysed and inhibition curves could be derived173. 

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 to high-throughput screening as they can be quickly analysed and are 

cheap to complete120&165, but provide less information than the high content based image 

analysis. Most high-throughput screens have used a reporter gene transfected strain of 

Leishmania174. 

1.5.5 Ex Vivo Assays 

Ex vivo assays are conducted in or on tissue that is taken from an organism and moved to an 

external environment. Thus, there is minimal alteration of the physiological conditions within 

the tissue. Ex vivo conditions allow experimentation on an organism's cells or tissues under 

more controlled conditions than is possible in in vivo experiments; however, this is at the 

expense of altering the "natural" environment. A primary advantage of using ex vivo tissues 

is the ability to perform tests or measurements that would otherwise not be possible or 

ethical in living subjects. Tissues may be removed in many ways, including in part, or whole, 

organ removal. VL can be studied in splenic explants175 and samples of blood176 that, once 

removed from the body, can be cultured in a way that allows for the maintenance of the 

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

A major problem with current in vitro assays is standardization of conditions among labs. 

Due to the large differences that can occur, not only through the use of different strains, but 

also the use of parasites at different stages of its lifecycle, it is almost impossible for different 

labs to be testing on the same parasite. 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 assays177. 

1.6 Cellular Models for the Study of Disease 

1.6.1 Why use Cellular Models 

Due to concerns about animal welfare, time and cost constraints, and the ever increasing 

number of chemicals that need testing, establishing more predictive in vitro culture systems 

has become a priority. In addition, the predictive accuracy of rodent in vivo testing for human 

adverse health effects has become a matter of dispute in recent years147, 178&179. In part due 

to poor concordance of animal study results to disease phenotypes observed in 

heterogeneous human populations. 

In vitro models to study disease are used for many of the same reasons mentioned in the in 

vitro assay section. There has been much development in models, over the past few years, 

to move from standard 2D in vitro static single-time point assays to model systems that are 

more biologically relevant.  

1.6.2 Increasing Complexity 

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 fluidic conditions within the body180. Many tissues within the 

body have direct contact with moving bodies of fluid181, from the obvious circulatory system 

and digestive system to the slightly less considered spinal fluid and lymphatic system. The 

movement of the fluid is important for a number of functions, such as nutrient delivery and 

waste removal182. In addition to this, a media perfusion system can provide the cells with 

biologically relevant shear stress and oxygen gradients183, which are not reproducible in 

static systems. A further point to the fluid flow is that it allows for the creation of gradients, 

which are found in many biological environments and can be important for the function of 

that environment184&185. The flow of media through the cell culture system 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 complexity182.  

Along similar lines the use of bioreactors for the maintenance of cells have many of the same 

features as media perfusion systems. However, bioreactors can be scaled up for industrial 

uses producing many cells from the same growth conditions. In this method, cells can be 

harvested without passage and interruption of growth cycles182. 

Complexity 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 study186. Creating a third dimension for cell culture is clearly 

more relevant. The 3D environment allows the cells to take a more physiologically relevant 

shape and volume187. This alters, not just the surface area to volume ratio, but fundamentally 

changes the availability of the cell surface for both cell-cell interactions188 and other 

important cell surface activities, such as receptor presentation188 and particle uptake189. 

Using primary cells instead of immortalized cell lines is another way to improve the 

predictiveness of a model. Immortalized cell lines are created by fusing a cell line with a 

cancer cell line which can lead to the resulting cell line taking on some of the properties of 

the cancer cells. For example as well as the intended immortalisation they also can take on 

other phenotypes190, for example, Hepa1ς 6 cells were found to be deficient in 

mitochondria190. 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 

relevance. The choice between human or animal primary cell should depend on the purpose 

of the model. 

Another option for cell choice, that may be more biologically relevant is the use of either 

stem cells or more readily available iPSCs. For the same reasons of being closer to the cells 

found within the body these cells could be more predictive in cellular assays191. The 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 taken from. This way genetic variation is taken 

into account192. 

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 types do not function in isolation, and therefore, are always under the effects of 

surrounding cells in the tissue, some of which will be completely different cell types193. 
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Knowing this it seems incredible that we still grow cells in isolation and maintain that this 

can provide us with enough information. Co-culture models with multiple cell types in the 

same culture allow for cell-cell signalling, which is important as different cells will have 

different functions and convey different messages though their signalling. Many examples of 

cells having organisational roles within tissues have been elucidated194. The one issue with 

this is that in vitro conditions often lack the complexities to keep the different tissue types in 

balance, whether this be due to nutrient needs or the ability to stop one cell type outgrowing 

the other. 

Another important addition, that could be made to improve the realistic behaviour of the 

body, especially in disease models, is the incorporation of an immune response element195. 

As a minimum, 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 problems if the models are to ever be 

used for high throughput purposes. Considerations in the design of the model are important 

when high throughput is the goal. The time a model takes to construct and reach equilibrium 

should be considered, as high throughput requires large numbers of models and using model 

that takes over a month to produce is not feasible. Also important here is the price that the 

ƳƻŘŜƭ Ŏƻǎǘǎ ǘƻ ǇǊƻŘǳŎŜΣ ōƻǘƘ ƛƴ ǊŜǎƻǳǊŎŜǎ ŀƴŘ ŀƴ ŜȄǇŜǊǘΩǎ ǘƛƳŜΦ 

However, for Leishmania there is not yet an established model that bridges the gap between 

static 2D cell culture and in vivo models. 

1.6.3 Examples of Currently Used Models 

The most common model used is the cancer spheroid model. First described in the early 

1970s and obtained by culture of cancer cell lines under non-adherent conditions, spheroids 

have rapidly been accepted as a very useful model for the study of cancer196. Solid tumours 

grow in a three-dimensional spatial conformation, resulting in a heterogeneous exposure to 

oxygen and nutrients as well as to other physical and chemical stresses. Proliferation and 

hypoxia are found both at the same time in different areas of the same tumour197. This 

diffusion-limited distribution of oxygen, nutrients, metabolites, and signalling molecules is 

not mimicked in 2D monolayer 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 reasons198. These similarities make 

the spheroid a useful model in the study of cancer199. 

Another important model of note is the model of the epidermis used for cosmetic testing200. 

The gold standard model used in the cosmetic industry is EpiDermtm, which is also known 

generically as a Reconstructed Human Epidermis201. EpiDerm is a ready-to-use, highly 

differentiated 3D tissue model consisting of normal, human-derived epidermal keratinocytes 

cultured on specially prepared tissue culture inserts. The process of creating the model is by 

the removal of all the cells from a human dermis and then re-seeding with mature 

keratinocytes. The model has multiple industry validations and accepted test guidelines, 

making it a proven in vitro model system for chemical, pharmaceutical and skin care product 

testing201. The model is used to study whether or not a compound is an irritant202, 

corrosive203, genotoxic204 or affects either hydration205 or epidermal differentiation206, and is 

a suitable alternative to animal testing. 

1.7 Media Perfusion Systems 

1.7.1 Why use Media 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 biological tissues, 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 necrotic cores in the latter case. Flow however, affects more 

than just cell nourishment. It can, for example, induce blood and lymphatic capillary 

morphogenesis in vitro207-210, maintain the functional activity of chondrocytes and 

osteocytes211-214, drive fibroblast differentiation215&216 and induce cytokine production by 

smooth muscle cells217.  

Static systems do not offer any form of dynamic chemical or physical stimulus to cells, such 

as concentration gradients, flow, pressure, or mechanical stress caused by movement of 

fluids around them. This is a major limitation in experiments investigating cellular responses 

in vitro since the complex interplay of mechanical and biochemical factors is absent. 
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1.7.2 Types of Systems Available 

Generally, there are two types of media perfusion systems; microfluidic and macrofluidics 

systems. It could be argued that large scale industrial bioreactors could be considered a third 

type. The first two are used mostly to conduct assays, whereas industrial bioreactors are 

generally considered 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 systems use millilitres of liquid and above.  

Another way to categorise 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 Comparison of Micro vs Macro Flow Culture Systems  

Micro- (Figure 1.7.1) and Macro- (Figure 1.7.2) 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 place to 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 experiment218. This also means 

experiments can be carried 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 effects they 

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 microsystems have pre-

attached connections to help users manipulate them more easily. Advantages of using higher 

volumes of liquid, in macrofluidic systems, are low concentration compounds are easier to 

make without potentially wasting compound in an intermediate dilution and higher 

confidence in dilutions.  

Directly related to the different volumes of each system are the various surface area to 

volume ratios found between fluidic devices. A micro system will have a high surface area to 

volume ratio218, this can mean that a compound that is found to stick to, or 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 circuits, surface adsorption can lead to nutrient or ligand depletion, so giving rise 



Chapter 1: Introduction 

36 | P a g e 
 

to experimental artefacts such as increased metabolic consumption rates219. This effect is 

minimised in macro systems due to both the low surface area to volume ratio and the 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 conditions found in the majority of biological environments. 

Conversely, micro systems can often have un-realistic levels of shear stress220. In addition to 

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

the flow and increased shear stress, which is already high221. 

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 the number 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 of the system to have less nutrients affecting the outcome of any assay. However, 

this can sometime be useful, such as when a hypoxic condition is the purpose of the model222. 

A further consideration related to the size of the systems is their ability to control the 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 permeability223. 

Additionally, PDMS has disadvantageous characteristics in terms of adsorption of small 

hydrophobic species224. Other materials are now being used but little is known about the 

oxygen levels within the systems. In macro systems, there is usually a reservoir 

compartment, which has an available air supply for re-oxygenation of the circulating media. 

In addition to this, they can be constructed from 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 what is hoped to be achieved by using a media perfusion 

system. Many micro systems, figure 1.7.1, have built-in 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 inhibit downstream analysis. Many micro systems are available 

custom-designed and cannot 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 techniques. Macro systems, figure 1.7.2, are often designed to fit with already 

established laboratory equipment and this can be a major bonus in both reduced cost and 

optimal data analysis118. However, the recovery of cells from the system can be essential for 

further analysis, and the removal of scaffolds or other inserts can be difficult and require 

expertise. To top this off, the ability to open the system can lead to increased chances of 

contamination. 
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